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A B S T R A C T

The use of social network analysis to better understand animal behaviour has led to an increase in the number of
studies on this topic, particularly for species management and conservation as well as the welfare of captive
animals. The current knowledge of social organization in the European bison (Bison bonasus) is still largely based
on descriptions of group compositions, most of which were obtained during opportunistic field observations.
However, the numerous conservation programs for this species can only implement effective management de-
cisions after the analysis of its social structures. For instance, the removal of a key individual can disturb the
social stability of a group and thus indirectly affect the fitness of group members. This is the first study that uses
social network analysis to examine the social structure of a semi-free ranging bison herd (N = 14). Closest
neighbour associations are used to calculate the eigenvector centrality and individual social strength of each
animal. These two indices are combined after a principal component analysis (PCA) to form the Sociability
variable, which was then tested for correlations with age, dominance rank, number of matrilines and re-
productive status (lactating vs non-lactating). Results reveal strong group cohesion, with a close association of
individuals belonging to the same matriline within the herd. The cumulative distribution of the eigenvector
centralities follows a linear function, meaning that no individual has a highly central position compared to its
congeners. Finally, a high Sociability value was not correlated to age, dominance rank or number of matrilines,
but was dependent on the reproductive status of females. These results indicate the necessity to consider the
social welfare of animals, for instance by taking matrilineal relationships into account when making bison
groups management decisions.

1. Introduction

Group living is an adaptive strategy that has multiple benefits for
individuals (Alexander, 1974). Among the most obvious advantages, it
decreases individual predation risk through the dilution effect and
vigilance of congeners (Bertram, 1978; Delm, 1990), and

improves foraging through the sharing of information about re-
source location and quality (Couzin and Krause, 2003; Danchin et al.,
2004; Valone, 1989). Group living also provides reproductive ad-
vantages by facilitating the meeting of breeding partners (Nordell and
Valone, 1998) and ensuring better offspring survival through the pro-
tection (and for some species, the cooperative rearing) of young
(Clutton-Brock et al., 2001; Gilchrist and Russell, 2007; Wright, 1998).
Much less is known about how social life benefits the welfare and health
of animals (Brent, 2015; Koene and Ipema, 2014; Sueur and Pelé,

2015). Indeed, some individuals act as a bridge or social glue for other
group members and are thus central to group stability; their removal or
their death can dismantle the existing social relationships and can
trigger an increase in aggressive behaviours, causing injuries and de-
leterious effects related to stress (Coleing, 2009; Formica et al., 2012;
Makagon et al., 2012). The viability of a population can therefore be
strongly dependent on the social interactions between group members
and this is of great importance for animal management, especially for
wild endangered species (Archie and Chiyo, 2012; Kurvers et al., 2014;
Snijders et al., 2017). One such species in Europe, the European bison
(Bison bonasus), is particularly concerned by this problem.

The European bison is the largest herbivore on the European con-
tinent and is classified as vulnerable on the IUCN Red List (Krasińska
and Krasiński, 2013; Olech, 2008). It is known to be a social species
living in groups that vary in size and composition according to the
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season, i.e. a species with a fission-fusion dynamics (Krasińska et al.,
2000; Krasiński, 1978). The basal unit is a mixed group composed of an
average number of 20 individuals (Krasiński, 1967; Kulagin, 1919;
Wróblewski, 1927). The group includes cows with their calves, sub-
adults of both sexes aged two to three years old and occasionally adult
bulls (> 4 years), especially during the mating season (Krasiński,
1967). Outside the rutting period, four- to six-year-old bulls tend to
form bachelor groups of two to ten individuals while old males, often
over the age of seven, remain solitary (Krasińska and Krasiński, 1995,
1994; Krasiński et al., 1994).

Long considered as game and affected by habitat fragmentation,
expansion of agriculture and political conflicts, wild bison populations
decreased and finally became extinct at the beginning of the 19th cen-
tury (Krasińska and Krasiński, 2013; Pucek et al., 2004). In the 1920s,
several countries decided to restore this emblematic species through a
breeding program involving the few bison that had been kept in cap-
tivity and by the creation of the International Society for the Protection
of the European Bison (Krasińska and Krasiński, 2013; Pucek et al.,
2004; Sztolcman, 1924). These conservation efforts led to an increase in
world population numbers, but the return to sufficient population levels
is limited by habitat availability and economic constraints (Vlasakker,
2014). The insufficient overall scientific understanding of the ecology,
behaviour and management of bison is also an obstacle to the estab-
lishment of new populations (Pucek, 1967; Pucek et al., 2004).

