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Abstract

Group living often requires maintaining dynamic and varied relationships with fel-
low group members, while simultaneously monitoring and interacting with external
competitors. Group members in many social species vocalize together to produce
duets or choruses—coordinated, often conspicuous vocal displays—that may play a
role in these interactions. Compared with male-female duets, however, relatively
little research exists on the function and adaptive significance of group choruses,
which involve three or more individuals. Here we investigate chorusing behavior in
the greater ani (Crotophaga major), a communally breeding cuckoo that nests in stable
social groups of four to eight unrelated individuals. Groups may remain together for
several years on the same nesting territory, and groups occasionally destroy each oth-
er's clutches in conflicts over high-quality territories. We asked whether the raucous,
highly stereotyped choruses performed by ani groups are primarily used for intra- or
intergroup communication, and whether they contain information about the identity
of the social group and the number of birds vocalizing. Behavioral observations and
acoustic recordings from three breeding seasons revealed that choruses typically oc-
curred during social interactions within the group (78% of choruses) or in response to
a predator or extra-group individual (17%) and only rarely in intergroup interactions
(4%). Consistent with this finding, choruses did not reliably reflect the number of birds
vocalizing, and we found only limited evidence for group-specific acoustic signatures
(driven by a single group whose choruses were highly distinct). These results suggest
that group choruses play an important role in intra-group signaling, potentially in con-
texts such as group formation, reinforcement of social bonds within the group, and/or
collective decision-making, and they motivate new research questions about the role

of collective signaling in social evolution.
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1 | INTRODUCTION duets, while group-living species produce larger choruses, which
may involve only some or all group members (Mclintyre et al., 2017,
Tobias et al., 2016; Van Belle et al., 2014). The combination of mul-

tiple component voices into a collective signal, which may have

Cooperative groups of animals across a wide range of taxa produce
coordinated collective signals, in which the contributions of multi-
ple signalers combine into a single vocal phenomenon, perceived at properties and structures unique from its constituent parts, offers

the group level (Brumm & Slater, 2007). Pair-living species produce an important window into the interactions and relationships among
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group members themselves, as well as with external receivers be-
yond the group (Hall, 2009; Logue & Krupp, 2016). Identifying the
contexts in which choruses occur, the information they convey, and
which individuals participate can also yield insights into the coevo-
lutionary link between social complexity and communicative com-
plexity (Fernandez et al., 2017; Freeberg et al., 2012; Leighton, 2017;
McComb & Semple, 2005). Compared with the rich literature on
male-female duetting, however, chorusing remains understudied
(Bradley & Mennill, 2009; Hale, 2006; Seddon, 2002). Relatively
few studies have quantified chorus structure, patterns of partici-
pation, or the social contexts in which chorusing occurs, and even
fewer have tested specific hypotheses to explain chorusing behav-
ior (Dowling & Webster, 2013; Golabek & Radford, 2013; Mumm &
Knornschild, 2017; Radford, 2005; Riegert et al., 2014; Van Belle
etal., 2014).

The act of signaling simultaneously to produce a chorus may
function for communication within a group, in which the vocal
overlap and coordination serve to establish group bonds (Dowling
& Webster, 2013; Seddon, 2002), to synchronize reproduction and
caregiving behaviors (Dowling & Webster, 2013; Mann et al., 2006),
and/or to enforce dominance hierarchies (Golabek & Radford, 2013;
Reyer & Schmidl, 1988). In line with these hypothesized within-
group functions, duetting among mated pairs also appears to play
a significant role in developing the pair bond (D'Amelio et al., 2017;
Hall, 2004) and in coordinating reproduction (Cheng, 1992;
Hall, 2009). Alternatively, chorusing may function for communica-
tion outside of the group, to signal collectively to neighbors, unaf-
filiated floater individuals, or even predators (Hale, 2006; Mumm &
Knornschild, 2017; Seddon & Tobias, 2003). In many species, cho-
rusing observed during intergroup encounters and in response to
neighbors' choruses has been interpreted as evidence in support of
this hypothesis, along with the loud, broadcast nature of many cho-
ruses (Baker, 2004; Hale, 2006; Radford, 2003). Chorusing can also
allow competitors to discriminate between larger and smaller groups
and between familiar neighbors and unfamiliar strangers, who may

(b)
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each pose different levels of risk, by conveying information about
group size and/or identity (Kitchen, 2004; McComb et al., 1994;
Radford, 2005; Seddon & Tobias, 2003).

