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We found that Andean flocks are overall open-membership systems (unstructured), though the extent of network structure
varied across gradients. Elevation was the main predictor of structure, with more connected and less modular flocks upslope.
As expected, flocks in areas with higher forest cover were less cohesive, with better defined flock subtypes. Flocks also varied
across latitude and disturbance gradients as predicted, but effect sizes were small. Our findings indicate that the unstructured
nature of Andean flocks might arise as a strategy to cope with harsh environmental conditions.

This article is part of the theme issue ‘Mixed-species groups and aggregations: shaping ecological and behavioural patterns
and processes’.
g.org/journal/rstb
Phil.Trans.R.Soc.B

378:20220099
1. Introduction
Mixed-species bird flocks (hereafter flocks), in which multiple
species move and forage together, represent major facilitative
interactions for forest birds. By joining these flocks, birds can
benefit from increased foraging efficiency and protection
against predators [1,2]. Individuals that join flocks also
access social information from other flock members, particu-
larly highly vigilant sentinel species, which enable them to
exploit more exposed microhabitats and avoid predation
[3–5]. Joining a flock, however, also results in costs for flock-
ing species related to increased competition [6–8], as well as
changes to foraging behaviour and foraging microhabitat to
keep up with flock movement (i.e. activity matching; [4,9]).
Given such potential trade-offs [1,10,11], individuals are
expected to aggregate in flocks only if the benefits outweigh
the costs. Because the benefits of flocking are context-specific
and expected to vary with environmental conditions and
flock mates [12–15], the composition, behaviour and structure
of flocks (i.e. how species associate with each other) will
change across environmental gradients, such as elevation
[16–18], latitude [19] and human disturbance [12,20,21].
One proposed mechanism for these changes in flock structure
is that the role of facilitative interactions in biological commu-
nities should increase with the harshness of environmental
conditions [22–24] (i.e. the stress-gradient hypothesis [25]).
Originally proposed for plant communities, this hypothesis
has recently been tested among mobile organisms (e.g.
[26,27]), but not yet in avian mixed-species flocks.

The Andes of South America is the longest mountain
chain in the world and presents an ideal opportunity to
assess how stressful environmental conditions influence the
structure of flocks. In the Andes, environmental conditions
change drastically over greater than 3000 m of elevation
and 9000 km of latitude, affecting flocking behaviour and
prevalence [16–19]. Species inhabiting harsher environments
at higher elevations and latitudes, theoretically, have meta-
bolic adaptions to low temperatures [28,29] that might
cause subsequent increases in foraging rate and reductions
in vigilance [30], two behaviours thought to promote flocking
activity. Low temperatures can also reduce the activity and
detectability of arthropod prey, further prompting birds
to join flocks and increasing flocking propensity [31,32].
Flocking species inhabiting lower elevations and latitudes,
on the other hand, are likely to face greater costs related to
foraging competition [33] and activity matching (i.e. the
changes to foraging and movement behaviour required to
move with the flock [34,35]). The greater vertical segregation
of microhabitats and expanded opportunities for partitioning
of foraging niches [36–38], as well as greater year-round
resource availability at lower elevations [36], might promote
finer partitioning of foraging resources leading to the
formation of multiple flock subtypes, often composed of
species of similar body size [34,35] that share foraging
stratum [35,39,40]. By contrast, higher elevation flocks in
the Andes are often characterized by a mix of understory
and canopy birds resulting from reduced canopy height
and clear vertical strata in forest structure [41–43] and lack
flock subtypes [18,44].

Changes in flock characteristics driven by the abiotic and
biotic conditions across elevations have been formalized in
the ‘open-membership hypothesis’ [14,44], which states that,
in harsher and structurally simplified environments, inter-
specific flocking interactions are expected to be numerous and
weak (i.e. reduced flock structure as species join and leave
independently) and flocking aggregations are expected to
be less exclusive (i.e. fewer preferred or avoided species associ-
ations, leading to a lack of clear flock subtypes). Consequently,
flocks in harsher environments are expected to be more open
and dynamic, whereas flocks at lower elevations are expected
to form clear divisions into flock subtypes [14,44]). Although
originally proposed along elevational gradients, predic-
tions derived from the open-membership hypothesis might
apply to structural changes in flocks across other gradients of
environmental stress.

Because the temperate-to-tropical latitudinal gradient is
characterized by increasing thermal stability and reduced
environmental harshness [45,46], we would expect patterns
similar to what we previously described for elevation [14,18].
The more seasonal climates towards temperate latitudes are
known to affect participation in mixed-species flocks. For
example, a greater proportion of the overall bird community
participates in flocks in temperate systems relative to tropical
ones [47], and at harsh temperate latitudes almost the whole
forest passerine community participates in foraging flocks
(e.g. [6,48]). In addition, the available feeding resources and
foragingmicrohabitats are likely to decline in temperate forests
in comparison to tropical ones [49]. The loss of specialized fora-
gingmicrohabitats such as hanging dead vegetation, epiphytes
and evergreen plants in temperate regions [49–51] might result
in higher niche overlap [11,52] and lower activity matching
costs in temperate flocking systems. Despite well-documented
changes to flock richness, microhabitat diversity, seasonality of
flocking behaviour and community participation with latitude
[19,47,53], studies examining changes to flock structure across
latitudes at a large scale are non-existent.

Besides elevation and latitude, local habitat characteristics
also affect Andean mixed-species flocks. For instance, the
loss of forest cover and increase in human disturbances can
drive species loss, compositional turnover and changes in
species associations [44,54,55]. The loss of continuous forest
in Andean landscapes promotes the formation of smaller
and less speciose flocks [12,54], likely because forest-specialist
flocking species are lost from forest fragments [21,56]. Addition-
ally, human disturbances may reduce vegetation complexity
and the diversity of foraging microhabitats and feeding
resources, directly affecting specialist insectivores [21,54] and
the stability of flocking interactions [44]. Therefore, in habitats
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with reduced forest cover and reduced habitat quality, we
expected flocks to be less structured, lacking a clear definition
of flock subtypes, as described for disturbed and fragmented
habitats in lowland systems [12,57].

Representing flocks as social networks can help us under-
stand how environmental characteristics affect species
associations and in consequence, shape group-level proper-
ties in flocks [58,59]. Networks of flocking species consist of
nodes connected by edges, where nodes represent interacting
species and edges represent the observed co-occurrences
of species pairs in a flock [58]. Characteristics of such
networks relate to (i) network connectivity (how flock inter-
actions among species are organized and distributed within
the network) and (ii) network cohesion (how aggregated
species are within the network to constitute one unit). The
open-membership hypothesis predicts fewer and more even
interactions at higher elevations and latitudes, and thus,
networks are expected to have increased connectivity and a
consequent increase in network cohesion, with a preponder-
ance of weak associations and low modularity. By contrast,
flocking species at lower elevations and latitudes are expected
to preferentially interact with a subgroup of species, creating
‘modules’ (flock subtypes) within the network, and therefore
be more structured. In order to determine if the structural
characteristics of flocks vary predictably across stress gradi-
ents, in this study, we use the open-membership hypothesis
as a framework and examine changes to species association
patterns of birds in mixed-species flocks.

In this study, we compiled a comprehensive dataset of
Andean mixed-species flocks surveyed in six countries,
across latitudes (10°N to 41°S) and elevations (400 to 4000
m.a.s.l.) to test predictions derived from the open-membership
hypothesis (table 1). Specifically, we examine how the overall
structure of interaction networks of flocking species, as quanti-
fied by network-level metrics related to flock connectivity and
cohesion, varies across four major environmental gradients in
the Andes: latitude, elevation, forest cover and human disturb-
ance. We expected (i) flock richness and network structure to
decrease with increasing levels of stress (high elevation and
latitude, low forest cover and high levels of human disturb-
ance), (ii) network connectivity and cohesion to increase at
higher elevations and latitudes, and to decrease in structurally
complex habitats with high forest cover and low levels of dis-
turbance. Finally, because both the increased benefits (stress
facilitation) and reduced costs (activity matching and compe-
tition) of flocking at higher levels of stress should result in
higher participation across species with mostly weak and
non-exclusive associations [14], we expect (iii) Andean flock
composition at higher latitudes and elevations to be mostly
driven by non-social factors (i.e. to reflect random interspecific
associations), resulting in open-membership associations. Our
hypotheses and the mechanisms driving expected patterns are
summarized in table 1.
2. Methods
(a) Mixed-species flocks data collection and selection

