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Abstract
Understanding the association between an individual’s position within a social network and its sex and age across seasons 
can be useful information for conservation management. For example, identifying the social position of females within a 
group can provide insights into reproductive potential, while the position of juveniles may be related to survival and hence 
recruitment potential. In the present study, we used social network analysis to investigate the effects of season, sex, age and 
reproductive partner on social interactions in the endangered Northern Bald Ibis (Geronticus eremita). Via focal sampling we 
recorded the social behaviour of 39 individually marked, free-flying birds for 4 months over two seasons (autumn, winter). 
We observed the occurrence of affiliative and agonistic interactions and estimated proximity between colony members. We 
found that (1) individuals were in proximity with more colony members in winter than in autumn, and affiliative interactions 
occurred more often in winter, (2) older individuals occupied more central positions in the proximity network irrespective 
of sex, (3) males engaged more than females in agonistic interactions, whereas females received more affiliative interac-
tions than males irrespective of age, and (4) most affiliative interactions occurred between former or potentially prospective 
reproductive partners. Our findings suggest that social relationships could modulate inter-individual distance and there may 
be sex-related differences in the investment into pair bond maintenance. Overall the findings of sex- and age-related differ-
ences in behaviour and social position contribute to understanding factors associated with breeding success and mortality 
risk in an endangered bird species.
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Zusammenfassung
Soziale Interaktionen beim Waldrapp ändern sich mit der Jahreszeit und dem Alter.
Das Verständnis des Zusammenhangs zwischen der Position eines Individuums innerhalb eines sozialen Netzwerks 
über die Jahreszeiten hinweg und dessen Geschlecht und Alter können eine nützliche Information für die Planung von 
Naturschutzmaßnahmen sein. Beispielsweise kann die Ermittlung der sozialen Position von Weibchen innerhalb einer 
Gruppe Einblicke in das Reproduktionspotential geben, während die Position von Jungtieren mit dem Überleben und somit 
dem Rekrutierungspotential zusammenhängen kann. In der vorliegenden Studie untersuchten wir mit Hilfe der sozialen 
Netzwerkanalyse die Auswirkungen von Jahreszeit, Geschlecht, Alter und Paarpartner auf die sozialen Interaktionen beim 
stark gefährdeten Waldrapp (Geronticus eremita). Mittels Beobachtungen von Fokustieren erfassten wir das Sozialverhalten 
von 39 individuell markierten, frei fliegenden Vögeln über vier Monate zu zwei Jahreszeiten (Herbst, Winter). Wir 
beobachteten das Auftreten von sozio-positiven und sozio-negativen Interaktionen und untersuchten die Nähe zwischen 
den Mitgliedern der Kolonie. Wir stellten fest, dass (1) die Individuen im Winter in der Nähe von mehr Koloniemitgliedern 
waren als im Herbst und dass sozio-positive Interaktionen im Winter häufiger auftraten, (2) ältere Individuen unabhängig 
vom Geschlecht zentralere Positionen im Netzwerk bezogen auf die räumliche Nähe der Tiere zueinander einnahmen, (3) 
die Männchen an mehr sozio-negativen Interaktionen beteiligt waren als die Weibchen, während die Weibchen unabhängig 
vom Alter mehr sozio-positive Interaktionen erhielten als die Männchen, und (4) die meisten sozio-positiven Interaktionen 
zwischen ehemaligen oder potentiellen Paarpartnern auftraten. Unsere Ergebnisse deuten darauf hin, dass soziale Beziehungen 
die Distanz zwischen den Individuen modulieren könnten und dass es möglicherweise geschlechtsbezogene Unterschiede 
bei der Investition in die Aufrechterhaltung von Paarbindungen gibt. Insgesamt tragen die Erkenntnisse über geschlechts- 
und altersbedingte Unterschiede im Verhalten und in der sozialen Stellung zum Verständnis der Faktoren bei, die mit dem 
Bruterfolg und dem Sterblichkeitsrisiko bei einer gefährdeten Vogelart zusammenhängen.

Introduction

Sociality influences survival and reproductive success 
(Davies et al. 2012) via modulating the costs and benefits 
associated with predation risk, access to food (Krause and 
Ruxton 2002), and information (Dall et al. 2005). Trade-
offs between foraging behaviour and antipredator behaviour 
are well-documented (Verdolin 2006), and the strength of 
association has been shown to be modulated by social fac-
tors (e.g., group size, group composition), individual fac-
tors (e.g., age, sex), and environment (e.g., habitat structure, 
season; Widdig et al. 2001; Lehmann et al. 2007; Boucherie 
et al. 2016; Strandburg-Peshkin et al. 2017). Affiliative inter-
actions, for instance, can be used to quantify social relation-
ships in complex social systems (Wey et al. 2008). Intense 
social relationships are observed between reproductive part-
ners as well as parents and offspring (Dunbar and Shultz 
2010), but also between unrelated group members (Silk et al. 
2006; Lehmann et al. 2007; Cameron et al. 2009; Palagi and 
Cordoni 2009; Boucherie et al. 2016).

