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Summary 

Natural habitats organisms rely on are characterized by their configurational 

features, such as the composition, amount, and spatial arrangements of biotic 

and abiotic components. Empirical evidence has shown that these features can 

fundamentally structure how, when, and where organisms move. For organisms 

that socially interact with conspecifics and/or heterospecifics in close spatial 

proximity, habitat configuration can therefore shape how they interact. As social 

structures underpin many biological processes, habitat configuration is 

expected to have broad ecological and evolutionary implications. However, our 

understanding on the general role of habitat configuration in shaping the 

outcomes of socially-mediated biological processes remains limited. This thesis 

aims at linking habitat configuration to the outcomes of social interactions using 

theoretical approaches. The first chapter reviews the key empirical studies 

investigating how habitat configuration shapes animal movements and social 

structures in populations, and highlights the implications for socially-mediated 

ecological and evolutionary outcomes. Then, for broadly and explicitly linking 

habitat configuration to these outcomes, the second chapter proposes a 

conceptual and modelling framework for characterizing habitat configurational 

features. It demonstrates the capability of the model, proposes key research 

questions, and illustrates how habitat configuration shapes such outcomes. 

Finally, with a broader scope, the third chapter investigates how habitat 

configuration shapes biodiversification as the outcome of interspecific 

competitive interactions. These chapters provide insights into the linkages 

between habitat configuration and the emergent biological outcomes in 

populations and communities, which are of broad relevance to studies across 

ecology, evolution, and conservation.
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Zusammenfassung 

Natürliche Lebensräume, auf die Organismen angewiesen sind, zeichnen sich 

durch ihre Konfigurationsmerkmale, wie die Zusammensetzung, Menge und 

räumliche Anordnung biotischer und abiotischer Komponenten aus. Empirische 

Belege haben gezeigt, dass diese Merkmale grundlegend beeinflussen können, 

wie, wann und wo sich Organismen bewegen. Für Organismen, die in 

räumlicher Nähe mit Artgenossen und/oder heterospezifischen Individuen 

sozial interagieren, kann daher die Habitatkonfiguration ihre Interaktionen 

beeinflussen. Da soziale Strukturen vielen biologischen Prozessen zugrunde 

liegen, ist zu erwarten, dass die Konfiguration von Lebensräumen 

weitreichende ökologische und evolutionäre Auswirkungen hat. Unser 

Verständnis über die allgemeine Rolle der Habitatkonfiguration bei der Lenkung 

solcher sozial vermittelter biologischer Prozesse und deren Folgen ist jedoch 

stark begrenzt. Diese Arbeit zielt darauf ab, die Habitatkonfiguration mit den 

Auswirkungen sozialer Interaktionen unter Verwendung theoretischer Ansätze 

zu verknüpfen. Das erste Kapitel befasst sich mit den wichtigsten empirischen 

Studien, die untersuchen, wie die Lebensraumkonfiguration Tierbewegungen 

und soziale Strukturen in Populationen prägt, und beleuchtet die Auswirkungen 

auf sozial vermittelte ökologische und evolutionäre Prozesse. Um die 

Habitatkonfiguration möglichst breit und explizit mit diesen Ergebnissen zu 

verknüpfen, schlägt das zweite Kapitel einen konzeptionellen und 

modellierenden Rahmen für die Charakterisierung von 

Lebensraumkonfigurationsmerkmalen vor. Es demonstriert zum einen die 

Leistungsfähigkeit des vorgeschlagenen Modells, schlägt zentrale 

Forschungsfragen vor und veranschaulicht, wie die Habitatkonfiguration 

diverse Prozesse prägt. Schließlich untersucht das dritte Kapitel mit einem 

breiteren Blickwinkel, wie die Konfiguration von Lebensräumen die biologische 

Diversifikation als Ergebnis interspezifischer Wettbewerbsinteraktionen prägt. 

Diese Kapitel bieten Einblicke in die Zusammenhänge zwischen der 

Lebensraumkonfiguration und den sich abzeichnenden biologischen Folgen in 

Populationen und Gemeinschaften, die für Studien in den Bereichen Ökologie, 

Evolution und Naturschutz von breiter Relevanz sind.
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General Introduction 

Habitat configuration and movements of organisms 

Natural habitat environments organisms rely on are characterized by multiple 

configurational properties (Kolasa and Pickett 1991; Kovalenko et al. 2012; 

Lovett et al. 2005). Many of these properties are inherent features, such as the 

spatial scales at which they are identified, the compositional diversity 

(heterogeneity), size (area), amount, and the spatial arrangement of habitat 

components (McCoy and Bell 1991; Tokeshi and Arakaki 2012; Turner 1989). 

As these features are typically confounded in nature (Beck 2000), habitats are 

often described as habitat complexity (August 1983; Bracewell et al. 2018; 

Burlakova et al. 2012; Heck and Wetstone 1977; Kovalenko et al. 2012; Lassau 

and Hochuli 2004; Torres-Pulliza et al. 2020). In practice, the focuses on the 

aspects of habitat configurational complexity and the approaches used to 

quantify these aspects typically vary across contexts. For example, habitat 

configuration can be described by plant biomass and richness (Heck and 

Wetstone 1977) or the shape and density of macrophyte (Warfe and Barmuta 

2004) for macroinvertebrates, the canopy height and coverage for terrestrial 

mammals (August 1983), or the spatial distribution of vegetation as resources 

for vicunas (Vicugna vicugna) and stalking cover for pumas (Puma concolor) in 

canyons and plains (Smith et al. 2019). These different measurements highlight 

the diverse perspectives and approaches for characterizing habitat 

configurational features. Yet, to develop a broad understanding of how habitat 

configuration is linked to emergent ecological and evolutionary patterns, we 

need a more unifying and simplifying approach that allows us to generalize 

insights gained from broader studies. 

In movement ecology, studies have shown that organisms rarely move 

randomly in natural environments (Avgar et al. 2013; Boyer et al. 2012; Conradt 

and Roper 2006; Flack et al. 2018; Ims 1995; Kling and Ackerly 2021; 

Papageorgiou and Farine 2021; Smith et al. 2019; Tucker et al. 2018; 

Vasconcelos and Calhoun 2004), and habitat configurational features play a 
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fundamental role in dictating where they move (Hansson et al. 1995; Kling and 

Ackerly 2021; Kolasa and Pickett 1991; Liu et al. 2013; Turner 1989). For 

example, the geometric features of woodland remnants in farming landscapes 

can structure the movements of agamid lizards (Pogona barbata)—with 

individual activity area and daily movement rates lower in strip-shaped than in 

rectangle-shaped habitats (Doherty et al. 2019). Furthermore, study on olive 

baboons (Papio anubis) found that dense vegetation typically impedes while 

roads facilitate the movements of individuals (Strandburg-Peshkin et al. 2017). 

These empirical studies highlight the fundamental role of habitat configuration 

in shaping the movement patterns of organisms, which subsequently underpin 

a range of biological processes, such as how organisms socially interact with 

their conspecifics or heterospecifics in close spatial proximity. 

Habitat configuration and social interactions 

In parallel with the non-random movement patterns, empirical data has shown 

that social interactions among organisms are also rarely random (Croft et al. 

2005; Garroway and Broders 2007; Papageorgiou and Farine 2021; Tokita and 

Tarnita 2020). These structured social interactions are often explained by 

behavioural mechanisms or processes, such as the inheritance of social ties 

(Ilany and Akçay 2016) and social assortativity (Croft et al. 2005; Lutz et al. 

2019), but the role of the underlying habitat configurational features in shaping 

such emergent biological structures is largely overlooked. By modulating the 

spatial proximity among organisms or species, habitat configurational features 

can fundamentally structure the patterns of social interactions among them. At 

the population level, for example, the spatiotemporal distribution of resources 

can shape group social structures (van Schaik 1989; Wilson 1975a), and the 

spatial arrangements of movement barriers can mediate how frequently 

individuals socially interact with each other (Leu et al. 2016). In communities, 

for example, the features of habitat edges can function as dispersal barriers or 

filters for organisms to mediate ecological interactions among species (Fagan 

et al. 1999), and the spatial distribution of vegetation as resources for prey but 

stalking cover for predator can mediate the patterns of interspecific social 
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interactions (Smith et al. 2019). 

Habitat configuration and socially-mediated processes and outcomes 

The emergent patterns of social interactions underpin a range of biological 

processes (Cantor et al. 2021b). By shaping social structures, habitat 

configuration is thus expected to have broad implications for the outcomes of 

socially-mediated ecological and evolutionary processes. Classically studied 

examples where we can gain broad insights into the ecological and evolutionary 

consequences of habitat configuration include the evolution of social traits 

(Alexander 1974; Axelrod and Hamilton 1981; Sueur et al. 2019; Westeberhard 

1983), pathogen transmission (Collinge and Ray 2006; Sah et al. 2018), and 

species interactions in communities (Mooney and Cleland 2001; Thompson 

1999; Urban 2011). 

Social evolution 

Patterns of social interactions among individuals have widespread evolutionary 

consequences for populations (Krause and Ruxton 2002; Ohtsuki et al. 2007; 

Silk et al. 2003; Wilson 1975b), as they can shape processes that impact 

individuals’ fitness (Silk et al. 2003), such as the acquisition of foraging 

information (Firth et al. 2016; Webster et al. 2013), disease transmission (Craft 

2015) and antipredation strategies (Croft et al. 2006a). By shaping how 

organism interact with each other, habitat configuration is thus expected to play 

a fundamental role in modulating evolutionary outcomes underpinned by social 

interactions. For example, the degree to which Trinidadian guppies (Poecilia 

reticulata) are sexually segregated is linked to the depth of water in their natural 

habitat environments: populations in habitats characterized with deeper water 

(which accounts for less sexual harassment by males and higher predation risk) 

are more female biased (Croft et al. 2006b), highlighting the implications of 

habitat configurational features as fundamental environmental factors for the 

evolution of sexual segregation in group-living vertebrates (Ruckstuhl 2007). 
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Habitat configuration is also expected to shape the evolutionary outcomes of 

more complex social behaviors. A long-standing topic in evolutionary biology is 

the evolution of cooperative behaviors, which benefit the recipients at the costs 

of the actors and are widespread across biological systems (Maynard-Smith 

and Szathmáry 1997), benign to harsh and stable to fluctuating habitat 

conditions (Jetz and Rubenstein 2011; Shen et al. 2017). Extensive theoretical 

studies have focused on investigating how such behaviors can evolve given 

that they are prone to be exploited by free riders—those who do not contribute 

but benefit from cooperative behaviors in social groups (Ifti et al. 2004; 

Lieberman et al. 2005; Nowak et al. 2004; Ohtsuki et al. 2006; Sachs et al. 2004; 

Santos et al. 2006b; Taylor et al. 2007; Wade and Breden 1980). General 

predictions have been made on the linkage between population social structure 

and evolutionary outcomes, such as how the quantity (Ohtsuki et al. 2006) and 

strength (Allen et al. 2017; Melamed and Simpson 2016) of social ties, and the 

extent to which individuals repeatedly interact with each other (Axelrod and 

Hamilton 1981), can favour cooperative behaviours. Such insights implicate 

habitat configurational features as potential drivers of social evolution. For 

example, by consistently structuring the patterns of social interactions among 

individuals, habitats characterized by certain properties might be consistently 

more likely to favour cooperative behaviours than those that do not exhibit such 

properties. 

Pathogen transmission 

The spread of infectious pathogens in wildlife is one of the key threats to the 

persistence of populations and biodiversity (Collinge and Ray 2006; Daszak et 

al. 2000; Smith et al. 2006), and spatial proximity plays a crucial role in the 

transmission processes (Balcan et al. 2009; Keeling 1999). By shaping how 

and where hosts move, habitat configurational features, such as the spatial 

distribution of movement corridors and barriers, can modulate the patterns of 

spatial proximity among hosts and subsequently can determine how pathogens 

are transmitted (Langlois et al. 2001; Rees et al. 2009; Wheeler and Waller 

2008; Wilschut et al. 2013; Wilschut et al. 2015). Interestingly, in social species, 
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the transmission of infectious pathogens can also be mediated by behavioral 

processes, such as social preferences (Croft et al. 2005) or avoidance (Loehle 

1995), while the expression of these social behaviours themselves can also be 

determined by the underlying habitat configuration (e.g. who is spatially and 

socially accessible/avoidable). Therefore, to better predict the transmission 

properties of pathogens in populations of social species in natural environments, 

we need to understand how habitat configurational features are fundamentally 

linked to transmission dynamics. 

Biodiversification and community structure 

Habitat configuration can also shape ecological and evolutionary outcomes at 

larger biological organisations. In community ecology, a central topic is to 

understand the mechanisms for the assemblage of interacting species (Drake 

1991). Dispersal of organisms (i.e. movements of organisms that potentially 

have consequences for gene flow across space, Ronce 2007) plays a central 

role in shaping community structure (Jonsson et al. 2016; Razeng et al. 2016; 

Rodil et al. 2017; Tonkin et al. 2018; Urban et al. 2008). For example, dispersal 

rate (or ability) can have contrasting effects on biodiversity by modulating gene 

flow and ecological interactions among species in metacommunities (Ashby et 

al. 2020). Increased dispersal rate can homogenize metacommunities and 

increase the ecological interactions among similar species thereby suppressing 

diversification; however, increased dispersal can also promote local species 

diversity and facilitate species to explore ecological opportunities and colonize 

across broader geographic areas, which subsequently stimulates diversification. 

It is therefore expected that at intermediate dispersal rates we should expect a 

peak in species diversity, which has been confirmed by studies (Agnarsson et 

al. 2014; Ashby et al. 2020; Cadotte 2006; Venail et al. 2008). Apart from 

dispersal rate, how organisms spatially disperse across their habitat 

environments is also linked to species persistence. For example, the variation 

in the spatial dispersal patterns between interacting species have been shown 

to promote coexistence (Zhang et al. 2021); however, being able to disperse to 

more remote areas can increasingly hinder the persistence of metapopulations, 
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as long-distance dispersal can propagate traits across large gradients of 

environmental heterogeneity which typically results in maladaptation (McManus 

et al. 2021). 

These insights on the role of dispersal in shaping the emergent patterns of 

species persistence raise the question of how habitat configurational features 

are linked to biodiversity. Studies have shown that dispersal is, in large part, 

spatially structured by habitat configurational features (Brooker and Brooker 

2002; Cote et al. 2017; Coulon et al. 2010; Fahrig 2007; Fletcher et al. 2018; 

Funk et al. 2005; Ricketts 2001; Ries and Debinski 2001; Schooley and Wiens 

2004; Schtickzelle et al. 2006), and that habitat configuration, such as habitat 

fragmentation (Fahrig 2003; Rybicki et al. 2020; Wilson et al. 2016) and 

heterogeneity (Davies et al. 2005; Melbourne et al. 2007; Tews et al. 2004), can 

shape community structures. While habitat configuration can shape species 

assemblage by spatially influencing where organisms can disperse (i.e., via 

immigration and emigration; Altermatt and Holyoak 2012; Liu et al. 2013; Urban 

et al. 2006), it can also operate by facilitating or constraining diversification of 

species as the outcomes of ecological interactions among species (i.e., via eco-

evolutionary processes; Mittelbach and Schemske 2015; Ponisio et al. 2019; 

Urban 2011). Yet, our understanding on how habitat configurational features are 

linked to biodiversity via these eco-evolutionary processes in metacommunities 

remains limited. 

Thesis outline 

With three chapters, this thesis investigates the role of habitat configuration in 

shaping the ecological and evolutionary outcomes of social interactions using 

theoretical approaches. The first chapter draws from key empirical studies to 

highlight how the configurational features of the habitat environments spatially 

structure the movements of animals, and how it can account for the emergent 

social structures of populations. This chapter highlights the gap in linking habitat 

configurational features to the emergent patterns of social interactions and the 

subsequent ecological and evolutionary outcomes. With insights from studies 
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characterizing habitat connectivity, the second chapter proposes a network-

based conceptual and modelling framework to explicitly characterize habitat 

configurational features. It demonstrates the capability of the model, identifies 

key research questions related to the framework, and illustrates the linkage 

between habitat configuration and pathogen transmission as the outcomes of 

ecological processes in populations. With a broader scope, the third chapter 

investigates how habitat configuration shape biodiversification as the outcomes 

of eco-evolutionary dynamics in metacommunities.
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Chapter 1: The Role of Habitat Configuration in Shaping Social Structure: 

A Gap in Studies of Animal Social Complexity 

Peng He, Adriana A. Maldonado-Chaparro, Damien R. Farine 

Published in Behav Ecol Sociobiol (2019). doi: 10.1007/s00265-018-2602-7 

Abstract 

Animal societies are shaped both by social processes and the physical 

environment in which social interactions take place. While many studies take 

the observed patterns of inter-individual interactions as products and proxies of 

pure social processes, or as links between resource availability and social 

structure, the role of the physical configuration of habitat features in shaping 

the social system of group-living animals remains largely overlooked. We 

hypotheses that by shaping the decisions about when and where to move, 

physical features of the environment will impact which individuals more 

frequently encounter one-another, and in doing so the overall social structure 

and social organization of populations. We first discuss how the spatial 

arrangement of habitat components (i.e. habitat configuration) can shape 

animal movements using empirical cases in the literature. Then we draw from 

the empirical literature to discuss how movement patterns of individuals 

mediate the patterns of social interactions and social organization, and highlight 

network approaches in identifying, evaluating and partitioning the effects of 

habitat configuration on animal social structure or organization and give a 

simulation example to illustrate the mechanism. Finally, we discuss the 

implications of habitat configuration in shaping the ecology and evolution of 

animal societies and offer a framework for future studies. We highlight future 

directions for studies in animal societies that are increasingly important in 

widely human-modified landscapes, in particular the implications of habitat-

driven social structure in evolution. 

https://doi.org/10.1007/s00265-018-2602-7
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Keywords 
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Introduction 

Animal societies are often described as exhibiting non-random interactions 

among socially connected individuals that form part of a complex social 

structure (Sosa 2016; Wittemyer et al. 2005). We know that social structure can 

have profound behavioral, ecological and evolutionary implications. For 

example, it can shape the physiology (Lurzel et al. 2010; Sachser et al. 2011), 

behavior and morphology (Bölting and von Engelhardt 2017) of individuals; 

group-level processes such as information transmission (Allen et al. 2013; Aplin 

et al. 2015a), disease transmission (Adelman et al. 2015; VanderWaal et al. 

2014), and mating systems (Maldonado-Chaparro et al. 2018; Oh and Badyaev 

2010; Rezucha and Reichard 2014); the direction and intensity of selection 

(McDonald and Pizzari 2018); and the ability and rates of evolutionary 

responses to selection (Montiglio et al. 2018). Investigating the consequences 

of animal social structure lies in the heart of animal social ecology and evolution, 

as it relates social relationships among individuals, such as competition, 

cooperation and dominance (Whitehead 1997), and their fitness consequences 

(Farine and Sheldon 2015; McDonald et al. 2017; Ryder et al. 2008; Ryder et 

al. 2009; Silk et al. 2003; Silk et al. 2009; Yang et al. 2017). However, 

understanding the underlying factors and mechanisms that determine how 

social structure is shaped remains challenging. Here, it has been helpful to 

consider interactions as resulting from the decision-making processes with 

respect to whom individuals choose to interact with (Aureli and Schino 2019; 

Hinde 1976; Kurvers et al. 2014; Whitehead 2008). This approach can shed 

insights on relatively simple social decisions that could generate seemingly 

complex social structures (Couzin et al. 2005; Farine et al. 2017; Firth et al. 

