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Abstract

Utilization of contact networks has provided opportunities for assessing the dynamic interplay
between pathogen transmission and host behavior. Genomic techniques have, in their own right,
provided new insight into complex questions in disease ecology, and the increasing accessibility of
genomic approaches means more researchers may seek out these tools. The integration of network
and genomic approaches provides opportunities to examine the interaction between behavior and
pathogen transmission in new ways and with greater resolution. While a number of studies have
begun to incorporate both contact network and genomic approaches, a great deal of work has yet
to be done to better integrate these techniques. In this review, we give a broad overview of how
network and genomic approaches have each been used to address questions regarding the
interaction of social behavior and infectious disease, and then discuss current work and future
horizons for the merging of these techniques.

Keywords

Social network; network modeling; phylodynamics; genetics; strain sharing; transmission tree;
wildlife

Interplay between behavior and infectious disease

The study and utilization of mathematical models has been revolutionary to the field of
disease ecology. Mathematical models can be used to examine mechanisms of pathogen
transmission and maintenance, and to make predictions about pathogen spread and
management (LlIoyd-Smith et al., 2009; Keeling & Rohani, 2011). Initially, models of
infectious disease transmission assumed no contact heterogeneity among hosts (Anderson &
May, 1991; Keeling & Rohani, 2011). This simplicity can be useful for creating transparent,
generalizable models, but may not be appropriate for all systems, as host contact
heterogeneity can have significant impacts on disease dynamics (Keeling & Eames, 2005;
Meyers, 2007; White et al., 2017). For example, “superspreaders” can have important effects
on epidemic outcomes, with their presence resulting in disease outbreaks that are less
frequent but more severe than predicted by homogeneous mixing of populations (LIoyd-
Smith et al., 2005; Lloyd-Smith et al., 2009). By incorporating contact heterogeneity into
model assumptions, contact or “social” networks, applied to disease models, can be
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important for conveying a more informative picture of pathogen transmission dynamics
(Craft & Caillaud, 2011; Godfrey, 2013; Craft, 2015; White et al., 2017).

Contact networks represent connections between individuals or groups of individuals based
on a variety of definitions of “contact,” and these contacts are frequently influenced by
social behavior. Network models can therefore require more intensive data collection
compared to other techniques to model disease spread, such as compartmental models, but
can also provide unique insight into disease dynamics thanks to their incorporation of
contact heterogeneity. While social network models have been much used in studies of
infectious disease in human and livestock systems, they have experienced delayed but
growing utilization in wildlife systems (Martinez-Lopez et al., 2009; Godfrey, 2013).

Animal behavior influences contact heterogeneity, more specifically through heterogeneity
in rates and patterns of social interaction (VanderWaal & Ezenwa, 2016). Some of the
behavioral or social processes that impact contact heterogeneity include individual
behavioral phenotypes (Natoli et al., 2005; Dizney & Dearing, 2013), the social structure of
a population (Nunn et al., 2015; Sah et al., 2017), seasonal or temporal behavior changes
(Chen et al., 2014), and behavioral responses to anthropogenic influences (Gottdenker et al.,
2014; Becker et al., 2015). Behavior is therefore important for pathogen transmission, and
particularly so for directly transmitted pathogens, where environmental contamination or
vectors do not dilute the effect of animal interactions (Godfrey, 2013; VanderWaal &
Ezenwa, 2016; White et al., 2017).

While network approaches have made much progress in shaping our understanding of the
complicated, dynamic interplay between behavior and infectious disease, they also reveal
new, more nuanced questions, demonstrating the need for additional data and methods to
better illuminate the processes at work within disease ecology. Genomic methods, applied to
host or pathogen, are becoming increasingly recognized for their power to provide new
insights into disease ecology (Archie et al., 2009). Genetic and genomic tools can allow us
to study and infer pathogen transmission (Metzker et al., 2002; Kao et al., 2014), reconstruct
epidemics (Biek et al., 2007; Bird et al., 2007; Sharp & Hahn, 2010), and reveal landscape
and environmental factors important to transmission (Blanchong et al., 2007; Archie et al.,
2009). Genomic methods are also becoming more available and affordable, putting them
within the reach of more researchers. Within the scope of wildlife studies, genomic tools
may also provide important opportunities to maximize the use of non-invasive sampling
techniques. Non-invasive techniques are expanding in their range and utility, and may be
particularly important for studying populations of endangered or at-risk species, where
capture and handling of individuals carries increased risk to overall population health (de
Carvalho Ferreira et al., 2014; Hoffmann et al., 2016; Smiley Evans et al., 2016).

To improve predictions and accuracy, network models should be informed by as much of the
available data as possible (Welch et al., 2011). While genetic characterization of pathogens
can suggest that cases of infection are closely related, many techniques (e.g. strain typing,
microsatellite markers, etc.) provide only coarse resolution for inferring transmission (Kao
et al., 2014). Whole genome sequencing (WGS), on the other hand, provides significantly
more refined data for resolving transmission relationships (Kao et al., 2014). In the context
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of investigating the dynamics between pathogen transmission and host behavior, it may seem
counterintuitive to study pathogens in order to investigate host social structure, but the idea
is not necessarily a new one (Welch et al., 2011), and doing so could provide important
insights into behavior and disease ecology when integrated with contact networks. Given the
increasing availability of genomic sequencing, as well as the expanding utility of non-
invasive sampling in wildlife systems, there is an opportunity to incorporate pathogen
genomic data into contact networks.

