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Parental care in birds consists of elaborate forms across stages, including nest
building, incubation, and offspring provision. Despite their evolutionary

importance, knowledge gaps exist in the extent to which parents contribute
disproportionately to these forms and factors that are associated with varia-
tions in care patterns between sexes. Here, we analyzed 1533 bird species and
discovered remarkable variability in care patterns. We show that parental care
should not be viewed as a unitary trait but rather as a set of integrated features
that exhibit considerable temporal and sex-specific variation. Our analyses
also reveal moderate consistency in care patterns between breeding stages,
pointing towards shared intrinsic factors driving sex-specific care. Notably, we
found that species experiencing strong sexual selection on males or species
facing paternity uncertainty display a tendency towards female-biased care.
This work advances our understanding of the temporal variations in sex-
specific contributions to avian parental care and their potential evolutionary

drivers.

Birds often provide extensive parental care that enhances their off-
spring’s survival and future reproductive fitness. Avian parental care
comprises diverse forms, including nest building, incubation, provi-
sioning the offspring, and defending them against predators'”.
Despite the benefits that parental care brings, it also brings costs such
as energy, time, the opportunity for extra-pair mating, and/or the
potential for starting a new clutch. Furthermore, it may increase the
predation risk of the parents. Consequently, there are conflicts
between the male and female parent and between parents and off-
spring. In cooperative breeding species, the conflicts further involve
helpers of different relatedness with the breeders and the dependent
offspring. These intricate relationships have inspired theoretical stu-
dies about the optimal parental care strategies of each parental sex and
helpers. Early models characterized parental care as an all-or-nothing
choice between deserting and caring*”, while later models generally
treated parental investment as a continuous trait®’. Most theoretical
work, however, treats parental care as a unitary trait rather than a

composite of several functionally integrated characteristics'®". A few
rare exceptions have considered task specialization between parents,
such as feeding the young and defending them from predators®'?, but
these models do not predict how parents contribute to different tasks
over time across a breeding cycle.

Focusing on one or a small set of species, optimal levels of par-
ental efforts have been studied as functions of various factors,
including brood quality™', the certainty of paternity™™, operational
sex ratio and sexual selection®', and sex-specific life history char-
acters such as adult mortality?® and the ability to care'. Special atten-
tion has been paid to which sex should provide care, yet without
distinguishing care forms across the whole breeding cycle” . It is not
clear if sex-specific parental strategies differ across distinct care forms.
In other words, if one sex has participated in nest building, would it
also incubate the eggs laid in that nest and/or feed the chicks after they
hatch? In birds, the variations, temporal consistency, and potential
drivers of sex differentiation in providing care across different care
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stages remain largely unknown. To assess how much the contributions
of the male and female parent differ between distinct care forms
across a breeding cycle, we first survey the participation of each parent
in three typical care forms (i.e., nest building, incubation, and offspring
provisioning) across broad avian taxa. We then explore the temporal
consistency of sex-difference in contribution between consecutive
stages of parental care. We ask: if a male has built the nest, would he
continue to incubate the eggs, or leave the task to the female? Simi-
larly, if a female has incubated the eggs, would she continue to feed the
chicks after they hatch, or leave them to the male?

Here, we statistically test whether the temporal consistency of
parental care follows one of the three patterns, namely, being con-
sistent (positive correlation between stages), complementary (nega-
tive correlation between stages), or irregular (no significant correlation
between stages). On the one hand, increasing evidence for consistent
individual behavior across taxa and social contexts suggests that
behavioral consistency may be beneficial®>*’. For example, being
consistently bolder or more active than others may benefit the growth
and fecundity of the focal individual under certain conditions®. In the
case of parental care, it may be favorable for one sex to specialize and
consistently provide care across different forms. On the other hand,
considering the conflicts between parents over costly caring efforts,
flexible behavioral responses might be more adaptive®. Indeed,
theoretical®* and empirical studies found that males and females can
communicate and negotiate their parental effort”?, and the nego-
tiation rules can be sex-specific®. Therefore, it is possible that parents
negotiate with each other and take turns providing care across con-
secutive breeding stages. For instance, at the stage of nest building, if
the male has built the nest solely, the female may agree to provide care
alone in the next stage (i.e., incubation), followed by the male joining
her in offspring provision thereafter. Furthermore, it is also possible
that parental efforts of males and females are neither consistent nor
complementary, but irregular, determined by idiosyncratic factors
such as sex-specific opportunity cost associated with different forms
of care. For example, caretaking males of the black coucals were found
to have different success rates in siring extra-pair offspring at varying
stages of parental care®, suggesting that the opportunity cost of par-
ental care can change over time. Given the evidence pointing toward
all three possibilities, we build statistical models to find the general
temporal consistency pattern of parental care across avian taxa, which
may aid future studies that aim to uncover the causal pathways leading
to the stage-specific parental care pattern in different bird species.

Besides testing the temporal consistency of parental care, we also
aim to identify the driving forces of the variations of sex-difference in
parental contributions across different care forms. We test the roles of
sexual selection, certainty of paternity, nest predation risk, and off-
spring’s life history traits in driving the variations. The four potential
driving forces are chosen because there are clear theoretical predic-
tions of their effects on sex differences in parental care*’. Strong sexual
selection on males is predicted to produce female-biased care'®"”,
except when females prefer to mate with care-providing males, which
can lead to the evolution of male-biased care*’. Sexual selection has
also been shown to associate with evolutionary transitions between
major patterns of parental care*>*’, Another important predictor of
parental care investment is the certainty of parentage. Although
intuition suggests that the difference between male and female par-
ents in expected parentage (e.g., due to female extra-pair mating)
should produce female-biased care, theoretical models showed that
the impact of paternity on care could be positive, negative, or non-
significant”"7**, In addition, sex differences in parental care can arise if
providing care is more costly or less efficient for one sex than the
other. For example, high nest predation risk may select for female-
biased care when females have more cryptic plumages than males,
which is common in passerines®. Being drabber, females may be less
likely to attract predators to the offspring and themselves when

providing care. Furthermore, the life history traits of offspring are of
interest to study because they reflect broods’ reproductive value and
needs. Because parents’ caring efforts are linked to the trade-off
between their current and future reproductive fitness, they are often
expected to invest more in broods of higher reproductive value, e.g.,
broods of (artificially) enlarged sizes™****5, However, theoretical
models and experiments showed that parental investment may not
always increase with the brood’s reproductive value, with the adaptive
behavior sensitively dependent on environmental factors such as food
supply“'s".

We collected parental care data from all 1533 avian species in the
Birds of the World database’, tested the consistency of sex-difference
in care patterns across nest building, incubation, and offspring provi-
sion, and identified the main driving forces of variations in the care
pattern at different stages of a breeding cycle.

We found significant sex-difference in parental contributions
across the three forms of parental care. The temporal consistency of
care patterns between breeding stages was moderate. Importantly,
species subject to intense sexual selection on males, or those with
paternity uncertainty, tend to exhibit female-biased care.

Results

Large variation in sex-difference in parental contributions
across different forms of parental care

We found remarkable diversity regarding which sex provides care
across the three different care forms in birds (Fig. 1, N=1533 species;
Table 1, Supplementary Data 1). At the stage of nest building, both
partners built the nest in 938 (61.19%) species (including 56 species of
cooperative breeding); the female built the nest alone in 538 species
(35.09%); the male built the nest alone in only 57 species (3.72%). At the
stage of incubation, female-only care (768 species, 50.10%) and
biparental care (740 species, 48.27%) were about equally common,
while male-only care was very rare (25 species, 1.63%). At the stage of
offspring provisioning, biparental care was the dominant form
(1344 species, 87.67%, including 139 species of cooperative breeding),
followed by female-only care (166 species, 10.83%), while male-only
care (23 species, 1.50%) continued to be the rarest care pattern.

Moderate consistency of sex-difference in parental care
patterns across breeding stages

We revealed moderate consistency of sex-difference in care patterns
between temporally consecutive stages of parental care. The direct
phenotypical correlations of care patterns between nest building and
incubation, between incubation and offspring provisioning, and
between nest building and offspring provisioning are all positive
(Figs. 2 and 3). Moreover, the multivariate phylogenetic model showed
that the three phylogenetic correlations are also positive (nest building
—incubation: 0.509 +0.051; incubation—offspring provisioning:
0.419 £ 0.050; nest building—offspring provisioning: 0.331+ 0.055,
Fig. 3, Supplementary Data 2: Model 1). To summarize, phenotypic and
phylogenetic correlations both suggest that the sex-difference in care
patterns across different stages are moderately consistent (Fig. 3). In
addition, the multivariate phylogenetic model showed that the sex-
difference in care patterns across the three reproductive stages have
strong phylogenetic signals (1=0.800+0.021; 0.902+0.016;
0.769 + 0.026, respectively, Fig. 3, Supplementary Data 2: Model 1).

