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Long-term relationships that underlie many stable mammalian groups often occur between 

philopatric kin. Although stable groups of nonrelatives appear to be less common, there is 

increasing evidence that social bonds between nonkin may confer sufficient intrinsic fitness 

benefits for these groups to persist. Here we evaluate whether social stability occurs in a 

bisexually dispersing species where social bonds have been shown to have reproductive 

benefits: the feral horse, Equus caballus. First, we quantified female social stability by 

applying a three-level framework to a 3-year data set of associations in semiferal ponies; this

tested for stability at the individual, dyadic and subpopulation levels. Despite the relative 

weakness of these female bonds, we found significant social stability across all levels, as 

shown by stable association preferences, social networks and individual network positions. 

Second, we investigated how seasonality impacts on social bond strength and grouping 

patterns. We found seasonal fluctuations in female gregariousness, with a peak during the 

mating season. We therefore propose that significant social stability in female horses is 

coupled with a degree of flexibility that allows for effects of ecological fluctuations. Although

social network analysis is widely used in behavioural ecological research, this is one of only a

handful of studies to assess the temporal dynamics of networks over a significant timescale. 

Temporal stability in female relationships suggests that equid social structures are 

multifaceted: although bonds between stallions and mares are clearly strong, long-term 

relationships between mares underpin the social network structure. We suggest this 

framework could be used to assess social stability in other group-living species in order to 

improve our understanding of the nature of social bonds.
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In mammals, female philopatry can lead to stable kin-based groups (Archie et al., 

2006; Holekamp et al., 1997; Kerth & van Schaik, 2012); delayed dispersal is thought to 

provide indirect fitness benefits by promoting cooperation with kin (Hatchwell, 2010). Such 

relationships between kin may have evolved as a result of the persistence and generalization

of mother–offspring bonds beyond the time of nutritional dependence (Curley & Keverne, 

2005), which then expanded to include bonds among kin for purposes such as allomothering

in African elephants, Loxodonta africana (Lee, 1987). Stable groups of nonrelatives are less 

commonly reported; nonkin groups are more frequently depicted as aggregations of 

individuals that share common requirements (e.g. Fischoff, 2009). In these social structures, 

group composition can vary as individual needs change with seasons or physical 

requirements (e.g. sexual segregation patterns in ungulates; Ruckstuhl & Neuhaus, 2000, 

2002). Stable nonkin groups, however, have been described in birds and are thought to be 

the consequence of the benefits of cooperative rearing (e.g. eider ducks, Somateria 

mollissima: Ost et al., 2005) or in insects where cooperation between nonkin may be due to 

the direct benefits of increased group size (Costa & Ross, 2003). 

Stable groups, comprising either kin or nonkin, require coordination and collective

decision  making  to  maintain  cohesion  and  are  unlikely  to  persist  unless  benefits  are

significant.  Compromise  is  required  to  coordinate  a  group’s  activities  (Conradt  &  Roper,

2005; Dunbar & Shultz, 2010). Sufficient time must also be allowed for appropriate servicing

of the social bonds that maintain these groups (e.g. grooming:  Dunbar, 1991; Hart & Hart,

1992).  Since  time  budgets  are  constrained  by  a  number  of  essential  activities  such  as

obtaining  food,  there  is  an  inherent  limit  to  the  number  of  relationships  that  can  be

adequately maintained in the time left over to social activities  (Lehmann et al., 2007). The

feasibility of maintaining stable groups is particularly difficult where the abundance of food



varies  seasonally,  resulting in fluctuating bond strength  (Foster  et  al.,  2012; Henzi  et  al.,

2009; Holekamp et al.,  2012). Social stability,  although fairly common among anthropoid

primates (Shultz & Dunbar, 2007), is less common among other mammals. 

In  addition to  group-level  benefits,  such as  reducing  predation risk,  strong social

bonds within  groups may confer  additional  benefits  (Dunbar,  1998).  For  example,  in  kin

groups  of  wild  savannah  baboons,  Papio cynocephalus,  more  socially  integrated  adult

females have higher rates of infant survival (Silk et al., 2003) and more sociable bottlenose

dolphin,  Tursiops  truncatus, females  have  a  higher  calving  success  (Frere  et  al.,  2010).

Importantly, recent work has highlighted that clear fitness benefits are obtained by animals

that form groups of nonkin, suggesting that the drive to form a long-term bond may itself be

a major driver for an individual to join, or remain in, a group (Seyfarth & Cheney, 2012). For

example,  dispersing  male  Assamese  macaques,  Macaca  assamensis,  gain  clear  fitness

benefits from forming strong bonds since males engaging in coalitions have higher future

dominance  levels  and  therefore  reproductive  success  (Schuelke  et  al.,  2010).  Increased

fitness  has  also  been  demonstrated  in  more  socially  integrated  female  horses,  Equus

caballus, which have higher reproductive success in terms of both foaling rate and offspring

survival  (Cameron et al., 2009). These females are assumed to be nonrelatives due to the

prevalence  of  bisexual  dispersal  in  this  species  (Boyd  &  Keiper,  2005).  In  addition,

researchers  have recently  demonstrated  that  the number  of  associates  has  a  significant

effect on foal survival following a catastrophic event (Nunez et al., 2015), further evidence

for direct benefits of social bonds in horses. Given the fitness benefits of social integration,

we therefore chose to evaluate the temporal social stability of relationships within groups in

semiferal ponies where kin structure does not underpin social groups.

Free-living horses live in harem groups (bands) normally consisting of one or two



males, a small number of females and their predispersal offspring (Rubenstein & Wrangham,

1986). Upon dispersal around the age of 2 years, females can join other existing bands or

form new bands with bachelor males; males either join bachelor groups or form their own

band if they can recruit females directly (Boyd & Keiper, 2005). Despite short-term fission–

fusion,  band  composition  remains  relatively  stable  over  time  (Scorolli  &  Lopez  Cazorla,

2010).  Although  strong  stallion–mare  bonds  are  thought  to  underpin  group  structure

(Linklater, 1999), females can remain as a group after the death of their stallion  (Klingel,

1982; Rubenstein, 1994). Feral horse populations also occupy a wide range of habitats (Boyd

& Keiper,  2005),  yet  apparently  all  retain  stable  harems despite  highly  varied  ecological

pressures (Linklater, 2000), suggesting an ecologically independent benefit of social stability.

Horses are, therefore, an ideal model system in which to explore drivers of social stability as,

in contrast to many of the Old World primate species in which stable relationships have been

demonstrated (e.g. chacma baboons, Papio ursinus: Silk et al., 2012), dispersal by both sexes

means that individuals in a social group are unlikely to be closely related  (Cameron et al.,

2009). 