In particular, little is known about the social organisation of the
species; the majority of the literature was written in the 19th and 20th

centuries and mainly describes the demographic composition of groups.
Contradictory results are also provided about the social links between
group members, with some authors arguing that groups are composed
of bison that are linked by kinship ties (Krasiński, 1978; Wróblewski,
1927), while others suggest that groups are not family units (Pucek
et al., 2004). Understanding the nature and the strength of social links
in European bison groups would allow us to identify the central in-
dividuals, i.e. those that are the most connected to others and are the
most influential members of the group (Coleing, 2009; Makagon et al.,
2012), thus enabling wildlife management teams to avoid selecting
these individuals for transfers between populations in parks and natural
reserves (Flack et al., 2006; Rose and Croft, 2015; Snijders et al., 2017).
This information would improve the general welfare of group members
by keeping their familial structure as intact as possible, and could
eventually have a positive impact on reproductive success (Coleing,
2009; Koene and Ipema, 2014; Sueur and Pelé, 2015), which is a crucial
issue for the European bison population of just over 4000 individuals
(Krasińska and Krasiński, 2013).

In this context, we used social networks analysis based on spatial
associations to investigate the social structure of a mixed European
bison group (Croft et al., 2008; Krause et al., 2009; Wey et al., 2008).
Spatial associations directly reflect social preferences between in-
dividuals in ungulates (Boissy and Dumont, 2002; Della-Rossa et al.,
2013; McDonnell, 2003). Although our study concerns just one group, it
is the first to assess the social network structure of European bison. This
meant investigating whether the herd was organised around very cen-
tral individuals, i.e. whether the social network was centralized or not
(Sueur et al., 2012), and identifying the nature of the social links be-
tween group members. Mixed groups of European bison are commonly
described to be headed by an adult female with a calf; this individual is
usually the oldest and most dominant female (Krasiński, 1967, 1978).
For many ungulate species, the oldest females have more experience
and knowledge of their environment (Berry and Bercovitch, 2015;
Ramos et al., 2015; Reinhardt, 1983), and their dominant positions in
the hierarchy provide them with social power within the group (Caboń-
Raczyńska et al., 1987; Rutberg, 1986). More generally, mature females
in matriarchal societies often have strong established social relation-
ships that favour the diffusion and the sharing of information as well as
group cohesion (Archie and Chiyo, 2012; Carter et al., 2013a). Based on
these general observations, we hypothesized that (1) the oldest

dominant females would be key individuals in group social organisation
and cohesion, i.e. they would be the most central members of the herd.
However, juveniles maturing into young adults usually show immature
behaviours and are more gregarious and less selective in their choices of
associates (Carter et al., 2013a). This means that their centrality is often
very high (Vander Wal et al., 2016) and could indirectly influence the
centrality of their mothers. We therefore expected (2) to observe a
higher social centrality for lactating females than for non-lactating
ones.

In many ungulates, individuals maintain reciprocal and preferential
relationships with other group members that are based on kin or af-
filiative interactions (Carter et al., 2013b; Dunbar and Shultz, 2010;
Kimura, 1998). The latter are often at the core of subset structure in
species that are characterized by a fission-fusion dynamics such as the
European bison (Archie et al., 2006; Bercovitch and Berry, 2010; Lazo,
1994). We thus hypothesized that (3) bison would form a number of
stable clusters composed of kin relatives and/or affiliates that could
predetermine the composition of subgroups in the event of herd fission.

2. Methods

2.1. Ethics statement

This study was approved by our institutions (Institut
Pluridisciplinaire Hubert Curien, ARK Nature, PWN) and was carried
out in full accordance with ethical guidelines and European animal
welfare legislation.

Animals were accustomed to the presence of observers and were
observed at a reasonable and safe distance, without any handling or
invasive intervention. Every effort was made to respect the welfare of
the animals and minimize the disturbance of the herd.

2.2. Study area

Our study was conducted in the Kraansvlak area, which is part of
the Zuid-Kennemerland National Park (3 800 ha) in the Netherlands
(52°23′16.1″N, 4°34′41.3″E). This area measures 330 ha and is com-
posed of six main habitats: sand dunes, grasslands, deciduous forest,
pine forest, shrubland and scattered water ponds. Animal species found
in the area include Konik horses (Equus caballus gmelini Ant.), fallow
deer (Dama dama), roe deer (Capreolus capreolus), rabbits (Oryctolagus
cuniculus), red foxes (Vulpes vulpes) and numerous bird, reptile and in-
sect species. The natural predators of bison, namely grey wolves (Canis
lupus) and brown bears (Ursus arctos), are not found in the Kraansvlak
area.

2.3. Study subjects

The European bison herd studied here consisted of 14 individuals
(Table 1), including eight adult females aged from four to fifteen years,
two sub-adult females aged two and three years, two ten-month-old
juvenile males and two juvenile females aged eight and nine months.
This demographic composition corresponds to the typical demographic
situation observed in natural conditions from April to June. The ages of
these individuals and the kinship relationships between them were
obtained from the pedigree book of the species, which contains the
identity and the genetic information of all recorded captive and semi-
captive animals. Unlike numerous European bison populations living in
natural reserves, the Kraansvlak herd was not provided with food
supplements during winter; this made them a reliable model for be-
havioural studies in natural conditions.

