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Groups of animals often cooperate on shared tasks, but individual contributions are not necessarily
equal: individuals can specialize on different tasks (division of labour) or vary in total work performed.
Either of these patterns can have fitness consequences. However, few studies have examined division of
labour and workload inequality in vertebrates. We analysed individual contributions to parental care in
the greater ani, Crotophaga major, a bird that nests communally in groups of two or three pairs and up to
two nonbreeding helpers. We examined nearly 600 h of video footage of 10 groups to quantify individual
contributions to nest building, incubation, brooding and nestling feeding. There was no clear evidence of
division of labour; rather, contributions across some behaviours were positively correlated, suggesting
individual differences in overall work performed. Indeed, helpers and one of the breeding pairs in three-
pair groups contributed significantly less than the other two pairs. Inequality in overall workload, as
measured by the Gini coefficient, was significantly higher in three-pair groups than in two-pair groups,
as predicted by collective action theory. However, there were no significant differences in inequality of
specific behaviours between two- and three-pair groups, possibly due to low sample size. Finally,
anecdotal observations of aggression directed at the pair that contributed the least to parental care in
three-pair groups suggested that the lowest-contributing pair's access to the nest might be limited by
such aggression, which could be driven by conflicts of interest over group size and membership.
© 2023 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Animals in social groups often contribute to collective tasks,
such as nest or burrow construction, offspring care and cooperative
defence, that affect the fitness of fellow group members (Taborsky
et al., 2021). Groupmembers can vary in their contributions to tasks
in two ways: individuals can specialize on different tasks (division
of labour; Michener, 1974) or differ in howmuch they contribute to
all tasks (unequal distribution of total workload; Thorley et al.,
2018). Division of labour has been studied extensively in the
eusocial insects and is typically thought to provide a fitness benefit
by increasing efficiency (Oster & Wilson, 1978). By contrast, un-
equal workload distribution has been examined in the context of
collective action theory, particularly when free riders contribute
less than their fair share at the expense of their groupmates (Nunn
& Lewis, 2001; Olson, 1965). Although both division of labour and
workload inequality can influence individual fitness, relatively few
studies have examined these phenomena in vertebrate social
groups, especially not simultaneously (Smith & Riehl, 2022; Z€ottl
et al., 2016).
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Given the potential efficiency benefits, there are several reasons
to suspect that division of labour might evolve in taxa other than
the eusocial insects, even though it is not likely to be as sophisti-
cated as in the large, highly related colonies of hymenopterans
(Cooper & West, 2018; Oster & Wilson, 1978). First, although
vertebrate groups tend to be considerably smaller than groups of
eusocial insects, division of labour can emerge spontaneously in
groups as small as two to six insects (Jeanson et al., 2005; Ulrich
et al., 2018) and then can be elaborated by selection if it provides
a fitness benefit (Page & Mitchell, 1998). Large groups, therefore,
need not be a prerequisite for division of labour. Second, the long
life spans and high capacity for learning in many vertebrate species
might permit them to develop task specialization (Arnold et al.,
2005; Raine & Chittka, 2007). Indeed, division of labour has been
documented in several vertebrate species in different behavioural
contexts, including cooperative offspring care, nest building and
hunting (reviewed in Smith & Riehl, 2022). For example, mound-
building mice, Mus spicilegus, specialize on bringing materials for
different steps of communal nest construction (Hurtado et al., 2013;
Serra et al., 2012), and helpers in cooperatively breeding cichlids
(Neolamprologus pulcher) specialize on either nest defence or nest
maintenance (Bruintjes & Taborsky, 2011; but see Le Vin et al.,
evier Ltd. All rights reserved.
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2011). To fully understand the prevalence and consequences of
division of labour outside the eusocial insects and the circum-
stances under which it evolves, we need to test for division of la-
bour in a broader array of taxa (Cooper & West, 2018; Jeanson &
Weidenmüller, 2014).

Similarly, there is evidence for workload inequality in vertebrate
social groups, although the fitness consequences of inequality are
not always clear. Group members can contribute unequally to
shared tasks, for example to various parental care behaviours in
meerkats, Suricata suricatta (Rotics & Clutton-Brock, 2021), or to
territory defence in capuchins (Cebus capucinus; Crofoot & Gilby,
2012). These discrepancies can be due to individual differences in
the costs and benefits of contributing, since individuals are not
identical: their fitness interests are not aligned and they might
differ in factors like sex, age or condition that impact their abilities
or opportunities to contribute to cooperative tasks and the result-
ing benefits (reviewed in Smith & Riehl, 2022). Alternatively, in-
dividuals that contribute relatively little to cooperative tasks may
instead be free riding. Free riding is a type of cheating in which an
individual contributes less than its fair share to a collective task,
resulting in decreased fitness of its groupmates (Nunn & Lewis,
2001; Olson, 1965). While free riding is a theoretical possibility
that should increase with group size (Nunn & Lewis, 2001; Olson,
1965), variation in workload alone should not be interpreted as
evidence for free riding (Riehl & Frederickson, 2016). Low con-
tributors to a task, instead of being free riders, might simply be
contributing in accordance with their costs and benefits of coop-
erating, or they could equalize their total workload through task
specialization (i.e. being a high contributor to a different task;
Hurtado et al., 2013; Sachs & Rubenstein, 2007). It is therefore
important to consider division of labour and workload distribution
together when assessing individual contributions to various coop-
erative tasks.

