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Abstract

Objectives—Determining the genetic architecture of quantitative traits and genetic correlations
among them is important for understanding morphological evolution patterns. We address two
questions regarding papionin evolution: (1) what effect do body and cranial size, age, and sex have
on phenotypic (Vp) and additive genetic (V a) variation in baboon crania, and (2) how might
additive genetic correlations between craniofacial traits and body mass affect morphological
evolution?

Materials and Methods—We use a large captive pedigreed baboon sample to estimate
quantitative genetic parameters for craniofacial dimensions (EIDs). Our models include nested
combinations of the covariates listed above. We also simulate the correlated response of a given
EID to selection on body mass alone.

Results—Covariates account for 1.2%-91% of craniofacial Vp. EID Vp decreases across models
as more covariates were included. The median genetic correlation estimate between each EID and
body mass is 0.33. Analysis of the multivariate response to selection reveals that observed patterns
of craniofacial variation in extant baboons cannot be attributed solely to correlated response to
selection on body mass, particularly in males.

Discussion—Because a relatively large proportion of EID V4 is shared with body mass
variation, different methods of correcting for allometry by statistically controlling for size can alter
residual Vp patterns. This may conflate direct selection effects on craniofacial variation with those
resulting from a correlated response to body mass selection. This shared genetic variation may
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partially explain how selection for increased body mass in two different papionin lineages
produced remarkably similar craniofacial phenotypes.

Keywords
quantitative genetics; heritability; allometry; convergent evolution; cranial evolutionary allometry

The fossil record for vertebrate evolution provides frequent examples of drastic changes in
body size, particularly but not exclusively in island environments, where insular populations
often exhibit a large increase or decrease in size relative to their mainland relatives (Foster,
1964; Lomolino, 1985; Van Valen, 1973). Many of these trends within clades have been
explained by changes in diet and expansion into new niches (Gill et al., 2014; Smith et al.,
2010); however, such selective pressures have also been demonstrated to directly affect
craniofacial form (e.g., Burress, 2015; Cooper & Westneat, 2009; Menegaz et al., 2010).
Therefore, it is often difficult to disentangle the adaptive signals contained within the
patterns of craniofacial and body size variation observed in extant populations to formulate
valid hypotheses about the selective regimes influencing the evolution of past populations.

Genetic correlations can bias both the rate and trajectory of evolutionary responses to
selection (Lande, 1979; Lande & Arnold, 1983). Depending on the magnitude of these
correlations, the deviance of a population’s mean phenotype from its optimal value can be
substantial and result in a misinterpretation of the selective pressures that have been
experienced by a population (Gould & Lewontin, 1979; Steppan, Phillips, & Houle, 2002).
For example, it has been well documented that reconstructions of the phylogenetic
relationships among taxa within the papionin clade differ substantially whether based on
morphological or molecular data (e.g., Collard & O’Higgins, 2001; Collard & Wood, 2000;
Gilbert & Rossie, 2007; Smith & von Cramon-Taubadel, 2015). This suggests that the
relationship between phenotype and genotype in papionins is more complicated than initially
considered.

Such cladistic incongruities are most often attributed to the confounding effects of allometry,
which are acknowledged to be particularly strong in papionins (e.g., Frost, Marcus,
Bookstein, Reddy, & Delson, 2003; Gilbert, 2011; Gilbert & Rossie, 2007; Leigh, 2006;
Singleton, 2002;). The allometry within papionins is most likely the product of sexual
selection via intense male-male competition (Jolly, 1970; Leutenegger & Kelly, 1977;
Lindenfors & Tullberg, 1998; Plavcan & van Schaik, 1992, 1997), although the contribution
of female sexual selection cannot be dismissed and has been the subject of far fewer studies
(e.g., Clutton-Brock, 2009; Rosvall, 2011). Other factors, such as diet, environment,
phylogenetic inertia, and more general intra-sexual interactions, have been recognized to
contribute to allometric patterns in papionins as well (e.g., Clutton-Brock & Harvey, 1977;
Dunbar, 1990; Lindenfors & Tullberg, 1998; Plavcan, van Schaik, & Kappeler, 1995).

Sexual dimorphism, both in body size and craniodental form, is a long-studied topic in
baboons. There is evidence to support the idea that craniofacial size and shape dimorphism
result from both the extension of male ontogenetic trajectories past that of females
(Freedman, 1962) and the divergence of the two trajectories from each other late in
adolescent development (e.g., Leigh, 2009; Leigh & Cheverud, 1991; O’Higgins & Collard,
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2002). Similarly, the ontogenetic trajectories observed in the different (sub)species of
baboons are parallel until later in development, resulting in subtle differences that may
reflect adaptations to different diets, but could be due to non-adaptive genetic drift as well
(e.g., Freedman, 1963; Frost et al., 2003; Leigh, 2006). Additionally, it is evident that the
intergeneric differences are observable early in development in other papionin taxa. The
large bodied taxa (Papio, Theropithecus, and Mandrillus) experience both extended
ontogenetic periods and developmental trajectories that are divergent from those of the
smaller bodied taxa (Cercocebus and Lophocebus, e.g., Collard & O’Higgins, 2001; Frost et
al., 2003; Leigh, 2007; Singleton, 2012).

Previous work linking genotype and phenotype in the craniofacial skeleton of various
primates has been conducted in humans (e.g., Carson, 2006; Martinez-Abadias et al., 2009;
Sherwood et al., 2008), macaques (Cheverud, 1982; Cheverud & Buikstra, 1981a,b, 1982),
and callitrichids (Cheverud, 1995, 1996). Little is known, however, about the genetic
underpinnings of the morphological patterns of baboon craniofacial variation. Two studies of
note focus on baboons. Willmore et al. (2009) estimated the genetic variance underlying
craniofacial phenotypic variation to be greater in male baboons, indicating they may respond
more strongly to selection, even if the selection vector is the same between sexes. This is one
potential explanation for the drastic sexual dimorphism observed in baboons. Furthermore,
intersex genetic correlations among facial features were found to be very high (oz,> 0.87),
thus limiting the scope for sexual dimorphism evolution due to sexual selection.
Additionally, Roseman et al. (2010) determined that estimates of genetic effects across
regions of the baboon cranium are randomly distributed and, thus, any craniofacial trait is
equally likely to contain phylogenetic information, although patterns of genetic covariance
among traits may still bias the response to applied selection vectors.