Biases towards female care under strong sexual selection

on males

We quantified the intensity of sexual selection on males by using the
principal component 1 (PC1) of the mating system, sexual size
dimorphism, and sexual dichromatism as a proxy. Although sexual
selection can influence the evolution of all three life history traits, the
degree of evolutionary response of each trait may differ greatly. Under
certain contexts, sexual selection may cause trait evolution to deviate
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Fig. 1| Variation of avian care pattern in different forms across a

breeding cycle. The results were based on 1533 species with full data on care
pattern (‘Female care’, ‘Biparental care’, and ‘Male care’) across three forms of
parental care: nest building, incubation, and offspring provisioning. Bars of dif-
ferent colors represent different categories of care patterns. Note that a few species

of cooperative breeding were grouped into the ‘Biparental care’ category

(N =56 species in nest building, N =48 in incubation, and N =139 in offspring pro-
visioning). Source data for producing this figure can be found in the file

“Source Data”.

from the expected direction. For example, when males’ sexual displays
require high agility in the air, sexual selection may produce female-
biased sexual size dimorphism because smaller males tend to be more
agile®. Therefore, instead of using each of the traits alone as a proxy
for the intensity of sexual selection, we summarize their evolutionary
responses to sexual selection by taking the PC1 of all three traits and
use it as a proxy for the intensity of sexual selection. Species with high
sexual selection values tend to have males that pair with more than one
female and are larger and more colorful than females. In our dataset,
the three species with the highest sexual selection scores are the Green
peafowl (Pavo muticus), the Red junglefowl (Gallus gallus), and the
Montezuma oropendola (Psarocolius montezuma); the three species
with the lowest sexual selection scores are the Pheasant-tailed jacana
(Hydrophasianus chirurgus), the Northern cassowary (Casuarius
unappendiculatus), and the Common bustard-quail (Turnix suscitator).

Overall, our statistical analysis of the phylogenetically controlled
regression model (Table 1: Model 1) revealed a significant association
between sexual selection and the sex-difference in contribution to nest
building, incubation, and offspring provisioning (t= —7.9, p<0.001;
Fig. 4). The consistent pattern of sexual selection is markedly stronger
in the ‘Female care’ than the ‘Biparental care’ and ‘Male care’ category
across all three forms of care. The phylogenetic signal was strong in the
phylogenetically controlled regression model (1=0.59, 95 CI:
0.47-0.67, Table 1: Model 1). The estimated direction and degree of the
fixed effects (i.e., form of care’, and ‘sexual selection’) from the linear
mixed-effects model were almost the same as the phylogenetically
controlled regression model except for the fixed effect ‘research
effort’ which turned to be significant (compare Supplementary Data 1:
Model 1 with Table 1: Model 1). In the linear mixed-effects model
(Supplementary Data 1: Model 1), sex-difference across three care
forms tended to depend on research effort (¢=2.2, p=0.03). The
random effects of ‘family’ and ‘genus’ explained 31% and 9% of the
variation in the response variable, respectively, indicating a moderate
phylogenetic signal. We further checked the interactions between

research effort and sexual selection, and research effort and the three
parental care categories (‘form of care’) directly with additional mod-
els. However, none of the interaction terms was significant (Supple-
mentary Data 4).

Association between the certainty of paternity and male care
Our statistical analyses (Table 1: Model 2 and Model 3) revealed a
consistent association between the certainty of paternity and the
investment of males in parental care across breeding stages. Species
with high levels of extra-pair paternity (EPP) or having broods that
contain extra-pair offspring (EPBr) tended to show less male care (i.e.,
‘Female care’ and ‘Biparental care’ were more abundant; EPP: t= —3.5,
p<0.001, EPBr: t= —3.1, p=0.002; Table 1: Model 2 and Model 3). In
the linear mixed-effects model, the estimated direction and degree of
extra-pair paternity (either EPP or EPBr) were as strong and significant
(EPP: t= —2.8, p=0.005, EPBr: t= —2.3, p=0.02; Supplementary
Data 1: Model 2 and Model 3).

No clear association between sex-difference in parental care and
predation risk

Model 4 did not show a significant association between care pattern
and nest daily predation rate across three different care forms (¢=1.1,
p=0.32 in Table 1: Model 4; t=1.3, p=0.18 in Supplementary Data 1:
Model 4). Hence, the difference between males and females in the cost
of providing care (predation risk in this case) appeared to be non-
essential in determining which sex provides care.

No clear association between the number of carers and
offspring’s life history traits

Model 5 showed no significant association between the number of
carersin each care form and the nestlings’ developmental time (¢=0.6,
p=0.56 in Table 1: Model 5; t =1.4, p=0.16 in Supplementary Data 1:
Model 5). There was also no clear association between the number
of carers and the clutch size (t= — 1.3, p=0.18 in Table 1: Model 5;
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Table 1| Summary of statistics of five phylogenetically con-
trolled regression models (Model 1 to Model 5) based on the
dataset compiled by the original author

Estimate(B £+ SE) t p
Model Random effects:
T(N=1050) " B viogeny 0,59 (0.47- 0.67)
Fixed effects:
Intercept -0.031+£0.157 -0.2 -
Nest incubation -0.178+0.029 -6.2 5.6e-10
Offspring 0.274+0.029 9.6 0
provisioning
Sexual selection -0.103+0.013 -7.9 2.9e-15
Research effort 0.00002+0.00004 0.5 0.59
Model Random effects:
2(N=180)  ‘Broicgeny ™) 0.71(0.42-0.86)
Fixed effects:
Intercept -0.188+0.188 -1.0 -
Nest incubation -0.225+0.064 -3.5 0.0005
Offspring 0.349+0.070 4.9 9.6e-07
provisioning
EPP -0.790+0.224 =89 0.0005
Research effort -0.00003+0.00005 -0.5 0.60
Model Random effects:
3IN=175)  Brilogeny 0.69 (0.38-0.86)
Fixed effects:
Intercept -0.183+0.188 -1.0 -
Nest incubation -0.220 +0.066 -3.3 0.001
Offspring 0.378+0.074 5.1 3.4e-07
provisioning
EPBr -0.489+0.157 =31 0.002
Research effort -0.0000002 +0.00006 0.004 0.97
Model Random effects:
4(N=245)  proicenyd) 0.65 (0.40-0.80)
Fixed effects:
Intercept -0.293+0.177 -1.6 -
Nest incubation -0.329+0.053 -6.2 5.6e-10
Offspring 0.459+0.057 8.0 1.3e-15
provisioning
Nest daily preda- 1.060+1.059 1.0 0.32
tion rate
Research effort -0.0001+0.00007 -15 0.14
Model Random effects:
5(N=961  Bpiiogeny 0.68 (0.58-0.75)
Fixed effects:
Intercept 1.521+0.345 4.4 -
Nest incubation -0.172+0.033 &8 1.2e-07
Offspring 0.326+0.033 101 [0}
provisioning
Nestling develop-  0.084 +0.145 0.6 0.56
mental time
Clutch size -0.076 £0.057 -1.3 0.18
Research effort -0.00004 +0.00004 -0.9 0.35

For the response variable, Model 1to Model 4 used the first way of recoding (‘Female care’,
‘Biparental care’ and ‘Male care’ as -1, ‘0’, and +7', respectively; species in the ‘Cooperative
Breeding’ category were also coded as ‘0’, because breeders and helpers of both sexes con-
tributed to care). Model 5 used the second way of recoding (‘Female care’ and ‘Male care’ as ‘1,
‘Biparental care’ as 2', and ‘Cooperative Breeding’ as ‘3’). For the random effect (i.e., the phy-
logenetic tree), the estimated A is shown. For each fixed effect, the estimate with its standard
error (SE), t-value, and corresponding p-value are shown (two-sided tests; no adjustments were
made for multiple comparisons). Note that, for each model, we ran the model using 100 different
phylogenetic trees from Jetz et al.**. Results are therefore based on mean estimates for predictor
slopes and model-averaged standard errors.

t=—1.7, p=0.09 in Supplementary Data 1: Model 5). These results
suggest that the reproductive value of the current brood (represented
by clutch size) and brood needs (represented by both clutch size and
nestling developmental time) were not determinant factors of the
number of individuals that provide care.

Discussion

Our survey of more than 1500 species of birds revealed that sex-
difference in care patterns differ substantially across different care
forms (i.e., nest building, incubation, and offspring provisioning).
However, statistical testing showed that there is moderate consistency
regarding which sex provides care across the three different stages.
Using five phylogenetically controlled regression and linear mixed-
effects models, respectively, we further tested several ecological and
evolutionary factors that may explain sex differences across different
forms of parental care, and we identified sexual selection and the
certainty of parental care to be the main driving forces. Uniparental
care by females tended to be more frequent in species under strong
sexual selection on males, and males of species with high certainty of
paternity were more likely to contribute to parental care. However, we
did not find a significant association between nest predation rate and
sex-difference in parental care. There was also no evidence that off-
spring’s life history traits that reflect their reproductive value and
brood needs played a role in the number of carers. Our analyses have
been highly robust, as the major findings remain qualitatively
unchanged by excluding uncertain species from the dataset (Supple-
mentary Data 3), using a separate dataset compiled by an independent
observer (Supplementary Data 5), or using the common entries
between two independent datasets (Supplementary Data 6).