2.4. Data collection

Observers carried out preliminary observations over the three weeks
preceding the data collection period to recognize each individual using
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horn, tail, fur and hump characteristics. Throughout the data acquisi-
tion period (from 5th April 2016 to 22nd June 2016), the bison herd was
observed between 09:30 and 16:30, for an average of 4 h per day. The
daily observation time depended on the climatic conditions and the
time required to locate the group. For the entire study period, the total
observation time was 156 h. To avoid setting off stress behaviours and
ensure that the presence of observers did not interfere with the natural
behaviours and welfare of the herd, bison were observed at a distance
of 20–50m, depending on environmental conditions and habitat con-
figuration (McHugh, 1958; Ramos et al., 2016, 2015).

2.4.1. Affiliative relationships
The observation of mutual grooming and social contacts behaviours

is often used to investigate affiliative relationships in ungulates (Della-
Rossa et al., 2013; Kimura, 1998; Mooring and Hart, 1993; Val-Laillet
et al., 2009). It was difficult to use these data in our study, because

these behaviours are rare in bison and only generally occur between a
cow and her yearling calf (Krasińska and Krasiński, 2013). We therefore
chose to identify affiliative bonds by examining social proximity, which
also reflects affinities between the individuals (Briard et al., 2015;
Kummer, 1970; McDonnell, 2003). Every 5min, the identity of the
nearest neighbour was recorded for each bison, i.e. the closest in-
dividual to the focus animal, using the instantaneous sampling method
(Altmann, 1974). When there was an equal distance between the focus
individual and several individuals, the identities of all the equidistant
neighbours were recorded. This created a network called the “nearest-
neighbour” network. The spatial proximities (based on the evaluation
of inter-individual distances between every dyad, in meters) were also
recorded every 5min. This created a second network that was highly
correlated to the first (Mantel Z-test; r= 0.743, p(perm)< 0.001). The
network with lower observer bias, i.e. the “nearest-neighbour” network,
was finally selected for the rest of our study (Farine and Whitehead,
2015; Franks et al., 2010)

The two observers did not move during the scans to avoid inter-
ference caused by movement. Data collection was suspended during
any movement of the bison. Although some data was collected when
certain group members were out of sight, only scans for which all the
herd members were observed were considered for data analysis, i.e. a
total of 511 scans.

2.4.2. Dominance relationships
The continuous sampling method (Altmann, 1974) was used to score

all the uni-directional agonistic interactions, noting the identity of the
emitter and that of the receiver for each interaction (Briard et al.,
2015). Four types of behaviour were recorded: (1) threat of a horn hit,
when an individual approaches another with its horns but does not fi-
nally have any physical contact, (2) aggression, when an individual hits
another with a horn, (3) displacement, when an individual approaches
another to a distance of up to one meter and the latter moves away, and
(4) avoidance, when an individual comes within 5m of another and the
latter moves away.

2.5. Data analyses

The “nearest-neighbour” scans were used to create an asymmetrical
matrix, hereafter referred to as a matrix of associations.

Table 1
Characteristics of each group member (Ind), taking into account the group
social network (N=14): age in months (Age), dominance rank (Dom), inversed
dominance rank (Dom_inv), eigenvector centrality (Cent), individual social
strength (Stren), Experience variable (scores obtained after the PCA 1 for Dim 1,
represented by Age and Dom_inv) and Sociability variable (scores obtained after
the PCA 1 for Dim 2, represented by Cent and Stren). The oldest and dominant
individuals have positive and high Experience values; the individuals with high
eigenvector centralities and social strengths have positive and high Sociability
values.

Ind Age Dom Dom_inv Cent Stren Experience Sociability

Kr 180 2 13 0.29 1120 2.147 1.554
Kg 132 5 10 0.27 1070 1.155 0.735
Kt 132 3 12 0.32 1119 1.265 1.671
Ko 102 1 14 0.32 1155 1.170 1.791
In 78 6 9 0.17 760 1.073 −2.323
Mo 78 8 7 0.19 858 0.520 −1.660
Wi 78 4 11 0.22 888 1.065 −0.993
Fr 54 7 8 0.21 897 0.262 −1.288
Ky 42 9 6 0.22 1000 −0.421 −0.776
Nr 30 10 5 0.29 855 −0.753 −0.726
Nl 10 12 3 0.32 1107 −1.825 0.741
Nm 10 11 4 0.20 1156 −1.343 −0.459
Nj 9 13 2 0.34 1194 −2.203 1.381
Nv 8 14 1 0.30 1095 −2.112 0.352

Table 2
Definitions of the individual and group social network indices used in the current study (Pasquaretta et al., 2014; Sueur et al., 2011).

