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ABSTRACT 
 

 Being able to understand the effects of relatedness on adult cranial morphology has 

implications for inferring population histories, and for informing us about the influence of social 

behaviors on these patterns of population relatedness. Several methods have been developed 

to infer relatedness among human or other primate populations using metric data. 

 This thesis uses detailed genealogical and demographic information for free-ranging 

rhesus macaques born over four decades on Cayo Santiago along with individually matched 

cranial measurements and interprets the resulting patterns in a socioecological framework. I 

used R-matrix methods to examine cranial shape variation among social lineages on Cayo 

Santiago and changes over time. 

 Results from the lineage analysis support the male migration effect of fission and the 

lineal effect of fission, which increased the genetic variation between two lineages. Lineage-

specific mating and random male gene flow both decreased the genetic variation among the 

lineages.  When the lineages were combined and divided into four time periods, a strong 

temporal trend was observed. This temporal trend is most likely due to environmental 

differentiation over time and some degree of genetic drift. This thesis demonstrates how 

behavioral mechanisms affect genetic relationships among populations and that linear distances 

derived from cranial measurements can provide information about population structure and 

population history even at this small spatial and temporal scale. 
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Chapter 1: Introduction 
 
 

 This thesis uses the tenets underlining socioecology, such as gene flow via male 

migration and within group competition that can precipitate social group fission, to understand 

the genetic relationships underpinning the social group patterning of the free-ranging macaques 

of Cayo Santiago.  Socioecology seeks to understand the pressures that drive variation in social 

groups by examining both ecological factors, such as resource distribution, and social factors, 

such as philopatry (Kappeler et al. 2003). Specifically, I am interested in understanding how 

individual and group behavior influence genetic variation among social groups.  To facilitate this 

understanding, I will lay out the socioecological models currently used and how they influence 

behavior and through behavior, genetics.  I will then provide background on the subjects of this 

thesis, the Cayo Santiago rhesus macaques (Macaca mulatta).  This will be followed by a brief 

discussion of the genetic theory for inferring population history from quantitative skeletal traits. 

This chapter concludes with a discussion of the previous research on Cayo Santiago and the 

processes that have been proposed to underlie the genetic relationships between social group 

patterning in both wild populations and on Cayo Santiago. 

Socioecology Background 
 
Socioecological Models 

Many primates are social animals and form social groups, which Jolly (1985) defines as a 

gathering of primates in which high communication contributes to group cohesiveness often 

characterized by close proximity and foraging together. There are several costs and benefits to 

social living. Benefits to sociality include access to mates, increased predation protection, 

cooperative defense of food, and sometimes collective raising of offspring (Walters and Seyfarth 
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1987). However, along with these benefits come several costs including competition for food, 

mates, and water (Walters and Seyfarth 1987), as well as increased risk of parasites and disease, 

and infanticide (Parga and Overdorff 2011).  Several models of primate socioecology have been 

developed and make differing predictions about social relationships among males and females 

and which sex disperses with implications for genetic relationships among social groups. 

 Interactions among females are considered to be central in these models (Brereton 

1995; Crockett and Pope 1993; Datta 1992; Sterck and Steenbeek 1997; van Schaik 1989; Waser 

1988; Wrangham 1980). Of these models, the most well known and used is the ecological model 

(van Schaik 1989). In this model several advantages of group living are elucidated, almost all 

invoking a response to predation.  The advantages of group living in the ecological model 

include increased predator detection, decreased risk of capture by predators, and group defense 

against predators.  

While this model integrates the different types of competition that go along with group 

living, such as within- and between-group scramble and contest competitions, it fails to account 

for variations in social behavior and organization in several primate species (Sterck et al. 1997). 

Because of this, Sterck and colleagues (1997) developed the socioecological model, which, in 

addition to predation, incorporates infanticide avoidance and habitat saturation as selective 

forces that influence group composition.  The socioecology model also complements predictions 

of female synchrony in estrous as tested by Nunn (1999). Within this socioecological model is a 

hypothesis of optimal group size, in which optimal group sizes are set by feeding success per 

capita (Terborgh and Janson 1986). In other words when a group becomes too large and within 

group competition increases, the group is more likely to split or fission into two smaller groups. 
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Through application of the socioecological model several hypotheses about behavior 

can be ascertained.  As social group size is determined by predation risk, female synchrony, 

infanticide avoidance, and within and between group competition, behavioral aspects of 

individuals within these social groups can be predicted (Strier 2007). For example, when food is 

scattered across the landscape, competition between individuals becomes a scramble contest in 

which the first individual to reach a food source and eats, wins. However, when food resources 

are patchily distributed across the landscape, contest competition ensues in which patches are 

large enough for larger or more dominant individuals to displace smaller or subordinate 

individuals (Nunn 1999; Oates 1987; Parga and Overdorff 2011; Sterck et al. 1997; Strier 2007).  

This model becomes more complicated when other social groups are placed within the 

landscape, especially with respect to behavior between individuals within a group.  In contest 

competition when between group competition is low, dominance hierarchies are more likely to 

be apparent and nepotistic.  However, when between group competition is high, interactions 

between individuals within the group are more likely to be egalitarian due to the shared 

competition with another group (Nunn 1999; Sterck et al. 1997; Strier 2007). 

Avoiding predation is another behavioral response to an ecological factor.  Individuals 

may group together for defense against predators. Some primates, such as baboons (Papio 

cynocephalus), rhesus macaques (Macaca mulatta), chimpanzees (Pan troglodytes), and gorillas 

(Gorilla gorilla b.), have been observed mobbing predators when they attack the group (Cheney 

and Wrangham 1987).  Individuals also give alarm calls to warn others about predators. Alarm 

calls can be specific to the predator and elicit a specific response, such as ascending trees when 

a leopard is spotted or jumping to the ground when a hawk is spotted (Cheney and Wrangham 

1987).  These behaviors in response to predation risk influence group size and associations with 
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other species (Cheney and Wrangham 1987). For example, while large group size decreases the 

risk of predation, either due to more eyes watching for predators or decreased probability of 

being preyed upon, it increases competition with others for food and mates. 

As females change behavior according to competition levels both within and between 

groups, male behavior is directed by female grouping. Male strategy is based on maximizing 

fertilizations within the structure of female groupings (Dunbar 2000).  If females stay in their 

natal group, meaning their group of birth, then males will disperse from their natal group in 

order to avoid inbreeding and seek mating opportunities. The behaviors of females, whether 

they remain within groups or disperse, will shape the behaviors of males. 

Philopatry and dispersal are major factors that contribute to the distribution of 

individuals across the landscape, particularly with respect to sex. In primates, males are most 

likely to be the dispersing sex both from the natal group and for breeding purposes (Greenwood 

1980; Pusey and Packer 1987). However, chimpanzees (Pan troglodytes) are a notable exception 

to this pattern, with females dispersing from natal groups (Greenwood 1980; Pusey and Packer 

1987). Male-biased dispersal also occurs more generally in mammals (Greenwood 1980). In 

contrast, avian dispersal is generally female-biased (Greenwood 1980).  Several factors explain 

why males are generally the dispersing sex in mammals. The sex that is not the limiting 

resource, or invests the least in offspring, will be the sex most likely to disperse because of 

increased access to mates (Wilson 1975). In the case of most mammals, males are the dispersing 

sex due to the increased mating opportunities accompanying dispersal. Mate defense has also 

been offered as explanation for male biased dispersal (Baker 1978). In this model females are 

already grouped and males defend these groups dominating the access to mates within the 

group. To explain the female biased dispersal in birds, a resource defense model has been 
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proposed in which males defend territories to attract mates such that familiarity with resources 

and female mate choice play a large role (Greenwood 1980).  While social groups come with 

varying costs and benefits and sex biased dispersal varies across mammals, competition within 

and between social groups determines the relationships of individuals living in these groups. 

Socioecology and Genetics 
 Genetic relationships among individuals within groups or among populations on a 

landscape are an outcome of these socioecological patterns of philopatry, group size, and styles 

of interactions among group mates. The dispersing sex is often the main mode of gene flow 

between social groups within a population (Scheffrahn et al. 1996). For instance, the dispersal of 

individuals into new social groups and their successful mating increases the genetic similarity of 

the new social group and the natal group from which the dispersing individual is derived 

(Melnick et al. 1984a; Melnick et al. 1984b; Ober et al. 1980).  This simple relationship allows 

several predictions to be made about the genetic relationships of social groups that are 

connected via dispersing individuals. Social groups that have reciprocal dispersing individuals 

will be more genetically similar than social groups in which no dispersing individuals are shared 

(Melnick and Pearl 1987). 

Another unique feature of social group relationships occurs when a social group splits.  