In this review, we discuss how contact networks and genomic methods provide insights into
animal behavior and infectious disease transmission, and horizons for the integration of
these methods in the future. More specifically, we discuss historical uses of social network
analysis and network modeling, and how they are able to highlight the interplay between
social behavior and infectious disease. We then describe how pathogen genetic and genomic
techniques have been utilized to make inferences about host behavior and pathogen
transmission. Finally, we explore the merging of contact network and genomic methods, and
illustrate future directions of network modeling in light of the increasing availability of
sequencing tools. Given that much can be gained by utilizing methods from other systems,
this review will not limit examples to those from the animal or wildlife literature, but will
draw from the human infectious disease literature as well.

Contact networks elucidate dynamics of behavior and disease ecology

The concepts and methodology behind the use of contact networks in animal systems have
been well-reviewed elsewhere (Croft et al., 2008; Godfrey, 2013; Craft, 2015; White et al.,
2017), so we will give a brief overview of these topics with a focus specifically on the
contributions of contact networks to studying the interplay between animal behavior and
infectious disease. For those readers that would like a brief “primer” on contact network
approaches, additional background information can be found in Box 1.

The use of contact networks could be thought of as being composed of two main “branches,”
social network analysis (SNA) and network modeling, though these methods are by no
means mutually exclusive. Broadly, both SNA and network modeling involve building a
social network based on behavioral or observational data. SNA then generally assesses
network and node-level metrics that describe connectivity and modularity (Croft et al., 2008;
Perkins et al., 2009), while network modeling often describes or simulates an outbreak of an
infectious disease on the network. Network modeling is similar in concept to compartmental
“Susceptible-Infectious-Recovered”-type (SIR) dynamic models, but instead of assuming
homogeneous mixing, network modeling allows for the incorporation of heterogeneous
contact patterns. Of course, our framework for describing contact network approaches is a
somewhat artificial simplification, and many studies will not obviously fall into one category
or the other. Network approaches could also be viewed as a spectrum ranging from
describing networks for making observations and formulating hypotheses, to using statistical
models to begin testing these hypotheses, through to simulation models of epidemics on
networks to make predictions and test understanding. For the purposes of this review, we
will discuss network approaches in the context of observational or descriptive approaches
(SNA) and simulation-based approaches (network modeling), but with the acknowledgement
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that network approaches do not always fall neatly into such a dichotomy, and often involve a
continuum of approaches.

In the context of infectious disease research, SNA often compares a node’s (individual or
group of individuals) position in the network and node-level characteristics to the disease
status of the node (Drewe, 2010; Maclntosh et al., 2012; Godfrey, 2013; VanderWaal et al.,
2014). This approach can provide insight into how social behavior impacts pathogen
transmission or prevalence, identify the importance of different behaviors for pathogen
transmission, and elucidate the impact of disease prevention and management decisions. For
example, in studying how social behavior impacts pathogen prevalence, Maclntosh et al.
(2012) found that high social rank in Japanese macaques (Macaca fuscata yakui) was
associated with greater nematode parasite species richness, as well as a higher probability
and intensity of infection with a potentially pathogenic parasite. SNA can also be used to
prioritize individuals to target for disease management interventions, or identify
interventions that are less likely to be effective for disease control, based on population
social structure (Porphyre et al., 2008; Rushmore et al., 2013).

Similarly, simulating epidemics of pathogens on social networks can accomplish a variety of
objectives related to animal behavior and infectious disease. For example, it may not be
feasible, or even ethical, to test pathogen spread and control hypotheses with real-world
experiments, but modeling these experiments can provide important insights (Lloyd-Smith et
al., 2009; Craft, 2015; White et al., 2017). Simulating epidemics on networks can thereby
shed light on topics such as how disease is or is not maintained in populations (Craft et al.,
2009), how population social structure impacts pathogen transmission (Craft et al., 2011),
and what techniques or individuals to target for preventive or epidemic intervention
measures (Rushmore et al., 2014; Pellis et al., 2015). For example, network models of
pathogen transmission in chimpanzees found that targeting well-connected individuals
allows for significant reductions in vaccinations required to prevent disease outbreaks
(Rushmore et al., 2014).

Applications of contact networks are not without limitations, however. Observational data
used to develop a social network may be limited (e.g. only able to collect behavioral
observations during daytime hours, or only able to place GPS collars on a subset of the
population), which can significantly impact conclusions (Croft et al., 2008). In addition,
proxies of contact such as shared space use—as determined by telemetry data—may not
always represent actual contacts; for example, avoidance behaviors could theoretically allow
individuals in close proximity to avoid contacts relevant to pathogen transmission. While
degree of home range overlap may correlate with increased contact rates between
individuals, these assumptions are rarely tested and may vary seasonally or on an individual
basis (Robert et al., 2012). There is therefore a need to improve or refine our detection or
definition of transmission-relevant contacts, particularly when considering host species
and/or pathogens in which timing of transmission events is not readily observed. In such
cases, the increased resolution provided by molecular approaches applied to pathogens may
be able to improve our understanding of disease transmission at a fine scale (Kao et al.,
2014), and provide clues about microbial transmission in the context of host social structure
(Bull et al., 2012; Blasse et al., 2013; Blyton et al., 2014).
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Another challenge within the use of contact networks is the fact that social networks are
generally dynamic and can vary through time (Craft & Caillaud, 2011; Rushmore et al.,
2013; Eames et al., 2015; White et al., 2017). This variability highlights the importance of
investigating social networks and infectious disease within appropriate temporal scales,
according to the research question (Perkins et al., 2009; White et al., 2017). If the pathogen
in question is infectious on the order of days to weeks, contact networks aggregated from
year-long observations may not be appropriate and may overestimate pathogen spread. Over
the course of a year, a social network is likely far more well-connected than it would be on
the days to weeks-long scale on which the chosen pathogen may be operating. However, if
the objective is to predict a “worst case scenario” of transmission, an aggregated network
may be appropriate. Understanding the different temporal dynamics of host and pathogen
within the context of a specific research question is necessary for appropriate study design
and interpretation of model simulations. Because pathogen evolution may operate on
different time scales from dynamic social networks, when pathogen phylogenies are
assessed together with contact networks, they may shed light on the dynamics of
transmission within populations (Vasylyeva et al., 2016). Thus, pathogen phylogenetics may
serve a complementary function in balancing the complicated temporal dynamics of many
social networks.