2017). 
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A pre-requisite for individuals to interact with others is that they need to be in 

relatively close physical proximity (Farine 2015), and for most animals the social 

environment is first and foremost determined by their movement decisions 

(Bonnell et al. 2017; Emlen and Oring 1977; Farine et al. 2016). However, even 

if animals prioritize social cues over environmental features when making 

movement decisions (Strandburg-Peshkin et al. 2017), some features of the 

environment represent physical barriers while others facilitate movement, and 

therefore animal movements will, at least to some extent, be regulated by the 

physical environments. Take two songbirds whose home ranges are centered 

100 m apart as an example. If these birds are separated by suitable habitat, 

then they are likely to encounter one-another relatively frequently. By contrast, 

if they are separated by a highway, then they may never encounter one-another, 

meaning that their ‘apparent’ distance is much larger than the physical distance. 

In this way, the physical features of the habitat through which animals move 

(e.g. the boundaries between a woodland and agricultural land, or continental 

boundaries) will fundamentally shape the identity and rates of encounters 

among individuals, their patterns of social interactions (i.e. social structure) and 

social organization (i.e. the size, sexual composition and spatiotemporal 

cohesion of a society) (see detailed discussion of the two concepts in Kappeler 

2019; Kappeler et al. 2013; Kappeler and van Schaik 2002). 

In addition to physically functioning as movement obstacles or ‘highways’, 

habitat components (e.g. resources, mates, predators, competitors, parasites 

or pathogens, which are usually unevenly distributed across space) can also 

affect where animals move by attracting or repelling them at specific locations. 

In such ways, these structural features can either gather or disperse individuals, 

and thus increase or decrease the social encounters among individuals. Among 

those habitat components, resources play a fundamental and important role in 

shaping the spatial distribution (or space use) of animals (Brown and Orians 

1970; Clutton-Brock and Harvey 1977; Emlen and Oring 1977; Getz 1961), and 

thus shape the patterns of inter-individual spatial proximity and potentially their 

social relationships (Mourier et al. 2012). For example, the amount and spatial 

arrangement of resources can determine the strength and patterns of inter-
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individual interactions (e.g. when resources are more spatially dispersed, inter-

individual interactions resulting from access to resources can be weakened, 

Petren and Case 1998). Moreover, the spatial distribution of resources can 

mediate the patterns of sexual interactions in territorial animals, especially in 

cases where the males’ strategy is to access mates through gaining resources 

in their territories (i.e. resource defence polygyny tactic, Emlen and Oring 1977), 

which then shape the spatial distribution of females. Further, as limited 

resources can drive territoriality (via increasing levels of competition, Brown 

1964) and territory can shape the ranging patterns of animals (Mitani and 

Rodman 1979), the amount of resources can affect how intense individuals 

interact with others in the context of territoriality. During breeding season, many 

animals build and hold territories to secure and protect resources. However, the 

non-breeding period is also key to understanding the social life of animals 

(Boucherie et al. 2019), especially when the amount and spatial arrangement 

of resources are primary drivers of the ranging patterns of individuals. Predators 

within habitats can also play a role in shaping where and how prey individuals 

move, such as whether they are pressured into aggregating into shelters or 

directly choose to interact with others to avoid being predated (Herbert-Read et 

al. 2017). Notably, in natural environment, biotic and abiotic components are 

usually spatiotemporally dynamic, and this can drive temporal variation in the 

social relationships among individuals (e.g. the seasonal variation of social 

relationships in giraffes, Wolf et al. 2018). 

In this review, we discuss how habitat configuration can drive patterns of group- 

or population-level social structure and apparent social complexity in a given 

study species. Habitat structure is defined as the amount, composition and 

three-dimensional arrangements of both biotic and abiotic physical matters at a 

specific time and location in which an animal lives (see Bell et al. 1991; Byrne 

2007). This concept captures three fundamental aspects of any given habitat: 

1) the scale—the amount of spatial area, 2) the complexity—the relationship 

between the absolute amount of individual components of the physical matter 

and the scale, and 3) the heterogeneity—the relative abundance of the different 

components at a given spatial scale (McCoy and Bell 1991). All these aspects 
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of the habitat (or their combinations) can generate barriers to animal movement 

(e.g. roads, Rondinini and Doncaster 2002; Shepard et al. 2008), or can 

facilitate individual movement (e.g. corridors, Haddad 1999; Ibarra-Macias et al. 

2011; Shepard et al. 2016). By facilitating or impeding the movements of 

animals, or attracting or repelling individuals, these structural features of habitat 

components will therefore mediate the ability or rate of contacts (or associations) 

among individuals as they move through the landscape. 

However, researchers often interpret the observed patterns of social 

interactions as the products of purely social processes. Such an approach may 

be misleading or may lead to wrong conclusions. For example, habitat 

fragmentation can produce isolated subpopulations of animals that interact 

almost exclusively with others in their patch, resulting in seemingly distinct and 

consistent social communities over years, which could be misinterpreted as 

having some adaptive value (e.g. to prevent rapid diffusion of disease). 

However, the generative process responsible for global structure at the 

population level is predominantly abiotic (at least in the example given above). 

Thus, zooming out from very local interactions (e.g. at a smaller socio-spatial 

scale, such as social interactions in a chamber of an ant nest) to population-

level structure (e.g. at a larger socio-spatial scale, such as social interactions 

of a population of songbirds in a forest) requires appropriate consideration of 

the physical environment in which interactions take place. The environment is 

well-established as a major driver of broad (e.g. population- and species-level) 

social tendencies (Farine and Sheldon 2019; Koenig 2002; Krause and Ruxton 

2002; Mitchell et al. 1991; Sterck et al. 1997), and as technology increasingly 

allows researchers to track and study species at population scales, the 

environment could underlie distinct observable patterns (or differences) in 

social structure. Integrating concepts from movement ecology (how and where 

animals move) with social behaviors (who animals interact with and when) will 

strengthen our understanding of the generative processes underlying the 

structure of animal societies we study (Kays et al. 2015; Sih et al. 2018; Spiegel 

et al. 2018). In doing so, it will improve our ability to make predictions about 

how current and future modifications to habitat might shape the behaviors of 
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organisms (Tucker et al. 2018). 

In this paper, we focus on discussing how the amount and spatial arrangement 

of both biotic and abiotic components of habitat, defined here as habitat 

configuration, can shape the social structure (or the social organization) of 

group-living animals, and its implications in ecological and evolutionary 

contexts. We first present the current understanding of the links between habitat 

configuration, animal movements, and social structure (or social organization). 

Then, we propose that these links can be analytically integrated using network 

approaches, and give an illustrative example to show the role of habitat 

configuration on animal social structure. Finally, we discuss the ecological and 

evolutionary implications of the effects of habitat configuration on animal social 

structure, and propose a framework which outlines the role of habitat 

configuration on animal societies. Our paper provides important considerations 

and new research directions in studies of social complexity (Kappeler 2019), 

and at the same time, new insights for the conservation of group-living animals 

in a changing world. 

Habitat configuration and animal movement 

Movements of animals across their habitats are important for processes such 

as finding new resources, acquiring mates (e.g. avoiding inbreeding) and 

reducing competition, all of which are linked to their survival and reproduction 

(Boinski et al. 2000; Fahrig 2007; Jonsen and Taylor 2000; McLean et al. 2016). 

However, natural habitats are heterogeneous and habitat components (both 

biotic and abiotic, such as resources, shelters, mates, etc.) are rarely evenly 

distributed across space and often vary over time (i.e. they exhibit spatial and 

temporal heterogeneity). Moreover, the same environment can be perceived 

and used differently across species, or even among individuals within species 

(e.g. due to individual differences in habitat familiarity), and these will also 

influence the way in which animals use the space (McIntyre and Wiens 1999). 

Thus, it is clear that animal movements are unlikely to be completely random 

or uniform in space and time. Instead, movement patterns often result from the 
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interaction between animal movement behaviors and the characteristics of the 

environment in which the animals are embedded (McNab 1963; Schick et al. 

2008), which can have implications for the social relationships among 

individuals. 

Ample evidence has shown that habitat configuration is a key determinant of 

the movement pattern of animals across a wide range of taxa and spatial scales. 

For example, at a smaller spatial scale, Crist et al. (1992) tracked the 

movements of three darkling beetle species (Eleodes spp.) in small plots that 

differ in vegetation cover and grazing intensities, and found that the vegetation 

structure strongly affected darkling beetle movement pathways. Cartar and 

Real (1997) examined how resource dispersion influenced movements in a 

captive colony of bumble bees (Bombus occidentalis), and found that bees 

have lower directionality, higher frequencies of flower re-visitation, and greater 

flight distances among flowers in habitat with variable arrays of flowers 

compared to habitats with uniform arrays of flowers. Pinter-Wollman (2015) 

studied how the collective behaviors of harvester ants (Veromessor andrei) is 

affected by the spatial constraints of the architecture of nests on individual 

movement. By quantifying the connectivity among chambers of the nests using 

network approaches and measuring the speed of ants (collectively) recruiting 

to food (pieces of apple, which were experimentally placed 10 – 15 cm from the 

nest entrances), they found that the speed of ants recruiting to food increase 

with chamber connectivity. This study indicates that the habitat configuration (in 

this case nest architecture) can influence where individuals can move and how 

they interact with each other, and therefore, how their collective behaviors 

(which emerge from such patterns of social interaction) are shaped. However, 

as recently highlighted by Pinter-Wollman et al. (2017), the role of the 

configuration of the space in which animals can move, such as the architecture 

of nests, in shaping collective behaviors is rarely considered. 

Studies have also found effects of habitat configuration on movement across 

broader spatial scales. Coulon et al. (2008) found that presence and 

arrangement of buildings, roads and valley bottoms significantly affected the 
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ranging behavior of roe deer (Capreolus capreolus) in southwestern France. In 

a similar study, Kie et al. (2005) found that the topographic features of the 

habitat, in particular major drainages on ridge tops and in valley bottoms, 

shaped the movement direction of North American elk (Cervus elaphus). Using 

high-resolution GPS, McLean et al. (2016) tracked arboreal white-faced 

capuchin monkeys (Cebus capucinus), mantled howler monkeys (Alouatta 

palliata) and black-handed spider monkey (Ateles geoffroyi) in a tropical moist 

forest on Barro Colorado Island, Panama. Using high-resolution airborne LiDAR 

(light detection and ranging) data to map the 3-D structural properties of the 

forest canopy of the whole island, they could relate the movement patterns of 

the three primate species to canopy attributes. They found that all these 3 

species avoided canopy gaps (which function as physical obstacles for lateral 

movement of these species). An experimental study by Mansergh and Scotts 

(1989) showed that increasing the connectivity between bisected breeding 

habitat patches of mountain pygmy-possum (Burramys parvus), by constructing 

corridors and tunnels, facilitated the movements of males between habitat 

patches, an essential aspect in the social organization (the sexual composition) 

of this species. More recently, by combining simultaneous high-resolution GPS 

tracking of olive baboons (Papio anubis) and 3-D habitat reconstructions from 

a drone, Strandburg-Peshkin et al. (2017) quantified the relative contribution of 

habitats on movements. They found that the baboon troop they studied had a 

strong preference for following roads when moving towards or away from their 

sleep site, and general avoidance of areas with dense vegetation. Particularly, 

their study highlights the important roles that the spatial arrangement of habitat 

components plays in shaping not just individual-level movement patterns but 

also collective animal movement as a group. Together, these examples 

demonstrate that habitat configuration across entire landscapes (such as 

resource abundance and spatial distribution, as well as topographic features of 

the habitat) affects individual movement decisions of animals, and more 

generally their movement patterns, which have implications in shaping the 

patterns of inter-individual social contacts or associations. 

At an even larger spatial scale (i.e. continental scale) animal movement can 
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also be affected by structural features of the habitat. For example, during bird 

migrations, the spatial arrangement of suitable habitats (usually referred to as 

stopover sites) and barriers (e.g. open water, deserts, mountains) between 

wintering and breeding grounds can shape the migratory routes of migrants. 

For instance, white storks (Ciconia ciconia) that bred in Europe travel eastwards 

or westwards in order to avoid crossing the Mediterranean Sea and the Sahara 

Desert during southward migration; and thus, migrate to Africa via the Middle 

East or over the strait of Gibraltar (Berthold et al. 2001; Cramp and Simmons 

1977; Flack et al. 2016; Leshem and Yom-Tov 1998) (Fig. 1). In this case, the 

Mediterranean Sea, a continental feature that acts as a landscape barrier, is 

likely to increase the encounters among individuals at bottlenecks and in their 

approach as flocks converge in a funnel-like fashion. Thus, the spatial 

configuration of the continents over which animals migrate can generate 

patterns of correlations between the movement and social behavior among 

individuals. As some birds learn how to migrate from others (Kao et al. 2018; 

Mueller et al. 2013), the spatial arrangement of the migratory stopover sites 

could potentially shape social learning processes of migration. For example, at 

converging stopover sites (e.g. the strait of Gibraltar which is intensively used 

by white storks during migration), juveniles could have more choices on whom 

to interact with and learn from. High-density aggregations could result in 

individuals learning different routes for different stages of migration, and 

therefore underlie diversity in observed migration pathways over the entire 

route. Increased rates of interactions with others could also have repercussions 

for other population processes, such as mate choice or disease transmission.  
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Fig. 1 The southward migratory routes of juvenile white storks 

(Ciconia ciconia) that bred in Europe (Greece, Russia, Poland, SW 

Germany and Spain). In this example, the Mediterranean Sea and the 
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Sahara Desert impedes the migration of white stork populations, 

while the Iberian Peninsula, the land links in the Middle East, and the 

Nile facilitate their migration. Each colour in the map indicates one 

individual; the yellow-to-red colour highlights mark areas of 

particularly high intensity of GPS points, with red capturing the 

highest densities. High resolution GPS locations are from Movebank 

data repository “MPIO white stork lifetime tracking data (2013-2014)” 

(doi:10.5441/001/1.78152p3q) by Flack et al. (2016), and map data 

from R package mapdata (Brownrigg et al. 2018). 

Habitat configuration and social structure 

Empirical studies have demonstrated links between physical features of habitat 

and social structure. For example, Webster et al. (2013) experimentally 

compared foraging schools of sticklebacks (Gasterosteus aculeatus) in open 

habitats versus habitats where black plastics as barriers were imposed. They 

found that the imposed barriers significantly affected the social network 

structure of fish, in that individuals in open environments interacted with each 

other more equally than individuals in environments where barriers were 

imposed. As a result, the environment also influenced the pattern of social 

information transmission through its effects on the pattern of the shoals’ 

association network structures. In a similar study, Leu et al. (2016) 

experimentally manipulated the spatial structure of natural habitats by adding 

short fences across the landscape while synchronously capturing the 

movements of sleepy lizards (Tiliqua rugosa) using GPS trackers. They found 

that the social connectivity (network density) and social stability were higher in 

populations in the experimentally-modified habitat compared to those of the 

population in un-manipulated environments. They argued that higher level of 

structural complexity (as induced by adding fences) of habitat increased social 

connectivity among individuals by funneling their movements along the same 

physical space. In another study, Lattanzio and Miles (2014) looked at the 

consequences of habitat disturbance (in terms of burn frequency) on the social 

dynamics of male tree lizards (Urosaurus ornatus). They showed that at the site 

https://www.datarepository.movebank.org/handle/10255/move.477
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where trees were frequently burnt (which increased levels of fragmentation of 

habitats), the spatial network of individuals shifted towards closer neighbor 

associations (i.e. increasing the density, and presumably the rates of social 

interactions). Together, these studies clearly show that habitat components that 

influence where individuals move, in particular barriers, directly impact the rates 

at which individuals encounter others. 

Several recent studies have quantified the effects of changing availability and 

configuration of habitat components on population-level social structure, 

providing (natural and controlled) experimental evidence for mechanistic links 

between these. Lantz and Karubian (2017) investigated the social connectivity 

of red-backed fairy-wren (Malurus melanocephalus) before and after wild fires 

(during which the number and spatial arrangements of habitat patches 

changed). They found that the density of network ties was higher among 

individuals whose habitats were affected by wild fires than among those whose 

habitats were not affected by fire, and suggest that this was caused by a 

reduction in the available area for affected individuals to live (increasing the 

density of individuals in the available habitat). A study of mixed-species bird 

flocks by Mokross et al. (2014) examined how large-scale habitat alteration 

influenced the patterns of social interactions and social organization among 

Amazonian bird flocks at both the species- and flock-levels. They found that 

habitat type (i.e. primary forest, different levels of fragmented forests, and 

secondary forests) had notable effects on the social structures at both the 

species and flock levels. The frequency of (non-trophic) associations among 

species decrease when the level of habitat fragmentation increased, and at the 

flock level, the presence of higher forest canopy increased flock cohesion and 

stability (flock-level social organization). Finally, Firth et al. (2016) individually 

marked a community of great tits (Parus major), blue tits (Cyanistes caeruleus), 

marsh tits (Poecile palustris), coal tits (Periparus ater) and Eurasian nuthatches 

(Sitta europaea) using passive integrated transponder (PIT) tags, the ID of 

which could be read by automated readers installed at artificial feeders. Then, 

using selective feeders (which were programmed to control individuals’ 

accesses to the food in the feeders), they manipulated foraging range of 
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individuals by socially splitting them into two spatially overlapping sub-

communities. Using presence–absence data collected by readers at those fixed 

feeders, they measured the social structure of the community before and after 

the manipulation and found that the resulting social network structure better 

predicted the transfer of experimentally-seeded information than did the pre-

treatment social network. Their study provides important experimental evidence 

for a functional link between habitat configuration (in that case resource 

distribution and availability) and population-level social processes (e.g. 

information spread). Together, these examples show clearly how the spatial 

arrangement of habitat components can influence social dynamics. 

Few studies have investigated the direct link between animal movement and 

population-level patterns of social interactions. To our knowledge, the best 

examples come from the fish literature. Many fish populations exhibit strong 

phenotypic assortment — individuals are typically found in shoals containing 

similarly-sized fish. In extreme cases, because fish have a large range of body 

sizes in their lifetimes, some fish are more likely to be found in shoals containing 

similarly-sized heterospecifics than in shoals containing differently-sized 

conspecifics (see review in Hoare et al. 2000; Krause et al. 2000). While such 

a process could be driven by complex social preferences, evidence suggests 

that the underlying mechanisms are relatively simple. For example, because 

swimming speed is correlated to body size, a mixed-size shoal will rapidly 

become assorted by body size as larger (and faster) individuals move towards 

the front and smaller (and slower) individuals are left behind (Jolles et al. 2017). 

