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Abstract 
Therepayment hypothesis for offspring sex allocation predicts that breeders in cooperatively breeding groups should over-
produce the helping sex, particularly when they lack helpers. In birds that produce sexually size-dimorphic nestlings, 
sex allocation is further predicted to vary across hatching order to maximize brood survival. This could occur by biasing 
late-hatched nestlings toward either the energetically inexpensive sex (the intra-brood sharing-out hypothesis) or the more 
competitive sex (the intra-brood competitive equilibrium hypothesis). Here, we test these hypotheses using data from 553 
nestlings in 109 broods of greater anis (Crotophaga major), a cooperatively breeding bird that breeds in groups composed 
of multiple reproductive pairs and non-breeding helpers. Helpers are predominantly males and increase the reproductive 
output of breeders; late-hatched nestlings are more vulnerable to starvation. Therefore, the repayment hypothesis predicts that 
groups without helpers should produce male-biased broods, whereas the intra-brood sharing-out and competitive equilibrium 
hypotheses predict that either females (the energetically inexpensive sex) or males (the more competitive sex), respectively, 
should be overproduced at the end of the laying sequence. Contrary to these predictions, population-wide sex ratios did not 
differ significantly from 50:50, and we found no evidence for facultative sex ratio adjustment within broods by helper pres-
ence or by hatch order. These results support a growing consensus that facultative sex allocation is less widespread in birds 
than once thought, even in cooperatively breeding species with sex-biased helping behavior.

Significance statement
Evolutionary biologists have long been interested in offspring sex ratios. Despite a rich body of literature, few clear trends 
have emerged among the many hypotheses proposed to explain offspring sex biases in birds, and relatively few studies have 
examined multiple hypotheses or long-term datasets. This study leverages an 11-year dataset on the cooperatively breeding 
greater ani to address three adaptive hypotheses for offspring sex allocation. However, consistent with recent meta-analyses, 
we find no support for adaptive sex allocation in line with the predictions of any of the three hypotheses. Facultative adjust-
ment of sex ratios in birds may be more constrained than once thought, even in species in which it is predicted to be adaptive.

Keywords  Sex allocation · Cooperative breeding · Repayment hypothesis · Birds · Sexual dimorphism · Hatching 
asynchrony

Introduction

The possibility that animals can adaptively adjust the sex 
of their offspring at conception has long fascinated theo-
reticians and field biologists alike. Although sex ratio bias 
has been hypothesized to be adaptive in many situations, 
sex ratios in natural populations tend to be balanced (1:1), 
a phenomenon whose evolutionary significance was first 
discussed by Darwin (1871) and explored more formally 
by Düsing (1883, 1884) and Fisher (1930). The Düsing-
Fisher model argues that frequency-dependent selection 
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favors equal investment in male and female offspring and, 
thus, that unbiased sex ratios tend to be evolutionarily stable 
(Queller 2006). Despite this, biologists have documented 
dramatic exceptions to this general rule, particularly among 
the Hymenoptera (Trivers and Hare 1976; Herre 1987), and 
understanding the evolution of these exceptions remains cen-
tral to sex allocation research (West 2009). Theory predicts 
that it can be adaptive for a mother to bias the sex of her 
offspring when (1) current conditions affect the future fitness 
of male and female offspring differently (Trivers and Willard 
1973; Charnov 1982; Leimar 1996) or (2) the direct costs to 
the mother of producing a son and daughter differ. The latter 
context can occur when one sex requires more resources to 
produce (the costly sex hypothesis: Fisher 1930; Patterson 
et al. 1980; Ligon and Ligon 1990) or, for species that breed 
cooperatively, when offspring of one sex are more likely to 
delay dispersal and assist their parents as non-breeding help-
ers (the repayment hypothesis: Gowaty and Lennartz 1985; 
Emlen et al. 1986; Komdeur 2004).

Although the most compelling examples of adaptive 
sex ratio bias have been observed in insects, cooperatively 
breeding birds have emerged as model systems for empiri-
cal tests of adaptive hypotheses in vertebrates, especially 
the repayment hypothesis. A common criticism of sex ratio 
research in vertebrates is that studies are often exploratory 
and lack clear predictions about the direction of bias (Frank 
1990; Cockburn et al. 2002; West and Sheldon 2002). Stud-
ies of cooperatively breeding birds provide an opportunity 
to resolve this problem since, in some species, offspring of 
one sex are more likely to act as helpers. In these species, 
the intensity of selection on sex ratios should be proportional 
to the fitness benefit that non-breeding helpers provide their 
parents and the extent to which helping is sex biased; thus, 
selective pressures are quantifiable and should vary predict-
ably among species (Gowaty and Lennartz 1985; Pen and 
Weissing 2000).

