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Abstract
1. The social decisions that individuals make, in terms of where to move, who to interact with and how frequently, scale up to generate social structure. Such structure has profound consequences: individuals each have a unique social environment, social interactions can amplify or dampen individual differences at the population level, and population-level ecological and evolutionary processes can be governed by higher-level ‘emergent properties’ of animal societies.
2. Here we review how explicitly accounting for social structure in animal populations has generated new hypotheses and has revised existing predictions in ecology and evolution. That is, we synthesize the insights gained by applying ‘network-thinking’ rather than the utility of applying social network analysis as a methodological tool. 
3. We start with what has been learned about the generative mechanisms that underpin social structure. We then outline the major implications that social structure has been found to have on population processes, on how selection operates and organisms can evolve, and on co-evolutionary dynamics between social structure and population processes. Finally, we highlight areas for which there is clear evidence that accounting for social structure will refine current thinking, but where examples remain scarce.
4. Applying ‘network thinking’ in biology presents not only new challenges, but also many opportunities to advance different areas of research. Addressing the question of how social structure changes the biological relationships linking individuals to populations, and populations to processes, is revealing commonalities across scientific disciplines. In doing so, animal social networks can bridge otherwise disparate research topics and, in the future, we hope will allow for more unified theories in biology.
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1. Introduction

Social interactions are an important component of an animal’s environment and can have fitness consequences (Alberts 2019). What makes the social component of the environment important is that it is unique for each individual—while two individuals can be in the same place at the same time, and thus experience the same physical conditions, they each have a different social environment. Individuals animals can vary intrinsically in their tendency to form and maintain social contacts (Aplin et al. 2015b). As they move and interact with the same or new individuals, they then generate a longitudinal and ever-growing web of interactions. These interactions can then shape their future trajectories. Explicitly accounting for the structure of the social environment—how it is formed, maintained, and its consequences—represents a foundational shift in biological thinking that has generated a new and deeper understanding that transcends disciplinary boundaries in ecology and evolution (e.g. Kurvers et al. 2014). 

The application of network thinking in biology has a surprisingly long history (see Section 2). From a mechanistic perspective, studies have revealed how early-life developmental conditions affect social decisions, how relatedness drives social interactions, how the social landscape shapes individual movements and dispersal (see Section 3). Because social structure emerges from the combined behaviours of all individuals in a population, minor differences in how individuals make decisions in a social context can easily produce consistent differences in social position. This can arise without any need for specific individual-level social strategies (Firth, Sheldon & Brent 2017). These can then be further enhanced if there are any feedbacks between an individual’s behaviour, or state, and how others behave towards it (Farine 2017; Kulahci & Quinn 2019). Social structure can also have consequences for many processes, in particular the transmission of diseases and information, the stability and resilience of the social environment, and the emergence of complex behaviours such as cooperation (see Section 4). Social structure can also form the substrate for evolution, shaping individual fitness, how selection operates on phenotypes, and whether organisms can evolve in response to selection (see Section 5). Finally, the ability for individuals to respond to selection by changing their behaviour or patterns of social interactions reveals the potential for co-evolution between social structure and social processes, via cultural inheritance or through host-parasite interactions (see Section 6). 

Here we review topics where accounting for social structure has provided new biological knowledge or changed existing theoretical predictions in organismal biology. We outline these key insights, and thus focus our synthesis on the biology rather than the application of the methods per se. After grounding our synthesis in the generative mechanisms of animal social structure and its implications, we then highlight new prospects: research topics where evidence suggests that social structure is important but where it remains rarely accounted for. Finally, we highlight three common properties that are repeatedly reported as having biological importance: assortment (the propensity for organisms to associate or interact with phenotypically similar vs. different individuals), clustering (the propensity to be connected to others that are connected to one-another), and individual variation in connectedness (differences in the propensity for organisms to be connected with others or not). 


2. A brief history of the study of animal social structures

In the late 19th century, the seminal work by Espinas (1878) established the first landmark in the study of animal societies. In synthesizing the sparse existing knowledge at the time, Espinas pioneered a comparative evaluation that, importantly, recognized that animal societies are not a random collection of individuals, but distinct sets of individuals that are underpinned by repeated interactions among them. His revolutionary insights about how animal social structure can vary according to the ecological context are still being appreciated today. A second turning point occurred in the early 20th century, this time driven by research on motivational and physiological causes of behaviour that put non-human animal sociality on the map. This early ethological approach was later questioned by researchers concerned with the interplay between genetic, ecological and social factors in producing social structures. The field then took an evolutionary turn, from the 1950s onwards, when primatologists and anthropologists engaged in their quest to find common origins in humans and non-human sociality (e.g. Crook 1970). During the 1960s to mid 1970s, the study of animal social structures was heavily influenced by social psychologists, who put focus on the role that individuals play in their social environment. 

The seminal work by Wilson (1975) (re)defined the field of sociobiology by bridging many of the existing concepts and methods, and by formally adding an important concept to the mix: adaptation. In the 1970-80s, sociometry shifted the focus from the individual to dyadic relationships. The conceptual framework by Hinde (1976) consolidated the sociometric approach to synthesize behavioural interactions among individuals as social relationships that underpin an emergent social structure. In the late 1970s to late 1990s, what was traditionally a primate-centered research area was considerably expanded by theoretical advances and empirical studies in non-primate taxa—notably ungulates, birds and cetaceans—which capitalized on computational advances allowing more sophisticated quantitative methods (for a detailed history, see Whitehead 2008; Hasenjager & Dugatkin 2015). 

A major advance from the body of work on animal behaviour was the integration of two disparate perspectives on behaviour: the bottom-up ethological approach concerned with its causation to its evolution, and the top-down behavioural ecology approach concerned with its functions and fitness consequences. More recently, network theory has provided useful tools for bridging these two perspectives in the study of animal social structure (see Figure 1.4 in Whitehead 2008), leading to major advances in the study of social animals over the past two decades. The visual and analytical toolkit for grasping the complexity of social structures has attracted researchers interested in a range of taxa. Network thinking quickly became popular for allowing the formal integration of Hinde's framework to map animal interactions across levels of organization (e.g., individuals, dyads, groups and populations), types (e.g. aggressive, affiliative, sexual), and contexts, through time. Moving beyond the early descriptions of higher-order interaction patterns within and between animal groups, the network approach allowed researchers to test increasingly refined hypotheses—on the emergence of social structures, their underlying drivers, and their functions in evolutionary and ecological processes. One key resulting insight is that structured social connections among individuals are ubiquitous across species. This insight underpins a major conceptual shift away from the prior assumption that animal populations are free-mixing, thus meaning that network theory continues to steer studies of animal societies (Webber & Vander Wal 2019).


