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ABSTRACT

Social network theory provides a useful tool to study complex social relationships in
animals. The possibility to look beyond dyadic interactions by considering whole networks
of social relationships allows researchers the opportunity to study social groups in more
natural ways. As such, network-based analyses provide an informative way to investigate
the factors influencing the social environment of group-living animals, and so has direct
application to animal welfare. For example, animal groups in captivity are frequently
disrupted by separations, reintroductions and/or mixing with unfamiliar individuals and
this can lead to social stress and associated aggression. Social network analysis of animal
groups can help identify the underlying causes of these socially-derived animal welfare
concerns. In this review we discuss how this approach can be applied, and how it could
be used to identify potential interventions and solutions in the area of animal welfare.

Keywords: animal groups, animal management, animal welfare, captive animals, social
network analysis, social organisation

1. Introduction

Animals in captivity, such as in zoos, laboratories and on farms, have to live
within the constraints of an environment designed for them, and a failure to
cope with this environment can lead to suffering and poor welfare'. The needs
of an animal differ depending on the species, but also on the specific individual
itself. Requirements can be very simple, such as the availability of food,
water and resting places, however, they can get very complex when looking at
mechanisms that have evolved to support survival and reproduction?.

Studying the behaviour of both single individuals and groups of animals is
of great importance when assessing health and welfare®, and can help to identify
both negative and positive welfare states (e.g. ref. 4). One aspect of particular
importance in determining the welfare of individuals and groups is the social
environment in which the animals are housed. Therefore studies of both
positive and negative social interactions between animals within groups, and the
potential influence of the environment on these interactions, are common®~’ and
are often used to suggest potential interventions and solutions®?. Most studies
that look at the behaviour of individuals within a group are based upon dyadic
interactions, ie. the interactions between a pair of individuals. Yet results of
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these studies can be misleading. This is because observations using dyadic
interactions assume that animals living in groups of more than two interact
as pairs that do not influence others in their social environment. However, the
behaviour of one individual can affect directly, and indirectly, the behaviour of
all other individuals in their group.

The observation of a group of animals as a single network of multi-
individual interactions has the potential to provide significant advantages, as
it allows the inclusion of indirect effects of the presence of other individuals
within a group. During the last few decades, the use of network analysis has
become increasingly common in studies of animal groups!®~'2, and, although its
use has spread in a variety of biological fields (e.g. neurobiology'®, genetics'4,
ecology'® and behaviour'®), it has rarely been used in assessing animal welfare.
Asher et al.'” first mentioned the advantages of this methodology in combination
with animal welfare. But since then, surprisingly few studies have used network
theory as an approach when considering different welfare issues'® 2. These
studies along with recent reviews* 2%, describing the use of social network
analysis in applied ethology, are good examples of the advantages of this
approach.

This review will build upon these existing examples to examine a variety of
welfare concerns, as well as discuss why social network analysis is a suitable
method for examining their causes and consequences in groups of living
animals. It will give an overview of the advantages that such an approach has
above and beyond existing methodologies, and, in addition, it will provide
examples of how social network analysis can contribute to our knowledge of
how groups cope within their current social environment.

1.1 Animal welfare and the social environment

Captive animals can experience a variety of changes to their social environment
during their life. The removal of individuals from social groups (e.g. rats®)
or the reintroduction of previously removed individuals (pigs®®) is a common
husbandry procedure, as is the mixing of unfamiliar individuals (e.g. pigs¥).
Due to this frequent modification of group composition, a variety of problems
are present in animal groups. One can find high levels of agonistic behaviour
between unfamiliar individuals. For example, Simmins®® showed that the
amount of aggressive behaviour differs between static groups and dynamic
groups of weaning sows, with a higher level of agonistic behaviour in dynamic
groups where individuals were regularly replaced. As well as the potential for
injury (e.g. skin lesions®), the severe fighting after mixing results in a social
hierarchy that allows the reduction of social aggression in future disputes
between animals, however, the level of severity seems to depend on the group
composition (e.g.5). This particular problem of injurious aggression has been
of great interest and therefore many studies have been carried out to examine
how one can reduce or avoid aggression between individuals in a group.