In this study, we present two hypotheses to explain chorusing
behavior in a communally breeding bird, the greater ani (Crotophaga
major), and use behavioral observations and acoustic analysis to as-
sess whether greater ani choruses are primarily used for intra- or in-
tergroup communication. Greater anis are Neotropical cuckoos that
live and breed in groups of two or three unrelated mated pairs, all of
whom contribute eggs to a single, shared nest (Riehl & Jara, 2009).
During the breeding season, anis chorus exclusively within their
breeding groups (Figure 1, Video S1 and Audio S1). A chorus typ-
ically begins when one individual emits a cackling call, which ap-
pears to recruit its fellow group members (Riehl & Jara, 2009). The
collected group forms a tight circle with bills pointing to the center
and, after the brief cackling period, transitions to a low gurgling call
that can last for up to 10minutes (Riehl & Jara, 2009; Savagian &
Riehl unpubl. data). Although only group members contribute, par-
ticipation is variable both between and within choruses, and not all
individuals contribute to each chorus (Savagian & Riehl pers. obs.).
Nonreproductive helpers, who are present in about 20% of groups
(Riehl, 2021), do not appear to contribute vocally, but will frequently
perch nearby the assembled “huddle” (Riehl & Jara, 2009).

We evaluated whether chorusing is likely used for internal,
within-group communication (for example, to facilitate group bond-
ing, synchronize reproduction, and/or enable collective decision-
making about where to nest); or for external communication outside
the group (for example, to negotiate territory occupancy with neigh-
bors and/or to deter unaffiliated pairs or individuals from joining a
group). In contrast to many cooperatively breeding species whose
family groups form as a result of delayed dispersal, greater ani groups
are composed of unrelated individuals who join the breeding group
as adults after having dispersed from their natal groups (Riehl, 2012).
Although membership in some groups can remain stable for 5years
or more, 62% of groups experience a composition change between
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FIGURE 1 (a)Five breeding greater anis, members of a breeding group of 3 pairs, chorusing at their nest; image captured from video. (b)
A spectrogram of a greater ani group chorus produced with a 1024-point discrete Fourier transform with a Hann window of 690 samples
and 90% overlap. The broadband introductory cackle calls can be seen from 0-6s, while the multi-bird “gurgle” portion of the chorus
begins at about 4s and continues until 59 s. The inset shows a 1-s portion of gurgles, zoomed in (produced with a 512-point discrete Fourier

transform). (c) An oscillogram of the same greater ani group chorus.
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breeding seasons (Riehl & Strong, 2018). Establishing and reinforc-
ing social bonds among group members may thus be especially im-
portant for greater anis, and chorusing could be one mechanism by
which individuals signal their quality and commitment to each other.
Additionally, sharing a single nest among multiple breeding pairs re-
quires group members to agree on a nesting site and synchronize
egg laying, which chorusing could also facilitate. The close proximity
and spatial arrangement of group members as they chorus suggest
that within-group communication may be of particular importance.
Alternatively, the loud and conspicuous nature of ani choruses, which
can be heard from multiple territories away, suggests that chorusing
may also play a role in communication outside the group. Greater ani
groups occupy exclusive breeding territories and appear to compete
for access to high-quality nest sites that are isolated from terrestrial
predators (Riehl, 2011; Strong et al., 2017). Once breeding begins,
groups will occasionally attempt to force nesting vacancies by de-
stroying a neighboring group's clutch; however, it is not clear how
groups negotiate and establish territory occupation prior to laying
(Strong et al., 2017).

If chorusing is primarily used for internal communication, we
predicted that it would occur most often when anis were foraging
with or resting among other group members. Alternatively, if cho-
rusing is primarily used for external communication, we predicted
that groups would chorus most often in response to other groups
chorusing and when non-group members were present on their ter-
ritory. Additionally, we expected that choruses would contain infor-
mation about a group's competitive ability, especially the number
of birds vocalizing and the group identity. Perceiving group-specific
differences across choruses could be important for distinguishing
between familiar and unfamiliar neighbors. Tenure on the breeding
territory influences the outcome of intergroup conflicts, with resi-
dent groups more likely to evict newcomers than vice versa (Strong
et al., 2017), and it seems plausible that anis could use differences in
the choruses of familiar and unfamiliar groups to monitor territory
turnover within their neighborhood (e.g., Radford, 2005).