Index Technical definition Meaning Instances

Eigenvector centrality The number and strength of associations of an
individual, whilst taking into account the strength of
associations of the individuals with whom it is itself
associated.

How well an individual is connected to
others, in terms of direct and indirect
connections. Often described as
“popularity”.

The centrality of an individual within the group
increases with the eigenvector centrality value.

Social strength The sum of the association indices
of the focal individual with all other individuals.

How strongly an individual is directly
connected to others. Often described as
“social activity”.

A high strength value
indicates that the individual has strong
associations with
other individuals, and/or many associations with
other individuals.

Network density (d) The sum of observed associations divided by the total
number of possible associations.

The level of cohesiveness in the group. A value of 0 indicates that no individuals are
associated, whilst a value of 1 indicates that all
individuals are associated to each other.

The centralisation index
(CI)

The sum of the differences between each individual’s
centrality and the centrality of the most central
individual, divided by the sum of the differences of
centralities calculated under the hypothesis of the
social network characterized as a star network. The
result obtained is then expressed in percentage.

How far a network
is dominated by a single
or a few individuals.

A value close to 0% indicates an equal or
decentralized network, whilst a value close to
100% indicates a network that is centralized
around one individual.

Modularity (Q) The fraction of internal connections
in each cluster, minus the expected
fraction if connections had been distributed
at random but with the same degree
sequence.

How far a
group is clustered.

A value close to 0 indicates a purely random
distribution of relationships, whilst a value close to
1 indicates strong clustering with clearly identified
subgroups/subsets.
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2.5.1. Individual characteristics and social relationships
Based on the matrix of associations, we calculated different social

network indices for each members of the herd (see Table 2 for detailed
definitions of indices). The eigenvector centrality coefficient was used
to determine the connectivity of an individual within its social network.
This is calculated according to the number and strength of the relations
between the individual and its congeners, while taking into account the
association degree of the congeners to which it is connected
(Wasserman and Faust, 1994). The individual with the highest eigen-
vector centrality index is therefore the most central individual in the
herd. We also calculated individual social strength, i.e. the social ac-
tivity of the individual, which corresponds to the sum of associations of
the animal with all other group members (Whitehead, 2009). An in-
dividual with high social strength therefore has numerous and re-
petitive associations with other individuals.

We then positioned the given and received agonistic interactions for
each pair of individuals on an asymmetrical matrix to investigate
dominance relationships. SOCPROG 2.7 software (Whitehead, 2009)
was used to analyse the matrix and measure the linearity of the hier-
archy (h’=0.949, p < 0.0001, 10 000 permutations; de Vries, 1995),
which provided a dominance score for each animal, called the Modified
David’s Score (MDS). The David’s score is based on an unweighted and
a weighted sum of the individual’s dyadic proportions of wins, com-
bined with an unweighted and a weighted sum of its dyadic proportions
of losses (de Vries, 2006). Dominant animals are therefore character-
ized by the highest positive MDS values, while subordinates show lar-
gely negative values (Gammell et al., 2003). Dominance ranks ranging
from 1 to 14 were then calculated from these MDS (Table 1), where
Rank 1 is assigned to the most dominant individual and Rank 14 cor-
responds to the least dominant (de Vries, 2006). The calculation of the
rank difference for each pair of individuals provided a matrix of dom-
inance rank differences.

For the needs of the study and because bison live in matriarchal
societies (Krasińska and Krasiński, 2007), the number of matrilineal
relatives was determined for each individual in the group. We also
constructed matriline matrix codes of 1 and 0 for related and unrelated
dyads, respectively. Finally, an age difference matrix was built for each
pair of individuals.

2.5.2. Group network measures
We calculated three indices from the matrix of associations using

SOCPROG 2.7 Software (Whitehead, 2009) to characterize the group
social network (see Table 2 for detailed indices definitions). The first is
network density (d), i.e. the number of observed associations divided by
the total number of possible associations (Sueur et al., 2011). The
centralization index (CI) evaluates the centrality level of the network,
i.e. whether associations are organised around one or several very
central individuals or not, using the following formula:

=
∑ −

∑ −
CI

Cmax Ci

Max Cmax Ci
x

( )

( )
100i

N

i
N

where Ci represents the eigenvector centrality index of individual i,
Cmax is the highest eigenvector centrality index among group members
and ∑ −Max Cmax Ci( )i

N is the obtained value if the social network was
characterized as a star network, i.e. organised around one highly central
individual (Pasquaretta et al., 2014).

Modularity (Q) is the last of these three indexes. It indicates the
division of the group into communities, considering that association
indexes are generally high among individuals belonging to the same
cluster and low among individuals of different clusters (Newman, 2006,
2004). A modularity value above 0.3 is considered to indicate a sig-
nificant division of the group (Newman, 2004; Whitehead, 2009).

