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Abstract 
Participants in mixed-species bird flocks (MSFs) have been shown to associate with species that are similar in body size, diet, and evolutionary 
history, suggesting that facilitation structures these assemblages. In addition, several studies have suggested that species in MSFs resemble 
each other in their plumage, but this question has not been systematically investigated for any MSF system. During the nonbreeding season 
of 2020 and 2021, we sampled 585 MSFs on 14 transects in 2 habitats of Tongbiguang Nature Reserve in western Yunnan Province, China. 
We performed social network analysis and the Multiple Regression Quadratic Assignment Procedure to evaluate the effect of 4 species traits 
(body size, overall plumage color, distinctive plumage patterns, and diet) and evolutionary history on species association strength at the whole-
MSF and within-MSF levels. All 41 significant relationships showed that species with stronger associations were more similar in their various 
traits. Body size had the strongest effect on association strength, followed by phylogeny, plumage patterns, and plumage color; diet had the 
weakest effect. Our results are consistent with the hypotheses that the benefits of associating with phenotypically similar species outweigh 
the potential costs of interspecific competition, and that trait matching can occur in plumage characteristics, albeit more weakly than in other 
traits. Several explanations exist as to why similarities in plumage may occur in MSFs, including that they could reduce predators’ ability to target 
phenotypically “odd” individuals. Whether trait matching in plumage occurs through assortative processes in ecological time or is influenced by 
co-evolution requires further study.
Key words: co-evolution, interaction networks, mixed-species animal groups, phenotypic similarity, trait convergence.

Mixed-species bird flocks (MSFs hereafter) are important 
components of bird communities that can be found globally 
in forested habitats (Greenberg 2000; Zou et al. 2018). MSFs 
occur seasonally in the nonbreeding season in temperate 
regions, but they can be found throughout the year in the 
tropics, where in some forests, more than half the individual 
birds are in MSFs at any one time (Latta and Wunderle 1996; 
Zhou et al. 2019). Some species only join MSFs temporarily, 
but other species forage inside MSFs most of the time, with 
the pinnacle of stability being in lowland tropical forests in 
South America, where individuals of different species defend 

the same territory, and territorial borders may remain the 
same for decades (Martínez and Gomez 2013). Participating 
in MSFs can reduce predation risk and increase foraging 
efficiency (Morse 1977; Sridhar et al. 2009; Goodale et al. 
2017). Therefore, mixed-species flocking is one of the most 
well-known examples of how facilitation can structure bird 
communities.

Given that many bird species in MSFs interact in close prox-
imity, evidence for competition between species has long been 
searched for. Some researchers have found evidence for “check-
erboard” relationships in MSFs, whereby close congeners that 
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potentially compete with each other do not co-occur (Diamond 
1975; Graves and Gotelli 1993; Colorado and Rodewald 
2015). However, if competition were the major factor structur-
ing these communities, we would expect co-occurring species to 
be dissimilar in their traits (Webb et al. 2002), but that does not 
seem to be the general finding. Rather, species in MSFs have been 
found to be more similar to each other than expected in diet and 
size (Sridhar et al. 2012; Mammides et al. 2018; Cestari et al. 
2020) and evolutionary history (Gómez et al. 2010; Péron 2017; 
Mammides et al. 2018; Zhang et al. 2020). Species are even 
more similar in their foraging niche than would be randomly 
expected, although they may forage on different substrates 
(Jones et al. 2020). In fact, it was hypothesized that MSFs, as 
well as mixed-species groups in other taxa, are likely to be 
based on supplemental benefits, in which all individuals offer or 
receive a similar benefit regardless of their species identity, such 
as when birds dilute the risk of predation among other species of 
similar sizes that are vulnerable to the same predators (Goodale 
et al. 2020). Species that have general similarities in diet and size 
may also display “activity matching.” For example, they may 
travel at the same speeds (Hutto 1988; Darrah and Smith 2013; 
Sridhar and Guttal 2018). While matching each other in some 
aspects, species in MSFs can also reduce competition by niche 
partitioning in other axes of their ecology, such as their foraging 
techniques and microhabitats (Sridhar and Guttal 2018; Jones 
et al. 2020). General similarities among species in MSFs are, 
therefore, evidence that facilitation may be a stronger force than 
the competition in shaping their assembly (Sridhar et al. 2012).

