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Abstract. Predation is a strong ecological force that shapes animal communities through natural
selection. Recent studies have shown the cascading effects of predation risk on ecosystems through
changes in prey behavior. Minimizing predation risk may explain why multiple prey species associate
together in space and time. For example, mixed-species flocks that have been widely documented from
forest systems, often include birds that eavesdrop on sentinel species (alarm calling heterospecifics).
Sentinel species may be pivotal in (1) allowing flocking species to forage in open areas within forests
that otherwise incur high predation risk, and (2) influencing flock occurrence (the amount of time spe-
cies spend with a flock). To test this, we conducted a short-term removal experiment in an Amazonian
lowland rainforest to test whether flock habitat use and flock occurrence was influenced by sentinel
presence. Antshrikes (genus Thamnomanes) act as sentinels in Amazonian mixed-species flocks by pro-
viding alarm calls widely used by other flock members. The alarm calls provide threat information
about ambush predators such as hawks and falcons which attack in flight. We quantified home range
behavior, the forest vegetation profile used by flocks, and the proportion occurrence of other flocking
species, both before and after removal of antshrikes from flocks. We found that when sentinel species
were removed, (1) flock members shifted habitat use to lower risk habitats with greater vegetation
cover, and (2) species flock occurrence decreased. We conclude that eavesdropping on sentinel species
may allow other species to expand their realized niche by allowing them to safely forage in high-risk
habitats within the forest. In allowing species to use extended parts of the forest, sentinel species may
influence overall biodiversity across a diverse landscape.

Key words: heterospecific eavesdropping; landscape of fear; mixed-species flocks; neotropical rainforest; niche-
shift; predation-risk; realized niche; social information; species coexistence.

INTRODUCTION

The effect of predation on communities has been a central
focus of ecology for over 100 years. Recent studies have
shown the cascading effects of predation risk on ecosystems
through changes in prey behavior (Lima and Dill 1990, Sur-
aci et al. 2016, Breviglieri et al. 2017). At large spatial scales
a landscape of fear (Laundr�e et al. 2010) is described when
predation risk shifts the distribution of prey in the landscape
changing dominant vegetation, as demonstrated in elk-wolf
and ungulate-lion interactions (Laundr�e et al. 2001, Valeix
et al. 2009). Even at smaller scales, significant change arises
when predation risk is detected and acted upon. For exam-
ple, vulnerable size classes of bluegill fish completely change
habitat use to safer, more complex, habitat when predators
are detected, leading to a variety of ecological changes (Wer-
ner et al. 1983, Werner and Hall 1988). Thus, behavioral
responses of prey to predators can lead to changes in
resource use in space and time, representing a shift in the
realized niche of species (Sepp€anen et al. 2007).
Since predation is such a strong selective force, any advan-

tages prey develop could significantly impact survival. For
example, information concerning predator presence is vital,
and eavesdropping on heterospecifics for such information
can provide distinct advantages (Magrath et al. 2015).
Eavesdropping works best in densely populated assemblages
(Magrath et al. 2015), and there are many striking examples

(e.g., between hornbills and monkeys, Rainey et al. 2004,
drongos and babblers, Goodale and Kotagama 2005).
Eavesdropping may provide ecological benefits that influ-
ence the realized niche of species (Odling-Smee et al. 1996,
Harrison and Whitehouse 2011), increasing benefits of those
that utilize it (Ridley et al. 2014, Schmitt et al. 2016). Theo-
retically, eavesdropping may allow expansion of niche space
into high predator risk areas, for high gain, but at low cost
(Bruno et al. 2003, He et al. 2013, Crotty and Bertness
2015). Building on these previous studies, we define the fear-
based niche shift hypothesis: threat information produced by
sentinel species about shared predators is used by less-vigi-
lant species to increase their realized niche to include higher
risk habitats.
Because mixed-species flocks of birds live in close contact