This framework initially generated promising results, 
with several studies finding sex ratio biases in the direction 
predicted by the repayment hypothesis (e.g., red-cockaded 
woodpeckers Picoides borealis, Gowaty and Lennartz 1985; 
green woodhoopoes Phoeniculus purpureus, Ligon and 
Ligon 1990; Seychelles warblers Acrocephalus sechellensis, 
Komdeur et al. 1997; bell miners Manorina melanophrys, 
Clarke et al. 2002). An early meta-analysis by Griffin et al. 
(2005), which included 11 cooperatively breeding species 
(9 birds and 2 mammals), found that the degree of bias was 
positively correlated with the magnitude of fitness benefits 
provided by helpers. This suggested that adaptive sex alloca-
tion was widespread in cooperative breeders and that varia-
tion in bias was largely explained by variation in the benefits 
of help. In subsequent years, however, some studies failed to 
demonstrate biased sex ratios, even in cooperatively breed-
ing species with well-documented benefits of helping (e.g., 

white-throated magpie-jays Calocitta formosa, Berg 2004; 
superb fairywrens Malurus cyaneus, Cockburn and Dou-
ble 2008; long-tailed tits Aegithalos caudatus, Nam et al. 
2011). A larger meta-analysis by Khwaja et al. (2017), which 
included 28 bird species in which helpers increase breeder 
fitness, found that population-level sex ratios were not sys-
tematically biased toward the helping sex and that females 
did not generally overproduce the helping sex when they 
lacked help. Unbiased sex ratios were at least as common as 
biased sex ratios, and the average effect size of helper pres-
ence on offspring sex was close to zero. Khwaja et al. (2017) 
also noted that the proportion of studies reporting unbiased 
sex ratios had increased over time, suggesting an earlier 
publication bias against negative results (see also Cockburn 
and Double 2008). Therefore, more empirical studies are 
needed to determine whether the predictions of the repay-
ment hypothesis are broadly supported across cooperative 
breeders.

In this study, we test adaptive hypotheses for sex ratio 
bias at the population and brood level in the greater ani 
(Crotophaga major, hereafter “ani”), a cooperatively breed-
ing Neotropical cuckoo. Anis nest in groups consisting of 
two to three unrelated pairs, and all individuals in a nesting 
group provide care to a communal brood laid in a single nest 
(Riehl 2011). Approximately 20% of groups also contain 1–2 
unpaired, non-breeding helpers who contribute to all aspects 
of parental care, including incubation, nest defense, and pro-
visioning nestlings. Previous studies of this population have 
found that helpers can be either related to the brood that they 
help (offspring of the natal group who delay dispersal and 
assist in raising subsequent broods) or unrelated (immigrants 
who join the group as unpaired helpers and do not reproduce; 
Riehl 2021). Related helpers are predominantly male (83%; 
24 of 29); little is known about the sex of unrelated helpers, 
though preliminary data suggest that they are predominantly 
female (86%; 6 of 7). Unrelated helpers may subsequently 
reproduce in the groups that they help, but related helpers 
have never been observed to breed in their natal group. Help-
ers increase the fitness of breeding adults by defending against 
nest predators: the presence of each helper reduces the likeli-
hood of nest predation by 11–15% (Riehl and Smart 2022), 
and nestling growth rates (in terms of mass, tarsus length, and 
culmen length) are slightly higher at nests with helpers (CR 
and A.G. Savagian, unpubl. data). Therefore, anis satisfy two 
key assumptions of the repayment hypothesis: (1) one sex 
is more likely than the other to delay dispersal and become 
a non-breeding helper (Gowaty and Lennartz 1985) and (2) 
helpers enhance the fitness of the breeders that they assist 
(Griffin et al. 2005). Since helping is male-biased in anis, the 
repayment hypothesis predicts a male-biased offspring sex 
ratio, particularly in groups that lack helpers.