One type of matching in MSFs that has rarely been sys-
tematically or quantitatively addressed is the matching of 
plumage characteristics. The forces driving this have been 
thought to include facilitation of interspecific communica-
tion when birds use the same food resources or share pred-
ators (i.e., the species would recognize the same signals: 
Moynihan 1968; Wheatcroft and Price 2013), or confusion 
of predators with similar appearance (Barnard 1979). The 
latter hypothesis is related to the idea that predators can 
focus on 1 individual to attack when it is phenotypically dis-
similar from the majority of the group members (known as 
the “oddity effect” and best studied in fish and invertebrates: 
Landeau and Terborgh 1986; Jeschke and Tollrian 2007). 
Empirically, several observers have remarked that simi-
lar-looking bird species tend to participate together in MSFs 
(Moynihan 1962, 1968; Bell 1983; Willis 1989; Sazima 
2010). Beauchamp and Goodale (2011) tested 22 species 
pairs reported to show mimicry in MSFs and found evidence 
for plumage resemblance as perceived by human eyes for 14 
pairs. These similarities could represent mimicry or more 
general similarities such as similar body color or plumage 
patterns (e.g., eye lines, contrasting color patterns in wings or 
tail). Moreover, they could either represent convergence over 
evolutionary time or simply result from assortment between 
similar species in time and space (as would seem to be the 
case for body size matching in MSFs).

Earlier research has shown that some MSF benefits require 
the participating species to be close together inside MSFs. For 
example, flycatching birds adjust their positions to be close to 
gleaning birds, which disturb insects in the air (Hino 1998; 
Sridhar and Shanker 2014). Likewise, if similar species are 
benefitting from the oddity effect in MSFs, we would expect 
them to not only co-occur in MSFs but also associate spa-
tially close within MSFs because predators are expected to be 
confused when they see many similar individuals within their 

field of view (Jeschke and Tollrian 2007; Rodgers et al. 2013). 
In forests, the most lethal predators would be Accipiter hawks 
that fly through the forest under the canopy (Krams et al. 
2020); as their field of vision is restricted because of the dense 
vegetation present, we predict that similarities would operate 
in a smaller space (e.g., a cube of 4 m to 1 side) than the 
whole MSF (a cube that can be of 20 m to a side). Such spatial 
associations between similar or dissimilar species might be 
expected to influence phylogenetic patterns in modules of spe-
cies that associate together within MSFs, or in the MSF as a 
whole (Péron 2017). Hence studies of trait matching in MSFs 
should be evaluated both among and within MSFs.

We present a study of phenotypic matching in MSFs in 2 
different habitats of southwestern China, including plumage 
traits (overall color and distinct patterns), as well as body 
size, diet, and phylogeny. We investigated associations both 
at the whole-MSF and within-MSF levels. In the area of 
southwestern China in which we worked, previous observers 
have noted that there appear to be distinct MSF types that 
are distinguishable by the plumage colors of their members; 
specifically, there appear to be a group of birds with yellow 
underparts that associate together, and other groups that are 
composed mainly of birds with rufous and white, or dull 
green, plumage (SKR and YL, per. obs). In this region, and 
southern China more generally, the dominant “nuclear” bird 
species in MSFs (i.e., species important to MSF formation and 
cohesion, sensu Moynihan 1962) are closely related species 
of fulvetta in the Alcippe genus (Zou et al. 2007; Zhou et 
al. 2019). These species are often highly gregarious, some-
times averaging more than 30 individuals per MSF (Chen and 
Hsieh 2002). This is important because when 1 species repre-
sents a large proportion of the MSF, any evolutionary process 
of color convergence could accelerate, because the numeri-
cally dominant species could act as a model onto which other 
species could converge. Nuclear species are often very active, 
making conspicuous wing and tail movements (Hutto 1994), 
especially in mobbing contexts (Jiang et al. 2020). Therefore, 
plumage matching could also be in relation to specific plum-
age patterns such as on the wings or tails.

We hypothesized that if competition is the dominant force 
structuring MSFs, species with similar traits would avoid each 
other within and among MSFs and that the species that asso-
ciate together most strongly would be phylogenetically dis-
tant. The competition hypothesis makes no predictions about 
plumage traits. In contrast, if MSFs are structured mainly by 
facilitative interactions, then we predicted that species would 
match each other in various traits, including those related to 
plumage, and phenotypically similar species would associate 
with each other both within and among MSFs. As to plumage 
matching specifically, we hypothesized that if it was driven by 
the oddity effect, it would apply mostly to birds that aggre-
gate closely together within MSFs and would be thus more 
strongly captured in the within-MSF data.

