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Resource limitations, either due to environmental conditions or constraints on parental provisioning effort, can drive intense competi-
tion among offspring. In communal groups, resource availability may increase if parents receive assistance from other group members; 
however, if those caregivers also produce young, offspring demand may increase at the same time. It is possible, therefore, that the 
costs of intrabrood competition in large broods may outweigh the benefits of provisioning from additional caregivers. We tested the re-
lationships between group size, brood size, and provisioning rates in the greater ani (Crotophaga major), a communally nesting cuckoo 
in which multiple breeding pairs and nonreproductive helpers cooperatively raise a shared brood. Crucially, brood and group size can 
vary independently in this species, allowing us to test changes in each variable separately. Using video footage of 2255 prey deliveries 
across 10 nests, we found that an increase in the number of adult caregivers within a group did not sufficiently offset a corresponding 
increase in the number of dependent young within a brood: prey availability per average nestling decreased with brood size, regard-
less of group size. In larger broods, last-hatched nestlings received significantly less prey than their broodmates, in part due to greater 
hatching asynchrony that exacerbated competitive asymmetries and facilitated inequality in food allocation. Our results indicate that 
last-hatched ani nestlings suffer a “double cost” in large broods: they must compete with more nestmates, and suffer disproportion-
ately from asynchronous hatching. These costs may contribute to increased parent–offspring conflict and may constrain group size in 
communal breeders.

Key words: brood reduction, communal breeding, competition, Crotophaga major, hatching asynchrony, parental care, 
provisioning.

INTRODUCTION
In cooperative breeding groups, nonreproductive helpers improve 
the fitness of  breeders by allowing them to conserve energy for 
future reproduction or to invest greater resources in their present 
brood (Russell et al. 2007; Cusick et al. 2018; Downing et al. 2020; 
Downing et al. 2021). Studies of  provisioning behavior have docu-
mented how breeders respond to the presence of  additional care-
givers, and how such responses affect nutritional investment in the 
current brood (Hatchwell 1999; Heinsohn 2004; Johnstone 2011). 
In some species, breeders may compensate for the extra assistance 
by decreasing their own provisioning effort, such that resource 
availability for the present brood remains constant even as group 
size increases (“load-lightening,” Hatchwell 1999; Legge 2000a; Lu 
et al. 2011; Koenig and Walters 2012a). In others, breeders may 
maintain their baseline investment levels, so that contributions from 
nonbreeding helpers increase the total amount of  food delivered to 

the brood, and the amount distributed to and consumed by each 
individual offspring (Clutton-Brock et al. 2001; Liebl, Nomano, 
et al. 2016). This may reduce competition within the brood and 
improve overall survival probability for current offspring (Legge 
2000b).

Alternatively, total resource availability may increase, but 
breeders may respond to this additive care by producing more off-
spring in their present brood (Davies and Hatchwell 1992; Woxvold 
and Magrath 2005; Lejeune et al. 2016), leading to constant or 
decreased per-nestling provisioning rates as brood size and group 
size increase simultaneously (Savage et al. 2013). In these larger 
broods, there may be emergent costs for which the presence of  
additional caregivers or greater total resource availability may be 
unable to compensate. For example, increases in brood size may 
alter the competitive landscape within a brood, imposing greater 
physiological costs as offspring compete against more broodmates 
(Neuenschwander et al. 2003; Naguib et al. 2004) and amplifying 
competitive asymmetries among them, leading to a potentially 
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more despotic distribution of  resources. In birds, such asymmet-
ries are often facilitated through asynchronous hatching, which oc-
curs when adults begin incubation before the clutch is completed, 
causing early-laid eggs to hatch before late-laid eggs (Clark and 
Wilson 1981; Magrath 1990; Stoleson and Beissinger 1995).