Parental care is not a unitary trait regarding which sex
provides care

Our results regarding parental contributions at the stage of offspring
provisioning are similar to the findings in Cockburn®, which did not
include data on the stages of nest building and incubation. The marked
sex-differences in care patterns across different breeding stages we
found in this study (Fig. 1, Table 1 and Supplementary Data 1) indicate
that parental care is not a unitary trait regarding which sex provides
care but a composite of several integrated features with great varia-
tions. Our results and the lack of theoretical predictions on the causes
of the variations highlighted important knowledge gaps in our
understanding of parental care as a package with several functionally
integrated traits, and how males and females were selected to fulfil
different roles of parental care in the evolutionary time scale. Studies
in birds have identified several factors that affect the (relative) con-
tributions of the male and female parents in the ecological time scale,
including the harshness of abiotic environments, especially tempera-
ture and rainfall***", predation risk®**°, the vulnerability of offspring in
the absence of parental care®®', and the body condition of the parents
themselves®. Future studies in both empirical and theoretical aspects
are needed to investigate the potential for abiotic and biotic factors to
impact parental care over evolutionary timescales, the presence of
coevolution, as well as the possibility of evolutionary trajectories and
evolutionary transitions.

Moderate consistency of parental care patterns across
breeding stages

Despite the remarkable variation in the overall care pattern across
different forms of parental care, our statistical analysis showed mod-
erate consistency of sex-difference in parental care between con-
secutive care forms (Figs. 2, 3 and Supplementary Data 2: Model 1). This
result thus adds to the increasing evidence for consistent individual
behaviors across social and ecological contexts®?**, and supports
the hypothesis that behavioral consistency helps resolving sexual
conlflict over parental investment®, Although specialization leading to
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Fig. 2 | The number of avian species of each parental care pattern (i.e., ‘Female care’, ‘Biparental care’, and ‘Male care’) across different breeding stages from nest
building to offspring provisioning. Source data for producing this figure can be found in the file “Source Data”.

(A =0.90)
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Fig. 3 | Phenotypical and phylogenetic correlations of care patterns between
three distinct parental care stages. The phenotypical correlations (black) were
estimated based on 1533 species. The phylogenetic correlations (red) were esti-
mated using a multivariate phylogenetic model based on 1050 species. Source data
for producing this figure can be found in the file “Source Data”.

consistency in parental care patterns seems intuitive to expect, the
underlying evolutionary mechanisms and whether such specialization
provides any consistent fitness advantages are still unclear. Our Model
1 suggests that strong sexual selection on the sex that provides little
care may also contribute to the consistent parental care investment of
the opposite sex (Table 1). The parental care patterns in the lekking
species and sex-role reversed species (Supplementary Table 1) provide
the strongest support for this hypothesis. Males of the lekking species
such as grouses, paradises and manakins are under extraordinary
sexual selection. They have the most extravagant appearances and
courtship displays but contribute nothing but genes to the offspring,
leaving females to provide all forms of parental care alone®**. But in
sex-role reversed species such as jacanas, phalaropes and coucals,
where sexual selection on females is stronger than in males, it is the
males that are responsible for all forms of parental care duties®®. Note
that the two aforementioned explanations are not mutually
exclusive--specialization for caring in one sex and strong sexual
selection on the other sex may synergistically cause the former sex to
provide care consistently throughout different stages of parental
care®’.

Strong sexual selection was tied to sex-biased care of all forms
Our analyses showed a consistent pattern of sexual selection being
stronger in species of female-only care (male-only care in sex-role
reversed species) than in species of biparental care across three

different forms of parental care. This result is in agreement with the
Darwin-Bateman paradigm that predicts sexual selection on males
leading to the evolution of conventional care patterns®®, and concurs
with the correlation between carotenoid-dependent plumage colora-
tion (generally implies strong sexual selection on males) and reduced
male care®. It also agrees with a survey of 659 bird species from 113
families, which found that parental cooperation decreased with the
intensity of sexual selection and skewed adult sex ratios’’. The study’®
focused on the association between sexual selection and the
“inequality” between males and females in parental care contributions,
and therefore they analyzed the parental care data without sex-
specificity. Although the parental care data in the previous study
contained eight different parental care activities (corresponding to
different care forms in our study), the parental cooperation score was
calculated by averaging the statistically centered extent of biparental
care across the different activities. In contrast, we surveyed more
species (1533 species in total) and associated data on sex-difference in
parental care in three distinct forms. The two studies are thus com-
plementary to each other, and the combined results suggest that the
role of sexual selection on the evolution of sex-biased parental care
may be widespread across avian taxa and across different forms of
parental care.

Uncertainty of paternity selected against male care

Our analysis showed a significant association between extra-pair
paternity and reduced male care across different parental care forms,
in agreement with previous comparative studies with a smaller number
of species”™”*, It contrasts with a recent phylogenetic analysis of the
sex roles in birds, which found an increase in male-biased care as the
proportion of broods with extra-pair offspring increases, albeit with a
relatively small effect size”. Although theories generally predict that
males should invest more in the care of their genetic offspring and
adjust their parental efforts to their share of paternity in the nest” "%,
empirical supports have been mixed, with abundant exceptions where
males do not seem to react to the loss of paternity by reducing their
parental care efforts, such as in dunnocks’®”’, reed buntings’®, and
western bluebirds”. Recent theoretical studies revealed some condi-
tions where males may evolve to be insensitive to the loss of paternity,
e.g., in cooperative breeding species where offspring help to raise their
younger (half-)siblings®®, or in the presence of male alternative
reproductive tactics where the “sneakier” males specialize in gaining
extra-pair paternity’. Empirical studies also found that in species where
males were not sensitive to paternity loss, paternal care may not be
costly in terms of parental survival’® and/or the loss of opportunities
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Sexual selection ——@¢—@0—@0— 00— 60— 0— 00— 06— O0— 00— 06— P>
intensity -5 -4 -3 -2 -1 0 1 2 3 4 5
(-4.00) (-2.00) (0.00) (1.98) (4.03)
Comb-crested jacana Greater coucal Cape batis Blue-capped manakin Cabot's tragopan
(Irediparra gallinacea) (Centropus sinensis) (Batis capensis) (Lepidothrix coronata) (Tragopan caboti)

Fig. 4 | The intensity of sexual selection is strongly associated with care pat-
terns of different forms across breeding stages. The mean + standard error of the
intensity of sexual selection (measured as the PC1 of the mating system, sexual size
dimorphism, and sexual dichromatism) for species of three parental care patterns
at the nest building (a), incubation (b), and offspring provisioning (c) stages.

d A visual presentation of some typical species along the gradient of sexual
selection intensity. Species with larger values experience stronger sexual selection
on males relative to females. Source data for producing this figure can be found in
the file “Source Data”.

for siring extra-pair offspring”. Few comparative studies (for a rare
exception, see Griffin®) have tested the role of potential factors that
may explain the presence or absence of male response to paternity loss
by reducing or withholding paternal care, probably due to a limitation
of detailed data on life history traits related to parental care across
species. Future efforts in generating and collating such data are
therefore indispensable to a better understanding of the relationship
between the certainty of paternity and male investment in
parental care.

Nest predation risk did not shape sex-difference in parental care
Our analyses did not show a significant association between nest
predation risk and sex differences in parental care. This result is sur-
prising as it contrasts with a previous survey of 256 species of pas-
serine birds, which found that the frequency of nest visits decreased as
the risk of nest predation increased, as frequent bouts of incubation
could increase the visibility of a nest®. Similar results were found also
in seven species of arctic sandpipers®>. However, it concurs with a
recent study which showed that avian species with open nests (con-
sidered as providing less protection from predators than closed nests)
do not exhibit higher parental cooperation than species with closed
nests®*. Given that the plumage of females is usually drabber and more
cryptic than males, we expected species with high nest predation to
show more female-biased care. The lack of correlation could be due to
either anti-predatory adaptations, confounding factors that masked
the effect of female cryptic plumage, or a combination of both. Species
that endure high nest predation risk may have evolved strategies that
minimize activities that could attract predators, like long on- and off-
bouts of incubation®*, and males with brighter plumage may evolve to
attend the nest largely at night when visual predators were inactive,
such as in the red-capped plover®. Confounding factors such as
nesting site quality and the shape of nests may also override the
advantage of the drabber plumage of females in providing care. For

example, a study using 10 species of open-nesting birds in Arizona,
USA revealed a positive correlation between nest predation and par-
ental activity only when nest site effects were considered®’.

