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ABSTRACT OF THE DISSERTATION 

 

Causes and consequences of variation in social network attributes 

in yellow-bellied marmots (Marmota flaviventris) 

 

by 

 

Tina Wen-Ting Wey 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2011 

Professor Daniel T. Blumstein, Chair 

 

 

Enormous variation exists in animal sociality, and understanding the evolution and 

maintenance of this variation is one of the major themes in behavioral ecology. 

Interaction among group members is often a major component of social living, yet 

detailed studies of the causes and consequences of social interactions are relatively 

rare. Network analysis offers a broad framework for studying patterns of 

interactions, but its general utility remains to be tested in animal systems. My 

dissertation work explores social network analysis as a general methodology for 

studying animal behavior and applies it to examine biological causes and 
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consequences of individual social attributes in yellow-bellied marmots (Marmota 

flaviventris). I first reviewed existing network literature in many fields of study and 

discuss potential applications and limitations for social network analysis in animal 

behavior. The network approach has the strengths in providing quantifiable 

measures of social attributes at multiple levels of analysis, and if applied properly, 

can offer diverse insights into animal social behavior. Next, I examined the 

ontogeny of individual social attributes and the role of age, sex, and kinship in 

structuring marmot social networks. Patterns of development in affiliative and 

agonistic attributes with age indicate that younger marmots contribute more to 

maintaining social cohesion, while older marmots play a more prominent role in 

competitive networks. Additionally, affiliative networks were significantly 

structured by age and kinship, suggesting that these factors strongly shape marmot 

social structure. Finally, I tested hypotheses about the relationship between 

individual social attributes and multiple fitness measures (annual reproductive 

success, number of ectoparasites, diversity of endoparasites, and basal stress). In 

general, there were more benefits than costs associated with high attribute values 

for both affiliation and agonism, implying a large potential adaptive value of 

sociality even in this facultatively social species. However, patterns of association 

varied considerably between age-sex groups, indicating that the adaptive value of 

sociality changes with life stage and differs between females and males. In 

marmots, attributes measuring absolute amounts of direct interactions had more 
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observable fitness correlates than attributes measuring indirect interactions or 

relative amounts of interaction. Overall, this network attribute-based approach was 

revealing in marmots and should also have broad utility across other animal 

systems. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Animal sociality is a widespread, diverse, and complex phenomenon, and 

understanding the evolution and maintenance of social variation is a fundamental 

issue in behavioral ecology (Hamilton 1964, Alexander 1974, Smuts et al. 1987, 

Dugatkin 1997, Krause & Ruxton 2002, Wolf & Sherman 2007). Theory predicts 

and evidence confirms that there are both benefits and costs to social living across 

numerous dimensions (Alexander 1974, Krause & Ruxton 2002). Fitness 

consequences may arise not only from group living per se but also from the 

resultant social behaviors and structure, and studying these facets in a meaningful 

way is crucial to an accurate and comprehensive understanding of sociality 

(Altmann 1974, Hinde 1976, Martin & Bateson 1993, Whitehead 2008). 

Social behavior encompasses many distinct and measurable components, 

and focusing on components separately allows us to be precise about which 

contribute to observed outcomes. For example, Silk et al. (2003) demonstrated that 

social bonds, measured by a social index incorporating grooming interactions, 

contributed to female reproductive success in primates, independent of other social 

factors such as dominance or kinship. Though previously proposed, this effect 

could only be confirmed when variation in social bonds was measured precisely. 

However, behavioral ecologists typically limit themselves to a subset of relatively 
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simple measurements of sociality that do not directly measure behavior or 

interactions, such as group living or group size (Brown & Brown 1996, Krause & 

Ruxton 2002, Dunbar 2003). Viewing individually distinctive patterns of 

interaction as attributes of sociality and analyzing these social attributes in 

conjunction with fitness measures across many species will allow us to gain further 

insights into long-standing behavioral questions. 

Network analysis offers established methods for measuring social attributes 

defined from interactions among group members. Social network analysis has a 

long history of use in human sociological studies (Wasserman & Faust 1994, Scott 

2000, Hanneman & Riddle 2005), and there has been a recent upsurge of interest in 

examining networks in many fields, most notably in physics (Strogatz 2001, 

Newman 2003b, Proulx et al. 2005, Boccaletti et al. 2006). Behavioral ecologists 

have also recognized the potential of this approach for studying animal groups 

(Krause et al. 2007, Croft et al. 2008, Wey et al. 2008, Sih et al. 2009). However, 

network analysis is still in its early stages in this field, and more tests are needed to 

establish its general utility for addressing behavioral ecology questions. 

The main objective of this dissertation is to examine the biological causes 

and consequences of social attribute variation in a network context. I consider the 

theoretical basis for adapting network analysis to animal studies, then apply and 

test these methods in free-living mammals. In so doing, I aim to both contribute 
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further insights into the adaptive value of sociality and examine the general utility 

of animal social network analysis. 

In Chapter 2, I review the basic theory and history of social network 

analysis and discuss its application in animal behavior. In Chapters 3 and 4, I apply 

some of the proposed measures and techniques from Chapter 2 to investigate the 

adaptive value of affiliative and agonistic interactions in yellow-bellied marmots. 

In Chapter 3, I examine the effects of age, sex, and kinship on individual attributes 

and the structuring of marmot social networks. In Chapter 4, I test hypotheses 

about the relationship between individual attributes and multiple fitness measures, 

and about how these relationships vary between different age-sex groups. 

Chapters 2 and 3 were published in Animal Behaviour (Wey et al. 2008, 

Wey & Blumstein 2010) and are included in the published format with permissions 

from the journal. Chapter 4 was written for publication as a separate manuscript 

and is thus formatted for a targeted journal. All manuscripts were written with co-

authors, and work was performed with the help of others. Chapters 2,3, and 4 are 

therefore written to reflect this. 

 

STUDY SYSTEM AND GENERAL METHODS 

 

Yellow-bellied marmots are large, hibernating ground squirrels found in sub-alpine 

regions throughout western North America (Armitage 2003). Field data for this 
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dissertation were collected from a population in and around the Rocky Mountain 

Biological Laboratory (RMBL) located in Gothic, CO (latitude: 38° 57’ 29” N; 

longitude: 106° 59’ 06” W), where the study colonies are distributed along a north-

south elevational gradient in the East River Valley in Gunnison County. This 

particular population is part of long-term research, which has been continuous 

since 1962 (Armitage 1991, Schwartz et al. 1998, Ozgul et al. 2010). As part of 

ongoing work, marmots are regularly observed, live-trapped, and marked for 

individual identification. Observation and trapping data collected from 2003-2008 

were used in this dissertation. Weather permitting, observations and trapping took 

place during mornings and afternoons, when marmots were most active (Armitage 

1991), throughout the majority of their active season, which is approximately mid-

April to mid-September at RMBL. 

During observations, trained observers watched marmot colonies from a 

distance, so as not to influence behaviors, using spotting scopes and binoculars. 

We recorded all instances of behavioral interactions (i.e., all occurrence 

sampling—Martin & Bateson 1993). For each interaction, observers recorded the 

date, time, location, initiator ID, recipient ID, interaction type, and winner and 

loser IDs where appropriate. The ethogram of social behavior used was adapted 

from Johns & Armitage (1979) and Nowicki & Armitage (1979),  and I further 

identified each interaction as affiliative (greet, allogroom, sit in contact, sit within 

1 m, forage together, sniff anogenital region, play) or agonistic (aggression: bite, 
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box, chase, mount, mouth spar, pounce, push, snarl/hiss, wrestle; simple 

displacement, proximity displacement). 

I then used these behavioral data to construct yearly affiliative and 

agonistic networks for four geographically distinct, permanent colonies: Bench-

River, Marmot Meadow, Picnic, and Town. All network analysis was conducted in 

the program UCINET (Borgatti et al. 2006). All adults and yearlings observed 

more than 5 times that year were included in networks; pups born that year were 

excluded because they are not yet socially integrated into the colony. Data from 

observations and network analysis were used in Chapters 2, 3, and 4. 

We live-trapped marmots using large metal Tomahawk™ traps baited with 

Omolene™ horse feed, and we marked and collected a suite of biological data and 

samples from each animal. Because of the intensive trapping regime, we catch 

virtually every mammal within the study area. Individual identification is crucial 

for network analysis, and marking methods included giving each marmot a set of 

metal ear tags with a unique number combination and a distinct dorsal mark with 

nontoxic black Nyanzol™ dye for identification during observations. In 2007 and 

2008, we also combed marmots and counted fleas. 

Whenever fecal samples were available in the trap and could be associated 

with an individual marmot, we collected them in plastic sealable bags. Fecal 

samples were immediately placed in coolers. At a lab in RMBL, 2 grams of feces 

were placed in formalin, and the rest was frozen at -20 degrees F. After transfer to 
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the University of California, Los Angeles (UCLA), we used OvaFloat™, a zinc 

sulfate, to perform fecal floats and detect presence of intestinal parasites from 

samples in formalin. Fecal glucocorticoid (stress hormone) metabolites were 

extracted from frozen feces at UCLA and sent to the University of Washington 

Center for Conservation Biology for radioimmunoassay. Data from these samples 

were used to determine the fitness measures used in Chapter 4. 

 

ANIMAL SOCIAL NETWORKS 

 

Social living often implies behavioral interactions and more complex social 

structure. While the consequences of group living and group size have been more 

extensively studied in a number of systems (Dunbar 1988, Hoogland 1995, Brown 

& Brown 1996, Krause & Ruxton 2002), the fitness effects of social interactions 

are less well understood. Interactions can have important effects and are important 

to study (Hinde 1976, Whitehead 2008), but most behavioral ecology studies do 

not explicitly measure them or only do so in very limited contexts. In social 

network analysis, social groups are modeled as interconnected units, and it is 

proposed that this approach will complement and extend past research on social 

structure, ultimately further our understanding of social complexity and the 

consequences of both direct and indirect interactions. 
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In Chapter 2, I suggest that applying network analysis to animal behavior 

can indeed advance the field by identifying and quantifying specific attributes of 

sociality, many of which are not captured by more common measures of sociality, 

such as group size. Sophisticated methods for network construction and analysis 

already exist in other fields but only recently have seen more interest and 

application in animal systems. However, careful consideration and more tests of 

theory are needed when adapting concepts from other fields to behavioral ecology. 

