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Abstract 
Collective behaviors are typical for many social species and can have fitness benefits for participating individuals. To 
maximize the benefits obtained from group living, individuals must coordinate their behaviors to some extent. What are the 
mechanisms that make certain individuals more likely to initiate collective behaviors, for example, by taking a risk to initially 
access a resource (i.e., to act as “leaders”)? Here, we examine leading behavior in a natural population of great tits and blue 
tits. We use automated feeding stations to monitor the feeder visits of tagged individuals within mixed-species flocks, with 
a small cost (waiting < 2 s) associated with the initial unlocking of the feeder. We find that great tits, males, and individuals 
with high activity levels were more likely to be leading in each of their feeder visits. Using a null model approach, we dem-
onstrate that the effects of sex and activity on passive leading behavior can be explained by patterns of spatial and temporal 
occurrence. In other words, these effects can be explained by the times and locations of when individuals visit rather than 
the actual order of arrival. Hence, an analysis of the causes of leading behavior is needed to separate the effects of different 
processes. We highlight the importance of understanding the mechanisms behind leading behavior and discuss directions 
for future experimental work to gain a better understanding of the causes of leadership in natural populations.

Significance statement
Many species are social and engage in collective behaviors. To benefit from group actions, individuals need to fulfill different 
roles. Here, we examine leading behavior during feeding events; who feeds first when birds arrive at a resource? In mixed-
species flocks of passerines, great tits (the larger and more dominant species), males, and individuals with higher levels of 
activity lead more often than blue tits, females, and individuals with lower levels of activity. While the species effect remains 
even when we control for the locations and dates of individual feeder visits, the effects of sex and activity are dependent on 
when and where birds choose to feed.
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Introduction

Many species are social, spending a majority of their time in 
the presence of others, especially when moving or acting in 
groups is beneficial (Couzin et al. 2002; Krause and Ruxton 

2002; Couzin and Krause 2003). Collective action can occur 
in day-to-day contexts, for example, when individuals come 
together to forage in pairs or groups, presumably to increase 
their feeding efficiency and avoid predators (Conradt and 
Roper 2003; Rands et al. 2003; McClure et al. 2011). How 
are collective actions initiated and carried out in different 
species and contexts?

Various lines of research suggest that in social or group-
living species, there are some individuals that are more 
likely to initiate behaviors (leaders), while there are others 
that are more likely to follow once behavior is initiated 
(followers; King and Cowlishaw 2009; King et al. 2009; King 
2010). Patterns of leading and following can occur not only 
during coordinated collective movements but also during 
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social encounters (King et al. 2009) and remain consistent 
over time (Kurvers et al. 2009). However, the terms leader 
and follower can be ambiguous if clear definitions are not used 
(Dumont et al. 2005; Pyritz et al. 2011). Leader may be used 
in the more intentional sense, where individuals actively, and 
sometimes explicitly, make their intentions known and attempt 
to recruit group members to follow their behaviors (King et al. 
2008; King and Sueur 2011). However, leadership in animal 
groups is rarely shown to be “active” or with the intention of 
eliciting followers. In a more passive sense, leading can be 
characterized in terms of the order that a behavior is occurring 
in, as an emergent property of the particular make-up of the 
given group or population (Couzin and Krause 2003; King 
2010; Lucon-Xiccato et al. 2019). Conceptualizing passive 
leaders as individuals that take on an initial cost to access 
a resource and are followed by others more often than they 
follow others themselves, as we do here, allows for a flexible 
and generalized investigation of leadership across a range of 
systems.

There are many possible ways to explain leading behav-
ior, based on morphological, physiological, and behavioral 
characteristics (King et al. 2009). One explanation is that 
leadership is driven by motivation, where individuals that 
are most in need of a particular resource are most likely to 
initiate behaviors to retrieve them (Furrer et al. 2012; Öst 
and Jaatinen 2013; Hansen et al. 2016). This is sometimes 
referred to as the “leading according to need” hypothesis 
(Conradt et al. 2009; Sumpter 2009). Dominant individuals 
may also be more likely to lead group movement if they 
operate more autonomously or have more command over 
the group (Rands et al. 2006). This may be related to the 
link between energetic intake (motivation) and dominance, 
where more dominant individuals are also more in need of 
resources (Muller and Wrangham 2004; Sueur et al. 2013). 
Alternatively, it is possible that subordinates have reduced 
access to resources and are therefore hungrier, or more 
risk-averse, and may attempt to arrive at a resource first to 
increase their probability of retrieving food. More generally, 
dominant individuals may be more successful in fostering 
following behavior (King et al. 2008).

