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Sociality impacts many hiological processes and can be tightly linked to an individual’s fitness. To maximize the advantages of group
living, many social animals prefer to associate with individuals that provide the most benefits, such as kin, familiar individuals, or those
of similar phenotypes. Such social strategies are not necessarily stable over time but can vary with changing selection pressures. In
particular, young individuals transitioning to independence should continuously adjust their social behavior in light of developmental
changes. However, social strategies exhibited during adolescence in animals are understudied, and the factors underlying social net-
work formation during ontogeny remain elusive. Here, we tracked associations of wild great tits (Parus major) during the transition
to independence and across their first year of life. Both spatial and social factors predicted dyadic associations. During the transi-
tion to independence in spring, fledglings initially preferred to associate with siblings and peers over non-parent adults. We found
no evidence for preferred associations among juveniles of similar age or fledge weight during that time but weak evidence for some
potential inheritance of the parental social network. By autumn, after juveniles had reached full independence, they exhibited social
strategies similar to those of adults by establishing stable social ties based on familiarity that persisted through winter into the next
spring. Overall, this research demonstrates dynamic changes in social networks during ontogeny in a species with a fast life history
and limited parental care, which likely reflect changes in selective pressures. It further highlights the importance of long-term social
bonds based on familiarity in this species.

Key words: familiarity, great tit, ontogeny, Parus major, social networks, social stability, transition to independence.

INTRODUCTION social animals therefore, exhibit social strategies, interacting or as-
sociating more strongly with group members that provide the most
benefits. These social strategies can follow different underlying
rules, including preferences for kin (e.g., Gerlach et al. 2007; Wey
and Blumstein 2010; Carter, Seddon, et al. 2013; Diaz-Aguirre et
al. 2018), familiar individuals (e.g., Griffiths and Magurran 1999;
King et al. 2011; Kohn et al. 2015; Keller et al. 2017), or those that
share similar behavioral or phenotypical traits (e.g., Massen and
Koski 2014; Carter et al. 2015; Bizzozzero et al. 2019; Langley et
al. 2020).

The quantity and quality of social bonds can directly affect var-
ious aspects of an individual’s fitness, including survival (Silk et
al. 2010; Stanton and Mann 2012), reproduction (Cameron et al.
2009; Schiilke et al. 2010), access to social information (Aplin et al.
2012; Atton et al. 2014), competition (Schoepf and Schradin 2012)
and spread of diseases and parasites (Hamede et al. 2009; Bull
et al. 2012). To maximize the advantages of group living, many
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Preferences for specific associates are not necessarily stable over
time but can undergo temporal changes as a response to changes
in external factors (e.g., Darden et al. 2009; Kelley et al. 2011; Leu
et al. 2016), as well as an individual’s internal state (e.g., Chiyo et
al. 2011; Blonder et al. 2012). For example, age-related changes
in selective pressures can cause shifts in the benefits individuals
receive from associating or interacting with specific individuals
(Almeling et al. 2016; Murphy et al. 2020; de Lima and Ferreira
2021; Puehringer-Sturmayr et al. 2021). This effect has been well
studied in primates, with individuals tending to shrink their social
networks with age (Rosati et al. 2020; Siracusa et al. 2022). Yet,
age-related changes also occur more widely. In wild cockatoos, for
example, aging birds exhibit increased stability in social networks
and increased longevity of bonds (Aplin et al. 2021).

Across all age groups, young individuals transitioning to inde-
pendence are faced with perhaps the most drastically changing
selection pressures at different stages of development and should,
therefore, need to continuously adjust their social behavior to ben-
efit from the advantages of group living (Silk 2007). For instance, in
species with parental care, young individuals initially show strong
associations with parental individuals, before establishing their own
social network upon reaching independence (Gerber et al. 2019;
Murphy et al. 2020; Muller et al. 2022). When reaching indepen-
dence, young animals may then exhibit an increase in sociability,
as for example as demonstrated in giraffes (Carter, Brand, et al.
2013). In mammalian species with maternal care, young individuals
often inherit their mothers’ social network after independence, per-
haps as they are more likely to establish social bonds with maternal
contacts (Ilany and Akgay 2016). This has, for example, been dem-
onstrated in African elephants (Loxodonta africana), in which daugh-
ters were found to inherit the social positions of their mothers
(Goldenberg et al. 2016). In species in which bonds between
parents and offspring are less central, however, the social strategies
of young individuals—and in particular, how these change across
development—remain more elusive. This holds true for songbirds:
while often used as model systems for studying aspects of sociality,
previous studies have largely focused on adults (e.g., Snijders et al.
2014; Welklin et al. 2023); but sociality during ontogeny has been
largely ignored (but see Templeton et al. 2012; Franks et al. 2020).