Social group fission creates population structure/subdivision in which groups are similar because 

of shared ancestry from a parental group (Gachot-Neveu and Menard 2004; Melnick and 

Hoelzer 1992; Melnick and Pearl 1987). As the behavior of individuals is influenced by 

socioecological factors, the genetic relationships between these individuals will be influenced by 

these same behaviors. For example, female philopatry with male dispersal in wild rhesus 

macaques is reflected in maternally inherited mtDNA as strong differentiation among social 

groups (Melnick and Hoelzer 1992). Autosomal markers show far less differentiation because of 
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male-mediated gene flow (Melnick et al. 1984b).  Similar patterns can also be detected in recent 

human population history. Lum and colleagues (1998) have linked low mtDNA diversity in 

remote oceanic islanders, on Papua New Guinea  and Australia, to male-biased dispersal. In 

general when females are the dispersing sex, the Y-chromosome data will display more variation 

between populations than nuclear or mtDNA. Conversely, when males are the dispersing sex, 

the mtDNA data will display more variation between populations than nuclear DNA (Freeland 

2005). Craniometrics can also be used to determine which sex is philopatric. Craniometric data 

act like autosomal data because it is not exclusively maternally or paternally derived.  Individuals 

within a social group are grouped together based on sex. Variation between female genetic 

distances and male genetic distances derived from the craniometric data can be compared. If 

females are the philopatric sex, the genetic distances between them will be small, while the 

genetic distances between males will be larger. The opposite pattern can be expected if males 

are the philopatric sex. 

Macaca mulatta Background 

 I used rhesus macaques (Macaca mulatta) to explore the influence of social behaviors 

on genetic relatedness among primate social groups.  The genus Macaca is comprised of 22 

different species (Thierry 2007; Thierry et al. 2004).  All macaque species share several social 

features. Social groups are composed of multiple males and multiple females (Fooden 2000).  

Males usually disperse upon reaching puberty, although there is variation among species in the 

frequency of males breeding in their natal group. Females remain within their natal social group 

and form matrilines. Matrilines are composed of a mother, her female offspring, and any other 

descendants.  Several matrilines often exist within a single social group (Gachot-Neveu and 

Menard 2004). Interactions between related females, which are usually positive and reinforcing, 
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occur frequently.  However, related individuals are also ranked, in that dominant individuals can 

supplant a subordinate female relative at a feeding site. Rank is passed on to daughters; 

however the youngest daughter is ranked below her mother but above all older sisters (Strier 

2007).  Matrilines are also ranked from high-ranking to low-ranking (Gachot-Neveu and Menard 

2004). In other words, matrilines that are high ranking can supplant low ranking matrilines. This 

means that social relationships within social groups are defined by kin relationships and 

individuals are highly nepotistic.  Male dominance status depends on individual ability to 

compete (Dunbar 2000). 

In the wild, rhesus macaque range extends as far north as 36oN in China, Pakistan, 

Afghanistan and India to as far south as 15oN in Thailand, Laos, and Vietnam. Their range 

extends as far east as 120oE in China, and as far west as 70oE in Afghanistan (Fooden 2000). 

Within this range, rhesus macaques often inhabit disturbed areas which are located near human 

settlements and agricultural areas (Menard 2004).  Rhesus macaques are unspecialized foragers, 

preferring disturbed habitat types, with most of the diet consisting of leaves supplemented by 

other food types such as fruits, roots, and saps. Richard and colleagues (1989) have classified 

rhesus macaques as a weed species based on their often close relationship with human 

disturbed areas and their extensive range encompassing many different habitat types.  The 

subjects used in this thesis are not taken directly from wild populations; however they share 

many of the same social influences as populations in the wild. 

History of Cayo Santiago 

The extensive information available for the macaques on Cayo Santiago makes them an 

excellent sample population to test many microevolutionary hypotheses.  This information 

includes demographic and genealogical data extending back to 1956 as well as the skeletonized 
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remains of most previous inhabitants of the island over this time period (Rawlins and Kessler 

1986b). The colony of rhesus macaques was founded in 1938 on a 15.2 hectare island off the 

coast of Puerto Rico (Rawlins and Kessler 1986a) (Fig. 1). The purpose of the colony was to 

establish a breeding group as a source of specimens for biomedical research in North American 

laboratories and to conduct limited behavioral or medical research on the island itself. The 

original group of macaques contained 409 individuals collected from several locations in India 

near Lucknow. Early on tuberculosis, tetanus and Shigella plagued the colony and considerable 

effort was expended to capture and test the animals on the island for signs of disease (Rawlins 

and Kessler 1986b; Sade et al. 1985). Beginning in 1956, Stuart Altmann consistently collected 

census information, which was later carried on by Carl Koford.  The group was consistently 

marked with tattoos and demographic information was collected and tracked for each 

individual. 
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Figure 1. Aerial view of Cayo Santiago in Oct. 2006 (Google_Earth 2011). 

During the early 1970’s the population size was reduced to account for overcrowding 

and a whole social group (K) was removed and sacrificed. Several other social groups had also 

been removed (E, A, H, C), but they were sent to other research centers for further study.  Since 

then individuals have been selected at random and removed to keep the population size 

manageable. 

The macaques range freely on the island and form natural social groups (Berman 1986). 

Males leave their natal social group between three and four years of age and join another social 

group in order to mate.  About every four years, males will switch to a new social group. Births 

occur seasonally between January and June, although this season has shifted over time. Females 
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remain within their natal group forming close relationships with their relatives, especially their 

mothers (McMillan 1986). The monkeys are fed commercial monkey chow which is available at 

feeding stations (Sade et al. 1985).  Water is also available in catchments that the monkeys can 

access and drink from freely. 

The skeletal collection was founded by Koford and included the skull and a long bone 

from monkeys that were found dead on the island (Sade et al. 1985). However this practice was 

not consistent until 1970 when complete skeletons were obtained from any monkey found 

dead.  Also, after this time skeletonized remains were collected from individuals that had been 

shipped to other research centers.  Occasionally, skeletonized remains that could not be 

indentified were found on the island.  In these cases, individuals were assigned a probable 

identity from a short list of individuals that had recently gone missing by matching age and sex 

information. 

Quantitative Genetics 

This thesis uses measurements of quantitative traits on skeletons to understand genetic 

relationships within the Cayo Santiago population and make inferences about the social 

behaviors that led to those patterns. Quantitative traits are influenced by both genetic and 

environmental variation and the interaction of environmental and genetic variables (Relethford 

2007).  The influence of environmental variation was thought to limit the application of 

quantitative traits (Relethford 2003; Relethford and Lees 1982). This limitation is based on the 

non-genetic influences on quantitative traits such as environmental conditions, sex differences 

and age effects. While sex and age differences can be controlled for during analysis, 

environmental effects cannot. Relethford (2003) recommends restricting the geographical 

region in which the samples are collected to reduce the effect that environmental 
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differentiation will have on genetic differentiation.  In small geographic areas, like Cayo 

Santiago, the environment should be fairly similar and it is reasonable to infer that genes are 

causing among population differences. Mathematical models suggest that under circumstances 

of polygenic inheritance and no gene-environment correlation, a single quantitative measure, 

such as cranial length, contains the same information about population structure as a single-

locus marker (Rogers and Harpending 1983). Therefore, phenotypic distances collected from 

skeletons can be used as proxies for genetic distances.  The larger the phenotypic differences 

between any two populations, the more dissimilar they are genetically.  These ideas can be 

applied to understanding the relationship between social groups within a single population and 

change among these social groups over time. 

Quantitative traits, including skeletal measurements, are used to understand population 

history and structure and are often the only sources of information available to study, such as in 

the case of large skeletal samples from museums or archaeological excavations (Relethford 

2007).  In most cases, demographic information is not available for populations that are of 

interest to study, unlike the case at Cayo Santiago. In cases where this information is missing, 

quantitative traits can be used to generate hypotheses about the unknown population history.  

Using quantitative data to understand population history requires an estimate of the heritability 

of the traits to be measured.  Heritability can either be estimated for each individual trait or an 

overall estimate can be used if heritability is equal across populations/groups and 

environmental influence is the same (Relethford 2003). This can be argued to be true for Cayo 

Santiago due to the homogenous environment and localized populations.  Genetic relationships 

among groups are often displayed in an R, or relationship, matrix which is a method that is 
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suited for this application and is widely used (Cheverud 1979; O'Rourke and Enciso 1982; 

Relethford 2003). A more detailed explanation of the R-matrix methods is given in Chapter 2. 

Application of R-matrix techniques has resulted in agreement between molecular 

genetic and skeletal data (Leigh et al. 2003; Relethford 1994; Relethford 2003; Shea and 

Coolidge 1988) and has demonstrated that these methods work on small spatial scales, testing 

historical hypotheses (Steadman 2001). Specifically,  Shea and Coolidge (1988) and Leigh and 

colleagues (2003) examined the population structures created by the existence of subspecies in 

Pan and Gorilla respectively. Relethford (1994) used anthropometric data to understand 

variation within major human geographical regions. In comparisons to FST values generated from 

genetic data, Relethford demonstrated the agreement between craniometric data and genetic 

data in the limited variation across the diverse geographical regions. 