Although the repayment hypothesis predicts a bias in sex 
allocation at the brood level, environmental factors do not 
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affect each individual in a brood equally (Carranza 2004). In 
altricial birds, this can occur when incubation begins before 
the clutch is complete, resulting in asynchronous hatching 
and an age-based size hierarchy among nestlings (reviewed 
in Magrath 1990). The size of a nestling is generally predic-
tive of its competitive ability in the nest, so size hierarchies 
created by asynchronous hatching are typically maintained 
as late-hatched nestlings grow more slowly, fledge at a lower 
weight, and starve more frequently (Bortolotti 1986; Slags-
vold 1986; Clotfelter et al. 2000; Lago et al. 2000; Mad-
dox and Weatherhead 2008). This dynamic is relevant to 
the study of sex allocation in species that are sexually size 
dimorphic since the larger and smaller sexes may be affected 
differentially by their position in the hatch order. In anis, 
incubation generally begins after the laying of the penulti-
mate egg; however, incubation can also occur sporadically 
earlier during the egg-laying stage (Riehl 2020). Because of 
this, ani broods can hatch over a period of 1–4 days and may 
contain chicks of several distinct age cohorts (or a cohort of 
same-aged chicks and a single, late-hatching chick that is 
smaller than its nestmates) (Riehl 2020). Additionally, adult 
anis are slightly size dimorphic by sex, with males weighing 
6% more than females (Riehl 2020). This dimorphism typi-
cally develops by the 6th day of the nestling period (CR and 
A.G. Savagian, unpubl. data), which suggests that the sexes 
might impose different immediate energetic costs on parents. 
This differential cost is especially pertinent to late-hatching 
nestlings because late-hatched ani nestlings are smaller and 
more vulnerable to starvation than their larger, early-hatched 
nestmates (Riehl 2016).

A number of general models have been developed to 
understand which sex would be optimally placed in a given 
position in the hatch order (Carranza 2004; Uller 2006), but, 
unlike the repayment hypothesis, we are unable to validate 
all the assumptions underlying these models in anis since we 
lack sufficient data on how the survival of male and female 
offspring varies with respect to the brood sex ratio and posi-
tion in hatch order. Nevertheless, because the predictions of 
these models differ with respect to the sex of late-hatched 
nestlings, we can determine which (if any) is consistent 
with our long-term nest monitoring data. The predictions 
that these models make depend on the nature of interactions 
between nestlings. Two non-mutually exclusive factors that 
likely impact the survival of late-hatched nestlings are (1) 
the direct energetic cost associated with raising male vs. 
female offspring or (2) the ability of a late-hatched nestling 
to compete for food. For this reason, adaptive arguments 
can be made for either a male or female bias in late-hatched 
nestlings (Hasselquist and Kempenaers 2002), as follows.

Male offspring might be more costly to parents simply 
because their larger size requires more parental provision-
ing (Fiala and Congdon 1983), which typically decreases 
with hatch order (Carranza 2004). Likewise, as observed 

in icterids, the larger sex (males) might take longer to reach 
adult size (Bancroft 1984) and/or fledge (Richter 1983). For 
this reason, the intra-brood sharing-out hypothesis (Carranza 
2004) predicts that parents might best prevent the loss of 
late-hatched ani nestlings by making them female, the ener-
getically inexpensive sex. However, although the larger sex 
is potentially more energetically costly to parents, it is also 
often better able to compete with nestmates for food (Ander-
son et al. 1993). To maximize the number of offspring that 
they successfully raise, parents might use sex allocation to 
alter the competitive environment within their nests (Carranza 
2004; Uller 2006). Specifically, parents may manipulate the 
sex of late-hatched nestlings to either compensate for competi-
tive asynchronies in a brood (e.g., ameliorating the situation 
of late-hatched nestlings; Uller 2006) or exacerbate competi-
tive asynchronies (e.g., adaptive brood reduction, Lack 1947; 
facilitating sibling cannibalism, Soler et al. 2022). Thus, the 
intra-brood competitive equilibrium hypothesis (Uller 2006) 
predicts a bias for producing males as late-hatching nestlings 
since their increased size would reduce competitive asym-
metries in the brood and their probability of starvation. Since 
competition for resources between ani nestlings increases with 
brood size and with the degree of hatching asynchrony (Riehl 
2016), we might expect more pronounced sex biases in hatch-
ing order in these conditions. However, even pronounced sex 
biases with respect to hatch order do not necessarily result in 
a population-level bias (e.g., Bortolotti 1986; Bednarz and 
Hayden 1991; Legge et al. 2001; Badyaev et al. 2002; Xir-
ouchakis et al. 2022).