criteria
We gathered data on Andean flocks from published and unpub-
lished sources. First, we conducted a broad literature search on
Google Scholar with the terms ‘mixed-species flock’ or ‘bandadas
mixtas’ and ‘Andes’. No temporal restrictions were applied to our
search. We pre-selected all relevant publications and inspected
them to see if they had available data. In many cases, compo-
sition data of individual flocks (necessary to construct an
interaction network) used in these publications were unavailable
and, thus, we contacted the author(s) to request this information.
A dataset was included in our analyses only if (i) the study was
conducted within terrestrial habitats on the Eastern Andean
slope and/or the immediately contiguous lowlands and (ii) a
flock was defined as an aggregation of individuals of at least
two species that move together while foraging in the original
study [6,60,61]. Similarly, we (iii) only included data collected
using the ‘gambit of the group’ method, where all species
observed within a single flock are assumed to be associating
and are assigned reciprocal ties in the network [58,62]. Thus, in
our analyses, we did not include aggregations of frugivorous
species which form in response to clumped resources and are
not mobile associations. We further selected studies with greater
than or equal to 10 surveyed flocks per site to construct social
networks, a minimum required to adequately describe a com-
plete network when using gambit of the group sampling
[63,64] to measure fluid social interactions such as those among
flocking species [64]. If a study compared flocks at more than
one site and/or across seasons (e.g. [32,44]), each site and
season combination was included as an independent dataset
following each author’s criteria (i.e. if the original author
considered these as two independent datasets in the original
manuscript, because of a complete turnover of species, for
example). We updated and standardized the taxonomy for all
the studies following the most recent taxonomy from BirdLife
International [65]. Our final dataset included the species compo-
sition of 3676 independent flocks surveyed between 1976 [39]
and 2019 [55], and organized into 84 independent datasets (here-
after referred to as sites) across the Andes and adjacent lowlands
(greater than 400 m). A list of data sources is available in the
electronic supplementary material.
(b) Interaction networks of flocking birds
We generated a weighted network for each site (N = 84; figure 1)
using presence–absence, flock-by-species matrices [58,66].
Weighted networks are more informative in ecological studies
assessing the preference or avoidance of species pairs [67]. The
strength of species co-occurrences in the networks was quanti-
fied using the simple ratio index (SRI), an undirected weighted
measure that describes the probability that two species are
observed together [66]. For each pair of species, a and b in a
network of mixed-species flocks,

SRI ¼ x
(ya þ yb þ x)

,

where x is the number of flocks where a and b were observed
together, ya is the number of flocks where a was observed but
not b, and yb is the number of flocks where b was observed but
not a.

To examine if species associations within observed networks
are caused by preferential assortment among species (preference
or avoidance of specific flock mates) and not by non-social aspects
(i.e. local species densities), we constructed null models by
permutating raw observational data for each network [68]. In
each permutation, the observations of species among flocks are
swapped within the matrix and thus, species richness and species
incidence are retained [68]. We conducted 3500 permutations per
site; in each step of the permutation process, two species are ran-
domly selected from two flocks in which they do not co-occur
and swapped, following the algorithm proposed in Farine &
Whitehead [58]; then, a null network is created with the new co-
occurrence matrix.



Table 1. Predictions of the open-membership hypothesis about changes in the structure of Andean mixed-species flocks across elevation, latitude and gradients
of forest cover and human disturbances.

environmental
gradients mechanisms ecological outcome predicted pattern

elevation and

latitude

Abiotic and biotic filtering act upon

avian assemblages shaping

community structure.

Flocking assemblages are structured

by community assembly forces and

therefore changes in flock richness

are reflective of those in the whole

community.

Species richness decreases with

increasing elevation and latitude.

Harsher abiotic conditions and less

climatic stability impose greater

stress on individuals; thus, greater

foraging benefits can be obtained

by facilitation at higher elevations

and latitudes.

Flocking behaviour is more prevalent

in extreme abiotic conditions

because (i) higher benefits can be

gained by facilitation where energy

demands are higher; (ii) facilitation

benefits related to foraging

efficiency might be higher in areas

where resources are depleted and/

or unavailable.

Flocks at extreme elevations and

latitudes are more dynamic and

unstructured, with a more open

membership and less specialized

interactions, characterized by high

values of network connectance,

average degree and clustering,

and low values of modularity.

Milder abiotic conditions and more

climatic stability impose less stress

on individuals, and result in

higher levels of specialization, fine

partitioning of foraging niches and

increased levels of competition.

Thus, fewer foraging benefits can

be gained, and higher costs of

joining a flock might occur at

lower elevations and latitudes.

Interspecific interactions are more

specialized in mild abiotic

conditions because (i) gained

benefits to not outweigh the costs

of activity matching and the

potential costs of competition, and

(ii) facilitation benefits related to

foraging efficiency are likely not

higher in areas where resources are

abundant/available.

Flocks at lower elevations and

latitudes are less dynamic and

structured (have more subtypes)

with a more restricted

membership, characterized by low

values of network connectance,

average degree and clustering,

and high values of modularity.

forest cover and

human

disturbances

Reduced forest cover and increased

human disturbances (i.e. low

quality habitat) result in the local

extirpation of flocking species, in

particular specialist insectivores.

Flocks in disturbed and more

fragmented areas will be

composed mostly of generalists,

lacking foraging specialists.

Greater species richness per flock

with increasing forest cover and

decreasing human disturbances.

Greater number of available foraging

niches and feeding resources in

undisturbed and more continuous

forests (i.e. high quality habitat)

allows for finer partitioning of

foraging strata and microhabitats

among members of mixed-species

flocks, increasing costs related

with activity matching.

Greater habitat quality (i.e. areas with

high forest cover and low levels of

disturbance) harbours more

structured flocks, with a cleared

differentiation of flock subtypes

(i.e. canopy and understory).

Flocks in undisturbed areas and

areas with high forest cover will

be overall less connected and

cohesive, characterized by low

values of network connectance,

average degree and clustering,

and high values of modularity.

Reduced number of available

foraging niches and food resources

in disturbed and fragmented

forests (i.e. low habitat quality)

will benefit opportunistic and

generalist species, reducing costs

related to activity matching.

Poorer quality habitat (i.e. areas with

low forest cover and high levels of

human disturbance) harbours less

structured flocks that lack a clear

differentiation of flock subtypes.

Flocks in disturbed areas and areas

with low forest cover will be

overall more connected and

cohesive, characterized by high

values of network connectance,

average degree and clustering,

and low values of modularity.
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Figure 1. Distribution of mixed-species flock networks observed across the
Andes (N = 84). Dots on the map are colour coded according to the elevation
of the network (in m.a.s.l.). Examples of networks from relatively undisturbed
forests are displayed on the left for lower elevations (north to south: C1, Low-
landsTF, Patagonia) and on the right for higher elevations (north to south:
North Antioquia, Guandera, Sacha Loma).
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To measure the degree of structuring in each network, we
calculated the network coefficient of variation (CV: the standard
deviation of the edge weights divided by the mean of the edge
weights); the most easily interpretable metric of the variability of
the associations within a network [59]. We compared the observed
CVof each observed networkwith the distribution of CV values of
the 3500 random networks. A value of CV larger than 95% of the
values of randomCV suggests that the observed network contains
more preferred/avoided relationships than expected. p-values
were calculated by taking the number of times the CV values
from the random networks were larger than the values from the
observed network, divided by the number of permutations [68].

To characterize network connectivity and cohesion, we used
four network-level metrics (electronic supplementary material,
table S1). Network connectivity is a representation of how the
nodes are connected within the network, and it was assessed
with (i) normalized average degree, a measure that represents
the average of the number of edges for each node, divided by
the total number of nodes minus one; and (ii) network connec-
tance, the number of observed links, divided by the number of
possible links between all pairs of species. These two measures
can be interpreted biologically as the number of overall flocking
co-occurrences and the average of species-specific links, respect-
ively (electronic supplementary material, table S1). Network
cohesion describes how unified networks are, and was quanti-
fied using two metrics: (iii) network modularity, a measure of
the strength of division of a network into modules or highly con-
nected blocks of species in the whole network, was quantified
with a modularity optimization method (index Q; [69]),
using Clauset et al.’s [70] algorithm for community detection;
and (iv) network global clustering index [71], a metric that
refers to the degree to which all nodes in a network tend to clus-
ter together. Biologically, modularity can be interpreted as the
occurrence of flock subtypes within a system, typically differen-
tiated by foraging stratum or body size. Clustering, on the other
hand, gives information on the grouping of nodes with their
neighbours and therefore tends to be negatively correlated with
modularity [72]. All analyses were performed in R [73]. We
used functions in packages igraph [74], tnet [75] and asnipe [76]
to calculate network-level metrics and to visualize networks.

To test whether network-level metrics were significantly
different from the null model expectation, we calculated them
for each randomized network as described above. We then com-
pared observed values with the distribution of values obtained
from the randomized networks. We considered the network-
level metric significantly different from random if it was lower
than 0.025% or higher than 0.975% of the values obtained from
random networks [68].

