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The literature on mixed-species flocks references a wide variety of bird
associations. These studies, however, have used an array of unstructured
characteristics to describe flocks, ranging from the temporal occurrence of
flocking to the identity and behavioural features of constituent members,
with little consensus on which key traits define and characterize a mixed-
species flock. Moreover, although most studies report species-specific roles,
there is no clear consensus about what these roles signify nor how to define
them. This lack of consistency limits our ability to compare flocks from differ-
ent habitats, regions and species pools. To unify this sizable body of literature,
we reviewed and synthesized 538 studies on mixed-species flocks. We propose
13 categories to classify mixed-species flocks using behavioural and physical
traits at the flock and participant level, as well as the habitat where the flock
occurs. Lastly, we discuss the historical terminology for different species
roles and propose definitions to clarify and distinguish among nuclear,
leader, sentinel, and flock-following species. We envision that these guidelines
will provide a universal language for mixed-species flock research, paving
the way for future comparisons and new insight between different regions
and systems.

This article is part of the theme issue ‘Mixed-species groups and
aggregations: shaping ecological and behavioural patterns and processes’.

1. Introduction

One of the goals of community ecology is to unravel the processes that structure
natural communities. Although communities are often thought to be structured
by negative interactions (e.g. competition, predation and parasitism), positive
interactions among species, such as sociality, can also influence community
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structure [1]. Sociality emerges as a result of co-occurring posi-
tive interactions that allow species to expand into new
ecological niches and persist in these environments, which
might otherwise be unfavourable to less social species [2—4].
As such, sociality has evolved in numerous taxa, and coordi-
nated behaviour among individuals within a social group
exists in both monospecific and multi-species groups [5-8].
The greater prevalence of monospecific groups is expected
because all individuals share the same ecological requirements.
Although they may compete for resources, the benefits of soci-
ality in such situations outweigh the costs and allow for the
evolution of intricate patterns of kin and non-kin relationships.
One example of kin-based sociality is cooperative breeding,
where strong social bonds between individuals are maintained
by direct and indirect benefits linked to kinship and group aug-
mentation [9]. Alternatively, multi-species groups harbour
individuals with different ecological requirements where, for
example, different species eavesdrop on one another to gain
information about risks [10,11] and/or resources [12]. One
key example of heterospecific attraction is the formation of
avian multi-species groups known as mixed-species flocks.
Mixed-species flocks of birds (hereafter, mixed flocks) have
been known and described for more than 150 years. Although
researchers have long noticed similarities and differences
among flock systems across the globe [13-19], there is no
clear operational definition of these social systems. Neverthe-
less, the hallmark of a mixed flock is that, while different
species of birds are travelling together, benefits that accrue to
an individual depend upon the behaviour of the other flock
members [20-23]. Participants of mixed flocks have been
shown to increase their foraging efficiency by observing
other nearby, successful foragers, either by copying their
behaviour or through kleptoparasitism [24-28]. Additionally,
participants of mixed flocks diminish their predation risk
through a combination of group vigilance, where species
have different abilities to detect predators, predator confusion,
and the dilution effect [10,26,29,30]. Thus, regardless of the
acting mechanism, flocking behaviour likely results in higher
individual survival [10,29-31]. However, participation in
flocks would only be favoured when the benefits of associating
with heterospecifics outweigh the cost of interspecific compe-
tition for resources [32]. Multi-species flocks have been
hypothesized to form when the constituent species have comp-
lementary foraging niches and predator-detection skills or
when resources cannot be monopolized by individual flock
members [33-35]. Throughout the mixed flock literature,
different organizational systems have been described, but
unravelling these differences will be the key to further
understanding the forces that lead to interspecific sociality.
Mixed flocks have been described using an array of
unstructured characteristics, ranging from the temporal occur-
rence of flocking to the identity and behavioural features of
constituent members. In the literature, mixed flocks have
been characterized as either seasonal or stable throughout the
year [21,36], and, in some cases, as territorial when participants
share and defend a common territory [22,37,38]. Mixed flocks
have also been described based on foraging height, body
size, plumage colour, taxonomic relationships, foraging behav-
iour and the habitat preferences of the participants [39-42]. For
instance, some studies report distinct understory and canopy
mixed flocks [37,43-45], whereas others report colour-based
flocks [46,47], taxon-specific flocks (such as those formed by
woodpeckers and parrots [48-50]), and multilevel mixed

flocks that span multiple categories [42,51]. Finally, some [ 2 |

authors define flocks according to habitat types, such as
open-environment flocks [52-54] or lowland mixed flocks
[55,56]. Yet rather than following any standardized terminol-
ogy, most of these descriptions depend on specific definitions
that researchers apply to their own study system. For this
reason, it is a great challenge to describe and classify the
many different mixed flock systems that exist around
the world. Ultimately, this lack of consistency limits our
ability to compare flocks from different habitats, regions and
species pools.