The relationship between craniofacial and body size variation in baboons has not been
systematically examined. Because the significant contribution of allometry to craniofacial
variation is widely acknowledged, the allometric component of morphological variation is
most often reduced in a dataset by statistical correction. The pros and cons of such practices
and the resulting methodological artifacts they can produce have been widely debated (e.g.,
Berner, 2011; Jungers, Falsetti, & Wall 1995; Klingenberg, 2016; Richtsmeier, DeLeon, &
Lele, 2002; Smith, 2005). Here we aim to explore the biological basis for this allometric
variation in baboon crania by examining the extent of the contributions of genetic
correlations.

We use quantitative genetic methods to address two questions: (1) what effect do covariates,
such as body and cranial size, age, and sex, have on the phenotypic and heritable (i.e.,
additive) genetic variation in baboon crania, and (2) how might additive genetic correlations
between craniofacial traits and body size affect the evolution of the former? To our
knowledge, the sample analyzed here is the largest used to date for examining the
relationship between phenotypic and genetic variation in primate crania.

Am J Phys Anthropol. Author manuscript; available in PMC 2019 February 01.
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MATERIALS AND METHODS

Baboon sample

The sample was drawn from a colony of baboons (genus Papio) maintained by the
Southwest National Primate Research Center (SNPRC) at the Texas Biomedical Research
Institute in San Antonio, Texas. Roughly 21,000 baboons have resided at the SNPRC since
the colony’s establishment (MCM, pers. comm.) and of these, more than 2,400 of the
animals form a single, complex pedigree for which family ancestral lines are well
documented. The initial colony founders were wild-caught in southwestern Kenya, near a
hybrid zone between olive (P hamadryas anubis) and yellow (2. h. cynocephalus) baboons
(Maples & McKern, 1967). The majority of current SNPRC baboons are olive baboons
based on external phenotype, with some individuals displaying obvious evidence of
admixture with yellow baboons (see also the discussion in Ackermann, Rogers, & Cheverud,
2006).

Papio taxonomy is controversial. The SNPRC follows the nomenclature suggested by Jolly
(2003) in which all baboons are considered subspecies of Papio hamadryas. As this research
utilizes animals from the SNPRC, that naming convention is adopted here, but we note that a
growing consensus of investigators now recognize the six major baboon forms as separate
species (Boissinot, Alvarez, Giraldo-Ramirez, & Tollis, 2014; Jolly, Burrell, Phillips-
Conroy, Bergey, & Rogers, 2011; Zinner, Groeneveld, Keller, & Roos, 2009; Zinner,
Wertheimer, Groeneveld, & Roos, 2013).

Upon death, each study monkey was necropsied by SNPRC veterinarians and its skull
collected for cleaning and archiving at Washington University in St. Louis. The current
collection consists of 985 skulls, of which 689 are female. All individuals were measured,
but only those with both fully occluded M3’s and a fused sphenoccipital synchondrosis
(usually achieved by 7 years; JLJ, pers. obs.) were considered adult and included in this
study. The average age of the final sample of 953 adult animals is 18.60 + 5.9 yrs (range:
6.04-33.70 yrs) with females (N = 666) in the sample being older than males (X= 19.61
+5.8, X~ 16.27 +5.5, X = 3.29, Cl = 2.5-4.0, t=8.24, P< 0.001).

A subset of the present study’s sample was previously analyzed using similar methods to
address a different set of research questions. Willmore et al. (2009) estimated heritability
and genetic correlations between males and females using 402 of the baboons to test
hypotheses about the genetic basis for cranial sexual dimorphism. However, they were
unable to include calvarial traits as only data obtained from the CT scans (see below) were
available. Furthermore, only 16 of the 35 traits analyzed had effective sample sizes greater
than 25 (see below) and could be included in downstream analyses. Roseman et al. (2010)
estimated heritability and various measures of evolvability of 46 craniofacial traits for 410 of
the baboons to determine whether any regions of the cranium are more integrated or have
higher heritability estimates than others. Effective sample sizes for their genetic parameter
estimations ranged from 4 to 130, with a mean of 30. Our study improves upon both of these
by greatly augmenting both the census and effective sample sizes, thereby reducing the
standard errors of the genetic parameter estimates and increasing power for the maximum

Am J Phys Anthropol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Joganic et al.

Phenotyping

Page 5

likelihood estimation of those parameters. We were also able to include more traits in our
analyses, thereby increasing the resolution in coverage of the craniofacial skeleton.

Because most of the calvaria were opened during necropsy, calottes were reattached with
radio-translucent modeling clay. In many instances, the appearance of false start cuts on the
crania permitted approximation of bone lost during necropsy, roughly 1.5 mm. A
Microscribe MX (Revware Inc., Raleigh, NC) digitizer was used by JLJ to collect 3D
coordinates for 28 craniometric landmarks chosen to cover the cranium completely and
evenly, to be easily recognizable across the sample, and to be measured precisely on each
specimen to capture craniofacial size and shape variation (Table 1; Fig. 1). Twenty
individuals selected at random (12 female, 8 male) were digitized twice to calculate an
intraclass correlation coefficient (ICC) to assess repeatability (median ICC = 0.97).

All skulls were CT scanned at the Center for Clinical Imaging Research (CCIR) at
Washington University School of Medicine. Endocranial volume (ECV) was estimated from
the CT scans using Amira 5 (Visage Imaging, Berlin, DEU). The scans of 16 random
individuals (10 female, 6 male) were segmented twice to determine ECV estimation
repeatability. The average difference in repeated measures was less than 0.4 cubic
centimeters (ICC = 0.9996).