(c) Environmental predictors of network structure
We gathered geographical coordinates and elevation for each site
(network) from the original publication or obtained them directly
from the authors. If coordinates and elevation information were
provided for each flock, we used the averaged values to charac-
terize the geographical location and elevation for each site.
Similarly, we used flock-specific coordinates to extract data on
remotely sensed forest cover and human disturbance and aver-
aged these values per site. Anthropogenic disturbance for each
site was described with the human footprint score proposed
by Venter et al. [77], which combines information on the extent
of built environments, croplands and pasturelands; human
population density; night-time light pollution; and density of
railways, roads and navigable waterways, between 1993 and
2009, a range of years where roughly two-thirds of the sites
included in our analyses were surveyed. Forest cover was
extracted from the Global Forest Watch dataset v1.9 which calcu-
lates vegetation greater than 5 m in height at a 30-m pixel
resolution based on Landsat data [78]. For analysis, we used
2019 forest cover, which was the last year in which flock data
were collected. Using the original coordinates for each indepen-
dent flock, we calculated the per cent of pixels with greater
than or equal to 50% forest cover within a 500 m radius buffer,
and then averaged these values across flocks within a network.
Because of natural fragmentation in high-elevation forests domi-
nated by Polylepis spp. (greater than 3500 m.a.s.l.), the Global
Forest Watch dataset provided a poor measure of vegetation
cover, and thus, vegetation polygons were manually digitized
and averaged across coordinates for the three networks in Polyle-
pis forests using high-resolution imagery from Google Earth to
calculate per cent cover within a 500 m radius.

(d) Network structure across environmental gradients
To examine the effects of elevation, latitude, forest cover and
human disturbance on the observed properties of the networks,
we used generalized linear models (GLMs) and Beta regression
models. Because network-level metrics across networks were
quantified with standardized metrics (electronic supplementary
material, table S1), they are comparable across sites. For species
richness and covariance, we used GLMs assuming Gamma dis-
tribution errors because both response variables are continuous
and positive. For modularity and connectance, we used GLMs
assuming Gaussian error distributions. We opted to log-trans-
form connectance before analyses because the observed values
were bounded between 0 and 1, but their distribution was heav-
ily right-skewed. Finally, for average degree and clustering, we
used Beta regression models because both variables are bounded
between 0 and 1 [79].

Prior to analysis, we examined correlation coefficients among
variables; all correlation coefficients were less than 0.5 (electronic
supplementary material, table S2), so we included all four vari-
ables as predictors. In addition, we included the interaction
between latitude and elevation in our regressions and retained
it in our final models if significant. Finally, we calculated var-
iance inflation factors (VIFs) for each predictor in our models
to detect collinearity. All VIF values were relatively low (1.65
for elevation, 1.49 for latitude, 1.45 for forest cover and 1.31 for
human footprint) further supporting our decision of including
all four predictors.

As in any inferential study, we used a set of repeated samples
(a set of flocks) to represent the true interspecific association
patterns in flocks. Thus, differences in sampling effort andnetwork



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

378:20220099

6

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 A

pr
il 

20
23

 

size can potentially become confounding factors when comparing
networks. To account for this, we examined the correlations among
the number of nodes per network (number of flocking species) and
the number of flocks used to create each network (as a measure of
effort) with our environmental variables. In all cases, correlations
were weak (electronic supplementary material, table S2), indi-
cating that flocks were adequately sampled. To further test the
robustness of our results, we repeated all analyses with two
more conservative subsets of data. The first one included (i) only
networks with 20 or more flocks per site (N = 72 sites) and the
second subset included (ii) all networks except the three inPolylepis
forest sites (for which forest cover was calculated manually, as
explained above).With few exceptions, the overall trends of results
andmajor conclusions did not changewhen using these subsets of
data.We therefore present results for all 84 sites and provide calcu-
lations for data subsets in the electronic supplementary material,
figures S1 and S2.

Finally, the relationship between sample effort and the robust-
ness of network-level metrics is complex and dependent on the
nature of the ‘true’ network structure itself [80]. Although we
cannot know a priori the full structure of the true network associ-
ation patterns at each of our sites, we used the method proposed
by Shizuka & Farine [80] to quantify a measure of the robustness
of our modularity metrics. This method calculates the assortativity
index (r_com), a measure of the level of confidence in derived net-
work metrics based on the detectability of associations. Values for
r_com ranged between 0.31 and 0.96, similar to those reported for
mixed-species flocks in Shizuka & Farine [80]. Using the r_com
values, we further subset our data and performed regressions on
network modularity including only those networks with
r_com> 0.4 (N = 50). Results are presented in the main text and
in the electronic supplementary material, tables S5 and S6. Unfor-
tunately, no similar indices have yet been suggested to quantify for
the robustness of other network metrics used in our study, and
thus we limited this analysis to modularity.
3. Results
(a) Interaction networks of flocking species
Species richness per network ranged between 5 and 112 (Pata-
gonia in Argentina and Jiri in Bolivia, respectively) with a
range of 2.5 to 24.2 mean richness per flock (Patagonia in
Argentina and Cocha Cashu in Peru; electronic supplementary
material, table S3). Species richness per network and the aver-
age numberof species per flockwere poorly correlatedwith the
number of flocks in each network (Pearson’s moment corre-
lation = 0.34 and Pearson’s r = 0.04, respectively; electronic
supplementary material, table S2). We found significant
social structure (network CV significantly higher than the
null expectation) in only 29 sites (34% of all networks), indicat-
ing that Andean flocks are mostly unstructured and dynamic
(open). Sites with significant values of network CV were
distributed across latitudes and elevations (figure 2b).

The four network-level metrics describing connectivity and
cohesion varied greatly among networks. Average degree
ranged from 0.14 to 0.8, and connectance (log scaled) ranged
from 0.002 to 0.16 (electronic supplementary material, table S3).
Overall, the most connected networks were mainly located at
extreme latitudes and elevations including Patagonia in Argen-
tina, Cajas NP in Ecuador and Sachaloma in Bolivia (the latter
two greater than 3500 m.a.s.l.). Weighted modularity ranged
from 0.07 to 0.64 andweighted clustering from 0.56 to 0.93 (elec-
tronic supplementary material, table S3). Most of the highly
clustered networks were at tropical middle and high elevations
(e.g.GuanderaRF inEcuador, Fredonia andEl Silencio inCentral
Colombia, and Sachaloma in Bolivia, all above 2000 m.a.s.l.), but
the network in Patagonia was also strongly clustered (value =
0.90). The most modular networks were located at lower
elevations in Peru (Lowlands B and Lowlands TF, approx. 400
and 600 m.a.s.l.) and mid-elevations in Colombia (e.g. North
Antioquia, approx. 2400 m.a.s.l.). Overall, network-level metrics
differed from those expected from random association patterns
only in 25% or fewer of the networks (figure 2c–f), further sup-
porting the idea that Andean flocks are mostly unstructured
across a variety of stress gradients.

(b) Predictors of network structure and network
properties

The average species richness per flock increased towards lower
latitudes and lower elevations (figure 2; electronic supplemen-
tary material, table S4). The interaction between latitude and
elevation was positive, indicating that species richness per
flock decreases more rapidly with elevation at tropical lati-
tudes. None of the predictors explained differences in overall
network structure measured as network covariance (figure 2;
electronic supplementary material, table S4).

As predicted by theopen-membership hypothesis, therewas
a trend of increasing network connectivity (average degree and
connectance) with elevation and latitude, but these relationships
were only significant for connectance (figure 2; electronic sup-
plementary material, table S4). The interaction between
elevation and latitude was negative in both models, implying
that the decay in connectivity at lower elevations is more pro-
nounced in tropical latitudes. Overall, we found network
connectivity to decrease at higher levels of forest cover and
increase with increasing levels of human disturbance (figure 2;
electronic supplementary material, table S4). Also consistent
with our predictions, there was a trend of increasing network
cohesion (weighted clustering and modularity) with higher
levels of environmental stress. Network clustering significantly
decreasedwith increasing forest cover,with highly clustered net-
works in more open habitats. Network modularity, on the other
hand, decreased with increasing elevation, with clearer detec-
tion of flock subtypes (higher modularity) at lower elevations
(figure 2; electronic supplementarymaterial, table S4). Although
latitude had a negative effect on bothmodularity and clustering,
neither of these relationships were significant (electronic sup-
plementary material, table S4).

Overall, similar patterns were detected when analysing
data subsets that included only networks with at least 20
flocks (electronic supplementary material, figure S1) and
excluding sites within Polylepis forests (electronic supplemen-
tary material, figure S2). However, when using a third subset
of data that included only networks with robust estimations
ofmodularity (networkswith community assortativity indexes
r_com> 0.4), we not only detected the similar negative effect of
elevation on modularity, but the negative relationship of lati-
tude was also significant (figure 3; electronic supplementary
material, table S6), suggesting network modularity reduces
both at high elevations and latitudes.
4. Discussion
We documented changes in the richness and structure of
networks of mixed-species flocks across four main
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environmental gradients in the Andes: elevation, latitude,
forest cover and human disturbance. We found support for
our predictions based on the open-membership hypothesis:
mixed-species flocks with fewer and more even interactions
at higher elevations and latitudes (table 1). Furthermore,
our results suggest that, although elevation was the strongest
correlate of structural properties of avian flocks in the Andes,
forest loss also influenced network-level attributes, with less
connected and less cohesive networks in sites with higher
forest cover.