Here, we describe the ontogeny of social networks in a song-
bird species during their first year of life in a species with limited
periods of parental care, the European great tit (Parus major). Great
tits are seasonal tree cavity breeders. In spring, the female will lay
on average 6.5 eggs, and the breeding pair will raise their offspring
in the nest for a period of approximately 22 days (Perrins 1979),
after which chicks fledge from their nest (at which point they are
referred to as “fledglings”). Fledglings then spend between 10-32
days in their family group, during which they continue to be fed by
both parents (Verhulst and Hut 1996). After onset of independent
feeding (at which point they are referred to as juveniles until their
first possible breeding attempt at one year of age), they either inte-
grate into local flocks or disperse (Dingemanse et al. 2003). While
various studies have identified factors influencing social network
position in both adult and first-year great tits—including body size
(Farine et al. 2012) and personality (Aplin et al. 2013; Snijders et
al. 2014; Johnson et al. 2017) — information on how young birds
initially establish their social relationships and how social strategies
change during ontogeny is lacking.

Here, we used established automated tracking techniques to
follow the social associations of juvenile birds with other birds
across their first year of life. First, we tracked birds from the point
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of fledging in late spring into summer, when juveniles leave their
family groups and integrate into local flocks. We 1) quantity how the
relationships with other birds (parents, non-parent adults, siblings,
and non-sibling juveniles [peers hereafter| change during the transi-
tion to independence. We then investigate the more detailed factors
underlying the establishment of social bonds. Natural selection pres-
sures are particularly strong during the first few weeks after fledging
due to increased predation risk and the struggle to find food after
parents stop provisioning (Perrins 1979; Naef-Daenzer et al. 2001).
This is particularly pronounced in lighter fledglings due to a lack of
fat reserves. Juveniles should, therefore, exhibit social strategies that
maximize access to the most relevant social information, and avoid
competition. We therefore 2) test for potential homophilic prefer-
ences among juveniles, hypothesizing that individuals more similar
in age and fledge weight may hold social information that is most
relevant given developmental needs. Alternatively, we 3) investigate
a potential inheritance of the parental social network, hypothesizing
that familiarity may reduce competition.

Second, to investigate how social networks develop during the
first year of life, we measured social associations for three-week
periods during the subsequent autumn, winter, and spring. The
winter months until the onset of spring are particularly challenging
for first-year birds to find food, with mortality rates estimated at
43% versus 25% in old birds (Kluijver 1951). Since great tits rely
extensively on social information for locating food sources (Aplin et
al. 2012; Farine et al. 2015; Jones et al. 2017), first-year birds should
benefit from associating more strongly with older birds who have
already survived at least one winter. Conversely, the transition from
winter to spring also coincides with the establishment of mating
pairs, in which great tits tend to assort by age (Woodman et al.
2023). To better understand how these different selection pressures
may drive social behavior, we therefore 4) tested for assortativity
by age across seasons. Iinally, great tits exhibit high breeding pair
fidelity (76%: Pampus et al. 2004), and familiarity with breeding
neighbors was found to facilitate cooperative behavior (Grabowska-
Zhang ct al. 2012a) and increase reproductive output (Grabowska-
Zhang et al. 2012b), suggesting that the establishment of long-term
social bonds should be under selection in this species. To assess the
importance of familiarity in establishing social bonds, we therefore
5) investigate whether familiarity predicts social network stability
across seasons for juvenile and adult birds.

METHODS
Field methods

The study took place in the woodland around the Max Planck
Institute of Animal Behavior in Radolfzell, Germany (47.76811,
8.99652 [WGS84]) as part of a long-term project on social beha-
vior in wild great tits. Tits were caught in mist nets throughout the
year and equipped with a metal leg ring issued by the Radolfzell
Bird Observatory and a unique passive integrated transponder (PIT)
tag (Eccel Technology, EM4102) for long-term identification, then
sexed and aged based on plumage (Svensson 1992). To study their
breeding behavior, we provided 207 nest boxes (Schwegler type
1B, 2M, 3SV) across the woodland (Figure 1). During the breeding
season (early April until June 2020), nest boxes were monitored at
least twice per week, recording nest stages, clutch sizes, start of incu-
bation, and hatch and fledge dates of nestlings. Breeding pairs were
identified 4 days after chick hatching with a built-in RFID antenna
around the entrance hole of a faceplate logger (Naturecounters Ltd.)
that recorded PIT tags of adult birds entering the nest box. Any
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Figure 1