An alternative mechanism is size-based differences in habitat preferences 

(Macpherson and Duarte 1991; Manderson et al. 2004). Smaller fish are more 

prone to predation (even by conspecifics), and therefore prefer the cover 

provided in shallower water. By contrast, larger fish either cannot access this 

habitat or prefer the more profitable pelagic zone. Body-size assortment could 

therefore also be a result of differences in habitat suitability, rather than social 

preferences per se, and within-species variation in habitat suitability could be a 

worthwhile topic for future investigations. 
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Networks as a unifying tool linking habitat configuration, animal 

movement and social structure 

Networks are becoming widely used to study structural properties of 

interconnected systems (Pilosof et al. 2017). For example, in the study of 

animal social behavior, networks can be formed where nodes represent 

individuals and edges represent the associations or interactions between them 

(Farine and Whitehead 2015; Krause et al. 2015; Montiglio et al. 2020; 

Whitehead 2008; Wilkinson et al. 2019). The social structure of a given 

population can be measured using network metrics such as community 

structure (the presence of strongly connected clusters of individuals that 

interact more among themselves than they do with others, Shizuka and Farine 

2016) and phenotypic assortativity (the propensity for individuals to interact with 

others that are more phenotypically similar to them, Croft et al. 2005; Farine 

2014). For example, a tiny islet (the wide part of which is ca. 250 m) in the 

Galápagos archipelago hosts ca. 1,000 Galápagos sea lion (Zalophus 

wollebaeki), where the land area available for breeding and resting varies with 

the temporal tidal levels. With limited space, individuals are spatially bound 

(individuals shows fine-scale site fidelity, in that they tend to use the area they 

used more often), and such pattern of habitat use by individuals explained the 

community-level structure in a social network (Wolf et al. 2007) was thought to 

produce genetic assortment at the level of the population (see Wolf and 

Trillmich 2008). 

Network approaches have also been developed to help quantify the features of 

habitat configuration. For example, network metrics have been frequently 

employed to quantify the spatial heterogeneity, spatial structure and 

connectivity of habitat patches across or within species’ ranges in landscape 

ecology (Cantwell and Forman 1993; Fortin et al. 2012). A number of studies 

have used these networks to explore the consequences of connectivity across 

landscapes on population- and community-level processes (see examples in 

the review by Grant et al. 2007). At smaller spatial scales, networks are also 

useful tools to characterise and quantify local patterns of connectivity. For 
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example, the architecture of nests can be represented as a network of corridors 

connecting chambers, and have been used in studies of social and collective 

behaviors in social insects (Buhl et al. 2004; Pinter-Wollman 2015). With such 

an approach, researchers are able to build explicit network models to 

quantitatively capture the structural properties of habitats in complex, static or 

dynamic environments. 

Meanwhile, the application of network tools for studying the movement patterns 

of animals in movement ecology has become increasing popular thanks to our 

improved ability in collecting animal movement data across larger numbers of 

individuals (Bonter and Bridge 2011; Jacoby and Freeman 2016). For example, 

using telemetry data (presence–absence data collected by recorders in fixed 

locations) have been used to construct movement networks of small-spotted 

catshark (Scyliorhinus canicula) and Caribbean reef shark (Carcharhinus perezi) 

(Jacoby et al. 2012), white-striped free-tail bats (Tadarida australis) (Rhodes et 

al. 2006), and bumblebees (Bombus terrestris) and honey bees (Apis mellifera) 

(Pasquaretta et al. 2017). Network tools are well suited for studying movements 

and the inter-individual relationships of social animals as they allow integration 

of movement data in the same analytical framework as used for quantifying 

social interaction data. Simultaneously capturing habitat data, social data and 

movement data across many individuals at once facilitates partitioning and 

quantifying the relative effects of physical environments on the patterns of social 

interactions from purely social processes (see Aplin et al. 2015b; Farine et al. 

2015b; Radersma et al. 2017). 

Exploring the link between habitat connectivity and social network 

structure 

To better illustrate the links between habitat configuration and animal social 

structure and organization, we simulated how habitat connectivity can shape 

the movement patterns of individuals, and explore how habitat connectivity can 

shape global structure of animal populations. We create a simple simulation in 

which we randomly allocated 20 individuals into 4 habitat patches that vary in 
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the connectivity among them (see panel a, b, c, d in Fig. 2). Difference in 

connectivity can be due, for example, to differences in corridor width or 

openness of the connecting area (i.e. matrix). In each simulation step, 

individuals have a 0.99 probability of staying at their current patch, while the 

remaining 0.01 units of probability are equally allocated to moving to another 

connected patch. If there are no connections to the current patch, the probability 

of an individual remaining on that patch is always 1. For each habitat scenario, 

we simulate 100 opportunities per individual to make between-patch 

movements, and generated a weighted social network, where the widths of 

edges are based on the proportions of steps in which each pair of individuals 

co-occur at the same patch. We then investigate the effects of habitat 

configuration on social structure by calculating 4 network-level metrics: 1) mean 

network density, 2) mean non-zero edge weight, 3) mean network assortativity 

in terms of the ID of the patch in which individuals are initiated (calculated using 

the R package 'assortnet', Farine 2014) and 4) mean network modularity 

(calculated with R package 'igraph', Csardi and Nepusz 2006). We find that 

when habitat patches were well connected, network density is highest but 

assortativity and modularity are low (e.g. panels a, b; Fig. 2); by contrast, as 

soon as patches become disconnected, network density becomes low, but 

average edge weight, assortativity and modularity increases (see panels c, d; 

Fig. 2). In larger landscapes (containing 40 individuals in 8 patches in this case, 

as shown in panel e; Fig. 2), all measures are lower, but the relative values of 

density, edge weights, and assortment are more similar to landscapes with 

disconnected patches (panels c, d; Fig. 2) than to smaller landscapes with fully-

connected patches (panels a, b; Fig. 2). 

Our simulation highlights the role of habitat configuration in shaping the social 

structure of group-living animals. It, together with the empirical literature we 

have surveyed, suggests that future empirical researches on fine-scale animal 

social behavior should also pay close attention to environmental factors such 

as habitat configuration. Further, the patterns can vary according to the size of 

the landscapes, with larger landscapes appearing to act as being more 

disconnected. Given that the movement abilities can vary significantly among 
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species (or even among individuals within a population), the degree to which 

the configuration of habitats will shape the movements of animals will vary (e.g. 

the features that shape the movements of, for example, arthropods, is less likely 

to affect the movements of larger terrestrial or aerial animals). Thus, integrating 

the scale at which animal movement is affected by the environmental factors 

can help us to accurately interpret potential changes in the social structure and 

social organization.  
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Fig. 2 A simple illustration of how habitat connectivity can shape the 

overall patterns of social interactions among individuals. Individuals 

are shown with yellow circles (nodes in the networks) in the main 

panels, while habitat patches are shown as black filled circles in the 

top-left insets; the probabilities of moving from one patch to the other 

connected patch are shown as weighted segments between black 

filled circles in the top-left insets. In social networks, edges (grey lines) 

are based on the proportions of steps in which each pair of individuals 

co-occur at the same patch. The bottom-left insets show the network 

statics and 95% confidence intervals (D: mean network density with 

95% CI; W: mean non-zero edge weight with 95% CI; A: mean 

network assortativity with 95% CI). 

Ecological and evolutionary implications of habitat-structured social 

systems 

We argue that animal movement networks that bridge habitat with social 

networks will yield significant mechanistic insights into many seemingly 

complex patterns of social behaviors that have been observed across the 

animal kingdom. Individuals have been shown to make social decisions with 

apparent knowledge (consciousness) of future consequences (Cheney and 

Seyfarth 1999). Yet, it is also widely acknowledged that simple mechanical 

Ecological and evolutionary implications
of habitat-structured social systems

We argue that animal movement networks that bridge habitat

with social networks will yield significant mechanistic insights

into many seemingly complex patternsof social behaviours that

havebeenobservedacrosstheanimal kingdom. Individualshave

been shown to make social decisions with apparent knowledge

(consciousness) of future consequences (Cheney and Seyfarth

1999). Yet, it isalso widely acknowledged that simplemechan-

ical movement rules (as demonstrated by numerous studies of

collectiveanimal behaviour) can generatearangeof higher-level

properties, from emergent leadership (Couzin et al. 2005), to

repeatable differences in individual spatial (Farine et al. 2017)

andsocial positions(Jacoby et al. 2014; Aplinet al. 2015b; Firth

et al. 2017). Thus, simplemechanically generativeprocessesthat

arisefromthephysical habitat environment should also betaken

into account when behavioural, ecological and evolutionary

questionsof social animal groupsarediscussed.

Why should wecareabout the link between habitat configu-

ration and social structure?Wesuggest that doing so could yield

new insightsontheecology andevolution innatural populations.

From a behavioural and ecological perspective, changes in the

social structurehave impactson processessuch asmatechoice,

antipredator responsesanddiseaseand information transmission.

For example, habitat configuration could underpin divergencein

behavioursamong populations. Many songbirdsshow local var-

iation inbirdsong (Fayet et al. 2014), withpotential implications

for evolution via reproductive isolation (Slabbekoorn and Smith

2002),whilebehavioural variantscanrapidly becomeestablished

and then maintained in different parts of seemingly contiguous

populations(Aplinet al. 2015a). Habitat configurationcanshape

the behaviours of animals (Gill and Wolf 1975; Donaldson-

Matasci and Dornhaus 2012), and local spatial variation in the

habitat components and conditions in which individuals are

raised can also impact the behaviours they exhibit later in life

(Boogert et al. 2014; Slagsvold and Wiebe2018), meaning that

factors such as habitat heterogeneity could influence the behav-

ioural heterogeneity in social groups. Finally, the phenotypes

with whom individuals interact with has been shown to impact

selection on a range of traits, including morphology (Formica

et al. 2011) and dispersal behaviour (Farineand Sheldon 2015).

When populationsbecomephenotypically structured, thereis

thepotential for local differences in thesocial environmentsthat

individuals experience to impact the strength and direction of

selection. For example, when groups of interacting individuals

aresmall, thereisan inevitablenegativecovariancebetween the

trait valueof anindividual andthemeanof thetrait valueof those

that it interacts with (McDonald et al. 2017). Thus, if the envi-

ronment reducesthepool of availableindividualsto interact with,

it canalsoincreasethestrengthof social selection.By influencing

the number and rates of interactions, the physical structural
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Fig. 2 A simple illustration of how habitat connectivity can shape the

overall patterns of social interactions among individuals. Individuals are

represented with circles (nodes in thenetworks) in the main panels, while

habitat patches are shown as black squares in the top-left insets; the

probabilities of moving from one patch to the other connected patch are

shown asweighted segmentsbetween black squares in thetop-left insets.

In the social networks, edges (linesbetween pairsof nodes) arebased on

theproportionsof timesteps in which each pair of individualsco-occur at

the same patch. Highlight colours (and node colours) represent commu-

nities detected in the network, with red lines denoting the between-

community edges and black lines denoting within-community edges.

The bottom-left insets show the network statics and 95% confidence

intervals(D: mean network density with 95% CI; W: mean non-zero edge

weight with 95% CI; A: mean network assortativity with 95% CI; M:

mean network modularity with 95% CI)
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movement rules (as demonstrated by numerous studies of collective animal 

behavior) can generate a range of higher-level properties, from emergent 

leadership (Couzin et al. 2005), to repeatable differences in individual spatial 

(Farine et al. 2017) and social positions (Aplin et al. 2015b; Firth et al. 2017; 

Jacoby et al. 2014). Thus, simple mechanically generative processes that arise 

from the physical habitat environment should also be taken into account when 

behavioral, ecological and evolutionary questions of social animal groups are 

discussed. 

Why should we care about the link between habitat configuration and social 

structure? We suggest that doing so could yield new insights on the ecology 

and evolution in natural populations. From a behavioral and ecological 

perspective, changes in the social structure have impacts on processes such 

as mate choice, antipredator responses, and disease and information 

transmission. For example, habitat configuration could underpin divergence in 

behaviors among populations. Many songbirds show local variation in bird song 

(Fayet et al. 2014), with potential implications for evolution via reproductive 

isolation (Slabbekoorn and Smith 2002); while behavioral variants can rapidly 

become established and then maintained in different parts of seemingly 

contiguous populations (Aplin et al. 2015a). Habitat configuration can shape the 

behaviors of animals (Donaldson-Matasci and Dornhaus 2012; Gill and Wolf 

1975), and local spatial variation in the habitat components and conditions in 

which individuals are raised can also impact the behaviors they exhibit later in 

life (Boogert et al. 2014; Slagsvold and Wiebe 2018), meaning that factors such 

as habitat heterogeneity could influence the behavioral heterogeneity in social 

groups. Finally, the phenotypes with whom individuals interact with has been 

shown to impact selection on a range of traits, including morphology (Formica 

et al. 2011) and dispersal behavior (Farine and Sheldon 2015). 

When populations become phenotypically structured, there is the potential for 

local differences in the social environments that individuals experience to 

impact the strength and direction of selection. For example, when groups of 

interacting individuals are small, there is an inevitable negative covariance 
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between the trait value of an individual and the mean of the trait value of those 

that it interacts with (McDonald et al. 2017). Thus, if the environment reduces 

the pool of available individuals to interact with, it can also increase the strength 

of social selection. By influencing the number and rates of interactions, the 

physical structural features of habitats can also impact rates of evolutionary 

responses to selection. A recent study by Montiglio et al. (2018) suggested that 

intermediate population interaction densities generate the strongest rates of 

phenotypic change in social traits. Intermediate densities of interactions also 

generate the largest variation in phenotypic changes among groups or 

populations, meaning that different groups or populations could end up on 

different evolutionary trajectories, potentially amplifying within-species variation. 

If habitat configuration also limits dispersal, thereby producing population-level 

genetic assortativity, this could further enhance the rates of evolution by 

creating a genetic or phenotypic covariance among individuals. Thus, limited 

movement combined with local variation in habitat could intensify local 

differences in selection (Garant et al. 2005). 

Finally, an interesting question is how organisms might themselves shape or 

reinforce habitat structural features that underpin social structure. Many species 

act as dispersal agents for seeds or play a major role in pollinating plants. Such 

contributions to their ecosystem could generate feedback mechanisms, or co-

evolutionary dynamics, across species. For example, a restricted movement 

corridor may receive a disproportionate number of seeds that are preferred by 

a species, which in turn may promote movement through that habitat. Should 

the habitat around that corridor become more suitable for movement, the 

original corridor could remain as a preferred pathway as a result of the earlier 

dispersal of seed through that area (and therefore the presence of preferred 

tree species), meaning that effects of habitat geometry could be maintained 

over long periods of time. Such patterns could easily be (mis)interpreted as 

being cultural. 
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Framework outlining the role of habitat configuration on animal socialites 

Habitat configuration can shape the movements of individuals within a 

population. Studies from movement ecology have widely explored links 

between habitats and properties of individual behavior (Jacoby and Freeman 

2016), such as movement distances (Tucker et al. 2018), habitat use (Dahl and 

Greenberg 1996), dispersal (see Vasudev et al. 2015), and migration (Flack et 

al. 2016). Thus, the amount and arrangement of both the biotic and abiotic 

components of the habitat can either increase or decrease rates of movement 

across different parts of the landscape. By shaping individual movement 

behavior and patterns of social encounters, we have argued that habitat 

configuration can have fundamental impacts on subsequent social behavior 

and emergent social structure (Fig. 3). For example, using a simulation model, 

Spiegel et al. (2017) suggested that the social structure of a simulated 

population emerged from the interaction between the movement strategy of 

agents and the pattern of resource distribution. In their model, agents in areas 

with clumped resources had fewer encounters and formed less dense social 

networks compared to those in areas with more spread resources.  
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Fig. 3 A conceptual framework to illustrate the relationship between 

habitat structure, animal movement, social behaviour and 

demography. Changes in the amount and spatial arrangement of both 

abiotic and biotic components of habitats can affect patterns of 

movements at different spatial scales such as habitat use, dispersal 

and migration, which in turn can facilitate or restrict the social 

interactions among individuals within and between groups thus 

influencing key aspects of sociality such as the social structure and 

the mating patterns. These effects can have potential ecological and 

evolutionary consequences. 

Patterns of social interactions give rise to the social organization of the 

population, such as social structure, mating patterns, and kinship structure, and 

social organization is inherently linked to population or community dynamics 

(Kappeler et al. 2013; Kappeler and van Schaik 2002). The density of social 

connections and the structure of connections among kin are well known to 

influence demographic parameters (Formica et al. 2012; Silk et al. 2003; Silk et 

al. 2009; Yang et al. 2017). Further, the structure of populations is hypothesized 

to impact population processes, including disease (Chen et al. 2014; Silk et al. 

2017a; Silk et al. 2017b; VanderWaal et al. 2014) and information (Aplin et al. 

2015a; Firth et al. 2016; Jones et al. 2017) transmission, and the ability for 

social traits to evolve (Montiglio et al. 2018). In particular, more clustering, or 

strong shared connections among individuals, is generally thought to reduce 

rates of disease transmission among populations (Eames 2008). Thus, habitats 

with more isolated patches are likely to generate more clustered social 

networks, and have low rates of disease or information transmission at the 

population level. Such relationships also have a feedback effect on the 

processes that generate them (grey arrows, Fig. 3), meaning that the 

features of habitats can also impact rates of evolutionary

responses to selection. A recent study by Montiglio et al.

(2018b) suggested that intermediate population interaction den-

sitiesgenerate thestrongest ratesof phenotypic change in social

traits. Intermediatedensitiesof interactionsalsogeneratethelarg-

est variation in phenotypic changes among groups or popula-

tions, meaning that different groups or populations could end

up on different evolutionary trajectories, potentially amplifying

within-species variation. If habitat configuration also limits dis-

persal, thereby producing population-level genetic assortativity,

this could further enhance the rates of evolution by creating a

genetic or phenotypic covarianceamong individuals. Thus, lim-

ited movement combined with local variation in habitat could

intensify local differences in selection (Garant et al. 2005).

Finally, an interesting question is how organisms might

themselves shape or reinforce habitat structural features that

underpinsocial structure. Many speciesact asdispersal agents

for seedsor play amajor role in pollinating plants. Such con-

tributions to their ecosystem could generate feedback mecha-

nisms, or co-evolutionary dynamics, across species. For ex-

ample, a restricted movement corridor may receive a dispro-

portionate number of seeds that are preferred by a species,

which in turn could promote movement through that habitat.

Should the habitat around that corridor eventually become

more suitable for movement, the original corridor could still

remain a preferred pathway as a result of the earlier dispersal

of seed through that area (and therefore the presence of pre-

ferred tree species), meaning that effects of habitat geometry

could bemaintained over long periodsof time. Such patterns

could easily be (mis)interpreted asbeing cultural.

