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1. INTRODUCTION
Social interactions are central in the lives of many animals. Social
partners can lower individual stress levels (Rault, 2012), a process known
in humans and primates as social support (Charuvastra & Cloitre, 2008;
Silk, Alberts, & Altmann, 2003). Furthermore, social bonds can be vital,
because they can help animals ﬁght off competitors and predators, enhance
reproductive success, and increase longevity (Gilby et al., 2013; Goodwin &
Podos, 2014; Grabowska-Zhang, Sheldon, & Hinde, 2012; GrabowskaZhang, Wilkin, & Sheldon, 2011; Sch€
ulke, Bhagavatula, Vigilant, & Ostner,
2010; Silk et al., 2003, 2010). The social environment can also have negative
effects, since social associations can lead to aggressive interactions, increased
competition for resources, social stress, and increased susceptibility to contagious diseases (Akçay et al., 2009; Carere, Welink, Drent, Koolhaas, &
Groothuis, 2001; Geffroy, Bru, Dossou-Gbété, Tentelier, & Bardonnet,
2014; Qvarnstr€
om & Forsgren, 1998; Rowell, 1974; Stamps & Krishnan,
2001; Verbeek, Boon, & Drent, 1996; Wiley & Poston, 1996). Since the social environment imposes fundamental selection pressures on animals’ ﬁtness
(Smith & Parker, 1976; Wolf, Brodie, & Moore, 1999), it is important to
understand if and how individuals can inﬂuence the structure of their social
environment, and how in turn the social environment affects behavior.
Our understanding of social environments and individual ﬁtness are
enhanced by identifying which factors drive nonrandom social associations
(Aplin, Firth, et al., 2015; Brent, 2015; Formica et al., 2012; Kurvers,
Krause, Croft, Wilson, & Wolf, 2014; McDonald, 2007; Oh & Badyaev,
2010; Snijders, Naguib, & Van Oers, 2017; Wey, Blumstein, Shen, &
Jordan, 2008). An appealing approach for studying the structuring of social
environments is social network analysis (Croft, James, & Krause, 2008). In
social networks, individuals are represented as nodes that can be connected
to each other via social associations or interactions, represented as edges. The
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number as well as the strength of these edges can vary among individuals.
Social network position has been shown to predict social status, mating opportunities, and exposure to new skills and resources, but also exposure to
diseases and parasites (Allen, Weinrich, Hoppitt, & Rendell, 2013; Aplin,
Farine, Morand-Ferron, & Sheldon, 2012; Bull et al., 2017; McDonald,
2007; Oh & Badyaev, 2010; Weber et al., 2013). Greatly facilitated by
recent advances in new technologies and analysis techniques, the use of
the social network approach has now drastically expanded (Croft et al.,
2008; Hasenjager & Dugatkin, 2015; Krause, James, Franks, & Croft, 2015).
To date, analyses of animal social networks have been based mainly on
measures of spatial proximity. Yet, a thorough understanding of social structuring also requires attention to communication, which often takes place
over long distances. In several animal species, communication between individuals is considered the most essential interaction in itself (McGregor,
2005). The past primary focus in animal social networks on spatial proximity
is notable, given that in human social network analyses the use of communication streams, such as emails and phone calls, has been successfully incorporated for years (Eagle, Macy, & Claxton, 2010; Giles, 2012; Onnela et al.,
2007). Communication streams, or signal exchanges, should be especially
relevant for the study of animal social networks because they do not only
have the potential to reveal the presence of social connections, but can
also inﬂuence whether associations arise in the ﬁrst place. Animals may
use long-range signals to both encourage and discourage spatial associations
(Bradbury & Vehrencamp, 2011). Long-range communication and proximity networks are therefore inherently linked. Moreover, long-range signals often not only reach the intended receiver, but also all other
conspeciﬁcs in range (McGregor, 2005). Information transmitted can thus
propel through a network, as responses by individuals to a signal can trigger
responses by other individuals, including those which did not even perceive
the original signal itself. Signals within a social network thus have the potential to affect many individuals simultaneously across a range expanding
beyond the actual range of the signal.
Many studies on animal communication have applied the concept of
communication networks (McGregor, 2005), which builds on the fact
that signals can reach and affect many individuals beyond targeted receivers.
Most of these studies have investigated the phenomenon of eavesdropping
on signaling interactions by others’ (Fitzsimmons, Foote, Ratcliffe, &
Mennill, 2008a; Grafe, 1996; Mennill, Ratcliffe, & Boag, 2002; Naguib,
Amrhein, & Kunc, 2004; Naguib & Todt, 1997; Otter et al., 1999; Peake,
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Terry, McGregor, & Dabelsteen, 2001; Snedden & Greenﬁeld, 1998; Templeton, Akçay, Campbell, & Beecher, 2010). Other studies have examined
multiway signal interactions, among more than two individuals (Burt &
Vehrencamp, 2005; Foote, Fitzsimmons, Mennill, & Ratcliffe, 2010;
Greenﬁeld & Rand, 2000; Matessi, Matos, Peake, McGregor, & Dabelsteen,
2010). Finally, some studies have investigated “the audience effect,” in
which a signaler’s behavior is inﬂuenced by the presence of an audience
(reviewed by McGregor & Peake, 2000). Yet all these studies have rarely
gone beyond three individuals and immediate receivers within the signal
range, while more distant individuals may also be affected when information
propels through a network (Croft et al., 2008).
Integrating signals in a social network framework could provide new insights in at least two ways. Firstly, signal interactions can provide relevant
qualitative information about the type and direction of social connections,
for example whether interacting animals are friendly, submissive, or
aggressive (King, Harley, & Janik, 2014; Ligon, 2014; Mennill et al.,
2002; Naguib & Mennill, 2010; Scheel, Godfrey-Smith, & Lawrence,
2016; Searcy & Beecher, 2009). Taking signal interactions into account
for populations of highly communicative species, such as parrots (Balsby,
Momberg, & Dabelsteen, 2012), primates (McCowan, Anderson, Heagarty,
& Cameron, 2008), and cetaceans (King et al., 2014), could for example
reveal additional long-distance connections or identify meaningful key roles
and network positions, parameters that can be difﬁcult to detect from proximity data alone. Second, animal social network analyses are often focused
on swarming, schooling, and ﬂocking populations. Yet, the social structures
in such populations can differ fundamentally from those in populations with
more widely spaced individuals, including territorial populations, in which
individuals meet less frequently and for which costs and beneﬁts of spatial
associations vary. Despite social associations also being highly relevant in territorial populations (Akçay et al., 2009; Beletsky & Orians, 1989; Getty,
1987; Goodwin & Podos, 2014; Grabowska-Zhang et al., 2011, 2012;
Olendorf, Getty, & Scribner, 2004), very little is known about social
network dynamics in such populations. Incorporating long-range signaling
interactions within proximity-based social network analyses can thus expand
our knowledge, by allowing us to consider the social networks of animals
with distinct spatial ecologies, and so increase our insights into the inﬂuence
of social structuring on individual ﬁtness.
We begin our review with a brief introduction and overview of the
separate ﬁelds of animal social networks and animal communication
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networks (Section 2). Subsequently, we discuss how signals can reﬂect and
complement social network structures in populations, with signals and
signaling interactions broadcasting qualitative information about the identities of signalers as well as social relationships among signalers (Section 3).
Next, we examine the importance of long-range signaling as a key factor
inﬂuencing the spatial network position of individuals, by discussing signals
as conspeciﬁc spatial attracters and spatial repellents (Section 4; Fig. 1).
Throughout this review we address several signaling modalities, but we
focus mostly on auditory signals. Examples from a broad range of species
will be discussed, including our own work on territorial songbirds.
Throughout, we also consider the role of individually varying signaling

Figure 1 Conceptual overview of the role of social signals in animal social proximity
networks. Social signals can provide relevant social information about the signaler
(identity, motivation, traits, context, location etc.), however, the reliability and effectiveness of these signals might be affected by signal degradation or environmental noise.
The social information provided can inﬂuence attraction and repulsion of direct and
indirect receivers. But, the social information carried by the signals can also promote
or suppress integration within a social group or inﬂuence the social reputation of the
signaler. By affecting integration, reputation, and proximity, social signals thus affect
social networks. At the same time social networks (social interactions) inﬂuence the
development and use of social signals.

302

Lysanne Snijders and Marc Naguib

strategies and how they might inﬂuence nonrandom spatial associations
among individuals of a population. Thereafter, we discuss brieﬂy the possible
consequences for social connectivity within populations when communication networks become disturbed or altered, by signal degradation and
environmental noise (Section 5). Finally, we present an outlook for the
future (Section 6), discussing novel technologies for studying spatial and
signal interactions and posing ideas for future research directions that integrate animal communication and animal social networks.

2. A BRIEF OVERVIEW OF ANIMAL NETWORKS
2.1 Animal Social Networks
2.1.1 Introducing Animal Social Networks
Social network analysis has been used in the social and computer sciences for
many years (Wasserman & Faust, 1994). It is only relatively recently that biologists have also started to apply social network theory, to better understand
the social organization of animal communities, populations, and groups
(Croft, Krause, & James, 2004; Lusseau, 2003; Whitehead & Dufault,
1999). A wide variety of animals, ranging from social insects to ﬁsh, reptiles,
birds, and mammals, do not associate with conspeciﬁcs at random (Croft
et al., 2004; Fewell, 2003; Flack, Girvan, de Waal, & Krakauer, 2006;
Godfrey, Bull, James, & Murray, 2009; McDonald, 2007), and as such
generate particular social network structures. Insights into social network
structures help us understand the functioning of animal societies, because
the structural properties of social networks can have major effects on the
behavior and ﬁtness of individual animals, and can also facilitate or constrain
the origin, selection, and dynamics of social processes (Krause et al., 2015;
Kurvers et al., 2014). There are many excellent review papers and books
that describe extensively how social network analysis is relevant for
understanding animal behavior (Hasenjager & Dugatkin, 2015; Krause
et al., 2015; Pinter-Wollman et al., 2014; Sih, Hanser, & McHugh, 2009;
Wey et al., 2008).
Animal social structures can in theory be viewed as consisting of three
levels: interactions, relationships, and total social structure, all of which
inﬂuence each other (Hinde, 1976; Whitehead & Dufault, 1999). “Interactions” can be deﬁned as “the behavior of one animal, affected by the presence or behavior of another” (Whitehead, 2008). Relationships are
underlying factors, such as familiarity, genetic relatedness, or being mates
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or competitors. Many types of interactions can be used to characterize a
social network. Stanley and Dunbar (2013), for example, used grooming
interactions to represent afﬁliative networks of feral goats (Capra hircus),
while Madden, Drewe, Pearce, and Clutton-Brock (2009) used aggressive
interactions to deﬁne dominance networks of wild meerkats (Suricata
suricatta). There are many more similar examples. However, due to practical
considerations, researchers frequently quantify spatial associations rather than
actual interactions. With the development of novel tracking technologies,
spatial associations are relatively easy to collect in larger quantities, often
allowing for rapid and robust social network analyses. Most importantly,
spatial proximity is for many interactions a prerequisite, with exception of
signaling interactions over long distances. Spatial proximity can be deﬁned
in several ways, for example using ﬁxed distance measures, nearest neighbors, chain rules (Fig. 2), cooccurrence in the same group (gambit of the
group approach), or cooccurrence on the same location (Castles et al.,
2014; Croft et al., 2008). In some species, interaction networks correlate
strongly with spatial (proximity) networks (Stanley & Dunbar, 2013), yet
in others they generally do not (Castles et al., 2014). It remains a challenge
to determine which spatial and temporal association measures offer the best
proxies for social interactions or otherwise meaningful associations (Farine,
2015; Haddadi et al., 2011). It is important to keep in mind that, whatever