One shared aspect of mixed flocks is that participating
species are believed to have different behavioural roles, leading
to certain species being more important for the formation and
cohesion of flocks [20,57,58]. Such roles have been hypoth-
esized to reflect coevolutionary processes and therefore have
the potential to be a major structuring force in bird commu-
nities [59-61]; alternatively, it has been suggested that species
may fulfil these roles inadvertently, a simple byproduct of
having traits that influence flock participation, thereby leading
to benefits for other flock members [31]. Despite the potential
significance of these roles for mixed flocks and community
organization, the terminology has yet to be standardized.
Species roles have been categorized based on the frequency
of participation, the effect that one species may have on the par-
ticipation of another species [57], the amount of time a species
remains with a mixed flock [20,57], centrality measurements
based on network analysis [62], or specific behaviours that
each species performs within the flock [20,58]. For example,
‘nuclear’ species have been defined as those that contribute
to a flocks’ formation and/or cohesion, whereas ‘attendant’
species contribute little to flocks other than their presence
[57]. On the other hand, ‘regular’ species have been defined
as those staying with the flock for prolonged periods, seldom
being detected away from flocks, whereas ‘occasional” partici-
pants associate only temporarily with the flock when it passes
through their territories [22,63,64]. The term ‘leader’ is used to
denote a species that is usually at the head of flocks—the first to
move in a particular direction—but also more generally as a
species that plays an essential role within the flock [20,31].
Finally, the term ‘sentinel’ has been used to describe species
that first emit alarm calls when a predator is detected but
also species that lead and attract other members [22]. In
addition to all these examples, many other terms appear in
the literature, sometimes as synonyms, leading to even more
confusion [31].

The likelihood of highly co-evolved species roles increases
in more highly stable systems, where the selection of such
behaviours is strong and constant [61]. As such, it has been
proposed that mixed flocks reach their highest diversity
and complexity within tropical forest environments, where
most of these potential co-evolved interactions have been
described [26,36,38,65]. Indeed, these coevolutionary inter-
actions have been hypothesized to increase the diversity of
species that can coexist within tropical forests, where flocks
are characterized by a sentinel-alarm system, a core set of
species (that nearly always occur in flocks), permanent terri-
tories, and the maintenance of interspecific bonds through
time [21,22,37]. However, most studies of flocks, in both tro-
pical and temperate zones, lack comparable data on flock
structure, and there has been little consistency in the charac-
terization of flock behavioural roles. To further blur the
lines, ‘nuclear species’ and ‘leader species’ can change from



location to location [66] and year to year [67]. Further, in
some areas, it has been shown that roles are not fixed
but rather depend on the composition of the flock and
its intrinsic features, such as flock size [53,68]. Therefore,
the universality of the nuclear/sentinel/leader behavioural
roles remains uncertain [69,70]. Consequently, confusion
arises when concepts are used inconsistently. This adds to
the unavoidable challenges linked to the study and descrip-
tion of complex social systems. For this reason, clear
definitions and operational metrics are pivotal to better
understand and compare the patterns and processes that
lead to the formation of mixed flocks in different parts of
the world.

In this work, we reviewed the published literature on
terrestrial mixed flocks (1 =538 papers). We first summarized
the various ways different authors have historically described
both mixed flock systems and species roles. Based on this
review, we developed a classification scheme for mixed
flocks. Next, we proposed a set of standard flock traits to
describe and measure the features of mixed flocks, which
will facilitate comparisons among studies. Lastly, we rec-
ommend a series of best practices to help further standardize
these descriptions and conclude by discussing the future of
mixed-flock research.

To review and discuss the body of literature on mixed flocks, we
organized and coordinated a team of experienced researchers
who work with mixed flocks across the globe. To identify relevant
literature, we employed a preexisting online bibliography on ter-
restrial mixed flocks, which has been curated for more than 10
years and is regularly updated [71], with the last update occurring
on 16 September 2021, before the start of this review. This database
included 564 published papers, book chapters and ‘grey’ literature
(e.g. conference proceedings and short reports). We complemented
this database with missing literature (1 = 21), especially those from
regional publications not in English and Rapid Assessment Pro-
gram (RAP) reports that mention mixed flocks, achieving a final
compilation of 585 studies. However, of these, we reviewed 538
studies (Appendix 1): 18 were discarded because they were not
peer-reviewed (i.e. opinion pieces or congress presentations in lec-
ture format), and we were unable to locate an additional 29, either
because the official source was unavailable or was only available in
paper copy, which we could not access. We then selected key vari-
ables used to describe mixed flocks and the potential coevolved
interactions among participant species, specifically if studies
detailed nuclear, leader and sentinel species or terminology associ-
ated with these roles. We compiled a summary table for the
reviewed literature using this set of variables. Each study rep-
resented a unique row within the summary table, except for
those studies that presented results separately for two or more
localities or when authors reported results from distinctly different
kinds of mixed flocks. For each publication, we recorded (1)
author(s), (2) year of publication, (3) title, and (4) journal or place
of publication. We then extracted the following variables for each
study, according to the degree of detail provided: (5) country, (6)
locality, (7) environment as described by the author(s), (8) GPS
coordinates, (9) presence/absence of sentinel species, (10) pres-
ence/absence of nuclear species, (11) presence/absence of leader
species, (12) seasonality of occurrence, and (13) whether the
flocks were territorial. Further, if the author(s) described any dis-
tinctive feature of the mixed flock system (14), we characterized
the types of flocks defined by the authors (15), the traits used to
classify those flocks (16), whether flock composition is available,

at least in part (17), and whether the mean number of species
(18) and individuals per species (19) were reported. Lastly (20),
we described any additional relevant information reported by
the author(s).

