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One of the most fundamental goals of modern biology is to achieve a deep
understanding of the origin and maintenance of biodiversity. It has been
observed that in some mixed-species animal societies, there appears to be a
drive towards some degree of phenotypic trait matching, such as similar color-
ation or patterning. Here we build on these observations and hypothesize that
selection in mixed-species animal societies, such as mixed-species bird flocks,
may drive diversification, potentially leading to speciation. We review evi-
dence for possible convergent evolution and even outright mimicry in flocks
from southwestern China, where we have observed several cases in which
species and subspecies differ from their closest relatives in traits that match
particular flock types. However, understanding whether this is phenotypic
matching driven by convergence, and whether this divergence has promoted
biodiversity, requires testing multiple facets of this hypothesis. We propose a
series of steps that can be used to tease apart alternative hypotheses to build
our understanding of the potential role of convergence in diversification
in participants of mixed-species societies. Even if our social convergence/
divergence hypothesis is not supported, the testing at each step should help
highlight alternative processes that may affect mixed-species flocks, trait
evolution and possible convergence.

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

1. Introduction

Convergent evolution provides strong evidence for natural selection, especially
among taxa spread far across the world that have evolved similar phenotypes in
response to similar environmental selection pressures [1,2]. Recent applications
of molecular phylogenies and comparative genomics have shown that con-
vergent evolution is far more widespread than originally believed [34].
Convergent evolution is typically thought to reflect the limited set of dimen-
sions available to exploit resources. For example, in birds, there has been
repeated evolution of the same suite of traits related to foraging ecology, with
many trait combinations not evolving [5]. Ultimately, this limits the diversity
of biological forms.
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The set of genomic mechanisms available to generate phe-
notypes may further limit phenotypic diversity. These genomic
mechanisms represent a type of ‘internal constraint’ [6,7]
that limits the ways organisms can undergo convergence.
The existence of genomic constraints would predict that the
evolution of similar phenotypes in disparate taxa typically
involves mutations in the same gene (or small sets of genes).
This has been called ‘biased convergence’ by Agrawal [4],
and it represents a limitation on the amount of phenotypic
space that organisms are able to exploit over evolutionary
time. The relative contributions of selection due to the environ-
ment and internal constraints to convergent evolution are
unclear, but it is clear that both phenomena limit biodiversity
from a phenotypic perspective.

Perhaps paradoxically, convergence also has the potential
to increase biodiversity via diversification and, eventually, spe-
ciation. For example, repeated movement of ancestral lineages
into similar environments can yield ‘replicated” sets of taxa
with similar phenotypes [3]. Alternatively, mimics can converge
on their models in Batesian or Muellerian systems [8,9] and, as a
result of this convergence, diverge from their sister taxa. Pheno-
typic convergence has the potential to promote the coexistence of
subordinate species with their models [10,11] by enabling subor-
dinate species to essentially trick dominant species into allowing
them to share resources from which they might otherwise
be excluded. Finally, in mixed-species animal societies, there
appears to be an evolutionary drive towards phenotypic
similarity [12], potentially leading to social mimicry [13-15],
the independent evolution of the same social signal among
interacting species. The last of these contexts for convergence—
mixed-species societies—could involve relatively subtle features
that arise repeatedly. These subtle and, in some cases partial,
similarities owing to convergence may easily be overlooked
and thus may be more common than is currently recognized.

In this paper, we develop the hypothesis that convergent
evolution, here focusing on the context of mixed-species
societies, generates biodiversity by promoting evolutionary
divergence within lineages. This flips dogma, which suggests
contact between sympatric species leads to divergence and
maintenance of existing species through competition and the
avoidance of inbreeding or competition, the essence of charac-
ter displacement [16,17]. Instead, we propose that in some
contexts, mutualistic and commensal interactions between
sympatric species may lead to reverse character displacement:
sympatric species evolve similar rather than divergent pheno-
types to facilitate co-existence in mixed-species societies—and
that this may promote diversification, and ultimately specia-
tion. Specifically, if multiple mixed-species systems occur
within the range of a species, different populations of the
species could evolve to match the phenotypes of the local
mixed-species society. This localized trait matching will
lead to phenotypic divergence from other populations of
the same species (sub-speciation), producing incipient species
(or subspecies). Here, we explore this hypothesis using
mixed-species flocks of birds (MSFs), which are well-studied
mixed-species societies that should be good model systems to
explore the potential for this type of phenomenon