Understanding behavioural variation associated with sex 
and age in relation to group-level attributes is particularly 
important for conservation management (Bengston and Jandt 
2014; Estrada et al. 2017). Reproductive success may be 
influenced by the quality of long-term social bonds (Silk 
2007) as well as by an individual’s social position within a 
group. Highly social female White-Faced Capuchin Mon-
keys (Cebus capucinus imitator) with many affiliative ties, 
for example, occupy a central social position and have 
increased offspring survival as compared to other females 

in the same group (Kalbitzer et al. 2017). Mortality risk 
may also be associated with an individual’s social position 
within a group (Kurvers et al. 2014). Yellow-Bellied Mar-
mots (Marmota flaviventris) with few affiliative ties, for 
instance, tend to experience high mortality risk (Blumstein 
et al. 2009). In contrast, agonistic networks can generate 
information about the competitive abilities of individuals. 
Older adult Yellow-Bellied Marmots seem to initiate more 
and receive fewer agonistic interactions than younger adults 
(Wey and Blumstein 2010). This may increase male repro-
ductive success, because females tend to prefer competi-
tive males (Hirsch and Maldonado 2011). Affiliative inter-
actions are shaped by socio-positive relationships (Hirsch 
et al. 2012), while inter-individual distance (i.e., proximity) 
within a group is shaped by agonistic interactions and food 
competition (Hirsch et al. 2012) as well as predator avoid-
ance (Romey and Wallace 2007). Social relationships within 
groups can be quantified by network analysis, which is a 
useful tool to quantify sex and age patterns of affiliative and 
agonistic interactions and proximity in group living animals. 
Such knowledge can be applied to better understand indi-
vidual variation in species of conservation concern (Jacoby 
et al. 2011; Snijders et al. 2017).

An individual’s decision about ‘with whom’ and ‘to 
which extent’ to interact in a group can be affected by intrin-
sic (e.g., motivation, sex, age) and extrinsic (e.g., proximity, 
group composition) factors that may vary across seasons 
(Whirligig Beetles (Coleoptera, Gyrinidae): Romey and 
Wallace 2007; Yellow-Bellied Marmots: Wey and Blum-
stein 2010; White-Faced Capuchins: Crofoot et al. 2011). 



279Journal of Ornithology (2021) 162:277–288 

1 3

For instance, in complex social systems, where individuals 
tend to associate with friends of their friends, such long-term 
social relationships are known to modulate the number of 
affiliative ties among members of a group (Vervet Monkeys 
(Chlorocebus pygerythrus): Borgeaud et al. 2016; Spotted 
Hyenas (Crocuta Crocuta): Illany et al. 2015). Relationship 
patterns may dynamically change across time as individu-
als join or leave a group (Blonder et al. 2012; Kubitza et al. 
2015) in the course of seasonal migratory and dispersal pro-
cesses (Idani 1991; Blumstein et al. 2009; Pinter-Wollman 
et al. 2009) as well as reproductive phases (Hamede, Bash-
ford et al. 2009; Brent et al. 2013).

Understanding the social network of threatened group-
living animals is a core challenge for behavioural ecologists 
especially when the group composition is seasonal. In this 
study, we explore patterns of social behaviour and inter-indi-
vidual distance (i.e., proximity) in the Northern Bald Ibis 
(Geronticus eremita), an endangered (BirdLife International 
2020) colonial breeding species with fission–fusion foraging 
patterns. In addition to changes in seasonal movement, such 
as dispersal and/or local migration, and the formation of 
seasonally monogamous reproductive pairs, diurnal patterns 
of association form as the group roosts together at night and 
forages in subgroups during the day (Böhm and Pegoraro 
2011). Individuals tend to form new reproductive pairs each 
year, though in some cases, partners of the previous year 
re-pair (Wickler and Seibt 1985; Böhm and Pegoraro 2011). 
The species is colonial throughout the year (del Hojo et al. 
1992). Eggs are generally laid between March and May (del 
Hojo et al. 1992). Juveniles are cared for by the parents until 
approximately 2 weeks after fledging (Böhm and Pegoraro 
2011). A social dominance hierarchy is generally established 
between the members of a colony, in which dominance rank 
increases with age (Sorato and Kotrschal 2006) and males 
are dominant over females (Böhm and Pegoraro 2011). 
Younger birds are more likely to disperse than older birds 
(Böhm et al. in press). Juveniles seem to have a different 
overwintering area than adults, which was observed in the 
extinct Middle East population (Lindsell et al. 2009). In this 
seasonally and socially dynamic system, understanding how 
age, sex and reproductive partners affect patterns of relation-
ship between individuals can contribute to our knowledge 
of the potential link between sociality and fitness. North-
ern Bald Ibis affiliative interactions between pair partners 
scaled negatively with endoparasite burden during periods 
of elevated stress (e.g., reproductive period, Puehringer-
Sturmayr et al. 2018) suggesting that being embedded in 
a pair bond may have a positive impact on individual fit-
ness (Frigerio et al. 2016). Therefore, Northern Bald Ibis 
might be a suitable model to investigate the relationships 
between an individual’s network position (including other 
metrics, such as density) and risks (e.g., disease transmis-
sion, increased competition) and opportunities (e.g., access 

to social information) with respect to reproduction and 
survival.