Because this information was absent or incomplete from some
studies, we established a protocol for data extraction. For studies
that provided a GPS coordinate (1 = 360), we extracted the under-
lying biogeographic realm and country name based on the
ecoregion’s GIS layer [72] and the UN Environment Programme’s
World Conservation Monitoring Centre (UNEP-WCMC). For
studies that provided a locality but not a GPS coordinate, we
extracted country names, continents and biogeographic realms
using the most accurate locality described (2 = 150). For all remain-
ing articles (e.g. reviews, theoretical manuscripts), we labelled
these columns as ‘not available’ (1 = 28). We only included particu-
lar species roles (i.e. sentinel, leader or nuclear) when the author(s)
either specifically used this terminology or applied associated
language, such as ‘lead the movement of the flock’ (reported as
leader) and ‘emitted alarm calls” (regarded as sentinel).

In some cases, authors used different words or categories
for the same behaviour within a single study (i.e. referring
to the same species as both leader and nuclear in successive
paragraphs); in these instances, we characterized the information
as ‘ambiguous’. Whenever a study was conducted within a
single season, we determined that seasonality could not be
evaluated, and we correspondingly labelled this information
as ‘not available’. Similarly, when the authors explicitly
mentioned or assumed territoriality, we reiterated whatever
designation the authors supplied. However, when the infor-
mation was missing, we also recorded this as ‘not available’.
We considered that flock composition was recorded when the
author(s) reported some information about participant species,
either in the main text or within the supplementary material.
Lastly, details about the average number of species and individ-
uals proved challenging to extract from most papers in our
search. Therefore, we recorded this information at the minimum
level provided and described these metrics as either ‘reported” or
‘not reported’.

Of the 538 studies we reviewed, 60 presented information on
distinctly different mixed flocks, either because the author(s)
sampled disparate study areas or reported results separately
from different kinds of flocks within the same study area
(min =2, max =13 different kinds of flocks per study). Within a
study, we therefore considered each distinct flock as the sample
unit, totalling 682 sample units. We set up several contingency
tables to evaluate the relationship between biogeographic
realms and the terminology used. Because the expected frequen-
cies were less than 5 in some cases, we used Fisher’s exact test to
explore how seasonality and territoriality were reported as well
as how different terminologies for species roles were employed
between different biogeographic realms.

We reviewed 538 studies encompassing 682 flock sample units
(Appendix 1). These studies were conducted in 71 countries,
159 ecoregions, and all major biogeographic realms except Ant-
arctica (figure 1a). Most studies took place in the Neotropics
(198 studies), followed by the Palearctic (84), Nearctic (81),
Indomalaya (72), Afrotropics (41), Australasia (33) and Oceania
(6; figure 1b). Studies on mixed flocks were published sporadi-
cally from 1863 until 1950, after which there has been a
consistent increase in publications, regardless of the biogeo-
graphic realm, despite the Neotropics comprising the
plurality of all published studies (36% of the 538 reviewed
studies, figure 1b).
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Figure 1. (a) Map partitioning the reviewed flock studies according to major biogeographic realms and (b) the global accumulation of studies published each year,
with the timeline denoting the first published study within each biogeographic realm.

Our review identified considerable variation in flock
descriptions over the last 158 years (1863-2021), with many
studies only disclosing location and habitat information.
Mixed flock traits such as joint territorial defence, seasonal
occurrence and species roles were often excluded or only
reported when the authors’ objective was to evaluate
them explicitly, while flock composition and quantifiable
metrics were seldom specified. For instance, of the 538
studies, only half (49%; n =265) mentioned at least some of
the participant species, either in the main text or the elec-
tronic supplementary material. Even fewer reported the
average number of species (26%, n=139) and individuals
22%, n=117).

