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Parent–offspring conflict over food allocation can be modeled using two theoretical frameworks: passive (scramble competition) and 
active choice (signaling) resolution models. However, differentiating between these models empirically can be challenging. One pos-
sibility involves investigating details of decision-making by feeding parents. Different nestling traits, related to competitive prowess 
or signaling cryptic condition, may interact additively or non-additively as predictors of parental feeding responses. To explore this, 
we experimentally created even-sized, small broods of pied flycatchers and manipulated nestling cryptic quality, independently of 
size, by vitamin E supplementation. We explored how interactions between nestling cryptic condition, size, signals, and spatial loca-
tion predicted food allocation and prey-testing by parents. Parents created the potential for spatial scramble competition between 
nestlings by feeding from and to a narrow range of nest locations. Heavier supplemented nestlings grew faster and were more likely 
to access profitable nest locations. However, the most profitable locations were not more contested, and nestling turnover did not 
vary in relation to spatial predictability or food supply. Postural begging was only predicted by nestling hunger and body mass, but 
parents did not favor heavier nestlings. This suggests that size-mediated and spatial competition in experimental broods was mild. 
Pied flycatcher fathers allocated food in response to nestling position and begging order, while mothers seemingly followed an ac-
tive choice mechanism involving assessment of more complex traits, including postural intensity interacting with order, position, and 
treatment, and perhaps other stimuli when performing prey-testings. Differences in time constraints may underlie sex differences in 
food allocation rules.

Key words: begging signals, communication, Ficedula hypoleuca, parent–offspring conflict, scramble competition, vitamin E.

INTRODUCTION
Begging signals, including postures, vocalizations, and colorful in-
teguments, play a significant role in parent-offspring feeding dy-
namics (Kilner and Johnstone 1997; Budden and Wright 2000; 
Wright and Leonard 2002). Theoretical work suggests that begging 
signals of  nestling condition have evolved as a costly mechanism of  
resolution of  parent–offspring conflict over the amount and distri-
bution of  food resources (Godfray 1991, 1995; Parker et al. 2002a, 
2002b), but the precise behavioral mechanism underlying parental 
feeding remains debated. Early models suggest that begging is a 
form of  scramble competition among siblings, with parents pas-
sively providing food to the offspring with the strongest signal 
through a simple, fixed mechanism (Macnair and Parker 1979; 
Godfray and Parker 1991). In contrast, recent models propose that 

begging is an honest signal, and parents actively choose to feed 
needier chicks after a careful scrutiny of  offspring signals (Godfray 
1991, 1995; Godfray and Johnstone 2000). Distinguishing empiri-
cally between passive and active feeding mechanisms is challenging 
because both models make similar predictions regarding how off-
spring condition affects begging performance and parental re-
sponse (Parker et al. 2002a, 2002b; Royle et al. 2002, 2004).

Both models define control over food distribution as opposing 
ends of  a continuum, but natural systems may exist anywhere 
along this spectrum (Royle et al. 2002). Studies on birds (Hinde 
et al. 2010; Lucass et al. 2016a) and insects (Smiseth et al. 2003a; 
Mäenpää and Smiseth 2020) have explored whether the rate and 
timing of  total food transfer is under parent or offspring control. 
However, it is unclear how these findings apply to food distribution 
in multiple families, as provisioning and allocation may depend on 
different behavioral mechanisms (Johnstone 2004). Food alloca-
tion in bird families is a multifaceted process influenced by various Address correspondence to T. Redondo. E-mail: redondo@ebd.csic.es.
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nestling and parental traits (Krebs 2001). These include nestling 
size (Smiseth et al. 2003b), spatial location (Budden and Wright 
2001), conspicuousness (Wiebe and Slagsvold 2009, 2012), and pa-
rental sex (Kilner 2002a, 2002b; Lessells 2002). Nestling position in 
the nest depends on offspring dynamics and it is widely considered 
as scramble competition (McRae et al. 1993; Budden and Wright 
2001). Also, heavier nestlings are superior competitors: they can 
monopolize more profitable locations (Ostreiher 2001; Dickens et 
al. 2008) and provide stronger stimuli to parents (MacGregor and 
Cockburn 2002; Smiseth et al. 2003a; Wiebe and Slagsvold 2012). 
Several studies aimed to differentiate between passive (scramble) 
and active (signaling) models by investigating whether food distri-
bution depends on nestling competitive traits or postural begging 
signals (Krebs 2001; Kilner 2002a; Smiseth and Amundsen 2002; 
Porkert and Špinka 2006; Tanner et al. 2007, 2008; Li et al. 2019). 
However, signals can serve as a form of  competition (Macnair 
and Parker 1979; Godfray and Johnstone 2000; Kilner 2002a), 
while nestling competition may communicate information and aid 
parents in making active decisions (Lotem et al. 1999; Rodríguez-
Gironés et al. 2001). Multiple broods should be viewed as offspring 
scrambles (between signals and positions), where parents either 
passively dole out to the most showy competitor or choose actively 
among different scramblers to spot the rightful chick. Some studies 
interpreted a parental preference for larger offspring, after con-
trolling for nestling behavior, as evidence of  active choice (Smiseth 
et al. 2003b; Shiao et al. 2009; Soler et al. 2022). However, these 
results are also consistent with food being passively delivered by 
parents in response to the greater overall begging stimulus posed by 
larger chicks, (Royle et al. 2004) (for a complementary experimental 
approach controlling parental behavior in insects, see Andrews and 
Smiseth 2013). Therefore, it is not always clear which nestling traits 
should we expect to be favored under a passive or active parental 
feeding scenario (Smiseth et al. 2003a, 2003b; Kölliker 2011).

Parker et al. (2002a, 2002b) proposed an alternative approach to 
differentiate between passive and active parental allocation based 
on parental decision-making processes related to begging, which re-
quire details of  exactly how parents allocate food:

1)		  Passive feeding involves a fixed response to the nearest most-
intense begging stimulus, which can include the amplifying ef-
fects of  nestling position, size, and conspicuousness (Parker et al. 
2002b). Quoting literally: […the parent responds to the nearest most-
intense stimulus, which one can imagine as a series of  unequal, overlapping 
hemispheres, one for each chick, each with its intensity falling away from the 
centre of  its base (the gape of  the begging chick) towards its periphery; p. 
305]. Therefore, we predict nestling traits to have an additive or 
reinforcing interaction effect on parental preference (e.g., large 
nestlings that stretch more are most favored). Active choice, on 
the other hand, is expected to be more flexible, with the parent 
compensating for any amplification of  begging signal, and al-
locating food based on offspring condition, particularly need/
hunger (Parker et al. 2002a). Hence, we predict a conditional or 
non-reinforcing interaction between traits (e.g., intense begging 
is favored in spite of  a small size or poor location). Ever since 
Parker et al. (2002a, 2002b), limited progress has been made 
in understanding how adult birds integrate various compo-
nents of  begging displays and make decisions related to begging 
(MacGregor and Cockburn 2002; Wiebe and Slagsvold 2012), 
partly due to the challenges of  disentangling interaction effects 
between multiple correlated nestling traits and simultaneous 
brood mate behavior (Whittingham et al. 2003).