70 T K. Kleinhappel, E.A. John, T.W. Pike, A. Wilkinson and O.H.P. Burman



Erhard et al.8, for example, examined the level of aggressiveness of individual
pigs and found that the proportion of high or low level aggressive individuals
played an important role in reducing the aggressive behaviour after mixing.
Not only individual behavioural characteristics but other factors can have an
impact on the level of aggression. For instance, studies have investigated the
influence on aggression of castration (e.g. ref. 31) early socialisation (e.g. ref.
32), addition of straw (e.g. ref. 33), mixed sex groups (e.g. ref. 34) and mixing
related individuals (e.g. ref. 35). Group size and space allowance may also have
an effect, but, so far, there is little evidence that an optimum group size for
good welfare exists®®. Very little is also known about the influence of space
allowance in combination with aggressive behaviour. Existing studies give only
some indication that space might have an impact on the amount of long term
aggression between members of a group*.

Injurious aggression between unfamiliar animals is not the only problem for
animal welfare. Social stress experienced in the absence of injurious aggression
can also lead to changes in the animals’ behaviour, like the initial avoidance
of unfamiliar individuals in a newly created group. Studies have shown that
familiarity affects proximity in cattle, with differences in behaviour and
movement patterns between familiar and unfamiliar individuals after mixing®’.
These results emphasise the potentially disruptive effect of introducing new
individuals into a group. Social stress can also have an impact on daily activity,
for example, a decrease in lying and an increase in standing behaviour (cattle®®)
as well as an influence on feeding behaviour (dairy cows®). In rats and mice,
thwarted escape behaviour from stressful social environments is thought to
result in abnormal behaviours indicative of poor welfare, such as bar-biting,
aggressive grooming and urine pooling. It can be stressful for both the dominant
and subdominant individuals if the subdominant is not able to escape, and this
can be reflected in underlying pathological indices of stress*.

Besides the instability of group combinations, other environmental factors
such as space, lighting regime, suitable foraging opportunities, as well as diet
in general, can play an important role in the welfare of group-housed animals.
The restricted environment of animals in captivity can prevent individuals from
showing adaptive responses to events, and this may result in frustration that can
cause various abnormalities of physiology and behaviour’. Hens, for example,
that are prevented from feeding, can show their frustration by stereotyped
pacing and by aggressively pecking at other birds in the flock*'. The abnormal
behaviour of feather pecking in chickens is considered as one of the most
widespread and serious problems of today’s poultry production, as it can lead
to damage of plumage, injuries of skin, and ultimately death (and cannibalism)
in extreme cases — a subject of both welfare and economic concern*’. A large
number of studies have tried to identify the causes (e.g. refs 6, 42—44) and
consequences (e.g. refs 9, 45) of this behaviour, as well as how feather pecking
spreads through a population of hens*. Although advances have been made
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in the identification of risk factors that may be associated with an increased
change of feather pecks®*, there is still a need for further investigation of this,
and other problem behaviours.

Mason and MendI*®, and more recently Walker ez al.*’, proposed fundamental
future challenges of animal welfare research, with a particular focus on the
refinement of existing methods for investigating positive as well as negative
welfare states to enable more valid conclusions about the affective states of
captive animals. Methodologies that allow reducing subjective judgements of
the researchers itself, as the interpretation of the measures may be influenced
by the concern for the animal under consideration. New approaches, such
as the analysis of optic flow patterns to investigate welfare concerns such as
lameness and/or bacterial infection in large groups of chicken**~>° already allow
continuous and robust monitoring of the welfare of living birds while husbandry
changes are still ongoing. However, methodologies that help to understand and
improve our insights of socially related behaviours in relation to welfare are
still missing and social network analysis could be of great advantage in this
area.

2. Social network analysis

Social network analysis is an effective methodology for examining and
quantifying the patterns of social structures among interacting individuals, as
it offers the possibility of looking beyond dyadic interactions and considering
whole networks of social relationships (described in®'~3%). This provides the
opportunity to study social groups in a more natural way. A particular strength
of social network analysis are the standardised mathematical methods for
calculating measures of sociality across different levels of social organisation,
on the population, group or individual level'®**55, Quantitative measures of
social network structure can be used to describe and compare inter-individual
relationships between groups and can also be useful to test factors affecting
social structures, such as changes over time or environmental conditions'®®,
At the individual level, social network metrics allow a quantification of the
heterogeneity of sociality within groups!>'®57-5, Therefore it is a useful tool to
investigate the causes and the consequences of animal social network structure,
and with it, the welfare of socially housed animals.

