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Abstract

Correlations between brood sex ratios (BSRs) and parental or environmental quality have been found in many species. This
phenomenon is called sex ratio adjustment, and is expected to evolve if certain factors affect the fitness return from the off-
spring in a sex-dependent way. However, it is seldom studied whether biased sex ratios are indeed adaptive. We manipulated
BSRs in a cross-fostering experiment, and investigated parental costs in terms of feeding rate and survival in the collared
flycatcher (Ficedula albicollis). In our population, male nestlings can grow faster under good conditions, but are more
sensitive to adverse conditions. Assuming that the sensitivity of the males results from their larger energy requirement, we
predicted increased costs in broods with male-biased experimental BSR. Assuming that BSR adjustment is adaptive and
related to parental care giving capacity, we expected higher feeding and survival rate by parents that originally had more
sons, and predicted that low quality parents are less able to adjust their feeding rates to the needs of their foster broods or
pay higher survival cost. However, we found that the manipulated BSR and its interaction with original BSR affected neither
the feeding rate nor the survival of the parents. Only male feeding rate was correlated with original BSR, however, contrary
to our prediction: males with female-biased original BSR fed their foster chicks more frequently. Our results, with those of
a previous report about the effects of the experiment on nestlings, do not support that the observed BSRs are adaptive in
our population.

Significance statement

Many hypotheses propose that higher vertebrates adaptively adjust the primary sex ratio of their offspring to individual or
environmental quality. While the potential adaptive value of the observed patterns is regularly discussed, studies that specifi-
cally test the adaptivity of sex ratio adjustment are very scarce and correlative. Using a special cross-fostering experiment,
we investigated whether original brood sex ratios are related to the rearing capacity of the parents, and experimental sex
ratios are related to the rearing costs in terms of feeding effort or survival. We found no effect of experimentally altered
brood sex ratios on either parental feeding effort or survival. Furthermore, contrary to the adaptive scenario, males that had
female-biased broods originally had higher feeding rates. So far, we have found no evidence that the sex ratio adjustment
is adaptive in the collared flycatcher.

Keywords Adaptivity - Cross-fostering - Feeding frequency - Parental investment - Sex allocation - Sex ratio manipulation

Introduction effects on offspring survival, reproductive success or rearing

costs. If so, it is expected to be advantageous for the parents

The relative fitness benefit of producing male and female
offspring may change with parental quality or environmen-
tal conditions, because these factors may have sex-specific
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to adjust the sex (ratio) of their offspring to the trait(s) in
question (for a review, see Cockburn et al. 2002; Szasz et al.
2012). This phenomenon is called sex ratio adjustment or
sex ratio manipulation.

Several hypotheses have been raised in relation to the
evolution of sex ratio adjustment. Perhaps the best-known is
the Trivers—Willard hypothesis (Trivers and Willard 1973),
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which argues that in species where maternal body condition
has a stronger effect on the future reproductive success of
male offspring than on the future reproductive success of
female offspring, mothers that are able to adjust offspring
sex ratio to their own body condition, have an evolutionary
advantage. If the ability to adjust the sex ratio has evolved,
females in good condition are expected to produce more
male offspring, while females in poor condition are expected
to produce more female offspring. The same logic can be
extended for example to male attractiveness, i.e. females
mated to an attractive male should produce more male off-
spring because those will inherit their father’s attractiveness
and will be more successful than their sisters (“attractiveness
hypothesis” (Burley 1981, 1986)).

While the previous hypotheses are based on sex-specific
reproductive success of the offspring, the “cost of reproduc-
tion hypothesis” focuses on the sex-specific rearing cost, and
argues that females in poor condition are unable to bear the
cost of producing the energetically costlier sex, thus should
adjust the sex ratio of their broods accordingly (Myers
1978). Sex ratio manipulation may evolve also as a conse-
quence of sex differences in environmental sensitivity. The
so-called “sensitivity hypothesis” suggests that under less
favourable conditions females should bias their offspring sex
ratio toward the less sensitive sex to avoid reduced offspring
development and survival (Szész et al. 2012).