(a) Interaction networks of mixed-species flocks in the
Andes are largely unstructured

In support of the open-membership hypotheses, we found
that roughly two-thirds of the networks did not have greater
structure (measured as network CV) than the null expectation,
suggesting that species within these networks might associate
opportunistically, leading to numerous pairwise associations
and a context-dependent species composition of flocks. In
general, we also found that network metrics related to both
connectivity and cohesion were not different from those
expected by random associations within the flock, and net-
works without structure were widespread across elevations
and latitudes (figure 2). The reduced structuring in Andean
flocks has been frequently documented, with great variability
in flock size and richness even at local scales [18,41,42,44].
Species dynamically join and leave Andean flocks as they
enter and exit their territories [41,81], increasing the variability
of flock composition. Notably, our findings contrast Moyni-
han’s [82,83] early descriptions of Andean flocks, where
flocks are described as highly structured even to the point of
favouring the convergent evolution of plumages as a form of
social facilitation. We argue that the steep topography, and fre-
quent disturbance by landslides, in Andean landscapes reduce
the vertical segregation of vegetation and thereby play a key
role in preventing the formation of stratum-specific flock
subtypes and additional coevolved structuring of flocking
interactions. The canopies of Andean forests are typically
shorter (approx. 20 m) than those of lowland forests (approx.
30 m), and on steep slopes the canopy and understory
are only a few metres apart and vertical stratification is
greatly reduced in comparison to the well-segregated forest
strata in the contiguous lowlands [36]. Furthermore, frequent
landslide disturbances on steep slopes help maintain patches
of early- and mid-successional vegetation on the landscape
and increase the horizontal heterogeneity of habitat structure
[36,84]. By contrast, lowland forest strata are more discrete,
resulting in segregated foraging microhabitats for canopy
and understory flocks that greatly increase the costs of
activity matching [9] and could decrease the benefits of social
information [85].

A strong correlation between the species richness and
composition of the flock-joining and full Andean bird
communities has been described [14,17], with elevational
changes in flocks mirroring elevational changes in whole
avian assemblages. Consistent with these observations,
we found that flock species richness decreased with both
elevation and latitude in a similar fashion as whole
avian communities [86]. Altogether, our findings imply that
Andean mixed-species flocks are overall dynamic and
unstructured across latitudes and elevations. Furthermore,
similar findings of elevational changes in flock characteristics
(species richness, compositional turnover and flock organiz-
ation) have been made in other montane systems (e.g. [87–
90]), suggesting montane flocks in other regions of the
world might also be more dynamic and open than their low-
land counterparts. Further studies should focus on testing the
generality of the open-membership hypothesis in other
mountain ranges.

(b) Network connectivity and cohesion increase with
latitude and elevation

Our analyses showed consistency in the direction of latitude
and elevation effects on network structure. Overall, network
connectivity and cohesion increased with both elevation and
latitude, with significantly higher connectance (figure 2d )
and lower modularity (e.g. reduced partitioning of associ-
ations into flock subtypes; figures 2f and 3) in temperate
regions and at higher elevations. Altogether, our results
extend the generality of the results of previous studies
of elevational [18] and latitudinal effects [19] on Andean
flocks’ structure.

Our findings are consistent with the stress-gradient
hypothesis, where the role of facilitative interactions in
biological communities increase at higher levels of environ-
mental stress [22–24]. In more stressful and less vertically
stratified environments (i.e. higher elevations and latitudes),
the costs of activity matching become less important, and
flocks exhibit numerous loose connections with no discernible
subtypes. This contrasts with lower elevations and latitudes,
where species show higher levels of foraging specialization
that increase the costs of activity matching [33]. To reduce
these costs and obtain the benefits of relevant social infor-
mation about predators and feeding resources, species need
to aggregate with flock mates that share a similar foraging
stratum, movement speed and phenotypic characteristics
[51,91], resulting in more discrete flock subtypes. Accordingly,
we found a strong negative effect of elevation on network
modularity (figure 2). Importantly, the negative effects of
elevation and latitude on network-level properties held
when using a more conservative subset of data (networks
with 20 or more flocks) and became even stronger when exam-
ining a subset of data that included more robust estimations
of modularity (figure 3; electronic supplementary material,
table S6). Unfortunately, we are not aware of similar robust-
ness index for the other network-level metrics included in
our analysis and, thus, we can only draw conclusions on the
strong negative effects of elevation and latitude on weighted
modularity. Nevertheless, the similarity between the overall
trends we detected when using different subsets of data
suggests that, although there might be noise created by site-
level differences in sampling protocols that compromised
our ability to detect more significant relationships, future
research that controls for sampling inconsistencies will likely
find similar trends to those we describe. Collectively, our
findings add to the growing body of evidence supporting
the stress-gradient hypothesis (i.e. that the propensity of
facilitative interactions should increase with increasing levels
of environmental stress; [22–24]) as a mechanism driving
network structure in mobile animals that have much greater
freedom of choice in species interactions that sessile plants
[26,92], while suggesting that activity matching plays an
important role structuring flocking networks at lower
elevations and latitudes.
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(c) Habitat quality influences flock structure
Besides climatic stability, we hypothesized that habitat
characteristics at a local scale, represented by forest cover
and human disturbance, would also affect flock properties.
Human disturbance generally decreases the richness and
size of flocks [47], and studies on fragmented landscapes
also show a decay in network properties (i.e. a loss in
structure and complexity) with increasing levels of
fragmentation [12,57], and human disturbance [13,20,44,54].
Consistent with these observations, we found more struc-
tured networks (low connectivity and cohesion) at higher
levels of forest cover and less structured networks in more
disturbed habitats (figures 2 and 3).

The differences in network-level metrics of flocks across
gradients of forest cover and human disturbances might
relate to differences in the costs of activity matching along
these gradients. The costs of activity matching are expected
to be higher in more structurally complex habitats [14],
such as those with continuous and undisturbed forests. In
these relatively ‘good quality’ habitats, foraging microhabi-
tats may be more diverse [93] and, therefore, more finely
partitioned among flocking species which are often special-
ized on specific foraging substrates [49,94] and foraging
height bands [50,95]. In consequence, species are more
likely to encounter their specific foraging microhabitat and
avoid most costs of exploitation competition from flock
mates [44]. Indeed, the functional diversity of foraging beha-
viours and substrates of flocking species was found to
increase with vertical vegetation structure in Andean forests
[21]. The loss of habitat quality, on the other hand, might
affect the local abundance, and in consequence, the relative
importance of forest-dependent species within flocks
[18,44]. For example, species in Andean flocks preferentially
associate with ecologically similar ‘nuclear’, or leader species
[91], and in disturbed and fragmented sites the core ‘nuclear’
role is more often played by omnivorous and edge-associated
tanagers (e.g. genus Tangara; [44]). These changes to flock lea-
dership, and the broader changes to habitat, may allow more
edge- and open-habitat species to occasionally participate in
flocks alongside forest birds, increasing connectivity. In sum-
mary, our results suggest that changes in forest characteristics
are likely to affect the cost–benefit balance species incur when
joining a flock, resulting in differences in the structure of the
interaction networks with more structured flocks in continu-
ous and undisturbed habitats.

Additionally, flock structural characteristics might relate to
the differences in predation risk in different habitat types [96].
Avian flock structure, modularity and organization might also
be determined by the abundance and diversity of predators
(e.g. raptors in the genera Accipiter and Micrastur; [97]). In
more predator-rich environments, the need to gain social infor-
mation related to predator type and location (i.e. to understand
the message conveyed by flock mates, particularly sentinel
species) increases. Moreover, if predation benefits are obtained
by mechanisms such as the dilution effect, or the confusion
effect [98], having phenotypic similarities with flock mates
(i.e. not being the flashier, larger or slower individual in the
group) might also be favoured. In consequence, flocks in pred-
ator-rich environments would be expected to have strong
modularity with highly coevolved interactions among similar
species that share the same predators and movement rates.
Conversely, the dynamic compositional changes of flocks
both at higher altitudes and in disturbed environments could
reflect a relaxation of predation pressure. For instance, the
diversity and local abundance of specialized bird-eating rap-
tors can be negatively affected by human disturbances in the
Neotropics [99,100]. If greater predator richness or density cor-
relates with greater predation risk for flock-joining species,
flocks in areas with greater forest cover and lower levels of
human disturbances should be more structured and composed
of more similar species. Because species that share predators
may have similar body sizes and foraging strategies, it is poss-
ible that both mechanisms (i.e. avoiding activity matching
costs and reducing predation risk) operate in driving changes
to flock organization across gradients of habitat quality.
(d) Environmental gradients and the open-membership
hypotheses

We present strong evidence in support of the open-member-
ship hypothesis, suggesting that flocks across the Andes are
primarily dynamic [41]. The degree of flock openness is, how-
ever, not homogeneous across environmental gradients, and
likely represents a continuum with higher values in harsher
conditions, where flocks may be composed of more generalist
and omnivorous species [14]. Such species, particularly gregar-
ious tanagers, may more easily facultatively join and leave
flocks, often leaving to forage in single-species groups on
fruit or nectar [101], and suffer fewer activity matching costs
due to the simplified structure of high-Andean forests. Our
observations suggest that montane flocking species across the
Andes might use dynamic flocking as a strategy to cope with
unstable conditions and scarce resources, having the option
to either join the flock or not depending on the environment
through which the flock moves. In more stable conditions,
towards lower elevations and tropical latitudes, flock subtypes
emerge and networks become more structured, with a clearer
separation among canopy and understory flocks.

