
ll
OPEN ACCESS
iScience

Article
Multilayer social networks reveal the social
complexity of a cooperatively breeding bird
Nikola Dragi�c,

Oded Keynan,

Amiyaal Ilany

amiyaal@gmail.com

Highlights
We analyzed the effects of

individual and

environmental traits on

various social networks

We also illustrated

individuals’ social niches

resulting from all six

interaction types

Depending on the

interaction type, the effect

of the traits varied across

networks

Only age affected

individuals’ social niches

Dragi�c et al., iScience 24,
103336
November 19, 2021 ª 2021
The Author(s).

https://doi.org/10.1016/

j.isci.2021.103336

mailto:amiyaal@gmail.com
https://doi.org/10.1016/j.isci.2021.103336
https://doi.org/10.1016/j.isci.2021.103336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103336&domain=pdf


ll
OPEN ACCESS
iScience
Article
Multilayer social networks reveal the social
complexity of a cooperatively breeding bird

Nikola Dragi�c,1 Oded Keynan,2 and Amiyaal Ilany1,3,*
SUMMARY

The social environment of individuals affects various evolutionary and ecological
processes. Their social environment is affected by individual and environmental
traits. We assessed the effects of these traits on nodes and dyads in six layers of
networks of Arabian babblers, representing different interaction types. Addition-
ally, we tested how traits affect social niches in the multilayer networks using the
t-distributed stochastic neighbor embedding (tSNE) dimensionality reduction algo-
rithm. The effect of group size and season was similar across network layers, but
individual traits had different effects on different layers. Additionally, we docu-
mented assortativity with respect to individual traits in the dominance display
and allopreening networks. The joint analysis of all six layers revealed that most
traits did not affect individuals’ social niches. However, older individuals occupied
fewer social niches than younger ones. Our results suggest that multilayer social
networks are an important tool for understanding the complex social systems of
cooperative breeders and intragroup interactions.
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INTRODUCTION

Animal species live in a variety of asocial or social systems. Social relationships among individuals in a pop-

ulation have been shown to impact a range of ecological and evolutionary processes, via their effects on

pathogen transmission, sexual selection, reproductive success, and survival (Cantor et al., 2021; Kurvers

et al., 2014). It is thus important to understand the forces and individual traits shaping the structure and

dynamics of animal social networks. Traditionally, social relationships were defined using a single interac-

tion type, such as aggression, grooming, or coordinated activity. The primates literature stands out in using

multiple interaction types to estimate the strength of social relationships (Kulahci et al., 2017; Pereira et al.,

2020; Seyfarth et al., 2012; Smith-Aguilar et al., 2018); however, multiple interaction types were recorded in

other taxa as well (Drewe, 2010; Gadagkar, 2001).

Social network analysis is a useful tool that provides researchers with themeans to analyze and compare the

structure of animal societies across different taxa and social systems. An emerging subfield within network

theory is the study of multilayer networks, in which each layer describes a different interaction type (Fisher

and Pinter-Wollman, 2021). Multilayer networks move beyond simple networks and provide a more com-

plex but also more realistic framework (Robitaille et al., 2020). For example, including various layers in

the analysis allows researchers to account for interdependencies between different traits in those layers,

such as different locations or interaction types (Silk et al., 2018). In baboons (Papio cynocephalus), associ-

ation and grooming interactions were often analyzed together, as affiliative interactions. However,

analyzing these two interaction types as separate layers showed that individuals’ centrality in each layer

was significantly different from centrality in the aggregated network (Finn et al., 2019). A recent study on

vervet monkeys (Chlorocebus pygerythrus) using multilayer social networks provided additional insights

into animal social dynamics (Bonnell et al., 2020). Besides the correlation between males’ strength of

grooming with females and their social rank found in single network analysis (Young et al., 2017), the study

by Bonnell and colleagues also found correlations between different layers of the multilayer network. Spe-

cifically, male connectedness with females in grooming networks affected aggression received from other

males and consequently increased the number of grooming interactions in future time steps (Bonnell et al.,

2020). Multilayer social networks could be especially important for studying the social niches of animals.

Social niches are defined as a summary of an individual’s social relationships in all social networks in which

the individual participates (Flack et al., 2006).
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:amiyaal@gmail.com
https://doi.org/10.1016/j.isci.2021.103336
https://doi.org/10.1016/j.isci.2021.103336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103336&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
Social relationships and the position of individuals within their social networks depend on individuals’ traits.

