






67 
 

  

  
Figure 11: Principal coordinates plots for males (left) 

and females (right) based on distance matrices (MMD) 

obtained from dental non-metric scores. 
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Figure 12: Principal coordinates plots for males (left) and 

females (right) based on distance matrices (Mahalanobis) 

obtained from craniometric measurements. 
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Figure 13: Principal coordinates plots for both sexes based on 

MMD (left) and Mahalanobis (right) distance matrices for 

dental non-metric scores and craniometric measurements. 
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Figure 14: 3D plot of principal coordinates axes 1-3 for 

males based on Mahalanobis distance matrix for 

craniometric measurements, rotated along y-axis for better 
visualization in three dimensions. 
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Figure 15: 3D plot of principal coordinates axes 1-3 for 

females based on Mahalanobis distance matrix for 

craniometric measurements, rotated along y-axis for better 

visualization in three dimensions. 
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Figure 16: 3D plot of principal coordinates axes 1-3 for both 

sexes based on Mahalanobis distance matrix for craniometric 

measurements, rotated along y-axis for better visualization in 
three dimensions. 
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Plots of the axes 1 and 2 obtained from principal coordinates analysis on the distance 

matrices are displayed for MMD and Mahalanobis distances for males, females (Figures 11 and 

12) and sexes pooled (Figure 13). Three-dimensional plots for axes 1-3 of the Mahalanobis 

distances are also displayed (Figures 14-16). 

For the MMD plots of the males and females separated, Fiji is isolated in the females, but 

clusters with Mokapu and Guam in the males. New Britain clusters with Mokapu and Guam in 

the females but is isolated in the males, while Guam also plots slightly further from Mokapu in 

the males than the females. For the Mahalanobis distance plots of males and females, all 

populations plot far from each other and similarly in both sexes, with the exception of Mokapu 

and Guam, which plot closer for males than females. Comparing the pooled sexes for the MMD 

and Mahalanobis plots, Mokapu and Fiji. Comparing the pooled sexes for the MMD and 

Mahalanobis distance plots, Mokapu, Guam, and Fiji cluster in the MMD plot, while these 

populations are far separated in the Mahalanobis plot, and New Britain plots close to Guam in 

the Mahalanobis plot and far from all other populations in the MMD plot. The addition of axes 3 

in the 3D plots of the Mahalanobis do not drastically alter the relationships already apparent in 

the 2D plot, with the exception of slightly drawing out distance between the cluster of Mokapu 

and Guam in the plot of pooled sexes.  
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Figure 19: Residuals by population for Female Dental/Female 

Cranial consensus configuration. 
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Figure 20: Residuals by population for Male Dental/Male 

Cranial consensus configuration. 
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                In combining the cranial data for males and females (Figure 17), Guam and Mokapu 

had no residual variance leftover after the consensus, indicating that the consensus entirely 

accounts for the variance between these two populations. Fiji had the highest residual value, 

indicating that much less of the variation in this population is captured by the consensus. For the 

dental data consensus (Figure 18), all residuals were higher than the cranial data consensus. Fiji 

and Guam had the least amount of variation accounted for by the consensus, while Easter Island 

had the most. Residual values were overall much higher in the consensuses of data types by sex 

(Table 20). Though the residual for New Britain remained low (0.014 in males and 0.046 in 

females), the high residuals in the other populations indicate a lesser amount of variance 

captured by the consensus. Male consensus by data type was greater than that of females for Fiji, 

Mokapu, and New Britain, while Guam was twice as low. 
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Table 22: Variance and 
correlations for Male 
Cranial/Female Cranial consensus 
configuration 

Variance by configuration and by 

factor (%): 

Configuration F1 F2 

Male Cranial 54.219 45.781 

Female Cranial 50.744 49.256 

Correlations between dimensions 

in the initial consensus 
configuration and the factors: 

  F1 F2 

Var1 -0.036 0.191 

Var2 -0.599 0.798 0
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Figure 21: Variance by configuration and by factor for 

Male Cranial/Female Cranial consensus configuration. 
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Table 23: Variance and 
correlations for Male 
Dental/Female Dental consensus 
configuration. 

Variance by configuration and by 

factor (%): 

Configuration F1 F2 

Male Dental 72.475 27.525 

Female Dental 72.366 27.634 

Correlations between dimensions 
in the initial consensus 

configuration and the factors: 

  F1  F2 

Var1 0.982 -0.074 

Var2 0.254 0.950 
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Figure 22: Variance by configuration and by factor for 

Male Dental/Female Dental consensus configuration. 
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Table 24: Variance and 
correlations for Female 
Dental/Female Cranial consensus 
configuration. 

Variance by configuration and by 

factor (%): 
Configuration F1 F2 

Female Dental 83.376 16.624 

Female Cranial 49.618 50.382 

Correlations between dimensions 

in the initial consensus 

configuration and the factors: 
  F1 F2 

Var1 0.460 -0.764 

Var2 -0.919 -0.095 0
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Figure 23: Variance by configuration and by factor for 

Female Dental/Female Cranial consensus 

configuration. 

Female Dental

Female Cranial
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Figure 24: Variance by configuration and by factor for 

Male Dental/Male Cranial consensus configuration. 

Male Dental
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Table 25: Variance and 
correlations for Male Dental/Male 
Cranial consensus configuration.  