As competitive differences between early- and late-hatched nest-
lings amplify and as resource distribution becomes more heavily 
skewed, asynchronous hatching can lead to brood reduction, or 
partial brood loss due to nestmate rivalry that typically impacts 
smaller and weaker last-hatched nestlings (Lack 1954; Ricklefs 
1965; Mock 1994). Larger broods may experience higher levels 
of  hatching asynchrony, further exacerbating competitive dispar-
ities in a crowded nest and disproportionately affecting nestlings 
who hatch last (Stouffer and Power 1990; Drachmann et al. 2000; 
Gilby et al. 2011). Understanding how brood size affects individual 
offspring fitness, resource distribution, and within-brood competi-
tion is therefore central to understanding the evolution of  clutch 
size and parental care strategies (Dijkstra et al. 1990; Godfray et 
al. 1991; Roulin and Dreiss 2012). Important tradeoffs may exist 
between the benefits of  increased group size (i.e., more caregivers 
and potentially more food delivered to the brood) and the costs (i.e., 
more competitors within the brood and potentially greater compet-
itive asymmetries).

Concurrent increases in brood and group size also occur in spe-
cies that breed communally, in which additional caregivers are 
reproductive adults who contribute both provisioning effort and 
their own offspring to the mixed brood. Communal broods may 
exhibit greater hatching asynchrony that can impact resource dis-
tribution among offspring and the likelihood of  brood reduction 
(Vehrencamp 1978), and competition may intensify in larger broods 
composed of  unrelated offspring from multiple sets of  parents 
(Macnair and Parker 1979; Godfray 1995; Cariello et al. 2006; 
Caro et al. 2016). In both cooperative and communal breeding 
systems, the key question is whether the presence of  additional 
caregivers in large groups leads to a concomitant increase in the 
amount of  food available to and actually consumed by each off-
spring (Hatchwell 1999). Answering this question and identifying 
the costs and benefits associated with hatching into a larger group 
can shed light on the selective pressures shaping social group size 
and the evolution of  communal breeding especially. However, only 
a handful of  studies have examined how simultaneous changes in 
brood and group size affect resource availability and distribution, 
or how changes in group size interact with competitive dynamics 
within the brood (Vehrencamp 1978; Shen et al. 2010; Koenig and 
Walters 2012a; Koenig and Walters 2012b; Savage et al. 2013; 
Bebbington et al. 2018).

To address this gap, we investigated how concurrent varia-
tion in the number of  dependent young and the number of  adult 
caregivers influences the amount of  resources delivered to a nest, 
their distribution among offspring, and patterns of  hatching asyn-
chrony in the greater ani (Crotophaga major), a communally nesting 
Neotropical cuckoo. Greater anis live in social groups composed of  
two to three breeding pairs and up to two nonreproductive helpers, 
so that the total number of  caregivers ranges from four to eight 
(Riehl and Jara 2009). All breeding pairs contribute eggs to a single, 
shared nest and cooperatively care for their joint brood; adults are 
unable to recognize their own offspring and provide care indiscrim-
inately (Riehl and Strong 2015). Co-breeders are unrelated to each 
other, while helpers may either be unrelated immigrants or retained 
offspring from a prior breeding attempt (Riehl 2011). Helpers par-
ticipate in nest defense and parental care, and preliminary analyses 

suggest that they deliver food at rates similar to those of  breeding 
adults (see Methods for more information). Greater anis are 
obligately communal: single pairs have been observed attempting 
to breed only following the disappearance of  other group mem-
bers, and have never been recorded to be successful (Riehl and Jara 
2009; Riehl 2011).

Previous work on this species suggests that nestling survival de-
pends on resource availability, brood size, and position in the hatch 
order. Starvation occurs in 26.4% of  all greater ani broods (in 
41.2% of  broods not experiencing predation) and disproportion-
ately affects last-hatched nestlings (Riehl 2016). Starvation rates 
are highest in dry, resource-poor years, and this trend is most pro-
nounced for nestlings hatched into larger broods (Riehl and Smart 
2022). Overall, the probability of  starvation increases with brood 
size, and nestlings hatched into larger groups typically experi-
ence lower survival than those in smaller groups, suggesting that 
the number of  competitors within a brood may be more impor-
tant than the number of  adult caregivers (Riehl and Smart 2022). 
However, the behavioral mechanisms underlying these patterns are 
unknown: the costs of  increased group size might be caused by 
changes in resource distribution among nestlings, changes in adult 
provisioning rates, or both. Our goal in this paper was to under-
stand how resource availability to nestlings is affected by the pres-
ence of  additional caregivers and additional broodmates.