(a) Mixed flock traits in the literature
Of the 538 studies analysed, 46% (n =245) used a particular
trait to characterize their study flocks. These traits ranged

from the taxonomic composition of participants (species,
genera, order) to their foraging niche, foraging strata and
behaviour, as well as the flocks’” seasonal occurrence or terri-
torial behaviour. We identified and selected 12 traits that
authors consistently used to describe their flocking systems
(table 1). Broadly, these traits can be organized under three
major headings: (i) habitat—the environment and particulari-
ties of where the study was conducted, usually related to
climatic seasonality or whether a specific type of vegetation
dominated the environment; (ii) behavioural and physical
traits at the flock level—peculiarities of the flock, such as
its size, the presence of co-evolved traits (nuclear, leader or
sentinel species), taxonomic composition, seasonality of
occurrence, territoriality or how close in space participants
move; and (iii) behavioural and physical traits at the partici-
pant level—usually related to a specific behaviour or intrinsic
feature of participants, with particular emphasis on how
species and individuals remain connected over time, their
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Table 1.

types used
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specific trait

major trait

terrestrial;

the vegetation strata used by participants

foraging height

behavioural and physical traits at

understory;

the level of participants

midstory;

canopy

insectivorous;

the primary foraging guild of participants

foraging quild

frugivorous;

granivorous;

omnivorous

small;

body size: the average size of participant species

morphology

large

brown

plumage colour: the overarching plumage colour for the majority of flock participants

black-and-white;
coIqurfuI

plumage coloration or the foraging guild of participating
species (table 1).

(b) Territoriality of mixed flocks

Most studies did not report territoriality (79%, n =539 of 682
sample units). Of the 143 that did (21%), most (82%, n=117)
reported that flocks were territorial. The remaining 26 flocks
were either reported as not territorial (13%, n = 18) or that terri-
toriality depended on the location or type of mixed flock
being studied (6%, n=8). Between the seven biogeographic
realms, we found significant differences in how studies report
territoriality (p-value < 0.001; figure 24). From studies with bio-
geographic data, we found that most territorial flocks (12 = 116 of
682) were described from the Neotropics (66%, 1n = 77), followed
by the Nearctic (15%, n = 17), Palearctic (10%, n = 12), Australa-
sian, Afrotropical and Indomalayan regions (4%, 3% and 1%
respectively). Non-territorial mixed flocks (1 =23 of 682) were
also most often reported from the Neotropics (43%, n=10),
followed by the Indomalayan region (35%, n=8), Oceania,
Australasia and the Afrotropics (9%, 9% and 4% respectively);
no flocks from the Nearctic or Palearctic were reported specifi-
cally as non-territorial. Within each biogeographical realm,
our results indicate that the number of studies not reporting
territoriality ranges from 67% to 89% (figure 2a).

(c) Seasonality of mixed flocks

Although fewer studies omitted seasonality compared with
territoriality, most studies were either conducted during a
single season or did not report whether flocks formed season-
ally or year round (62% of 538 studies). For studies that
reported seasonality (1 =274), 40% (n=109) mentioned that
flocking was seasonal. By contrast, 60% (1 =165) reported
that flocks could be found year round, even though some
variation in size, composition and behaviour were reported
between seasons. Again, we found significant differences in
the reporting of seasonality among the seven biogeographic
realms (p-value <0.001, figure 2b). Most year-round flocks
were reported from the Neotropics (68%, n =116), followed
by Indomalaya (12%, n=20), Australasia, the Afrotropics,
Nearctic and Palearctic (9%, 6%, 1% and <1% respectively).
By contrast, most studies that reported seasonal flocks were
in the Nearctic (42%, n=45), followed by the Palearctic
(21%, n =23), Neotropics (19%, n =20), Australasia, Afrotro-
pics, Oceania and Indomalayan regions (8%, 5%, 3% and
2%, respectively). Within each biogeographic realm, our
results illustrate that in most regions, the majority of studies
did not report seasonality (48-80%; figure 2b).

(d) Participant roles in mixed flocks

Our review revealed that 53% of studies (1 =284 of 538) dis-
cussed flocks containing one or more species that behave as
leaders, sentinels or nuclear species. Of the 682 sample units,
leader species were mentioned for 22% (n=149); of this
subset, 14% (n=22) used other terms as synonyms within
the same work (e.g. a species first mentioned as leader and
then later as nuclear). Nearly double that number, 43% (1 =
292), mentioned nuclear species, with 7% (n = 21) using appar-
ent synonyms for the same concept within the same study.
Sentinel species, however, were referenced the least (17%, n =
118), and 13% of these (n=15) were reported ambiguously,
either by indirectly describing sentinel species or noting that
the behaviour was only observed once, such that no further
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Figure 3. (a) Summary of the terminology used to report notable species roles in mixed flocks. (b) The accumulation of studies that reported these roles over the
past 150+ years. The timeline in (b) is annotated with the first published manuscript to mention either sentinel, leader or nuclear behaviour. Note that ‘leader’ is

labelled twice here. Even though Bates [13] was the first to mention this behaviour,

the local native communities were the ones who communicated this to him,

which Bates largely dismissed as a myth. Two additional important works are denoted on the far right, after which species roles have been reported more

frequently.

conclusions could be drawn (figure 3a). Species roles have been
mentioned in the literature since 1863, with alarm call emission
(i.e. sentinel species) the first to be reported in field observation,
followed by the concept of leadership (1907) and, lastly, the
idea of a nuclear species capable of attracting others (1934).
These species roles, however, started to be described more
frequently after 1960 (figure 3b). We did not find region-
specific differences in how studies reported species roles
(p-value = 0.66; figure 4).