The scans were also used to capture 21 craniometric landmarks (see Table 1 and Fig. 1)
using eTDIPS (see Willmore et al., 2009 for details). Seventeen of these landmarks were
digitized on both dry crania and CT scans and used to assess the precision of the two
methods (median ICC = 0.74). Combining both datasets results in a total of 32 unique
landmarks that were assessed on each baboon cranium. Further information on landmarking
can be found on the landmarks page at http://www.getahead.la.psu.edu/landmarks.

Many of the animals lived to be very old (max age = 33.70 years), and their cranial bones
remodel in response to injury, tooth loss, and age. Consequently, not all landmarks were
collected for each individual and the relative location of some landmarks is affected more
than others. Prosthion was most frequently absent or visibly distorted and the point was
omitted from further analysis. On average, 2.6% of the remaining landmarks are missing
from each individual. Euclidean interlandmark distances (EIDs) were estimated between
pairs of landmarks (Table 2) to provide measures of (1) meaningful biological units, e.g.,
nasal length or orbital breadth; (2) traits that have been the foci of anthropological research,
e.g., cranial base length; or (3) dimensions for the construction of geometric objects, e.g., the
cranial vault vs. the face. For bilateral traits and landmarks, the mean of the EIDs from each
side of the cranium was used for analysis. In the case where landmarks for only one side
were present, the corresponding EID for that side was substituted for the mean EID. Each
EID has an average rate of missing data of 7.2% (see Table 1).

Bivariate plots for every pair of EIDs were created and examined for influential points, and
any points suspected to exert undue leverage were omitted. A mean of 1.6 (median: 2, mode:
0, range: 0-5) individuals per EID were considered outlying and subsequently coded as
missing data. It has been observed that animals that are hybrids between olive and yellow
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baboons, especially males, often demonstrate values within the tails of the population
distributions, typically the right tail due to heterosis presenting as hypermorphosis
(Ackermann et al., 2006; Ackermann, Schroeder, Rogers, & Cheverud, 2014). Because
hybrids of varying degrees are not uncommon in this sample, and because natural olive-
yellow baboon hybrids have been documented in the wild (Carpentier et al., 2012), we do
not treat their morphology as aberrant. Therefore, only data that were separated from the
main distribution by a definitive break, as opposed to simply appearing at its tail ends, were
considered outlying.

Trait distributions were non-normal (Shapiro-Wilks W range: 0.88-1.00, < 0.001) for all
EIDs except BRPT and CNCN (£=0.27 in both cases), and distributions remained non-
normal for 19 of the EIDs after accounting for sex differences (Wrange: 0.96-1.00, P<
0.001). In many cases, trait distributions were heavily leptokurtic, most often demonstrating
a positive skew. This is an issue for maximum likelihood estimation of the quantitative
genetic parameters, as analyzed traits are assumed to be multivariate normal. Therefore, the
residuals obtained after controlling for body mass and other covariates that significantly
structure each EID, such as sex and age, were transformed to fit an inverse Gaussian
distribution, which is suitable for modeling in instances where large trait values are more
probable than is the case for a typical Gaussian distribution. This process of inverse
normalization produces phenotypes (iEIDs) that are comparable across both individuals and
traits by directly normalizing residuals to obtain standard normal quantile values.

Body and cranial size

Scaling relationships between craniofacial measurements and body size are important to
consider in morphological research, particularly for Papio, as body size sexual dimorphism
is extreme (e.g., Leigh, 2009; Willmore et al., 2009) and contributes significantly to
phenotypic correlation structure in the baboon cranium (Porto, de Oliveira, Shirai, De Conto,
& Marroig, 2009). It is possible to identify the genetic architecture of phenotypic variation
in the baboon cranium that is attributable to genetic variants affecting craniofacial variation
alone by controlling for body size while estimating quantitative genetic parameters. To do
S0, a proxy measurement for the body size of each individual in the sample must be
estimated (e.g., body mass, crown-rump length, femoral head diameter).

Individual body mass measurements were obtained for each baboon. Iterative piecewise
regression (IPR) was used to first estimate the sample-wide age of growth cessation from
longitudinal body mass data provided by the SNPRC (N = 42,838 records). IPR models a
quadratic growth curve for the growth portion of the data, an asymptotic adult size, and an
inflection point between the two, which represents the age at growth cessation (O’Mara,
Gordon, Catlett, Terranova, & Schwartz, 2012). Once the sex-specific inflection points were
identified (F: 10.67 yrs, M: 7.68 yrs; Joganic, 2016; Leigh, 2009), the body mass recorded
closest to the appropriate inflection point + 2 years was used as an individual’s adult body
mass. In instances where two records were equally close to the growth-cessation estimate, a
mean body mass was calculated.

A variety of methods have been employed for estimating overall cranial size: e.g., centroid
size of landmark coordinate data, geometric mean of cranial size dimensions, ECV or brain
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size, cranial base length, and the first principal component (PC) from a principal component
analysis (PCA) of cranial size dimensions. However, the use of linear distances, rather than
3D coordinate data, precludes the estimation of a centroid size and the presence of negative
values in the inverse-normalized EIDs prevents calculation of the geometric mean.
Additionally, both ECV and cranial-base length (NABA; see Table 2) are variables of
interest, so they cannot be treated as control variables. Given these limitations, PCA was
used to extract the first PC, generally considered to contain primarily size-related variation,
for use as a surrogate of cranial size.

PCA was performed on the 60x60 pairwise-complete correlation matrix of iEIDs (Mp) in
RStudio v 1.0.136 (RStudio Team, 2016). The PC1 eigenvalue is 10.01 and accounts for
17% of the variation in Mp. Its loadings were examined to determine which cranial
dimensions best quantify size variation in the baboon cranium (Supp Table 1; Fig. 2). iEIDs
scoring highest on PC1 capture variation in snout length (ACSY, FMPM, NA41, NAAC,
NLVS, ZSNL), cranial base length (NABA, NAVS), facial breadth (NAZI, ZTVS, ZTZT),
and facial hafting, or the angle at which the face attaches to the neurocranium (FMCP,
NACP). This result suggests that facial variation dominates baboon craniofacial variation
beyond that attributed to the marked facial size sexual dimorphism that characterizes Papio,
which was accounted for by controlling for sex differences when calculating iEIDs.