Cooperatively breeding species, in which more than two adults
care for offspring (Cockburn, 2006), provide opportunities to test
for division of labour and unequal workload distribution. As group
size increases, individuals are more likely to differ, and free riding
or conflict over contributions could be more frequent (Pike et al.,
2019; Rotics & Clutton-Brock, 2021). However, thorough studies
of individual contributions to all relevant cooperative tasks are rare
in taxa other than the eusocial insects and do not always consider
both division of labour and workload distribution (but see, e.g.
Clutton-Brock et al., 2003; Thorley et al., 2018; Z€ottl et al., 2016).

In this study, we quantified individual contributions to parental
care in a social bird, the greater ani, Crotophaga major. Greater anis
(hereafter ‘anis’) are unusual in that they are obligately communal:
each nesting group consists of either two or three unrelated
breeding pairs that build a single nest and collectively care for the
mixed brood of young (Riehl, 2011; Riehl & Jara, 2009). Addition-
ally, 15e20% of breeding groups include up to two nonbreeding
helpers that are either unrelated to breeders or are related to one
breeding pair (Riehl & Jara, 2009; Riehl & Smart, 2022). The total
group size therefore ranges from four to eight individuals, with
either two or three females laying eggs in the same nest. Anis are
long-lived and form relatively stable breeding groups (Riehl &
Strong, 2018), which might favour the evolution of task speciali-
zation (Arnold et al., 2005). All group members participate to some
extent in all daytime parental care tasks, although their relative
contributions have not been quantified (Riehl, 2011; Riehl & Jara,
2009). However, there is some evidence of inequalities in contri-
butions. First, one male per group always incubates eggs overnight
despite equal parentage across all breeding pairs; it is not yet clear
what determines which male adopts this role (Riehl, 2012). This is
an example of task specialization (in that only one male performs a
given task), but we do not yet knowwhether other individuals have
different specializations, which is required for division of labour
(Hurtado et al., 2013; Michener, 1974). Second, anecdotal observa-
tions during nest monitoring suggest that, in groups of three pairs,
one pair contributes less to parental care (again, despite equal
parentage; Riehl, 2011, 2012). Here, we wanted to test whether this
‘third pair’ contributed significantly less than the other pairs and,
more generally, whether any group members contributed less than
expected to some or all parental care tasks.

We videorecorded nesting groups of marked adults over the
entire nesting cycle to quantify the contributions of all group
members to all major parental care tasks, including nest building,
incubation, brooding and nestling feeding. We defined individual
roles to allow for comparisons across groups. We designated ‘pair 1’
as the nocturnal incubator and his mate (‘male 1’ and ‘female 1’). In
groups with two breeding pairs, we designated ‘pair 2’ as the non-
nocturnally incubating male and his mate (‘male 2’ and ‘female 2’).
In groups with three breeding pairs, we designated ‘pair 3’ as the
breeding pair observed at the nest least often (‘male 3’ and ‘female
3’). We arbitrarily designated nonbreeding helpers as ‘helper 1’ and
‘helper 2.’ Given these definitions, two-pair groups contained four
to six individuals (two pairs and up to two helpers) and three-pair
groups contained six to eight individuals (three pairs and up to two
helpers).

First, we tested whether individual contributions differed from
the null expectation of equal contributions by all groupmembers to
each behaviour and to total workload. Second, we distinguished
between division of labour and workload inequality. We predicted
that, if group members specialized on different tasks, contributions
to different parental care behaviours should be negatively corre-
lated (i.e. individuals who are high contributors to one task should
be low contributors to a different task). This would be interpreted
as evidence for division of labour. By contrast, if individuals differ in
total work performed, contributions to different parental care be-
haviours should be positively correlated (i.e. individuals should be
high or low contributors across different tasks). This would be
interpreted as evidence for workload inequality (Clutton-Brock
et al., 2003; Z€ottl et al., 2016). Third, we tested whether sex and
role within the group were statistically significant predictors of
individual contributions. Given that we defined pair 3 as the pair
that contributed least to parental care, we expected that this pair
would indeed contribute less; our goal with this analysis was to
determine whether this difference was statistically significant and/
or consistent across groups. Finally, we examined whether
inequality in contributions increased with the number of breeding
pairs, as predicted by collection action theory. To do this, we asked
whether two-pair and three-pair groups differed in their overall
inequality in parental care workload (as measured by the Gini co-
efficient) or in the proportion of group members that were present
during nest checks (a proxy for nest defence).

METHODS

Study System and Data Collection

We studied the greater ani in the Barro Colorado Nature Mon-
ument, Panama, during JuneeSeptember in 2018, 2019 and 2022.
We monitored ani breeding groups by boat since they nest on the
shorelines of lakes or in emergent vegetation in the water. We
visited known ani territories every 1e2 weeks to identify focal
groups. Once we found that a group had begun to lay eggs, we
began to mark all group members so that we could begin obser-
vations. Since not all birds in our study population are individually
marked with leg bands, we marked the remaining birds tempo-
rarily by applying nontoxic paint to a small number of leaves and
twigs surrounding the nest and allowing the birds to acquire paint
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on their wing and tail feathers (Maurer et al., 2011). Paint markings
generally lasted approximately 2 weeks before wearing off
naturally.