Variance by configuration and by 

factor (%): 
Configuration F1 F2 

Male Dental 75.019 24.981 

Male Cranial 47.621 52.379 

Correlations between dimensions 

in the initial consensus 

configuration and the factors: 
 F1 F2 

Var1 0.176 0.925 

Var2 0.902 -0.094 
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                    The percentages of variance corresponding to each axis that is divided between each 

configuration in the consensus are modeled by bar charts. For the cranial data consensus, 

variance was divided nearly equally between each configuration (males and females), and each 

axis corresponds to nearly to same amount of variance (Figure 21, Table 22). Variance in the 

dental consensus falls more heavily onto the first axis (F1), but both axes for equal amounts of 

variance between males and females (Figure 22, Table 23). The consensuses of dental and 

cranial data by sex show much less equality (Figures 23-24, Tables 24-25). For both males and 

females, the first axes accounts for most of the variance, while the axes for the cranial data are 

nearly equal (Tables 24-25).  
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Figure 25: Male Cranial/Female Cranial consensus plot by 

configuration. 
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Figure 27: Male Dental/Female Dental consensus plot by 

configuration. 
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Figure 30: Female Dental/Female Cranial consensus plot by 

population. 
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Figure 29: Female Dental/Female Cranial consensus plot by 

configuration. 
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Figure 32: Male Dental/Male Cranial consensus plot by 

population. 
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Figure 31: Male Dental/Male Cranial consensus plot by 

configuration. 
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                    The plots of the consensus coordinates provide a visual representation of how the 

consensus configurations compare to the original coordinates by configuration and by 

population. For the cranial consensus (Figures 25-26), both plots show nearly overlapping points 

for Guam and Mokapu, indicating that there was minimal variance between these populations for 

males and females to begin with and that the consensus configuration shows a high level of 

agreement between the sexes. Fiji males and females, however, plot far apart, indicating that the 

original data was quite different between the sexes and that the consensus captures less of the 

variance. Though the dental consensus (Figures 27-28) indicates less agreement overall, there is 

lesser variance and a better consensus for Easter Island and Mokapu than the other populations in 

this comparison. Combining the data types by sex (Figures 29 and 30 for Females, figures 31 and 

32 for Males) appears to be moderately successful, with all original coordinates and respective 

consensus coordinates plotting relatively close, thought New Britain plots more closely for the 

males than the females.  
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Mantel Tests 

 

Table 26: R values (correlation) and p-values (significance, one-tailed) for Mantel tests on 

MMD (dental) and Mahalanobis (cranial) distance matrices. Similarity measures were 

Euclidean for MMD matrices and Mahalanobis for Mahalanobis. P-values were averaged 

over five runs at 10,000 permutations. *Mantel tests performed on object coordinates for 
the consensus configurations  from Generalized Procrustes Analysis. 

Comparison R p-value 

Male Dental vs Female Dental -0.01113 0.46932 
Male Cranial vs Female Cranial -0.345 0.93308 

Male Dental vs Male Cranial -0.06579 0.6166 

Female Dental va Female Cranial -0.4808 0.90774 
Pooled sexes Dental vs Pooled sexes Cranial -0.3615 0.84038 

Consensus Configurations for Male Dental/Cranial vs Female 
Dental/Cranial* -0.0696 0.58524 

 

Comparisons of cranial data, females, and pooled sexes yielded negative correlations, 

while those of the dental data, males, and consensus configurations were close to zero. However, 

all p-values are not significant at a 0.05-level, so the null hypothesis of no relationship cannot be 

rejected. 
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Determinant Analysis 

Table 27: Results of determinant analysis for dental non-metric scores and craniometric 

measurements, where the equation equals the natural log of the ratio of the determinants of the 

covariance matrices (obtained from the first 10 PC’s from principal components analysis on each 

population by sex) for males and females. Because of the small sample size for Fiji females (n=2) in 

the craniometric data, PCA could not be performed, so mobility of Fijian sexes based on 

craniometric measurements could not be analyzed. 
Dental non-metric scores 

Population Male 

determinant 

Female 

determinant  

ln(│Cov♂│/│Cov♀│) Mobile 

sex 

Residence 

pattern 
Easter Island 4.95E-13 5.44E-16 6.813649 Males Matrilocal 

Fiji 5.25E-10 4.5E-35 57.71792 Males Matrilocal 

Guam 7.33E-08 3.57E-06 -3.88681 Females Patrilocal 

Mokapu 2.04E-07 8.82E-07 -1.4659 Females Patrilocal 

New Britain 2.61E-07 1.07E-06 -1.41399 Females Patrilocal 

Craniometric measurements 

Population Male 

determinant 

Female 

determinant 

ln(│Cov♂│/│Cov♀│

) 

Mobile sex Residence 

pattern 

Easter Island 1.85E+19 3.31E+18 1.719285 Males Matrilocal 

Fiji* 6.72E+11 *Female sample size insufficient 

Guam 3.45E+19 5.09E+18 1.914813 Males Matrilocal 

Mokapu 1.93E+19 1.35E+19 0.359865 Females Patrilocal 

New Britain 1.27E+19 3.83E+18 1.199137 Males Matrilocal 

 

 For the dental data, the equation was greater than one for Easter Island and Fiji, 

signifying that males were the mobile sex for these populations, while Guam, Mokapu, and New 

Britain were less than one, indicating that females were more mobile. The craniometric data 

showed that Easter Island, Guam, and New Britain were likely matrilocal, while Mokapu was 

patrilocal. The small sample size of Fiji females in the craniometric data (n=2) prevented 

determinant analysis from being performed, and mobility for the sexes in Fiji based on 

craniometrics could not be established. 
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K-means Clustering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 28: K-means clustering assignments for males for 

4 clusters for dental non-metric scores. 
 1 2 3 4 Grand Total 

Easter Island 96 6 1 7 110 

Fiji 23 5 1 2 31 

Guam 48 43 8 11 110 

Mokapu 83 22 8 10 123 

New Britain 13 24 41 14 92 

Grand Total 263 100 59 44 466 

Table 29: K-means clustering assignments for females 

for 4 clusters for dental non-metric scores. 
 1 2 3 4 Grand Total 

Easter Island 2 8 2 27 39 

Fiji 0 2 0 2 4 

Guam 13 4 9 15 41 

Mokapu 6 32 15 24 77 

New Britain 17 7 10 10 44 

Grand Total 38 53 36 78 205 

Table 30: K-means clustering assignments for sexes 
pooled for 4 clusters for dental non-metric scores. 