2)		  Under parental active choice, […one would expect some form of  com-
parison of  the hemispheres, then a return to the largest after compensation 
for the effect of  size of  the offspring (Parker et al. 2002b, p. 305]. One 
indication of  active assessment of  begging signals is if  parents 
check each offspring’s begging level in turn before returning to 
feed the hungriest offspring (Royle et al. 2002). Passerine birds 
usually provide only one food item per visit, blurring the dis-
tinction between active and passive feeding (Kilner 2002a). 
However, some parents perform prey-testing by placing prey 
on the gapes of  multiple nestlings and withdrawing it before al-
locating food to one (Forbes 2007; Wiebe and Slagsvold 2012; 
Stalwick and Wiebe 2019). Prey-testing is a poorly understood 
behavior that may assist parents in feeding decisions (Wilson 
and Clark 2002; Morales and Velando 2018), and it could in-
dicate active parental choice if  food allocation is based on need 
or hunger instead of  competitive ability. Active choice models 
predict parental preference for needier offspring, particularly if  
they are equal or poorer competitors (Royle et al. 2002, 2004; 
Fresneau and Müller 2016), such as when larger front nestlings 
are bypassed in favor of  hungrier siblings (Smith et al. 2017).

In this study, our aim is to test the predictions proposed by Parker 
et al. (2002a, 2002b) for the first time. We postulate that exam-
ining additive and non-additive fixed effects in multiple linear re-
gression models can provide statistical evidence of  how interactions 
among nestling traits affect feeding responses of  pied flycatcher 
parents (Ficedula hypoleuca). Pied flycatchers exhibit intricate feeding 
patterns, integrating various nestling traits in ways that vary with 
parental sex (Gottlander 1987; Khayutin et al. 1988; Wiebe and 
Slagsvold 2012). To circumvent the confounding effects of  nestling 
size on parental preferences (see above), we induced variation in 
nestling cryptic quality, independently of  size, by supplementing 
nestlings with vitamin E. Vitamin E has positive effects on nest-
ling growth, which suggests preferential food allocation toward the 
supplemented nestlings (De Ayala et al. 2006; Marri and Richner 
2014; Montoya et al. 2020). Vitamin E also reduces telomere at-
trition (Pérez-Rodríguez et al. 2019; Pineda-Pampliega et al. 2020) 
and enhances immune response (Niu et al. 2009), and probability 
of  fledging (Maronde and Richner 2015). Thus, supplementation 
may highlight variation in nestling cryptic condition, potentially 
conveyed through signals such as begging (Noguera et al. 2010) 
or coloration (Bertrand et al. 2006; Leclaire et al. 2011; Martínez-
Renau et al. 2021). Second, we removed any bias in nestling size 
caused by experimental treatment, and prevented despotic inter-
actions between chicks, by creating small (4-chick) broods of  even-
sized nestlings that were video recorded under natural conditions.

We made the following predictions for our study: 1) parents will 
favor supplemented nestlings due to their more efficient signals or 
competitive ability. 2) When parents are passively allocating food, 
nestling traits related to a higher competitive ability (position, rel-
ative size, conspicuousness, or begging performance) will have an 
additive or synergic effect on parental preference. 3) When parents 
are actively choosing which nestling to feed, we expect non-additive 
(negative or conditional) interactions between nestling traits, par-
ticularly if  3) parents favor needier or supplemented offspring with 
equal or less competitive ability. If  prey-testing is a mechanism of  
active choice by which parents acquire information about nestling 
hunger, they will 4) use it mainly when they are uncertain about 
variations in hunger (i.e., when more chicks beg simultaneously 
with similar intensities) and 5) eventually allocate food to hungrier 
chicks.
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METHODS
Experimental setup

The study was conducted in 2016 within a population of  pied fly-
catchers in an old oak forest (Quercus pyrenaica) located in La Hiruela 
(Madrid, Spain; 41°04N 3°27W). Five days after hatching, nest-
lings were ranked by their mass and assigned to either a vitamin 
E supplementation or control treatment, alternating the order of  
treatments between successive broods to ensure an unbiased sample 
with respect to hatching order and balanced across different brood 
sizes. Supplemented nestlings received a dipteran larva soaked in 
a Vitamin E solution dissolved in organic coconut oil, following 
a previously established protocol in the same study population 
(Pérez-Rodríguez et al. 2019). Control nestlings received a larva 
soaked in coconut oil. All nestlings received a new supplementa-
tion every other day, starting when 5 days old and were weighed 
to the nearest 0.01 g. Ethical approval was granted by “Consejería 
de Medio Ambiente y Ordenación del Territorio” (Comunidad de 
Madrid) (Ref. PROEX 117/15). Further details are provided in the 
Supplementary Methods.

Video and image recordings

We recorded video sequences of  parent and chick behavior when 
broods were 7 days old. On the morning of  day 7, the four nest-
lings of  each brood with the most similar body masses (two of  each 
treatment) were fed to satiation with one to five larvae to equalize 
food deficit (Wright et al. 2002) and marked individually. We played 
recorded video sequences at 1/4 speed to accurately measure the 
behavior of  parents and chicks during each parental feeding visit. 
A trained observer who was blind to the experiment’s aim recorded 
behavioral rates. During each parental visit, we distinguished be-
tween parental feeding and prey-testing behavior. We defined a 
feeding as a parent introducing a food item into the mouth of  a 
nestling and the nestling swallowing it. By contrast, a testing in-
volved a parent introducing its beak with prey into a nestling’s 
mouth but failing to release any food item (Slagsvold and Wiebe 
2007).

We divided the nest cup into eight equal 45° circular sectors, 
with sector 1 being closest to the nest entrance, as previously de-
scribed by Khayutin et al. (1988). During parental feeding visits, 
we recorded the location of  each nestling, the sex and location of  
parents, the duration of  the visit, the number of  feedings and prey-
testings received, the order in which nestlings begged (1 = first), and 
the maximum begging postural intensity scored on a five-level or-
dinal scale following Redondo and Castro (1992). To assess nest-
ling mobility, we calculated the mean number of  sector changes 
between parental visits. We also measured the time of  food depriva-
tion for each nestling during a given visit as the time elapsed since 
the previous visit when it was fed. To account for variation in initial 
deprivation times between nests, we computed the deprivation time 
for each nestling as a fraction of  the maximum value of  depriva-
tion time for each brood during the entire recording session.