For example, older humans and chimpanzees maintain fewer social relationships than younger individuals

(Rosati et al., 2020). Sex also strongly affects the social relationships of animals (Jacoby et al., 2010; Spiegel

et al., 2018), with the philopatric sex usually found to establish stronger bonds (Podgórski et al., 2014; Sey-

farth et al., 2012). Other traits that were found to affect individuals’ positions in social networks include per-

sonality (Aplin et al., 2013), hormone levels (Boogert et al., 2014), and social rank (Ilany et al., 2015). Besides

individual traits, other factors also affect individuals’ social relationships such as group size (Pollard and

Blumstein, 2011) and food availability (Holekamp et al., 2012). Yet, little is known about the effects of indi-

vidual and environmental traits on individuals’ positions in multilayer social networks. A trait that implies

high centrality in one network may cause the opposite effect in another network, highlighting trade-offs

and sources of variation in social behavior. Studying multiple traits in the context of a multilayer network

should provide a comprehensive account of how traits shape the social structure and may advance the un-

derstanding of social niches and the evolution of social behavior.

The Arabian babbler (Argya squamiceps) is a cooperatively breeding passerine bird species living in de-

serts in the Middle East. Group members help to raise the offspring of the dominant breeding pair. Group

size varies between 2 and 17 (Keynan and Ridley, 2016). Most of the groups are ‘‘simple’’ family groups,

composed of a dominant mating pair and their offspring as helpers. Some groups are ‘‘complex,’’

composed of more than two potential breeders. In complex groups, subordinate individuals have a small

chance to reproduce (0–5% chance for males and 0.5% for females) (Lundy et al., 1998). Each group oc-

cupies the same territory all year round. They have a clear, age-dependent linear hierarchy structure (Datt-

ner et al., 2015; Zahavi, 1991). Their mating season spans from February to July, during which they can have

up to four broods with usually four eggs in each clutch (Ostreiher, 1999). Arabian babblers are considered

adults when they are one year old (Ostreiher, 1999; Ridley, 2007). They interact with conspecifics in multiple

ways, including allopreening, playing, proximal foraging, and agonistic interactions (Kalishov et al., 2005;

Zahavi, 1991).

The first aim of our study was to test multiple hypotheses regarding the structure of multilayer social net-

works in a wild Arabian babbler population (Figure 1). We asked how sex, age, group size, and season affect

the position of individuals within networks. We predicted that males will be more central than females in

dominance display and proximal foraging networks, while in other networks, the difference will be small

or insignificant. Furthermore, younger individuals were expected to be more central than older individuals

in scrounging, playing, and proximal foraging networks. Additionally, we expected more interactions dur-

ing autumn because food is more abundant and the days are longer. We hypothesized that individuals will

be selective about the distribution of interactions and hence that group size will have a limited effect on

individuals’ centrality and that most interactions will be between individuals of the same sex or age class.

Our second goal was to quantify the social niche, that is, the individual’s position within the multidimen-

sional social space. We predicted that there should be recurring positions across groups when considering

several types of interactions. For example, we predicted that the highly skewed reproduction (Lundy et al.,

1998) and stability of family groups (Zahavi, 1991) will result in different social niches for breeding versus

non-breeding individuals. Different social interests could cause behavioral differences between parents

and their offspring. Furthermore, parents in family groups are residents as long as their partner is present,

which could favor their intra-group interactions compared with their offspring. Additionally, as males are

more likely to stay in their natal groups (Ridley and Huyvaert, 2007), we expected differences in social con-

nectivity between males and females. Specifically, males were predicted to benefit more than females from

establishing stronger social bonds within their groups.

RESULTS

Factors correlated with individuals’ strength

Using generalized linear mixed models (GLMMs), we identified the factors correlated with individuals’

strength in each interaction layer of the network.

Playing

Age was strongly correlated with node strength in the playing network, with older individuals having lower

strength (b =�1.74, p < 0.001; Table 1). Sex and group size were not associated with node strength. Playing

was more common during autumn than during winter (b = �2.16, p = 0.005; Table 1).
2 iScience 24, 103336, November 19, 2021



Playing

1

2

3
4

5 6
7

8

9

Allopreening

1

2
3

45

6

7
8

9

Proximal foraging

1

2

3

4

5

6

7

8

9

Scrounging

1

2

3

4

5

6

7

8

9

Dominance display

1

2

3
45

6

7

8

9

Allofeeding

1
2

3
4

5
6

7

8

9

Figure 1. Differences between layers in a multilayer social network

Each layer is constructed based on a single interaction type. The size of nodes represents individuals’ age.Males are depicted in

yellow, and females in red. The number in nodes shows social rank within the group, with 1 being the highest-ranked babbler.
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Allopreening

Age and group size were not correlated with the number of allopreening interactions. Males had interacted

more than females (b = 0.11, p = 0.021). Individuals interacted significantly less during winter (b =�0.57, p =

0.036; Table 1).