In this paper, we leverage a long-term dataset on the 
breeding biology of anis in central Panama to test the pre-
dictions of three hypotheses at the level of the population 
and the brood. The repayment hypothesis predicts that (1) 
population-level sex ratios should be biased toward males 
(the helping sex) and/or (2) brood sex ratios should be 
biased toward males in groups that lack helpers. By con-
trast, the intra-brood sharing-out and intra-brood competi-
tive equilibrium hypotheses predict that late-hatched nest-
lings should be more likely to be female (the energetically 
inexpensive sex) and male (the more competitive sex), 
respectively. Likewise, this bias in late-hatched nestlings 
should increase with brood size and the degree of hatching 
but not necessarily result in a biased population-level sex 
ratio. Of course, there are many additional hypotheses for 
deviations from Fisherian sex ratios that could apply to 
anis (reviewed in Cockburn et al. 2002). For example, the 
models developed by Uller (2006) and Carranza (2004) 
generalize beyond the specific set of circumstances that our 
data allow us to explore. While we cannot definitively rule 
out alternative hypotheses, the contrasting predictions of 
the present framework permit us to determine if our data 
are consistent with a subset of hypotheses germane to our 
study system.
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Methods

Study population

We monitored a nesting population of anis in the Barro Colo-
rado Nature Monument, central Panama, from 2007–2019; 
this study contains data from 2007–2009 and 2012–2019. 
Monitoring efforts in 2010–2011 were insufficient for inclu-
sion in this dataset. The study area included Barro Colo-
rado Island and five nearby mainland peninsulas (9.15°N, 
79.85°W). Anis range from Panama to northern Argentina; 
breeding is restricted to the shores of lakes and rivers, where 
they nest in emergent vegetation or vegetation overhanging 
the water. Nests are large open-cup structures made from 
sticks and are typically located < 4 m above the water’s surface 
(Riehl and Jara 2009). In this population, approximately 80% 
of nesting groups contain two breeding pairs and 20% contain 
three breeding pairs. Groups with more than three pairs are 
extremely rare (~ 1%) and lone pairs have never been observed 
to attempt breeding. Approximately 20% of breeding groups 
also contain one (rarely two) unpaired helper, who stay with 
the breeding group for 1 year (65%), 2 years (31%), or 3 years 
(4%). Total group size therefore ranges from 4–8 adults, with 
the modal group size being 4 adults (mean ± SE = 4.75 ± 0.05). 
Breeding females synchronize egg laying in their communal 
clutches through a highly stereotyped pattern of egg ejec-
tion whereby each female ejects the eggs of other females in 
her nesting group until she starts laying eggs herself. Once 
a female begins laying, she ceases to eject eggs. As a result, 
the first egg laid in the communal nest is always ejected, and 
eggs cannot accumulate in the nest until all females have 
started laying. Females therefore contribute approximately 
equal numbers of eggs to the communal clutch. Each female 
contributes 3–5 eggs to the incubated clutch, so communal 
clutch size ranges from 6–15 eggs depending on the number 
of laying females (Vehrencamp 1977; Riehl 2011).

Nest monitoring

We located and monitored ani nests during each breeding 
season (June–September); most nests were located before 
egg laying began since ani groups typically remain on the 
same territory for multiple years (Riehl and Strong 2018). 
We visited nests every 2–3 days until signs of egg laying 
were noted (such as gravid females or the addition of green 
leaves to a nest; Riehl and Jara 2009). We then visited nests 
daily during egg laying, every 2–3 days during incubation, 
daily during the first 6 days of the nestling period, and 
every 2–3 days once nestlings had fledged (which occurs 
6–14 days after hatching). We marked nestlings on the day 
that they hatched with temporary, expandable plastic leg 
bands (from 2007 to 2009) or non-toxic nail polish (from 

2012 to 2019). When nestlings were 2–3 days of age, we 
collected small (< 100 µL) blood samples by brachial 
venipuncture. Blood samples were stored in lysis buffer at 
room temperature for up to 1 year (White and Densmore 
1992). When nestlings were 4–5 days old, we permanently 
banded them with colored metal leg bands. We did not 
collect genetic samples from embryos in eggs that did not 
hatch or from dead nestlings. For this reason, our study 
reports secondary, not primary, sex ratios (the ratio of male 
to female offspring that survived to be sampled).