Materials and Methods
Study site and field data collection
We conducted our fieldwork inside and close to Tongbiguang 
Nature Reserve (24.62°N, 97.63°E), in Yinjiang County, 
western Yunnan Province, China. Elevation in the reserve 
ranges from 210 to 3,400 m asl, with the vegetation being 
primary and secondary monsoon evergreen broad-leaved 
forest. Secondary forest was lightly logged in the 1990s and 
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early 2000s, including some forests in which natural forest 
was mixed with planted timber species (Betula alnoides, 
Cunninghamia lanceolata), now 10–20 years old. In our 
study, we worked in both primary and secondary forest, but 
only from 800 to 1,700 m asl, where preliminary observa-
tions suggested that some of the plumage traits noticed by 
SKR and YL appeared to be prevalent.

We placed 14 one-km transects inside and outside the nature 
reserve along existing trails, primarily on dirt roads, but some 
with some stretches of tarred roads, 8 in primary forest and 
6 in secondary forest, with each transect at least 300 m away 
from all others at all points. One notetaker and 1 observer 
walked together along these transects once per day, either in 
the morning (7:00–11:00) or in the afternoon (14:30–18:30), 
with sampling balanced between these 2 times. We visited each 
transect an average of 11.7 ± 4.59 (mean ± SD) times from 
December 2020 to March 2021. We concentrated on this time 
during the nonbreeding season because MSFs are most com-
mon then; subtropical MSFs can break down in the breeding 
season (Jiang et al. 2020). While walking the transects, we 
noted every bird we saw or heard within 30 m (estimated by 
the observer) and noted whether it was in an MSF or not. We 
defined an MSF as 2 or more species foraging together and 
moving in the same direction for at least 5 min (Goodale et al. 
2009). We considered MSFs collected on the same transect on 
different days as independent from each other, because MSFs 
dissolve at night and reassemble each morning, an assumption 
that has been made in other studies of Asian MSFs (Zhang et 
al. 2013; Goodale et al. 2014).

When an MSF was encountered, we began 2 different kinds 
of observations. The first was at the whole-MSF level: we noted 
all the species and individuals in the MSF for more than 5 min 
but no longer than 15 min. When these data were collected, we 
then measured which species were associated together spatially 
within MSFs. For these data, we recorded all the birds inside 
a cube, visually estimated, in a moment in time (i.e., a scan of 
5 s). In preliminary observations, we experimented with the 
size of this cube and found that cubes smaller than 4 m on 1 
side (64 m3) often had only 1 species. We, therefore, fixed the 
cube to be 64 m3 so as to increase the chances it held multi-
ple species, while at the same time being considerably smaller 
than the size of the whole MSF. We first collected the data at 
the front edge of the MSF where most birds were located. If 
the MSF was large enough, we took more than 1 within-MSF 
observation, and to detect new individuals, we avoided the 
parts of the MSF where the previous observations were made. 
For any 1 MSF, there was a maximum of 4 within-MSF obser-
vations (the average MSF had 2.97 ± 2.0 within-MSF observa-
tions; sometimes we were unable to follow the MSF and made 
no within-MSF observations). Because we sampled different 
individuals in each within-MSF observation, we considered all 
observations to be independent of each other.

Bird trait data
Some studies have suggested that rare species might have 
disproportionate impact on multivariate analyses (Marchant 
2002). To reduce such impact, we deleted species that were 
recorded less than 3 times in MSFs during our entire field-
work. This procedure reduced the number of MSF species in 
the analyses from 123 to 95.

For each species, we extracted (1) body length, (2) diet, 
(3) plumage color, and (4) plumage patterns from Birds of 
the World (https://birdsoftheworld.org/bow/home). We only 

extracted information for female adults and for the subspecies 
present in the Tongbiguan region. We chose to score females 
because dimorphic males tend to resemble females in the non-
breeding season. We extracted body length in centimeters and 
classified diets into 4 categories: insectivores and frugivores, 
defined by eating a majority of insects and fruits, respectively; 
omnivores, for which it was difficult to decide which category 
was a majority; and an “others” category that consisted of 
nectarivores or carnivores (both of which were rare).