Because only 360 individuals have values for all 60 iEIDs, component scores could not be
calculated for every cranium from the PCA of Mp. Instead, multiple imputation was used to
fill holes in the dataset by creating a predictive model that included all the information
available in the observed data and any a priori knowledge about data structure. Expectation-
Maximization with Bootstrapping (EMB) was used to impute missing data in the R package
Amelia Il (Honaker, King, & Blackwell, 2011), producing a final dataset (N = 880) with no
missing data (Supp. Materials 1). From this final imputed dataset, Mp PC1 scores were
calculated to be used as a proxy for cranial size.

Heritability estimates were obtained by maximum likelihood variance decomposition
(MLVD) using the program Sequential Oligogenic Linkage Analysis Routines (SOLAR v
8.8.1; Almasy & Blangero, 1998). Using the genetic information contained in the baboon
pedigree and the phenotypic variance (Vp) reflected in the craniofacial measurements,

SOLAR estimates genetic variance (0;) for each trait by maximizing the likelihood of the

model:
2 2
Q= 2¢Ug+10'€ (1)
where Q2is the pedigree covariance matrix providing the expected phenotypic covariance

between pairs of individuals, @ is the kinship matrix derived from the pedigree and
composed of Cotterman’s (1940) pairwise kinship coefficients (), | is an identity matrix,

and az is the variance in random environmental effects. This variance is assumed to be
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uncorrelated among individuals because all pedigreed baboons are housed in the same
environment at the SNPRC. The resulting parameter of interest is the estimate of residual

heritability (hf), or the proportion of Vp accounted for by 0§ after removing any variation

attributable to covariates, such as sex and age.

Because the individuals in this sample are related, the estimated trait values are not
independent of each other. As a result, the effective sample size (N,) is the only truly
important number for determining the efficiency of quantitative genetic parameter estimates.
It measures the effective number of individual breeding values used in the analysis (i.e., the
amount of genetically independent information contained in the data). Estimates of N, were
made using the methodology of Cheverud (1995):

20t
N = +1 2
= VD 2

where /# is the square of heritability and V{/?) is its variance (i.e., square of the standard
error).

Research question 1: the effect of allometric variation

Three nested models were used to determine the effect of different covariates on the
distribution patterns of phenotypic and genetic craniofacial variation. Model 1 examines
craniofacial variation as it relates to variation in the entire body due to systemic effects (e.g.,
sex hormones and ontogenetic changes). Five basic variables were included as potential
covariates: sex, age, the interaction between sex and age, the square of age to account for
nonlinearity (age?), and the interaction between sex and age?. The effects measured here
include local regional cranial effects, overall cranial size effects, and overall body size
effects.

Model 2 eliminates any whole-body effects operating on the cranium by including adult
body mass in addition to the five aforementioned covariates in the model. Remaining
variation would then include the effects of factors contributing to overall cranial size in a
manner that is independent of allometric scaling within the cranium related to overall body
size. For example, the systemic effects of circulating hormones on the overall size of an
individual would be accounted for in Model 2. Any additional size and shape variation of
specific craniofacial regions, such as variation of the zygomatic arches and neurocranial
vault resulting from osteoblastic activity in response to differential muscle forces caused by
the anabolic influences of such hormones, would remain.

Model 3 eliminates whole cranium allometric effects, which are particularly strong in
baboons (e.g., Frost et al., 2003; Leigh, 2006; Leigh & Cheverud, 1991; O’Higgins &
Collard, 2002; Singleton, 2002). The effects of cranial size and size-related shape variation
are removed by including cranial size (i.e., the PC1 scores) as a covariate in addition to the
six that were included previously in Model 2. This focuses the model on variation in smaller
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Joganic et al.

Page 9

regions of the baboon cranium (e.g., orbit; anterior cranial base, ACB), which likely
correspond to functional, developmental, and/or genetic/evolutionary modules.

For each trait, the proportion of phenotypic variation attributable to covariates (Vo) Was
estimated and removed (Vp — V) to produce the residual phenotypic variance (Vp)).
Therefore, heritability in this case is defined as the proportion of Vp,due to additive genetic

variance (V). However, because hf is a ratio, increases in its magnitude from one model to

the next or among traits can be the result of larger V 5, smaller environmental variance (Vp,
—Vpa), or a combination of the two (Houle, 1992). For this reason, V  was estimated as the

product of hf and Vp,to create a metric for comparing relative amounts of genetic variation

alone. For traits in Model 1 that do not have any significant covariates, Vp was used instead
of Vp,-.

Finally, additive genetic correlations (o) between each iEID and adult body mass (kg) were
estimated to determine the amount of shared genetic variation. Correlation estimates were
obtained in SOLAR by fitting a bivariate model to each of the 60 iEIDs paired in turn with
body mass and including age, sex, and their interaction terms (see the description of Model 1
above) as covariates. In other words, 60 estimates of pgs (iEID, kg) were obtained.

To identify any regional patterns in the distribution of covariate effects, we performed a joint
hierarchical cluster analysis for mixed categorical and continuous data (Gower, 1971). For
every pair of traits /and j; a similarity coefficient (Sj) was estimated (Supp. Materials 2).
The Unweighted Pair-Group Method with Arithmetic Means (UPGMA) was used to cluster
the matrix of S;; coefficients and a cophenetic correlation coefficient was estimated to
determine how faithfully the clustering algorithm captured the variation in the original data.
Dendrograms were created from the cophenetic distances produced by the UPGMA
algorithm and examined to discern any trends in trait similarity across the cranium. Data
visualization and all analyses were conducted using custom Python scripts (Supp. Materials
3).