The first step towards understanding the potential for conver-
gence in MSFs to drive divergence is to assess whether flock

members do share phenotypic similarities to a greater extent
than would be expected by chance (given the community).
Although competition can structure some MSF communities
(e.g. in checkerboard distributions among close congeners
[18,19]), the majority of evidence points towards facilitation
as a predominant force: species tend to interact with other
species that are similar, at least in terms of diet and body
size [20-22]. Beyond diet and body size, however, an obser-
vation repeated over the past 50 years and across the world
is that species in MSFs often resemble each other in plumage
[13,14]. Resemblances in plumage have been repeatedly
suggested among members of passerine-dominated MSFs
[23-29], as well as in MSFs of shorebirds [30] and parrot
aggregations [31].

There are multiple potential mechanisms for such resem-
blances. Similarities might facilitate communication [14]; this
communication could be mutualistic, or even manipulative
as is the case in vocal mimicry in MSFs [32,33], or similarities
could lower the risk of a predator focusing on one individual
(the ‘oddity effect’ [15,34]). Plumage mimicry in birds has
been attributed to interspecific social dominance mimicry, in
which a subordinate bird’s similarities to a dominant one
reduces aggression towards it [10,11,35], and this could allow
species to forage in greater proximity in MSFs than they
would otherwise be able to. Another reason a smaller species
could imitate a larger one is that the larger bird may be a for-
midable adversary to a predator, which is consistent with
recent studies of mimicry among woodpeckers [36,37]. Finally,
one resemblance among Pitohui species (Family: Pachycepha-
lidae) in MSFs of Papua New Guinea appears to be because a
model species is toxic [38]. Importantly, resemblances in
MSFs need not be complete, but can come at various levels of
shared traits, such as wingbars, crests or belly colour [29].

To demonstrate plumage similarities in MSFs, we highlight
flock systems of southwestern China, particularly in two
Nature Reserves in Yunnan Province. As part of our work
documenting basic MSF types in China (see the electronic sup-
plementary material), we observed remarkable similarities
between species in many MSFs. This led us to develop the
ideas presented here about a role for convergent evolution in
some MSF systems. Flocking is widespread in China, though
we are only beginning to rigorously examine the issue of phe-
notypic similarities within these MSFs (e.g. Zhou et al. [29]).
Using the online database ‘Birds of the World’ [39], we found
54% of the 652 passerine species of China have been described
as associating in MSFs to at least some degree. In areas such as
Ailaoshan National Nature Reserve in Yunnan Province, over
60% of individuals in a community can be found in MSFs at
any one time [40]. Recent molecular phylogenies have begun
to highlight high levels of phenotypic convergence in this
region. For example, there are 14 species of ‘fulvettas’ in
Yunnan that used to be assigned to the genus Alcippe, nearly
all of which are core members of MSFs. These ‘fulvettas” are
now known to consist of at least four genera (i.e. Schoeniparus,
Alcippe, Fulvetta and Lioparus) from three families (Pellornei-
dae, Alcippeidae and Paradoxornithidae). The polyphyly of
the ‘“fulvettas’ suggests that convergence of distantly related
taxa may be quite common [41]. Below, we report observations
by the coauthors in Yunnan and, to a lesser extent, Sichuan,
from 2012 to 2022 that highlight cases where we feel MSFs
exhibit plumage similarities.

Convergence may be at the subspecies or species level and
may take several forms. In some, convergence may occur
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Figure 1. The presence or absence of crests in the coal tit (Periparus ater) complex depends on the presence or absence of crests in other flock members. Although
subspedies of the coal tit differ in the presence of a crest, the crested/crestless phenotype correlates with flock members. See the electronic supplementary material

for sources of the photographs. (Online version in colour.)

among relatives (within the same genus or family), but not
putative sister taxa. For example, one subspecies of coal tit
(Periparus ater melanolophus) exhibits crests and participates in
MSFs with other tit species that have crests in the Himalayas
and Hengduan Mountains of southwestern China, whereas
another (Periparus ater ater) lacks crests and flocks with other
tits that lack crests in much of eastern China (figure 1).

In other cases, MSFs may be complex groups of diverse
taxa, but still share key phenotypic traits. For example, we
have sometimes (but not always) observed that different
species with yellow bellies associate together in their
own MSF or within larger MSFs that include species without
yellow bellies. This is a taxonomically diverse system—40
species from 16 families and 23 genera—with yellow under-
parts. In some cases, the putative sister taxa for some of the
participating species do not have this trait (figure 2).