After the onset of laying, we checked nests daily or every other
day to determine the number of breeding pairs based on laying
patterns (Riehl & Jara, 2009) and began filming focal nests. We set
up small cameras (Contour Roam 3, Contour, LLC, Provo, UT, U.S.A.,
or GoPro Hero 5, GoPro, San Mateo, CA, U.S.A.) outfitted with
external battery packs (Anker Power Bank, Anker Innovations Co.,
Ltd, Changsha, China, or GoPro ActionPack Extended Batteries, Re-
Fuel by Digipower, Avenel, NJ, U.S.A.) 1e2 m from nests. We typi-
cally began filming between 0700 and 1100 hours and continued
until dark or until the battery was spent (up to 11 h).

The ani nesting cycle consists of laying (duration �7 days), in-
cubation (duration 11e12 days) and the nestling stage (nestlings
filmed up to 5 days of age, after which they can fledge prematurely
if disturbed; Riehl & Jara, 2009). For each nest, we analysed footage
from two random days during laying (with the exception of nests 2
and 9, for which 1 and 0 days of laying footage were available,
respectively) and two random days during incubation. We also
analysed footage from the first 2 days of the nestling stage and the
last monitored day of the nestling stage, for a total of 7 days of
footage for most nests. We sampled both the early and late nestling
stages (0e2 days and 3e4 days of age, respectively) because
parental care differs between the two: brooding occurs almost
exclusively prior to nestling day 3, after which caregivers focus on
nestling feeding. However, to reach our target sample size of ~75
feeds for both the early and late nestling stages for each nest (as
determined by preliminary analyses), we included footage from a
fourth day of the nestling stage for three nests that had limited
footage (nests 1, 6 and 10). We conducted analyses for the early
nesting stage, the late nestling stage and the overall nestling stage
(early and late combined) to determine whether the distribution of
feeding behaviour among individuals varied over time.We typically
could not measure nest building prior to laying, as we usually could
not mark birds with paint before laying, but nest building
continued to occur frequently during laying and even during
incubation.

In total, we analysed a total of 598.5 h of footage over 70 days at
10 nests (mean ± SE ¼ 59.9 ± 2.9 h/nest; range 49.6e77.8 h/nest).
Group size ranged from four to seven. All two-pair groups had four
breeders, and all three-pair groups had six breeders (except for nest
10, from which male 3 disappeared, and probably died, shortly
before filming began but after female 3 laid her eggs). When
extracting data from video footage, we began noting the following
behaviours 10 min after we left the nest to allow birds to resume
their normal behaviour: adding a twig or leaf (nest lining) to the
nest (nest building), incubating eggs, brooding nestlings and
feeding nestlings. We recorded the individual performing the
behaviour and the start and end times of the behaviour to the
nearest second. We also noted the start and end times of each visit
to the nest.

To assign the roles described in the Introduction (pairs 1, 2 and 3
and helpers), we used behavioural observations and nest footage.
Anis can be sexed during laying: females lay large eggs relative to
their body size (each egg is ~17% of female body mass; Riehl & Jara,
2009), so gravid females were apparent in flight (Vehrencamp et al.,
1986), and many instances of egg laying were recorded on video.
Males were sexed by their associations with females: members of
ani pairs spend a considerable amount of time in proximity to each
other and often fly to and from the nest together. In the few cases in
which we were unable to determine the sex of all breeders before
the end of laying (pair 2 at nest 8, pairs 2 and 3 at nest 9), we
inferred likely sexes post hoc based on the relative contributions of
members of a pair to incubation (see Results); these inferred sexes
were used in group-specific assessments of individual contribu-
tions. However, to be conservative, these birds were excluded from
aggregate analyses in which sex was used as a predictor (see
below). Nonbreeding helpers were identified by their lack of as-
sociation with another bird, and we confirmed via video footage
that they never laid eggs. Additionally, two helpers (at nest 10)
were banded offspring that hatched the previous year in that same
group and therefore were too young to form pair bonds (Riehl,
2011). Unless helpers had been banded and genetically sexed (for
details see Riehl & Jara, 2009), we were unable to determine their
sex. We identified the nocturnally incubating male (male 1) by
confirming his presence on the nest at nightfall in nest videos from
several days; we never observed multiple nocturnal incubators at a
given nest. This is in accordance with previous work, which has
confirmed that the male who sits on the eggs at dusk is also the
male on the nest at dawn and that only one male per nest serves as
the nocturnal incubator (Riehl, 2012).

Finally, we quantified nest defence behaviours to determine
whether the proportion of group members defending the nest
varied with the number of breeding pairs. Because defending the
nest from predators occurs too infrequently to be captured by most
nest videos, we could not quantify it in the same way as we did the
other parental care tasks. During regular nest checks, however, we
observed instances of defensive behaviour, including alarm calls
and mobbing, directed towards us, indicating that we were
considered a threat to the nest. It was often impossible to identify
every individual present during this time, so we instead calculated
the minimum proportion of group members present during each
nest visit (within 10 m of the nest) as a measure of howmany birds
were prepared to defend the nest from us. We analysed a total of
195 nest visits across the 10 nests (mean ± SE ¼ 19.5 ± 1.3 visits/
nest; range 15e29 visits/nest).

Statistical Analyses

All analyses were conducted in R version 4.1.2 (R Core Team,
2021), and we used an a level of 0.05 to determine statistical sig-
nificance. We present all means ± SE.