Framework outlining the role of habitat
conf iguration on animal socialites

Habitat configurationcanshapethemovementsof individuals

within a population. Studies from movement ecology have

widely explored linksbetween habitatsand propertiesof indi-

vidual behaviour (Jacoby and Freeman 2016), such as

movement distances (Tucker et al. 2018), habitat use (Dahl

and Greenberg 1996), dispersal (seeVasudev et al. 2015) and

migration (Flack et al. 2016). Thus, the amount and arrange-

ment of both thebiotic and abiotic componentsof thehabitat

can ei ther increase or decrease rates of movement

acrossdifferent partsof the landscape. By shaping individual

movement behaviour and patterns of social encounters, we

have argued that habitat configuration can have fundamental

impacts on subsequent social behaviour and emergent social

structure (Fig. 3). For example, using a simulation model,

Spiegel et al. (2017) suggested that the social structure of a

simulated population emerged from the interaction between

the movement strategy of agents and the pattern of resource

distribution. In their model, agents in areas with clumped re-

sources had fewer encounters and formed less dense social

networks compared to those in areas with more spread

resources.

Patterns of social interactions give rise to thesocial organi-

zation of the population, such as social structure, mating pat-

ternsandkinshipstructure, and social organization isinherently

linked to population or community dynamics (Kappeler and

van Schaik 2002; Kappeler et al. 2013). The density of social

connections and the structure of connections among kin are

well known to influence demographic parameters (Silk et al.

2003, 2009; Formicaet al. 2012; Yang et al. 2017). Further, the

structure of populations is hypothesised to impact population

processes, including disease (Chen et al. 2014; VanderWaal

et al. 2014; Silk et al. 2017a, 2017b) and information (Aplin

et al. 2015a; Firth et al. 2016; Jones et al. 2017) transmission

and the ability for social traits to evolve (Montiglio et al.

2018b). In particular, moreclustering, or strong shared connec-

tionsamong individuals, isgenerally thought to reduceratesof

disease transmission among populations (Eames 2008). Thus,

habitatswith more isolated patchesare likely to generatemore

clustered social networks and have low rates of disease or in-

formation transmission at the population level. Such relation-

shipsalso haveafeedback effect on theprocessesthat generate

them (grey arrows, Fig. 3), meaning that the population-level

structurecanultimately affect individual movement phenotypes

Fig. 3 A conceptual framework to illustrate the relationship between

habi tat conf iguration, animal movement, social behaviour and

demography. Changes in the amount and spatial arrangement of both

abiotic and biotic components of habitats can affect patterns of

movements at different spatial scales such as habitat use, dispersal and

migration, which in turn can facilitate or restrict the social interactions

among individuals within and between groups thus influencing key

aspects of sociality such as the social structure and the mating patterns.

These ef fects can have potential ecological and evolutionary

consequences
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population-level structure can ultimately affect individual movement phenotypes 

(movement phenotype can also feedback onto the environment), and drive 

adaptation to local environmental conditions. 

Our proposed framework can be used to categorize the sources of the effects 

that arising from the amount and spatial arrangement of habitats. It can be 

employed to generate a range of predictions or specific hypotheses on how 

structural features of habitat environments can affect different aspects (i.e. 

movement decisions, the outcomes of movement decisions), as well as the 

types of movements animals are doing (i.e. home range movement, dispersal, 

migration, wandering), and thus also the quality of social relationships (Table 1). 

Furthermore, the framework can be used in the context of conservation biology 

to evaluate the impact of threats such as habitat loss or fragmentation across a 

range of species that exhibit different types of social behavior (from territorial 

individuals through to stable groups).
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Table 1 Predictions and hypotheses concerning how the biotic and abiotic components of the habitat can shape animal 

movement, their social relationships with others, and the signature of these effects on social network structure. 

Expected effects on 
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Expected effects on social network 
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Attract 

Resources 
Higher rates of repeated social interactions where 
(or when) resources are more clustered 

More defined network communities and higher 
modularity when resources are more clustered 
resulting in higher mean association strength 
and density within communities 

Mates 
Fewer mates trigger more agonistic interactions 
among males (or females) 

Stronger edge weight in male-male (or female-
female) interaction networks and higher 
density in sexual networks 

Repel 

Competitors 
Higher levels of competition generate more 
agonistic interactions among individuals 

Stronger edge weight in directed agonistic 
interaction networks 

Predators 
Greater predation pressure often increases group 
size 

Higher mean degree in riskier habitats 
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Facilitate 
Corridors Presence of preferred movement paths (habitat 

corridors, animal tracks, roads) increase frequency 
of encounters among individuals 

Increase network density and greater 
assortative mixing 

Roads 

Impede 

Barriers (e.g. 
fences, roads) 

Reduced frequency of social encounters by 
individuals restricted to different patches and 
greater rates of social encounters among 
individuals in the same patch 

Increased network clustering and community 
structure, resulting in higher modularity 

Habitat 
transformation 
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Conclusions 

Animal societies are often viewed as complex systems in which inter-individual 

interactions are ubiquitous and their consequences at the population level are 

unpredictable. Many studies suggest that non-random structural features of 

social networks, such as multi-level or hierarchical structures or phenotypic 

assortativity, represent the outcome of complex behaviors. However, many 

passive processes or simple mechanisms can also impose non-random 

patterns in social structure (Cantor and Farine 2018; Cantor et al. 2012; Firth et 

al. 2017) which can strongly affect a range of population-level processes 

spanning both ecology and evolution. Environmental factors (e.g. the structure 

or configuration of habitat patches) can regulate the patterns of social 

interactions by affecting the rates at which such interactions take place and who 

is present, with consequences for the social environments that individuals 

experience. 

We propose that the effects of these environmental aspects on animal social 

patterns, processes, and evolution should be more widely considered. This can 

easily be achieved by explicitly accounting for, or removing the effects of space 

in animal social network data analysis, and recent studies in the literature have 

proposed methods. For example, we can quantify the relative contributions of 

social behavior and habitat configuration to social complexity by using 

permutation tests for network hypothesis (Croft et al. 2011; Farine 2017), 

generalized affiliation indices for extracting affiliations from network data 

(Whitehead and James 2015), randomization of animal movement paths for 

teasing apart the underlying spatial constrains on the patterns of social 

interactions among individuals (Spiegel et al. 2016), or recently-proposed 

methods to quantify complexity in animal populations (Weiss et al. 2019), which 

can easily be compared to spatially-explicit null models (see Farine 2017) to 

quantify the effects of habitat configuration on animal social complexity (see 

also Aplin et al. 2015b). However, we suggest that the generative processes 

that underpin population-level network structure of animals are still relatively 

unknown. Ultimately, this is where any selection processes arising from the 
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social environment should drive an evolutionary response (i.e. in how 

individuals make decisions). While growing volume of ecological data can be 

collected thanks to recent advances in technologies, and many complex 

patterns and processes in ecology and evolution can be depicted and analyzed 

using network models (Dale and Fortin 2010; Proulx et al. 2005), we suggest 

that future studies in animal social ecology and evolution can investigate how 

environmental factors drive complexity in animal societies and social processes 

by integrated analyses of different types, layers, or organizations of networks 

(Kivelä et al. 2014; Montiglio et al. 2020). Moreover, because social behavior 

can respond to changes in habitat configuration, the relationship between social 

structure, animal movement and habitat configuration has important 

implications for conservation. Understanding how habitat changes, for example 

as a result of habitat loss, harder borders between agricultural and conservation 

areas, and higher density in urban landscapes, can affect animal movement 

should also be carefully considered in the conservation of social species.
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Abstract 

By shaping where individuals move, habitat configuration can fundamentally 

structure animal populations. Yet, we currently lack a framework for generating 

quantitative predictions about the role of habitat configuration in modulating 

population outcomes. To address this gap, we propose a modelling framework 

inspired by studies using networks to characterize habitat connectivity. We first 

define animal habitat networks, explain how they can integrate information 

about the different configurational features of animals’ habitats, and highlight 

the need for a bottom-up generative model that can depict realistic variations in 

habitat potential connectivity. Second, we describe a model for simulating 

animal habitat networks (available in the R package AnimalHabitatNetwork), 

and demonstrate its ability to generate alternative habitat configurations based 

on empirical data, which forms the basis for exploring the consequences of 

alternative habitat structures. Finally, we lay out three key research questions 

and demonstrate how our framework can address them. By simulating the 

spread of a pathogen within a population, we show how transmission properties 

can be impacted by both local potential connectivity and landscape-level 

characteristics of habitats. Our study highlights the importance of considering 

the underlying habitat configuration in studies linking social structure with 

population-level outcomes. 
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networks | social networks 

Introduction 

Animals rarely move unrestrictedly, as the physical habitat environments they 

depend on are often heterogeneous and uneven (Fahrig 2007; Kovalenko et al. 

2012; Lovett et al. 2005). The physical configuration of habitats, such as the 

spatial arrangement of habitat components and their physical attributes (e.g. 

heterogeneity, size, quality), can fundamentally determine the patterns of 

habitat potential connectivity (i.e. where animals of a species can go), which 

eventually determine how populations of given species are functionally 

connected (e.g. socially or genetically). Thus, habitat configuration can have 

broad implications for population and community dynamics across spatial and 

temporal scales, including ecological interactions (Jordano 2016; Plitzko and 

Drossel 2015; Ryser et al. 2019), community structure (Altermatt and Holyoak 

2012; Henriques-Silva et al. 2013; Wilson et al. 2016), and speciation (Naka 

and Brumfield 2018). Habitat configuration can also determine the rates of 

social interactions among conspecifics, thus shaping the social structure of 

populations (Emlen and Oring 1977; Farine and Sheldon 2019; Gosling 1991; 

He et al. 2019; Leu et al. 2016). Ultimately, the physical configuration of habitats 

shapes the distributions of genes (Armansin et al. 2020; Beninde et al. 2016; 

Phillipsen and Lytle 2013), pathogens (Altizer et al. 2003; Loehle 1995; Silk et 

al. 2019), and information (Aplin et al. 2015a; Laiolo and Tella 2005; Laiolo and 

Tella 2006) in populations. Understanding the effects of habitat physical 

configuration on animal population and community dynamics is particularly 

important in a rapidly changing world, where natural populations increasingly 

face anthropogenic habitat changes. 

How individual animals are socially structured has many consequences for 

populations (Allen et al. 2017; Aplin et al. 2012; Keeling 1999; Montiglio et al. 

2018). The best example for this perhaps comes from studies on pathogen 

transmission (Cantor et al. 2021b; Prado et al. 2009; Sah et al. 2018; Silk et al. 

2019) describing how patterns of social or physical connections among 
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individuals at local and global scales can impact the speed of transmission and 

the magnitude of disease outbreaks. Specifically, more clustered connections—

where the number of shared social connections between individuals, or triads 

𝐴 ↔ 𝐵 , 𝐵 ↔ 𝐶 , and 𝐴 ↔ 𝐶 , are more represented in the population—can 

increase the local spread (among immediate contacts) but decrease the speed 

and global reach of pathogen transmission (Keeling 2005; Read and Keeling 

2003; Sah et al. 2018). However, to unravel the role of social structure in 

shaping ecological and evolutionary dynamics, we need to also understand the 

mechanisms that shape animal social structure. Alongside social decisions, 

features of the physical habitat environments can play a major role in shaping 

where animals move, who they (re-)encounter, and how often they interact with 

one-another (He et al. 2019). For example, a study in sleepy lizards (Tiliqua 

rugosa) found that habitats with more barriers increased the rates of encounters 

among individuals, increasing the density and clustering of the social networks 

(Leu et al. 2016), which may have implications for the spread of infectious 

pathogens (Tildesley et al. 2010; White et al. 2018). Early socioecological 

models have linked the spatiotemporal distribution of resources and risks to 

social behaviour (van Schaik 1989; Wilson 1975a), while more recent models 

have focused the behavioural mechanisms underlying social structure (Cantor 

and Farine 2018; Farine 2021; Ilany and Akçay 2016; Kappeler 2017; Spiegel 

et al. 2016). However, we also require quantitative tools that explicitly link 

configurational properties of habitats to social structures to enable us to 

generate testable hypotheses on the role of the physical habitat environments 

on socially-mediated population outcomes. 

The features of animal habitats are typically multi-faceted—they can be 

described by the heterogeneity, sizes, abundance and spatial arrangements of 

habitat components (Tokeshi and Arakaki 2012). For a given animal species, 

these features determine habitat potential connectivity, indicating where 

individuals can move, thereby, the behaviours that they express and the 

subsequent consequences for populations (Gilarranz et al. 2017). For example, 

Doherty et al. (2019) found that the shape of habitats, specifically whether 

habitats were wider (i.e. forming a rectangle) or thinner (forming a narrow strip), 
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structured the movements of radio-tracked agamid lizards (Pogona barbata); 

specifically, activity area and daily movement rates were lower among 

individuals inhabiting thinner habitats. The actual movements of animals are 

then the outcomes of a range of drivers (Nathan et al. 2008), including habitat 

potential connectivity and individuals’ actual behavioural decisions (e.g. where 

to move for resources and/or mates), which over time determine how 

populations of a species are functionally connected (Calabrese and Fagan 

2004; Tischendorf and Fahring 2000). Among these drivers, the spatial 

components inherent to many emergent ecological patterns have received 

increasing attention in ecology (Fletcher et al. 2013; Gilarranz et al. 2017). 

Spatial networks (Barthélemy 2011) have been used to characterize 

metapopulation spatial structures and the spatial configuration of habitats (Dale 

and Fortin 2010; Fall et al. 2007; Urban and Keitt 2001; Urban et al. 2009), and 

the spatial patterns of connectivity of animal habitats (Alther and Altermatt 2018; 

Bodin and Norberg 2007; Fall et al. 2007; Galpern et al. 2011; Lookingbill et al. 

2010; Marini et al. 2019; Minor and Urban 2008; Poli et al. 2020; Urban and 

Keitt 2001; Urban et al. 2009). For example, Robertson et al. (2018) used long-

term mark–resight data to construct networks that characterize the functional 

connectivity among habitat patches of snail kite (Rostrhamus sociabilis 

plumbeus) to evaluate the relative roles of among-patch movement and 

reproduction in modulating the effective connectivity of the species’ distribution 

range. In such networks, nodes often represent habitat or resource patches (e.g. 

nesting sites, Galpern et al. 2011; Urban et al. 2009), that is, areas crucial for 

survival and reproduction (Fahrig and Merriam 1985) as opposed to the 

landscape matrix (Ziolkowska et al. 2014). How these connections are defined 

determines what these networks are depicting. Typically, the connections are 

inferred from movements of individuals, gene flow, the species’ biological 

attributes, or from the characteristics of the environment itself (see Calabrese 

and Fagan 2004 for the definitions of connectivity metrics; but see review on 

the use of these connectivity metrics in Galpern et al. 2011). 

Spatial networks constructed following the approaches outlined above have 
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been instrumental in studies of animal movements (Gilarranz et al. 2017; 

Robertson et al. 2018) and community structure (Altermatt and Holyoak 2012). 

However, they typically do not allow us to make broader, or more general, 

predictions on the linkages between spatial network structures and processes 

in animal populations and communities. This is because the structures of 

empirically constructed spatial networks are usually derived from, and thus 

inherently limited in scope by, the specific habitats and species under study 

(Baguette et al. 2013; Baranyi et al. 2011; e.g. Fig. 1-a). Thus, they limit our 

understanding on how various configurational features of habitats (e.g. 

landscape linearity, spatial scale etc.) might consistently shape population or 

community outcomes. For example, networks explicitly built to characterize the 

potential connectivity of the Yangtze and the Rhine rivers for freshwater 

organisms can be used to explore the relationships between these specific 

network structures and processes in populations or communities. Yet, the 

specificity of such networks, as originated from the specific spatial 

configurational features (e.g., landscape geometry, elevation) of those habitat 

systems for targeted species, may limit our ability to explore a broader spectrum 

of plausible habitat networks, including those that might not yet exist but could 

emerge from present habitat networks (e.g. through rerouting of river flow or 

the construction of a dam). Moreover, empirical networks provide limited ability 

to explore how specific dimensions of network properties (e.g. patterns of 

connectivity) affect populations while holding other properties constant (e.g. 

network size, spatial scales at which these networks are defined; e.g. Fig. 1-b, 

1-c). For example, empirical networks have suggested that highly modular 

social structures (i.e. multilevel social structures) play an important role in 

promoting cultural evolution (Migliano et al. 2020); yet, it has been subsequently 

shown that such effects of modularity contribute relatively little in promoting 

cultural evolution by simulated networks, which allow testing the effects of 

network connectivity itself while controlling other network properties such as the 

number of links (Cantor et al. 2021a). Such limitations may make it hard to 

generalize insights and predictions on the relationship between the physical 

habitat environment and biological processes.
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Fig. 1 Two distinct approaches for understanding the role of 

habitat configuration in shaping animal population (or 

community) structures. (a) In most studies, animals are observed 

living and moving (e.g. via GPS tracking) within given time windows 

in specific habitats, from which characteristics of the connectivity of 

the focal habitat area are inferred or modelled (e.g. by resistance 

surface modelling, network-based landscape connectivity modelling, 

or circuit theory). By contrast, (b) with a bottom-up approach, we can 

simulate networks to depict the physical configurations of specific 

habitats, and then model individual movements (or more complex 

behaviours) on these habitats, from which we can gain sights on how 

observed structures (e.g. patterns of movements and social 

interactions) emerged. With this approach, we can also (c) simulate 

habitat networks controlling for key parameters (e.g. network 

connectivity), thus producing alternative scenarios that can control (or 

not) for features that are hypothesized to play a major role in shaping 

biological processes in populations. Here we illustrate two simulated 

networks, one of which (b) can exactly depict the configuration of the 

given habitat for the focal species (a), while the other depicts a habitat 

that maintains some characteristics (e.g. the same distributions and 

sizes of habitat patches, represented by nodes) as the given habitat 

(a), but provides alternative patterns of potential connectivity (by 

randomizing the spatial distribution of movement barriers that 

determine which patches are connected).  
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One way to overcome the limitations of empirical networks is to simulate 

networks using generative models (Granovetter 1973; Watts and Strogatz 

1998). While many generative models exist (e.g. Barabási et al. 2001; Erdős 

and Rényi 1960), none considers the inherent spatial dependency of animal 

habitat networks, and thus generate networks might not capture their 

fundamental properties (but see Carraro et al. 2020 for a recent solution for 

riverine habitats). One generative model of random networks that can 

incorporate spatial components is the random geometric network model (Dall 

and Christensen 2002; Penrose 2003). In geometric networks, nodes are 

anchored in space and are connected whenever their Euclidean distance is 

below a given threshold. By producing distance-based spatial networks 

(Barthélemy 2011), the random geometric network model provides a starting 

point for generating habitat networks. However, random geometric networks 

remain limited by a fixed spatial extent (i.e. a consistent square landscape) and 

a fixed threshold for determining the presences of links. In nature, the geometry 

of habitats and landscapes for a species, and the topological properties of their 

potential connectivity, can vary widely. For example, the distance between two 

patches does not exclusively dictate their potential connectivity—barriers such 

as waterscapes can restrict movement of a terrestrial animal between two 

patches in close proximity, while patches that are far apart can be connected 

by movements (Green et al. 2020; Strandburg-Peshkin et al. 2017). 