For individuals to take advantage of and maximize the 
benefits that come from collective actions, individuals 
within a group must be coordinated to some extent (King and 
Cowlishaw 2009). Coordination can be hard to achieve as 
group members may have conflicting interests that must be 
resolved, making way for the emergence of leaders. Studies 
of leadership aim not only to uncover the mechanisms 
behind collective actions but also to investigate how dyadic 
interactions at the individual level translate to group-level 
patterns (Strandburg-Peshkin et al. 2018). Understanding 
the dynamics of leading and following behavior is crucial 
to our understanding of how social groups emerge and 
are maintained in different species and settings (Tóth and 

Griggio, 2011). Leaders and followers may experience 
different fitness consequences of group membership; for 
example, leaders may receive a larger share of resources but 
be at a higher risk of being predated, while followers may 
not receive as much but benefit from the resource discoveries 
of leaders (Beauchamp 2000).

Uncovering the details of leading and following behavior 
can also help to refine our understanding of other social 
phenomena, for example, cooperation. It may be the case that 
individuals that are “leaders” during migration or foraging 
contexts are also those that are most likely to initiate 
cooperative behaviors (King et  al. 2009). On the other 
hand, it is possible that cooperation occurs within social 
groups such that leaders are “helped” by others in exchange 
for their leadership (Kern and Radford 2018). Dynamics of 
leading and following may also be a form of cooperation 
in themselves. In their study of captive Northern bald ibis 
(Geronticus eremita) leading and following in V-formation 
flight, Voelkl et al. (2015) found that individuals would 
change positions in order to match their own leading time 
to the current leader’s (direct reciprocity). Furthermore, how 
much an individual could benefit from being a follower was 
strongly correlated with how long they were the leader.

Foraging behavior and efficiency have direct 
consequences for fitness (Clark and Mangel 1986; Stephens 
et al. 2007), can vary widely both within and among groups 
(Milligan et al. 2017), and may influence social structure and 
dynamics (Methion and Díaz López 2020). Previous studies 
have explored leading behavior during foraging in birds in 
terms of moving from one patch of resources to another. 
In an early study, Beauchamp (2000) looked at the order 
of arrival of size- and food deprivation-matched pairs of 
zebra finches (Taenopygia guttata) to reach a foraging patch 
and found that the same individual was consistently arriving 
first. After additionally looking at their solitary activity and 
exploration levels in a novel environment, this research 
suggests that leadership is dependent most on activity and 
exploration levels, rather than dominance or motivation. 
However, it could be argued that individuals with higher 
levels of activity have higher energetic needs (Réale et al. 
2010).

In their study on leading and following in rock spar-
rows (Petronia petronia), Tóth and Griggio (2011) found 
that individuals with a larger breast patch, a sexually 
selected trait, were more likely to be leaders regardless of 
sex or body condition. Because the breast patch is related 
to the ingestion of carotenoid-rich food (and condition 
dependent), they suggest that following these individuals 
may lead to more efficient foraging. Alternatively, it is 
possible that those individuals with larger breast patches 
are more in need of resources (particularly carotenoid-
rich ones) and are more likely to initiate foraging trips. 
Larger breast patches in this species are also indicative 
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of dominance in terms of the ability to acquire territories 
and access to food resources (Griggio et al. 2007).

Understanding the relative contributions of spatio-
temporal and individually driven mechanisms is a central 
aim of behavioral ecology because of the consequences 
for phenotypic selection (Kasumovic et al. 2008; Farine 
et al. 2015; Kay et al. 2017). Further work is necessary 
to gain more insight into the relative roles of different 
ecological drivers in causing leading behavior. What are 
the mechanisms behind various predictors of leadership? 
Are leader–follower dynamics maintained by the same 
mechanisms in different contexts, populations, and spe-
cies? It may be that some classes of individuals are more 
likely to be leaders than others, but it is not always clear 
why this is the case; some effects may be dependent on 
spatial (where individuals are present) or temporal (when 
individuals are present) mechanisms. Furthermore, it is 
possible that certain individuals prefer to feed in particu-
lar locations because they are more (or less) likely to be 
leaders there.