To do this, we collected detailed video-recordings of  food de-
liveries to communal nests, and correlated rates of  provisioning 
with natural variation in brood and group size. Since all breeding 
pairs contribute offspring to the communal clutch, an increase in 
group size is typically associated with an increase in brood size 
(Riehl 2011). However, due to partial nest predation and the occa-
sional presence of  nonreproductive helpers, there is still consider-
able variation in the relationship between the number of  caregivers 
in a group and the number of  dependent young within a nest. 
Importantly, this natural variation allows us to separate the effects 
of  brood size from the effects of  group size on resource delivery 
and distribution (Sieber et al. 2017).

First, we quantified the overall relationship between brood and 
group size, and we asked how these variables affected the amount 
of  food available to the average nestling. For this measure of  re-
source availability, we were interested in the amount of  food that 
was theoretically available to a nestling in a group with a given 
number of  broodmates and caregivers, assuming equal distribu-
tion within the brood. We predicted that, as brood and group size 
varied, prey availability per average nestling could either decrease, 
increase, or remain constant, depending on 1) the relationship be-
tween brood size and group size and 2) the degree to which existing 
adult caregivers adjust their provisioning effort accordingly. For ex-
ample, if  prey availability per average nestling remains constant as 
group size increases, this could be due to a concurrent increase in 
brood size that negates any potential benefit of  added care (i.e., in-
creases in brood and group size effectively cancel each other out), 
or due to a compensatory reduction in individual adult provisioning 
rates as the number of  caregivers increases (i.e., the total amount of  
prey delivered stays the same, but each adult works less). To distin-
guish between these two mechanisms, we also examined how nat-
ural variation in brood and group size influence the provisioning 
workload of  an average adult.

Second, we asked how much food was actually distributed to in-
dividual nestlings, depending on their position in the hatch order. 
For this measure of  resource availability, we were interested in how 
competitive differences among nestlings in the brood might affect 
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the amount of  prey actually consumed by each nestling (rather 
than the amount theoretically available if  resources were distrib-
uted equally). If  an increase in brood size affects the competitive 
landscape within a nest, potentially through greater hatching asyn-
chrony, we predicted that the distribution of  prey among first-, 
middle-, and last-hatched nestlings would become more skewed as 
brood size increased.

Third, we evaluated whether increased hatching asynchrony 
could be a mechanism underlying greater intrabrood competition 
in larger broods by quantifying the overall relationship between 
brood size and hatching asynchrony in our study population.

METHODS
Data collection

We leveraged two complimentary datasets in this study, both of  
which were obtained from the same population of  greater anis 
within the Barro Colorado Nature Monument (BCNM) in cen-
tral Panama. The BCNM is managed by the Smithsonian Tropical 
Research Institute and supports a long-term study population 
of  approximately 80 ani breeding groups (Riehl and Jara 2009; 
Riehl and Strong 2019). Our first dataset contained long-term nest 
monitoring data collected from 2007–2009 and 2012–2019, and 
was used to characterize overall relationships between brood size 
and group size, and between brood size and hatching asynchrony. 
Detailed descriptions of  nest monitoring protocols are given in 
Riehl and Jara (2009). Briefly, nests were located at the beginning 
of  each breeding season and were checked every 1–3 days during 
the nesting period. The number of  eggs or nestlings in the nest and 
the number of  adults present at the nest were recorded at each visit, 
and the number of  breeding females in each group was confirmed 
by the pattern and timing of  egg laying and/or through genotyping 
of  eggs and nestlings with a panel of  12 highly polymorphic micro-
satellite loci (Almany et al. 2009; Riehl 2012; Riehl and Strong 
2019). For these analyses, group size was defined as the number of  
breeding adults plus nonbreeding helpers in the nesting group, and 
brood size was defined as the number of  eggs that hatched in the 
communal nest. We defined hatching asynchrony as the spread of  
days over which nestlings hatched, and measured this spread as the 
difference between the first and last calendar days of  hatching; a 
hatch spread of  zero indicates that all nestlings hatched on the first 
day, a spread of  one indicates that nestlings hatched over a period 
of  two days, and so on. We analyzed data collected from a subset 
of  years (2007–2009 and 2012–2019), since these were the years for 
which complete information on group size, brood size, and hatch 
spread were available. A total of  138 nesting groups were included 
in the analysis of  brood size and group size, and 110 nesting groups 
in the analysis of  brood size and hatching asynchrony.