The use of network analysis to study emergent structure is not novel®.
Rooted in mathematical graph theory, it has found application across disciplines,
including fields such as business and economics (e.g. ref. 60), the spread of
information (e.g. ref. 61) and computer science (e.g. ref. 62). Moreover, the
social network approach for studying social interactions has a long history in
social psychology and sociology (e.g. ref. 63) and its possible advantages for
studying social interactions in animal groups was recognised by Wilson as
early as 1975%. However, only during recent years has social network analysis
become an increasingly common tool for studying animal behaviour and
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found its application in different fields such as primatology'8°~¢7, behavioural
ecology!*-11132268-71 and epidemiology’ ™.

Network analysis regards a social system as a network. This network is built
up with a set of nodes (vertices or points), usually individuals but they can also
stand for a higher level of social structure (units and communities), connected
by edges that indicate their interaction®' . Networks can appear in a variety
of formats in the literature. The simplest form is an undirected binary network
which contains only one kind of node (can be either connected or unconnected).
Weighted networks, in which the thickness of edges indicates a frequency of
occurring behaviours or associations between two individuals, provide more
detailed information about the social structure of a group. Another common
alteration is a directed network. Here the edges represent directed interactions,
which can be useful if looking at asymmetric behaviours like affiliative and/
or agonistic behaviour in animals. To incorporate even more detail about the
individuals of a network one can use networks in which the nodes and/or the
edges are divided into distinct classes (depending on age, sex, behaviours efc.).
Finally, one can combine them. For example, it is common to have weighted
directed networks in which nodes belong to different classes (e.g. ref. 75).

Common measures to analyse social groups, such as group size, or mating
systems, have revealed many consequences of group structure (e.g. ref. 76—79).
These measures, however, only indirectly reflect the social relationships between
individuals and mostly assume homogeneity of environmental or social effect
on group members®. To further describe and visualise complex interactions,
associations or relationships between pairs or groups of animals, researchers
may use methods such as sociograms (graphical representations of social
interactions) or dendrograms (hierarchical representations of relationships, such
as dominance hierarchies), but these only allow a graphical analysis of group
structures (described in ref. 81). Network analysis, in comparison, can permit the
exploration and analysis of social structure at the level of the individual, dyad,
group or population, by incorporating all previously mentioned methods®*#2,
Furthermore, the development of new statistical measurements and software
for graphically displaying them is still in progress (e.g. ref. 83). This gives the
advantage of a steady progress and improvement for future purposes, necessary
when new animal welfare concerns requiring investigation are being identified.

Looking at the present literature, one can find a huge amount of different
network measurements (e.g. refs 52,53,81) and software to calculate and
visualise social networks (e.g. UCINET®; network packages in R3%). This
review will therefore not focus on a list of measurements but rather of ideas
how to use the methodology in the field of animal welfare. However, some
fundamental measurements and examples of network theory will be explained
in the next paragraph.

The calculation of animal social networks can start at a basic level, for
example when considering properties of edges and/or weights. The presence or
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absence or the weight can give insight into the value of associations between the
individuals. Measurements like the degree (or strength in weighted networks),
betweenness or eigenvector centrality give insights about how well individuals
are connected within a group (for calculations see refs 51, 53, 75). Depending
on the questions researchers want to answer, new and useful computations
have been developed. For instance, Flack ef al.'* used the measurement reach
to assess indirect connectedness between individuals of a group, yet only in a
binary network (in which edges are present or not). The indirect connectedness
can be important if one is interested in contagion of diseases or transmission of
behaviours like feather pecking in chicken flocks. It can also give information
about relationships of behaviour, for instance, such an approach might reveal
whether only direct interactions are important or also indirect ones in the
establishment of dominance hierarchies. Another measurement, the clustering
coefficient, is also widely utilised and is useful for measuring the extent to
which individuals in a group cluster together and build subgroups!'. It can be
a useful measurement for questions like: do animals with specific problem
behaviours interact more with each other than with the rest of the group? Does
introducing unfamiliar individuals into a stable group result in the formation of
subgroups and if so, how do they change over time? The previously mentioned
network measurements are, however, just a small example of commonly used
calculations of network metrics®**8!,