On day 7, we recorded the mouth coloration of  72 vitamin E 
and 81 control nestlings from 32 broods, following video sessions. 
From digital images collected under standard conditions, we quan-
tified color descriptors (visible spectrum) of  areas of  interest. We 
measured the saturation value of  nestling’s palate as an indicator 
of  carotenoid pigmentation (Saino et al. 2003; Dugas and McGraw 
2011), and lightness (total reflectance) of  inner and outer parts of  
the mouth flanges as an indicator of  conspicuousness (Kilner and 

Davies 1998; Wiebe and Slagsvold 2009) (See Supplementary 
Methods for further details).

Statistical analyses

We analyzed the data using linear mixed effects models with re-
stricted maximum likelihood, implemented with the “nlme” 
package (Pinheiro et al. 2020) in R 4.0.2 (R Development Core 
Team 2022). We used a top-down strategy to determine the optimal 
random- and fixed-effect structure for each model, by comparing 
nested models using likelihood ratio tests (Zuur et al. 2009). Please 
refer to Supplementary Table S1 for a description of  all saturated 
models and see Supplementary Methods for further details.

To confirm that the experimental treatment had the intended 
effect on nestling mass gain, we compared the differences in nest-
ling mass between treatments on days 7 and 9, while holding initial 
mass at day 5 as a covariate. To analyze the effect of  the treat-
ment on nestling flange conspicuousness, we conducted a principal 
component analysis (PCA) on the lightness values of  the inner and 
outer areas of  the flange using the function prcomp() from the 
“stats” package. We used the individual scores on the first principal 
component (PC1) as a measure of  overall lightness, as they were 
highly correlated with the lightness values of  both the inner and 
outer parts of  the flange (PC1 loading value = 0.707). To examine 
the effect of  vitamin E supplementation on nestling behavior, we 
constructed individual models for different variables including the 
probability of  gaping, begging order, postural intensity, profita-
bility of  nestling spatial location, inter-feeding intervals, and rate of  
change between nest sectors. We included the sex of  the parent as 
a fixed effect, as it was found to influence nestling behavior in some 
studies (Wetzel et al. 2020). We used a generalized linear mixed 
model with a binomial error distribution to analyze the probability 
that a nestling would gape in a given visit. Pied flycatcher parents 
favor nestlings located in specific nest positions (Gottlander 1987), 
resulting in those sectors being highly profitable for the chicks, 
while the remaining sectors had a low or zero probability of  food 
acquisition. We computed spatial profitability as the fraction of  
total feedings a parent delivered to a nestling’s sector relative to 
the location of  the feeding parent during a given visit. Additionally, 
as a measure of  nestling spatial mobility (jockeying, McRae et al. 
1993) we calculated the rate of  change between nest sectors by di-
viding the number of  sector changes made by each nestling by the 
number of  feeding visits. To investigate the relationship between 
nestling mobility and hunger levels, we calculated the mean time of  
food deprivation for each chick and the average rate of  change be-
tween sectors per brood by dividing the mean number of  position 
changes by nestlings for the entire brood by the number of  feeding 
visits (McRae et al. 1993). Predictable, parentally favored sectors 
in the nest cup are considered the major driver of  spatial scramble 
competition among nestlings (Kacelnik et al. 1995). Accordingly, we 
included the number of  caring parents and the degree of  overlap 
between parent sexes in the use of  nest sectors as fixed effects in 
the model to test whether the predictability of  parental feeding 
position influenced nestling mobility (Kölliker and Richner 2004). 
We calculated the degree of  overlap between parent sexes in the 
use of  nest sectors for a given brood as the difference between the 
total number of  feedings given from sectors shared by both parents 
minus the number of  feedings given from non-overlapping sectors, 
divided by the total number of  feeding events.

We used generalized linear mixed models with a binomial 
error distribution to analyze parental feeding preferences. Since 
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allocation patterns may differ according to parental sex (Kilner 
2002b; Ryser et al. 2016), analyses were conducted separately for 
females and males. To prevent issues with model convergence due 
to a high number of  parameters being estimated simultaneously, 
the analysis was conducted in two steps; the first used all nestling 
traits as predictors, while the second built models using only sig-
nificant predictors and included pairwise interactions between 
them, as well as with relative body mass (Supplementary Table S1). 
Since differences between females and males in their degree of  fa-
miliarity with nestlings could explain differences in allocation rules 
(Gottlander 1987; Lucass et al. 2016b), we also analyzed sex dif-
ferences in the feeding rate of  parents and the duration of  each 
feeding visit (Supplementary Table S1).

We proceeded in three steps to explore prey-testing behavior by 
parents. Firstly, we searched for differences between visits where 
testing occurred and those where it did not. Secondly, in a given 
visit, we compared the behavior of  nestlings that were either 
tested, fed or neither fed nor tested. Finally, we examined whether 
the probability of  being fed after having been tested varied ac-
cording to nestling body mass and condition (treatment and time 
of  food deprivation). Supplementary Methods provide further 
details.

RESULTS
Body mass of  nestlings on days 7 and 9 was significantly affected 
by the interaction between experimental treatment and initial body 
mass. Nestlings supplemented with vitamin E showed a stronger 
positive relationship between mass on day 5 and mass on days 7 
or 9 compared to control nestlings (β ± SE = 0.262 ± 0.069, t 1, 

100 = 3.791, P < 0.001; β ± SE = 0.339 ± 0.101, t 1, 89 = 3.358, 
P = 0.001, respectively) (Supplementary Figure S1 and 
Supplementary Table S2). For the subsample of  nestlings selected 
for video recordings at day 7, there was no significant differ-
ence in body mass between supplemented and control nestlings 
(β ± SE = −0.374 ± 0.292, t 1, 38 = −1.279, P = 0.209), thus ex-
cluding any potential mass bias between treatments for this sub-
sample. Our brood size manipulation however did not remove 
variation in nestling size, both within and between broods. The 
mean intra-brood mass range (heavier-lighter), expressed as a frac-
tion of  average body mass, was 0.28 g (± 0.03 SE), ranging from 
0.10 g (9.91–10.93 g) to 0.70 g (5.18–11.72 g).