Steadman (2001) used R-matrix techniques to understand gene flow in West-Central 

Illinois over a limited spatial scale. Craniometric measurements were collected from 

archaeological skeletal remains from 13 different sites in the Central and Lower Illinois valley. 

These remains were matched with burial goods and associated with either the Late Woodland 

(AD 600-1000) or Mississippian (AD 1000-300) cultures. Using the R-matrix analysis, Steadman 

(2001) found that the Late Woodland samples clustered together, indicating gene flow across 

the entire region. However, the Mississippian samples did not cluster together and indicated 

limited gene flow over the same region. Steadman (2001) attributed these patterns to a cultural 

barrier to gene flow that was established during the Mississippian period, but did not exist 

during the Late Woodland period. She suggested gene flow was restricted among different 

cultural groups in the Mississippian that are archaeologically recognizable from grave goods. In 

the preceding Woodland samples there were no such cultural boundaries to gene flow. This 
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study demonstrates how hypotheses can be tested and matched with other information, in this 

case grave goods, to determine causes of genetic similarities between groups. 

Previous Research on Cayo Santiago 
 

Several studies have been completed using craniometric or molecular data and varying 

analytical techniques on the Cayo Santiago macaques. Several hypotheses have been developed 

from these studies that relate to behavioral mechanisms behind the patterns observed from 

genetic relationship comparisons. To facilitate ease of comparison of the processes behind the 

observed patterns, Table 1 lists the processes, behavioral mechanisms attributed to the 

observed pattern, and expected genetic variation. Simplistic diagrams are also included to 

convey how the processes work. 

Male migration, a very common process, has been suggested as a cause for some of the 

patterns observed on Cayo Santiago (Cheverud 1979). To avoid confusion with the male 

migration effect of fission, explained later, this type of male migration will be called random 

male gene flow. This involves the random migration of males to different social groups and their 

subsequent mating.  Random migration of males would decrease the genetic variation between 

groups. This process has been suggested by several researchers as a component of the complex 

patterns resulting from genetic distances derived from craniometric and genetic data (Duggleby 

et al. 1986; Melnick et al. 1984a; Melnick et al. 1984b; Ober et al. 1980; Relethford 1996). 

Melnick and Pearl (1987) suggest that social groups that share the same ancestral group 

will be more similar to each other than to other groups (Fig. 2). While this pattern has not been 

demonstrated on the level of social group fission, it is a common pattern that is used to trace 

ancestry over large time scales, especially for human origins and large scale migrations (Lum et 
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al. 1998; Su et al. 2000), and has been suggested as a detectable pattern in primates social 

group fissions (Gachot-Neveu and Menard 2004). 

 

Figure 2. Shared ancestral group. Large 
black circles are social groups and small red and pink 
circles are matrilines. Grey arrows represent the 
social group fission. 

 

Figure 3. Lineal fission. Large black circles 
are social groups. Small circles are individual females 
with reddish and bluish coloration indicating matriline 
membership.

Cheverud and colleagues (Cheverud et al. 1978; Cheverud and Dow 1985) describe a 

related process during group fission which they call lineal effect of fission.  During lineal fission, 

daughter groups are composed of individuals that are more related than would occur randomly. 

In other words, when a social group with several matrilines fissions, it does so along matriline 

boundaries such that kin remain together. Therefore, the daughter groups are more different 

than would be expected from a random division (Fig. 3). This pattern was found and supported 

by several studies on Cayo Santiago and other free-ranging macaque colonies (Buettner-Janusch 

et al. 1983; Chepko-Sade and Olivier 1979; Chepko-Sade and Sade 1979; Cheverud 1979; 

Cheverud et al. 1978; Duggleby et al. 1986; O'Rourke and Enciso 1982; Olivier et al. 1981b; 

Sueur et al. 2010). 

Using skeletal non-metric traits, Cheverud and Buikstra (1978; 1981; 1982) attributed 

genetic differences among social groups on Cayo Santiago to male behavior during group fission. 

Specifically, they attributed the differences to a change in male composition that accompanies 

social group fission. Several males are associated with a social group at any one time. Some of 
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these males are more centralized and have greater mating success than others, most likely due 

to dominance over other males and tenure. When a social group fissions, the marginalized 

males have an opportunity to become the centralized males in one of the new daughter groups 

(Fig. 4). This change in male composition is called the male migration effect of fission (Cheverud 

and Buikstra 1978) and is supported by other studies (Cheverud 1979; Cheverud et al. 1978; 

Duggleby et al. 1986). 

 

Figure 4. The male migration effect. The large black circles are social groups, smaller pink circles are 
females, blue triangles are centralized males and green triangles are marginalized males. 

Using blood group systems and behavioral data on male movement and mating, another 

relationship has been discovered between social groups which results in increased similarity 

between some social groups and decreased similarity with others. McMillan and Duggleby 

(1981) attributed the genetic differences between lineages within social groups to lineage-

specific mating. In this hypothesis, related males will mate with a specific matriline within a 

social group to the exclusion of other matrilines within this social group (Fig. 5). This will draw 

the matriline toward the group that is the source of the male migration. However, total 

difference between groups will depend on group size and whether reciprocal gene flow is 
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occurring between the groups. This pattern of increased genetic differences within social groups 

between lineages is also supported by McMillan (1986) and Cheverud (1979). 

 

Figure 5. Lineage specific mating. Large black circles are social groups. Small red and pink circles represent 
matrilines and small blue circles represent matrilines. The red triangles in the outlined arrow represent migrating 
males and subsequent mating with single matriline. The gray arrows represent time and point to the next generation. 

 In addition to these proposed mechanisms, genetic drift and natural selection could also 

contribute to the genetic variation within and between social groups (Cheverud 1979; Duggleby 

et al. 1986; Relethford 1996). In the absence of gene flow, genetic drift would act to increase the 

genetic variation between groups and decrease variation within groups (Freeland 2005). Natural 

selection can act in several ways to either increase or decrease genetic variation between 

groups depending on the trait under selection, the adaptive effect, and other processes at work 

(Freeland 2005). However, the craniometric data used in this thesis are unlikely to be under 

strong selection and the small size of the island would likely cause any selective forces to affect 

the entire colony.  
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Table 1. Proposed processes behind observed genetic relationship between groups on Cayo Santiago. 

Processes Behavioral 
mechanisms 
underlying 
process 

Genetic 
variation 
within 
groups 
between 
matrilines 

Genetic 
variation 
between 
groups 

Studies proposing/supporting 
idea 

Random 
male gene 

flow 

random migration 
of male and 
subsequent 
mating 

decreased decreased (Cheverud 1979; Duggleby et al. 
1986; Melnick et al. 1984a; 
Melnick et al. 1984b; Ober et al. 
1980; Relethford 1996) 

Shared 
recent 

ancestral 
group 

newly formed 
social groups 
from fission are 
descendent from 
same ancestral 
parent group 

-- decreased 
(between 
groups with 
shared 
ancestor) 
increased 
(between 
groups not 
sharing 
ancestor) 

(Gachot-Neveu and Menard 
2004; Melnick and Pearl 1987; 
O'Rourke and Enciso 1982) 

Lineal 
effect of 

fission 

nonrandom 
assortment of 
relatives during 
social group 
fission 

-- increased 
(between 
newly 
formed 
daughter 
groups) 

(Buettner-Janusch et al. 1983; 
Chepko-Sade and Olivier 1979; 
Chepko-Sade and Sade 1979; 
Cheverud 1979; Cheverud et al. 
1978; Cheverud and Dow 1985; 
Duggleby et al. 1986; O'Rourke 
and Enciso 1982; Olivier et al. 
1981a; Sueur et al. 2010) 

Male 
migration 

effect of 
fission 

new males 
become 
centralized & 
mate with newly 
formed social 
group 

-- increased 
(between 
newly 
formed 
daughter 
groups) 

(Cheverud 1979; Cheverud et al. 
1978; Cheverud and Buikstra 
1978; Duggleby et al. 1986) 

Lineage 
specific 
mating 

nonrandom 
migration of 
related males 
with preferential 
matriline mating 

increased decreased 
(between 
groups 
exchanging 
males)  

(Cheverud 1979; McMillan 1986; 
McMillan and Duggleby 1981) 
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Based on the previous research and demographic data available for Cayo Santiago, 

several patterns can be predicted. Throughout the history of the colony on Cayo Santiago, social 

groups have split and sometimes reintegrated several times, often complicating the social 

history of some groups (Rawlins and Kessler 1986a; Sade et al. 1976).  These fissions and 

accompanying behavioral responses can be a major cause of genetic differences between 

groups.  While several patterns have been outlined above, they have only been studied over 

very short time scales, which may accentuate some of the patterns and overemphasize the 

behavioral mechanisms behind the processes. A reevaluation of these findings may indicate 

which model best explains the genetic differences between the social groups on Cayo Santiago.  