Map of study area. 185 great tit nestlings were PI'T-tagged across 43 nest boxes (filled circles; empty circles for other species or unoccupied boxes). Six
network feeders equipped with RFID antennae (filled triangles) were then used to track social networks across seasons.

untagged adult individuals were subsequently caught in the nest box
and equipped with a metal leg ring and a PI'T tag. On day 15 after
hatching, nestlings were temporarily removed from their nest box
for weighing and were equipped with a metal leg ring and a PIT
tag before being returned to their nest. Note that the sex of nest-
lings cannot be determined based on plumage (Svensson 1992)—sex
was therefore not included in any of the analyses. To determine the
exact date of fledging, we returned to the nest daily from 22 days
after hatching onwards until all nestlings had fledged.

To record foraging associations among PI'T-tagged birds, we de-
ployed six feeders across the woodland at a distance of approxi-
mately 150-200 m from each other (Figure 1), each fitted with two
RFID antennae to record visiting birds’ PIT tags. The feeders were
installed simultaneously for one 48-h period per week during ac-
tive data collection, following the protocol established in previous
studies (Farine et al. 2012). We collected data all throughout the
breeding season into summer to record associations of juveniles
during the transition to independence (Supplementary Table S1).
Furthermore, to investigate social network dynamics throughout
birds’ first year of life, we collected data during three consecutive
weeks each the following autumn, winter, and spring, with 48 h of
data collection in each week (Supplementary Table S1).

Statistical methods

Social networks

We estimated dyadic association strengths based on co-occurrence
at network feeders. We first used Gaussian mixture models to locate
spatio-temporal clusters in the visitation data (R package “asnipe”),
considering the six feeders as separate locations (Psorakis et al.
2012; Farine 2013). From these clusters, we then identified dis-
tinct foraging flocks, splitting overlapping groups into distinct flocks
using the “gmmevents” function in “asnipe” (Farine 2013). For the
initial spring-summer data collection period in 2020, we created a
separate social network for each 48-h feeder deployment, resulting

in a total of 14 social networks. We subset the weekly spring-
summer networks to only include birds that had been detected in
a minimum of five distinct groups in each 48-h period. For subse-
quent seasons (autumn, winter, and following spring) we combined
the three 48-h deployments into a single network for each season.
For the seasonal networks, we only included birds that had been
detected in a minimum of five distinct groups across the three 48-h
periods. Following previous work on this species, we created social
networks using a gambit of the group approach (Farine 2013; Aplin
et al. 2015). We calculated associations based on the simple ratio
index, which ranges from 0 if’ never observed in the same group
to 1 if always observed in the same group (Cairns and Schwager
1987; Hoppitt and Farine 2018). All statistical analyses were con-
ducted in R 4.1.2 (R Core Team 2022).

Quantifying space use overlap

As individuals can only associate with those they also share space
with, it is vital to account for the potential confound between
shared space and association patterns, as has been well established
in social network analysis (Lussecau et al. 2006; Wey et al. 2008;
Farine 2017; Hobson et al. 2021). In all of our analyses, we there-
fore included a measure of space use overlap for each dyad. In each
dyad, one individual was designated as the “focal” individual (see
Analysis 1 below). For each focal individual and its associate, we
extracted the number of times they had been registered on each of
the six network feeders as a proxy of time spent within each feeder
area. For each dyad, we then extracted the overlap of time spent in
feeder areas as a proportion of the focal individual’s overall time
observed, ranging from 0 for no overlap to 1 for full overlap.