Proximal foraging

While other interactions were more common during autumn, proximal foraging was significantly more

common during winter (b = 0.137, p < 0.001; Table 1). Group size was positively correlated with node

strength (b = 0.24, p < 0.001; Table 1). Age was negatively correlated with node strength (b = �0.31,

p =< 0.001; Table 1). There was no significant difference between males and females.

Scrounging

Younger individuals were more likely to be scroungers because scrounging out-strength was lower for

older individuals (b = �1.33, p < 0.001; Table 1), while older individuals were usually producers (age had

a positive effect on scrounging in-strength; b= 0.527, p < 0.001; Table 1). Scrounging in-strength was signif-

icantly more common during autumn (b = �1.065, p = 0.014; Table 1).

Dominance display

Sex significantly affected the number of dominance displays, with males being actors more often (b = 0.86,

p < 0.001; Table 1) and females being receivers more often (b = 0.379, p = 0.013; Table 1). Age was posi-

tively correlated with dominance display out-strength (b = 0.5, p = 0.009; Table 1) and negatively correlated

with dominance display in-strength (b =�1.585, p < 0.001; Table 1). Individuals in larger groups were more

aggressive, with dominance display out-strength being positively correlated with group size (b = 0.164, p <

0.001; Table 1). As with the other directed interactions, individuals were less active during winter (out-

strength b = �0.78, p < 0.001; in-strength b = �0.572, p = 0.016; Table 1).
iScience 24, 103336, November 19, 2021 3



Table 1. Effects of individual traits on individuals’ strength

Playing

strength

Allopreening

strength

Proximal

foraging

strength

Scrounging

out-strength

Scrounging

in-strength

Dominance

display out-

strength

Dominance

display in-

strength

Allofeeding

out-strength

Allofeeding

in-strength

Intercept 8.373 3.726 4.099 6.185 1.197 �1.656 4.752 �2.202 7.389

Sex (male) 0.024 0.113 0.052 0.138 0.021 0.864 �0.379 0.014 �0.559

Age (log10) �1.738 0.092 �0.312 �1.330 0.527 0.500 �1.585 1.038 �1.844

Group size �0.043 �0.057 0.240 �0.037 �0.001 0.164 0.126 0.044 �0.178

Season

(winter)

�2.163 �0.573 0.137 �0.691 �1.065 �0.783 �0.572 �1.413 �0.963

Values are coefficients calculated using GLMM (Model 1). Significance was calculated using the null model approach, with random data sets generated through

node permutation. Significant values (p < 0.05) are in bold. Standard errors and p values are presented in Tables S1–S9. For categorical factors (sex and season),

the reference values are ‘‘female’’ for sex and ‘‘autumn’’ for seasons.
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Allofeeding

Females were more likely to be receivers of allofeeding interactions (b = �0.559, p = 0.004; Table 1).

Age had a positive effect on out-strength (b = 1.038, p < 0.001; Table 1) and negative effect on in-strength

(b=�1.844, p < 0.001; Table 1). Both out-strength and in-strength were lower during winter (b =�1.413 and

b = �0.963, p = 0.007; Table 1).

Factors correlated with association strength

The summary of Model 2 is presented in Table 2. Sex, age, group size, and season were correlated with

dyads strength similarly to node strength for the majority of interaction types. However, in allopreening

and dominance display networks individuals showed assortativity in their connectedness based on age

and sex.