Figure 2 Representation of three-spatial association measures to deﬁne social
connections in Chacma baboon populations. The arrow represents a connection via
a nearest-neighbor approach, the white line represents a chain rule, and the black circle
represents a ﬁxed threshold distance measure (measures not to scale). Figure from
Castles, M., Heinsohn, R., Marshall, H.H., Lee, A.E., Cowlishaw, G., & Carter, A.J. (2014). Social
networks created with different techniques are not comparable. Animal Behaviour, 96,
59e67.
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spatial measure or interaction we use to (re)construct the animal social
network, a single network will never capture all of the elements of the
“real” social network (Farine, 2015). We should therefore strive to integrate
as many relevant social network measures as is feasible, including proximity,
interaction, and signaling networks.
Social connections between individuals can be quantiﬁed as binary (present or not) or weighted (relative association strength). There are several
types of association indices that calculate weighted connection strength (discussed in Whitehead & Dufault, 1999). Which type to use will depend
mostly on the species’ ecology and the sampling scheme. In contrast, in social sciences, social network analyses are commonly based only on binary
data. For example, in adolescents self-reported friendships (presence or
absence) are used to study the correlation between friendship networks
and smoking behavior (Mercken, Snijders, Steglich, Vartiainen, & de Vries,
2010). Yet, in animal behavior, weighted connections are also often used.
Depending on the species and social process of interest, weighted connections might be more robust against noise caused by random associations
and sampling errors (Farine, 2014). The relative strength of associations
might even be a key component of an animal social network, since many
types of “social beneﬁts” require strong stable relationships. For example,
female Chacma baboons (Papio ursinus) that form more stable and stronger
social bonds with other females live signiﬁcantly longer, irrespective of
dominance (Silk et al., 2010). Additionally, the occurrence of repeated associations between two individuals can be essential for cooperation during
joint defense against predators or conspeciﬁc competitors (Getty, 1987;
Gilby et al., 2013; Grabowska-Zhang et al., 2012; Olendorf et al., 2004;
Sch€
ulke et al., 2010). Many advanced social network analysis packages are
still restricted to binary or categorical data; however, options to analyze
weighted data (for example, see Borgatti, Everett, and Johnson (2013)) are
expected to become more common in the near future.
2.1.2 Social Network Properties
Once a social network has been quantiﬁed, several kinds of network measures can be extracted (Borgatti et al., 2013; Croft et al., 2008; Farine &
Whitehead, 2015; James, Croft, & Krause, 2009; Wasserman & Faust,
1994; Whitehead, 2008; Whitehead & James, 2015). Social network
analyses can be focused on different levels within the network: individuals,
potential communities, and the total network. In the study of animal
behavior, analyses of individual-based (e.g., node) measures are most
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common (Krause et al., 2015). Many of these measures focus on node
centrality, how closely an individual itself is connected to the other individuals within the network, both directly (degree) and indirectly. Betweenness of
individual animals is another measure that is regularly analyzed; this measure
quantiﬁes how important an individual is for indirectly connecting other
individuals within the network to each other.
Within a given network, averages of all node-based measures together
such as mean degree, can be used to compute network-level measures.
When standardized, such measures might be used to compare different years,
populations, or even species. An example of a network-level measure is
network density, the fraction of all possible connections present in a network.
Comparing networks should always be done with caution, since many factors besides the biological differences between populations and species could
affect such measures. Differences in sampling timing and duration, for
instance, could affect which proportion of social connections will be
observed, speciﬁcally so when associations vary strongly across time and
context. Moreover, the presence of communities, groups of individuals, which
are more strongly connected among themselves than to other individuals in
the network, can strongly inﬂuence the utility of mean node-based measures.
Lastly, assortativity is a valuable network characteristic for which to test. Do
individuals who share certain traits connect more to each other than to other
individuals? Croft et al. (2009), to illustrate, reported that Trinidadian
guppies (Poecilia reticulata) assort themselves by personality type (bold/shy).
Many more interesting network-level measures are available for the analysis
of animal social networks, including motif analysis and node-measure
distribution, some of which have rarely been applied (Krause et al., 2015;
Pinter-Wollman et al., 2014, but see Ilany, Barocas, Koren, Kam, & Geffen,
2013; Shizuka & McDonald, 2012).
2.1.3 Causes and Consequences
Structural factors in the species’ environment and ecology can also be
important in driving nonrandom association patterns (Leu, Farine, Wey,
Sih, & Bull, 2016). Structural factors may include physical barriers, corridors,
territories, but also migration strategies. It is often useful to try to control for
structural factors when investigating other factors of biological interest.
When one wants to know if individuals within a certain population connect
to each other nonrandomly, despite the presence of structural factors, these
factors can be included in “randomized” null models (Croft, Madden,
Franks, & James, 2011). The observed network can then be compared to
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these null models, to test the strength of nonrandom association patterns independent of structural factors.
Factors of biological interest usually revolve around individual
phenotypic traits. Many different individual traits have been examined for
their inﬂuence on social networks. Most commonly, individual traits are
expected to inﬂuence an individual’s motivation to be social, both generally
and in association with certain social partners (Snijders, Naguib et al., 2017;
Wilson, Krause, Dingemanse, & Krause, 2013). Body size, sex, personality,
and even relative attractiveness are among the many traits that correlate with
animal social network properties (Croft et al., 2005, 2009; Farine, 2014;
Jacoby, Busawon, & Sims, 2010; Oh & Badyaev, 2010; Pike, Samanta,
Lindstr€
om, & Royle, 2008; Sch€
urch, Rothenberger, & Heg, 2010; Snijders
et al., 2014). In rhesus macaques (Macaca mulatta), there is even evidence for a
heritable basis of one’s position in the social network. Speciﬁcally, both the
tendency to direct aggression toward others and the tendency to form indirect afﬁliative relationships were revealed to have a genetic origin (Brent
et al., 2013).
As with causes, the consequences of social network structure are also
plentiful. Structural properties in the network can affect individual ﬁtness,
as shown in rock hyraxes (Procavia capensis) and fungus beetles (Bolitotherus
cornutus) (Barocas, Ilany, Koren, Kam, & Geffen, 2011; Formica et al.,
2012). For example, rock hyraxes with more equally distributed social associations were found to live longer (Barocas et al., 2011). Social network
structure can also have consequences for social processes such as for disease
and parasite transmission, cooperation, collective behavior, and dominance
dynamics (Bode, Wood, & Franks, 2011; Croft et al., 2006; Hamede,
Bashford, McCallum, & Jones, 2009; Shizuka & McDonald, 2012; White,
Gersick, & Snyder-Mackler, 2012). In this way, understanding the causes
and consequences of social network structure furthers our understanding
of social behavior evolution. Social network analysis has been (and might
be) instrumental for generating insights in numerous research areas,
including the following three:
Social Information Flow

How social networks predict information ﬂow through a population is a key
topic in animal social network analysis and can be tested via network-based
diffusion analysis (Hasenjager & Dugatkin, 2015; Krause et al., 2015). By
integrating the timing or order of information or skill acquisition with social
network structure, several studies have detected social transmission and even
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the transmission of culture (Allen et al., 2013; Aplin, Farine, et al., 2015;
Aplin et al., 2012; Boogert, Nightingale, Hoppitt, & Laland, 2014;
Claidiere, Messer, Hoppitt, & Whiten, 2013; Webster, Atton, Hoppitt, &
Laland, 2013). For example, association patterns within winter ﬂocks of
three tit species (family Paridae) predicted individual arrival times on new
food patches. Moreover, the likelihood of discovering new patches was
largest for the most central individuals in the network (Aplin et al., 2012).
In a subsequent study by Aplin, Firth, et al. (2015), the networks of great
tits (Parus major) were revealed to also predict the spread of seeded arbitrary
foraging traditions. In a totally different system, that of humpback whales
(Megaptera novaeangliae), association patterns likewise predicted the spread
of a natural novel foraging strategy (Allen et al., 2013).
Network-based diffusion analysis can be used to detect which network
properties facilitate or restrict social transmission. It can also be used to
examine if speciﬁc mechanisms of social transmission vary with the type
of information acquired or with the type of network observed (Atton,
Hoppitt, Webster, Galef, & Laland, 2012; Boogert et al., 2014).
Additionally, the inﬂuence of environmental context on social transmission,
for example whether information moves through open or complex habitat
structures, can be quantiﬁed by comparing the spread of information
between different groups or populations (Webster et al., 2013). Revealing
how information ﬂow correlates with social network characteristics can
generate insights into the presence, mechanisms, and importance of social
learning (Franz & Nunn, 2009; Hoppitt, Boogert, & Laland, 2010; Hoppitt
& Laland, 2011).
Keystone Individuals

Animals are typically not passive actors simply responding to the social
environment, but instead regularly inﬂuence the social environment themselves. Some animals are disproportionally inﬂuential; these are “keystone”
individuals (Modlmeier, Keiser, Watters, Sih, & Pruitt, 2014; Sih et al.,
2009). Speciﬁc “policing” individuals are essential for maintaining stability
in groups of pigtailed macaques (Macaca nemestrina), and the presence of
some hyper-aggressive males decreases the average mating success for whole
groups of water striders (Aquarius remigis) (Flack et al., 2006; Sih & Watters,
2005). There is a clear applied value to predicting and knowing the individuals who are essential for group stability. For example, removal of speciﬁc
keystone individuals from the wild for human consumption, entertainment,
or wildlife trafﬁcking has the potential to destabilize entire social groups and
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potentially even populations (Flack et al., 2006; Wey et al., 2008; Williams
& Lusseau, 2006). The effect of selective removal of speciﬁc individuals, or
the destruction of locations that facilitate social associations, can be examined
via “knockout” experiments (Flack et al., 2006). But these removals can also
be simulated (Silvis, Kniowski, Gehrt, & Ford, 2014; Williams & Lusseau,
2006), provided the social network of wild populations is accurately quantiﬁed. Simulations can then be used to generate predictions about the effects
of real-life removal. The social network of North-eastern Paciﬁc killer
whales (Orcinus orca) appeared to be robust to random removals, but during
simulations that mimicked historic live-captures the network was likely to
break into isolated parts (Williams & Lusseau, 2006).
As with removals, one can study the potential effects of introducing new
animals experimentally or using virtual simulations (Ilany et al., 2013; Jacoby
et al., 2010). Insights into the role of keystone individuals, and the social
connectivity of animal populations in general, can be vital for predicting
the resilience of populations to disturbance (Barrett, Henzi, & Lusseau,
2012; Firth & Sheldon, 2015; Jacoby et al., 2010; Lusseau, 2003; Williams
& Lusseau, 2006). Such considerations can also be important within conservation projects when translocating individuals to reestablish new populations
(Adams, Parker, Cockrem, Brunton, & Candy, 2010). Social network analyses can help to understand how social fragmentation and instability can be
prevented, but possibly also how social stability can be restored.
Habitat Fragmentation

Habitat fragmentation disrupts spatial connectivity among individuals, and as
such can have severe consequences for population viability (Banks, Piggott,
Stow, & Taylor, 2007; Debinski & Holt, 2000; Frankham, Briscoe, &
Ballou, 2002; Tuomainen & Candolin, 2011). When encounter rates and
group sizes change as a result of environmental structural changes, it can
bear signiﬁcant consequences for social behavior, antipredator behavior,
parasite transmission, and mate choice behavior, thus potentially inﬂuencing
individual ﬁtness (Banks et al., 2007). Fragmentation can decrease conspeciﬁc densities due to an overall decrease in resources, but it can also result
in increases in conspeciﬁc density, if individuals subsequently clump
together in the small patches of suitable habitat that remain (Banks et al.,
2007; Tuomainen & Candolin, 2011). In some species such as Eurasian badgers (Meles meles), increase in density leads to more aggressive encounters
(Macdonald, Harmsen, Johnson, & Newman, 2004). Structural changes to
the complexity of the environment of sleepy lizards (Tiliqua rugosa)
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result in greater social connectivity and stability, but also in more aggressive
interactions (Bull et al., 2017; Leu et al., 2016). Without knowing how individuals are socially tied at a given moment, it would be difﬁcult to predict
the consequences when we substantially change those ties by changing the
habitat. This is especially relevant for highly threatened animal populations.
After the spatial structure is quantiﬁed, for example via radio tracking, we
can model how global properties of the social structure change when certain
links are physically broken or when the physical structure of the habitat is
otherwise altered (Leu et al., 2016).
Furthermore, social network analysis can also identify important
bottlenecks in social connectivity. This can help to design management projects accordingly such as for ecological corridors (Debinski & Holt, 2000).
Quantifying connectivity via social networks, as a supplement to genetic
sampling (inbreeding/outbreeding), will probably allow quicker insights
into population connectivity of threatened populations. In reintroduction
programs, individuals are often radio-collared. This makes it feasible to track
the spatial connectivity of individuals or groups of individuals living in fragmented landscapes. Practical examples of studies in which this approach ﬁts
are conservation projects for golden lion tamarins (Leontopithecus rosalia)
(Bales, French, McWilliams, Lake, & Dietz, 2006) and Californian condors
(Gymnogyps californianus) (Hunt, Parish, Farry, Lord, & Sieg, 2007).
2.1.4 Future Directions
The ﬁeld of animal social networks is still advancing rapidly, moving from
networks that are mainly descriptive and static to those that are predictive
and dynamic (Hasenjager & Dugatkin, 2015; Ilany & Akçay, 2016; Krause
et al., 2015; Pinter-Wollman et al., 2014). Many animal social network
analyses use aggregated data of social associations over time. Yet, the
timing and order of social bonding and social “break-ups” can provide
essential insights into the causes, mechanisms, and consequences of social
rewiring (Blonder, Wey, Dornhaus, James, & Sih, 2012; Hobson, Avery,
& Wright, 2013; Patison, Quintane, Swain, Robins, & Pattison, 2015;
Pinter-Wollman et al., 2014). We also touched on the importance of
integrating different kinds of social networks (afﬁliative, aggressive, and
proximity). Several studies have indeed already quantiﬁed and compared
different kinds of social networks (Brent et al., 2013; Castles et al., 2014;
Flack et al., 2006; Madden et al., 2009; Stanley & Dunbar, 2013). However,
although the social sciences studies are quite advanced in analyzing multilayer networks (Kivel€a et al., 2014), the existing data in animal behavior
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studies are limited which makes it challenging to apply such analysis techniques. The development of a unifying framework, including the necessary
advanced tools to analyze multivariate networks is thus an important goal for
the future. Somewhat linked to this, will be the development of comparative approaches for comparing social networks between species. Between
species network comparisons would generate insights into the selection
pressures acting upon social network structures, as well as insights into the
role of social network structure as a selective force itself. Standardizing
network measures via rank transformations (Wilson et al., 2013), rescaling
(Hobson et al., 2013), or using proportional measures are not always
sufﬁcient to allow direct comparisons among networks (Krause et al.,
2015). However, promising analysis techniques such as Markov chain
network models might offer solutions. These models are discussed by
Hasenjager and Dugatkin (2015) in the context of social network comparisons. Finally, with the rapid advancement of animal tracking technologies
generating ﬁne-scale data on animal spatial associations, “reality mining” is
an upcoming ﬁeld with the potential to make big jumps from descriptive
network patterns to dynamic processes (Krause et al., 2013).