Here, we address the need for a generative model of animal habitat networks 

by extending the random geometric network model to generate more plausible 

spatial networks. We first define animal habitat networks and outline the key 

configurational features of animal habitats that can be captured by such 

networks. Next, we describe a modelling framework—available in the 

accompanying R package AnimalHabitatNetwork, for simulating animal habitat 

networks explicitly tailored to depict the diverse physical configurations of 

animal habitats. We show that our network simulation algorithm can be tuned 

to capture the patterns of potential connectivity of real habitats efficiently, 

thereby providing the basis for explorations of alternative scenarios. Doing so 

is important, as making predictions requires producing realistic alternative 
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scenarios. We propose three key research questions related to our modelling 

framework. Finally, we illustrate how our framework can be used to simulate 

animal habitat networks with varying patterns of connectivity to investigate the 

implications of habitat configuration for populations by embedding a 

Susceptible-Infected-Recovered (SIR) epidemic model in our modelling 

framework. Taken together, our findings provide new insights on the linkages 

between habitat configuration and population-level outcomes and highlight how 

the application of an explicit and quantitative framework to simulate habitat 

networks can help us gain a better mechanistic understanding of the role of 

habitat configuration in shaping the dynamics of ecological, evolutionary 

processes and their conservation implications. 

A multi-dimensional framework for modelling animal habitat 

configuration 

Defining animal habitat networks 

Animal habitats are defined by taking both the species-level properties (such 

as locomotion and space use characteristics of a focal species) and the 

environmental features into account. Here we highlight the five fundamental 

dimensions proposed by Tokeshi and Arakaki (2012) for characterizing habitat 

physical configuration as a means of defining components in animal habitat 

networks. These dimensions are 1) spatial scale (spatial resolution and extent) 

at which the landscape and its elements are defined, 2) composition diversity 

(heterogeneity), 3) size (area), 4) abundance or density (number of discrete 

habitat patches/units per area), and 5) spatial arrangement (distribution) of 

habitat components. With these dimensions and following the definitions of 

connectivity metrics (i.e. structural, potential, and realized connectivity; 

Calabrese and Fagan 2004; Taylor et al. 1993; Tischendorf and Fahring 2000; 

Urban and Keitt 2001), we define animal habitat networks (Fig. 2) as network-

based explicit depictions of 1) the spatial organization and 2) the physical 

attributes (e.g. heterogeneity and area) of given numbers of habitat 

components at given spatial scales, and 3) the potential connectivity indicating 
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where animals of a given species can move.  
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Fig. 2 Networks explicitly characterizing the physical 

configurations of animal habitats. We illustrate how five 

dimensions for assessing habitat configuration proposed by Tokeshi 

and Arakaki (2012) can be integrated and applied to construct animal 

habitat networks. These dimensions are 1) spatial scale (spatial 

resolution and extent), 2) composition diversity (heterogeneity), 3) 

size (area), 4) abundance or density (number of discrete habitat units 

per area), and 5) spatial arrangement (distribution) of habitat 

components. (a) A hypothetical land-scape composed by forest 

fragments (numbered components) within a heterogeneous matrix 

with potential movement corridors (light green, which account for the 

presences of links between nodes) and physical barriers (light brown, 

which account for the absence of links between nodes). The physical 

features and spatial organization of the habitat components can be 

represented by a connected network at a large spatial scale, with a 

high composition diversity (fragments of different tree species), 

different habitat sizes (small and large fragments), high abundance 

(7 fragments), and heterogeneous spatial arrangement (fragments 

unequally distributed and connected by movement corridors across 

the landscape). (b) The physical features and spatial arrangement of 
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habitat components can be characterized at different spatial scales. 

Here, part of the forest (fragment 2) can be represented by a 

connected network at a finer spatial scale (e.g. trees as habitat 

components), with a low composition diversity (the same tree 

species), small habitat size (single trees), low abundance of 

components (4 trees), and uniform spatial arrangement. In the two 

habitat networks, the compositional diversity (or quality) and size (or 

carrying capacity) of habitat components are characterized by node 

attributes (colours and sizes), the abundance by the number of nodes 

in the networks, and the spatial arrangement by the patterns of 

connectivity and the distribution of link weights (both as a function of 

the Euclidean distances between habitat components). 

In habitat networks, nodes represent spatially-explicit habitat components (or 

patches) which can be characterized by attributes (e.g. size, quality, physical 

composition). The presence of a link between nodes indicates that animals of 

a given species can move between patches. In weighted animal habitat 

networks, link weights can characterize variation in the propensity for 

individuals to move between patches. Variation can arise from a range of factors, 

such as the spatial proximity between habitat components or the permeability 

of the landscape matrix between habitat components. Link weights can also be 

defined by empirical data (such as the actual rate of movement or gene flow 

between patches previously observed, which are typically treated as 

measurements of the extent to which landscapes facilitate/impede movements 

of individuals of a species, Taylor et al. 1993). Link presences and weights can 

also be related to properties of habitat patches (i.e. node attributes), such as 

the extent to which they are similar in their attributes for a species (e.g. types 

of resources they provide for a species). 

The definition of the presences and weights of links in habitat networks 

highlights a clear distinction between network structures defined as a priori 

potential connectivity versus those determined by post hoc observational data. 

The former provides a fundamental template indicating where animals of a 
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species can move, as the outcome of how the species’ intrinsic biological 

attributes (e.g., locomotion, Hirt et al. 2018) interact with the configurational 

features of the physical habitat environment. By contrast, the latter reflects 

realised animal movements (e.g. animal movement networks; see properties of 

movement networks in Bastille-Rousseau et al. 2018; Jacoby and Freeman 

2016) that are typically driven by habitat potential connectivity together with a 

range of factors. These include the social environment that contribute 

independently to individuals’ movement decisions (Armansin et al. 2020; 

Strandburg-Peshkin et al. 2017), but also methodological factors (e.g. 

measurement accuracy, effort, decisions about where to collect data). Defining 

animal habitat networks from the perspective of potential connectivity highlights 

the fundamental bottom-up role of habitat physical configuration together with 

focal species’ biology in structuring animal movements and the subsequent 

processes in populations or communities. 

The AHN model 

We propose a general and spatially-explicit modelling framework for plausible 

spatial networks (hereafter the ‘AHN’) that can depict the diverse 

configurational features of animal habitats. Although we focus on animals, our 

framework can equally be applied to characterize the configurational features 

of habitats for any moving organisms, such as pathogens in moving hosts and 

dispersing seeds. The model contains eight parameters (Table 1) explicitly 

encoding five fundamental dimensions characterizing animal habitat physical 

configuration (Tokeshi and Arakaki 2012) and species-level movement 

characteristics. We define the model within a 2-dimensional Euclidean space, 

by conceiving a planar rectangular landscape with an area 𝐴 and a side length 

𝐿. The model can accept any given spatial layouts of habitat components. For 

example, the coordinates can be determined by the spatial locations of 

empirically observed natural habitats, approaches developed for simulating 

point patterns in spatial ecology (Baddeley et al. 2016; see also Baddeley and 

Turner 2005 for the R package 'spatstat'), or any spatial distributions relevant 

to a hypothesis of interest (e.g. the layout simulated using the Gauss-Poisson 
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point process; see the example in Code Availability). By default, the spatial 

coordinates 𝒙 and 𝒚 of the 𝑁 habitat components are randomly drawn from 

the intervals [0, 𝐿]  and [0, 𝐴/𝐿]  (e.g. Fig. 3-a), respectively. In this way, the 

AHN can depict landscapes with variable sizes, spatial extents, and aspect 

ratios, which can be based on the geometric properties of empirical animal 

habitats. Thus, the model explicitly captures the number (or density) of habitat 

components at the given spatial scale. Finally, in the model, the compositional 

diversity (i.e. heterogeneity) and size (or other physical properties) of habitat 

components can be encapsulated as node attributes, in vectors 𝑼  and 𝑽 

respectively, the values of which can be quantitative or qualitative, and can be 

provided specifically or drawn at random from a given distribution, depending 

on the hypothesis of interest. By being explicit in spatial scale and node 

attributes (e.g., heterogeneity), the model can relate spatial scaling (Fletcher et 

al. 2013) to the functionality of the physical habitat environment for organisms 

of focal species (Fahrig et al. 2011). 

Table 1 Parameters of the AHN model for depicting habitat physical 

configuration. 

Parameter Description 

𝐴 > 0 Area of the conceived landscape 

𝐿 > 0 The length of one side of the conceived landscape 

𝑁 > 0 Number of habitat components (integer) 

𝜂 ≥ 1 Scaler for the weights of rewiring links 

𝜆 > 0 Determining the steepness of link filtering-out function 𝑃(𝐷𝑖𝑗) 

𝜇 Determining the concave-to-convex transition point of 𝑃(𝐷𝑖𝑗) 

𝑼 Heterogeneity (or qualitative properties) of habitat components 

𝑽 Sizes (or quantitative properties) of habitat components 
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Fig. 3 The workflow of the AHN model for generating animal 

habitat networks. First, (a) the algorithm constructs a fully 

connected and weighted habitat network. Here, numbered nodes 

represent 30 habitat components colour-coded by their attributes 

(such as their sizes, quality or compositions, with continuous or 

discrete colour palette) and connected by links whose thicknesses 

indicate the strength of the spatial relationship between the two 

habitat components, and is determined by the spatial positions of the 

nodes. The network is defined in a conceived 2-dimensional 

landscape in which the 𝑥 and 𝑦 axes indicate the spatial extents of 

the landscape (here the aspect ratio is 1, i.e. 𝐴 = 𝐿2, but the model 

allows any 𝑥  and 𝑦  extents for capturing the diverse landscape 

geometry), therefore it inherits spatial properties of the landscape. 

Next, (b) the algorithm removes the link between node 𝑖 and 𝑗 (𝑖 ≠

𝑗) from the network with probability 𝑃(𝐷𝑖𝑗); in this example it results 

in a disconnected habitat network. Then, (c) the (disconnected) 

network components are rewired with minimal number of links. Finally, 

(d) the habitat network can be transformed to unweighted, if so 

desired (e.g. when we are interested only in the patterns of potential 

connections while their attributes are irrelevant to our hypotheses). 

Once the layout of habitat components is defined, the AHN model can then 

generate links to characterize the patterns of potential connectivity among 

habitat components for a given species. Links can be weighted (e.g. Fig. 3-c, 

with link weights characterizing the strength of connections) or unweighted (e.g. 

Fig. 3-d, where the strength of connections is not of interest), and are non-

directed (the model can easily be extended to have directed links, for example 
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if there is a gradient—such as altitude—a physical features of habitat that might 

favour animal movements in one direction more than the other). 

When generating links, the model starts by allocating a link weight between 

node 𝑖  and node 𝑗  (𝑖 ≠ 𝑗 ). By default, the model uses the power function 

𝑊(𝐷𝑖𝑗) = 𝐷𝑖𝑗
−1 , where 𝐷𝑖𝑗  is the Euclidean distance, a primary metric 

characterizing habitat potential connectivity (Poli et al. 2020), between habitat 

components that node 𝑖  and node 𝑗  are referring to (Fig. 3-a). However, 

alternative approaches can be used to define link weights, such as relating them 

to the similarities or differences in the properties of patches themselves (i.e. 

node attributes characterized by 𝑼  and/or 𝑽 , such as their heterogeneity), 

using different metrics such as cost-distance (Fletcher et al. 2016), using 

dispersal kernels (Clobert et al. 2012; Hartfelder et al. 2020; Urban and Keitt 

2001; see also our supplementary examples on GitHub), or using information 

on habitat choice of a species, such as evidence that animals can preferentially 

disperse to habitats with similar properties as their natal habitats (Davis 2008; 

Hoover et al. 2021)—which would mean that patches with greater similarity 

would have a stronger link weight. 

With our approach, the network starts by being fully connected, with link weights 

indicating the strength of potential connectivity between pairs of habitat 

components. In nature, however, animals are often limited by their ability to 

move between habitat components that could otherwise be connected by 

movements, for example, due to physical barriers to their movements, and/or 

spatial distances that they are intrinsically not able to directly cover between 

habitat components. To capture this realism, we use the sigmoidal function 

𝑃(𝐷𝑖𝑗) =  [1 + exp(−𝜆(𝐷𝑖𝑗 − 𝜇))]−1  to determine a threshold probability for 

filtering out the link between node 𝑖 and 𝑗 from the initial complete network, 

where 𝜆  determines the steepness of the thresholding curve which transits 

from concave to convex at the species-specific critical distance 𝐷𝑖𝑗 = 𝜇. We 

define 𝜆 > 0  so 𝑃(𝐷𝑖𝑗)  consistently increases over 𝐷𝑖𝑗  (Fig. A1). This 

function enables us to generate a wide spectrum of curves to cover the diverse 

and evolving relationships between 𝐷𝑖𝑗 and 𝑃(𝐷𝑖𝑗) by tuning 𝜆 and 𝜇 (Fig. 
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A1-A3). The dependence of the probability on 𝐷𝑖𝑗 assumes that it is less likely 

that there exists a direct movement potential between two habitat patches when 

they are much further away. 

The probabilistic nature of the filtering function captures the stochasticity that 

exists in the relationships between spatial proximity, landscape configurational 

features and potential connectivity. That is, on one hand, 𝜇 operates on the 

distances between patches to characterize the baseline stochasticity as the 

product of the interplay between species-specific characteristics of how 

individuals typically move (e.g., locomotion mode or capacity) and the given 

spatial proximity between habitat components, while, on the other hand, 𝜆 is a 

coefficient which characterizes the stochasticity arising from how the intrinsic 

biological properties of a species interact with the given configurational features 

of the physical habitat environment between habitat components with the given 

spatial proximity, such as the presences/absences of physical barriers, and/or 

the amount of resistance to movements. With 𝜇 and/or 𝜆 we can generate the 

patterns of absences/presences of links that are ecologically relevant to our 

hypotheses or questions (e.g. parameterization with empirical or observational 

data on focal species’ attributes, spatial proximity between habitat components, 

and/or the quality of landscape matrix for the focal species). 

Our framework provides a starting point for incorporating more complex 

approaches for simulating spatial networks as habitat networks. It provides a 

simple and flexible approach to simulating networks that can capture the 

diverse patterns of potential connectivity of animal habitats as found in nature. 

For example, with a given set of spatially-referenced nodes, 𝑃(𝐷𝑖𝑗) allows us 

to simulate variable patterns of network connectivity, such as node clustering, 

which can be used as meaningful depictions of the potential connectivity of 

alternative scenarios of empirically derived habitats or to generate scenarios for 

habitats based on observed (or hypothesized) locomotion modes of a species. 

𝑃(𝐷𝑖𝑗)  can also determine the presence of links in both probabilistic and 

deterministic ways, which not only makes the framework general, but also 

enriches our ability to encode the diverse physical features between habitat 
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components, such as the variation in the quality of habitat matrix (in terms of 

their effects on animal movements), and species’ intrinsic attributes, such as 

the ability to exploit the physical landscapes. For instance, in the extreme case 

when 𝜇 → −∞ and 𝜆 → +∞, the link removal function becomes deterministic 

(i.e. 𝑃(𝐷𝑖𝑗) → 1), and with the rewiring option in the model (described below), 

the model can then generate networks that approximate planar networks 

(McDiarmid et al. 2005), which have previously been used to model landscape 

functional connectivity (Chubaty et al. 2020). 

In some cases, 𝑃(𝐷𝑖𝑗)  fragments the network into (disconnected) network 

components (e.g. Fig. 3-b). The smaller the 𝜇 gets and the larger the 𝜆 gets, 

the more links on average will be filtered out, and the more likely it is for the 

resulting habitat network to be disconnected (Fig. A3). In such cases, a 

disconnected network would represent habitats containing isolated clusters of 

habitat components between which animals cannot physically move among 

them. From a modelling perspective, it is often preferable (at least initially) to 

consider one habitat as a connected network (i.e. a single network component) 

which denotes a complete habitat or a section of a larger fragmented habitat in 

which individuals can theoretically (but not necessarily) move from one patch 

to any other. This means that the whole of the focal population can be 

functionally connected as a biologically meaningful unit (e.g., gene flow is 

possible between any two patches). We therefore incorporate the option of 

using a step-wise approach to rewire network components for connected 

habitat networks. In the rewiring, the two spatially closest nodes from each of 

the two network components are wired each time until the network has no 

disconnected network components, and the algorithm uses the minimum 

number of rewiring links for doing this (Fig. 3-c). While by default the weights of 

rewiring links (if simulated) are defined in the same way as for the links within 

connected clusters, the model provides the option to additionally mediate these 

weights (for example, if we expect lower movement potentials between clusters, 

given the distance between them). We implement this option with the function 

𝐺(𝐷𝛼𝑖𝛽𝑗 , 𝜂) = 𝐷𝛼𝑖𝛽𝑗
−𝜂

 , where 𝐷𝛼𝑖𝛽𝑗  is the Euclidean distance between node 𝑖 

from the network component 𝛼  and node 𝑗  from the network component 
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𝛽 (𝛼 ≠ 𝛽) , and the scaler  𝜂 ≥ 1  enables control over the weights of the 

rewiring links (if any; Fig. A4), and by default 𝜂 = 1 (i.e., all the link weights in 

a network are defined with the mathematical reciprocal of the Euclidean 

distance between nodes). 

We provide the implemented algorithm for simulating habitat networks in the 

function ahn_gen() in the R package AnimalHabitatNetwork (version 0.1.0, He 

and Farine 2019; see Code Availability). 

Demonstrating the capability of the AHN model in simulating habitat 

potential connectivity 

The pattern of connectivity is the key signature of a network (Albert et al. 1999). 

To test the capability of the AHN model in simulating habitat networks that are 

similar in terms of their structural properties (i.e. connectivity) to those observed 

from real habitats, we compared the topological properties of networks 

generated by the model using a given parameter space with those of empirical 

habitat networks characterizing habitat potential connectivity by Friesen et al. 

(2019). Here we consider three network metrics, the (average) clustering 

coefficient, modularity and diameter. Studies have discussed the relationships 

between these metrics of (social) networks and population outcomes, such as 

transmission of pathogens (Sah et al. 2018) and evolutionary dynamics 

(Marcoux and Lusseau 2013; Raghunandan and Subramanian 2012) in 

populations. In the context of animal habitat networks, these metrics could 

explain outcomes where individual movement play a fundamental role. The 

clustering coefficient (Fagiolo 2007) in animal habitat networks characterize the 

probability that two patches connected to a third patch are themselves 

connected, which can capture the extent to which individuals are locally 

constrained and contained by the physical habitat environments. Modularity 

(Newman 2006) in animal habitat networks characterizes the extent to which 

clusters of habitat patches tend to be more densely connected with each other 

within the cluster than with other clusters, which can capture the extent to which 

individuals are facilitated in local movements but impeded in movements at 
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larger spatial scales by configurational features of the physical habitat 

environments (where higher modularity would represent more distinct 

subpopulations). Diameter (Albert et al. 1999; Jackson 2008) in an animal 

habitat network captures the length of the longest (yet the most efficient) 

potential movement path between two patches within a given habitat, which can 

capture the linearity of habitat potential connectivity. 

We extracted the largest network component from each of the 62 empirical 

habitat networks contained in the Friesen et al. (2019) dataset, and kept 58 of 

them for benchmarking (the two largest were omitted due to computation limit 

and the two smallest, each with two nodes, were excluded). Each of these 

extracted networks is connected, denoting a habitat or a part of a larger habitat 

where animals can physically move from a given habitat component to any 

other one (i.e. the habitat can be functionally connected—biological processes 

such as information or genes flows are possible among habitat components). 