Allopreening

Although sex did not significantly affect individuals’ strength, it affected their assortativity. Male-male

dyads were significantly stronger than female-female dyads (b = 0.251, p < 0.001; Table 2). In Model 1, there

was also no correlation between node strength and age. However, analysis of dyads showed a difference
Table 2. Effects of traits on dyads’ strength

Playing Allopreening

Proximal

foraging Scrounging

Dominance

display Allofeeding

Intercept 1.568 3.176 2.100 2.528 �0.744 1.631

Sex (male-female) �0.003 0.051 �0.005 �0.196 0.517 �0.017

Sex (male-male) 0.001 0.251 0.048 0.035 0.751 �0.598

Age class (adult-yearling) 1.465 �0.113 0.131 �0.044 �0.578 �0.218

Age class (adult-early clutches) 1.823 �0.341 0.097 0.399 �0.602 0.172

Age class (adult-late clutches) 1.464 �0.427 0.215 0.446 �0.567 �0.467

Age class (yearling-yearling) 3.824 0.005 0.535 0.493 �0.413 �0.075

Age class (yearling-early clutches) 4.084 �0.166 0.488 0.725 �0.617 0.894

Age class (yearling-late clutches) 3.658 �0.478 0.370 0.729 �0.054 1.222

Age class (early clutches-early clutches) 4.177 �0.271 0.496 0.641 0.429 �0.252

Age class (early clutches-late clutches) 3.973 �0.472 0.545 0.436 �0.034 0.689

Age class (late clutches-late clutches) 3.877 �0.206 0.793 0.667 0.554 0.448

Group size �0.351 �0.170 0.107 �0.191 0.081 �0.279

Season (Winter) �2.717 �0.606 0.142 �0.906 �0.756 �1.175

Presented values are coefficients calculated using GLMMs (Model 2). Significance was calculated using a null model approach, with random data sets generated

by node permutation. Significant values (p < 0.05) are in bold. Standard errors and P values are presented in Tables S10–S15. For sex, the reference value was

‘‘female-female’’ dyads, ‘‘adult-adult’’ for age class, and ‘‘autumn’’ for season.
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Figure 2. Males and females occupied similar social niches

The t-SNE analysis of all six layers of the network showed almost no differences between males and females.
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between dyads within age classes (adult-adult, yearling-yearling, and early clutches-early clutches) and

between different age classes (Table 2). Adult-yearling dyads were not different from adult-adult dyads.

Furthermore, late clutches-late clutches dyads were significantly different from adult-adult dyads (b =

�0.2016, p = 0.02; Table 2). Although group size was associated with individuals’ strength, it was not signif-

icantly associated with the strength of dyads.

Dominance display

Males were more involved in dominance display because both male-female dyads (b = 0.517, p < 0.001;

Table 2) and male-male dyads (b = 0.751, p < 0.001; Table 2) were significantly stronger than female-female

dyads. Adults were mostly producing dominance display toward other adults, whereas dyads with other

age classes were significantly weaker (Table 2). Table 1 shows that age was negatively correlated with

dominance display. Additionally, Table 2 shows that younger individuals were less selective about their

dominance display than adults. The only outlier was dyads between yearlings and early clutches (b =

�0.616, p = 0.011; Table 2). Group size did not affect dyads, but there were fewer dominance displays dur-

ing winter (b = �0.756, p = 0.046; Table 2).

Multilayer network analysis and t-SNE

We used both node and dyad strength for the visualization of social niches. For Figures 2, 3, and 4, we

applied t-SNE on a multidimensional matrix with nine axes, where each axis was individuals’ strength in

a different layer of the network. For directed interactions, we used both in-strength and out-strength. All

axes were normalized. Sex did not affect the distribution of points across the graph (Figure 2). In contrast,

age and breeding status affected the distribution. Older individuals occupied fewer social niches (Figure 3),

especially parents, with almost all breeding individuals having similar interaction patterns (Figure 4).

For Figure 5, we applied t-SNE on amultidimensional matrix with six axes: dyads strength in each social network

layer. The breeding status of individuals affected their social niches, with a clear difference between dyads

including parents and dyads between siblings (Figure 5). Other traits did not affect the social niche.

DISCUSSION

We provide a detailed multifaceted description of sociality in a cooperative breeder, the Arabian babbler. Our

analysis applies amultilayer network approach, emphasizing that social relationships and the structure of animal

societies may vary substantially when observed via different lenses, such as different interaction types. In gen-

eral, we find that the position of individuals within their social networks varies but can be explained by individual

traits such as sex and age (Figure 6). Individual traits also affected with whom individuals will interact, focusing
iScience 24, 103336, November 19, 2021 5



Figure 3. Social position stabilized when individuals reached their second year

Each point represents a value calculated by applying the t-SNE algorithm on individuals’ strengths in six different network

layers. Adult individuals (blue) had similar positions in the multilayer social network. In contrast, the strength of young

individuals (red, yellow, and green) varied across different groups.
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their social time on individuals of the same sex or age class (Table 2). In addition, individuals’ social output varies

seasonally and depending on group size, demonstrating flexibility in social decision-making in this group-living

bird. Different social niches, describing the multidimensional aspects of centrality in interaction networks, were

occupied by parents versus helpers, and another stratification corresponds to age. In contrast, the two sexes did

not occupy different social niches. Finally, parent-offspring relationships were different in themultilayer network

from those of siblings but cannot be distinguished from parent-parent relationships.