2.2 Animal Communication Networks
2.2.1 A Brief History of Animal Communication Networks
Almost all animals communicate in one way or another, and the nature of a
communication system both reﬂects and determines animals’ social relations.
Signals can be used at short and long range, using one or multiple signaling
modalities, and are key in cooperative and competitive relations, mate
choice, foraging behavior, predator avoidance, or resource defense
(Bradbury & Vehrencamp, 2011). Signals can reﬂect past actions, predict
future actions, and provide key information about signaler characteristics
such as quality, developmental background, motivation, or personality
(Adamo & Hanlon, 1996; Amrhein & Erne, 2006; Amy, Sprau, de Goede,
& Naguib, 2010; Behr et al., 2006; Buchanan, Spencer, Goldsmith, &
Catchpole, 2003; Honarmand, Riebel, & Naguib, 2015; Poesel, Dabelsteen,
& Pedersen, 2004; Snijders, van Rooij, Henskens, van Oers, & Naguib,
2015). Signals are thus an integral part of social behavior.
The more speciﬁc term “communication network” was initially established in a seminal paper by McGregor and Dabelsteen (1996), who deﬁned
communication networks speciﬁcally as communication involving signaling
interactions within which eavesdroppers can detect and use asymmetries in
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interactions as a source of information to assess relative differences among
conspeciﬁcs. The key idea here is that signaling interactions are often
asymmetric, with one signaler using a signal differently than its opponent,
in terms of timing or structural patterns, and that these asymmetric interactions can provide information that is not available by attending to each of the
signals separately. Subsequently this deﬁnition has been broadened to
various contexts in which multiple receivers are involved (Peake, Matessi,
McGregor, & Dabelsteen, 2005), and the term communication network
now often is used in a looser and broader sense (Bradbury & Vehrencamp,
2011).
Because communication networks as an initial concept focused on the
effects of asymmetries in signaling interactions of two individuals and their
effects on bystanders, the majority of initial “communication network
studies” comprised experimental tests involving few individuals using
long-range signals (McGregor, 2005). A common approach has been to
simulate vocal interactions between pairs of male songbirds, using two loudspeakers placed 20 or 30 m apart within or near a focal male’s territory. The
initial experiments along this line were playbacks on nightingales (Luscinia
megarhynchos), which reported that territorial males responded more vigorously to the loudspeaker from which the broadcast songs overlapped the
songs of the other loudspeaker (Naguib & Todt, 1997) or to the loudspeaker
from which leading songs were played, followed by the other loudspeaker
without overlap (Naguib, Fichtel, & Todt, 1999). Great tits subsequently
have been shown even to combine information from eavesdropping with
direct experiences (Peake, Terry, McGregor, & Dabelsteen, 2002), and
female little penguins (Eudyptula minor) (Miyazaki & Waas, 2002), chickadees (Parus atricapillus) (Mennill et al., 2002), and canaries (Serinus canaria)
(Amy et al., 2008; Leboucher et al., 2012) appear to use information gained
from eavesdropping to guide mating decisions. These and similar studies on
eavesdropping in ﬁsh have been reviewed in more detail elsewhere (Naguib,
2005; Peake et al., 2005). Next, studies have shown that eavesdropping can
affect not only a male on its own territory or its mate, but also the signaling
and movement of neighbors (Amy et al., 2010; Fitzsimmons et al., 2008a;
Naguib et al., 2004; Snijders, van Oers, & Naguib, 2017), ﬁndings that
emphasize the wider implications of signaling interactions. Indeed, effects
of signals and signaling interactions on neighbors, and presumably beyond,
make the best link between communication and social network studies.
Given that signals affect many other individuals, including those not
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involved in an initial interaction, the idea of communication networks is
much broader than the focus of many of the initial studies, as we will discuss
in Section 3 and 4.
2.2.2 Future Directions
The concept of communication networks has triggered a whole research
ﬁeld, which has used various experimental approaches to test the effects
of signaling interactions on other individuals. Even though some of the
ideas being tested had been considered for a long period of time, communication network studies have clearly advanced the ﬁeld and highlighted
the role of social interactions on the community at large. Indeed, studies
showing that females attend to interactions between males (Grafe, 1999;
Mennill et al., 2002; Miyazaki & Waas, 2002; Snijders, van Oers, et al.,
2017), can be taken to suggest an indirect selection pressure on males to
interact in certain ways with each other, so as to increase their mating success. Consistent with this idea, male zebra ﬁnches (Taeniopygia guttata)
respond differently to their mate’s call in the presence of an audience
(Vignal, Mathevon, & Mottin, 2004). Other concepts of social facilitation
resulting from behavior or signaling by others have never been fully integrated into communication network approaches, but clearly address similar
issues. For instance, ﬁndings that royal penguins (Eudyptes schlegeli) as well
as zebra ﬁnches are stimulated to breed by colony sound (Waas, Caulﬁeld,
Colgan, & Boag, 2000; Waas, Colgan, & Boag, 2005) indicate the broader
importance of signals in affecting decisions of multiple individuals within a
society. Likewise, signals can determine settlement patterns and spatial
movements, as discussed in more detail in Section 3 and 4. Future studies
may beneﬁt by obtaining more insights into mechanisms by which signals
affect many individuals simultaneously. While such ideas could well be
tackled partly by theoretical approaches, such as animal models in which
individuals with different attributes and their effects on others are estimated, collecting empirical data in the ﬁeld remains challenging as signals
travel far and quickly and their long-term effects are often difﬁcult to quantify. However, the use of automatic recording and tracking techniques
(Gill, Goymann, Ter Maat, & Gahr, 2015; Mennill et al., 2012; Snijders,
van der Eijk, et al., 2015; Snijders, van Oers, et al., 2017; Snijders et al.,
2014) are likely to pave the way to a better understanding of the nature
of communication networks.
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2.3 Combining Animal Communication Networks With
Social Networks
Many signals in animals are conspicuous and reach multiple individuals, thus
connecting them through information ﬂow. Because signals have evolved to
inﬂuence others’ decisions, they indeed are an integral part of social
networks in a broader sense. Thus, communication is at least as relevant as
proximity is in understanding social relations among individuals and groups
(Dechmann et al., 2009; Garland et al., 2011; Kulahci, Rubenstein, &
Ghazanfar, 2015; Snijders, van der Eijk, et al., 2015). Yet, as noted earlier,
studies on communication networks, despite the similar terminology,
have focused primarily on signaling interactions of single direct bystanders
or eavesdroppers, and on the kind of information transmitted (Fig. 3).
Likewise, audience effects in animal communication, effects on signalers
caused by having a third party witness, have been studied by asking how
an audience, often consisting of just one individual, affects interactions
among others (Bertucci, Matos, & Dabelsteen, 2014; Dzieweczynski &
Perazio, 2012; Marler, Dufty, & Pickert, 1986; Matos & Schlupp, 2005;
Plath, Blum, Schlupp, & Tiedemann, 2008), but also see (Kalan & Boesch,
2015; Matessi et al., 2010). The social network approach, in contrast, has
focused on more large-scale association analyses, including indirect connections and their consequences across a large number of individuals, yet often

Figure 3 Classic communication network studies focused on two signalers (large orange dots), their signaling interactions (arrows between large orange dots) and the information eavesdroppers (small gray dots) could extract from these interactions.
Individuals in signal range of just one signaler (small white dots) would not have this
information available. Studies on audience effects showed that signaler behavior and
signaling interactions change when there is an audience and vary with the kind of
audience.
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not involving information on the actual presence of interactions and their
nature (but see McGregor & Horn, 2015). So far, these contrasts have
resulted in surprisingly little integration of the two approaches.
Communication networks, in a broader sense, should thus be deﬁned
not just by eavesdropping on signaling interactions (McGregor &
Dabelsteen, 1996), but also by signals inﬂuencing and connecting individuals
across larger scales and over time (Bradbury & Vehrencamp, 2011). Indeed,
many older studies on animal communication empathized how signals connect and disconnect individuals over long distances (Wiley, 1983), usually
not using the term “network.” An illustrative example are female African
elephants (Loxodonta africana), which recognize calls belonging to a family
or group member over distances up to 2.5 km (McComb, Reby, Baker,
Moss, & Sayialel, 2003). Given that signals can be strong connectors among
distant individuals (Fig. 4), the nearest neighbor approach in social network
analysis can thus be applied to long-distant signal connections (Bradbury &
Vehrencamp, 2011). The spatial location and distance of signaling
conspeciﬁcs can also be retrieved and used by receivers (Furmankiewicz,
Ruczy
nski, Urban, & Jones, 2011; Gerhardt & Bee, 2006; Naguib, Kunc,
Sprau, Roth, & Amrhein, 2011; Naguib & Wiley, 2001; Waser & Wiley,
1979; Whitehead, 1989), consequently inﬂuencing subsequent proximity
network interactions. Mantled howler monkeys (Alouatta palliata palliata),
for instance, adjust their movement patterns based on simulated calls representing an approaching or withdrawing male (Whitehead, 1987). Likewise,
spatial movements such as dispersal and migration can affect signaling systems (Fayet, Tobias, Hintzen, & Seddon, 2014) and thus communication
networks, generating a continuous feedback loop between communication
and spatial networks. Territorial signals often show signiﬁcant similarities or
dissimilarities among neighbors (Halupka, 2014; Snijders, van der Eijk, et al.,
2015), suggesting that communication affects or is affected by spatial
settlement patterns. Thus to fully assess the role of communication in social
networks, both a classical communication network approach as well as other
individual signaling behavior needs to be integrated within the social
network framework. There are a number of signaling traits to be considered
when we want to understand the role of communication across a larger society and its links with social networks. In the following section we consider
in more detail how signaling traits reﬂect and affect (proximity-based) social
networks.
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Figure 4 Long-range signals can link and affect individuals independent of close
spatial proximity. (A) A signal can trigger responses not only in nearest neighbors,
but also in more distant individuals which are in signal range, (B) individuals responding may trigger responses in other individuals, which may be within or outside signal
range, but are not responding to the original signal directly.
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3. HOW SIGNALING REFLECTS SOCIAL NETWORKS
3.1 Signals as Social Network Components
In this section we focus on some well-studied signaling traits and their
information content. This information is relevant for social decision making
in the animals themselves, but can also inform social network analyses on the
identity and traits of individuals and on the types of social relationships
among them. Moreover, these signaling traits regularly do not only reﬂect
the social network, they can also affect it. The consequences of signaling
traits for the wider social network are discussed in Section 4. To date, incorporating signals and signaling interactions into proximity networks has been
uncommon, with a few notable exceptions. McGregor and Horn (2015)
give a nice overview of some of these exceptions, in which social connections were (partly) deﬁned by signaling interactions. Still, these examples
are based mostly on visual and tactile signals and not auditory signals, even
though auditory signals have the ability to link individuals over long
distances, and to provide cues about genetic bonds and social relations (Price,
1998). Vocal interaction patterns are well studied and can give important information about the direction and quality of relationships among individuals
(Gerhardt & Huber, 2002; Todt & Naguib, 2000). Indeed, the use of vocal
signals for making inferences about social structures has been especially
valuable in animal species that are difﬁcult to observe and to track spatially
in the wild, such as marine mammals (Garland et al., 2011; Rendell &
Whitehead, 2004; Whitehead, Christal, & Tyack, 2000). With current developments in automated tracking, recording, and sound analysis techniques
(Blumstein et al., 2011; Cvikel et al., 2015; Gill et al., 2015; Mennill et al.,
2012; Snijders, van der Eijk, et al., 2015; Snijders et al., 2014; Terry, Peake,
& McGregor, 2005), including such individual signal information is likely to
receive broader attention in the future.

3.2 Signals Reﬂecting Individual Information (Node Traits)
3.2.1 Individual Identity
Animal social networks are affected by the ability of animals to distinguish
among classes of individuals, and often among individual identities. Classlevel recognition and individual recognition have been documented for a
broad variety of animal species, ranging from brown paper wasps (Polistes fuscatus) to humans (Tibbetts & Dale, 2007). In certain species, individual signals can be memorized for a long period of time. Male hooded warblers
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(Wilsonia citrina), for instance, still remembered individual neighbor songs
when returning from migration, after 8 months of separation (Godard,
1991). Individual recognition can also be facilitated by multimodal signaling,
such as by olfactory-auditory matching in ring-tailed lemurs (Lemur catta)
(Kulahci, Drea, Rubenstein, & Ghazanfar, 2014). Especially in systems
with complex social interactions and repeated associations among individuals
with different roles (Tibbetts, 2004), signals promoting individual recognition are present. Often these are exactly the kind of systems that are
amenable to social network studies.
Signals that carry information on individual identity (identity signals) can
aid in assigning certain signals and signaling interactions to speciﬁc individuals
(Terry et al., 2005). There is a variety of vocal traits and structures that allow
animals (and researchers) to extract individual identities, including chirps,
codas, whistles, and songs. For example, bicolored damselﬁsh (Pomacentrus
partitus) can discriminate between the chirps of residents and nonresidents,
when resident and nonresident chirps are played back from the nearest
neighbor territory (Myrberg & Riggio, 1985). The ﬁsh elicit a signiﬁcantly
higher number of “dips” (diving displays) when hearing nonresident chirps,
compared to when hearing resident chirps. Moreover, when the chirps of
two nearest neighbors are switched, ﬁshes show a higher number of dips
compared to when chirps are broadcast from the correct territories. Such
individual and neighbor recognition is particularly well studied in songbirds
and anurans, reviewed elsewhere (Bee, Reichert, & Tumulty, 2016;
Stoddard, 1996). For a detailed review on methods for extracting individuality
information from vocal signals we refer to Terry et al. (2005).
3.2.2 Information About Motivation, Quality, and Personality
Signals provide a wide range of information about motivation and quality.
This includes information about animals’ physiological condition, mating
status, readiness to defend resources, motivation to escalate contests, or personality (Chaine, Tjernell, Shizuka, & Lyon, 2011; Hahn et al., 2013; Miller,
Laszlo, & Dietz, 2003; Murphy, Sexton, Dolan, & Redmond, 2008;
Schmidt, Amrhein, Kunc, & Naguib, 2007; Searcy, Akçay, Nowicki, &
Beecher, 2014; Snijders, van Rooij, et al., 2015; Staicer, 1996; Yosida &
Okanoya, 2009). Such information about individual animals can be reﬂected
in signals themselves, or in the way signals are used in certain contexts or social interactions (Naguib, 2005). Some signal traits are honest indicators of
physical body condition, because a certain body physiology or body size is
required to produce them (Bee et al., 2016; Gil & Gahr, 2002). Yet, signal
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traits not only allow the inference of information concerning the physical
characteristics of the signaler, but also concerning its future intent. In the
case of songbirds, Catchpole and Slater (2008) provide a good overview
of song traits and their information value.
Well-studied signal traits that reﬂect male quality, measured as reproductive success, are song repertoire size and production performance
(Catchpole, 1980; Gil & Gahr, 2002; Hasselquist, Bensch, & von Schantz,
1996). Trills, as they are produced by many birds and insects, for instance,
are shaped by production constraints. Performance-limited song features,
such as frequency bandwidth and repetition intervals of single elements,
can provide information about signaler age or quality (Podos, Huber, &
Taft, 2004; Podos, Lahti, & Moseley, 2009; Sprau, Roth, Amrhein, &
Naguib, 2013). Such information can be highly relevant to identify trait differences of nodes in a network, or even allow predictions about how signalers and receivers will respond in given contexts. Recently, we showed
that male great tit dawn song behavior predicts the intensity with which
they will subsequently respond to another individual, a territorial intruder
later during the day, linking individual (node) traits with interactive
(edge) traits (Snijders, van Rooij, et al., 2015). Similarly, territorial male
sac-winged bats (Saccopteryx bilineata) were seen to respond more strongly
in simulated singing interactions that involved low-frequency song (Behr,
Kn€
ornschild, & von Helversen, 2009), a signal trait that is a strong indicator
in these bats of male quality (Behr et al., 2006). Many types of signals also
function as indicators of dominance status, such as with scent marking in
golden lion tamarins and plumage patches in golden-crowned sparrows
(Zonotrichia atricapilla) (Chaine et al., 2011; Miller et al., 2003). Below we
discuss further implications of signals and the accompanying individual
behavioral responses for inferring agonistic relationships.