There are several other examples of shared traits in MSFs of
southwestern China. Subspecies of white-crested laughing-
thrush (Garrulax leucolophus leucolophus and Garrulax
leucolophus diardi) and several scimitar-babblers (Pomatorhinus
ferruginosus, Pomatorhinus phayrei and Pomatorhinus ochracei-
ceps) have rusty underparts in the Himalayas, where they
flock with other species having rufous coloured bellies. How-
ever, these subspecies have white underparts further south in
Yunnan and Myanmar, where they flock with a wide diversity
of other white-bellied species. Similarly, several leaf warbler
species (e.g. Phylloscopus castaniceps, Phylloscopus forresti and
Phylloscopus pulcher) regularly flock with the rufous-faced war-
bler (Abroscopus albogularis). All species in this MSF system
exhibit bright rumps that are most visible during hovering
flight (electronic supplementary material, figure S1), which
these species deploy frequently when foraging.

In addition, MSF members may share strikingly similar
overall plumage patterns. For example, we have observed
consistent co-occurrence of the Himalayan cutia (Cutia
nipalensis) and rufous-backed sibia (Leioptila annectens), both

in the family Leiothrichidae, in the same MSF (electronic
supplementary material, figure S2). These two species have
similar patterning with black heads, chestnut backs with
dark wings and light underparts, and also have similar fora-
ging behaviours: both are slow-moving foragers that search
for insects along trunks and branches. On at least one occasion,
we also observed the similarly plumaged black-headed shrike-
babbler (Vireonidae: Pteruthius rufiventer) foraging with these
two species.

There are other cases of species that both flock together and
were considered closely related owing to a high degree
of phenotypic similarity. However, recent studies have demon-
strated the taxa are more divergent and thus the phenotypic
similarity is probably owing to convergence. For example,
the greater (lanthocincla pectoralis) and lesser necklaced
(Garrulax monileger) laughingthrushes share many similarities,
including the necklace (figure 3, left side). These two species
associate closely in MSFs from Nepal to northeastern India,
Myanmar, southwest China and even southeastern China
(e.g. Shen et al. [42]). Once thought to be close relatives, they
are now thought to be in different genera [43].

Flocking with the greater and lesser necklaced laughing-
thrushes is the collared babbler (Gampsorhynchus torquatus)
(figure 3). The collared and white-hooded babblers (Gampsor-
hynchus rufulus) used to be considered conspecific, but are
now separate species [44]. Our field observations have shown
that the white-hooded babbler flocks with white-crested laugh-
ingthrushes in western Yunnan, which they resemble
(figure 3). In the same MSF there are parrotbills, which them-
selves resemble juvenile white-hooded babblers. The two
similar-looking parrotbills, white-breasted (Psittiparus ruficeps)
and pale-billed (Chleuasicus atrosuperciliaris) parrotbills, forage
side-by-side within these MSFs. They were thought to be sister
species but are now placed in separate genera [45]. Thus, this
system exemplifies multiple cases of likely MSF-driven
convergence.
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Figure 2. Convergence of yellow-bellied flock system. These taxa often have close relatives without a yellow belly (taxa outside the yellow belly box). The yellow
sides of Phylloscapus pulcher are very different from the more intense yellow-coloured belly of Phylloscopus maculipennis. See the electronic supplementary material

for sources of the photographs. (Online version in colour.)

Given these observations, it is clear that MSFs comprise a
wide variety of taxonomically distinct species, and that
different MSF systems with unique phenotypes occur, even
within the same region. Within species, different subspecies
may participate in different MSF systems in different regions.
We feel this leads to the possibility that convergence may
drive divergence within species.

3. Testing for convergence owing to phenotypic
matching in mixed-species flocks

Assessing whether convergent evolution in MSFs represents
an underappreciated (and currently understudied) mechanism
to promote biodiversity requires an approach integrating
knowledge of phylogeny, genetics and the composition of
mixed-species associations across the range of focal species.
To demonstrate that similarities between species result from
convergent evolution owing to their social environment (i.e.
membership in an MSF), we identified four steps (figure 4)
that we feel must be applied to a specific mixed-species
group. To support the overall hypothesis (convergence owing
to social environment drives divergence) requires data that
support a positive (‘yes’) response to the question at each
step; at any step if data lead to a ‘no’ answer, the hypothesis
is refuted.

