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Abstract

In this study we compare patterns of mandibular integration between mice and baboons using both
phenotypic and quantitative genetic data. Specifically, we test how well each species fits with the
mosaic model of mandibular integration suggested by Atchley and Hall (Biol Rev Camb Philos
Soc 66:101-157, 1991) based on developmental modules. We hypothesize that patterns of
integration will be similar for mice and baboons and that both species will show strong integration
within developmental modules and weaker integration between modules. Corresponding landmark
data were collected from the hemi-mandibles of an advanced intercross mouse sample (N = 1239)
and mandibles from a baboon sample of known pedigree from the Southwest Foundation for
Biomedical Research (N = 430). We used four methods of analysis to quantify and compare the
degree of mandibular integration between species including two methods based on a priori
assumptions, and two a posteriori analyses. We found that patterns of integration are broadly
similar for baboon and mouse mandibles, with both species displaying a modular pattern of
integration. While there is a general trend of similarity in integration patterns between species,
there were some marked differences. Mice are strongly correlated among distances within the
coronoid process and the incisive alveolar region, whereas baboons are strongly integrated within
the condylar process. We discuss the potential evolutionary implications of the similar patterns of
integration between these species with an emphasis on the role of modularity.
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Introduction

To understand the development, function and evolution of a morphological trait, we must
understand how the trait fits within its broader structural context and its relationship with
other component parts of the organism. Morphological integration is the study of these
relationships between morphological traits and describes the interdependence,
developmental or functional, of two or more structures. The aim of our study is to compare
patterns of mandibular morphological integration between baboons and mice. Comparing
patterns of integration between two such diverse species allows us to determine the relative
impact of differing developmental programs and differing functional demands on the overall
pattern of morphological integration of the mandible.

Olson and Miller’s 1958 publication Morphological Integration introduced the concept, and
laid out a methodology for the study of morphological integration. The theoretical
underpinnings of morphological integration was not their largest contribution as these were
incorporated into biology by holists such as Schmaulhausen and van der Klaauw. Instead,
Olson and Miller’s contribution was methodological as they demonstrated how correlation
coefficients could be used to measure functional and developmental integration. A similar
concept was independently advanced in Russia under the term correlation Pleiades (Berg
1960). As with morphological integration, correlation Pleiades are based on the correlation
between a set of quantitative characters and the relative absence, or reduced magnitude, of
correlation between other sets of quantitative traits.

The theoretical aspects of morphological integration were furthered by a series of studies
conducted by Cheverud (1982, 1995, 1996) whereby integration was put within a
quantitative genetics framework. Cheverud (1996) expanded on Olson and Miller’s concept
of integration at the individual level to also include a genetic level of integration and
evolutionary integration. Individual integration refers to the functional and developmental
relationships among parts, whereas genetic integration refers to the coinheritance of traits
due to pleiotropy and/or linkage disequilibrium. The coinheritance of traits allows for the
coordinated evolution of those traits which are integrated at the evolutionary level.

While the concept of morphological integration describes the association among parts, the
concept of modularity emphasizes the dissociability of parts (Needham 1933). Generally, a
module is a suite of characters that are more tightly integrated with one another than they are
with other characters, and operate largely independently of other characters (Wagner 1996;
Gass and Bolker 2002; Schlosser and Wagner 2004). Integration and modularity are strongly
related concepts; essentially, modularity is nested integration (Willmore et al. 2007). For
example, if we look at the mammalian mandible (or hemi-mandible) we can describe it as an
integrated whole which functions primarily to masticate food. The mandible is also thought
to be comprised of several developmental modules that correspond to separate cellular
condensations of development, and different functional modules that correspond loosely to
areas of muscle insertion and tooth eruption. Each of these modules makes a unique
contribution to mastication (Atchley and Hall 1991). These various perspectives demonstrate
how a single structure can be considered an integrated whole according to a specific set of
criteria, or be decomposed into several modules using a different set of criteria. This idea of
‘nearly decomposable systems’ was first emphasized by Simon (1962), who suggested that
integration is not absolute but is a matter of degrees. Here we add that it is a matter of focus,
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a matter of the questions being asked by the investigator. That is, modules are not perfectly
nested; there may be overlap between them based either on the criteria that drive the
research question, or on a yet undiscovered criterion. Therefore, we must strive to
understand all of the possible relationships among traits; some of these relationships are
partially known to us and we can empirically test their strength, while others are currently
unknown and may or may not be revealed to us a posteriori through studies of integration.

In this study we compare patterns of both phenotypic and genetic integration of baboon and
mouse mandibles. Specifically, we compare the right hemi-mandible of mice with the right
side of the baboon mandible. Two methods of analyses used here adopt an a posteriori
approach that does not incorporate assumptions of developmental, functional or genetic
relationships among traits within the mandible. The other two methods used here adopt a
priori assumptions based on the developmental divisions of the mandible suggested by
Atchley and Hall (1991) who argued that the mandible is divided into six mesenchymal
condensations with different cellular properties, each being a primary determinant of adult
mandibular morphology across mammals. This view of mandibular development is
consistent with the recent finding that cellular proliferation in the mouse mandible generates
its macroscopic growth (Ramaesh and Bard 2003) and presumably its eventual shape. The
six mesenchymal condensations form a molar and an incisive alveolar module, and four
ascending ramus modules including the condylar, coronoid, and angular processes and the
masseteric region. On the basis of landmark data available, we consider five of these
modules, excluding the masseteric region (Fig. 1). While the autonomy of these modules
was hypothesized using specific developmental criteria, each module makes a distinct
contribution to the functional requirement of mastication. The coronoid process serves as an
attachment site for the temporalis muscle, the condylar process is an attachment site for the
lateral pterygoid muscle and contributes to the temporomandibular joint, and the angular
process serves as an attachment site for the masseter and medial pterygoid muscles (Atchley
and Hall 1991; Cheverud 2004). The size and shape of these processes are dependent on the
function of the muscles that attach to them (Washburn 1947). Similarly, both alveolar
modules are dependent on their interactions with the teeth embedded within them and the
stresses placed on these teeth (Atchley and Hall 1991; Cheverud 2004). Therefore, while
these proposed modules were initially based on developmental commonalities of specific
cellular condensations, they are also influenced by functional interactions.