3.3 Signals Reﬂecting Social Relations (Edge Traits)
3.3.1 Signal Interactions and Similarities
Besides carrying individual-related information, signals in signaling
interactions can carry relevant information about the presence and quality
of interindividual social bonds. The signals on which conspeciﬁcs eavesdrop and respond to during signaling interactions, the focus of classic
“communication network” studies, speciﬁcally provide information on
relative phenotypic differences and social relationships (ten Cate,
Slabbekoorn, & Ballintijn, 2002; Davies & Halliday, 1978; Gil & Gahr,
2002; Halperin, Giri, Elliott, & Dunham, 1998; McGregor & Peake,
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2000; Mennill et al., 2002; Otter et al., 1999). In humans, linguistic style
matching predicts group cohesiveness (Gonzales, Hancock, & Pennebaker,
2010) and bodily synchrony between two people predicts their affective
states (Tschacher, Rees, & Ramseyer, 2014). Moreover, bodily synchrony
decreases signiﬁcantly as arguments proceed (Paxton & Dale, 2013).
Likewise, in nonhuman animals, signal interactions can carry information
on whether to consider an association as agonistic or afﬁliative.
Yet, given that the information value and meaning of many signals
varies across contexts and species, care is required when information
from certain signal interactions is used to draw inferences about social
relations. For example, frequent signal overlap has been shown most often,
yet not always, to reﬂect more aggressive intentions (Naguib & Mennill,
2010). But the meaning of matching signals, replying with the same
pattern, can range from being repulsive to afﬁliative (Todt & Naguib,
2000). Song type and frequency matching in a number of songbird species,
for instance, indicate singers’ aggressive intentions (Akçay, Tom,
Campbell, & Beecher, 2013; de Kort, Eldermire, Cramer, & Vehrencamp,
2009; Krebs, Ashcroft, & Orsdol, 1981; Otter, Ratcliffe, Njegovan, &
Fotheringham, 2002), while in bottlenose dolphins (Tursiops truncatus),
signature whistle matching is used as an afﬁliative signal to social companions (Janik, 2000; King et al., 2014). Also, within a group of songbirds,
matching had been suggested to function as “vocal greeting,” possibly conﬁrming established social relationships (Marler, 2004; Todt, 1981) and
perhaps providing a signature of familiarity in a neighborhood, preventing
other individuals from settling nearby.
Relevant information about relationships among individuals can be
encoded not just in the direct between-individual signal interactions, but
also in the similarity of certain signal traits, as in dialects. Variation between
individuals in the similarity of signals has been identiﬁed in various taxa and
has revealed spatial, ecological, and also social relations among individuals
(Hausberger, Richard-Yris, Henry, Lepage, & Schmidt, 1995; Hultsch &
Todt, 1981; Marcoux, Auger-Méthé, & Humphries, 2012; Price, 1998;
Smith et al., 2013; Snijders, van der Eijk, et al., 2015). In several species,
familiarity as well as afﬁliative relationships can be inferred by comparing individual signal traits. We recently showed in a population-wide study that
great tits sing with more dissimilar song rates when they share a territory
boundary and sing with more similar start times of their dawn song when
they breed closer together (Snijders, van der Eijk, et al., 2015), suggesting
population-wide effects of singing.
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3.3.2 Familiarity
Many animals share signal types, such as song types in songbirds, codas in
whales, and pant hoots in chimpanzees (Pan troglodytes) (Briefer, Aubin,
Lehongre, & Rybak, 2008; Crockford, Herbinger, Vigilant, & Boesch,
2004; Garland et al., 2011; Hausberger et al., 1995; Rendell & Whitehead,
2004). Songbird dialects presumably provide the best-studied example,
where individuals share certain songs or song sections, that are distinct
from those in other areas (McGregor, 1980; Mundinger, 1982). Corn
buntings (Emberiza calandra) in Britain live in distinct dialect populations,
with all males within a dialect population singing the same form and number
of song types (McGregor, 1980). Skylarks (Alauda arvensis) use shared phrases
as a group signature and so discriminate between neighbors and strangers
(Briefer et al., 2008). Animals’ ability to use signal traits in neighbore
stranger discrimination might sometimes vary, even between closely related
species. Western meadowlarks, (Sturnella neglecta), to illustrate, which have
small song repertoires, exhibit much clearer neighborestranger discrimination than do eastern meadowlarks (Sturnella magna), which have much larger
song repertoires (Falls & d’Agincourt, 1981). Song sharing may also be
common in species without clear-cut dialects. Thrush nightingale (Luscinia
luscina) neighbors share more songs among each other than with nonneighbors (Griessmann & Naguib, 2002) and common nightingales show changes
in song-sharing patters across time and space (Kiefer, Sommer, Scharff, &
Kipper, 2010; Kiefer, Sommer, Scharff, Kipper, & Mundry, 2009).
Song sharing can be the result of distinct social processes. Individuals (1)
could have selectively chosen to learn and share certain songs from speciﬁc
neighboring individuals, (2) may share songs with neighbors they encountered in the song learning phase, or (3) may settle preferentially near individuals with whom they share song traits (Beecher, Burt, O’Loghlen,
Templeton, & Campbell, 2007; Griessmann & Naguib, 2002; Templeton
et al., 2010). These hypotheses contrast processes of “similarity by choice”
and “similarity by consequence.” Although the second hypothesis could
be considered more parsimonious, there has been accumulating evidence
that singers can choose to share songs with particular individuals and not
with others. First, many oscine songbirds are open-ended learners. This
means that learning songs for discrimination (McGregor & Avery, 1986),
as well as performing (McGregor & Krebs, 1989; Nelson, 1992; Payne,
1982; Petrinovich & Baptista, 1987) is not restricted to an early period in
life, and so can be inﬂuenced by choices at later stages. Second, song repertoires and levels of song sharing in some species are seen to change with
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changing neighbors. Common nightingales adjust their song repertoire from
the ﬁrst to the second breeding season, consequently leading to higher
numbers of shared song types in the second season (Kiefer et al., 2010).
Also, at the end of the breeding season, thrush nightingales sing, in some patterns, more similar to their neighbors compared to how they were singing
themselves in the previous season (Sorjonen, 1987). The behavior of dropping certain song types and adding others in relation to a change in neighbors is also present in other songbird species, such as ﬁeld sparrows (Spizella
pusilla) (Nelson, 1992) and great tits (McGregor & Krebs, 1989). Third, song
sharing is seen sometimes to reﬂect actual afﬁliative social bonds. Campbell’s
monkeys (Cercopithecus campbelli) with stronger social bonds show higher
acoustic similarity, independent of genetic relatedness (Lemasson, Ouattara,
Petit, & Zuberb€
uhler, 2011). Juvenile song sparrows (Melospiza melodia) that
strongly associated with each other when young were more likely to learn
shared song types (Templeton, Reed, Campbell, & Beecher, 2012).
Likewise, social pairs of female starlings (Sturnus vulgaris) were seen to share
a majority of their songs, and male starlings shared songs in accordance with
social association strength (Hausberger et al., 1995).
Signal similarity can have a strong inﬂuence on subsequent social
interactions, as individuals respond differently to familiar versus unfamiliar
individuals. Because communication with shared signal traits also often
reﬂects speciﬁc social intentions and relations, as discussed earlier, eavesdroppers will be affected differently when overhearing individuals sharing signal
types compared to when not. Likewise, dialects in the human language are
important and may facilitate or impair integration in a social system
(Heblich, Lameli, & Riener, 2015). Similar suggestions have been made
for bird song dialects (Baker & Cunningham, 1985). In white-crowned sparrows (Zonotrichia leucophrys), dispersal of individuals can be restricted by song
dialect (Baker & Mewaldt, 1978). Individuals that do not share the home
dialect receive stronger responses from conspeciﬁcs, but only when coming
from a nearby population (Baker, Thompson, Sherman, & Cunningham,
1981). Sparrows singing dialects from far away actually receive weaker
responses (Milligan & Verner, 1971). Likewise, females of rufous-collared
sparrows (Zonotrichia capensis) respond preferentially to their own natal
song dialect over that of an allopatric population only 25 km away (Danner
et al., 2011). Shared dialects thus seem to inﬂuence the social networks of
sparrows on a large spatial scale. Such ﬁndings can bear upon decisions about
translocating individuals in nature-conservation related studies, in which
new populations develop speciﬁc song dialects with possible impacts on their
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social relations (Parker, Anderson, Jenkins, & Brunton, 2012). Future studies
integrating communication and spatial behavior following a social network
approach will shed light on how signaling similarities cause or are caused by
the structure of the social environment.
3.3.3 Afﬁliative Relationships
Some of the best-known examples of vocal and tactile signals reﬂecting
afﬁliative relationships in social groups involve calling and allogrooming.
In primates, but likely also in many bird species, call complexity varies
with a species’ social complexity (Bouchet, Blois-Heulin, & Lemasson,
2013; Krams, Krama, Freeberg, Kullberg, & Lucas, 2012; McComb &
Semple, 2005). Calls are usually given by both sexes, as a bi- or multilateral
signal, and thus provide different insights than studies on male (bird) song, as
described earlier. Some species use calls that speciﬁcally target certain individuals, which makes them very useful for social network analysis. As
mentioned earlier, bottlenose dolphins use signature whistle matching as a
directed afﬁliative signal, driven by temporal association (King et al.,
2014; Watwood, Tyack, & Wells, 2004). Also, orange-fronted conures
(Eupsittula canicularis) imitate each other’s contact calls exceptionally well,
which allows them to address speciﬁc individuals in ﬁssionefusion ﬂocks
(Balsby et al., 2012). Free-ranging female green-rumped parrotlets (Forpus
passerinus) distinguish their mates’ calls from calls of males of other nests
(Berg, Delgado, Okawa, Beissinger, & Bradbury, 2011). Contact calls exist
in almost all social systems independent of social structure, and function to
maintain group or pair cohesion (Boucaud, Mariette, Villain, & Vignal,
2016; Elie et al., 2010), or to reunite spatially separated individuals (Kondo
& Watanabe, 2009).
Many animals also use contact calls that are not addressed speciﬁcally to
one individual. Such calls are common in many ﬂocking birds, and facilitate
group coordination or movement without necessarily being individually
explicit (Boinski, 1991; Bousquet, Sumpter, & Manser, 2011; Radford,
2004). However, when quantifying both callers and responders, these calls
can still be informative for inferring social networks, since in a variety of species, including elephants, lemurs, and macaques, individuals who respond to
these calls are not just random group members, but individuals with strong
afﬁliative connections to the caller (Arlet, Jubin, Masataka, & Lemasson,
2015; Fedurek, Machanda, Schel, & Slocombe, 2013; Kulahci et al.,
2015; Soltis, Bernhards, Donkin, & Newman, 2002; Soltis, Leong, &
Savage, 2005). Exchanges of these calls take place mostly when afﬁliated
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individuals are not in close proximity (Biben, Symmes, & Masataka, 1986;
Kulahci et al., 2015), and are therefore a prime candidate to complement
social networks based on proximity and proximity-dependent interactions.
Contact call exchanges, especially in primates are hypothesized to have a
social bonding function, allowing social but also highly mobile individuals to
show afﬁliative behavior from a distance (grooming-at-a-distance) (Dunbar,
2003). In a study of lemurs by Kulahci et al. (2015), which compiled data
over several years and several groups, the vocal network was signiﬁcantly predicted by the grooming network but not the aggression or kinship networks.
Grooming is a strong tactile signal of social bond strength (Dunbar, 2010;
Lehmann, Korstjens, & Dunbar, 2007; Silk, Altmann, & Alberts, 2006),
yet, the vocal network showed higher social selectivity than did the grooming
network, with individuals reserving contact call responses primarily for group
members whom they had most frequently groomed (Fig. 5). An additional
playback experiment conﬁrmed that even without proximal cues, lemurs
vocally respond selectively to individuals with whom they are most
afﬁliated (Kulahci et al., 2015). This study is one of the very few examples
using social network analysis to analyze vocal exchanges and to show that
vocal networks complement social grooming networks.
Contact calls can provide relevant information about afﬁliative relationships in diverse ways. Pygmy marmosets (Cebuella pygmaea) converge in the
structure of their trill vocalizations approximately 6 weeks after pairing, and
this similarity in vocal structure can remain stable over several years

Figure 5 The (A) grooming and (B) vocal network from a group of ring-tailed lemurs.
Thickness of the lines indicates the frequency of the interactions and the arrows indicate the recipient of the grooming or vocal response. Solid (blue) lines visualize reciprocal interactions or responses, while dashed (black) lines indicate nonreciprocal
interactions or responses. Figure from Kulahci, I.G., Rubenstein, D.I., & Ghazanfar, A.A.
(2015). Lemurs groom-at-a-distance through vocal networks. Animal Behaviour, 110,
179e186.
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(Snowdon & Elowson, 1999). Likewise, male budgerigars (Melopsittacus undulatus) imitate their mate’s contact calls within 3 weeks after pair formation
(Hile, Plummer, & Striedter, 2000). Interestingly, none of the female budgerigars in that study imitated their partner’s calls. Intersexual duetting, the synchronous combination of male and female vocalizations, is likewise a vocal
signal that can indicate sexual pair information (Farabaugh, 1982; Hall,
2009). Zebra ﬁnch pairs coordinate their contact calls with high temporal precision, with the level of coordination linked to reproductive stage, parental
synchronization, egg laying, or parental care (Boucaud et al., 2016; Elie
et al., 2010; Gill et al., 2015; Villain, Fernandez, Bouchut, Soula, & Vignal,
2016). In another example, male red-backed fairywrens (Malurus melanocephalus) with quicker and stronger duet responses were cuckolded less often
(Baldassarre, Greig, & Webster, 2016). Signaling traits that reﬂect pairing status can thus also affect other individuals in population, and how they respond
to either of the partners (Massen, Szipl, Spreaﬁco, & Bugnyar, 2014).
3.3.4 Aggression and Dominance Relationships
In ﬂocking, swarming or schooling populations, spatial associations will most
likely reﬂect relationships that are neutral or afﬁliative. However, in
competitive environments, such as in territorial systems or within systems
with strict dominance hierarchies, associations can frequently be aggressive.
In many species, dominance signals aid in avoiding costly physical interactions among unfamiliar conspeciﬁcs (Rower & Ewald, 1981), or can be
used to reconﬁrm already established dominance hierarchies. Dominance
signals are often visual, such as with teeth-baring in primates (McCowan
et al., 2008), and with body posture in dogs (van der Borg, Schilder, Vinke,
& de Vries, 2015; Cafazzo, Valsecchi, Bonanni, & Natoli, 2010) and birds
(Verbeek et al., 1996). These visual signals are very useful in reconstructing
dominance relationships, especially when speciﬁc individuals are less likely
than others to engage in physical ﬁghts (Carere, Drent, Privitera, Koolhaas,
& Groothuis, 2005).
Information about the nature of relationships can be provided not just by
what is signaled, but also by how it is signaled (Todt & Naguib, 2000).
Changes in call frequency in male cricket frogs (Acris crepitans) seem to signal
information about agonistic intent, such that temporal call characters predicted whether a resident would tolerate an opponent (Burmeister, Ophir,
Ryan, & Wilczynski, 2002). In a number of territorial songbirds, certain
singing patterns such as overlapping and matching are frequently regarded
as aggressive, as mentioned brieﬂy already (Naguib & Mennill, 2010;
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Todt & Naguib, 2000). For example, song type matching in territorial song
sparrows is a signal of aggressive intent. Type matching in this species occurs
more often during territory settlement than later in the breeding season,
when territories are established, and predict whether males would escalate
a signaling interaction and attack an opponent (Akçay et al., 2013; Beecher,
Campbell, Burt, Hill, & Nordby, 2000). Similarly, male banded wrens
(Thryophilus pleurostictus) respond to song matching with more rapid and
closer approaches (Vehrencamp, Hall, Bohman, Depeine, & Dalziell,
2007). Another example comes from black-capped chickadees (Poecile atricapillus), which (frequency-) match each other more than chance during the
dawn chorus (Foote et al., 2010), but not during diurnal counter-singing
(Fitzsimmons, Foote, Ratcliffe, & Mennill, 2008b). During the dawn
chorus, males of similar rank match each other more often compared to
males of differing ranks (Foote, Fitzsimmons, Mennill, & Ratcliffe, 2008).
While matching and overlapping are used often as signals of aggressive
intent, individuals with no aggressive intentions can try to avoid matching
and overlapping other singers, for example by turn-taking (Lemasson, Glas,
et al., 2011; Takahashi, Narayanan, & Ghazanfar, 2013; Todt & Naguib,
2000). Male chickadees that were in the same winter ﬂock matched each other
less often than did males from different winter ﬂocks (Foote et al., 2008). Similarly, duetting pairs of male long-tailed manakins (Chiroxiphia linearis), a lekking
species, avoided overlapping neighbors more often than they did simulated
strangers (Maynard, Ward, Doucet, & Mennill, 2012). Another more subtle
signaling strategy may be used to avoid escalation: repertoire matching. Repertoire matching, i.e., singing a song type from a conspeciﬁc’s repertoire,
excluding the song type it is singing at the present moment, occurs signiﬁcantly
more often in song sparrows when they are interacting with a simulated
neighbor than with a simulated stranger (Beecher, Stoddard, Campbell, &
Horning, 1996; Burt, Campbell, & Beecher, 2001). Repertoire matching in
song sparrows indeed seems to be a less-aggressive signal for receivers than
does song type matching (Beecher & Campbell, 2005; Burt et al., 2001).