3. Mechanisms that generate social structure
The widespread evidence for social structure and consistent differences among individuals in connectedness entails the presence of generative mechanisms. A growing body of evidence is revealing that a multitude of factors, some intrinsic and others extrinsic, are responsible.

3.1 Developmental effects
Early-life conditions have been consistently found to modulate later-life social behaviour. For instance, zebra finch (Taeniopygia guttata) nestlings exposed to stress develop more gregarious social phenotypes, maintaining a greater number of social partners but choosing partners more randomly (Boogert, Farine & Spencer 2014; Brandl et al. 2019). Stress-induced changes in social preferences can also be reflected in their later social learning strategies (i.e. who they learn from, Farine, Spencer & Boogert 2015) and in their acquisition of courtship behaviours expressed as adults (i.e. the song that juvenile males learn, Boogert et al. 2018). One hypothesis for why stress physiology has been co-opted as a signalling pathway to shape behaviour is to allow information about the natal environment to be transmitted across generations. For example, the offspring of female rats (Rattus rattus) exposed to chronic stress engage in fewer high-value social interactions (e.g. grooming) later in life (Babb et al. 2014), while the offspring of female three-spined sticklebacks (Gasterosteus aculeatus) exposed to a predator cue during egg development express more gregarious phenotypes, presumably promoting greater dilution benefits to offspring born into higher-risk environments (Giesing et al. 2011). 

The mechanisms that underpin such inter-individual differences in social behaviour are also becoming clearer. From a neurobiological perspective, the early-life social context of an individual can influence its expression of the neuropeptides oxytocin and vasopressin (Veenema 2012), which are important for the expression of social behaviours. Zebra finches whose vasotocin production was experimentally knocked down expressed reduced gregariousness (Kelly et al. 2011) and increased aggression (Kelly & Goodson 2014). Further, oxytocin plays a central role in the formation and maintenance of higher-level cooperative interactions, such as food sharing (Wittig et al. 2014; Carter & Wilkinson 2015). 

3.2 Relatedness
Associating with kin is a double-edged sword in evolutionary biology. On the one hand, it provides opportunities for inclusive fitness; on the other, it can increase competition, which can cancel out benefits of helping kin (West, Pen & Griffin 2002), and the potential risk of inbreeding. Thus, social structure is expected to be shaped by kin structure. This can arise via spatial processes; in most species the young of one sex disperse sufficiently far to reduce the chances of encountering related individuals (Clobert 2012). Alternatively, offspring can disperse strategically such that they are more likely to encounter kin. For example, long-tailed tits (Aegithalos caudatus) that fail to breed themselves help a neighbouring nest to raise their young without requiring kin discrimination, as neighbours are more likely to be closely-related than expected by chance (Leedale et al. 2018). Many species, such as Australian sleepy lizards (Tiliqua rugosa), show kin avoidance even when they spatially overlap (Godfrey et al. 2014), while other species, such as sperm whales (Physeter macrocephalus), can preferentially associate with kin within the context of a social unit (Konrad et al. 2018). How strongly biased social contacts are towards or away from kin, or how genetically assorted a population is, will determine whether kin selection arises, which has important consequences for the evolution of cooperative breeding (Hatchwell 2009; Green & Hatchwell 2018). Beyond relatedness, individuals can also have preferences for conspecifics with traits that either match or differ from their own, known as phenotypic assortment (Farine 2014), and such preferences are central to social evolution (McDonald et al. 2017).

3.3 Dominance
Animal societies are often structured by dominance relationships, which are generated by repeated agonistic interactions and delineate priority access to resources. Rank within the dominance hierarchy can be determined by individual attributes (Drews 1993), such as size, age or sex, or by social factors, such as winner-loser effects (Chase et al. 2002). Dominance hierarchies are often transitive in nature (Shizuka & McDonald 2015). As a consequence, dominance interactions are not random among group members (Chase et al. 2002), and individuals can have strategies, such as to interact more with those that are closer to their own rank and very little with those that are much higher- or lower-ranked (Hobson & Dedeo 2015). This differential expression of aggression can then lead to dominance-related spatial assortativity of individuals where group members position themselves closer to, or further from, each other as their difference in rank decreases (Hemelrijk 2000). Agonistic interactions that are necessary for maintaining dominance status can, in turn, influence proximity and affiliative behaviours (Shizuka & McDonald 2012). For example, because of their value as social allies, high-ranking rhesus macaques (Macaca mulatta) are often disproportionately the recipients of affiliative behaviours (Snyder-Mackler et al. 2016). Gaining further insights on the dynamic links between dominance, affiliation, and spatial proximity, and when these are correlated or not, opens up a more holistic approach to understanding the emergence of organised animal societies.

3.4 Dispersal
Dispersal—the departure from one site, transient movements, and settlement at a new site—is the primary driver of gene flow and connectivity across populations (Bowler & Benton 2005). Individual dispersal to, and subsequent reproduction in, newly-settled environments also shapes finer-scale social structure. For example, if there are ecological constraints on dispersal, this can generate kin-structured or genetically assorted populations, which are considered to be important for the emergence of cooperative breeding (Hatchwell 2009; Green & Hatchwell 2018). Conversely, social structure can also have consequences for individuals’ dispersal decisions. By increasing competition for resources, local density can determine when individuals disperse and where they disperse to (Maag et al. 2018). More fine-scale patterns of social structure, such as aggressive (Christian 1970) and affiliative (Bekoff 1977) interactions, can also underpin decisions to disperse or not. In yellow-bellied marmots (Marmota flaviventris), individual differences in social relationships determine who disperses and how far, with females that are more socially-embedded in their natal group being less likely to disperse (Blumstein, Wey & Tang 2009). Social interactions can also influence patterns of settlement. In songbirds, winter associations predict breeding proximity and territorial placement in the following spring (Firth & Sheldon 2016). Similarly, in group-living birds (Williams & Rabenold 2005) and primates (Cheney & Seyfarth 1983), individuals often disperse between neighbouring groups. Finally, social structure can determine how difficult new social environments are to penetrate. In dispersing rock hyraxes (Procavia capensis), some groups are more resistant to immigrants if the addition of a group member disrupts otherwise stable social associations (Ilany et al. 2013).