Our major aim in this study was to quantify social stability in bonds between female

horses  and to investigate  seasonal  effects  upon bond strength.  We used social  network

analysis, a technique which although commonly used to describe social structure (Farine &

Whitehead, 2015; Pinter-Wollman et al., 2014) has only rarely been used to assess temporal

dynamics of social  relationships (e.g.  Henzi et  al.,  2009; Hobson et al.,  2013, see  Pinter-

Wollman et al., 2014, for a review of this field). Longitudinal studies, particularly those that

measure social stability or the responses of social networks to ecological perturbations, are

rare (Pinter-Wollman et al., 2014; Sih et al., 2009; Wey et al., 2008). Most studies capture a

single window of animal social relationships; however, the choice of timescale the snapshot



represents can have a major influence on results (Cantor et al., 2012; Flack, 2012). Relative

stability of relationships within a given time frame is often assumed (Wey et al., 2008), yet

few studies have considered how temporal changes can shed light on the dynamics of social

networks  (Pinter-Wollman et al.,  2014).  Stability can be assessed at three levels:  for  the

individual, for dyadic relationships and at the population level. In an unchanging network we

would assume that stability is manifest in all three. However, changes in individual position

or in preferred relationships may have little impact on the overall network, and vice versa.

We hope to  address  these issues  by  presenting  a  novel  analytical  framework,  assessing

stability at each of these three levels. A similar approach has been used to assess short-term

temporal dynamics of networks of newly formed groups (Hobson et al., 2013), but this paper

is, to our knowledge, the first to assess social stability across a longer time frame. 

To quantify social stability in horses, we collected data on associations within a large 

population of semiferal ponies in the Carneddau Mountains, North Wales, U.K., between 

2009 and 2012. We first evaluated the relative importance of season, year and relationship 

types (e.g. mother–offspring, female–male) on the strength of dyadic bonds in horses. We 

expected bonds between close kin (e.g. mother–offspring) to be stronger than those 

between nonkin (e.g. female–female) and that season would affect gregariousness due to 

changes in levels of stallion harassment and food availability. We then tested for seasonal 

effects on average female gregariousness and quantified seasonal fluctuations in population-

level female association networks. Since stable associations may be a response to male 

harassment (Linklater et al., 1999), we predicted that social bond strength would be highest 

in the mating season, when food availability is also at a high level. We finally tested for long-

term social stability by implementing a novel analytical framework. This tests for stability at 

three distinct levels: at the individual level, in terms of stability in network positions (i.e. how



central individuals are within the network); at the dyadic level, in terms of the stability in 

ranked dyadic bond strength; and at the population level, in terms of stability in the overall 

female social network. For female horses to show a high degree of social stability, as we 

would expect from field observations and current understanding of horse behavioural 

ecology (Boyd & Keiper, 2005), we predicted that all these criteria would be met. 

METHODS

Study Population

We conducted this study in the Carneddau Mountain range, North Wales (53.22°N,

3.95°W), U.K. between February 2009 and February 2012, with observations made during all

seasons.  The study site is  mountainous terrain  ranging in altitude from 250–950 m (see

Stanley  & Shultz,  2012,  for  details).  The  study  population  consisted  of  around 200–300

semiferal  Carneddau-type Welsh mountain  ponies,  which range freely  across  an area  of

approximately  200  km2.  Eighty-three  individuals  from  three  focal  bands  (defined  as

associations of mares, their predispersal offspring and one or more stallions who defend the

group; Linklater, 2000) were observed for approximately 3 days per month; the three focal

bands  were  named  ‘Aber’,  ‘Anafon’  and  ‘Marsh’.  Individuals  were  photographed  and

identified by distinctive markings, coat colour and ear notches. The population experiences

no anthropogenic interference apart from an annual round-up in November when some

young males are removed from the mountains; no focal individuals were removed during

this observation period and no data were collected for 2 weeks following the round-up, to

allow for bands to re-establish themselves.



Field Observations

A total of 240 h of observations were carried out over 81 days (by C.S.); this allowed a

mean  SE total of 108.33.95 scans per individual. To ensure unbiased sampling, an area of

approximately 30 km2, comprising the major proportion of the home ranges of three focal

bands,  was traversed on foot  each day.  Whenever  a subgroup (see later  definition)  was

encountered, a single group scan was carried out to record the total number of individuals

present,  their  identities  and  to  map  their  spatial  distribution  by  recording  intradyadic

distances  (IDD),  the  distances  between  neighbouring  individuals,  in  metres.  IDDs  were

estimated to the nearest 5 m by eye and recorded on sketch maps. Scans were repeated at

30 min intervals to a maximum total of four scans, unless a subgroup split up or went out of

sight. If the subgroup split up, one group was followed at random and further scans carried

out until the maximum of four scans had been reached. A minimum of two scans was carried

out per subgroup and it was sometimes possible to observe more than one group from one

location. Individuals were deemed to be members of the same subgroup when they were

within 200 m of at least one other individual (we defined the cutoff distance as >95% of

observations) and maintained this  level  of proximity or less over the sampling period;  if

individuals  moved  away  from  the  group  or  were  left  behind  following  the  group’s

movement, they were not included in subsequent scans. Data were collected over a 5–6 h

period between 0900 and 1700 hours (with data collection finishing at 1600 hours in winter

months  due  to  lack  of  daylight),  with  sampling  effort  remaining  relatively  constant

throughout  the year  (although winter  access  was sometimes restricted due to snow)  to

obtain unbiased estimates of association patterns  (Henzi et al., 2009). Sampling effort was



targeted at all bands equally. 

Data Analysis 

First,  a weighted IDD (wIDD) value was calculated for each dyad for each scan to

create an association index varying between zero (no association) and one (highest level of

association). The minimum IDD was set at 15 m (i.e. for any dyads that were less than 15 m

apart,  a  value of  15 was assigned)  in  order  to  minimize error  incurred while  estimating

smaller  intradyadic  distances;  dyads  were  often  at  a  considerable  distance  from  the

researcher,  meaning  the  accuracy  of  distance  estimates  may  not  be  sufficiently  reliable

below this value. A weighted IDD (wIDD) value was then calculated for every scan for every

potential dyad by dividing 15 by the observed IDD value (i.e. by calculating the inverse), or

by assigning a value of zero if two animals were not in the same subgroup during this scan.

This meant that two individuals within a 15 m radius were assigned a value of 1, individuals

that were more than 15 m apart were assigned a value between 0 and 1 (scaled by distance)

and any two animals that were not in the same subgroup, including all those in other bands,

were assigned a value of 0. Thus, every possible pairing of individuals was assigned an IDD

value for each sampling point. A mean wIDD was then calculated for each possible dyad for

each season, with these values being used to produce a symmetrical proximity matrix. This

method of averaging data over a specific time block (a season in this case) is recommended

by Farine and Whitehead (2015) to overcome the issue of nonindependence of sequential

observations.