Despite several hypotheses on adaptive sex ratio adjust-
ment and the well-documented occurrences of brood sex
ratio biases in wild populations (Cockburn et al. 2002; Szasz
et al. 2012, 2019a), studies that investigated the adaptive
value of the phenomenon are scarce and most of them
are correlative (e.g. Gomendio et al. 1990; Appleby et al.
1997). However, if we compare some fitness components
of male and female-biased broods in correlative studies, it
is impossible to disentangle genetic effects, early maternal
effects and the effects of offspring sex (ratio). To evaluate
the effect of sex (ratio) per se, cross-fostering experiments
are needed. Because the effects of rearing sex-biased broods
may depend on whether the parents originally produced
male- or female-biased broods, it is important to investi-
gate not only the effect of manipulated brood sex ratio, but
also the interactive effect of original and manipulated brood
sex ratio. To our knowledge, this has been investigated only
in two species. In tammar wallabies (Macropus eugenii),
offspring reared by females that originally produced male
offspring performed better independently of the sex of the
foster offspring, and offspring mass at weaning (or one year
later) was not influenced by the sex of the original or foster
offspring (Robert et al. 2010). However, the interaction of
the sex of the original and foster offspring had a significant
effect on the probability of the mother giving birth in the
year following the experiment (Schwanz and Robert 2016).
Females that cared for the sex opposite of what they had
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originally produced were less likely to give birth in the next
year, and this suggests that sex ratio adjustment in this spe-
cies is adaptive. The other species where the interaction of
the sex of the original and foster offspring was studied is the
collared flycatcher (Ficedula albicollis, Szész et al. 2023).

Empirical data from different populations of collared fly-
catchers have shown correlations between brood sex ratio
and various variables, such as secondary sexual characters
(wing patch size: Bowers et al. 2013; forehead patch size:
Ellegren et al. 1996), size (tarsus length: Széasz et al. 2014),
laying date (Rosivall et al. 2004; Bowers et al. 2013; Szasz
et al. 2014), and parental personality (male aggressiveness:
Szasz et al. 2014). In addition, male nestlings of this spe-
cies are more sensitive to early adverse conditions than
female nestlings (Rosivall et al. 2010; Szasz et al. 2017).
Namely, male nestlings, which have higher growth rates
under favourable conditions, suffered a more severe reduc-
tion in growth under poor conditions (i.e. in experimentally
enlarged broods) than female nestlings (Rosivall et al. 2010),
suggesting that male offspring have larger energy require-
ments. Moreover, brood enlargement had long-term conse-
quences for male, but not for female recruits (Szasz et al.
2017). Males from enlarged broods had shorter lifespans
and this had a negative effect also on reproductive output.
As a consequence, in our previous study, we predicted that
parents with better offspring rearing capacities produce more
male offspring (as forecasted by the sensitivity hypotheses),
broods with experimentally male-biased sex ratios have
larger energy requirements and therefore perform worse,
and offspring reared in male-biased broods by parents that
originally had female-biased broods (i.e. parents presumed
to be of lower quality) will suffer more. However, we found
that original brood sex ratio, experimental brood sex ratio
and their interactions had no effect on nestling growth, sur-
vival and recruitment (Szasz et al. 2023). This may sug-
gest that sex ratio adjustment is not adaptive in our collared
flycatcher population. However, it is also possible that we
have not seen the effects of brood sex ratios on offspring per-
formance, because the parents adjusted their feeding rate to
the sex ratio of the brood, and thus the parents paid the costs
of biased sex ratios, not the offspring. Results concerning
parental feeding rates and brood sex ratios are quite mixed.
While some papers found no correlation between the two
variables (e.g. Leonard et al. 1994; Kieffer and Ritchison
2012), many studies found positive correlations between
feeding rate and the within-brood proportion of the sex with
the larger energy requirement (e.g. Yasukawa et al. 1990;
Nishiumi et al. 1996; Westerdahl et al. 2000; Green 2002;
Suorsa et al. 2003; Khwaja et al. 2017).