Brood needs and offspring’s reproductive value are not
associated with the number of care providers

Since broods of larger sizes and longer nestling developmental time
generally have higher needs, we expected that more carers (i.e., both
parents relative to a single parent, or breeders and helpers relative to
only the breeders) were required to provide the elevated amount of
care. But no such association was found in our data. Our results sug-
gested that the amount of parental care a brood receives may not
necessarily increase with the number of carers. Indeed, models have
shown that a parent may or may not compensate for a reduction of
parental effort by the other depending on various factors, including
the marginal benefit/harm to offspring as a function of total care
received, how well each parent is informed about brood needs, and
how well the parents can monitor each other’s investment?-*2%,
Negotiation between parents can even produce cases where the off-
spring do better with one parent than two*. Experimental studies by
(temporally) removing a parent also showed that the compensation
patterns can vary widely from a matching reduction, through no,
partial, and full compensation, to even over-compensation®,
Therefore, species are likely to have evolved redundancy in their
abilities to provide care, and such abilities could be beneficial to secure
reproductive success in cases of losing a partner and/or helper.

Interesting exceptions to the general patterns of parental care
Although the main aim of the paper is to depict a general pattern of
sex-difference in parental care across breeding stages, we were able to
identify several species that do not conform to the general pattern.
Among the 1533 avian species we surveyed, a total of 15 species, mainly
ritites, tinamous and jacanas, display male-only care throughout the
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breeding cycle (Supplementary Table 1). For example, the Wattled
jacana (Jacana jacana) males lose considerable proportions of pater-
nity when paired with polyandrous females’?, challenging the general
rule that the uncertainty of paternity selects against male care. How-
ever, this species also features strong sexual selection on females, with
females being 48% heavier, more behaviorally dominant, and having
greater secondary sexual characters such as fleshy facial ornamenta-
tion and wing spurs than males®. This conforms to the pattern that
strong sexual selection in one sex selects for more care in the opposite
sex. The life history features of the exceptional birds provide useful
resources for deeper investigations into the driving forces of parental
care in the future.

Through a survey of more than 1500 species of birds, we found
great diversity in terms of which sex provides care across three dif-
ferent forms (i.e., nest building, incubation, and offspring provision-
ing). We also found moderate consistency of the sex-difference in care
patterns between consecutive stages of care, indicating there may be
some shared intrinsic drivers that lead one parent to provide care in
different forms. Our models suggest that the intensity of sexual
selection is the primary driver of the sex-role variations we found in
distinct care forms. We also found that uncertainty of paternity selects
against male care. On the whole, our results suggest that parental care
should not be treated as a unitary trait, but as a composite of inte-
grated features with great variations. We also identified important
knowledge gaps for future theoretical and empirical investigations.
For example, we still lack testable theories that make predictions on
the relative efforts of male and female parents in different care forms.
And we still do not fully understand why males react to a loss of
paternity by reducing paternal care in some species but not in others.
Would the effects of sexual selection, certainty of paternity, predation
risk, and offspring life history traits we found in birds play similar roles
in other animal groups? Do other factors, such as adult sex ratio,
operational sex ratio, and sex-specific adult mortality, also play a role
in shaping sex-role patterns in different forms of parental care? And
how do these driving factors interact with each other in eco-
evolutionary feedback? Our current work provided a valuable start-
ing point for answering those new questions. We encourage future
empirical and theoretical studies to go beyond considering parental
care as a unitary trait and delve deeper into its components, such as
different forms and stages across a breeding cycle and throughout life.

Methods

No ethics approval was need in this study.

Classification of parental care patterns

We surveyed all 1533 bird species in the Birds of the World database™
for which sex provides parental care in each of the three forms—-nest
building, incubation, and offspring provisioning--across a reproduc-
tive cycle. The three forms (i.e., behaviors of parental care) were
chosen due to their representativeness of distinct reproductive stages
and the availability of well-documented data across species. We took
notes of the parental care features for each species from the breeding
section of the species’ account and then classified them into four
categories for each form of care: (1) ‘Male care’, where only paternal
care was present; (2) ‘Female care’, where only maternal care was
present; (3) ‘Biparental care’, where both parents provide care, and (4)
‘Cooperative Breeding’, where helpers of cooperatively breeding spe-
cies also participate in caring of offspring (typically offspring provi-
sioning). Since we are interested in the overall patterns across different
bird species at an evolutionary scale, we did not consider the within-
species variations of care patterns in this study. Therefore, cases where
a form of care was provided usually by females alone but males were
occasionally observed to participate were classified as ‘Female care’,
and vice versa. In rare cases (N =49 species), the parental care infor-
mation was recorded with uncertain words, such as “reportedly” or

“probably” in one or more care forms (e.g., White-throated Bulbul: nest
reportedly built by both sexes; ... incubation possibly by both sexes,
period 13 days; chicks fed by both parents). All statistical models were
run by first including and then excluding those uncertain data.

In particular, for precocial species in which the young are rela-
tively mature and mobile from hatching (i.e., the young leaves the nest
shortly after hatching), although parents usually do not feed the pre-
cocial chicks, they still invest intensive care efforts (e.g., leading chicks
to the food) until their offspring’s independence. In this case, we
classified the provisioner sex as the sex who cared for chicks before
independence.

In some species of cooperative breeding, the categorization of
care patterns in each care form was straightforward (e.g., White hel-
met-shrike: Cooperative breeder, all group-members assisting in all
aspects of nesting duties. Breeding pair chooses nest-site and does
most of the construction work, but is assisted by other group mem-
bers; incubation by all group-members; chicks are brooded and fed by
all of the group). In the others, the contribution of helpers to each care
form may not be specified. Given that cooperative breeding with
helpers usually implies helpers’ participation in chick provisioning®,
we classified those species’ offspring provisioning as ‘Cooperative
Breeding’, and classified the other two care forms according to addi-
tional details in the description. For example, according to the
description “Drakensberg rockjumper: breeds as monogamous pair
and co-operative, with helpers. Nest built by both sexes, ...; incubation
by both sexes; no other information.”, we classified this species’ nest
building and incubation as ‘Biparental care’, and offspring provisioning
as ‘Cooperative Breeding'.

Following the above procedures, we collected 1533 species with
‘full data’ (i.e., information about sex-specific contribution care in all
three care forms; 651 non-passerines and 882 passerine species). The
scoring of parental care pattern was performed by two observers
independently. Both datasets (“species_1533_texts_upload.xlsx”, com-
piled by the original author, and “species_1533_texts_SY_upload.xlsx”,
compiled by the independent observer) are available in the online
repository: https://osf.io/g4xra/. Furthermore, we included the origi-
nal descriptions of sex-specific parental care contribution (text or their
corresponding URLs) for each species in the column ‘verbal descrip-
tion of sex-specific parental care 2021’ in the datasets. The two inde-
pendently compiled datasets are highly consistent. The proportion of
identical scoring values of sex-specific parental contribution during
nest building, incubation, and offspring provision were 92.43%
(N=1533 species, p <2.2e-16), 95.82% (N =1533 species, p <2.2e-16),
and 93.28% (N =1533 species, p <2.2e-16), respectively. We then mat-
ched the scientific names used in the data source™ (N=1533 species,
“species_1533_texts_upload.xlsx” from the online repository: https://
osf.io/g4xra/) with the species names from a phylogenetic information
source (BirdTree.org)’*. We included 1410 species where we have
complete data on the phylogenetic information and contributor(s) of
parental care in nest building, incubation, and offspring provisioning
for further analyses using statistical models. To ensure the robustness
of our results, we also ran the statistical models using the dataset
compiled by the independent observer (Supplementary Data 5) and
the common entries between the two independently compiled data-
sets (Supplementary Data 6).

Cross-validation with independent datasets
We cross-validated our dataset with two independent data sources
(i.e., Cooney et al.”. and Szekely et al.”®) and found high consistency
between the entries, further ensuring the quality of our data collection.
In the dataset of Cooney et al.”*, there is a single variable that
contains information regarding parental care (named ‘parental_car-
e_unibi’). The variable has two levels, ‘biparental care’ and ‘uniparental
care’, respectively. By directly contacting the first author, we learned
that the stage of parental care considered in the dataset was
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incubation. Therefore, we were able to transform our datasets (i.e., by
pooling ‘female-only care’ and ‘male-only care’ into ‘uniparental care’)
and compare them with theirs. The results are highly consistent as
summarized in Supplementary Table 2.