Our second dataset, used to measure how variation in brood 
and group size influences prey availability, actual prey distribu-
tion, and average adult workload, followed 10 focal groups over a 
single breeding season from July to August 2018. This dataset used 
video-recordings to capture precise data on how much prey adults 
delivered to the nest (and was therefore available to nestlings), 
and how prey items were actually distributed among individually 
marked nestlings within the nest. Once hatching began at our 10 
focal nests, we visited daily in order to individually mark nestlings 
with non-toxic paint pens, record their position in the hatch order, 
and install small video cameras to monitor prey deliveries and 
distribution. A nestling’s position in the hatch order was assigned 

based on whether it hatched on the first, a middle, or the last day 
of  the hatch period; multiple nestlings could be assigned to the 
same position. If  nestlings hatched over a 2-day period, they were 
assigned only to first and last hatch positions.

Video cameras (Contour +2 or Roam3) were attached to ex-
ternal battery packs (Anker Aster E1s) within one foot of  the nest 
and secured using zip ties. We filmed nestlings for 1–5 days after 
hatching; we did not visit nests after day 6, when nestlings can pre-
maturely fledge if  disturbed (Riehl and Jara 2009). Ultimately, we 
annotated 2–4 days of  footage per nest for a minimum of  10 h of  
footage per group; we avoided first-hatch days when possible and 
excluded footage with partial broods. We also excluded footage 
recorded during heavy rainstorms, after 1730 h (when adults feed 
less frequently), and when researchers were in the camera frame. 
All procedures were approved by the Institutional Animal Care 
and Use Committees of  Princeton University (protocol #10034) 
and the Smithsonian Tropical Research Institute (protocol #2017-
0626-2020). Time at the nest was kept to a minimum and adults 
returned to the nest within 17 min (± 13 min SD) after researchers 
left. Paint markings do not influence prey allocation within the nest 
and adults are not aggressive toward marked nestlings (Savagian 
and Riehl, unpublished data).

Four observers manually watched and annotated the video files 
using ELAN software (v5.9; The Language Archive 2020). For 
every prey delivery, they noted the arrival time and the identity 
of  the nestling who received the prey item; if  no nestling was fed 
(e.g., the adult consumed prey or it escaped from the nest) or we 
could not confirm the identity of  the nestling, we excluded the prey 
delivery from analysis. They also tallied the total number of  prey 
items delivered to each nest, in order to calculate a single provi-
sioning rate that captured the workload of  an average adult in each 
group. We calculated this average rate by dividing the total number 
of  prey items by the number of  adults in each group. Since very 
few adults in this study population are banded, we were unable 
to quantify actual delivery rates for individual birds in our focal 
groups, but data from a pilot study of  three fully marked groups 
show that all breeding adults contribute equally to provisioning, re-
gardless of  sex (M. G. Smith and C. Riehl, unpublished data). This 
suggests that simply dividing total prey deliveries by group size is a 
reasonable approximation of  individual provisioning effort. Helper 
provisioning rates, based on observations of  five banded helpers at 
three nests, typically fall within the range of  variation of  breeder 
provisioning rates, although they can be lower (A. G. Savagian 
and C. Riehl, unpublished data); we therefore treat helper contri-
butions as functionally equivalent to breeder contributions and in-
clude helpers in our value of  group size. Using just the number of  
breeders for our value of  group size produced qualitatively similar 
results as using both breeders and helpers (Supplementary Tables 
S1–S5).

Nestling diet consists primarily of  large invertebrates 
(Orthoptera, Araneae, Cicadidae, and Blattodea), as well as small 
vertebrates including several species of  amphibian, gecko, and 
iguana (Riehl and Strong 2015, A. G. Savagian and C. Riehl, un-
published data). Although prey items differ in size, analyses showed 
that a simple tally of  the number of  prey items a nestling received 
each day was tightly correlated with the total amount of  food it 
received (the sum of  all prey mass), suggesting that the number 
of  prey items received is an adequate proxy for prey consumption 
(Supplementary Methods). Because 2018 was a La Niña year, char-
acterized by higher-than-average precipitation and a shorter dry 
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season in Panama (Leigh et al. 1990; NOAA Climate Prediction 
Center 2022), invertebrate abundance was likely quite high at our 
field site, contributing to high nestling survival rates during the 
2018 breeding season (Wolda 1978; Levings and Windsor 1984; 
Riehl and Smart 2022). Within our 10 focal groups, only two out 
of  57 nestlings starved. Thirteen other nestlings disappeared be-
fore fledging (attributed to predation) and one healthy nestling was 
found dead in the nest of  unknown causes.

