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Abstract

Population density is a fundamental ecological feature influencing the opportunity for social 

encounters between individuals. Hence, density can impact various population processes such as 

social transmission. While the density dependence of disease spread has been studied extensively, 

we know little about how variation in density influences information transmission. If high 

densities lead to more social connections, information may spread more rapidly. Here, we 

experimentally manipulated local population density in great tits, Parus major, and investigated the 

effects on individuals’ acquisition of information on novel food patches. We manipulated density 

by assigning individuals to either a high- or low-density treatment using automated bird feeders in 

the wild. We first show how our approach successfully led to changes in local population density. 

Next, we examine how the manipulation changed the local and individual social environment. 

At the local level, high-density locations resulted on average in denser and more clustered social 

networks compared to low-density locations. At the individual level, birds assigned to the high-

density treatment had on average more social connections and more central network positions than 

birds in the low-density treatment. However, despite the effect on network structure, we found no 

evidence that the density manipulation influenced an individuals’ likelihood, or speed, of locating 

novel food patches. Birds in the low-density treatment still spent a large proportion of time 

foraging at the high-density location. Thus, the manipulation did not lead to a strict segregation 

between birds of the different treatments, which may be one explanation for the absence of an 

effect on patch discovery.
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Population density, defined as the number of individuals in a given geographical unit, 

can fundamentally shape the opportunity for, and frequency of, social encounters between 

individuals. Commonly, the rate of social encounters between individuals increases with 

increasing population density (Albery, 2022; Hutchinson & Waser, 2007; Sanchez & 

Hudgens, 2015; Vander Wal et al., 2014). As such, population density influences various 

ecological processes ranging from competition to mating and the social transmission of 

diseases (Hopkins et al., 2020; Jirotkul, 1999; Kokko & Rankin, 2006). For example, a large 

body of research has examined density dependence of the transmissibility of diseases and 

parasites whereby higher densities often facilitate transmission (Anderson, 1982; Brunner et 

al., 2017; Hopkins et al., 2020; Colman et al., 2021; for a current review see Albery, 2022). 

Population density and its consequences for social encounter rates between individuals may 

also impact other forms of social transmission such as the spread of novel information across 

a population. However, while the density dependence of disease transmission has been 

studied extensively, our knowledge of how density impacts the transmission of information 

remains superficial.

Animals use social information in various contexts (Hoppitt & Laland, 2013; Whiten, 

2021). The transfer of social information, where naïve individuals copy the behaviour 

of knowledgeable others, often requires close proximity encounters between individuals. 

Therefore, the social connections between individuals can predict when and where 

information flows (Hasenjager et al., 2021). Past research has demonstrated how social 

network structure profoundly impacts the transmission of social information. For instance, 

global properties of social networks such as the density of social connections can influence 

the likelihood and efficiency of information flow whereby networks with a higher density 

of social connections facilitate transmission (Pasquaretta et al., 2014). At an individual 

level, variation in the number and strength of social connections to conspecifics determines 

whether and when individuals have access to information. As such, individuals with more 

central network positions and more social connections are often more likely to acquire 

information and to do so faster (Aplin et al., 2012; Kulahci et al., 2016; Schakner et al., 

2017).

Higher population densities can lead to more opportunities for social encounters (Hein & 

McKinley, 2013; Sanchez & Hudgens, 2015; Vander Wal et al., 2014) and larger group 

sizes (Pépin & Gerard, 2008; Vander Wal et al., 2013). Consequently, population density 

can fundamentally affect the social environment. For instance, if increased densities lead 

to more social encounters (Hu et al., 2013), individuals may have on average more social 

connections compared to individuals at lower densities. On the population level, increased 

encounter rates may lead to more realized social connections over the total number of 

possible social connections (i.e. increased network densities). However, animals are often 

territorial or preferably associate with specific individuals while avoiding others in which 

case increases in population density may not necessarily change the probability of social 

encounters (Albery, 2022; Hutchinson & Waser, 2007). Importantly, if population density 

affects the social connections between individuals, it can affect ecological processes reliant 

on social connections such as the transmission of social information. For example, if higher 

densities increase the social connections between individuals, novel information may spread 

faster compared to populations with low densities because of the increased opportunities for 
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information exchange. Yet, the role of population density in shaping individual connectivity 

and population social structure, and subsequently social information transmission, is largely 

unexplored.

Investigating the relationship between population density, social structure and information 

transmission in the wild is challenging. This is because it requires tracking the social 

encounters of multiple individuals at the same time and following the transmission of 

novel information. Further, to draw causal inferences, experimental studies manipulating 

population densities and seeding novel information are required. Past research demonstrated 

that experimental studies can be used to examine the spread of novel information by, for 

instance, establishing novel resource patches (Aplin et al., 2012; Atton et al., 2014; Snijders 

et al., 2021) and few studies experimentally manipulated group size to examine the effects 

on various processes including information transmission (Pitcher et al., 1982; Snijders et al., 

2021). However, research experimentally manipulating ecological factors such as population 

density in the wild are scarce.

We addressed the challenges of examining the causal relationships between ecological 

factors and information transmission by experimentally manipulating the density of local 

subpopulations in a wild songbird the great tit, Parus major. By controlling the number 

of individuals that could access automated feeding stations, we determined (1) whether 

the experimentally imposed treatments led to the predicted changes in local population 

density (i.e. low versus high density) on a local and individual scale, (2) what consequences 

population density had for the local social network structure and individual sociality, and 

(3) how population density impacted the information transmission of novel food patches. 