2.5.3. Statistical analyses
We determined the nature of the social network, i.e. random or

scale-free (Bret et al., 2013), by ranking individuals from the highest to
the lowest eigenvector centrality and then comparing the resulting
distribution with linear and power distributions using linear regres-
sions, previously validated by testing the normality of residuals with
Shapiro-Wilk normality tests. In the case of a linear distribution, the
network is qualified as a random social network (Erdös-Rényi type), i.e.
the associations between individuals are set up in a random manner
(Erdös and Rényi, 1960). However, the network is considered to be
scale-free in the case of a power distribution, i.e. a large proportion of
associations involve “hyper-central” individuals (Barabási and Albert,
1999).

SOCPROG 2.7 Software (Whitehead, 2009) was used to assess a
cluster analysis of the matrix of associations. This analysis is based on
the association index of individuals and determines a threshold beyond
which they are considered to belong to the same cluster. The results are
considered to be close to reality when the calculated cophenetic cor-
relation coefficient (ranged from 0 to 1) approaches a value of 0.80
(Fry, 1993). We then assessed the reciprocity of associations with a
Mantel Z-test (10 000 permutations). This test investigates the hy-
pothesis that the interaction rate between individual A and individual B
is correlated with that between B and A (Hemelrijk, 1990). Mantel Z-
tests (10 000 permutations) were used to conduct matrix correlations,
first between the matrix of associations and the matrices of age and
dominance rank differences, and then between the matrices of asso-
ciations and matrilines.

Age and dominance rank were highly correlated in the social net-
work of the group (Pearson’s correlation test: r = -0.893, p(perm)=
0.001). This was also true for eigenvector centrality and individual
social strength (Pearson’s correlation test: r= 0.700, p(perm)=
0.006). Given the high correlation of variables and the difficulty to
ascertain whether age and eigenvector centrality were more influential
than dominance and individual social strength for the social organisa-
tion of a group, a principal component analysis (PCA) was performed to
group together and reduce the number of variables (Ledee et al., 2015;
Viblanc et al., 2016). Rcmdr package and the plugin FactoMineR were
used. The inversed dominance ranks were calculated, meaning that the
individual with the highest rank (score= 1) had the inversed lowest
score (score= 14). The PCA obtained has two main dimensions
(Table 3); dimension 1 (Dim 1) explained 47.72% of the results and was
composed of age (Age) and inversed dominance rank (Dom_inv), and
dimension 2 (Dim 2) explained 42.27% of the results and was composed
of eigenvector centrality (Cent) and individual social strength (Stren,
Fig. 1A). Using the scores obtained for each dimension, two new vari-
ables were created, namely Experience, which groups together Age and
Dom_inv, and Sociability, which groups together Cent and Stren
(Table 1). The oldest and dominant individuals in the group social
network had positive and high Experience values in Dim 1 while the
individuals with high centralities and social strengths had positive and
high Sociability values in Dim 2 (Fig. 1A).

Finally, Pearson’s correlation tests were performed with

Table 3
Rotated component scores from the principal component analyses of the in-
dividual and social network indices for the whole group (PCA 1) and for the
group after removing the juveniles (PCA 2).

DIM 1 DIM 2 DIM 3

PCA 1
Age 0.927 0.300 0.011
Dom_inv 0.955 0.193 0.004
Cent −0.244 0.889 −0.386
Stren −0.279 0.879 0.387
PCA 2
Age −0.906 0.394 −0.153
Dom_inv −0.923 0.040 0.382
Cent 0.963 0.241 0.107
Stren 0.977 0.167 0.114
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permutations (corPerm2 R function, 10 000 permutations) to study the
influence of the Experience variable and the number of matrilineal re-
latives on the Sociability variable. A Student t-test was also conducted
with permutations (t.perm R function, 10 000 permutations) to com-
pare the Sociability values of lactating and non-lactating females.

Data for juveniles were then removed from the network analyses in
order to exclude any potential influence of the mother-offspring re-
lationship on the calculation of eigenvector centrality and social
strength indexes of sub-adult and adult individuals. We then conducted
a second PCA (Table 3) before performing a new Student t-test with
permutations between lactating and non-lactating females. The second
PCA has two main dimensions (Fig. 1B). Dimension 1 explained 88.92%
of the results and was composed of Age, Dom_inv, Cent and Stren; di-
mension 2 explained 6.07% of the results.

Apart from the use of SOCPROG 2.7 Software (Whitehead, 2009) for
social data analyses, all statistics were conducted in R Studio 1.0.44
Software (RStudio Team, 2016) with the significance level α set at 0.05.
The social network of the group (Fig. 2) was based on the matrix of
associations and was visualized using Gephi 0.9.1 Software (Bastian
et al., 2009).