In the present study, we assessed the effect of season 
(autumn and winter), sex, age and reproductive partner on 
proximity between individuals and social behaviour (i.e., 
affiliative and agonistic interactions between colony mem-
bers) in a free-flying and individually marked colony of 
Northern Bald Ibis. We tested the following predictions: 
(1) there will be an effect of season on inter-bird proximity 
and the number of agonistic and affiliative interactions, as 
Northern Bald Ibis engage in pre-breeding displays during 
autumn and establish new pair bonds during winter (Böhm 
and Pegoraro 2011), (2) there will be an effect of sex, age 
and reproductive partner on the observed patterns. Specifi-
cally, we predict (1) more agonistic interactions in males 
during winter than in autumn in competition for mates and 
nest sites, (2) therefore, generally more agonistic interac-
tions in males than females, and (3) comparable levels of 
affiliative behaviours in males and females due to relatively 
symmetrical patterns of interaction within pairs (Sorato and 
Kotrschal 2006). We also predict that older and more expe-
rienced birds will occupy more socially central positions 
(determined through both affiliative and agonistic interac-
tions in separate social networks) within the group during 
both seasons associated with known benefits of socially cen-
tral positions for survivorship in males and females (Stanton 
and Mann 2012; Archie et al. 2014; Kalbitzer et al. 2017). 
Older and experienced birds may profit from a socially 
central position by reducing stress load via affiliative ties 
(Puehringer-Sturmayr et al. 2018), by increasing fitness via 
the engagement in breeding activities (Formica et al. 2012; 
Kalbitzer et al. 2017), and by gaining access to resources 
via agonistic encounters and rank acquisition (Kulahci et al. 
2016).

Methods

Study population and area

A colony of free-flying Northern Bald Ibis was estab-
lished at the Konrad Lorenz Research Center (KLF) in 
1997 in coordination with the European Breeding Pro-
gramme (Böhm 1999; Tuckova et al. 1998). This research 
facility is situated 5  km south of Grünau im Almtal/
Upper Austria (47.852778°N, 13.955556°E). The birds 
are housed in a year-round open aviary (approximately 
20 × 15 × 7 m [L × B × H]; referred to as ‘nesting site’ 
hereafter) in the local Cumberland Game Park. The avi-
ary is used for roosting as well as for breeding in spring. 
The birds can leave the aviary at any time and roam the 
foraging grounds in the area. During winter (from mid-
December until March) and depending on the harsh alpine 
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weather conditions, the ibis generally stay at their nesting 
site. The birds are supplemented with food twice per day 
during winter periods when resources are scarce and later 
during spring at the continuation of the breeding season 
(hash made from 1-day-old chicks and beef heart, mixed 
with insects and water-soaked dog food; generally from 
November to May). All the birds are individually marked 
with coloured leg rings. Birds were habituated to the pres-
ence of humans. Observations were conducted in the sur-
roundings of the Konrad Lorenz Research Center (i.e., 
meadows and a river with gravel banks) and the adjacent 
Cumberland Game Park (i.e., at their nesting site). At the 
start of data collection, the colony consisted of 39 indi-
viduals (24 males and 15 females, aged from 7 months to 
17 years; mean age ± SD = 3.92 ± 4.52; Table S1).

Data collection

Data were collected from 21 October 2016 until 28 Feb-
ruary 2017. The observation period was divided into 
two phases: (1) autumn, data collected from October to 
December and (2) winter, data collected from January 
to February. Observations were performed between 0800 
AM and 0400 PM of all birds present at that time. We did 
focal observations of all birds by applying a continuous 
recording method (Altmann 1974) with each protocol last-
ing 10 min. Each individual was observed 46.5 ± 1.7 times 
(mean ± SE), totalling 1814 observation protocols. TS 
collected a total number of 890 protocols during autumn 
 (Nprotocols field = 727,  Nprotocols aviary = 163) and a total num-
ber of 924 protocols during winter  (Nprotocols field = 211, 
 Nprotocols aviary = 713). All behavioural data were collected 
with the software Prim8 Mobile (mobile computing to 
record nature, https ://www.prim8 softw are.com/; McDon-
ald and Johnson 2014). We monitored frequencies of 
initiated and received affiliative (greeting, bill shaking, 
clasped necks, preening invitation, preening, contact 
sitting) and agonistic behaviours (threat, threat greet-
ing, pecking, defensive threat, displacement, attempted 
displacement, fighting; for a detailed description of the 
listed behaviours see Pegoraro 1992). Additionally, prox-
imity (< 0.5 m, based on previous observations; measured 
as duration) of the focal animal to other colony mem-
bers was measured by visual estimation. For each colony 
member that came within a 0.5 m radius of the focal indi-
vidual during the 10 min observation time, we recorded 
the duration of the proximity between the focal bird and 
other colony members. Proximity estimation for ibis was 
trained before starting data collection by estimating and 
then measuring the distance between bins.