Statistical analysis and hypothesis testing

All data analysis was performed in R (v4.0.2; R Development Core 
Team 2020). To address our first question, how variation in brood 
and group size influence prey availability per average nestling, we 
ran three generalized linear models with Poisson error distributions 
predicting 1) brood size as a function of  group size, using the long-
term nest monitoring data from 2007–2009 and 2012–2019; 2) the 
number of  prey items available to an average nestling at each of  
our 10 focal nests, as a function of  brood and group size; and 3) 
the number of  prey items delivered by an average adult at each of  
our 10 focal nests, again as a function of  brood and group size. The 
number of  prey items available to an average nestling or delivered 
by an average adult was calculated by dividing the total number 
of  prey items delivered to each nest during the study period by the 
number of  nestlings in a brood or the number of  adults (breeders 
and helpers) in a group, respectively. These average provisioning 
rates were rounded to the nearest integer to accommodate a 
Poisson error distribution, and we included a log-transformed offset 
term of  the number of  hours of  footage annotated for each group 
to control for differences in opportunities for prey delivery.

To address our second question, how variation in brood and 
group size influence the actual distribution of  prey among indi-
vidual nestlings, we modeled the number of  prey items distributed 
to and consumed by each individual nestling in our 10 focal nests 
as a function of  brood size, group size, and a nestling’s position in 
the hatch order, along with all two-way interactions between the 
predictors and a three-way interaction involving all three. This 
generalized linear mixed effects model was fit with a Poisson error 
distribution, included group ID as a random effect, and included 
a log-transformed offset term of  the number of  hours of  footage 
annotated for each group. Position in the hatch order was coded as 
a three-level categorical predictor (first-, middle-, or last-hatched).

Finally, to address our third question, how hatching asynchrony 
may contribute to intrabrood competition, we used the long-term 
nest monitoring data from 2007–2009 and 2012–2019 to pre-
dict hatch spread as a function of  brood size and the number of  
breeding females within a group (2 or 3), using a generalized linear 
model with a Poisson error distribution.

Candidate models were evaluated using an information-theoretic 
approach in which we compared all possible combinations of  
our predictor variables and identified the resulting “best-subsets” 
models using Akaike’s information criterion corrected for small 
sample sizes (AICc; Burnham and Anderson 2002). Global models 
were generated using the package “lme4” (Bates et al. 2015) and 
candidate models were compared using the “MuMIN” package 
(Bartoń 2020). Models that were within 2 AICc units of  the top 
model were considered to be best-subsets of  the global model, ex-
cept those that contained only one more parameter than the top 
model (Arnold 2010). If  more than one top model emerged, we 
used model averaging based on the top models to obtain param-
eter estimates, again using the “MuMIN” package (Burnham and 

Anderson 2002). To reduce structural multicollinearity, we mean-
centered all continuous predictors used in interactions (brood size 
and group size) during the model-selection process (Iacobucci et al. 
2016); the resulting variance inflation factors, as calculated using 
the package “car” (Fox and Weisberg 2019), were all less than 2 
(Supplementary Table S6). If  no interaction terms were retained 
in a best-subset model, we subsequently reverted to raw predictor 
values when summarizing the final model to facilitate interpreta-
tion; if  interaction terms were retained, we kept the mean-centered 
values.

RESULTS
Brood size and group size were significantly and positively associated in 
the long-term nest monitoring dataset, as predicted (GLM: estimate = 
0.120; SE = 0.035; Z = 3.404; P = 0.000663; 95% CI = 0.050–0.189). 
However, the relationship was highly variable (Figure 1). For example, 
although a brood of  seven nestlings was most likely to be cared for by a 
group of  four adults, they could also be provisioned by five, six, seven, 
or even eight caregivers. This variation subsequently allowed us to sep-
arately test the effects of  brood size and group size on prey availability 
and distribution within a nest and on adult provisioning rates.