(e) Mixed flocks described in the literature

Descriptions of mixed flock types can be found in any section
of the studies we reviewed (introduction, methods, results or
discussion), depending on the main objective of the research.
Consequently, a quantitative analysis could be misleading.
Thus, based on how the author(s) described their own mixed
flocks, the terminology and combination of traits employed,
and the availability of descriptions in the literature, we were
able to collapse all studied flocks into one of 13 different
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mixed flock systems (table 2). For those studies that provided
sufficient detail (1 = 255), we were able to quantify the preva-
lence of these 13 categories. The two most frequently used
descriptors were understorey and canopy flocks (1 =104 and
n =83, respectively), followed by flocks of large-sized birds
(n=39), chickadee-tit (Paridae) flocks (1 =29), open environ-
ment (n=27) and multilevel flocks (1 =25), flocks across an
elevational gradient (1=16), minor flocks (n=15), flocks
with numerically dominant nuclear species (1 = 13), and finally
transient (n = 12), unstructured (n = 11), brown-and-black (n =
8) and antwren flocks (1 =7). Some of these flock types have
only been reported from certain biogeographic regions (i.e.
antwren flocks in the Neotropics and mixed flocks with
numerically dominant nuclear species in the Indomalayan
and Afrotropical regions; table 3). By contrast, other types of
mixed flocks were reported from more than three biogeo-
graphic regions (i.e. open environment flocks, multilevel
flocks, understorey flocks, canopy flocks and mixed flocks of
large-sized birds; table 3).

Around the world, studies of mixed flocks have documented
and emphasized many different types of flocks. Yet, in spite
of their differences, these mixed flocks are still considered
part of the general ‘mixed-species flock’” phenomenon.
Thus, all described mixed flocks can be regarded as subsets

under the title of mixed flocks. This approach provides a
powerful tool to encode all types of mixed flocks and better
understand these multispecies group foraging societies.
However, it may also preclude us from further understanding
patterns of species interactions and their interspecific depen-
dence [154]. As a result, the mixed flock literature has been
historically dominated by descriptive studies or those testing
the hypothesized benefits of flocking: namely, reduced
predation and increased foraging efficiency. More recently,
the literature has expanded to include coevolutionary inter-
actions among flocking species and the importance of
mixed flocks for community structure. However, due to the
diversity and complexity of mixed flocks, our ability to gen-
eralize and tease apart the various mechanisms influencing
foraging efficiency, predation risk and coevolved interactions
are still limited. To move beyond singular, insular descrip-
tions of mixed flocks, we reviewed all terrestrial flock
systems that have been described to date. This comprehensive
review led us to propose a classification scheme, which devel-
ops criteria to distinguish among different types of mixed
flocks, and a standardized way to describe these varied and
complex social interactions.

Mixed flocks have been studied for more than a century, and,
accordingly, different definitions have emerged for what con-
stitutes a flock. Some works identify mixed flocks based on
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Table 3. Biogeographic realms where the different mixed flock types have been reported. MSF, mixed-species flock.
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the presence of one key species (e.g. Thamnomanes caesius, [ 11 |

T. schistogynus [66,155]), others assume that all birds within a
predefined area are part of a single flock [156], while still
others identify a mixed flock based on the collective behaviour
of the birds [56-58,68]. These three definitions encompass both
advantages and disadvantages. For example, although identi-
fying a mixed flock system based on the presence of one key
species facilitates locating flocks (by following vocalizations
of a single species), it may also exclude flock systems that are
not formed around that particular species (see, for example,
understorey flocks with or without Habia rubica in the Atlantic
Forest [41]). Moreover, assuming that all individuals within a
predefined area are part of a single flock could result in
unwanted ‘bycatch’—that is, including species that are just pre-
sent by chance and are not properly interacting with the flock
(e.g. including a raptor as a flock participant). However, this
methodology might help to define an objective upper limit
for a particular studied flock. Lastly, defining a mixed flock
based on collective behaviour can lead researchers to subjective
bias, even though subjective impressions of behaviour have
proven valuable for enhancing scientific knowledge [57,157].
Here we propose an operational solution that encompasses
multiple former definitions, allowing researchers with
different scopes to identify a mixed flock.

A mixed flock is a roving group of three or more individ-
uals from at least two species, moving in concert and
behaving cohesively while foraging over a non-aggregated
food resource. Social interactions such as calling, responding
to potential threats and coordinated behaviour all provide
additional evidence that these birds belong to the same
flock. The threshold for delimiting a mixed flock, either by
the amount of time participants spend together, interindivi-
dual distances, or the joint distance covered, will vary from
place to place and depend on the kind of mixed flock studied;
therefore, this threshold needs to be flexible and determined
locally. Nevertheless, a consensus can be reached that flock-
ing individuals should remain within 25 m of each other
and move together in the same direction for at least 5 min,
as has been used previously and successfully in the literature
[20,21,56,66,68,158]. Thus, this definition excludes groups
of birds foraging on emerging insects, foraging stationary
at fruiting trees or aggregations of birds consuming prey
flushed by army ants. By following this definition, research-
ers can identify a mixed flock in the field, which can then
be studied and understood using the descriptions proposed
in table 5 and figure 5 (and organized in table 2).