This may be better completed now than in the past, as several more decades of demographic 

and genealogical data and a large skeletal collection are now available. Detailed predictions 

regarding expected patterns on Cayo Santiago are outlined in Chapter 2 after the demographic 

information and population history have been fully discussed. 

Previous Research on Temporal Trends 

Temporal patterns may also be discernable in the Cayo Santiago skeletal collection, 

which unlike the social group differentiation, have not yet been explored in this collection. This 

idea is based on the premise that differences between groups should be distinguishable over 

time. In other words, groups that are separated by more time should be more genetically 

different. Konigsberg (1990a; 1990b) applied this idea to skeletal material from a Middle to Late 

Woodland mound building society from Illinois.  Non-metric cranial distances were obtained 

from five sites. Five time periods were used in the analysis to correspond with the five sites. The 

sites display a genetic distance pattern that mirrors the temporal distance pattern expected 
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from prior archaeological chronology. Konigsberg notes that although his findings support 

temporal trends, environmental factors could not be ascertained and most likely were different 

between the sites, as they were also spatially separated. The temporal trend results from a 

pattern of ancestry and descent in which groups are more similar to adjacent groups than to 

groups more distant in time.  Several mechanisms are proposed to create this temporal trend, 

including directional selection, drift and migration (Konigsberg 1990b). While Konigsberg was 

unable to establish which mechanism was the underlying cause of the temporal trend, he was 

able to replicate the expected pattern derived from the archaeological data. However, his 

results could be affected by the environmental factors that he could not take into account, such 

that the temporal trend he described was simply a result of different environmental pressures 

over time and space.  

Due to the detailed records available on Cayo Santiago, much of the environmental 

variation that could affect the resulting trend is known. The lack of external migration can be 

eliminated as the source of any temporal trend observed in this analysis because no new 

animals have been added to the island, creating a closed population. Again, a detailed prediction 

is provided in Chapter 2. The application of quantitative methods is important because 

quantitative traits are sometimes the only source of information for historic populations and 

these methods can tease out the population history from skeletonized remains. 
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Chapter 2: Materials and Methods 

 

This chapter provides in depth information on the population history of Cayo Santiago. 

In it, I describe the collection and screening of skeletal measurements and mathematical basis of 

R-matrix methods. It concludes with detailed predictions about the social and temporal patterns 

expected in the skeletal data. 

Skeletal Collection 

Linear measurements were collected by Blomquist (2007) and Hallgrímsson (1999) from 

individuals in the Cayo Santiago skeletal collection. Individuals measured were born between 

1951 and 1990. Animals died from natural causes or were sacrificed as part of colony 

management. Both researchers collected cranial and postcranial measurements (Table 2).  

Seven post-cranial measurements and six cranial measurements were collected (Fig. 6). The 

measurements were collected to the standards set by HallgrÍmsson and colleagues (2002), Bass 

(1995), and HallgrÍmsson (1999). 
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Table 2. Cranial and postcranial 
measurements taken on skeletal collection at Cayo 
Santiago. 

Measurements 

Cranial 
 cranial length 
 bizygomatic width 
 basion to external auditory meatus 

distance 
 lateral most infraorbital foramen to 

external auditory meatus distance 
 glenoid tubercle to endomolar distance 
 orbital height 
Postcranial 
 femoral bicondylar width 
 femoral length 
 humeral length 
 3rd metacarpal length 
 3rd metatarsal length 
 radial length 
 tibial length 

 
Figure 6. Cranial measurements on adult 

female skull (Macaca mulatta). Photo modified from 
Fooden 2000. 

Blomquist (2007) collected cranial and postcranial measurements on 105 females 

ranging from 4.9 to 31.4 years of age. This data set was supplemented by the addition of 

measurements collected by HallgrÍmsson (1999).  The data collected by HallgrÍmsson (1999) 

included 127 males ranging from 0.8 to 18.8 years of age and 131 females ranging from 0.04 to 

23.1 years of age. The two data sets overlapped by 71 individuals, all female. Using these 

overlapping individuals, the data sets were tested for inter-observer reliability. Regressions and 

Mahalanobis (D2) distances were calculated for the overlapping measurements (Appendix A). 

From these analyses, several measurements were considered too variable to be accurate 

between observers.  Measurements of length between the mesial canine and the distal M2 and 

humeral and femoral anterior to posterior diameters at the midshaft were removed due to the 

low regression correlations and high number of individuals with p-values < 0.05 calculated from 

Mahalanbois distances (D2). Also one individual, catalogue number 555, showed little 
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consistency between observers and was removed.  This particular individual had almost no 

fused epiphyses, which most likely caused the extreme disagreement on linear distance 

measurements. 

To reduce age effects, only adults were included the final analyses (Appendix A). All 

females less than 6.2 years of age were considered pre-adults and were removed. All males less 

than 6.4 years of age were considered pre-adults and were also removed. Maturation times 

were based on dental eruption and epiphyseal fusion determined specifically for the Cayo 

Santiago skeleton collection (Cheverud 1981). 

Demographic Information 

Only individuals with measurements for all variables were included in the final analysis.  

After removal of pre-adults, individuals missing data, and individuals that were difficult to 

measure (catalogue number 555), the sample size is reduced from the original 292 individuals to 

171. The measurements from these remaining individuals were matched with other 

demographic information including social group membership and birth cohort membership.  

Group membership is assigned as the one in which the individual was born.  The use of the natal 

group as the group membership indicator is used here because of the large time scale involved. 

Male group membership changes over the lifetime as the male migrates periodically. Female 

group membership can “change” during social group fission as the two newly formed social 

groups are either both renamed or one group is given a new name.  Cheverud (1979) assigned 

individuals to social groups based on individual social group membership during a given year. 

Cheverud used this approach to facilitate comparison to similar results drawn from blood 

polymorphism data. 
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Due to limited sample size, social groups could not be examined as the unit of interest. 

Instead, social groups are combined into lineages based on ancestor-descendant relationships. 

Specifically, social groups A, J, N, K, and L form lineage AJNKL, social groups F and M form 

lineage FM, and social groups G, H, I, Q, R, and S form lineage GHIQRS (Fig. 7). Some individuals 

could not be assigned to their natal social group; however these individuals could be affiliated 

with a lineage (Table 3). This occurred with several individuals during the early years when 

record keeping was inconsistent. The mother-offspring relationship was no longer in place and 

could not be used to establish the individual’s natal social group membership. In this case the 

individual was assigned to the most likely social lineage. These individuals remain in the analyses 

because the reduced sample size of individual social groups necessitates the groups be collapsed 

into lineages. Comparison of the three lineages should not be greatly affected by temporal 

changes. Although samples size for the lineages vary, each lineage is present for the entire span 

of records. 

  



 

24 
 

Table 3. Sample sizes for individual social groups, individuals with no group association but lineage 
affiliation, and lineage amalgamations for cranial and postcranial data. This excludes two individuals from unknown 
lineages. 

Social 
Group 

Sample size 
(social group) 

Sample size (no group 
association, lineage 

affiliation) 

Sample size lineage 
amalgamations (sum) 

A 32 

11 68 

J 15 

N 1 

K - 

L 9 

F 40 
5 46 

M 1 

G 1 

7 36 

H 1 

I 23 

Q - 

R 3 

S 1 

C 10 1 11 
E 5 3 8 

Sum 145 27 169 

 

Figure 7. Schematic of social group fissions and fusions from 1955 to 1990. Red coloring corresponds to FM 
lineage amalgamation, blue to AJNKL, and yellow to GHIQRS. 

The lineage analysis was run using all skeletal measurements (cranial and postcranial) 

and using only cranial measurements. Following the initial comparison of lineage analysis with 

and without postcranial measurements, the lineage analysis was run again adding in six 

individuals who possessed all of the cranial measurements (Table 4).  These six individuals were 
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initially excluded because they lacked several postcranial measurements. Cranial measurements 

are used in the final analysis for both lineage and temporal trends because they maximize 

sample sizes and heritability estimates have been tested in craniometric samples (Relethford 

and Blangero 1990). 

Table 4. Sample sizes for amalgamated lineages using both cranial and postcranial measurements and using 
cranial only measurements. 

Lineage 
Sample Size 

Cranial & Postcranial Cranial only 

AJNKL 68 70 
FM 46 47 
GHIQRS 36 39 

Sum 150 156 

Again only cranial measurements were used for the temporal trend analysis. For the 

temporal trend analysis social groups C and E were included. Social groups C and E were not 

included in the lineage analysis because they do not form an ancestor descendent lineage.  Also 

social groups C and E were removed from the island and therefore belong to a particular time 

period. Two more male individuals were also included in the temporal analysis. These two 

individuals could not be assigned to a lineage for the lineage analysis, most likely because they 

already migrated to a new social group before they could be assigned to a natal social group.  