In this paper, we aimed to investigate the adaptive value
of brood sex ratio adjustment by analysing the relation-
ship between feeding rate and brood sex ratios in a vide-
orecorded subset of the broods that were cross-fostered
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by Szasz et al. (2023). Assuming that sex ratio adjustment
is adaptive, we expected that parents with low capacity of
parental effort produced female-biased broods, because
males are more sensitive to early environmental condi-
tions (Rosivall et al. 2010; Szasz et al. 2017), and therefore
predicted a positive correlation between feeding rate of
the parents at the experimental broods and their original
brood sex ratio (i.e. proportion of male nestlings in the
brood). Owing to the male nestlings’ higher growth capac-
ity under good conditions and their larger sensitivity to
adverse conditions (Rosivall et al. 2010; Szasz et al. 2017),
we assumed that they have larger energy requirements,
and predicted that parents rearing male-biased broods have
larger feeding effort. Furthermore, we expected that par-
ents with low capacity of parental effort (that also produce
female-biased brood) are less able to adjust their feeding
rates to the needs of their foster broods; therefore, we pre-
dicted that original and experimental sex ratios have an
interactive effect on feeding rate. As parental investment
may affect parental survival probabilities (Cichon et al.
1998; Santos and Nakagawa 2012), we also examined the
effect of the experiment on parental survival. We expected
a negative effect of male biased broods on parental sur-
vival that is less pronounced in the broods of parents that
originally produced male-biased broods. Because we
wanted to separate genetic and early maternal effects from
the effects of brood sex ratio, we used a cross-fostering
design where each parent reared only foreign nestlings
that originated from two different broods (Fig. 1, see more
details in the methods).

Fig. 1 The experimental design.

Differently coloured circles

symbolize different broods, and Q
the arrows indicate the direction
of swapping. Nestlings were
cross-fostered randomly with
respect to sex, thus the original
and the experimental brood sex
ratios differed among broods

Methods
Study site and population

Our study site was an artificial nest box plot in a continuous,
oak-dominated woodland in the Pilis-Visegradi Mountains
(47° 43" N, 19° 01" E), Hungary. Collared flycatchers are
insectivorous, hole-breeding, primarily socially monoga-
mous passerines with normally one clutch per breeding
season. They spend the winter in the Sub-Saharan Africa,
and return to our breeding area in the middle of April. Only
females incubate their typically five to seven eggs, but both
parents feed their nestlings. Females often start the incuba-
tion before clutch completion, thus hatching asynchrony is
common. Most nestlings fledge when they are 15-16 days
old.

Field methods and brood sex ratio manipulation

During the breeding seasons of 2017 and 2018, we visited
the nests daily around the presumed time of hatching. Two
days after hatching of the first chick of the brood, we cross-
fostered nestlings between trios of nests with the same hatch-
ing date. The three broods were either identical in brood
size or the difference was not more than one offspring.
After the cross-fostering, all parents got the same number
of nestlings as originally hatched, and all nestlings were
unrelated to the foster parents, coming from two different
broods approximately in an equal proportion (Fig. 1). Cross-
fostering was done randomly with respect to the sex of the
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nestlings. Consequently, brood sex ratio but not brood size
was manipulated. During cross-fostering, the nestlings were
weighed to the nearest 0.1 g with a Pesola spring balance.
Offspring were marked individually by removing tufts of
down on their head and back. All offspring were ringed at
the age of 68 days. A small blood sample was taken from
each nestling by brachial vein puncture on the eighth day
post-hatching. Unhatched eggs and tissue samples from dead
offspring were also collected for molecular sexing. Parents
were captured, ringed and measured when nestlings were
9-11 days old.

After the field season, we performed molecular sex deter-
minations using the F2550 and the R2718 primers (Fri-
dolfsson and Ellegren 1999) and the protocol described in
Rosivall et al. (2004). The change in sex ratio of the broods
at the time of video recordings compared to the original
brood sex ratios varied between -0.5 and +0.67 (see Fig. S1
in Supplementary Information).

Videotaping and video analysis

Feeding activity was monitored during the peak of the feed-
ing period, 8 or 9 days after hatching (with one exception,
where video was recorded when nestlings were 10 days old)
between 7:00 am and 2:00 pm using video-cameras that were
set up on a tripod ca. 10-15 m away from the nest boxes.
Video recordings were later analysed using Media Player
Classic Home Cinema (MPC-HC, version 1.7.13). To mini-
mize observer bias, blinded methods were used when behav-
ioural data were recorded and analyzed. Collared flycatcher
males and females are easy to distinguish by feather coloura-
tion, so male and female feeding rates (number of feedings
per hour) were calculated separately. We defined feeding
events as the bird going into the nest box or leaning in the
nest box from the hole, then leaving without prey. Although
parents were only minimally influenced by the human distur-
bance and resumed their feeding behaviour just minutes after
the recordings were initiated, we started the video analyses
when both parents had already resumed feeding. Further-
more, video length and number of feeding events were also
corrected for the duration of accidental disturbance caused
by human (e.g. louder footsteps or talking in the surrounding
area) or potential nest predator (e.g. woodpecker activities)
by excluding the time of the disturbance until both parents
resumed feeding the nestlings again. The net length of each
video recording (i.e. length after correction) was at least
90 min (mean+SD=96.89 +20.14).