In summary, contact network approaches have proven useful for illuminating aspects of the
relationship between animal behavior and pathogen transmission by describing how social
structure, individual behaviors, and intra- and interspecies interactions contribute to disease
transmission and maintenance in populations. Network approaches have also assisted in
improving understanding of pathogen dynamics and management in populations,
highlighting the importance of contact networks as a tool with real-world applications. An
ongoing challenge for the utilization of contact networks is the detection of transmission-
relevant contacts, for which genomic tools may provide new avenues for resolving these
interactions.

Genomic tools to understand behavior and pathogen transmission

In this section, we will be reviewing how genetic and genomic-based methods have been
used to provide insight into host social behavior and its impact on infectious disease
dynamics. While genetics is, broadly, the study of individual genes, and genomics the study
of whole genomes, for simplicity and consistency, we will refer to genetic and genomic-
based techniques as “genomics” throughout the rest of this review, unless individual
examples call for greater specification. We will use “phylogenetics,” the study of
evolutionary relationships based on genetics, to encompass both phylogenetic and
phylogenomic techniques.

Population genomic tools are well-recognized for their ability to provide important
information about host behavior and the consequences of animal behavior on pathogen
transmission. For example, Pope et al. (2007) used population genomic tools to show
increased badger dispersal after culling, and inferred important consequences of this
increased movement for the spread of bovine tuberculosis. Population genomics have also
been used to assess landscape barriers to host dispersal, and the importance of these
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dispersal behaviors for disease transmission: for example, identifying rivers as semi-
permeable barriers to host gene flow, and inferring the impact of rivers on subsequent animal
movement behaviors and interactions in the context of pathogen transmission (Cullingham et
al., 2009).

Pathogen phylogenetics can also provide insights into animal behavior and disease
dynamics, and in some cases give greater clarity than host population genomics alone (Lee
et al., 2012). With pathogen phylogenetics, researchers can better understand pathogen
transmission dynamics and suggest patterns of host behavior and interactions (Biek et al.,
2006; Lembo et al., 2008; Wheeler et al., 2010; Lee et al., 2012; Streicker et al., 2016;
Fountain-Jones, Packer, et al., 2017). For example, Lembo et al. (2008) used pathogen
phylogenetics to study cross-species transmission and reservoir dynamics of rabies in the
Serengeti ecosystem. Their study found more within-species and less between-species
transmission than would be expected from random mixing; these findings could be due to
the spatial distribution of hosts, or from increased or preferential intraspecific contacts
(Lembo et al., 2008). [These hypotheses could be further tested via a network modeling
approach, thereby linking the phylogenetic and contact network approaches in the context of
non-random contact patterns within and between species.] Pathogen phylogenetics can
therefore provide valuable information about transmission dynamics and host contact
patterns, including insights into understanding multi-host pathogen transmission, but these
approaches could be enhanced even further by incorporating contact network techniques.

Importantly, investigation of pathogen phylogenetics can provide more detailed information
that would be lost or otherwise inapparent by assessing host population genomics alone,
particularly for directly transmitted pathogens. For example, phylogenetics of feline
immunodeficiency virus in mountain lions revealed recent host demographic history that
was not detectable with host population genomics (Biek et al., 2006). In addition, Bayesian
phylogeographic approaches can yield important information about behavior and
transmission dynamics by examining transmission over space and time (Biek et al., 2007;
Lemey et al., 2009, 2010; De Maio et al., 2015), and between groups of hosts (Grad et al.,
2014). Biek et al. (2007) used a phylogeographic approach to investigate spatial spread of
rabies virus in raccoons in the Northeastern United States, finding, for example, that
mountain ranges had a significant impact on rabies spread. These mountain ranges likely
slowed spatial expansion due to the poor quality of raccoon habitat and reduced dispersal
through these areas (Biek et al., 2007), demonstrating the impact of animal interactions with
landscape features on the transmission of pathogens.