Research question 2: correlated response to selection on body mass

We investigated the potential for selection on body mass to produce a correlated response in
craniofacial shape because of shared genetic variation using Falconer and MacKay’s (1996)
equation for correlated response (CR)):

CRy = ihxpGGAy (3)

where body mass in kg is variable x, the relevant iEID is variable y; /is the selection
intensity, /1, is the square root of the heritability of body mass, pg is the additive genetic
correlation between the two traits, and o4 is the square root of the additive genetic variance
of the iEID in question. The heritability of body mass was estimated by MLVD in SOLAR

using the same methodology as for the iEIDs (body mass hf = 0.433). The magnitude of /is

arbitrary and we used two different values. First, because a low amount of selection will
produce next generation means that do not differ appreciably from the average rhesus
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macaque values, we set /= 100. Macaca was selected because it is typically considered to
retain the most ancestral morphology of the papionin clade (Disotell, 1992; Harris, 2000;
Tosi, Disotell, Morales, & Melnick, 2003; although see Singleton, 2002). Then, to create a
more realistic scenario, we set /= 5.28, the number of within-species standard deviations in
body mass separating macaques (X= 5.4 kg, Xy~ 7.7 kg; MacDonald, 2001) from the
SNPRC baboons (X= 18.75 kg + 3.5, X~ 29.08 kg + 4.1; this study). This ensures that
selection is strong enough to account for overall difference in body mass between the
species.

Next, the mean shapes of both a male and female rhesus macaque were calculated from data
collected using sliding calipers by JMC from the free-ranging colony on Cayo Santiago.
Only a subset of 18 EIDs were common to both the macaque and baboon datasets (see Table
2) and, thus, were used in this analysis.

Each sex-specific mean EID was modified by the corresponding CR), to simulate a single
round of direct selection on body mass in the parental population possessing the ancestral
morphotype (i.e., macaques) to produce a next generation craniofacial morphology modified
via indirect response to selection on body mass alone. Pearson correlation coefficients were
calculated between the vectors of “offspring” generation values and those of the sex-specific
mean baboon EIDs. If size selection was the only cause of evolutionary change, the sum of
the vector of CR), coefficients and the macaque vector should equal the baboon vector.
Therefore, a high correlation between the next generation and the baboon vectors indicates
that the pattern of craniofacial variation observed in our baboon sample can be explained
adequately by a simple model of correlated response to indirect selection on body mass in
ancestral papionin populations. Lower correlation coefficients suggest that selection on size
alone will not move a population from the morphospace region inhabited by macaques to
that inhabited by baboons. Therefore, additional selection scenarios involving direct
selection on individual craniofacial traits or selection on other, unspecified traits correlated
with the craniofacial traits must be invoked as well.

RESULTS
Quantitative genetic parameters were estimated for endocranial volume and 60 traits
quantifying size and shape variation in baboon crania (Table 3) using MLVD. The hf

estimates (Supp Table 2) for the baboon craniofacial traits are consistent with expectations
based on the typical heritability of most morphological traits in vertebrates. This is estimated
to be ~0.40 (e.g., Berry et al., 2003; Cheverud, 1996; Cheverud et al., 1990; Kruuk et al.,
2002; Mousseau & Roff, 1987; Safari, Fogarty, & Gilmour, 2005; Visscher, Thompson, &

Hill, 1991). The mean hf estimates across traits for each model are:
R2 =048 £02,/%, = 0.45 +0.2,/%, = 0.42 + 0.1. Heritability estimates in all three models are

statistically significant, meaning additive genetic variation (V a) contributes to Vp,for all
baboon craniofacial traits.
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Effective sample size

Effective sample sizes range from 8.9 to 301.3, depending on the trait and the level of
analysis (see Supp Table 2). The geometric mean N, in each model is: Xz= 75.9 + 59, X
=60.1 + 50, and Xg3= 56.4 + 39. The decrease in N between Models 1 and 2 is marginally
significant (¢=1.92, P=0.057) but that between Models 2 and 3 is not (#=0.98, £=0.33).
As effective sample size is an estimate of the amount of genetic information available for
each character, this slight reduction in N resulting from including body mass as a covariate
in Model 2 suggests that at least a portion of the underlying genetic variance affects both
body-size and craniofacial variation.

Research question 1

Examination of the pattern of covariate significance change for individual iEIDs from
Models 1-3 sheds light on how variation in the cranium is affected by biological factors
related to overall body mass, cranial size, and local cranial shape variation. For Model 1,
only sex, age, and their interactions are considered potential covariates. Body mass is
included in Model 2 and both body and cranial size are included in Model 3. As the
morphological level at which analyses are conducted localizes, the proportion of Vp
explained by included covariates (V) increases (V1 = 0.507 + 0.23, V= 0.527
+0.24, V,,5= 0.588 + 0.25; Fig. 3A and Supp Table 2).

The pattern of hf does not change appreciably from one model to the next (Pearson ry » =

0.96, r, 3 =0.94, r; 3 = 0.91; Fig. 3B), demonstrating that the highly and lowly heritable
traits are essentially the same regardless of whether allometric variation is retained or
removed. However, because Vp,decreases from one model to the next (Vp,=Vp = V)

while hf remains the same, by definition, removing allometric variation must result in a

roughly proportionate decrease in V 5. This expectation is supported by comparing the
geometric mean values for Vo within each model: V4= 0.199 + 1.6, V4= 0.173 + 1.7,
V3= 0.133 + 1.9 (Fig. 3C and Supp Table 2). The reduction in V4 is significant (F = 5.36,
P=0.01) and suggests that a portion of the genetic variation underlying the iEIDs also
contributes to variation in body mass and cranial size.