Our original color system, based on the previous observa-
tions of SKR and YL in the region between 2016 and 2019, 
included 3 categories: yellow-belly species, rufous-white spe-
cies (overall body color dominated by both rufous and white), 
greenish species (the whole body dominated by green), and an 
“others” category. However, in this system, a high number of 
species (30 of 95) were categorized as others. Therefore, we 
created a more extensive categorization system that included 
not only the original 3 color categories but also white-black, 
gray-brown, and black (all assessed at the whole body level), 
as well as “others” (now including only 12 species). For the 
plumage patterns analysis, we scored a total of 9 patterns: 
crest, eye stripe, eye ring, eyebrow, coronal stripe, wing bar(s), 
contrasting rump, contrasting tail, and contrasting tail edge. 
In scoring, we assigned 1 when a species clearly had the pat-
tern, 0 if it did not, and 0.5 if the trait was not clear. LZ per-
formed all color and plumage pattern categorization.

Phylogenetic data
Because similarities and dissimilarities between species could 
be due to phylogeny, we downloaded 10,000 phylogenies 
from Bird Tree (http://birdtree.org/) with an Ericson back-
bone (Jetz et al. 2012) for the 95 species. Then, following the 
general approach of Felsenstein (2004), we used the function 
consensus from package “ape” in software R 4.1.0, and gen-
erated a strict consensus tree.

Statistical analysis
We conducted all analyses in the R statistical environment 
(version 4.1.0), considering results significant when P ≤ 0.05. 
We first used Mann–Whitney tests to calculate the differences 
between habitats (primary vs. secondary forest) in species 
richness and number of individuals per MSF, or per with-
in-MSF observation. We then analyzed the data for each of 
the 14 transects separately, for both within-MSF and whole-
MSF data (i.e., 28 analyses in total). Using the function get_
network from package “asnipe” (Farine 2013), we calculated 
the simple ratio index (hereafter SRI) for all the species pairs 
on each transect, provided that both species were seen in 
MSFs on that transect (a provision which means that a lack 
of association cannot be simply caused by species absences). 
SRI is calculated as

SRI =
X

X+ Yab + Ya + Yb

where X represents the number of times species a and b 
were observed together in an MSF on that transect, Ya rep-
resents the number of times species a was observed without 
b in MSFs, Yb represents the number of times species b was 
observed without a in MSFs, and Yab represents the number 
of times species a and b were observed together at a transect 
but did not associate, and is defined here as 0 (Farine and 
Whitehead 2015). SRI ranges from 0 to 1; the higher the SRI, 
the more the 2 species associated with each other.

https://birdsoftheworld.org/bow/home
http://birdtree.org/
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To evaluate the effects of species traits and phylogenetic 
relationships on association strength, we used the Multiple 
Regression Quadratic Assignment Procedure (MRQAP) 
method, following Farine (2013, 2017) and Dekker et al. 
(2007). MRQAP is a method that uses multiple matrices as 
independent variables, and is robust to some nonindepend-
ence in the data (a potential problem for this project, as we 
investigated similarities between species pairs, and the same 
species could be in multiple pairs). In our case, the associa-
tion strength (SRI) between 2 species was the response var-
iable, and the similarities/dissimilarities in body length, diet, 
plumage color, plumage patterns, and phylogenetic distances 
were the explanatory variables. We expressed similarity/dis-
similarity in the following ways: (1) body length differences 
were expressed as dissimilarities, the absolute body length 
difference between the species in centimeters, normalized to 
a range of 0–1, using the function data.Normalization from 
package “clusterSim”; (2) diet matrixes represented similari-
ties between the species pair, assigned 1 if their diets were the 
same, 0 if they were not, and 0 if they were both “other”; (3) 
color was represented by similarities like diet; (4) the plumage 
patterns were calculated as the proportion of traits the species 
pair shared, only counting a shared trait if they had the exact 
same value (i.e., 0.5 and 0.5 was considered the same, but 
0.5 and 0, or 0.5 and 1, were not); (5) phylogenetic distances 
between species pairs were calculated using the function 
cophenetic.phylo from the package “ape,” and then scaled by 
the multiple 10307 to make the distances range from 0 to 1, 
with higher phylogenetic distance representing a more remote 
common ancestor. After preparation of the matrixes for each 
of the 28 datasets, we used the mrqap.dsp function in the 
“asnipe” package to run the MRQAP and ran 999 node per-
mutations for each network (transect) and kind of sampling 
(within-MSF vs. whole-MSF). Note that in conducting multi-
ple tests, as the 14 we performed here for the different tran-
sects, some researchers advocate reducing the P-value that is 
considered significant (e.g., Bonferroni corrections), to reduce 
Type I errors. However, such tests are known to be overly 
conservative (Moran 2003), and increase the chance of Type 
II errors (Nakagawa 2004). As our 14 tests were each based 
on a different dataset, we took the approach of considering 
P ≤ 0.05 unadjusted as significant, although we also show 
Bonferroni-corrected results in the main table.