The social environment imposes selective forces on individuals. Both quantitative geneticists and behav-

ioral ecologists have reached the same conclusion: social interactions with conspecifics can influence
Figure 4. Parents occupied fewer social niches than helpers

Each point represents a value calculated by applying the t-SNE algorithm on individuals’ strength in six different network

layers. Parents (red) from almost all groups had similar social positions within the multilayer network. Helpers’ positions

(blue) varied; even individuals from the same group and social status can occupy different social niches.

6 iScience 24, 103336, November 19, 2021



Figure 5. Breeding status affected relationships of Arabian babblers

Each point represents a value calculated by applying the t-SNE algorithm on individuals’ strength in six different layers of

the networks. Non-breeding individuals formed different relationships with their parents (blue) and their siblings (yellow).

There was no difference between parent-parent (red) and parent-offspring (blue) dyads.
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both an individual’s phenotype and its fitness (reviewed in the study by Fisher and McAdam, 2017). For

example, social relationships have been found to affect survival (Barocas et al., 2011; Silk et al., 2010), repro-

ductive success (Barrett et al., 2012), and sexual selection (McDonald, 2007), as well as pathogen and infor-

mation transmission (Stroeymeyt et al., 2018; VanderWaal et al., 2014). Thus, the position of individuals in

their social networks is not expected to be random andmay be affected by their traits. Network position has

been suggested to be a key component in the characterization of social personality types (Wilson et al.,

2013). However, in an ever-changing social network, individuals are expected to be exposed to temporal

dynamics even if they are socially passive, and thus, the relationship between a trait such as sex or weight

and social position is not straightforward. Several previous studies have demonstrated how traits of indi-

viduals affect their position within social networks. These traits include personality, sex, and social rank,

among others (Aplin et al., 2013; Ilany et al., 2015; Spiegel et al., 2018). Our findings suggest that traits

that affect the social position in one context, for example, in proximal foraging, do not necessarily affect

the social position in other contexts. Researchers in this field should carefully consider whether they should

aggregate different interaction types into general ‘‘affiliative’’ social networks, as has been conducted

before, or, alternatively, construct multilayer networks that will provide a more nuanced description of

the social environment. This decision should depend on two main factors. First, there might not be enough

data on each layer of the network to allow separation. Second, a preliminary analysis can reveal if the

different layers are correlated. No or negative correlation will mean that aggregating multiple layers

into a single network may bias inference of the structure of the social network, as contrasting effects

may balance each other to show average social relationships that do not actually represent any of their

constituents.

The different layers of the network varied in their dependency on the traits of the interacting individuals.

Proximal foraging and allopreening, and to a lesser extent scrounging, were more similar across different

dyad types (Figure 1). In contrast, playing, allofeeding, and dominance displays were more variable de-

pending on dyad types. We observe that some layers, such as allopreening, may be more ‘‘sensitive’’ to

the dyad types. For example, we did not find age to affect allopreening (Table 1). However, when taking

the traits of both individuals into account (Table 2), we find that adult-adult dyads are different from dyads

between different age classes (Table 2). Despite having the highest average dyad strength, late clutches-

late clutches dyads are not significantly different from other dyads which include the youngest individuals,

indicating that in early age Arabian babblers are not selective about their allopreening partners. We

observed a similar effect in dominance display networks, in which adult-adult dyads were significantly

stronger than other dyads involving adults, while other age classes seemed to be less selective about their
iScience 24, 103336, November 19, 2021 7
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Figure 6. A summary of the individual and environmental effects on Arabian babbler social networks

Line width is proportional to the magnitude of the effect (Z values of Model 1). Only significant effects are presented.

Environmental and individual traits are depicted in red and cyan, respectively.
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dominance display (Table 2). Individuals’ capacity for social interactions is limited (Byrne and Bates, 2007);

hence, they need to prioritize their relationships. That may explain why young individuals invest in playing

and dominance display, which is important for their development and social rank in early stages (Ostreiher,

1999), whereas adults invest in allopreening which is linked to reduced aggression and the possible forma-

tion of coalitions (Radford, 2008; Ridley, 2012).