2 | METHODS
2.1 | Data collection

We observed and recorded greater ani chorusing behavior from
2017-2019 at our long-term field site within the Barro Colorado
Nature Monument in central Panama; this field site is managed by
the Smithsonian Tropical Research Institute and hosts a study pop-
ulation of greater anis that has been monitored since 2007 (Riehl
& Jara, 2009; Riehl & Strong, 2019). We collected data during the
breeding season (June—August) of each year, when groups defend
nest sites from other groups and unaffiliated birds, and only group
members chorus together (Riehl & Jara, 2009; Strong et al., 2017).
During the nonbreeding season, groups tend to remain near their
breeding territories, but will frequently forage with other groups and
typically congregate in large communal roosts (up to 150 birds) at

night (Riehl, 2019). Chorusing often occurs within these communal
roosts and aggregated foraging flocks, too, but because the social
contexts for these vocalizations differ considerably, they likely serve
slightly different functions during the nonbreeding season (e.g.
without active nest sites to defend, chorusing cannot play a role in
active nest defense). We therefore only consider chorusing during
the breeding season for this study. We recorded groups at multiple
stages of the breeding season, from nest construction through fledg-
ing. Collecting recordings was approved by the Institutional Animal
Care and Use Committees of the Smithsonian Tropical Research
Institute (protocol #2017-0626-2020) and Princeton University
(protocol #10034); we conducted no experimental manipulations.

Nesting territories at our field site consist of shallow coves and
small islands (<1 hectare) around the shoreline of Lago Gatun, with
typically one group per cove or island. For each occupied territory,
we estimated group size (breeding pairs plus helpers) as the max-
imum number of birds observed consistently (at least three occa-
sions) on the territory throughout the breeding season (Riehl &
Jara, 2009). Most adults in this study population were unbanded
during our study period, but observations of banded groups during
previous breeding seasons revealed that only group members are
typically permitted near a nesting site (Riehl & Jara, 2009). We ad-
ditionally confirmed the number of breeding pairs (two or three) by
recording the pattern and timing of egg-laying in the communal nest
(Riehl & Strong, 2019).

Observations and recordings of chorusing behavior were col-
lected both opportunistically and during dedicated recording ses-
sions. Groups were chosen for recording based on how frequently
birds were visible within a territory, which was necessary to identify
chorus stimulus, and in order to balance sample sizes for the group
identity analysis (see below). This may have slightly biased our re-
sults toward groups who were more habituated to human observers
or who were more likely to be along the shoreline, rather than in
the abutting forest, for other reasons (“self-selected” groups; see
Webster & Rutz, 2020). In the future, quantifying chorus frequency
with more continuous and automated sampling, both on the shore-
line and within the forest, could help us evaluate how many choruses
are missed or do not occur because of human presence. For each
chorus that we observed, we noted whether groupmates were for-
aging visibly along the shoreline, resting in view (including preening),
displaying aggression toward each other (bill snapping, chasing, or
grappling), or out of sight when the chorus began. We also noted
whether an intergroup interaction had occurred prior to chorusing,
whether non-group members were present on a focal group's terri-
tory, whether a predator was present, and whether human distur-
bance, such as a fishing boat or a nest check, was associated with
chorusing.

Intergroup interactions consisted of (1) instances in which the
focal group or neighboring group was present along a territorial
boundary while the other group was also present and (2) acoustic
interactions in which a neighboring group chorused within 1 min
prior to the focal group chorusing. We determined that non-group
members were present if the number of birds observed within a
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territory (not just along its boundaries) during a recording session
exceeded the known size of a given focal group. These “extra” birds
are usually observed alone or in pairs; those that are banded have
been unaffiliated with known breeding groups and may be looking to
join as breeders or helpers, although it is possible that some of these
intruders are instead from established neighboring groups and may
be prospecting for breeding opportunities or attempting to destroy
a neighbor's clutch (Almstead et al., 2021). We determined that cho-
rusing was associated with a predator if a known or suspected adult
or nestling predator (e.g., yellow-headed caracara Milvago chima-
chima, great black hawk Buteogallus urubitinga, bird snake Phyrnonax
[Pseustes] poecilonotus) was visible to at least one group member
when the chorus was initiated, or if a group member had given an
alarm call within 1 min of initiation and we had previously observed
a predator on their territory. Because we have seen anis alarm call-
ing and diving into cover in response to non-predator raptors flying
overhead (such as hook-billed kites Chondrohierax uncinatus and os-
preys Pandion haliaetus), we also included any choruses associated
with alarm calls and these raptors in this category.