Following Atchley and Hall’s (1991) argument, we hypothesize that patterns of mandibular
integration will be similar in both baboons and mice, and will fit the modular pattern they
described based on different cellular condensations. While Atchley and Hall (1991) used a
rodent model to formulate their argument of mandibular integration, they suggested that this
pattern would be found across mammals. Certainly, several studies involving mouse models
have confirmed the modular pattern of mandibular integration suggested by Atchley and
Hall (Atchley et al. 1985; Cheverud et al. 1991; Leamy 1993; Cheverud et al. 1997; Mezey
et al. 2000; Ehrich et al. 2003; Klingenberg et al. 2003; Klingenberg et al. 2004). And
similar patterns of integration have been found across a wide variety of mammalian species
for a number of cranial traits (Marroig and Cheverud 2001; Goswami 2006; Mitteroeker and
Bookstein 2008) suggesting that patterns of mandibular integration may be consistent across
mammals.

Our aim is to gain a greater understanding of how developmental and functional factors
influence mammalian mandibular morphology through a comparative study of two diverse
mammalian species. We adopt a comparative approach to explore the influence that different
potentially integrating factors have on mandibular morphology in species whose mandibles
are morphologically and functionally distinct.
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Materials and Methods

Composition of the Samples

Baboons—CT images of the skulls of 430 adult baboons (128 © and 302 J'; age range
6.04-33.7 years), from the Southwest Foundation for Biomedical Research (SFBR) in San
Antonio, TX were used for these analyses. The baboons in the sample are Papio hamadryas,
including pure-bred P. h. anubis (olive baboons), pure-bred P.h. cynocephalus (yellow
baboons), P.h. anubis—P.h. cynocephalus hybrids of varying degrees, and other pure-bred
subspecies (P.h. hamadryas, P.h. papio). The percentage of baboons in the sample from
each subspecies is: 57% P. h. anubis, 36% P.h. anubis—P.h. cynocephalus hybrids, and 7%
other subspecies (P.h. cynocephalus, P.h. hamadryas, P.h. papio). All of the animals used in
this study are part of a known pedigree permitting quantitative genetic analyses. The
baboons have ad libitum access to commercial monkey chow, and are housed outside in
social groups. Dietary and housing conditions are the same for males and females. In
accordance with the Guide for the Care and Use of Laboratory Animals (Council 1996)
animal care personnel and staff veterinarians provide daily maintenance and health care to
all animals. All procedures performed followed the policies established by the Southwest
Foundation Institutional Animal Care and Use Committee.

Mice—Our mouse sample consists of 1239 adult mice (612 @, 627 &; age range 86-195
days) from the F|( generation of an advanced intercross line (Darvasi and Soller 1995), from
an initial cross between LG/J and SM/J parental strains. LG/J and SM/J mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA) and had been selected to have large
(LG/J) and small (SM/J) body sizes at 60 days (Goodale 1938, 1941; MacArthur 1944). Ten
LG/J females were mated with 10 SM/J males to initiate the intercross producing F| mice
that are completely heterozygous at variable loci (Norgard et al. 2008). F; mice were then
randomly mated to produce an F, generation which was subsequently randomly mated to
initiate an advanced intercross line of LG/J and SM/J mice, and repeated until the F
generation (Darvasi and Soller 1995). Mice were mated, reared and prepared at Washington
University in St. Louis following approved IACUC protocols. Details of the protocols used
in raising the Fjy mice are provided by Norgard et al. (2008).

Data Acquisition

Baboons—Baboon heads collected from the SFBR were macerated in a water bath.
Medical computed tomography (CT) images were then acquired for each macerated skull
including the articulated mandible at Washington University Mallinkrodt Institute of
Radiology using a medical CT scanner (Siemens Medical Systems, Erlangen, Germany).
Pixel sizes ranged from 0.20 to 0.61 mm depending upon the size of the specimen. Slice
thickness was 0.75 mm. Three-dimensional reconstructions were produced from the CT
image data and subsequently digitized to obtain 3D coordinates of biological landmarks
using eTDIPS (http://www.cc.nih.gov/cip/software/etdips/). 3D coordinates of 23
mandibular landmarks, three midline and 10 bilateral, were recorded from each 3D
reconstruction (Fig. 2, Table 1). We evaluated measurement error of landmark placement
using established methods (Valeri et al. 1998). Measurement error was further minimized by
landmarking each mandible twice, checking for gross errors such as side reversal, and using
the average of the two data collection trials in analyses. From these landmark data we
calculated 15 inter-landmark distances (Table 2) that are descriptive of the five
developmental modules outlined by Atchley and Hall (1991) and correspond to linear
distances measured on the mouse right hemi-mandibles (see below). We calculated
repeatabilities for each distance using the method described by Lessells and Boag (1987),
and these repeatabilities ranged from 0.61 to 0.99 with an average of 0.95.
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Mice—Mouse skulls were macerated using dermestid beetles and from each skull, the right
hemi-mandible was removed for use in our study. The lateral (buccal) aspect of the right
hemi-mandible of each mouse was photographed using a digital camera. Twelve two-
dimensional landmarks (Fig. 2, Table 1) were digitized from each photograph using the
program Image]J (version 1.38). Thirty mandibles were landmarked twice in order to
calculate repeatability, the rest were landmarked once. Fifteen interlandmark distances were
calculated that correspond to the distances calculated from the baboon data (Table 2).
Repeatabilities calculated using the subset of 30 mice that were landmarked twice ranged
from 0.61 to 0.98 with an average of 0.86.

Integration Analyses

Using the 15 homologous distances described above (Table 2), we compared morphological
integration between mouse and baboon mandibles using four methods. The first two
methods are based on a priori biological hypotheses of the developmental associations
described by Atchley and Hall (1991). The third method uses partial correlations to explore
the associations between different traits without a priori assumptions following the method
discussed by Magwene (2001). A more direct comparison between species was performed
via MIBoot (Cole 2002; Richtsmeier et al. 2006). MIBoot compares empiric correlation
matrices directly by subtracting the correlation matrix for one sample from the correlation
matrix of another sample producing a correlation difference matrix and the bootstrap is used
to calculate confidence intervals for the correlation difference. Except for MIBoot which
was used in the analysis of phenotypic data only, these analyses were used to compare
integration between species for both phenotypic and quantitative genetic data.