When analyzing the composite node strength of individuals in multiple layers of the network, we find that

babblers of different ages, and in different breeding states, occupy different social niches, that is, older and

breeding individuals can be clustered in terms of their social interactions to feature similar behaviors. It is

remarkable that individuals belonging to different groups, varying in geographical location, group size,

and group composition, occupy similar social niches. Although this finding can be partially attributed to

the effect of traits on strength in network layers, we also show that the composite sociality description

can be predicted by some traits, but not by others. For example, although sex affected individuals’ strength

in the allofeeding, dominance display, and scrounging layers, it did not play a major role in the overall so-

cial niche (Figure 2). Thus, males and females had similar social niches when considering their strength

within the multilayer network. In contrast, the two traits that did distinguish between babblers in the multi-

layer network were temporally variable. Our findings suggest that when babblers age, they change their

social niches, for example, by spending less time playing and scrounging while spending more time allo-

feeding, allopreening, and in dominance displays. This is in line with behavioral patterns across several

mammalian species, including humans (Murphy et al., 2020; Rosati et al., 2020).

This was the first study to record multiple interaction types of Arabian babblers simultaneously, and one of

the first to use a multilayer network approach in any species. Although most of the interactions were pre-

viously described (Dattner et al., 2015; Pozis-Francois et al., 2004; Zahavi, 1991), the knowledge about their

abundance and seasonal character was limited. We limited our analysis to only three individual traits, age,

sex, and breeding status, tomaintain individuals’ habituation throughout the observation period. However,
8 iScience 24, 103336, November 19, 2021
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future studies should aim to describe the effects of other factors as well (e.g., personality, hormone levels,

social rank), as well as the effects of sociality on different interaction types. We expect that multilayer

network analysis can add insight into the social behavior of many species, especially those with multiple

types of interactions.

Limitations of the study

Two main limitations of our study were variation in group size and the properties of animal multilayer

networks. In the first two seasons, only three groups had more than six individuals. Hence, there was a

significant difference between the smallest (6) and the largest group (15). We controlled for group size

in each statistical model, but a more uniform group size would rule out a potential bias. In addition, we

focused only on family groups because during all three seasons there were no complex groups with

more than four individuals.

Determining the ‘‘value’’ of interactions will probably remain one of the biggest challenges of animal multi-

layer social networks. In our t-distributed stochastic neighbor embedding (tSNE) analysis, node and dyad

strength from different layers contributed equally to individuals’ position in the multiaxis matrix. For

example, while aggression is significantly rarer than proximal foraging, the intensity of interaction may

impose a similar effect on individuals’ social environment. However, different social systems or data collec-

tion methods could choose to analyze node strength as non-normalized. For example, if allopreening is

more abundant than playing then it should have a stronger effect on nodes’ position in the multiaxis matrix.

Future studies analyzing relationships between different interaction types could provide a better answer to

this question.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was conducted in the Sheizaf Nature Reserve in the Central Arava, southern Israel. Observations

were conducted during three non-breeding seasons, 2017–2020. The non-breeding season of Arabian

babblers lasts from September until February. All observed individuals were over four months old and in-

dependent foragers (Ridley, 2007). We observedmost groups during autumn and winter (two group rounds

per season) to control for seasonal effects. We observed nine groups, for a total of 19 group rounds (Table

S16). Group size varied between 6 and 15. We observed a total of 94 individuals. After constructing net-

works, four individuals with unknown sex were omitted from further analysis, hence the total number of

analyzed individuals was 90 (47 females and 43 males). Three groups from the first two seasons disinte-

grated after only one group round, resulting in an unequal number of observations per individual. The ma-

jority of individuals, 57, were observed at least two times. The number of analyzed dyads was 415, withmore

than half of them (230) being analyzed at least two times. Detailed information about observed groups and

individuals can be found in the supplemental information. All study groups were simple groups with one

breeding pair and their offspring as helpers. We focused on simple groups since during the observation

period complex groups were rare (<10 % of the population) and small (<5 individuals). Simple groups

are compact; groups move together and collectively defend their territories. We conducted focal observa-

tions of Arabian babblers, in which we observed interactions of the focal individual and individuals in its

nearby surroundings (Altmann, 1974). The focal individual was randomly selected and followed during a
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ten-minute focal session. Each individual was marked with colored rings and observed ten times in each