We determined how many adults belonged to each 
breeding group by recording the number of adults 
observed at each nest, by marking adults at a subset of 
nests (with either color bands or temporary, non-toxic 
paint; Maurer et al. 2008, 2011), and by noting the timing 
of egg laying, which is highly predictable (Riehl 2010). 
Adults were assigned as members of breeding pairs or 
as unpaired adults through behavioral observations (anis 
are socially monogamous and pair bonds can be detected 
through behaviors such as allopreening and mate guarding; 
Riehl and Jara 2009). Non-breeding helpers were identi-
fied by their unique color-band combinations and (in some 
cases of unrelated helpers) by observations of groups with 
an odd number of individuals.

Molecular sexing and sample sizes

We extracted DNA from blood samples using Qiagen DNEasy 
Blood and Tissue Isolation Kits (2007–2009) and Omega Bio-
tek E.Z.N.A. Tissue DNA kits (2012–2019). We determined 
the sex of nestlings via PCR-based amplification using the 
P2 and P8 primer sequences (Griffiths et al. 1998). We were 
able to determine the sex of 88.2% of nestlings sampled via 
gel electrophoresis (N = 553 of 627). Sex determination of 
nestlings was blind since information about potential predic-
tors (e.g., position in hatch order and helper presence) was 
not made available to laboratory technicians during molecular 
sexing tests. Nestlings whose sex could not be determined 
(due to poor amplification or ambiguous resolution on the gel) 
were excluded from statistical analyses. The nestlings whose 
sex could be determined came from 109 unique broods and 
67 nest locations. Since some broods had incomplete infor-
mation related to the explanatory variables of interest (e.g., 
hatch order, helper presence, etc., described below), the final 
sample size used in statistical models included 472 nestlings, 
87 broods, and 56 nest locations.

Statistical analyses

To investigate the possibility of a sex ratio bias at the popu-
lation level, we compared the number of male and female 
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nestlings observed across all years of the study using a 
binomial test (Cordero et al. 2000; Woxvold and Magrath 
2005; Kingma et al. 2011) as well as a Wilcoxon signed-rank 
test (Lessells et al. 1996). The former suffers from inflated 
type I error when individual observations (i.e., the sex of 
nestlings) are not statistically independent, while the latter 
protects against type I error inflation (Neuhäuser 2004). To 
control for the effects of brood and year, we also examined 
the population-level sex ratio by constructing a generalized 
linear mixed-effects model with a logit link using the glmer 
function in the lme4 package (Bates et al. 2015) in R version 
4.2.2 (R Core Team 2022). The model included nestling sex 
(coded as “0” for females and “1” for males) as the response 
variable as well as nest location and year (nested within nest 
location) as random effects. We included no fixed effects in 
this model and calculated the odds ratio of the intercept, 
which may deviate from 1 (a 1:1 ratio of male and female 
offspring) if a population-level sex bias is present.

To investigate the possibility of facultative sex ratio 
biases at the brood level, we constructed models predicting 
the probability that a nestling is a male. Our goal was to 
determine which characteristics of a nesting attempt (if any) 
influenced the sex of individual nestlings. We created addi-
tional generalized linear mixed-effects models with a logit 
link with nestling sex as the response variable as well as nest 
location and year as random effects to control for repeated 
measures from the same nesting group across years. Fixed 
effects included hatch order, hatching synchrony, brood size, 
clutch size, the presence of helpers, the number of breed-
ing pairs, and the interaction between synchrony and hatch 
order. Because multiple nestlings often hatch on the same 
day and broods varied in size, we categorized hatch order as 
“first,” “middle,” and “last,” with “first” and “last” describ-
ing the absolute earliest and latest positions in the hatch 
order respectively and “middle” describing all intermediate 
positions (Riehl 2016). Hatch order within each brood was 
typically determined through daily nest checks or by the 
relative size of nestlings within the brood for nests that were 
not checked daily during the hatching period. We define 
hatching asynchrony as the range of calendar days over 
which hatching occurred in a nest. Brood size refers to the 
number of nestlings that hatched in a nest. Clutch size refers 
to the number of eggs incubated in a focal nest and does not 
include eggs that were ejected from the nest. Helper pres-
ence is a binary variable (“0” or “1”) that indicates whether 
or not a nesting group had at least one non-breeding helper. 
Finally, the number of breeding pairs refers to the number 
of monogamous pairs of breeding anis that were observed at 
a nest while it was active and contributed to the communal 
clutch of eggs (either two or three pairs). This distinction 
was unambiguous in all nesting groups except one (group A6 
in 2017). This group consisted of three behaviorally monog-
amous pairs and one unpaired helper, but one of the pairs did 