Data analysis

Social network analyses and calculation of network metrics 
were performed in Ucinet v. 6.699 (Bogatti et al. 2002). The 
randomization procedures to determine if the networks are 
‘non-random’ were computed in R version 4.0.2 (R Core 
Team 2020). For the visualisation of the networks, we used 
the software Gephi 0.9.2 (Bastian et al. 2009). To analyse 
the influence of age on the position of the individuals within 
the network, the age in months was calculated for each focal 
animal. Since preliminary analysis showed differences in the 
network metrics (i.e., degree, in-degree, out-degree, eigen-
vector centrality) of proximity and affiliative interactions 
between autumn and winter (Wilcoxon signed rank test with 
continuity correction conducted via R version 3.6.1 (R Core 
Team 2019); see results), we analysed the two seasons for all 
response variables in separate models.

Proximity (i.e., all colony members within 0.5 m of the 
focal individual) was measured to analyse the inter-indi-
vidual distance during natural foraging and roosting. Four 
directed and two undirected social networks were created 
(Farine and Whitehead 2015) for affiliative and agonistic 
interactions (one directed network each for autumn and win-
ter) as well as proximity (one undirected network each for 
autumn and winter) split by season. Nodes were defined as 
the individuals within the colony and edges represented the 
interactions between those individuals. For affiliative and 
agonistic networks, edges represented the raw frequency 
count of interactions between individuals. In the proximity 
network, a simple ratio index (time observed together/time 
both observed * 100) was used to calculate the edge weights. 
Social networks were examined at node-, dyadic- and net-
work-level. To measure individual variation in sociality at 
the node-level, we calculated different network metrics for 
each individual in each network representing initiated and 
received social interactions, i.e., weighted degree (sum of 
all individuals that interacted with a specific individual), 
weighted in-degree (corresponds to received affiliative and 
agonistic behaviours; number of colony members from 
whom an interaction is received), weighted out-degree (cor-
responds to initiated affiliative and agonistic behaviours; 
number of colony members towards which an interaction 
is initiated) and eigenvector centrality (a measure of social 
centrality within the network which is proportional to the 
sum of the centralities of an individual’s neighbours). Those 
network metrics were selected, because we distinguished 
between initiated and received behaviours, and because in 
Northern Bald Ibis, affiliative interactions increase during 
the pre-breeding and breeding season and decrease after the 
offspring fledged; also, most affiliative interactions occur 
between former and prospective mates. Degree and eigen-
vector centrality measure the number of incident links and 
the quality of those links (i.e., the importance of nodes in a 

https://www.prim8software.com/
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network), which is an important measure to assess how an 
individual’s associations differ between sex of the interact-
ants and change with season and age.

Binary networks (connection between two individuals 
was coded as 1 and no connection between two individuals 
was coded as 0) were used to calculate density at the net-
work-level (proportion of possible connections used within 
a network).

To assess whether associations among pairs of individu-
als deviated from random variation, we performed pre-
network randomizations using data stream permutations for 
focal sampling data collection protocols and compared the 
strength of associations of the original and permuted data 
sets via t-test with the Animal Network Toolkit Software 
(ANTs) R package (Sosa et al. 2020). Data stream permu-
tations swap a single association in each permutation and 
this permutation can be controlled according to the focal 
observation number.

Due to the non-independence of network data and conse-
quently the violation of the assumptions of classical statis-
tical analyses, we applied a random permutation approach. 
Using Node-Level Regression with 1000 permutations, we 
investigated which factors influenced social structure in 
the Northern Bald Ibis. Node-Level Regression performs a 
basic Ordinary Least Squares (OLS) linear regression and 
uses random permutations method for constructing sam-
pling distributions of R-squared and slope coefficients to 
estimate standard errors and significance (Hanneman and 
Riddle 2005). We defined (1) degree (i.e., proximity), (2) 
out-degree (i.e., initiated affiliative and agonistic behav-
iours), (3) in-degree (i.e., received affiliative and agonistic 
behaviours) and (4) eigenvector centrality (i.e., proximity, 
initiated and received affiliative and agonistic behaviours) as 
dependent variables. Sex and age (in months) were included 
as independent variables.