Nestling signaling and spatial dynamics

Hungrier and heavier nestlings tended to beg earlier and more 
often when a parent entered the nest box. Nestling gaping prob-
ability and begging order were predicted by deprivation time and 
relative body mass, but not by the experimental treatment (Table 
1). Additionally, begging postural intensity was affected by time 
of  food deprivation and relative body mass, as well as an inter-
action between hatching date and treatment (Table 1). Control 
nestlings showed a decrease in begging postural intensity with 
increasing hatching date, while postural intensity of  nestlings sup-
plemented with vitamin E did not exhibit a similar seasonal trend. 
Nonetheless, the postural intensities of  nestlings from both treat-
ments were similar overall (Supplementary Figure S2). Mouth 
coloration (palate color saturation and flange lightness) was not sig-
nificantly affected by the experimental treatment (Supplementary 
Table S3). However, palate saturation increased with hatching date 
(β ± SE = 0.012 ± 0.005, t 1, 30 = 2.624, P = 0.014).

The experimental treatment and relative body mass interacted 
to affect the spatial profitability of  nestling positions in the nest 
cup (Table 1). Heavier supplemented nestlings were more likely to 
occupy highly profitable positions than heavier control nestlings 
(Supplementary Figure S3). Spatial profitability decreased with 
time of  food deprivation, and hungrier nestlings tended to be posi-
tioned in less profitable positions when a parent entered the nest 
box (Table 1). Brood size significantly affected the average rate of  
change between different nest sectors, but the average time of  food 
deprivation, the experimental treatment and parental feeding rates 
did not (Table 1). Nestlings coming from larger broods changed 
position more between successive parental visits. Nestling behavior 

Table 1
Estimated parameters (± SE), z values for models explaining 
the probability of  a nestling to beg and t values for models 
explaining nestling begging order, postural intensity, spatial 
profitability, and rate of  change between nest sectors

Estimate SE z/t P

Probability to bega

 � Intercept 0.522 0.173 3.011 0.003
 � Deprivation time 0.304 0.060 5.030 <0.001
 � Body mass 0.182 0.080 2.260 0.024
 � Treatment 0.071 0.157 0.452 0.652
Begging orderb

 � Intercept 3.174 0.096 32.96 <0.001
 � Deprivation time −0.230 0.035 −6.531 <0.001
 � Body mass −0.215 0.097 −2.206 0.044
 � Treatment −0.029 0.119 −0.242 0.809
Postural intensityc

 � Intercept 1.066 0.105 10.14 <0.001
 � Treatment × Hatching date 0.164 0.069 2.385 0.020
 � Hatching date −0.155 0.092 −1.683 0.103
 � Deprivation time 0.125 0.026 4.831 <0.001
 � Parent sex −0.114 0.062 −1.834 0.067
 � Body mass 0.105 0.049 2.163 0.045
 � Treatment 0.054 0.070 0.776 0.441
Spatial Profitabilityd

 � Intercept −2.148 0.129 −16.69 <0.001
 � Treatment × Body mass 0.198 0.096 2.069 0.042
 � Body mass −0.081 0.074 −1.092 0.279
 � Deprivation time −0.052 0.020 −2.569 0.010
 � Treatment 0.044 0.074 0.592 0.556
Rate of  change between nest sectorse

 � Intercept 0.386 0.029 13.24 <0.001
 � Brood size 0.064 0.027 2.356 0.027
 � Average deprivation time −0.021 0.014 −1.524 0.131
 � Treatment −0.011 0.023 −0.502 0.617

“Treatment” and “Parent sex” are categorical variables with “Control” and 
“Male” as the reference groups. Significant P-values are indicated in bold.
aPredictors (parent sex, brood size, and hatching date) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.
bPredictors (parent sex, brood size, and hatching date) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.
cPredictors (brood size) and their interactions (Supplementary Table S1) 
that failed to improve model fit according to a likelihood ratio test are not 
depicted.
dPredictors (parent sex, brood size, and hatching date) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.
ePredictors (parental feeding rate, body mass, and hatching date) and their 
interactions (Supplementary Table S1) that failed to improve model fit 
according to a likelihood ratio test are not depicted.
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was not affected by the sex of  the parent feeding in each visit 
(Table 1).

Parental feeding behavior

Out of  the 28 recorded nests, both male and female parents fed 
in 18 nests, while only one parent fed in 10 nests (eight of  which 
were females and two were males). Female parents fed at a higher 
rate (8.01 visits/h ± 0.55 SE) than males (5.90 visits/h ± 0.91 
SE), especially later in the season (interaction of  parental sex with 
hatching date, β ± SE = 2.808 ± 0.944, t 1, 42 = 2.973; P = 0.004). 
The interval between two successive parental visits was 3.94 min 
(± 0.39 SE) and 4.44 min (± 0.46 SE) for bi- and uniparental 
nests, respectively. During feeding visits, female parents stayed 
in the nest box for twice as long as males did (mean feeding visit 
duration ± SE = 29.32 ± 2.407 s vs. 12.49 ± 0.806 s, respec-
tively; β ± SE = 0.604 ± 0.086, t 1, 584 = 7.061; P < 0.001). The 
time interval between two consecutive feedings did not differ be-
tween supplemented and control nestlings, hence both groups 
experienced similar durations of  food deprivation. Body mass 
was the only significant predictor explaining inter-feeding 

intervals. Heavier nestlings were fed more often than their lighter 
nest mates (β ± SE = −1.723 ± 0.549, t 1, 69 = −141, P = 0.002) 
(Supplementary Table S4).

We investigated how parental allocation patterns according to 
chick position could affect nestling spatial dynamics related to spa-
tial scramble competition. Parents exhibited a clear tendency to 
feed chicks from a few favorite positions in the nest box. On av-
erage, males and females fed chicks from two preferred nest sec-
tors from which more than 80% of  all feedings were given (Figure 
1A,B). While both parents used identical sectors in 3 out of  18 nests 
(16.7 %), in 11 nests (61.1 %) they shared at least 50% of  their 
feeding positions. Moreover, parents exhibited strong preferences 
for feeding chicks positioned in a few favored locations relative to 
their own position. Typically, more than 60% of  all feedings ac-
cumulated in only two (males) or three (females) different locations 
(Figure 1C,D). This preference was not simply a function of  the 
angular distance between parents and chicks (Figure 1E,F). Males 
tended to feed chicks positioned very close to them (angular dis-
tance = 0), while females allocated feedings evenly irrespective of  
angular distance. In 43.8% of  the visits (± 23.9 SE, N = 28 broods), 
at least one of  the two most profitable nest sectors of  the nest was 
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Figure 1
The distribution of  feedings according to the position (nest sectors) occupied by parents (A, B), occupied by nestlings relative to parental position (C, D) and 
the angular deviation between parent and offspring position (E, F) ordered by frequency (A-D) or angular distance (E, F). Shown are percentages of  feedings 
(mean ± SE) by males (A, C, E) and females (B, D, F).
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vacant when the parent entered the nest box. Mean (brood) rates of  
change between nest sectors by nestlings were not significantly ex-
plained by either brood size, number of  feeding parents, or the de-
gree of  overlap between parental feeding locations (Supplementary 
Table S5).