Phenotypic Integration—All distance data were natural log-transformed and sexes were
pooled for both mouse and baboon samples. To account for the effects of combining sexes
and differently aged individuals, sex and age were used as covariates and the residual data
were used for further analyses.

Our first test follows the method developed by Cheverud (Cheverud et al. 1989; Cheverud
1995; Marroig and Cheverud 2001) in which theoretical correlation (or covariance) matrices
based on assumed functional and developmental associations are compared with empirical
correlation matrices calculated from the data. A value of 1.0 was entered into any cell of the
theoretical correlation matrix representing the relationship between two traits belonging to
the same developmental module. A value of 0.0 was entered in any cell representing pairs of
measures that belong to different modules. Consequently, our theoretical matrices assume
absolute integration among measures within each of the five predefined modules (Fig. 1)
and an absolute lack of integration between measures of the various modules. Additionally,
we constructed a theoretical matrix that incorporated all five modules.

Matrix correlations between the observed correlation matrices for mice and baboons and the
five theoretical correlation matrices were calculated using a Mantel’s test with 1000
permutations using Microsoft Excel. This method allows us to separately compare how well
baboon and mouse correlation matrices match the theoretical matrices, and therefore,
indirectly compare the patterns of mandibular phenotypic integration between baboons and
mice. It does not however, allow us to statistically compare the degree of integration
between species for any of these regions.

Additionally, we calculated the average within-module correlation and the average between-
module correlation for each of the five mandibular modules using the data from the
phenotypic correlation matrices. We then calculated the difference of the average between-
module correlation from the average within-module correlation, and used the permutation
results from the Mantel’s tests to assess the significance of differences in correlation. This
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test is another way to look at the strength of correlations within developmental modules, but
unlike the above tests using the theoretical matrices, it does not assume a complete lack of
correlation among all other traits. Essentially, it gives a relative estimate of the strength of
integration within a module compared with the strength of integration among all other traits
not in the module.

To compare the degree of integration between baboons and mice, we calculated the variance
of the eigenvalues for each of the five mandibular regions described above, and for the
entire mandible following the method outlined by Wagner (1984, 1990). The premise of this
integration index is that the eigenvalues of a correlation matrix describe the amount of
variance associated with their corresponding eigenvectors. When there are only a few
eigenvalues that are quite large in comparison to the rest of the eigenvalues, the traits are
considered highly integrated. The relationship between a few large eigenvalues and high
morphological integration is that the variation of the traits involved is confined to a smaller
subspace in the overall multivariate phenotypic space (Wagner 1984, 1990). Variance of the
eigenvalues from correlation matrices were calculated using the statistical software R and
were compared between baboons and mice for each mandibular region. Each estimated
variance of the eigenvalues was standardized by the number of traits by dividing the
observed variance of the eigenvalues by the number of traits minus one (Pavlicev et al.
2009). Significance of differences in the variance of eigenvalues between species were
calculated by bootstrapping each dataset using 1000 iterations; the statistical significance of
the difference between two groups is calculated by the number of iterations in which the
difference between the two resampled values exceeds zero, divided by the number of
iterations.

Small sample sizes introduce a positive bias to the variance of the eigenvalues and given that
our baboon sample is approximately a third of the size of our mouse sample, we correct for
this bias. The correction is based on the assumption of no correlation between traits (Wagner
1984) and accounts for both sample size and the number of traits using the formula outlined
in Cheverud (1989):

E[V()]=[M - 1]/N

where M is the number of traits, N is the sample size and E[V(1)] is the expected value of the
variance of the eigenvalues. We use this correction to obtain a corrected observed variance
of the eigenvalues for each sample as well as correcting the bootstrapped values for tests of
significance. This correction was done for each comparison of the different developmental
modules.

To further explore the patterns of mandibular integration in mice and baboons without a
priori assumptions of expected developmental modules, we determined the conditional
independence among the 15 distances using the method described by Magwene (2001). We
calculated the partial correlation matrix for each sample; partial correlations are essentially
the correlation of two variables after removing the effect of other controlling variables. To
determine the conditional independence among mandibular distances we used the partial
correlations and an information theoretic measure known as the edge exclusion deviance
(EED):

EED=— N - In (1 —Pi—m)’
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where N is sample size and 92[ « 18 the squared partial correlation of the ith and jth linear
distances with all other traits held constant (Magwene 2001). Two traits are considered
conditionally independent if they have an EED value of less than 3.84 which corresponds to
P =0.05, with df = 1, from the 2 distribution. Traits that have an EED >3.84 are
conditionally dependent and therefore, are considered to be significantly integrated. To
measure the edge strength (ES) of this conditional dependence between variables we used
the formula:

ES=—-05.In (l _‘{'Ji-\ﬁ'l),

where again, 92[ « 18 the squared partial correlation of variables i and j, with all other traits
held constant (Magwene 2001). This analysis allows us to determine what traits are
significantly dependent on each other (integrated) and to measure the relative strength of
that dependence.

To identify the specifics of how two correlation matrices differ, we apply MIBoot (Cole
2002; Cole and Lele 2002; Richtsmeier et al. 2006). Each correlation matrix, one for mouse
and one for baboon, are scaled by the mean of their elements and then used to compute a
correlation difference matrix by subtracting the elements of one matrix (baboon) from the
corresponding elements of the other scaled correlation matrix (mouse). If the correlation
matrices are the same (the null hypothesis), the correlation difference is expected to be zero.
The bootstrap is used to compute non-parametric confidence intervals (a < 0.10) for the
inter-sample difference in correlations calculated for each linear distance pair within the
matrix. To begin, pseudosamples of independent observations are randomly generated using
the baboon data and the mouse data. Using the respective pseuodosamples, bootstrap
estimates of the sample correlation matrices are scaled for baboon and for mouse and a
correlation-difference matrix is estimated. These steps are repeated 21,000 times to obtain a
bootstrap distribution of correlation difference matrices. The collection of matrices is used to
estimate confidence intervals for each of the off-diagonal elements of the matrix. If a
confidence interval for a linear distance pair does not include zero (the expected value under
the null hypothesis), the null hypothesis of similarity in correlation is rejected for the
measurement pair. By testing for similarity for each element of the matrix (each linear
distance pair), we can evaluate similarity in magnitude and pattern of correlation, thereby
identifying how correlation matrices are similar or different from one another in terms of the
anatomy that the correlation coefficients represent.