The transience stage of dispersal provides an opportunity to understand how animals’ dispersal decisions are directly shaped by social structure. Entry and integration into new social environments can be protracted, during which time individual mortality is potentially much higher (Bonte et al. 2012), thus increasing the significance of selective pressures acting on transience behaviours. When evicted from their natal group, dispersing cohorts of Kalahari meerkats (Suricata suricatta) move by avoiding territories of unrelated groups (Cozzi et al. 2018). The success of these dispersal movements is also based on demographic traits of the entire cohort, including group size and the presence of both sexes (Cozzi et al. 2018). Explicitly relating the mechanisms of dispersal to social structure, and the feedback of structure onto individual decisions, remains a promising but underexplored area for future research. 

3.5 Extrinsic factors
In natural environments, the spatial arrangement and density of habitat components (e.g. physical structures, resources, or mates) are usually heterogeneous. Because social structure is fundamentally shaped by where animals move and who they encounter, the arrangement of habitat components can directly shape the structure (He, Maldonado-Chaparro & Farine 2019) and dynamics of animal populations (Morales et al. 2010). For example, by spatially structuring the movement of animals, habitat components can generate and maintain a consistent multi-level social structure, where smaller communities are embedded in larger communities, that is stable across generations (Farine & Sheldon 2019).

Spatial heterogeneity in habitat components can drive differences in social structure across populations. For example, manipulating the habitat structural complexity funneled the movements of otherwise non-gregarious sleepy lizards along particular paths, thus increasing social connectivity (Leu et al. 2016). By contrast, complex habitats spatially segregate schools of three-spined sticklebacks (Gasterosteus aculeatus), thus decreasing social connectivity (Webster et al. 2013). Habitat components can also determine group-level movements. For example, wild baboon (Papio anubis) movements are governed by long-range attraction to resources and short-range preferences for open habitats and roads, even if on a moment-by-moment basis they respond to the location of others in their troop (Strandburg-Peshkin et al. 2017).


4. Consequences of social structure for population processes
Because many social processes rely on connections or interactions among individuals, their outcome is inherently linked to the structure of these connections, such as whether populations are clustered. Thus, social structure provides the substrate through which populations acquire disease and/or information, or whether they develop and maintain particular social behaviours.  

4.1 Disease transmission 
A fundamental concept in epidemiology is the basic reproductive rate (Macdonald 1952), which is defined as the mean number of secondary infections in a susceptible population, resulting from contact with a single infected individual during its infectious period. The assumption of a free-mixing population (or mass-action) in epidemiological models, however, ignores that most animal populations are structured both by social preferences and variation in spatial overlap. Such structure results in some parts of the population where an infectious disease can spread rapidly, while other areas remain free of infection, generating local correlations in infectious state. Thus, the reproductive rate typically misestimates the rate of spread in structured populations (Keeling 1999). The difference in spread between free-mixing and structured populations will depend on the specific structural properties of the population. In particular, populations that exhibit greater clustering (i.e. sets of individuals that share common contacts among themselves and fewer contacts with others) promote the local spread of disease, but can dramatically slow down (or completely prevent) spread at the population-level (Keeling 2005). At the local level, variation in patterns of interactions among individuals can provide a mechanistic basis for explaining how and why some individuals contribute disproportionately to spread (Adelman et al. 2015), such as when 20% of individuals contribute 80% of the transmission events (Woolhouse et al. 1997). 

Population social structure is therefore crucial to disease epidemiology and, as a result, disease dynamics are likely to differ widely across taxa. For example, species that have strongly-differentiated relationships (i.e. hierarchies) are most susceptible to long-lasting outbreaks of low-transmissibility infections (Sah, Mann & Bansal 2018), whereas age structure can maintain herd immunity and thus reduce infection risk (Wanelik et al. 2017). While structure clearly determines spreading dynamics, diseases themselves can feed back onto social behaviour, such as when individuals change their behaviour as they become infected. For example, immune-challenged wild house mice (Mus musculus domesticus) reduce their connectivity to others and slow down spread (Lopes, Block & Konig 2016), while European badgers (Meles meles) infected with bovine tuberculosis increase connections to different social groups, potentially facilitating spread (Weber et al. 2013). Such findings highlight the important temporal component to disease spread, which is rarely accounted for. 

The link between social structure and disease transmission can be relatively cryptic. For example, among giraffes (Giraffa camelopardalis), pathogen transmission is more likely to occur among socially connected giraffes than those that shared water-hole (VanderWaal et al. 2014). Further, parasite transmission is not restricted to direct contacts, but can also occur through indirect connections (e.g. by shared space use). For example, the transmission of gastrointestinal helminths among Eastern chipmunks (Tamias striatus) can be temporally decoupled, by one or two weeks, from social contacts due to the life-cycle of the parasite (Grear, Luong & Hudson 2013). By shaping the pathways and parameters of disease transmission, social structure can also act as a selective agent not only on host traits but also on pathogen traits (such as virulence and infectiousness).

4.2 Information transmission
Animals often use information from others when making decisions in different contexts, including foraging, habitat choice, and predator avoidance. However, individuals rarely have access to all other individuals in their population, thus highlighting the importance of considering social structure for the spread of information (Aplin et al. 2012). A key benefit to studying information transmission is that it allows experimental manipulations in the wild of both information availability and social structure. Such experiments can distinguish between correlational vs. causal relationships between the observed social structure and information diffusion dynamics. For example, manipulating the connections among individual songbirds (tits; Paridae spp.) changes the pathways of information transmission (Firth, Sheldon & Farine 2016). How information spreads also depends on how accessible it is to others: information might be communicated intentionally to a specific receiver, or provided inadvertently and spread via social attraction and local enhancement. For example, both tits and chimpanzees (Pan troglodytes) consider their social environment when making decisions about producing vocal information (Kalan & Boesch 2015; Hilleman et al. 2019). However, the mechanisms of information production are not well understood, especially how signaling behaviour relates to social structure. 