3. Results

3.1. Social network characteristics

All individuals in the group are connected with each other (d=1)
with an average occurrence of 36.413 between two individuals
(Freqmin= 1, Freqmax= 379). There is no “hyper-central” individual
and the group centrality index is very low (CI=16.418%); the social
network is thus categorized as a decentralized social network (Fig. 2).
The distribution analysis of the centralities confirms the absence of a
“hyper central” individual in the group: the distribution follows a more
linear function than a power function, showing that the network is of a
Erdös-Rényi type, i.e. random (R²lin= 0.954>R²pow = 0.686, y =
-0.0135x + 0.3623, p < 0.001).

The modularity is higher than the threshold value (Q=0.366),
indicating a significant probability that the group will be clustered. This
is confirmed by the cluster analysis, which shows six different clusters
with a cophenetic coefficient of 0.98 (Fig. 3). Two of these clusters are
composed of cows and their yearling calves, two others include mo-
thers, their yearling calves and their sub-adult/adult offspring, and the
two remaining clusters are composed of close relatives and affiliated
individuals.

3.2. Preferential associations between group members

The analysis of the matrix of associations shows a high reciprocity of
associations (Mantel Z-test: r= 0.927, p(perm)<0.001): preferential
partner A of individual B also has individual B as its preferential

Fig. 1. Principal component analysis (PCA) of individual
characteristics for group members A) with juveniles (PCA 1,
N=14) and B) without juveniles (PCA 2, N=10). For A),
dimension 1 (Dim 1) explains 47.72% of the results and is
composed of age (Age) and inversed dominance rank
(Dom_inv); dimension 2 (Dim 2) explains 42.27% of the re-
sults and is composed of eigenvector centrality (Cent) and
individual social strength (Stren). The higher and more posi-
tive the value of Dim 1, the older and more dominant the
individual will be. The higher and more positive the value of
Dim 2, the more central the individual is and the higher its
social strength will be. For B), dimension 1 (Dim 1) explains
88.92% of the results and is composed of Age, Dom_inv, Cent
and Stren. Dimension 2 (Dim 2) explains 6.07% of the results.
The higher and more positive the value of Dim 1 is, the older
and more dominant the individual is and the less centrality
and social strength it will have.

Fig. 2. Group social network representation. Matrilineal relatives have an
identical node colour. Grey lines illustrate the associations between the in-
dividuals, and the thickness of the links is proportional to the frequency at
which each individual was identified as the nearest neighbour of another
(Freqmin= 1, Freqmax= 379). The size of the nodes is related to the eigenvector
centrality index of individuals: the more central an individual is, the bigger the
node will be. Individuals are located according to the spatial affinities they have
with each other.

Fig. 3. Dendrogram representing the different clusters present within the group
(N=14) after a cluster analysis (cophenetic coefficient= 0.98, Q=0.366).
Clusters were obtained from the matrix of associations. Individuals belonging to
the same cluster, i.e. individuals that have a high degree of association, have the
same branch colour.
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partner.
We observed a positive significant correlation between the matrix of

associations and the age differences matrix (Mantel Z-test: r= 0.197, p
(perm)=0.006), indicating that individuals associate with individuals
that differ from them not only in terms of age but also, indirectly, in
terms of their dominance rank. This is confirmed by the positive sig-
nificant correlation between the matrix of associations and the matrix
of dominance rank differences (Mantel Z-test: r= 0.208, p(perm)=
0.012). These results may however be highly influenced by the mother-
offspring links. Indeed, individuals preferentially associate with ma-
trilineal relatives whatever their age or their dominance rank, as con-
firmed by the significant correlation between the matrices of associa-
tions and matrilines (Mantel Z-test: r= 0.508, p(perm)< 0.001). This
last result is also confirmed by the graphical representation of the social
network of the group, in which matrilineal relatives are revealed to be
mostly spatially associated (Fig. 2). Only the individuals Ky and In do
not strictly follow this pattern: they interacted frequently and were
observed at a distance from their other relatives Ko and Nl (Fig. 2).

3.3. Individual characteristics and position in the social network

The Sociability variable is not significantly correlated with
Experience (Pearson’s correlation test: r = -1.754×10−4, p(perm)=
1). Nor can it be explained by the number of matrilineal relatives each
individual has in the group (Pearson’s correlation test: r = -0.297, p
(perm)=0.291). However, the Sociability value is significantly higher
for lactating females than for females without a calf (Student t-test: t =
-7.897, p(perm)= 0.005; Fig. 4A). The opposite result was found when
juveniles were removed from the analyses (Fig. 4B): in this case, lac-
tating females had the weakest centralities and the weakest individual
social strength of associations (Student t-test: t = -7.896, p(perm)=
0.004).