Seasonal and annual effects on social proximity



We defined relationship classes by the age and sex of each member of the dyad:

subadults were predispersal individuals under 3 years old of either sex, while females and

males  were sexually mature adults.  Foals  were excluded from this  data set due to their

presumed dependence upon their mother.  The relationship classes therefore categorized

dyads as either male–female, female–female, female–subadult offspring (where suckling had

been observed),  female–subadult  nonoffspring,  male–offspring  (where all  subadults  in  a

band were assumed to be the harem male’s offspring) or subadult–subadult. 

We fitted a linear mixed-effects (LME) model (using the ‘lme’ function in the package

nlme; Pinheiro et al., 2013, in R 3.0.0, R Development Core Team, 2013) with wIDD between

all possible dyads within each band as the dependent variable and year, season, relationship

class  and  all  second-order  interactions  as  fixed  factors,  and  a  nested  random  factor

comprising  the  identities  and  band  membership  of  the  dyad  members.  Eighty-three

individuals were represented in the model, of which 29 were adult females, 5 were adult

males and 49 were subadults. To correct skew, we square-root transformed the wIDD data

prior to fitting the model. We tested the resulting model fit by examining a density plot of

the residuals, a residual-fitted value plot and a Q–Q plot. Box plots were then drawn to show

effect sizes for factors with a significant effect on wIDD.

To determine whether season had a significant effect on average subgroup size, we

also  square-root  transformed  subgroup  size  data  and  fitted  a  glm  in  R,  using  the  glht

command  in  the  package  multcomp  (Hothorn  et  al.,  2008)  for  post  hoc  pairwise

comparisons. We evaluated model fit as above.

Seasonal and annual effects on social network metrics

We built  annual  and seasonal  proximity networks  for  adult  females  only from all



bands combined using wIDD scores. Matrices were built for each season (defined as mating

(April–June), raising young (July–September) and winter (October–March), as these blocks

incorporated both seasonal food availability and breeding events) and for each year, thus

generating nine seasonal and three annual proximity matrices.

We used proximity as a measure of bond strength here since behavioural interactions

such as mutual grooming, which are often used in other studies to quantify the strength of

social bonds (e.g. Wey & Blumstein, 2010), were too infrequently observed in these ponies

to allow reliable networks to be built for all seasons. However, we also collected data on

affiliative  and  aggressive  interactions  using  all-occurrence  sampling  (Altmann,  1974) in

between scan samples and correlated the networks built using these data for one band (only

Aber  band showed sufficient  behavioural  interactions  recorded for  networks  to  be built

using these data) with proximity networks (Appendix). Since the affiliative network (and one

based  on  subgroup  membership)  significantly  correlated  with  the  proximity  network

(affiliation versus proximity quadratic assignment procedure (QAP) test: r = 0.544, P < 0.01;

subgroup versus proximity QAP test: r = 0.935, P < 0.001; see below for QAP test details), but

there  was  no  significant  correlation  between  the  aggression  and  proximity  networks

(aggression versus proximity QAP test: r = 0.200, P = 0.195; Appendix), we can justify the use

of proximity networks as a reliable proxy for affiliative relationships in ponies.

First,  we  used  QAP  correlation  tests  between  each  possible  pairing  of  the  nine

seasonal proximity matrices in order to (1) examine stability across seasons and (2) quantify

fluctuations  in  correlation strength between seasons  as  recommended by  Hobson et  al.

(2013). The QAP correlation test is a specialized version of the Mantel test, which carries out

random permutations of node labelling from the observed matrix to determine whether

correlations between two specified matrices are significantly higher than expected  (Butts,



2010; Croft et al., 2011; Krackhardt, 1988; Wey & Blumstein, 2010). It has been previously

used to assess correlations between matrices built for the same individuals using different

association indices (Wey & Blumstein, 2010) and to evaluate stabilization patterns of social

structure in newly formed groups (Hobson et al., 2013). QAP correlation tests were carried

out with 10 000 permutations in the package statnet (Handcock et al., 2003) in R 3.0.0 with

Bonferroni  corrections  applied  to  correct  for  multiple  testing  (Dunn,  1961).  We  also

calculated  the  estimated  magnitudes  of  matrix  correlations  and  their  associated  95%

confidence intervals to indicate the level of social stability across seasons using the package

psychometric (Fletcher, 2013) in R 3.0.0, with the sample size taken to be the total number

of vertices across both networks. 

Second, in order to quantify the effect of season on the levels  of general  female

gregariousness, we used the package tnet (Opsahl, 2009) in R 3.0.0 to calculate an individual

female’s strength centrality within each of the nine seasonal proximity networks. Strength

centrality  quantifies  female  gregariousness  as  it  takes  into  account  both  the number  of

immediate bonds and their individual weights  (Croft et al., 2008) and is calculated by the

formula:

si=∑
j=1

n

W ij where  Si is  the  strength  centrality  for  individual  i,  Wij is  the  weight  of  tie

between individuals i and j, and n is the number of individuals in the network.

We then explored temporal patterns in these mean strength centrality measures by

fitting an LME model with strength centrality as the dependent variable (no transformation

required), season and year as fixed factors, and individual ID as a random factor. Box plots

were produced to visualize results.



Assessment of social stability 

We then applied a novel  framework to assess levels  of social  stability comprising

three distinct stages. First, we tested for stability in relative female bond strength (dyadic

level).  Female dyads were ranked within each year according to their mean wIDD values

across  the entire  year  (taken  from annual  proximity  matrices).  To  test  for  a  correlation

among  mean  wIDD  ranks  over  the  3  years  within  dyads,  we  calculated  an  intraclass

correlation coefficient  (ICC;  Bartko, 1966) using the package irr  (Gamer, 2010) in R 3.0.0.

Ranking was used so that stability in relative, not absolute, bond strength could be assessed

as  seasonal/annual  effects  on  absolute  bond  strength  were  investigated  in  a  previous

section. Second, we examined stability in the annual female proximity networks (population

level)  by  using  pairwise  QAP  correlation  tests,  again  reporting  the  magnitude  of  the

correlations and their associated 95% confidence intervals. Third, we tested for stability in

female annual  network positions using strength centrality  (the sum of  tie weights  to all

adjacent nodes;  Croft et al., 2008) and closeness centrality (the inverse of the sum of the

distances to all nodes in the network;  Wasserman & Faust, 1994). Both measure how well

connected an individual is in a network in slightly different ways; while strength centrality

considers  the  number  and  weighting  of  immediate  connections  to  neighbouring  nodes,

closeness centrality also incorporates indirect ties to all members of a network. These were

calculated  using  the  R  package  tnet. We  then  ranked  each  individual  in  terms  of

strength/closeness for each year separately, using the ICC (as above but with individuals, not

dyads, being assigned a rank) to test for a significant correlation in ranks over the 3 years.