Genetic Integration—As for the phenotypic estimates, prior to genetic analyses, distance
data were regressed on sex and age and the residuals of these regressions were used as our
distance data for all genetic estimations. For the baboon sample, pedigree information from
SFBR was used with the program Sequential Oligogenic Linkage Analysis Routines
(SOLAR) (Almasy and Blangero 1998) to estimate the heritability of the 15 linear distances
and to estimate the pairwise genetic correlation between unique pairs of the 15 distances
using a polygenic model. From these estimates we constructed a genetic correlation matrix
for the 15 pairwise linear distances.

The mouse sample is divided into 83 families and variance components are calculated using
a full-sib design following the formula described by Sokal and Rohlf (2000):

o) MS family—o2

O o =
family nab
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where nab represents the number of pups per family. We assume no dominance or epistatic
variance and estimate the additive genetic variance for each distance as twice the among-
family variance (Ehrich et al. 2005). We estimated heritability as the ratio of the additive
genetic variance to the sum of the between-family variance and residual variance (Ehrich et
al. 2005). We use Falconer and Mackay’s (1996) method to calculate the standard errors. A
MANOVA analysis was performed to obtain the between family variance/covariance matrix

(G) which was used to obtain the genetic correlation matrix as R(;=V;] GV;] where VA‘1 is
the diagonal matrix of additive genetic variances.

All genetic integration comparisons were done for only four of the five developmental
modules excluding the incisive alveolar region. In baboons, the heritability estimate for the
incisive alveolar distance idp to idi was 0.0 (see below). Therefore, we excluded this
distance from the genetic matrices for baboons and mice and limited our comparisons to the
four remaining developmental modules and 14 interlandmark distances.

We compared the genetic correlation matrices from the baboon and mouse data with the four
theoretical matrices outlining the developmental modules, as well as the theoretical matrix
incorporating all four modules using a Mantel’s test. These analyses follow the same
methods as described for the phenotypic correlation matrices (Cheverud et al. 1989;
Cheverud 1995; Marroig and Cheverud 2001). Additionally, we calculated the difference
between the average between-module correlation, from the average within-module
correlation for the four remaining developmental modules. As with the phenotypic analyses,
the permutation results from the Mantel’s tests were used to determine if these differences
are statistically significant.

We calculated the variance of the eigenvalues of the genetic correlation matrices for the
entire mandible as well as for each developmental module using essentially the same method
described above for the phenotypic data. As was done in the phenotypic analysis, each
observed variance of the eigenvalues was standardized by dividing the observed variance of
the eigenvalues by the number of traits minus one (Pavlicev et al. 2009). To correct for the
positive bias introduced by small sample sizes we followed the same formula that was used
for the phenotypic data described by Cheverud et al. (1989) but used the effective sample
size rather than the total number of individuals. The effective sample size is the effective
number of independent breeding values represented in the pedigree data (Cheverud 1995,
1996).

We also used conditional independence of the partial genetic correlations. Using Magwene’s
(2001) method described previously for the phenotypic data, we determined distances that
are significantly conditionally dependent (EES) and the strength of the dependence (ES).

Direct Comparisons of Correlation Matrices—We compared the correlation structure
between mouse and baboon using Mantel’s tests. Comparisons between groups were
performed for both phenotypic and genetic correlation matrices using the full matrix of
distances (15 for phenotypic, 14 for genetic). Additionally, we compared the phenotypic
correlation structure with the genetic correlation structure for both mouse and baboon
samples using the 14 distances included in the genetic matrix. Statistical significance was
calculated using 1000 permutations. Matrix repeatabilities were calculated for phenotypic
and genetic correlation matrices for both baboons and mice. Repeatabilities were calculated
by subtracting the average error variance of correlation estimates from the observed variance
of correlation estimates divided by the observed variance. These repeatabilities yield an
estimate of the maximum correlation that can be expected when two sample matrices are
drawn from a common population. Matrix correlations as calculated by Mantel’s tests were
then standardized by the matrix repeatabilities. For example, the correlation between the
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mouse phenotypic correlation matrix and the baboon phenotypic correlation matrix would be
corrected using the following formula:

f:ﬁ'rlf'l‘?'f'fl‘-"flfl"ljm:-""bm,'Jr Vibaboon ¥ Imouse

where ryy, is the correlation between the baboon and mouse phenotypic correlation matrices
and fpapoon and fyouse are the repeatabilities for the baboon and mouse phenotypic
correlation matrices respectively (Cheverud 1996, pp. 15-16). For comparisons of genetic
and phenotypic matrices within each species we must calculate the maximum possible
observed correlation as the two matrices are not independent of each other. To calculate the
maximum correlation we used the following formula:

Maxr p,=h* \Jt, [t +€* \Jtgt, — & (1 =t )1 —1,)(t,/1,)

where h2 is the average heritability for the 14 distances, e2is1—h2 tp, tg, and tg are the
repeatabilities for the phenotypic, genetic and environmental correlation matrices,
respectively (Cheverud 1996, p. 16). This calculation assumes that heritability is consistent
across traits, that the correlation matrices are equal, and that the estimation errors of genetic
and environmental correlations are perfectly negatively correlated. Observed matrix
correlations between genetic and phenotypic correlation matrices within species are then
evaluated relative to these maximum correlations rather than relative to one because the
observed similarity of correlation matrices is limited by the estimation error.