We argue that across elevations and latitudes, environ-
mental conditions along mountain ranges are not conditions
that would favour elaborate coevolutionary interactions
among flocking species such as those postulated by Moynihan
[82,83]. Although our findings imply that harsher environments
clearly favour flocking, defences such as group vigilance,
dilution of predation risk and the selfish herd [98], which
work regardless of the roles played by the component species,
are likely to be the main benefits for participant species.
Crucially, however, the costs of competition and activity match-
ing may be significantly reduced at high elevations due
to reduced exploitation competition (lower flocking species
richness, diet supplementation with fruit) and simplified
vegetation structure. The complex systems of eavesdropping
and sentinels that have been well documented in the tropical
lowlands of South America (e.g. [5,102]) do not seem to apply
to Andean flocks. Perhaps the relatively young age of the
Andean range, reduced vertical stratification resulting from its
steep topography and frequent landslide disturbance, and con-
tinual succession dynamics all play against the evolution of
complex specialized flocking structure attained in the adjacent
Amazonian lowlands.
Data accessibility. All data and code used for our analyses is available
from the Dryad Digital Repository: https://doi.org/10.5061/dryad.
w0vt4b8wd [103].
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Additional tables and figures, data sources and an extended
abstract in Spanish are provided in the electronic supplementary
material [104].
Authors’ contributions. F.M.-C.: conceptualization, data curation, formal
analysis, project administration, writing—original draft and writ-
ing—review and editing; H.H.J.: conceptualization, data curation
and writing—review and editing; I.A.: data curation, formal analysis
and writing—review and editing; F.L.N.: data curation, formal analy-
sis and writing—review and editing; J.M.: conceptualization, data
curation, formal analysis and writing—review and editing; G.G.M.:
conceptualization, data curation, formal analysis and writing—
review and editing; M.E.F.: conceptualization, data curation and writ-
ing—review and editing; B.T.: conceptualization, data curation and
writing—review and editing; G.J.C.Z.: data curation and writing—
review and editing; J.C.: data curation and writing—review and edit-
ing; E.A.: data curation and writing—review and editing; O.H.M.:
data curation and writing—review and editing; P.X.A.: data curation
and writing—review and editing; E.G.: data curation and writing—
review and editing; S.I.: data curation and writing—review and edit-
ing; M.M.: data curation and writing—review and editing; A.D.R.:
data curation and writing—review and editing; E.M.: data curation
and writing—review and editing; S.R.: conceptualization and
writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.
Funding. This study was partly supported by the start-up funds pro-
vided to Dr D. Li, to support F.M.-C. postdoctoral position at the
Department of Biological Sciences, Louisiana State University.

Acknowledgements. We are grateful to the organizers (E. Goodale and
L. Zhou) and participants of the ‘Mixed-species animal groups
2021 online symposium’, where the idea for this manuscript was pro-
posed, for their insights and comments. We also thank D. Li and
D. Yang for their help accessing human footprint scores and
C. Bohorquez for sharing her unpublished data.
 rans.R.Soc.
References
B
378:20220099
1. Sridhar H, Beauchamp G, Shanker K. 2009 Why do
birds participate in mixed-species foraging flocks? A
large-scale synthesis. Anim. Behav. 78, 337–347.
(doi:10.1016/j.anbehav.2009.05.008)

2. Goodale E et al. 2020 Mixed company: a framework
for understanding the composition and organization
of mixed-species animal groups. Biol. Rev. 95,
889–910. (doi:10.1111/brv.12591)

3. Dolby AS, Grubb TC. 1999 Functional roles in mixed-
species foraging flocks: a field manipulation. The
Auk 116, 557–559. (doi:10.2307/4089392)

4. Darrah AJ, Smith KG. 2013 Comparison of foraging
behaviors and movement patterns of the wedge-
billed woodcreeper (Glyphorynchus spirurus)
traveling alone and in mixed-species flocks in
Amazonian Ecuador. The Auk 130, 629–636.
(doi:10.1525/auk.2013.13088)

5. Martínez AE, Parra E, Muellerklein O, Vredenburg VT.
2018 Fear-based niche shifts in neotropical birds.
Ecology 99, 1338–1346. (doi:10.1002/ecy.2217)

6. Morse DH. 1970 Ecological aspects of some mixed-
species foraging flocks of birds. Ecol. Monogr. 40,
119–168. (doi:10.2307/1942443)

7. Alatalo RV, Moreno J. 1987 Body size, interspecific
interactions, and use of foraging sites in tits (Paridae).
Ecology 68, 1773–1777. (doi:10.2307/1939868)

8. Jabłoński PG, Lee SD. 2002 Foraging niche shifts in
mixed-species flocks of tits in Korea. J. Field Ornithol.
73, 246–252. (doi:10.1648/0273-8570-73.3.246)

9. Sridhar H, Guttal V. 2018 Friendship across species
borders: factors that facilitate and constrain
heterospecific sociality. Phil. Trans. R. Soc. B 373,
20170014. (doi:10.1098/rstb.2017.0014)

10. Gross K. 2008 Positive interactions among
competitors can produce species-rich communities.
Ecol. Lett. 11, 929–936. (doi:10.1111/j.1461-0248.
2008.01204.x)

11. Chen CC, Liao CC, Walther BA. 2022 Interspecific
competition and facilitation coexist in mixed-species
bird flocks of montane coniferous forests in Taiwan.
J. Avian Biol. 2022, e02947. (doi:10.1111/jav.02947)

12. Mokross K, Ryder TB, Côrtes MC, Wolfe JD, Stouffer
PC. 2014 Decay of interspecific avian flock networks
along a disturbance gradient in Amazonia.
Proc. R. Soc. B 281, 20132599. (doi:10.1098/rspb.
2013.2599)

13. Borah B, Quader S, Srinivasan U. 2018 Responses of
interspecific associations in mixed-species bird flocks
to selective logging. J. Appl. Ecol. 55, 1637–1646.
(doi:10.1111/1365-2664.13097)

14. Montaño-Centellas FA, Jones HH. 2021 Temperature
and vegetation complexity structure mixed-species
flocks along a gradient of elevation in the tropical
Andes. Ornithology 138, ukab027. (doi:10.1093/
ornithology/ukab027)

15. Mangini GG, Gandoy FA, Areta JI, Blendinger PG.
2022 Benefits of foraging in mixed-species flocks
depend on species role and foraging strategy. Ibis
(doi:10.1111/ibi.13162)

16. Marín-Gómez OH, Arbeláez-Cortés E. 2015 Variation
on species composition and richness in mixed bird
flocks along an altitudinal gradient in the Central
Andes of Colombia. Studies Neotrop. Fauna Environ.
50, 113–129. (doi:10.1080/01650521.2015.1057024)

17. Muñoz J. 2016 The role of facilitation in the
structure of tropical bird communities: a case study
of mixed-species flocks. Vancouver, Canada:
University of British Columbia.

18. Montaño-Centellas FA. 2020 Interaction networks of
avian mixed-species flocks along elevation in the
tropical Andes. Ecography 43, 930–942. (doi:10.
1111/ecog.05135)

19. Fanjul ME, Echevarria AL, Martínez MV. 2021
Estructura y composición de las bandadas mixtas de
aves invernales a lo largo del gradiente latitudinal
en las selvas montanas de las Yungas, Argentina.
Acta Zool. Lilloana 65, 268–286. (doi:10.30550/j.
azl/2021.65.2/2021-11-04)

20. Zhou L et al. 2019 The response of mixed-species
bird flocks to anthropogenic disturbance and
elevational variation in southwest China. The Condor
121, duz028. (doi:10.1093/condor/duz028)

21. Jones HH, Robinson SK. 2020 Patch size and
vegetation structure drive changes to mixed-species
flock diversity and composition across a gradient of
fragment sizes in the Western Andes of Colombia.
The Condor 122, duaa006. (doi:10.1093/condor/
duaa006)

22. Callaway RM. 1998 Competition and facilitation on
elevation gradients in subalpine forests of the
Northern Rocky Mountains, USA. Oikos 82,
561–573. (doi:10.2307/3546376)

23. Stachowicz JJ. 2001 Mutualism, facilitation, and the
structure of ecological communities: positive
interactions play a critical, but underappreciated,
role in ecological communities by reducing physical
or biotic stresses in existing habitats and by creating
new habitats on which many species depend.
BioScience 51, 235–246. (doi:10.1641/0006-
3568(2001)051[0235:MFATSO]2.0.CO;2)