This chapter provides a prospective overview of social network analysis’ general 

utility for the study of animal social behavior. 

I first review basic network theory, present a brief history of social network 

analysis in human and animal systems, and go over some commonly used network 

measures. I then discuss possible issues that might arise from adapting network 

analysis to animal behavior studies and include results from an original study of 

the effect of sampling on network parameter estimates, which suggest that 

measures can be robust but that they should be used and interpreted with care. I 

end by highlighting promising directions for research in behavioral ecology. This 

chapter provides a prospective overview of social network analysis’ general utility 

for the study of animal social behavior. 
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BIOLOGICAL CAUSES OF MARMOT NETWORK STRUCTURE 

 

Individual characteristics can influence social structure in animal groups. Social 

behavior is likely to change with age, and it is important to understand observed 

outcomes within the context of life stages (Bekoff 1972, Hinde 1974, Chalmers 

1983, Walters 1987). Developmental changes in social behavior can have 

important biological impacts, for instance on dispersal (Bekoff 1977, Holekamp 

1984, Blumstein et al. 2009) and dominance (Bekoff 1974, Walters & Seyfarth 

1987, Holekamp & Smale1993, Hawley 1999). Social development may continue 

throughout adulthood (Bateson 1982, Mateo 2007), and it is important to consider 

context throughout an animal’s life, especially in terms of long-term relationships 

and their effects (Connor et al. 2001, Payne 2003, Silk 2007). 

Individuals may also choose to interact differently with others based on 

their characteristics, such as age, sex or kinship. Often individuals preferentially 

interact with others that are similar to themselves (in humans—McPherson et al. 

2001, Newman 2003a; and in other animals—Lusseau & Newman 2004, Croft et 

al. 2005), and this may be a common influence on network structure. 

Understanding processes of network formation can help us better understand basics 

issues in behavioral ecology, for example, the evolution of cooperation among 

unrelated individuals (Ohtsuki et al. 2006, Santos et al. 2006, Ryder et al. 2008). 
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In Chapter 3, I used social network attributes to examine biological 

correlates of individual social variation in free-living groups of yellow-bellied 

marmots. To measure social variation, I chose network measures that reflect an 

individual’s tendency to initiate or receive both direct and indirect interactions. I 

asked how age, sex and kinship influenced patterns of affiliative (socially cohesive) 

and agonistic (socially competitive) interactions. Specifically, I predicted that 

individuals would vary in their tendency to initiate and receive interactions 

according to these characteristics, and that they would be more likely to interact 

affiliatively with more similar individuals and to interact agonistically with more 

dissimilar individuals. 

I found that patterns of direct and indirect interactions changed 

significantly with age, with younger animals being more involved in affiliative 

interactions and older animals initiating more agonistic ones. Furthermore, in 

affiliative networks, marmots preferentially interacted with other individuals that 

were closer in age and more closely related. The results suggest that yearling 

yellow-bellied marmots are more important for maintaining social cohesion than 

has previously been recognized, and that marmot colonies are largely organized 

based on age group and kinship. 
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FITNESS CONSEQUENCES OF SOCIAL ATTRIBUTES 

 

Social behavior consists of distinct and measurable social attributes, which have 

been measured in a variety of ways by behavioral ecologists (Hinde 1976, 

Dugatkin 1997, Krause & Ruxton 2002, Whitehead 2008). Attributes of sociality 

can have various associated fitness effects (Dewsbury 1982, Ellis 1995, Silk et al. 

2003, Saplosky 2004, Cameron et al. 2009). A comprehensive attribute-based 

approach that examines the functional correlates of multiple separate attributes 

may offer more insight into the adaptive value of sociality, but this approach 

remains largely untested. 

Attributes derived from social network analysis may be especially fruitful 

for this approach (Croft et al. 2008, Wey et al. 2008, Sih et al. 2009). To date, 

network attributes have been associated with fitness measures in multiple taxa, 

including reproductive success in birds (McDonald 2007, Ryder et al. 2009) and 

parasite infection in mammals (Corner et al. 2003, Madden et al. 2009) and lizards 

(Godfrey et al. 2009). 

In Chapter 4, I tested hypotheses about the relationships between a number 

of social network attributes (Initiation, Reception, Out-closeness, In-closeness, 

Expansiveness, Attractiveness) in both affiliative and agonistic networks, and 

several fitness measures (annual reproductive success, parasite diversity, stress) in 
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four different yellow-bellied marmot age-sex groups (adult females, adult males, 

yearling females, yearling males). 

Several general trends emerged. First, there were more benefits than costs 

associated with high values of social attributes. Sociality appears to be currently 

adaptive for this facultatively social species. Second, the particular association 

between social attributes and fitness measures varied between different age-sex 

groups, suggesting that the adaptive value of sociality differs for females and 

males and at different times of life. Third, absolute amounts of direct interaction 

consistently had more observable effects than indirect interactions or the relative 

amounts of direct interaction. 

This study illustrated how an attribute-based approach can provide novel 

insights into the adaptive value of sociality. I suggest that certain types of social 

attributes will be particularly revealing in other species as well. Notably, these 

patterns only emerged by adopting an attribute-based approach, suggesting that 

partitioning sociality into a series of attributes may provide novel insights across 

social systems and species. 

 

GENERAL CONCLUSIONS 

 

In this dissertation I propose, test, and demonstrate the utility of social network 

attribute-based analyses for the advancement of behavioral studies. However, this 
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approach is still in its early stages, and my work suggests three potentially 

profitable directions for future research. First, more studies linking fitness 

consequences to social attributes are needed to gain a better overall picture of these 

associations in diverse taxa. At the moment, most studies are species-specific, and 

we lack the ability to say whether there are broad patterns or not. Second, real 

animal networks are dynamic, and current network models tend to be relatively 

static. There is now the computing power along with the interest in dynamic 

network modeling, and great strides are being made in this area. Linking dynamic 

computer models to processes in real biological systems is an important next step. 

Third, the social network approach lends itself to multiple levels of analysis, but so 

far most studies focus only on individual characteristics or group structure 

separately. Linking these two levels and exploring intermediate levels should 

emerge as an exciting challenge in current and future work. 
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CHAPTER 4 

A SOCIAL ATTRIBUTE-BASED APPROACH GENERATES NOVEL 

INSIGHTS ABOUT THE ADAPTIVE VALUE OF SOCIALITY 

 

ABSTRACT 

 

Social behavior consists of distinct and measurable social attributes. While many 

previous studies have categorized species as social or not, or quantified group size, 

studying the functional correlates of separate attributes may offer more specific 

insights into the adaptive value of sociality, but this approach remains largely 

untested. In a study of yellow-bellied marmots (Marmota flaviventris), we 

examined the relationships among a number of social network attributes (Initiation, 

Reception, Out-closeness, In-closeness, Expansiveness, Attractiveness) in both 

affiliative and agonistic networks, and several fitness measures (annual 

reproductive success, parasite diversity, stress) in four different age-sex groups 

(adult females, adult males, yearling females, yearling males). Several general 

trends emerged. There were more benefits than costs associated with high values of 

both affiliative and agonistic social attributes; thus, sociality appears to be 

currently adaptive for this facultatively social species. Additionally, the particular 

associations among social attributes and fitness measures varied among different 

age-sex groups, suggesting that the adaptive value of sociality differs for females 
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and males and at different times of life. Furthermore, absolute amounts of direct 

interaction consistently had more observable effects than indirect interactions or 

the relative amounts of direct interaction. This may be a general trend in animal 

social networks, but remains to be tested in other species. Notably, these patterns 

only emerged by adopting an attribute-based approach, suggesting that partitioning 

sociality and fitness measures into a series of attributes may provide novel insights 

in other species. 

 

INTRODUCTION 

 

Despite decades of study, much remains to be understood about the adaptive value 

of sociality. By living with others, animals may acquire a variety of benefits, but 

there are also emergent costs (Alexander 1974, Krause & Ruxton 2002). 

Behavioral ecologists interested in the adaptive value of sociality have examined a 

variety of distinct social attributes and dimensions (e.g., whether or not animals 

live in groups, the size of groups they live in—Krause & Ruxton 2002; whether or 

not and how individuals may cooperate—Dugatkin 1997; and the social structure 

of individuals in groups—Hinde 1976, Whitehead 2008), but most often studies 

limit themselves to a subset of very basic measures, such as group living or group 

size. A shortcoming of this approach is that different social attributes may 

themselves have different costs and benefits. For example, if the number of 
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parasites to which individuals are exposed increases with group size (Côté & 

Poulin 1995), we may ask if this results solely from increased spatial proximity 

and overlap, or if the nature and types of social interactions are important. 

Distinguishing the relative effects of each social attribute requires measuring 

multiple attributes of sociality. 

Specifically, if we decompose an individual’s social behavior into discrete 

measures, we can ask which particular aspects of social interactions have adaptive 

value. This is particularly important because the same individual can be involved 

in multiple types and patterns of behaviors, which are likely to have different 

effects. For example, the outcomes of competitive dominance interactions are often 

associated, both positively and negatively, with stress and health in humans and 

other animals (Sapolsky 2004), and they may have fitness consequences (e.g., in 

spotted hyenas, Crocuta crocuta—Frank 1986, Holekamp et al. 1996; in 

primates—Walters & Seyfarth 1987; and across diverse taxa—Dewsbury 1982, 

Ellis 1995). On the other hand, socially cohesive behaviors, such as cooperation 

(Dugatkin 1997, Nowak 2006) also have obvious fitness consequences. Stronger 

affiliative social bonds increase lifetime reproductive success in female baboons 

(Papio cynocephalus ursinus, Silk et al. 2003, 2009) and female horses (Equus 

caballus, Cameron et al. 2009). Social systems are often structured by both 

affiliative and agonistic interactions, and without decomposing overall social 

behavior into discrete attributes, we cannot determine the explicit source of fitness 
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outcomes. We suggest that an attribute-based approach incorporating multiple 

social attributes will address this issue. 