 1 2 3 4 Grand Total 

Easter Island 9 33 101 3 149 

Fiji 2 7 21 5 35 

Guam 4 19 70 58 151 

Mokapu 34 57 68 41 200 

New Britain 7 16 37 76 136 

Grand Total 56 132 297 186 671 
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Figure 33: K-means clustering for Male Dental. 
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Figure 34: K-means clustering for Female Dental. 
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Table 31: K-means clustering assignments for males for 

4 clusters for craniometric measurements. 

 1 2 3 4 Grand Total 

Easter Island 28 7 10 3 48 

Fiji 3 1 1 1 6 

Guam 2 5 21 4 32 

Mokapu 5 23 25 1 54 

New Britain 8 1 2 46 57 

Grand Total 46 37 59 55 197 

Table 32: K-means clustering assignments for females 

for 4 clusters for craniometric measurements. 

 1 2 3 4 Grand Total 

Easter Island 5 17 7 8 37 

Fiji 0 1 0 1 2 

Guam 1 10 2 14 27 

Mokapu 8 27 8 10 53 

New Britain 35 0 11 8 54 

Grand Total 49 55 28 41 173 

Table 33: K-means clustering assignments for sexes 
pooled for 4 clusters for craniometric measurements. 

 1 2 3 4 Grand Total 

Easter Island 30 19 11 25 85 

Fiji 2 5 0 1 8 

Guam 24 4 6 25 59 

Mokapu 41 13 17 36 107 

New Britain 4 40 46 21 111 

Grand Total 101 81 80 108 370 



95 
 

 

 

 

8 

3 
28 

5 2 

1 

1 
7 

23 

5 
2 

1 

10 

25 

21 
46 

1 
3 1 

4 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

New Britain Fiji Easter Island Mokapu Guam

Figure 36: K-means clustering for Male Craniometrics. 
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Figure 37: K-means clustering for Female Craniometrics. 
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K-means clustering assignments are displayed in Tables 28-33. Clusters 1, 2, and 

possibly 4 (female dental) likely represent a Melanesian component of gene flow, while clusters 

3 (dental) and 4 (male cranial) likely represent an Asian component. Individuals are spread more 

evenly between clusters in females (Figures 34 and 37), and clustering patterns are overall more 

similar in the cranial (Figures 36-38) than dental data (Figures 33-35). 
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Chapter 5: Discussion 

 The two issues of focus in this research are comparing sexes, in order to identify 

differential patterns of variance as a result of sex-differential migration due to residency pattern, 

and comparing data types, in order to determine if craniometric measurements and dental 

morphological variation provided comparable results in analyses of biodistance and to assess 

their respective uses as proxies for genetic variation in studies of migration and social 

organization. Where gene flow is restricted between populations due to isolation by distance or a 

lack of migration, individuals within these groups will tend to become more genetically similar 

to those within their group, leading to more genetic distinction between separated groups (Wright 

1943, Konisberg 1988). This effect is amplified by the effects of genetic drift, which tends to act 

as a potent factor in small and isolated island populations such as those of the Pacific Islands, 

especially Remote Oceania. The opposite mechanism, increased migration and gene flow 

between populations, causes genetic homogeneity throughout these populations to increase with 

many generations, while individuals within subpopulations are likely to be more distinct from 

others within that subpopulation. In this case, the potency of genetic drift is lessened due because 

a larger population is being taken into account. Sex-differential migration causes an unbalanced 

ratio in the level of gene flow between males and females, resulting in the between-groups 

variances decreasing while the within-groups variances increase for the more migratory sex the 

longer such a pattern of migration continues. In a patrilocal society, the migratory sex is female, 

while males are more migratory in a matrilocal society. 

When the issue of sex-differential variance is looked at from an evolutionary perspective, 

as in population-wide change over time, the traits being utilized must be both heritable and sex-

linked. This is because an autosomal allele present with equal frequency in males and female 
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parents will therefore experience an average of the parental frequencies in offspring, making any 

comparison of frequencies between the sexes over many generations difficult to draw out 

without sex-linked traits (Wilkens and Marlowe 2006). However, an analysis such as the present 

study escapes this conundrum because of the assumptions of unilocal residence, and thus 

becomes an issue of sampling rather than evolutionary change. Under a matrilocal framework, at 

the time that males and females are adults, it is assumed that any female adults present in the 

population are in-group and closely related to the other females there, while any adult males are 

migrants, as the males from the population of interest have migrated to a different group. Thus, 

regardless of whether the individuals in question are offspring of in-group females and migrant 

males, in which autosomal traits could be assumed to be recombined and averaged, adult females 

will be more closely related than adult males who have migrated in from several different groups 

and will not be closely related to each other or the females in the group. 