Here, we study the individual feeder visits of birds 
once they arrive at a resource (as opposed to collective 
movement between areas). We explore patterns of passive 
leadership in mixed-species foraging flocks of passerine 
birds in order to uncover the factors (age, sex, species, 
activity level) that influence this behavior. In the win-
ter, great tits and blue tits forage in mixed-species flocks 
that exhibit fission–fusion dynamics (Farine et al. 2012). 
As described by Hinde (1952), mixed-species flocks of 
tits often move in “integrated movements,” arriving at a 
resource in a flock together and subsequently commenc-
ing feeding. Here, we use an experimental manipulation 
of feeder access to investigate the factors that predict 
whether individuals are leading or not at the scale of 
individual feeder visits. We define leaders as individuals 
that initially arrive and unlock a feeder, taking on the time 
“cost” (that comes with a higher chance of interference 
or risk) of waiting for feeders to open and also take any 
costs of being the first individual to approach and use 
the feeder, while those who feed from feeders that have 
already been unlocked are not; and leaders are individuals 
that are followed by others more than they follow oth-
ers themselves. Based on the assumption that motivation 
and dominance are associated with higher rates of lead-
ing behavior, we predicted that great tits, males, adults, 
and individuals with higher levels of activity would be 
more likely to be engaged in leading behaviors. We addi-
tionally compare our results with specific null models, 
which directly incorporate consideration of patterns of 
non-independence within the data, and we use these to 
tease apart the influence of spatial and temporal drivers 
on these effects.

Material and methods

Study system

This work took place within a larger study on the social 
ecology of wild birds, conducted in Wytham Woods, 
Oxford, UK, on the long-term study population of great 
tits (Parus major), blue tits (Cyanistes caeruleus), marsh 
tits (Poecile palustris), coal tits (Periparus ater), and 
European nuthatches (Sitta europaea). Birds are marked 
with unique BTO (British Truth for Ornithology) metal 
leg rings and aged (juvenile if they were born in the most 
recent breeding season) and sexed during the breeding 
season at nest boxes or during the winter with mist net-
ting. Captured birds are also fitted with a plastic leg ring 
housing a PIT (passive integrated transponder) tag that 
can be detected automatically when in the range of an 
RFID (radio frequency identification) antenna. It is esti-
mated that more than 90% of the resident population is 
tagged (Aplin et al. 2013). In this system, sunflower seed 
feeding stations with RFID antennae (Dorset ID, Aalten, 
The Netherlands) are used to generate time (in seconds), 
date, and location stamped records of each individual’s 
feeder visits. Mixed-species tit flocks feed on patches of 
resources that are scattered across the environment, and 
competition for food is most intense in mid-winter (Gibb 
1954). Due to the relatively low number of individual coal 
tits, marsh tits, and nuthatches, we restricted our analyses 
to great tits and blue tits, the numerically dominant spe-
cies within this system. However, data on individuals of 
other species were only removed after the labeling of inter-
visit intervals and leading-following events (“Determining 
leading and following behavior” section), in order to retain 
information about the true order of visits and whether they 
were a “following” event.

Feeder sites

The current study was conducted between November 2016 
and January 2017 in the southernmost part of Wytham 
Woods (Bean Wood; 51° 45′ 28.8″ N, 1° 19′ 47.4″ W) 
which is partially separated from the remainder of the 
woods (and the main study area) by farmlands (Fig. 1). 
It was not possible to record data blind because our study 
involved focal animals in the field.

After an initial period (34 days) of acclimation, dur-
ing which three standard, open-access feeders in this area 
were provided, they were replaced by six controlled access 
feeders (see Supplementary Image 1) with a single feed-
ing hole (experimental design described further in Firth 
and Sheldon (2015) and Firth et al. (2015, 2016)). The 

Page 3 of 13    167Behav Ecol Sociobiol (2021) 75: 167



1 3

access hole of each feeder was blocked by a transparent 
flap locked into place; the feeder was unlocked when a PIT 
tag was registered by the RFID antenna. Once opened, the 
flap stayed open and unlocked for 2 s. These feeders were 
used as opposed to normal (open access) RFID-detect-
ing feeders because only tagged birds can initially open 
the flap. When using open-access feeders (without flap), 
untagged birds may be regularly feeding at the sites; cal-
culating leading and following based on this open-access 
data-stream carries the potential of mis-labeling individu-
als that arrived with untagged birds.

Here, we use two selective feeders placed approximately 
100 m apart at each site (each 50 m away from the initial 
standard feeder location). All six feeders were identical and 
afforded the same opportunities in terms of (1) type and 
quality of food available and (2) space to access the food 
from. The selective feeders were open from pre-dawn until 
after dusk every day. During an initial 34-day acclimation 
period (30 November to 2 January), the controlled access 
feeding mechanism was introduced to give PIT-tagged indi-
viduals time to learn how to use the selective feeders, i.e., 
only birds with a tag could visit these feeders. Additionally, 
this period would discourage untagged individuals from 
visiting these feeders. Then, once they learned to use the 
selective feeders, the behavior of the birds was recorded for 
16 complete days (3 January to 18 January); any bird with 
a PIT-tag could unlock the feeders (i.e., same exact proce-
dure as in the acclimation period). Throughout both periods, 
each feeder visit by a PIT-tagged bird was recorded with 

the individual’s ID as well as the date, time, and location 
of their visit.