To investigate if species pairs that had similar plumage 
color had higher associations than pairs that were different 
in color, for those datasets in which color was a significant 
factor, we conducted a generalized linear model with a qua-
si-binomial distribution, in which SRI was compared between 
species pairs of the same color versus pairs of different colors. 
A similar follow-up analysis focused only on those pairs of 
the same color, and compared their SRIs among the different 
color categories found in the dataset that had at least 3 sam-
ples, followed by multiple comparisons, using Tukey’s honest 
significant differences method.

Results
We recorded 578 whole-MSF observations and 11,016 indi-
vidual detections during fieldwork; we detected 95 species in 
MSFs at least 3 times, and MSFs averaged 4.89 ± 3.52 species 
(mean ± SD) and 18.79 ± 16.05 individuals. There was no 
significant difference in the species richness of MSFs between 
habitats (P > 0.05), but the number of individuals per MSF 

was slightly higher in secondary forest than in primary forest 
(W = 36655, P = 0.01; primary forest: 17.10 ± 15.06; second-
ary forest: 20.65 ± 16.89). We also collected 583 within-MSF 
observations (ensuring they included more than one species); 
we recorded 59 species at least 3 times in these observations. 
The species richness of the within-MSF observations was 
overall very low (2.2  ±  0.58), and there was no difference 
between the 2 habitats (primary vs. secondary forest) in spe-
cies richness or numbers of individuals.

Mean values for species traits, at both the whole-MSF 
and the within-MSF levels, are shown in Table 1. The spe-
cies that were represented have generally small body size and 
are mostly insectivorous or omnivorous. The color categories 
of yellow-belly, greenish, and rufous-white species were most 
common, and the most common of the plumage patterns were 
eye rings, wing bars, and eyebrow stripes.

As for the MRQAP results, transects varied in the num-
ber of relationships that were significant between traits and 
associations, but the direction of the effects was strikingly 
consistent: In all 41 significant results, association strength 
increased with similarity (Table 2). Body length dissimilarity 
had the most consistent effect: 4 transects (3 in primary forest 
and 1 in secondary forest) at the within-MSF level and 12 
transects (all 8 transects in primary forest and 4 in second-
ary forest) at the whole-MSF level showed negative effects 
on association strength (smaller differences showed stronger 
associations). Significant negative relationships between asso-
ciation strength and phylogenetic distance were also found on 
many transects: 8 transects at the within-MSF level (4 in pri-
mary forest and 4 in secondary forest) and 3 transects at the 
whole-MSF level (1 in primary and 2 in secondary) showed 
negative effects on association strength. Plumage pattern sim-
ilarity was the next most consistent effect: 4 transects at the 
within-MSF level (1 in primary forest and 3 in secondary for-
est) and 4 transects (1 in primary forest and 3 in secondary 
forest) at the whole-MSF level showed association strength 
increasing with similarities. In contrast, plumage color sim-
ilarity was not as strong: 2 transects in the secondary forest 
at the within-MSF level, and 2 transects at the whole-MSF 
level (1 in primary forest and 1 in secondary forest) showed 
significant increases in association strength (Figure 1). Finally, 
diet had the weakest influence: Only 2 transects in the pri-
mary forest at the whole-MSF level showed that association 
strength increased with diet similarity.

For the 4 transects in which color was a significant factor, 
we found that the association strengths within species pairs 
of the same color species were significantly higher than within 
different colors (all t ≥ 2.68, all P ≤ 0.008, Figure 2). As to 
which colors had the highest associations, a significant dif-
ference between colors was found on transect 10 at the with-
in-MSF level, where greenish species pairs had significantly 
higher associations than yellow-bellied species pairs (Z = 
2.14, P < 0.001, Figures 1B and 2B), and also found on tran-
sect 06 at the whole-MSF level, where rufous-white species 
pairs had significantly higher associations than yellow-belly, 
greenish, and “others” species pairs (all Z ≥ 2.95, all P ≤ 0.03, 
Figures 1D and 2D).