Information transmission further differs from disease transmission because individuals can make decisions about whether to use information, or about who to copy. This can lead to changes in the mode of transmission. For example, juvenile zebra finches that experience developmental stress switch from using information from parents (vertical transmission) to copying unrelated adults (oblique transmission) (Farine, Spencer & Boogert 2015). Animals have also been widely observed to show copying biases (known as ‘social learning strategies’, Laland 2004), such as copying more dominant individuals (Kendal et al. 2015). Further, the transmission of information does not always follow a one-contact to one-spread rule (‘simple contagion’), but might require more than one contact, and social reinforcement via multiple interaction partners (‘complex contagion’). Complex contagion fundamentally alters the properties of transmission through structured populations. Whereas clusters of highly interconnected individuals impair transmission in simple contagion processes, transmission via complex contagion is facilitated by clustering among individuals, as found in the startle responses in schools of golden shiners (Notemigonus crysoleucas) (Rosenthal et al. 2015). 

Individuals are often faced with multiple information options, such as different behaviours being performed by others. The decisions that individuals make in these situations can have ramifications for the properties of the population. If individuals choose to use information from specific individuals (e.g. dominants), such biases can constrain information spread if there is a mismatch between who innovates (e.g. subordinates) and who is copied. If individuals bias their learning towards a more common behaviour then this variant can become entrenched in the population. In structured societies, this can produce stable behavioural traditions (Aplin 2016). For example, different sub-populations of great tits (Parus major) can maintain differences in socially-learned foraging behaviours across multiple generations (Aplin et al. 2015a), despite extensive demographic movement (Somveille et al. 2018). Individual tits (Aplin et al. 2015a) and vervet monkeys (Chlorocebus aethiops) (van de Waal, Borgeaud & Whiten 2013) that move between groups with different foraging behaviours will switch to match local traditions, highlighting a feedback between social information and individual behaviour. This can, for example, result in social structure exhibiting assortment by behaviour.

4.3 Cooperation
Cooperating involves providing benefits to social partners but at a cost, and how cooperation evolves and is maintained in animal populations remains a puzzle. This question has sparked extensive debate on the relative merits of competing theories: inclusive fitness, multilevel selection, reciprocity, and biological markets (West, Griffin & Gardner 2007b). These theories differ from one another, but all imply that some social structure is necessary for cooperation to exist at the group or population level. With so many evolutionary explanations for cooperative traits, the question is no longer “why does cooperation exist?” but rather “which mechanisms are involved and what is their relative importance?

Non-random interactions can provide the simplest explanation for the maintenance of cooperation (Fletcher & Doebeli 2009): if individuals with a greater tendency to cooperate exclusively associate among themselves (i.e. they assort), they lower the risk of defection or invasion by non-cooperators (Apicella et al. 2012; Marcoux & Lusseau 2013). Considering social structure allows for a better mechanistic understanding of the evolution and maintenance of cooperation. For example, cooperation can be favored by strong pairwise social ties (Allen et al. 2017) but disfavoured in populations with a high density of social connections because these are more easily invaded by non-cooperators (Ohtsuki et al. 2006). An obvious factor promoting cooperation is kin structure, which can allow individuals to benefit by helping others with whom they share genes (Hamilton 1964). Such structure does not have to be attributed to complex processes, as assortment among kin can simply be the result of limited dispersal.

Cooperation can also be established and maintained by dynamic processes, such as via conditional partner choice and partner control. If individuals monitor their experiences with others (or observe the interactions among others), they can choose cooperative and avoid non-cooperative partners, reward cooperative actions, and punish defectors (West, Griffin & Gardner 2007a). Cooperation between species (i.e. no kin selection) provides some of the clearest insights into the feedbacks between repeated interactions and cooperative investment. For example, in cleaner-client fish mutualisms, small cleaner fish eat ectoparasites and dead skin off larger client fish, but can also cheat by eating mucus or live tissue. Both cleaners and clients perform behaviours that enforce cooperation by switching partners, punishing cheats, and avoiding partners that they observe cheating (Bshary & Grutter 2005). Cleaners remember when, where, and how they interacted with various clients (Salwiczek & Bshary 2011), and behave more cooperatively when observed by non-resident clients, highlighting a dynamic link between social structure and cooperative behaviours. Cleaners even engage in third-party punishment, punishing other cleaners that cheat their clients (Raihani, Grutter & Bshary 2012), suggesting that the broader social environment can play a role in shaping how much individuals benefit from their cooperative actions. 

4.4 Social stability and resilience
Social stability is characterised by the persistence of relationships among individuals. Stability is widespread in social systems (Shultz & Dunbar 2007), suggesting that there are mechanisms to maintain it (Beisner et al. 2011) and that there are cost to the contrary state: instability (Maldonado-Chaparro et al. 2018a). Social groups fluctuate over time due to demographic processes (birth, death, emigration, immigration) leading to permanent changes in their size and composition that can impact social stability. For example, the loss of a key individual can destabilize the dominance hierarchy (Flack et al. 2006). Such dynamics can also affect the social structure of a group and other components of the social system, such as mating and parental care (Ebensperger et al. 2017). Abrupt changes in social structure, caused by internal or external disturbances, can shift social systems away from relatively stable conditions and can have consequences for the persistence of populations.
 
Social instability can impact the expression of cooperation and coordination. For example, vampire bats (Desmodus rotundus) that are transferred to a new group receive fewer food donations than those that stay in their original groups (Carter et al. 2019). In degus (Octodon degus), the propensity for non-related females to engage in alloparental care, and resulting offspring growth, decreases when group membership is disturbed (Ebensperger et al. 2017). Non-related female greater anis (Crotophaga major) that remain in the same cooperatively-breeding group across seasons have better reproductive synchrony and coordination, and greater fledging success (Riehl & Strong 2018). Temporary splits in zebra finch (Taeniopygia guttata) colony membership negatively affect efficiency at performing a collective task by disrupting the social relationships among colony members (Maldonado-Chaparro et al. 2018a). Thus, understanding the costs borne from social instability can reveal the mechanisms that promote the evolution of stable group-living.
 
Environmental disturbances can change social structure. For example, habitat loss from fire causes red-backed fairywrens (Malurus melanocephalus) to become more densely connected (Lantz & Karubian 2017). Similar consequences of environmental disturbances have been detected at the level of ecological communities. For example, in areas with greater habitat fragmentation, the frequency of associations among species in mixed flocks declines (Mokross et al. 2014) and in areas subject to illegal catching (the bird trade) the structure of the mixed flocks is disrupted (Marthy & Farine 2018). Sociality can also buffer the effects of environmental perturbations. For example, larger groups are more resilient than smaller groups to the targeted removal of individuals (Naug 2009) or breaking of social ties (Cantor & Farine 2018), because larger groups have more redundant social connections and more opportunities to (re-)form new connections. Identifying how animal groups cope with disturbances can contribute to the understanding of how animal societies function.