At the dyadic-level a Double Dekker Semi-Partialling 
Multiple Regression Quadratic Assignment Procedure (MR-
QAP; Dekker et al. 2007) with 1000 permutations was used 
to examine whether same sex, differences in age and repro-
ductive partners predict proximity and social interactions 
(affiliative and agonistic interactions) between individuals. 
MR-QAP performs a regression between a dependent matrix 
(i.e., observed data) and one or more independent matrices 
(e.g., similarities in attributes of nodes such as sex). The 
double semi-partialling algorithm proceeds in two steps: 
(1) a standard multiple regression is computed across cor-
responding cells of the dependent and independent matrices 
and (2) together rows and columns of the matrices are ran-
domly permuted, after which the regression is recomputed. 
To estimate standard errors, this step is repeated 1000 times. 
For each coefficient, the proportion of random permutations 
that showed a coefficient as extreme as the one for observed 
values is counted. We conducted six separate MR-QAPs 

with the network proximity in autumn, proximity in winter, 
agonistic interactions in autumn, agonistic interactions in 
winter, affiliative interactions in autumn and affiliative inter-
actions in winter as the dependent matrices, while sex-based 
homophily (same sex), age-based heterophily (differences 
in age in months) and reproductive partners (i.e., previous 
ones before 2017 and partners in 2017) were used as the 
independent matrices. For the homophily matrix, same sex 
dyads were coded as 1, while different sex dyads were coded 
as 0. In the heterophily matrix, the absolute difference of age 
in months between dyads was calculated. Former or pro-
spective reproductive partners were coded as 1 and other 
conspecifics as 0.

Results are presented as mean + standard deviation.

Results

Proximity patterns

The proximity network strength of association deviated 
from random variation during autumn  (tobserved = 32.687, 
 tpermutation mean = 36.389,  pone-tailed = 0.032) and win-
ter   ( t observed = 29.470,   t permutat ion mean = 35.765, 
 pone-tailed =  < 0.001). We found an effect of season, repro-
ductive partner and age on proximity patterns, but no differ-
ences in sex. In autumn, individuals spent less time in close 
proximity (i.e.,  < 0.5 m) to conspecifics than in winter. The 
social centrality position of individuals within the colony 
did not differ between seasons (Table S2).

Autumn

Network density was high (97.3%), meaning that almost 
all individuals within the colony were generally in close 
proximity to each other. Individuals spent more time in 
close proximity to previous or new reproductive partners 
compared to other colony members. Sex-based homoph-
ily or age-based heterophily did not influence proxim-
ity patterns within the colony (Table S3). No sex differ-
ences were found in proximity patterns and centrality 
position (Fig.  1a; weighted  degreemales = 34.88 + 13.29, 
weighted   deg ree females =  32 .47  + 12 .83 ,  e igen-
vector  central i tymales = 0.15 + 0.07,  eigenvector 
 centraltyfemales = 0.14 + 0.07). However, older individuals 
spent generally more time in close proximity to other colony 
members and thus occupied a more central position within 
the network than younger individuals (Table S4).

Winter

Network density decreased during winter (84.4%) as com-
pared to autumn, meaning that all individuals were generally 
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less often in close proximity to each other compared to 
autumn. Colony members spent more time in close proximity 
to previous or new reproductive partners compared to other 
individuals. Sex-based homophily and age-based heterophily 
had no effect on proximity patterns (Table S3). Sex did not 
influence proximity patterns and centrality position within 
the network (Fig. 1a; weighted  degreemales = 63.92 + 15.08, 
weighted   deg ree females =  56 .00  + 18 .97 ,  e igen-
vector  central i tymales = 0.15 + 0.06,  eigenvector 
 centralityfemales = 0.14 + 0.08). Older birds spent more time 
in close proximity to other colony members and occupied 
more central positions (Table S4).

Agonistic interactions

The agonistic association network deviated from 
random variation during autumn  (tobserved = 9.245, 
 tpermutation mean = 24.900,  pone-tailed = 0.006) and winter 
 (tobserved = 9.655,  tpermutation mean = 23.384,  pone-tailed =  < 0.001). 
We found no effect of season or reproductive partner, but 
effects of age and sex on patterns of agonistic interactions. 
Initiated and received agonistic interactions as well as the 
centrality position within the network did not differ between 
autumn and winter (Table S2).

Autumn

A network density of 18.4% indicated low numbers of possi-
ble connections within the agonistic network during autumn. 
Agonistic behaviours were not shown towards previous or 
new reproductive partners. Sex-based homophily had no 
influence on the selection of interaction partner (Table S3) 
and sex did not modify initiating or receiving agonistic 
interactions (Fig. 2a; out-degreemales = 10.63 + 8.57, out-
degreefemales = 8.87 + 7.29, in-degreemales = 8.46 + 5.23, 
in-degreefemales = 12.33 + 4.56). The centrality positions 
occupied within the social network did not vary with sex 
or age (Table S4; eigenvector  centralitymales = 0.14 + 0.06, 
eigenvector  centralityfemales = 0.16 + 0.08). Agonistic inter-
actions occurred mostly between individuals of similar age 
(Table S3). Younger individuals received more and initiated 
fewer agonistic interactions (Table S4).