In the dataset of Szekely et al.’, there are three variables that we
can use to cross-validate our data. We used their ‘nest.bld’ (relative
investment of the sexes in nest building) to compare with our data on
nest building; used their ‘inc_2’ (relative investment of the sexes in
incubation of the eggs) to compare with our data on incubation; and
used their ‘postf.feed 2’ (relative investment of the sexes in post-
fledging feeding of the offspring) to compare with our data on off-
spring provisioning. We converted their entry ‘0’ to ‘female-only care’,
their entry ‘4’ to ‘male-only care’, and their other entries to ‘biparental
care’ and compared them with the corresponding species in our
datasets. The results are also highly consistent as summarized in
Supplementary Table 3.

Explanatory variables in statistical models

(a) We used the PC1 of the mating system, sexual size dimorphism, and
sexual dichromatism as a proxy for the intensity of sexual selection
(N=3025 species; after accounting for phylogenetic effects and
matching with our dataset of sex roles, N=1050 species) to compare
sex-difference in parental care across different breeding stages. Spe-
cifically, mating systems of passerine species were obtained following
Dale et al.¥, and we added non-passerine species that were scored
following the same principles. In short, the mating system was scored
on a seven-point scale, with ‘O’ representing strict social monogamy
(e.g., Zebra finch Taeniopygia guttata), ‘'’ representing monogamy
with infrequent instances of polygyny observed (<5% of males, e.g.,
Lazuli bunting Passerina amoena) and ‘-1’ representing monogamy
with infrequent instances of polyandry observed (<5% of females, e.g.,
Northern flicker Colaptes auratus), 2' representing mostly social
monogamy with regular occurrences of facultative social polygyny
(5-20% of males, e.g., American redstart Setophaga ruticilla) and ‘-2’
representing mostly social monogamy with regular occurrences of
facultative social polyandry (5-20% of females, e.g., Pale chanting-
goshawk Melierax canorus), and ‘3’ representing obligate resource
defense polygyny (>20% of males, e.g., Lance-tailed manakin Chirox-
iphia lanceolata) and ‘-3 representing obligate resource defense
polyandry (>20% of females, e.g., Comb-crested jacana Irediparra
gallinacea). A small number of species with polygynandrous mating
systems were pooled with the monogamous species (e.g., Dunnock,
prunella modularis). Sexual size dimorphism was estimated by com-
bining differences between the sexes in adult body mass, tarsus length,
and wing length. In practice, sexual size dimorphism was calculated for
three traits representing body size (body mass (g), tarsus length (mm)
and wing length (mm)) and was calculated as log (male trait value/
female trait value)”. Sexual dichromatism was obtained following
Gonzalez-Voyer et al”>. In short, the mean value of plumage
dimorphism is estimated from five body regions (head, back, belly,
wings and tail). Plumage was scored using Birds of the World
database’. The nominate subspecies of each species was scored using
plates as the main reference supplemented with images and descrip-
tions. A single observer scored each body part separately using the
following scheme: -2, the female was substantially brighter and/or
more patterned than the male; -1, the female was brighter and/or more
patterned than the male; O, there was no sex difference in the body
region or there was a difference but neither could be considered
brighter than the other; 1, the male was brighter and/or more pat-
terned than the female; 2, the male was substantially brighter and/or
more patterned than the female. Thus, positive values represent male-
biased ornamentation, zero represents unbiased ornamentation, and
negative values represent female-biased ornamentation. The average
score of five body regions correlated well with three independent
datasets of dichromatism: Spearman rank correlations, rs = 0.705,

N=5825 species®, rs = 0.867, N=905 species’®, and rs =
N =855 species™”.

(b) EPP was the proportion of extra-pair offspring (V=390 species,
after accounting for phylogenetic effects and matching with our
dataset of sex roles, N =180 species) and (c) EPBr was the proportion of
broods with extra-pair offspring (N =386 species, after accounting for
phylogenetic effects and matching with our dataset of sex roles,
N =175 species). Data on EPP and EPBr was obtained from the study of
Valcu et al. (2021)'°. (d) Daily nest predation rate (logl0 transformed,
N =580 species; after accounting for phylogenetic effects and match-
ing with our dataset of sex roles, N=245 species) was obtained
from Matysiokova & Remes®, Freeman et al.'”". and Unzeta et al.'%
(e) Clutch size (loglO transformed, N=1270 species; after accounting
for phylogenetic effects and matching with our dataset of sex roles,
N=961 species) and (g) length of the nestling developmental period
(in days, loglO transformed, N=1041 species; after accounting for
phylogenetic effects and matching with our dataset of sex roles,
N =961 species) were collated from Cooney et al.”. (h) Research effort
(N=9051 species; after accounting for phylogenetic effects and
matching with our dataset of sex roles, N = 1376 species), quantified as
the number of independent entries per species in the Zoological
Record database'®, was incorporated to account for data quality.

0.542,

Statistical analyses

All analyses were carried out within the R statistical environmen
Firstly, we summarized the variations of care patterns across nest
building, nest incubation and offspring provisioning. This was done
by using phylogenetic regression models from the package
‘phylolm™®1°¢ and linear mixed-effect models from the package
‘Ime4’"*” with the ‘form of care’ (three levels: nest building, incuba-
tion, and offspring provisioning) as a fixed effect (details see below).
Next, we tested whether the sex-specific care patterns are tempo-
rally consistent, complementary, or irregular across different
breeding stages. To do this, we estimated both direct phenotypical
Pearson correlations and phylogenetic correlations between par-
ental care patterns of these three reproductive stages. In particular,
we implemented a multivariate phylogenetic model from the pack-
age ‘MCMCglmm”® to investigate phylogenetic correlations
between care patterns across breeding stages. If the sex-differences
in parental care are temporally consistent, we expect positive cor-
relations between them. If the sex-differences in parental care are
complementary, we expect a negative correlation between the stage
of nest building and incubation, followed by a negative correlation
between the stage of nest incubation and offspring provisioning. If
the sex-differences in parental care are irregular, we expect to
observe no clear correlations between stages. Finally, we tried to
uncover possible driving forces of the variation of sex differences in
parental care across different care forms. This was done by using
phylogenetic regression models from the package ‘phylolm™%519¢
and linear mixed-effect models from the package ‘Ime4"'%” with
specific fixed effects.

t104.

Two distinct ways to recode the response variables

Considering the differences in premises regarding different hypoth-
eses and the number of species available for relevant explanatory
variables, we coded the response variables (i.e., the contributor(s) of
parental care in each form) in two different ways, depending on the
corresponding explanatory variables in a series of models. The first
way of recoding the contributor(s) of parental care focuses on which
sex provides the care. We recoded ‘Female care’, ‘Biparental care’ and
‘Male care’ as ‘-1’, ‘0", and ‘+1’, respectively. Species in the ‘Cooperative
Breeding’ category were also coded as ‘O’, because breeders and
helpers of both sexes contributed to care. Using this way of recoding,
we built four models to test hypotheses regarding the variation/cor-
relations of sex-difference in parental care across stages of a breeding

Nature Communications | (2023)14:6980



Article

https://doi.org/10.1038/s41467-023-42767-5

cycle and investigate whether sexual selection, extra-pair paternity,
and nest predation were the main driving factors determining which
sex provides care in each form. The second way of recoding the con-
tributor(s) of parental care focuses on the number of individuals that
provide care to a brood in each of the three forms. In this way, we
recoded ‘Female care’ and ‘Male care’ as ‘1’, ‘Biparental care’ as ‘2, and
‘Cooperative Breeding’ as ‘3, since there was one carer (either the male
or the female) in the first category, two carers (both the male and
female parent) in the second category, and at least three carers (both
the male and female breeder and at least one helper) in the third
category. The second way of recoding allowed us to build an additional
model to test the association between the offspring’s life history traits
(reflecting the offspring’s reproductive value and brood needs) and
the number of carers in each care form.

Linear mixed-effect and phylogenetic models to uncover the
variation of care patterns and its possible driving forces

To reveal the possible intrinsic drivers of sex-difference in parental
care across different care stages, we implemented five phylogenetic
regression models in addition. Detailed information about the five
models is listed below.

Model 1. The model was built to quantify the association between care
pattern in each of the three forms of parental care and sexual selection.
In this model, the care pattern (using the first way of recoding) were
added as the response variable. We included ‘form of care’ (three
levels: nest building, incubation, and offspring provisioning), ‘sexual
selection’, and ‘research effort’ as fixed effects. To control for phylo-
genetic uncertainty, we used a phylogenetically controlled regression
method as implemented in the function ‘phylolm’ from the R package
phylolm!®%_ In this model, we included the phylogenetic tree of
species as a random effect and ran the model using 100 different
phylogenetic trees’. Results are therefore based on mean estimates
for predictor slopes and model-averaged standard errors. However,
because our dataset included multiple traits for each species (i.e., care
pattern in nest building, nest incubation and offspring provisioning)
and the three different traits were considered as ‘repeated values’ in
the model, directly adding a phylogenetic tree into the model as a
random effect might be unattainable. To solve this issue, we randomly
selected one representative observation (out of three) for each species
and ran the model with the culled data, which contained only one
observation per species. Note that in this way, the full control for
phylogeny was achieved at the cost of losing two-thirds of the obser-
vations. We additionally used a linear mixed-effects model with the
same fixed effects as the phylogenetically controlled regression
model. The ‘family’ and ‘genus’ of the species were included as a ran-
dom effect to account for phylogenetic uncertainty. In this way, we
have the largest sample size but cannot control for the phylogenetic
relationships completely.