24. He Q, Bertness MD, Altieri AH. 2013 Global shifts
towards positive species interactions with increasing
environmental stress. Ecol. Lett. 16, 695–706.
(doi:10.1111/ele.12080)

25. Bertness MD, Callaway R. 1994 Positive interactions
in communities. Trends Ecol. Evol. 9, 191–193.
(doi:10.1016/0169-5347(94)90088-4)

26. Kiffner C, Boyle DM, Denninger-Snyder K, Kissui BM,
Waltert M, Krause S. 2022 Refining the stress
gradient hypothesis for mixed species groups of
African mammals. Sci. Rep. 12, 17715. (doi:10.
1038/s41598-022-22593-3)

27. Bakker ES, Dobrescu I, Straile D, Holmgren M. 2013
Testing the stress gradient hypothesis in herbivore
communities: facilitation peaks at intermediate
nutrient levels. Ecology 94, 1776–1784. (doi:10.
1890/12-1175.1)

28. Gutierrez-Pinto N, Londoño GA, Chappell MA, Storz
JF. 2021 A test of altitude-related variation in
aerobic metabolism of Andean birds. J. Exp. Biol.
224, 1–6. (doi:10.1242/jeb.237990)

29. Stager M, Pollock HS, Benham PM, Sly ND, Brawn
JD, Cheviron ZA. 2016 Disentangling environmental
drivers of metabolic flexibility in birds: the
importance of temperature extremes versus
temperature variability. Ecography 39, 787–795.
(doi:10.1111/ecog.01465)

30. Pravosudov VV, Grubb TC. 1995 Vigilance in the
tufted titmouse varies independently with air

http://dx.doi.org/10.1016/j.anbehav.2009.05.008
http://dx.doi.org/10.1111/brv.12591
http://dx.doi.org/10.2307/4089392
http://dx.doi.org/10.1525/auk.2013.13088
http://dx.doi.org/10.1002/ecy.2217
http://dx.doi.org/10.2307/1942443
http://dx.doi.org/10.2307/1939868
http://dx.doi.org/10.1648/0273-8570-73.3.246
http://dx.doi.org/10.1098/rstb.2017.0014
http://dx.doi.org/10.1111/j.1461-0248.2008.01204.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01204.x
http://dx.doi.org/10.1111/jav.02947
http://dx.doi.org/10.1098/rspb.2013.2599
http://dx.doi.org/10.1098/rspb.2013.2599
http://dx.doi.org/10.1111/1365-2664.13097
http://dx.doi.org/10.1093/ornithology/ukab027
http://dx.doi.org/10.1093/ornithology/ukab027
http://dx.doi.org/10.1111/ibi.13162
http://dx.doi.org/10.1080/01650521.2015.1057024
http://dx.doi.org/10.1111/ecog.05135
http://dx.doi.org/10.1111/ecog.05135
http://dx.doi.org/10.30550/j.azl/2021.65.2/2021-11-04
http://dx.doi.org/10.30550/j.azl/2021.65.2/2021-11-04
http://dx.doi.org/10.1093/condor/duz028
http://dx.doi.org/10.1093/condor/duaa006
http://dx.doi.org/10.1093/condor/duaa006
http://dx.doi.org/10.2307/3546376
http://dx.doi.org/10.1641/0006-3568(2001)051[0235:MFATSO]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2001)051[0235:MFATSO]2.0.CO;2
http://dx.doi.org/10.1111/ele.12080
http://dx.doi.org/10.1016/0169-5347(94)90088-4
http://dx.doi.org/10.1038/s41598-022-22593-3
http://dx.doi.org/10.1038/s41598-022-22593-3
http://dx.doi.org/10.1890/12-1175.1
http://dx.doi.org/10.1890/12-1175.1
http://dx.doi.org/10.1242/jeb.237990
http://dx.doi.org/10.1111/ecog.01465


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

378:20220099

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 A

pr
il 

20
23

 

temperature and conspecific group size. The Condor
97, 1064–1067. (doi:10.2307/1369547)

31. Mangini G, Mokross K, Gandoy F, Areta JI. 2022
Mixed-species flocking is associated with low
arthropod detectability and increased foraging
efficiency by Yungas forest birds in Argentina.
Ornithology 139, ukab087. (doi:10.1093/
ornithology/ukab087)

32. Mangini GG, Areta JI. 2018 Bird mixed-species flock
formation is driven by low temperatures between and
within seasons in a Subtropical Andean-foothill forest.
Biotropica 50, 816–825. (doi:10.1111/btp.12551)

33. Sherry TW, Kent CM, Sánchez NV, Şekercioğlu ÇH.
2020 Insectivorous birds in the Neotropics:
ecological radiations, specialization, and coexistence
in species-rich communities. The Auk 137, ukaa049.
(doi:10.1093/auk/ukaa049)

34. Bell HL. 1983 A bird community of lowland
rainforest in New Guinea. 5. Mixed-species feeding
flocks. Emu - Austral Ornithol. 82, 256–275. (doi:10.
1071/MU9820256s)

35. Srinivasan U, Raza RH, Quader S. 2012 Patterns of
species participation across multiple mixed-species
flock types in a tropical forest in northeastern India.
J. Natural Hist. 46, 2749–2762. (doi:10.1080/
00222933.2012.717644)

36. Terborgh J. 1977 Bird species diversity on an
Andean elevational gradient. Ecology 58,
1007–1019. (doi:10.2307/1936921)

37. Acharya BK, Vijayan L. 2017 Vertical stratification of
birds in different vegetation types along an
elevation gradient in the Eastern Himalaya. India.
Ornithol. Sci. 16, 131–140. (doi:10.2326/osj.16.131)

38. Jankowski JE, Graham CH, Parra JL, Robinson SK,
Touchton JM, Tobias JA. 2012 The role of
competition in structuring tropical bird
communities. Ornitol. Neotrop. 23, 115–124.

39. Munn CA. 1985 Permanent canopy and understory
flocks in Amazonia: species composition and
population density. Ornithol. Monogr. 36, 683–712.
(doi:10.2307/40168312)

40. Zou F, Chen G, Yang Q, Fellowes JR. 2011
Composition of mixed-species flocks and shifts in
foraging location of flocking species on Hainan
Island, China. Ibis 153, 269–278. (doi:10.1111/j.
1474-919X.2011.01105.x)

41. Poulsen BO. 1996 Structure, dynamics, home range
and activity pattern of mixed-species bird flocks in a
montane alder-dominated secondary forest in
Ecuador. J. Trop. Ecol. 12, 333–343. (doi:10.1017/
S0266467400009524)

42. Guevara EA, Valarezo JC, Onofa A, Cupuerán F. 2011
Mixed-species flock composition in a Northwestern
Ecuadorian cloud forest. Ornitol. Neotrop. 22,
379–386.

43. Colorado GJ, Rodewald AD. 2015 Assembly patterns
of mixed-species avian flocks in the Andes. J. Anim.
Ecol. 84, 386–395. (doi:10.1111/1365-2656.12300)

44. Jones HH, Robinson SK. 2021 Vegetation structure
drives mixed-species flock interaction strength and
nuclear species roles. Behav. Ecol. 32, 69–81.
(doi:10.1093/beheco/araa103)
45. Janzen DH. 1967 Why mountain passes are higher
in the tropics. Am. Nat. 101, 233–249.

46. Stevens GC. 1989 The latitudinal gradient in
geographical range: how so many species coexist in the
tropics. Am. Nat. 133, 240–256. (doi:10.1086/284913)

47. Zou F, Jones H, Jiang D, Lee TM, Martínez A, Sieving
K, Zhang M, Zhang Q, Goodale E. 2018 The
conservation implications of mixed-species flocking
in terrestrial birds, a globally-distributed species
interaction network. Biol. Conserv. 224, 267–276.
(doi:10.1016/j.biocon.2018.06.004)

48. Vuilleumier F. 1967 Mixed species flocks in
Patagonian forests, with remarks on interspecies
flock formation. The Condor 69, 400–404. (doi:10.
2307/1366201)

49. Marra PP, Remsen JV. 1997 Insights into the
maintenance of high species diversity in the
Neotropics: habitat selection and foraging behavior
in understory birds of tropical and temperate
forests. Ornithol. Monogr. 48, 445–483. (doi:10.
2307/40157547)

50. Mansor MS, Rozali FZ, Abdullah NA, Nor SM, Ramli
R. 2019 How important is aerial leaf litter for
insectivorous birds foraging in a Malaysian tropical
forest? Glob. Ecol. Conserv. 20, e00722. (doi:10.
1016/j.gecco.2019.e00722)

51. Jones HH, Walters MJ, Robinson SK. 2020 Do similar
foragers flock together? Nonbreeding foraging
behavior and its impact on mixed-species flocking
associations in a subtropical region. The Auk 137,
ukz079. (doi:10.1093/auk/ukz079)