Winter

As in autumn, the network density of the agonistic network 
during winter was 18.4%, indicating only few connec-
tions between conspecifics. Previous or new reproductive 
partners were not engaged in agonistic interactions with 

Fig. 1  Undirected proximity 
networks of the Northern Bald 
Ibis colony during autumn 
(a) and winter (b). Males are 
highlighted in black, females 
in grey. Node size increases 
with the age of the individuals. 
Edge size represents how often 
an individual was observed 
near another colony member. 
 Nmales = 24,  Nfemales = 15

Fig. 2  Directed social networks of the initiated and received agonistic 
interactions in autumn (a) and winter (b). Males are highlighted in 
black, females in grey. Node size increases with the age of the indi-
viduals. Edge size represents how often an individual was involved 

in an agonistic interaction with another colony member. Edge colour 
indicates the origin of the behaviour and the direction of the associa-
tion is shown clockwise.  Nmales = 24,  Nfemales = 15
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each other. Agonistic interactions were mostly exchanged 
between individuals of the same sex (Table S3). Males ini-
tiated more agonistic behaviours and occupied a more cen-
tral position within the network than females (Fig. 2b; out-
degreemales = 13.79 + 8.03, out-degreefemales = 6.80 + 4.99, 
eigenvector  centralitymales = 0.17 + 0.05, eigenvector 
 centralityfemales = 0.12 + 0.04). However, receiving agonis-
tic interactions did not vary with sex (Table S4; in-degree-
males = 11.88 + 5.58, in-degreefemales = 9.87 + 5.94). Agonistic 
interactions occurred mostly between individuals of similar 
age (Table S3). Older birds initiated more and received fewer 
agonistic interactions. However, age did not influence the 
centrality position occupied within the network (Table S4).

Affiliative interactions

The affiliative association network deviated from 
random variation during autumn  (tobserved = 3.885, 
 tpermutation mean = 11.937,  pone-tailed = 0.002) and winter 
 (tobserved = 3.843,  tpermutation mean = 11.125,  pone-tailed = 0.002). 
We found effects of season, reproductive partner, age and sex 
on patterns of affiliative interactions. Generally, more affilia-
tive behaviour was initiated and received during winter than 
autumn, independent of sex and age. Furthermore, the social 
centrality position of single individuals within the network 
did not differ between seasons (Table S2).

Autumn

A network density of 5.2% was found in the affiliative net-
work during autumn. Affiliative interactions were mostly 
observed between previous and new reproductive part-
ners. All focal animals except for two were involved in 
affiliative interactions. However, sex-based homophily 
and age-based heterophily had no influence on the selec-
tion of interaction partner (Table S3). We found no sex 

differences in initiating and receiving affiliative behaviour 
as well as no effect of sex or age on the individual cen-
trality position within the network (Fig. 3a; out-degree-
males = 11.71 + 13.94, out-degreefemales = 17.73 + 16.81, in-
degreemales = 11.88 + 14.97, in-degreefemales = 17.47 + 16.23, 
eigenvector  centralitymales = 0.03 + 0.14, eigenvector 
 centralityfemales = 0.05 + 0.18). Older birds increasingly ini-
tiated and received affiliative behaviours (Table S4).

Winter

Similar to autumn, the network density reached 4.7% in 
the affiliative network during winter, indicating relatively 
few connections. Affiliative interactions occurred mostly 
between previous and new reproductive partners. Sex-
based homophily and age-based heterophily had no influ-
ence on the selection of interaction partner (Table S3). 
Females received significantly more affiliative interac-
tions than males (Fig. 3b; in-degreemales = 19.83 + 26.87, 
in-degreefemales = 38.73 + 34.22). However, initiating 
affiliative interactions did not vary with sex (out-degree-
males = 24.83 + 29.78, out-degreefemales = 30.73 + 30.59). Sex 
and age had no influence on the centrality position occupied 
within the network (eigenvector  centralitymales = 0.03 + 0.14, 
eigenvector  centralityfemales = 0.05 + 0.18). Older birds initi-
ated as well as received significantly more affiliative behav-
iours (Table S4).