Statistical analyses
Due to logistic constraints not all of the experimental

broods were videotaped. We included 44 broods (27 in
2017 and 17 broods in 2018) in our statistical analyses,
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where both parents fed the nestlings, and the original pri-
mary sex ratio and brood size, as well as brood size and
sex ratio at the time of video recording were known. At
38 broods the male was monogamous, 5 broods were the
primary brood of a polygynous male. The mean male feed-
ing rates apparently did not differ between the two groups
(monogamous males: mean+ SD =23.76 +7.35; polygy-
nous males at primary nests: mean+ SD=23.01 +4.21).
At one brood, the social male was not captured, therefore
its breeding status was unknown. However, its feeding rate
was in the mid-range, and the exclusion of this brood from
our analyses did not affect our results qualitatively, so we
included this sample in our final analyses.

Because of logistic constraints (e.g. limited number of
cameras), age of the nestlings at the time of recording and
the start of the recording within days varied among broods.
Therefore, before our analyses, we examined whether these
factors were related to feeding rates. When analysing the
effect of age, we combined the single brood recorded
on day 10 post-hatch with the broods recorded on day 9
and found no effect of offspring’s age during the video
recording (8 vs. 9/10 days) on parental provisioning rate
(Mann—Whitney U test for males: U=96.00, Z=0.616,
P =0.538; females: U=64.00, Z=1.710, P=0.087).
Whether recordings were started before or after 10 am
(i.e. first or second recording session of the day) did not
affect the feeding activity of the parents (t test for males:
ty, =-0.026, P=0.980; females: 1,,=0.739, P=0.464). As
nestling age and recording time had no effect on parental
feeding behaviour, we did not control for these factors in
the statistical analyses.

Since parents with more offspring need to feed the brood
more often (e.g. Stoehr et al. 2000; Kiss et al. 2013; Griffi-
oen et al. 2019), the effect of brood size has to be taken into
account when other predictors of parental care are studied.
Brood size varied between five and seven in the dataset.
Because it was five in only four broods, we used brood size
as a two-level categorical predictor (brood size five and six
vs. brood size seven).

We constructed general linear models using the feeding
rates of male and female foster parents as response variables,
while our predictors were the original and experimental (at
the time of video recording) brood sex ratio, and the interac-
tion of these sex ratios. Other parameters, such as partner’s
feeding rate, brood size, year, the interactions of year with
other variables, and the 3-way interaction of year, original
and experimental sex ratios were included in the models to
control for the potential effects of these variables on feeding
rates. Before fitting GLMs, we checked the independence
of the predictor variables by pairwise Pearson correlations,
t tests and Xz—tests (all P>0.382), in addition, in the main
effect model all VIF values (function vif in car package, Fox
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and Weisberg 2019) were smaller than 1.633, so multicol-
linearity was not an issue.

After running the full model, we performed a backward
stepwise model simplification, eliminating non-significant
(P>0.05) terms step by step from the model, starting with
the interactions and the terms with the highest P value.
In each analysis of full and final models, model residuals
were normally distributed (Kolmogorov—Smirnov test: all
P>0.20). For more reliable parameter estimates we re-
entered non-significant variables to the final model one
by one (Hegyi and Laczi 2015), and presented the results
accordingly (function Anova in car package, Fox and Weis-
berg 2019).

In 10 of the broods the original clutch size was not identi-
cal to the brood size at video recording because of infertile
or unhatched egg or embryo or nestling mortality (the differ-
ence was not larger than one). Therefore, we investigated the
effects of sex ratios on feeding rates both with and without
these broods.