When available, the assessment of both pathogen and host genomics provides perhaps the
most comprehensive information. For example, coupling host population genomic and
pathogen phylogenetic methods have provided information about how solitary carnivores
move and respond to landscape features like roads; where host phylogenies may suggest
little to no movement across roads, pathogen phylogenies suggest these movements happen,
but may be temporary or otherwise fail to result in host reproduction (Wheeler et al., 2010;
Lee et al., 2012; Fountain-Jones, Craft, et al., 2017). These findings show that movement
may be restricted across major landscape features, but can still occur and be adequate for
pathogen transmission. Host and pathogen evolution, especially in cases of rapidly evolving
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viruses, often operate on different time scales, so assessing both time scales together can
provide information that would be lost by assessing either in isolation (Wheeler et al., 2010).
Streicker et al. (2016) used the combined assessment of host population structure and
pathogen phylogenies to determine that male vampire bats appear to disperse, while females
show greater site fidelity, with important consequences for rabies transmission and
expansion. This provides another important example of using host and pathogen
phylogenetic analyses together to draw conclusions about host behavior, and then applying
those findings to predict pathogen transmission dynamics.

While many phylogenetic studies focus on pathogen relatedness and genetic distance to
make inferences, a developing tool for investigating disease dynamics is that of
“phylodynamics.” The term was first defined by Grenfell et al. (2004) as the “melding of
immunodynamics, epidemiology, and evolutionary biology,” and more specifically,
phylodynamics seeks to understand the molecular footprint of epidemiological processes
that are difficult to observe (Baele et al., 2017). Phylodynamic approaches have been used to
investigate complicated questions such as short-term epidemic dynamics of human
immunodeficiency virus in men who have sex with men (Lewis et al., 2008), or the impacts
of urbanization on pathogen transmission and evolution in a wildlife system (Fountain-
Jones, Craft, et al., 2017). Bayesian methods have been particularly useful within
phylodynamics due to their ability to efficiently incorporate complex evolutionary models
and uncertainty in parameter estimates (Drummond & Rambaut, 2007).

A developing branch within the broad field of phylodynamics is in the reconstruction of
epidemics through the inference of transmission trees. These transmission trees are different
from traditional phylogenetic trees, for several important reasons (Figure 1) (Didelot et al.,
2017). First, in the context of epidemics of infectious disease, phylogenies consider each
pathogen sample to be a tip (also known as a leaf) on the phylogeny, removing any
possibility of a sampled pathogen being the ancestor of another sample (Picard et al., 2017).
This means that phylogenies are unable to describe who infected whom. Transmission trees,
however, allow sampled pathogens to be ancestors of other samples, and thereby may be
able to reconstruct an epidemic by inferring who infected whom (Picard et al., 2017). The
second major difference between transmission trees and phylogenetic tree is in the timing of
coalescence events. Where timing of coalescent events in phylogenetic trees reflects
branching events, timing in transmission trees reflects actual transmission events, which may
occur at different time points from evolutionary branching events (Sintchenko & Holmes,
2015). It is important to understand these differences between phylogenetic and transmission
trees, as the lines between the two are sometimes blurred and terminology used
inappropriately, leading to confusion about the information provided by these two different
methodologies.

Inferring transmission trees from epidemic data is a developing technique, with a variety of
proposed methods (Cottam et al., 2008; Jombart et al., 2011; Ypma et al., 2012; Ypma, van
Ballegooijen, et al., 2013; Didelot et al., 2014; Numminen et al., 2014; Hall et al., 2015; De
Maio et al., 2016; Klinkenberg et al., 2017). While describing the methodological
differences between these approaches is outside the scope of this review (but see Hall et al.,
2016), the general process involves inferring transmission trees from pathogen sequence
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data, while assuming one of the following: no within-host diversity or mutation, no within-
host diversity but with mutation, or both within-host diversity and mutation (Hall et al.,
2016). Pathogens with rapid mutation rates, such as RNA viruses, are generally more
amenable to this type of epidemic reconstruction (Welch et al., 2011; Worby et al., 2014).
Even with RNA viruses, however, it should not be assumed that an epidemic can be perfectly
reconstructed (Hall et al., 2016), as all techniques will result in some uncertainty,
particularly epidemics with incomplete sampling or slower pathogen evolution (Worby et al.,
2014; Vasylyeva et al., 2016).

As transmission tree techniques have been further developed, however, they are better able
to accommodate previous limitations; new techniques have now been used to study endemic
(rather than epidemic) pathogens, ongoing epidemics, epidemics with incomplete sampling,
and multiple disease introductions (Mollentze et al., 2014; Didelot et al., 2017). Judicious
use of transmission tree methods can thus provide important information about transmission
dynamics (Ypma, Jonges, et al., 2013; Numminen et al., 2014). For example, transmission
trees have been used to assess the impact of wind direction on transmission of avian
influenza in the Netherlands (Ypma, Jonges, et al., 2013). Transmission tree techniques can
also shed light on the impact of host behavior and movements on pathogen transmission:
Mollentze et al. (2014) used transmission tree reconstruction to show that rabies spread in
South Africa appears to include the anthropogenic movement of dogs (i.e. in cars). The use
of transmission trees is therefore a technique with great potential for understanding disease
transmission dynamics in populations.

Epidemic reconstruction with only genetic sequence data, however, is limited in the
resolution it can provide (Hall et al., 2016), and researchers should not expect fully resolved
transmission events for an entire epidemic. The incorporation of other epidemiological data
may be able to clarify some of the uncertainty inherent in inference of transmission trees
(Hall et al., 2016), for which contact network approaches, in identifying likely avenues of
transmission, may provide a fruitful path forward.