Phenotypic Integration

Baboon and mouse phenotypic correlation matrices with associated standard errors can be
found in the supplementary materials (Tables S1 and S2) as well as on our website
www.hominid.psu.edu. The average correlation in the baboon phenotypic correlation matrix
is 7 = 0.149 and 72 = 0.059. Of the 105 individual correlations, 84 are statistically significant
at P < 0.05, although most correlation coefficients are relatively low (r < 0.5). There are five
linear distance pairs with correlations greater than 0.5 and all are positively correlated and
fall within the developmental modules. There are two high correlations within the incisive
alveolar region (sms to idi and sms to idp with » = 0.838 and sms to idi and sms to mpm
with 7 = 0.523), and one within the coronoid process (pcp to iar and mmn to iar with r =
0.877), condylar process (pmc to amc and pmc to mmn with r = 0.785), and angular process
(ang to irb and mac to irb with » = 0.781). The average correlation for the mouse phenotypic
correlation matrix is r = 0.134 and 2 = 0.063. Similar to the baboon matrix, 83 of the 105
individual correlations are statistically significant and most correlations are low (r < 0.5).
There are eight individual correlations with » > 0.5 and as found for baboons, most of these
correlations are positive and fall within developmental modules. There are two high
correlations within the incisive alveolar region (idp to idi and sms to idp with r = 0.522, sms
to idi and sms to idp with » = 0.567), two within the coronoid process (pcp to iar and pcp to
mmn with 7 = 0.593, pcp to iar and mmn to iar with r = 0.856), one within the angular
process (mac to ang and mac to irb with » = 0.875), and one within the condylar process
(mmn to amc and pmc to mmn with r = 0.597). There are also two high correlations between
distances from different developmental modules: a correlation of » = 0.605 between a
distance from the molar alveolar region and a distance from the incisive alveolar region
(mpm to ipm and sms to idp), as well as a negative correlation (r = —0.566) between a
distance from the molar alveolar region and a distance from the angular process (mpm to iar
and mmn to iar).
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To determine how well each of the five developmental modules described by Atchley and
Hall (1991) fit with the phenotypic correlation structures of the baboon and mouse data, we
performed Mantel’s tests between the phenotypic correlation matrix of each sample and
theoretical matrices. There is a positive and statistically significant correlation between the
observed baboon phenotypic correlation matrix and the theoretical matrix that represents the
entire mandible (Table 3). The theoretical matrices representing integration of the coronoid
process and condylar process are relatively strongly correlated with the observed baboon
phenotypic correlations although these correlations fail to reach statistical significance at P
= (.05 (Table 3, Fig. 3). Results from our tests for differences in the average between-
module correlation and the average within-module correlation for baboons are very similar
to the theoretical matrix results (Table 3). The difference between the average correlation
within the coronoid process and the average correlation of all other traits is nearly
statistically significant (Table 3). Likewise, the difference between the average correlation
within the condylar process and the average correlation for the rest of the mandibular traits
is nearly significant (Table 3). These results suggest that in baboons the coronoid and
condylar processes are highly integrated modules compared with other mandibular
components.

The results of the Mantel’s test for the mouse data are similar to the results for the baboon
correlations. The observed mouse phenotypic correlation matrix is positively and
significantly correlated with the theoretical matrix representing the entire mandible and with
the theoretical matrix representing the coronoid process which is especially strongly
integrated (Table 3, Fig. 3). As with the baboons, our results for the difference between
average within-module correlations and average between-module correlations are very
similar to our theoretical matrix results. There is a significant difference between the
average within-module correlation for the coronoid process and the average correlation
between all other traits.

Baboons have significantly greater variance of the eigenvalues than the mice for the
condylar process, while mice have significantly greater variance of the eigenvalues relative
to baboons for the coronoid process (Fig. 4, Table 4). These results support our findings
from the Mantel’s tests where mouse data had a much stronger correlation with the coronoid
process theoretical matrix, and baboon data were more highly correlated with the condylar
process theoretical matrix.

Using partial correlations and the method developed by Magwene (2001) we found the
baboon mandible to be most strongly integrated within the angular process followed by the
coronoid and condylar processes. In mice, the incisive alveolar module is most strongly
integrated followed by the coronoid and condylar processes (Fig. 5). This test does not
include a priori expectations of the five developmental modules, but we still find that the
most strongly integrated sets of distances fall within the proposed developmental modules.

Elements of the scaled correlation matrices for baboon (Table S1) and mouse (Table S2) are
plotted in Fig. 6 along with the elements of the correlation difference matrix estimated by
Mlboot. As evinced by the correlation matrices for mouse and baboon (Tables S1 and S2),
MIBoot results convey a generalized similarity in pattern and magnitude of mandibular
integration in mouse and baboon mandibles. Of the 105 elements in the correlation
difference matrix, 41 (39%) are shown by confidence interval to be significantly different in
the samples compared, but the null hypothesis of similarity in morphological integration
cannot be rejected for the remaining 64 linear distance pairs. Of those that are significantly
different, 22 linear distance pairs are significantly more strongly correlated in baboon while
19 linear distance pairs are significantly more strongly correlated in mice (Fig. 6). Both
samples show a correlation of greater magnitude for at least one linear distance pair within
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the condylar, angular and incisive modules, reinforcing our previous findings of strong
within module integration for both species (Table 5).

Of the 22 linear distance pairs that are significantly more strongly correlated in baboon, four
describe measurement pairs within the condylar, angular, or incisive modules (Fig. 7). The
remainder represents between-module relations; most notably the angular and incisive
modules show significantly stronger associations with one another in baboon for five linear
distance pairs. In addition, elements of the angular and incisive modules each show elevated
correlations with elements of the molar alveolar module. Finally the strength of the several
correlations between the incisive and the condylar modules and between the angular and the
coronoid modules are significantly elevated in baboon. The magnitude of associations
within the angular process and between the angular and other modules excepting the
condylar process is different from what is observed in mouse (Fig. 7).

Of the 19 linear distance pairs that are significantly more strongly correlated in mice, eight
describe measurement pairs within modules (Fig. 7). In a pattern not seen in baboon, the
mouse mandible shows significantly stronger patterns of correlation within the coronoid
process (Fig. 7). There are eight correlations between the coronoid and incisive alveolar
showing significantly stronger association within the mouse mandible. Additionally, there is
a pair of measures joining the condylar and coronoid process, the condyle and incisive
region, and the condylar and angular modules that show significantly stronger correlation in
mouse relative to baboon. Measures of the coronoid process show significantly stronger
correlations with linear distances of the condylar, molar alveolar and incisive alveolar
modules.