Analysis 1: Quantifying relationship changes during
ontogeny

To investigate how social relationships of juveniles with other birds
developed during transition to independence, we ran a Bayesian
multi-membership generalized linear mixed effect model (GLMM)
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on the data collected during late spring and summer. Multi-
membership models are statistical models designed to handle nested
or hierarchical data (Browne et al. 2001). In social network analysis,
they are used to account for the fact that each edge depends on two
nodes by including nodes as well as dyads as random effects in the
model (e.g., Rushmore et al. 2013; Boyland et al. 2016; Hart et al.
2022). To be able to track changes in dyadic associations from the
viewpoint of each juvenile as they increased in age, in each dyad,
one individual was designated the “focal” individual and one the
non-focal (e.g, see Gerber et al. 2019). To this end, we first extracted
the dyadic association strengths of each focal bird (i.e., all juveniles)
with all other birds
from the generated weekly social network. We then extracted 1)
the type of relationship with the focal (“parents,” “siblings,” “other
adults” and “peers”) as a dyadic covariate. Finally, we extracted 2) a
measure of space use overlap (for details see above) and 3) the age
of the juvenile (measured in days since fledging [centered around
0]), as co-variates specific to the focal individual. Prior to running
our model, we controlled for multi-collinearity among predictor
variables by calculating the variance inflation factor (“vif”) using the
“car” package in R (Bates et al. 2012). In our model, we additionally
allowed for an interaction between relationship type and age. Finally,
we included the identity of the focal individual as a random effect
and the identity of the dyad as a multi-membership random effect
in the model (Hart et al. 2022). We fit a zero-inflated beta model
(Model 1 in R code) in the R package “brms” (Biirkner 2017), run-
ning four chains with 4000 iterations each (2000 for warm-up, 2000
for sampling). We visually inspected trace plots and extracted R-hat
values to confirm chain mixture, convergence and stationarity, and

including other juveniles as well as adults
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conducted a posterior predictive check (McElreath 2020). Finally, we
extracted effect sizes and confidence intervals using posterior means
and 95% credibility intervals (McElreath 2020). We report odds
ratios (OR hereafter) for each predictor, which refer to the change
in the odds of an event occurring per one-unit change in the pre-
dictor variables, while the other covariates are held constant (Rita
and Komonen 2008) (for more details on interpretation of OR,
see Supplementary Information). For all GLMM models, we inter-
preted effects as significant if confidence intervals of OR excluded 1
(i.e., if both lower and upper confidence intervals were either below
or above 1).

Analysis 2: Flock formation among peers

In a second analysis, we focused on the establishment of associ-
ations amongst peers and how these associations changed over time.
We investigated whether juveniles preferentially associated with
those of similar phenotype—including age similarity and similarity
in fledge weight (as a proxy for similarity in developmental stage).
As a response variable, we extracted association strengths among
peers from each weekly network across the 14 weeks of data col-
lected in spring and summer 2020. In each dyad, each individual
was once considered the focal- and once the non-focal individual
(see analysis 1).

As predictors, we included 1) the difference in weight in grams
(standardized); 2) the age difference in number of days between
hatch dates (standardized); and 3) a measure of space use overlap
as the focal individual’s proportion of overlap at feeders with the
other individual in the dyad (for details on calculation of space use
overlap see above). We additionally allowed for interactions between
fledge weight and age difference with the focal individual’s age (in
days since fledging), to investigate whether homophilic tendencies
change with increasing age. ID of the focal individual was included
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as a random effect and the dyad as a multi-membership random
effect (Hart et al. 2022). We ran a zero-inflated Bayesian multi-
membership GLMM (Model 2 in R code) with four chains with
6000 iterations (3000 for warm-up, 3000 for sampling) (Biirkner
2017), checking for multi-collinearity and performing model checks
and extracting effect sizes as described for analysis 1.

Analysis 3: Inheritance of parental social networks

In a third set of models, we investigated a potential inheritance
of the parental social network. In the first model (Model 3a), we
tested for a direct inheritance of the parental associations by asking
whether juveniles were more likely to associate with adult birds that
were also associated with their parents. Only dyads with the juvenile
as the focal individual were included. In the second model (Model
3b), we tested for a more indirect inheritance of the parental so-
cial network by investigating whether associations among peers
were predicted by the summed association strengths between their
parents. Here, in each dyad, each juvenile was once considered the
focal- and once the non-focal individual. To calculate the summed
association strengths with (model 3a) and between (model 3b)
parents, we always included data from the first week to the current
48-h period (e.g., in week 5, we included data collected in weeks
1-5). For both models, we controlled for space use overlap (for de-
tails on space use overlap, see above). We additionally allowed for
an interaction between association with/between the parents and
the focal individual’s age (in days since fledging) to test whether as-
sociations with parental associates or their offspring changed with
developmental stage. ID of the focal individual was included as a
random eflect and the dyad as a multi-membership random effect
(Hart et al. 2022). We ran zero-inflated Bayesian multi-membership
GLMMs (Models 3a and 3b in R code) with four chains with 6000
iterations (3000 for warm-up, 3000 for sampling) (Biirkner 2017),
checking for multi-collinearity and performing model checks and
extracting effect sizes as described for analysis 1.