More specifically, we first manipulated local population density by assigning individual 

great tits to either a low- or high-density treatment, aiming to create a low- and high-density 

location. Second, we examined how our manipulations affected characteristics of the global 

(i.e. network density, global clustering coefficient and average edge weight) and individual 

(i.e. average edge weight, weighted degree, weighted clustering coefficient and weighted 

eigenvector centrality) social environment using social network analysis. Third, we asked 

how the treatment (low versus high density) influenced the probability and speed of 

acquiring information about a novel food source.

Great tits forage in fission–fusion flocks during winter (Ekman, 1989). We predicted that 

at the high-density treatment, increased opportunities for social encounters at the feeder 

should lead to denser and more clustered social networks but lead to lower average 

edge weights. This is because we expect that individuals have strong connections to a 

few preferred conspecifics but that the increase in density will lead to more random 

social encounters whose connections should be less strong leading to on average lower 

edge weights. Consequently, individuals assigned to the high-density treatment should 

have a higher social connectivity (i.e. higher weighted degree, clustering and eigenvector 

centrality) but on average less strong social connections (i.e. lower average edge weights) 

compared to individuals assigned to the low-density treatment. Great tits frequently use 

social information to locate novel foraging patches (Aplin et al., 2012; Firth et al., 2016) and 

individuals with a higher social connectivity are more likely to discover novel food sources 

(Aplin et al., 2012). Thus, if population density influences social connectivity, we expected 
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that individuals in the high-density treatment should be more likely to locate the provided 

novel food patches and to be faster to do so.

Methods

Study System

This study was conducted in Wytham woods (Savill et al., 2011), Oxfordshire, U.K. 

(51°46′N, 1°20′W) on a population of great tits. Great tits are small passerine birds 

that form socially monogamous pair bonds during the breeding season and forage with 

conspecifics, as well as other species, in fission–fusion flocks during winter (Ekman, 1989). 

Birds were either caught during winter using mist-nets or during spring in nestboxes and 

fitted with a unique metal leg ring from the British Trust for Ornithology (BTO), and a 

plastic leg ring with an inbuilt unique passive integrated transponder (PIT) tag. Great tits use 

social information to locate novel food patches (Aplin et al., 2012, 2015; Farine et al., 2015), 

and experimental manipulations of social structure using RFID systems have successfully 

been performed in the past (Firth et al., 2016; Firth & Sheldon, 2015).

Experimental Manipulation of Local Population Density

The experiment took place from January to March in 2021. We used ‘selectivé feeders 

to record visits from birds and to subsequently manipulate local population density. Each 

of the feeders had one access hole with a flap and an inbuilt RFID antenna within the 

perch. All birds equipped with a PIT tag that landed on the perch were recorded, and the 

time and date of visits stored on an SD card. The flap was programmed to open only for 

specified PIT-tagged individuals which allowed us to manipulate local densities. We set up 

eight replicate sites across our study site (Fig. 1a), each with two feeders approximately 

100 m apart (Fig. 1b) following set-ups of previous work using selective feeders (Firth et 

al., 2016; Firth & Sheldon, 2015). Sites were at least 500 m apart to minimize movement 

of birds between them. All feeders provided sunflower seeds. Within six experimental sites, 

one feeder was assigned as the low-density treatment and the other as the high-density 

treatment (Fig. 1b) and two sites were randomly chosen as control sites. Prior to starting the 

experimental manipulation of local population density, we collected data on the birds’ visits 

for approximately 2 weeks. In this pre-experimental phase, both selective feeders at each 

site allowed all birds with a PIT tag access 24 h per day. At each site, we then quantified 

the number of visits to each of the two selective feeders. Then, at half of the experimental 

sites, the feeder with the majority of visits prior to the experiment was assigned to the 

high-density treatment (and the other feeder to the low-density treatment). At the other half, 

the feeder with the majority of visits was assigned to the low-density treatment (and the 

other feeder to the high-density treatment). Finally, of all the great tits recorded at least 

100 times during the pre-experimental period (75%; Fig. A1) at a given site, we randomly 

assigned 20% to the low-density treatment and excluded these 20% from accessing the 

high-density treatment. We selected the low-density birds only from those recorded at least 

100 times to avoid selecting birds that had only been transient at the site (following Regan 

et al., 2022; see also Fig. A1 and corresponding summary statistics in the figure legend). 

Thus, at the low-density feeder, only the assigned 20% could access food, whereas at the 

high-density feeder all PIT-tagged birds could access food, except the 20% chosen for the 
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low-density treatment. Visits to a feeder by PIT-tagged birds were always recorded, i.e. if a 

bird assigned to the low-density treatment visited the high-density feeder it would be unable 

to access food, but its visit would be recorded. At the two control sites, every PIT-tagged 

bird could access food anytime. The experimental manipulation was in place for 6 weeks. 

Feeders were visited at least three times a week to ensure that food was available ad libitum 

across the experiment, to check feeder performance and to collect data.

Patch Discovery Experiment

We aimed to investigate how changes in the local population density influenced the 

likelihood and speed of discovering novel resources. Therefore, we set up a novel food 

‘patch’ near to each selective feeder and examined the likelihood and timing of discovery. 

As a novel food source, we placed a new feeder near to each of the two already present 

feeders (approximately 40 m, which is far enough to be out of sight for birds foraging at 

the already present feeders and close enough to allow the majority of birds to discover the 

food source within a day) at the experimental and control sites. Within each site, novel 

feeders were placed in opposite directions, that is, if one novel feeder was placed 40 m 

north of the low-density feeder, the second novel feeder was placed 40 m south of the 

high-density feeder (Fig. 1b). We performed a patch discovery experiment both prior to and 

during the density manipulation. For each patch discovery trial, we selected random, novel 

locations with similar vegetation structure, but with the same general arrangement (that is 40 

m from the selective feeders, facing in opposite directions, see Fig. 1b). The novel feeders 

provided the same food as the selective feeders but were programmed to allow access to all 

PIT-tagged birds. Novel feeders were the same design as the selective feeders to avoid any 

effects of neophobia and were set up either the day before the experiment after sunset or 

on the day of the experiment before sunrise. Novel feeders were then in place for 1 day to 

record the arrivals of individuals.