5. Selection and evolutionary processes
Individual differences in connectedness can have fitness consequences. Like many traits, these consequences can be the direct result of how individual differences interact with the environment (e.g. an individual in a larger group has more diluted risk of predation). However, social structure can also generate fitness consequences via the relative fit of an individual’s trait value to its social environment (for example, predation risk is greater if a bright individual is associated with dull individuals than if it is associated with other bright individuals—or assorted). How social structure modulates selection has profound consequences for evolution.

5.1 Social position and fitness
An individual’s position within its social environment is defined by its direct and indirect connections. Differences in social positions can determine social support or access to resources, and therefore can have consequences on fitness outcomes. For instance, female chacma baboons (Papio ursinus) that have the strongest and most stable relationships live longer and have higher offspring survival than females with weaker and less stable relationships (reviewed in Alberts 2019). Similarly, female feral horses (Equus ferus) with stronger relationships also have higher birth rates and foal survival (Cameron, Setsaas & Linklater 2009). Male Assamese macaques (Macaca assamensis) that have strong social relationships with other males sire more offspring (Schulke et al. 2010). Finally, female vampire bats with more food-sharing bonds are less likely to starve if they have failed to feed (Carter, Farine & Wilkinson 2017). Indirect connections, though less apparent than direct connections, can also impact fitness. In long-tailed manakins (Chiroxiphia linearis), early network connectivity predicted later social rise in males (McDonald 2007). Young male bottlenose dolphins (Tursiops sp.) that are better embedded into the juvenile social community have a higher probability to survive (Stanton & Mann 2012). Similarly, adult female rhesus macaques (Brent et al. 2013) and chacma baboons (Cheney, Silk & Seyfarth 2016) with strong connections to other well-connected adults also have higher infant survival. 

While the above studies highlight how higher social connectivity can increase fitness, being more connected can also be disadvantageous. For example, in yellow-bellied marmots (Marmota flaviventer), highly connected individuals have shorter lifespan and are less likely to survive over winter (Yang, Maldonado-Chaparro & Blumstein 2017). As such, there are still questions about the underlying mechanisms that mediate the link between fitness and sociality (Ostner & Schulke 2018), and exactly how selection operates on social position. What is the relative importance of a few strong vs. multiple weak bonds (Silk, Seyfarth & Cheney 2018), or of direct vs. indirect connections? Further, how is variation in social position maintained? The link between social position and fitness has to be interpreted carefully, as it might be a by-product of other fitness-related traits. For example, in forked fungus beetles (Bolitotherus cornutus), highly aggressive males have higher fitness (Formica et al. 2012). However, aggression is also associated with being more strongly connected to others, and thus may lead to incorrectly identifying the resulting social position as a target of selection (Formica et al. 2012). Further, while male beetles benefit from groups that are disassorted by horn length (Formica et al. 2011), group membership does not appear to be determined by individuals’ social decisions because, by definition, small groups will be negatively assorted (McDonald et al. 2017). Thus, questions remain about whether apparent individual fitness benefits can be selected upon via the social environment when there is no active process generating social structure.

5.2 Sexual and social selection
Selection that is mediated by the interaction between a focal individual’s phenotype and the phenotypes of its associates is known as social selection. The theory of social selection postulates that social competition in a variety of contexts—not necessarily mating behaviour—can favour the evolution of both social and non-social traits, such as different types of ornaments, weapons and behaviours (West-Eberhard 1979). Thus, interactions with conspecifics can shape evolutionary processes by creating variation among individuals in their relative fit to their social environment. For example, male house finches (Carpodacus mexicanus) with less elaborate plumage can increase their relative attractiveness by moving more often between flocks (Oh & Badyaev 2010); while dispersing great tits (Parus major) that arrive late are less likely to acquire a territory unless they associate with other late-arriving individuals (Farine & Sheldon 2015). Such differences in fitness can translate into selection gradients if the focal phenotype and the characteristics of the social environment co-vary (e.g. assortment of late and early arriving birds). Thus, assortment by phenotype within a population can have important implications for the evolution of traits.

The best-known form of social selection is sexual selection (Lyon & Montgomerie 2012). Sexual selection generally assumes that all males compete against all other males, and that females assess all potential mates. However, populations are structured and vary in both space and time, causing variation in competitive environments and mate availabilities among individuals (McDonald et al. 2013). Local differences in density and operational sex ratio can generate differences in the strength and direction of sexual selection on male morphology (Kasumovic et al. 2008), while variation in the composition of the social environment can impact the mating success of all individuals present (reviewed in Farine, Montiglio & Spiegel 2015). Individuals can also assort based on differences in mating behaviour. If males that mate with many females also tend to mate with the most polyandrous females, then males who have the greatest copulation success also suffer from the highest intensity of sperm competition, thus generating post-copulatory sexual selection. By contrast, if males that mate with many females tend to mate with more monogamous females, then males compete via mate choice, generating pre-copulatory sexual selection (McDonald & Pizzari 2018). These insights highlight how quantifying fine-scale social structure, or specifically recording patterns of mating interactions, can reveal how sexual and/or social selection operate. 

5.3 Social evolution
The relative merits of multilevel selection theory (where selection can operate both among individuals and among groups) versus inclusive fitness theory (individual-level only) remains one of the most fiercely debated topics in evolutionary biology. It has been suggested that explicitly considering social structure can help generate new insights into, and therefore move beyond, this old puzzle (Lion, Jansen & Day 2011). Can differences among groups play a role in evolution? There is growing evidence that individuals can shape—and be shaped by—their social environment. Explicitly quantifying this feedback can help to reveal the relative importance of different levels of selection (Fisher & McAdam 2017), and their ecological (or mechanistic) bases (Pruitt et al. 2018). For example, if the consequences of social interactions are mediated by a genetic component in the individuals, the social interactions can provide an additional source of heritable genetic variance (Agrawal, Brodie & Wade 2001). In such cases, population structure can generate emergent variation in the social environment that each individual experiences, which is correlated among connected individuals (i.e. assortment), thus generating ‘between-group’ differences on which selection can act (Montiglio, McGlothlin & Farine 2018). Studies in biofilms provide some of the best current evidence for the links and feedbacks between interactions, social structure, and social evolution. For example, spatial structuring among lineages (i.e. assortment) generates local variation in growth rates, reinforcing spatial structuring and strengthening between-group competition (Nadell, Drescher & Foster 2016). Studies in mixed-species populations of vertebrates are capable of yielding similar insights by explicitly partitioning out selection arising directly through inter-individual interactions from those arising through kinship (Farine, Garroway & Sheldon 2012).