 There are two broad questions approached with this analysis that will be discussed 

separately: How do the sexes compare between these populations, and can we elucidate 

residence pattern? And how do the data types compare, and can they usefully be combined to 

produce similar results? 

 

5.1. Comparing Sexes  

 The MMD and Mahalanobis distance matrices displayed differences between the sexes as 

to distances between populations, but in opposing ways. In the MMD matrix (Table 14), 

distances were higher overall for males than females, except for all distances with Fiji, in which 

females showed greater distance than males. This would indicate a higher level of migration in 
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females compared to males and a more patricentric orientation in residence pattern in all 

populations, except Fiji, which characterizes a pattern of greater male migration and a matrilocal 

pattern. The Mahalanobis distance matrix (Table 15) displays an opposite pattern, in which 

distances between populations are greater overall for females than males, except for Fiji, which 

shows greater distances for males. However, because of the small and irregular nature of the Fiji 

samples for both males in females in both the cranial and dental data, it is difficult to say that this 

dramatic level of variation is representative of the population at large, or represents a 

concentration of phenotypic anomaly in the few individuals sampled. Additionally, distances 

between Easter Island and Mokapu are comparatively close in magnitude between females and 

males in the MMD, while Easter Island and New Britain are similarly close in the Mahalanobis, 

while distances between Mokapu and Guam as well as New Britain are Guam are close in both 

matrices.  

 These relationships evidence a more equal level of gene flow for males and females, and 

may represent two possible scenarios: areas where a matrilocal or patrilocal residency is giving 

way to the opposite pattern and is in a state of transition, or where a more ambilocal residency is 

taking place, allowing equivalent movement of both sexes. Matrilocality, which was often 

adopted during times of extended male absence due to warfare, extended trips for hunting or 

resource accumulation, or, as was typically the case during Oceanic expansion, long-term 

exploratory voyages, tended to give way to ambilocal and eventually patrilocal residency once 

groups became settled and relatively isolated for an extended period of time (Hage and Marck 

2002, 2003, Jordan et al 2009). However, where shifts have occurred more recently, given the 

recent time of settlement, especially in far east Polynesia, the time lapse since this change hasn’t 

been long enough to show a definitive skew towards one sex (Bolnick et al 2006, Gunnarsdóttir 
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et al 2011, Kolipakum et al 2011). Furthermore, ambilocality has the benefit of allowing for 

couples to reside with the spouse’s family with more needed or resources or to pool the resources 

of both of their respective families in times of instability, including early periods of settlement, 

depopulation events, or warfare (Ember and Ember 1971). 

 The large distance between Easter Island and New Britain for both sexes in the MMD 

distances makes sense when looking at the general migration pattern into the Pacific, especially 

into Remote Oceania. Peoples moved from island Southeast Asia into New Guinea and through 

the smaller islands of Melanesia to Fiji, where there was a distinct 500-1000 year pause before 

migration into the wide waters of Polynesia resumed. When it did, migration from this threshold 

between Near and Remote Oceania was “star-like”, with people moving north, eventually to 

Mokapu, and east, eventually reaching Easter Island (Friedlander 2008). Migrants in the Mokapu 

region also moved into Micronesia, where back-migration into Melanesia likely occurred. Within 

this scheme, Easter Island becomes the most genetically isolated from populations in Melanesia, 

as it is the furthest geographically displaced and not in any networks of gene flow via back-

migration. Additionally, the “pause” in Fiji and the occurrence of repeated founder’s effects as 

people moved across the wide expanse of the Polynesian triangle had led to a high level of 

genetic homogeneity in the peoples that ended up settling Easter Island (Spriggs and Anderson 

1993, Houghton 1996, Hurles et al 2002, Kirch 2010). This pattern explains why distances 

between New Britain and Mokapu as well as New Britain and Guam are also large, considering 

that Mokapu and Guam, settled either contemporaneously or after Easter Island, are far displaced 

from New Britain both temporally and along the route of migration, though possible subsequent 

back-migration with New Britain through Micronesia is a possibility and would slightly decrease 

these distances (Matisoo-Smith et al 2004). The route of migration also elucidates why Easter 
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Island and Mokapu are similar, considering that the only population in this study that the peoples 

of Easter Island were sharing any genes with post-settlement was Mokapu. 

 Comparing the Principal coordinates plots from males and females in the dental data 

(Figure 11), three differences are observed. First, Fiji is far displaced from all populations in the 

females, but clusters with Mokapu and Guam in the males, suggesting increased male gene flow 

between these populations and possible matrilocality. Second, New Britain is distant from the 

other groups in males while it plots slightly nearer to Mokapu and Guam for females. Third, 

Guam plots slightly farther from Mokapu in males while it closer to Mokapu in females. The 

PCo plots from craniometric data show a wide distance between all populations with no obvious 

clustering for both sexes. Mokapu and Guam plot more closely in males while plotting far apart 

in females, again suggesting increased male gene flow compared to females, with Fiji plotting 

closer to Mokapu in the females, possibly indicating more female gene flow between Mokapu 

and Fiji than that of males (Figure 12).  