We first analysed contributions on a group-specific basis to
determine whether group members contributed more, less or as
much as expected to each behaviour, given an expectation of equal
contributions (i.e. one divided by the number of group members;
Serra et al., 2012). We calculated the proportion of total effort to-
wards a given behaviour (nest building, incubation, brooding,
feeding during the early nestling stage, feeding during the late
nestling stage and feeding overall) that was contributed by each
individual. We defined effort as the number of twigs plus leaves
brought to the nest (nest building), time spent incubating or
brooding and the number of food items brought to the nest. We
then employed a permutation test to determine the range of indi-
vidual contributions that would have been expected by chance if
group members had shared workload evenly. We summed the
effort towards the behaviour in question during each visit to the
nest (e.g. combined multiple bouts of incubation that occurred
during the same nest visit). Then we assigned each such visit to a
randomly chosen group member. In the data set with randomized
individuals, we again calculated the proportion of effort contrib-
uted by each individual. We repeated this process for a total of
10 000 iterations then designated the middle 95% of iterations for
one of the individuals (in this case, the first, as the randomization
process ensured that all group members' distributions of contri-
butions were very similar) as the confidence interval (CI). If the CI
for expected proportions did not include an individual's observed
proportion, then we considered that individual to be either a high
contributor (if the observed value was greater than the entire CI) or
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a low contributor (if the observed value was less than the entire CI)
to a given behaviour. If the observed value fell within the expected
CI, then we considered that individual to contribute as much as
expected to that behaviour (see Appendix, Fig. A1 for an example
plot). To obtain a measure of total effort towards parental care, we
calculated the mean of the proportions that each individual
contributed to the four behaviours measured (nest building, incu-
bation, brooding, feeding overall). To calculate CIs for total work-
load, we calculated the mean of the four expected values (for the
four behaviours) across each of the 10 000 runs of the permutation
tests. We then made similar determinations about whether in-
dividuals contributed more, less or as much as expected to total
workload. This approach weighted the four behaviours equally and
allowed us to combine contributions with different units (i.e. items
brought and time). We used the ‘ggplot2’ (Wickham, 2016) and
‘ggpubr’ (Kassambara, 2023) packages to visualize these nest-
specific results. We then conducted one post hoc Fisher's exact
test to determinewhether being a member of pair 3 or a helper was
associated with low contributions to total workload.

To distinguish between division of labour (i.e. different in-
dividuals specialize on different tasks) and individual differences in
overall contributions (i.e. certain individuals tend to be either low
or high contributors across all tasks), we tested whether in-
dividuals' proportional contributions (again, the total effort to-
wards a given behaviour that was contributed by each individual)
to the four main parental care behaviours were negatively or
positively correlated, respectively. Using the ‘glmmTMB’ package
(Brooks et al., 2017), we ran a set of six generalized linear mixed-
effects models (GLMMs) with a beta distribution with a logit link
function. The beta distribution is preferred for proportion data
derived from continuous measures (Douma & Weedon, 2019), and
we confirmed that the distributions of all our response variables
matched the shapes of simulated beta distributions. Models
included the following combinations of response versus predictor
variables: building versus incubation, building versus brooding,
building versus feeding (overall), incubation versus brooding, in-
cubation versus feeding (overall) and brooding versus feeding
(overall). We included group size (number of individuals, including
helpers) as a covariate, due to its influence on proportions, and
breeding group identity as a random effect. When incubation and
brooding were response variables, we used zero-inflated models
because the traditional beta distribution does not allow for exact
zeros (Douma & Weedon, 2019). We found no evidence of multi-
collinearity (all variance inflation factors (VIFs) < 1.6; Hair et al.,
2010) using the ‘performance’ package (Lüdecke et al., 2021).

We then tested whether sex and role in the breeding group (pair
1, pair 2, pair 3 or helper) were predictors of individual contribu-
tions to each behaviour and to total workload. While roles were
defined partly based upon contributions (i.e. pair 3 contributed the
least of all the breeders), we used GLMMs to test whether the
observed differences in contributions were statistically significant.
We ran separate sets of models for sex and role due to differing
sample sizes. Because the sexes of most helpers were unknown, we
could not test for the effects of sex and role in the group in the same
model without excluding helpers from the data set. Additionally,
we were unable to confirm the sexes of six breeders by laying
behaviour (see above), so we excluded them from our model with
sex as a predictor. For each predictor (sex or role), we again ran
GLMMs with a beta distribution with each individual's observed
proportional contribution to a given behaviour as the response
variable. In all models, we included group size (number of in-
dividuals, including helpers) as a covariate, due to its influence on
proportions, and breeding group identity as a random effect. In
each model set, we ran a model for nest building, incubation,
brooding, feeding (early nestling stage), feeding (late nestling
stage), feeding (overall) and total workload. Again, we used zero-
inflated models when response variables included some zeros
(incubation, brooding, feeding during the early nestling stage and
feeding during the late nestling stage), and we confirmed that the
distributions of all our response variables matched the shapes of
simulated beta distributions. We found no evidence of multi-
collinearity (all VIFs < 1.3).

Using the ‘lme4’ package (Bates et al., 2015), we ran a binomial
GLMM with a logit link function to test whether the proportion of
birds near the nest during each nest check (a proxy for nest
defence) was correlated with the number of breeding pairs (two or
three) or nest stage (laying, incubation or nestlings). We also tested
for a potential interaction between the number of breeding pairs
and nest stage. We included breeding group identity as a random
effect because we had multiple observations per group. All VIFs
were <1.1. We then calculated the estimated marginal means using
the ‘emmeans’ package (Lenth, 2023) as a post hoc test to deter-
mine whether all pairwise differences between nest stages were
significant.