Determining leading and following behavior

When an individual arrived at a feeder, they had to unlock 
the flap if another bird had not already done so. Once 
unlocked, the flap stayed open for 2 s. Initially unlocking 
the flap came with an associated cost, as the unlocking indi-
vidual had to wait < 2 s for the flap to open (the time it takes 
for the feeder to register the tag and initiate the opening 
mechanism), making it more likely that there could be inter-
ference while they were feeding. On the other hand, those 
who arrived within the next 2 s could retrieve food and leave 
instantly with a smaller risk of others becoming involved 
or preventing them from feeding. This period of 2 s is also 
relevant when we look at the distribution of visit intervals 
over the course of the test period, with a majority of visits 
being within 1 or 2 s of one another (Fig. 2).

Using the spatio-temporal data stream produced by the 
recorded feeder visits, we labeled each feeder visit as a 
“lead” or not, according to the following logic and criteria. 
First, we calculated a leading time (the number of seconds 
that passed until another PIT-tagged individual visited that 
feeder) and following time (the number of seconds that 
passed since the previous PIT-tagged individual visited) for 
each visit. Based on the distribution of inter-visit intervals 
and the fact that the flap stayed open for 2 s upon being 
unlocked, we defined a feeder visit as a lead if no PIT-tagged 

Fig. 1  Map displaying Wytham 
Woods; the inset displays Bean 
Wood and the locations of the 
feeders used (original feeder 
sites marked by an x). The 
sizes of the circles represent the 
relative numbers of individuals 
that visited, while the colors 
represent the proportion of 
male (darker shade) and female 
(lighter shade) blue tit (blue) 
and great tit (brown) feeder 
visits
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birds had arrived within the previous 2 s (> 2 s following 
time), and a PIT-tagged bird had arrived within the follow-
ing 2 s (≤ 2 s leading time; illustrated in Fig. 3).

In this way, we capture those feeder visits where a bird 
is a “leader” and is not following another bird. This vari-
able was used for all of the following analyses. A feeder 
visit was defined as a “follow” if the focal individual arrived 
within 2 s of another PIT-tagged bird (≤ 2 s following time), 
regardless of whether or not the prior bird was labeled as a 
leader or follower. To assess leading in an alternative way, 
we calculated a leading to following ratio (described further 
in Supplementary Material Sect. 1). We additionally calcu-
lated four stricter leadership measures for supplementary 
analysis where no individual preceded the focal individual’s 

arrival, within 5, 10, 20, or 30 s (e.g., ≤ 5, ≤ 10, ≤ 20, ≤ 30 
following time; Supplementary Material Sect. 2). Rather 
than focusing on the more relevant cut off of 2 s (the target 
of manipulation), these supplementary measures capture a 
slightly different behavior but still demonstrate fine-scaled 
within-species differences.

Overall, leaders are individuals that take on the initial 
cost of the slight time delay (< 2 s) of unlocking the feeders 
along with any risk associated with being the first individual 
to approach a feeder/area while others are not there using it. 
Followers are individuals that arrive immediately after lead-
ers and, therefore, do not have to unlock the feeders them-
selves and also do not experience any risk associated with 
being first. This method of labeling leaders and followers 
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Fig. 2  Panels A and B display the distribution of inter-visit intervals up to 10 s and 10 min, respectively, over the entire test period; inset plots 
show the same distribution with the y-axis (frequency) on a log scale
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assumes that the presence of some untagged birds does not 
significantly change our estimation of leading/following 
events. We believe this is true as (a) the acclimation period 
deters untagged birds from using the feeders (as they cannot 
use any of the feeders directly) and (b) as the “following” 
window uses such a short time cut-off, the birds which are 
classed as “followers” are likely to not have been preceded 
by an untagged individual, and—even in the rare occasions 
when they were—they are still carrying out the following 
activity (albeit just coming after a different individual).

Statistical analyses

To analyze whether leading in this context was associated 
with factors related to motivation and dominance that we 
had hypothesized as predictors of leading behavior, bino-
mial generalized linear mixed models (GLMM) were run 
in R using the package “lme4.” These models were run 
with the dependent variable of “lead or not,” based on each 
individual feeder visit. We explored various fixed effects 
and their interactions (age and species and sex and species; 
detailed in Supplementary Material Tables S8, S9). In all the 
models, date, location (i.e., feeder), and individual ID were 

included as random effects. In the final model (Table 1), 
species (great tit or blue tit), age (juvenile or adult), sex, 
and activity (total number of feeder visits in test period) 
were included as fixed effects. The model was checked using 
several model diagnostics and visual inspection of residu-
als (with the “DHARMa” package); none were indicative 
of any deviations from the assumptions of normality and 
homogeneity of residuals.