with each other in communities where predation risk is high,
they are ideal for testing this hypothesis (Goodale et al.
2010). In the Amazon, mixed-species flocks contain stable
territories over generations (Mart�ınez and Gomez 2013),
and comprise species that occupy different foraging ecolo-
gies, suggesting that flocking is not the result of foraging
benefits in which species help each other locate food patches
(Martinez and Robinson 2016). The flocks mostly consist of
5–8 species, and are hypothesized to be assembled around
1–2 alarm-calling species (genus Thamnomanes) which pro-
duce predator risk information, primarily related to ambush
raptors in the genera Micrastur and Accipter that is used by
the entire flock (Munn 1986, Thiollay and Jullien 1998,
Schulenberg et al. 2010). The availability of this information
related to predation risk presumably enables heterospecifics
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to safely exploit riskier habitats (Powell 1989, Thiollay and
Jullien 1998).
We conducted a direct experimental test of the fear-based

niche shift hypothesis, and tested whether the presence of the
alarm-calling species (Thamnomanes ardesiacus) influenced
the realized niche of the flock by enabling other flocking
species to utilize open (riskier) habitats. We predicted that in
the absence of the alarm-calling species, the flock would
shift territory use to areas of lower predation risk (denser
vegetation cover), and that the remaining flock members
would reduce flock occurrence due to a loss of benefits
gained from heterospecific vigilance.

METHODS

Our objective was to measure the influence of an alarm-
calling flocking bird (hereafter referred to as “sentinel”) on
the realized niche of other species in the flock. We con-
ducted an experiment in which we temporarily removed the
alarm calling species and measured the response of other
flocking species, by determining (1) whether they shifted in
their home range behavior, (2) whether changes in home
range behavior reflected changes in vegetation cover at dif-
ferent forest heights and (3) whether the proportion of time
species remained in the flock decreased (flock occurrence).

Study site

Our experiment was conducted in tropical lowland for-
est in southeastern Peru, adjacent to Manu National
Park, at Pantiacolla Lodge (Appendix S1: Fig. S1, Lati-
tude 12°39036″ Longitude 71°13093″) from June 23rd to
August 28th 2014. The study site sits on the north bank
of the Rio Alto Madre de Dios, and consists of a combi-
nation of mature tierra firme and transitional forests (that
share characteristics of both seasonally inundated and
tierra firme forests) with patches of bamboo. Flocks used
in our experiment were located on upland tierra firme
mature forest.
We identified eight flocks and randomly assigned each

flock to serve as a control or removal. Many of the birds
from these flocks were previously banded in 2013. We sur-
veyed flocks using the methodology described in, Mart�ınez
and Gomez (2013), in which we conducted censuses of the
presence of all species in the flock at half hour intervals to
derive a percent occurrence for each species in the flock. To
accomplish this, flocks were censused by teams of two obser-
vers from dawn to dusk over 3 d prior to, and 3 d following,
the manipulation. In groups designated as removals we
removed the members of the target species. In groups desig-
nated as controls, we captured and released the target spe-
cies to simulate handling effects. Two groups of observers
simultaneously observed a separate flock each, which were
randomly assigned as either removal or control treatments.
In this study, we focus on the core species that are perma-
nently associated with these flocks and to which individuals
show a high degree of flock fidelity (Munn and Terborgh
1979, Jullien and Thiollay 1998). To measure responses of
the flock, we focused observations on Myrmotherula axil-
laris because this species is the most consistent and visible
flocking species at our site and throughout southwestern

Amazonia. We used the locations of this species to define
the centroid for the whole flock. This approach has been
used to characterize flock location in past studies (Munn
1985, Mokross et al. 2014, Martinez et al. 2017).
The core group species share a year round roosting site

from which the flock leaves every morning to begin actively
foraging throughout its home range (Mart�ınez and Gomez
2013).
To capture and remove the pair or family group of