Discussion

In our study we document strong seasonal differences in pat-
terns of proximity and social behaviour in the endangered 
Northern Bald Ibis. Specifically, we recorded (1) lower inter-
individual distance (high proximity network density) during 
autumn compared with winter, (2) no seasonal difference 

Fig. 3  Directed social networks 
of the initiated and received 
affiliative interactions in autumn 
(a) and winter (b). Males are 
highlighted in black, females 
in grey. Node size increases 
with the age of the individuals. 
Edge size represents how often 
an individual was involved in 
an affiliative interaction with 
another colony member. Edge 
colour indicates the origin of 
the behaviour and the direc-
tion of the association is 
shown clockwise.  Nmales = 24, 
 Nfemales = 15
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in patterns of agonistic behaviour but more agonistic inter-
actions in males than females, (3) seasonal and sex differ-
ences in affiliative behaviour with more affiliative behaviour 
during winter and more affiliative behaviour received by 
females than males, (4) reproductive partners as preferred 
affiliative interaction partners, and (5) an effect of age on 
social and centrality position within the group, with younger 
birds being less central in the proximity network and receiv-
ing more agonistic interactions.

During winter, individuals associated with fewer other 
colony members, as shown by the number of associates, 
but they had stronger connections to specific individuals. 
Relationship patterns may have changed over time as a con-
sequence of reproductive seasonality (Brent et al. 2013) 
as breeding pair formation starts anew before the onset of 
the forthcoming breeding season (i.e., already in autumn; 
Böhm and Pegoraro 2011). This was also supported by our 
findings that especially older individuals and reproductive 
partners (former or prospective mates) were observed in 
close proximity. Seasonal changes in affiliative interactions 
may also reflect differences in pair bond stability, with loose 
bonds during the non-breeding season and stronger bonds 
during the breeding season (Rowley 1985). Furthermore, 
season-dependent changes in associations could have impor-
tant implications for conservation: For example, identify-
ing transmission pathways of infectious diseases within an 
endangered species’ population but also between popula-
tions (Hamede et al. 2009). Contrary to our expectations, 
the occurrence of agonistic encounters did not differ between 
seasons, whereas affiliative interactions were more evident 
during winter. Increased affiliative interactions may indicate 
a function for pair bond quality and mate familiarity. In fact, 
there is evidence from socially monogamous Blue-Footed 
Boobies (Sula nebouxii) that affiliative interactions enhance 
within pair coordination and cooperation during brooding 
and chick rearing (Sánchez-Macouzet et al. 2014).

Sex and age may strongly influence how individuals 
aggregate and with whom they interact (Widdig et al. 2001; 
Boucherie et al. 2016; Rose and Croft 2018). In the present 
study, patterns of agonistic and also to some extent affilia-
tive interactions differed considerably between males and 
females during winter. High frequencies of initiated ago-
nistic interactions mostly between males may reflect male-
male competition for nest sites. In turn, high frequencies of 
received affiliative behaviours in females hint at male-male 
competition for mates. Previous or potentially prospective 
reproductive partners may invest in pair bond formation and 
subsequently in pair bond quality with a high exchange of 
affiliative behaviours. Thus, it seems that, as in other species, 
males and females have different behavioural patterns during 
winter, the onset of the breeding season, which may reflect 
individual investment into pair bond formation and mainte-
nance (Röell 1978; McGraw et al. 2010; Kubitza et al. 2015). 

By showing consistent levels of aggressiveness (high or low) 
individuals may avoid extended fights: Males, for instance, 
may benefit in male-male agonistic interactions through 
consistency in their high levels of aggressive behaviours, 
whereas females may benefit from low levels of agonistic 
behaviours (Dall et al. 2004). Our results further imply that 
females received affiliative behaviours predominantly from 
previous or potentially prospective mates.

Partner affiliation may bring significant benefits to both 
sexes, as socio-positive relationships can be beneficial in 
terms of lower levels of stress hormones, which may have a 
positive impact on the immune system (Puehringer-Sturmayr 
et al. 2018) or better access to food and protection against 
predators (Kalbitzer et al. 2017). This suggests that affili-
ative interactions among Northern Bald Ibis may also be 
interpreted as an investment of a partner towards contain-
ing the potentially detrimental effect of high parasite load 
on fitness (Frigerio et al. 2016), which was shown in Cape 
Ground Squirrels (Xerus inauris; Hillegass et al. 2010). In 
the present study, affiliative interactions frequently occurred 
between previous or prospective reproductive partners. 
However, other avian species living in year-round social-
ity showed different patterns: Rooks (Corvus frugilegus), 
for instance, do not restrict affiliative behaviour to breeding 
partners (Boucherie et al. 2016). Future research could test 
for the quality of the pair bond or for re-mating occurrence 
in relation to patterns of affiliative behaviour during the 
breeding season.

As in other species (mammals: Bekoff 1972; primates: 
Chalmers 1983; honey bees: Amdam 2011), our findings in 
Northern Bald Ibis support the idea that social interactions 
with conspecifics and the individual social role change with 
age. Stability of relationships can influence how a popu-
lation reacts to environmental change. For instance, social 
instability may reduce survival and fitness by increasing 
inter-individual aggression (Linklater et al. 1999). Notably, 
dispersal decisions might be a consequence of early social 
experience (Bekoff 1977; Holekamp 1984). Up to 50% of the 
juveniles in the study population disperse, some of which 
return during autumn (Böhm et al. in press). In our study, 
young Northern Bald Ibis occupied social positions at the 
edge of the proximity network; in addition, they received 
many agonistic interactions and almost no affiliative interac-
tions. Individuals of similar age mainly engaged in agonistic 
interactions with each other, but there was no evidence of 
them being in closer proximity or being involved in affili-
ative interactions with conspecifics of similar age. Thus, 
juveniles might not have formed socio-positive relationships 
among themselves.