In these primary models, all records for great tits and blue 
tits are included. However, some individuals were leading 
and following at similar rates. To perform supplementary 
sensitivity analysis, we asked whether the same patterns 
would hold if we removed those individuals in the central 
part of the distribution and only focused on individuals that 
are consistently leading or consistently following. In other 
words, we remove those individuals that are leading and 
following at similar rates and therefore do not have a strong 
propensity/preference to be a leader or follower. We first 
calculated the total number of leads and total number of 
follows that each individual engaged in to come up with 
a leading proportion (mean = 0.54, min = 0, max = 0.86, 
median = 0.60, SD = 0.23). We then calculated the first 
and fourth quartile of the leading proportion and labeled 

1 second 0 seconds 4 seconds 5 seconds 2 seconds

Leader LeaderFollower Follower Follower

TIME

Fig. 3  A visual representation of how leads and follows were deter-
mined. Starting from the left (earliest in time), the first bird is 
classed as a leader, as a bird arrives < 2  s after, but no bird arrives 
before them. The second bird is a follower, but not a leader because 
a bird arrived < 2 s before them. The third bird is a follower because 
they arrive < 2  s after another bird, but no bird arrives < 2  s after 

them. The fourth bird is not a leader or follower, because no birds 
arrive within < 2  s of them (before or after). The fifth bird is a 
leader, because they do not follow anyone themselves (i.e., does not 
arrive < 2  s after another bird), but the sixth bird arrives < 2  s after 
they do (making the final bird a follower)

Table 1  Binomial GLMM 
model summary of the observed 
results with the dependent 
variable set as lead or not lead, 
analyzing if each feeder visit is 
a lead or not

Dependent variable Fixed factor/effects Estimate ± SE z p

Lead or not N = 314,809 Intercept 0.087 ± 0.129 0.673 0.501
Species (blue tit vs. great tit)  − 0.350 ± 0.054  − 6.416  < 0.001
Age (juvenile vs. adult) 0.065 ± 0.051 1.262 0.207
Sex (male vs. female) 0.132 ± 0.050 2.616 0.009
Activity 0.168 ± 0.029 5.846  < 0.001
Random effects Variance Standard deviation
Ring (ID; N = 169) 0.087 0.295
Date (N = 16) 0.008 0.088
Feeder (location; N = 6) 0.092 0.303
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individuals as having high, middle, or low rates of leads. 
Records for individuals with “middle” rates of leading (i.e., 
from the second and third quartiles) were removed from the 
dataset. We then re-ran the models (Supplementary Material 
Table S10).

One way to examine the drivers behind various effects 
is through the use of null models, where the model used 
for the observed results is re-run numerous times after the 
response variable is shuffled over chosen spatial and tem-
poral scales (i.e., different restriction types). The observed 
results are compared to the null model results to separate out 
predictors that are significantly different from what would be 
expected by random, i.e., the variable measuring the behav-
ior in question is randomized, but spatial and temporal pat-
terns are retained. Furthermore, because the actions of each 
individual in a leader–follower pair are somewhat dependent 
on one another, null models are especially useful for teasing 
out the patterns that we would expect by chance due to this 
relationship. To further investigate these results and uncover 
patterns of non-independence here, null models were run 
using the “lead or not” model with five different sets of 
restrictions (Gotelli 2001; Veech 2012). These restrictions 
keep some characteristics of the data intact while randomiz-
ing others, so that we can assess if the observed effects differ 
from the effects that we would observe by chance (i.e., if 
birds arrived in a random order). We swapped (randomly 
re-allocated) the “leading time” and “following time” (the 
time differences between visits) among individuals (which 
manipulates the order of arrival) with the following restric-
tions and ran 10,000 permutations for each restriction type. 
This swap also ensures that leader–follower pairs are not 
dependent on one another.

• Site, day, and activity restriction: time differences (lead-
ing and following time) are swapped at each feeder on 
each day. This conserves the spatial and temporal struc-
ture of the data, as well as the activity level of each indi-
vidual.

• Site and activity restriction: time differences are swapped 
at each feeder. This conserves the activity level of each 
individual and the spatial but not temporal structure of 
the data.

• Day and activity restriction: time differences are swapped 
on each day. This conserves the activity level of each 
individual and the temporal but not spatial structure of 
the data.