T. ardesiacus, we set up four to six mist nets at roosting sites,
and used playbacks of T. ardesiacus to attract them toward
the nets. Concurrently, the same procedure was conducted
at control flocks, in order to control for the level of distur-
bance, with the main difference being that once the T. arde-
siacus were all captured, they were released after netting was
complete. The T. ardesiacus removed from flocks were held
in small aviaries with natural vegetation and fed orthopter-
ans for three days, at which point they were released back
into their territories. In three of four removals, floater
T. ardesiacus appeared within 24–48 h. To prevent them
from joining the flock, we used territorial song playbacks
which had the effect of driving these floaters away shortly
after playback was used. These territorial playbacks were
also played at control flocks.
To quantify the location of the flock, a third observer

used a GPS device every 10 min to record the center of the
flock as defined by M. axillaris. At each of these points, the
observer also used a range finder to measure canopy height,
and visually estimated overall vegetation presence or
absence and vine presence or absence at a range of height
intervals at the location of the flock (MacArthur and Horn
1969, Sridhar and Sankar 2008). The same observers used
to estimate flock location estimated vegetation presence or
absence at different height intervals (as in Sridhar and San-
kar 2008); and these observers were trained, and field-tested
in estimating vegetation height using a handheld rangefin-
der. The training consisted of intense day-long training and
testing for 1 week prior to the study. Vegetation height inter-
vals were 0–1, 1.1–2, 2.1–4, 4.1–8, 8.1–16, 16.1–32, 32+ m.
We used doubling height classes (e.g., 1–2, 2–4, 4–8 m) since
visual height estimation becomes more imprecise with
increasing distance from the observer.
We used Kernel Density Estimation (KDE) to derive

Utilization Densities (UD) which are probabilistic models
that describe the relative amount of time that an animal
spends in any place and as such effectively describes an
animal’s home range (Worton 1989, Seaman and Powell
1996). KDE is a standard technique used in many studies
that describe animal space use patterns. The kernel esti-
mation is essentially a probability density function that
describes the probability of how often an animal uses that
particular space. The use of KDEs provides an unbiased
home range estimator with high biological relevance, par-
ticularly for addressing flocks with multiple centers of
activity and unknown levels of animal-habitat relation-
ships (B€orger et al. 2006). We account for any potential
autocorrelation in GPS points by using a smoothed
cross-validation bandwidth selector, from the Hscv func-
tion in the ks package in R (Duong 2007; Duong 2016).
To account for the tradeoff of variance and bias in den-
sity surfaces, we compared isopleth estimations at 10%
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intervals for each flock. Thus, we used 90% KDE in
order to maximize sampling observations used to estimate
space use patterns of each flock while minimizing the use
of extreme outliers that may generate bias (B€orger et al.
2006). We used 90% KDEs to generate UDs before and
after removal events for both types of flocks (removal
and control). For all flocks we used pre-manipulation
data to estimate home range size. We dropped one of our
control flocks from the analysis because we had poor
spatial sampling due to logistical difficulties.
We compared UDs of pre-manipulation vs. post-manip-

ulation flock use, to determine the proportion of area
overlap. Once a proportion of overlap was obtained for
each flock, we evaluated if variation in the proportion of
overlap in home range movements was explained by the
removal of the sentinel species using a beta regression.
The beta regression is effective for evaluating cases in
which the response variable is continuous and bounded
by 0 and 1 as in the case of modeling proportions (Fer-
rari and Cribari-Neto 2004). Simulations have shown that
this statistical approach is robust in providing parameter
estimates and model predictions in scenarios with chal-
lenging data structures such as low samples sizes or bin-
ary predictors with few events (Ogundimu and Collins
2017). The modeling procedures used in a beta regression
are similar to those used for generalized linear models
and draws inference through maximum likelihood for
parameter estimation. In using maximum likelihood
approach the mean of the beta distribution is modeled as
a linear combination of the independent variables. We
subsequently compared a goodness of fit by conducting a
likelihood ratio test. We compared our model to a null
model, using the mean overlap amongst all flocks without
the treatment effect of removal.
We used generalized linear mixed models (GLMMs) to