Annual networks were visualized using NetDraw (Borgatti, 2002).

Ethical Note



Permission to carry out this study was given by Snowdonia National Parks, the 

National Trust and the Carneddau Pony Society. These ponies are habituated to the presence

of humans as the area is frequented by hill walkers; this research therefore caused minimal 

disturbance. Behavioural observations were carried out from a minimum of 30 m from the 

focal individuals, a distance at which walkers frequently pass the ponies. At the time of the 

study, noninvasive animal studies did not require university ethics clearance.

RESULTS

Factors Affecting Social Bond Strength

All main effects and second-order interactions were significantly associated with our

proximity measure, wIDD (Table 1, Fig. 1). The closest dyadic proximity was maintained in

the mating season (Fig. 1a); annual effects on variation in wIDD were also apparent. Mothers

and their subadult offspring maintained closer proximity than other bond classes (Fig. 1b).

Seasonal Effects

The nine seasonal  female proximity  networks  all  showed significant  interseasonal

stability, as indicated by  P  < 0.01 for all QAP tests between pairs of consecutive seasons

(remaining significant following a Bonferroni correction). However, the magnitude of these

correlations did show some variation; while there was no clear pattern to these changes, the

correlation strength fluctuated between 0.5 and 0.85 between pairs of seasons (Fig. 2). We



found  that  mating  season  was  associated  with  the  highest  strength  centrality  of  these

females (F2,182 = 23.83, P < 0.001; mating season*raising young: 0.63  0.11, t182 = -5.69, P <

0.001; mating*winter: 0.68   0.11,  t182 = -6.23,  P < 0.001); there was no effect of year on

strength centrality (Fig. 3). 

We also found a significant  effect of season on mean   SE female subgroup size

(mating: 9.34  0.36; raising young: 7.83  0.35; winter: 7.22  0.38; F3,703 = 9.80, P < 0.001).

Post hoc comparisons showed  subgroup size to be significantly higher during the mating

season than during raising of young (β SE = 0.26  0.09, N1 = 273, N2 = 238, Z = 2.99, P =

0.008) or the winter (β SE = 0.38  0.09, N1 = 273, N2 = 195, Z = 4.25, P < 0.001) seasons.

There was no significant difference between raising young and winter seasons (β SE = 0.13

 0.09, N1 = 238, N2 = 195, Z = 1.37 P = 0.35). 

Assessment of Social Stability 

Significant social stability in female associations was evident for each of the three 

measures used. First, ranked female bond strength (measured by weighted IDD) significantly 

correlated across the 3-year period for all dyads combined (ICC = 0.21, F67,136 = 1.80, P < 

0.01), thus indicating consistency in association preferences. Second, annual female 

proximity networks (Fig. 4) showed significant stability across the 3-year period, as indicated 

by significant correlations for each of the pairwise QAP tests carried out (2009–2010: r = 

0.598 (95% CI 0.528,0.660), P < 0.001; 2009-2011; r = 0.459 (95% CI 0.375,0.535), P < 0.001; 

2010-2011; r = 0.685 (95% CI 0.628,0.734), P < 0.001: all P values remained significant 

following a Bonferroni correction). Third, female network positions remained significantly 

stable in terms of their centrality rankings for both centrality measures over the 3-year 



period (strength centrality: ICC = 0.304, F22,46 = 2.31, P < 0.01; closeness centrality: ICC = 

0.573, F22,46 = 5.03, P < 0.001).

DISCUSSION

Here,  we show for  the first  time that  stable social  bonds  occur  between female

horses, with evidence of stability present in multiple measures of social organization. These

result in socially stable groups of unrelated individuals persisting over a number of years,

with  individual  females  retaining  stable  network  positions.  Such  stability  occurs  despite

seasonal fluctuations in female gregariousness, implying a level of flexibility in the network

structure. This study demonstrates that social stability can evolve in the absence of high

female–female  kinship  levels,  where  social  bonds  must  nevertheless  confer  significant

benefits, and implies a relatively high degree of social complexity in horses. Long-lived social

bonds between nonrelative mammals have previously been demonstrated only in some Old

World primates (e.g. chimpanzees, Pan troglodytes: Mitani et al., 2000) and in humans (Hill

et al.,  2011). We also found both closer sustained proximity between females and larger

subgroup sizes in the mating season. Although these results could be explained by increased

herding of females  by the harem stallion during this  season,  active herding by the focal

stallions was not frequently observed; increased female sociality in the mating season may

therefore occur due to the reproductive benefits that are thought to derive from a reduction

in male harassment (Cameron et al., 2009). While female–female bonds are relatively weak

compared to  kin-based mother–offspring bonds,  they are likely  to be longer  lasting and

therefore important in maintaining band cohesion.



The novel framework we applied here to test for social stability evaluates multiple

measures  of  relationships  and  provides  a  significant  advance  in  the  methods  used  to

quantify temporal network dynamics. We used three measures to test for social stability in

horses:  stability in  relative bond strength,  stability  in proximity  networks  and stability  in

individual network positions over a 3-year period. These form a simple framework for the

assessment of social stability in other species, as well as providing a benchmark of social

complexity in this species. The three measures quantify different levels of social stability: at

the  individual  level,  we  showed  that  network  positions  in  terms  of  both  strength  and

closeness  centrality  were  consistent;  at  the  dyadic  level,  we  demonstrated  that  female

horses show stability in their association choices (i.e. the ranked strength of dyadic bonds

was consistent);  and at the subpopulation level,  the proximity network comprising three

social  groups  showed  significant  stability.  It  may  be  that  in  other  species  not  all  these

premises can be met; this framework could therefore be used to compare relative levels of

social stability across species. Stable groups appear to be uncommon outside of anthropoid

primates (Shultz & Dunbar, 2007); this study’s verification of social stability in female horses

allows for  the possibility  of  higher  levels  of  cooperation in  this  species,  such as cultural

information transfer (Hoppitt & Laland, 2008) and societal roles such as policing (Flack et al.,

2005),  which are restricted to species with sufficient social  complexity to allow for  their

evolution.

Stable female relationships in groups of horses are not underpinned by high kinship

levels.  Although  stable  relationships  have  been  previously  documented  in  a  number  of

mammal species, most are between close kin (e.g. chacma baboons: Silk et al., 2012; Indo-

Pacific  bottlenose  dolphins,  Tursiops  aduncus: Wiszniewski  et  al.,  2010;  giraffes,  Giraffa

camelopardalis:  Bercovitch  &  Berry,  2013;  Carter  et  al.,  2013),  although  long-term



relationships have been demonstrated between dispersed female chimpanzees (Lehmann &

Boesch, 2009). Male harassment is known to reduce reproductive success in female horses

(Cameron et al., 2009; Linklater et al., 1999; Rubenstein, 1994; Rubenstein & Wrangham,

1986); increased sociality is thus thought to result in increased female fitness (Cameron et

al.,  2009).  We therefore provide further  evidence that social  bonds themselves  must be

sufficiently beneficial to overcome the costs associated with their maintenance since they

are stable across a significant period of time in this population.