Analysis 4: Assortment by age across seasons

In a fourth set of models, we tested for assortment by age among
first-year and adult birds. In each season separately (i.c., summer,
autumn, winter, spring), we calculated assortativity coeflicients (7,
by age using package “assortnet” (Farine 2014) (Model 4a-d in R
code). These coefficients range from —1 (complete dis-assortment:
assoclations only between but not within age classes) to 1 (complete
assortment: associations only within age classes). To calculate the
significance of the observed assortativity coefficient (p,..), we used
node-based permutation (Farine 2014). We randomized age for all
individuals 1000 times while maintaining the edge structure of the
network, and extracted the proportion of randomized values that
were larger (for assortment) or smaller (for disassortment) than the
observed value. For summer, we used the data collected during the
final three weeks of data collection to ensure consistency with other
seasons (Supplementary Table S1). Unlike in analyses 1 to 3, we
here also included birds that were ringed after the breeding season
2020, that is, had potentially hatched outside of our nest boxes or
study area and were later caught in mist nets throughout the year.
Hatch year in those cases was assigned based on plumage on the
day of capture (Svensson 1992).

Analysis 5: Network stability based on familiarity across
seasons

In a final set of models, we tested for stability of associations across
seasons by testing whether dyadic associations were predicted by
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familiarity, that is, the dyadic association strengths during the pre-
vious season, while controlling for dyadic space use overlap. We ad-
ditionally allowed for an interaction between association during the
previous season and the focal ID’s age (first-year vs. adult birds),
to test whether the two age classes differ in their tendency to asso-
ciate with familiar individuals across seasons. Similarly to analysis
4, we included birds that had been trapped in mist nets throughout
the year. We subset the data to birds with dyadic data available in
consecutive seasons. We ran three zero-inflated Bayesian multi-
membership GLMMs (for autumn, winter, and spring—Models
5a-c in R code) with focal ID and the dyad ID as random factors
(Hart et al. 2022) with 6000 iterations each (3000 for warm-up,
3000 for sampling), and performed model checks and extracted ef-
fect sizes as described above (see analysis 1).

RESULTS

We PI'T-tagged 185 great tit nestlings in 43 nest boxes (Figure 1), 65
of which were recorded in a minimum of five observations during
each data period during summer, 20 during autumn, 30 during
winter, and 19 during the subsequent spring. Including all indi-
viduals tagged during the breeding season, as well as those tagged
throughout the year, a total of 308 unique great tits were recorded
on RFID antennae (109 first-year and 90 adults) across all seasons.

Analysis 1: Quantifying relationship changes
during ontogeny

In our first analysis on how social associations of juveniles with
other birds develop during their transition to independence, we
analyzed 17188 dyads of 68 juveniles and 60 adults across a total
of 14 weeks of data collection during spring and summer 2020.
This only includes dyads where both birds fulfill the inclusion cri-
terion of being present in a minimum of five distinct groups (here
and below). We found no evidence for multi-collinearity among pre-
dictor variables (Supplementary Table S2). Space use overlap was
the strongest predictor of association strength with individuals with
increased space use overlap being more likely to associate (odds
ratio [OR hereafter]: 2.22; 95% credible interval: [2.09-2.37];
comparing complete to no overlap) (Figure 2a; Supplementary
Table S3). Even when controlling for space use overlap, juveniles
showed a preference for associating with siblings (OR: 1.23 [1.09—
1.39]) and a trend for association with peers (OR: 1.11 [0.99-1.23])
compared to other adults (baseline), while there was no evidence
for an overall preference or avoidance of parents (OR: 1.05 [0.93—
1.18]; Supplementary Table S3; Figure 2b). Overall, juveniles in-
creased their association strengths to other birds with increasing age
(OR: 1.15 [1.12-1.18]; Figure 2c; Supplementary Table S3), with
an increase in association strength being strongest between juven-
iles and non-parent adults (baseline), followed by parent-offspring
associations (OR: 0.97 [0.88-1.08]) and those with peers (OR: 0.92
[0.89-0.95]), while dyadic associations with siblings decreased with
age (OR: 0.81 [0.76-0.87]; Figure 2d; Supplementary Table S3).