Next, we simulated random habitat networks with the AHN model and identified 

those sets of parameters under which the corresponding output habitat 

networks best approximated the (average) clustering coefficient, modularity, 

and diameter of each of these empirical networks, respectively. We considered 

the parameter space 𝐴 = 25 , 𝐿 ∈ {5, 10, 15, 20, 25, 30} , 𝜇 ∈  {0.1, 2, 5, 7, 10} , 

𝜆 ∈  {0.001, 0.1, 0.15, 0.35, 0.4, 0.75, 1.25, 5, 30} across all empirical benchmark 

networks, while keeping 𝑁  identical to the number of nodes of the 

corresponding empirical habitat network. This parameter space was 

determined by considering the effects of each parameter on the resulting 

network structures (Fig. A1-A7). In total, for each metric of each empirical 

network, we generated 270 (i.e. size of the parameter space) random habitat 

networks, and identified the set of parameters from the parameter space that 

generated the network that most closely approximated the metric of the given 

empirical network as the ‘best-fitting’ set of parameters for that network. We 

then simulated 15 habitat networks with each of these sets of parameters as 

replicates, and evaluated the extent to which each of these metrics of each 

replicate deviated from that of the corresponding empirical network (see Code 

Availability). The test of the model with these networks confirmed that our 
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proposed algorithm can generate networks that capture the key structural 

properties of real habitats (Fig. 4), thereby forming the basis for subsequently 

exploring on how population outcomes (structures and/or processes) might 

change under alternative habitat scenarios (e.g. by controlling and/or 

parameterizing key parameters from empirical and/or observed landscapes, 

such as increasing or decreasing connectivity by tuning 𝜇  and/or 𝜆 ). For 

example, if we wanted to test whether a species in a landscape with a given set 

of configurational features is more prone to infectious pathogens than another 

species, we can model transmission dynamics with epidemic models on habitat 

networks defined by species-specific 𝜆  and/or 𝜇 . All network computations 

were done in R (version 3.6.1, R Development Core Team 2019) with the igraph 

library (Csardi and Nepusz 2006).  
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Fig. 4 The AHN model can simulate spatially-explicit networks to 

characterize habitat potential connectivity. Each grey circle 

denotes the difference in each of the three metrics (y-axes, a, b, c) 

between each of the 15 replicated random habitat networks 

generated by the AHN model with each set of best-fitting parameters 

identified from the given parameter space and the corresponding 

empirical network; black circles and bars characterize the means and 

the standard deviations. 

Key research questions related to the modelling framework 

The AHN model can be used to address a range of topics and research 
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questions. Here, identify three key research areas where our framework can be 

used to address outstanding questions. 

What are the consequences of habitat changes for population processes 

in social animals? 

Animal habitats are changing under natural and anthropogenic drivers, typically 

characterized by changes in the spatial distribution of habitat components (e.g. 

food and shelter), changes in their potential connectivity (e.g. through 

fragmentation or reforestation), and/or changes in the physical attributes of the 

habitat components themselves (e.g. the amount of resources in each patch). 

These changes can then reshape the movements of animals, which can 

subsequently affect the patterns of biological or ecological interactions (e.g. 

inter-individual social structure, predator-prey interactions), or even impose 

evolutionary pressures on impacted species (Banks et al. 2011; Kokko and 

Sutherland 2001). The spatial distributions of food resources or habitat 

fragmentation can shape the spatial organization of individuals (Jacobson et al. 

2015; Mourier et al. 2012), with consequences on the evolution of their social 

or mating systems (Banks et al. 2007; Emlen and Oring 1977; Tuomainen and 

Candolin 2011; van Schaik 1989). For example, Banks et al. (2011) empirically 

explored the relationship between the patterns of den-sharing interactions 

among hollow-dependent Australian mountain brushtail possums and the 

spatial variation in hollow tree availability, and found a behavioural switch from 

kin avoidance to kin preference in den sharing when hollow tree availability 

decreases, highlighting the important role of habitat change in driving 

individuals’ social behaviours as responses. In another example, Bain et al. 

(2014) examined the effects of habitat configuration on the frequency of extra-

pair paternity (EPP) in cooperatively breeding superb fairy-wren (Malurus 

cyaneus) by linking spatial arrangements of their territories to the frequency of 

EPP, and found that the frequency of extra-group paternity (EGP) among 

groups in linear strips of vegetation was lower than those in more clustered 

territories in continuous habitats, highlighting the role of habitat spatial 

configuration in influencing the rates of EGP and the potential consequences of 
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anthropogenic habitat change for mating systems. 

Our network-based modelling framework can be used to depict multiple yet 

diverse configurational properties of animal habitats, thereby providing the 

starting point for explicitly modelling habitat change and predicting the 

population outcomes. Moreover, understanding the consequences of habitat 

fragmentation for populations is one of the central topics in conservation biology 

(Fischer and Lindenmayer 2007; Haddad et al. 2015), while the impacts on 

social processes of conservation efforts aimed at reducing habitat 

fragmentation are almost completely unexplored. With our framework, one can 

simulate network scenarios that realistically map the potential trajectories of 

habitat change (e.g. by parameter optimization and/or network manipulation), 

and generate predictions on the potential consequences for a population. 

How is habitat connectivity shaped by landscape and species properties? 

The patterns of potential connectivity that form animals’ habitats are shaped by 

a range of properties. Some of these are biological, such as species attributes. 

For example, the movement capacity of an animal species can be driven by 

body mass and locomotion, influencing how they explore their physical habitat 

environments (Hirt et al. 2018). Many of the properties shaping potential 

connectivity are abiotic, such as the climatic conditions that determine the 

composition of habitat patches (e.g. the assemblage of plants, or coral, species 

in a patch) and geological features that determine the shape of the landscape 

(e.g. the long and narrow valleys created by a mountain range vs. an open 

plain). A key question is, therefore, whether certain types of landscapes 

consistently shape networks with different properties. For example, it is likely 

that riverine habitats, or habitats in valleys, will have a larger network diameter 

than habitats that are less restricted by the geometric features of landscapes. 

Studies have highlighted the importance of linking the configurational features 

of landscapes and species-level properties to population-level outcomes, and 

practical guidelines have been proposed for exploring such linkages (e.g. Frank 

and Wissel 1998). Using our framework and following a fundamental bottom-
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up approach, it will be possible to develop a mechanistic understanding of the 

relative roles of the multiple factors underlying population outcomes, such as 

species-level properties (e.g. body mass and locomotion characteristics, Hirt et 

al. 2018) and landscape properties (e.g. linearity) in shaping structural 

properties of habitat networks (e.g. network clustering). 

How different do we expect population social structures to be in different 

landscapes? 

Studies have revealed that animal population social structures often exhibit 

notable variations (Mori and Saito 2005; Nandini et al. 2017; Prehn et al. 2019; 

Whitehead and Kahn 1992). When habitats vary in their physical configurations, 

we would expect the social structures of populations in these habitats to exhibit 

variations (even for the same species), and this is indicated by empirical 

evidence. For example, Farine and Sheldon (2019) showed that the social 

network structure (at the network community level) of a woodland bird 

community observed in the Wytham Woods in the UK, remained consistent 

across 4 winters, despite the high turnover rate of individuals within the 

communities. This study suggests that the predictability of habitat configuration 

for the emergent social network structures. Our framework can be tuned to 

depict animal habitats with distinct configurational features, therefore providing 

a theoretical tool to examine how much variations in population social structures 

observed from one habitat to another might be explained by habitat physical 

configurations (i.e. the extent to which animal habitat networks account for the 

variations in animal social networks). Figure 5 (from our example below) 

highlights how different aspects of habitat configuration (such as the aspect 

ratio and the tendency for distant patches to be connected versus not) can 

interact with each other to shape the resulting structural features of the habitat 

networks. 
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Illustrating the application of the framework: how do habitat networks 

shape pathogen transmissions? 

Our modelling framework can be used for understanding the link between 

animal habitat network structures and population outcomes. Here, we illustrate 

a possible application of it in the context of pathogen transmission in a 

population of 100 individuals (with no birth, death, emigration from and 

immigration to the landscape) moving among 20 habitat patches, where the 

patterns of potential connectivity are depicted by (connected) habitat networks 

simulated using the AHN model. We considered the simplest case where 

habitat patches are randomly positioned (with their 𝑥  and 𝑦  coordinates 

drawn from uniform distributions) in landscapes with the same area (i.e. 𝐴 =

25) but varying aspect ratios, with 𝐿 = 5 producing square-shaped landscapes 

(e.g. resembling forests on open plains) and 𝐿 = 50  producing landscapes 

with a large aspect ratio (e.g. resembling forests in a narrow valley). Within 

these landscapes, we considered two scenarios of habitat potential connectivity, 

defined by 𝜆 = 0.001 and 𝜆 = 30. These values depict two distinct outcomes 

of how the focal species’ intrinsic biological attributes interact with the 

environmental features between habitat patches, whereby 𝜆 = 0.001 

characterizes a weaker deterministic effect of such interactions on the potential 

connectivity between patches with given spatial proximity, and 𝜆 = 30 

represents a stronger effect. We maintained other parameters constant (𝜇 = 5 

and 𝜂 = 1). 

We initiated simulations by randomly allocating individuals to the nodes of each 

habitat networks and modelled individual movements and transmission 

dynamics for 500 timesteps. When modelling individual movements, we defined 

the probability for an individual to stay at the current node 𝑖 at each timestep 

consistently as 𝑝𝑠 = 0.5 , and the probability of moving from node 𝑖  to 𝑗  as 

(1 − 𝑝𝑠) × 𝑤𝑖𝑗/𝛴𝑗𝑤𝑖𝑗 (where 𝑤𝑖𝑗 is the weight of the link between node 𝑖 and 

𝑗 ). We simulated pathogen transmissions in the population using an SIR 

epidemic model (Keeling and Eames 2005; Kermack and McKendrick 1927), 

where each individual is either susceptible (S), infectious (I) or recovered (R). 
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We randomly set one individual (1% of the population) as infectious, and at 

each timestep, simulated infected individual infecting each of its susceptible 

neighbours in the same patch (if any) with probability 𝜋 = 0.05 . Individuals 

recovered and acquires immunity with the probability 𝜌 = 0.01. We tracked the 

percentages of infected individuals in the simulated populations over time, and 

compared the mean percentages of infections observed from 100 replications. 

We show that the landscape properties play a role in mediating the pathogen 

transmission dynamics. Importantly, large- (landscape geometry) and local- 

(the propensity for patches to be more connected) scale characteristics work 

together to shape the transmission dynamics of a simulated pathogen. A 

weaker relationship between inter-patch potential connectivity and inter-patch 

configurational features (as modelled by a lower 𝜆  value) increases the scale 

of global disease outbreaks, but this effect is most strongly realised in 

landscapes with a larger aspect ratio (Fig. 5-a), such as a forest habitat in a 

narrow valley. Our results relate to existing literature linking social (or contact) 

network structures to patterns of disease transmissions—the stronger tendency 

for patches to be connected (i.e. 𝜆 = 0.001) and squarer landscapes (i.e. 𝐿 =

5) typically decrease the path length, or diameter (Fig. 5-b), and clustering (Fig. 

5-c) of the habitat networks, and correspondingly, increase the pathogen 

outbreak size in simulated populations. Our results complement recent work 

demonstrating that the fragmentation of animal habitats can impact the 

transmission dynamics of pathogens (Silk et al. 2019), extending it by showing 

that the shape as well as the internal potential connectivity of a habitat is 

important.  
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Fig. 5 The application of the AHN model for understanding the 

role of habitat geometry and potential connectivity in mediating 

pathogen transmission dynamics in habitat-structured animal 

populations. (a) The transmission of pathogens in populations is 

dependent on both the landscape geometry (shape), depicted by 𝐿 

where a larger value represents landscapes with a larger aspect ratio, 

and the extent to which the potential connections between patches to 

be determined by the habitat features between them, depicted by 𝜆, 

where a lower value corresponds to a weaker deterministic effect of 

how the species’ movement characteristics interact with the 

environmental features on the potential connectivity between patches 

with given spatial proximity. Simulations show that the transmission 

dynamics, when individual mobility is at a medium level (1 − 𝑝𝑠 = 0.5) 

under an infection rate of 𝜋 = 0.05 and a recovery rate of 𝜌 = 0.01, 

are impacted by habitat shape and potential connectivity. Specifically, 

habitats with a larger aspect ratio (a larger 𝐿 value) and with their 

potential connectivity determined with a stronger deterministic effect 

of the configurational features on the potential connectivity between 

patches with given spatial proximity (i.e. a larger 𝜆 value) have the 

smallest disease outbreaks (each curve indicates the mean 

percentage of infected individuals in a population of 100 individuals 

moving on simulated habitat networks comprising 20 nodes, over 500 

timesteps, with bars indicating the standard deviations from 100 
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replications). The interaction between landscape shape and the 

degree to which between-patch potential connectivity is determined 

by habitat configurational features affects the structural properties of 

habitat networks, such as diameter (b) and (average) clustering 

coefficient (c). Open circles (in b and c) indicate medians. 

Discussion 

We present a multi-dimensional framework for simulating networks that can 

realistically capture the diverse physical configurations of animal habitats. Our 

model provides a tool to develop a more mechanistic understanding of the role 

of habitat configuration in modulating population processes and outcomes. 

Such modulating effects are likely to be widespread—for example we have 

demonstrated that the structure of the habitat network can have consequences 

on pathogen transmission, in line with predictions from studies of social 

networks. Developing such mechanistic knowledge is critical as natural animal 

populations face increasingly rapid changes in their habitats, which have 

ecological and evolutionary consequences. For instance, habitat change can 

affect the magnitude of competition (Calizza et al. 2017) and the spread 

dynamics of pathogens (Bloomfield et al. 2020), information (Betts et al. 2008), 

or genes (Keller and Largiader 2003). By taking a bottom-up and spatially-

explicit approach to capture habitat configurations, our model can be tuned to 

approximate the potential connectivity of specific habitat configurations for a 

given species. From these, researchers can produce a range of alternative and 

realistic scenarios to explore the consequences of different features of the 

habitat on population processes, such as changes in the spatial arrangements 

of resource patches and physical barriers to movement. 

The fundamental role of the physical environment on animal populations makes 

the evaluation of the consequences of habitat configuration relevant to both 

theorists and empiricists. If we do not explicitly consider habitat configuration, 

we risk missing the importance of its contribution to biological processes. For 

example, simulating social networks of large populations without considering 
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spatial dependencies could produce networks that are more connected than 

they should be (i.e. without considering the spatial constraints on social 

interactions). Doing so can misrepresent the biological processes that network 

structure shapes, such as the transmissions of pathogens (White et al. 2018; 

Wilkinson et al. 2018), information (Aplin et al. 2015a), genes (Vähä et al. 2007). 

By contrast, current geometric network models, which are spatially-dependent, 

may largely overestimate the spatial clustering of habitat components because 

it does not allow for rare long-distance connections or missing connections 

among close patches by forcing all closely-located components to be 

connected. The need for models tailored to simulate habitat networks has been 

highlighted by recent studies that modelled specific habitat scenarios. For 

example, Carraro et al. (2020) proposed a toolkit for generating networks to 

capture the topological features of real riverine habitats to understand their role 

in shaping the key processes in freshwater ecology and evolution. The AHN 

model herein proposed is a more general and flexible framework for depicting 

habitat potential connectivity. Notably, when simulating networks, the AHN 

model allows any spatial distributions of habitat components in any landscape 

(i.e. by tuning 𝐴 and/or 𝐿), and provides a cluster of probability curves (i.e. by 

tuning the 𝜇 and/or 𝜆 in the 𝑃(𝐷𝑖𝑗)) to model the diverse patterns of potential 

connectivity among habitat components. Also, the AHN can generate 

alternative representations of the potential connectivity of given habitats, and 

allows control over the deviations of alternative scenarios from the specific 

habitats that can be used to generate scenarios. Thus, our proposed model can 

generate realistic habitat scenarios that are biologically meaningful. 

There are many useful applications in generating realistic animal habitat 

scenarios. For example, there is growing interest in understanding the interplay 

between habitat physical configurations and individuals’ behaviours to predict 

the persistence of animal populations (Snijders et al. 2017), and explain the 

structure and composition of ecological communities (Altermatt and Holyoak 

2012; Carraro et al. 2020). Rapid habitat changes are also a major threat to 

wildlife, as they can alter the movement patterns of individuals which may have 

consequences for populations (Collingham and Huntley 2000; Todd et al. 2009). 
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As habitat changes, individual animals can experience different spatial 

distributions of resources and risks, which in turn can alter the patterns of both 

intraspecific (Banks et al. 2007) and interspecific (Farine et al. 2015a; Meise et 

al. 2019) interactions among individuals, as well as other processes such as 

dispersal patterns and gene flow (Wey et al. 2015). In population ecology, for 

example, changes in habitat physical configurations can reduce rates of 

movements among neighbouring subpopulations, which potentially reduces 

gene flow at the scale of meta-populations (Keller and Largiader 2003) and 

impacts the persistence of populations (Frankham 2005). Likewise, changes in 

habitat physical configurations could alter the transmission of information within 

social networks (Barkoczi and Galesic 2016; Franz and Nunn 2009; Whitehead 

and Lusseau 2012) and other complex behavioural traits to specific social 

groups (Nowak et al. 2010; Ohtsuki et al. 2007; Stilwell et al. 2020). 

Furthermore, altered habitat physical configurations imply potential changes to 

the transmission dynamics of pathogens across populations (Green et al. 2006; 

Keeling et al. 2010; Riley 2007; Silk et al. 2019). Our simulations show that, as 

animal social networks, animal habitat network structures play an important role 

in shaping pathogen transmission, thus highlight a fundamental link between 

the physical habitat environments and emergent biological processes, such as 

the evolutionary dynamics of cooperation (Stilwell et al. 2020) and animal 

culture (Gruber et al. 2019; Somveille et al. 2018). 

Understanding how habitat physical configuration interacts with behavioural 

and/or demographic dynamics is crucial to assess how vulnerable wild animal 

populations—and the ecological communities that they are part of (Ryser et al. 

2019)—are to the consequences of habitat changes. Our model provides the 

necessary first step to integrating animal movement at various spatial scales 

into existing quantitative frameworks. We have demonstrated that the local 

properties of connectivity and large-scale properties of the landscape can work 

together to shape population outcomes, such as the spread of pathogens. Such 

insights can help us to make better predictions or generate new hypotheses on 

how population or community structures and dynamics are shaped by the 

physical configurational features of habitats, and how populations or 
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communities might respond to changing physical habitat environments.  
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Code and data availability 

Empirical data used is available from Friesen et al. (2019). The code for 

implementing the model is available in the R package AnimalHabitatNetwork 

on the CRAN and GitHub (https://github.com/ecopeng/AnimalHabitatNetwork, 

where the supplementary file AnimalHabitatNetwork/Examples/Examples.md 

for illustrating the use of our model is also deposited). The code for the 

simulations is available at https://github.com/ecopeng/Simulation_Code_AHN. 