Model 2 and Model 3. The two phylogenetically controlled regression
models were built to assess the association between sex-difference in
parental care in each of the three forms of parental care and the
degrees of uncertainty in paternity. Care patterns (using the first way
of recoding) were added as the response variable. We included ‘form of
care’, ‘research effort’, and either ‘EPP’ (in Model 2) or ‘EPBr’ (in Model
3) as fixed effects. Regarding random effect(s), we treated the phylo-
genetic tree as a random effect using the ‘phylolm™*'% package as
explained in Model 1. In addition, we built two linear mixed-effects
models using the same fixed effects. Regarding random effect(s), due
to the limited number of species with data on extra-pair paternity (see
the section of ‘explanatory variables” above), the model simultaneously
contained two random effects (‘family’ and ‘genus’) that caused a sin-
gular fit issue. This indicated model overfitting, meaning that the
random effects structure was too complex to be parameterized by the

limited data. Therefore, we only included one random effect (either
‘family’ or ‘genus’) that explained more variation of the response
variable.

Model 4. The model was built to test the association between sex-
difference in parental care in each of the three forms of parental care
and daily nest predation rates. Care patterns (using the first way of
recoding) were added as the response variable. We included ‘daily nest
predation’, ‘form of care’, and ‘research effort’ as fixed effects, and the
phylogenetic tree as a random effect. In addition, we built a linear
mixed-effects model with the same fixed effects while using ‘family’
and ‘genus’ of the species as random effects.

Model 5. The model was built to test the association between the
number of carers in different care forms and the offspring’s life history
traits. In this model, care patterns (using the second way of recoding)
were added as the response variable. We included ‘form of care’,
‘length of nestling developmental period’, ‘clutch size’, and ‘research
effort’ as fixed effects. Like in the other models, the phylogenetic tree
was treated as the random effect. In addition, like in Models 1 to 4, we
built a linear mixed-effects model where the ‘family’ and ‘genus’ of the
species were treated as random effects to account for phylogenetic
uncertainty.

Multivariate phylogenetic model estimating phylogenetic
correlations

We implemented the multivariate phylogenetic model using the
package ‘MCMCglmm™°, In this model, care patterns of three parental
care forms (nest building, nest incubation and offspring provisioning)
were added as three response variables. We first randomly selected a
tree of species from the BirdTree’ to include in the multivariate
model. This tree of 1050 species was then inversed into a phylogenetic
covariance matrix (n=1,102,500 elements) and added as a random
effect (similar to including a pedigree matrix as a random effect in an
‘Animal Model’ in quantitative genetics). For the fixed effects, we
included ‘sexual selection’, and ‘research effort’. The three-trait
MCMCglmm model was set with a proper prior with all variances set
to 0.02, covariances set to zero, and a degree of belief parameter set to
v = (size of the matrix +1) =4. After a burn-in of 10,000 iterations, we
ran 260,000 iterations from which a total of 250 samples were drawn
(every 1000 iterations). The high thinning interval was required to
eliminate temporal autocorrelations between samples. The large
phylogenetic covariance matrix and running iterations indicate this
model is challenging in terms of the number of parameters to be
estimated. By using these multivariate phylogenetic models, we aimed
to estimate the ‘heritability’ (i.e., the ‘phylogenetic signal’ in this case)
of each response variable and the ‘genetic correlations’ (i.e., the ‘phy-
logenetic correlations’ in this case) between the three response vari-
ables for further testing whether the parental care patterns are
temporally consistent, complementary, or irregular across breeding
stages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All datasets generated in this study are provided in the Source Data file.
Output summaries and summary of statistics from all models can be
found in Supplementary Data 1-6. Source data are provided with
this paper.

Code availability
The R code for data analysis and plotting is available in the OSF
repository: https://osf.io/g4xra/.

Nature Communications | (2023)14:6980


https://osf.io/g4xra/

Article

https://doi.org/10.1038/s41467-023-42767-5

References

1.

10.

1.

12.

13.

14.

15.

6.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Clutton-Brock, T. H. The Evolution of Parental Care (Princeton
University Press, Princeton, 1991).

Royle, Nick J., Smiseth, P. T. & Kélliker, M. eds. The Evolution of
Parental Care (Oxford University Press, Oxford, 2012).

Székely, T., Remes, V., Freckleton, R. P. & Liker, A. Why care?
Inferring the evolution of complex social behaviour. J. Evol. Biol.
26, 1381-1391 (2013).

Trivers, R. L. Parental investment and sexual selection. in Sexual
Selection & the Descent of Man 136-179 (Aldine Publishing Com-
pany, Illinois, USA, 1972).

Maynard Smith, J. Parental investment: a perspective analysis.
Anim. Behav. 25, 1-9 (1977).

Grafen, A. & Sibly, R. A model of mate desertion. Anim. Behav. 26,
645-652 (1978).

Gross, M. R. & Sargent, R. C. The evolution of male and female
parental care in fishes. Am. Zool. 25, 807-822 (1985).

Barta, Z., Székely, T., Liker, A. & Harrison, F. Social role speciali-
zation promotes cooperation between parents. Am. Nat. 183,
747-761 (2014).

Li, X.-Y., Morozov, A. & Goymann, W. Coevolution of female fidelity
and male help in populations with alternative reproductive tactics.
Proc. R. Soc. B 288, 20202371 (2021).

lyer, P., Shukla, A., Jadhav, V. & Sahoo, B. K. Anisogamy selects for
male-biased care in self-consistent games with synchronous
matings. Evolution 74, 1018-1032 (2020).

McNamara, J. M. & Wolf, M. Sexual conflict over parental care
promotes the evolution of sex differences in care and the ability to
care. Proc. R. Soc. B 282, 20142752 (2015).

Henshaw, J. M., Fromhage, L. & Jones, A. G. Sex roles and the
evolution of parental care specialization. Proc. R. Soc. B 286,
20191312 (2019).

Andersson, M., Wiklund, C. G. & Rundgren, H. Parental defence of
offspring: a model and an example. Anim. Behav. 28, 536-542
(1980).

Winkler, D. W. A general model for parental care. Am. Nat. 130,
526-543 (1987).

Whittingham, L. A., Taylor, P. D. & Robertson, R. J. Confidence of
paternity and male parental care. Am. Nat. 139, 1115-1125 (1992).
Westneat, D. F. & Sherman, P. W. Parentage and the evolution of
parental behavior. Behav. Ecol. 4, 66-77 (1993).

Queller, D. C. Why do females care more than males? Proc. R. Soc.
B 264, 1555-1557 (1997).

Lehtonen, J. & Kokko, H. Positive feedback and alternative stable
states in inbreeding, cooperation, sex roles and other evolutionary
processes. Philos. Trans. R. Soc. B 367, 211-221 (2012).

Kokko, H. & Jennions, M. D. Parental investment, sexual selection
and sex ratios. J. Evol. Biol. 21, 919-948 (2008).

Klug, H., Bonsall, M. B. & Alonzo, S. H. The origin of parental care in
relation to male and female life history. Ecol. Evol. 3, 779-791
(2013).

McNamara, J. M., Gasson, C. E. & Houston, A. I. Incorporating rules
for responding into evolutionary games. Nature 401, 368-371
(1999).

McNamara, J. M., Houston, A. I., Barta, Z. & Osorno, J.-L. Should
young ever be better off with one parent than with two? Behav.
Ecol. 14, 301-310 (2003).

Johnstone, R. A. & Hinde, C. A. Negotiation over offspring care—
how should parents respond to each other’s efforts? Behav. Ecol.
17, 818-827 (2006).

Johnstone, R. A. & Savage, J. L. Conditional cooperation and turn-
taking in parental care. Front. Ecol. Evol. 7, 335 (2019).

Dall, S. R. X., Houston, A. I. & McNamara, J. M. The behavioural
ecology of personality: consistent individual differences from an
adaptive perspective. Ecol. Lett. 7, 734-739 (2004).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

Sih, A., Bell, A. & Johnson, J. C. Behavioral syndromes: an ecological
and evolutionary overview. Trends Ecol. Evol. 19, 372-378 (2004).
Sih, A., Bell, A. M., Johnson, J. C. & Ziemba, R. E. Behavioral syn-
dromes: an integrative overview. Q Rev. Biol. 79, 241-277 (2004).
Dingemanse, N. J. & Réale, D. Natural selection and animal per-
sonality. Behaviour 142, 1159-1184 (2005).