6. Co-evolution between social processes and social structure
Social structure is rarely fixed, and organisms can adapt their social behaviour in response to their environment. Organisms can also evolve changes in traits very rapidly. If social structure responds to selection arising from conspecific (e.g. knowledge) or heterospecifics traits (e.g. the virulence of a pathogen), and these traits respond to social structure, then social processes (e.g. the spread of information or disease) and social structure could potentially co-evolve.

6.1 Culture
Behaviours that are socially-learned, shared within subgroups of the population and persist over time are recognized as culture. Cultural transmission represents a fast, secondary means of inheritance, besides genetic inheritance (Whiten 2017). Social learning therefore has the potential to modify individuals’ niches, modulate fitness, and shape genetic evolution. However, evidence for animal culture has been hotly debated (Laland & Galef 2009). Considering the role of social structure in the diffusion of learned behaviours has provided a clearer mechanistic understanding of, and evidence for, the process of cultural transmission (Allen et al. 2013; Aplin et al. 2015a). Further, it reveals the potential for culture to underpin co-evolution between transmission processes and social structure. Social structure determines how information spreads between individuals through social learning, and social learning can, in turn, determine their propensity to associate (Cantor & Whitehead 2013).
 
Social structure can play a role in determining the population-level outcomes of social learning. In theory, populations with longer potential transmission pathways connecting individuals (e.g. where information has to take more steps to reach every individual in a population) experience lower speed, fidelity and robustness of information transmission (Whiten & Mesoudi 2008). The propensity for learning errors to accumulate in longer transmission chains can then promote behavioural diversity (Slater 2003; Whitehead & Lusseau 2012). Structured societies are also more likely to maintain persistent variations in behaviours among sympatric individuals. For example, orcas (Orcinus orca) and sperm whales (Physeter macrocephalus) that live in stable social groups display extensive intra-population, group-specific repertoires of acoustic, foraging and social behaviours that are maintained over generations (Whitehead & Rendell 2014). 
 
Culture can then shape social structure by modulating the propensity for individuals to interact (Cantor & Whitehead 2013). Social learning can enhance social cohesion among individuals with the same traits by allowing them to synchronise and coordinate their activities (Coussi-Korbel & Fragaszy 1995). Through such behavioural matching, the more individuals interact, the more opportunities they have for observing and copying each other, thus reinforcing behavioural homogeny. This process can thus stimulate the formation of stable groups within otherwise mixed populations according to behavioural repertoires. For example, populations of bottlenose dolphins are often divided into social communities with distinct foraging tactics (Daura-Jorge et al. 2012; Mann et al. 2012). If individuals remain and reproduce in the same group, populations can then become kin-structured (Cantor & Farine 2018). The same principle of assortativity by learnt behaviours can potentially drive genetic evolution as well, but evidence remains confined to cetaceans (Foote et al. 2016; Whitehead 2017). More empirical work is needed to confirm if and when such two-way interactions between animal social structure and culture take place.

6.2 Host-pathogen
Host resistance and pathogen virulence are textbook examples of co-evolutionary forces—increasingly virulent pathogens select for more resistant hosts. However, sociality presents an alternative medium through which organisms can respond to costly pathogens. How individuals change their behaviour to avoid pathogens, or their impact(s), could lead to co-evolutionary dynamics between host social structure and pathogen characteristics. For example, by reducing the transmission rate of pathogens, clustering of social interactions can select for lower pathogen infectivity (Boots & Mealor 2007), lower pathogen virulence (Read & Keeling 2003; Prado et al. 2009), longer infection periods, and higher host resistance (Best et al. 2011). Thus, population structure can directly shape key parameters of infectious diseases that are related to both hosts and their pathogens.

Evolutionary changes in either host or pathogen parameters could also feed back onto social structure itself. Theory suggests that the relationship between pathogen prevalence, virulence, and host sociality is complex and, sometimes, counter-intuitive. In general, increasing pathogen prevalence drives an evolutionary decrease in host-host contact rates. However, if a pathogen is very prevalent or unavoidable (for example it is very easily transmitted), this can drive an increase in host-host contact rates (Bonds et al. 2005), because the costs of avoiding social contacts become excessively high. The co-evolutionary dynamics between host and pathogen parameters can potentially be cyclical (Prado et al. 2009). High host sociality facilitates rapid transmission of pathogens and evolution of higher virulence, which, in turn, drives a reduction in host sociality. As hosts evolve to have fewer contacts, selection on pathogens favours reduced virulence if hosts die before the pathogens can transmit. As virulence drops, host sociality increases, and the cycle continues. The specific structure of the population is important for the cycling dynamics. Clustered social interactions largely dampen cycling by protecting populations from high levels of virulence as pathogens are selected to maximise persistence (and hence eventual transmission) (Prado et al. 2009). 

From the perspective of studying animal social behaviour, one hypothesis for the evolution of social structure suggests that host-pathogen dynamics have driven the choice of social contacts (Freeland 1976). Specifically, do pathogens select for social clustering versus engaging in ‘outside’ contacts? In black ants (Lasius niger) challenged with a pathogenic fungus, individual-level changes in the patterns of social contacts generate an increase in transmission-inhibiting structural properties at the population- (or in this case colony-) level (Stroeymeyt et al. 2018). Many pathogens can also modify the behaviour of their host to their benefit (Poulin 2018), which could have direct consequences for social structure. A related question that has lacked detailed investigation is whether heterogeneity among individuals can affect co-evolutionary dynamics between hosts and pathogens. Individuals could vary in their infectiousness, in their contact rates, or in their infectious period (VanderWaal & Ezenwa 2016). If any of these parameters co-vary, such as a correlation between infectiousness and contact rates, then this could fundamentally alter the dynamics of disease in a given population.


7. New prospects
The implications of social structure on our understanding of evolution and ecology are likely to go far beyond existing areas of study. We also still know relatively little about the processes that generate structure, such as assortment and clustering, and the individual difference in connectedness therein. Thus, there remains many opportunities for new knowledge to be gained.