determine whether removal of the alarm calling species
affected (1) the degree of vegetation cover used by flocks,
and (2) the percent of time species were found in flocks
(species flocking occurrence). Vegetation cover was quan-
tified as the presence/absence at different heights for each
time interval. We modeled vegetation cover using a bino-
mial distribution in which sentinel removal, trial stage
(pre vs. post), and height interval were treated as categor-
ical fixed effects. Individual flock was treated as a ran-
dom effect. Similarly, because we quantified the presence
and absence of species in each flock during multiple time
intervals, we used a binomial distribution to model the
presence or absence of species in a flock. In the species
occurrence model, we treated sentinel removal, trial stage,
and species, as categorical fixed effects to evaluate overall
occurrence within the flock. In each analyses we used
Likelihood Ratio Tests to compare the full model to the
null model. We also derive marginal R2 (proportion of
variance explained by the fixed effect) and the conditional
R2 (proportion of variance explained by both fixed and
random effects) values (Nakagawa and Schielzeth 2013)
for the fitted models, and parameter estimates, and 95%
confidence intervals for model terms using restricted max-
imum likelihood. All GLMMs were conducted using the
glmer function in the lme4 package in R. Data analyses
were conducted in R version 3.3.2 (R Core Team 2016).

RESULTS

Space use

We analyzed home range sizes of removal and control
flocks (n = 7, �x [SE] 2.76 ha [0.29]), before and after manip-
ulation and found distinct shifts in home range use (terri-
tory) in removal flocks (experimental flocks had lower
overlap between pre vs. post manipulation while control

FIG. 1. Home range behavior between flocks with and without
removal of sentinel species. A comparison of changes in home range
behavior between a control and removal flock, respectively. The
home ranges are based on 90% Kernel density estimation derived
from mapping points after following flocks three days during the
pre trial (red) and post trial (blue). The figures show the patterns for
(a) a control flock in which T. ardesiacus was not removed from the
flock. (b) A removal flock in which T. ardesiacus, an alarm calling
bird was removed in the post trial. See Appendix S1 for the home
range behavior of all control and removal flocks.
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TABLE 1. The effect of removal of sentinels on vegetation cover used by flocks.

k logLik Deviance v2 df P value Marginal R2 Conditional R2 b 95% CI

(a) Model description
Null 2 �845 1689.9 – – –
Treatment 9 Trial Stage
9 Height Interval

29 �372.5 744.9 945 27 <0.0001 0.14 0.14

(b) Model terms†
(Intercept) 1,83 �0.13 �0.27 0.01
Treatment 2,83 0.05 �0.17 0.26
Trial Stage 2,83 0.02 �0.19 0.23
Height Interval 7,83
Height Interval (1–2 m) 0.18 �0.39 0.02
Height Interval (2–4 m) 0.19 �0.39 0.02
Height Interval (4–8 m) 0.13 �0.33 0.07
Height Interval (8–16 m) 0.19 �0.39 0.02
Height Interval (16–32 m) 0.17 �0.38 0.03
Height Interval (32 m+) 1.87 �2.18 1.56
Treatment 9 Trial Stage 0.14 �0.43 0.16
Treatment 9 Height Interval 20,83 0.01 �0.30 0.31
Treatment : Height Interval
(1–2 m)

0.02 �0.28 0.33

Treatment : Height Interval
(2–4 m)

0.08 �0.38 0.23

Treatment : Height Interval
(4–8 m)

0.08 �0.38 0.23

Treatment : Height Interval
(8–16 m)

0.10 �0.41 0.21

Treatment : Height Interval
(16–32 m)

0.42 �0.93 0.10

Treatment : Height Interval
(32 m+)

0.01 �0.30 0.31

Trial Stage 9 Height Interval 20,83
Trial Stage : Height Interval
(1–2 m)

0.10 �0.21 0.40

Trial Stage : Height Interval
(2–4 m)

0.09 �0.21 0.40

Trial Stage : Height Interval
(4–8 m)

0.04 �0.27 0.34

Trial Stage : Height Interval
(8–16 m)

0.06 �0.25 0.36

Trial Stage : Height Interval
(16–32 m)

0.19 �0.50 0.12

Trial Stage : Height Interval
(32 m+)

0.58 �1.12 0.05

Treatment 9 Trial Stage
9 Height Interval

34,83

Treatment : Trial Stage :
Height Interval (1–2 m)

0.07 �0.49 0.36

Treatment : Trial Stage :
Height Interval (2–4 m)

0.04 �0.46 0.39

Treatment : Trial Stage :
Height Interval (4–8 m)

0.04 �0.38 0.47

Treatment : Trial Stage :
Height Interval (8–16 m)

0.09 �0.34 0.52

Treatment : Trial Stage :
Height Interval (16–32 m)