We then assigned a behavioral context for each chorus based on
these categorizations and excluded from subsequent analysis those
associated with a human disturbance, those initiated out of sight,
and those for which context was otherwise unclear (N = 185/319
choruses excluded). In order to account for the likely possibility that
intergroup interactions are rare events, with limited opportunities
for focal groups to respond, we also noted the occurrence of all
choruses overheard from neighboring groups during recording ses-
sions and whether the focal group responded within 1min of the
neighboring group chorusing (we used a 1-min latency period be-
cause if anis did not chorus immediately following another group's
chorus, they are typically unlikely to respond at all). This allowed us
to calculate the overall proportion of neighbor choruses that elicits
a response from the focal group. For both the chorus context and
chorus response analyses, we excluded data collected from focal
groups who occupied a territory during the breeding season but who
ultimately never laid. These focal groups may chorus for different
reasons than fully active breeding groups, and they may respond dif-
ferently to choruses from neighbors and the presence of unaffiliated
birds on their territory.

Choruses were recorded using a Sennheiser MKH 60 shotgun
microphone with a Rycote Softie windshield and a Marantz PMD661
MKII solid-state recorder at a sample rate of 48kHz and bit depth
of 24. To further minimize noise, we affixed the microphone to an
AudioTechnica AT8415 shockmount and applied a low-pass filter
that decreases high-frequency ambient noise through the recorder.
When choruses were visible, we also recorded them with a Canon
VIXIA HF R72 video camera to later assess how many birds were
vocalizing. We identified eight focal groups from which we had col-
lected at least eight unique choruses (range = 8-30), to test for infor-
mation about group identity, and 63 unique choruses with a known
number of participants at specific time points to test for information
about chorus size. During a chorus, only two to six birds typically
gurgle at any given moment, even if there are others present in the

huddle who may contribute other vocalizations. Gurgling birds are
readily identified by their vibrating wings, tail feathers, and throats
(see Video S1). Although some studies distinguish between vocal-
izations involving three or more individuals (“choruses”) and those
involving only two (“duets”), we classify all clips used in this study as
choruses, including those with two birds vocalizing, because these
clips do not constitute the full chorus and additional birds contribute
gurgles and other vocalizations throughout.

We used Raven Pro (v1.6.1; Center for Conservation
Bioacoustics, 2019) to generate spectrograms of each chorus using
a 1024-point discrete Fourier transform with a Hann window of 690
samples (14.4 ms) with 90% overlap and a hop size of 69 samples
(1.44 ms); the frequency resolution was 46.9 Hz, and the overall tem-
poral resolution was 21.3 ms. From each chorus, we randomly se-
lected a 1-s segment of gurgle vocalizations with minimal background
noise and no other ani vocalizations, avoiding gurgles at the end of a
chorus which typically decrease in amplitude and consistency. If the
same chorus was used to test for both group identity signatures and
signatures of chorus size, we used different 1-s clips for each analy-
sis when possible. For the two groups with the greatest number of
choruses in our sample set, we verified that a 1-s clip was represen-
tative of the full chorus by testing whether variation in cepstral coef-
ficient values was greater among clips from different choruses than
from clips taken from the same chorus (i.e., whether values were
repeatable from clips taken from the same chorus). ANOVAs on a
total of 195 clips (from 39 choruses from two groups) confirmed that
variation was greater between than within choruses (Table S1). After
extracting clips, we then applied a bandpass filter of 300-3000Hz
and exported the filtered clips to Audacity (v2.4.2; Audacity
Team, 2020), where we normalized the maximum amplitude of each
clip to 1 dB to control for variation in recording distance and tapered
the first and last 0.005 s and added 0.1s of silence to the beginning
and end of each clip. We could not use clip amplitude as a measure of
how many birds were vocalizing because recording distance varied
considerably between choruses, which our equipment was not cali-
brated to account for, but we later controlled for this variation in our
statistical analyses. In Matlab (v2021b; MathWorks, 2021), we used
a customized version of VOICEBOX: Speech Processing Toolbox
(Brookes, 1997; S. Wieluch & M. Knérnschild pers. comm.) to calcu-
late seven mel-frequency cepstral coefficients (MFCCs) for each clip.