• Activity restriction only: time differences are swapped 
with no restriction. Only the activity level of each indi-
vidual is retained.

• No restrictions: time differences are swapped with no 
restriction, activity is re-calculated post-swap. The struc-
ture of the data is not conserved, effectively allowing for 
a comparison to what we would expect at random.

Z-values for each of the effects in each model were com-
piled and compared to the observed z-value in our real 
model. The p-value was calculated by calculating where the 
observed value lies within the distribution of values obtained 
from the null models; results were labeled as “significantly 
different from expected by the null” if the observed z-value 
was outside of the 95% range generated by the null models.

Results

During the 16-day test period, there were a total of 411,158 
visits by 128 blue tits (161,496 visits), 71 great tits (164,148 
visits), 13 marsh tits (68,559 visits), two nuthatches (16,922 
visits), and two coal tits (33 visits; see Supplementary Mate-
rial Table S11 for further details). All following analyses 
considered great tits and blue tits with known sex only 
(N = 169; sex was not known for some birds because they 
had been ringed as nestlings when sex cannot be reliably 
determined from visual cues). However, as noted for data 
on other species, data on individuals of unknown sex were 
only removed after the labeling of inter-visit intervals and 
leading-following events (“Determining leading and fol-
lowing behavior” section) was conducted, in order to retain 
information about the true order of visits and whether they 
were “following” events.

Observed effects

Over the test period, species was the strongest predictor 
of whether a feeder visit was a lead or not with great tits 
leading more often than blue tits (Table 1, Fig. 4). This is 
followed closely by activity level, where higher activity is 
indicative of leading. There was also a much smaller effect 
of sex (males more likely to be leading). The same patterns 
are present when considering the leading to following ratio 
(Table S2). Similar patterns can also be seen at the level of 
individual feeder visits when records from individuals with 
similar rates of leading and following (“middle” individu-
als) are removed from the dataset; however, the effect of 
sex is no longer significant while the effect of age is larger 
and significant, suggesting that the sex effect is enhanced 
by “middle” individuals while the age effect is weakened 
by “middle” individuals (Supplementary Table S10). When 
using a stricter definition of leading, only the effect of spe-
cies remains significant (Table S3-S6).

We additionally ran the same model (from Table 1) for 
each species separately and with the interaction of sex and 
age included (Supplementary Material Table S12-S15). For 
great tits, there is an effect of sex and activity (Table S12), 
while for blue tits, activity is the only significant predictor 
(Table S15). For both species, the effect of the interaction 
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between age and sex is small and not significant (Table S13, 
S15).

Null models

In the most restrictive null model (Fig. 5A), the observed 
effects of species  (pnull = 0.0001) and age  (pnull = 0.0406) are 
significantly different than what would be expected if birds 
were arriving in a random order but still on the same day, at 
the same feeder, and the same number of times as observed. 
However, the effects of sex  (pnull = 0.9648) and activity 
 (pnull = 0.1522) are not, suggesting that these effects in the 
model are driven by spatial and temporal dynamics. This 
is also the case when the day restriction is lifted (Fig. 5B); 
the observed effects of species  (pnull = 0.0001) and age 
 (pnull = 0.0448) are significantly different than what would 
be expected if birds were arriving in a random order but at 

the same feeder and the same number of times as observed. 
When the site restriction is lifted instead (date and activity 
only; Fig. 5C), the observed effect of age  (pnull = 0.0554) is 
on the margin, while species  (pnull = 0.0008) remains signifi-
cantly different than expected, and sex  (pnull = 0.6982) and 
activity  (pnull = 0.0904) do not.

In the activity restriction null model (Fig. 5D), only the 
effect of species  (pnull = 0.0006) is significantly different than 
what we would expect if birds arrived in a random order, but 
the same number of times as observed. Again, age is on the 
margin  (pnull = 0.0512) and sex  (pnull = 0.7138) and activity 
 (pnull = 0.0994) are not different than expected. When there 
are no restrictions (Fig. 5E), allowing the birds to arrive in a 
completely random order, all of the observed effects are signif-
icantly different than what we would observe by chance, sug-
gesting that the observed effects of age and sex are dependent 
on activity levels, while the effect of species is not dependent 

Fig. 4  Plots showing model estimates and raw data for the observed 
significant (p < 0.01) effects of species (panel A, left), sex (panel A, 
right), and activity (panel B) for the model at the level of feeder vis-
its (Table  1). In plot A, black point and error bars represent model 
estimates and 95% confidence intervals, while colored points repre-

sent the percentage of leads for each day (N = 16) in the test period. 
In plot B, the boxplots and points represent the observed data, while 
the fitted line and shading show model estimates and 95% confidence 
intervals
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on any of these restrictive factors. Running the same set of per-
mutations with the great tit only model (Table S12) reveals that 
the effects of sex and activity are significantly different than 
what we would observe by chance (no restriction) but not with 
any of the other restriction types, suggesting that the observed 
effect of sex within great tits is dependent on where and when 
birds feed and their activity levels (details in Fig. S1).