Within our 10 focal groups, as brood size increased, the number 
of  prey items available to an average nestling decreased signifi-
cantly (Table 1). Brood size was the only predictor retained in the 
best-subset model of  prey availability, suggesting that nestlings in 
large broods had less prey available to them, per capita, regardless 
of  the number of  adults provisioning them (Supplementary Table 
S7). The provisioning effort of  an average adult increased with 
brood size (Table 1, Figure 2), even though this appeared insuffi-
cient to fully meet nestling demand in larger broods. This increase 
was independent of  group size, which was not a significant term 
in the averaged best-subset model: whether they were assisted by 
relatively many or relatively few fellow caregivers, the average adult 
made more provisioning trips as nestling number increased (Table 
1).

The actual distribution of  prey items among individual nestlings 
also changed as brood size increased. Overall, last-hatched nestlings 
received less prey than their middle- and first-hatched counterparts, 
and this divergence was most pronounced in the largest broods 
(Table 1, Figure 3). Middle-hatched nestlings also received less 
than first-hatched nestlings, but significantly more than those who 
hatched last (Supplementary Table S8). Only position in the hatch 
order, brood size, and an interaction between them were retained 
in the best-subset model; group size did not significantly contribute 
to the observed variation in how resources were allocated among 
nestlings (Supplementary Table S9). The greater skew in prey dis-
tribution within larger focal broods may be explained by the corre-
sponding increase in hatching asynchrony also observed in larger 
broods in the overall study population (GLM: estimate = 0.140; SE 
= 0.035; Z = 3.994; P < 0.0001; 95% CI = 0.072–0.210; Figure 
4, Supplementary Table S10). In summary, therefore, larger broods 
were associated with increased hatching asynchrony, less equal dis-
tribution of  prey among nestlings, and a decrease in the amount of  
food delivered per average nestling, despite increases in adult pro-
visioning effort.

DISCUSSION
In this study, we found that an increase in the number of  adult 
caregivers within a group did not sufficiently offset a corresponding 
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increase in the number of  dependent young within a brood: prey 
availability per average nestling decreased significantly with brood 
size, independent of  group size. Distribution of  that prey within 
the nest also changed with brood size, potentially due to more pro-
nounced hatching asynchrony in larger broods that further disad-
vantaged last-hatched nestlings. This persistent brood size effect 

underscores the usefulness of  evaluating variation in brood size and 
group size separately (e.g., Liebl, Browning, et al. 2016; Sieber et al. 
2017). It also highlights the importance of  integrating the effects of  
offspring competition into models of  how breeders should respond 
to the presence of  additional helpers or co-breeders within a social 
group (Savage et al. 2013). A breeding female may be selected to 
produce fewer supplementary offspring than may otherwise be pre-
dicted, once the costs of  increased hatching asynchrony, offspring 
competition, and resource skew are taken into account.

For greater ani nestlings, we found that hatching into a larger 
brood meant having access to less food, even if  more caregivers 
were present. While adults seemed sensitive to variation in brood 
size, given that the workload of  an average adult and the total 
amount of  prey delivered to the nest increased with the number 
of  nestlings, caregivers did not increase their provisioning effort 
enough to maintain consistent prey availability per the average 
nestling across broods. For groups with relatively few caregivers, 
this may reflect a constraint imposed by the costs to future repro-
duction on investing more heavily in the present brood (Meade et 
al. 2010; Lu et al. 2011). However, this result is more puzzling for 
groups with relatively many caregivers. In cooperative groups, it is 
not uncommon for caregivers to decrease investment as group size 
increases, but these declines in individual investment typically main-
tain a consistent net level of  offspring care (Brown 1978; Hatchwell 
1999; Yuan et al. 2005; but see van Boheemen et al. 2019). For ex-
ample, in the groove-billed ani (C. sulcirostris), a communal breeder 
and close relative of  the greater ani, per-nestling provisioning rates 
remain constant regardless of  the number of  adult provisioners 
(Vehrencamp 1978). Greater ani adults may reduce or limit their 
provisioning workload in larger groups because their contribution 
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Figure 1
Results of  a generalized linear model fit with a Poisson distribution 
of  the relationship between group size (the number of  breeders and 
nonreproductive helpers) and brood size for communally nesting greater 
anis. Shadowing indicates 95% confidence intervals. Minimum group size 
= 4 adults (two breeding pairs). N = 138 groups; excludes those with brood 
size equal to 0.