3. Examples of animal welfare studies applying social network
analysis

There are only a few studies present which have applied social network analysis
in animal welfare research. Coleing®® suggested the advantage of social network
analysis as a tool to help improve management of captive animal groups, and
their specific focus was on captive elephants. Asher et al.'”, as mentioned earlier,
described network analysis alongside other novel methods like fractal analysis,
temporal analysis and agent-based modelling and simulation, as one exciting
possibility in assessing animal welfare. More recently Makagon et al.?* extended
this brief introduction by describing different social network measurements in
detail and mentioning possible applications for applied ethology, like animal
welfare. This review will extend and elaborate upon the information presented
by these previous papers to discuss how social network analysis can contribute
to our knowledge about how groups of animals are influenced and react to their
social or non-social environment.

Social network analysis in relation to animal welfare has found some usage
in captive primates. McCowan et al.®’ demonstrated its utilisation in assessing
the welfare of Rhesus Macaques (Macaca mulatta). The results of their study
showed that variations in management, like differences in group composition,
matriline configuration and kinship patterns, influenced patterns of dominance
and affiliative relationships. These are factors that have a great influence on
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the welfare of captive primates. Beisner et al.® showed that a lack of close
genetic ties, at the matriline level, is associated with increased subgrouping
within the matriline grooming network, more fighting between kin, and more
frequent wounding. This suggests that genetically fragmented matrilines are
less stable than genetically cohesive matrilines. Finally it has been shown that
relocation into a new environment can influence the social structure of primate
species'. In this study, researchers recorded several behaviours, including inter-
individual space, to examine how individuals of two different primate species
adapt to a new environment. Social network analysis allowed a comparison
between, and measurement of, behavioural differences between the old and
new enriched enclosures. Results showed, among other things, immediate
responses to relocation, which was expressed by spending more time in close
proximity. Furthermore, the change of the environment resulted into a network
structure containing youngsters in central positions. This might indicate
that the relocation was a greater stressor for young individuals of the group.
Additionally, the authors described how the strengths of grouping patterns were
affected by the relocation. Such studies have implications for how the impact
upon welfare of management changes for other species — particularly farm and
laboratory animals — could be assessed. Especially, network analysis allows
investigation of the welfare of a group as a whole, highlighting changes in
social behaviour (e.g. increase of aggression between certain animals), as well
as changes in space or resource use before, during and after a possible stressor,
furthermore it allows comparison of groups.

Non-mammal examples of social network analysis in animal welfare are
rare. Jones et al.*® used social network measurements including centrality
(measures the quantity of direct connections an individual has with others within
the network), density (quantifies the amount of potential connections between
individuals that are actually present) and clustering coefficient (measures the
extent to which two neighbours of an individual are themselves neighbours)
to quantify the effect of high and low stocking densities on the frequency and
severity of fin damage in farmed Atlantic Salmon (Salmo salar) parr. Although
lower density groups had a higher level of total aggression, fin biting was
significantly more present in high density groups. Network calculations showed
a difference in the group networks according to the different density conditions.
In the high density group, specific roles of individuals appeared to be present,
like initiators and receivers of aggression (illustrated by in- and out-degree
centrality, measured in the amount of aggression received or generated). The
authors suggested that initiators are more influential and are likely to gain
more resources. This was not present in the low density groups. In another
study Jones et al.*! were able to show that feed delivery schedules (predictable
versus unpredictable) were also able to influence the social network structure
of juvenile Atlantic Salmon. These studies are a good example demonstrating
the advantage of network analysis, in combination with traditional methods, to
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gain greater insight into the underlying causes of fin damage. Network analysis
can contribute to our knowledge of socially important aggressive individuals,
as it can reveal also indirect effects of aggressive behaviour on animals of the
group that would not be detected by more conventional approaches. Therefore
it might help to find possible solutions for problems occurring during transport
and holding conditions as well as determining when interventions are required.