MFCCs provide a mathematical representation of how spectral
energy is distributed across different frequencies according to the
mel scale, which is approximately linear up to 1 kHz and logarith-
mic above (Jain & Sharma, 2013). The mel scale better approximates
how many animals perceive sound, with greater sensitivity to lower
frequencies, than does the evenly spaced linear frequency scale
(Cheng et al., 2010; Deecke & Janik, 2006; Raghuram et al., 2016;
Ranjard et al., 2015); we also conducted our analyses with non-
transformed, linear frequency cepstral coefficients, but found
no qualitative differences overall between the two sets of results
(Tables S2-54). Because MFCCs are based on the power spectrum
of an entire signal, they can capture more information than most

traditional spectrographic parameters and reduce observer bias
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in selecting which features to measure, although they can still be
applied in the same types of comparative and descriptive analyses
(Mielke & Zuberbuhler, 2013; Mumm & Knérnschild, 2017; Ranjard
et al., 2015). MFCCs are some of the most commonly used features
in human speech recognition and in the automated identification
and classification of animal sounds (Cheng et al., 2010; Kogan &
Margoliash, 1998; Lee et al., 2006; Mielke & Zuberbthler, 2013;
Stowell, 2022).

In Matlab, audio files were divided into 77 frames using a
Hamming window, and the power spectrum of each frame was ob-
tained through a discrete Fourier transform. The log of each spec-
trum (the cepstrum) was then converted from the linear scale to
the mel scale using 32 triangular-shaped filters, and a discrete co-
sine transform was applied over the resulting mel cepstrum to cal-
culate the MFCCs; we did not retain the Oth coefficient (Clemins
et al., 2005). We chose the first seven coefficients (1-7) to maximize
explanatory power, which is concentrated in the lower-order coef-
ficients, while also ensuring that the number of predictor variables
(seven) did not exceed the minimum sample size in the group identity
analysis (eight). Finally, we averaged the coefficient values across all
frames to obtain the final seven single MFCC values per clip (Lee
etal., 2006).

2.2 | Hypothesis testing

Within the statistical computing environment R (R Development
Core Team, 2020), we first conducted analyses of covariance
(ANCOVAs) using the package “car” (Fox & Weisberg, 2019) to pre-
dict each MFCC as a function of group identity while controlling
for recording distance, to test for an identity signature. If group
was a significant predictor in the aggregate, we then used the
package “micompr” (Fachada et al., 2016) to run pairwise multi-
variate Mann-Whitney U tests on all combinations of groups to
identify which pairs, if any, were acoustically distinct from one an-
other. To test whether choruses sound different depending on the
number of birds vocalizing, we ran separate linear models in base
R for each MFCC, with the MFCC as the response variable and the
number of birds participating and recording distance as the fixed
effects. We used Bonferroni corrections to accommodate multiple
hypothesis testing.

3 | RESULTS

The majority of choruses were initiated while group members were
foraging or resting, with no apparent external or internal stimulus
(78%, N = 104/134; Figure 2). Only one chorus was associated with
intragroup aggression. Around 16% of choruses were associated with
neighboring groups or non-group members (N = 22/134). However,
groups did not regularly respond to choruses produced by neighbor-
ing groups: during observation sessions, only 1.5% of neighbor cho-
ruses (N = 2/130) were followed by a focal group's chorus.

1.00 1

e

3

o
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Proportion of all choruses
o o
N o
o o

0.00 1
foraging non-group predator intergroup intragroup
or resting member present interaction  aggression
N =104 N=16 N=7 N=6 N=1

Chorus initiation context

FIGURE 2 The behavioral context in which 134 choruses were
initiated within greater ani breeding groups.

Communal choruses produced by different groups were sig-
nificantly distinct, based on a comparison of seven mel-frequency
cepstral coefficients (MFCCs) that describe how sound energy is dis-
tributed across different frequencies in each clip (Table 1). However,
this appears to have been driven by a single group whose choruses
were highly unique. Pairwise comparisons of MFCCs from each
group revealed that 10/28 pairs differed significantly from each
other (multivariate Mann-Whitney U test: p<.05 with Bonferroni
correction; Table 2). One group, CM, sounded distinct from five out
of the seven other groups; the remaining groups were distinct from
only four other groups or fewer, including CM. There was no signifi-
cant change in any of the MFCC values as the number of birds vocal-
izing changed (Figure 3, Table 3). Recording distance did not change
the significant relationships between cepstral coefficient values and
either group identity or chorus size; it was a significant predictor for

only one coefficient in the group identity analysis (Tables 1, 3).

4 | DISCUSSION

To determine whether chorusing in greater anis is primarily used to
communicate among other group members or with external receiv-
ers, we evaluated the behavioral contexts in which choruses occur
and quantified acoustic variation based on group identity and the
number of birds vocalizing. Overall, our results provide stronger evi-
dence for within-group communication than for signaling to extra-
group individuals, such as neighbors or unaffiliated birds. However,
it is still possible that such internally directed information could si-
multaneously be intended for external individuals, or that, regard-
less of intended receiver, non-group members could still perceive
and use information contained in choruses to their benefit. Most
studies of chorusing, especially in birds, have found some support
for a role of territory defense and communication outside of the
group (Hale, 2006; Radford, 2005; Seddon & Tobias, 2003).