Additional following‑level species effects

Having demonstrated a robust effect of species on leading 
behavior, we further examined the identity of those individu-
als following great tit vs. blue tit leaders. Of the 164,148 
visits by great tits, 86,965 (52.98%) were leading events. 
Great tit leaders were followed by blue tits 869 times (1%), 
by marsh tits 190 times (0.22%), and by nuthatches 37 
times (0.04%), with the remainder (85,869, 98.74%) being 
followed by great tits. Of the 161,496 visits by blue tits, 
62,340 (38.60%) were leading events. Blue tit leaders were 
followed by great tits 511 times (0.82%), by marsh tits 190 
times (0.30%), by nuthatches 18 times (0.03%), and by one 
coal tit, with the remainder (61,605, 98.82% of the time) 
being followed by blue tits.

Discussion

Patterns of passive leading behavior can be dependent on 
various characteristics of the individual, and the effects of 
these characteristics can themselves be driven by spatial and 

temporal dynamics (where and when individuals are feed-
ing). Here, we defined passive leaders as individuals who 
(1) initially unlocked a feeder, taking on the cost of waiting 
for feeders to open, and (2) did this more often than they 
followed others. In wild mixed-species flocks of passerine 
birds, leading behavior within locations is influenced by spe-
cies, sex, and activity. As expected, indicators of dominance 
and motivation appear to shape which individuals arrive at 
feeders without following others. Overall, great tits lead 
more often than blue tits. In terms of within-species effects, 
blue tits with higher activity levels were more likely to be 
leaders, but there was no significant effect of age or sex. 
For great tits, males and individuals with higher levels of 
activity were more likely to be leaders, but both effects are 
spatio-temporally driven. It is unclear if this is driven solely 
by these mechanisms or if individuals prefer to feed in par-
ticular locations at specific times because they are more (or 
less) likely to be leaders there. The most robust finding here 
is that great tits lead more often than blue tits; great tits are 
more likely to initially unlock a feeder once a group has 
arrived at a feeding location.

By using null models, we were also able to investigate 
the mechanics of this leading behavior. The effect of sex 
and activity is driven by spatial and temporal dynamics 
(where and when individuals feed), while the effect of spe-
cies is robust to a wide range of alternative null models (not 
driven by the time or location of feeding). Additionally, 
estimates of leading behavior are highly dependent on the 
total number of feeder visits an individual made (individuals 
with higher feeder visits have higher estimates of leading 

Fig. 5  Violin plots displaying the results of the null models with all 
five restriction types. Each panel denotes a restriction type, while the 
fixed effects (of species, age, sex, and activity) are along the x-axis. 
Solid red lines indicate the observed z-value for each effect, and the 

stars at the top of the y-axis denote significance levels, i.e., whether 
the observed z-value is significantly different from those derived from 
the null models (*** =  < 0.001, * =  < 0.05, =  < 0.1)
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behavior), suggesting that the number of times an individual 
is observed may influence results regardless of differences 
in leading behavior.

The results obtained here emphasize the importance of 
using null models for understanding the drivers of different 
processes. Previous studies that identify leading behavior 
often ascribe effects to individual-level processes when 
they may have other drivers. Although some effects (like 
sex and activity here) may be spatio-temporally driven, it is 
still important to consider them. Is it the case that the effect 
of sex seems to be driven by temporal and spatial aspects 
simply because that is what constrains these results, or is 
it because males and females have different preferences in 
terms of being a leader and follower in this system? In other 
words, individuals may be non-random in their choices of 
where and when to feed. For example, juvenile great tits 
have been found to have more social connections than adults, 
and this is driven by spatial dynamics—juveniles visit loca-
tions with larger groups or with higher levels of activity 
(Farine et al. 2015). However, it is still possible that juve-
niles prefer to be more social and are engaging in feeding at 
these times and locations for precisely that reason. To test 
causality in these situations, further experimental evidence 
is necessary; by manipulating where and when individuals 
can feed or be, we can look at whether individuals continue 
to be leaders (or followers) in the absence of the possibility 
to influence their own spatial and temporal decisions. For 
example, in the case of this system, if an individual that does 
not engage in leading often is restricted to a feeder where 
there are high activity levels, will they begin leading?