Because the temporal trend is blind to social groups, the fact that these two individuals cannot 

be assigned to a lineage will not affect the analysis. In other words, all social groups were 

collapsed into a single large population. This population was then divided into four equal time 

periods of 10 year increments (Table 5). Four time periods are used here because sample sizes 

are large enough in each time period while still maximizing the number of time periods to be 

examined. Membership to time periods are based on birth cohort year and not the year the 

individual died. 



 

26 
 

Table 5. Samples sizes for temporal analysis. Social groups were lumped together and then divided into four 
time periods. Samples sizes for each lineage/social groups are included in individual cells. 

Time 
Period 

AJNKL GHIQRS FM C E Unknown Sum 

1951-1960 13 8 7 1 4 2 35 
1961-1970 42 7 18 10 4 - 81 
1971-1980 14 13 15 - - - 42 
1981-1990 1 11 7 - - - 19 

Sum 70 39 47 11 8 2 177 

R-Matrix Analysis 

Linear measurements were evaluated using Rmet (Relethford 2004).  This software 

implements Relethford and Blangero’s (1990) adaptation of Harpending and Ward’s (1982) R-

matrix analysis to multivariate quantitative traits. The original Harpending-Ward model used 

population allele frequencies, such that expected heterozygosity can be calculated by the 

following: 

                

where E(Hi) is the expected heterozygosity of subdivision i, Ht is the heterozygosity of 

the total population, and (1-rii) is the genetic distance between subdivision i and the population 

centroid. In order to extend this model to quantitative traits, the additive genetic variance of a 

trait is assumed to be proportional to heterozygosity, and the original model can be rewritten 

as: 

            

       

      
 

Here Gi is the additive genetic covariance matrix of subdivision i and Gw is the pooled 

within subdivision additive genetic covariance matrix. rii, which is the genetic distance from  

each i-th subdivision to the population centroid, can be calculated as follows: 
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m is the number of traits, wi is the weight for subdivision i (ratio of census size for 

subdivision i to the total population census size), and                        .      is the 

phenotypic mean of the population (          ).  The lineage analysis uses census weights; the 

temporal analysis is un-weighted. The average genetic distance r0 can be calculated as follows: 

   
      

         
 

Finally, the Gi matrix can be estimated using a single estimate of average heritability, h2, 

such that Gi=h2Pi. Pi is the phenotypic covariance matrix in subdivision i. The R matrix has been 

modified to account for differential effects of genetic drift on subdivisions by scaling. 

Accordingly, the cells of the R´ matrix can be calculated as follows: 

          
       

   
    

where wi and rij have been defined previously and g is the number of subdivisions in the 

analysis.  Genetic distances (d2) between the subdivisions can also be calculated directly from 

the scaled or un-scaled R-matrix. For example, the scaled genetic distances are calculated as: 

    
                 

where rii  and rjj are the genetic distance of subdivisions i and j to the population 

centroid. The preceding equations were adapted from Relethford (1996). 

The R-matrix analysis provides several statistics that can be used to describe the genetic 

relationship among subdivisions. Similarity between groups is displayed in rij values. Positive rij 

values indicate a greater similarity between the groups than on average, while negative rij values 

indicate less similarity between the groups than on average (Relethford 2007). A similar pattern 

will be displayed in the d2 or genetic distances. Here larger values indicate greater dissimilarity 

(Relethford 2007).  The rii values display the similarity between individuals within a group as 
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compared to individuals drawn at random from anywhere in the population; therefore, these 

values are always positive. The rii can also be interpreted as deviations from the total population 

centroid. Finally, average genetic distance (r0) is an estimate of FST, a general measure of 

population subdivision. When h2 is assumed to be 1, this becomes a minimum estimate of FST. 

I used the three lineages of natal social groups for the lineage analysis. For temporal 

trend analysis the social groups were lumped together and then divided into four equal time 

periods of 10 years each. Heritability in both analyses was assumed to be 0.55 in all cases. 

Relethford and Blangero (1990) used several estimates of heritability to determine the effect of 

heritability on R-matrix analysis and found all averages resulted in similar patterns, emphasizing 

the robustness of the technique. Previously Relethford (1994) used heritability estimates of 0.55 

and this estimate is also used here. Population sizes, to be used in weighting factors, were 

estimated using the harmonic mean of annual sizes of the amalgamated lineages (Appendix A). 

The harmonic mean, which is more sensitive to population bottle necks, was used because it is 

used to calculate effective population size (Ne) and therefore interfaces well with other 

population genetic theory (Gillespie 1998). 

Randomization Simulation 

 After the results were generated for the lineage analysis and the temporal analysis in 

Rmet, the data sets were entered into R (R_Development_Core_Team 2011) to perform 

randomization simulations to determine the statistical significance of the resulting genetic 

distances. For each run of the simulation of the lineage analysis data set, each individual and all 

accompanying measurements were randomly assigned to a lineage.  The new randomized data 

set was analyzed in the same way as the original data set.  This was done 10,000 times to 
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generate a distribution of the distances. The original calculated distances were graphed onto the 

null distribution and significance levels calculated for distances and differences of distances  

(Manly 2007).  In a similar way, individuals from the temporal data set were randomized with 

respect to assigned time period and a similar null distribution was generated. The null 

hypotheses for both tests were dij > 0 for distances and |dij-dkj| > 0 for differences of distances.  

Predictions 

The test for lineage effects includes the analysis of three lineages, AJNKL, FM, and 

GHIQRS. Several processes that affect genetic relatedness have occurred on Cayo Santiago 

including the male migration effect of fission, shared recent ancestral group, the lineal effect of 

fission, lineage-specific mating, and random male gene flow. While several of these processes 

could be occurring simultaneously, only singular processes are used for simplicity in predictions. 

Combinations of these processes can only be evaluated qualitatively given the limitations of 

analyzing lineages instead of social groups. Six simplified predictions are presented, five for the 

lineage analysis and one for the temporal trend analysis. (1) If random male gene flow is at work 

on Cayo Santiago, all three lineages will be similar to each other. (2) If lineage-specific mating is 

occurring on Cayo Santiago, two lineages will be more similar to each other than either is to the 

third lineage. However, between which two lineages this is occurring cannot be predicted based 

on demographic information used in this thesis. (3) If the lineal effect of fission has occurred on 

Cayo Santiago, lineages FM and GHIQRS will be the most dissimilar.  In other words the largest 

genetic distance will be observed between these two lineages. (4) If lineages FM and GHIQRS 

are the most similar, having the smallest genetic distance, then the similarity is most likely due 

to a shared recent ancestral group. (5) If the male migration effect of fission has occurred on 
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Cayo Santiago, lineages FM and GHIQRS will be most dissimilar and the largest genetic distance 

will be observed between these two lineages. 

The test for temporal trends combines all the lineages and then divides them into four 

time periods according to year of birth. Several processes that affect temporal trends, including 

selection, genetic drift, migration and environmental change over time, could be underlying any 

temporal trend observed on Cayo Santiago. Migration can be ruled out because Cayo Santiago is 

a closed population with no new migrants.  Natural selection is unlikely to be driving the trend 

because a pattern of decreasing body size was found to be in opposition to selection, which  

favored individuals with large body size (Blomquist and Turnquist 2011). Therefore, genetic drift 

and environmental change over time are most likely to be the underlying cause of the temporal 

trend. (6) The adjacent time periods will be most similar to each other, with increasing 

dissimilarity compared to time periods that are not adjacent.  Over time the genetic differences, 

most likely due to genetic drift or environmental change, will accumulate, causing time periods 

that are further apart to be more genetically dissimilar. 
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Chapter 3: Results 

 

I first compare the differences between lineage analysis results due to weighted and un-

weighted population sizes. The differences in lineage analysis results between cranial only and 

both cranial and postcranial are then examined. A final lineage analysis is run that is weighted 

using only cranial measurements. Finally the temporal trend analysis, based on only cranial 

measurements and un-weighted population sizes, is presented. 

Lineage Analysis 
 

The un-weighted lineage analysis results are compared to the lineage analysis weighted 

by harmonic mean of annual lineage census sizes. Both of these analyses used both cranial and 

postcranial measurements. These analyses are compared to better understand how the 

weighting process affects the genetic distances between the lineages. Comparison of the 

principal coordinate charts do not demonstrate much change (Fig. 8A, Fig. 8B) and similar 

relationships are seen in the comparison of d2 values in both the weighted and un-weighted 

matrices (Table 6A, Table 6B); however, the major differences between the two matrices are 

noticeable in the comparison of the rii values.  The rii value for the social lineage AJNKL decreases 

from 0.012 to 0.003. The weighting process assumes differential population sizes and that 

genetic drift will influence some groups more than others. The un-weighted analysis assumes 

that all populations are of equal size and therefore the effect of genetic drift is approximately 

the same. The population size for social lineage AJNKL is 179 compared to 75 for social lineage 

FM and 85 for social lineage GHIQRS.  Correcting for population size reduces the effect of drift 
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on populations.  All the following results for lineage analysis are based on weighted analysis 

from the harmonic mean.  