Finally, to test whether inequality in contributions increased
with the number of breeding pairs, as predicted by collective action
theory, we used the ‘ineq’ package (Zeileis, 2014) to calculate the
Gini coefficient (Crall et al., 2018) adjusted for small sample size
(Deltas, 2003; Rotics & Clutton-Brock, 2021) for each breeding
group for each behaviour and for total workload. The Gini coeffi-
cient ranges from 0 to 1, with higher values indicating higher
inequality in individual contributions. Due to our small sample size
of 10 groups, we ran nonparametric Wilcoxon tests to compare the
Gini coefficients of two-pair and three-pair groups for each
behaviour and for total workload.

Ethical Note

All methods were approved by the Institutional Animal Care and
Use Committees of Princeton University (2114F-18-22) and the
Smithsonian Tropical Research Institute (2017-0626-2020, 2018-
0403-2022). Genetic samples were exported from Panama under
permits granted by the Ministerio de Ambiente de Panam�a (SEX/A-
80-18) and imported to the U.S.A. under permits granted by the U.S.
Department of Agriculture (134133).

Most of the 54 adult birds involved in the study were not
captured and marked with leg bands but instead acquired tempo-
rary paint markings by brushing against painted vegetation near
the nest (Maurer et al., 2011), as described above. These marks
typically wore off naturally after approximately 2 weeks, and birds
with paint were not observed preening excessively or otherwise
exhibiting unusual behaviour. The birds that were marked with
coloured leg bands were captured safely and efficiently using mist
nets placed near roosting or perching sites or were banded as
nestlings. We constantly monitored nets and did not capture birds
during inclement weather. Each bird was held securely in an opa-
que cloth bag hung in the shade until processing and released
within 45 min of capture. During processing, all birds were moni-
tored and released as soon as possible if we detected any signs of
stress. After banding and collecting a small blood sample from the
brachial vein, we released birds near the capture site and their
groupmates. No birds were harmed during capture or any other
procedures used in this study.

Nest cameras were unobtrusive and placed 1e2 m from nests to
minimize disturbance. Birds typically did not react to the cameras
and only occasionally lightly pecked at them before resuming
normal behaviour. When checking nests and changing cameras, to
reduce stress for the birds, we minimized our time at the nest and
paddled the boat rather than using the motor near the nest
whenever possible. Although birds often exhibited defensive
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behaviour towards us when we approached the nest, as described
above, they resumed normal behaviour within several minutes of
us leaving their territory.

RESULTS

Our nest-specific analyses revealed that contributions across
behaviours were often uneven: many individuals contributed
either more or less effort than expected (Fig. 1). Notably, across all
behaviours shown in Fig. 1aee, most low contributors were in
groups with three breeding pairs and/or helpers (48/62 cases, 77%,
of low contributions) rather than in groups with only two breeding
pairs (14/62 cases, 23%, of low contributions). Only one member of
pair 3, male 3 in group 9, contributed more than expected to any
behaviour (in this case, feeding during the late nestling stage and
feeding overall; Fig. 1e, Appendix, Fig. A2); all other members of
pair 3 contributed less than or as much as expected. Similarly,
across groups, helpers were almost never high contributors, with
the exception of helper 1 in group 6, who contributed more than
expected to nest building (Fig. 1a). Total workload was also
distributed unevenly: just over half of individuals (29/54, 54%)
contributed either significantly more or less than expected (Fig. 1f).
Pair 3 and helpers were more likely to be low contributors to total
workload (12/14 cases of low contributions, 86%) than were pairs 1
and 2 (2/14 cases, 14%). Indeed, there was a significant association
between role (pair 3 and helpers versus pairs 1 and 2) and being a
low contributor versus contributing at least as much as expected to
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Figure 1. A summary of individual contributions (aee) to the various parental care behaviou
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contributions than expected. Zeros indicate that a contribution was equal to zero. White sq
expected contribution.
total workload (post hoc Fisher's exact test: P < 0.0001). Only one
member of pair 3 (male 3 in group 9, who had high feeding effort)
contributed to total workload at or near the level predicted by the
null expectation of equality (1/7, 14%); all other members of pair 3
were low total contributors. All helpers except helper 1 in group 6
were low contributors to total workload (6/7, 86%).

Despite this variation in individual contributions within and
among groups, we did not find evidence for division of labour
(when different individuals specialize on different tasks). There
were no significant negative correlations between the various
combinations of contributions to different behaviours, but there
were two significant positive correlations (between contributions
to incubation and brooding and between contributions to incuba-
tion and feeding; Fig. 2, Table 1).

We tested whether each individual's observed contribution was
correlated with sex and role within the group. Sex was correlated
with the observed contributions to nest building and incubation
but not to any other behaviours (Fig. 3, Table 2). Males contributed
significantly more to nest building than did females (Fig. 3a), while
females contributed significantly more to incubation than did
males (Fig. 3b). Role was correlated with the observed contribu-
tions to all behaviours except nest building and feeding during the
late nestling stage (Fig. 4, Table 3). In all cases, pair 3 and helpers
had lower contributions compared to pair 1 (Table 3). Pair 2's
contributions differed from those of pair 1 only for brooding: pair 2
brooded less than pair 1 (Table 3). In terms of overall workload,
observed contributionwas not correlated with sex (Fig. 5a, Table 2),
 nestling stage)
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but pair 3 and helpers contributed less work overall than did pair 1
(Fig. 5b, Table 3).