52. Alatalo RV. 1981 Interspecific competition in tits
Parus spp. and the goldcrest Regulus regulus:
foraging shifts in multispecific flocks. Oikos 37,
335–344. (doi:10.2307/3544125)

53. Kajiki LN, Montaño-Centellas F, Mangini G, Colorado
Z GJ, Fanjul ME. 2018 Ecology of mixed-species
flocks of birds across gradients in the Neotropics.
Rev. Bras. Ornitol. 26, 82–89. (doi:10.1007/
BF03544419)

54. Colorado Zuluaga GJ, Rodewald AD. 2015
Response of mixed-species flocks to habitat
alteration and deforestation in the Andes.
Biol. Conserv. 188, 72–81. (doi:10.1016/j.biocon.
2015.02.008)

55. Vásquez-Ávila B, Knowlton JL, Espinosa CI, Tinoco
BA. 2021 Habitat alteration modifies the structure
and function of mixed-species flocks in an Andean
landscape. Biotropica 53, 1153–1162. (doi:10.1111/
btp.12957)

56. Renjifo LM. 1999 Composition changes in a
Subandean avifauna after long-term forest
fragmentation. Conserv. Biol. 13, 1124–1139.
(doi:10.1046/j.1523-1739.1999.98311.x)

57. Rutt CL, Mokross K, Kaller MD, Stouffer PC. 2020
Experimental forest fragmentation alters Amazonian
mixed-species flocks. Biol. Conserv. 242, 108415.
(doi:10.1016/j.biocon.2020.108415)

58. Farine DR, Whitehead H. 2015 Constructing,
conducting and interpreting animal social network
analysis. J. Anim. Ecol. 84, 1144–1163. (doi:10.
1111/1365-2656.12418)
59. Tylianakis JM, Morris RJ. 2017 Ecological networks
across environmental gradients. Ann. Rev. Ecol. Evol.
Syst. 48, 25–48. (doi:10.1146/annurev-ecolsys-
110316-022821)

60. Munn CA, Terborgh JW. 1979 Multi-species
territoriality in neotropical foraging flocks. The Condor
81, 338–347. (doi:10.2307/1366956)

61. Powell GVN. 1985 Sociobiology and adaptive
significance of interspecific foraging flocks in the
neotropics. Ornithol. Monogr. 36, 713–732. (doi:10.
2307/40168313)

62. Whitehead H, Dufault S. 1999 Techniques for
analyzing vertebrate social structure using identified
individuals. Adv. Stud. Behav. 28, 33–74.

63. Davis GH, Crofoot MC, Farine DR. 2018 Estimating
the robustness and uncertainty of animal social
networks using different observational methods.
Anim. Behav. 141, 29–44. (doi:10.1016/j.anbehav.
2018.04.012)

64. Silk MJ, Jackson AL, Croft DP, Colhoun K, Bearhop S.
2015 The consequences of unidentifiable individuals
for the analysis of an animal social network.
Anim. Behav. 104, 1–11. (doi:10.1016/j.anbehav.
2015.03.005)

65. Handbook of the Birds of the World and BirdLife
International. 2020 Digital checklist of the birds of
the world. Version 5. Available at: http://datazone.
birdlife.org/userfiles/file/Species/Taxonomy/
Handbook_of_the_Birds_of_the_World_and_
BirdLife_International_Digital_Checklist_of_the_
Birds_of_the_World_Version_5.pdf.

66. Hoppitt WJE, Farine DR. 2018 Association indices for
quantifying social relationships: how to deal with missing
observations of individuals or groups. Anim. Behav. 136,
227–238. (doi:10.1016/j.anbehav.2017.08.029)

67. Croft DP, Madden JR, Franks DW, James R. 2011
Hypothesis testing in animal social networks.
Trends Ecol. Evol. 26, 502–507. (doi:10.1016/j.tree.
2011.05.012)

68. Farine DR. 2017 A guide to null models for animal
social network analysis. Methods Ecol. Evol. 8,
1309–1320. (doi:10.1111/2041-210X.12772)

69. Newman MEJ. 2006 Modularity and community
structure in networks. Proc. Natl Acad. Sci. USA 103,
8577–8582. (doi:10.1073/pnas.0601602103)

70. Clauset A, Newman MEJ, Moore C. 2004 Finding
community structure in very large networks. Phys.
Rev. E 70, 066111. (doi:10.1103/PhysRevE.70.066111)

71. Soffer SN, Vázquez A. 2005 Network clustering
coefficient without degree-correlation biases. Phys. Rev.
E 71, 057101. (doi:10.1103/PhysRevE.71.057101)

72. Wasserman S, Faust K. 1994 Social network analysis:
methods and applications. Cambridge, UK:
Cambridge University Press.

73. R Core Team. 2013 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

74. Csardi MG. 2013 Package ‘igraph’. Netw. Anal. Vis.
3, 214–217.

75. Opsahl T. 2020 Package tnet: weighted, two-mode,
and longitudinal networks analysis. Vienna,
Austria: R Foundation for Statistical Computing.

http://dx.doi.org/10.2307/1369547
http://dx.doi.org/10.1093/ornithology/ukab087
http://dx.doi.org/10.1093/ornithology/ukab087
http://dx.doi.org/10.1111/btp.12551
http://dx.doi.org/10.1093/auk/ukaa049
http://dx.doi.org/10.1071/MU9820256s
http://dx.doi.org/10.1071/MU9820256s
http://dx.doi.org/10.1080/00222933.2012.717644
http://dx.doi.org/10.1080/00222933.2012.717644
http://dx.doi.org/10.2307/1936921
http://dx.doi.org/10.2326/osj.16.131
https://doi.org/10.2307/40168312
http://dx.doi.org/10.1111/j.1474-919X.2011.01105.x
http://dx.doi.org/10.1111/j.1474-919X.2011.01105.x
http://dx.doi.org/10.1017/S0266467400009524
http://dx.doi.org/10.1017/S0266467400009524
http://dx.doi.org/10.1111/1365-2656.12300
http://dx.doi.org/10.1093/beheco/araa103
http://dx.doi.org/10.1086/284913
http://dx.doi.org/10.1016/j.biocon.2018.06.004
https://doi.org/10.2307/1366201
https://doi.org/10.2307/1366201
https://doi.org/10.2307/40157547
https://doi.org/10.2307/40157547
http://dx.doi.org/10.1016/j.gecco.2019.e00722
http://dx.doi.org/10.1016/j.gecco.2019.e00722
http://dx.doi.org/10.1093/auk/ukz079
https://doi.org/10.2307/3544125
http://dx.doi.org/10.1007/BF03544419
http://dx.doi.org/10.1007/BF03544419
http://dx.doi.org/10.1016/j.biocon.2015.02.008
http://dx.doi.org/10.1016/j.biocon.2015.02.008
http://dx.doi.org/10.1111/btp.12957
http://dx.doi.org/10.1111/btp.12957
https://doi.org/10.1046/j.1523-1739.1999.98311.x
http://dx.doi.org/10.1016/j.biocon.2020.108415
http://dx.doi.org/10.1111/1365-2656.12418
http://dx.doi.org/10.1111/1365-2656.12418
http://dx.doi.org/10.1146/annurev-ecolsys-110316-022821
http://dx.doi.org/10.1146/annurev-ecolsys-110316-022821
http://dx.doi.org/10.2307/1366956
http://dx.doi.org/10.2307/40168313
http://dx.doi.org/10.2307/40168313
http://dx.doi.org/10.1016/j.anbehav.2018.04.012
http://dx.doi.org/10.1016/j.anbehav.2018.04.012
http://dx.doi.org/10.1016/j.anbehav.2015.03.005
http://dx.doi.org/10.1016/j.anbehav.2015.03.005
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/Handbook_of_the_Birds_of_the_World_and_BirdLife_International_Digital_Checklist_of_the_Birds_of_the_World_Version_5.pdf
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/Handbook_of_the_Birds_of_the_World_and_BirdLife_International_Digital_Checklist_of_the_Birds_of_the_World_Version_5.pdf
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/Handbook_of_the_Birds_of_the_World_and_BirdLife_International_Digital_Checklist_of_the_Birds_of_the_World_Version_5.pdf
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/Handbook_of_the_Birds_of_the_World_and_BirdLife_International_Digital_Checklist_of_the_Birds_of_the_World_Version_5.pdf
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/Handbook_of_the_Birds_of_the_World_and_BirdLife_International_Digital_Checklist_of_the_Birds_of_the_World_Version_5.pdf
http://dx.doi.org/10.1016/j.anbehav.2017.08.029
http://dx.doi.org/10.1016/j.tree.2011.05.012
http://dx.doi.org/10.1016/j.tree.2011.05.012
http://dx.doi.org/10.1111/2041-210X.12772
http://dx.doi.org/10.1073/pnas.0601602103
http://dx.doi.org/10.1103/PhysRevE.70.066111
http://dx.doi.org/10.1103/PhysRevE.71.057101