Table 6. Scaled matrix for lineage analysis: (A) Un-weighted (B) Weighted by harmonic mean (C) Weighted 
by harmonic mean for cranial measurements only and (D) Weighted by harmonic mean for cranial measurements 
with increased sample size. Heritability =0.55. Top half of the matrix contains d

2
 distances. Bottom half of matrix 

contains corresponding rij values. rii values are displayed along the diagonal. Cranial and postcranial measurements 
were used for (A) and (B). 

 Social 
Lineage FM GHIQRS AJNKL 

  
A FM 0.030 0.105 0.067 

GHIQRS -0.028 0.020 0.046 

AJNKL -0.013 -0.007 0.012 

    
 

B FM 0.027 0.076 0.054 

GHIQRS -0.015 0.019 0.042 

AJNKL -0.012 -0.010 0.003 

    
 

C FM 0.040 0.090 0.096 

GHIQRS -0.013 0.023 0.064 

AJNKL -0.022 -0.015 0.012 

     

D FM 0.041 0.091 0.093 

GHIQRS -0.015 0.021 0.055 

AJNKL -0.021 -0.012 0.010 
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C 

 
D 

 
Figure 8. Plots of scaled eigenvectors for lineage analysis based on (A) un-weighted population sizes (B) 

population sizes weighted by harmonic mean (C) population sizes weighted by harmonic mean for cranial 
measurements only and (D) population sizes weighted by harmonic mean for cranial measurements only with 
increased sample size. Heritability = 0.55. Cranial and postcranial measurements were used for (A) and (B). 

The scaled, weighted lineage matrix for both cranial and postcranial measurements is 

compared to the scaled, weighted lineage matrix for only cranial measurements. In this 

comparison both analyses were run with the same individuals to facilitate comparison. Again 

the d2 and rii, and rij relationships are well maintained between cranial only and cranial and 
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postcranial analyses (Table 6B, Table 6C). Overall the distances indicated by the cranial only 

analysis are larger than those indicated by the combination of cranial and postcranial 

measurements (Fig. 8B, Fig. 8C). This increase is most likely linked to the greater fitness 

dependent aspect of postcranial measurements (Fleagle 1999; Szalay 1972). In other words 

cranial measurements are less likely to be under selection, having little effect on the fitness of 

an individual. Fitness effects would cause traits to be under similar selection leading to less 

variation between individuals. Because the cranial only analysis provides greater distinction 

between social lineages and relies upon traits less likely to be under selection, only the cranial 

measurements will be used for the final lineage analysis. 

In the final lineage analysis, six more individuals were included in the analysis that 

possessed cranial measurements. The analysis was weighted by harmonic mean and the scaled 

R matrix was produced (Table 6D). The linear measurements discriminate between the three 

lineages, AJNKL, FM, and GHIQRS. The prediction that FM and GHIQRS would be more similar to 

each other than either is to AJNKL is not supported. Instead the prediction of dissimilarity 

between GHIQRS and FM is supported. The d2 matrix shows the most similar groups are GHIQRS 

and AJNKL, while FM and AJNKL are the most dissimilar. This indicates that there is limited gene 

flow between FM and the other two lineages, GHIQRS and AJNKL, and that lineage-specific 

mating may be at work. The rii values reveal that lineage FM departs furthest from the centroid.  

The principal coordinate plot for the three lineages displays GHIQRS as most similar to AJNKL 

(Fig. 8D). 
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Randomizations 
 The data set, including all cranial measurements, was randomized with respect to 

membership to a specific lineage and the analysis was rerun. This was done 10,000 times to 

generate a distribution to which the initial results could be compared.  This provided p-values 

that distinguish which distances are significantly different from zero. Similarly, p-values for the 

statistical significance of differences between distances can also be generated from the 

randomized data. Two distances were significantly different from zero: the distance between 

FM and GHIQRS and the distance between FM and AJNKL (Table 7). This suggests some 

mechanism has restricted gene flow or otherwise caused increased differences between FM and 

the other lineages. However, the GHIQRS-AJNKL distance is also nearly significantly greater than 

0, implying all the lineages are genetically differentiated (Table 7). The differences of distances 

also do not support the contention that FM is significantly isolated from the other lineages.  

None of the distance differences are significantly different from each other (Table 8). 

Table 7. Significance of distances between lineages. 

Lineage Lineage Distances p-values 

FM GHIQRS 0.091 0.003 

FM AJNKL 0.093 0.003 

GHIQRS AJNKL 0.055 0.064 

 
Table 8. Significance of differences between distances of lineages. 

Lineage Distance  Lineage Distance Distance Differences p-values 

[FM - GHIQRS] [FM - AJNKL] -0.002 0.892 

[FM - GHIQRS] [GHIQRS - AJNKL] 0.036 0.103 

[FM - AJNKL] [GHIQRS - AJNKL] 0.038 0.101 

Temporal Trends 

The temporal trend analysis was based on the un-scaled R matrix using un-weighted 

population sizes.  The un-weighted analysis is appropriate because gene flow cannot occur 

between some time periods. Again, only cranial measurements were used in this analysis. 
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Temporal patterns in the Cayo Santiago skeletons are clear (Table 9). Adjacent time periods are 

more similar to each other than more distant periods. These differences result in stepwise 

differences between compared periods; however, the size of the steps is not consistent. The 

largest d2 value is between the 1981-1990 period and 1951-1960 period; however, the smallest 

difference, 0.043, is between the 1961-1970 period and the 1971-1980 period.  The large rii 

values for the earliest and latest time periods are due to the arrangement of the time periods. 

The earliest and latest time periods have only one adjacent time period. This exaggerates the 

self-similarity that the rii values are indicating. The rij values display a similar pattern as the d2 

values. The principal coordinate analysis (Fig. 9) distinguishes all the periods based on time on 

the first axis, accounting for almost 95% of the variation. 

Table 9. Scaled matrix for temporal sequencing analysis with all lineages combined and divided into 4 time 
periods. Calculations based on cranial measurements only. Heritability = 0.55. Top half of the matrix contains d

2
 

distances. Bottom half of matrix contain corresponding rij values. rii values are displayed along the diagonal. 

Time Period 1951-1960 1961-1970 1971-1980 1981-1990 

1951-1960 0.163 0.125 0.239 0.668 

1961-1970 0.029 0.019 0.043 0.274 

1971-1980 -0.035 -0.009 0.007 0.121 

1981-1990 -0.171 -0.045 0.025 0.164 
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Figure 9. Plot of scaled eigenvectors for temporal sequence analysis based on cranial measurements only. 

Heritability = 0.55. Population sizes were un-weighted. 

Randomizations 
 Again, randomizations were completed to determine which distances were significantly 

different from zero. All distances but one, the distance from the 1961-1970 time period to the 

1971-1980 time period, were significant at α=0.05 (Table 10). This distance is between the two 

middle time periods and is expected as differences between the end time periods will be 

exaggerated because they are only compared to one other adjacent time period. Only one 

difference between distances was not significant (Table 11). The distance between the 1951-

1960 time period and the 1961-1970 time period is not significantly different from the distance 

between the 1971-1980 time period and the 1981-1990 time period. This compares the 

distances between each end group and its adjacent time period. 
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Table 10. Significance of distances between time periods. 

Time Period Time Period Distances p-values 

1951-1960 1961-1970 0.125 0.001 

1951-1960 1971-1980 0.239 0.000 

1951-1960 1981-1990 0.668 0.000 

1961-1970 1971-1980 0.043 0.097 

1961-1970 1981-1990 0.274 0.000 

1971-1980 1981-1990 0.121 0.036 

 
Table 11.  Significance of differences between distances of time periods. 

Time Period Distance Time Period Distance 
Distance 

Differences p-values 

[1951-1960]-[1961-1970] [1951-1960]-[1971-1980] -0.114 0.002 

[1951-1960]-[1961-1970] [1951-1960]-[1981-1990] -0.543 0.000 

[1951-1960]-[1961-1970] [1961-1970]-[1971-1980] 0.082 0.008 

[1951-1960]-[1961-1970] [1961-1970]-[1981-1990] -0.149 0.003 

[1951-1960]-[1961-1970] [1971-1980]-[1981-1990] 0.004 0.875 

[1951-1960]-[1971-1980] [1951-1960]-[1981-1990] -0.429 0.000 

[1951-1960]-[1971-1980] [1961-1970]-[1971-1980] 0.195 0.000 

[1951-1960]-[1971-1980] [1961-1970]-[1981-1990] -0.035 0.000 

[1951-1960]-[1971-1980] [1971-1980]-[1981-1990] 0.118 0.000 

[1951-1960]-[1981-1990] [1961-1970]-[1971-1980] 0.624 0.000 

[1951-1960]-[1981-1990] [1961-1970]-[1981-1990] 0.394 0.000 

[1951-1960]-[1981-1990] [1971-1980]-[1981-1990] 0.547 0.000 

[1961-1970]-[1971-1980] [1961-1970]-[1981-1990] -0.231 0.000 

[1961-1970]-[1971-1980] [1971-1980]-[1981-1990] -0.077 0.000 

[1961-1970]-[1981-1990] [1971-1980]-[1981-1990] 0.153 0.000 
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Chapter 4: Discussion 

 

This chapter integrates the results from the previous chapter to the processes 

underlying population structure introduced in Chapter 1 and predictions in Chapter 2. 