(b) Factors that impact flocking behaviour

From our review, nearly half of all studies (46%, see Results)
described mixed flocks using one or a combination of three
major traits: (1) habitat and (2) behavioural and physical
traits at either the flock or (3) participant level. Of these, terri-
toriality and seasonality stand out as particularly influential
for flocking behaviour. Although flock complexity has been
proposed to depend upon the presence of a stable territory
[38,141], most studies (79%, see Results) did not provide this
information. As expected, territoriality has received the most
attention in the Neotropics, where most studies were located
and where most territorial flocks have been reported. However,
territorial flocks have also been described from all other bio-
geographic realms (except Oceania, which contains few
published studies [n=6]). Further, even though individual
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flock members are replaced over time, the flock territory and
gathering sites can remain stable [61]. Thus, some areas are
more critical for flock formation than others, even within the
same habitat type [38]. However, the incomplete information
about flock territoriality—together with the lack of proper
assessment of this trait (e.g. long-term studies, behavioural
observations, individual tagging)—make it challenging to
identify these important areas for flock formation, perform
further comparisons between different regions and make con-
servation-based decisions. Thus, assessing the territoriality of
mixed flocks becomes a key topic for future research.

Similarly, flocking behaviour has been demonstrated to
vary seasonally, even in environments that lack strong season-
ality, such as the Amazon Rainforest [159,160]. In fact, seasonal
differences within flocks can exceed habitat-specific differences
between flocks, illustrating that habitat effects could be mis-
leading if seasonality is ignored [160]. Yet, 62% of studies
(see Results) were only conducted in one season or did not
report whether the studied flocks formed seasonally or
year round. As expected, more seasonal flocks were reported
from biogeographic realms with well-known climatic seasonal-
ity (e.g. Palearctic and Nearctic). However, some studies
conducted throughout the year in these biogeographic realms
reported year-round mixed flocks, highlighting the importance
of performing yearlong studies of flocking behaviour, even in
environments with strong climatic seasonality.

More than half of all studies (53%, see Results) discussed
flocking species that fulfilled a specific role, either as leaders,
nuclear species or sentinels. However, despite these roles
being important to study the social complexity of flocks,
inconsistent terminology raises unnecessary confusion. In
part, this confusion could result from applying terminology
developed from one kind of flock system to another, which
may be organized differently, but it also reflects a need for
more precise definitions of these terms. Thus, to define and
classify these species roles, it is necessary to understand
how these roles have been used in the literature historically.

Among the earliest descriptions of mixed flocks, Henry
Walter Bates (1863; [13, chapter XII]) reported that locals
mentioned to him that Amazonian flocks were ‘led by a
little grey bird, called the Uira-para’. Even though Bates did
not fully embrace this idea himself, he nonetheless regarded
the observation with some semblance of truth. Almost a
half-century later, Swynnerton (1907; [161, p. 34]) seems to
have been the first to mention some species leading other
flock participants, describing ‘various species herding
together under the leadership of the Drongos mentioned by
Marshall (1900)'. However, even in the early stage of this con-
ceptual framing, there seems to be some confusion about that
previous interpretation, as Marshall [15, p. 222] appears to be
introducing the idea of a sentinel instead: ‘smaller birds find
it advisable to associate as a means of protection, ... the
Drongos acting as a sort of body-guard’. Bertoni [17, p.
398] adds to the idea of leadership in the Neotropics: ‘what
is most striking is that some species seem to lead the
expedition and others invariably follow them in perfect har-
mony’. A few years later, Gannon [137], in Australasia,
described some species as being more important than
others for flock formation. Following this trend, Winterbot-
tom [74] seems to have been the first to use the

terminology of ‘nucleus’ species in Zambia, where nuclear [ 12 |

species are intraspecifically gregarious and can also be
found outside of flocks. This concept, developed in the Afro-
tropics, was later applied to mixed flocks in the Atlantic
Forest of Brazil [63], where only two species meet the criteria
for being intraspecifically gregarious.