In summary, genomic analyses of hosts, pathogens, and both together have demonstrated
their utility in investigating the dynamic relationship between social behavior and pathogen
transmission. The emerging field of phylodynamics shows great promise for expanding upon
and refining our understanding of transmission dynamics in populations. In particular, the
developing techniques for transmission tree reconstruction provide opportunities to
investigate pathogen transmission at greater resolution. These techniques, however, could be
more powerful if integrated with other methodologies, such as epidemiologic and network
approaches, for drawing conclusions about patterns of behavior and pathogen transmission.

Integrating contact networks and genomics: current efforts and future

directions

A growing number of studies have begun to integrate pathogen genetic data with contact
networks. These studies have provided new insights on identifying risk factors for disease
acquisition, studying the social structure of a population, and learning how social structure
may predict infection. Previous work has often used molecular techniques that focus on
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pathogen strain-sharing or genetic distance between pathogen isolates across populations or
individuals, and have largely utilized SNA in incorporating contact network techniques. We
will discuss some examples in greater detail to highlight the range of approaches used to
integrate contact network and genomic tools for a variety of research questions.

Current research questions

Do node characteristics predict pathogen genetic similarity?—~Perhaps the most
straightforward integration of social networks and genomics tools is to use SNA to test if
node and network-level characteristics predict pathogen strain sharing or genetic similarity
of isolates. Villasefior-Sierra et al. (2007), for example, use this technique to compare node-
level characteristics between children with and without group A Streptococcus. *Strain
sharing” of group A Streptococcus was inferred by comparing restriction fragment length
polymorphism patterns across isolates, and this study found that spread of group A
Streptococcus clones was mediated by high connectedness among children, as detected by
SNA. This straightforward integration of contact networks and genetic tools highlights the
utility of this technique for establishing the importance of social networks for disease
spread. This approach may also be useful for initial assessment of pathogen transmission in
populations; if social structure is established as an important mediator of pathogen
transmission in a given study system, this could justify further, more in-depth analysis, and
may subsequently aid in developing targeted control measures.

Which social networks best predict pathogen networks?—A “next step” in
advancing the integration of SNA and genomic tools has been to more explicitly compare a
social network to pathogen relatedness across a population. This can be done by comparing
a population’s social network to a “strain-sharing network” based on microbial relatedness,
and testing if the social network predicts the microbial network (Bull et al., 2012; Blyton et
al., 2014; VanderWaal et al., 2014; Marquetoux et al., 2016; Springer et al., 2016; Fountain-
Jones, Packer, et al., 2017). Assessing social networks in the context of a pathogen-sharing
network can identify social network positions that are important for transmission
(VanderWaal et al., 2014), test if the type of contact used to determine the social network
(e.g. movement between farms) can explain pathogen transmission (Marquetoux et al.,
2016), or even examine the varying importance of different modes of transmission
(Fountain-Jones, Packer, et al., 2017). These strain-sharing networks, however, should not be
confused with transmission trees; the former does not explicitly infer who infected whom,
while the latter does. In addition, within strain-sharing networks, the molecular
representation of strains can vary in resolution, ultimately affecting their power for inferring
transmission. Advancements in genomic tools for inferring who infected whom may allow
for increased resolution in these types of studies, and thereby potentially shed light on the
variable impacts of social or behavioral factors on pathogen transmission.

What behaviors or locations are high risk for transmission?—Integrating contact
networks and genomic tools can also be used to identify high risk behaviors or locations for
pathogen transmission. For example, Gardy et al. (2011) utilized pathogen WGS and
epidemiological data, in conjunction with social network analysis, to determine that a
behavioral risk factor (likely crack-cocaine use) was a probable contributing factor in an
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outbreak of Mycobacterium tuberculosis in people in Canada. In addition, Chamie et al.
(2015) assessed genotype sharing of Mycobacterium tuberculosis in people in Uganda in the
context of SNA,; they investigated spatial overlap among genotype-clustered cases to identify
likely transmission sites of social importance. Romano et al. (2010), using both social
networks and hepatitis C virus gene sequences, assessed factors such as age, risk behaviors,
and sexual networks to better understand risk factors even within different subtypes of the
same pathogen. All of these studies demonstrate the utility of assessing pathogen genomics
in the context of social networks for identifying important behavioral risk factors for
transmission, including in instances where genotyping and contact tracing alone are not
adequate for establishing pathogen dynamics (Gardy et al., 2011). All of the above example
are studies in humans; in wildlife, such work would likely be more difficult as some methods
for acquiring specific behavioral data in humans may not translate well to free-ranging
animals (e.g. questionnaires are useful for acquiring behavioral data in humans but not
applicable for wildlife).