4. HOW SIGNALING AFFECTS PROXIMITY NETWORKS
4.1 Social Attraction
As described in the previous section, signaling behavior can have
fundamental effects on social network structure. Here we will focus more
on how signaling behavior can affect proximity-based associations (Fig. 1).
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Social animals are attracted to conspeciﬁcs for a wide variety of reasons,
including access to food, access to mates, protection from predators, and social thermoregulation (Krause & Ruxton, 2002). Conspeciﬁc attraction is
often mediated by signals, and many species use signals that are actively
emitted with the function to attract or ﬁnd others. As an illustration, Spix’s
disc-winged bats (Thyroptera tricolor) use social calls to ﬁnd roosts (Chaverri,
Gillam, & Vonhof, 2010). Roosting individuals respond to social calls, and
ﬂying bats indeed enter roosts in which roosting individuals have responded.
Flying bats also discriminate between responses from familiar versus unfamiliar roost mates, while roosting bats do not discriminate calls of familiar and
unfamiliar conspeciﬁcs (Chaverri, Gillam, & Kunz, 2012). Social calls, in this
species, thus serve as important factors in shaping social proximity (Chaverri
et al., 2010). In general, bats show a high diversity of social structures (Carter
& Wilkinson, 2013), and this diversity is likely to be regulated in part by
social calls (Gillam & Fenton, 2016).
Many different kinds of signal modalities facilitate animal movement and
spatial associations. For example, high concentrations of conspeciﬁc tadpole
odor attract Poison frogs (Dendrobatidae) to novel tadpole deposition pools
(Pasukonis et al., 2016), and vibration signals attract Australian drywood
termite (Cryptotermes secundus) foragers to new food resources (Evans, Inta,
Lai, & Lenz, 2007). Honeybees (Apis mellifera) are famous for using their
waggle dance to effectively signal food locations to conspeciﬁcs, although
most recruits also need odor and visual cues in the ﬁnal stages of their ﬂight
(Riley, Greggers, Smith, Reynolds, & Menzel, 2005). In social insects,
chemical signaling is a common signal modality for social attraction to
(food) resources. Many ant species leave chemical trails from gland excretions, to map the route toward a novel resource, resulting in mass recruitment of workers (Carroll & Janzen, 1973). Also, many ﬁshes use chemical
signals for conspeciﬁc attraction, and there is evidence that some species
can even use these signals for individual recognition (Liley, 1982). These signals could facilitate social cohesion, by preventing schooling species from
drifting too far apart at night or in water with high turbidity.
In addition to beneﬁts, there are also often social costs involved with
close proximity, such as encountering conspeciﬁc aggression and increased
competition for resources. Costs and beneﬁts of sociality are likely to differ
among individuals. Subordinates for instance might suffer higher costs than
dominants. Or individuals, independent of dominance rank, might differ in
how they assess the risk of a social association. Indeed, consistent individual
differences in risk taking have been documented for many animal species
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(Bell, Hankison, & Laskowski, 2009; Réale, Reader, Sol, McDougall, &
Dingemanse, 2007). It is therefore likely that individuals will vary in their
overall social attraction to conspeciﬁcs (Snijders, Naguib, et al., 2017) and
thus in their social signaling strategies as well as in the way they respond to
signals. Evidence for consistent differences in social attraction was revealed
for three-spine sticklebacks (Gasterosteus aculeatus), which differed consistently in their likelihood to approach a social partner during collective
movements (Jolles et al., 2015). Variation in ecological and demographic
conditions can also make individuals lower their overall attraction to social
groups or speciﬁc social partners (Henzi, Forshaw, Boner, Barrett, &
Lusseau, 2013). Depending on whether signaling is used to attract or repel
conspeciﬁcs, individual animals might thus be using different signal and
response strategies to enhance or reduce the chances for social encounters.

4.2 Intra- and Intersexual Attraction
Advertisement signals usually have immediate effects on conspeciﬁc movements, by either attracting potential mates or by repelling potential rivals.
Many signals are considered to have both effects, sometimes at the same
time, as shown in a recent great tit study tracking both male and female
movements in response to a male’s vocal territory defense (Snijders, van
Oers, et al., 2017). Given that advertisement signals are used by receivers
when prospecting potential mates or when obtaining information on potential rivals, they clearly also facilitate and discourage certain encounters, as
shown in many species and taxa. Many playback experiments, on anurans
and crickets/grasshoppers, for example, have shown that females are
attracted to male calls, and select males based also on how males use their
calls to interact with others (Gerhardt & Huber, 2002; Grafe, 1999). Females
get within hearing range of male choruses and may evaluate multiple males
before making a choice. Likewise, male courtship signals can attract rival
males, speciﬁcally males using alternative silent strategies in which they try
to intercept females that are attracted to other, calling males (H€
oglund &
Robertson, 1990; Smith, Goldizen, Dunlop, & Noad, 2008; Webster &
Laland, 2013; Wells, 1977). Decisions about when and whom to approach
will be affected in part by the signal properties, so that studies on signaling
behavior can provide insights into why certain individuals have higher spatial
connectivity than others, and thus help us to understand mechanisms underlying social network formation and structure.
Similar principles apply to territorial systems. Field studies in which
female songbirds were radiotracked have shown that females are not simply
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attracted to a single male, but rather use song to sample and approach multiple males in a neighborhood. In great reed warblers (Acrocephalus arundinaceus) females approached several singing males in sequence before making a
choice about which male they will settle with (Bensch & Hasselquist, 1992).
Likewise, radio-tagged female nightingales sampled multiple males during
nocturnal song, speciﬁcally at the time when only unmated males are singing
(Naguib et al., 2011; Roth, Sprau, Schmidt, Naguib, & Amrhein, 2009).
Studies on mate sampling and foray behavior in beaugregory damselﬁsh
(Stegastes leucostictus) revealed similar patterns of females visiting and revisiting
multiple males before making reproductive decisions (Draud, Verga, Haley,
& Itzkowitz, 2008). Indeed, 90% of excursions to male territories in these
ﬁshes were not followed by spawning, suggesting that forays function
primarily to gather information about males and their territories, rather
than to mate. Courtship and signaling behavior of the male thus seem likely
to contribute to female spatial behavior and thus proximity-based social
networks. That said, we still have much to learn about how prospecting
behavior and the information gathered from signals of any signaling modality can affect subsequent behavior and choice. More long-term tracking
studies are needed to reveal whether or not females revisit certain males as
they sample, and if this is linked to speciﬁc signaling traits.
While sexually selected signals are usually studied in the context of mate
attraction and competitor repulsion, competitors often are also attracted to
each other, at least up to a given distance (Stamps, 1988; Wells, 1977).
Male grasshoppers (Ligurotettix coquilletti), for instance, are attracted to bushes
where other males are calling, and establish calling sites nearby (Muller,
1998). Such attraction is presumably beneﬁcial, because the probability of
ﬁnding a mate, along with higher safety from predators, is likely to be higher
in or near a chorus than when calling alone (Ryan, Tuttle, & Taft, 1981).
Conspeciﬁc signals may also be used as a source of information about habitat
quality. Even territorial animals can be attracted to each other (Stamps,
1988). Male nightingales recently arrived on breeding grounds will silently
prospect other male territories, stopping for longer periods in territories
within which males are singing (Amrhein, Kunc, & Naguib, 2004). Males
may beneﬁt by settling close to speciﬁc other males, especially if females
base mate choice decisions not just on individual male characteristics but
also on characteristics relative to other males in the neighborhood. A nice
example is the case of (nonterritorial) house ﬁnches (Haemorhous mexicanus),
in which males increase their mating chances by associating ﬂexibly with
males that have relatively duller plumage (Oh & Badyaev, 2010). Territorial
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songbirds, like other territorial animals, form an especially interesting system
for social and communication network studies, as territories to some extent
constrain movement and proximity to other individuals in a population, but
then also act as an attractor during extraterritorial forays. Silent excursions,
also after territorial settlement, are common and individuals are attracted
to other signalers even across territory boundaries. Playback studies showed
that territorial males approach and even intrude on each other’s territories
when a neighbor is involved in territorial conﬂicts (Amy et al., 2010; Naguib
et al., 2004). More speciﬁcally, males responding to an intruder may trigger
neighbors to sing as well (Fitzsimmons et al., 2008a; Naguib et al., 2004),
which may have cascading effects throughout the larger community, triggering further in movement and spatial proximity. Similar principles have
been shown for visual signaling, such as in lizards whose signaling, settlement
patterns, and spatial movements have been studied extensively (Stamps,
1988, 1994; Stamps & Krishnan, 2001).
Some of the most fascinating systems where signals affect female
attraction involve lekking, in which males display vigorously at a common
site that is visited by females. Females may visit just a single lek, as in sage
grouse (Centrocercus urophasianus) (Patricelli, Krakauer & Taff, 2016; Wiley,
1973), or may move around multiple lek sites, as in long-tailed manakins
(Chiroxiphia linearis) (McDonald, 1989, 2010; Mennill et al., 2012). In a
similar way, signaling affects mate sampling in bowerbirds, in which males
display at their own individually constructed bowers (Borgia, 2006). Using
motion-triggered video surveillance of bowers, female mate sampling
behavior was shown to be affected not only by the quality of the male
display, but also by the female’s experience with displays in previous years
(Uy, Patricelli, & Borgia, 2000). Such studies show how information from
signals in combination with social experience can have long-lasting effects
on social encounters with other individuals.
The above examples concern male signals and female attraction, but
there are also plenty of examples of female signals and male attraction. For
example, females of some ﬂying insects emit odorous pheromone molecules
which are followed by courting males (Farkas & Shorey, 1972). Similarly,
males in many ﬁsh species are attracted by the chemical signals of receptive
females (Liley, 1982). Independent of the attracted sex, all of these examples
highlight the fundamental effect of conspicuous, often long range, signals on
other individuals’ movements. Social networks that account for signal traits
would thus provide deeper insights into the mechanisms leading to sexual
connectivity (and lack of sexual connectivity) among individuals.
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4.3 Spatial Repulsion via Signaling
Advertisement signals often are used to keep competitors at a distance, and can
thus decrease the probability for close-range encounters among individuals of
the same sex (Waser & Wiley, 1979). Yet, individuals are still socially connected over distance as their signals are likely to affect each other’s movements
(Naguib, Altenkamp, & Griessmann, 2001), i.e., with individuals not
approaching or even moving away. Both territorial and nonterritorial signals
can have these effects. The best experimental examples of spatial repulsion
come from male-removal speaker-replacement experiments, which showed
that playback of songs keeps competitors at a distance (Krebs, Ashcroft, &
Webber, 1978; Nowicki, Searcy, & Hughes, 1998). Likewise, nightingales
who sing more suffer fewer intrusions by neighboring males, but themselves
are more likely to intrude on other territories (Naguib et al., 2001). As discussed earlier, information on signaling behavior can help identify the mechanisms underlying proximity-based social networks. While the territorial
function of signaling is well established for males (Catchpole & Slater,
2008), several studies have shown that similar principles apply to species in
which females use advertisement signals, including female bird song. In
many songbirds also females sing, and female song is used as a signal in female
competition (Brunton, Evans, Cope, & Ji, 2008; Cain & Langmore, 2015;
Geberzahn, Goymann, Muck, & ten Cate, 2009; Langmore, 1998; Odom,
Hall, Riebel, Omland, & Langmore, 2014; Odom, Omland, & Price, 2015).
Like song in birds, other territorial signals, almost by deﬁnition, should
have a repulsive effect on individuals and thus limit their spatial proximity.
Scent marks are another interesting example here as these are signals that stay
in place without the signaler necessarily being present. Scent marks clearly
play a key role in social interactions in many mammal species, acting as
territorial or home range signals (Darden, Dablesteen, & Pedersen, 2003;
Darden, Steffensen, & Dabelsteen, 2008; Hurst, 2005). Often they are
also more difﬁcult to study, as such marks are less conspicuous to us than
visual or vocal signals. How scent marks limit (or facilitate) social proximity
is however likely to be an important mechanism underlying social network
structure. It is thus useful to note that a lack of social proximity does not
necessarily reﬂect a lack of social connections or a lack of information
ﬂow among individuals. In fact, it may well be possible that individuals
who keep each other at a distance through signals inﬂuence each other’s
behavior and ﬁtness more so than do individuals who meet regularly yet
without much social interaction. Repulsive signals thus clearly are important
factors in social and communication networks.
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An important issue to raise here is that it is not always clear whether a
certain signal functions in a repulsive or an attractive manner. As in territorial
animals, song is used commonly as a long-distance signal in nonterritorial
animals, such as humpback whales (Janik, 2014). In this species, rapid shifts
occur over large distances in commonly used song traits (Noad, Cato, Bryden,
Jenner, & Jenner, 2000), without evidence that individual humpback whales
adjust their movement patterns in a similar way (Garland et al., 2011). Song
traits thus seem to spread rapidly independent of movement. Only male
humpback whales sing, and primarily do so during the breeding season.
The exact function of the song is still uncertain, but whale song seems to
have both inter- and intrasexual functions. Males sing longer when joining
a female with a calf, and only when there is not yet another male present.
This suggests an intersexual function (Smith et al., 2008) and possibly even
a lek-type mating system (Clapham, 1996). However, clear evidence of
female attraction is lacking. Darling, Jones, and Nicklin (2006), revealed
singers to be primarily (80%) lone males. Groups exposed to male song via
playback generally move away (Tyack, 1983), and singing males tend to be
spaced further apart than nonsingers (Frankel, Clark, Herman, & Gabriele,
1995; Helweg, Frankel, Mobley, & Herman, 1992). These ﬁndings support
an intrasexual function in male spacing. Yet, singing males also often attract
nonsinging lone males for brief periods of time, resulting in agonistic interactions (Darling & Bérubé, 2001; Smith et al., 2008) as well as cooperative
associations (Darling et al., 2006). These nonsinging males might be listening
on conspeciﬁc male song and use it while prospecting for females (Smith et al.,
2008), but male song in humpback whales might also function as a mediator
for social ordering among males (Darling & Bérubé, 2001). Either way, song
clearly is a key social connector affecting humpback whales’ spatial and social
relations over large distances. Integration of song into observed proximity and
interaction networks of humpback whales is likely to give more insights into
the exact function of song in this species.