One way to measure discrete social attributes is with social network 

analysis, a technique that has received much recent interest for studying the 

structure and function of animal groups (Croft et al. 2008, Wey et al. 2008, Sih et 

al. 2009). Viewing social groups as networks of interconnected nodes focuses our 

attention on the connections among individuals. For example, if the spread of 

disease or information is influenced by social interactions, then the pattern of 

connections will play a major role in who gets infected or receives information and 

how quickly. Additionally, a network approach highlights the possible importance 

of direct interactions as well as indirect interactions among individuals connected 

through other network members. Indirect interactions can also have significant 

consequences because an individual’s chance of contracting a disease or receiving 

information will likely depend on its social partners’ connections as well. 

Importantly, network analysis offers precisely defined social measures based on 

the pattern of connections. 

To date, most studies of animal social networks have been descriptive, but 

several recent studies show that network attributes can have fitness consequences. 

For instance, social attributes in male affiliation networks are associated with male 

reproductive success in two species of manakins: wire-tailed manakins, Pipra 

filicauda (Ryder et al. 2009) and long-tailed manakins, Chiroxiphia linearis 
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(McDonald 2007). Social attributes of spatial networks (burrow or crevice sharing) 

are also related to endoparasite infection in brushtail possums, Trichosurus 

vulpecula (Corner et al. 2003), and ectoparasite infection in the gidgee skinks, 

Egernia stokesii (Godfrey et al. 2009). Notably, Corner et al. (2003) also found 

that network attributes, which incorporated more complex patterns of interaction, 

were more precise and offered greater comparative utility than simpler social 

measures. Studying meerkats (Suricata suricatta), Madden et al. (2009) found that 

average ectoparasite loads influenced the structure of allogrooming and dominance 

networks.  

A network attribute-based approach should provide a broad and flexible 

framework within which to study costs and benefits of sociality. However, the 

actual utility of this approach remains untested. We tested the general utility of an 

attribute-based approach for understanding the adaptive basis of sociality by 

applying it to free-living yellow-bellied marmots (Marmota flaviventris). We used 

six years of data to test the relationships among multiple fitness measures and 

multiple social attributes in both affiliative and agonistic networks. Moreover, we 

explicitly studied whether these network-derived attributes explained more 

variation than group size, a measure that has been used extensively in studies of 

animal sociality (Dunbar 1988, Hoogland 1995, Brown & Brown 1996, Krause & 

Ruxton 2002). 
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Hypotheses 

We expected relationships among social attributes and fitness correlates to vary 

based on the nature of each, and in many cases based on the age and sex of 

marmots as well.  Below, we develop a set of a priori expectations about putative 

fitness relationships. 

 

Annual Reproductive Success: Social Cohesion and Competition 

We expected the relationship between the number of offspring produced in a year 

and social attributes to differ between adult females and males, and we expected 

affiliative and agonistic attributes would have different effects. Across species, 

both competition and cohesion can influence reproductive success (competition—

Dewsbury 1982, Ellis 1995; cohesion—Cameron et al. 2009, Silk et al. 2009). In 

yellow-bellied marmots, social factors influence reproductive success in both 

females and males, with maternal recruitment of female offspring into natal 

colonies being an important female reproductive strategy (Armitage 1991a). 

However, dominance rank is associated with male, but not female, reproductive 

success (Huang et al. 2011). Thus we expected both cohesion and competition 

would be associated with reproductive success in females and male, where 

affiliative and agonistic social attributes represent aspects of cohesion and 

competition, respectively, but that cohesion would be more prominent in female 

annual reproductive success and competition more prominent in males. 
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High values for affiliative attributes associated with more offspring would 

provide support for the cohesion hypothesis. Positive associations of some but not 

all attributes would distinguish those aspects of cohesion that specifically 

contribute to reproductive success. Increased annual reproductive success in larger 

social groups would also support the cohesion hypothesis. Though not expected, it 

is also possible that high values of affiliative social attributes to be negatively 

related to reproductive success. This would be contrary to the cohesion hypothesis 

and might suggest trade-offs between involvement in affiliation and offspring 

production. 

Support for a role of competition in reproductive success would be seen if 

high values for attributes associated with initiating agonism were associated with 

higher reproductive success, and if high values of attributes associated with 

receiving agonism were associated with lower reproductive success. It is also 

possible that there are energetic costs to initiating agonistic interactions (Riechert 

1988, Marler & Moore 1989, Valero et al. 2005), in which case, we might see 

negative relationships among the number of offspring and high agonistic initiation. 

A negative relationship between social group size and annual reproductive success 

would also be consistent with the competition hypothesis. Though not predicted, 

positive relationships among the number of offspring and high agonistic reception 

might represent an unexpected condition where animals that get “picked on” had 

more offspring. 
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Parasites 

Parasites often constitute a cost of sociality (Alexander 1974, Krause & Ruxton 

2002, Altizer et al. 2003, Nunn & Altizer 2006), and infection by contagious 

parasites generally increases with group size (Côté & Poulin 1995, Nunn & Altizer 

2006). An underlying assumption is that increased social contact contributes to 

increased chance of infection (Anderson & May 1991), though it is difficult to 

distinguish the effects of increased social contact and host density (Altizer et al. 

2003). Animals may also be able to counteract effects of increased exposure and 

reduce levels of parasitism through allogrooming, or other forms of behavioral 

compensation (Moore 2002, Altizer et al. 2003, Bordes et al. 2007). In the context 

of individual social attributes, high attribute values may be associated with higher 

(parasites as cost hypothesis) or lower (behavioral compensation hypothesis) 

parasite levels. We expect no significant differences in the relationships among 

social attributes and parasites based on age and sex. 

To be consistent with the cost hypothesis, being better connected should be 

associated with having more parasites; we expect that high attribute values would 

be associated with higher levels of parasitism for both ecto- and endoparasites. 

Because all interactions increase physical contact or proximity, increasing the 

likelihood of infection, there should be no difference between effects of affiliative 

and agonistic interactions, or between interactions originating from or terminating 
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at an individual. We would also expect social group size to be positively associated 

with number of parasites. 

To be consistent with the social compensation hypothesis, social attributes 

should be negatively associated with ectoparasites. Marmots may reduce the 

number of fleas on social partners by allogrooming, which is an affiliative 

interaction. Therefore, received affiliation should be negatively associated with the 

number of ectoparasites. Because the endoparasites examined in this study are 

fecal-orally transmitted, increased allogrooming would not be expected to reduce 

presence of intestinal parasites. In this case, we would also expect social group size 

to be negatively related to number of parasites because there would be more 

possible allogrooming partners available. 

 

Stress 

Social factors can both increase and alleviate stress in various species (De Vries et 

al. 2003). In yellow-bellied marmots, plasma glucocorticoid levels are influenced 

by the interactions among social factors and behavioral phenotypes (Armitage 

1991b). We test for relationships among social attributes and fecal GCMs, which 

provide an integrated measure of stress hormone production over time (Millspaugh 

& Washburn 2004, Keay et al. 2006). We expected differential responses among 

age-sex groups. 
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To be consistent with a social stressor hypothesis, we expected high values 

of received agonism to be positively associated with fecal GCMs. High values of 

agonistic initiation could be positively associated with fecal GCMs if involvement 

in agonistic interactions is stressful, or they could be negatively associated if 

animals that are less stressed are the ones initiating more agonistic behavior. 

Larger social group size could be associated with higher fecal GCMs if having 

more group members constitutes a stressor (Dunbar 1988). These patterns may be 

most pronounced in adult males, which compete for females and in which 

dominance rank is a significant predictor of reproductive success (Huang et al. 

2011). 

To be consistent with a social buffering hypothesis (e.g., in primates—

Cohen et al. 1992, Das et al. 1998), we expect high values of received affiliation to 

be negatively associated with fecal GCMs. High values of affiliative initiation 

could be positively associated with fecal GCMs if initiating affiliation also helps 

reduce stress, or they could be negatively associated if animals that are more 

stressed are the ones seeking more affiliation. Larger group size could be 

associated with lower fecal GCMs if group members help alleviate stress (Cohen et 

al. 1992, Das et al. 1998). These patterns may be most pronounced in female 

yellow-bellied marmots because female kin recruitment enhances reproductive 

success (Armitage & Schwarz 2000) and social cohesion influences female 

yearling dispersal decisions (Blumstein et al. 2009). 
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METHODS 

 

Study system 

Yellow-bellied marmots are large, facultatively social, hibernating ground squirrels 

found in high-altitude areas throughout western North America (Armitage 2003). 

Young remain in the natal colony for at least a year, after which almost all males 

and about half the females disperse (Armitage & Downhower 1974). Adult males 

are more likely to move among colonies and generally have higher mortality rates 

than adult females (Schwartz et al. 1998). The mating system is harem polygynous, 

with maternal recruitment of female offspring resulting in stable matrilines within 

colonies (Armitage 1991a). There are distinct behavioral, physiological, and 

selective differences among age-sex groups (Armitage 1991a), and we expect 

consistent differences in the relationships among social attributes and fitness 

correlates in different age-sex groups. 

From 2003-2008, we observed yellow-bellied marmots at the Rocky 

Mountain Biological Laboratory (RMBL) in Gothic, CO, where marmots are part 

of long-term research that began in 1962 (Schwartz et al. 1998, Ozgul et al. 2010). 

We regularly collected behavioral and physiological data for social attributes and 

fitness measures. Marmots were individually marked for identification, allowing us 

to record the initiator, recipient, social interaction type, location, and time of each 
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behavioral interaction (method details in Blumstein et al. 2009 and Wey & 

Blumstein 2010). Observations and trapping took place during mornings and 

afternoons when marmots were most active (Armitage 1991a), throughout the 

majority of the active season, approximately mid-April to mid-September. 

 

Social attributes 

Observed interactions were divided into affiliative and agonistic datasets, and we 

constructed social networks based on observations of four marmot colonies 

(Bench-River, Marmot Meadow, Picnic, Town) per year. Colonies are 

geographically distinct, and a sizeable portion of colony membership changes each 

year—mostly through births, deaths, and dispersal (Schwartz et al. 1998). 