 Again, because of the anomalous nature of the extremely small sample size for Fiji in all 

comparisons (sex and data type), its differential placement between males and females must be 

approached with caution, as it likely does not represent a realistic level of variation for this 

population. However, if accurate, the difference in the positioning of Fiji between males and 

females, especially clear in the dental dataset, is characteristic of matrilocality in Fiji, with a 

distinction between populations in females and an analogous lack of distance in males. With 

Mokapu and Guam plotting close to Fiji in males, this suggests that these two populations were 

in a network of gene exchange with males migrating between these populations to marry in with 

local women. However, this pattern is not picked up for Fiji in the craniometric PCo plot, with 

Fiji actually plotting closer to Mokapu than in the females than the males, which may be a 
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further product the anomalous nature of the Fijian samples in either or both of the datasets. The 

close grouping of Mokapu and Guam is visible across both data types for males, with these two 

populations also plotting closely in females based on dental data, but separating in the PCo based 

on craniometric data (Figures 11 and 12). While the differential spacing of these populations in 

the craniometric data suggests an increased male gene flow between them compared to female 

gene flow and thus a matrilocal pattern, there is still enough distance in both instances to 

consider a existence of an ambilocal residence pattern between them, with equal migration of 

both sexes, or of a society in transition from a unilocal to an ambilocal pattern or vice versa. 

Likewise, New Britain plots closer to Mokapu and Guam in the female dental plot but far from 

all others in the males, possibly indicative of patrilocality in New Britain or a continuation of this 

style of practice as settlement progressed across Remote Oceania, but plots similarly far from 

these two in the craniometric plots. Differences between data types will be explored in the next 

section.  

 It is important to note the difference in eigenvalues and percent-variance captured for the 

PCo analyses of the MMD and Mahalanobis distance matrices. In all three analyses of the 

dental/MMD data (male, female, and sexes pooled), the majority of the variance among the 

samples is captured on the first two axes, with at least 90% explained by the combination of axes 

1 and 2 (Table 16). This means that the plots of these coordinates in a two-dimensional plane 

displays most of the variation within the dataset and thus gives an accurate visual depiction of 

the distances between populations.  In the PCo analysis for the Mahalanobis distance matrix, 

axes 1 and 2 capture approximately 70% of the variation in the data, thus a two-dimensional plot 

of these axes excludes up a third of the total variation. In order to more comprehensively model 

the variance within the cranial data and possibly draw out more differences between the sexes 
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that could be hidden without the third axis, three-dimensional plots were utilized to visualize the 

variation across more than two axes in male and female craniometrics (Figures 14-16). Doing so 

drew out a separation between Mokapu and Guam along the additional axis in the males, while 

this cluster was maintained in the females. New Britain and Easter Island appeared closer with 

the addition of axis three in the males, as did Easter Island to Mokapu and New Britain to Guam 

in the females. Fiji, however, maintained a large distance from all other populations along all 

axes in both sexes. However, these considerations do little to change the overall pattern that was 

already apparent with axes 1 and 2, and the relationships between populations that are close or 

more distant are maintained between the two types of plots.  

 

5.2. Comparing data types 

 Comparison of the MMD and Mahalanobis distance matrices is a comparison of the 

distances between populations based on dental data, versus those distances based on cranial data. 

The most notable difference between these two matrices is that the range of distances in the 

Mahalanobis (Table 15) is more restricted than in the MMD (Table 14), both in each sex over 

both data types and in the pooled sexes between the two. Although distances from Fiji remain 

relatively large, those of the populations with more stable samples are all within a 0.02 range. 

Though the differences between male and female distances within the Mahalanobis matrix, with 

female distances generally slightly larger than male distances, theoretically indicate presence of a 

matricentric migration and residence pattern, the differences are too small to rule out an 

ambilocal residency as the source. Though this “flattening affect” can partially be accounted for 

by the nature of Mahalanobis distance, this reduction in distance may also be indicative of a 
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reduction in variation in craniometric measurements overall, over both the populations of study 

and the sexes. 

 Because of the canalized nature and lack of remodeling in response to environmental 

factors in dental morphological traits, the variation in phenotypic expression is expected to 

mirror that of the underlying genotypes. However, because cranial size and shape remodel in the 

presence of environmental insult, the underlying variation in the genes that impact these traits 

can be masked by a heavy environmental influence, smoothing out the variation within 

populations, as well as between those in similar environmental conditions. This pattern could 

account for the wider range of distances observed in the MMD based on dental traits relative to 

those in the Mahalanobis matrix based on craniometric measurements, drawing out the variation 

in the dental samples and smoothing it in the cranial data. Also important to note is the 

possibility of purposeful cranial deformation as factor in cranial shape in these populations. 

Literature on cranial modification in Oceania is limited, with the only evidence coming from 

New Britain (Blackwood and Danby 1955), while the practice has also been reported in 

Philippine (Suzuki et al 1993) and prehistoric Australian samples (Anton and Weinstein 1999). 

Because of the limited evidence of intentional cranial modification in this region, it is not 

considered to have a notable effect on the cranial sample in this study.  

 PCo plots of each sex individually (Figures 11 and 12), as well as the sexes pooled 

(Figure 13), were also compared across data types. While all populations were spread far apart 

from each other in the plot for males based on craniometrics, Mokapu, Fiji, and Guam form a 

cluster in the dental plot, with Easter Island and New Britain spaced far apart and far from the 

cluster. A clustering of Mokapu and Guam is observed in the dental plots for females, although 

not in the cranial plot. New Britain and Easter Island females plot close to each other in the 
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craniometric plot and far apart in the dental, while Fiji remains distantly isolated in the dental 

and placed between Mokapu and Guam in the cranial. Looking at PCo plots of all individuals not 

decomposed by sex, the two clusters observable between the data types manifest opposingly: 

Mokapu, Guam, and Fiji clearly cluster in the dental data, while these populations are widely 

separated in the craniometric plot, and New Britain and Guam plot close to each other in the 

craniometric data while they maintain distance in the dental. Overall, PCo plots of Mahalanobis 

distances display a wide spread between all populations in both sexes, while the plots of MMD 

distances are slightly more constricted, thus drawing out a minor clustering pattern.  