We also analysed whether original or experimental sex
ratios (or their interaction) were related to parental sur-
vival. Breeding birds in our population are systematically
monitored in every year and we try to capture the parents
at each nest. In this study, we determined survival based
on whether or not the parent was recaptured in any of the
years following the experiment (2018-2023). Collared
flycatchers show a high degree of breeding site fidelity
(the distance between the nest boxes used in subsequent
year is 129 and 248 m on average in males and non-
experimental females, respectively; Konczey et al. 1992).
Moreover, in our full 2002-2023 dataset, we found no
parent with more than 5 years between subsequent breed-
ing events (HG et al. unpublished data). So, we are con-
fident that the parents we have not yet recaptured will
not return in the following years, and our estimate of
survival is reliable. In our analyses of parental survival
we controlled for brood size, age of the parent and year.
Two-way interactions of the predictors with year were
also included with the exception of the age X year interac-
tion, which could not be tested due to complete separa-
tion of age categories by the response variable in 2018
in females. Since for those parents that were ringed as
adults, the exact age was unknown, we used the minimum
age of the parents. We constructed a binomial regres-
sion model with logit link function for females and males
separately. In the case of females, we ran models with
our full dataset (n=44). For the males, the sample size
was 43 in the analysis, because one individual was not
captured after the videorecording (see above); hence,
its identity was unknown. The fit of each full and final
models were validated visually by diagnostic plots based
on quantile residuals generated by R package DHARMa
(using function simulate Residuals, Hartig 2022), and

the plots did not show problems. The predictors in the
regression model were independent, as all VIF values
(function vif in car package, Fox and Weisberg 2019)
were smaller than 1.203. After the backward-stepwise
elimination of the non-significant terms, none of the
variables were retained in the model. Therefore, non-
significant terms were re-entered to the null model, and
we presented the resulting P values.

For the analyses we used R 4.2.2 (R Core Team 2022) and
STATISTICA 6.1 (StatSoft, Inc. 2003).

Results

When we analysed the full dataset (N =44), male feeding
rate was negatively correlated with the original brood sex
ratio (defined as the proportion of male nestlings) (Table 1,
Fig. 2a), which indicates that males that originally had
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Fig.2 Original sex ratio and feeding rate in males (a) and females (b)
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female-biased broods fed the foster nestlings more fre-
quently. Female feeding rate was not affected by original sex
ratio (Table 1, Fig. 2b). Neither experimental sex ratio, nor
the interaction of original and experimental sex ratios had
an effect on male and female feeding rates (Table 1, Fig. 3).
However, the feeding frequencies of both sexes increased
significantly with an increase in brood size (Table 1). Other
background variables and interactions were not related to
parental feeding rates.

The trends were similar in the restricted dataset (i.e.
containing only those broods where the original clutch size
was identical to the brood size at video recording, N=34),
but the relationships became less or non-significant (see
Table S1 in Supplementary Information). In particular, using
this restricted dataset, original sex ratio was only margin-
ally significantly related to male feeding rate (F; 3y =3.96,
P=0.055), while the relationship between brood size and
female feeding rate became non-significant (F 3, =2.12,
P=0.156). The relationship between male feeding rate and
brood size remained significant (F; 3, =7.79, P=0.009). We
also have to note that using full models instead of back-
ward stepwise model simplification, the results concerning
original sex ratio and male feeding rate was not significant
(F13;=0.291, P=0.593). There were no qualitative changes
concerning the rest of the variables. Whether the difference
between the two approaches is the result of increased type I
error rate in the case of backward stepwise model simplifi-
cation, or increased type II error rate in the case of the full
model (Hegyi and Laczi 2015), cannot be determined.

In the case of females, the survival rate after the experi-
mental manipulation was approximately 65%, while for
males, this value appeared to be around 51%. Whether a
parent survived after the manipulation was not related to any
of the examined variables or interactions (Table 2).
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Fig.3 Sex ratio at the time of video recording and feeding rate in
males (a) and females (b)

Table 1 The effects of brood
sex ratios on parental feeding

Male feeding rate Female feeding rate

behaviour df F P df F P
Original sex ratio 1,41 4.74 0.035 141 0.12 0.727
Experimental sex ratio 1,40 1.67 0.204 1,41 0.06 0.814
Brood size 141  15.61 <0.001 142 429 0.045
Partner feeding rate 1,40 0.00 0977 1,41 0.02 0.889
Year 1,40 1.24 0272 141 005 0.823
Brood size x year 1,39 0.02 0902 1,40 0.80 0.375
Partner feeding rate x year 1,38 0.04 0.848 1,39 0.44 0.510
Original sex ratio x year 1,39 3.22 0.081 1,39 0.00 0.956
Experimental sex ratio x year 1,38 2.57 0.117 1,40 0.54 0.467
Original sex ratio x experimental sex ratio 1,39 1.21 0.278 1,39 2.06 0.160
Original sex ratio x experimental sex ratio x year 1,35 0.12 0.730 1,35 191 0.176