The pg estimates also indicate that measures of size and craniofacial shape share genetic
variation, as half of the iEIDs have an estimate of ps (IEID, kg) = 0.33 (Table 4). In other
words, depending on the trait, anywhere between 0.02% and 48% (mean = 15%) of additive
genetic variation of body mass and craniofacial form is shared (shared VA = (0g)?). In
general, the traits with the highest correlation coefficients tend to be in the posterior
basicranium (LDBA, POBA) and the midface (PMPM, ZIMX) while those with the lowest
are found in the anterior neurocranium (BRPT, PTPT) and anterior cranial base (CPSL).
This suggests that genetic variation contributing to body mass variation may not contribute
uniformly to baboon craniofacial variation across the skull. Finally, Pearson correlations

between psand hf estimates from each model are low (Model 1: —0.10, Model 2: -0.27,

Model 3: -0.24), indicating that strong correlation at the genetic level with body size does
not affect a trait’s heritability estimate. This is significant as it indicates that examining
relative heritability estimates alone is not sufficient to determine the basis of how traits
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respond to both direct and indirect selective pressures, for which knowledge of genetic
correlations is of paramount importance (see also Houle, 1992).

The similarity matrix, Sy, was constructed from the estimates of covariate effects. The
degree to which the clusters reflect the true relationships among traits increased from Model
1 to 2 but did not differ between Models 2 and 3 (cophenetic correlation coefficient: ¢; =
0.60, &= 0.76, c3= 0.71). Additionally, the pattern of the clusters changes among all three
models (Supp. Fig. 1). Both results indicate that allometric variation structures baboon
craniofacial variation such that removing it from downstream analyses alters the observed
pattern of residual phenotypic variation. The most likely explanation for the different
structures of the dendrograms created in each cluster analysis of model covariate effects is
that allometric variation differentially affects cranial regions. This result is supported by the
subsequent analysis of pg estimate distributions.

The distribution pattern of ps was compared among craniofacial regions to determine
whether any contain a greater amount of genetic variation shared with body mass. The iEIDs
were allocated to one of three general regions (face, base, and neurocranium) and to one of
nine more specific regions corresponding more closely to functional modules, such as the
orbits or the ACB (see Table 4). There was no pattern to the coefficients when dividing the
cranium into three regions (F = 0.16, = 0.85; Fig. 4A). Overall, there was also no
difference in the distribution pattern across the nine specific regions (F = 1.17, = 0.34).
However, closer examination of the coefficients within each specific region (Fig. 4B) makes
it obvious that the combination of significantly high pg estimates for global neurocranial
traits (Welch’s ¢= 3.43, df = 4.45, P=0.02) and marginally low estimates for anterior
neurocranial traits (Welch’s #=2.20, df = 3.76, 2= 0.10) cancel each other out when
grouped together into the general neurocranium category. This indicates that frontal bone
form may be less affected by allometric variation, while measures of overall cranial size,
such as neurocranial height or length, may be more affected.

Research question 2

The effect of correlated responses in baboon craniofacial morphology resulting from direct
selection on body mass alone was evaluated for a subset of 18 EIDs using their associated
pPc(IEID, kg) estimates. The expected value for each craniofacial trait was calculated by
transforming the average macaque cranium (Xg; Table 5) by the amount of correlated
response to selection on body mass (CR)). The resulting vector of simulated next generation
mean phenotypes (Xp) was compared to the vector of observed mean baboon phenotypes
(Xpg; Table 5). If the selection intensity is very large (/= 100), the correlation between Xy
and Xg is moderate in females (rg = 0.53) and low in males (rp; = 0.38). If the intensity is set
to 5.28 to account for the observed difference in mean adult body mass in macaques and
baboons, the correlations increase slightly (rg = 0.61, ryy = 0.43). In general, correspondence
is low between the trait values observed in the SNPRC baboons and those calculated from
the Cayo Santiago macaques after a single round of direct selection on body size (Fig. 5).
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DISCUSSION

Quantitative genetic parameter estimates are specific to the sample selected, as the
underlying genetic variation of traits is dependent on the presence and frequencies of alleles
segregating within a population and the degree of environmental variation to which the
population is subjected. Despite this, Hlusko and Mahaney (2007) have shown that, while
the estimates may differ in value, the basic patterns of phenotypic variation are markedly
similar in captive and wild populations. This is to be expected because variation in both
populations results from operation of the same underlying biological processes (see also
Rodriguez-Clark, 2004). Here we present a model of baboon evolution based on our analysis
of a captive population that can be tested by incorporating data from wild and other captive
populations.

Covariate effects

Covariate effects were estimated to determine whether environmental factors explain any of
the Vp for individual traits and if so, to what degree. For all iEIDs and across all three levels
of analysis, the proportion of Vp explained by covariate effects ranged greatly, from 1.2% —
91.0%. The covariates that were most commonly significant among the traits considered
include sex, body mass, and cranial size.

Although sex differences account for Vp in a large proportion of iEIDs in every model, that
amount decreased from 98% in Model 1 to 93% in Models 2 and 3. In addition, once body
mass variation is removed the number of iEIDs with variance affected by other covariates
decreases drastically. In Model 1, 47%, 58%, and 47% of iEIDs are affected by age-by-sex,
age?, and age?-by-sex factors, respectively, but those numbers drop by approximately half in
Models 2 and 3. This suggests that these covariates are representative of age and sex
differences in body mass variation.

For example, about half of the iEIDs demonstrate significant age2-by-sex effects in Model 1.
It is well established that systemic hormone levels differ by sex and affect diverse biological
processes (e.g., Gillies & McArthur, 2010; Goodman-Gruen & Barrett-Connor, 2000;
Oertelt-Prigione, 2012; Pederson et al., 1999). For example, increased androgen levels
differentially influence bone growth in early life and bone resorption later in life in a sex-
specific manner (Clarke & Khosla, 2009). If Vp varies with age because of differential gene
expression, and those genes affect hormones in males and females differently or those
hormones have different effects on males and females, this could explain observed age?-by-
sex interaction effects. However, the number of iEIDs with such covariate effects is halved
in Models 2 and 3, demonstrating that this age2-by-sex interaction is mediated via the effect
of allometry.