We found that the proportion of birds near the nest during each
nest check (a proxy for nest defence) was not correlated with the
number of breeding pairs, but it increased with nest stage: a higher
proportion of the group was present during both incubation and
Table 1
Results of beta GLMMs testing for correlations between individuals' proportional
contributions to each of the main parental care behaviours

Response Predictor Estimate SE z P

Building Incubation �0.22 0.70 �0.32 0.75
Group size �0.22 0.08 �2.67 0.008

Building Brooding �0.48 0.66 �0.73 0.47
Group size �0.23 0.08 �2.82 0.005

Building Feeding 0.51 1.36 0.37 0.71
Group size �0.19 0.09 �2.08 0.04

Incubation Brooding 2.50 0.74 3.38 0.0007
Group size �0.18 0.09 �1.98 0.05

Incubation Feeding 5.68 1.56 3.63 0.0003
Group size �0.06 0.10 �0.56 0.55

Brooding Feeding 1.45 1.80 0.81 0.42
Group size �0.21 0.11 �1.88 0.06

In each model, group size was included as a covariate, and breeding group identity
was included as a random effect. N ¼ 54 individuals for each model. Bolded P values
are significant.
the nestling stage, as compared to laying (Table 4, Appendix,
Fig. A3). We removed the interaction between the number of
breeding pairs and nest stage from the reported model because it
was not significant. Post hoc analysis of estimated marginal means
revealed that a higher proportion of the group was also present
during the nestling stage than during incubation (Appendix,
Table A1). The mean proportion of group members present dur-
ing nest checks increased from 0.42 during laying to 0.56 during
incubation to 0.77 during the nestling stage.

Finally, inequality in contributions to total workload (as
measured by the Gini coefficient adjusted for small sample size)
was significantly higher in three-pair groups than in two-pair
groups (Wilcoxon test: W ¼ 2, N ¼ 10, P ¼ 0.04; mean ± SE: two-
pair groups: 0.19 ± 0.02, N ¼ 6; three-pair groups: 0.31 ± 0.04,
N ¼ 4; Fig. 6). For the various parental care behaviours, two-pair
and three-pair groups did not differ significantly in the inequality
of their contributions (Appendix, Fig. A4, Table A2).
DISCUSSION

Individual greater anis varied significantly in their contributions
to parental care tasks. While we found no evidence of division of
labour (i.e. no negative correlations between contributions to
different tasks; Clutton-Brock et al., 2003; Z€ottl et al., 2016), we
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found some significant positive correlations among contributions
to different tasks, suggesting differences in overall workload among
individuals. Workload tended to be evenly distributed in breeding
groups with two pairs, but in groups with three pairs, one pair
contributed significantly less than the other breeders to most
parental care behaviours and to overall workload. This difference
was also evident in a comparison of the Gini coefficient, a mea-
surement of inequality: three-pair groups exhibited significantly
more inequality in total workload than did two-pair groups. In both
three-pair and two-pair groups, nonbreeding helpers also
contributed less to parental care and overall workload than
breeders did.

In three-pair groups, the contributions of the lowest-
contributing pair to each of the parental care behaviours might
shed light on its relationship with the other breeders in the group.
Overall, the lowest-contributing pair participated in parental care
primarily when pairs 1 and 2 were spending less time at the nest,
for example, by bringing items to the nest (rather than spending
time at the nest) at times when incubation and brooding were
infrequent. Pair 3 contributed as much as did other breeders to only
two behaviours: nest building, which occurs primarily during
laying (when few birds attend the nest for long periods), and
nestling feeding during the late nestling stage (when brooding is
infrequent). By contrast, this pair contributed less than the other
breeders to incubation, brooding and feeding during the early
nestling stage (when brooding, primarily by pairs 1 and 2, was still
frequent), leading to their lower contributions to feeding across the
entire nestling stage and to total workload. However, nest defence
was an interesting exception. We found that two-pair and three-
pair groups did not differ in the proportion of the group mem-
bers available to defend the nest, suggesting that at least some
members of pair 3 and/or helpers contributed to nest defence.
Furthermore, most members of both two- and three-pair groups
(77% on average) were present at the nest during the nestling stage,
suggesting that most group members, often including pair 3 and
helpers, tend to contribute equally to nest defence, at least by the
time the nestlings hatch, when nest defence is predicted to be most
intense and most important (Montgomerie & Weatherhead, 1988).
This is consistent with previous research on this study population,
which found that each additional group member decreases the risk
of nest predation (Riehl & Smart, 2022).

One possible explanation for the dominance of pairs 1 and 2 in
incubation and brooding is that there are logistical constraints on
how many birds can coordinate these behaviours (Taborsky et al.,
2021); however, anecdotal observations of aggression directed
from pairs 1 and 2 to pair 3 suggest that the third pair might be
actively excluded from the nest much of the time. In several three-
pair groups, we documented repeated instances of a member of
pair 1 or 2 pausing incubation or brooding to chase or lunge at a
member of pair 3 that approached the nest, often seemingly trying
to help (carrying a twig or food item). The most extreme aggression
we observed was in footage from nest 8, in which male 1 attacked
female 3 when she approached the nest to lay an egg: he pecked at
her head then bit her neck and shook it for several seconds. Female
3 eventually laid her egg quickly before being chased from the nest
bymale 1 again. Such aggression among breeders occurred rarely in
two-pair groups, which had more even workload distribution than
three-pair groups.