Anis were most likely to initiate chorusing when they were rest-
ing or foraging, during which time group members typically segre-
gate into pairs and disperse throughout their territory. With visual
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contact limited, chorusing may provide important opportunities for
individuals to reconvene as a group and affirm social relationships
(Harrington & Mech, 1978; Seddon, 2002). The loud cackling call
typically given to initiate a chorus may therefore serve as an im-
portant recruitment signal to bring dispersed group members back
into contact with each other (e.g., McComb et al., 1994). Several
groups were also observed initiating choruses in these neutral be-
havioral contexts (resting, foraging) before they had begun to lay
eggs, which suggests that chorusing could also reflect collective
decision-making about where to nest or synchronizing laying among
females. Ani groups often build more than one nest at the begin-
ning of the breeding season (Riehl unpubl. data), which may serve as
insurance if the chosen nest fails or represent disagreement about
where to nest (Stamps et al., 2002). Such collective “best-of-N"

decisions about where to nest or breed are especially challenging

TABLE 1 Results of seven separate analyses of covariance, each
predicting a different mel-frequency cepstral coefficient describing
greater ani communal choruses, as a function of group identity
while controlling for the recording distance between microphone
and group.

Response Fixed effects Fi7.90) p
Coefficient 1 Group 4.357 .0003
Recording distance 7777 .0065
Coefficient 2 Group 5.350 <.0001
Recording distance 2.553 1136
Coefficient 3 Group 4.883 .0001
Recording distance 2.599 1104
Coefficient 4 Group 6.836 <0001
Recording distance 2.333 .1302
Coefficient 5 Group 7776 <.0001
Recording distance .305 .5822
Coefficient 6 Group 3.971 .0008
Recording distance 0.204 .6529
Coefficient 7 Group 5.396 <.0001

Recording distance 0.0008 9772

Note: Since coefficients were all derived from the same chorus clips,
ais set at .007 to correct for multiple hypothesis testing. Significant
p-values are in bold.

Group CL CM GC LA LL
cM .0036

GC .5315 <.0001

LA 9422 <.0001 9622

LL .0508  <.0001 .0005 .0056

MW .0028  <.0001 .0132 .0003  .0132
RN .1486 .0002 .0009 .5833  .0260
wcC 1713 .0036 2226 1471 4570

for animal groups, offering fewer opportunities for compromise
than do decisions about group movement or transitions between
behavioral states, and yet potentially exerting greater selective
pressure on individual group members (Kerth et al., 2006; Seeley
& Buhrman, 2001; Visscher, 2007). Initiating a chorus or deciding
to participate in a chorus at a particular site could communicate
one's preference, although additional data on chorus location and
patterns of individual participation are necessary to test this hypoth-
esis. Additionally, females may use chorusing to coordinate their egg
laying and to communicate to other group members about changes
in their reproductive status, facilitating efficient transitions between
different types of caregiving, such as nest construction and incu-
bation. Duetting can coordinate reproduction among mated pairs,
and chorusing among group members could serve a similar func-
tion (Dowling & Webster, 2013; Hall, 2009; Mann et al., 2006). To
test this hypothesis, we would need more information on whether
groups that chorus more frequently are more synchronized and the
endocrinological effects of chorusing behavior.

Chorusing in the presence of a predator, which was observed on
a few occasions, may further support this within-group, affiliative
function. Only a small proportion of choruses were associated with
a predator, but this was likely because predators were not frequently
encountered on ani territories. Anecdotally, we rarely observed
predators without an accompanying chorus, and even recorded
anis continuing to chorus after a predator had attacked and killed
another prey species (on two occasions, both of which involved a
great black hawk depredating a purple gallinule Porphyrio martinica).
In these situations, chorusing could be a precursor to mobbing be-
havior (Brown et al., 1988) or could allow group members to rein-
force group bonds during or after a stressful event or separation
(Harrington & Mech, 1978; Seddon, 2002).