Table 1
Results of  a series of  best-subset generalized linear models and a mixed effects model predicting (A) provisioning effort of  an 
average adult; (B) prey availability per average nestling; and (C) actual prey distribution among individual nestlings

A)  Number of  prey items delivered by an average adult

Fixed effect Estimate SE Z P 95% CI 

Brood size 0.121 0.020 5.200 <0.0001 0.075, 0.166
Group size −0.077 0.071 1.005 0.315 −0.226, 0.073

B)  Number of  prey items available to an average nestling

Fixed effect Estimate SE Z P 95% CI 

Brood size −0.043 0.017 −2.449 0.0143 −0.077, −0.009

C)  Number of  prey items distributed to each individual nestling

Fixed effect Estimate SE Z P 95% CI 

Brood size −0.039 0.016 −2.440 0.0147 −0.073, −0.006
Hatch position (middle) −0.306 0.066 −4.657 <0.0001 −0.434, −0.176
Hatch position (last) −0.524 0.059 −8.829 <0.0001 −0.641, −0.408
Brood size × Hatch 
position (middle)

0.045 0.022 2.051 0.0403 0.001, 0.087

Brood size × Hatch 
position (last)

−0.082 0.021 −3.923 <0.0001 −0.123, −0.041

Random effect Variance SD

Group ID 0.007 0.084

Models are fit with a Poisson distribution. Position in the hatch order is coded as a three-level categorical variable (first, middle, last), with first-hatched as the 
reference level. Continuous predictors included in interaction terms are mean-centered. Model (A) parameters were derived through model averaging based on 
two best-subset models (see Supplementary Tables S11 and 12). N = 10 breeding groups containing 57 nestlings.
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to the communal brood decreases: a breeder’s share of  parentage 
diminishes with the addition of  each unrelated co-breeding pair, 

potentially reducing fitness incentives to provide care (Riehl 2012). 
This is in contrast to cooperative groups in which the presence of  
nonreproductive helpers does not affect breeder parentage, and 
in contrast to groove-billed anis, for whom parentage is unequally 
distributed regardless of  group size (Vehrencamp 1977). Inclusive 
fitness benefits may also explain why a study on provisioning ef-
fort in the communally breeding Seychelles warbler (Acrocephalus 
sechellensis) found the opposite result: nestlings in communal nests 
(containing two nestlings and two caregivers) received the same per 
capita amount of  prey as did nestlings in noncommunal nests (con-
taining one nestling and one caregiver; Bebbington et al. 2018). 
Since co-breeders are typically mother–daughter pairs in this spe-
cies, caregivers in both communal and noncommunal nests have 
high inclusive fitness incentives to maintain provisioning effort, 
even though the share of  direct parentage is 50% less in communal 
nests (Richardson et al. 2002).

In addition to suffering from lower overall resource availability as 
brood size increased, ani nestlings in larger broods also experienced 
greater skew in how those resources were distributed. We found that 
as brood size increased, last-hatched nestlings received significantly 
less prey than their first- and middle-hatched broodmates. Overall 
competition for resources is likely to increase with brood size, as nest-
lings expend more energy to beg or scramble for access to food and 
as existing asymmetries become amplified (Mock and Lamey 1991; 
Neuenschwander et al. 2003; Bebbington et al. 2017). In larger ani 
broods, last-hatched nestlings may have been at a greater disadvan-
tage from the start: our analysis revealed that hatching asynchrony in-
creased with brood size, widening the competitive gap between those 
who hatched early and those who hatched late. It is likely that the 
greater hatching asynchrony generally observed in larger broods is the 
mechanism underlying this despotic prey distribution, as opposed to 
brood size alone (e.g., Gilby et al. 2011). Last-hatched nestlings thus 
seem to pay a “double cost” in large broods: there are fewer resources 
available overall, and, of  those resources, they obtain significantly 
fewer due to competition from their increasingly large broodmates.