Different positions within a social network might also 
be associated with age-related mortality risk and poten-
tial fitness consequences. Juvenile Greylag Geese (Anser 
anser), for example, became more successful as breeders 
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later in life than others if they had higher social connectiv-
ity during earlier life stages (Szipl et al. 2019). Because 
juvenile Greylag Geese form long-lasting social bonds 
with their parents (Rutschke 1982), this may influence 
reproduction early in life due to the parents’ associated 
social position within the flock (Szipl et al. 2019); but 
this does not apply to Northern Bald Ibis, as offspring do 
not maintain long-lasting relationships with their parents 
(Böhm and Pegoraro 2011). As our study shows, juvenile 
Northern Bald Ibis occupy social positions on the edge of 
the network and tend to disperse instead of staying.

In addition to the parameters considered in this study 
(i.e., season, reproductive partner, sex and age), several 
additional factors could have an impact on patterns of 
relationships, such as density and distribution of food 
(Chapman 1990; Howery et al. 1998), the presence of 
peers (Howery et al. 1998) or behavioural phenotype (i.e., 
passive or active; Croft et al. 2009). Density and distribu-
tion of food, for instance, generally determines group size, 
as shown for instance in Spider Monkeys (Ateles geof-
froyi; Chapman 1990). Even though our Northern Bald 
Ibis population receives supplemental feeding during 
winter, behavioural observations were not performed in 
this context; therefore, we tend to exclude such an effect 
on inter-individual distance (i.e., proximity) or agonis-
tic encounters in the present study. Furthermore, social 
factors (i.e., peers) can alter location and habitat use by 
increasing distance or associations to specific individuals 
(e.g., yearling cattle, Howery et al. 1998). Our results sug-
gest that mainly pair partners (former/prospective mates) 
are involved in establishing social ties. This suggests 
that colony formation in the Northern Bald Ibis serves 
mainly predator avoidance and info-parasitism, but is not 
the basis for cooperation that goes beyond the reproduc-
tive pair, whereas Greylag Geese establish female-bonded 
clans within the flock in addition to the reproductive pair 
(Frigerio et al. 2001). Behavioural traits may also modify 
an individual’s number of ties, as passive individuals may 
seek refuge in a social group (e.g., Guppies (Poecilia retic-
ulata), Croft et al. 2009). Regarding the role of individual 
behavioural phenotype, our unpublished data suggest that 
passive juveniles are more likely to be in the centre of 
a social group compared to active juveniles (Puehringer-
Sturmayr et  al. in prep). We are aware that the aviary 
conditions might have affected the patterns we observed. 
Most birds remained at their nest site during winter, prob-
ably because of the harsh alpine weather conditions, while 
the birds freely roamed the foraging grounds throughout 
the valley during autumn. Aviary size could have led to 
a concentration of interactions and proximity between 
colony members in winter. However, as the birds were 
able to leave the aviary at any point, and we indeed made 
observations outside the aviary as well, we conclude that 

the observed patterns of relationships were not fully con-
strained by the location.

Investigating patterns of relationships in an endangered 
species is relevant for conservation and reintroduction pro-
jects in the wild. The social complexity of a Northern Bald 
Ibis colony is a challenge when reintroducing individuals 
(Bowden et al. 2010) as the social structure of a released 
group may have tremendous effects on reproductive suc-
cess (Böhm and Pegoraro 2011). Our results imply that 
young Northern Bald Ibis may be less optimal for rein-
troduction because of greater mortality and dispersal risk 
associated with their social position within the network 
than adults. However, in combination with ‘human par-
ents’ for the chicks, the release of groups of hand-reared 
Northern Bald Ibis chicks with contact to human par-
ents has been shown to be effective (Jordan et al. 2003). 
From other study systems, there is evidence that the age 
structure of a released group has an immense effect on 
survival and fertility (Sarrazin and Barbault 1996); there-
fore, designing release programs that take into account 
age-specific bottlenecks to survival and the strengths and 
limitations of hand rearing should inform approaches. Spe-
cifically, understanding the social position of individuals 
could help to select specific individuals for reintroduction 
and to predict seasonal trends in habitat use associated 
with behaviour (Snijders et al. 2017), age-related mortality 
risk associated with different positions within the social 
network (Ellis et al. 2017), and not least the role of male 
affiliative behaviour for pair bond formation (Kubitza et al. 
2015).
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