Though these observations generally agree with the results of the previous analyses, the
statistical dissection of localized differences in integration patterns reveal between-module
associations that are not as apparent when modules are identified a priori. Localized
differences in magnitudes of integration reveal associations between the angular process and
incisive alveolar region unique to baboons and between the coronoid process and the
incisive alveolar region unique to mice. These species specific differences in magnitudes of
association must be considered against an overall similarity in mandibular morphological
integration patterns in the two species (Fig. 6).

Genetic Integration

Heritability estimates, their standard errors and probabilities of the null model were
calculated for all 15 traits in the baboon and mouse samples. The average h? for the
distances in the baboon sample is 0.26, ranging from 0 to 0.57 (Table 6). An adequate
effective sample size, which is the number of independent breeding values represented in the
pedigree data, is necessary to ensure that genetic correlations can be accurately estimated
(Cheverud 1995, 1996). The incisive alveolar distance idp to idi for the baboon sample had a
hZ estimate of 0.0 (Table 6) resulting in an effective sample size for this distance that was
too low to be included in further genetic analyses. Therefore, we removed the distance idp to
idi from our matrices and the incisive alveolar module from our analyses of genetic data for
both mice and baboons. All distances in the mouse sample had significant h? estimates at P
<0.05 (Table 6). The average mouse h? for mandibular distances is 0.41 with a range of
0.12 to 0.64.

Genetic correlation matrices and their associated standard errors for both baboon and mouse
data can be found in the supplementary materials (Tables S3 and S4) as well as on our
website (www.hominid.psu.edu). The average correlation for the baboon genetic correlation
matrix is 7 = 0.114 and 72 = 0.177. Of the 105 correlations, there are 18 with r > 0.5 and 14
correlations that are statistically significant at P < 0.05. Unlike the baboon phenotypic
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correlation matrix, many of the strongest correlations are negative and are between distances
located in different developmental modules. Highly negative correlations are found between
distances from the molar alveolar region and the coronoid process (mpm to ipm and pcp to
iar with r = —0.866, mpm to ipm and mmn to iar with r = —0.881), between distances from
the coronoid and condylar processes (mmn to amc and pep to iar with r = —0.943, and mmn
to amc and mmn to iar with » = —0.81), and between the molar alveolar region and the
angular process (ang to irb and mpm to ipm with r = —0.71). These specific results are
obtained by restricting the parameter space to a —0.90 to 0.90 interval as they otherwise
move to the boundary and the information matrix cannot be inverted. This raises concern
over the accuracy of these specific values and their standard errors and, given the relatively
small sample size, it may be advisable to disregard these high negative values when
interpreting our results. It is also possible that these highly negative correlations could be a
function of hybridity in the baboon sample. To check for this possibility, we re-calculated
the genetic correlations that were highly negative using only pure-bred anubis baboons. Our
results did not change substantially, and it is difficult to determine whether the changes that
did occur were due to a reduced sample size or due to hybridity.

The mouse genetic correlation matrix is different from the estimated baboon matrix and
more closely resembles the phenotypic matrices having no high negative correlations. There
are 53 statistically significant individual correlations with 17 correlations with r > 0.5, all of
which are positive. The average correlation is 7 = 0.214 and 72 = 0.132. As with the baboon
genetic matrix, many of these relatively high correlations are for distances occupying
different developmental modules, although the highest correlations (r = 0.7) represent linear
distances pairs that reside within developmental modules. These strong positive correlations
include one within the incisive alveolar region (sms to idi and sms to idp with r = 0.862),
two within the coronoid process (pcp to iar and mmn to iar with r = 0.870, pcp to iar and pcp
to mmn with » = 0.713), one within the condylar process (mmn to amc and pmc to mmn
with » = 0.742) and one within the angular process (mac to ang and mac to irb with r =
0.834).

The results of our Mantel’s tests indicate that the theoretical matrix representing all four
remaining modules is significantly correlated with the observed genetic correlation matrices
for both baboon and mouse (Table 7). The theoretical matrix representing strong integration
within the condylar process was nearly statistically significantly correlated with the baboon
genetic correlation matrix (Fig. 8, Table 7). The mouse genetic correlation matrix was
positively and significantly correlated with the coronoid theoretical matrix (Fig. 8, Table 7).
These results are similar to our results using phenotypic correlation matrices and suggest
that the pattern of integration includes relationships among all of the different modules. Our
results for the differences between the average within-module correlations and average
between-module correlations for the four developmental modules tested are similar to our
results from Mantel’s tests. These results suggest that the baboon genetic data are most
tightly integrated within the condylar process, whereas mouse genetic data are most highly
integrated within the coronoid process (Table 7).

Our analysis using variance of the eigenvalues to compare the strength of integration
between mice and baboons indicates that mice are equally or more strongly integrated than
baboons for the entire mandible as well as all developmental modules except the condylar
process (Table 8). We are unable to test if these differences are significant because the
effective sample size for baboons is too small, and the genetic correlation matrix is too ill-
conditioned to perform permutation tests. Our observed results do account for differences in
sample size, and therefore, it is likely that the variance of eigenvalues reported for the
baboon sample are underestimated. Thus, it is of interest that the baboons show greater
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integration within the condylar process as compared with mice even with the large baboon
correction factor.

Magwene’s (2001) conditional independence test reveals that patterns of genetic integration
are quite different in our baboon and mouse samples. In baboons, there are no significant
partial correlations, perhaps as a result of sample size restrictions. However, for our mouse
sample there are several strong partial correlations, each of which falls within a
developmental module. Very strong partial correlations for distances within the coronoid
process and within the condylar process were found for mice and additional strong partial
correlations in mice were found for distances within the angular process and within the
molar alveolar region.