First, the social convergence/divergence hypothesis
requires repeated associations between a specific trait and
MSF membership. In essence, species that participate in

MSFs should share a specific phenotypic trait to a greater
degree than occurs in the community as a whole. If not
(i.e. MSF members are no more similar to each other than to
other members of the community for a specific trait), then
MSF membership is probably independent of phenotype.
While assessing this is challenging, identification of species
that are participating in MSFs, as well as species occupying
the same habitat that are not participating in MSFs, will pro-
vide data to address this (see [29] for a quantitative
examination of phenotypic matching, including plumage
traits, at Tongbiguang Nature Reserve, Yunnan in southwes-
tern China). Even more detailed observations can determine
whether within microhabitats (e.g. forest understorey) traits
are shared more within MSF participants than with the other
species in the microhabitat, and further whether species with
similar traits stay near to each other in MSFs [38]. Traits to be
investigated include both overall colour tones, specific plu-
mage characteristics such as belly colour or wingbars, or
crests. In some cases, there may be species that participate
rarely or occasionally, but with careful fieldwork it should be
possible to identify common participants in MSFs (where phe-
notypic matching might be expected) versus sporadic
participants (where there should not be selection for pheno-
typic matching). Examination of birds in the hand or
museum skins may then allow assessment of the phenotypes
of species that can be incorporated into analyses by allowing
more careful assessment of traits (e.g. colour patches or features
that may not always be visible in the field) as well as spectro-
photometric analyses. Other processes can also lead to
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Figure 3. Complex convergence with flock members in white-hooded and collared babblers. These babbler species were considered conspecifics until recently and
both share some phenotypic traits with laughingthrushes, with which they co-occur in MSFs. Juvenile white-hooded babblers flock with parrotbills and resemble
those taxa phenotypically. See the electronic supplementary material for sources of the photographs. (Online version in colour.)

phenotypic similarities among co-occurring species, such as
adaptation to specific environments. However, in these cases
species that participate in an MSF and those that do not are
sharing the same habitat/microhabitat and so should be
equally similar and thus would lead to answering no’ to step
@.

Second, the trait must have arisen independently based
on the species tree of the entire MSF community. Species
trees reflect the underlying patterns of diversification for
the organisms rather than the relationships for any individual
genetic locus, so their estimation requires the sequences of
many unlinked genes. The social convergence/divergence
hypothesis predicts that members of the MSF gained the
trait independently from all or most other MSF members;
even if two species in an MSF share the trait owing to a
single origin, as long as many other MSF members gained
the trait independently, this would support the prediction.
If MSF members share a trait owing to a shared evolutionary
history (single gain of the trait, even if some species may have
subsequently lost the trait), then convergence is not leading
to similarities among MSF members.

Third, the social convergence/divergence hypothesis
predicts that the phenotypic differences have a genetic, not

an environmental basis. While a genetic basis for many
phenotypic differences is often assumed, it is clear that
some phenotypic differences are environmentally induced
or mediated. Indeed, phenotypic plasticity for the types of
traits often assumed to delineate species or subspecies has
been found [46], although it is thought to be rare in birds
[47]. Genome comparisons can identify the genes underlying
the convergence (e.g. through genomic scan analysis). Con-
vergent evolution may be owing to either: (i) mutations in
the same gene across many taxa (biased convergence [4]),
or (i) from mutations in different loci or regions of the
genome for each taxon exhibiting a trait.

Fourth, if convergence explains the evolution of matching
traits, then candidate gene(s) associated with the phenotype
of interest should not represent discordant gene tree(s) con-
sistent with a single origin of the trait, which would
suggest that incomplete lineage sorting explains the presence
of the trait [48]. Even if the species tree suggests a trait was
gained independently, the alleles that affect the phenotype
may have been gained a single time and are present in dispa-
rate species owing to incomplete lineage sorting, which can
allow persistence of an allele over long time periods [49].
In other words, alleles responsible for an ancestral
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Figure 4. Criteria to determine whether evolutionary divergence is driven by phenotypic convergence, using MSFs as an example. (i) Do taxa in the same MSF share
a phenotypic trait (red and blue birds with wing bars) not shared by taxa outside the MSF (black birds) in the same environment? (ii) Does the best estimate of
phylogeny (a ‘species’ tree) show multiple origins of the trait? (iii) Does the trait have a genetic basis based on comparative genomic identification of alleles that
correlate with the trait (e.g. Fy; outlier analysis)? (iv) Integrating phylogeny and genetics, does the allele correlated with the trait show independent origins on its
gene tree? If answers to all these questions are yes, then convergence owing to flocking may drive divergence. (Online version in colour.)

polymorphism for the trait (e.g. presence versus absence of a
wing bar) might have been passed down to descendent
species in a way that does not track directly with speciation
patterns.