Ethical Note

The experiment was conducted in accordance with the ASAB/ABS guidelines (Buchanan 

et al., 2012) and was subject to review by the local ethical review committee of the 

Department of Biology, University of Oxford (Reference number: APA/1/5/ZOO/NASPA/

Sheldon/BehaviouralContagion). Birds were caught, ringed and equipped with PIT-tags by 

experienced ringers under BTO licences.

Social Networks Construction

Following previous work, we created social networks based on the foraging associations of 

PIT-tagged great tits. Records of visits will typically consist of periods with high activity 

and periods of low activity because great tits forage in flocks. We used the package ‘asnipé 

(Farine, 2013) in R (R Core Team, 2020; https://www.r-project.org/) to first detect events 

of feeding activity, second to cluster these in nonoverlapping flocking events, and finally to 

assign individuals to the events they most likely belong to using Gaussian mixture models 

(Psorakis et al., 2012). We defined an ‘association’ as two birds co-occurring in the same 

flock. We created undirected social networks with connections (edges) weighted using the 

simple ratio index (SRI; Cairns & Schwager, 1987). The SRI describes the proportion of 

observations of two individuals in which they were seen together, and ranges from 0 (never 
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observed foraging in the same flock) to 1 (always observed foraging together in the same 

flock). Social networks inferred in this way from the data have been shown to be important 

and meaningful for various ecological processes within this population such as information 

transmission, reproduction and spatial breeding settlement (Aplin et al., 2015; Culina et al., 

2015; Farine et al., 2015; Firth et al., 2015; Firth & Sheldon, 2016).

For the site level analyses, we created daily social networks for each feeder (i.e. low- 

versus high-density feeder) separately. We then calculated three global network metrics 

using the R package ‘igraph’ (Csardi & Nepusz, 2006): network density (unweighted) which 

describes how well individuals in the network are connected; the average edge weight which 

describes how strong the existing connections are (i.e. how much time individuals spent 

together foraging); and the global clustering coefficient (unweighted) which describes the 

extent to which nodes (i.e. individuals) tend to cluster together (Csardi & Nepusz, 2006). 

They are calculated, respectively, as the number of existing connections divided by all 

potential connections; the average of all nonzero edge weights; and the ratio of triangles and 

connected triples in the network.

For the individual level analyses, we created one social network for each site (i.e. pair of 

selective feeders) and period (prior to or during the experiment). We then calculated the 

average flock size, and four social network metrics for each individual. The four metrics 

assessed included the weighted degree which measures the number and strength of an 

individual’s connections, average association strength which measures the average strength 

of an individual’s social connections, weighted clustering coefficient which measures the 

extent to which an individual is ‘tightly’ clustered within its group and the weighted 

eigenvector centrality which extends the measure of weighted degree by also measuring 

the connectedness of an individual’s associates.

Social assortment

We examined whether individuals assorted based on their assigned treatment, that is 

whether ‘high-density birds’ spend more time foraging together with ‘high-density birds’ 

than expected, and whether ‘low-density birds’ spend more time foraging together with 

‘low-density birds’ than expected. To test this, we created social networks for each site 

and period, and calculated the assortativity coefficient (Newman, 2003) from the weighted 

associations using the R package ‘assortnet’ (Farine, 2014). The resulting assortment 

scores range from 1 (perfect assortment: all edges are between like individuals) to −1 

(disassortment; all edges between unlike individuals), where a value of 0 would indicate 

random associations of ‘low’ and ‘high’ density birds. In addition, we created daily social 

networks and again calculated the assortativity coefficient. Here, we excluded days where 

fewer than two individuals of each treatment were present.

Statistical Analysis

Site level changes: We predicted that the experimental changes in local population 

density would lead to a higher activity and number of individuals visiting at the high-

density location compared to the low-density location. Therefore, we examined whether 

our experimental manipulation led to the predicted changes at the low- and high-density 

Beck et al. Page 6

Anim Behav. Author manuscript; available in PMC 2025 October 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



feeder within each site by exploring three different density measures: the daily proportion 

of recordings at each feeder, the total number of individuals recorded on a given day and 

the daily average flock size. Owing to technical issues, feeders occasionally failed to record 

data. Therefore, we excluded days on which one of the two feeders at each site was not 

recording data for our subsequent analysis (across all sites this was the case for about 22% 

of days). We fitted generalized linear mixed models (GLMM) with a binomial error structure 

(logit-link function) for the analysis on the proportion of daily visits to each feeder which 

was inferred from the number of recordings to the low- and high-density feeder compared 

to the total number of recordings at the corresponding experimental site. We fitted GLMMs 

with a Poisson error structure for the total number of individuals, and linear mixed models 

(LMM) for the average flock size. For all models, we included the period (pre versus during 

experimental phase) in interaction with the treatment (low- versus high-density feeder) 

and experimental day (defined as subsequent day within each period to account for any 

temporal trends within each experimental period) as explanatory variables. We included 

the site identity as a random effect and incorporated a first-order autoregressive pattern 

(AR1) for feeder identity nested within each site to account for temporal autocorrelation. 