Supplementary materials 

 

Fig. A1 The effects of the parameter 𝜆 (lamda) and 𝜇 (mu) on the link filtering 

https://cran.r-project.org/web/packages/AnimalHabitatNetwork/index.html
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out probability function 𝑃(𝐷𝑖𝑗) =  [1 + exp(−𝜆(𝐷𝑖𝑗 − 𝜇))]−1 in the AHN model. 

As 𝜆 increases, the Euclidian distance between habitat components has an 

increasing effect on the probability of removing links from the initial complete 

network, while as 𝜇 increases, the probability decreases. 

 

Fig. A2 The effects of the parameter 𝜆 in the model on the structures of the 

resulting animal habitat networks. As 𝜆 decreases, the density of the habitat 

network tends to increase. 

 

Fig. A3 The effects of the parameter 𝜇 in the model on the structures of the 

resulting animal habitat networks. As 𝜇 increases, the habitat network tends to 

be more densely connected (less links will be removed from the initial complete 

network). 
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Fig. A4 The effects of the parameter 𝜂 in the model on the structures of the 

resulting animal habitat networks. An increasing 𝜂 has an increasing effect on 

the weights of rewiring links. 

 

Fig. A5 The effects of the parameter 𝐴 in the model on the structures of the 

resulting animal habitat networks. As 𝐴 decreases, the spatial extent at which 

the habitat network is defined decreases and the network tend to be more 

densely connected (due to a decrease in the Euclidean distances between 

habitat components). 

 

Fig. A6 The effects of the parameter 𝐿 in the model on the structures of the 

resulting animal habitat networks. As 𝐿 increases, the linearity of the habitat 
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network increases. 

 

Fig. A7 The effects of the parameter 𝑁 in the model on the structures of the 

resulting animal habitat networks. As 𝑁  decreases, the size and 

configurational complexity of the network decrease, while the spatial resolution 

at which the habitat network is defined increases.
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Chapter 3: The Role of Habitat Configuration in Shaping Biodiversity: 

Landscape Geometry Modulates Biodiversification in Metacommunities 

Peng He, Mauricio Cantor, James A. Klarevas-Irby, Damien R. Farine 

Abstract 

There is clear evidence that how organisms disperse can have implications for 

species diversification and biodiversity, and that the configurational features of 

the habitat environments, such as the spatial layouts of resources and dispersal 

barriers, fundamentally determine how organisms disperse. Yet, the role of 

habitat configuration in shaping biodiversity as the outcomes of ecological and 

evolutionary processes in metacommunities, such as gene flow, species 

interactions and diversifications, remains to be understood. Here, we 

investigated how landscape geometry (i.e. aspect ratio) is linked to the 

emergent patterns of species diversification in metacommunities. We based our 

exploration on recent insights on using spatial networks to characterize habitat 

configurational features and an eco-evolutionary model exploring the 

relationship between dispersal rate and species richness. We simulated 

dispersal, ecological colonization, and diversification of organisms on lattice 

habitat networks characterizing landscapes with distinct aspect ratios. We show 

that when resource patches are spatially evenly distributed and locally 

accessible from nearest neighboring patches, with given dispersal rates of 

organisms, diversification of lineages in metacommunities are more 

suppressed in more linear landscapes than in more squarer landscapes, 

revealing the interactive effects of dispersal rates and habitat configuration on 

biodiversity. However, high dispersal rates of organisms counteract the effects 

of landscape geometry on species diversification. Our study provides insights 

on the linkage between habitat configuration and the emergent patterns of 

biodiversity as outcomes of eco-evolutionary dynamics in spatially-structured 

metacommunities, and stimulates testable hypotheses on the relation between 

habitat geometry and species diversification. 
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Introduction 

There is now definitive evidence that how organisms disperse across their 

physical habitat environments play a crucial role in shaping the patterns of 

species diversification and biodiversity in metacommunities (Ashby et al. 2020; 

Brederveld et al. 2011; Buchi and Vuilleumier 2014; Cadotte and Fukami 2005; 

Mouquet and Loreau 2002; Mouquet and Loreau 2003; Venail et al. 2008), and 

growing insights have been gained from studies investigating how dispersal 

rate is related to species diversity. Briefly, high dispersal rates increase the 

ecological opportunities for species to diverge, thus stimulating speciation 

(Kisel and Barraclough 2010; Owens et al. 1999; Yoder et al. 2010); however, 

when resources are limited it can also increase competition, thereby 

suppressing diversification (Macarthur and Levins 1967; Ron et al. 2018). As a 

result of the interplay between these eco-evolutionary dynamics, there is a 

robust prediction that intermediate rates of dispersal of organisms through their 

habitat environments maximize the potential biodiversity that can evolve in 

metacommunities (Agnarsson et al. 2014; Ashby et al. 2020; Cadotte 2006; 

Venail et al. 2008). 

While the capacity for organisms to disperse across geographic areas depends, 

in large part, on a species-level trait, it is also fundamentally determined by how 

landscape components, such as resource patches and physical barriers to 

movements, are spatially arranged (Edelsparre et al. 2021; Natoli et al. 2005)—

the configurational features of the habitat environments can influence how 

effectively organisms explore ecological opportunities and subsequently 

species diversification. Thus, it is expected that the effects of dispersal rates on 

ecological processes such as competition and evolutionary outcomes such as 

biodiversity should be fundamentally mediated by the underlying configurational 
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features of landscapes. Yet, the spatial effects of habitat configuration on 

species diversification and richness in metacommunities remains to be 

explored. 

Studies have highlighted the role of the spatial dispersal patterns of organisms 

in shaping the outcomes of ecological and evolutionary dynamics in populations 

and communities. For example, Holland and Hastings (2008) theoretically 

investigated the role of regular and irregular dispersal network structures (which 

characterize spatially symmetric and less symmetric dispersal patterns, 

respectively) on the ecological dynamics in a system consisting two interacting 

species, by simulating dispersal of predator and prey and tracking the 

fluctuations of predator on such networks. They found that asynchronous 

fluctuations as the outcomes of predator-prey interactions across patches 

persist longer on irregular than on regular dispersal networks, thus highlighting 

the effects of spatial dispersal patterns on mediating ecological dynamics and 

outcomes in interacting species. A more recent study by McManus et al. (2021) 

investigated the evolutionary implications of dispersal distance for the 

persistence of populations using an eco-evolutionary model and dispersal 

networks that enable or disable organisms to disperse from a patch to remote 

patches. They show that, dispersal networks that enable organisms to directly 

disperse to remote patches (i.e., networks that form dispersal shortcuts) 

typically hinder population persistence, as such networks enable dispersers to 

bring traits across larger gradients of environmental heterogeneity, which 

typically results in maladaptation. These studies demonstrated the ecological 

and evolutionary implications of spatial dispersal patterns of organisms for 

populations and communities. 

In nature, habitat configurational features, such as the amount, physical 

attributes, and spatial organization of habitat components, functions as a 

fundamental ‘template’ structuring where organisms (can) move (He et al. 2021). 

For example, a field study by Doherty et al. (2019) on radio-tracked agamid 

lizards (Pogona barbata) in a farming landscape shows that the geometric 

features of remnant woodlands can shape the movement patterns of individuals, 
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with activity area and daily movement rates of individuals observed lower in 

thinner (i.e., narrow strips) than in wider remnant woodlands (i.e., rectangle 

habitats). For another example, Edelsparre et al. (2021) experimentally 

investigated the dispersal of three strains of fruit flies (Drosophila melanogaster) 

characterized with different intrinsic dispersal propensity in artificial landscapes 

where the amount and spatial layouts of resource patches varied. For all the 

strains, they found that dispersal of individuals generally increased with the 

number of resource patches presented in landscapes, whereas it is decreased 

when the distances between resource patches increased (increase in distance 

between patches formed a relatively larger landscape). 

These studies demonstrate the fundamental role that habitat configuration play 

in shaping the movement or dispersal patterns of organisms. Studies have 

investigated how habitat configurational features are linked to the assemblages 

of species (Altermatt et al. 2013; Carrara et al. 2012; Heino et al. 2015; Hitt and 

Angermeier 2008; Liu et al. 2013; Moritz et al. 2013; Urban et al. 2006), and 

how species spatially exploiting ecological opportunities for colonization 

(Berggren et al. 2001; Honnay et al. 2002; Kling and Ackerly 2021; van 

Langevelde 2000). The eco-evolutionary effects of dispersal on species 

diversification are well acknowledged. Yet, the role of habitat configuration in 

shaping biodiversity as the outcomes of the eco-evolutionary processes 

underpinned by dispersal of organisms among metacommunities remains 

understudied. By mediating how organisms disperse and whom they encounter, 

habitat configuration can spatially structure gene flows and mediate ecological 

interactions in metacommunities, and such eco-evolutionary dynamics have 

been identified as key mechanisms for biodiversity in ecological communities 

(Ashby et al. 2020; Hardin 1960; Loke et al. 2019; Sarremejane et al. 2017; 

Urban and Skelly 2006). With given dispersal rate or ability of species, 

landscapes characterized with features that effectively facilitate the colonization 

of lineages across larger geographic area while dilute the effects of ecological 

interactions with organisms from other lineages are expected to stimulate 

diversification and promote biodiversity. 
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Across natural ecosystems, the habitat environments organisms experience 

typically differ with each other in their configurational characteristics. For 

example, at the landscape spatial scale, rivers as habitats for organisms in 

freshwater ecosystems are typically configurated with dendritic branching 

geometry (Carrara et al. 2012; Liu et al. 2013), as opposed to trees as resource 

patches on a plain for a terrestrial species that are often spatially more evenly 

spread out. With their fundamental effects on dispersal of organisms, habitat 

configurational features should be of interest for our understanding on the 

emergent patterns of biodiversity as the outcomes of eco-evolutionary 

dynamics in metacommunities—are habitats with certain configurational 

characteristics more predisposed to favor species diversification than others 

that do not exhibit such features? 

Here, we combine recent theoretical insights from studies using spatially-

explicit networks to characterize the configurational features of habitats (He et 

al. 2021) and linking dispersal rates of organisms to biodiversity outcomes in 

an eco-evolutionary framework (Ashby et al. 2020). Combining these two 

approaches allows us to investigate whether and when the relationship 

between dispersal rate and species diversity is mediated by habitat 

configuration organisms experience. In this study, we focus on exploring the 

role of landscape aspect ratios (geometry) in shaping species diversification as 

the outcome of the eco-evolutionary dynamics underpinned by dispersal of 

organisms among metacommunities. We simulate dispersal, ecological 

interactions and diversification of organisms in metacommunities on 2-

dimensional lattice habitat networks characterizing landscapes with various 

aspect ratios (ranging from a square to a linear landscape) but consistent 

patterns of spatial arrangement and accessibility of resources patches—evenly 

distributed and accessible from the nearest neighboring patches. 
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Methods 

Habitat networks and landscape geometry 

Habitat networks depict the multi-dimensional and diverse configurational 

features of habitats (He et al. 2021). In habitat networks, nodes represent 

spatially-explicit habitat patches, and the presences of links between patches 

indicate that organisms of a species can move between those patches (which 

can, or might not, be realized). Habitat networks therefore indicate the outcome 

of the interplay between a species’ intrinsic biological properties (e.g., 

locomotion mode, habitat preferences) and the given configurational features 

of the habitat (e.g., the spatial arrangements of resource patches and physical 

barriers to movements). Nodes and links in habitat networks can also have 

attributes characterizing their properties. For example, each node can have a 

distinct carrying capacity, while the weight of each link can define the extent to 

which two patches are potentially connected by the movements of organisms 

of a species. 

Here, we focus on exploring how global landscape aspect ratio (geometry) can 

predict biodiversification outcomes. Across natural ecosystems, a fundamental 

feature of a landscape is its aspect ratio, which characterizes the extent to 

which the layouts of the elements in a 2-D landscape are more (or less) 

constrained or stretched out in one spatial extent than the other. For example, 

in terrestrial ecosystems, forests as resource patches embedded in a valley for 

species are characterized by their linearity in spatial layouts (i.e., forming a 

strip-shaped landscape), as opposed to trees as resource patches evenly 

distributed on a savanna form a squarer landscape. We used 2-dimensional 

lattices (Fig. 1, top row) to characterize landscape aspect ratios as geometric 

features of 4 landscapes defined with the same spatial extent (area) but various 

aspect ratios, ranging from 1 for the 10 × 10 square lattice (Habitat 0, Fig. 1) to 

0.01 for the 100 × 1 linear lattice (Habitat 3, Fig. 1). Each of these lattice habitat 

networks has 100 nodes depicting resource patches that are evenly distributed 

in landscapes (i.e., every two spatially neighboring patches are with the same 
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distance). Each node is connected to its nearest neighbors, indicating that 

organisms can directly disperse from a given patch to its spatially neighboring 

patches and colonize there, and we assume there is no variation in the strength 

of such potential dispersal connections between patches in all the habitat 

networks (i.e., the landscape features between two resource patches are 

assumed to have the same capacity for organisms to disperse). 

 

Fig. 1. Habitat networks characterizing various geometric 

features of landscapes (a), and the network metrics (b) 

characterizing the structural properties of the patterns of 

potential dispersal connections among resource patches in 

landscapes (numbers and colors). Here, 4 lattice habitat networks 

are with the same number of nodes spatially evenly distributed within 

given spatial extents (areas) with the same size but various aspect 

ratios (from a ratio of 1 for the 10 × 10 square lattice to 0.01 for the 

100 × 1 linear lattice). The structural properties of dispersal 

connections in lattice habitat networks are shaped by the aspect 

ratios of landscapes (Dia: network diameter, characterizing the 

distance between two most remote resource patches for colonization 

in landscapes; Den: network density, characterizing the extent to 

which resource patches are spatially accessible in landscapes; Mod: 

network modularity, characterizing the extent to which resource 
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patches are spatially accessible within groups of local patches 

relative to among such groups). 

The eco-evolutionary model 

We base our exploration on a recent model by Ashby et al. (2020), which 

investigated the relationship between dispersal rate and species richness in a 

metacommunity while taking both ecological (competition) and evolutionary 

(gene flow and speciation) processes into consideration. In the model, a 

species is defined by two niche traits which can mutate in the niche space (i.e. 

mutations are modelled as changes in the positions of species in the 2-D niche 

space; see Fig. 2 in Ashby et al. 2020), and a neutral trait that is identical to the 

identity of the patch where it originates (the neutral trait does not mutate but 

defines a species together with niche traits, and thus the size of the niche space 

and the number of habitat patches classify a maximum of species). Organisms 

compete for resources, either classified as substitutable (e.g. food resources) 

or non-substitutable (e.g. nesting sites) within patches. Here, for computational 

simplicity and the purpose of illustrating the link between habitat configuration 

and biodiversity as the outcomes of eco-evolutionary dynamics in 

metacommunities, we only focus on the scenario when resources are non-

substitutable. In such cases, the strength of competition between species 𝑖 

and 𝑗  is defined by 𝛼𝑖𝑗 = ∑ 𝑤𝑘𝑒−𝑔𝑘𝐸𝑖𝑗
𝑘 2

𝑦
𝑘 = 1  , where 𝑘 ∈ {1, … , 𝑦}  indicates a 

resource type—i.e., one of the 𝑦 dimensional niche space (Ashby et al. 2017), 

and 𝑐𝑘 defines the number of resources under resource type 𝑘 (i.e., 𝑐𝑘 is the 

size of the niche dimension 𝑘 , under which resources are arranged 

periodically), and 𝑔𝑘  mediates the niche breadth for resource type 𝑘 , 𝑤𝑘 

characterizes the relative importance of non-substitutable resources (∑ 𝑤𝑘 =
𝑦
𝑘=1

1 ), and 𝐸𝑖𝑗
𝑘   is the niche distance between species 𝑖  and 𝑗  in the 𝑦 

dimensional niche space (the distance between two adjacent niche traits in 

each dimension is 1, and the two ends of each dimension is assumed adjacent). 

At each timestep in each habitat patch, population growth for each species 
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characterized by a Poisson process defined as 𝑁𝑖
𝑝(𝑡 + 1) = 𝑃[𝑔𝑖

𝑝(𝑡)𝑁𝑖
𝑝(𝑡)] , 

where 𝑁𝑖
𝑝(𝑡)  is the population size of species 𝑖  in patch 𝑝  at time 𝑡 , with 

𝑔𝑖
𝑝(𝑡) = 1 + 𝑟 [1 −

1

𝐾𝑖
∑ 𝛼𝑖𝑗𝑁𝑗

𝑝(𝑡)𝑠
𝑗=1 ] depicting the growth rates, where 𝐾𝑖 is the 

carrying capacity of the patch for species 𝑖  and is drawn from a normal 

distribution, with mean = 𝐾𝑚𝑒𝑎𝑛  and standard deviation = 𝐾𝑠𝑡𝑑 . After 

population growth, speciation occurs in patches. The number of speciation 

events from species 𝑗 to 𝑖 is modelled by a Poisson process as 𝑀𝑖𝑗
𝑝 (𝑡 + 1) =

𝑃[𝜇𝑠𝑚𝑖𝑗
𝑝 𝑁𝑗

𝑝(𝑡 + 1)], where 𝜇𝑠 is the speciation rate, and species 𝑗 can mutate 

to 𝑖 if 𝑚𝑖𝑗
𝑝 = 1—when the niche distance between 𝑖 and 𝑗 is 1 in the niche 

space (i.e., ∑ 𝐸𝑖𝑗
𝑘 = 1

𝑦
𝑘=1 ), and the new species’ neutral trait is set to the identity 

of the patch where it initially emerges. The model also includes random 

extinction events, with a rate of ∈𝑠  for each species in each patch at each 

timestep. 

Once within-patch dynamics have been updated, organisms disperse between 

habitat patches indicated by habitat networks, and the number of dispersals of 

organisms of species 𝑖 between patch 𝑝 and 𝑢 is also modelled by a Poisson 

process defined as 𝑆𝑖
𝑢𝑝(𝑡 + 1) = 𝑃[𝜌𝑠𝐴𝑢𝑝𝑁𝑖

𝑝(𝑡 + 1)], where 𝜌𝑠 is the dispersal 

rate and 𝐴𝑢𝑝 = 1 indicates organisms can disperse between the patches (i.e., 

two patches are potentially connected). In the study by Ashby et al. (2020), 

dispersals of organisms to take place in metapopulations defined by ring-

shaped habitat network structure. 