Therefore, we defined a network as a colony in a given year because interactions 

with members of other colonies are extremely rare (as in Wey & Blumstein 2010, 

Lea et al. 2010). Only individuals seen on more than 5 occasions in a year were 

included in networks, so as not to include transient animals. All interactions with 

clearly initiator and recipient were retained because even infrequent interactions 

may have meaningful outcomes (Wey & Blumstein 2010). Network measures 

(social attributes) were calculated in UCINET (see Borgatti et al. 2006 for citation 

and descriptions of specific calculations). The terminology for some of these 

measures varies in the literature. We use descriptive terms, and we note other 

commonly used terms in the descriptions below and in the Appendix. 



 

55

 

Initiation and Reception 

“Initiation” is the number of social partners to which a marmot directs behavior, 

while “Reception” is the number of social partners from which a marmot receives 

behavior. These attributes are equivalent to Out-degree and In-degree, respectively 

(Wasserman & Faust 1994, Wey et al. 2008) and reflect an absolute amount of 

interaction initiated or received. They are only relevant on a local level and do not 

account for overall network dynamics. Initiation represents the ability to affect 

other network members through direct interactions, whereas Reception represents 

the ability to be affected by other network members through direct interactions. If a 

fitness measure is associated with Initiation or Reception, that measure is 

dependent upon the number of social partners or the absolute number of 

interactions with which that individual was involved. 

 

Expansiveness and Attractiveness 

“Expansiveness” is the relative amount of interaction initiated, and 

“Attractiveness” is the relative amount of interaction received (terms from 

sociology—Skvoretz & Faust 1999; also see Wey & Blumstein 2010 for previous 

use in this system). These measures are calculated after controlling for overall 

network characteristics of size, density, and reciprocity. Similar to Initiation and 

Reception, Expansiveness and Attractiveness are based only on direct interactions 
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and thus represent limited, local processes. However, Expansiveness and 

Attractiveness say more about how an individual acts compared to the others in the 

group, and do not represent an absolute amount of interaction. A focal individual 

can have a high value for Initiation (initiating many interactions in an absolute 

sense), but if others in the network also initiate many interactions, then that focal 

individual would have a low value for Expansiveness. If a fitness measure is 

associated with Expansiveness or Attractiveness, then the relative differences 

among the attributes of network members matters. 

 

Out-closeness and In-closeness 

In all but very small animal social networks, there will likely be network members 

that are not directly connected to each other. However, individuals may also be 

connected to, and therefore influence or be influenced by, others in the network 

through indirect connections. Social attributes that incorporate indirect interactions 

reflect an individual’s connectedness in the overall network rather than only on a 

local level (as with Initiation, Reception, Expansiveness, and Attractiveness). 

“Out-closeness” is an individual’s potential to reach and influence others in the 

network through both direct and indirect connections originating from it, while 

“In-closeness” is an individual’s potential to be reached and influenced by others 

in the network through both direct and indirect connections terminating at it 

(Wasserman & Faust 1994; see also Wey & Blumstein 2010 for previous use of 
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these measures in this system). If a fitness correlate is associated with Out-

closeness or In-closeness, it implies that indirect connections matter. The particular 

patterns and effects of Out-closeness and In-closeness may be expected to be less 

general than those of direct interactions. 

 

Group size 

We also measured group size based on association indexes determined by spatial 

overlap in burrow use, calculated in the program SOCPROG (Whitehead 2009). 

Clusters of individuals with > 0.5 “simple ratio” association index were considered 

part of the same group (Nanayakkara & Blumstein 2003). This spatially based 

measure of group size was included in statistical models and compared to 

interaction-based social attributes. Group size may influence fitness independently 

from or in addition to effects of specific social attributes. Group size should have 

some absolute effect that is the same across different groups. 

 

Fitness measures 

Annual Reproductive Success 

For adult marmots, we determined the number of offspring assigned to each 

individual each year using a comprehensive pedigree, described in Blumstein et al. 

(2010) and Olson & Blumstein (2010). Multilocus genotypes and the program 

CERVUS (Kalinowski et al. 2007) were used to assign parentage to 1006 offspring 
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at 95% confidence, and 5 at 80% confidence. In 17 cases, marmots were assigned 

parentage from behavioral observations alone. 

 

Parasites 

We examined both ectoparasites and endoparasites because we expected them to 

have different infection dynamics. To study ectoparasites, in 2007 and again in 

2008, we attempted to comb marmots once every two weeks during trapping and 

counted fleas (Thrassis stanfordi, Van Vuren 1996) that were displaced onto a 

white flannel cloth. We converted this absolute number of fleas into fleas/kg to 

account for differential exposure to fleas as a function of body size, and we 

averaged these values for each individual to obtain a yearly index of flea infection. 

To examine endoparasites, from 2003-2008, we collected feces from marmots that 

defecated in traps, and performed fecal floats using Ova Float™ Zn 118 (zinc 

sulfate heptahydrate) on up to one sample per individual per month. Wet slides 

were then scored for presence of three fecal-orally transmitted intestinal parasites: 

Eimeria spp., Entamoeba sp., and Ascaris sp. Our measure of parasite diversity 

therefore reflected the number of parasite species detected for each individual in a 

given year.   
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Stress 

From 2003-2008, we extracted and measured fecal glucocorticoid metabolites 

(GCM) from frozen samples (up to one sample per individual per month), as 

described in Blumstein et al. (2006). We use these GCM levels as our assay of 

baseline levels of stress, rather than response to an acute stressor, which are 

distinct (Romero 2004), and we only included fecal samples collected in the 

morning in analysis to control for daily glucocorticoid fluctuations (Blumstein et al. 

2006). Though reproductive status can affect glucocorticoid levels (Reeder & 

Kramer 2005), this pattern has not been observed in yellow-bellied marmots 

(Armitage 1991b, Blumstein et al. 2006), so we do not specifically control for 

reproductive status. We averaged GCM for each individual to obtain a yearly index 

of basal stress. 

 

Analysis 

For all fitness measures except flea counts, we performed separate analyses for 

each age-sex class: adult females, adult males, yearling females, and yearling 

males. For analyses involving adults, individuals were present in multiple years.  

To account for this dependency, we fitted linear mixed effects models in R (R 

Development Core Team 2009) with the lme4 package (Bates & Maechler 2009) 

and included random intercepts for individuals. For analyses involving yearlings, 

we fitted general linear models in SPSS GradPack 16.0.2 (SPSS Inc. 2007). In all 
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analyses, we included fixed effects of year and colony to control for environmental 

variation, social group, and a social attribute. By putting social attributes and group 

size in the same model, we should be able to distinguish the contribution of each 

on a given fitness correlate. For flea counts (which came from only two years of 

data and had a smaller sample size), we included all age-sex classes in the same 

analyses and added fixed effects of age and sex. There were no significant age*sex 

interactions, so we omitted interactions from final analyses. Several variables were 

log10 transformed: annual number of offspring for males, number of fleas, and 

fecal GCM for all age-sex groups. We thus fit models with all combinations of 

fitness outcome by social attributes to examine broad patterns of variation. 

As alternate methods to assess the utility of this attribute-based approach, 

we used comparisons of Akaike information criterion (AIC; Akaike 1974) values 

calculated in R and estimated R2 values for partial models with social attributes 

and social group size. We ran a null model with no social factors (i.e., including 

only year, colony, and intercept; and age and sex for models of flea infection) and 

partial models with each social variable of interest (individual social attributes and 

group size) added to the null model. We then regressed predicted against observed 

values for each model and looked at the changes in R2 values between the partial 

and null models. 
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RESULTS 

 

We used a total of 9 652 affiliative interactions and 2 013 agonistic interactions in 

respective networks, from 4 845 hours of observation. Our final dataset included 

357 individuals and 676 total cases: 272 on adult females, 105 on adult males, 138 

on yearling females, and 161 on yearling males. Specific analyses were performed 

on subsets of these individuals for which relevant information was available. We 

present full model results in Tables 4-1 through 4-11, except for year and colony 

effects, which we do not interpret. We interpret significant effects if P < 0.05 

below. AIC values and changes in R2 are presented in Appendix B. 

 

Annual Reproductive Success 

For females, social group size, direct affiliative interactions, and both direct and 

indirect agonistic interactions were associated with larger litters (Table 4-1, 

Appendices C and D). Females in larger social groups had bigger litters (Estimates 

ranged from 0.021 - 0.035, all P < 0.01). Females with higher affiliative In-

closeness had more offspring (Estimate = 0.008, P = 0.045). Females with higher 

agonistic Initiation and Out-closeness also had more offspring (Initiation: Estimate 

= 0.051, P = 0.033; Out-closeness: Estimate = 0.009, P = 0.017). Females that had 

higher affiliative Expansiveness had fewer offspring (Estimate = -0.206, P < 

0.001). Other measured social attributes were not associated with litter size in 
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females. R2 values for social attributes variables that were significantly associated 

with annual reproductive success in adult females were systematically larger than 

R2 values for social group size. However, in some, but not all cases, an information 

theoretic approach suggests that they were not substantially better (∆AIC < 2.0; 

Figure 4-1a, Appendix B). 

Social group size was not associated with male annual reproductive success 

(all P > 0.05), but males that initiated and received relatively more direct affiliative 

interactions and that initiated more direct agonistic interactions had higher annual 

fitness (Table 4-2, Appendices E and F).  Males with higher affiliative 

Expansiveness scores had more offspring (Estimate = 0.084, P = 0.042). Males 

with higher affiliative Reception had fewer offspring (Estimate = -0.119, P = 

0.035), while those with higher agonistic Initiation scores had more offspring 

(Estimate = 0.027, P = 0.009). Other social attributes were not associated with 

annual reproductive success in males. Social attributes variables that were 

significantly associated annual reproductive success for annual reproductive 

success in adult males did not always add more explanatory value to partial 

statistical models than social group size did, but models with social attributes fit 

better than a model with social group size (Figure 4-1b, Appendix B). 
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Parasites 

A number of social attributes, both affiliative and agonistic, were negatively 

associated with number of fleas (Table 4-3, Appendices G and H). Marmots with 

higher affiliative Initiation, Reception, and In-closeness had fewer fleas (Initiation: 

Estimate = -0.016, P = 0.042; Reception: Estimate = - 0.023, P = 0.009; In-

closeness: Estimate = -0.005, P = 0.007). Those with higher agonistic Initiation 

and Out-closeness had fewer fleas (Initiation: Estimate = -0.018, P = 0.040; Out-

closeness: Estimate = -0.004, P = 0.047). Interestingly, social group size was not 

associated with the number of ectoparasites (all P > 0.05). Males generally had 

more fleas than females (in 8 of 12 analyses; Estimates ranged from 0.084 – 0.111, 

0.013 < P < 0.051). Other social attributes were not associated with number of 

fleas. Social attributes that were significantly associated with fleas/kg in all age-

sex groups added more explanatory value to partial statistical models than social 

group size, and models with social attributes typically fit better than a model with 

social group size (Figure 4-2). 