All models were fitted using the ‘glmmTMB’ R package (Magnusson et al., 2017). Finally, 

we conducted post hoc comparisons between combinations of period and treatment using 

estimated marginal means using the ‘emmeans’ R package (Lenth et al., 2019). Pairwise 

comparisons between all factor levels were performed using Tukey-adjusted comparisons 

and P values were adjusted for multiple comparisons. This allowed us to examine whether 

density increased/decreased for the high-/low-density feeder in response to the experimental 

manipulation (within-feeder comparisons), and whether there was any difference in density 

between the low- and high-density feeder prior to and during the experimental manipulation 

(between-feeder comparisons).

Finally, we examined three daily network metrics characterizing the global network 

structure at each feeder: network density, the average edge weight and the global clustering 

coefficient. For the analysis, we removed networks where fewer than three individuals 

were connected (final data distribution of network sizes: minimum daily network size = 3, 

maximum = 43, mean = 17.8, see Fig. A2). We fitted LMMs for the response variables 

‘network density’, ‘average edge weight’ (which was transformed by taking the inverse) and 

clustering coefficient (square transformed). The same explanatory variables were fitted as 

described above. As random intercept, we only included site identity because we detected 

no significant signs of temporal autocorrelation. We perfomed pairwise comparisons as 

described above.

Individual level changes: We aimed to examine whether the density experienced by 

individuals increased/decreased for the high-/low-density individuals in response to the 

experimental manipulation (within-individual comparisons), and whether there was any 

difference in density between the low- and high-density individuals prior to and during 

the experimental manipulation (between-individual comparisons). For our analyses on the 

individual level, we only selected birds that were recorded at least 100 times (following 

Regan et al., 2022) in each experimental period at a respective site (Ntotal = 162, Ncontrol = 

32, Nlow = 36, Nhigh = 97 individuals, one bird experienced both low and high treatment, 
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two birds visited an experimental and control site). First, we examined whether individuals 

significantly increased their visits to the feeder to which they had been assigned. For each 

individual, we calculated the number of visits to the low- and high-density feeder within 

each period. We then fitted a GLMM with the number of visits to the assigned feeder 

and the number of visits to the unassigned feeder as response variable (modelled with a 

binomial error structure). As explanatory variables, we included period (pre versus during 

experimental phase) in interaction with the treatment to which individuals had been assigned 

(low versus high). We included individual identity and site identity as random effects. 

In addition, we examined whether the ‘perceived’ density of individuals while foraging 

changed according to their assigned treatment. To do so, we fitted an LMM including mean 

flock size calculated for each individual and period as dependent variable. We included 

the same fixed and random effects as described above and conducted pairwise comparisons 

between all factor levels of period and treatment.

Finally, we investigated whether our experimental manipulation led to changes in 

individuals’ social network positions. We fitted LMMs including ‘weighted degreé, ‘average 

association strength’ and square transformed ‘weighted eigenvector centrality’ as response 

variables, and a GLMM for weighted clustering coefficient using a beta error structure. 

We included the same fixed and random effects as described above and conducted 

pairwise comparisons between all factor levels of period and treatment. We used network 

permutations to account for the nonindependence of social network data (i.e. individuals’ 

social network positions are dependent on one another (Whitehead, 2008)). Specifically, 

we performed a node permutation where the identity of each individual (i.e. node) in the 

network was randomized (Whitehead, 2008). Therefore, the overall social network structure 

for each experimental period remained constant but the social network positions that each 

individual occupied was altered. After each permutation, we re-ran the models described 

above and stored the estimated coefficients of each pairwise comparison. We repeated this 

process 1000 times. We inferred statistical significance of each pairwise comparison by 

comparing the generated null distribution of the coefficients for each pairwise comparison 

from the 1000 permutations to the coefficients for each pairwise comparison of the observed 

data. A P value <0.05 indicates that the observed coefficient lays outside of the 95% range 

of the null distribution for a given pairwise comparison (i.e. below the bottom 2.5% or above 

the top 97.5%).

Although our experimental sites were set in positions at least 500 m apart, a small minority 

of birds were recorded at more than one site and experienced different treatments (2%, see 

sample sizes above). For example, a bird assigned to the low-density treatment at site x may 

have moved after a few days to site y, experiencing the high-density treatment. However, 

because all our analyses were performed on the site level, that is each individual’s foraging 

behaviour and social associations at a respective site were considered and not the overall 

experienced social associations across all sites, we decided to include those individuals in 

our analysis. Further, by only selecting individuals with at least 100 recordings at each 

site and for each experimental period, we ensured that we only included birds that had 

experienced a given treatment for an extended period of time.
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Patch discovery experiment

We investigated whether an individual’s probability of discovering any novel feeder 

(regardless of whether it was the one placed next to the low- or high-density feeder) 

was predicted by its assigned treatment (access at the low- or high-density feeder). For 

our analyses, we only included birds recorded at the selective feeders on the day of 

the patch discovery experiment and that had been recorded at least 100 times across the 

density manipulation period (N = 148). We fitted a GLMM with a binomial error structure, 

including whether a bird discovered a novel feeder (yes/no) within the corresponding 

experimental period (pre/during the experiment) as the response variable. As explanatory 

variable, we fitted the treatment (individual assigned to high- or low-density treatment) 

in interaction with the period (pre/during the experiment). We included individual identity 

and site identity as random effects. Finally, for all individuals that did discover a novel 

feeder, we examined whether the order and latency in which they discovered the novel 

feeder were related to the density treatment. For the order of discovery, we defined birds 

visiting within 10 min of each other as discovering at the same time following previous work 

(Aplin et al., 2012; Firth et al., 2016). The latency of discovery was estimated as the time 

(s) from the start of the patch discovery experiment until the birds’ first arrival. We fitted 

LMMs with the log-transformed order of arrival and square root transformed latency as the 

response variable and included period and experimental treatment as fixed effects. Further, 

we included individual identity and site identity as random effects.