Analysis 2: Flock formation among non-sibling
juveniles

In our second analysis, we examined the factors influencing asso-
ciations among peers, analyzing 8906 dyads of 65 juveniles across
the 14 weeks of data into early summer. We found no evidence for
collinearity among predictors (Supplementary Table S2). After con-
trolling for associations being driven by overlap in space use (OR:
2.28 [2.09-2.49], comparing complete to no overlap), we found
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no evidence for homophilic tendencies (Supplementary Table S4).
Juveniles showed no preferences for association with those similar
in age (OR: 1.01 [0.98-1.04]; Supplementary I'igure Sla), or those
of similar fledge weight (OR: 1.01 [0.99-1.04]) (Supplementary
Figure S1b). With increasing age, juveniles showed a marginal in-
crease in association strengths with those closer in age, while as-
sociations with those more dissimilar in age decreased (OR: 0.95
[9.93-0.98]; Supplementary Iigure Slc). Meanwhile, similarity in
fledge weight did not predict changes in association strengths over
time (OR: 0.99 [0.97-1.01]; Supplementary I'igure S1d).

Analysis 3: Inheritance of parental social
networks

Tor investigating a potential role of an inheritance of the parental
social network, we analyzed 7415 dyads of 65 fledglings with 60
non-parent adults and 8906 dyads among 65 juveniles, respectively.
After controlling for effects of space use overlap (OR: 2.00 [1.83—
2.19]), we found that with increasing age, juveniles were more likely
to increase association strengths with other adults, if the adult was
also associated with the juvenile’s parents (OR: 2.29 [1.89-2.76];
Supplementary Table 55). Overall, however, the parents’ social net-
work did not predict a juvenile’s associations with non-parent adults
(OR: 0.97 [0.65-1.46]; Supplementary Table S5). Similarly, after
controlling for effects of similarities in space use (OR: 2.21 [2.02
2.41]), unrelated juveniles whose respective parents were associated
were marginally more likely to increase their association strengths
with increasing age (OR: 1.24 [1.10-1.39]), but overall, associations
among parent pairs did not predict association strengths among
their offspring (OR: 1.13 [0.91-1.39]; Supplementary Table S5).

Analysis 4: Assortment by age across seasons

For assessing assortment by age across seasons, we analyzed 5550
dyads during the last three weeks of summer (45 first-year, 30
adult birds), 1806 dyads in autumn (25 first-year, 18 adult birds),
10,920 dyads in winter (52 first-year, 53 adult birds) and 3306
dyads in spring (27 first-year, 31 adult birds). We found no evidence
for assortment by age in summer (7 = 0.006; pogon = 0.10);
winter (7o = —0.005; pogor = 0.23), and spring (7o = —0.012;
Dassore = 0.27). Meanwhile, associations in autumn were positively
assorted by age (r,gon = 0.097; pogore = 0.03: Figure 3a).

Analysis 5: Network stability based on familiarity
across seasons

In the analysis of whether individuals formed stable social bonds
based on previous familiarity, we reduced the data set to dyads that
had also been observed during the previous season. This resulted in
870 dyads in autumn (17 first-year, 12 adult birds), 1260 dyads in
winter (19 first-year, 16 adult birds), and 2256 dyads in spring (22
first-year, 25 adult birds).

After controlling for effects of space use overlap (OR autumn:
2.70 [1.88-3.92]; OR winter: 14.05 [11.70-16.90]; OR spring:
8.67 [7.23-10.35]), association strengths were strongly predicted by
the associations during the previous season across the entire year
(OR autumn: 12.38 [2.67-54.65]; OR winter: 3.07 [1.78-5.34];
OR spring: 2.26 [1.37-3.76]; Supplementary Table S6; Figure 3a).
Transitioning from summer to autumn, the stability of social asso-
ciations was stronger in adults compared to first-year birds (OR:
0.06 [0.01-0.64]; Figure 3b), while the stability of associations from
autumn to winter was equal for first-years and adult birds (OR:
0.88 [0.38-2.00]; Figure 3c). Transitioning from winter to spring,
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Predicted association strengths of juveniles with other birds during ontogeny including 95% credible intervals. (a) Dyadic association strength predicted by
space use overlap. Juveniles were more strongly associated with birds using the same feeder areas. (b) Dyadic association strength predicted by relationship
type. Fledglings showed a slight overall preference for associating with siblings and peers over non-parent adults, while there was no evidence for an overall
preference for or avoidance of parents. (c) Dyadic association strength predicted by age. Juveniles increased their overall association strength with other
birds with increasing age, measured in days since fledging. (d) Change in dyadic association by relationship type with age. While juveniles initially were
more strongly associated with siblings over other birds, their dyadic association strengths decreased with increasing age. All other types of relationships (with
parents, non-parent adults and peers) increased with increasing age of the juvenile.

first-years showed marginally higher stability compared to adults
(OR: 2.15 [0.99-4.65]; Supplementary Table S6; Figure 3d).