not contribute eggs to the communal clutch despite attending 
the nest. We speculate that this non-breeding pair was in the 
process of joining the breeding group and consider “A6” a 
three-pair group in our analyses.

Model selection was conducted using a “best subsets” 
method. Candidate models were compared to every pos-
sible model including a subset of the terms. Including 
a null model with no fixed effects and a global model 
containing all possible fixed effects, we considered 80 
candidate models. We did not consider candidate mod-
els that included the synchrony by hatch order interac-
tion term unless they also contained synchrony and hatch 
order separately as fixed effects (Nelder 1977). Candidate 
models were evaluated based on Akaike’s information 
criterion adjusted for finite sample sizes (AICc) (Burn-
ham and Anderson 2002). Models that differed from the 
top model by less than 2 AICc units were considered to 
potentially have explanatory value unless they differed 
from the top model by the addition of a single parameter 
(Arnold 2010). We verified that multicollinearity was not 
a concern by calculating variable inflation factors (VIFs) 
for our global model (all VIFs < 4 as per Garson (2012); 
Table S1). Likewise, we evaluated the fit of our mod-
els by using the “DHARMa” package to visualize model 
residuals (Fig. S1; Hartig 2022). We used the “SIMR” 
package (Green and Macleod 2016) to calculate the power 
for our models using effect sizes from previous studies of 
the repayment hypothesis summarized by Khwaja et al. 
(2017; Table S2). Our sample size was sufficient to detect 
a small effect size (0.2) with a power of 0.96. We did 
not pursue brood-level models of sex allocation (e.g., a 
combined response variable consisting of the number of 
males and females in a brood; Bartlow et al. 2021) since 
it was rarely possible to sample all the ani nestlings in 
a brood. Due to the large size of many broods, hatching 
asynchrony, high nestling mortality rates, and the small 
window of time in which nestlings can be safely sampled, 
we were able to collect samples from every nestling in 
only 37.6% of broods (41 of 109).

The repayment hypothesis predicts a male-biased sex 
ratio at the population level and/or a male bias in groups 
lacking helpers. If this hypothesis were supported, we 
expected that helper presence should emerge as a significant 
predictor of nestling sex in our model selection framework. 
By contrast, the intra-brood sharing-out and intra-brood 
competitive equilibrium hypotheses both predict a bias in 
last-hatched nestlings (female and male, respectively) but 
not necessarily at the population level. The sex bias of late-
hatched nestling would be most pronounced in situations 
with high competition among nestlings. If one of these 
hypotheses were supported, we expected that clutch size, 
brood size, hatch order, and/or hatching synchrony should 
emerge as significant predictors of nestling sex.
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Results

Population‑level sex ratio

We found no evidence that the sex ratio of nestlings in the 
population (266 of 553 nestlings, 48.10%, were male) deviated 
from the expected Fisherian ratio of 1:1 (binomial test: p = 0.40; 
Wilcoxon’s signed-rank test: V = 1882, p = 0.32). Similarly, a 
generalized linear mixed model of nestling sex with no fixed 
effects confirmed an equal male–female ratio (OR of inter-
cept = 1.03, 95% CI = 0.81–1.31). The population-level nestling 
sex ratio did vary by year, with significant female biases in 6 of 
11 years (2007, 2009, 2013–2015, 2019); male biases were not 
observed in any of the 10 years (Fig. 1). However, the 6 years 
with female-biased sex ratios were also typically the years with 
the lowest sample sizes (mean sample size in female-biased 

and unbiased years is 28 and 77 nestlings, respectively), which 
precluded further quantitative analysis.