All data manipulation and analyses were carried out using R version 4.3.0. (R Core Team, 

2020) and model fit was checked using graphical methods (e.g. qq plot of residuals, fitted 

values versus residuals).

Results

We recorded in total 334 great tits across the study period (Ncontrol = 95, Nlow = 43 

individuals, Nhigh = 239) of which six experienced both experimental treatments (because 

low-density birds moved to another site where they could access the high-density feeder, 

and a small number of birds (N = 37) moved between control and experimental sites, i.e. 

experienced control and the high- or low-density treatment).

Site Level Changes

Change in local population density: We tested whether local densities, measured as 

the daily proportion of recordings, the number of visiting individuals and the average flock 

size changed in relation to our experimental manipulation. All corresponding model results, 

estimated marginal means and pairwise comparisons can be found in Tables 1, A1–A6. The 

proportion of recordings at an experimental site increased on average from 61% to 91% 

between the pre-experimental period and the experimental period at the high-density feeder 

and decreased from 39% to 9% for the low-density feeder (Fig. 2a, model estimates for all 

figures were extracted using the ‘effects’ R package; Fox & Weisberg, 2019). Similarly, the 

number of recorded individuals increased by 32% from the pre-experimental period to the 

experimental period at the high-density feeder, and decreased by 30% for the low-density 

feeder (Fig. 2b, Tables A3, A4). Further, average flock size increased by 33% from the 
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pre-experimental period to the experimental period at the high-density feeder, and decreased 

by 34% for the low-density feeder (Fig. 2c, Tables A5, A6). In the pre-experimental period, 

low- and high-density feeders did not differ in the proportion of recordings (Table A2), the 

number of visiting individuals (Table A4) or the average flock size (Table A6). During the 

experiment, however, feeders differed with on average 91% of recordings at the high-density 

feeder and only 9% at the low-density feeder (Table A2), and the low-density feeder was 

visited on average by 56% fewer individuals (Table A4) and 49% smaller flock sizes (Table 

A6) compared to the high-density feeder. At the two control sites, feeders did not differ 

in the proportion of recordings, the number of visiting individuals and the average flock 

size both prior to and during the experiment (Fig. 2a–c, Tables A1–A6). The proportion of 

recordings, the number of individuals and the average flock size increased at one feeder 

from the pre-experimental period to the experimental period (Fig. 2a–c, Tables A1–A6) and 

the proportion of recordings decreased at the corresponding other feeder (Fig. 2a, Tables 

A1–A6). We detected no effects of experimental day (Tables A1, A3, A6).

Change in global social network structure: We tested whether the experimental 

manipulation of local population density led to changes in the global social network 

structure. All corresponding model results, estimated marginal means and pairwise 

comparisons can be found in Tables 1, A7–A12. The network density at the low-density 

feeders decreased on average by 26% between the pre-experimental period and the 

experimental period (Fig. 3a, Table A8). Network densities at the high-density feeder 

remained unchanged (Fig. 3a, Table A8). Average edge weight remained unchanged at both 

feeders (Fig. 3b, Table A10). The global clustering coefficient at the low-density feeders 

decreased on average by 31% between the pre-experimental period and the experimental 

period (Fig. 3c, Table A12). The clustering coefficient at the high-density feeder remained 

unchanged (Fig. 3c, Table A12). In the pre-experimental period, low- and high-density 

feeders did not differ in network density (Table A8), the average edge weight (Table 

A10) and the clustering coefficient (Table A12). During the experiment, feeders of the 

different treatments differed, with the low-density feeder having on average 35% lower 

network densities (Table A8), 16% higher average edge weights (Table A10) and 37% lower 

clustering coefficients (Table A12) compared to the high-density feeder. At the two control 

sites, feeders did not differ in network density, the average edge weight and clustering 

both prior to and during the experiment (Fig. 3a–c, Tables A8, A10, A12), except that 

average edge weight differed between the two control feeders during the ‘experimental’ 

period (Table A10). Further, each control feeder (i.e. c1 and c2) did not change in network 

density, the average edge weight and clustering between the pre-experimental period and the 

experimental period (Fig. 3a–c, Tables A8, A10, A12).

Assortment by experimental density assignment: We found no strong evidence 

for assortment by treatment (i.e. assigned low- or high-density treatment) in the pre-

experimental period at all six experimental sites (Newman’s weighted assortativity 

coefficient ± SE in the pre-experimental period: 1B = –0.05 ± 0.04, 1H = 0.02 ± 0.04, 

2C = −0.03 ± 0.04, 6A = 0.01 ± 0.06, 7C = −0.03 ± 0.03, 7H = −0.003 ± 0.04) and values 

did not differ from the range of assortativity coefficients generated from the permutated data 

(Fig. 4a–c). However, experimental changes in local population density resulted in changes 
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in the assortment of the network by treatment at four of six sites (Newman’s weighted 

assortativity coefficient ± SE during the experimental period: 1B = 0.08 ± 0.05, 1H = −0.02 

± 0.03, 2C = 0.53 ± 0.08, 6A = 0.02 ± 0.03, 7C = 0.38 ± 0.04, 7H = −0.15 ± 0.04) and could 

not be explained by the null model (Fig. 4a). Results on the daily assortativity coefficients 

can be found in Fig. A3.