In this mixed-species population, dominance is related to 
body size both within and among species (Morse 1978, p. 
300; Gosler and Carruthers 1999). Great tits are the largest 
and most dominant species in these flocks and regularly suc-
ceed over blue tits in competition for nest boxes (Dhondt and 
Eyckerman 1980; Minot and Perrins 1986; Kempenaers and 
Dhondt 1991). The fact that great tits are leading more often 
in this population is in line with existing theories of lead-
ing on the basis of dominance and energetic requirements 
(Rands et al. 2006; Conradt et al. 2009; Öst and Jaatinen 
2013). Furthermore, more dominant individuals in this 
population are more vigilant during foraging, and there is a 
causal relationship between dominance and competence in 
choosing the safest foraging locations (Krams 1998), making 
great tits ideal leaders. What is striking, however, is the fact 
that great tits and blue tits almost exclusively follow con-
specifics. In other words, individuals are unlikely to initially 
approach a feeder that has been opened by another individual 
unless that individual is a conspecific. The reason for this is 
unclear and remains to be tested.

All studies focusing on a particular aspect of leadership are 
limited to drawing conclusions within that particular context. 
Indeed, leadership is not absolute, meaning that leading in 

each instance may depend on the identity of leader–follower 
pairs even in a passive context. Within this particular study, for 
example, even though the experimental feeding system allows 
examination of leadership under natural settings, it is difficult 
to determine if the activity that occurs here would directly 
reflect the leader–follower relations that would occur within 
other foraging conditions (e.g., on natural food sources without 
centralized feeders) or other differing environmental condi-
tions (Carrascal et al. 1998). Furthermore, it is also important 
to note that when studying leadership in the context of activ-
ity within a particular area (such as done in this study), this 
may not directly relate to leadership in the context of collec-
tive movement between areas (such as is done in many other 
studies). As such, future work directly testing how leadership 
carries over across different contexts (e.g., different foraging 
situations or within- vs. between-area movement) would be of 
much interest. Finally, the precise costs and benefits of being 
a leader or follower could not be ascertained in this study. For 
example, precise monitoring of predation risk is difficult with 
this set-up (but see Voelkl et al. (2016) for findings on preda-
tion dynamics in a separate experiment). Further experimental 
(in captivity) and observational (in the wild) studies are neces-
sary to uncover and quantify the relative costs of leadership 
(Ioannou et al. 2019).

There are also other possible factors that may have an 
influence on leading. Temperament or personality may have 
an impact; in their study on pairs of sticklebacks (Gaster-
osteus aculeatus), Harcourt et al. (2009) found that bold 
individuals were more likely to lead and less likely to fol-
low than shy individuals. Kurvers et al. (2009) go so far as 
to argue that individual differences in personality may be 
maintained in order to foster social coordination. Social rela-
tionships can also play a role, with individuals following the 
behaviors of their close social partners (Jacobs et al. 2011). 
Some studies have even shown that reproductive status may 
have an impact on leading behavior, most likely due to the 
energetic requirement that comes with breeding (Pyritz 
et al. 2011). In some situations that are more movement-
based than the passive leadership studied here, having more 
information or knowledge about how or where the collective 
action will take place can increase the probability that an 
individual leads. This is especially the case in joint naviga-
tion, where previous experience or knowledge of a route is 
crucial to success (Flack et al. 2012). Further work is needed 
to gain a more complete picture of the drivers of leading 
behavior and how they may operate in different settings.

Conclusion

Collective behaviors are widespread in the animal kingdom, 
and discovering which individual initiates them, and which 
individuals follow initiation, is crucial to our understanding 
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of sociality and several social processes (King et al. 2009). 
Here, we show that there are species differences in pas-
sive leading behavior, in a natural population of wild birds, 
that are in line with theories on leading that are related to 
motivation in terms of nutritional requirements as well as 
dominance. Great tits, the larger and more dominant spe-
cies, are leading more often than blue tits. However, when 
individuals do lead, they are almost exclusively followed 
by conspecifics. Furthermore, our use of null models shows 
that the observed effects of sex (males leading more than 
females) and activity (higher activity levels associated with 
more leading) are driven by spatial and temporal dynamics; 
this highlights the utility of using null models to explore 
patterns of non-independence and uncover the mechanisms 
behind various effects. Future work can integrate other pro-
posed predictors of leadership (measures of personality, 
more precise measures of metabolic rate, social structure, 
etc.) to gain a more holistic understanding of passive lead-
ership. There would also be much benefit in manipulating 
spatial and temporal dynamics to provide further insights 
into how experimental changes impact leading behavior and 
to allow for concrete conclusions regarding the causes of 
leading behavior to be drawn.
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