Males and females exhibited distinct feeding preferences in re-
lation to nestling characteristics. Male preferences were driven by 
nestling position and begging order, while female preferences were 
influenced by nestling position, begging order, and postural intensity 
interacting with experimental treatment (Table 2). In a second step, 
a model including all significant nestling traits and relative body 
mass revealed that male feeding was primarily influenced by nest-
ling position and begging order, with a marginally significant effect 
of  relative body mass. There were no significant interactions be-
tween predictors (Table 3). In contrast, female feeding preferences 
depended on a triple interaction of  postural intensity with begging 
order, experimental treatment, and spatial profitability (Table 3). 
Accordingly, females showed a preference for supplemented nest-
lings with high postural intensities, but no preference for treatment 
was observed with low postural intensities (Figure 2). Nestlings 
positioned in more profitable sectors and those that started beg-
ging sooner were more likely to be fed by females at lower postural 
intensities, but females also favored nestlings in stretched postures 
begging later or in less profitable positions (Figures 3 and 4).

Prey-testing by parents

We investigated whether prey-testing events by parents could indi-
cate active choice (see Introduction). In total, we recorded 173 prey-
testing events in 111 out of  656 feeding visits (16.9%). Prey-testing 

was widespread. Testing occurred in 25 out of  28 broods (89.3%), 
involving most of  the parents observed: 75.0% (15/20 individuals) 
of  males tested at least one chick in 34 feeding events, while 92.3% 
(24/26 individuals) of  females tested chicks in 77 events. Females 
tested chicks significantly more often than males (χ2 = 40.787, 

Table 2
Estimated parameters (± SE), and z values for models 
explaining feeding preferences (probability of  feeding a 
particular nestling in a visit) of  male and female parents 
according to nestling size, behavior, coloration, and vitamin E 
supplementation

Estimate SE z P

Malesa

Intercept −0.353 0.139 −2.540 0.011
Spatial profitability 0.834 0.103 8.108 <0.001
Begging order −0.702 0.111 −6.303 <0.001
Body mass 0.179 0.102 1.765 0.078
Treatment −0.142 0.192 −0.739 0.460
Femalesb

Intercept −0.511 0.105 −4.872 <0.001
Spatial profitability 0.717 0.122 5.878 <0.001
Begging order −0.711 0.099 −7.213 <0.001
Treatment × Postural intensity 0.452 0.144 3.135 0.002
Postural intensity −0.255 0.108 −2.369 0.018
Treatment × Spatial profitability −0.235 0.152 −1.549 0.121
Body mass 0.163 0.080 2.028 0.043
Palate saturation −0.113 0.075 −1.502 0.133
Treatment −0.084 0.148 −0.563 0.574

“Treatment” is a categorical variable with “Control” as the reference group. 
Significant P-values are indicated in bold.
aPredictors (postural intensity, palate saturation, flanges lightness PC1, brood 
size, and hatching date) and their interactions (Supplementary Table S1) 
that failed to improve model fit according to a likelihood ratio test are not 
depicted.
bPredictors (flanges lightness PC1, brood size, and hatching date) and their 
interactions (Supplementary Table S1) that failed to improve model fit 
according to a likelihood ratio test are not depicted.

Table 3
Estimated parameters (± SE), and z values for models 
explaining feeding preferences (probability of  feeding a 
particular nestling in a visit) of  male and female parents 
considering only significant predictors (begging behavior, 
position, relative body mass, and treatment) and all pairwise 
interactions between them

Estimate SE z P

Malesa

 � Intercept −0.372 0.142 −2.618 0.009
 � Spatial profitability 0.883 0.124 7.133 <0.001
 � Begging order −0.685 0.119 −5.756 <0.001
 � Body mass 0.191 0.102 1.862 0.063
 � Postural intensity 0.147 0.098 1.503 0.133
 � Treatment −0.139 0.198 −0.703 0.482
Femalesb

 � Intercept −0.403 0.106 −3.787 <0.001
 � Begging order −0.702 0.085 −8.263 <0.001
 � Spatial profitability 0.592 0.089 6.656 <0.001
 � Begging order × Postural 

intensity
0.428 0.084 5.080 <0.001

 � Treatment × Postural 
intensity

0.399 0.146 2.742 0.006

 � Treatment × Body mass 0.247 0.170 1.455 0.146
 � Spatial 

profitability × Postural 
intensity

−0.188 0.072 −2.601 0.009

 � Treatment −0.179 0.150 −1.194 0.232
 � Postural intensity −0.127 0.107 −1.185 0.236
 � Brood size −0.107 0.073 −1.462 0.144
 � Body mass −0.045 0.139 −0.325 0.745

“Treatment” is a categorical variable with “Control” as the reference group. 
Significant P-values are indicated in bold.
aPredictors (palate saturation, flanges lightness PC1, brood size, and hatching 
date) and their interactions (Supplementary Table S1) that failed to improve 
model fit according to a likelihood ratio test are not depicted.
bPredictors (palate saturation, flanges lightness PC1, and hatching date) and 
their interactions (Supplementary Table S1) that failed to improve model fit 
according to a likelihood ratio test are not depicted.

1.0

0.8

0.6

Pr
ob

ab
ili

ty
 to

 b
e 

fe
d

0.4

0.2

0.0

1 2 3

Postural intensity

4 5

C
V

Figure 2
The effect of  experimental treatment (V = vitamin E; C = control) and 
nestling postural intensity on the probability of  being fed by female parents. 
Shown are observed regression lines and 95% CI (gray bands).
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P < 0.001). Prey-testing usually involved one (77.5% of  testing 
events) or two different nestlings (16.2%), rarely three (5.4%) or 
four (0.9%).