It is of note that the four posterior cranial vault traits (ASAS, BRAS, BRLD, LDAS) show
significant age? and age?-by-sex effects in Model 1, but that these effects disappear once
allometric variation is removed. These iEIDs delineate a craniofacial region that manifests
prominent sagittal and nuchal crests in older adult males and is the only region in which all
constituent iEIDs are affected by the same covariates in the same manner, explaining age?
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and age?-by-sex as covariates. These effects completely disappear once body mass variation
is controlled for in Models 2 and 3, suggesting the shape of these crests is solely allometric.

The only covariate that remains unaffected by the removal of allometric variation is age.
Roughly the same numbers of iEIDs show significant age-related effects in all three models
(28%, 30%, and 32%, respectively). These results indicate that, although individuals have
completed dental eruption and their basicranial growth centers have fused (i.e., the
biological markers we selected to define “adulthood”), there is still a portion of the sample’s
Vp that is explained by differences in craniofacial form among individuals of different ages,
and this is particularly true in the anterior cranial base. Although it is typically assumed that
craniofacial form is fixed in adults, except in cases of bone remodeling due to disease,
trauma, and/or dental attrition, many studies have shown significant morphological change
in the adult craniofacial complex (e.g., Formby, Nanda, & Currier, 1994; Hettena, 2004;
Hrdlicka, 1936; Israel, 1968, 1973; Ruff, 1980; Vercauteren, 1990). A systematic study of
age-related craniofacial variation in this sample, in which we have control over many
variables, may be a worthwhile endeavor.

Finally, there are four traits whose variation is significantly affected by every potential
covariate in all three models: 4171, ZIMX, FMPM, and ZTZT. These dimensions primarily
describe midfacial breadth and, in particular, capture variation in the lateral flare of the
malar region.

Implications for allometric corrections

With few exceptions, the amount of V5 reflected in a trait’s Vp,decreased in Models 2 and
3 after accounting for global and local allometric effects, respectively. Given the number of
genetic loci that have been identified affecting body mass (>250; Rankinen et al., 2006) and
height (>400; Wood et al., 2014) variation in humans, and the fact that at least some, if not
most, of these loci are pleiotropic and/or demonstrate epistasis (e.g., Brockman et al., 2000;
Curran et al., 2013; Dong, Li, Li, & Price, 2005), it is not surprising that removing the
proportion of phenotypic variation affected by body-size allometry removes the associated
genetic information contributed by loci that also affect body-size variation.

This is a significant observation in the context of comparative analyses where some measure
of overall size, such as body mass, cranial base length, or femoral length is often used to
correct for both intra- and interspecific allometric effects. Our results indicate that the choice
of measurement used for standardization and the scale at which trait variation is considered
may affect the phylogenetic and selective signals of a trait. This should be no surprise, given
that there is no unique or precise definition of size and that varied biological processes
contribute to every chosen surrogate for the complex trait “size” (Richtsmeier et al., 2002).
Consequently, several researchers have voiced concern about trait selection, arguing either
for or against the use of measurements from certain cranial regions over others (e.g., Cardini
& Elton, 2008; Harvati & Weaver, 2006; Olson, 1981; Roseman et al., 2010). Other
investigators have discussed the relative merits of the myriad methods for allometric
corrections (e.g., Jungers, 1985), particularly as they are applied (and often misapplied)
statistically (e.g., Smith, 1981, 2005). Because every proxy trait for body size has a different
set of underlying genes and these genes have varying pleiotropic effects spread throughout
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the cranium, the residual patterns of V5 (observable as Vp) will depend on which proxy is
selected for statistical allometric control. Therefore, any inferences about selective pressures
or evolutionary processes that are drawn considering these differing V 5 patterns are
potentially biased by the choice of body size proxy. To our knowledge, this is the first study
to provide evidence of the effects of body mass on craniofacial variation via the presence of
shared genetic variation, as was hypothesized by Hlusko et al. (2002).

Allometric variation and papionin evolution

One result of injudicious application of scaling methods is that estimated patterns of trait
covariance could be drastically altered. This would lead to inaccurate interpretations as a
result of conflating the effects of direct selection on one phenotype with indirect responses
to selection on the traits with which it is correlated (Lande & Arnold, 1983). At least two
large-scale changes in body size and facial projection characterize papionin evolution (one
leading to the Papio/Theropithecus clade and the other to Mandlrillus) and, given the short
branches of the papionin phylogeny, these homoplasies evolved in parallel rather quickly
(e.g., Gilbert & Rossie, 2007; Harris, 2000). One way to help explain these trends is by
identifying genetic correlations underlying phenotypic variance patterns and ascertaining
how such correlations bias evolutionary trajectories.

Our results suggest that genetic correlations between measures of craniofacial and body size
variation are large enough to be biologically meaningful, such that selective pressures on one
would have had salient concomitant effects on the other. These analyses cannot speak to
directionality of the evolutionary trends and, therefore, selection may have been on either
one or both sets of traits, or on traits we did not measure but that are genetically correlated
with craniofacial and/or body size variation. Furthermore, craniofacial sexual dimorphism
could have evolved either by increasing male body size and/or trait size or by decreasing or
simply maintaining the size of such traits in females. If the genetic architecture of body size
is similar in Papioand Mandrillus, which comparisons of genetic covariance matrices among
other closely-related taxa suggest may be typical (e.g., Ackermann, 2002; Cheverud, 1989;
de Oliveira, Porto, & Marroig, 2009; Marroig & Cheverud, 2001), then it is reasonable to
hypothesize that similar selective pressures for increased body size operated on the two
genera and contributed to their parallel craniofacial evolution.