0.32 �0.12 0.75

Treatment : Trial Stage :
Height Interval (32 m+)

0.65 �0.11 1.40

Notes: Results of analyses of generalized linear mixed effects models with a binomial error distribution to evaluate the change in structure
of forest cover used by the flock after removal of T. ardesicacus. In (a) a likelihood ratio test (LRT) to evaluate the model with best fit
includes flock type as a random effect. k: number of parameters in the model; logLik: refers to the maximum log likelihood estimate;
deviance: absolute deviance; v2: Chi-square value from likelihood ratio test; P value: significance level of LRT; Marginal R2: variation in
model accounted for by fixed effects; Conditional R2: variation in model incorporating both fixed and random effects. In (b) parameter esti-
mates (b) and 95% confidence Intervals (CI) for the fitted model. df: numerator and denominator degrees of freedom.
†Descriptions of models refer to fixed effects only.
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flocks had much greater overlap pre vs. post manipulation;
average home range overlap between pre and post treatment
and �95% Wald type confidence interval [CI], Control =
0.69 � [0.37, 0.90] vs. Removal 0.08 � [0.02, 0.28], df = 3,
pseudo R2 = 0.61, Likelihood Ratio Testalt model/null model:
v2 = 6.03, P = 0.011, between our model and the null, see
Fig. 1 for an example of a control and a removal and
Appendix S1 for results from all flocks).
The differences in vegetation cover for different forest

strata suggest that flocks use different parts of the forest
once sentinel birds are removed. Our model for overall vege-
tation cover suggests an interaction between vegetation
cover at specific height intervals and the effect of removal
(Table 1a, Fig. 2). The largest change in vegetation cover
varied between control and removal flocks at lower height
intervals: vegetation cover in parts of the forest used by
removal flocks was denser at lower forest heights and more
open for control flocks (Table 1b, Fig. 2).

Changes in flock occurrence

Flocking species showed lower flock occurrence after sen-
tinel removal although the effect varied between species
(Table 2a,b, Fig. 3). The removal of T. ardesiacus resulted
in lower flocking occurrence of almost all of the highly
attendant flocking species commonly found in these flocks
in the absence of T. ardesiacus, while the control flocks did
not show this pattern (Table 2b, Fig. 3).

DISCUSSION

Our results provide direct experimental evidence in sup-
port of the hypothesis that sentinels are central to the

formation of stable multi-species flocks of birds. We suggest
that association with alarm-calling birds may allow niche
expansion of less-vigilant flocking species into riskier habi-
tats. Previous studies have consistently hypothesized that
mixed-species bird flocks in tropical forests form as a
response to predation pressure (Thiollay and Jullien 1998),
but have provided few experimental data in support of the
hypothesis that such formations provide differential use of
habitats (Alatalo et al. 1985).
In stable multi-species Amazonian bird flocks, predation

pressure influences habitat selection; species typically freeze
or move to densely vegetated areas when threatened
(Mart�ınez et al. 2016). Predation risk may be minimized by
predator detection by sentinel species (e.g., antshrikes in
genus Thamnomanes). These key species are always present
in stable multi-species flocks, presumably because they pro-
duce specific vocal alarm-calls when predators are present
(Munn and Terborgh 1979, Mart�ınez et al. 2016). As we
predicted, when the alarm-calling species were removed we
found that other flock species shifted habitat use to presum-
ably safer areas with higher vegetation cover and with a
higher presence of vines compared to control flocks. Due to
logistical and design constraints, we could not test singular
removal of alternate species, regardless, our data show that
disruption through loss of a core species can potentially
influence the realized niche of remaining species. In other
multi-species flock systems, species that lose sentinels
increase their vigilance in the absence of more vigilant het-
erospecifics (Sullivan 1984, Dolby and Grubb 2000), and
show nutritional stress (Dolby and Grubb 1998, 1999).
South African Scimitarbills decreased vigilance by up to
60% and foraged in different habitats in the presence of bab-
blers, who are known for producing predator warning
alarms (Ridley et al. 2014). In addition, several studies have
shown that the presence of sentinel species, Tufted-Titmice
and Carolina Chickadees, can influence space use and move-
ment of associate flocking species (Dolby and Grubb 2000,
Sieving et al. 2004, Tubelis et al. 2006). Unlike temperate
feeding associations, the species represented in neotropical
mixed-species flocks have likely adopted ecological roles
dependent on the communication provided by heterospeci-
fics and alarm calling sentinels (Mart�ınez and Gomez 2013),
to the extent that many species are obligate mixed-species
flock associates (Munn and Terborgh 1979). Our study sug-
gests that flocks use open sections of the forest less often (a
realized niche-shift) when sentinels are removed.
It is worth noting that studies from other flock systems