group round (Figure S1). Observations were conducted for 3–4 hours after sunrise when babblers are

most active (Ridley, 2007). For recording observations, we used the customizable phone application Cyber-

tracker (https://www.cybertracker.org).
METHOD DETAILS

Data collection

We recorded all known interactions of Arabian babblers. Based on previous studies by Zahavi and col-

leagues we classified them into six interaction types (Carlisle and Zahavi, 1986; Kalishov et al., 2005; Keynan

et al., 2015; Pozis-Francois et al., 2004; Ridley and Huyvaert, 2007; Zahavi, 1991). Rare interactions, e.g.,

morning dance and unsuccessful allofeeding were not included in the analysis. The recorded interactions

were stored as adjacency matrices (see supplemental information). Three interaction types were directed

interactions - allofeeding, dominance display, and scrounging. Directed interactions had an actor (initiator)

and a receiver of the interaction. The other three interaction types - playing, allopreening, and proximal

foraging - were undirected, andmay include two or more individuals (Farine andWhitehead, 2015; Godfrey

et al., 2009). We constructed six networks for each group round, summarizing all ten focal observations of

each of the groupmembers. Preliminary analysis showed that the interaction types were correlated (Tables

S17–S18). Individuals were set as nodes and the six interaction types as links (Figure 1). Links between no-

des were weighted and they represent the frequency of interactions between individuals (Krause et al.,

2014). The total number of an individual’s interactions represents the strength (weighted degree) of the

node.
Recorded interactions

Social play (Video S1) is not frequently observed among birds, but was recorded in several independent

lineages (Pozis-Francois et al., 2004). Both juveniles and adult Arabian babblers play. It resembles mamma-

lian social play and includes play-fights, tug-of-war, and displacements. It also includes several play signals:

crouching, rolling over, the elevation of sticks, play bow, establishing eye contact, and freezing briefly in the

middle of play. Sometimes it can resemble aggressive dominance displays, but it is easy to distinguish

those interactions by duration and two-way involvement of the participants (Pozis-Francois et al., 2004).

Allopreening (Video S2) refers to an individual cleaning and grooming other members of the group (Rad-

ford, 2008; Zahavi, 1991). Although this interaction has an actor and a receiver, the receiver usually recip-

rocates immediately. In addition, Arabian babblers often preen in groups. We thus recorded allopreening

as an undirected interaction.

Proximal foraging (Video S3) is non-contact interaction similar to proximity interactions recorded in pri-

mates (Flack et al., 2006; Smith-Aguilar et al., 2018). Arabian babblers mainly feed on arthropods, as well

as fruits, seeds, and flowers (Kam et al., 2003; Keynan et al., 2015). They forage for food in the ground or

under the bark of trees. They also occasionally hunt small vertebrates such as lizards, snakes, and even

birds. We used the following rule to record proximal foraging: individuals that are foraging next to each

other within a 1 m distance for more than 10 seconds. Of note, a group can be split into multiple subgroups

of individuals foraging together. Thus, proximal foraging does not necessarily reflect group size.

Scrounging (Video S4) has several definitions in the literature: direct theft (i.e. kleptoparasitism (Morand-

Ferron et al., 2007), joining food patches discovered by others (Aplin and Morand-Ferron, 2017), or taking

over food patches discovered by others (Keynan et al., 2015). We used all three definitions and recorded

scrounging as any interaction where an individual obtains food found by others.

Dominance displays (Video S4) are brief aggressive and ritualized chases, usually towards a lower-ranked

individual. An individual can also display dominance by replacing a lower-ranked individual in a sentinel

position. Aggressive dominance displays are not harmful. There is no resistance, fight, injuries or casualties.

Real fights between group members are rare and usually result in the expulsion of the subordinate individ-

ual from the group (Zahavi, 1991).

Allofeeding (Video S5) is the act of an individual feeding another individual within the group. Besides the

act of feeding, allofeeding usually contains a specific body posture and calls by the actor and the receiver.
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Allofeeding can be an act of parental care or a dominance display, but it is almost always unidirectional in

that the donor is a higher-ranked individual (Carlisle and Zahavi, 1986; Kalishov et al., 2005; Zahavi, 1991).
QUANTIFICATION AND STATISTICAL ANALYSIS

Single network analysis

To test whether individuals’ traits were associated with strength centrality across different networks we

used generalized linear mixed models (GLMM) (Bolker et al., 2009). The analyses were performed in R

4.0 (R Core Team, 2020) and we used the MASS package (Venables and Ripley, 2002). We used the function

glmmPQL and quasi-Poisson distribution for over-dispersed data (Wedderburn, 1974). We constructed two

models:

Model 1: the response variable was node strength (total number of interactions for each individual). For

directed interactions, we analyzed out-strength (sum of links when the individual is the actor) and in-

strength (sum of links where the individual is the receiver) separately in the models.