Phylodynamics and future directions

The examples of previous work integrating contact networks and genomic tools have largely
focused on using SNA, with limited utilization of higher-resolution molecular data from
pathogens (but see Fountain-Jones, Packer, et al., 2017). The insights provided by
phylodynamic approaches, however, suggest that integrating contact networks with
phylodynamics may be a fruitful path forward. Some phylodynamics studies have begun to
incorporate contact networks, including investigating what phylogenies, through
phylodynamic analysis, can reveal about underlying host social structure (Leventhal et al.,
2012; Robinson et al., 2013; Colijn & Gardy, 2014; McCloskey et al., 2016; Vasylyeva et al.,
2016). Several of these studies have concluded that phylogenetic tree structure can provide
some information about network structure and resulting transmission dynamics (Leventhal et
al., 2012; Colijn & Gardy, 2014; McCloskey et al., 2016; Vasylyeva et al., 2016). For
example, Leventhal et al. (2012) used this approach to conclude that random mixing among
hosts was unlikely to result in an observed epidemic’s phylogenetic tree. Colijn and Gardy
(2014) used this approach to conclude that phylogenetic tree structure can help differentiate
between transmission patterns (e.g. super-spreader versus homogenous mixing). However,
the conclusions that can be drawn from pathogen phylogenies can be limited, and may not
yield particularly novel conclusions for researchers debating the value of sequencing
pathogen samples. This may be especially true for hosts with dynamic interactions, as
particular caution must be used when inferring a population’s underlying social structure for
dynamic contact networks (Robinson et al., 2013; Vasylyeva et al., 2016). While these uses
of phylogenies to describe underlying host contact structure may be helpful for
parameterizing a theoretical network on which to simulate outbreaks of disease, other
applications of phylodynamics methods may be better suited to integration with contact
networks.

Inference of transmission trees may hold promise to fill this gap for further integrating
phylodynamic approaches with contact networks. Like the phylodynamic studies which have
attempted to infer host population structure from pathogen phylogenies, some studies have
investigated what information about the underlying social network can be gleaned from
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transmission trees alone (Carnegie, 2017). For example, assessment of HIV transmission
trees has been used to infer preferential attachment in the underlying host social network,
and this information was used to draw conclusions on the most appropriate management
interventions (Leigh Brown et al., 2011). As with the phylogenetic tree approach, using
transmission trees to make inferences about underlying population structure has some
limitations. For instance, transmission trees have not demonstrated an ability to detect
clustering in the underlying contact network (Welch, 2011). However, the potential utility of
pathogen transmission trees for improving understanding of the dynamic interaction
between host behavior and pathogen transmission has yet to be fully explored and remains a
major gap in the current literature. Future work to explore avenues for integrating genomic
and network approaches may specifically benefit from examining how contact networks can
inform priors in Bayesian transmission tree reconstruction to resolve some of the inherent
uncertainty in this method. In addition, transmission trees, being a higher-resolution
representation of the transmission network, should be particularly amenable to statistical
approaches that can examine relationships between networks, such as generalized
dissimilarity modeling (GDM; Ferrier et al., 2007). Alternatively, a phylogeographic
generalized linear model approach could be used, as in Lemey et al. (2014). Ultimately,
integrating genomic data—including transmission trees—with network data should provide
useful information about the importance of different modes of transmission and provide
better predictions about pathogen transmission (Eames et al., 2015), further justifying the
effort involved in incorporating these additional layers of data.

While the full scope of the applications of transmission trees to contact network studies has
yet to be resolved and will vary depending on research question, some general guidelines
can be identified. First, arguably the best-suited study systems for these approaches would
be those with fast-evolving pathogens like RNA viruses (Didelot et al., 2017). The rapid
evolution of these pathogens may allow for improved inference of transmission events, and
could shed light on transmission dynamics at the shorter temporal scale on which many host
social networks exist. In addition, if using strain-sharing or transmission networks to better
understand population transmission dynamics, Blyton et al. (2014) point out that a study
system should ideally have high strain alpha-diversity (local diversity) and high strain
turnover in order to increase the resolution of transmission observations and to better
represent contemporary transmission processes, respectively.

While ascertaining the proportion of the population that must be sampled to utilize a
transmission tree approach has not been well established to date, pathogens which can be
sampled across a greater proportion of the population, perhaps through non-invasive
sampling techniques, would be more well-suited to transmission tree approaches. As
methods for reconstruction of transmission trees advance, they are becoming more capable
of accommodating unsampled individuals (Mollentze et al., 2014; Didelot et al., 2017), so
outlining a specific proportion of a population to sample in order to use these methods is
currently impractical. Ultimately, such determinations will be dependent on the current state
of rapid methodological advances, and will be affected by specific research questions. For
example, while low pathogen diversity and/or sampling effort will affect uncertainty to the
degree that determining specific transmission events likely happened (rule-in) may be
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unrealistic, if the objective is instead to rule out certain transmission events, these systems
may be perfectly appropriate for transmission tree approaches (Didelot et al., 2017).

In addition to contact networks, incorporation of host data such as relatedness, space use, or
varying definitions of contact (e.g. grooming versus fighting) may also be useful for
integrating with transmission tree approaches, depending upon the research question (for
two examples, see Figure 2). Furthermore, linking established phylogeographic models
(Lemey et al., 2009, 2010) to transmission tree inference will enable more spatially explicit
estimates of potential transmission events that can be compared directly to individual space
use data. While specific examples of the integration of transmission trees to phylogeographic
models and contact networks are, to the best of our knowledge, currently lacking in the
primary literature, here we present some proposed pathways to integration, with the
acknowledgement that, as phylodynamic approaches continue to advance, the opportunities
to incorporate these tools into network studies will certainly evolve as well. In addition, we
present advantages and disadvantages of current and proposed future methods for integrating
network and genomic approaches in Table 1.