In 1949, Winterbottom presented a formal, if somewhat con-
fusing, description of nuclear species: ‘species apparently much
more important in the African savannah and Burmese forest
than in South America’ [75, p. 439]. During subsequent years,
the debate about whether nuclear species are intraspecifically
gregarious permeated the Neotropical literature [153,162,163].
Later, Moynihan [57] provided a different approach, which
resembled that proposed by Gannon [137], describing a nuclear
species as one that ‘contributes appreciably to stimulate the for-
mation and/or maintain the cohesion’ of flocks [57, p. 135]. In
the Nearctic, Morse [20] returned to the definitions of leader
and nuclear species, concluding that using them was not feas-
ible in his study system, so he developed a new classification
based on the ratio of the number of species led versus followed,
combined with the ratio of time that a species led versus fol-
lowed. Thus, there may not have been a distinctive nuclear
species in these flocks. However, at least one species he studied
(Baeolophus bicolor) has been proposed to be a nuclear species,
on which other flock members eavesdrop [164].

Similarly, the definition of sentinel behaviour has a long
and convoluted history. As mentioned above, Marshall [15]
seems to have been the first to introduce the idea of sentinel
species, but Winterbottom [74] was the first to specifically
discuss the communication of fear between flock participants
(even though neither stated a clear sentinel role). Later, Munn
& Terborgh [22] and Munn [37] reported that Thammnomanes
ardesiacus, T. schistogynus and Lanio versicolor (in Amazonian
Peru) perform unambiguous alarm calls, which other flock
participants interpret as an alarm, a result confirmed by play-
back experiments [11,165,166]. Several subsequent studies, in
the tropical forests of South America, have identified Thamno-
manes antshrikes as either nuclear, leader or sentinel species
[11,21,37,38,66,103,158]. Outside the Neotropics, other studies
have reported species that produce alarm calls, especially
Cyanistes caeruleus, Parus major and Periparus ater for Parid
mixed flocks in the temperate forests of the Palearctic
[70,167]1, Dicrurus paradiseus in Sri Lanka and Nepal
[65,168], and Turdoides bicolor in semiarid regions of South
Africa [148]. However, confusion arises when some works
define nuclear species as those that not only initiate and
lead flock movements but also produce alarm calls after pred-
ator detection [22,158], in contrast to works that refer to two
different types of nuclear species—those that function as
sentinels and those that are intraspecifically gregarious [169].

Lastly, another role has received even less attention,
where participants are described as circumference species
[74,162], attendant species [53,57,114] or followers [20,26].
To some extent, this last concept is less problematic because
the various author(s) agree that these participants do not
play a role in flock formation but rather accompany either
leader, nuclear or sentinel species. However, considering the
wide variety of species and situations in which this role has
been defined, some potential features may still be obscured
under such a categorization. Thus, even after more than 100
years have passed since the first studies introduced these
specialized flock roles, the four concepts continue to cause
confusion. Therefore, following the glossary we present in



Table 4. Glossary with proposed definitions for species roles within mixed flocks.

roles proposed usage

we propose that this term should continue to be used in the sense of Moynihan [57]: namely, as a species that contributes to the
formation and/or cohesion of flocks. By ‘formation’, we mean both the initiation and growth of flocks by accumulating new species. We
use ‘cohesion’ in the sense of the flock being held together once formed. Based on our definition, species that provide adaptive benefits
and serve as cues or flock markers can be considered nuclear. This definition does not require that a nuclear species is always present
nor that it is the most frequent or abundant participant in a flock. In that way, our definition continues to follow Moynihan’s [57]
emphasis by describing nuclearity purely in behavioural terms. While there is no straightforward method to identify or quantify a nuclear
species in the field, we believe that testing attractiveness of species to others through playback experiments, natural experiments (e.g.
comparison of flocks with and without a potential nuclear species), and actual observation of flock formation (by identifying flock
roosting sites and observing assembly patterns in the morning) are approaches that can shed light on this topic. Although we
acknowledge that context-dependent interpretations and modifications of the nuclear species concept may be important for developing
new hypotheses, holding to an operational definition of nuclear species is crucial to compare different mixed flock systems.

within the flock literature, the term ‘leader’ has been used both as a general term for functionally important species and to indicate a
relative spatial position within the flock. As we advance, we suggest that the term ‘leader’ be reserved exclusively for the latter
meaning—only species at the head or forefront of a moving flock are called ‘leaders’. It is important to note that leadership is typically
‘inadvertent’, a natural consequence of how often a species is followed compared to how often it follows other species. We hypothesize
that a species is more likely to follow another species if it plays an outsized role in providing direct benefits. Thus, a leader species can
be identified when the observer remains stationary, checking the order of arriving and departing species. Therefore, the first flock species
to move in a particular direction, steering flock movement as a whole, would be the leader. We suggest that leaders be defined as
those that initiate more movements than any other flock participant (e.g. the first flock species to cross a gap or consistently move at a
new tree).

sentinel species broadcast alarm calls, evoking a clear fear response from other participants, which then either flush and/or remain silent
for an extended period. This behavioural role will likely be the most difficult to identify because there are few opportunities to witness
the detection of a predator, the emission of an alarm call, and the flock participants’ reaction to that alarm. Nevertheless, verifying this

behaviour by experimental playback of alarm calls [11,58,164—166] would allow further opportunities to test convergent evolution in

communities with different evolutionary histories.
follower

follower species trail after the leader when a mixed flock is on the move. In some cases, species considered followers might assume other

roles in different areas or even different flocks within the same area. We suggest paying particular attention to followers as other

potential roles may be obscured within this group and have yet to be explored.

table 4, we recommend maintaining distinct concepts for
leader, nuclear and sentinel species, as well as flock followers,
while simultaneously encouraging further clarification when
a single species meets more than one of these roles.