Facultative sex ratio adjustment

Our model selection procedures found no evidence of facul-
tative sex ratio adjustment compatible with our hypotheses. 
Contrary to predictions, neither helper presence nor hatch 
order improved the fit of the model predicting nestling sex, 
and no combination of fixed effects significantly outper-
formed the null model (Table 1; Table S3). Data visuali-
zation further confirms these trends: nests without helpers 
were not more likely to produce males (contrary to the pre-
diction of the repayment hypothesis; Fig. 2a) nor did hatch 
order affect sex allocation (contrary to the predictions of 

Fig. 1   Sex ratio of nestlings 
during each year of our study. 
Error bars show 95% confi-
dence intervals. The dotted line 
indicates a 50:50 sex ratio, and 
the number of nestlings sexed 
in each year is shown above the 
error bars for each year

Table 1   Best subset models 
predicting the sex of individual 
nestlings

All models are generalized linear mixed effect models with nest location and year included as a random 
intercept. Each model is compared to a null model run on the same dataset including only random effects 
using a likelihood ratio test. Models with ∆AICc < 2 are shown as well as global and null models. All 
continuous variables (i.e., clutch size, brood size, synchrony) were scaled and centered to reduce multicol-
linearity

Fixed effects ∆AICc AICc χ2 P w Pseudo R2

Hatch order + clutch size 0.000 656.314 7.027 0.071 0.058 0.157
Clutch size 0.133 656.447 2.799 0.094 0.054 0.152
Hatch order 0.703 657.017 4.272 0.118 0.041 0.154
Hatch order + breeding pairs 0.952 657.266 6.075 0.108 0.036 0.156
Breeding pairs 1.062 657.376 1.870 0.172 0.034 0.150
Hatch order + brood size 1.266 657.58 5.761 0.124 0.031 0.156
Brood size 1.425 657.739 1.507 0.220 0.028 0.150
Clutch size + helper 1.470 657.784 3.505 0.173 0.028 0.153
Clutch size + synchrony 1.652 657.966 3.323 0.190 0.025 0.152
Hatch order + helper 1.967 658.281 5.060 0.167 0.022 0.155
Global 9.242 665.556 10.284 0.328 0.001 0.161
Null 113.993 770.307 0.000 0.000
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either the intra-brood sharing-out or intra-brood competitive 
equilibrium hypotheses; Fig. 2b).

Discussion

The results of this study reveal little evidence consistent with 
adaptive sex allocation in cooperatively breeding anis. The 
population-level sex ratio was unbiased, and we failed to 
detect an effect of hatch order or the presence of helpers. The 
lack of a pronounced population-level sex ratio bias in our 
study is perhaps unsurprising, given the frequency-dependent 
selection on sex ratios described by the Düsing-Fisher model 
(Düsing 1883, 1884; Fisher 1930). Variations in selective 
pressures acting on the sex allocation of individual females 
make sex ratios at the population level inherently difficult to 
predict (Frank 1990; West and Sheldon 2002). Deviations 
from parity in nestling sex ratios are fairly rare at the popula-
tion level in birds (but see Bednarz and Hayden 1991; Clarke 
et al. 2002; Tryjanowski et al. 2011) and, in some cases, 
attributable to selective reporting (Palmer 2000).

A key insight that has emerged from the literature on 
adaptive sex allocation is that parents must be able to accu-
rately predict the conditions that their nestlings will encoun-
ter during development (West and Sheldon 2002; West et al. 
2002). The hypotheses investigated in this study assume 
that anis can predict (1) the presence of helpers at their nest 
during a breeding season, (2) the order in which their eggs 

will hatch, and (3) the competitive environment within their 
nests. We now discuss whether these assumptions are met 
in our study system.