Direct Comparisons of Correlation Matrices

Our comparison of phenotypic matrices between mouse and baboon using Mantel’s test
suggest that both species have a very similar correlation structure. After correcting for
repeatabilities the correlation between the two phenotypic matrices is over 1.0, indicating a
very tight matrix correlation between mouse and baboon phenotypic relationships. The
correlation between the genetic correlation matrices between the two species is not
especially high, even after correction for repeatabilities, with r = 0.39. However, this result
is nearly entirely driven by the aberrant low negative genetic correlations in the baboon
matrix. If those negative correlations that greatly influence the observed variance of
correlation values across the matrix are removed, the apparent repeatability of the baboon
genetic correlation matrix is decreased and the relative correlation between the mouse and
baboon genetic correlation matrices increases from 0.39 to 0.87. Before correction, the
correlation between the baboon phenotypic and genetic correlation matrices is 0.49.
However, the maximum correlation that can be obtained for these two matrices is 0.52,
reducing the maximum correlation to 0.94 instead of a perfect correlation of 1.0. For mice,
the correlation between the genetic and phenotypic correlation matrices before correction is
0.84, with a maximum correlation of 0.87 which reduces the maximum correlation possible
from 1.0 to 0.96. After correction for matrix repeatabilities, correlations between genetic and
phenotypic correlation structures are quite high for both species with » = 0.89 for baboons
and r = 0.90 for mice. Therefore, the correlations between phenotypic and genetic
correlation matrices for both baboons and mice are as similar as can be expected if the true
population values are nearly identical. These results indicate that the correlation structures
and therefore, integration patterns, are very similar for mouse and baboon phenotypic data.
They also suggest that both mouse and baboon phenotypic correlation data closely represent
their genetic correlation data.

Discussion

To better understand the development and evolution of complex structures, we often look
for broad trends across a wide range of species and then begin to pinpoint the specific
processes that create differences between species. The developmental pathways involved in
craniofacial development are thought to be generally similar across mammalian species
(Langille and Hall 1989; Trainor and Krumlauf 2001; Wilkins 2002; Hallgrimsson et al.
2004). These hypothesized and observed similarities are the basis for our use of model
organisms—such as the mouse—to inform us of the mechanisms underlying cranial
development in studying human disease and normal variation. Our study compares patterns
of mandibular morphological integration between baboons and mice to determine if the
mandibles of both species display similar patterns of developmental modularity.

Overall, there is a striking similarity in the correlation patterns for baboons and mice for
both phenotypic and genetic data. Specifically, both the phenotypic and genetic correlation
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structures for baboons and mice generally follow the modular pattern of integration
suggested by Atchley and Hall (1991). Structures within the coronoid, condylar, and
alveolar processes, as well as structures within the incisive and molar alveolar regions are
generally highly correlated with each other. This pattern of integration was borne out using
both a priori and a posteriori tests. This similarity of mandibular integration patterns is in
keeping with several studies that have compared cranial integration between different
primate species. Cheverud (1996) compared phenotypic, genetic and environmental
correlation matrices between cotton-top and saddle-back tamarins and found that patterns of
correlation were similar between species. Ackermann and Cheverud (2000) expanded this
study to a comparison of cranial integration in six species of tamarins and again found that
patterns of integration were similar across all species. In a comprehensive study that
compared 40 species of New World monkeys, Marroig and Cheverud (2001) found that in
general, all species showed a similar pattern of cranial integration with the oral region
showing the strongest integration. This pattern of strong integration of the oral region has
also been found for adult apes and humans (Gonzélez-José et al. 2004; Ackermann 2005;
Mitteroeker and Bookstein 2008). In fact, cranial integration has been found to be widely
similar across therian mammals with strong within-module integration of the oral-nasal
region and the anterior cranial base (Goswami 20006).

While our results confirm our hypothesis of similar integration patterns, the extent of
similarity between these two species is somewhat surprising given the marked structural and
functional differences between mouse and baboon mandibles. Mice have very large, ever-
growing incisors with roots that extend throughout most of the body of the mandible. The
forces applied to the exposed aspect of the incisor are received along the root influencing
bone growth along the body of the mandible. Mice also have a large diastema between
incisor and molar teeth that is absent in baboons, the space being populated by an additional
incisor, canine and premolar teeth. Baboons, particularly males, have extremely large
canines that in addition to mastication are used in defense as well as sexual display. In
addition, the mouse mandibular symphysis remains unfused in life while the baboon
mandibular symphysis fuses prenatally or soon after birth. Mice tend to move their
mandibles from front to back when using their molars to chew, whereas baboon molar
chewing involves a side to side motion. The medial-lateral mandibular motion used by
baboons to chew requires a much larger ratio of balancing-side to working-side force than is
required of anterior-posterior chewing in the mouse (Weijs and deJongh 1977; Beecher
1979, Hylander 1979a, b). The difference in chewing strategy requires differences in bone
mass, muscle morphology, and in the coordination of the muscles of mastication which leads
to a different combination of forces exerted on the mandible during mastication. It seems
likely that these structural and functional differences overlay the common effects of similar
development creating the few differences in integration patterns found between the two
species.

The baboon sample appears to have greater cohesion within the condylar process as
compared to mice, while mouse mandibles are more strongly integrated within the coronoid
process and incisive alveolar module. These specific patterns of integration seem to
correspond with the different modes of mastication between the species. The medial-lateral
chewing of baboons places stress on the condylar process, potentially increasing integration
within that region. Likewise, the anterior-posterior chewing pattern in mice, and the
relatively large role their incisors play during mastication likely creates the strong
integration within the coronoid process and incisive alveolar region observed. Phenotypic
results from Magwene’s method using partial correlations revealed further differences
between species. Baboon mandibles were found to be strongly correlated within the
condylar and coronoid processes but were most strongly correlated within the angular
process. Mice were found to be most strongly integrated within the incisive alveolar region
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followed by the coronoid process. Partial correlations remove the effects of common
variables. It is possible that partial correlations uncover specific functional differences
between the species that are obscured in our other analyses that include the effects of
common variables such as size and the functional requirements of the mandible as a whole.

Another finding of our study is that patterns of phenotypic and genetic integration are very
similar for both mice and baboons. These results suggest that functional and developmental
factors acting at the individual level and that influence patterns of phenotypic integration
have a heritable basis in both species. Additionally, if the extremely high negative
correlations found in the baboon genetic correlation matrix are disregarded, there is a high
correlation between mouse and baboon genetic correlation matrices. These results suggest
that the heritable basis of the developmental factors responsible for the phenotypic
integration pattern is similar for mice and baboons, and therefore, patterns of mandibular
integration for both species should respond similarly to most evolutionary forces including
selection and drift.