Behavioral observation data are provided that support the different processes. Results from the 

lineage analysis support the male migration effect of fission, the lineal effect of fission, lineage-

specific mating and random male gene flow.  Finally, the temporal trend is discussed in detail 

with special reference to the underlying causes.  

Lineage Analysis 

 The lineage analysis did not support the prediction that the genetic relationships 

observed would be derived from the shared ancestral lineage of GHIQRS and FM. The 

relationship observed could instead be due to the lineal effect of fission first noted by Cheverud 

and Buikstra (1978) and later expounded by Cheverud and Dow (1985) and Sueur and colleagues 

(2010).  This lineal effect of fission could be occurring on a larger scale and contributing to the 

genetic differentiation between the amalgamated lineages. In other words when social group D 

split in 1959 giving rise to groups F and G, it did so along matriline boundaries.  Due to this non-

random split, lineages FM and GHIQRS had a large genetic distance at their origin. This 

relationship continued to remain even as these both social groups G and F continued to split in 

later years. This lineal effect of fission is also supported by molecular genetic data from the Cayo 

Santiago population. Buettner-Janusch and colleagues (1983) found that lineal fission will cause 

an inflation of the genetic differences between groups especially when the newly formed groups 

are small and when the fission is recent. Chepko-Sade and Sade (1979) also observed this lineal 
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effect of fission pattern; however their research focused on a more in-depth analysis of the 

relationships between the individuals within the matrilines undergoing fission. Their findings 

suggest that matrilines are unlikely to split because of the close relationship between the 

mother-daughter dyads.  However, when splits within matrilines do occur, they occur between 

the eldest daughter and the rest of the matriline, often because affiliative relationships between 

the eldest daughter and other sisters are replaced by affiliative relationships of the eldest 

daughter with her own offspring. Similar results were found by Chepko-Sade and Olivier (1979) 

when looking at the average degree of relatedness. 

 Behaviorally, a long time may pass before affiliative activities between fissioned groups 

stop (Missakian 1973). During a two year study, the fission process of social group A into social 

groups A, K, and L occurred over an 18-month period.  The fission was finalized during the 

breeding season, when groups K and L did not rejoin with group A. Sade (1980) also found that 

group fission occurs according to rankings of matrilines within the group.  Higher ranking 

matrilines are less likely to start the fission process and even more unlikely to incur an internal 

break within the matriline. Rank dependent aspects therefore influence the fission process and 

the genetic patterns that result. Because social group fission is a long process and has many 

behavioral implications, it is difficult to measure and can cause the patterns that are derived 

from it to be complicated. 

The lineage analysis indicates that gene flow is weaker between lineage FM and the 

other lineages.  This finding is consistent with the findings of McMillan and Duggleby (1981) that 

lineage-specific mating may cause some of the genetic patterns observed. McMillan and 

Duggleby (1981) used lineage-specific mating to explain the genetic differentiation between 
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matrilines within social groups; however, the same pattern could be occurring on a larger scale 

here. In other words, males may migrate into and mate with certain lineages/social groups 

preferentially. Manson (1992) has observed female mate choice with several social groups on 

Cayo Santiago.  Female mate choice was represented by the positive relationship between 

proximity preference and copulation rates. While this does not necessarily mean that the males 

who mated most frequently were also the fathers of the offspring and therefore contributed to 

the genetic relationships observed, it is conspicuous evidence that female mate choice does play 

a part in determining mating behaviors that can ultimately affect genetic patterning within a 

population.  McMillan (1986) found similar results when she examined the tendencies of males 

to mate within a specific matriline.  While she did not find that males specifically mated with 

one lineage, she did find that females tended to prefer males from a specific lineage.  Several 

reasons for these findings are proposed.  Related males may disperse into the same social 

groups because the familiar males are already part of the group. Once in the group, males may 

spend an increased amount of time in proximity to one another and as a result spend more time 

with the females that associate with that male.  In the same fashion, females already grouped 

together based on relatedness and members of the same matriline may mate with the same 

male because he is already in the area. This double mating, related males mating with several 

related females, leads to an even stronger effect of the lineage-specific mating (Duggleby et al. 

1986). 

The close grouping of lineages AJNKL and GHIQRS could also be due to gene flow with 

social groups C and E. These social groups were not included in the analysis because they did not 

form an ancestor descendent lineage and they belong to a specific time period due to their 
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removal from the island. It is possible that gene flow occurred more frequently between 

lineages AJNKL and GHIQRS and social groups C and E. This would cause ANJKL to group more 

closely to GHIQRS without the need for lineage-specific mating to occur between the two 

lineages. However, due to the same sample size used in this thesis, gene flow between social 

groups C and E and lineages AJNKL and GHIQRS cannot be tested.  

The lineal effect of fission also occurs in human populations (Fix 1975; Fix 2004). Fix 

demonstrated that the lineal effect of fission occurs in groups that are not characterized by 

unilateral descent. In other words, one sex does not have to be philopatric in order for a lineal 

effect of fission to occur. The Semai Senoi of Malaysia do not have clearly defined kin groups. 

Instead groups are composed of related individuals from both the paternal and maternal sides 

of the family. However, when these groups of kin migrated together they had the same effect of 

increasing genetic variation between groups when compared to migrating patrilineal groups 

from the Yanomamö (Fix 1975). Therefore, as long as groups are composed of biological kin, 

where the number of separate genomes is less than the number of migrating individuals (Fix 

1975), their migration can result in the same lineal effect of fission. 

While the previous behavioral processes have demonstrated how genetic differentiation 

between social groups can arise, random male gene flow via migration can increase the 

heterozygosity of populations and minimize the effects of genetic drift and social group fissions.  

Male rhesus macaques disperse from their natal group between three and four years of age 

most often joining an all-male subgroup before attempting to join a social group containing 

breeding females (Boelkins and Wilson 1972). Ober et al. (1980) found that male migration 

reduces the levels of intergroup gene frequency differentiation and that males tended to join 
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groups at random. This is supported by Melnick and colleagues (1984a) who demonstrate that 

the rhesus macaques on Cayo Santiago have an excess of heterozygotes representative of a high 

level of gene flow.  However, Colvin (1986) found that males were more likely to migrate to 

groups in which relatives had already migrated. 

Overall genetic relationships between lineages are influenced by within group lineal 

fissions, the male migration effect of fission, lineage-specific mating, and random male gene 

flow. The first two processes cause the lineages to become genetically differentiated and the 

last two work in opposition the first two processes, reducing the genetic differentiation.  The 

lineal effect of fission caused FM to be different from its sister GHIQRS and biased male gene 

flow probably in the form of lineage-specific mating drew GHIQRS closer to AJNKL (instead of FM 

being drawn closer to AJNKL). 

Temporal Trends 

Because the social groups on Cayo Santiago are all derived from the same founder 

population and no new individuals have been added since then, differences between these 

groups over time are most likely due to genetic drift, natural selection or changes in 

environment over time. Therefore, it was predicted that periods more distant in time will also 

be more genetically distant.  The temporal trend data corresponds well with the expected 

pattern. For each stepwise distance away from the original period (1951-1960), the d2 statistic 

increases. 

To narrow down the possible causes underlying the temporal trend all four possible 

factors, migration, drift, selection, and changes in environment over time, are evaluated. 

Migration can be ruled out as an underlying cause of the temporal trend. Since the introduction 
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of the original monkeys in 1938, no new individuals have been added (Sade et al. 1985). In other 

words, the Cayo Santiago colony can be considered a closed population, in which individuals can 

only migrate between the groups that exist on the island and leaving the colony would be some 

other process (drift, selection). 

Blomquist and Turnquist (2011) have demonstrated that over time the macaques on 

Cayo Santiago are getting smaller, while natural selection is still selecting for larger size. In other 

words, individuals that live the longest and contribute the highest number of offspring are those 

that are larger in size. However, this size variable is not passed on to their offspring, as size is 

acquired through differential environmental conditions, such as differences in nutrition or 

shelter from social stress.  It is unlikely that natural selection is a factor underlying the temporal 

pattern, as the predicted response to selection is in opposition to the actual temporal trend. 

Effects from processes underlying the ‘island rule’ could potentially be driving the 

temporal trend observed on Cayo Santiago. The ‘island rule’ simply states that large bodied 

organisms in an island habitat have the tendency to decrease in body size due to resource 

limitations and small bodied organisms have the tendency to increase in body size due to a 

release from predation pressures (Foster 1964; Lomolino 1985). While the macaques on Cayo 

Santiago are getting smaller (Blomquist and Turnquist 2011), it is unclear whether this is an early 

indication of following the ‘island rule’ or that the pattern happens to mirror results from 

populations that are under the ‘island rule’. Two major factors reduce the likelihood that Cayo 

Santiago may be following the ‘island rule’. First, the macaques are not pressured by limited 

resources, because they are provisioned. Secondly, most populations that follow the island rule 
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have been separated from the mainland for 10,000 to 12,000 years (Bromham and Cardillo 

2007), much longer than the 40 year time span examined here.  