Groups occasionally chorused in response to unaffiliated anis
moving into their territory or to intergroup interactions with neigh-
bors along their shared boundaries. These vocal displays could re-
flect either a form of acoustic mate- or group-guarding, or collective
territorial defense (Golabek & Radford, 2013; Radford, 2003): some
of these intruders attempt to join the existing group, possibly usurp-
ing current group members in the process, while others are neighbors
who could be competing for nest sites (Almstead et al., 2021). Group

members may be invested in preventing newcomers from replacing

TABLE 2 p-values from pairwise

Mw RN multivariate Mann-Whitney U tests
comparing mel-frequency cepstral
coefficients from greater ani choruses.

<.0001

.6867 .0001

Note: Each row and column represents a unique breeding group. Significant p-values are in bold (at

a =.00179, corrected for multiple hypothesis testing).
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FIGURE 3 Boxplots depicting the
range of values for each mel-frequency

cepstral coefficient at each chorus size; 10 0 = o .

only raw points are plotted for chorus ;

sizes 5 and 6 given their small sample [0} .
sizes. Boxplots are offset along the = | Coefficient
horizontal axis to avoid overlap. Upper 9 5 < C1

and lower boundaries indicate the 75th < B C2

and 25th quartiles, respectively. The thick Q E C3
horizontal line within each box indicates ;:3 0 é: o 1, | . i é 8%1

the median. Whiskers show the most [ L T ﬁ—;:—ji_‘ji o 3 C6
extreme observation within 1.5 times the 8 T T T |- Bare BT ! = C7

interquartile range, with farther outliers

indicated by dots. Lines track the mean -5
coefficient value as the number of birds

vocalizing increases.

3 4 5 6
N=18 N=29 N=4 N-=

Number of birds vocalizing

TABLE 3 Results of seven separate linear models, each predicting a different mel-frequency cepstral coefficient describing greater ani
communal choruses, as a function of the number of birds participating in each chorus and controlling for the recording distance between

microphone and birds.

Response Fixed effects Estimate
Coefficient 1 Number of birds vocalizing -.099
Recording distance .012
Coefficient 2 Number of birds vocalizing .107
Recording distance .010
Coefficient 3 Number of birds vocalizing .024
Recording distance .008
Coefficient 4 Number of birds vocalizing -.136
Recording distance .007
Coefficient 5 Number of birds vocalizing -.214
Recording distance .001
Coefficient 6 Number of birds vocalizing -.144
Recording distance -.005
Coefficient 7 Number of birds vocalizing -.055
Recording distance -.003

SE t p 95% Cl

.100 -.992 .326 -.300, .101
.005 2.309 .025 .002,.023
101 1.051 .2980 -.097,.310
.005 1.792 .0789 -.001, .020
.076 .316 .7531 -.128,.175
.004 1.890 .0643 -.0005, .016
.079 -1.717 .0919 -.294,.023
.004 1.597 1164 -.002,.015
.079 -2.716 .0089 -.371,-.056
.004 .249 .8042 -.007,.009
.071 -2.028 .0477 -.286, -.002
.004 -1.297 .2004 -.012,.003
.073 -.755 4539 -.201,.091
.004 -.887 .3793 -.011,.004

Note: Since coefficients were all derived from the same chorus clips, a is set at .007 to correct for multiple hypothesis testing.

their groupmates, given that even minor changes in membership
can perturb the broader social network and potentially lead to re-
duced fitness (Ebensperger et al., 2016; Eikenaar et al., 2007; Piefke
et al., 2021). In greater anis, groups with females who have not pre-
viously nested together are more likely to skip breeding during the
current season (Smith & Riehl, 2020) and have lower reproductive
success than those with females who have recently nested together
(Riehl & Strong, 2018). Given that choruses are restricted to group
members, it is possible that chorusing could effectively communicate
to extra-group individuals that the territory is occupied and there
are no breeding vacancies, even if not all group members participate

in every chorus. Duetting serves a similar purpose in some species,

communicating to rivals that a partner is already paired (Hall, 2004,
2009; Sonnenschein & Reyer, 1983).