DISCUSSION

Songbirds have become a model species for the study of sociality,
with over a decade of research exploring the social networks of
species such as great tits (Aplin et al. 2014; Snijders et al. 2014),
zebra finches (McCowan et al. 2015), house sparrows (Dunning
et al. 2023) and golden-crowned sparrows (Arnberg et al. 2015).
Yet, most studies to date have focused on associations among birds
after reaching full independence (Farine et al. 2012; Aplin et al.
2013; Snijders et al. 2014; Beck et al. 2020), while the ontogeny

of sociality among juveniles, including changes in sociality over
seasons in the first year of life, have largely been ignored (but
see Templeton et al. 2012; Franks et al. 2020). Here, we focus on
clucidating the factors contributing to the establishment of social
bonds in juvenile great tits during their transition to independence,
as well as the formation and stability of networks across different
seasons during their first year of life.

First, juveniles increased their dyadic association strengths with
other birds over the first few weeks after fledging, indicative of the
establishment of a growing social network as they integrated into
local flocks upon reaching independence. Consistent with previous
work in this species (Farine et al. 2015), both spatial as well as social
factors were predictors of dyadic association strength. During this
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(a) Social networks across seasons. Dyadic associations were predicted by associations during the previous season for both adults and first-year birds (gray
arrows indicate odds ratios estimated across both adults and first-years for associations in the previous season predicting associations in the current season
(per unit association) with 95% credible intervals). (b—d) Network stability based on familiarity across seasons per age group. Associations during the previous
season predicted dyadic association strengths across all seasons. In autumn, this effect was mainly driven by adult birds and in spring by first-year birds,
although effect sizes for adults fall largely within credible intervals of first-year birds.

period of growing independence, juveniles showed overall stronger
associations with siblings and peers over non-parent adults, while
there was no evidence for an overall preference for or avoidance of
parents, potentially driven by differences in hatch dates and varia-
tion in the duration of dependence periods of juveniles, which can
last between 10 and 32 days (Verhulst and Hut 1996). Preferences
for associating with similarly aged individuals—also demonstrated
in juvenile hihis (Franks et al. 2020)—can provide benefits if those
individuals hold social information that is most relevant for their
current developmental needs. In fact, peers have been shown to be
important sources of social information across taxa (Lempleton et

al. 2012; Gallois et al. 2018), highlighting the importance of poten-
tial horizontal information transfer during development in species
with limited periods of parental care. Such horizontal transmission
is likely facilitated by higher social tolerance among juvenile indi-
viduals, as has been observed in other species (e.g., vervet monkey
[Chlorocebus pygerythrus]: Grampp et al. 2019). Alternatively, pref-
erences for associating with other juveniles may be driven by the
risk of aggression from non-parent adults (Templeton et al. 2012;
Krzyszczyk et al. 2017).

Within this overall preference for peers and those close in space,
we found no evidence for homophilic tendencies among non-sibling
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juveniles based on our measured traits. After controlling for overlap
in space use, we found no preference for associations among juven-
iles close in age or similar in fledge weight, which we used as a proxy
for body condition. Interestingly, we found a marginal increase in
associations among juveniles as they increased in age if their re-
spective parents were associated compared to those whose parents
were not associated, indicative of a potential influence of inherit-
ance of the parents’ social network. Similarly, juveniles showed a
weak preference for increasing associations with their parents’ adult
associates over time. Overall, however, the parental social network
did not predict their offspring’s social connections. Inheritance of
social networks has been demonstrated in several species, including
spotted hyenas (Crocuta crocuta) (Ilany et al. 2020) and chacma ba-
boons (Papio ursinus) (Roatti et al. 2023). In the great tits, however,
the effect was small, indicating that juveniles may prioritize other
(unmeasured) criteria for establishing their preferred associations,
such as personality traits, which have been demonstrated to influ-
ence both structure and temporal stability of networks among fully
independent individuals in this species (Aplin et al. 2013; Snijders
et al. 2014; Johnson et al. 2017).