4. Further application of social network analysis in the area of
animal welfare

Looking at existing studies in animal social networks (e.g. spread of
information'® or disease’, use of available space®” and the effect of a changing
environment'®) one can find comparable concerns and questions that also
appear in the study of animal welfare. This provides additional advantages that
methodologies and measurements have already been developed elsewhere that
can be used to gain information about specific behaviours and traits in animal
welfare. This part of the review will highlight similarities between present
studies and identify potential applications for the future.

4.1 Spread of disease

A topic which is of great interest in studies of human and animal societies is
physical health. This includes not only observations about the current health
status of one individual, but also the possibility of social transmission of a
disease within a group. This again has a clear relevance for animal welfare
research, where both physical and psychological health are important
considerations®. To know how to treat a group of animals during a disease
outbreak, and to understand how a disease might spread throughout a group
are therefore major questions for animal welfare, as well as being of significant
economic concern. Social network analysis can help to measure behavioural
patterns and so predict transmission of diseases. For example, measurements
like closeness and betweenness can be used as accurate predictors for the
risk of transmission of tuberculosis in captive possums’. Although a great
diversity in the social behaviour between groups was found, consistent trends
were present in social network measures. The authors concluded that network
specific measurements were more precise, and could be compared across
time and between groups, compared to standard analytical approaches to
measuring behaviour (like number of partners and frequency of den-sharing
events). Another study, conducted by Godfrey et al.¥, showed that connectivity
of individual lizards in a transmission network predicted parasite infection
patterns. The authors concluded that the transmission of ticks was influenced by
network structure, with the likelihood of a lizard becoming infected increasing
with the number of lizards that it shared crevices with. As this example shows,
network analysis could therefore help us to identify which individuals require
treatment and, furthermore, if sick animals might need to be removed from the

76 T K. Kleinhappel, E.A. John, T.W. Pike, A. Wilkinson and O.H.P. Burman



group to prevent transmission. In addition to looking at the spread of disease
within a group, changes in individual or group behaviour could be used as
predictors for the onset of diseases®. Network analysis could help to track
changes of behaviours between social group members and with it possibly help
to predict and so prevent disease outbreak in a group — a key aim in animal
welfare®s.

4.2 The spread of abnormal behaviour

Potentially comparable with disease transmission is the spread of abnormal
behaviour in a group. Abnormal behaviours, such as feather pecking in chickens
or tail-biting in pigs, are behaviours that are rarely observed in non-captive
populations and are considered to be associated with poor welfare®'. McAdie and
Keeling® tried to find out whether feather pecking spreads throughout a flock
of chickens by social learning. Their results suggested that animal husbandry
had more influence on the spread of the behaviour than the social component.
However, it is still unclear exactly how the behaviour is transmitted. Using social
network analysis in groups under the same conditions one might be able to find
patterns that change over time. The procedure and methods could be similar to
those used in studies of disease transmission”*’. Comparing measurements like
connectivity, closeness or betweenness of individuals between groups and over
time might help in gaining more insights in how such behaviours spread, for
example, by identifying which individuals are more likely to become ‘feather-
peckers’ and how this is associated with their position in the social network.
This could help the development of potential interventions and solutions.
Network analysis might help to reveal why problem behaviours like injurious
interactions’ or stereotypies of individuals*®®? are present in one group and not
in another.

4.3 Impact of environmental change

As discussed previously, Dufour ef al.'® showed that network analysis is a useful
tool for detecting the impact of a changing environment on groups of primates.
Captive animals have to cope with numerous changes in their environment
throughout their whole life time. Mixing of unfamiliar conspecifics, short
removals of individuals due to cage cleaning or health checking before
subsequent reintroduction, permanent removal of individuals from a
previously stable group, are only a few examples of frequent disturbances of
social groups?*343740% These interruptions can affect the welfare of not only
the removed individuals but also those that remain in the group®. Observing
networks of interactions before and after group changes could therefore help
to identify major stressors as well as possible interventions against them.
Furthermore it may help to highlight specific triggers of aggression between
animals.
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4.4 Positive welfare states