(including those led by congeners) suggest that sentinels
also benefit from flocks and have been shown to manipu-
late followers (Munn 1986, Goodale and Kotagama 2006,
Radford et al. 2011). Thus, in these systems, flock species
may reciprocally make more open sections of the forest
useful and beneficial to sentinel species (Odling-Smee
et al. 1996). Throughout other parts of Amazonia,
T. schistogynus is the predominant alarm calling bird in
mixed-species flocking systems. Given the evidence that
T. schistogynus is a more vigilant sentinel (Martinez et al.
2017), we suggest that its influence on the realized niche
of other species is significant.
We also predicted a decrease in flock occurrence with the

loss of sentinels and our results suggest a decrease in the

FIG. 2. Change in vegetation cover in forest used by mixed spe-
cies flocks with and without removal of sentinel species. The effects
of generalized linear mixed models with a binomial error distribu-
tion to evaluate change in vegetation cover as a function of the pres-
ence of a sentinel flock species. At 10-min intervals the location of
the flock was recorded and the presence of vegetation cover at dif-
ferent heights of the forest was measured in that location. In the
model, we used the interaction of height interval (categorical vari-
able), with treatment and either pre or post observation period as
fixed effects. We show back-transformed predicted means and 95%
confidence intervals are plotted to show either a net increase or
decrease in vegetation cover at each height interval from pre to post
manipulation periods. Estimates are based on the fixed effects of the
fitted model (Table 1b). Values less than zero indicate a decrease in
vegetation cover (more open areas) whereas estimates above zero
indicate an increase in vegetation cover (denser areas) correspond-
ing to that height within the forest. Data is based on n = 4 for con-
trol and removal groups, respectively.
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amount of time that other highly social species remain in a
flock. While all of these species are considered highly depen-
dent on heterospecific vigilance because of their strategy of

feeding on nearby substrates (and thus lack of awareness of
ambush predators; Mart�ınez et al. 2016), there was signifi-
cant variation across species. We suggest that future studies

TABLE 2. The effect of sentinel removal on species occurrence.

k logLik Deviance v2 df P value Marginal R2 Conditional R2 b 95% CI

(a) Model description
Null 2 �488.9 977.7 – – –
Treatment 9 Trial Stage
9 Species

33 �347.1 694.2 283.5 31 <0.0001 0.14 0.16

(b) Model terms†
(Intercept) 1,69 �0.61 �1.02 0.20
Treatment 2,69 �0.29 �0.89 0.31
Trial Stage 2,69 0.02 �0.38 0.42
Species 8,69
EPER 0.24 �0.15 0.63
EPLE �2.08 �3.14 1.02
GLSP �0.49 �0.92 0.06
HYOC �1.71 �2.38 1.05
MYLO 0.06 �0.35 0.47
MYME 0.35 �0.03 0.73
XIEL 0.08 �0.31 0.47
Treatment 9 Trial Stage 8,69 0.15 �0.44 0.73
Treatment 9 Species 26,69
Treatment 9 EPER �0.32 �0.94 0.30
Treatment 9 EPLE 1.69 0.47 2.90
Treatment 9 GLSP �0.70 �1.43 0.02
Treatment 9 HYOC 1.23 0.35 2.11
Treatment 9 MYLO �0.24 �0.96 0.48
Treatment 9 MYME �0.04 �0.62 0.53
Treatment 9 XIEL �0.99 �1.66 0.32
Trial Stage 9 Species 26,69
Trial Stage 9 EPER �0.77 �1.33 0.21
Trial Stage 9 EPLE �1.53 �3.78 0.73
Trial Stage 9 GLSP �0.09 �0.69 0.50
Trial Stage 9 HYOC 1.55 0.77 2.33
Trial Stage 9 MYLO 0.27 �0.28 0.82
Trial Stage 9 MYME �0.19 �0.71 0.33
Trial Stage 9 XIEL �0.03 �0.56 0.50
Treatment 9 Trial Stage
9 Species