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

378:20220099

12

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 A

pr
il 

20
23

 

76. Farine DR. 2013 Animal social network inference
and permutations for ecologists in R using asnipe.
Methods Ecol. Evol. 4, 1187–1194. (doi:10.1111/
2041-210X.12121)

77. Venter O et al. 2016 Sixteen years of change in the
global terrestrial human footprint and implications
for biodiversity conservation. Nat. Commun. 7,
12558. (doi:10.1038/ncomms12558)

78. Hansen MC et al. 2013 High-resolution global maps
of 21st-century forest cover change. Science 342,
850–853. (doi:10.1126/science.1244693)

79. Ferrari S, Cribari-Neto F. 2004 Beta regression for
modelling rates and proportions. J. Appl. Stat. 31,
799–815. (doi:10.1080/0266476042000214501)

80. Shizuka D, Farine DR. 2016 Measuring the
robustness of network community structure using
assortativity. Anim. Behav. 112, 237–246. (doi:10.
1016/j.anbehav.2015.12.007)

81. Pomara LY, Cooper RJ, Petit LJ. 2007 Modeling the
flocking propensity of passerine birds in two
Neotropical habitats. Oecologia 153, 121–133.
(doi:10.1007/s00442-007-0701-7)

82. Moynihan MH. 1962 The organization and probable
evolution of some mixed species flocks of neotropical
birds. Smithsonian Misc. Collections 143, 1–140.

83. Moynihan M. 1979 Geographic variation in social
behavior and in adaptations to competition among
Andean birds. Publications Nuitall Ornithol. Club 18,
89–147.

84. Freund CA, Clark KE, Curran JF, Asner GP, Silman MR.
2021 Landslide age, elevation and residual vegetation
determine tropical montane forest canopy recovery
and biomass accumulation after landslide
disturbances in the Peruvian Andes. J. Ecol. 109,
3555–3571. (doi:10.1111/1365-2745.13737)

85. Goodale E, Beauchamp G, Magrath RD, Nieh JC,
Ruxton GD. 2010 Interspecific information transfer
influences animal community structure. Trends Ecol.
Evol. 25, 354–361. (doi:10.1016/j.tree.2010.01.002)

86. Rahbek C, Graves GR. 2001 Multiscale assessment of
patterns of avian species richness. Proc. Natl Acad.
Sci. USA 98, 4534–4539. (doi:10.1073/pnas.
071034898)

87. Hutto RL. 1987 A description of mixed-species
insectivorous bird flocks in Western Mexico. The
Condor 89, 282–292. (doi:10.2307/1368481)

88. Kotagama S, Goodale E. 2004 The composition and
spatial organisation of mixed-species flocks in a Sri
Lankan rainforest. Forktail 20, 63–70.

89. Aleixo A. 1997 Composition of mixed-species birds
flocks and abundance of flocking species in a
semideciduous forest of southeastern Brazil. Rev.
Brasil. Ornitol. 5, 11–18.

90. Shen Y, Holyoak M, Goodale E, Mammides C, Zou F,
Chen Y, Zhang C, Quan Q, Zhang Q. 2022 Mixed-
species bird flocks re-assemble interspecific
associations across an elevational gradient.
Proc. R. Soc. B 289, 20221840. (doi:10.1098/rspb.
2022.1840)

91. Sridhar H et al. 2012 Positive relationships between
association strength and phenotypic similarity
characterize the assembly of mixed-species bird
flocks worldwide. Am. Nat. 180, 777–790. (doi:10.
1086/668012)

92. Beaudrot L, Palmer MS, Anderson TM, Packer C.
2020 Mixed-species groups of Serengeti grazers: a
test of the stress gradient hypothesis. Ecology 101,
e03163. (doi:10.1002/ecy.3163)

93. Stratford JA, Stouffer PC. 2015 Forest fragmentation
alters microhabitat availability for Neotropical
terrestrial insectivorous birds. Biol. Conserv. 188,
109–115. (doi:10.1016/j.biocon.2015.01.017)

94. Rosenberg GH. 1990 Habitat specialization and
foraging behavior by birds of Amazonian River
islands in northeastern Peru. The Condor 92,
427–443. (doi:10.2307/1368240)

95. Walther BA. 2002 Grounded ground birds and
surfing canopy birds: variation of foraging stratum
breadth observed in Neotropical forest birds and
tested with simulation models using boundary
constraints. The Auk 119, 658–675. (doi:10.1093/
auk/119.3.658)
96. Thiollay JM. 1999 Frequency of mixed
species flocking in tropical forest birds and
correlates of predation risk: an intertropical
comparison. J. Avian Biol. 30, 282–294.
(doi:10.2307/3677354)

97. Jullien M, Thiollay JM. 1998 Multi-species
territoriality and dynamic of Neotropical
forest understorey bird flocks. J. Anim. Ecol.
67, 227–252. (doi:10.1046/j.1365-2656.1998.
00171.x)

98. Alcock J. 2009 Animal behavior: an evolutionary
approach, 9th edn. Sunderland, MA: Sinauer
Associates.

99. Jullien M, Thiollay JM. 1996 Effects of rain forest
disturbance and fragmentation: comparative
changes of the raptor community along natural and
human-made gradients in French Guiana.
J. Biogeogr. 23, 7–25.

100. Chapa-Vargas L, Ceballos G, Tinajero R, Torres-
Romero EJ. 2019 Latitudinal effects of
anthropogenic factors driving raptor species richness
across the American continent. J. Biogeogr. 46,
1948–1958. (doi:10.1111/jbi.13637)

101. Remsen JV. 1985 Community organization and
ecology of birds of high elevation humid forest of
the Bolivian Andes. Ornithol. Monogr. 36, 733–756.
(doi:10.2307/40168314)

102. Camerlenghi E, Tellaroli P, Griggio M, Martínez AE.
2019 Information about predators varies across an
Amazonian rain forest as a result of sentinel species
distribution. Am. Nat. 194, E134–E139. (doi:10.
1086/705242)

103. Montaño-Centellas FA et al. 2023 Data from:
Network structure of avian mixed-species flocks
decays with elevation and latitude across the Andes.
Dryad Digital Repository. (doi:10.5061/dryad.
w0vt4b8wd)

104. Montaño-Centellas FA et al. 2023 Network structure
of avian mixed-species flocks decays with elevation
and latitude across the Andes. Figshare. (doi:10.
6084/m9.figshare.c.6460994)

https://doi.org/10.1111/2041-210X.12121
https://doi.org/10.1111/2041-210X.12121
http://dx.doi.org/10.1038/ncomms12558
http://dx.doi.org/10.1126/science.1244693
http://dx.doi.org/10.1080/0266476042000214501
http://dx.doi.org/10.1016/j.anbehav.2015.12.007
http://dx.doi.org/10.1016/j.anbehav.2015.12.007
http://dx.doi.org/10.1007/s00442-007-0701-7
http://dx.doi.org/10.1111/1365-2745.13737
http://dx.doi.org/10.1016/j.tree.2010.01.002
http://dx.doi.org/10.1073/pnas.071034898
http://dx.doi.org/10.1073/pnas.071034898
http://dx.doi.org/10.2307/1368481
http://dx.doi.org/10.1098/rspb.2022.1840
http://dx.doi.org/10.1098/rspb.2022.1840
http://dx.doi.org/10.1086/668012
http://dx.doi.org/10.1086/668012
http://dx.doi.org/10.1002/ecy.3163
http://dx.doi.org/10.1016/j.biocon.2015.01.017
https://doi.org/10.2307/1368240
http://dx.doi.org/10.1093/auk/119.3.658
http://dx.doi.org/10.1093/auk/119.3.658
http://dx.doi.org/10.2307/3677354
http://dx.doi.org/10.1046/j.1365-2656.1998.00171.x
http://dx.doi.org/10.1046/j.1365-2656.1998.00171.x
http://dx.doi.org/10.1111/jbi.13637
http://dx.doi.org/10.2307/40168314
http://dx.doi.org/10.1086/705242
http://dx.doi.org/10.1086/705242
http://dx.doi.org/10.5061/dryad.w0vt4b8wd
http://dx.doi.org/10.5061/dryad.w0vt4b8wd
http://dx.doi.org/10.6084/m9.figshare.c.6460994
http://dx.doi.org/10.6084/m9.figshare.c.6460994

	Network structure of avian mixed-species flocks decays with elevation and latitude across the Andes
	Introduction
	Methods
	Mixed-species flocks data collection and selection criteria
	Interaction networks of flocking birds
	Environmental predictors of network structure
	Network structure across environmental gradients

	Results
	Interaction networks of flocking species
	Predictors of network structure and network properties

	Discussion
	Interaction networks of mixed-species flocks in the Andes are largely unstructured
	Network connectivity and cohesion increase with latitude and elevation
	Habitat quality influences flock structure
	Environmental gradients and the open-membership hypotheses
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding

	Acknowledgements
	References