Importantly, social network analysis has the potential not only be used to
investigate negative affective states of animal welfare but also to be used in
the study of methods to induce and to measure positive welfare states — an area
of increasing interest (e.g. refs 4,94,95). For instance, measuring the effects
of environmental enrichment — where modifications are made to a captive
environment in order to generate behavioural changes associated with
improved welfare — is a major challenge in animal welfare research (e.g. ref.
96). For this reason, network measurements might be a valuable tool to assess
differences between barren and enriched environments. Differences between,
for instance, affiliative behaviour of a network of animals could be compared
in different environmental conditions. One could compare the amount of time
that animals stay in close proximity to each other before and after enrichment
implementation, in addition to revealing more detailed information about
resource use. This might help us to understand whether or not the instigated
environmental modification is actually ‘enriching’ or not, as well as indicating
how behaviour changes over time and if habituation occurs. The particular
advantage of a social network approach that looks at the whole group and their
interactions is that it would help us to determine whether all individuals benefit
from a specific change or only some. Connectivity between individuals may
change in different environmental conditions, with animals interacting more in
one condition but less in another'. Network analysis might be used to extract
causes of behavioural changes by assessing a variety of different parameters.

4.5 Importance of key individuals

Another important topic is the impact of specific individuals on the behaviour
of the group. Lusseau'® mentioned in his study on dolphins that the presence of
so called “key individuals™ in asocial network, that if not present, groups could
for instance break down into subgroups. Identifying such individuals may be of
interest in a variety of topics in animal behaviour including the study of animal
welfare. For example, Ewbank and Meese?® removed individual pigs from a
group to examine aggressive behaviour and changes in the social hierarchy.
They found that removal of individuals on different positions of the hierarchy
had a differential impact on the aggressive behaviour during subsequent
reintroduction. Additionally, it was shown that the amount of time an animal
was removed from a group played an important role. The use of egocentric
networks could help animal welfare researchers to gain insight into the impact
that one individual has on the group and vice versa, allowing the development
of a more targeted approach to the removal of individuals from stable social
groups to ensure minimal subsequent disruption. All in all, social network
analysis may help to detect the impact of removal and adding of particular
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individuals from, into, or back into a stable group. More importantly, it could
be used as a tool to compare between groups and so find consistent patterns and
predictors for aggression.

4.6 Hierarchies

Assessing information about these social hierarchies and correlating them
with different behavioural traits is a common procedure in the study of animal
groups’”®®. As such, hierarchies of varying types appear to be observed in many
different animal species housed in captivity (e.g. chickens®, pigs?, rabbits!®
and goats'®") and this also has an impact on animal welfare studies. Researchers
measure dominance hierarchies on a variety of social levels (e.g. individual,
dyadic and group level). Yet, the data on which most calculations are based are
dyadic interactions®®. Using observations of behaviours on a multi-individual
level would allow the achievement of more realistic information about the
dominance hierarchies of group living animals. Shizuka and McDonald'*”
published recently a new method for measuring dominance hierarchies using
a social network perspective. Not using indices of linearity but dominance
relations among sets of three players has major advantages. In empirical studies
incomplete observations between dyads of a group are not unusual, especially
with increasing group size. The authors claim that using the approach of
triangle transitivity does not require filling in unobserved relations between
dyads which then results into a more realistic hierarchy formation. This, and the
advantage of managing greater group sizes, are other examples of the benefit
of social network perspectives in solving underlying dynamics of social groups
as we progress from an initial goal of simply housing social animals in groups
to our future goal of housing social animals in effective and beneficial groups;
thereby maximising animal welfare.

5. Conclusions

Network-based analysis provides an exciting method that allows us to look
beyond the dyadic interactions of individuals by considering whole networks
of social relationships. It has therefore found application in a variety of studies
across the animal kingdom (e.g. in insects®’, fish!' and mammals'?). Furthermore
it is used in different fields of biology like behaviour, ecology and evolution
(e.g. refs 15, 71, 103), game theory (e.g. ref. 104), neurobiology (e.g. ref. 22)
and physiology (e.g. ref. 14), but is, as yet, underused in the field of animal
welfare. We have identified a variety of areas for future research, including
disease spread, spread of abnormal behaviour, the impact of environmental
change on the welfare of groups as well as assessing positive welfare states,
where this promising approach could be utilised not only to refine and expand
upon existing research themes but to develop new areas of investigation that
allow us to continue to improve animal welfare.
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