44,69

Treatment 9 Trial Stage
9 EPER

0.86 0.02 1.70

Treatment 9 Trial Stage
9 EPLE

2.68 0.30 5.06

Treatment 9 Trial Stage
9 GLSP

0.88 �0.04 1.81

Treatment 9 Trial Stage
9 HYOC

�1.34 �2.39 0.29

Treatment 9 Trial Stage
9 MYLO

0.40 �0.53 1.32

Treatment 9 Trial Stage
9 MYME

�0.10 �0.87 0.67

Treatment 9 Trial Stage
9 XIEL

0.66 �0.19 1.51

Notes: Results of generalized linear mixed effects models with a binomial error distribution to evaluate the effects of removal of T. ardesi-
acus on flock occurrence of other flocking species. In (a) a likelihood ratio test to evaluate model with best fit which includes flock type as a
random effect. k: number of parameters in the model; logLik: refers to the maximum log likelihood estimate; deviance: absolute deviance;
v2: Chi-square value from likelihood ratio test; P value: significance level of LRT; Marginal R2: variation in model accounted for by fixed
effects; Conditional R2: variation in model incorporating both fixed and random effects. In (b) parameter estimates (b) and confidence inter-
vals for the fitted model. df, numerator and denominator degrees of freedom and LRT specifies model comparisons. Where intercept,
C. carmioli; EPER, E. erythrura; EPLE, E. leucopthalma; GLSP, G. spirurus; MYAX, M. axillaris; MYLO, M. longipennis; MYME,
M. menetriesii; XIEL, X. elegans.
†Descriptions of models refer to fixed effects only.
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explore additional functional traits that may explain this
variation in reliance on heterospecifics. Our field observa-
tions suggest the effect varied by flock. For example, birds
from some flocks stayed together as they all shifted to den-
ser vegetation, while in one flock, individuals switched asso-
ciations and attempted to join canopy flocks led by other
sentinel species. The latter observation explains the apparent
lack of change in home range behavior for one of the
removal flocks (Appendix S1: Fig. S7). Overall, although
flocking occurrence did decrease for most species, the flocks
remained intact suggesting there are other benefits of stay-
ing in the flock even when the alarm calling species are
removed. One possible benefit is the flock dilution effect in
which safety in numbers results from a decrease in mortality
as the number of the group increases (Hamilton 1971, Foster
and Treherne 1981). Another possibility is that the remain-
ing species also provide useful information about predators,
or that multispecies flocking in general is evolutionarily con-
served even in the absence of species that provide key infor-
mation (Brumfield et al. 2007, Mart�ınez et al. 2016).
The use of alarm-calls and other vocal cues within and

between species may be important in the evolution and
maintenance of the rich biological diversity we see in tropi-
cal bird assemblages. These interactions may provide social
information about predators and, vigilant birds may enable
other species to inhabit parts of the forest to promote coex-
istence among species that are both obligate and facultative
members of flocks (Powell 1989, Parejo and Avil�es 2016).
Multi-species flocks in our study area alone include at least
65 bird species joining a single flock (Munn and Terborgh
1979). Additionally, flock territories are stable over multiple
generations (Mart�ınez and Gomez 2013), suggesting that
they may provide long-term benefits for participating species
at evolutionary scales (Odling-Smee et al. 1996, Harrison
and Whitehouse 2011). Given that birds provide key

ecosystem services (e.g., seed dispersal, controlling plant
herbivory), disruption of these these flocks may have cas-
cading effects not only throughout bird assemblages but
ecosystems (Suraci et al. 2016, Breviglieri et al. 2017).
Understanding how flocking species influence species coex-
istence in hyper-diverse tropical forests may provide insight
into the conservation of remaining intact areas as well as
recovery of sites subject to deforestation and degradation.
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