This aggression directed at one of the breeding pairs in the
group is reminiscent of intragroup dynamics in the closely related
groove-billed ani, Crotophaga sulcirostris, in which the nocturnally
incubating male and his mate exhibited aggression, primarily
during laying, towards a second pair that joined the group
(Vehrencamp et al., 1986). Vehrencamp et al. (1986) hypothesized
that the non-nocturnally incubating pair was later tolerated in the
group because it helped to feed nestlings. It is also plausible that
pair 3 in greater ani breeding groups is tolerated due to its con-
tributions to feeding (particularly in the late nestling stage) and



Table 2
Results of beta GLMMs testing whether sex predicted each individual's observed
proportional contributions to the various parental care behaviours

Response Predictor Estimate SE t P

Building Sex: female �0.81 0.20 �4.11 <0.0001
Group size �0.24 0.08 �3.00 0.003

Incubation Sex: female 0.57 0.24 2.39 0.02
Group size �0.24 0.09 �2.60 0.01

Brooding Sex: female �0.09 0.26 �0.33 0.74
Group size �0.23 0.11 �2.13 0.03

Feeding (early) Sex: female 0.03 0.15 0.23 0.82
Group size �0.23 0.06 �3.89 0.0001

Feeding (late) Sex: female 0.23 0.12 1.94 0.052
Group size �0.24 0.05 �5.11 <0.0001

Feeding (overall) Sex: female 0.16 0.12 1.36 0.18
Group size �0.25 0.05 �5.29 <0.0001

Total workload Sex: female 0.04 0.15 0.27 0.79
Group size �0.25 0.06 �4.39 <0.0001

For sex, the reference category was male, such that the results show how females
compare to males. In each model, group size was included as a covariate and
breeding group identity was included as a random effect.N ¼ 43 individuals for each
model. Bolded P values are significant.

Table 3
Results of beta GLMMs testing whether role within the group predicted each in-
dividual's observed proportional contributions to the various parental care
behaviours

Response Predictor Estimate SE t P

Building Role: pair 2 0.06 0.21 0.29 0.77
Role: pair 3 �0.18 0.34 �0.53 0.60
Role: helper �0.48 0.35 �1.40 0.16
Group size �0.16 0.08 �1.93 0.053

Incubation Role: pair 2 0.05 0.19 0.26 0.80
Role: pair 3 �1.64 0.38 �4.28 <0.0001
Role: helper �2.10 0.50 �4.15 <0.0001
Group size �0.04 0.07 �0.48 0.63

Brooding Role: pair 2 �0.42 0.20 �2.07 0.04
Role: pair 3 �1.60 0.40 �4.02 <0.0001
Role: helper �1.67 0.54 �3.10 0.002
Group size �0.12 0.08 �1.49 0.14

Feeding (early) Role: pair 2 �0.11 0.13 �0.83 0.41
Role: pair 3 �0.89 0.26 �3.45 0.001
Role: helper �0.72 0.22 �3.21 0.001
Group size �0.13 0.05 �2.53 0.01

Feeding (late) Role: pair 2 0.19 0.13 1.49 0.14
Role: pair 3 0.03 0.20 0.13 0.90
Role: helper �0.24 0.22 �1.08 0.28
Group size �0.19 0.05 �3.97 <0.0001

Feeding (overall) Role: pair 2 0.02 0.12 0.15 0.88
Role: pair 3 �0.54 0.21 �2.61 0.01
Role: helper �0.64 0.21 �3.10 0.002
Group size �0.16 0.05 �3.42 0.001

Total workload Role: pair 2 �0.09 0.09 �1.00 0.32
Role: pair 3 �1.16 0.18 �6.44 <0.0001
Role: helper �1.50 0.20 �7.64 <0.0001
Group size �0.09 0.03 �2.73 0.01

For role, the reference category was pair 1, such that the results show how pair 2,
pair 3 and helpers compare to pair 1. In each model, group size was included as
a covariate and breeding group identity was included as a random effect. N ¼ 54
individuals for each model. Bolded P values are significant.
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nest defence. In other words, pair 3 can provide benefits that are
shared with pairs 1 and 2, despite sometimes being treated more
like extragroup individuals (Vehrencamp et al., 1986).

Interestingly, communal nesting in the crotophagine cuckoos,
including the greater and groove-billed anis, is thought to have
evolved from conspecific brood parasitism (Vehrencamp & Quinn,
2004). When it becomes mutually beneficial for a parasitic pair to
join the host pair(s) and contribute to shared parental care,
communal groups can form (Vehrencamp & Quinn, 2004; Zink &
Lyon, 2016). However, some conflict between pairs might persist,
particularly among reproductive females (Riehl, 2021). Fitness
conflicts of interest over group size may also exist, in which it is
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Figure 4. The relationship between observed contributions to the various parental care behaviours and role within the group: P1 ¼ pair 1; P2 ¼ pair 2; P3 ¼ pair 3; H ¼ helpers. For
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Table 4
Summary of binomial GLMM testingwhether nest stage and the number of breeding
pairs predicted the proportion of group members near the nest during nest checks

Predictor Estimate SE z P

Nest stage: incubation 1.26 0.44 2.89 0.004
Nest stage: nestlings 3.46 0.56 6.13 <0.0001
Number of pairs: 3 �0.03 0.55 �0.05 0.96

For nest stage, the reference category was laying, such that the results show how
incubation and the nestling stage compare to laying. For the number of breeding
pairs, the reference category was two-pair group, such that the results show how
three-pair groups compare to two-pair groups. Breeding group identity was
included as a random effect. N ¼ 195 visits at 10 nests. Bolded P values are
significant.
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beneficial for a third pair to join a two-pair group but costly for the
core group members to accept additional breeders. This might
explain the aggression directed towards the third pair in greater
anis: pairs 1 and 2 (the host pairs) might treat pair 3 somewhat like
a parasitic pair, particularly if it has recently joined the breeding
group (Vehrencamp et al., 1986). A prediction of this hypothesis is
that the degree of aggression directed at the third pair should be
negatively correlated with its tenure in the group.