Seasonal  fluctuations  were  evident  in  the  magnitude  of  correlation  strengths

between female proximity networks (built using wIDD; Fig. 2), despite long-term network

stability. Female subgroup sizes were also significantly larger in the mating season than in

other seasons, with females showing higher strength centrality in this season (Fig. 3). While

grass productivity may be higher in this season, horses do not defend patches, as food is

relatively evenly  distributed over a  wide area  (Boyd & Keiper,  2005).  Therefore,  a  social

explanation for female gregariousness patterns is more likely than those relating to seasonal

food abundance. Male harassment is known to reduce reproductive success in female horses

(Cameron et al., 2009; Linklater et al., 1999); this is expected to be higher in the mating

season,  when  females  come  into  oestrus  (McDonnell,  2005).  It  is  therefore  likely  that

females  are  more  proximate  during  the  mating  season  as  this  reduces  levels  of  male

harassment experienced via a dilution effect. Male herding behaviour alone is unlikely to

explain this increased proximity between females; in another study, incidences of females

rejoining  bands  were  rarely  associated  with  male  herding  (Kaseda  &  Khalil,  1996).

Gregariousness has also been linked to the oestrous cycle in female chimpanzees; party size

has been shown to increase when more females are in oestrus  (Wittiger & Boesch, 2013).

Our results are therefore consistent with the idea that increased female gregariousness in



horses  is  as  a  direct  response to male harassment  (Linklater  et  al.,  1999).  Therefore,  in

addition to  social  bonds  between mares  and their  band stallion,  the stability  of  female

within-group  relationships  indicates  another  layer  of  organization.  Thus,  even  where

stallions would prefer additional females to join their bands, successful female integration

into groups is likely to be at least partially determined by their ability to form relationships

with resident females (Rubenstein & Nunez, 2009).

We also found annual variation in the mean magnitude of social bond strength (as

measured by wIDD); this may reflect population-scale social network changes, due to social

factors such as changes in interband spacing behaviour (Linklater, 2000), or ecological factors

such as changes in local food availability (Foster et al., 2012; Henzi et al., 2009; Holekamp et

al., 2012). Bond strength varied between relationship classes due to differences in both the

function and duration of these bonds. As predicted, bonds between mothers and offspring,

those sharing the highest level  of kinship in  a horse band,  were the strongest (Fig.  1b).

However, it is important to remember these are unlikely to contribute to band stability as

juveniles  generally  disperse at  2–3 years  of age (Boyd & Keiper,  2005);  these bonds are

therefore much more short-lived than the band itself. It is commonly believed that it is the

male–female bond that  maintains  cohesion in horse groups as males  attempt to defend

harems of females from other males (Boyd & Keiper, 2005). However, our results indicate

that the strength of bonds between mares and stallions does not differ greatly from other

bond classes (Fig. 1b); female–female bonds may therefore be equally important for group

cohesion. Since the same three males retained harem tenure for the focal  bands in this

study from start to finish of the data collection period, we are unable to investigate the

effects that stallion turnover may have on female bond stability from this data set; stallion

turnover events do tend to reduce band stability (Boyd & Keiper, 2005). However, females



have also been observed to remain as  a  group following the death of the band stallion

(Klingel, 1982; Rubenstein, 1994). Future studies could investigate the persistence of female

bonds during times of band instability in order to better ascertain their benefits. What our

study does show is stability within group relationships; this is noteworthy as stable group

composition  does  not  necessarily  lead  to  stable  social  relationships  within  the  group.

Moreover, stable group composition will not necessarily lead to stable network structure,

particularly where networks within groups are not fully connected. 

This  study  provides  further  insights  into  the temporal  dynamics  and structure  of

animal social networks. First, we have shown that social stability can occur over a longer

time frame, but that bond strength can fluctuate seasonally within this stable framework;

this  implies  that  animal  networks  must  be  sufficiently  flexible  to  accommodate  these

changes. Second, weaker bonds such as those between female horses may be overlooked as

they are not as immediately obvious as, for example, mother–offspring bonds. However, in

the case of horses, juveniles disperse yet females may stay together for life (Klingel, 1982),

so these weaker female bonds are most likely to be driving horse social structure. Weaker

ties  may allow a social  group increased flexibility  to exploit  more widespread resources

(Maryanski, 1987) and so may explain why horses are able to persist across such a wide

ecological range  (Linklater, 2000). Third, we have demonstrated the merits of a long-term

data set in exploring animal networks. Social stability can be demonstrated when periods

spanning  several  years  are  considered;  if  shorter  timescales  are  used,  cyclical  seasonal

fluctuations in bond strength could lead to false conclusions that bonds are not enduring.

Therefore, care should be taken to match the timescale selected to the question being asked

in behavioural studies.



Acknowledgments

We thank the members of the Carneddau Pony Society for allowing us to work with

this pony population and for all the assistance they have given. Thanks also to the National

Trust and Snowdonia National Parks for permitting us to work in the Carneddau Mountains.

We also thank members  of  the Mitchell  Centre for  Social  Network Analysis  for  all  their

advice  concerning  these  analyses  and  Ralf  Kurvers,  Barbora  Trubenova  and  Daniel

Rubenstein for their comments on earlier versions of this manuscript. S. Shultz is funded by

a Royal Society University Research Fellowship.

References

XAltmann J, 1974. Observational study of behaviour: Sampling methods. Behaviour, 49, 

227–267. doi:10.1163/156853974x00534.

Archie EA, Moss CJ, Alberts SC, 2006. The ties that bind: Genetic relatedness predicts the 

fission and fusion of social groups in wild African elephants. Proceedings of the Royal

Society B: Biological Sciences, 273, 513–522. doi:10.1098/rspb.2005.3361.

Bartko JJ, 1966. The intraclass correlation coefficient as a measure of reliability. 

Psychological Reports, 19, 3–11.

Bercovitch FB, Berry PSM, 2013. Herd composition, kinship and fission–fusion social 

dynamics among wild giraffe. African Journal of Ecology, 51, 206–216. 

doi:10.1111/aje.12024.

Borgatti SP, 2002. NetDraw software for network visualization. Lexington, KY: Analytic 

Technologies. 

Boyd L, Keiper RR, 2005. Behavioural ecology of feral horses. In Mills D, McDonnell S, editors.



The domestic horse: The origins, development and management of its behaviour (pp. 

55–82). Cambridge, U.K.: Cambridge University Press. 