Discussion
In this study, we aimed to determine which is the more 
important force organizing MSFs: competition, in which we 
would predict associations between species with divergent 
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evolutionary history and traits, other than plumage character-
istics, or facilitation, which would predict similarities across 
traits, including in plumage. We specifically hypothesized that 
species would share plumage similarities at the within-MSF 
level due to a predator’s preference for odd phenotypes when 
attacking many individuals within its visual field. Our results 
provided strong support for the hypothesis that facilitative 
interactions play an important role in structuring MSFs 
(Sridhar et al. 2012). The results were remarkably consist-
ent: Every single relationship that was found to be signifi-
cant in the analysis—18 at the within-MSF level and 23 at the 
whole-MSF level; 21 in primary forests and 20 in secondary 
forests—was in the direction of greater similarity increasing 
association strength. The strength of the relationships with 
association strength was intermediate for plumage similar-
ity among the other traits in their influence: not as strong as 
body size and phylogeny, but not as weak as diet. However, 
in contrast to what was originally hypothesized, we did not 
find plumage similarity at the within-MSF level to be stronger 
than at the whole-MSF level. Therefore, while we gathered 
the first systematic evidence for plumage resemblances in an 
MSF system, we have limited ability to determine the mecha-
nism behind the result.

We acknowledge some limitations to our project and con-
clusions. First, we assumed independence among MSFs seen 
on the same transect, and among within-MSF observations 
made on the same MSF; MRQAP is not a mixed model, 
and so aspects of the sampling design could not be incor-
porated into the modeling. As we minimized the repeated 
observations of the same individuals in the within-MSF 

data, we do not think these data violated the assumption of 
independence.

Second, we did not quantitatively assess plumage coloration 
in our plumage analyses. As we were testing a color categori-
zation scheme based on pre-existing observations by human 
observers, we believe our methods were appropriate for 
our purposes. Several studies have shown that conclusions 
reached when scoring using human eyes are similar to those 
from spectrophotometry (Armenta et al. 2008; Seddon et al. 
2010; Bergeron and Fuller 2017). To validate and extend our 
findings, future studies could incorporate quantitative assess-
ments of the colors of bird plumage from museum specimens 
(Delhey 2015), photographs, or illustrations (Zhi and Guo 
2018), and integrate birds’ color sensitivity, including UV 
colors (Cuthill et al. 2000).

Third, also regarding our plumage analyses, we only used 
female plumage because these MSFs mostly occur in the non-
breeding season when males resemble females more than 
they do in the breeding season. Only 8.4% of the species that 
were recorded in the MSFs in this study were clearly sexu-
ally dimorphic in plumage in the nonbreeding season, so this 
aspect of the methods should not have affected the result 
strongly.

Overall, we expected the within-MSF data to show more 
matching than the whole-MSF analysis in plumage as well as 
other traits, because the MSFs are large and some members 
on the periphery of the MSFs may be moving without a lot of 
coordination with other participants. Indeed, previous studies 
have suggested that particular associations between species 
in MSFs (i.e., that could be detected by modularity analyses) 

Table 1 The distribution of traits among the 95 species observed at least 3 times in whole-MSF level data and the 59 species observed in the within-
MSF level data

Traits Number of species

Whole-MSF level (n = 95) Within-MSF level (n = 59) 

Body length (cm) (mean ± SD)  18.38 ± 7.9 15.24 ± 5.43

Diet Omnivorous 47 30

Insectivorous 41 27

Frugivorous 4 1

Others 3 1

Plumage color Yellow-belly 27 21

Greenish 23 12

Rufous-white 14 10

Gray-brown 9 6

Black 7 0

White-black 3 3

Others 12 7

Plumage pattern Crest 24 14

Eye stripe 28 22

Eyebrow stripe 36 30

Coronal stripe 11 9

Eye ring 56 38

Wing bars 39 26

Contrasting rump 9 8

Contrasting tail 9 7

Contrasting tail edge 27 22

The number shown in the plumage patterns category represents the number of species that had the trait.
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may be difficult to see when analyzing large species-rich MSFs 
as opposed to smaller ones (Bangal et al. 2021, 2022). Yet 
contrary to these expectations, the 2 kinds of analyses had 
roughly the same number of significant results, although they 
had somewhat of a different mixture of traits that were rep-
resented (body size was dominant for the whole-MSF analy-
ses, phylogeny more prominent in the within-MSF analyses, 
see discussion below). The failure of the within-MSF data to 
show stronger results might be because of sample size issues: 
On average, there were only 2 species per 64 m3 cube, and 
thus there were many fewer species included in the with-
in-MSF analysis (59 species compared to the 95 in the whole-
MSF analysis).