7.1 Social inheritance
Social inheritance is the process by which offspring inherit traits from their parents via the social environment. Theory suggests that social structure can emerge and be maintained across generations by a simple mechanism of preferential attachment between individuals: offspring have a higher probability of establishing relationships with their parents’ associates (Ilany & Akcay 2016b). This mechanism can help explain social clustering and heterogeneity of social interactions in species with very different social structures, such as the hierarchical societies of spotted hyenas, the cohesive female social units of the rock hyrax, the highly fluid societies of bottlenose dolphins, and the social patterns among the non-gregarious sleepy lizard.

Social inheritance can also underpin the transgenerational transmission of social roles (Ilany & Akcay 2016b; Cantor & Farine 2018). For example, African elephants (Loxodonta africana) live in multi-level, matrifocal, societies where the social bonds between the maturing young and the matriarch provide calves with opportunities to replicate the matriarch’s social environment (Goldenberg, Douglas-Hamilton & Wittemyer 2016). Similarly, in spotted hyenas, the amount of social support, rather than intrinsic attributes (e.g. strength and aggressiveness), explains the outcome of one-on-one interactions in the process of establishing dominance, and thus offspring social rank (Vullioud et al. 2019). In theory, social inheritance can also lead to phenotypic assortativity by causing individuals to interact with others that have similar traits. For example, individuals with similar personality can become assorted if they inherit the same social contacts (Ilany & Akcay 2016a). Despite its potential importance for how social structure emerges and is maintained, social inheritance remains almost completely unexplored.

7.2 Mating systems
Mating systems encompass the behavioural outcomes of individuals competing to maximize their reproductive success. Based on the identity and number of reproductive partners,  mating systems are classified into monogamy, polygyny, polyandry, promiscuity and polygamy. These patterns stem from two main factors, the spatiotemporal distribution of males and females, and the extent to which each sex invests in parental care. Populations of the same species can exhibit different mating patterns, suggesting that mating systems are flexible in response to different genetic and ecological factors (Emlen & Oring 1977). Individuals from different populations can also be embedded in different social environments, which can further influence their mating strategies. In birds, for instance, breeding density can modulate extra-pair reproductive investment (Westneat & Sherman 1997), and blue tits (Cyanistes caeruleus) have a greater propensity to engage in extra-pair mating with potential mates from closer territories (Schlicht, Valcu & Kempenaers 2015). Thus, there is a direct link between the social environment and the mating system.

Explicitly accounting for the structure of the social environment is necessary to accurately quantify the effects of mate availability and local competition on mating decisions (Maldonado-Chaparro et al. 2018b). That is, the effects on a given individual should be determined by the social environment it experiences rather than the average social environment experienced at the population level. Do individuals that are more socially connected to the opposite sex have more mates or less stable pair bonds (e.g. Culina, Hinde & Sheldon 2015)? And do individuals with more same-sex social connections (more competition) have fewer mates? Further, a male’s reproductive success will not only depend on his direct competitors, but also on females’ connections to their potential mates (McDonald & Pizzari 2018). Considering the fine-scale social structure of populations gives a new perspective on the study of mating systems.

7.3 Population ecology
Population ecology has traditionally focused on the factors that affect the distribution and abundance of natural populations. In addition to other ecological and environmental factors, social behaviour is recognized as a key characteristic influencing population and meta-population dynamics (Sutherland 1996). Social structure, and individual position therein, can have profound effects on individual fitness (Alberts 2019) and life history traits (Blumstein, Wey & Tang 2009), and can therefore affect population trends. Yet only a handful of population ecology studies have explicitly considered more detailed aspects of the social environment. For example, in alpine marmots (Marmota marmota), the number of helpers in the hibernaculum is positively correlated with over-winter survival (Grimm et al. 2003), and changes in the group size of meerkats (Suricata suricatta) determine the dynamics of female dispersal and birth rates (Bateman et al. 2013). While these examples focus specifically on group size, effects could also arise from other structural differences among groups.

Social structure serves as a fundamental link between individuals and population processes. Recognising that individuals within a population experience a unique social environment, and that this can determine their fate, is important to understand the mechanisms that underpin population growth. Thinking about sociality beyond density and the dynamics of group-size raises new questions. What is the contribution of, for example, well connected individuals to population growth? Are more or less socially-connected populations most susceptible to density-dependent effects? Can phenotypic assortment bias the operational sex-ratio and thus the breeding success of a population? In each of these cases, identifying the social trait that best describes trait-mediated demographic processes is, in itself, a question (Pelletier et al. 2007). Such questions highlight the many opportunities that are opened by explicitly considering social structure in studies of population ecology.

7.4 Predator-prey dynamics
A largely unexplored question is whether social structure can advance the understanding of the relationship between predators and their prey. It is clear that predation plays a major role in shaping group living. For example, individual predation events cause flocks of great tits (Parus major) to rapidly reconfigure (Voelkl, Firth & Sheldon 2016), while long-term predation pressure promotes more stable schools in Trinidadian guppies (Poecilia reticulata) (Heathcote et al. 2017) and drives more complex social interactions in cooperatively-breeding cichlid fish (Neolamprologus pulcher) (Groenewoud et al. 2016). Further, individuals’ positions within their social environment can shape their exposure to risk. For example, yellow-bellied marmots (Marmota flaviventer) at the periphery of a group alarm call more often (Yang, Maldonado-Chaparro & Blumstein 2017).  

There is also a growing body of work showing how social interactions between predators can drive the evolution of prey traits. Studies of great tits as predators illustrate how social interactions, in this case social learning, can reinforce the evolution of prey defences, such as aposematic warning signals (Landova et al. 2017; Thorogood, Kokko & Mappes 2018). However, there has yet to be detailed exploration of how social structure in predators and/or prey can feed back on each other. If social relationships in either predators or prey exhibit phenotypic structure (i.e. assortatively or disassortatively), then this could alter the ‘landscape of fear’ or the strength and direction of selection for different individuals (Pruitt et al. 2017). Hypothetically, if kin-structured prey populations exhibit within-group correlations in traits, this could generate non-random social or spatial structure in susceptibility to predation. If predators overlap with multiple prey groups, then the traits of one prey group could have an indirect effect on the predator pressure on another prey group (Montiglio et al. 2018). The interplay of social structures within and across trophic levels, and across meta-populations, should be a rich area for future research.