Individual Level Changes

Change in visiting activity and average flock size: We tested whether individuals 

changed their visiting patterns in reponse to the imposed density manipulation, that is 

whether individuals allowed access at the low-density feeder also increased visits to the 

low-density feeder and vice versa. All corresponding model results, estimated marginal 

means and pairwise comparisons can be found in Tables A13–A16. To do so we investigated 

the proportion of visits to the feeder to which great tits had been assigned in the 

pre-experimental and experimental phase. We found that both low- and high-density 

individuals increased their visits by on average 13% and 24%, respectively, to the feeder 

they have been assigned to (Fig. 5a, Tables A13, A14). In addition, high-density birds 

experienced on average an increase in average flock size by 17% between pre-experimental 

and experimental period (Fig. 5b, Tables A15, A16). Birds in the low-density treatment 

experienced smaller flock sizes (by 16%; Fig. 5b, Tables A15, A16). Individuals assigned to 

the low- and high-density treatments did not differ in mean flock size prior to the density 

manipulation (Fig. 5b, Table A16). However, during the experiment, birds in the low-density 

treatment experienced on average 28% smaller flock sizes than birds in the high-density 

treatment (Fig. 5b, Table A16). At the two control sites, the average flock sizes experienced 

by individuals increased on average by 50% (Fig. 5b, Table A16).

Change in social network position: We tested whether the experimental assignment 

of individuals to either the low- or high-density treatment led to changes in social 

network position. All corresponding model results, estimated marginal means and pairwise 

comparisons, can be found in Tables A17–A24. The weighted degree of individuals assigned 

to the high-density treatment increased on average by 19% between the pre-experimental 

period and the experimental period (Fig. 5c, Tables A17, A18). For individuals assigned to 

the low-density treatment, weighted degree decreased on average by 30% (Fig. 5c, Tables 

A17, A18). Average edge weight decreased for individuals assigned to the low-density 

treatment by 37% between the pre-experimental period and the experimental period (Fig. 

5d, Tables A19, A20), whereas average edge weight remained unchanged for individuals in 

the high-density treatment (Fig. 5d, Tables A19, A20). The weighted clustering coefficient 

of individuals both decreased on average by 5% and 4% for birds assigned to the high- and 

low-density treatment, respectively (Fig. 5e, Tables A21, A22). The weighted eigenvector 

centrality decreased for individuals assigned to the low-density by on average 57% between 

the pre-experimental period and the experimental period (Fig. 5f, Tables A23, A24). 

Eigenvector centrality remained unchanged for individuals in the high-density treatment 

(Fig. 5f, Tables A23, A24). In the pre-experimental period, individuals of the low- and 

high-density treatments did not differ in weighted degree (Fig. 5c, Table A18), the average 

edge weight (Fig. 5d, Table A20), weighted clustering coefficient (Fig. 5e, Table A22) and 

weighted eigenvector centrality (Fig. 5f, Table A24). During the experiment, individuals 
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differed with the low-density individuals having on average 37% lower weighted degrees 

(Fig. 5c, Table A18), 30% lower average edge weights (Fig. 5d, Table A20) and 55% 

lower eigenvector centrality (Fig. 5f, Table A24) compared to the high-density individuals. 

Individuals of the different treatments did not differ in weighted clustering coefficient (Fig. 

5e, Table A22). At the two control sites, individuals on average increased weighted degree 

by 54% (Fig. 5c, Table A18). Average edge weight, weighted clustering coefficient and 

weighted eigenvector centrality did not differ between the two periods (Fig. 5d–f; Tables 

A20, A22, A24).

Patch Discovery Experiment: From the 148 great tits selected for the analysis (see 

Methods), 119 discovered a novel feeder. In total, we recorded 164 discovery events by 

the 119 great tits of which 90 were made by an individual assigned to the high-density 

treatment, 34 by individuals in the low-density treatment and 40 by individuals in the control 

sites. From the 119 individuals, five discovered a novel patch at two different experimental 

sites. However, we found no evidence that birds assigned to the high-density treatment were 

either more likely to discover a novel feeder or were faster to do so compared to birds 

assigned to the low-density treatment (Fig. 6, Tables A25–A30). Both prior to and during the 

experimental manipulation, birds in the high-density treatment and birds in the low-density 

treatment did not differ in the probability (estimated mean probability to discover: pre high 

= 0.62, pre low = 0.77; during high = 0.95, during low = 0.72; Tables A25, A26) or speed of 

discovering a novel food resource (estimated mean order of discovery: pre high = 4.14, pre 

low 3.12; during high = 6.04, during low = 6.18; Tables A27, A28; estimated mean latency 

of discovery: pre high 270, pre low 215; during high 268, during low 300; Tables A29, A30). 

However, during the experimental period birds assigned to the high-density treatment had 

an increased likelihood of discovering the novel food source (estimated mean probability 

of discovering: pre high: 0.62, during high: 0.95; Tables A25, A26). At the two control 

sites, the probability or speed of discovering the novel feeder did not differ between the two 

periods (Tables A25–A30).

Discussion

Here, we demonstrated how automated feeding stations can be used to experimentally 

manipulate local population density and social structure in wild great tits. Our experiments 

show that locally increased densities led to denser and more clustered local social structures. 

On the individual level, birds assigned to the low-density treatment foraged on average in 

smaller flocks, exhibited fewer and weaker social connections and occupied less central 

network positions compared to birds assigned to the high-density treatment. However, 

contrary to our predictions and common assumptions, we found no evidence that the 

density manipulation influenced individuals’ likelihood and speed of discovering novel food 

patches.

Using automated feeding stations, we assigned great tits to low- and high-density treatments, 

and successfully created low- and high-density locations that differed in the number of 

individuals, the proportion of visits and the average group sizes recorded (Fig. 2). Birds 

assorted by their assigned treatment at most experimental sites (i.e. stronger association 

strengths between individuals of the same treatment; Fig. 4) and increased their foraging 
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visits to the feeder to which they had been assigned, whereby birds in the high-density 

treatment almost exclusively visited the high-density feeder during the experimental period 

(Fig. 5a). Individuals assigned to the low-density treatment still visited the high-density 

feeder to an appreciable extent (Fig. 5a).