There were also few differences between analyses of data 
collected in primary forest versus that collected in second-
ary forest. Secondary forests had almost as many significant 
results as did primary forests, despite having fewer transects 
(6 compared to 8 for primary forests). Hence, there was no 
evidence for human activity causing a decrease in matching 

among MSF participants, although it produces in general a 
decline in the size and encounter rate of MSFs (Zou et al. 
2018).

Several mechanisms could explain plumage resemblances 
among MSF members. Predators may be confused by many indi-
viduals that look alike and have difficulty targeting 1 individual, 
as predicted by the oddity effect (Barnard 1979), and shown in a 
system of hawks attacking pigeons (Rutz 2012). This confusion 
might occur particularly when individuals move together, either 
in the same direction (Ioannou et al. 2012), or scattering inde-
pendently (Ruxton et al. 2007), as often occurs in an MSF after 
an alarm call (Gaddis 1980; Goodale and Kotagama 2005). 
Predators could also be the target of plumage mimicry, if some 
of the species are poisonous or distasteful, as appears the case in 
a system of Papua New Guinea (Diamond 1992). Alternatively, 
similarities between birds could lessen aggressive attacks in 
groups (Stawarczyk 1984), especially on subordinate species, 
akin to social dominance mimicry outside of MSFs (Prum 2014). 
Or similarities could increase interspecific communication 

Figure 1 Species interactions in the separate network analysis for the within-MSF (A, B) and whole-MSF (C, D) data, showing the transects in which 
color had significant effects illustrating the general plumage of the nodes. Each node is a species and was assigned 1 of 7 general color patterns (at 
the within-MSF level, only 6 colors were recorded). Edges represent the association strength between 2 species, with thicker edges having higher 
association strength. On transect 01, RHPA represents rufous-headed parrotbill Psittiparus bakeri and WHBA represents white-hooded babbler 
Gampsorhynchus rufulus; these 2 species could be a case of mimicry.
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(Moynihan 1968), particularly in the case of plumage patterns 
on tails and wings that are used in visual communication (e.g., 
mobbing; Curio et al. 1978; Carlson et al. 2017).

Our data do not allow us to differentiate among these dif-
ferent mechanisms behind plumage similarity. A strong pat-
tern for similarity at the within-MSF spatial scale might have 
been some evidence for oddity as a driving factor, because 
similar-looking prey within a predator’s field of vision might 
confuse it (Jeschke and Tollrian 2007), but this was not 
found. The similarities between plumage patterns observed in 
these MSFs support the idea of interspecific communication, 
because some of these traits can be used in dynamic visual 
signaling, such as wing or tail flicking. However, the way we 
scored these traits (looking for similarity between 2 species in 
multiple traits) does not allow us to distinguish whether the 
particular traits themselves were important (e.g., wing bars), 
or rather if it was the overall impression of similarity that was 
of essence. Some hypotheses such as distastefulness remain 
completely uninvestigated. Thus, research on the benefits of 
plumage similarities in MSFs should be extended in multiple 
directions in the future.

Some of the mechanisms for color resemblance might just 
require similar birds to choose to associate together, whereas 
others may be driven by co-evolution. Particularly, distaste-
fulness (Dumbacher et al. 2008) and social dominance (Prum 
2014) have been shown to lead to mimicry—that is, very close 
resemblances in plumage and pattern—in birds (reviewed 
by Hedley and Caro 2022). Some mimicry appears to be 
occurring in this system. In our rufous-white color system, 
for example, White-hooded Babbler (Gampsorhynchus rufu-
lus), in which juveniles have rufous heads (Figure 3A) and 
were often seen in MSFs close to Rufous-headed Parrotbills 
(Psittiparus bakeri) (Figure 3B). The White-hooded Babbler is 
a leader of the rufous-white system, and occurs in monospe-
cific groups within MSFs, which makes them a good poten-
tial model on which other species could converge. The species 
is also conspicuous in its active behavior and often initiated 
mobbing responses when we played the vocalizations of the 
Collared Owlet (Taenioptynx brodiei), a common predatory 
bird that preys on small- to medium-sized birds (Dutour et 
al. 2017). The reason that these Rufous-headed Parrotbills 
mimic this species when they are young could be either that 