4. Discussion

To our knowledge, this is the first study reporting the social network
data of a herd of European bison. We first studied the general properties
of the group social network and showed that all individuals were
connected to each other, with a density value of 1. This indicates that
the group was very cohesive. There is, however, a large disparity be-
tween the occurrences of associations for the different individuals, with
some pairs observed together more frequently than others. Thus, al-
though social cohesion was high, there were preferential associations
between the herd members. This is confirmed by the modularity mea-
sure, which was above the threshold value and indicated a high prob-
ability that the group would split into subgroups. Six clusters were
identified in the network with a high cophenetic coefficient; these were
mostly composed of mother-calf pairs, with some including the older
offspring sub-adult or adult, whilst others contained more distant re-
latives or affiliated individuals. Kin associations were supported by a

positive correlation between the matrices of associations and ma-
trilines: the individuals of a same given matriline were highly spatially
associated. This pattern of associations is found in many species
(Clutton-Brock, 2002) and has been well described in several ungulate
species (Carpenter, 2010). In the African elephant (Loxodonta africana),
maternal relatives most often stay together in the same group and as-
sociate within subgroups when the core group splits (Archie et al.,
2006; Archie and Chiyo, 2012). In feral cattle (Bos taurus), Lazo (1994,
1992) observed two levels of social organisation: a low level at which
animals formed unstable groups that changed in size and composition
according to the fission or the fusion of subgroups, and a high level of
social organisation within these subgroups. The advantages of these two
levels of social organisation can be numerous, especially in an en-
vironment that has heterogeneous abundance and distribution of food
or fluctuations in predator risks (Lazo, 1994; Prins, 1989). For instance,
large groups can split when competition increases while allowing in-
dividuals to keep cooperative relationships by remaining in subgroups
of kin relatives (Archie et al., 2006; Cameron et al., 2009; Emlen,
1995). More generally and as reported by the literature, a high degree
of relatedness between interacting individuals may enhance their fit-
ness by playing a role in the rearing and survival of offspring, for in-
stance through the cooperative defence of calves (Hamilton, 1964;
Pope, 2000; Pusenius et al., 1998). In support of our third stated hy-
pothesis and in line with the literature on other ungulate species, the
bison herd studied in this study remained very cohesive while being
mostly composed of several stable clusters of matrilineal relatives that
can predetermine the composition of the subgroups in the event of herd
fission. The only individuals that did not follow this pattern were two
females, Ky and In, which formed a pair apart from the others and had
little contact with their other matrilineal relatives, Ko and Nl. Their low
centrality or dominance rank could have made them both move away
from Ko, the most dominant female in the group. Indeed, a number of
studies have shown that subordinates tend to avoid dominant in-
dividuals as preferred partners, probably to prevent the numerous ag-
gressions occurring between individuals of very different ranks (Briard
et al., 2015; Syme et al., 1975). The second hypothesis to explain our
observation would be Ko’s more highly developed maternal behaviour
towards her yearling calf Nl, which made her less tolerant of her other
relatives.

The other pattern of associations frequently observed in ungulates is
assortativity according to age or dominance rank (Appleby, 1983;
Bercovitch and Berry, 2013; Kimura, 1998). Group members of similar
age or hierarchical status tend to be affiliated according to their simi-
larities in social behaviour, physical condition or developmental re-
quirements (Guilhem et al., 2000; Murray, 1981; Ruckstuhl, 2007;
Villaret and Bon, 1998). For instance, the associations observed in
calves in several species probably reflect a preference for playing
partners with similar physical strength and skills, which especially
serves as training for future adult interactions (Fagen, 1981; Rothstein
and Griswold, 1991; Thompson, 1996). However, no association

Fig. 4. Boxplot representing the values of the Sociability
variable for females without calves (Without, N=6) and fe-
males with a calf (With, N= 4). Calves are taken into account
in social network analyses for A) but not for B). The horizontal
black lines represent the median and red dots indicate the
mean of each category. (**: p < 0.01).
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preference for similar age or dominance rank individuals was observed
in our bison herd. These results could be explained by the importance of
matrilineal subgroups in the social structure basis. These subgroups
strongly associate close relatives whatever their age or their rank, at the
expense of associations through similarities (Godde et al., 2015). Ma-
ternal bonds would be thus the main condition for social preference
formation in European bison, as described in other matriarchal un-
gulate societies (Bashaw et al., 2007; Reinhardt and Reinhardt, 1981;
Tulloch, 1978). These bonds can also explain the high reciprocity of
associations we observed in the herd, especially through the dyadic and
co-dependent nature of maternal behaviours and the high level of co-
operation between closely related individuals (Cassinello and Calabuig,
2008; Makagon et al., 2012; Nituch et al., 2008). Finally, our findings
suggest that bison are capable of fine-scale kin recognition, as reported
in other ungulates (Cassinello and Calabuig, 2008; Ceacero et al., 2007;
Ligout et al., 2004).