5. CONSEQUENCES FOR SOCIAL NETWORKS WHEN
SIGNALS DO NOT GET THEIR MESSAGE ACROSS
5.1 Limits of Information Transfer in the Real World
As discussed, communication can strongly inﬂuence animals’ proximity networks. In this context it is important to consider that signals degrade
over distance, and that not all information that is signaled is also available for
the receiver (Naguib & Wiley, 2001; Wiley & Richards, 1982). Moreover,
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most environments are to some extent noisy, either through natural or
anthropogenic sources, limiting receiver performance and increasing the
probability of errors in signal perception and discrimination. Noise and
communication distance are particularly relevant variables when considering
signals as long-distance connectors in social networks, as both inevitably
affect the information available for decision making. The implications of
errors by receivers, which are likely to increase in noisy conditions and
when signals are degraded, have been recognized as an important factor in
the evolution of communication and of exaggerated signals (Wiley, 1994,
2015, 2006). For information transmission through a network, with individuals responding to degraded signals and other individuals responding to the
initial responders (Fig. 4), the issue of noise becomes even more fundamental.
Noise-based errors are likely to increase and even accumulate over distance,
consequently having an impact well beyond the original signal and its
targeted recipients.

5.2 Effects of Signal Degradation With Distance
The degradation of signals can affect other individuals in a social network in
different ways. Most obviously, distance- and habitat-dependent signal
degradation limit information available to receivers at a distance (Dabelsteen,
Larsen, & Pedersen, 1993; Endler, 1993b; Mathevon, Aubin, & Dabelsteen,
1996; Naguib, 2003; Richards & Wiley, 1980; Wiley & Richards, 1982).
Several studies have shown that degraded signals elicit weaker responses
by others, either because degraded signals lack speciﬁcity in information
or because they are perceived as coming from farther away, and thus do
not require a strong or urgent response (Naguib, 1996). Signaling distance
may also affect basic decision processes, as signals detected from a distance
may act as a general attractor or repellent, while signals broadcasted at close
range may generate more speciﬁc choices based on signal discrimination and
recognition, for instance as shown in T
ungara frogs (Physalaemus pustolosus)
(Akre & Ryan, 2010). The more general implications of signal degradation
for communication have been reviewed elsewhere (Brumm & Naguib,
2009; Naguib & Wiley, 2001), yet they have not been discussed much in
the framework of communication and social networks. Given that signals
connect and affect others over distance, they also characterize a social
network connection, or edge. When using information from signals to
characterize social network connections, the spatial distance as well as
transmission characteristics of the habitat, like vegetation density or water
turbidity, will be relevant. Assigning distance-dependent values to
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long-range connections thus might be a ﬁrst useful step. Sound transmission
experiments with nightingale song, along with GPS mapping of song posts
by territorial males, revealed that some information in songs, such as trill frequency bandwidth, degrades at distances smaller than those among typical
adjacent territorial males, while other parts of song, such as narrow band
whistlelike structures, transmit with little degradation well beyond typical
male spacing (Naguib et al., 2008). While signal degradation can limit signal
information and speciﬁcity, it could also consequently enhance social proximity. Uncertainty in decoding information from degraded signals may lead
animals to seek proximity to be able to detect and interpret the signal in a
more detailed way. Signal degradation and intensity are both known to
be used as distance cues (Naguib & Wiley, 2001), directly affecting movement decisions.

5.3 Effects of Noise
Noise is usually deﬁned as any energy that interferes with the processes by
which signals are decoded. Noise can include other signals masking the
relevant signals because they overlap in spectra or activate the same signal
receptors, and also nonmasking noise that distracts or acts as stressor, thus
interfering with a receiver’s response to signals and its general behavior
(Barber, Crooks, & Fristrup, 2009; Kight & Swaddle, 2011; Naguib,
2013). Noise has been particularly well studied in acoustic communication
(Brumm & Slabbekoorn, 2005), but the same principles apply in visual
communication, in which reﬂectance spectra of the vegetation can limit
the perception of color displays (Endler, 1993a; Endler & Basolo, 1998).
Mate choice in ﬁsh for instance can be affected by water turbidity, which
technically represents noise in the visual environment. Fishes in turbid
waters spend less time in proximity during mate choice, or respond differently to signals, as compared to ﬁshes in clear water (Candolin, Tukiainen,
& Bertell, 2016; Sundin, Berglund, & Rosenqvist, 2010).
Yet, the effects of noise on the wider network have been considered only
to a limited extent. Noise directly affecting individual behavior such as its
movement, signaling behavior, or responses to signals, might inﬂuence
both the proximity network and the communication network. For instance,
animals changing their signaling in response to noise, as when birds near airports change the timing of singing (Dominoni, Greif, Nemeth, & Brumm,
2016; Gil, Honarmand, Pascual, Pérez-Mena, & Garcia, 2015), may impact
a whole communication network due to neighborhood effects (Foote et al.,
2010; Snijders, van der Eijk, et al., 2015), as discussed in Section 2. Due to an
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inevitable decrease in signal-to-noise ratio, individuals also may spend more
time signaling, or become more repetitive to ensure successful information
transfer (Brumm & Slater, 2006). Receivers may spend more time attending
to signals, may move closer to increase the signal-to-noise ratio, or may not
respond at all. Likewise receivers changing their response toward a degraded
signal (Aubin & Jouventin, 1998, 2002) will also affect social interactions.
Furthermore, noise can affect settlement patterns (Francis, Ortega, &
Cruz, 2009), thus directly inﬂuencing both the signaling and the proximity
network. Finally, noise in communication networks can lead to an accumulation of receiver errors, inevitably leading to a chain reaction with
decreasing accuracy and reliability of information as it spreads through the
network (Wiley, 2015, 2016).
Through comparative analyses of signal-integrated social networks, with
and without certain forms of acoustic disturbance, we can gain relevant
insights into how noise might inﬂuence various species’ social dynamics.
Experiments introducing noise and monitoring the resulting social responses
can also be helpful for understanding speciﬁc noise effects on signaler and
receiver decisions as well as on the wider social network. Understanding if
and how noise impacts animal social networks might also contribute to
the development of mitigation measures, to reduce or prevent negative
effects of noise such as from anthropogenic sources.

6. CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Novel Technologies and Analysis Techniques
We have here argued for the value of considering signaling behavior
in a social network framework. Many of the ideas we have discussed are not
new and have been considered separately in various places, but have not yet
been well integrated in discussions of social and communication networks.
Even though social signals are so central to the functioning of animal societies, it remains challenging to actually collect empirical network-wide data
on signaling behavior, and to relate the complex, often indirect and subtle,
multilayer effects of signals on individuals and their relations. The ability to
collect data simultaneously on many individuals has been a key constraint,
although novel technologies can now provide a wealth of data on many individuals behaving simultaneously, including in their signaling interactions.
Automatized animal tracking systems include Encounternet (Fig. 6), sensoractivated audiovisual playback and recording systems, and automatized
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Figure 6 The 50% minimum convex polygons of 44 territorial great tits (21 males, 23
females) automatically tracked with Encounternet for one week in March, 2014 (Snijders,
2016). Black dots represent the available nestboxes. Territorial males, regularly overlap
in their spatial distributions, resulting in nonrandom social associations and social networks (Snijders, van Oers, et al., 2017; Snijders et al., 2014).

sound recordings (Cvikel et al., 2015; Lendvai et al., 2014; Rutz &
Troscianko, 2013; Snijders, Nieuwe Weme, et al., 2017; Snijders, van der
Eijk, et al., 2015; Snijders, van Oers, et al., 2017; Snijders et al., 2014). Using
such techniques, animals were already revealed to respond to signals across
long distances, leading to overall changes within the larger neighborhood
or society (Foote et al., 2010; Waas et al., 2000, 2005). Moreover,
population-level signaling patterns were found to vary speciﬁcally with
social structure (Snijders, van der Eijk, et al., 2015). Advances in technology
for data collection, accompanied by novel insights into animal communication and social structure, should allow further integration of social signals
within the larger social network framework.
Studies that focus on signalerereceiver dyads hold a clear advantage in
that behavioral and evolutionary conﬂicts can be well deﬁned (Searcy &
Nowicki, 2005). When individuals directly compete for resources or attract
and repel each other, experimental contexts and theoretical concepts can be
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clearly described. Quantifying the effects of signals across a whole network,
in which responses across the network may be subtle and delayed, will
require advanced tracking and recording technologies along with sophisticated statistical analyses. Reﬁned modeling approaches, which consider signals as input when deﬁning individual traits and relations among individuals
will potentially increase our understanding of the importance of direct and
indirect signal connectivity. For example, ﬁne-scale dynamic network
modeling of dyadic signaling interactions could reveal, and provide insights
into, the emergent properties of communication networks, such as signaling
synchrony. Emergent properties such as signaling synchrony can result into
effective attraction of potential mates and reduce individual predation risk.
The temporal, often synchronous, structure of acoustic insect choruses is a
well-known example (Greenﬁeld, 2015). But this phenomenon might
also occur in many other species and signal modalities, such as claw-waving
in ﬁddler crabs (Uca spp.) (Pope, 2005) and ﬂashing in ﬁreﬂies.

6.2 Future Study Directions
There are many study directions in animal social behavior that would beneﬁt
from the integration of social signals into animal social network analysis,
several of which were discussed or mentioned throughout this review.
We are convinced that both the ﬁeld of animal social networks and the ﬁeld
of animal communication networks can beneﬁt from one another and build
upon each other’s work. In this ﬁnal section we would like to highlight two
study directions for which we think special advances are to be made: social
dynamics and individual signaling strategies.
6.2.1 Social Dynamics
The study and understanding of dynamic animal social networks is still in its
infancy, with some studies starting to compare how networks change over
time (Hasenjager & Dugatkin, 2015; Hobson et al., 2013). This will be especially important when we consider relatively fast social processes, such as
transmission of a novel song trait over 6000 km within a year (Garland
et al., 2011). Networks of increasingly detailed temporal resolution are
necessary to truly understand the mechanisms behind rapid information
ﬂow. At the same time, there is likely to be a feedback loop, with social
structures inﬂuencing the ﬂow of information from signals yet with such signals, or even culture (Cantor & Whitehead, 2013), also inﬂuencing the formation of social structures. The presence of dialects within and between
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animal populations provides a ﬁtting illustration. The development of novel
analysis techniques to study ﬁne-scale dynamic networks (Blonder et al.,
2012; Patison et al., 2015; Pinter-Wollman et al., 2014; Wilson et al.,
2014) will certainly increase our insights into whether feedback loops
between signal use and network structures are present and how they function. Moreover, next to modeling the ﬂow of certain signal traits, adaptive
dynamic network models could be used to investigate the role of defensive
and attractive signaling in breaking or forming social (proximity-based)
connections. Broadcasting territory advertisement signals, just after gaining
a territory, could make signal receivers modify their spatial behavior and
consequently their previous social connections with the signaler. Certain
female conspeciﬁcs could become attracted, while certain male conspeciﬁcs
stay away. Similarly, an accumulation of signal interactions between one individual and many others could create a positive or negative reputation (e.g.,
“image scoring”) (Bshary & Grutter, 2006), causing eavesdroppers to adjust
their future social interactions with this individual.
The interplay of communication and social network dynamics could also
generate interesting insights on larger timescales. For example, the reliability
of a signal, i.e., whether or not it gives an honest indication of a signaler’s
quality or other attributes, could be maintained by social retaliation
(Anderson, Searcy, Hughes, & Nowicki, 2012). When certain signals elicit
aggressive responses from receivers, only signalers who are actually able to
cope with retaliation, might be able to defend themselves with minimal
costs. Yet, selection pressures on signal honesty are likely to vary with
probabilities of actually encountering aggressive receivers. Variation in population density as well as population composition, i.e. annually ﬂuctuating
factors, could result in one signal in the same population acting as an honest
indicator in 1 year, but not in another year. Populations are likely to vary
yearly in their size as well as the number of aggressive and/or high-quality
individuals. Correlating temporal variations in signal honesty to changes in
overall properties of a social network could therefore generate interesting insights into the maintenance of signal honesty, especially if these networks
also incorporate aggressive (signaling) interactions. For example, what
time span and population density would be necessary to make a signal an
honest indicator, and for receivers to treat it as such? For how long will
the signal and its associated reputation be remembered by the neighborhood? Animals’ memory capacities might determine whether certain signal
traits affect behavior and social relations over time. How memories of
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individual reputations affect social network structure on the short term and
on the long term will be a fascinating question for future research.
6.2.2 Individual Signaling Strategies in Social Networks
When individuals differ in their motivation to connect socially with conspeciﬁcs (Snijders, Naguib, et al., 2017), they might also be expected to differ in
their signaling and response strategies. Variation in individual signaling and
responsiveness could lead to nonrandom associations in space. Personality
difference would be a likely candidate to explain consistent variation in
signal and response strategies. Yet until now, the link between established
personality traits and signal characteristics was shown to be surprisingly
weak. In collared ﬂycatchers (Ficedula albicollis), more explorative and risktaking individuals sing at lower song posts in the presence of a human
observer (Garamszegi, Eens, & T€
or€
ok, 2008). In captivity, faster exploring
great tits sing with a higher song rate (Naguib, Kazek, Schaper, Van Oers,
& Visser, 2010). However in the wild, our studies could reveal a link
between song traits and personality only in confrontational contexts, i.e.,
simulated territory intrusions, but not during undisturbed dawn singing
(Amy et al., 2010; Snijders, van Rooij, et al., 2015). None of our dawn
song analyses revealed a direct relationship with exploration behavior, as
proxy for personality traits, although there was a negative correlation between dawn song rate and time spent near an intruder (Snijders, van Rooij,
et al., 2015), a behavioral response repeatedly positively linked to exploration behavior (Amy et al., 2010; Snijders, van Rooij, et al., 2015, but see
Jacobs et al., 2014 and Snijders, van Oers et al., 2017). Still, the ﬁnding
that personality effects on communication have been revealed most often
in confrontational contexts makes intuitive sense, because many established
personality traits, such as exploration behavior, boldness, risk-taking, and
aggressiveness reﬂect how individuals cope with stressful situations.
Slow explorers in captivity use more aggressive displays during confrontations and take longer to attack, while faster explorers attack more often
(Carere et al., 2005). These ﬁndings agree with our own (Snijders, van
Rooij, et al., 2015) and suggest a relationship between certain signaling characteristics, such as song rate, and the tendency to avoid aggressive confrontations. In an earlier study, slow explorers also responded to a simulated
intrusion with a higher song rate (Amy et al., 2010). Yet, the overall vocal
response during the simulated confrontation was stronger for fast explorers
(Amy et al., 2010; Snijders, van Rooij, et al., 2015). More information is
necessary to reveal whether certain nonphysically restricted signal traits are
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more effective in keeping rivals at a distance, and whether individuals differ
in using them.
Individuals might also differ in their likelihood to respond to social signals. Ring-tailed lemurs were indeed revealed to be very socially selective
when responding to contact calls, with vocal networks correlating positively
with grooming networks (Kulahci et al., 2015). Whether or not some individuals, such as those that are highly sociable, are also consistently more likely
to respond to contact calls would be a promising direction for future research.
Additionally, one could examine if consistent individual differences in
response strategies vary with speciﬁc personality traits such as aggression,
boldness, and sociability. Certain personality types indeed seem to differ in
their social responsiveness (Guillette, Reddon, Hoeschele, & Sturdy, 2010;
Marchetti & Drent, 2000; Verbeek, Drent, & Wiepkema, 1994). Future