Butts CT, 2016. sna: Tools for Social Network  Analysis. https://CRAN.R-

project.org/package=sna

Cameron EZ, Setsaas TH, Linklater WL, 2009. Social bonds between unrelated females 

increase reproductive success in feral horses. Proceedings of the National Academy 

of Sciences of the United States of America, 106, 13850–13853. 

doi:10.1073/pnas.0900639106.

Cairns SJ, Schwager SJ, 1987. A comparison of association indices. Animal Behaviour, 35, 

1454–1469. doi:10.1016/s0003-3472(87)80018-0.

Cantor M, Wedekin LL, Guimaraes PR, Daura-Jorge FG, Rossi-Santos MR, Simoes-Lopes PC, 

2012. Disentangling social networks from spatiotemporal dynamics: The temporal 

structure of a dolphin society. Animal Behaviour, 84, 641–651. 

doi:10.1016/j.anbehav.2012.06.019.

Carter KD, Brand R, Carter JK, Shorrocks B, Goldizen AW, 2013. Social networks, long-term 

associations and age-related sociability of wild giraffes. Animal Behaviour, 86, 901–

910.

Conradt L, Roper TJ, 2005. Consensus decision making in animals. Trends in Ecology & 

Evolution, 20, 449–456. doi:10.1016/j.tree.2005.05.008.

Costa JT, Ross KG, 2003. Fitness effects of group merging in a social insect. Proceedings of 

the Royal Society B: Biological Sciences, 270, 1697–1702. 

doi:10.1098/rspb.2003.2422.

Croft DP, James R, Krause J, 2008. Exploring animal social networks. Princeton, NJ: Princeton 

University Press.



Croft DP, Madden JR, Franks DW, James R, 2011. Hypothesis testing in animal social 

networks. Trends in Ecology & Evolution, 26, 502–507. 

doi:10.1016/j.tree.2011.05.012.

Curley JP, Keverne EB, 2005. Genes, brains and mammalian social bonds. Trends in Ecology &

Evolution, 20, 561–567. doi:10.1016/j.tree.2005.05.018.

Dunbar RIM, 1991. Functional significance of social grooming in primates. Folia 

Primatologica, 57, 121–131. doi:10.1159/000156574.

Dunbar RIM, 1998. The social brain hypothesis. Evolutionary Anthropology, 6, 178–190. 

doi:10.1002/(sici)1520-6505(1998)6:5<178::aid-evan5>3.0.co;2-8.

Dunbar RIM, Shultz S, 2010. Bondedness and sociality. Behaviour, 147, 775–803. 

doi:10.1163/000579510x501151.

Dunn OJ, 1961. Multiple comparisons among means. Journal of the American Statistical 

Association, 56, 52–64.

Farine DR, Whitehead H, 2015. Constructing, conducting and interpreting animal social 

network analysis. Journal of Animal Ecology, 84, 1144–1163. doi:10.1111/1365-

2656.12418.

Fischhoff IR,  Dushoff J,  Sundaresan SR,  Cordingley JE,  Rubenstein DI,  2009. Reproductive
status influences group size and persistence of bonds in male plains zebra (Equus burchelli).
Behavioral Ecology and Sociobiology, 63, 1035–1043. doi:10.1007/s00265-009-0723-8.

Flack JC, 2012. Multiple time-scales and the developmental dynamics of social systems. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 367, 1802–

1810. doi:10.1098/rstb.2011.0214.

Flack JC, de Waal FBM, Krakauer DC, 2005. Social structure, robustness, and policing cost in a

cognitively sophisticated species. American Naturalist, 165, E126–E139. 



doi:10.1086/429277.

Fletcher TD, 2010. psychometric: Applied  Psychometric Theory. https://CRAN.R-

project.org/package=psychometric

Foster EA, Franks DW, Morrell LJ, Balcomb KC, Parsons KM, van Ginneken A, et al., 2012. 

Social network correlates of food availability in an endangered population of killer 

whales, Orcinus orca. Animal Behaviour, 83, 731–736. 

doi:10.1016/j.anbehav.2011.12.021.

Frere CH, Krutzen M, Mann J, Connor RC, Bejder L, Sherwin WB, 2010. Social and genetic 

interactions drive fitness variation in a free-living dolphin population. Proceedings of 

the National Academy of Sciences of the United States of America, 107, 19949–

19954. doi:10.1073/pnas.1007997107.

Gamer M, Lemon J, Fellows I & Singh P, 2012. irr: Various Coefficients of Interrater Reliability 

and Agreement. https://CRAN.R-project.org/package=irr

Ginsberg JR, Young TP, 1992. Measuring association between individuals or groups in 

behavioural studies. Animal Behaviour, 44, 377–379. doi:10.1016/0003-

3472(92)90042-8.

Handcock M, Hunter D, Butts C, Goodreau S, Krivitsky P, Bender-deMoll S and Morris M, 

2016. statnet: Software Tools for the Statistical Analysis of Network Data. 

http://www.statnet.org

Hart BL, Hart LA, 1992. Reciprocal allogrooming in impala, Aepyceros melampus. Animal 

Behaviour, 44, 1073–1083. doi:10.1016/s0003-3472(05)80319-7.

Hatchwell BJ, 2010. Cryptic kin selection: Kin structure in vertebrate populations and 

opportunities for kin-directed cooperation. Ethology, 116, 203–216. 

doi:10.1111/j.1439-0310.2009.01732.x.



Henzi SP, Lusseau D, Weingrill T, van Schaik CP, Barrett L, 2009. Cyclicity in the structure of 

female baboon social networks. Behavioral Ecology and Sociobiology, 63, 1015–1021.

doi:10.1007/s00265-009-0720-y.

Hill KR, Walker RS, Božičević M, Eder J, Headland T, Hewlett B, et al. 2011. Co-residence 

patterns in hunter-gatherer societies show unique human social structure. Science, 

331, 1286–1289.

Hobson EA, Avery ML, Wright TF, 2013. An analytical framework for quantifying and testing 

patterns of temporal dynamics in social networks. Animal Behaviour, 85, 83–96.

Holekamp KE, Cooper SM, Katona CI, Berry NA, Frank LG, Smale L, 1997. Patterns of 

association among female spotted hyenas (Crocuta crocuta). Journal of Mammalogy, 

78, 55–64. doi:10.2307/1382638.

Holekamp KE, Smith JE, Strelioff CC, Van Horn RC, Watts HE, 2012. Society, demography and 

genetic structure in the spotted hyena. Molecular Ecology, 21, 613–632. 

doi:10.1111/j.1365-294X.2011.05240.x.

Hoppitt W, Laland KN, 2008. Social processes influencing learning in animals: A review of the 

evidence. Advances in the Study of Behavior, 38, 105–165.

Hothorn T, Bretz F, Westfall P, 2008. Simultaneous inference in general parametric models. 

Biometrical Journal, 50, 346–363. 