 

5.3. Comparing both sexes and data types 

 Four combinations of data were utilized in the Generalized Procrustes Analysis: male 

cranial + female cranial and male dental + female dental to determine how well the sexes could 

combine within each data type; female dental + female cranial and male dental + male cranial to 

determine how well the data types could be combined within each sex. The Rc values, which 

indicate the proportion of original variance explained by the consensus, are high for all 

comparisons (Rc> 0.7), indicating that the consensus found a good level of agreement between 

the datasets that were combined (Table 18). The data types combine slightly better within each 

sex than the sexes combine within each data type, but the data types combine the sexes equally 

well, as do the sexes combining the data types. Analysis of the residual variance leftover after 

each consensus, however, shows that more variance was left unexplained after combining data 

within sexes that combining sexes within data types, indicating that the agreement had to leave 

out some variation in order to force the consensus (Table 20, Figures 17-20). The very small 
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residual variance combined with a high Rc agreement statistic for the male cranial/female cranial 

and male dental/female dental consensuses show that there was not a lot of variation between the 

sexes, allowing the datasets to easily and informatively be combined. In addition, the smaller 

residuals in the cranial consensus further indicate that the cranial data shows a reduced level of 

overall variation compared to the dental data. The differences between data are further 

exemplified by the fact that more residual variance was leftover when combining data types 

across sexes than combine within data types. A greater difference in scaling factors between the 

groups in the consensuses of sexes across data types also indicates that they were more difficult 

to combine than sexes within data types (Table 21). Furthermore, there was twice the residual 

variance for the combined data in males than females in the Guam sample, while the Mokapu 

and New Britain samples had nearly three times the residual variance in females than males, 

indicating there was a lot more variation, which could not be captured by the consensus, for these 

sexes than in the opposite sex. Similar to the PCo axes, variance was nearly equally captured 

between sexes and between factors for the cranial data in all consensuses, while the variance in 

the dental data was concentrated in the first factor (Table 22-25). Additionally, males and 

females were represented equally across both factors in the male dental/female dental consensus, 

with, again, more variance captured by the first factor. 

 All comparisons for the Mantel tests (Table 26) were negatively correlated, which the 

correlation between dental and cranial data in the females being the largest in magnitude at -

0.4808, indicating the greatest amount of similarity between them out of all comparisons tested. 

The comparison between male and female dental data, male dental and male cranial data, and the 

consensus configurations from Generalized Procrustes Analysis  yielded correlation values close 

to zero, indicating that there is no correlation, and thus greater variation, between the data in the 
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two sets in each comparison. Overall, the lack of correlation in the dental data over the sexes 

compared to the negative correlation between the sexes in the cranial data suggests a slightly less 

variation in the cranial data and greater variation, and thus no correlation, in the dental data. A 

similar relationship in the males over both data types (close to zero) and females over both dental 

and cranial data (negative correlation).  However, the average p-values are not significant at the 

0.05 level, so the null hypothesis that there is no relationship between the variables cannot be 

rejected.  

 The results of the Mantel test for the Male Cranial/Female Cranial, Female 

Dental/Female Cranial, and Pooled Sexes Dental/Pooled Sexes Dental yielded decently negative 

correlation values, yet had highly insignificant p-values (Table 26). Thought intuitively 

contradictory, there are several possible explanations for this unique result. First, the 

relationships between the populations could be similar (and opposing, because of the negative 

correlation) in both matrices, but the magnitude of the differences between the populations based 

on the two distances are so large that the relationships cannot be considered significant. 

However, this does not seem to be the case for the particular comparisons in which this result 

was produced. Second, and more likely the case here, the small number of populations being 

compared here only allows for a small number of permutations to be calculated, less than the 

PAST default of 5000 and the 10,000 permutations utilized in this study. The redundancy 

produced the permutations because of this may also have contributed to the non-significant p-

value. 

 Determinant analysis (Table 27) helps to elucidate differential mobility of the sexes by 

comparing their relative variances, and can be examined separately for each data type to see how 

their results compare. Where the equation is greater than one, males are more mobile than 
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females, and the residence pattern can be assumed to be matrilocal. When the equation equals 

less than 1, females are the more mobile sex, and patrilocality is assumed. For analysis of the 

dental data, the matrilocal pattern holds true for Easter Island and Fiji, while Guam, Mokapu, 

and New Britain appear to be patrilocal. The cranial data yields matrilocality in all populations 

except Mokapu. It must be noted that because of the small sample size of Fiji females in this data 

set, determinant analysis was mathematically impossible for this population, so mobility of the 

sexes in Fiji could not be assessed from the craniometric data. Similarly, the ratio produced from 

determinant analysis of the dental data was extremely high, nearly ten times the value of the next 

greatest ratio. These extremes are likely a product of the small sample sizes for this population, 

causing the equation to behave in a way that is uninformative for this analysis. What is notable 

from determinant analysis is that the dental and cranial data do not agree. Although Easter Island 

is matrilocal in both data sets, the ratio is much more heavily skewed towards males in the dental 

data (6.814) than in the cranial (1.719). Likewise, the patrilocal pattern evidenced in Mokapu for 

the cranial data is close to double that of the dental data. Additionally, the range of determinants 

for each sex is far more constricted in the cranial (Fiji males excluded) compared to the dental 

data, and is similarly much closer between the sexes. This is further evidence for a less variable 

cranial sample and more apparent variation in the dental sample.  