The period of preferential association among juveniles was tem-
porary, with the initial preference for associating with peers and
siblings decreasing during a juvenile’s first few weeks after fledging
and association strengths with adults increasing. These find-
ings were supported by a lack of evidence for assortment by age
during the final 3 weeks of summer data, suggesting that by this
time, first-year birds had already fully integrated into local flocks
of adult birds. Yet, we found some evidence for positive assortment
by age in autumn, with first-year birds showing a weak preference
for associating with other first-year birds over adults and vice versa.
Furthermore, while association patterns during summer were a pre-
dictor of associations during autumn in adults, this was observed
to a lesser extent in first-year birds. These observations could be
driven by demographic processes, as great tits exhibit (female-
biased) dispersal during the first three months after reaching inde-
pendence (Greenwood and Harvey 1982; Dingemanse et al. 2003;
Michler et al. 2011), coinciding with the transition from summer to
autumn in our data. Since the sex of juveniles cannot yet be deter-
mined based on plumage before the first molt (Svensson 1992), we
were unable to determine whether the lack of stability in the associ-
ation among juveniles was mostly driven by females, as expected in
a system with female-biased dispersal.

Yet, overall, dyadic association strengths were predicted by the
association strengths during the previous season, indicating that in-
dividuals established long-term stable bonds with already familiar
individuals. Familiarity has been shown to be a strong driver of
sociality across various taxa (Griffiths and Magurran 1999; King
et al. 2011; Kohn et al. 2015; Keller et al. 2017) and can provide
mutual direct fitness benefits through reduced aggression (Senar et
al. 1990; Temeles 1994, facilitate the discovery and sharing of re-
sources (Carter and Wilkinson 2013; Atton et al. 2014), and pro-
mote cooperative behavior (Gerber et al. 2021). Associating with
familiar individuals has been further shown to positively influence
survival (Silk et al. 2010) and reproduction (Cameron et al. 2009;
Riehl and Strong 2018).

In great tits, familiarity among breeding neighbors was found to
lead to increased rates of joint nest defense behavior (Grabowska-
Zhang et al. 2012) and increased reproductive output (Grabowska-
Zhang et al. 2012). Long-term stable bonds are therefore expected
to be under positive selection in this species, and this prediction is
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further supported by our results. Interestingly, first-year birds exhib-
ited higher social stability from winter to spring than adults. Great
tits are territorial while breeding, which dramatically changes their
social network. Yet, while we did not specifically examine this in
our analysis, in our population, individuals often do not appear to
gain breeding opportunities until two years of age. It is possible
that this age-related difference in stability of associations, therefore,
reflects an extension of winter flocking behavior into the spring by
non-breeding juveniles.

Taken together, we found that the social networks of juveniles
undergo dynamic changes during transition to independence with
associations being shaped by both spatial and social factors, which
most likely reflect changes in selective pressures during develop-
ment. By their first summer, first-year birds were fully integrated
into the local flocks. By autumn, they established social strategies
similar to those of adults by forming stable social ties based on fa-
miliarity, which persisted through winter and into spring. These
findings align with and extend previous research in this species,
which found that great tits form social bonds that carry over across
behavioral contexts (Iirth and Sheldon 2015) and time (Firth and
Sheldon 2016), with profound consequences for many biological
processes including reproduction (Grabowska-Zhang et al. 2012;
Grabowska-Zhang et al. 2012; Farine and Sheldon 2015) and trans-
mission of social information (Aplin et al. 2012; Firth et al. 2016).

Age-driven changes in social network stability and network char-
acteristics have been demonstrated in a diverse set of other species,
including girafles (Guraffa camelopardalis) (Muller et al. 2022), African
elephants (Murphy et al. 2020), vervet monkeys (Borgeaud et al.
2017), sulphur-crested cockatoos (Cacatua galerita) (Aplin et al. 2021),
chimpanzees (Pan troglodytes) ('hompson Gonzalez et al. 2021) and
rhesus macaques (Macaca mulatta) (Liao et al. 2018; Siracusa et
al. 2022). Given the slow life history in those species, significant
changes in sociality are usually observed over the period of sev-
eral months or years. Our study provides a contrast in great tits,
where dynamic changes in sociality occur on a much faster tem-
poral scale of several weeks, and where social stability is reached
within months of reaching independence, reflecting the fast life his-
tory and a short period of parental care in this species. Yet, while
brief] this period of initial independence is also a target of intense
selection, for which social networks are likely to be vital. Future
work should continue to examine the causes and consequences of
variation in social networks during this time and further establish
the role of variation in the length of post-fledge care (Iranks et al.
2019) and demographic processes such as (sex-specific) dispersal on
the formation and stability of social networks (Shizuka and Johnson

2020).
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