Which behaviors are most important for pathogen transmission?—The
previously described examples of integrating contact networks and genomic techniques are
limited in their directionality when describing pathogen transmission. In other words, they
do not explicitly investigate who infected whom. In some cases, for example the movement
of animals between farms, where movements or shipments are considered a “contact,”
directionality is more obvious in the contact network (Marquetoux et al., 2016). In addition,
detailed behavioral observations can suggest directionality of pathogen transmission
between individual animals by investigating, for example, differences in infection incidence
between grooming animals and the individuals being groomed (Drewe, 2010). But these are
somewhat implied or correlational indicators of directionality, and would be strengthened by
more refined inferences of transmission direction. In circumstances where direct observation
is difficult and/or detailed epidemiological information is unavailable, phylodynamics-based
methods, such as transmission tree inference, may be more capable of determining who
infected whom. By incorporating higher resolution transmission data gleaned from these
types of approaches, contact network techniques can provide clearer information about the
impact of behavioral risk factors on pathogen transmission. For example, comparing a
transmission network to various behaviorally-derived networks could provide insight into
the types of behaviors that are most important for pathogen transmission (Figure 2b). As
discussed above, GDM may be an important tool for this type of analysis, as it can be useful
for scrutinizing complex network structures. Additional questions to investigate by
comparing socially-derived networks to high-resolution transmission networks could include
(but are not limited to): the importance of turnover of social ties, the relative importance of
host genetic versus social distance, and the impact of host social structure or movement.

Can we better understand transmission-relevant contact?—The examples given
above have all focused on investigating social networks together with assessments of
pathogen “networks.” But this is, of course, only applicable in instances in which behavioral
or observational data is adequate for describing the social network. Pluciniski et al. (2011)
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discuss the idea that pathogen relatedness could be used to infer information about the
underlying contact network. In support of this idea, genetic relatedness between human
commensal oral bacteria has been shown to correlate with social network distance, as
determined by questionnaire surveys (Francis et al., 2016). Importantly, these studies
highlight the potential for commensal or apathogenic organisms to be used as proxies of
contact between individuals or even groups of individuals. For example, can microbiome
composition or infection with apathogenic organisms be used to establish risk factors or
“rules” to describe a mode of pathogen transmission in a population, and then can those
rules predict subsequent transmission with other similar pathogens? Some commensal
organisms will, of course, be unsuitable for this kind of transmission analysis. For example,
some aspects of the host microbial community can be affected by diet, individual host
factors, population of origin, or environmental transmission (Degnan et al., 2012; Blyton et
al., 2013; Chiyo et al., 2014). In addition, organisms that transmit among and between
multiple hosts would make discerning interactions within a single host species far more
challenging; instead, single-host organisms with well-characterized modes of transmission
may be most effective at elucidating transmission-relevant contact in a single host species.
Rapidly evolving, apathogenic viruses may hold the most promise as proxies of contact, as
their diversity and high mutation rates should allow for greater resolution in illuminating
transmission events. In addition, identification of such viruses is becoming increasingly
achievable due to advances in viromic technologies and non-invasive sampling (Minot et al.,
2013; Rasmussen, 2015). The use of such apathogenic infections for detecting transmission-
relevant contact may be particularly important for disease systems where the pathogen of
interest cannot be easily sampled and sequenced due to, for example, very short shedding
periods (e.g. about 1-2 weeks for canine distemper virus, Greene, 2012). Instead,
commensal or apathogenic infection information could be utilized to determine a virtual
contact network on which to simulate disease outbreaks, potentially without the use of
resource intensive observational data typically required to estimate contact rates across
populations (Figure 2c¢). This type of approach could potentially reveal and predict, for
example, how animal movement behaviors and natural or anthropogenic landscape features
affect disease transmission across populations. Establishing the utility of this type of
approach is a clear gap in the literature, and would benefit from future research.

Limitations—As previously noted, transmission tree approaches cannot be expected to
reconstruct epidemics with perfect certainty, particularly for slow-evolving pathogens.
Incorporating additional bounds and levels of information can, however, improve inferences
from phylodynamics and integrative approaches (Welch et al., 2011; Ray et al., 2016). This
multimodal approach, which may include data such as host genomics, landscape factors, and
epidemic parameters, may be important in studies of pathogens with slow rates of mutation
or otherwise limited genetic diversity (Wylie et al., 2005). The current literature on how to
utilize a multimodal research framework is limited at this time (Ray et al., 2016), but carries
potential for future expansion and may help resolve some areas of uncertainty within
phylodynamic approaches. Future work to explore the impacts of incorporating different
layers of data—including pathogen genomics—into contact networks should shed light on
how these various factors are able to predict and describe the interaction between animal
behavior and transmission dynamics.
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Of course, within mathematical modeling, there is a perpetual trade-off between precision,
generality, and realism (Levins, 1966). In this review, we have discussed the advantages
gained by adding complexity to disease models through the use of contact networks and
genomics tools, but it must be pointed out that these additions may come at the cost of
computational efficiency and generality. While models that are very realistic or precise for a
particular study system can provide useful information for managing a particular disease
within a specific population, increased complexity within models is not always the best
approach (Buhnerkempe et al., 2015). Ultimately, a key challenge for disease modeling,
broadly, is in understanding when simplicity or complexity is more appropriate
(Buhnerkempe et al., 2015), and this dichotomy should not be forgotten amongst the
advancements offered by more precise or realistic data and modeling.