Kaseda Y, Khalil AM, 1996. Harem size and reproductive success of stallions in Misaki feral 

horses. Applied Animal Behaviour Science, 47, 163–173.

Kerth G, van Schaik J, 2012. Causes and consequences of living in closed societies: Lessons 

from a long-term socio-genetic study on Bechstein's bats. Molecular Ecology, 21, 

633–646. doi:10.1111/j.1365-294X.2011.05233.x.

Klingel H, 1982. Social organization of feral horses. Journal of Reproduction and Fertility, 



32(Suppl.), 89–95.

Krackhardt D, 1988. Predicting with networks: Nonparametric multiple-regression analysis of

dyadic data. Social Networks, 10, 359–381. doi:10.1016/0378-8733(88)90004-4.

Lee PC, 1987. Allomothering among African elephants. Animal Behaviour, 35, 278–291. 

doi:10.1016/s0003-3472(87)80234-8.

Lehmann J, Boesch C, 2009. Sociality of the dispersing sex: The nature of social bonds in 

West African female chimpanzees, Pan troglodytes. Animal Behaviour, 77, 377–387. 

doi:10.1016/j.anbehav.2008.09.038.

Lehmann J, Korstjens AH, Dunbar RIM, 2007. Group size, grooming and social cohesion in 

primates. Animal Behaviour, 74, 1617–1629. doi:10.1016/j.anbehav.2006.10.025.

Linklater WL, 2000. Adaptive explanation in socio-ecology: Lessons from the Equidae. 

Biological Reviews, 75, 1–20. doi:10.1017/s0006323199005411.

Linklater WL, Cameron EZ, Minot EO, Stafford KJ, 1999. Stallion harassment and the mating 

system of horses. Animal Behaviour, 58, 295–306. doi:10.1006/anbe.1999.1155.

Maryanski AR, 1987. African ape social structure: Is there strength in weak ties? Social 

Networks, 9, 191–215. doi:10.1016/0378-8733(87)90020-7.

McDonnell S, 2005. Sexual behaviour. In Mills D, McDonnell S, editors. The domestic horse: 

The origins, development and management of its behaviour (pp. 110–125). 

Cambridge, U.K.: Cambridge University Press.

Mitani JC, Merriwether DA, Zhang CB, 2000. Male affiliation, cooperation and kinship in wild 

chimpanzees. Animal Behaviour, 59, 885–893. doi:10.1006/anbe.1999.1389.

Nuñez CM, Adelman JS, Rubenstein DI, 2015. Sociality increases juvenile survival after a 

catastrophic event in the feral horse (Equus caballus). Behavioral Ecology, 25, 138–

147. 



Opsahl T, 2009. Structure and evolution of weighted networks. London, U.K.: University of 

London, Queen Mary College.

Ost M, Vitikainen E, Waldeck P, Sundstrom L, Lindstrom K, Hollmen T, et al., 2005. Eider 

females form non-kin brood-rearing coalitions. Molecular Ecology, 14, 3903–3908. 

doi:10.1111/j.1365-294X.2005.02694.x.

Pinheiro J, Bates D, DebRoy S, Sarkar D & R Core Team, 2017. nlme: Linear and Nonlinear 

Mixed Effects Models. https://CRAN.R-project.org/package=nlme

Pinter-Wollman N, Hobson EA, Smith JE, Edelman AJ, Shizuka D, de Silva S, et al., 2014. The 

dynamics of animal social networks: Analytical, conceptual, and theoretical 

advances. Behavioral Ecology, 25, 242–255. doi:10.1093/beheco/art047.

R Development Core Team. 2013. R: A language and environment for statistical computing. 

Vienna, Austria: R Foundation for Statistical Computing.

Rubenstein DI, 1994. The ecology of female social behaviour in horses, zebras and asses. In 

Jarman P, Rossiter A, editors. Animal societies: Individuals, interactions and 

organisation (pp. 13–28). Kyoto, Japan: Kyoto University Press.

Rubenstein DI, Nuñez C, 2009. Sociality and reproductive skew in horses and zebras. In Hager

R, Jones CB, editors. Reproductive skew in vertebrates: Proximate and ultimate 

causes (pp. 196–226). Cambridge, U.K.: Cambridge University Press.

Rubenstein DI, Wrangham RW, 1986. Socioecology: Origins and trends. In Rubenstein DI, 

Wrangam RW, editors. Ecological aspects of social evolution (pp. 3–17). Princeton, NJ:

Princeton University Press.

Ruckstuhl KE, Neuhaus P, 2000. Sexual segregation in ungulates: A new approach. Behaviour,

137, 361–377. doi:10.1163/156853900502123.

Ruckstuhl KE, Neuhaus P, 2002. Sexual segregation in ungulates: A comparative test of three 



hypotheses. Biological Reviews, 77, 77–96. doi:10.1017/s1464793101005814.

Schuelke O, Bhagavatula J, Vigilant L, Ostner J, 2010. Social Bonds enhance reproductive 

success in male macaques. Current Biology, 20, 2207–2210. 

doi:10.1016/j.cub.2010.10.058.

Scorolli AL, Lopez Cazorla AC, 2010. Feral horse social stability in Tornquist Park, Argentina. 

Mastozoologia Neotropical, 17, 391–396.

Seyfarth RM, Cheney DL, 2012. The evolutionary origins of friendship. Annual Review of 

Psychology, 63, 153–177.

Shultz S, Dunbar RIM, 2007. The evolution of the social brain: Anthropoid primates contrast 

with other vertebrates. Proceedings of the Royal Society B: Biological Sciences, 274, 

2429–2436. doi:10.1098/rspb.2007.0693.

Sih A, Hanser SF, McHugh KA, 2009. Social network theory: New insights and issues for 

behavioral ecologists. Behavioral Ecology and Sociobiology, 63, 975–988. 

doi:10.1007/s00265-009-0725-6.

Silk JB, Alberts SC, Altmann J, 2003. Social bonds of female baboons enhance infant survival. 

Science, 302, 1231–1234. doi:10.1126/science.1088580.

Silk JB, Alberts SC, Altmann J, Cheney DL, Seyfarth RM, 2012. Stability of partner choice 

among female baboons. Animal Behaviour, 83, 1511–1518. 

doi:10.1016/j.anbehav.2012.03.028.

Stanley CR, Dunbar RIM, 2013. Consistent social structure and optimal clique size revealed 

by social network analysis of feral goats, Capra hircus. Animal Behaviour, 85, 771–

779. doi:10.1016/j.anbehav.2013.01.020.

Stanley CR, Shultz S, 2012. Mummy's boys: Sex differential maternal–offspring bonds in 

semi-feral horses. Behaviour, 149, 251–274.



Vervaecke H, Stevens JMG, Vandemoortele H, Sigurjonsdottir H, De Vries H, 2007. 