7.5 Collective movement and decision-making
Theory suggests that animals moving together as single entities maintain cohesion and coordination by following simple rules such as attraction, repulsion and alignment to other group members (Couzin et al. 2002). In species that maintain preferred relationships, individual social preferences can determine closest neighbours, and thus who individuals are most likely to interact with (Farine et al. 2017). In these cases, social structures can impact collective movement and decision-making. Simulations have suggested that preferential associations can generate sub-group formation, and cause more socially connected individuals to be closest to the group center (Bode, Wood & Franks 2011). In this way, social relationships can have direct consequences for fitness, such as by driving differential exposure to risk. 

Inter-individual relationships can also determine the influence that individuals have over collective movement and decision-making (Strandburg-Peshkin et al. 2018). For example, individual chacma baboons (King et al. 2011) and Geoffroy's spider monkeys (Ateles geoffroyi) (Palacios-Romo, Castellanos & Ramos-Fernandez 2019) that initiate movement are more likely to be followed by close associates. If followership is explained by relatedness or affiliations to others, then individuals that are more socially connected can be more influential by being more effective at recruiting a majority (Strandburg-Peshkin et al. 2015). Conversely, collective actions can also feed back onto affiliative behaviours, for example green woodhoopoes (Phoeniculus purpureus) increase allopreening rates after inter-group conflicts (Radford 2008).
 
As the spectrum of decision-making ranges from despotic to shared, could social structure predict where each population or species stands along this spectrum? Current empirical evidence is contradictory. For example, baboons have a linear dominance hierarchy, but different studies have found that they can either follow a leader (King et al. 2008) or share decisions (Strandburg-Peshkin et al. 2015). Simulations suggest that when group members are equally connected, influence is likely to be equally shared. By contrast, when all group members are disproportionately connected to one individual, that individual can emerge as a despot (Bode, Franks & Wood 2012). Combining data on short-term, moment-by-moment, movement interactions that generate collective actions and on long-term social processes that result in preferred associations is needed to generate a clearer picture of the feedback across these different temporal scales (Biro, Sasaki & Portugal 2016).

7.6 Physiology
Social relationships can potentially affect individuals’ physiology and health (House, Landis & Umberson 1988). In addition to modulating the risk of infection, social bonds could have positive health outcomes. Social support can mitigate stress responses (Fürtbauer & Heistermann 2016), facilitate coping with stressful events (i.e. ‘social buffering’, Kikusui, Winslow & Mori 2006), and decrease the susceptibility to infection (Sapolsky 2005). For instance, lactating chacma baboon females that are strongly connected to males have lower glucocorticoid levels when faced with newly immigrated, and potentially infanticidal, males (Engh et al. 2006). The absence of such social support (i.e. social isolation) can, in turn, have negative effects on health. For example, in greylag geese (Anser anser), a long-lived social species with monogamous pair-bonding, solitary confinement or mate-loss affects immuno-reactive corticosterone metabolites, percentage of red blood cells, and intestinal parasite loads (Ludwig et al. 2017).

The social environment can potentially explain a large proportion of variation in individual health. For example, primates’ microbiota composition, which plays a key role in health and immunity, is predicted by group membership and grooming patterns (Tung et al. 2015; Moeller et al. 2016). Nearby social interactions can also affect individuals’ physiology; watching agonistic interactions increases androgen levels of uninvolved cichlid fish (Oreochromis mossambicus) (Oliveira et al. 2001), or increases heart rate of bystanders in greylag geese, especially when fights involve kin or a social partner (Wascher, Scheiber & Kotrschal 2008). If and how behavioural expressions of physiological states propagate through groups or populations (i.e. ‘emotional contagion’) remains underexplored, despite a growing body of work pointing to indirect genetic effects as an important source of phenotypic variation. 

Individuals could also choose to associate with social partners that have similar physiological states, in much the same way as studies have shown population assortment by personality (Aplin et al. 2013). For example, there is a growing body of research on assortative/disassortative mating by the major histocompatibility complex (MHC) (Black & Cabeza de Baca 2018). If individuals that are more closely associated are more similar (or different) in physiology, either through partner choice or by affecting one-another, then health parameters or physiology could also have a feedback on social structure.


8. Conclusions

Social structure is ubiquitous, and has a central role in evolution and ecology. Evidence that social structure modulates the links between individuals and populations continues to accumulate. Within disciplines, explicitly considering social structure has refined theoretical predictions and opened new research directions. More broadly, the body of literature across disciplines is revealing important commonalities about what aspects of social structure are important and when. Specifically, three components of social structure repeatedly appear to have particular importance: assortment, clustering, and individual variation in connectedness. 

Assortment, the non-random tendency for associations between individuals with similar genes or traits (or disassortment if dissimilar), has perhaps the greatest importance. From an evolutionary perspective, assortment by kinship determines the scope for kin selection, while assortment by phenotypic traits determines the scope for social selection to act. From an ecological perspective, the phenotypic composition of a social group can determine its behavioural properties, as well as the behaviour of its individual members. Any fitness costs or benefits arising from assortment will select for behaviours that favour it (or not)—generating a feedback between social structure and individual-level decision-rules (e.g. during dispersal or selecting for early-life effects).

When social structure is clustered, individuals tend to interact with the same set of individuals as their associates do. In general, clustering can reinforce assortment—if an individual is phenotypically similar to its two associations, then on average those should be more similar to each other than expected by chance, so connecting them will increase assortment. This process can also be more active, as clustering promotes local spread of behaviours or behaviour-inducing parasites. In doing so, clustering fosters within-group homogeneity and between-group differences. 

Individuals can vary in their propensity to be connected to others. Variation in connectivity can determine fitness consequences arising through the local social environment and through population-level processes. However, connectivity is often a property of multiple actors—every interaction that results in a new connection does so for at least two individuals. In other words, for an individual to become more connected, it has to increase others’ connections. Increasing the density of connections in a population homogenizes the social environments that individuals have, at least locally. It therefore remains unclear whether, and how, selection can act on individual variation in connectivity. 

The consideration of social structure has revealed new dimensions to many old problems in biology. Although built on a remarkably simple principle, where individual units are represented as nodes and their relationships represented by edges connecting these nodes, social network analysis is now widely established and applied to many topics spanning different disciplines. Doing so represents exciting new opportunities—network thinking can provide a common framework allowing for interdisciplinary research, while the widespread application of social networks can allow for cross-disciplinary syntheses. We anticipate that in the future, these efforts will allow for new unified theories to emerge.
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