Prey-testing events were more likely to occur during feeding 
visits where a higher fraction of  nestlings begged at the same time 
(Supplementary Table S6). Nestlings tested by either parent were 
positioned in less profitable nest locations but had similar pos-
tural intensities as those fed (Table 4). Chicks tested by females 
were less hungry than fed nestlings, but no significant differences 

in deprivation time were detected between chicks tested and fed 
by males (Table 5). Additionally, an interaction between testing 
and experimental treatment was observed for nestling mass, where 
supplemented chicks that were tested tended to be smaller than 
those not tested, but no differences were detected among control 
chicks (Table 4, Supplementary Figure S4). Finally, the probability 
of  being fed after being tested by a female parent was influenced 
by nestling hunger and relative mass, with tested chicks being 
more likely to be fed if  they had been food deprived for longer 
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Figure 3
The effect of  nestling begging order and postural intensity on the probability of  being fed by female parents. Shown are observed regression lines and 95% 
CI (gray bands).
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(β ± SE = 0.711 ± 0.325, z = 2.191, P = 0.029) or had a higher 
body mass (β ± SE = 0.905 ± 0.394, z = 2.297, P = 0.022). There 
was no significant effect of  the experimental treatment on this 

probability (β ± SE = 0.626 ± 0.643, z = 0.975, P = 0.330). A sim-
ilar model for male testing events failed to converge.

DISCUSSION
Signaling and scramble competition in 
experimental broods

Nestlings given vitamin E had a stronger positive relationship 
(β = 0.3 g) between their mass on day 5 and mass on days 7–9 
compared to control nestlings, suggesting a higher marginal mass 
gain, particularly for initially heavier nestlings. A previous study 
using the same protocol found that supplemented chicks grew 
faster, attained higher asymptotic mass, and showed reduced telo-
mere attrition (Pérez-Rodríguez et al. 2019). Since these traits are 
predictive of  subsequent survival in this and other species (Potti 
et al. 2002; Moreno et al. 2005; Boonekamp et al. 2014), sup-
plemented nestlings were of  a higher quality (Mock et al. 2011). 
Faster growth could be the result of  alleviated physiological con-
straints from antioxidants (Marri and Richner 2014) or increased 
parental food allocation elicited via begging (Noguera et al. 2010; 
Maronde et al. 2018), coloration (Leclaire et al. 2011) or spatial 
competition.

Vitamin E supplementation did not affect visible mouth color-
ation, but it may have influenced UV reflectance, which was not 
quantified by our system, as shown in spotless starlings (Sturnus uni-
color) (Martínez-Renau et al. 2021). Supplementation did not affect 
motor begging performance (begging order, probability of  gaping, 
and postural intensity), in agreement with most previous studies 
(Hall et al. 2010; Noguera et al. 2010; Maronde and Richner 2015; 
but see Maronde et al. 2018). However, it may have increased vocal 

Table 4
Estimated parameters (± SE), and t values for models 
explaining differences in begging order, postural intensity, 
spatial profitability, and relative body mass between nestlings 
according to parental testing

Estimate SE t P

Begging ordera

 � Intercept 1.861 0.106 17.59 <0.001
Testing
 � Fed −0.161 0.102 −1.578 0.115
 � Neither fed nor tested 0.401 0.100 4.000 <0.001
Neither fed nor 
tested × Hatching date

−0.262 0.107 −2.461 0.014

Fed × Hatching date −0.252 0.108 −2.330 0.020
Hatching date 0.235 0.105 2.243 0.025
Treatment −0.085 0.077 −1.099 0.275
Deprivation time −0.059 0.025 −2.384 0.017
Postural intensityb

Intercept 1.547 0.119 13.05 <0.001
Testing
 � Fed 0.137 0.082 1.686 0.092
 � Neither fed nor tested 0.013 0.082 0.157 0.875
Parent sex −0.120 0.061 −1.971 0.050
Treatment 0.089 0.067 1.340 0.185
Spatial profitabilityc

Intercept 0.142 0.010 14.41 <0.001
Testing
 � Fed 0.036 0.011 3.242 0.002
 � Neither fed nor tested −0.003 0.009 −0.371 0.713
Fed × Deprivation time 0.005 0.008 0.543 0.588
Neither fed nor 
tested × Deprivation time

−0.009 0.008 −1.040 0.300

Body mass 0.007 0.004 1.768 0.081
Deprivation time −0.004 0.008 −0.560 0.576
Treatment 0.003 0.008 0.356 0.723
Body massd

Intercept 0.134 0.161 0.831 0.406
Treatment −1.675 0.237 −7.055 <0.001
Fed × Treatment 1.596 0.258 6.189 <0.001
Neither fed nor 
tested × Treatment

1.329 0.253 5.250 <0.001

Deprivation time −0.257 0.127 −2.016 0.044
Fed × Deprivation time 0.114 0.137 0.834 0.405
Neither fed nor 
tested × Deprivation time

0.220 0.135 1.633 0.103

Testing
 � Fed 0.108 0.176 0.611 0.541
 � Neither fed nor tested 0.086 0.173 0.497 0.620

“Testing” is a three-level factor with three levels (“Tested,” “Fed,” and “Neither 
fed nor tested” chicks). “Treatment,” “Testing,” and “Parent sex” are categorical 
variables with “Control,” “Tested nestlings,” and “Male” as the reference groups, 
respectively. Significant P-values are indicated in bold.
aPredictors (parent sex, body mass, and brood size) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.
bPredictors (deprivation time, body mass, brood size, and hatching date) and 
their interactions (Supplementary Table S1) that failed to improve model fit 
according to a likelihood ratio test are not depicted.
cPredictors (parent sex, brood size, and hatching date) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.
dPredictors (parent sex, brood size, and hatching date) and their interactions 
(Supplementary Table S1) that failed to improve model fit according to a 
likelihood ratio test are not depicted.

Table 5
Estimated parameters (± SE), and t values for models 
explaining differences in food deprivation time between 
nestlings according to parental testing

Estimate SE t P

Malesa

Intercept 1.187 0.199 5.977 <0.001
Testing
 � Fed 0.160 0.184 0.870 0.385
 � Neither fed nor tested 0.096 0.183 0.526 0.599
Treatment −0.063 0.108 −0.583 0.564
Femalesb

Intercept 1.203 0.132 9.104 <0.001
Testing
 � Fed 0.248 0.126 1.964 0.049
 � Neither fed nor tested 0.153 0.127 1.211 0.226
Fed × Body mass −0.194 0.104 −1.871 0.062
Neither fed nor tested × Body mass −0.006 0.094 −0.069 0.945
Body mass −0.055 0.094 −0.587 0.558
Treatment 0.016 0.095 0.164 0.871