 K-means analysis is a clustering method that partitions similar individuals into a specified 

number of sets (4 in this analysis) (Tables 28-33). The way in which individuals are divided and 

the relative size of the clusters between populations can be compared to make inferences about 

components of gene flow and subsequent migratory routes. For both dental and cranial datasets, 

individuals are spread more evenly between the clusters in females (Figures 34 and 37) than 

males (Figures 33 and 36), most markedly in Easter Island and Mokapu, indicating that there is 
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more variation within these populations for females than males, though this effect is to a lesser 

degree in the cranial data. Additionally, between populations within each sex, there is a greater 

difference in partitioning between clusters in males than females. The difference in clustering 

patterns are overall more similar between the sexes in the cranial than the dental data.  

 As far as drawing out components of gene flow from the K-means clustering, a few 

inferences can be made, but are obscured by general similarity in cluster size, especially in the 

cranial data, as well as the difficulty in assigning Fiji females, considering their small sample 

sizes. Cluster 1 and cluster 2 (perhaps cluster 4 in the female dental assignments) likely represent 

a Melanesian component of gene flow; it is present in New Britain, increases in magnitude in 

Fiji, and dominates Easter Island. This is in line with the notion of subsequent bottleneck effects 

with migration across Polynesia, with a homogenization of genetic variance apparent by the time 

populations reach Easter Island. Additionally, clusters 3 (dental) and 4 (cranial males) show an 

opposing pattern, with high levels in New Britain and Fiji and a low representation in Easter 

Island, likely indicative of an Asian component of gene flow that dissipates as the Melanesian 

component takes over as populations move east, though this component could not definitively be 

drawn out in the female craniometric data. Both components appear and start to increase again in 

Mokapu and Guam, indicating a possible reconnection of gene flow with Melanesian and Asian 

populations as people moved back north into Micronesia. However, all of these indications of 

directions of gene flow are subtle, and especially considering the erratic nature of the Fiji 

samples in these analyses and the lack of representation of populations in central Polynesia or 

eastern Micronesia, these inferences should be approached with caution. 
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5.4. Limitations 

 There were several assumptions that had to be made in order to conduct this research, and 

numerous limitations that must be considered when analyzing the results of this data. I will 

address these limitations below. 

 Interobserver error and error due to inexperience were reduced through use of these 

particular datasets. Observations were made entirely by the credited individuals (Turner and 

Howells), who are considered masters in their field and with their scoring and measuring 

methods. However, because intraobserver error could not be evaluated for these datasets, the 

possibility of idiosyncratic measurement or scoring error cannot be eliminated.  

 While the cranial and dental data came from the same populations with similar 

provenances, it is not known that they were measured from the same individuals. Therefore, 

incongruence between the datasets may be partially due to variation between individuals rather 

than solely due to variation between dental and cranial features within individuals. Additionally, 

the sample dates provided were wide and nonspecific, ie “1400-1790 AD” or “historic”, if they 

are known at all. The temporal discrepancy between samples could add variation that is 

representative of the difference in time of death between individuals, rather than exemplifying 

population differences or discrepancies between dental and cranial data. Similarly, the ages 

provided for were nonspecific, although all individuals included in the study were described as 

“adult”. Though cranial form and tooth crown development are assumed to be fully formed by 

this time, it is possible that young or elderly adults could measure smaller in cranial size. While 

status/wear was noted on the ASUDAS score sheets for all present teeth, heavy wear (grade 1+) 

can greatly obscure the observability of crown features, so that traits that are present in the 

genotype are not observable in the phenotype and are thus falsely unaccounted for. Heavy wear 
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is more likely to be present in older individuals. Furthermore, estimations of sex for unknown 

individuals is assumed to be correct, while it is widely accounted that individual variation 

resulting in “robust” females and “gracile” males can skew sex estimation. There were a number 

of individuals in the dental data assessed as “possible male/female” (ie  M? or F?) that were 

subsequently pooled with “probable male/females” (M and F, see Table 5) in order to increase 

sample sizes. These questionable remains were assumed to actually represent male and female 

individuals, but could possibly have been assessed as the incorrect sex due to idiosyncratic 

variation. 

 

 

 

 

 

Table 34: Percent composition of cranial and dental datasets by sex and population. 

Cranial 

 M % of males F % of females Total % of total % of total sample by 

sex Easter 

Island 

48 24.4 37 21.4 85 23.0 

Fiji 6 3.0 2 1.2 8 2.2 Males 53.2 

Guam 32 16.2 27 15.6 59 15.9 Females 46.8 

Mokapu 54 27.4 53 30.6 107 28.9  

New Britain 57 28.9 54 31.2 111 30.0 

 197  173  370  

Dental 

 M % of males F % of females Total % of total % of total sample by 

sex Easter 

Island 

110 23.7 39 19.0 149 22.2 

Fiji 30 6.5 4 2.0 34 5.1 Males 69.4 

Guam 110 23.7 41 20.0 151 22.5 Females 30.6 

Mokapu 123 26.5 77 37.6 200 29.9  

New Britain 92 19.8 44 21.5 136 20.3 

 465  205  670  
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 Differences in sample size could also have spuriously skewed statistical analyses (Table 

33). While the ratio of males to females represented in the craniometric dataset was nearly equal 

(53% and 46% of the total sample, respectively), there were more than double the number of 

males to females in the dental dataset, with 69% of the sample comprised of males and 31% of 

females. When considering how the populations break down by sex, the populations are more 

equally represented in both the male cranial and dental data, while the female data is more 

lopsided, which approximately 60% of the individuals represented coming from the Mokapu and 

New Britain samples in both datasets. The most glaring discrepancy in sample size is the 

enormous difference in individuals represented by Fiji compared to the other populations over 

both sexes and in both datasets. Fiji males and females make up just 3% and 1.2%, respectively, 

of the cranial data, and 6.5% and 2% of the dental data. The notable differences exemplified by 

Fiji populations in the analysis must be approached with extreme caution, taking into account the 

minor amount of the overall data that they represent. While these differences may denote actual 

population-wide differences between Fiji and the other samples, it is just as likely that these 

individuals may represent outliers in this population and are not representative of the variation in 

the overall population.  