Variables retained in the final model are highlighted in bold. F and P values for nonsignificant terms are
obtained from the model containing the respective term (in case of interactions, also the constituent main
effects) and the terms that were retained in the final model

@ Springer
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Table 2 The effects of brood
sex ratios on parental survival

Male survival Female survival

df F P df F P

Original sex ratio 1,41 0.16 0.691 1,42 0.01 0.947
Experimental sex ratio 1,41 1.61 0.212 1,42 0.21 0.648
Brood size 1,41 1.10 0.300 1,42 0.33 0.566
Age 1,41 0.08 0.777 1,42 0.33 0.57

Year 1,41 1.07 0.306 1,42 1.35 0.252
Brood size x year 1,39 0.11 0.745 1,40 0.00 0.964
Original sex ratio x year 1,39 0.57 0.456 1,40 0.84 0.365
Experimental sex ratio x year 1,39 0.77 0.385 1,40 0.61 0.441
Original sex ratio x experimental sex ratio 1,39 2.41 0.129 1,40 0.01 0.909
Original sex ratio x experimental sex ratio x year 1,35 0.06 0.810 1,36 0.15 0.704

F and P values are obtained from the model containing only the respective term (in case of interactions,
also the constituent main effects), as no significant term remained in the final model

Discussion

Whether sex ratio adjustment is indeed adaptive (as sug-
gested by the prevailing hypotheses; see introduction) has
been investigated in only a few correlative studies (e.g.
Gomendio et al. 1990; Appleby et al. 1997), and experi-
mental studies on this issue have so far been limited to two
species, the tammar wallaby (Schwanz and Robert 2016) and
the collared flycatcher (Szész et al. 2023). Schwanz and Rob-
ert (2016) found that the interaction of original and experi-
mental sex ratio had a significant effect on the probability of
the tammar wallaby mothers breeding in the following year,
suggesting that the observed sex ratios are adaptive. The
study on collared flycatchers found no support for adaptive
sex allocation (Szasz et al. 2023). Specifically, our previous
study indicated that the growth, survival and recruitment
rates of the nestlings were not affected by the original and
experimental sex ratio (Szasz et al. 2023). We hypothesized
that the effect of experimental manipulation on nestlings
may have been absent, because parents adjusted their invest-
ment to the altered need of the experimental broods (and
thereby paid the costs of the manipulation). However, con-
trary to our expectations, neither experimental brood sex
ratio, nor the interaction of the original and experimental
sex ratio had an effect on parental feeding frequencies or
survival. Furthermore, original sex ratio was correlated only
with male provisioning, but in the opposite direction than
we predicted, as males with originally female-biased broods
delivered food at a higher rate.

Overall, these results suggest that not the parents with
better feeding abilities produced the male-biased (presum-
ably needier) broods. Furthermore, biased experimental
brood sex ratios inferred costs neither to the parents (meas-
ured in feeding rate and survival; this study) nor to the off-
spring (measured in growth, survival and recruitment rates;

Szasz et al. 2023). Consequently, we found no support for
the cost of reproduction or sensitivity hypotheses. We cannot
exclude the possibility that the higher feeding rate provided
by the fathers that originally had female-biased broods has
more positive effect on the future reproductive success of
female offspring than that of male offspring. However, this
is unlikely, because of the higher variation in male reproduc-
tive success due to occasional polygyny and frequent extra-
pair copulations in our population (Garamszegi et al. 2004;
Rosivall et al. 2009; Herényi et al. 2012). To conclude, we
have found no evidence that the observed sex ratio patterns
are adaptive.