Our results reflect Cheverud’s (1996) suggestion that developmental and functional factors
are dynamically linked and their interactions create the patterns of integration found in adult
morphology. The modular pattern of integration found in both species underlies the ability
for structurally different mandibles to have such similar patterns of correlation and potential
response to selection. Overall, integration patterns are the same between these two species,
possibly reflecting common development and the importance of coordinated mandibular
function for mastication. However, having these tightly integrated modules nested within the
mandible as a whole, gives the different mandibular components that comprise these
modules some autonomy, and therefore, freedom to vary. The partial dissociation among
modules, both phenotypically and genetically, are likely due to differing functional demands
and may have led to the large structural differences found between the two species, while
maintaining the functional integrity of the mandible as a whole. While the two samples
studied here support this evolutionary scenario, far more evidence from different species is
required to fully address this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ilustration of the five mandibular developmental modules used for this study as outlined by
Atchley and Hall (1991). The five modules are shown on a lateral view of the baboon
mandible (above) and mouse mandible (below)
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Fig. 2.

Homologous landmarks taken from both baboon and mouse mandibles. Baboon data include
13 three-dimensional landmarks digitized from medical CT images. Mouse data were
collected from digital photographs and include 12 two-dimensional landmarks from the right
hemi-mandible. Baboon mandibles are depicted in anterior view (fop left), posterior view
(top right), and right lateral (bottom). The mouse mandible is shown in right lateral view
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Fig. 3.

Results from matrix correlations using Mantel’s tests between the observed phenotypic
correlation matrices for the baboon and mouse samples and the five theoretical correlation
matrices that depict the developmental modules of Atchley and Hall (1991). Both groups are
significantly integrated among the five modules (not shown), mice (below) are significantly
integrated within the coronoid process, and baboons (above) are nearly significantly
integrated within the condylar process
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Fig. 4.

Results from Wagner’s (1991) variance of the eigenvalues analysis for phenotypic
correlation data. Baboons have significantly greater variance of the eigenvalues than mice
for the condylar process. Mice have significantly larger variance of the eigenvalues than
baboons for the coronoid process
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Fig. 5.

Results from Magwene’s (2001) partial correlation analysis of the phenotypic data.
Distances within the angular, coronoid and condylar processes are conditionally dependent
in baboons. Mouse phenotypic data also show conditional dependence within the coronoid
process and condylar process, as well as within the incisive alveolar region
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Fig. 6.

Graph of scaled correlation coefficients between linear distance pairs for mouse (dark grey
diamonds) and baboon (black squares) and correlation differences (light grey circles)
between mouse and baboon. Estimates of the scaled correlation coefficients for each linear
distance pair and for correlation differences are given on the y-axis. Linear distance pairs are
listed on the x-axis sorted by correlation difference values. The ordered list of the specific
distance pairs plotted along the x-axis is given in Table S5. Note the generalized similarity
in correlation values in both mouse and baboon. Brackets on the far left and far right of the
graph indicate the sets of linear distance pairs with correlation values that are significantly
different between mouse and baboon by confidence interval (a = 0.10)
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Fig. 7.

Linear distance pairs that show significantly stronger magnitudes of association in baboon
(top) and mouse (bottom) as revealed by MIBoot. On each mandible, modules that are
circled and shaded in red have at least one linear distance pair within the module that has a
significantly stronger correlation relative to the other species. Those modules in which the
red circle is outline in red have more than one within-module linear distance pair that is
significantly more strongly correlated in that species. Arrows between modules indicate
between-module linear distance pairs that are significantly stronger in one species. The
thickness of the arrows indicates the relative number of linear distance pairs showing
significantly different correlation magnitudes for any particular inter-module correlation
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Fig. 8.

Matrix correlation results using Mantel’s tests between observed genetic correlation
matrices and theoretical matrices for baboons (above) and mice (below). The observed
genetic correlation matrices of both groups are significantly correlated with the theoretical
matrix that represents all four modules (not shown). The baboon genetic correlation matrix
is also significantly correlated with the condylar theoretical matrix, and the mouse genetic
correlation matrix is significantly correlated with the coronoid process theoretical matrix
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Table 1

List of landmarks used in this study and their anatomical descriptions

Landmark Anatomical description

idp Infradentale posterior—mandibular

idi Infradentale inferior

sms Superior mental spine

mpm Molar-premolar junction at lateral alveolar border of mandible

iar Mandibular tuberosity

ipm Premaxilla-maxilla junction at lateral alveolar border of mandible (baboon only)
pep Posterior portion of coronoid process—superiormost point on posterior edge
mmn Mid-mandibular notch—deepest point of curvature

pmc Posterior mandibular condyle

amc Anterior mandibular condyle

mac Midpoint along posterior ramus between mandibular angle and condylar process
ang Mandibular angle—posterior aspect

irb Inferior border between ramus and body of mandible

Mouse landmarks are 2D whereas baboon landmarks are 3D
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15 interlandmark distances calculated from 2D landmarks (mice) and 3D landmarks (baboons)

Table 2

Distance Developmental module
idp to idi Incisive alveolar

sms to idi Incisive alveolar

sms to idp Incisive alveolar

mpm to iar Molar alveolar

mpm to ipm  Molar alveolar (Baboon)
mpm to idp Molar alveolar (Mouse)

sms to mpm
pep to iar
pcp to mmn
mmn to iar
pmc to amc
mmn to amc
pmc to mmn
mac to ang
ang to irb

mac to irb

Molar alveolar
Coronoid process
Coronoid process
Coronoid process
Condylar process
Condylar process
Condylar process
Angular process
Angular process

Angular process
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Comparison of the variance of the eigenvalues for baboon and mouse phenotypic correlation matrices for the

entire mandible and the five developmental modules and their associated P values

Developmental module Baboon Mouse P Value
Whole mandible 0.061 0.067 0.277
Incisive 0.351 0.364 0.436
Molar 0.072 0.096 0.253
Coronoid 0.408 0.552 0.001
Condylar 0.388 0.331 0.007
Angular 0.393 0.383 0.245

Significant results at P = 0.05 level are highlighted in bold
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Comparison of the variance of the eigenvalues for baboon and mouse genetic correlation matrices for the
entire mandible and the five developmental modules

Developmental module Baboon Mouse
Whole Mandible 0.100 0.130
Molar 0.199 0.228
Coronoid 0.000 0.669
Condylar 0.460 0.376
Angular 0.337 0.337

Note that there are no associated P values as we could not resample the baboon data
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