In order to have a dataset best reflected the variation within and between sexes as well as 

populations, many dental traits were eliminated from analysis to yield a trait list that was 

uncorrelated, not sexually dimorphic, and comparable between males and females (see Table 

11). Though this final trait list is assumed to best represent the variation present in these 

populations, any loss of traits is loss of variation. Additionally, any teeth that were not present 

were not scored, representing a large number of missing values within the dental dataset. Though 
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these missing values were accounted via pairwise and imputative deletion in the statistical 

analysis, variation is nonetheless lost. Also, statistical manipulations, including those made to 

account for missing values and removal of the correction factor for MMD analysis, were 

necessary to force the statistics to run, but are also possible sources of error in the final results.  

The osteological paradox is a limitation that applies not just to this study in particular, but 

to all bioarchaeological studies in which conclusions are attempted to be drawn about the entirety 

of a population from a subset of individuals from that population (Wood et al 1992, Cohen et al 

1994, Wright and Yoder 2003). Research design and subsequent analysis is built within a 

framework that assumes that the subset is statistically representative of the whole, and that 

variation that presents itself in the population will manifest itself proportionally at a smaller scale 

in the sample. This assumption, while necessary to extract any sort of meaning from limited 

archaeological samples, must be taken into consideration when attempting to make wide 

sweeping remarks about past populations. A variety of factors limit the number and type of 

individuals recovered from an archaeological site, including but not limited to age, health, cause 

of death, mortuary ritual, climate and environment, method of survey and excavation employed, 

and which area is chosen to excavate and to what spatial extent. Additionally, the remains that 

eventually end up curated in collection facilities often meet certain criteria that eliminate a 

portion of the total recovered sample, and which of these individuals are chosen to be included in 

studies or for measurement are further reduced by completeness and ability to accurately 

estimate sex and age if unknown. The resulting sample may or may not be statistically 

representative of the population as a whole. This is an issue that no doubt needs to be taken into 

account here. 
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Finally, this study was conducted based on a very small number of populations. Though 

populations of study represent the geographical extremes of the Pacific Island region, and thus 

encapsulate the continuum of variation represent within, an enormous geographical area was not 

represented in this study. 

 

5.5. Future Research 

 Three specific elements would greatly aid future research in a study of this nature. First, 

increasing representation of the vast Pacific Island region by including larger sample sizes and a 

greater number of populations would expand and clarify the results obtained here. The cultural 

and migratory patterns of this region are extremely complex; with a more complete picture of the 

variation representing it, more robust inferences could be made about the history that molded it. 

Having data from populations within central Polynesia as well as eastern Micronesia would 

better elucidate gradations of variation occurring along migration routes that resulted in the 

extremes exemplified by their endpoints. Additionally, data from Southeast Asia would give 

greater insight on gene flow coming from this region as well as the relative speed of movement 

and amount of admixture that occurred during expansion into the Pacific. 

 Second, in order to better compare the interplay between the relative variation 

represented by dental morphology, craniometrics, and genetics as well as the utility of employing 

these data separately or in conjunction, it is necessary to have data sets that are known to have 

come from the same individuals. Being able to compare how these traits differ within the 

individual, rather than relying on representative samples, gives a more direct answer as to how 

they covary. Additionally, utilizing contemporaneous samples would eliminate spurious 

variation due to temporal incongruence. 
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 Finally, having genetic data would allow for further exploration of the utility of physical 

features such as dental morphology and craniometrics as proxies for underlying genetic 

variation. Additionally, this would clarify which manifest features more directly correspond to 

their underlying genotypes, and which are more heavily influenced by environmental factors. 
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Conclusion 

 This research aimed to utilize variance in dental morphological traits and craniometric 

measurements to assess how males and females compare to each other, in order to elucidate 

possible residence pattern, and how well dental non-metric and craniometric data compare, in 

order to determine whether these two types of data can be usefully combined or interchangeably 

used as a proxy for underlying genetic variation between the populations. Overall, both the sexes 

and the populations of study differed more in the dental than the cranial data based on MMD and 

Mahalanobis distance matrices, suggesting that dental morphology is more closely representative 

of genotypic variation, while variation in cranial measurements is smoothed out by 

environmental components. Though further analysis via principal coordinates analysis and 

Mantel tests suggest that such differences are subtle and comparable over both data types, data 

was able to be adequately combined across sexes and data types through Generalized Procrustes 

Analysis. Analyses gave differing and often contradictory results as to which sex was more 

mobile, suggesting that any sex-differential migration in this region was likely subtle and that 

residency was closer to an ambilocal than unilocal pattern. Nevertheless, uneven sample sizes 

and sparse representation of this complex region give only a small insight into what is likely a 

multifaceted picture of migration into and throughout the Pacific Islands. This research would be 

greatly aided by a more comprehensive assortment of samples from a greater number of Oceanic 

populations and contemporaneous individuals as well as data from all three lines of evidence: 

genetic, dental, and craniometric. 
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