With regards to the first assumption, helpers at ani nests 
may be either non-dispersed 1-year-olds from a previous brood 
(which are typically male) or unrelated immigrants (which are 
typically female). However, both related and unrelated helpers 
are usually present in the breeding group for weeks or months 
before the onset of breeding. Related helpers stay with their natal 
group for the entire year, and unrelated helpers usually join the 
breeding group during the non-breeding season. Members of 
breeding groups, including helpers, typically roost and forage 
together and remain in close contact year round. Therefore, it 
seems reasonable to assume that adult females should be able to 
predict whether they will be assisted by a helper at the time that 
sex allocation occurs. Similarly, although the degree of hatching 
asynchrony in a nest is not entirely predictable at the time of sex 
allocation (since this depends on when incubation begins), the 
position of an egg in the laying order of the communal clutch is 
closely correlated with its position in the hatch order. An excep-
tion to this pattern is early-laid eggs. Since anis use egg ejection 
to synchronize egg laying and eggs are ejected until all females 
have begun laying, there is a degree of uncertainty regarding 
which egg will be the first to remain in the nest (Riehl 2010). 
Although egg ejection might complicate fine-scale sex alloca-
tion strategies in early-laid eggs (e.g., first- vs. second-hatched 
young), the second assumption also appears to be reasonably 
well supported in anis.

Fig. 2   Sex ratio of nestlings with respect to a whether or not a helper 
was observed at their nest and b position in hatch order. In both, 
error bars show 95% confidence intervals, the dotted line indicates a 

50:50 sex ratio, and the number of nestlings sexed in each category is 
shown above each error bar
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The third assumption, that adults can predict the environ-
mental conditions that their offspring will experience, is more 
complex. The degree of competition among nestlings in a brood 
is likely determined by several factors, including hatch order, 
synchrony, brood size, and food availability, all of which could 
considerably alter the fitness payoffs of producing male vs. 
female offspring. Although we lack the data necessary to exam-
ine some of these factors (particularly resource availability), pre-
vious work on this population suggests that nestling competition 
is most severe in large clutches and for late-hatching nestlings 
(Riehl 2016). Brood size may be more predictable than hatch-
ing synchrony and is correlated with the number of breeding 
adults in anis, so it is possible that adult females may be able to 
estimate the size of the brood at the time of sex allocation. Nev-
ertheless, it is important to note that, although an ani might be 
able to control the sex of her offspring, the sex of the offspring of 
her co-breeders is likely outside of her control. This distinction 
between the clutch of an individual female and the communal 
clutch is important because the fitness of a sex allocation strat-
egy may depend on the sex ratio of the communal clutch (e.g., 
producing more male offspring may only increase fledging suc-
cess if co-breeders do not also produce more male offspring). 
This additional uncertainty likely reduces the potential value of 
facultative sex ratio adjustment in this species.

Finally, there are several reasons why sex allocation might 
be adaptive in theory but difficult to detect in practice, due to 
methodological or biological constraints. In our study, we report 
secondary, not primary, sex ratios since we were unable to deter-
mine the sex of unincubated eggs and blood sampling of all nest-
lings in a brood was not always possible. We avoided collecting 
blood samples from nestlings that appeared very weak and near 
death, which reduced our sample size of late-hatched individu-
als key to two of the adaptive hypotheses tested. Likewise, since 
ani nestlings develop at a remarkably fast rate and fledge very 
early for altricial birds of their size, our understanding of how 
male and female growth patterns differ is limited to a window of 
6 days. For this reason, the growth curves of ani nestlings do not 
reach an asymptote (e.g., Richter 1983; Bancroft 1984), which 
leaves open the possibility of more complex growth dynamics 
outside of the nest that could impact competition between male 
and female fledglings.

Biologically, it is unlikely that the selection on sex 
ratios responds to a single, static factor (Cockburn et al. 
2002). For this reason, the testing of quantitative predic-
tions and further study of physiology and genetics within 
individual study species could greatly clarify the ques-
tion of adaptive sex allocation in vertebrates (Godfray and 
Werren 1996). Despite decades of research, the mecha-
nism by which vertebrates facultatively adjust primary sex 
ratios remains unknown and, therefore, is often neglected 
in models (Pen and Weissing 2002) even though a mecha-
nism with a relatively small cost could overcome the ben-
efits of adjusting the sex of offspring (Pen et al. 1999). 

Additionally, since the three hypotheses that we test are 
non-mutually exclusive, it is possible that they interact in 
more complex ways. For example, Moreno-Rueda et al. 
(2017) find support for both the intra-brood sharing-out 
and intra-brood competitive equilibrium hypotheses within 
the same population (the former being observed in smaller 
clutches and the latter in larger). However, studies test-
ing a larger number of adaptive hypotheses note that the 
absence of adaptive manipulation of sex ratios is more 
probable than the simultaneous action and concealment of 
several selective pressures (Kingma et al. 2011).
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