Figure 2 The association strength of species pairs by color, at the within-MSF level (A, B) and whole-MSF level (C, D), for the transects that were 
significant for color in the MRQAP analyses. In all 3 cases, associations between species pairs of the same color were stronger than associations 
between pairs of different colors, as represented by the asterisk. Differences between different color categories are shown by letters, with categories 
that share letters not being significantly different from each other. The y axis includes SRIs that were equal to 0.
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they are social subordinates, or that the larger bird is a for-
midable adversary to predators, an idea recently suggested 
among the woodpeckers (Miller et al. 2019).

In addition to plumage traits, we also found strong evi-
dence that birds prefer to associate with species that are sim-
ilar in size and evolutionary history, confirming earlier field 
studies (e.g., Mammides et al. 2015, 2018), and meta-anal-
yses (Sridhar et al. 2012). Body size had the largest effect of 
any explanatory variable (16 significant relationships includ-
ing both whole-MSF level and within-MSF analyses). There 
have been several field studies that have suggested that mul-
tiple MSF systems can exist in the same area, segregating by 
size, and 2 of these (King and Rappole [2001] in Myanmar; 
Nimnuan et al. [2004] in Thailand) are near our study region 
(see also Bell [1983] for a study in Papua New Guinea). The 
importance of body size in MSF structure is likely to be mainly 
driven by predation. Small birds are more vulnerable to pred-
ators when alone, so joining with other species or individuals 
could dilute their predation risk (Turner and Pitcher 1986; 
Zhou et al. 2021); indeed, small birds are over-represented in 
MSFs globally (Sainz-Borgo et al. 2018). Raptors, and specif-
ically bird-eating Accipiter hawks, are also sized-structured 
communities (Reynolds and Meslow 1984; Rebollo et al. 
2017), and hence associating with similar birds equates to 
greater time spent with other species vulnerable to the same 
predator. The fact that body size was particularly dominant at 
the whole-MSF level, means that the rules about body size are 
strong for all participants in MSFs, including those that seem 
peripherally attached to the center of the MSF.

Phylogeny was the second-most consistent factor on the tran-
sect scale (found in 11 transects, combining results whole-MSF 
and within-MSF analyses). Our results confirm the result of 
previous work that mixed-species MSFs tend to be phylogenet-
ically clustered (Gómez et al. 2010; Sridhar et al. 2012; Péron 
2017; Mammides et al. 2018). In contrast to studies that have 
looked for “checkerboard relationships” (Graves and Gotelli 
1993; Colorado and Rodewald 2015), our analyses included 
all species and not just close congeners. Given that many traits 
are evolutionarily conserved (Losos 2008), the strength of phy-
logeny suggests that similar species tend to associate together 
in MSFs and that this similarity may extend to traits we did not 
measure that have a strong phylogenetic component.

Diet was the least influential trait, despite it having been 
found in past studies to be important to MSF community 
assembly (Sridhar et al. 2012). Perhaps in our study, this was 
due mostly to a lack of variation in this trait: The large majority 
of species were insectivores or omnivores, and these 2 groups 
might actually not differ strongly in the composition of their 
diets. In the future, it would be interesting to do more detailed 
observations of foraging techniques (e.g., Jones et al. 2020) to 
assess species matching or niche differentiation on this axis.

In conclusion, we found evidence that similarities between 
species increase associations among species in MSFs, provid-
ing evidence that these communities are structured by facil-
itation more than competition. All significant relationships 
were in the direction of similarities increasing association, 
and evidence for matching was found across a range of traits. 
Results were consistent at both whole- and within-MSF lev-
els, and in both primary and secondary forests. Body size and 
phylogeny had the most consistent influence at the transect 
level, followed by plumage patterns and coloration, with diet 
having the weakest influence. We provided the first system-
atic, community-wide evidence that the plumage similarity of 
MSF participants is higher than would be randomly expected.
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