Simulations 

We simulated the eco-evolutionary dynamics in metacommunities in the four 

landscapes with distinctive geometric characteristics captured by the four 

habitat networks (Fig. 1). In the simulations, a two-dimensional niche space was 

considered (i.e., 𝑦 = 2), and the extents (sizes) of the two dimensions are equal 

(i.e., 𝑐1 = 𝑐2). In this study, we only focused on the scenario where organisms 

competing for non-substitutable resources in habitat patches, and used the 

following parameter space defined as 𝑔1 = 𝑔2 = 1.5 , 𝐾𝑚𝑒𝑎𝑛 = 1000 , 𝐾𝑠𝑡𝑑 =
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10 , 𝐿 = 20 , 𝑐1 =  𝑐2 =  5 , 𝑦 = 2 , 𝑤1 = 𝑤2 = 0.5 , ∈𝑠=  1𝑒 − 03 , 𝜇𝑠 =  2.5𝑒 −

05, while 𝜌𝑠 ∈ [1𝑒 − 07, 1𝑒 − 03]. Each simulation was initialized with a single 

species in a random patch, and the number of organisms of the species is at 

the carry capacity of the patch. We simulated dynamics in the metacommunity 

across 15,000 timesteps with 10 replications for each set of parameters on each 

habitat network. Following Ashby et al. (2020), at each timestep we pooled all 

the individuals from all the patches and counted the number of species 

containing more than 𝛿 = 10 individuals. 

Results 

Our results first strengthen the finding that intermediate dispersal rates of 

organisms maximize species diversity (Ashby et al. 2020), with the pattern 

remaining consistent across landscapes characterized by different aspect ratios 

(Fig. 2). However, we found that in squarer landscapes species richness 

typically peaks at a lower dispersal rate than expected in landscapes 

characterized with higher aspect ratios (i.e., a larger deviation of landscape 

aspect ratio from 1, such as in Habitat 2, and 3 in Fig. 1; see also Fig. A1). We 

show that, the more the aspect ratios of landscapes differ from 1 (i.e., square 

landscapes, Habitat 0), the more significant the role of landscape geometry in 

promoting species diversification. However, such eco-evolutionary effects of 

landscape aspect ratio on species diversity become less significant when 

dispersal rates increase (e.g., species richness across landscapes converges 

when dispersal rate reaches a critical point, Fig. 2). 
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Fig. 2. Species richness across landscapes and dispersal rates. 

Each color represents one landscape (described in Fig. 1). Dots 

indicate the mean species richness observed from the last 1000 

timesteps of a simulation, with bars representing the standard 

deviation across 10 replications.  
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Discussion 

Habitat environments are characterized by their configurational features, and 

such characteristics can consistently shape how and where organisms disperse. 

As dispersal play a crucial role in shaping the eco-evolutionary dynamics in 

metacommunities, such as ecological interactions among organisms and 

biodiversification, habitat configurational characteristics are expected to have 

implications for biodiversity as the outcome of such eco-evolutionary dynamics 

in metacommunities. In the present study, we build on insights about the 

relationship between dispersal rate and species richness (Agnarsson et al. 

2014; Ashby et al. 2020; Cadotte 2006; Venail et al. 2008), to show that the 

configurational properties of habitats identified at large spatial scales can 

mediate species diversification, even when the local patterns of connectivity 

among resource patches remain consistent across landscapes. Our study 

highlights the fundamental role of the spatial configurational features of the 

habitat environments in shaping the outcomes of eco-evolutionary dynamics in 

communities. 

Studies have highlighted the ecological and evolutionary implications of the 

spatial dispersal patterns of organisms for populations and communities 

(Holland and Hastings 2008; McManus et al. 2021). With a more fundamental 

bottom-up perspective, our study demonstrates that, by consistently structuring 

how and where organisms can disperse, landscape geometry can predispose 

some landscapes to have higher biodiversity than others. Specifically, 

landscapes characterized with features that effectively facilitate the colonization 

of lineages across geographic area while at the same time dilute the effects of 

ecological interactions with organisms from other lineages are expected to 

stimulate diversification and promote biodiversity, as in the square landscape 

where resource patches are laid out evenly in each of the two spatial 

dimensions, as opposed to in landscapes that do not exhibit such properties, 

such as when patches are spatially laid out in a more linear fashion and the 

spatial accessibility of resources for organisms are extremely constrained in 

one spatial dimension than in the other (e.g., forests as resources patches 
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embedded in a long valley, or lakes as resource patches sequentially connected 

by a river). However, the differences in biodiversification across landscapes 

with various aspect ratios are only notable when dispersal rates were relatively 

low, suggesting that biodiversity outcomes are therefore likely to arise from the 

interaction between the extent to which animals disperse and the extent to 

which competition among organisms for limited resources in metacommunities 

operates. Thus, we expect that the spatial effects of habitat configurational 

features on species diversification will be most significant in species with more 

limited dispersal capacity, whereas organisms with greater dispersal capacity 

will be able to exploit the available ecological opportunities and colonize more 

efficiently, irrespective of global features of landscapes. 

In nature, dispersal capacity (e.g. dispersal distance) of organisms of a species 

is typically underpinned by intrinsic biological properties of species, such as 

locomotion mode (Cloyed et al. 2021; Hirt et al. 2018), and extrinsic 

environmental characteristics, such as landscape geometry (as demonstrated 

in this study) and resistance to dispersal (Graves et al. 2014). Also, dispersal-

related traits themselves are typically under evolutionary pressures (e.g., the 

lost and recovery of wings in insects, Whiting et al. 2003). In the 2-dimensional 

landscapes conceived in this study, we assumed that organisms were not able 

to directly disperse to a remote resource patch by skipping an intermediate one. 

This assumption applies to many terrestrial and aquatic organisms that typically 

cannot avoid moving through neighboring patches (e.g., dispersal of juvenile 

pika Ochotona princeps in fragmented landscapes, Peacock and Smith 1997), 

as opposed to winged organisms that are able to skip intermediate patches 

when dispersing to a remote patch (e.g., long-distance migrating birds can skip 

stopover sites en route, Warnock 2010). Besides, we assumed that resources 

are spatially evenly distributed, and dispersal of organisms was not spatially 

biased—dispersal from their natal patches to a spatially neighboring patch are 

locally random but globally shaped by landscape geometry. In nature, however, 

dispersal of organisms is often spatially biased, either driven by habitat 

preferences of organisms (e.g., preferentially disperse to habitats that with 

similar properties as natal environments, Davis 2008; Hoover et al. 2021), or 
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passively driven by features of the physical habitat environments, such as the 

directionality formed in ‘windscape’ (Kling and Ackerly 2021) and ‘riverscape’ 

(Liu et al. 2013). Our study laid foundations for testing and investigating the 

effects of spatial dispersal biases on biodiversification as outcomes of eco-

evolutionary dynamics in metacommunities. 

In this study, we assumed that the spatial constraints by landscape features 

indiscriminately apply to organisms of all the species—dispersal are 

consistently structured by landscapes in the same fashion across species. 

However, in nature, many organisms exhibit notable interspecific differences in 

how they exploit a given physical environment (the definition of a habitat is 

typically species-specific; He et al. 2021). As shown in our results that 

landscape potential connectivity, as the products of the interplay between a 

species’ intrinsic biological properties (e.g., locomotion mode, Hirt et al. 2018) 

and landscape features (He et al. 2021), can mediate biodiversification, it is 

expected that intra-specific variations in how organisms exploit landscapes can 

also shape such outcomes of the eco-evolutionary dynamics in 

metacommunities. Specifically, species that are better able to counteract the 

spatial constraints by landscapes are expected to be more advantageous in 

exploiting resources, as they could more efficiently find ecological opportunities 

for colonization, which subsequently more likely to stimulate diversification. Also, 

such ability allows species to be more competitive when newcomers (e.g., 

invaders) of other species are present, as earlier cohorts of settlers in a 

resource patch can suppress the performances of later cohorts (i.e., priority 

effects, Eitam et al. 2005). As such ability is itself a trait subject to evolutionary 

pressures, we would expect the evolutionary dynamics of dispersal ability in 

interacting species to play a role in biodiversification. With insights from animal 

habitat networks (He et al. 2021), we encourage future studies to investigate 

the role of the evolution of network structures in mediating the complex eco-

evolutionary dynamics in metacommunities (related to this, we also need to 

partition the effects of different dimensions of habitat network structural 

properties on these dynamics for better linking habitat configuration to 

biodiversification). 
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Dispersal has widespread implications for the eco-evolutionary processes in 

metacommunities (Amarasekare 2004; Holland and Hastings 2008; Jones et al. 

2015). Therefore, investigating how species-level dispersal characteristics, 

such as dispersal mode (Jones et al. 2015), strategies (Lavorel et al. 1994), 

distances (Hiebeler 2004; Holland and Hastings 2008; McManus et al. 2021), 

and rates (Ashby et al. 2020), interact with habitat configurational features to 

shape species diversification is essential to deepen our understanding on the 

eco-evolutionary dynamics in complex ecological systems inherently defined or 

identified in spatial contexts. In a rapid changing and anthropogenic world, 

doing so can also provide us evidence and insights for the maintenance and 

conservation of the functioning of ecosystems, such as biodiversity 

maintenance (Amarasekare et al. 2004; Arevall et al. 2018), biological invasion 

control (Kinezaki et al. 2010), and ecological stability (Murakami et al. 2008; 

Rooney et al. 2006; Wang and Loreau 2016).  
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Code and data availability 

The code for the simulations is available at 

https://github.com/ecopeng/Habitat_Configuration_Biodiversification. 

Supplementary material 

 

Fig. A1 Species richness in metacommunities over time (15,000 timesteps) 

across dispersal rates (indicated by colors) of organisms and landscapes with 

various aspect ratios (each panel is for each landscape).

https://github.com/ecopeng/Habitat_Configuration_Biodiversification
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General Discussion 

Habitat configuration can fundamentally dictate where organisms move (Haddad 1999; 

Heino et al. 2015; Kling and Ackerly 2021; Liu et al. 2013; Nathan et al. 2008). For 

social organisms, habitat configuration can shape how they interact with conspecifics 

and/or heterospecifics, and subsequently can mediate broad ecological and 

evolutionary outcomes. Drawing from empirical evidence, this thesis first highlighted 

the link between habitat configuration and population social structure, followed by 

discussing the potential implications. Then, it proposed a unifying framework for 

explicitly characterizing habitat configurational features, and demonstrated how 

habitat features shape ecological outcomes in populations. Finally, in a heterospecific 

social context, it demonstrated how habitat configurational features shape 

biodiversification as the outcomes of eco-evolutionary dynamics in metacommunities. 

Linking habitat configuration to patterns of social interactions 

In social biology, understanding the patterns of social interactions among organisms 

is a central topic, as social interactions underpin a range of ecological and evolutionary 

outcomes (Cantor et al. 2021b; Krause and Ruxton 2002; Silk 2007); however, 

partitioning the outcomes of behavioural versus passive generative processes 

underlying social structures in the real world remains challenging. In nature, social 

interactions among individuals (or species) typically play out in specific spatial contexts 

defined by multiple and variable habitat configurational features. In a given habitat, 

these features can consistently structure the patterns of spatial proximity or social 

association among organisms (e.g., Farine and Sheldon 2019). However, such 

consistency in social structures can also be interpreted as the outcome driven by 

purely behavioural process (e.g. social preferences) if the effects of habitat 

configuration are overlooked. It is, therefore, important to broadely consider the role 

of habitat configuration in driving the emergent patterns of social interactions among 

organisms or species. 

With insights gained from studies outlining the key dimensions of habitat 

configurational complexity (Tokeshi and Arakaki 2012) and those explicitly 
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characterizing habitat connectivity using spatial networks (Alther and Altermatt 2018; 

Bodin and Norberg 2007; Fall et al. 2007; Galpern et al. 2011; Lookingbill et al. 2010; 

Marini et al. 2019; Minor and Urban 2008; Poli et al. 2020; Urban and Keitt 2001; Urban 

et al. 2009), this thesis proposed a conceptual and modelling framework for 

characterizing habitat configurational features using habitat networks in a simplifying 

and unifying way. With the habitat network framework, we can gain more general 

insights on the linkage between habitat configurational complexity and population 

social structures, by more broadly linking the properties of habitat networks (observed 

or simulated) to patterns of social interactions. By doing so, the habitat network 

framework helps to bridge the gap between habitat configuration and socially-

mediated ecological and evolutionary outcomes. 

Linking habitat configuration to socially-mediated processes and outcomes 

Social evolution 

By highlighting and demonstrating the linkage between habitat configuration and 

population social structure, this thesis stimulates investigations into the role of habitat 

configuration in social evolution. A growing number of predictions have been made 

regarding how population social structures are linked to the evolution of cooperative 

behaviours (e.g. Allen et al. 2017; Melamed and Simpson 2016; Ohtsuki et al. 2006; 

Santos et al. 2006a). These insights can be boiled down to more fundamental 

predictions about how habitat configuration is linked to the evolutionary outcomes of 

such social behaviours. In nature, cooperative behaviours are ubiquitous across 

biological systems, and are often observed in contrasting habitat conditions, from 

benign to harsh and stable to fluctuating habitats, raising a paradox of sociality and 

environmental quality (Lin et al. 2019; Shen et al. 2017). While there is a focus on how 

contrasting habitat quality can explain the emergence of cooperation, it might also be 

worthwhile to test whether the broader underlying features of the habitat environments, 

such as the spatial distribution of resources (Prange et al. 2004; Roshier et al. 2008) 

or thermal conditions (Sears et al. 2016; Sears et al. 2011), could potentially 

predispose the evolution of such complex social behaviours. By doing so, we can gain 

more explicit insights into the relative importance of habitat configuration vs habitat 
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quality in the evolution of these behaviours. 

Disease ecology 

In disease ecology, explicitly considering habitat configurational features identified at 

both finer and larger spatial scales (e.g. habitat local potential connectivity and 

landscape geometry) can help us make better predictions on the transmission 

outcomes in populations and communities (Collinge and Ray 2006; Sousa and 

Grosholz 1991). For social hosts, habitat configuration can influence pathogen 

transmission via its effects on both the spatial positioning of hosts and their social 

interactions. This thesis demonstrated how habitat configuration is linked to both social 

structures and pathogen transmissions. However, it remains unclear how habitat 

configuration modulates pathogen transmission under both of these effects on social 

hosts. Interestingly, the properties of pathogens (e.g. virulence) and the behaviours of 

their hosts (e.g. sociality) can coevolve (Prado et al. 2009), and this raises another 

question about the role of habitat configuration in modulating the coevolutionary 

dynamics. Further, while many studies focus on single-host-single-pathogen system, 

it remains to be understood how habitat configuration modulates more complex eco-

evolutionary dynamics underpinned by multiple intraspecific and interspecific 

interactions, such as pathogen-pathogen, pathogen-host and host-host interactions in 

communities (Collinge and Ray 2006). 

Community structure 

Understanding the mechanisms underlying emergent patterns of community structure 

is critical for the maintenance of ecosystem functioning (Duffy 2003; Tilman et al. 2014). 

Species diversity in natural metacommunities are often driven by multiple processes, 

such as gene flow, ecological interactions, and diversification. The third chapter 

demonstrated that, metacommunities nested in landscapes with some configurational 

features (e.g. square-shaped) can consistently be taxonomically more diverse than 

those in landscapes that exhibit different configurational properties (e.g. strip-shaped). 

Thus, this thesis explicitly highlighted a fundamental mechanism underlying 

community structure and biodiversity. Besides, the results from this chapter revealed 
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that the effects of habitat configurational features on biodiversification also depend on 

the dispersal characteristics (e.g. dispersal rate or ability) of species. In natural 

metacommunities, both species and individuals can vary in their dispersal rate or 

ability. Thus, to empirically test such predictions on the linkage between habitat 

configuration and biodiversification, it requires more explicit theoretical insights gained 

with more realistic assumptions on the variations in dispersal characteristics of 

organisms (e.g., what the patterns of diversification will be across different landscapes 

if species and/or organisms are with different dispersal rates). 

Implications of habitat change and restoration 

This thesis demonstrated and highlighted the role of habitat configuration in shaping 

socially-underpinned ecological and evolutionary outcomes, thus providing insights for 

future studies investigating the consequences of habitat change for populations and 

communities. Natural habitats for organisms are changing from local to the global 

spatial scales (Haddad et al. 2015), altering how and where individuals move, thus 

reshaping a range of ecological and evolutionary processes (Brauer and Beheregaray 

2020; Ellis 2015; Fahrig 2002; Morita and Yamamoto 2002; Tucker et al. 2018). With 

ever-changing habitat configurational features comes the need to better understand 

and predict the consequences for the maintenance or recovery of ecosystem 

functioning (Carlson et al. 2014; Palmer 2009; Palmer et al. 2016). Along with the 

evident impacts of habitat change on biological systems ranging from populations 

(Banks et al. 2007; Collinge 1996; Cushman 2006; Keyghobadi 2007; Prugh et al. 

2008) to communities (Brudvig et al. 2015; Fahrig 2003; Robinson et al. 1992), there 

is increasing emphasis on ecological restoration—with the key attempts to bring 

biological systems back to some historical states for self-sustainability (Benayas et al. 

2009; Jordan et al. 1990; Miller and Hobbs 2007; Montalvo et al. 1997; Palmer and 

Filoso 2009; Palmer et al. 2016). Habitat restoration is the initiative aimed at restoring 

the functioning of biological systems by means of recovering habitats for targeted 

species (Miller and Hobbs 2007). However, along with habitat restoration, growing 

concerns have also been raised from the perspective of the evolutionary ecology of 

populations (Ashley et al. 2003; Carroll et al. 2007; Montalvo et al. 1997; Rice and 

Emery 2003; Stockwell et al. 2003), especially on evolutionary reversibility—whether 
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evolutionary outcomes in populations or communities under environmental change 

can be brought back to their historical status by subsequent environmental restoration 

(Ashley et al. 2003; Blows and Hoffmann 2005; Holt 1990; Rice and Emery 2003; 

Stockwell et al. 2003). 

As demonstrated in this thesis, the configurational features of the habitat environments 

can consistently shape biological outcomes in certain ways, ranging from pathogen 

transmission in populations to biodiversification in competitive metacommunities. 

Such broad effects of habitat configuration raise the question about the ecological, 

evolutionary and conservation implications of habitat change and/or restoration for 

populations and communities—the essence of habitat change is the alteration of 

habitat configurational features (e.g. the loss, fragmentation or the spatial 

rearrangement of resource patches). Changes in habitat configuration could 

potentially alter ecological and evolutionary outcomes, such as evolution of social traits 

and transmission of pathogens in populations, and biodiversification in 

metacommunities. Thus, research gaps also remain in investigating how the 

trajectories of habitat change and/or subsequent restoration are linked to the stability 

and reversibility of biological systems (Calizza et al. 2017; Demongeot and Demetrius 

2015; Gilarranz et al. 2017; Staniczenko et al. 2017), followed by understanding the 

conservation implications for these systems in an ever-changing world.
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General Conclusions 

In summary, this thesis advanced our understanding on how the configurational 

features of the habitat environments organisms experience can broadly shape 

biological outcomes underpinned by spatial proximity and social interactions among 

individuals or species. It also draws attention on how our general understanding and 

predictions on such biological outcomes can be improved by broadly considering the 

underlying habitat configuration as a fundamental template shaping dynamics in 

biological systems. Future studies in ecology, evolution and conservation can benefit 

from these insights by testing whether the habitats in focus are characterized by 

certain sets of configurational properties that are consistently more likely to maintain, 

or give rise to, some ecological and evolutionary outcomes than others, or whether 

certain scenarios of habitat change are consistently more likely to maintain the 

sustainability or stability of biological systems than others.
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