Figure 7 Responses of individuals to signals can depend on their social connectivity.
Social connectivity could be deﬁned by group or ﬂock membership (Foote et al.,
2010), sharing a territory boundary (Snijders, van der Eijk, et al., 2015), past social bonds
(Templeton et al., 2012), or current afﬁliative/agonistic interactions (Boogert et al.,
2014). Stronger connected individuals are more likely to respond (thick lines and black
dots) than weaker connected individuals (thin lines and white dots). Social connectivity
can thus also determine how information provided by social signals is spreading
through the population, a process known as network-based diffusion.
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research, via empirical studies and modeling approaches (Hemelrijk &
Wantia, 2005; Wolf, Van Doorn, & Weissing, 2011), could thus provide
valuable insights into the evolution of signaling strategies, by examining
not only the role of personality in signaling behavior, but also the responsiveness of different personality types to varying signal traits and patterns.
Integrating these concepts in an adaptive dynamic social network model
could reveal the social mechanisms underlying correlations between personality traits and individual signal strategies and responses, by modeling the
consequent rewiring of aggressive and cooperative interactions in the social
network. Likewise, such a modeling approach could highlight the
potential key role of individual signaleresponse strategies in the dynamics
of animal social networks.

6.3 Conclusion
In recent years, the research ﬁeld of animal social networks and animal
communication networks have developed into key disciplines for understanding animal communication and social dynamics. Yet, to date, these
disciplines remain poorly integrated. In this review we have highlighted
many ways by which communication and social networks are inherently
linked, with social signals reﬂecting and affecting social network components (Fig. 1). At the same time, the social environment inﬂuences the
development and use of social signals, as well as the diffusion of information of signals through a network (Fig. 7). Signals can thus provide missing
or complementary information on the quality and direction of social connections and reveal social connections over long distances. One’s nearest
neighbor might not just be the closest conspeciﬁc in proximity, but several
or all the individuals within signal range might be socially at least as relevant
(Fig. 4). We showed how signals affect movements, by attracting or repelling others, and also how they can affect an individual’s social reputation
and integration within the population, consequently inﬂuencing current
and future interactions. Lastly, we provided examples of how disturbance
of social signals, via signal degradation or environmental noise, may affect
the social network. Future studies that are able to characterize signaling
behavior of individuals and their dyadic effect on each other, might be
able to better weigh nodes and edges in social networks, providing deeper
insights in the causes and consequences of social networks for animal
communication and the evolution of social behavior in general.
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Lendvai, A. Z., Akçay, Ç., Weiss, T., Haussmann, M. F., Moore, I. T., & Bonier, F. (2014).
Low cost audiovisual playback and recording triggered by radio frequency identiﬁcation
using Raspberry Pi. PeerJ, 2, e742v741.
Leu, S. T., Farine, D. R., Wey, T. W., Sih, A., & Bull, C. M. (2016). Environment modulates population social structure: Experimental evidence from replicated social networks
of wild lizards. Animal Behaviour, 111, 23e31.
Ligon, R. A. (2014). Defeated chameleons darken dynamically during dyadic disputes to
decrease danger from dominants. Behavioral Ecology and Sociobiology, 68, 1007e1017.
Liley, N. R. (1982). Chemical communication in ﬁsh. Canadian Journal of Fisheries and Aquatic
Sciences, 39, 22e35.
Lusseau, D. (2003). The emergent properties of a dolphin social network. Proceedings of the
Royal Society B: Biological Sciences, 270, S186eS188.
Macdonald, D. W., Harmsen, B. J., Johnson, P. J., & Newman, C. (2004). Increasing
frequency of bite wounds with increasing population density in Eurasian badgers, Meles
meles. Animal Behaviour, 67, 745e751.
Madden, J. R., Drewe, J. A., Pearce, G. P., & Clutton-Brock, T. H. (2009). The social
network structure of a wild meerkat population: 2. Intragroup interactions. Behavioral
Ecology and Sociobiology, 64, 81e95.
Marchetti, C., & Drent, P. J. (2000). Individual differences in the use of social information in
foraging by captive great tits. Animal Behaviour, 60, 131e140.
Marcoux, M., Auger-Méthé, M., & Humphries, M. M. (2012). Variability and context speciﬁcity of narwhal (Monodon monoceros) whistles and pulsed calls. Marine Mammal Science,
28, 649e665.
Marler, P. (2004). Box 16. Vocal matching is a potent social signal. In P. Marler, &
H. Slabbekoorn (Eds.), Nature’s Music: The Science of Birdsong (p. 124). Oxford, UK:
Elsevier.
Marler, P., Dufty, A., & Pickert, R. (1986). Vocal communication in the domestic chicken:
II. Is a sender sensitive to the presence and nature of a receiver? Animal Behaviour, 34(Part
1), 194e198.
Massen, J. J. M., Szipl, G., Spreaﬁco, M., & Bugnyar, T. (2014). Ravens intervene in others’
bonding attempts. Current Biology, 24, 2733e2736.

352

Lysanne Snijders and Marc Naguib

Matessi, G., Matos, R. J., Peake, T. M., McGregor, P. K., & Dabelsteen, T. (2010). Effects of
social environment and personality on communication in male Siamese ﬁghting ﬁsh in an
artiﬁcial network. Animal Behaviour, 79, 43e49.
Mathevon, N., Aubin, T., & Dabelsteen, T. (1996). Song degradation during propagation:
Importance of song post for the wren Troglodytes troglodytes. Ethology, 102, 397e412.
Matos, R. J., & Schlupp, I. (2005). Performing in front of an audience: Signalers and the
social environment. Animal Communication Networks, 63e83.
Maynard, D. F., Ward, K.-A. A., Doucet, S. M., & Mennill, D. J. (2012). Calling in an acoustically competitive environment: Duetting male long-tailed manakins avoid overlapping
neighbours but not playback-simulated rivals. Animal Behaviour, 84, 563e573.
McComb, K., Reby, D., Baker, L., Moss, C., & Sayialel, S. (2003). Long-distance communication of acoustic cues to social identity in African elephants. Animal Behaviour, 65,
317e329.
McComb, K., & Semple, S. (2005). Coevolution of vocal communication and sociality in
primates. Biology Letters, 1, 381e385.
McCowan, B., Anderson, K., Heagarty, A., & Cameron, A. (2008). Utility of social network
analysis for primate behavioral management and well-being. Applied Animal Behaviour
Science, 109, 396e405.
McDonald, D. B. (1989). Correlates of male mating success in a lekking bird with male-male
cooperation. Animal Behaviour, 37, 1007e1022.
McDonald, D. B. (2007). Predicting fate from early connectivity in a social network. Proceedings of the National Academy of Sciences, 104, 10910e10914.
McDonald, D. B. (2010). A spatial dance to the music of time in the leks of longtailed
manakins. Advances in the Study of Behavior, 42, 55e81.
McGregor, P. K. (1980). Song dialects in the corn bunting (Emberiza calandra). Ethology, 54,
285e297.
McGregor, P. K. (2005). Animal communication networks. Cambridge, UK: Cambridge University Press.
McGregor, P. K., & Avery, M. I. (1986). The unsung songs of great tits (Parus major): Learning
neighbours’ songs for discrimination. Behavioral Ecology and Sociobiology, 18, 311e316.
McGregor, P. K., & Dabelsteen, T. (1996). Communication networks. In D. E. Kroodsma,
& E. H. Miller (Eds.), Ecology and evolution of acoustic communication in birds (pp. 409e425).
Ithaca, New York, USA: Cornell University Press.
McGregor, P. K., & Horn, A. G. (2015). Communication and social networks. In J. Krause,
R. James, D. W. Franks, & D. P. Croft (Eds.), Animal social networks. Oxford, UK: Oxford
University Press.
McGregor, P. K., & Krebs, J. R. (1989). Song learning in adult great tits (Parus major): Effects
of neighbours. Behaviour, 108, 139e159.
McGregor, P. K., & Peake, T. M. (2000). Communication networks: Social environments
for receiving and signalling behaviour. Acta Ethologica, 2, 71e81.
Mennill, D. J., Doucet, S. M., Ward, K.-A. A., Maynard, D. F., Otis, B., & Burt, J. M.
(2012). A novel digital telemetry system for tracking wild animals: A ﬁeld test for
studying mate choice in a lekking tropical bird. Methods in Ecology and Evolution, 3,
663e672.
Mennill, D. J., Ratcliffe, L. M., & Boag, P. T. (2002). Female eavesdropping on male song
contests in songbirds. Science, 296, 873.
Mercken, L., Snijders, T. A. B., Steglich, C., Vartiainen, E., & de Vries, H. (2010).
Dynamics of adolescent friendship networks and smoking behavior. Social Networks,
32, 72e81.
Miller, K. E., Laszlo, K., & Dietz, J. M. (2003). The role of scent marking in the social
communication of wild golden lion tamarins, Leontopithecus rosalia. Animal Behaviour,
65, 795e803.

Communication in Animal Social Networks

353

Milligan, M. M., & Verner, J. C. (1971). Inter-populational song dialect discrimination in the
white-crowned sparrow. The Condor, 73, 208e213.
Miyazaki, M., & Waas, J. R. (2002). ’Last word’ effects of male advertising calls on female
preference in little blue penguins. Behaviour, 139, 1413e1423.
Modlmeier, A. P., Keiser, C. N., Watters, J. V., Sih, A., & Pruitt, J. N. (2014). The
keystone individual concept: An ecological and evolutionary overview. Animal Behaviour, 89, 53e62.
Muller, K. L. (1998). The role of conspeciﬁcs in habitat settlement in a territorial grasshopper.
Animal Behaviour, 56, 479e485.
Mundinger, P. C. (1982). Microgeographic and macrogeographic variation in the acquired
vocalizations of birds. Acoustic Communication in Birds, 2, 147e208.
Murphy, M. T., Sexton, K., Dolan, A. C., & Redmond, L. J. (2008). Dawn song of the
eastern kingbird: An honest signal of male quality? Animal Behaviour, 75, 1075e1084.
Myrberg, A. A., Jr., & Riggio, R. J. (1985). Acoustically mediated individual recognition by a
coral reef ﬁsh (Pomacentrus partitus). Animal Behaviour, 33, 411e416.
Naguib, M. (1996). Ranging by song in Carolina wrens Thryothorus ludovicianus: Effects of
environmental acoustics and strength of song degradation. Behaviour, 133, 541e559.
Naguib, M. (2003). Reverberation of rapid and slow trills: Implications for signal adaptations
to long range communication. Journal of the Acoustical Society of America, 133, 1749e1756.
Naguib, M. (2005). Singing interactions in song birds: Implications for social relations,
territoriality and territorial settlement. In P. K. McGregor (Ed.), Communication networks
(pp. 300e319). Cambridge, UK: Cambridge University Press.
Naguib, M. (2013). Living in a noisy world: Indirect effects of noise on animal
communication. Behaviour, 150, 1069e1084.
Naguib, M., Altenkamp, R., & Griessmann, B. (2001). Nightingales in space: Song and
extra-territorial forays of radio tagged song birds. Journal of Ornithology, 142, 306e312.
Naguib, M., Amrhein, V., & Kunc, H. P. (2004). Effects of territorial intrusions on eavesdropping neighbors: Communication networks in nightingales. Behavioral Ecology, 6,
1011e1015.
Naguib, M., Fichtel, C., & Todt, D. (1999). Nightingales respond more strongly to vocal
leaders in simulated dyadic interactions. Proceedings of the Royal Society B: Biological Sciences, 265, 537e542.
Naguib, M., Kazek, A., Schaper, S. V., Van Oers, K., & Visser, M. E. (2010). Singing activity
reveals personality traits in great tits. Ethology, 116, 763e769.
Naguib, M., Kunc, H. P., Sprau, P., Roth, T., & Amrhein, V. (2011). Communication networks and spatial ecology in nightingales. Advances in the Study of Behavior, 43, 239e271.
Naguib, M., & Mennill, D. (2010). The signal value of birdsong: Empirical evidence suggests
song overlapping is a signal. Animal Behaviour, 80, e11ee15.
Naguib, M., Schmidt, R., Sprau, P., Roth, T., Fl€
orcke, C., & Amrhein, V. (2008). The ecology of vocal signaling: male spacing and communication distance of different song traits
in nightingales. Behavioral Ecology, 19(5), 1034e1040.
Naguib, M., & Todt, D. (1997). Effects of dyadic vocal interactions on other conspeciﬁc
receivers in nightingales. Animal Behaviour, 54, 1535e1543.
Naguib, M., & Wiley, R. (2001). Estimating the distance to a source of sound: Mechanisms
and adaptations for long-range communication. Animal Behaviour, 62, 825e837.
Nelson, D. A. (1992). Song overproduction and selective attrition lead to song sharing in the
ﬁeld sparrow (Spizella puslla). Behavioural Ecology and Sociobiology, 30, 415e424.
Noad, M. J., Cato, D. H., Bryden, M. M., Jenner, M. N., & Jenner, K. C. S. (2000). Cultural
revolution in whale songs. Nature, 408, 537.
Nowicki, S., Searcy, W. A., & Hughes, M. (1998). The territory defense function of song in
song sparrows: A test with the speaker occupation design. Behaviour, 135, 615e628.