“Testing” is a three-level factor with three levels (“Tested,” “Fed,” and “Neither 
fed nor tested” chicks). “Treatment” and “Testing” are categorical variables 
with “Control” and “Tested nestlings” as the reference groups, respectively. 
Significant P-values are indicated in bold.
aPredictors (parent sex, deprivation time, body mass, brood size, and hatching 
date) and their interactions (Supplementary Table S1) that failed to improve 
model fit according to a likelihood ratio test are not depicted.
bPredictors (parent sex, deprivation time, brood size, and hatching date) and 
their interactions (Supplementary Table S1) that failed to improve model fit 
according to a likelihood ratio test are not depicted.
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components of  the begging display, which were not measured in 
this study (Noguera et al. 2010). Only nestling size and time of  food 
deprivation explained begging performance. Hungrier and heavier 
nestlings were more likely to gape, begged sooner and in more 
stretched postures. The spatial behavior of  nestlings was predicted 
by an interaction between body mass and experimental treatment. 
When a parent arrived with food, it was more likely to find a large, 
supplemented chick in one of  its favorite locations, rather than a 
small supplemented one or a control chick. Jockeying for favorable 
positions is mediated by learning and maturation of  sensorimotor 
abilities (Budden and Wright 2005), and older (bigger) nestlings 
may compete more efficiently (Kilner 1995; Slagsvold and Rohwer 
2000). Although supplemented nestlings in experimental broods 
were not consistently heavier than controls, they were growing 
faster and may have matured earlier.

During feeding, parents exhibited a strong preference for certain 
nest sectors and feeding locations, creating the potential for spa-
tial scramble competition between chicks (Gottlander 1987; Kilner 
1995; Dickens et al. 2008). However, evidence suggests that spa-
tial scramble competition in the studied broods was mild during 
the observation period. First, one of  the two most profitable lo-
cations was vacant in 44% of  visits, indicating that profitable 
positions were not contested more frequently than other posi-
tions (Dearborn 1998; Porkert and Špinka 2006). Second, large 
control and small chicks occupied similar positions regardless of  
body mass, unlike what is expected under intense spatial competi-
tion (Ostreiher 1997, 2001). Third, parental feeding predictability 
(e.g., number of  feeding parents or the degree of  overlap in pa-
rental feeding locations) did not influence jockeying between visits, 
as predicted by previous studies (McRae et al. 1993; Kölliker and 
Richner 2004; Tanner et al. 2007). Lastly, nestling movement rates 
did not correlate with food supply proxies (average time of  food 
deprivation or parental feeding rate) (McRae et al. 1993; Porkert 
and Špinka 2006). In several studies, hungrier nestlings move to-
ward more profitable nest locations (Kilner 1995, Porkert and 
Špinka 2006, Dickens et al. 2008; but see Smith and Montgomerie 
1991). However, the overall nestling turnover may actually be 
caused by the less hungry nestlings moving actively from more to 
less profitable positions (Porkert and Špinka 2006). Spatial profit-
ability in this study decreased with time of  food deprivation, so 
nestlings in more profitable positions were more satiated. This is 
likely a result of  intervals between chick position changes being 
longer than intervals between parental visits (Porkert and Špinka 
2006). In pied flycatchers, changes in chick position may also 
take longer (30 min for 8-day broods, Khayutin et al. 1988) than 
intervals between feeding visits (4 min, this study). While spatial 
turnover is often thought of  as a purely competitive mechanism 
(Kölliker and Richner 2004), other explanations are possible, such 
as cooperative coordination among chicks (Wilson and Clark 2002; 
Royle et al. 2012).

Brood size manipulation successfully removed any size bias due 
to experimental treatment, but not intra-brood variation in nestling 
mass. Parents, however, did not show any preference for heavier 
nestlings. Both parents allocated food to nestlings begging sooner. 
Mothers also favored nestlings begging in more stretched postures, 
particularly when supplemented with vitamin E. Despite heavier 
nestlings begged sooner and more intensively, we failed to detect 
any reinforcing interactions between body mass and begging or spa-
tial cues on parental preferences. Heavier nestlings were fed more 
often than their lighter nestmates, suggesting that they were actu-
ally treated as hungrier. Larger nestlings may need more food in 

the short-term, be less constrained to use food resources for growth, 
and retain food in the digestive system for a shorter time, and as 
a result, larger nestlings may become hungry faster than smaller 
ones (Dickens et al. 2008). Thus, size asymmetries in experimental 
broods contributed little to scramble competition for more conspic-
uous begging stimuli.

Summarizing, food distribution was primarily predicted by off-
spring traits under offspring control (begging performance and 
position), but we lack evidence that scramble competition was the 
primary determinant of  food distribution. Rather than simply ac-
cepting the outcome of  nestling interactions (Davis et al. 1999), 
parents may actively control allocation by modifying their feeding 
decisions and establishing independent competition rules for access 
to their respective favored sectors (Kölliker et al. 1998; Kölliker and 
Richner 2004). For example, females in this study were less predict-
able than males in allocating food according to nestling position, 
they used a wider range of  sectors to feed, and their favored posi-
tions were not simply based on the distance to nestlings relative to 
their own position.

When do parents show passive and active 
feeding?

Males fed based on nestling position and begging order; females on 
nestling position, begging order, and postural intensity interacting 
with experimental treatment. However, such differences do not 
indicate active or passive feeding by parents. For example, both 
parents could be responding passively to different combinations 
of  nestling traits. The key distinction between passive and active 
choice feeding models is how parents integrate the information 
coming from different nestling traits and whether this process re-
sults in different signals being evaluated (Parker et al. 2002a, 2002b) 
(see Introduction). Male pied flycatchers responded strongly to nest-
ling position (β = 0.88) and, secondly, to begging order (β = −0.68) 
in a simple, additive way, being apparently oblivious to postural in-
tensity. This pattern is consistent with predictions of  a passive deci-
sion model where fathers simply add up effects of  quickly assessable 
cues. Females responded to a double, non-reinforcing interaction 
between postural intensity and begging order (β = 0.43), and, less 
importantly, nestling position (β = −0.19). This pattern is consistent 
with active choice where effects of  latency and position are dis-
counted from effects of  postural intensity (Kilner 2002a; Tanner et 
al. 2008). Mothers also showed a relatively important (β = 0.40), re-
inforcing interaction between postural intensity and experimental 
treatment, favoring supplemented over control nestlings when both 
begged intensively. This suggests that mothers might assess cryptic 
nestling quality, possibly via UV visual signals (Martínez-Renau et 
al. 2021).