Smith, B. R. & Blumstein, D. T. Fitness consequences of person-
ality: a meta-analysis. Behav. Ecol. 19, 448-455 (2008).

Biro, P. A. & Stamps, J. A. Are animal personality traits linked to life-
history productivity? Trends Ecol. Evol. 23, 361-368 (2008).
Hartley, I. R. & Royle, N. J. Sexual conflict and its implications for
fitness. in Reproductive Biology and Phylogeny of Birds, Part B:
Sexual Selection, Behavior, Conservation, Embryology and
Genetics (CRC Press, 2007).

Parker, G. A., Royle, N. J. & Hartley, I. R. Intrafamilial conflict and
parental investment: a synthesis. Philos. Trans. R. Soc. B 357,
295-307 (2002).

Sladecek, M., Vozabulova, E., Brynychova, K. & Salek, M. E. Par-
ental incubation exchange in a territorial bird species involves sex-
specific signalling. Front. Zool. 16, 7 (2019).

Bulla, M., Valcu, M., Rutten, A. L. & Kempenaers, B. Temporary
mate removal during incubation leads to variable compensation in
a biparental shorebird. Front. Ecol. Evol. 7, 93 (2019).

Dey, C. J., O'Connor, C. M., Balshine, S. & Quinn, J. S. Cooperative
males reduce incubation in response to cues of female-female
competition. Ibis 156, 446-451 (2014).

Hinde, C. A. Negotiation over offspring care?—a positive response
to partner-provisioning rate in great tits. Behav. Ecol. 17, 6-12
(2006).

Kosztolanyi, A., Cuthill, I. C. & Székely, T. Negotiation between
parents over care: reversible compensation during incubation.
Behav. Ecol. 20, 446-452 (2009).

Iserbyt, A., Farrell, S., Eens, M. & Miiller, W. Sex-specific negotia-
tion rules in a costly conflict over parental care. Anim. Behav. 100,
52-58 (2015).

Safari, I., Goymann, W. & Kokko, H. Male-only care and cuckoldry
in black coucals: does parenting hamper sex life? Proc. R. Soc. B
286, 20182789 (2019).

Klug, H., Alonzo, S. H. & Bonsall, M. B. Theoretical foundations of
parental care. in The Evolution of Parental Care (eds. Royle, N. J.,
Smiseth, P. T. & Kolliker, M.) 21-39 (Oxford University Press,
Oxford, 2012).

Alonzo, S. H. Sexual selection favours male parental care, when
females can choose. Proc. R. Soc. B 279, 1784-1790 (2012).
Gonzalez-Voyer, A., Fitzpatrick, J. L. & Kolm, N. Sexual selection
determines parental care patterns in cichlid fishes. Evolution 62,
2015-2026 (2008).

Olson, V. A., Webb, T. J., Freckleton, R. P. & Szekely, T. Are parental
care trade-offs in shorebirds driven by parental investment or
sexual selection? J. Evol. Biol. 22, 672-682 (2009).

Westneat, D. F. & Stewart, |. R. K. Extra-pair paternity in birds:
causes, correlates, and conflict. Annu. Rev. Ecol. Evol. Syst. 34,
365-396 (2003).

Dale, J., Dey, C. J., Delhey, K., Kempenaers, B. & Valcu, M. The
effects of life history and sexual selection on male and female
plumage colouration. Nature 527, 367-370 (2015).

Montgomerie, R. D. & Weatherhead, P. J. Risks and rewards of nest
defence by parent birds. Q Rev. Biol. 63, 167-187 (1988).

Bowers, E. K. et al. Condition-dependent begging elicits increased
parental investment in a wild bird population. Am. Nat. 193,
725-737 (2019).

Windt, W. & Curio, E. Clutch defence in Great Tit (Parus major)
pairs and the Concorde fallacy. Ethology 72, 236-242 (1986).
Tammaru, T. & Horak, P. Should one invest more in larger broods?
Not necessarily. Oikos 85, 574-581 (1999).

Nature Communications | (2023)14:6980

10



Article

https://doi.org/10.1038/s41467-023-42767-5

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Westneat, D. F. & Mutzel, A. Variable parental responses to chan-
ges in offspring demand have implications for life history theory.
Behav. Ecol. Sociobiol. 73, 130 (2019).

Birds of the World. (Cornell Laboratory of Ornithology, Ithaca, NY,
USA). https://birdsoftheworld.org/bow/home. (2020)

Székely, T., Freckleton, R. P. & Reynolds, J. D. Sexual selection
explains Rensch'’s rule of size dimorphism in shorebirds. Proc. Natl
Acad. Sci. USA 101, 12224-12227 (2004).

Cockburn, A. Prevalence of different modes of parental care in
birds. Proc. R. Soc. B 273, 1375-1383 (2006).

Conway, C. J. & Martin, T. E. Evolution of passerine incubation
behavior: influence of food, temperature, and nest predation.
Evolution 54, 670-685 (2000).

AlRashidi, M., Kosztolanyi, A., Shobrak, M., Kiipper, C. & Székely, T.
Parental cooperation in an extreme hot environment: natural
behaviour and experimental evidence. Anim. Behav. 82, 235-243
(201M).

Coe, B. H., Beck, M. L., Chin, S. Y., Jachowski, C. M. B. & Hopkins,
W. A. Local variation in weather conditions influences incubation
behavior and temperature in a passerine bird. J. Avian Biol. 46,
385-394 (2015).

Vincze, O. et al. Parental cooperation in a changing climate:
fluctuating environments predict shifts in care division. Glob. Ecol.
Biogeogr. 26, 347-358 (2017).

Basso, A. & Richner, H. Effects of nest predation risk on female
incubation behavior and offspring growth in great tits. Behav. Ecol.
Sociobiol. 69, 977-989 (2015).

Ghalambor, C. K. & Martin, T. E. Comparative manipulation of
predation risk in incubating birds reveals variability in the plasticity
of responses. Behav. Ecol. 13, 101-108 (2002).

Dale, S., Gustavsen, R. & Slagsvold, T. Risk taking during parental
care: a test of three hypotheses applied to the pied flycatcher.
Behav. Ecol. Sociobiol. 39, 31-42 (1996).

Listgen, C., Karlsen, R. F. & Slagsvold, T. Risk taking during par-
ental care: a test of the harm-to-offspring hypothesis. Behav. Ecol.
111, 40-43 (2000).

Komdeur, J., Szentirmai, I., Székely, T., Bleeker, M. & Kingma, S. A.
Body condition and clutch desertion in penduline tit Remiz pen-
dulinus. Behaviour 142, 1465-1478 (2005).

Royle, N. J., Schuett, W. & Dall, S. R. X. Behavioral consistency and
the resolution of sexual conflict over parental investment. Behav.
Ecol. 21, 1125-1130 (2010).

Guan, X., Rao, X., Song, G. & Wang, D. The evolution of courtship
displays in Galliformes. Avian Res. 13, 100008 (2022).

Reynolds, J. D. & Gross, M. R. Costs and benefits of female mate
choice: is there a lek paradox? Am. Nat. 136, 230-243 (1990).
Eens, M. & Pinxten, R. Sex-role reversal in vertebrates: behavioural
and endocrinological accounts. Behav. Process. 51, 135-147 (2000).
Alonzo, S. H. Social and coevolutionary feedbacks between mat-
ing and parental investment. Trends Ecol. Evol. 25, 99-108 (2010).
Janicke, T., Haderer, I. K., Lajeunesse, M. J. & Anthes, N. Darwinian
sex roles confirmed across the animal kingdom. Sci. Adv. 2,
1500983 (2016).

Rincon-Rubio, V., Székely, T., Liker, A. & Gonzalez-Voyer, A.
Carotenoid-dependent plumage coloration is associated with
reduced male care in passerine birds. Behav. Ecol. 34, arad051
(2023).

Remes, V., Freckleton, R. P., Tokolyi, J., Liker, A. & Székely, T. The
evolution of parental cooperation in birds. Proc. Natl Acad. Sci.
USA 112, 13603-13608 (2015).

Mgller, A. P. & Birkhead, T. R. Certainty of paternity covaries with
paternal care in birds. Behav. Ecol. Sociobiol. 33, 261-268 (1993).
Mgiller, A. P. & Cuervo, J. J. The evolution of paternity and paternal
care in birds. Behav. Ecol. 11, 472-485 (2000).

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Matysiokova, B. & Remes, V. Faithful females receive more help:
the extent of male parental care during incubation in relation to
extra-pair paternity in songbirds. J. Evol. Biol. 26, 155-162 (2013).
Lifield, J. T. et al. Evolution of female promiscuity in Passerides
songbirds. BMC Evol. Biol. 19, 1-14 (2019).