Our work adds to the growing literature that has tested for di-
vision of labour in taxa other than the eusocial insects and failed to
find evidence of it (e.g. Clutton-Brock et al., 2003; Siegmann et al.,
2021; Thorley et al., 2018; Z€ottl et al., 2016). While there are ex-
amples of division of labour in several vertebrates (e.g. Arnold et al.,
2005; Bruintjes & Taborsky, 2011; Hurtado et al., 2013), it likely
occurs under limited circumstances that remain to be identified.
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Figure 6. Inequality in total work performed by groups with three breeding pairs and
groups with two breeding pairs. Inequality was measured as the Gini coefficient
adjusted for small sample size. For each box plot, the bold line shows the median, the
box denotes the first quartile through the third quartile, whiskers extend to the most
extreme data point within 1.5 times the interquartile range of the box and points show
outliers beyond the range of the whiskers. The asterisk denotes a significant difference
between the groups.
However, we did find clear evidence of unequal workload distri-
bution, particularly in groups withmore breeding pairs, which adds
to a small number of studies that have uncovered this patternwhen
considering all relevant parental care behaviours (e.g. Clutton-
Brock et al., 2000; Rotics & Clutton-Brock, 2021; Z€ottl et al.,
2016). However, numerous questions remain regarding the causes
and consequences of this workload inequality.

First, we lacked information to test what distinguishes pairs 1, 2
and 3. We do not knowwhich male adopts the nocturnal incubator
role or what characteristics differ between pairs 1 and 2 (high
contributors) and pair 3 (low contributors). These determinations
could be related to age, breeding experience, tenure in the breeding
group or body condition (Riehl, 2012). For example, male 1 could be
older, more experienced or in better condition than the other males
and therefore more able to adopt the demanding and potentially
risky job of incubating at night (Robertson et al., 2018;
Vehrencamp, 1982; Vehrencamp et al., 1988). We did not find any
behavioural differences between male 1 and male 2, and male 1
was often a high contributor, suggesting that the nocturnal incu-
bator does not compensate for his extra nocturnal workload by
contributing less than other males during the day. In three-pair
groups, it is possible that the lowest-contributing ‘third pair’
could be inexperienced breeders and/or new individuals who have
yet to be fully accepted into the group (Vehrencamp et al., 1986). It
is also unclear whether these roles are consistent across time and
how they might change with group composition.

Additionally, we do not know how unequal workload distri-
bution affects the fitness of group members. It is therefore not
known whether inequality is driven by individual differences (in
costs, benefits, abilities or opportunities), free riding, or both. In
anis, widespread free riding is unlikely to be adaptive, given that
the fitness interests of group members are largely aligned
(Roberts, 2005). Communal nesting is obligate (Riehl, 2011) and
all pairs share parentage equally (Riehl, 2012), so group members
who contribute less will do so at a cost to their own offspring. This
is likely to be the case for behaviours for which each group
member's contribution increases the fitness of the offspring (such
as nest defence and nestling feeding) rather than for behaviours
that one or a few individuals are capable of performing (such as
incubation and brooding). Therefore, it is possible that the
inequality observed among greater ani co-breeders is a conse-
quence of conflicts over group membership and the associated
aggression directed at the third pair, which prevents these in-
dividuals from accessing the nest during incubation and brooding,
and/or that the group level costs of free riding on these behaviours
are relatively low.
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Figure A2. A summary of individual contributions to feeding (overall, early and late nestling stages combined). Each row represents a different nest, and columns specify the
various roles within the group (see main text): M1 ¼ male 1; F1 ¼ female 2; M2 ¼ male 2; F2 ¼ female 2; M3 ¼ male 3; F3 ¼ female 3; H1 ¼ helper 1; H2 ¼ helper 2. A grey square
with an ‘X’ indicates that role was not filled in a given group. Blue squares denote significantly higher contributions than expected; red squares denote significantly lower con-
tributions than expected. White squares indicate that the individual's contribution was not statistically different from the expected contribution.
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Figure A3. The relationship between the proportion of group members near the nest during nest checks and nest stage, shown for groups with two breeding pairs (grey bars) and
groups with three breeding pairs (white bars). For each box plot, the bold line shows the median, the box denotes the first quartile through the third quartile, whiskers extend to the
most extreme data point within 1.5 times the interquartile range of the box and points show outliers beyond the range of the whiskers.
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Figure A4. Inequality in contributions to the various parental care behaviours in groups with two breeding pairs versus groups with three breeding pairs. Inequality was measured
as the Gini coefficient adjusted for small sample size. For each box plot, the bold line shows the median, the box denotes the first quartile through the third quartile, whiskers extend
to the most extreme data point within 1.5 times the interquartile range of the box and points show outliers beyond the range of the whiskers.
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