For individual network properties, the distribution of eigenvector
centralities followed a linear distribution and the group centrality index
was very low, indicating that, in contrast to our first hypothesis, there is
no highly central individual in the group (Kanngiesser et al., 2011). The
small size of the herd could explain this network property, as suggested
by James et al. (2009) who stated that scale-free networks were difficult
to observe in small social groups. However, a study by Kanngiesser
et al. (2011) showed that both scale-free and random networks can be
theoretically obtained for small sample size (N=17). An alternative
hypothesis to explain the random property of our network could
therefore be that the herd do not need the presence of a highly central
individual to maintain social cohesion or to take group decisions (Foley
et al., 2008; Lusseau and Newman, 2004; Modlmeier et al., 2014).
Natural herd cohesion could exist despite the presence of distinct sub-
groups because all herd members are interconnected by primary, or at
least secondary, kin bonds (Taylor and Sussman, 1985; Wiszniewski
et al., 2010). The absence of predators in the Kraansvlak area as well as
the wide availability and distribution of food resources across the zone,
especially in grassland areas, could also make it less important to have a
key individual for group survival (Aplin et al., 2012; Foster et al., 2012;
McComb et al., 2011). More systematic analyses of European bison
groups with different compositions are needed to confirm this hy-
pothesis.

Contrary to our expectations, Sociability was not correlated with age
and dominance rank (the Experience variable in our study). These re-
sults are not consistent with the literature for ungulates. For instance,
older African elephant individuals are socially connected to many other
individuals and are thus very central within their group (McComb et al.,
2001). Conversely, juvenile roan antelopes (Hippotragus equinus) as-
sociate strongly with each other and have higher centrality in the herd
than the adults (Carpenter, 2010). Studies describing other ungulate
species have suggested that subordinate cows groom dominant con-
geners more than vice versa, which implies that the centrality of
dominants is higher than that of subordinates because of their high
attractiveness (Carpenter, 2010; Reinhardt et al., 1986). The results of
the present study could be explained by the presence of juveniles in the
group composition, which may strongly affect the link between cen-
trality, dominance rank and age. This occurs either actively, through a
stronger association between juveniles and their mother, or passively,
when juveniles change the associations between their mother and her
partners through their own associations, particularly during the
weaning period. At this period, calves are more independent and spend
more time interacting and playing with other calves (Rothstein and
Griswold, 1991; Thompson, 1996; Vitale et al., 1986) before increasing
their interactions with other members of the group (Carter et al., 2013a;
Keeling, 2001). Even so, and despite this growing socialisation, calves
remain very close to their mother to ensure their nutritional needs until
they are totally independent: they thus indirectly influence the asso-
ciation patterns of their mothers (Bertrand et al., 1996; Estep et al.,
1993; Lawrence and Wood-Gush, 1988; Poindron et al., 1994). This

assumption is supported by the values of the Sociability variable, which
were significantly higher for lactating females than for females without
calves, in line with our second hypothesis. After the removal of the
calves from our analyses and the renewed performance of PCA, the
older and more dominant females, which were also those with depen-
dent calves, were the least central individuals. Ultimately, given that
the centrality of individuals was calculated according to spatial asso-
ciations (i.e. the “nearest-neighbour” network), this result means that
the oldest dominant females tend to stay on the periphery of the group.
This behaviour could be a strategy to protect their calves, because the
danger is higher at the periphery than in the center of the group (Burger
and Gochfeld, 1994; Hamilton, 1971; Hunter and Skinner, 1998).

The global results of this first study of the social network structure
in European bison provide fundamental knowledge about the social
organization of a herd and provide a first solution to the lack of data
and the approximations found in the literature to date. However, the
limitations of this study in terms of sample size and study duration
mean that further studies are necessary before these conclusions can be
generalized to the whole species.

5. Conclusion

The bison herd studied here showed a very high level of cohesion
that was probably due to the predominance of kin relationships. The
mostly matrilineal association pattern described here is commonly ob-
served in several ungulate species (Archie et al., 2006; Carpenter, 2010;
Lazo, 1994, 1992) and can predict the composition of subgroups formed
during fission events. Association with very close relatives can confer
numerous advantages through cooperative behaviours and can posi-
tively influence reproductive success (Archie and Chiyo, 2012; Pope,
2000; Pusenius et al., 1998). Even if the choice of partners by in-
dividuals is limited in semi-free roaming conditions, animals may ex-
perience less stress with kin individuals than with non-relatives. It
would therefore be valuable to take these results into account for the
conservation of European bison by keeping maternal association pat-
terns as intact as possible in the event of individual transfers. The main
aims of these transfers, namely to achieve genetic mixing and avoid
consanguinity (Snijders et al., 2017; Sueur and Pelé, 2015), largely
ignore the importance of social welfare in the context of conservation.
For now, further studies on different herd sizes and compositions are
needed to conclude upon a general pattern of social organisation in this
species and consider how future conservation efforts should be shaped.
This case study is the first to provide information that could play a role
in developing innovative herd management strategies that take the
social environment of animals into account while considering the in-
trinsic constraints of species conservation.
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