Conclusions

This review has focused on describing how contact networks and genomic tools each shed
light on the dynamic interaction between animal social behavior and infectious disease
dynamics, and how these tools can be integrated for improved and new insights. These
techniques may be particularly useful for wildlife researchers looking to make the most of
hard-won pathogen data, and to advance their understanding of pathogen dynamics and
social behavior. As genomics approaches become more accessible to more researchers, and
the statistical and computational tools used to analyze genomic outputs continue to advance,
the opportunities to utilize multimodal approaches in disease modeling will expand. Staying
up-to-date with this progress will ultimately allow researchers to use novel techniques to
answer complicated questions about animal behavior and its impact on pathogen
transmission, and consequently make predictions important to the surveillance, prevention,
and management of infectious diseases in populations.
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Box 1:
The basics of contact networks

Within network approaches, “nodes” can represent individual humans or animals, or can
represent groups of individuals such as herds or even farms. Connections or contacts
between nodes are called “edges,” and are defined depending on the research question;
for example, in a network where nodes represent individual wild animals, and the
pathogen in question is transmitted by sexual contacts, an edge might be drawn between
two individuals known to have had sexual contact. Alternatively, in a network of farms,
with a pathogen transmitted by direct or indirect contact, an edge might be drawn
between two farms if they have shipped animals from one farm to the other. This
highlights the importance of carefully defining a “contact” when using network
approaches, depending on the system and research question (Perkins et al., 2009).

While social network analysis approaches are often descriptive or observational, network
modeling approaches typically involve simulating an outbreak of a pathogen in a
population (but see the main text for caveats about this dichotomy). Simulating an
outbreak of a pathogen on a contact network, in light of the transmission probability (e.g.
properties of the infectious host, susceptible host, and infectivity of the pathogen), can
result in the output of a transmission network which can graphically represent who
infected whom (Figures a-c). This transmission network is therefore different from the
observed contact network, and could be viewed as a subset of the contact network.
Network approaches are, however, dependent on extensive behavioral or observational
data to create the initial contact network, and can be highly influenced by how contacts
are defined and detected in the population (Perkins et al., 2009; Eames et al., 2015). In
some cases, the entire population being studied is observed to build the “complete”
contact network; in other cases, this is not feasible or practical, and only a portion of the
population of interest will be observed. In these cases, the observed population can be
used to create a set of “rules” for contact in the population, and then extrapolated to the
full population (e.g. with ERGMs, as in Reynolds et al., 2015; Silk et al., 2017). Thus,
even networks built on a sample of empirical observations may be generalized to a larger
population.

Conceptual flow from a contact network to a transmission network. Areas with a green
background represent components informed by empirical data; areas with a white
background represent components informed by simulations. Network (a.) shows a contact
network that would be defined by, for example, observational data of direct contacts. A
disease process, such as an Sl (susceptible-infectious) model, (b.) could be applied to the
contact network many times (pictured three times here, but realistically, a simulation
would be run on the order of 1000 times). In this example, the index case was randomly
seeded, and darkened nodes represent those nodes that were infected in the course of a
simulation. The who-infected-whom, transmission networks (c.) could be a final output
of network model simulations.
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Figure 1.

Conceptual flow from (a.) a transmission tree to (b.) a transmission network; (c.) depicts a
transmission network in the context of the rest of the population, where gray nodes represent
uninfected individuals. The green background highlights that this approach is based on
empirical data, rather than simulations. Colored circles represent sequenced samples from
infected individuals. In (a.), branching events in the transmission tree indicate transmission
events, with color changes occurring at these events; lettered labels at internal nodes
represent infecting individuals. The colored lines and labels at branching events in the
transmission tree highlight a primary difference between phylogenetic trees and transmission
trees: pathogens sampled at the “tips” of the transmission tree are allowed to be ancestors of
other samples. This then allows for the inference of who infected whom, as demonstrated by
the directed networks in (b.) and (c.), but with some uncertainty that cannot be fully resolved
(represented here by uncertain transmission from individual “h” to individual “d”).

Behaviour. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbertson et al.

Page 24

b . Grooming Network

Pathogen
® Fast-evolving (especially
RNA viruses)

* * ° z\lon-ifnvasi;/e sampling ) § N
e.g. reces \ ransmission Networl

O

® Mode of transmission
(e.g. direct transmission)

Spatial Overlap Network ?

Host Data
® Behavioral observations
(e.g. grooming, fighting)
® Relatedness
® Space Use o

Simulate transmission of related pathogen

What environmental
and ecological factors

€] e]
predict transmission? Transmission Network Virtual Contact Network —— gA

Apply “rules” of
transmission
N, O O o S0
_—
Figure 2.

Two examples of proposed integrations of contact networks and genomic tools, in this case
focusing on utilizing transmission networks derived from inference of transmission trees.
Areas with a green background represent components informed by empirical data; areas
with a white background represent components informed by simulations. Panel (a.)
highlights some characteristics of pathogens and types of host data that may be well-suited
to transmission tree approaches, but these are by no means all-inclusive. Panel (b.)
demonstrates a SNA application, in which observed networks such as grooming or spatial
overlap networks, are compared to high-resolution transmission networks to determine what
social or behavioral factors have the greatest impact on pathogen transmission. Panel (c.)
depicts a network modeling application, in which a transmission network derived from an
apathogenic or commensal organism is used to determine environmental and ecological
factors that best predict transmission in a population. These “rules” are then used to create a
“virtual contact network” on which epidemics with a related (pathogenic) organism could be
modeled. This approach could help determine the best preventive or intervention measures
to be applied prior to an outbreak of a pathogen of concern.
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