Chorusing could also play arole in collective territorial defense,
much like how duetting mediates territorial interactions in many
pair-living species (Hall, 2009; Hall & Peters, 2008). However, we
observed almost no back-and-forth counter-chorusing between
groups, which could have indicated active territory negotia-
tion as it does in other chorusing species and in many songbirds
(Hale, 2006; Radford, 2004; Todt & Naguib, 2000). Moreover,
given that a high percentage of choruses were initiated in the ab-
sence of any apparent external stimuli, it is unlikely that chorusing

primarily functions for communication outside of the group. Even
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if groups were to eavesdrop on their chorusing neighbors, it ap-
pears unlikely that they would be able to gain much information,
besides that a territory is occupied. Most groups produced cho-
ruses whose gurgles were indistinguishable from those of other
groups, and the number of birds vocalizing also did not lead to sig-
nificant variation in gurgle sound. One group, CM, produced cho-
ruses that were distinct from those of most other groups, but this
appears to be an exception rather than the rule. It is unclear why
CM sounds different: the group was composed of three breeding
pairs, as were groups LL and LA (the five others contained two
pairs), and it occupied a territory in the same neighborhood as
LL, which sounded distinct from only two other groups besides
CM. A high density of ani groups within the neighborhood could
have pressured CM to further differentiate themselves within a
crowded acoustic landscape, if sounding distinct were advanta-
geous (Tibbetts & Dale, 2007), but this neighborhood was not par-
ticularly dense.

It remains possible that, in other ani groups, acoustic signatures
of group identity and the number of participants may be encoded in
other aspects of the chorus, such as the introductory cackle calls,
overall duration, or amplitude. We could not compare amplitude in
this study because of significant variation in recording distance be-
tween choruses that our equipment was not calibrated to account
for. Previous observations of banded groups revealed that many cho-
ruses are initiated by the same individual (Riehl & Jara, 2009), such
that neighbors could learn to recognize the cackles of a particular
bird and associate it with a specific group (Cheney & Seyfarth, 1982).
Most studies that test for group identity signatures focus on the
central part of a vocalization, when all group members are vocalizing
(Baker, 2004, 2009; Mumm & Knérnschild, 2017; Radford, 2005),
but signatures can also be contained in other elements of the cho-
rus, such as distinctive combinations of specific note types (Baker-
Médard et al., 2013). Playback experiments in which groups are
presented with choruses from neighboring or unfamiliar stranger
groups, and choruses from groups of varying size, would provide an-
other avenue for evaluating what information choruses contain and
how greater anis use that information.

It is also important to note that this study takes only one ap-
proach to comparing and quantifying gurgle vocalizations and that
other methods may ultimately identify signatures of chorus size
and/or group identity in greater ani choruses. The absence of sig-
natures reported here, as evaluated using mel-frequency cepstral
coefficients extracted from this particular set of recordings, does
not imply a definitive absence of either type of signature. While the
use of coefficients derived from the mel scale offers distinct advan-
tages to relying on manually measured spectrographic parameters
(Mielke & Zuberbihler, 2013), there are still limitations associated
with a subjective scale originally developed for human perception
and acoustic features that may nevertheless exclude potentially
meaningful information (Stowell, 2022). In our study, analyses using
the mel and linear scale produced qualitatively similar results, sug-
gesting that how specific frequencies are binned may not have a
significant impact on our ability to detect consistent signatures in

this case. But using a logarithmic scale or another scale specifically
calibrated to avian or cuckoo sound perception could yield more
definitive results (Stowell, 2022). Moreover, although cepstral co-
efficients are typically more objective than researcher-made mea-
surements, they can still introduce some information loss and may
be outperformed by newer methods of representing vocal features,
such as multidimensional scaling, unsupervised feature learning, and
the application of neural networks to waveforms themselves (Bravo
Sanchez et al., 2021; Morfi et al., 2021; Stowell & Plumbley, 2014).

Overall, our behavioral observations support the hypothesis
that chorusing functions for communication among group mem-
bers during the breeding season, and our acoustic analyses, while
more limited, further support this conclusion. Future work should
focus on testing more specific hypotheses about chorus function,
including its role in group formation and bonding, synchronizing
reproduction and caregiving, and collective decision-making about
where to nest, which will improve our currently limited understand-
ing of chorusing behavior. Exploring how individuals use chorusing
to mediate conflict and facilitate cooperation within social groups
could especially offer insight into the changes in communicative
complexity that may have evolved in parallel with increasingly com-
plex and dynamic social groups. For example, within the subfamily
Crotophaginae, greater anis are the only species to exhibit such ste-
reotyped chorusing behavior and are the only species to form egal-
itarian groups composed of primarily unrelated individuals, with
low reproductive skew. Smooth-billed anis (C. ani) produce loose
choruses composed of calls that are also used in other contexts,
without the visual display that accompanies greater ani choruses
(Grieves et al., 2015), while the closely related groove-billed ani (C.
sulcirostris) and guira cuckoos (Guira guira) are not known to cho-
rus. Adopting a comparative approach to chorusing behavior could
be informative, as it has been in the study of duetting (Hall, 2009;
Soma & Brumm, 2020).
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