Model 2: we analyzed assortativity and the response variable was the weight of links. Assortativity is the

preference of individuals to bond with similar individuals with respect to some trait (Ilany and Akçay,

2016). We assigned the traits of both individuals to dyads. For example, sex had three levels: female-fe-

male, male-female, and male-male. The analysis of dyads did not consider directionality (Newman, 2002;

Sosa et al., 2021).

The independent variables in both models were sex, age, group size, and season. Group ID was set as a

random factor. The ID of individuals (Model 1) and ID of dyads (Model 2) was set as nested random effects

within each group. We know the exact date of birth for 86 out of 90 individuals, hence the age of individuals

was measured in days. The four individuals without an exact date were ringed as adults, so we know that

they were at least one year old when ringed. None of these four individuals were excluded since they

were breeding individuals, and thus important group members. Instead, we ran the models with three

different age corrections (one, three, and five years) for those four individuals ringed as adults. The results

were similar for all three age corrections. The presented numbers are with the age addition of three years.

The range of ages was between 4months (136 days) and 10 years (3500+ days), hence we used a logarithmic

transformation of age. In Model 2 using age as continuous or discrete variables provided similar results,

however, interpreting the results with age classes was easier. Individuals were separated into four age

classes:

1. Late clutches - The youngest individuals in the group, hatched 4–6 months before observations. In-

dividuals at that age are mostly independent (Ostreiher, 1999; Ridley, 2007).

2. Early clutches - Completely independent individuals, 6–12 months old. Arabian babblers rarely

disperse from a group in their first year (Ridley, 2007).

3. Yearlings - individuals in their second year (Pozis-Francois et al., 2004).

4. Adults - Individuals over two years old (Ostreiher, 1999; Ridley, 2007).

We used a null model approach to test whether traits were associated with position in social networks more

than expected by chance (Farine and Whitehead, 2015; Sosa et al., 2018). Z values from 1000 random data-

sets were compared to the Z values from our GLMMmodels. Random datasets were created by node-level

permutation of the observed dataset (Croft et al., 2008; Weiss et al., 2021; Whitehead, 2008). We used the

‘‘perm.net.nl’’ function from the ‘‘ANTs’’ package for node permutation (Sosa et al., 2018). The strength of

each node was assigned to a random node within the same network. This way we tested if individual traits

were linked to individuals’ strength while preserving the network structure (Sosa et al., 2018). We applied

the same permutation method for Model 2.

Multilayer network analysis

To analyze all networks as multidimensional objects we used strength from the single-interaction networks.

We used the dimension reduction algorithm t-SNE to represent the multi-axis matrix as a two-dimensional

plot (van der Maaten and Hinton, 2008). This algorithm finds similarities between the different axes and re-

turns two axes. The main advantage of the t-SNE algorithm over the most commonly used dimension
14 iScience 24, 103336, November 19, 2021
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reduction algorithm PCA (Principal Component Analysis) is that it also accounts for non-linear correlations

between axes (van der Maaten and Hinton, 2008). We treated individual’s strength in each network as a

different axis. In the case of node strength, we had nine axes: playing, allopreening, and proximal foraging

strength, as well as scrounging, dominance display, and allofeeding in-strength and out-strength. The t-

SNE algorithm returns two axis which individually cannot be interpreted, however, points that are close

to each other in the t-SNE plot represent similarity in the multi-axis matrix. For dimension reduction we

used the R package ‘‘Rtsne’’ (Krijthe, 2015). All interaction types were treated as equal, therefore they

were normalized using the ‘‘normalize_input’’ function from the ‘‘Rtsne’’ package, which sets the mean

strength of each network to zero and equally scales individuals’ strength in different networks. Values

were normalized for each group round separately. Perplexity was set to 15 and the maximum number of

iterations was limited to 2000. Beside using individuals as points, we also analyzed dyads. In the case of

dyads, there were six axes representing dyadic weights in each network.
iScience 24, 103336, November 19, 2021 15
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