Neither measured social attributes, nor group size, explained the diversity 

of gut parasites (all P > 0.05; Tables 4-4 through 4-7, Appendices I through P). 

Two intestinal parasites (Eimeria spp. and Entamoeba sp.) were extremely 

common, and thus, there was limited variation to explain. (73.6% of individuals 

had 2 parasites, 17.3% had all 3, 8.9% had 1, and 0.2% had 0.) 
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Stress 

There were a number of significant relationships among social attributes and fecal 

GCM levels in adult males (Table 4-8, Appendices Q and R).  The general trend 

was that more social males (as measured by multiple affiliative and agonistic 

attributes) had lower basal GC levels.  Specifically, males with higher affiliative 

Out-closeness and In-closeness had lower fecal GCM levels (Out-closeness: 

Estimate = -0.007, P = 0.001; In-closeness: Estimate = -0.006, P = 0.007).  

Similarly, males with higher agonistic Initiation, Expansiveness, and Out-closeness 

had lower fecal GCM levels (Initiation: Estimate = -0.017, P = 0.034; 

Expansiveness: Estimate = -0.082, P = 0.014; Out-closeness: Estimate = -0.005, P 

= 0.003). Most social attributes that were significantly associated with fecal GCMs 

in adult males added more explanatory value to partial statistical models than 

social group size did, and models with social attributes were typically fit better 

than a model with social group size (Figure 4-3, Appendix B). 

Social attributes were not significantly associated with fecal GCMs in any 

other age-sex group (all P > 0.05; Tables 4-9 through 4-11, Appendices S through 

X). In one analysis (with agonistic Expansiveness) in yearling females, social 

group size was positively associated with fecal GCMs (Estimate = 0.024, P = 

0.041); however, this analysis had an extremely small sample size (N = 17), so we 

do not interpret this result.  
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DISCUSSION 

 

Taken together we have demonstrated that novel insights about the adaptive value 

of sociality can be obtained by adopting an attribute-based social network analysis.  

Indeed, in many cases, these network-derived attributes explained more variation 

than did group size—a measure typically used to study the adaptive basis of 

sociality (e.g., in primates—Dunbar 2003; in cliff swallows, Hirundo 

pyrrhonota—Brown & Brown 1996; and in black-tailed prairie dogs, Cynomys 

ludovicianus—Hoogland 1995). Below, we discuss insights about marmot sociality 

obtained and suggest broader applicability of this attribute-based approach. 

 

Annual Reproductive Success 

Both affiliative and agonistic attributes seemingly played an important role in 

female and male offspring production. Females that received more direct and 

indirect affiliation, but that initiated more direct and indirect agonism, had larger 

litter sizes. In other words, successful females were the foci of incoming affiliation 

and also radiated agonism into the network. Males that initiated high relative 

amounts of affiliation (were more gregarious) and high absolute amounts of 

agonism (initiated more local agonistic interactions) had higher annual 

reproductive success, suggesting a greater importance of cohesion in males than 

previously thought. Thus both females and males employed reproductive strategies 
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that incorporated different attributes of affiliation and agonism, an idea consistent 

with other studies (Armitage 1991a, Armitage 1998, Lea et al. 2010). However, 

unlike Armitage (1991a), we focused on interaction-based social attributes, and 

unlike Lea et al. (2010), we focused on a different combination of social attributes 

and analyzed them annually for females and males separately. 

Contrary to expectations and findings in a study of the correlates of lifetime 

reproductive success (Lea et al. 2010), there was apparently no annual reproductive 

cost associated with receiving more agonism. Also surprisingly, females that 

initiated higher relative amounts of affiliation had fewer offspring each year, and 

males that received relatively more affiliation had lower reproductive success. It is 

possible that females with larger litters devoted less time and energy to initiating 

affiliation, so the most gregarious females in the network were the ones who cared 

for the fewest offspring. For males, association with adult females, which is critical 

to male reproductive success, generally only occurs at age three or older (Armitage 

1991a), so it may be that the youngest adult males, with the lowest reproductive 

success, are more actively initiating affiliation. However, testing this hypothesis 

would require better data on exact adult male ages, which is problematic given that 

most adult males are first detected as adult immigrants.   

Social group size was not an important determinant of male annual 

reproductive success, but females in larger groups had larger litters. More 

successful females are likely ones that have more female relatives in the same 
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colony (Armitage 1991a, 1998), and their young from the previous year may also 

remain in relatively close proximity. Examining social attributes in conjunction 

with group size contributes novel understanding to what we previously knew from 

studies of group size and dominance in this system. For example, dominance is an 

important predictor of annual reproductive success in males but not in females 

(Huang et al. 2011), but agonistic social attributes, which reflect patterns of 

agonistic interactions regardless of winner-loser outcomes, were important for both 

males and females. 

 

Parasites 

Higher values of social attributes were not associated with increased parasitism by 

ecto- or endoparasites; thus we found no evidence for the hypothesis that parasites 

are a cost of increased sociality at the individual level, compared with the pattern 

seen at the group or species level in many systems (Côté & Poulin 1995, Altizer et 

al. 2003). Ectoparasite infection revealed some support for the idea of social 

compensation for parasites, which has been previously suggested (Moore 2002, 

Altizer et al. 2003, Bordes et al. 2007). Marmots that received more absolute direct 

and indirect interactions had fewer fleas. Though allogrooming represented a small 

portion (~ 4%) of observed affiliation, even a small amount of allogrooming could 

make a significant difference, and there could be a high frequency of unobserved 

allogrooming underground. Surprisingly, marmots that initiated more direct 
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affiliative and direct and indirect agonistic interactions also had fewer fleas. The 

mechanism for this is not readily apparent, though we speculate that it may be 

related to condition, which is positively correlated to interaction rates (Wey & 

Blumstein, unpublished data).  

Social group size was not significantly associated with fleas or intestinal 

parasites. Group size is a commonly used correlate for sociality, and while there is 

often a trend of increasing parasitism in larger groups, the relationship between 

these two variables is not always so straightforward (e.g., in primates—Nunn & 

Altizer 2006; in other animals—Krause & Ruxton 2002). Previous studies on 

ectoparasites in alpine marmots (Marmota marmota; Arnold & Lichtenstein 1993) 

and yellow-bellied marmots (Van Vuren 1996) also concluded that they were not a 

cost of sociality per se, though colonial hibernation affected ectoparasite loads in 

the latter study. While previous studies of sociality and parasites in marmots have 

not specifically focused on internal parasites, the routine infections of Eimeria spp. 

and Entamoeba sp., and the lack of any social attribute effects on intestinal 

parasites may suggest that they are unavoidably prevalent in this population, or that 

they are not extremely costly to the host. It is possible that measures of parasite 

load (rather than diversity) might detect relationships with social attributes. 
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Stress 

In general, we found no support for the social stressor hypothesis. Agonistic social 

attributes were not positively associated with fecal GCM, and in adult males, fecal 

GCM levels were negatively associated with several social attributes: agonistic 

Initiation, Out-closeness, and Expansiveness, as well as affiliative Out-closeness 

and In-closeness. The consistent negative relationships indicate that the males with 

the lowest basal stress levels were the most influential in agonistic networks and 

the best-connected in affiliative networks. As with the pattern see with fleas, the 

association between low fecal GCMs and high initiation rates may be related to 

body condition, which is positively correlated to interaction rates (Wey & 

Blumstein, unpublished data). Interestingly, affiliative Out-closeness and In-

closeness were associated with fecal GCMs, independent of affiliative Initiation 

and Reception, i.e., indirect interactions seemed to have an association independent 

of direct interactions. It is thus the further reaching connections throughout the 

network rather than local interactions that are important in this case. 

These results also do not provide strong support for the social buffering 

hypothesis because high amounts of direct received affiliation were not generally 

associated with lower fecal GCM levels in any age-sex group. Social group size 

was not associated with fecal GCMs. Our results are somewhat inconsistent with 

Armitage (1991a), which reports an effect of social stressors on plasma 

glucocorticoids. However, fecal GCMs reflect composite stress hormone levels 
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integrated over a different time frame than plasma levels. Overall, social attributes 

had little explanatory power for fecal GCMs, except in adult males, implying that 

our measured social attributes were not explained in adult females or yearlings.   

 

Conclusions 

Adopting an attribute-based approach gave us novel insights into marmot sociality 

and suggests both value and caution in applying it to other taxa. Sociality is 

currently adaptive in facultatively social yellow-bellied marmots. We infer this 

because high values of social attributes were generally associated with benefits 

rather than costs. Future studies will permit us to understand if this is generally the 

case in other social systems, and if there are social systems in which sociality is not 

currently adaptive. These findings have implications for current selection pressures 

acting on social systems and possible directions of future evolution, especially 

considering that some social network traits are heritable (Lea et al. 2010). 

Furthermore, the adaptive value of sociality varies by age and sex. This will likely 

be the case in other social systems as well, and it highlights the importance of 

clearly considering sex differences and ontogenetic stage. These distinctions are 

important in numerous species and biological contexts. 

In this study, indirect interactions and relative measures of interaction had 

few observable fitness effects, but whether this pattern holds for other systems 

remains to be tested. It may be that indirect connections would play a larger role in 
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more socially complex and cognitively developed species, which may be aware of 

and more intentionally use indirect connections. In human business networks, for 

instance, utilization of indirect connections is especially important for upward 

mobility (Granovetter 1973, Podolny & Baron 1997). In comparison with social 

group size, models with network attributes often had more explanatory value in 

terms of information criteria and estimated effect sizes and allowed us to 

distinguish sources of fitness outcomes. Overall, a social attribute-based approach 

has potential for more precisely understanding the adaptive value of sociality, but it 

remains to be seen if general inferences across systems can be made. 
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Table 4-1.  Relationships among social attributes and annual reproductive success 
in adult females. The outcome variable for females was number of offspring in a 
given year. Results for year and colony are not shown, although these variables 
were included in the models. Associations with P < 0.05 are in bold.  
 

 Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 268 Intercept 0.603 0.012 N = 268 Intercept 0.519 0.031 

IDs = 98 Social group size 0.028 0.001 IDs = 98 Social group size 0.022 0.006 

 Initiation -0.039 0.131   Initiation 0.051 0.033 

         

N = 268 Intercept 0.561 0.020 N = 268 Intercept 0.653 0.008 

IDs = 98 Social group size 0.023 0.004 IDs = 98 Social group size 0.025 0.002 

 Reception 0.019 0.426   Reception -0.050 0.237 

         

N = 268 Intercept 0.540 0.026 N = 268 Intercept 0.500 0.037 

IDs = 98 Social group size 0.022 0.008 IDs = 98 Social group size 0.023 0.004 

 Out-closeness 0.005 0.159   Out-closeness 0.009 0.017 

         

N = 268 Intercept 0.483 0.048 N = 268 Intercept 0.613 0.013 

IDs = 98 Social group size 0.021 0.010 IDs = 98 Social group size 0.025 0.002 

 In-closeness 0.008 0.045   In-closeness -0.003 0.635 

         

N = 194 Intercept 0.293 0.312 N = 153 Intercept 0.704 0.012 

IDs = 78 Social group size 0.032 < 0.001 IDs = 70 Social group size 0.025 0.008 

 Expansiveness -0.206 < 0.001   Expansiveness -0.045 0.376 

         

N = 203 Intercept 0.604 0.024 N = 162 Intercept 0.425 0.153 

IDs = 81 Social group size 0.031 < 0.001 IDs = 71 Social group size 0.035 < 0.001 

 Attractiveness 0.028 0.506   Attractiveness 0.086 0.365 
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Table 4-2.  Relationships among social attributes and annual reproductive success 
in adult males. The outcome variable was the log10 transformed number of 
offspring in a given year. Results for year and colony are not shown, although 
these variables were included in the models. Associations with P < 0.05 are in bold. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 55 Intercept 1.169 < 0.001 N = 55 Intercept 1.143 < 0.001 

IDs = 26 Social group size -0.008 0.459 IDs = 26 Social group size -0.009 0.388 

  Initiation 0.026 0.051   Initiation 0.027 0.009 

          

N = 55 Intercept 1.208 < 0.001 N = 55 Intercept 1.218 < 0.001 

IDs = 26 Social group size 0.000 0.897 IDs = 26 Social group size 0.001 0.821 

  Reception -0.006 0.968   Reception -0.026 0.700 

          

N = 55 Intercept 1.172 < 0.001 N = 55 Intercept 1.134 < 0.001 

IDs = 26 Social group size -0.004 0.697 IDs = 26 Social group size -0.004 0.801 

  Out-closeness 0.003 0.214   Out-closeness 0.004 0.124 

          

N = 55 Intercept 1.214 < 0.001 N = 55 Intercept 1.248 < 0.001 

IDs = 26 Social group size 0.001 0.906 IDs = 26 Social group size 0.001 0.751 

  In-closeness -0.003 0.992   In-closeness -0.007 0.367 

          

N = 47 Intercept 1.314 < 0.001 N = 41 Intercept 1.202 < 0.001 

IDs = 23 Social group size -0.007 0.570 IDs = 20 Social group size -0.004 0.990 

  Expansiveness 0.084 0.042   Expansiveness 0.073 0.109 

          

N = 43 Intercept 1.000 < 0.001 N = 38 Intercept 1.083 0.002 

IDs = 22 Social group size -0.003 0.838 IDs = 22 Social group size -0.003 0.804 

  Attractiveness -0.119 0.035   Attractiveness -0.035 0.427 
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Table 4-3.  Relationships among social attributes and number of fleas for all age-
sex groups combined. The outcome variable was a log10 transformed average 
number of fleas/kg for that individual in a year. Results for year and colony are not 
shown, although these variables were included in the models. Associations with P 
< 0.05 are in bold. 
 

 Affiliative attributes  Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 185 Intercept -0.095 0.189 N = 185 Intercept -0.097 0.184 

IDs = 136 Age = Y -0.031 0.514 IDs = 136 Age = Y -0.092 0.082 

 Sex = M 0.107 0.014   Sex = M 0.111 0.013 

 Social group size 0.001 0.887   Social group size 0.000 0.982 

 Initiation -0.016 0.042   Initiation -0.018 0.040 

         

N = 185 Intercept -0.068 0.347 N = 185 Intercept -0.092 0.215 

IDs = 136 Age = Y -0.007 0.875 IDs = 136 Age = Y -0.034 0.470 

 Sex = M 0.085 0.048   Sex = M 0.094 0.031 

 Social group size 0.001 0.891   Social group size -0.002 0.713 

 Reception -0.023 0.009   Reception -0.016 0.300 

         

N = 185 Intercept -0.096 0.191 N = 185 Intercept -0.081 0.282 

IDs = 136 Age = Y -0.030 0.537 IDs = 136 Age = Y -0.090 0.088 

 Sex = M 0.089 0.039   Sex = M 0.102 0.021 

 Social group size 0.001 0.859   Social group size -0.001 0.915 

 Out-closeness -0.003 0.078   Out-closeness -0.004 0.047 

         

N = 185 Intercept -0.050 0.515 N = 185 Intercept -0.082 0.283 

IDs = 136 Age = Y -0.022 0.627 IDs = 136 Age = Y -0.033 0.494 

 Sex = M 0.084 0.051   Sex = M 0.091 0.040 

 Social group size 0.000 0.930   Social group size -0.002 0.661 

 In-closeness -0.005 0.007   In-closeness -0.003 0.219 

         

N = 161 Intercept -0.112 0.100 N = 106 Intercept -0.162 0.049 

IDs = 124 Age = Y -0.046 0.377 IDs = 88 Age = Y -0.107 0.089 

 Sex = M 0.048 0.240   Sex = M 0.068 0.196 

 Social group size -0.002 0.769   Social group size 0.002 0.625 

 Expansiveness -0.014 0.323   Expansiveness -0.021 0.295 

         

N = 158 Intercept -0.101 0.188 N = 127 Intercept -0.130 0.034 

IDs = 121 Age = Y -0.039 0.451 IDs = 108 Age = Y -0.063 0.201 

 Sex = M 0.058 0.210   Sex = M 0.063 0.198 

 Social group size -0.003 0.588   Social group size -0.003 0.684 

 Attractiveness 0.002 0.966   Attractiveness -0.006 0.849 
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Table 4-4.  Relationships among social attributes and intestinal parasite diversity 
in adult females. The outcome variable was a count of the types of parasites 
detected (0-3) in an individual in a given year. Results for year and colony are not 
shown, although these variables were included in the models. 
 

 Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 195 Intercept 0.568 0.115 N = 195 Intercept 0.557 0.128 

IDs = 82 Social group size 0.001 0.896 IDs = 82 Social group size < 0.001 0.960 

 Initiation < 0.001 0.992   Initiation 0.005 0.839 

         

N = 195 Intercept 0.569 0.115 N = 195 Intercept 0.555 0.125 

IDs = 82 Social group size < 0.001 0.960 IDs = 82 Social group size < 0.001 0.968 

 Reception 0.004 0.871   Reception 0.019 0.635 

         

N = 195 Intercept 0.567 0.117 N = 195 Intercept 0.558 0.133 

IDs = 82 Social group size 0.001 0.912 IDs = 82 Social group size 0.001 0.923 

 Out-closeness < 0.001 0.975   Out-closeness 0.001 0.907 

         

N = 195 Intercept 0.550 0.133 N = 195 Intercept 0.568 0.119 

IDs = 82 Social group size < 0.001 0.990 IDs = 82 Social group size 0.001 0.890 

 In-closeness 0.001 0.773   In-closeness < 0.001 0.996 

         

N = 154 Intercept 0.665 0.148 N = 129 Intercept 0.531 0.220 

IDs = 69 Social group size < 0.001 0.963 IDs = 64 Social group size 0.002 0.868 

 Expansiveness -0.016 0.743   Expansiveness -0.026 0.691 

         

N = 162 Intercept 0.549 0.194 N = 131 Intercept 0.536 0.206 

IDs = 73 Social group size < 0.001 0.992 IDs = 63 Social group size 0.001 0.905 

 Attractiveness 0.005 0.915   Attractiveness 0.038 0.622 
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Table 4-5.  Relationships among social attributes and intestinal parasite diversity 
in adult males. The outcome variable was a count of the types of parasites detected 
(0-3) in an individual in a given year. Results for year and colony are not shown, 
although these variables were included in the models. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 62 Intercept -0.077 0.919 N = 62 Intercept -0.056 0.941 

IDs = 39 Social group size -0.007 0.660 IDs = 39 Social group size -0.006 0.710 

  Initiation 0.017 0.542   Initiation 0.011 0.626 

          

N = 62 Intercept 0.007 0.992 N = 62 Intercept 0.015 0.984 

IDs = 39 Social group size -0.004 0.800 IDs = 39 Social group size -0.004 0.789 

  Reception 0.012 0.824   Reception 0.028 0.657 

          

N = 62 Intercept -0.034 0.965 N = 62 Intercept 0.007 0.993 

IDs = 39 Social group size -0.006 0.746 IDs = 39 Social group size -0.004 0.817 

  Out-closeness 0.002 0.730   Out-closeness 0.001 0.861 

          

N = 62 Intercept 0.027 0.972 N = 62 Intercept 0.003 0.997 

IDs = 39 Social group size -0.003 0.829 IDs = 39 Social group size -0.003 0.826 

  In-closeness 0.001 0.904   In-closeness 0.003 0.770 

          

N = 49 Intercept -0.012 0.988 N = 43 Intercept -0.043 0.954 

IDs = 30 Social group size -0.001 0.974 IDs = 26 Social group size 0.002 0.911 

  Expansiveness 0.014 0.883   Expansiveness 0.010 0.899 

          