354

Lysanne Snijders and Marc Naguib

Odom, K. J., Hall, M. L., Riebel, K., Omland, K. E., & Langmore, N. E. (2014). Female
song is widespread and ancestral in songbirds. Nature Communications, 5, 3379.
Odom, K. J., Omland, K. E., & Price, J. J. (2015). Differentiating the evolution of female
song and maleefemale duets in the New World blackbirds: Can tropical natural history
traits explain duet evolution? Evolution, 69, 839e847.
Oh, K. P., & Badyaev, A. V. (2010). Structure of social networks in a passerine bird:
Consequences for sexual selection and the evolution of mating strategies. The American
Naturalist, 176, E80eE89.
Olendorf, R., Getty, T., & Scribner, K. (2004). Cooperative nest defence in red-winged
blackbirds: Reciprocal altruism, kinship or by-product mutualism? Proceedings of the Royal
Society B: Biological Sciences, 271, 177e182.
Onnela, J.-P., Saram€aki, J., Hyv€
onen, J., Szab
o, G., Lazer, D., Kaski, K., … Barabasi, A.-L.
(2007). Structure and tie strengths in mobile communication networks. Proceedings of
the National Academy of Sciences, 104, 7332e7336.
Otter, K., McGregor, P. K., Terry, A. M. R., Burford, F. R. L., Peake, T. M., &
Dabelsteen, T. (1999). Do female great tits (Parus major) assess males by eavesdropping?
A ﬁeld study using interactive song playback. Proceedings of the Royal Society B: Biological
Sciences, 266, 1305e1309.
Otter, K. A., Ratcliffe, L., Njegovan, M., & Fotheringham, J. (2002). Importance of
frequency and temporal song matching in black-capped chickadees: Evidence from
interactive playback. Ethology, 108, 181e191.
Parker, K. A., Anderson, M. J., Jenkins, P. F., & Brunton, D. H. (2012). The effects of
translocation-induced isolation and fragmentation on the cultural evolution of bird
song. Ecology Letters, 15, 778e786.
Pasukonis, A., Trenkwalder, K., Ringler, M., Ringler, E., Mangione, R.,
Steininger, J., … H€
odl, W. (2016). The signiﬁcance of spatial memory for water ﬁnding
in a tadpole-transporting frog. Animal Behaviour, 116, 89e98.
Patison, K. P., Quintane, E., Swain, D. L., Robins, G., & Pattison, P. (2015). Time is of the
essence: An application of a relational event model for animal social networks. Behavioral
Ecology and Sociobiology, 69, 841e855.
Patricelli, G. L., Krakauer, A. H., & Taff, C. C. (2016). Variable signals in a complex world:
Shifting views of within-individual variability in sexual display traits. Advances in the
Study of Behavior, 48, 319e386.
Paxton, A., & Dale, R. (2013). Argument disrupts interpersonal synchrony. The Quarterly
Journal of Experimental Psychology, 66, 2092e2102.
Payne, R. B. (1982). Ecological consequences of song matching: Breeding success and intraspeciﬁc song mimicry in indigo buntings. Ecology, 63, 401e411.
Peake, T. M., Matessi, G., McGregor, P. K., & Dabelsteen, T. (2005). Song type matching,
song type switching and eavesdropping in male great tits. Animal Behaviour, 69, 1063e
1068.
Peake, T. M., Terry, A. M. R., McGregor, P. K., & Dabelsteen, T. (2001). Male great tits
eavesdrop on simulated male-to-male vocal interactions. Proceedings of the Royal Society
B: Biological Sciences, 268, 1183e1187.
Peake, T. M., Terry, A. M. R., McGregor, P. K., & Dabelsteen, T. (2002). Do great tits assess
rivals by combining direct experience with information gathered by eavesdropping?
Proceedings of the Royal Society B: Biological Sciences, 269, 1925e1929.
Petrinovich, L., & Baptista, L. F. (1987). Song development in the white-crowned sparrow:
Modiﬁcation of learned song. Animal Behaviour, 35, 961e974.
Pike, T. W., Samanta, M., Lindstr€
om, J., & Royle, N. J. (2008). Behavioural phenotype
affects social interactions in an animal network. Proceedings of the Royal Society B: Biological
Sciences, 275, 2515e2520.

Communication in Animal Social Networks

355

Pinter-Wollman, N., Hobson, E. A., Smith, J. E., Edelman, A. J., Shizuka, D., De
Silva, S., … McDonald, D. B. (2014). The dynamics of animal social networks:
Analytical, conceptual, and theoretical advances. Behavioral Ecology, 25, 242e255.
Plath, M., Blum, D., Schlupp, I., & Tiedemann, R. (2008). Audience effect alters mating
preferences in a livebearing ﬁsh, the Atlantic molly, Poecilia mexicana. Animal Behaviour,
75, 21e29.
Podos, J., Huber, S. K., & Taft, B. (2004). Bird song: The interface of evolution and
mechanism. Annual Review of Ecology, Evolution, and Systematics, 35, 55e87.
Podos, J., Lahti, D. C., & Moseley, D. L. (2009). Vocal performance and sensorimotor
learning in songbirds. Advances in the Study of Behavior, 40, 159e195.
Poesel, A., Dabelsteen, T., & Pedersen, S. (2004). Dawn song of male blue tits as a predictor
of competitiveness in midmorning singing interactions. Acta Ethologica, 6, 65e71.
Pope, D. S. (2005). Waving in a crowd: Fiddler crabs signal in networks. In P. K. McGregor
(Ed.), Animal communication networks (pp. 252e276). Cambridge, UK: Cambridge
University Press.
Price, J. J. (1998). Family- and sex-speciﬁc vocal traditions in a cooperatively breeding
songbird. Proceedings of the Royal Society B: Biological Sciences, 265, 497e502.
Qvarnstr€
om, A., & Forsgren, E. (1998). Should females prefer dominant males? Trends in
Ecology and Evolution, 13, 498e501.
Radford, A. N. (2004). Vocal coordination of group movement by green woodhoopoes
(Phoeniculus purpureus). Ethology, 110, 11e20.
Rault, J.-L. (2012). Friends with beneﬁts: Social support and its relevance for farm animal
welfare. Applied Animal Behaviour Science, 136, 1e14.
Réale, D., Reader, S. M., Sol, D., McDougall, P. T., & Dingemanse, N. J. (2007).
Integrating animal temperament within ecology and evolution. Biological Reviews of the
Cambridge Philosophical Society, 82, 291e318.
Rendell, L., & Whitehead, H. (2004). Do sperm whales share coda vocalizations? Insights
into coda usage from acoustic size measurement. Animal Behaviour, 67, 865e874.
Richards, D. G., & Wiley, R. H. (1980). Reverberations and amplitude ﬂuctuations in the
propagation of sound in a forest: Implications for animal communications. The American
Naturalist, 115, 381e399.
Riley, J. R., Greggers, U., Smith, A. D., Reynolds, D. R., & Menzel, R. (2005). The ﬂight
paths of honeybees recruited by the waggle dance. Nature, 435, 205e207.
Roth, T., Sprau, P., Schmidt, R., Naguib, M., & Amrhein, V. (2009). Sex-speciﬁc timing of
mate searching and territory prospecting in the nightingale: Nocturnal life of females.
Proceedings of the Royal Society B: Biological Sciences, 276, 2045e2050.
Rowell, T. E. (1974). The concept of social dominance. Behavioral Biology, 11, 131e154.
Rower, S., & Ewald, P. W. (1981). The cost of dominance and advantages of subordination
in a badge signaling system. Evolution, 35, 441e454.
Rutz, C., & Troscianko, J. (2013). Programmable, miniature video-loggers for deployment
on wild birds and other wildlife. Methods in Ecology and Evolution, 4, 114e122.
Ryan, M. J., Tuttle, M. D., & Taft, L. K. (1981). The costs and beneﬁts of frog chorusing
behavior. Behavioral Ecology and Sociobiology, 8, 273e278.
Scheel, D., Godfrey-Smith, P., & Lawrence, M. (2016). Signal use by octopuses in agonistic
interactions. Current Biology, 26, 377e382.
Schmidt, R., Amrhein, V., Kunc, H. P., & Naguib, M. (2007). The day after: Effects of vocal
interactions on territory defence in nightingales. Journal of Animal Ecology, 76, 168e173.
Sch€
ulke, O., Bhagavatula, J., Vigilant, L., & Ostner, J. (2010). Social bonds enhance reproductive success in male macaques. Current Biology, 20, 2207e2210.
Sch€
urch, R., Rothenberger, S., & Heg, D. (2010). The building-up of social relationships:
Behavioural types, social networks and cooperative breeding in a cichlid. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365, 4089e4098.

356

Lysanne Snijders and Marc Naguib

Searcy, W. A., Akçay, C., Nowicki, S., & Beecher, M. D. (2014). Aggressive signaling in
song sparrows and other songbirds. Advances in the Study of Behavior, 46, 89e125.
Searcy, W. A., & Beecher, M. D. (2009). Song as an aggressive signal in songbirds. Animal
Behaviour, 78, 1281e1292.
Searcy, W. A., & Nowicki, S. (2005). The evolution of animal communication. Reliability and
deception in signaling systems. Princeton, New Jersey, USA: Princeton University Press.
Shizuka, D., & McDonald, D. B. (2012). A social network perspective on measurements of
dominance hierarchies. Animal Behaviour, 83, 925e934.
Sih, A., Hanser, S., & McHugh, K. (2009). Social network theory: New insights and issues for
behavioral ecologists. Behavioral Ecology and Sociobiology, 63, 975e988.
Sih, A., & Watters, J. V. (2005). The mix matters: Behavioural types and group dynamics in
water striders. Behaviour, 142, 1417e1431.
Silk, J. B., Alberts, S. C., & Altmann, J. (2003). Social bonds of female baboons enhance
infant survival. Science, 302, 1231e1234.
Silk, J. B., Altmann, J., & Alberts, S. C. (2006). Social relationships among adult female
baboons (papio cynocephalus) I. Variation in the strength of social bonds. Behavioral Ecology
and Sociobiology, 61, 183e195.
Silk, J. B., Beehner, J. C., Bergman, T. J., Crockford, C., Engh, A. L.,
Moscovice, L. R., … Cheney, D. L. (2010). Strong and consistent social bonds enhance
the longevity of female baboons. Current Biology, 20, 1359e1361.
Silvis, A., Kniowski, A. B., Gehrt, S. D., & Ford, W. M. (2014). Roosting and foraging social
structure of the endangered Indiana bat (Myotis sodalis). PLoS One, 9, e96937.
Smith, J. N., Goldizen, A. W., Dunlop, R. A., & Noad, M. J. (2008). Songs of male humpback whales, Megaptera novaeangliae, are involved in intersexual interactions. Animal
Behaviour, 76, 467e477.
Smith, T. B., Harrigan, R. J., Kirschel, A. N. G., Buermann, W., Saatchi, S.,
Blumstein, D. T., … Slabbekoorn, H. (2013). Predicting bird song from space. Evolutionary Applications, 6, 865e874.
Smith, J. M., & Parker, G. A. (1976). The logic of asymmetric contests. Animal Behaviour, 24,
159e175.
Snedden, W. A., & Greenﬁeld, M. D. (1998). Females prefer leading males: Relative call
timing and sexual selection in katydid choruses. Animal Behaviour, 56, 1091e1098.
Snijders, L. (2016). To tweet ot not to tweet: The role of personality in the social networks of great tits
(PhD Thesis). Wageningen, The Netherlands: Wageningen University.
Snijders, L., van der Eijk, J., van Rooij, E. P., de Goede, P., van Oers, K., & Naguib, M.
(2015). Song trait similarity in great tits varies with social structure. PLoS One, 10,
e0116881.
Snijders, L., Naguib, M., & Van Oers, K. (2017). Dominance rank and boldness predict social
attraction in great tits. Behavioral Ecology (in press).
Snijders, L., Nieuwe Weme, L. E., de Goede, P., Savage, J. L., van Oers, K., & Naguib, M.
(2017). Context-dependent effects of radio transmitter attachment on a small passerine.
Journal of Avian Biology (in press).
Snijders, L., van Oers, K., & Naguib, M. (2017). Sex-speciﬁc responses to territory intrusions
in a communication network: Evidence from radio-tagged great tits. Ecology and Evolution, 7, 918e927.
Snijders, L., van Rooij, E. P., Burt, J. M., Hinde, C. A., van Oers, K., & Naguib, M. (2014).
Social networking in territorial great tits: Slow explorers have the least central social
network positions. Animal Behaviour, 98, 95e102.
Snijders, L., van Rooij, E. P., Henskens, M. F. A., van Oers, K., & Naguib, M. (2015). Dawn
song predicts behaviour during territory conﬂicts in personality-typed great tits. Animal
Behaviour, 109, 45e52.

Communication in Animal Social Networks

357

Snowdon, C. T., & Elowson, A. M. (1999). Pygmy marmosets modify call structure when
paired. Ethology, 105, 893e908.
Soltis, J., Bernhards, D., Donkin, H., & Newman, J. D. (2002). Squirrel monkey chuck call:
Vocal response to playback chucks based on acoustic structure and afﬁliative relationship
with the caller. American Journal of Primatology, 57, 119e130.
Soltis, J., Leong, K., & Savage, A. (2005). African elephant vocal communication I: Antiphonal calling behaviour among afﬁliated females. Animal Behaviour, 70, 579e587.
Sorjonen, J. (1987). Temporal and spatial differences in traditions and repertoires in the song
of the thrush nightingale (Luscinia luscinia) birds. Behaviour, 102, 196e212.
Sprau, P., Roth, T., Amrhein, V., & Naguib, M. (2013). The predictive value of trill performance in a large repertoire songbird, the nightingale Luscinia megarhynchos. Journal of
Avian Biology, 44, 567e574.
Staicer, C. A. (1996). Honest advertisement of pairing status: Evidence from a tropical
resident wood-warbler. Animal Behaviour, 51, 375e390.
Stamps, J. (1994). Territorial behavior: Testing the assumptions. Advances in the Study of
Behavior, 23, 173e232.
Stamps, J. A. (1988). Conspeciﬁc attraction and aggregation in territorial species. The American Naturalist, 131, 329e347.
Stamps, J. A., & Krishnan, V. V. (2001). How territorial animals compete for divisible space: A
learning-based model with unequal competitors. The American Naturalist, 157, 154e169.
Stanley, C. R., & Dunbar, R. I. M. (2013). Consistent social structure and optimal clique
size revealed by social network analysis of feral goats, Capra hircus. Animal Behaviour, 85,
771e779.
Stoddard, P. K. (1996). Vocal recognition of neighbours by territorial passerines. In
D. E. Kroodsma, & E. H. Miller (Eds.), Ecology and evolution of acoustic communication in
birds. Ithaca, New York, USA: Cornell University Press.
Sundin, J., Berglund, A., & Rosenqvist, G. (2010). Turbidity hampers mate choice in a
pipeﬁsh. Ethology, 116, 713e721.
Takahashi, D. Y., Narayanan, D. Z., & Ghazanfar, A. A. (2013). Coupled oscillator dynamics
of vocal turn-taking in monkeys. Current Biology, 23, 2162e2168.
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