In spite of the apparent sex-dependent environmental
sensitivity of collared flycatcher nestlings to rearing condi-
tions (Rosivall et al. 2010; Szasz et al. 2017), there was no
association between experimental sex ratio and either off-
spring performance (Szasz et al. 2023) or parental effort and
survival (this study). These results may raise the question,
whether the energy requirements of the two sexes differ (as
we assumed), or the larger negative effect of unfavourable
environmental conditions on male nestlings’ performance
is rather explained by sex differences in energy allocation.
Namely, in some species, sons and daughters seem to dif-
fer in how they allocate resources under poor conditions
between growth and e.g. immune function (see e.g.Dubiec
et al. 2006; Bowers et al. 2015); thus slower growth of one
sex may be the consequence of preferential investment in
immune function and not larger energy requirement of this
sex. However, the energy allocation scenario seems to be
an unlikely explanation for sex-biased growth patterns in
our study species for two reasons. First, experimental brood
size manipulation appears to have lifelong sex-dependent
consequences, as male collared flycatchers reared under
unfavourable conditions realize shorter breeding lifespans
in our study population (Szasz et al. 2017). Second, under
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natural conditions no sex differences were found either in
body size or in the immunocompetence of the nestlings in
another collared flycatcher population (Wilk et al. 2007).

Further explanation for the lack of expected effects on
feeding rate could be that the total energy requirement of
the whole nestling period differs between male and female
nestlings, but at the given age, when the video recordings
were performed, the difference was very minor and hard to
detect. However, the fact that parental survival was unrelated
to experimental sex ratio makes this explanation unlikely. An
alternative explanation for the lack of effect on feeding rate
may be that in response to the change in energy requirement
of the broods, parents altered the quality, not the quantity
of the delivered food. Unfortunately, we did not have the
opportunity to investigate food quality (e.g. prey type, food
size) during the feeding events.

Previous research from a Czech population of collared
flycatchers (Bowers et al. 2013) found an association
between offspring weight at the age of 13 days and origi-
nal brood sex ratio, and concluded that parents with better
parental abilities produce male-biased broods. In accordance
with sex allocation theories, we expected the same pattern
regarding feeding rate: namely that better quality parents
can provide more frequent feedings and have relatively more
male nestlings. However, original sex ratio was not related to
female feeding rate and was correlated with males provision-
ing rate in the opposite direction than we predicted — males
with originally female-biased broods fed the nestlings more
often. One may argue that the results could be explained by
the differential allocation hypothesis, which suggests that
a relatively low-quality individual should allocate greater
investment in their current reproductive event in order to
obtain and/or maintain a pair-bond with a high-quality mate
(Burley 1981, 1986). Indeed, negative correlations between
male quality and feeding rate have been found in a few spe-
cies (Ramos et al. 2015; Segura and Mahler 2019). If part-
ners of males of low genetic quality produce more female
offspring at the same time (as suggested by the sex alloca-
tion theory), a negative correlation between feeding rate and
brood sex ratio may occur. Although, in our study population
the examined paternal morphological traits were not related
to feeding rates (Kiss et al. 2013; Laczi et al. 2017), we can-
not exclude the possibility that some other indicators of indi-
vidual quality are associated negatively with parental care.

Another explanation for the negative correlation between
original sex ratio and male parental investment is a relation-
ship between males’ personality and these two variables in
a way that males with more female offspring have a person-
ality associated with higher feeding activity. Though it has
been suggested that more aggressive males feed their chicks
less often (e.g. Wischhoff et al. 2018), males feeding rate did
not correlate with their level of aggressiveness in our study
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population (Szasz et al. 2019b), which does not preclude the
possibility that feeding rates may be related to personality
traits that have not been investigated yet.

Only one of the background variables, namely the brood
size was related to parental feeding rate, as provisioning rate
of both females and males were higher when rearing more
nestlings. An earlier study in our population also found that
female feeding rate was positively correlated with brood size
(Kiss et al. 2013). And indeed, the association between the
feeding rates of one or both parents and the number of their
offspring can be considered a general pattern, not surpris-
ingly, as parents react to offspring begging calls indicating
the demands of the nestlings (Grieco 2001 and references
therein).

Our result together with that of a previous report about
the effects of the sex ratio manipulation experiment on nest-
ling growth, survival and recruitment (Szasz et al. 2023)
found no evidence that rearing a male-biased brood imposes
an additional cost on the parents or offspring. Furthermore,
despite of the higher environmental sensitivity of males in
this species, the extent of parental workload did not correlate
positively with the original brood sex ratio. So, we can con-
clude that so far our results do not support that the observed
sex ratio patterns are adaptive in our population. However, it
would be very important to conduct similar studies on other
species too, because experimental investigation of the adap-
tive value of sex allocation are essential to understand this
phenomenon, and the rearing costs and the potential fitness
benefits of the manipulation may remarkably differ between
species making generalization difficult.
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