N = 46 Intercept -0.024 0.974 N = 39 Intercept 0.256 0.742 

IDs = 28 Social group size 0.001 0.963 IDs = 26 Social group size -0.003 0.852 

  Attractiveness -0.034 0.765   Attractiveness 0.122 0.447 
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Table 4-6.  Relationships among social attributes and intestinal parasite diversity 
in yearling females. The outcome variable was a count of the types of parasites 
detected (0-3) in an individual in a given year. Results for year and colony are not 
shown, although these variables were included in the models. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter B P-value   Parameter B P-value 

N = 78 Intercept 2.063 < 0.001 N = 78 Intercept 2.066 < 0.001 

  Social group size -0.006 0.619   Social group size 0.000 0.965 

  Initiation 0.029 0.326   Initiation 0.082 0.157 

          

N = 78 Intercept 2.086 < 0.001 N = 78 Intercept 2.081 < 0.001 

  Social group size -0.005 0.671   Social group size -0.003 0.796 

  Reception 0.022 0.472   Reception 0.054 0.183 

          

N = 78 Intercept 2.008 < 0.001 N = 78 Intercept 2.104 < 0.001 

  Social group size -0.006 0.636   Social group size -0.001 0.940 

  Out-closeness 0.007 0.282   Out-closeness 0.005 0.514 

          

N = 78 Intercept 2.018 < 0.001 N = 78 Intercept 2.052 < 0.001 

  Social group size -0.004 0.710   Social group size -0.001 0.893 

  In-closeness 0.006 0.394   In-closeness 0.008 0.262 

          

N = 74 Intercept 2.127 < 0.001 N = 37 Intercept 2.166 < 0.001 

  Social group size -0.004 0.693   Social group size 0.024 0.303 

  Expansiveness -0.011 0.840   Expansiveness -0.024 0.831 

          

N = 73 Intercept 2.055 < 0.001 N = 67 Intercept 1.911 < 0.001 

  Social group size -0.005 0.620   Social group size -0.006 0.597 

  Attractiveness -0.065 0.225   Attractiveness 0.103 0.537 
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Table 4-7.  Relationships among social attributes and intestinal parasite diversity 
in yearling males. The outcome variable was a count of the types of parasites 
detected (0-3) in an individual in a given year. Results for year and colony are not 
shown, although these variables were included in the models. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter B P-value   Parameter B P-value 

N = 93 Intercept 1.945 < 0.001 N = 93 Intercept 1.864 < 0.001 

  Social group size 0.001 0.908   Social group size 0.002 0.796 

  Initiation 0.007 0.690   Initiation 0.058 0.112 

          

N = 93 Intercept 1.949 < 0.001 N = 93 Intercept 1.931 < 0.001 

  Social group size 0.002 0.803   Social group size 0.003 0.747 

  Reception 0.003 0.875   Reception 0.014 0.665 

          

N = 93 Intercept 1.894 < 0.001 N = 93 Intercept 1.862 < 0.001 

  Social group size 
-

0.001 0.905   Social group size 0.002 0.819 

  Out-closeness 0.004 0.372   Out-closeness 0.008 0.092 

          

N = 93 Intercept 1.902 < 0.001 N = 93 Intercept 1.914 < 0.001 

  Social group size 0.000 0.986   Social group size 0.002 0.815 

  In-closeness 0.004 0.457   In-closeness 0.004 0.526 

          

N = 90 Intercept 2.048 < 0.001 N = 56 Intercept 1.950 < 0.001 

  Social group size 0.000 0.974   Social group size 0.012 0.255 

  Attractiveness 0.017 0.717   Expansiveness 0.127 0.046 

          

N = 89 Intercept 2.054 < 0.001 N = 79 Intercept 2.039 < 0.001 

  Social group size 0.001 0.851   Social group size 0.001 0.887 

  Attractiveness 
-

0.026 0.583   Attractiveness 
-

0.093 0.209 
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Table 4-8.  Relationships among social attributes and morning fecal GCM levels in 
adult males. The outcome variable was the log10 transformed average fecal 
glucocorticoid metabolite (ng/g) levels per individual in a year. Results for year 
and colony are not shown, although these variables were included in the models. 
Associations with P < 0.05 are in bold. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 44 Intercept 2.296 < 0.001 N = 44 Intercept 2.263 < 0.001 

IDs = 30 Social group size 0.005 0.440 IDs = 30 Social group size 0.005 0.409 

  Initiation -0.017 0.061   Initiation -0.017 0.034 

          

N = 44 Intercept 2.304 < 0.001 N = 44 Intercept 2.268 < 0.001 

IDs = 30 Social group size 0.004 0.542 IDs = 30 Social group size 0.002 0.754 

  Reception -0.026 0.071   Reception -0.025 0.127 

          

N = 44 Intercept 2.363 < 0.001 N = 44 Intercept 2.288 < 0.001 

IDs = 30 Social group size 0.008 0.117 IDs = 30 Social group size 0.005 0.293 

  Out-closeness -0.007 0.001   Out-closeness -0.005 0.003 

          

N = 44 Intercept 2.299 < 0.001 N = 44 Intercept 2.289 < 0.001 

IDs = 30 Social group size 0.006 0.250 IDs = 30 Social group size 0.002 0.704 

  In-closeness -0.006 0.007   In-closeness -0.004 0.079 

          

N = 40 Intercept 2.253 < 0.001 N = 34 Intercept 2.261 < 0.001 

IDs = 27 Social group size 0.005 0.495 IDs = 22 Social group size 0.005 0.377 

  Expansiveness -0.044 0.171   Expansiveness -0.082 0.014 

          

N = 37 Intercept 2.092 < 0.001 N = 28 Intercept 2.147 < 0.001 

IDs = 25 Social group size 0.006 0.377 IDs = 19 Social group size 0.006 0.398 

  Attractiveness 0.016 0.857   Attractiveness 0.016 0.831 
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Table 4-9.  Relationships among social attributes and morning fecal GCM levels in 
adult females. The outcome variable was the log10 transformed average fecal 
glucocorticoid metabolite (ng/g) levels per individual in a year. Results for year 
and colony are not shown, although these variables were included in the models. 
Associations with P < 0.05 are in bold. 
 

 Affiliative attributes   Agonistic attributes 

  Parameter Estimate P-value   Parameter Estimate P-value 

N = 177 Intercept 2.298 < 0.001 N = 177 Intercept 2.294 < 0.001 

IDs = 74 Social group size -0.001 0.777 IDs = 74 Social group size -0.001 0.752 

 Initiation 0.006 0.295   Initiation 0.008 0.228 

         

N = 177 Intercept 2.297 < 0.001 N = 177 Intercept 2.292 < 0.001 

IDs = 74 Social group size 0.000 0.842 IDs = 74 Social group size 0.001 0.728 

 Reception 0.005 0.388   Reception -0.002 0.802 

         

N = 177 Intercept 2.291 < 0.001 N = 177 Intercept 2.289 < 0.001 

IDs = 74 Social group size 0.000 0.920 IDs = 74 Social group size 0.000 0.812 

 Out-closeness 0.001 0.478   Out-closeness 0.001 0.231 

         

N = 177 Intercept 2.287 < 0.001 N = 177 Intercept 2.292 < 0.001 

IDs = 74 Social group size -0.001 0.750 IDs = 74 Social group size 0.001 0.774 

 In-closeness 0.001 0.312   In-closeness 0.000 0.891 

         

N = 136 Intercept 2.281 < 0.001 N = 115 Intercept 2.319 < 0.001 

IDs = 61 Social group size 0.001 0.758 IDs = 54 Social group size 0.002 0.426 

 Expansiveness -0.010 0.388   Expansiveness 0.007 0.651 

         

N = 143 Intercept 2.303 < 0.001 N = 121 Intercept 2.299 < 0.001 

IDs = 65 Social group size 0.002 0.404 IDs = 59 Social group size 0.001 0.839 

 Attractiveness 0.025 0.050   Attractiveness 0.011 0.578 
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Table 4-10.  Relationships among social attributes and morning fecal GCM levels 
in yearling females. The outcome variable was the log10 transformed average fecal 
glucocorticoid metabolite (ng/g) levels per individual in a year. Results for year 
and colony are not shown, although these variables were included in the models. 
Associations with P < 0.05 are in bold. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter B P-value   Parameter B P-value 

N = 78 Intercept 2.063 < 0.001 N = 78 Intercept 2.066 < 0.001 

  Social group size -0.006 0.619   Social group size 0.000 0.965 

  Initiation 0.029 0.326   Initiation 0.082 0.157 

          

N = 78 Intercept 2.086 < 0.001 N = 78 Intercept 2.081 < 0.001 

  Social group size -0.005 0.671   Social group size -0.003 0.796 

  Reception 0.022 0.472   Reception 0.054 0.183 

          

N = 78 Intercept 2.008 < 0.001 N = 78 Intercept 2.104 < 0.001 

  Social group size -0.006 0.636   Social group size -0.001 0.940 

  Out-closeness 0.007 0.282   Out-closeness 0.005 0.514 

          

N = 78 Intercept 2.018 < 0.001 N = 78 Intercept 2.052 < 0.001 

  Social group size -0.004 0.710   Social group size -0.001 0.893 

  In-closeness 0.006 0.394   In-closeness 0.008 0.262 

          

N = 74 Intercept 2.127 < 0.001 N = 37 Intercept 2.166 < 0.001 

  Social group size -0.004 0.693   Social group size 0.024 0.303 

  Expansiveness -0.011 0.840   Expansiveness -0.024 0.831 

          

N = 73 Intercept 2.055 < 0.001 N = 67 Intercept 1.911 < 0.001 

  Social group size -0.005 0.620   Social group size -0.006 0.597 

  Attractiveness -0.065 0.225   Attractiveness 0.103 0.537 
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Table 4-11.  Relationships among social attributes and morning fecal GCM levels 
in yearling males. The outcome variable was the log10 transformed average fecal 
glucocorticoid metabolite (ng/g) levels per individual in a year. Results for year 
and colony are not shown, although these variables were included in the models. 
Associations with P < 0.05 are in bold. 
 