(d) For the future: best practices and recommendations
Our findings demonstrate that the basic natural history charac-
teristics of mixed flocks require more consistent attention. The
theoretical knowledge of mixed flocks has its foundations in
the natural history of the birds themselves, as expressed by
Miller [170, p. 125] a century ago: ‘There are no overseers, yet
there are no shirkers; necessity sees to that... No humanly
devised Utopia has ever approached this in practicability’.
However, in recent years, this important information has
been neglected or limited to brief sentences, as natural history
itself has fallen out of favour [171], and space limits in most
modern journals do not allow for lengthy descriptions. To
bridge this gap, we encourage future authors to categorize
their study flocks using the names provided in table 2, apply
the standardized trait terminology of habitat, behaviour and
physical traits (summarized in table 1 and figure 5), and

adhere to clear, consistent definitions of species roles
(table 4). Where such details are too lengthy for inclusion in
the main text, we urge authors to report them systematically
within the online supplementary material. Further, to facilitate
and expand comparative studies across flocks, and based on
the results of this study, we outline best practices and rec-
ommendations for all future studies of mixed flocks (table 5).
Lastly, we provide a blank template with an example of how
to gather this information in a standardized manner (electronic
supplementary material, table S1 and S2), which can be down-
loaded, edited and then uploaded separately to enable further
comparisons across the globe.

5. Conclusions

Despite the historical value placed on negative interactions,
there is a growing consensus that positive interactions can
dominate community structure in highly seasonal or high
predator-pressure environments [1,174]. Even though compe-
tition may occur between flock participants [32], mixed flocks
arise through positive interactions, and the prevalence of
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Figure 5. Standardized traits to report when conducting studies on mixed flocks. (a) Suggested traits related to habitat, such as the structure and configuration of
the environment. Note that, as the physical complexity of the environment increases, clarification is needed about which forest stratum is used by the flock. Different
bird species are exemplified with different silhouettes and/or colours. (b) Traits related to behaviour and the physical traits of participants, comprising four main sub-
categories: (i) behavioural roles—whether the studied flock contains sentinel, nuclear or leader species. Simply put, sentinel species produce alarm calls, leaders
(denoted in yellow) are the first to move in a particular direction, and nuclear species (denoted in violet) contribute to the formation and/or cohesion of flocks. (ii)
Species evenness evaluates the numerical dominance of flock participants, with special attention to the numerical dominance of nuclear species (denoted in violet);
(iii)) social structure of the flock considers whether participants join and leave the flock over time, where the birds coloured in green represent the same individuals
joining and leaving the same mixed flock at different times; and (iv) foraging quilds illustrate the need to supply descriptions about foraging techniques and the

primary foraging quild.

flocks across all continents (except Antarctica) can be con-
sidered sufficient evidence for their adaptive value [175].
Researchers once argued that small insectivorous birds gath-
ered because it gave them pleasure and satisfied the inherent
gregarious instinct of the species [137,142]. But today, the het-
erospecific attraction hypothesis suggests that species obtain
benefits from other species and cues about high-quality
sites [1]. Decades of research have provided supporting evi-
dence that mixed flocks work as a facilitation mechanism to
increase species’ foraging efficiency and/or diminish their
predation risk [26,28,32,123,176]. However, in the quest to
understand these associations, researchers have been tempted
to describe their study systems idiosyncratically, leading to a
conspicuous lack of consensus among authors and, thus,
highlighting the need for a common language. We acknowl-
edge that classification schemes are always under debate,
and this dynamism pushes research forward. Likewise, we
also recognize that mixed flocks are socially complex systems
and that behaviour is not fixed or stereotyped. Thus, the
classification of social complexity is likely to remain under
constant change with advances in the field. Nevertheless,
we expect that our proposed classification scheme will help
current and future researchers to better define their study
system, ultimately increasing our ability to compare flocks
across different habitats, regions and species pools, as well
as to understand and communicate about mixed flocks
more holistically. This knowledge may eventually lead to
an understanding of where and how flocking behaviour
and coevolutionary interactions among flocking species
emerged and whether different patterns of species evenness

might provide any insight [74]. Therefore, studying the
evolutionary origin of flock species in conjunction with stan-
dardized behavioural traits may reveal how this complex
social behaviour developed and shed more light on what
ultimately led to the formation of mixed flocks [177].

Data accessibility. The raw compiled table for this review is available from
the Zenodo repository: https://doi.org/10.5281/zenodo.7712927 [178].

A Spanish abstract is available in the electronic supplementary
materials [179].
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