Cases where the sorting of alleles into descendent taxa
results in the appearance of convergence are called hemiplasy
[50], and they stand in contrast with homoplasy (true inde-
pendent origins of a character). The existence of apparent
convergence owing to differences between the evolutionary
history of genes and species may seem surprising, but a
model recently developed by Guerrero & Hahn [48] suggests
it can be extremely common. If we apply the Guerrero &
Hahn [48] results with coalescent branch length estimates
from a recent whole-genome phylogeny of Gallus [51], we
come to a striking conclusion: the likelihood that a trait
which appears homoplastic within Gallus actually reflects
incomplete lineage sorting (i.e. hemiplasy) is at least 10
times higher than the probability that the trait is genuinely
homoplastic (unless the rate of mutation to the novel pheno-
type is very high). This example emphasizes that gene tree-
species tree discordance represents a reasonable explanation
for the apparent convergence of some traits. It is possible to
test for hemiplasy by examining the phylogenetic tree for
an individual gene associated with the trait of interest (ident-
ified by comparative genomics) with the species tree, as

shown in figure 4. In essence, if the gene tree for a gene of
interest (e.g. a trait that affects wing bars) suggests a single
origin of the trait (wing bars) in the group of interest, this
would suggest hemiplasy rather than independent origins
(even if the species tree suggested that wing bars may have
evolved more than once).

Support for these steps (i.e. cases where there is evidence
for convergence based on the species tree and the trait has a
genetic basis—see rectangles in figure 4) represent cases
where membership in a mixed-species society may be driving
phenotypic divergence among closely related taxa. Of course,
there is a continuum of what could be observed. MSF mem-
bers may be distinct from their sister taxa (other populations,
subspecies or species) in different MSF systems, but without
genome-wide differentiation. Instead, differentiation could be
restricted to one or a few loci. This might suggest recent MSF
membership that, if the association persists, could lead to
divergence (and potentially speciation). At the other extreme,
sister taxa may show clear, genome-wide differentiation, as
well as evidence of selection at candidate loci that might
suggest phenotypic diversification occurred more distantly
in the past.

Currently, there are no data for MSFs that fully support
all four steps in figure 4. However, there are currently data
(see above) that strongly support step (i) (members of MSFs
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are phenotypically similar) for some MSFs. Additionally, the
members of these MSFs are taxonomically diverse and differ
phenotypically from closely related sister taxa, supporting
step (ii). While appropriate genome data do not yet exist
for MSF members (and their sister taxa) to address questions
(iii) and (iv), comparative genomic studies in many avian
taxa suggest plumage coloration typically has a genetic
basis [52-54], suggesting step (iii) is likely to be true for at
least some species in MSFs that exhibit phenotypic simi-
larities (i.e. loci of relevant function will be among the set
of candidate loci). The large taxonomic differences among
taxa in some MSFs (e.g. different families; see above) suggest
that at least some cases may reflect true convergence (not
incomplete lineage sorting), supporting step (iv). Thus,
while there are not currently data that address all of these
steps in the same MSF system, it is likely that convergence
in MSFs for plumage similarities may drive diversification.
Additionally, studies that test each of these steps, even if fail-
ing to support the social convergence/divergence hypothesis,
should still yield insights into the processes governing
dynamics of MSFs and trait evolution.

More globally, this approach could be used to test the
extent to which convergence in many different contexts
might drive diversification. Here we have used MSFs to out-
line approaches for exploring this question, but it remains
unknown the extent to which MSFs (or other interspecific
social groupings) may drive convergence and ultimately
diversification. In addition, apparent convergence may, in
some cases, be owing to other factors. For example, predation
may drive some species to participate in MSFs and concur-
rently there may be selection for phenotypes that minimize
predation, leading to non-random patterns of phenotypic

similarities in MSFs. Careful consideration of potential
alternative explanations, which may be unique to different
study systems, should also be considered.

The data are provided in the electronic supplementary
material [55].
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