Overall, the increased demand and greater hatching asynchrony 
observed in larger broods appear to be emergent costs for which 
proportional increases in the number of  adult caregivers are un-
able to compensate. These costs likely explain the higher proba-
bility of  starvation in larger greater ani broods, and may also offer 
insight into why three-pair groups consistently experience lower 
nestling survival rates compared to two-pair groups, despite having 
more caregivers on average (Riehl and Smart 2022). Considering 
the effects of  within-brood competition on offspring survival is thus 
crucial to understanding what constrains the number of  reproduc-
tive pairs within a breeding group, and what selective forces may 
influence existing group members’ decisions to admit another pair 
(Bebbington et al. 2018).

For greater anis, increased hatching asynchrony in larger broods 
may be a nonadaptive or even maladaptive consequence of  sharing 
a nest with multiple females. In communal groups, individuals have 
less control over hatching patterns within the brood, since one fe-
male may begin incubating before her co-breeders have finished 
laying. Synchrony is harder to achieve as the number of  females in-
creases, which may partly explain the more asynchronous hatching 
observed in larger broods; even though the number of  laying fe-
males did not emerge as a predictor in our model, groups with 
three females consistently produce larger broods than those with 
two (Riehl 2012), suggesting that nesting in a larger group could 
still lead to increased asynchrony. Additionally, larger clutches may 
be more likely to suffer from uneven incubation, which can also 
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Figure 2
The effect of  brood size on the provisioning effort of  adult greater anis, 
as estimated by the most competitive best-subset model (see Supplementary 
Table S8 for the full set of  candidate models) and controlling for variation 
in the number of  adult caregivers. N = 10 nests.
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Figure 3
Model-estimated effects of  an interaction between position in the hatch 
order and brood size on the actual distribution of  prey items among 
individual greater ani nestlings within their communal broods. Position in 
hatch order is coded as a three-level categorical variable (first, middle, last). 
N = 57 nestlings across 10 nests.
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Results of  a generalized linear model fit with a Poisson distribution of  
the relationship between brood size and hatching asynchrony across 110 
communal greater ani nests. Nests with only one nestling were excluded.
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contribute to asynchronous hatching (Sandercock 1997; Fernández 
and Reboreda 2007).

However, it remains possible that increased brood reduction 
in larger, more asynchronous broods could still benefit parents’ 
inclusive fitness, and even that of  last-hatched nestlings, if  it re-
duces the predation or starvation risk of  the remaining nestlings 
(O’Connor 1978; Clark and Wilson 1981; Forbes 1993). Hatching 
asynchrony may minimize the time that offspring are present in 
the nest, reducing predation and outweighing the cost of  brood 
reduction (Clark and Wilson 1981; Lee and Lima 2017). Since 
predation is a significant cause of  egg loss in greater anis (Riehl 
and Jara 2009), it may be in adults’ best interests to begin in-
cubation before the final egg is laid and to fledge nestlings as 
soon as possible. A previous study on this population showed 
that overall nestling survival is highest in synchronous clutches, 
but the survival analysis only considered nondepredated nests 
and therefore may not have fully captured the potential benefits 
of  asynchronous hatching under high predation pressure (Riehl 
2016). Seemingly costly offspring competition in larger broods 
may thus be ultimately beneficial for parents, setting up poten-
tial conflict between parents and offspring if  brood reduction does 
not also maximize the inclusive fitness of  last-hatched nestlings 
(Trivers 1974; Godfray 1995; Mock 2004).

Whether hatching asynchrony is indeed a cost, and the de-
gree to which this potential cost has played a role in limiting the 
size of  communal breeding groups, is unknown. In the commu-
nally breeding Taiwan yuhina (Yuhina brunneiceps), asynchronous 
hatching due to the early onset of  incubation also contributes to 
brood reduction, but under poor ecological conditions, females 
may be able to manipulate their own laying patterns to improve 
synchrony and limit overall mortality (Shen et al. 2012). Similar 
behavioral adaptions may exist in other species and mitigate the 
emergent consequences of  multiple females laying in a shared 
nest. Broader investigation into the presence and fitness conse-
quences of  asynchronous hatching in other communally breeding 
species will be necessary in order to identify which selective pres-
sures are acting on hatching patterns and to determine how they 
are likely to have influenced the evolutionary trajectory of  com-
munal breeding overall.
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