Aggression and dominance in matched groups of subadult Icelandic horses (Equus 

caballus). Journal of Ethology, 25, 239–248. doi:10.1007/s10164-006-0019-7.

Wasserman S, Faust K, 1994. Social network analysis: Methods and applications. Cambridge, 

U.K.: Cambridge University Press.

Wey T, Blumstein DT, Shen W, Jordan F, 2008. Social network analysis of animal behaviour: A 

promising tool for the study of sociality. Animal Behaviour, 75, 333–344. 

doi:10.1016/j.anbehav.2007.06.020.

Wey TW, Blumstein DT, 2010. Social cohesion in yellow-bellied marmots is established 

through age and kin structuring. Animal Behaviour, 79, 1343–1352. 

doi:10.1016/j.anbehav.2010.03.008.

Wiszniewski J, Lusseau D, Moeller LM, 2010. Female bisexual kinship ties maintain social 

cohesion in a dolphin network. Animal Behaviour, 80, 895–904. 

doi:10.1016/j.anbehav.2010.08.013.

Wittiger L, Boesch C, 2013. Female gregariousness in western chimpanzees (Pan troglodytes 

verus) is influenced by resource aggregation and the number of females in estrus. 

Behavioral Ecology and Sociobiology, 67, 1097–1111. doi:10.1007/s00265-013-1534-

5.



Appendix

Measures of Bond Strength

Of the many indices of strength of social bonds, no one measure has proven 

consistently applicable and relevant (Dunbar & Shultz, 2010). We therefore calculated two 

additional behavioural indices and one measure of the consistency of subgroup membership

that were then compared to justify the use of proximity as a measure of bond strength in 

horses for the major analyses.

Social behaviour between females was recorded on an all-occurrence basis (Altmann,

1974) as the entire group could always be observed. We recorded all aggressive interactions,

defined as  those where  one animal’s  behaviour  caused the displacement  of  another  or

involved biting, kicking or threats (Vervaecke et al., 2007), and all affiliative contact, defined

as interactions where one individual approached another to touch, groom or sniff without

any displacement or aggression occurring. Exceptions to this were sexual interactions (where

a  male  approached  a  female  and either  attempted  to  mount  her  or  exhibited  flehmen

behaviour) and suckling. 

Two female behavioural networks were built for each band: ‘affiliative contact’ and

‘aggression’. Dyads were linked if they had been recorded engaging in these behaviours at

any point over the 3-year study period; it was necessary to collapse data over 3 years to

build meaningful networks as both affiliative contact and aggression between adults were

relatively infrequent. Affiliative contact and aggression networks built for Anafon and Marsh

bands were discarded due to a paucity of data points. These networks were binary and

therefore proximity networks had to be dichotomized prior to any comparison. To do this,



we kept the number of ties (x) constant in both networks; the x dyads with the lowest wIDD

values (i.e. the most proximate) in the proximity network were assigned a value of 1, with all

others being assigned a value of 0. The two binary networks (e.g. proximity and affiliation)

could then be correlated using a QAP test.

The  simple  ratio  index  (SRI;  Ginsberg  &  Young,  1992) was  also  calculated  as  a

measure of the consistency of co-membership of a subgroup for a particular dyad. This index

is appropriate where the likelihood of identifying a dyad is independent of whether or not

two  individuals  are  currently  associated  (i.e.  where  both  individuals  are  consistently

correctly identified either alone or in a pair:  Cairns & Schwager, 1987) and is preferable to

other  estimators  as  it  is  statistically  unbiased  (Ginsberg  &  Young,  1992).  A  subgroup

membership network was built using this measure as a direct weighting for network ties

since it ranges between 0 and 1; a tie of 1 corresponds to two individuals always being in the

same subgroup, with decreasing values indicating less frequent subgroup co-membership.

This was then compared to the weighted proximity network using a QAP test.

Aber’s female affiliative contact network was positively correlated with its 

corresponding binary proximity network (QAP test: r = 0.544, P < 0.01). No correlation was 

evident between the proximity and aggression networks (QAP test: r = 2.000, P = 0.195). The

subgroup membership network significantly correlated with the proximity network for all 

bands combined (QAP test: r = 0.935, P < 0.001). These results therefore justify the use of 

proximity as a measure of bond strength; female dyads are more proximate and also engage 

in more affiliative behaviour without a corresponding increase in aggression, such as is 

found in more loosely bonded species such as goats (Stanley & Dunbar, 2013). Females also 

spend a larger proportion of time in the same subgroup, therefore choosing to stay together 

despite possible conflicting nutritional demands.



Table 1

Results of a linear mixed-effects model to estimate the relative effects of different factors

upon weighted interdyadic distances (wIDD) between band members

Factor ndf ddf F P
(Intercept) 1 1459 958.47 <0.0001
Class 5 1459 14.06 <0.0001
Year 2 1459 10.62 <0.0001
Season 2 1459 31.06 <0.0001
Season:Class 10 1459 3.00 0.0009
Season:Year 4 1459 6.22 <0.0001
Class:Year 10 1459 1.99 0.0310
Numerator and denominator degrees of freedom (ndf, ddf) are given. IDs and band were

incorporated as a nested random effect. ‘Class’ represents relationship class (e.g. female–

female or mother–subadult offspring).  The F statistics reported are from a marginal anova

from the lme.



Figure 1. Pony proximity measures (inverse of weighted interdyadic distance (wIDD), square-

root transformed) displayed as (a) year by season and (b) age–sex class by season. Seasons: 

mating: April–June; raising young: July–September; winter: October–March. Age–sex class 

combinations of dyads: SA = subadult; OS = offspring subadults; St = stallion. The boxes are 

bounded by the upper and lower quartiles and divided by the median. Maximum and 

minimum values within 1.5 box lengths of the quartiles are represented by the ends of 

whiskers.

a.



b.



Figure 2. Correlation coefficients between consecutive seasonal female pony proximity 

matrices. X-axis labels indicate pairs of seasons correlated (M = mating; RY = raising young; 

W = winter) and year (2009, 2010 or 2011). The grey shaded area is bound by the 95% 

confidence limits for these correlation coefficients. 



Figure 3. Seasonal effects on mean strength centrality in proximity networks for female 

ponies. Seasons: mating (April–June); raising young (July–September); winter (October–

March). The boxes are bounded by the upper and lower quartiles and divided by the 

median. Maximum and minimum values within 1.5 box lengths of the quartiles are 

represented by the ends of whiskers.



Figure 4. Annual female pony proximity networks built using weighted intradyadic distance 

(wIDD) as an association index for (a) 2009, (b) 2010 and (c) 2011. Labels represent 

individual IDs. Strength of line indicates bond strength, with thicker bonds indicating larger 

mean wIDD (i.e. closer mean proximity).