  Affiliative attributes   Agonistic attributes 

  Parameter B P-value   Parameter B P-value 

N = 93 Intercept 1.945 < 0.001 N = 93 Intercept 1.864 < 0.001 

  Social group size 0.001 0.908   Social group size 0.002 0.796 

  Initiation 0.007 0.690   Initiation 0.058 0.112 

          

N = 93 Intercept 1.949 < 0.001 N = 93 Intercept 1.931 < 0.001 

  Social group size 0.002 0.803   Social group size 0.003 0.747 

  Reception 0.003 0.875   Reception 0.014 0.665 

          

N = 93 Intercept 1.894 < 0.001 N = 93 Intercept 1.862 < 0.001 

  Social group size -0.001 0.905   Social group size 0.002 0.819 

  Out-closeness 0.004 0.372   Out-closeness 0.008 0.092 

          

N = 93 Intercept 1.902 < 0.001 N = 93 Intercept 1.914 < 0.001 

  Social group size 0.000 0.986   Social group size 0.002 0.815 

  In-closeness 0.004 0.457   In-closeness 0.004 0.526 

          

N = 90 Intercept 2.048 < 0.001 N = 56 Intercept 1.950 < 0.001 

  Social group size 0.000 0.974   Social group size 0.012 0.255 

  Attractiveness 0.017 0.717   Expansiveness 0.127 0.046 

          

N = 89 Intercept 2.054 < 0.001 N = 79 Intercept 2.039 < 0.001 

  Social group size 0.001 0.851   Social group size 0.001 0.887 

  Attractiveness -0.026 0.583   Attractiveness -0.093 0.209 
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Figure 4-1.  Percent difference in R2 of observed vs. predicted value regressions 
between partial models predicting annual reproductive success, including either 
social group size or individual social attributes, and a null model without social 
factors, in a) adult females, and b) adult males. Only social attributes that were 
significantly associated with annual reproductive success are included, and the 
percent differences are averaged across social attributes. Error bars are standard 
errors. 
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Figure 4-2.  Percent difference in R2 of observed vs. predicted value regressions 
between partial models predicting fleas/kg in all age-sex groups, including either 
social group size or individual social attributes, and a null model without social 
factors. Only social attributes that were significantly associated with annual 
reproductive success are included, and the percent differences are averaged across 
social attributes. Error bars are standard errors. 
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Figure 4-3.  Percent difference in R2 of observed vs. predicted value regressions 
between partial models predicting fecal GCM levels in adult males, including 
either social group size or individual social attributes, and a null model without 
social factors. Only social attributes that were significantly associated with annual 
reproductive success are included, and the percent differences are averaged across 
social attributes. Error bars are standard errors. 
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Appendix A.  Network terminology and details on social attributes 

 

The individual units of a network are called nodes, vertices, points, or actors, and 

the connections between units are called ties, edges, or links. In the current study, 

nodes represent individual marmots, and the ties represent social interactions, so 

we simply refer to marmots and their interactions throughout the paper. For 

analysis in programs such as UCINET, networks are input as matrices. Marmot 

networks were N x N adjacency matrices (N = number of marmots in the colony), 

with initiators as rows and recipients as columns. 

Networks can be symmetric (marmot A connected to marmot B is equivalent to 

B connected to A) or non-symmetric (also called directed; A connected to B is not 

equivalent to B connected to A). We used non-symmetric networks because we 

were interested in the direction of initiation and reception; thus marmot A initiating 

an interaction to marmot B is distinct from marmot B initiating an interaction to A. 

Networks can also be binary or valued, based on whether the connections are un-

weighted or weighted. While we started with valued networks, in which the 

connections reflected numbers of interactions between pairs of marmots, we 

calculated final network measures (i.e., social attributes) based on the binary 

conversions. Out-closeness, In-closeness, Expansiveness, and Attractiveness are 

defined for binary networks. Binary and valued versions of Reception and 

Initiation were highly correlated resulted in very similar outcomes, so we used the 
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binary versions as the simpler option. For more information and discussion about 

network analysis, see Wasserman & Faust (1994), Borgatti et al. (2006), Croft et al. 

2008, and Wey et al. (2008). 

 

Initiation and Reception (Out-degree and In-degree) 

In a binary symmetric network, the Degree of a node is the number of ties it has or 

the number of adjacent nodes (i.e., the row or column sum in an adjacency matrix). 

In a non-symmetric network, Out-degree is the number of ties originating from a 

node (i.e., the row sum in an adjacency matrix), and In-degree is the number of ties 

terminating at a node (i.e., the column sum in an adjacency matrix). In this study, 

we refer to Out-degree and In-degree as Initiation and Reception, respectively. 

Also see Freeman (1979) and Friedkin (1991) for further discussion of Degree. 

 

Out-closeness and In-closeness 

In a symmetric network, Closeness is traditionally defined as the reciprocal of the 

sum of the geodesic distances from a focal node to all other nodes in the network 

(Freeman 1979), where a geodesic is the shortest path between two nodes. 

Therefore, the more closely connected a node is to every other node in the network 

(i.e., the shorter the path lengths connecting that node to other nodes), the larger 

the node’s Closeness. However, in this definition, if a network is fragmented (i.e., 

there are unconnected nodes in the network), Closeness is undefined because the 
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distance between unconnected nodes is infinite. Because some of the marmot 

networks were fragmented, we used a modified version of Closeness, in which the 

reciprocals are taken before summing, and so the infinite distances contribute a 

zero value instead of being undefined. In a non-symmetric network, Out-closeness 

and In-closeness are calculated including only paths that originate from or 

terminate at the focal node, respectively, and do not include any reversals in 

direction. Also see Freeman (1979) and Friedkin (1991) for further discussion of 

Closeness. 

 

Expansiveness and Attractiveness 

In a binary, asymmetric network, Expansiveness and Attractiveness (also called 

Productivity and Popularity, respectively; Borgatti et al. 2006) are calculated by 

fitting Holland & Leinhardt’s (1982) p1 models, or exponential random graph 

models (ERGM; see Robins et al. 2007 for an introduction). Generally speaking, 

this models the probability of mutual, asymmetric, or absent interactions in the 

network while controlling for overall network density (the number of interactions 

present relative to the number that could exist for a network of that size) and 

overall network reciprocity (tendency of interactions to be mutual: if A interacted 

with B, then B interacted with A). For each individual in the network, α and β 

parameters of relative initiation and reception are calculated, and we refer to these 

as Expansiveness and Attractiveness, respectively.  
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Appendix B.  Null and partial model AIC values and partial model percent R2 

changes from null model. Null models included only non-social factors: year and 

colony for all fitness measures, and also age and sex for “Mean number of fleas”. 

Other partial models included one additional social factor—either social group size 

or a social attribute. Only social attributes that were significantly associated with 

fitness measures and analyzed for the full dataset are presented in this table; 

however, social group size is presented as a comparison for social attributes, 

regardless of whether or not group size was significant for that fitness measure. 

Fitness Measure Age-sex Group Partial Model for: AIC % Change in R2 

Number offspring Adult females Null 769.00 -- 
  Social group size 761.40 1.14 
  Affiliative In-closeness 763.80 1.62 
  Agonistic Initiation 764.40 1.74 
    Agonistic Out-closeness 763.90 2.25 
Number offspring Adult males Null 65.07 -- 
  Social group size 75.03 -0.10 
    Agonistic Initiation 69.63 8.19 
Mean number of fleas All age-sex Null 89.90 -- 
  Social group size 100.70 0.10 
  Affiliative Initiation 95.50 2.08 
  Affiliative Reception 92.47 3.43 
  Affiliative In-closeness 95.27 3.52 
  Agonistic Initiation 95.10 2.16 
    Agonistic Out-closeness 98.57 2.03 
Mean fecal GCM Adult males Null 13.52 -- 
  Social group size 24.36 -0.23 
  Affiliative Out-closeness 17.13 14.30 
  Affiliative In-closeness 20.83 -7.00 
  Agonistic Initiation 19.93 6.89 
  Agonistic Out-closeness 19.21 -3.90 
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Appendix C.  Annual reproductive success vs. affiliative social attributes in adult 

females 
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Appendix D.  Annual reproductive success vs. agonistic social attributes in adult 

females 
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Appendix E.  Log10 transformed annual reproductive success vs. affiliative social 

attributes in adult males 
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Appendix F.  Log10 transformed annual reproductive success vs. agonistic social 

attributes in adult males 
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Appendix G.  Log10 transformed Fleas/kg vs. affiliative social attributes for all 

age-sex groups combined 

 



 

96 

Appendix H.  Log10 transformed Fleas/kg vs. agonistic social attributes for all 

age-sex groups combined 
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Appendix I.  Gut parasite diversity vs. affiliative social attributes in adult females 
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Appendix J.  Gut parasite diversity vs. agonistic social attributes in adult females 

 

 



 

99 

Appendix K.  Gut parasite diversity vs. affiliative social attributes in adult males 
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Appendix L.  Gut parasite diversity vs. agonistic social attributes in adult males 
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Appendix M.  Gut parasite diversity vs. affiliative social attributes in yearling 

females 
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Appendix N.  Gut parasite diversity vs. agonistic social attributes in yearling 

females 

 

 



 

103 

Appendix O.  Gut parasite diversity vs. affiliative social attributes in yearling 

males 
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Appendix P.  Gut parasite diversity vs. agonistic social attributes in yearling males 
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Appendix Q.  Log10 transformed Fecal GCM levels vs. affiliative social attributes 

in adult males 
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Appendix R.  Log10 transformed Fecal GCM levels vs. agonistic social attributes 

in adult males 
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Appendix S.  Log10 transformed Fecal GCM levels vs. affiliative social attributes 

in adult females 
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Appendix T.  Log10 transformed Fecal GCM levels vs. agonistic social attributes 

in adult females 
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Appendix U.  Log10 transformed Fecal GCM levels vs. affiliative social attributes 

in yearling females 
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Appendix V.  Log10 transformed Fecal GCM levels vs. agonistic social attributes 

in yearling females 
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Appendix W.  Log10 transformed Fecal GCM levels vs. affiliative social 

attributes in yearling males 
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Appendix X.  Log10 transformed Fecal GCM levels vs. agonistic social attributes 

in yearling males 
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