In addition, we showed that the experimental treatment affected individuals’ social 

environment. While the average flock size experienced by individuals at the control sites 

increased to a similar extent as at the high-density feeders (Fig. 5b), at experimental sites, 

birds in the low-density treatment experienced on average smaller foraging flocks than 

birds in the high-density treatment (Fig. 5b). Further, birds in the low-density treatment 

had fewer social connections, and less central network positions compared to birds assigned 

to the high-density treatment (Fig. 5c, f). However, the observed differences in the social 

environment between individuals of the low- and high-density treatment were relatively 

small in some cases. For instance, birds in the high-density treatment foraged on average in 

flocks of 4.7 individuals whereas birds in the low-density treatment foraged on average with 

3.4 individuals (Table A16, Fig. 5b). This is presumably because the density manipulation 

was in place for a relatively short time (about 6 weeks) and previous work is suggesting 

that imposing segregation for longer increases the amount of segregation over time (Firth 

& Sheldon, 2015). Further, our experimental manipulation split past and future breeding 

pairs that are known to continue foraging together, even though they are not able to access 

the same resources (Firth et al., 2015). Specifically, 42% of the birds in the low-density 

treatment had been assigned to a different treatment than their past or future breeding 

partner, while only 8% of the birds in the high-density treatment experienced a potential 

separation. Note, however, that we cannot fully distinguish whether previous or future 

breeding partners had really been separated by our experimental manipulation. This is 

because previous partners may have already divorced and future partners may not have yet 

bonded. In addition, great tits may prefer to forage in larger social groups because, for 

instance, they offer protection against predators. Thus, birds in the low-density treatment 

may have spent more time at the ‘incorrect’ feeder (i.e. the high-density feeder; see Fig. 5a) 

to continue foraging with their specific desired future breeding partner and also to remain 

foraging in larger flocks. Further research could now assess whether the overall observed 

small differences in the social environment between individuals in the low- and high-density 

treatments may thus be caused by birds in the low-density treatment actively attempting to 

compensate for their experienced greater social disruption, particularly as previous studies 

on this species have suggested such social compensation (Firth et al., 2015, 2017).

Great tits use social information across a variety of foraging contexts (Aplin et al., 2012; 

Farine et al., 2015; Firth et al., 2016) and birds occupying more central social network 

positions have been demonstrated to be more likely to discover novel food patches (Aplin 

et al., 2012). We found no evidence that our experimental density manipulation affected 

an individual’s likelihood and speed of discovering novel food (Fig. 6). Even though the 

density manipulation led to, on average, more central social network positions of individuals 

assigned to the high-density treatment (i.e. higher weighted degree and eigenvector 

centrality, Fig. 5c, f), they were not more likely, or faster, to discover novel food patches. 

This may be because changes in individual sociality induced by the density manipulation 

were relatively small (see above) and thus did not greatly impact an individual’s social 
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network position and thereby access to information. Future studies using such experimental 

density manipulations over a prolonged period of time (e.g. over the whole winter period) 

may allow for a better establishment of the predicted differences in local density and 

particularly individual social environments. Further, the novel food patches may have been 

too close (40 m) to the known feeders and thus social information transmission may have 

not been necessary for discovering the novel patches. Therefore, studies providing novel 

food resources that are more difficult to find or using other experimental approaches to 

test differences in information transmission (e.g. puzzle boxes; Aplin et al., 2015; Kendal 

et al., 2009) in relation to variation in population density may provide different results. In 

addition, it is possible that phenotypic traits, which we did not consider in our experimental 

manipulation, influenced the likelihood and speed of patch discovery. While a previous 

study found no influence of age and sex on patch discovery in tits over-and-above the effect 

of social learning (Aplin et al., 2012), it is possible that other traits such as personality 

(i.e. exploration behaviour) could impact patch discovery and may have thus limited our 

ability to detect effects of our experimental manipulation. Finally, a limitation of our study 

is that we could only capture the social associations at the feeder and not elsewhere. It is 

possible that due to the experimental restrictions, birds (specifically those in the low-density 

treatment) increasingly foraged and associated with conspecifics away from the feeder, 

limiting our ability to detect the full range of social associations even though previous work 

has shown that associations at the feeders carry over and represent associations in other 

contexts (Firth & Sheldon, 2015, 2016).

We demonstrated that the experimental manipulation of local population density led to 

differences in the local social structure, whereby lower densities led to, on average, 

smaller group sizes, and less dense and clustered local social networks (Figs. 2 and 3). 

Several studies demonstrate a positive relationship between population density, encounter 

probability and group size in species of unstable groups (Gerard et al., 2002; Lawes 

& Nanni, 1993; Pépin & Gerard, 2008; Southwell, 1984). For instance, in Pyrenean 

chamois, Rupicapra pyrenaica, mean group size and the rate at which groups joined 

and split increased with increasing population density (Pépin & Gerard, 2008). The 

social structure can have profound ecological and evolutionary implications (Evans et 

al., 2021; McDonald & Pizzari, 2018; Montiglio et al., 2018; Sah et al., 2018). Hence, 

generating a better understanding of the underlying mechanisms that shape variation in 

population density would be crucial to uncover its impact on social structure and subsequent 

population dynamics. While we experimentally induced variation in local population 

density, density also naturally varies across different spatiotemporal scales within and across 

populations (Jacquier et al., 2021; Wilkin et al., 2006). For example, features of the spatial 

environment such as different habitat characteristics (e.g. vegetation and the distribution 

of resources), predation and demographic processes (emigration and immigration) can 

influence population density and may subsequently impact social structure and population 

processes (Borgeaud et al., 2017; He et al., 2021; Lawes & Nanni, 1993; Shizuka & 

Johnson, 2020; Webber et al., 2023).