While the environment on Cayo Santiago is homogenous for groups within certain time 

periods, the environment has changed considerably over time. For example, before 1960 the 

colony was fed a variety of fruits and vegetables on an inconsistent basis (Sade et al. 1985). 

After 1960, the colony diet was switched to monkey chow; however, food shortages did occur. 

In 1968, a food shortage lead to the death of 10% of the monkeys in social group F (Sade et al. 

1985).  Rawlins and Kessler (1986a) also noted that density increased over time from 1976 to 

1983.  Rate of increase was as much as 17% in a single social group.  Early social groups were 

less crowded and less stressed than social groups that existed at later time periods when density 

had increased considerably. Therefore, environmental variables, such as changes in diet, which 

occurred over time, may have been one of the underlying causes of the temporal trend. 

Genetic drift is also considered to be a component of the cause of the temporal trend. 

Konisgberg (1990a; 1990b) and Steadman (2001) both mention that genetic drift played at least 

some part in the formation of their observed temporal trends, if not a large majority. Because 

selection and migration have both been ruled out, it is likely that genetic drift and differences in 

environmental variation over time underlie the temporal trend observed on Cayo Santiago. 
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Chapter 5: Summary 

 

 This thesis has demonstrated that processes underlying socioecology, such as random 

male gene flow, competition leading to social group fission and subsequent male migration, and 

lineage specific mating, can be used to understand the genetic relationship between lineages on 

Cayo Santiago that create population structure. Demonstration that patterns contributing to 

population structure can be inferred facilitates applications to other studies. 

The results derived from the lineage analysis are mixed. Several models can be used to 

explain some of the variation between the groups; however, none can explain all of the 

variation. The effect of genetic similarity due to the shared recent ancestral group of lineages 

FM and GHIQRS is not supported by the lineage analysis. Instead a combination of the male 

migration effect of fission and lineal effect of fission most likely caused the initial genetic 

separation of lineages FM and GHIQRS. While these two processes explain the separation of FM 

and GHIQRS, they do not explain the similarity between GHIQRS and AJNKL. Over time lineage-

specific mating may have drawn lineage GHIQRS closer to lineage AJNKL. Therefore, a 

combination of models is most likely at work along with other forces that can influence genetic 

variation, such as random male gene flow.  Clarification of which processes are at work could be 

provided by extending the data to include individuals from the last 15 years, as the current data 

only includes individuals in the birth cohort of 1990.  An enlarged sample size would allow 

lineages to be broken down into actual social groups and changes in social group differentiation 

over time could be examined. An enlarged sample size could also be achieved by including 

younger individuals and statistically removing any age effects. 
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 The temporal trend analysis was much clearer and supported the hypothesis that 

genetic drift and environmental variation increase the genetic differences through time. 

However, further definition of the temporal sequence could be achieved by including more 

individuals in the sample and extending the time period to include the last 15 years. This would 

allow more time periods to be evaluated to determine how small of a unit the analysis could 

distinguish. Caution should be used applying temporal sequence analysis over large geographic 

areas, as the spatially homogenized environment at Cayo Santiago reduces the dissimilarities 

that could be caused by different environments. Therefore, a conservative approach which 

reduces environmental variation and spatial distances should be used. 

 The genetic difference pattern observed on Cayo Santiago must be considered in the 

context of the closed population. This means that the social groups on Cayo Santiago do not 

experience an influx of genes from neighboring populations. Gene flow is limited to the groups 

that exist on the island; this is usually not the case with wild populations. For example, Melnick 

and colleagues (1992; 1984a; 1984b) have found high heterozygosity within social groups and 

high genetic differentiation between social groups, which they have attributed to a high amount 

of gene flow from un-sampled populations.  The genetic differences among social groups on 

Cayo Santiago are small because males have limited options regarding migration, as they must 

stay on the island. Wild populations or open populations can be expected to produce genetic 

relationship patterns that are influenced by similar processes that are occurring on Cayo 

Santiago, especially in situations where external gene flow is limited due to habitat 

fragmentation. 
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 More generally, genetic relationship patterns are first influenced by dispersal patterns. 

Different genetic relationship patterns would be expected between male-biased and female-

biased species. If females are the dispersing sex, genetic relationships between males would be 

expected to be more similar on average compared to females within the same group (Freeland 

2005). If males are the dispersing sex, genetic relationships between females would be expected 

to be more similar on average compared to males within the same group. These patterns are 

often ascertained using comparisons of mtDNA, Y-chromosome, and nuclear DNA, with mtDNA 

data resulting in clusters for female philopatry and Y-chromosome data resulting in clusters for 

male philopatry (Freeland 2005).  When using craniometric data, maternally and paternally 

exclusive data is not available; however, philopatry can be established using craniometric data 

by comparing the distribution of genetic relatedness within social groups. In other words, if 

females are the philopatric sex, they will be more genetically related and their genetic distances 

will clump together. Male genetic distances will be un-clumped and dispersed.  On top of these 

initial patterns other processes that influence genetic diversity can be at work in various 

combinations. On Cayo Santiago, some of the processes, lineal effect of fission and the male 

migration effect of fission, worked to increase the genetic differences between lineages.  Other 

processes, like random male gene flow, worked to decrease the genetic differences between 

lineages. Finally, more complicated processes, specifically lineage-specific mating, worked to 

decrease the genetic differences between two lineages, while effectively increasing the genetic 

differences with another lineage. 

 The complex interaction of these patterns impacts simpler models of population 

genetics. For example, in the isolation by distance model (Morton 1977), genetic differentiation 
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increases with geographic distance. This is usually true, especially in application to migration. An 

individual, specifically a non-human primate, is unlikely to travel large distances during 

migration due to increased predation risk (Cheney and Wrangham 1987). Large groups are more 

likely to travel large distances when resources are scarce or habitat fragmentation occurs. The 

lineal effect of fission demonstrates that this large group can be composed of related individuals 

that will can increase the genetic variation between groups (Fix 1975).  This goes against the 

isolation by distance model. However, this model is still useful when discussing migration of 

individuals, because the risks of migrating long distances for individuals are often greater than 

the benefits. 

 While ecological factors, such as within and between group feeding competition, 

influence the social organization, the processes described for the lineage analysis demonstrate 

how social organization may change. For example, an ecological pressure such as increased 

feeding competition over limited resources may cause a group to fission. However, it cannot 

predict how the group will fission. Social relationships within the group influence how the group 

fissions. If related individuals, such as in the case of matrilines or kin-structured groups 

mentioned by Fix (2004), stay together during the fission process, they will create greater 

genetic diversity between newly formed groups, such as in the lineal effect of fission. 

 Human groups display some of the behaviors underlying the processes described. 

Specifically Fix (2004) demonstrated that the lineal effect of fission does occur in humans. More 

generally this can be applied to groups that are more related than would occur randomly, 

independent of uni-lineal descent. As kin-structured groups migrate, they can have a larger 

impact on genetic relationships than singly migrating individuals. This is important when 
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discussing larger migrations and dispersals relating to human origins. As kin-structured groups 

migrate, they settle in new areas and are influenced by the founder effect in extreme because 

they are already related. 

 This thesis demonstrates how behaviors influenced by socioecology, such as feeding 

competition that precipitates group fission and male migration, can have an effect on the 

genetic relationships between groups and between individuals within groups. Therefore, 

understanding how behavioral mechanisms affect genetic relationships can provide information 

about population structure and population history. 
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Appendix A 

 

Regressions and Mahalanobis distance (D2) results for inter-observer reliability 
tests 
 

Measurement reliability was compared between Hallgrímsson and Blomquist for inter-

observer consistency. Outliers were identified by Mahalanobis distance (D2) with p-values <0.05 

and are highlighted in red and labeled with individual Laboratory of Primate Morphology and 

Genetics (LPMG) catalog numbers. 
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Figure 10. Regressions comparing Blomquist and HallgrÍmsson's measurements included in postcranial 
analysis. 
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Measurements omitted from analyses 
A 

 

B 

 
C 

 

 

Figure 11. Regression comparing Blomquist's and Hallgrímmson's measurements excluded from postcranial 
analysis. 

Sample Size Analysis and Calculation of Population Size Means 

 
Figure 12. Sample size for males and females by age. Adolescent males and females were removed from the 

sample before analysis was completed. 
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Table 12. Comparison of means for lineage/social groups. 

Lineage/Social 
Group 

Harmonic 
Mean 

AJNKL 179 
FM 75 
GHIQRS 85 
C 125 
E 37 
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