Given that the craniofacial similarities among the large-bodied papionins appear to be
dominated by midfacial traits, it is reasonable to hypothesize that such traits share more of
their underlying genetic variation with body size than do others. Thus, selection on body size
would have a proportionately greater indirect effect on baboon midfacial development,
contributing to the observed homoplasy. However, we do not find evidence to support this as
estimates of pg are not differentially distributed in baboon crania. In addition, we found a
low degree of correspondence between the observed and expected mean phenotypes when
selecting on body mass alone (see Fig. 5). These results suggest that, although genetic
correlations between craniofacial traits and body mass have likely resulted in a degree of
correlated evolution via indirect response to selection on body mass variation, more
complicated scenarios involving additional targets or other scenarios of selection must be
invoked to explain the craniofacial variation quantified in the SNPRC baboons. For example,
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it is entirely possible that unmeasured traits are negatively correlated with certain
craniofacial traits, thus differentially counteracting the positive directional selection resulting
from any correlations with body size and producing a cranium that has experienced more
change in only some regions from the ancestral condition.

In addition to highlighting the lack of correspondence between the mean baboon phenotypes
and those after the macaque means underwent an episode of correlated response to body
mass selection, our results also revealed that this lack of correspondence differs between the
sexes. The lower correlations between observed and expected mean phenotypes for males
indicate that they have likely undergone additional morphological evolution beyond that of
their female counterparts. Whether that is the result of sex-specific selective pressures or a
greater degree of genetic correlation between craniofacial and body mass variation in males
is unknown but warrants further investigation.

Our analyses speak to the question of craniofacial evolution in papionins, but also have
broader implications for understanding similar processes in non-primate mammalian orders.
If the genetic integration between craniofacial and body mass variation in this sample of
baboons is indicative of a larger trend in the genetic architecture of mammalian crania, this
may provide a mechanistic explanation for the recent suggestion that cranial evolutionary
allometry (CREA) is a rule among mammals (Tamagnini, Meloro, & Cardini, 2017). CREA
describes the tendency for larger taxa to have relatively longer faces than their smaller-
bodied sister taxa. This has been demonstrated empirically to hold in felids, lagomorphs,
papionins, some marsupials, and two clades of birds (Bright, Marugan-Lobén, Cobb, &
Rayfield, 2016; Cardini, Polly, Dawson, & Milne, 2015; Fiorello & German, 1997; Linde-
Medina, 2016; Singleton, 2002; Tamagnini et al., 2017). As the neurocranium and facial
skeleton experience different growth trajectories postnatally, and body size growth is often
non-linear, questions about both CREA in mammals and craniofacial homoplasy in
papionins may be best addressed by focusing on the patterns of developmental timing that
are shared between somatic and craniofacial growth trajectories.

CONCLUSION

The aim of this research was to determine how phenotypic variation in the baboon cranium
is differentially affected by genetic and environmental factors. Analyses were conducted at
three different levels to examine how these effects change because of body and cranial size
variation, sex, and age. Significant genetic correlations between body mass and craniofacial
form provide evidence for the effects of pleiotropy in the genetic architecture of baboon
craniofacial morphology and provide a possible mechanistic explanation for the co-
occurrence of large body size and distinctive faces in the papionin clade.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Craniometric landmarks collected. Panels: (A-C) Landmarks (red dots and letters) collected

with a microscribe by JLJ from the dry crania, inferior view (A), right lateral view (B),
oblique superior view (C). (D-F) Landmarks (yellow and blue dots and letters) collected
digitally by KEW from the CT scans, inferior view (D), right lateral view (E), superior view
(F). Abbreviations correspond to those provided in Table 1. Blue landmarks are endocranial
while red and yellow landmarks are ectocranial. Only the right side of bilateral landmarks is
identified in each of the images. Orbital septum (OB) is not shown. White scale bars are 1
cm. Photos by Aaron Bunse and transparent virtual skulls reconstructed from CT scans by
KEW.
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Figure 2.

Standardized loadings for each of the 60 iEIDs on the first two eigenvectors of a PCA
performed on the pairwise-complete correlation matrix (Mp). The iEIDs are grouped and
colored by cranial region: anterior neurocranium (A), global neurocranium (G), and
posterior neurocranium (P); anterior cranial base (ACB) and circum-foramen magnum
(CFM); oral (M), nasal (N), orbital (O), and malar (2).
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Figure 3.
Density plots for the estimated values of Vg, (Panel A), hf (Panel B), and V5 (Panel C) for

the three nested covariate models. Average values are indicated by solid vertical lines of the
same color as the corresponding density plot.
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Distribution of pg in different regions of the cranium. General categories are shown in Panel

A and more specific ones in Panel B, which are colored according to the corresponding
general craniofacial category in Panel A to which they correspond.
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Figure 5.

Scatterplots of the sex-specific observed mean values for baboon craniofacial morphology
against those values expected if indirect selection on body mass in ancestral papionins was
the only force acting in baboon craniofacial evolution. The results shown are for the
application of a selection intensity (/) equal to 5.28, or the number of standard deviations
between mean adult body mass in male baboons and rhesus macaques, but those for 7= 100
are very similar. The abbreviations in the color-coding legend for the specific cranial regions
are the same as for those given in Figure 2. The solid black line denotes x = y.
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Mean trait values of 18 craniofacial dimensions for rhesus macaques and SNPRC baboons.

Macaque Baboon

Trait

Female Male Female Male
BRNA 51.63 53.80 61.57 64.68
BRPT  40.13 40.89 44.53 44.31
PTPT 48.12 49.14 58.25 58.90
PTAS  49.10 51.82 53.86 58.92
PTLD  61.77 63.84 68.33 73.62
ASAS  45.13 47.75 58.18 64.52
BRAS 50.43 52.08 58.78 64.41
BRLD 4235 42,94  46.25 49.04
LDAS 28.28 29.23 36.36 44.37
VSBA 14,53 1458 28.73 33.93
ASJP 24.76 27.27 38.19 41.60
JPJP 31.71 33.21 20.19 22.56
LDBA 43.00 4452 57.76 68.02
POPO 2241 23.73 7281 88.73
NANL 17.32 19.03 53.57 71.79
FMPT  17.57 19.37 27.25 32.86
FMZT  30.97 3436 33.71 39.32
ZTZI 20.46 2329 19.24 25.80
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