In our study, we investigated the effect of the experimental density manipulation on 

the probability and speed of information acquisition of individuals. However, research 

comparing information transmission in relation to population density on a local level, 
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rather than on the individual level, warrants further investigation. For instance, comparing 

the efficiency of spread (e.g. the time until the majority of individuals in a group are 

knowledgeable) between subpopulations of varying densities (with no or little movement 

between subpopulations) may reveal an increased transmission efficiency at high-density 

locations, similarly to findings on disease transmission (Ryder et al., 2005; Storm et al., 

2013). Examining the potential density dependence of information transmission is crucial 

given the natural spatiotemporal variation in population density (Jacquier et al., 2021; 

Wilkin et al., 2006), and may thus have important consequences for our understanding 

of when and where novel behaviours are likely to spread (Somveille et al., 2018). For 

instance, at low-density locations novel behaviours may not spread successfully even though 

the behaviour may be advantageous. Therefore, studying how spatiotemporal variation in 

ecological features shapes local social structure and information transmission would be 

crucial to better understand whether and how behaviours spread, and subsequently the 

establishment of local traditions and cultures.

In contrast to disease transmission, individuals can actively decide how to act upon novel 

information (e.g. whether to adopt a novel behaviour or not). Therefore, studying the density 

dependence of information transmission may not necessarily follow the same dynamics 

as disease transmission. For instance, across taxa, individuals often only adopt a new 

behaviour once the majority of social associates performs the behaviour (i.e. conformist 

learning; Aplin et al., 2015; Danchin et al., 2018; Pike & Laland, 2010; Van de Waal 

et al., 2013). In such a case, individuals with more social connections are expected to 

adopt a novel behaviour later than individuals with fewer social connections (Firth, 2020; 

Firth et al., 2020). In fact, contemporary research is suggesting that in natural systems, the 

correlation between individual social network position and information acquisition may be 

dependent on the social learning rule at play (Beck et al., 2023). Future studies exploring the 

density dependence of information transmission using experimental approaches like the ones 

outlined here could advance the field further through consideration of how different social 

learning mechanisms may shape behavioural spread.
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Figure 1. (a) Locations of experimental sites within the study site.
Six sites shown in black (1B, 1H, 2C, 6A, 7C, 7H) functioned as experimental sites and 

two sites shown in white as control sites (4G, 6G). (b) The set-up within each site during 

the density manipulation and the patch discovery experiment. Green dots show the two 

feeders prior to the density manipulation. The orange dot represents the high-density feeder 

during the experiment, the grey dot, the low-density feeder. Blue dots represent the novel 

feeders, which were positioned at any location within 40 m of the established feeders (i.e. 

the natural/low-/high-density feeder) phasing in opposite directions (i.e. if one novel feeder 

was placed 40 m north of the low-density feeder, the second novel feeder was placed 40 m 

south of the high-density feeder).
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Figure 2. 
Comparison of (a) the proportion of recordings, (b) the number of individuals and (c) 

average flock size within and between the high- and low-density feeders before (pre) and 

during the density manipulation. The raw data and model estimates ± the 95% confidence 

interval are shown for all sites. Data from the high-density feeder are shown in orange, data 

from the low-density feeder in grey and data from the control sites in green.
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Figure 3. Comparison in global network characteristics within and between the high- and low-
density feeders before and during the density manipulation.
The raw data and model estimates ± the 95% confidence interval are shown for (a) network 

density, (b) average edge weight (log-transformed for better visualization) and (c) global 

clustering coefficient. Data from the high-density feeder are shown in orange, data from the 

low-density feeder in dark grey and data from the control sites in green.
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Figure 4. 
(a) Assortment for the whole network in each period and at each site. Dots show the 

observed assortativity coefficient and error bars the 95% range of coefficients generated 

from 1000 random networks. (b, c) Example networks for site 7C with the clearest 

assortment, (b) prior to and (c) during the manipulation. Colour represents the treatment 

individuals have been assigned to (orange = high, grey = low), node size represents each 

individual’s degree and thickness of lines between individuals represents the association 

strength (i.e. time spent foraging together).
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Figure 5. 
(a) Box plots showing the comparison of the proportion of visits before and during the 

manipulation to the feeder to which high- (orange) and low-density (grey) individuals had 

been assigned. Points show each individuals’ proportion prior to and during the experiment 

connected by a line. The box plots represent the median and 25th and 75th percentiles 

and the whiskers indicate the values within 1.5 times the interquartile range. (b) Change in 

average flock size, (c) weighted degree, (d) average edge weight, (e) weighted clustering 

coefficient, and (f) weighted eigenvector centrality between birds assigned to the high- 

(orange) and low-density (grey) treatment, and birds at the control sites (green), before and 

during the density manipulation. The raw data and model estimates ± the 95% confidence 

interval are shown.
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Figure 6. 
(a) Probability and (b) order of discovery in relation to an individual’s treatment (green = 

control, orange = high density, grey = low density). The raw data and model estimates ± the 

95% confidence interval are shown.
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Table 1 Summary of the main effects comparing the low- and high-density treatments

Low density High density

Local level

Fewer recordings More recordings

Fewer individuals More individuals

Smaller flock sizes Larger flock sizes

Lower network density Higher network density

Lower clustering coefficient Higher clustering coefficient

Individual level

Smaller flock sizes Larger flock sizes

Lower weighted degree Higher weighted degree

Lower average edge weight Higher average edge weight

Lower eigenvector centrality Higher eigenvector centrality

The main effects for the low- and high-density location (local level) and individuals assigned to the low- and high-density treatment (individual 
level) during the experimental density manipulation.
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