Gonzalez-Voyer, A. et al. Sex roles in birds: phylogenetic analyses
of the influence of climate, life histories and social environment.
Ecol. Lett. 25, 647-660 (2022).

Burke, T., Davies, N. B., Bruford, M. W. & Hatchwell, B. J. Parental
care and mating behaviour of polyandrous dunnocks Prunella
modularis related to paternity by DNA fingerprinting. Nature 338,
249-251 (1989).

Davies, N. B., Hatchwell, B. J., Robson, T. & Burke, T. Paternity and
parental effort in dunnocks Prunella modularis: how good are
male chick-feeding rules? Anim. Behav. 43, 729-745 (1992).
Bouwman, K. M., Lessells, C., (Kate), M. & Komdeur, J. Male reed
buntings do not adjust parental effort in relation to extrapair
paternity. Behav. Ecol. 16, 499-506 (2005).

Dickinson, J. L. Male share of provisioning is not influenced by
actual or apparent loss of paternity in western bluebirds. Behav.
Ecol. 14, 360-366 (2003).

Liedtke, J. & Fromhage, L. When should cuckolded males care for
extra-pair offspring? Proc. R. Soc. B 279, 2877-2882 (2012).
Griffin, A. S., Alonzo, S. H. & Cornwallis, C. K. Why do cuckolded
males provide paternal care? PLoS Biol. 11, €1001520 (2013).
Matysiokova, B. & Remes, V. Evolution of parental activity at the
nest is shaped by the risk of nest predation and ambient tem-
perature across bird species. Evolution 72, 2214-2224 (2018).
Meyer, N. et al. Nest attentiveness drives nest predation in arctic
sandpipers. Oikos 129, 1481-1492 (2020).

Long, X. et al. Does ecology and life history predict parental
cooperation in birds? A comparative analysis. Behav. Ecol. Socio-
biol. 76, 92 (2022).

Ekanayake, K. B. et al. The bright incubate at night: sexual
dichromatism and adaptive incubation division in an open-nesting
shorebird. Proc. R. Soc. B 282, 2015 (2015).

Martin, T. E., Scott, J. & Menge, C. Nest predation increases with
parental activity: separating nest site and parental activity effects.
Proc. R. Soc. B 267, 2287-2293 (2000).

Jones, K. M., Ruxton, G. D. & Monaghan, P. Model parents: is full
compensation for reduced partner nest attendance compatible
with stable biparental care? Behav. Ecol. 13, 838-843 (2002).
Rauter, C. M. & Moore, A. J. Time constraints and trade-offs among
parental care behaviours: effects of brood size, sex and loss of
mate. Anim. Behav. 68, 695-702 (2004).

Smiseth, P. T., Dawson, C., Varley, E. & Moore, A. J. How do caring
parents respond to mate loss? Differential response by males and
females. Anim. Behav. 69, 551-559 (2005).

Suzuki, S. & Nagano, M. To compensate or not? Caring parents
respond differentially to mate removal and mate handicapping in
the burying beetle, Nicrophorus quadripunctatus. Ethology 115,
1-6 (2009).

Harrison, F., Barta, Z., Cuthill, I. & Szekely, T. How is sexual conflict
over parental care resolved? A meta-analysis. J. Evol. Biol. 22,
1800-1812 (2009).

Emlen, S. T., Wrege, P. H. & Webster, M. S. Cuckoldry as a cost of
polyandry in the sex-role-reversed Wattled jacana, Jacana jacana.
Proc. R. Soc. B 265, 2359-2364 (1998).

Emlen, S. T. & Wrege, P. H. Size dimorphism, intrasexual compe-
tition, and sexual selection in Wattled Jacana (Jacana jacana), a
sex-role-reversed shorebird in Panama. Auk 121, 391-403 (2004).
Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The
global diversity of birds in space and time. Nature 491, 444-448
(2012).

Nature Communications | (2023)14:6980


https://birdsoftheworld.org/bow/home

Article

https://doi.org/10.1038/s41467-023-42767-5

95. Cooney, C.R. et al. Ecology and allometry predict the evolution
of avian developmental durations. Nat. Commun. 11, 2383
(2020).

96. Székely, T. et al. Sex roles in birds: influence of climate, life his-
tories and social environment [Dataset]. Dryad https://doi.org/10.
5061/dryad.fbg79cnw7 (2022).

97.  Fairbairn, D.J, Blanckenhorn, W.U. & Székely, T (eds). Sex, Size and
Gender Roles: Evolutionary Studies of Sexual Size Dimorphism
(Oxford University Press, Oxford, 2007).

98. Dunn, P. O., Whittingham, L. A. & Pitcher, T. E. Mating systems,
sperm competition, and the evolution of sexual dimorphism in
birds. Evolution 55, 161-175 (2001).

99. Armenta, J. K., Dunn, P. O. & Whittingham, L. A. Quantifying avian

sexual dichromatism: a comparison of methods. J. Exp. Biol. 211,

2423-2430 (2008).

Brouwer, L. & Griffith, S. C. Extra-pair paternity in birds. Mol. Ecol.

28, 4864-4882 (2019).

101. Freeman, B. G., Scholer, M. N., Boehm, M. M. A, Heavyside, J. &

Schluter, D. Adaptation and latitudinal gradients in species

interactions: nest predation in birds. Am. Nat. 196, E160-E166

(2020).

Unzeta, M., Martin, T. E. & Sol, D. Daily nest predation rates

decrease with body size in passerine birds. Am. Nat. 196, 743-754

(2020).

Valcu, M., Dale, J., Griesser, M., Nakagawa, S. & Kempenaers, B.

Global gradients of avian longevity support the classic evolu-

tionary theory of ageing. Ecography 37, 930-938 (2014).

R Core Team. R: A language and Environment for Statistical Com-

puting. (R Foundation for Statistical Computing, 2021).

Ho, L. S. T. & Ané, C. Intrinsic inference difficulties for trait evo-

lution with Ornstein-Uhlenbeck models. Methods Ecol. Evol. 5,

1133-1146 (2014).

Ho,L.S.T. & Ané, C. A linear-time algorithm for Gaussian and non-

Gaussian trait evolution models. Syst. Biol. 63, 397-408 (2014).

Bates, D., Méachler, M., Bolker, B. & Walker, S. Fitting linear mixed-

effects models using lme4. J. Stat. Softw. 67, 1-48 (2015).

Hadfield, J. D. MCMC methods for multi-response generalized

linear mixed models: the MCMCglmm R package. J. Stat. Softw.

33, 1-22 (2010).

100.

102.
103.

104.

105.

106.
107.

108.

Acknowledgements

We thank Yuansi He and Xinyi Jiang for making the silhouette drawingsin
Fig. 3. D.W. is funded by the Chinese Academy of Sciences (CAS Pioneer
Hundred Talents program), the Third Xinjiang Scientific Expedition
Program (Grant No. 2022xjkk0801), and the National Natural Science

Foundation of China (32270452). X.-Y.L.R. is funded by the Swiss
National Science Foundation (grants 180145 and 211549).

Author contributions

D.W. and X.-Y.L.R. designed the study; D.W. and S.Y. compiled the
datasets; D.W. performed the analysis with help from W.Z. and X.-Y.L.R.;
all authors wrote the manuscript and approved the submission of the
current version.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42767-5.

Correspondence and requests for materials should be addressed to
Daiping Wang or Xiang-Yi Li Richter.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6980

12


https://doi.org/10.5061/dryad.fbg79cnw7
https://doi.org/10.5061/dryad.fbg79cnw7
https://doi.org/10.1038/s41467-023-42767-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sex differences in avian parental care patterns vary across the breeding�cycle
	Results
	Large variation in sex-difference in parental contributions across different forms of parental�care
	Moderate consistency of sex-difference in parental care patterns�across breeding�stages
	Biases towards female care under strong sexual selection on�males
	Association between the certainty of paternity and male�care
	No clear association between sex-difference in parental care and predation�risk
	No clear association between the number of carers and offspring’s�life history�traits

	Discussion
	Parental care is not a unitary trait regarding which sex provides�care
	Moderate consistency of parental care patterns across breeding�stages
	Strong sexual selection was tied to sex-biased care of all�forms
	Uncertainty of paternity selected against male�care
	Nest predation risk did not shape sex-difference in parental�care
	Brood needs and offspring’s reproductive value are not associated�with the number of care providers
	Interesting exceptions to the general patterns of parental�care

	Methods
	Classification of parental care patterns
	Cross-validation with independent datasets
	Explanatory variables in statistical�models
	Statistical analyses
	Two distinct ways to recode the response variables
	Linear mixed-effect and phylogenetic models to uncover the variation of care patterns and its possible driving�forces
	Model�1
	Model 2 and Model�3
	Model�4
	Model�5
	Multivariate phylogenetic model estimating phylogenetic correlations
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