Our results support predictions of  the hypothesis that prey-
testing is a back-up mechanism by which parents (particularly 
females) can assess the actual hunger levels of  nestlings inde-
pendently of  postural begging (Wilson and Clark 2002; Fresneau 
and Müller 2016). For example, they could use tactile cues if  
hungrier nestlings attempted to swallow food faster or with a 
greater gape pressure. First, prey-testing occurred in visits where 
a higher number of  nestlings begged simultaneously with sim-
ilar postural intensities. Second, tested nestlings begged with 
similar postural intensities but were less hungry than fed nest-
lings. Differences in postural intensity between nestlings can be 
more difficult to assess than differences in latency or position, 
especially when nestlings differ in size (Rodríguez-Gironés et 
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al. 2002; Fresneau et al. 2018). Hence, adults may be uncer-
tain about nestling hunger when many chicks beg simultane-
ously with similar intensities. Interestingly, in other studies, the 
category of  nestlings that was tested more often was also the 
one that begged most (e.g., brood parasites, Turtumøygard and 
Slagsvold 2010, Soler et al. 2017; UV-blocked nestlings Morales 
and Velando 2018). Finally, a tested chick was more likely to be 
eventually fed by a female if  it was hungrier than its nestmates. 
Females also tested chicks more often than males. Thus, fe-
males seemed capable of  active choice based on complex traits 
to gather accurate information about offspring condition. This 
was likely time-consuming, as feeding visits by females lasted for 
twice as long as those of  males.

Our results suggest that, under the conditions of  the 
study, male and female pied flycatchers are closer to opposite 
endpoints in the passive/active feeding continuum. This makes 
sense if  males are more time constrained since, by definition, 
passive feeding is a swifter mechanism of  allocation. Male 
pied flycatchers trade-off  provisioning young with signaling 
for polygynous and extra-pair matings (Sanz 2001; Canal et 
al. 2012; Mänd et al. 2013), and male reliance on quickly as-
sessable cues (position, latency, size) is widespread in the lit-
erature (Kilner 2002a, 2002b; Ryser et al. 2016). Patterns of  
feeding and prey-testing by females suggest active scrutiny of  
postural begging signals (and perhaps other stimuli). Females, 
however, can switch to more quickly assessable cues (size and 
position) when time-constrained, for example after an experi-
mental enlargement in brood size (Budden and Beissinger 2009) 
or hunger (Gottlander 1987; Krebs and Magrath 2000; Kilner 
2002b; Tarwater et al. 2009), or when unaided by helpers at the 
nest (Li et al. 2019).

SUPPLEMENTARY MATERIAL
Supplementary material can be found at http://www.beheco.
oxfordjournals.org/

FUNDING
This work was supported by the Spanish Ministry of  Economy and 
Competitiveness (SMEC) (grant number CGL2014-55969-P to L.P.-R. and 
T.R.), internal EBD proposal call Microproyectos (grant number SEV-2012-
0262 to TR), a Severo Ochoa (grant number SEV-2012-0262 to L.P.-P.) 
and by a predoctoral contract funded by “Fondo Social Europeo” at the 
University of  Castilla-La Mancha (grant number 2019-PREDUCLM-11785 
to D.P.-P.).

We thank Ó. González, J. Martínez-Padilla, C. Camacho, D. Ochoa, F. 
Romero, and M. Losada for their invaluable contribution to field work and 
data collection. We also thank the journal editor PT Smiseth, as well as 
three anonymous reviewers for their constructive comments and suggestions 
on earlier versions of  the manuscript, which have greatly improved its final 
version.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

DATA AVAILABILITY
Analyses reported in this article can be reproduced using the data provided 
by Parejo-Pulido et al. (2023).

Handling Editor:: Per Smiseth

REFERENCES
Andrews C, Smiseth PT. 2013. Differentiating among alternative 

models for the resolution of  parent-offspring conflict. Behav Ecol. 
24:1185–1191.

Bertrand S, Faivre B, Sorci G. 2006. Do carotenoid-based sexual traits 
signal the availability of  non-pigmentary antioxidants? J Exp Biol. 
209:4414–4419.

Boonekamp JJ, Mulder GA, Salomons HM, Dijkstra C, Verhulst S. 2014. 
Nestling telomere shortening, but not telomere length, reflects devel-
opmental stress and predicts survival in wild birds. Proc R Soc Lond B 
281:20133287.

Budden AE, Beissinger SR. 2009. Resource allocation varies with parental 
sex and brood size in the asynchronously hatching green-rumped par-
rotlet (Forpus passerinus). Behav Ecol Sociobiol. 63:637–647.

Budden AE, Wright J. 2000. Nestling diet, chick growth and breeding suc-
cess in the Southern Grey Shrike (Lanius meridionalis). Ring 22:165–172.

Budden AE, Wright J. 2001. Begging in nestling birds. In: Nolan V, 
Thompson, CF, editors. Current ornithology, Vol. 16. New York (NY): 
Springer. p. 83–118.

Budden AE, Wright J. 2005. Learning during competitive positioning in the 
nest: do nestlings use ideal free “foraging” tactics? Behav Ecol Sociobiol. 
58:227–236.

Canal D, Jovani R, Potti J. 2012. Male decisions or female accessibility? 
Spatiotemporal patterns of  extra pair paternity in a songbird. Behav 
Ecol. 23:1146–1153.

Davis JN, Todd PM, Bullock S. 1999. Environment quality predicts parental 
provisioning decisions. Proc R Soc Lond B 266:1791–1797.

De Ayala RM, Martinelli R, Saino N. 2006. Vitamin E supplementation 
enhances growth and condition of  nestling barn swallows (Hirundo rustica). 
Behav Ecol Sociobiol. 60:619–630.

Dearborn DC. 1998. Begging behavior and food acquisition by brown-
headed cowbird nestlings. Behav Ecol Sociobiol. 43:259–270.

Dickens M, Berridge D, Hartley IR. 2008. Biparental care and offspring 
begging strategies: hungry nestling blue tits move towards the father. 
Anim Behav. 75:167–174.

Dugas MB, McGraw KJ. 2011. Proximate correlates of  carotenoid-based 
mouth coloration in nestling house sparrows. Condor. 113:691–700.

Forbes S. 2007. Perspectives in ornithology: sibling symbiosis in nestling 
birds. Auk 124:1–10.

Fresneau N, Iserbyt A, Lucass C, Müller W. 2018. Size matters but hunger 
prevails-begging and provisioning rules in blue tit families. PeerJ. 
6:e5301.

Fresneau N, Müller W. 2016. Information warfare in avian families: sex-
specific begging responses to need and social environment in canary nest-
lings. Anim Behav. 115:137–143.

Godfray HCJ. 1991. Signalling of  need by offspring to their parents. 
Nature. 352:328–330.

Godfray HCJ. 1995. Signaling of  need between parents and young: parent-
offspring conflict and sibling rivalry. Am Nat. 146:1–24.

Godfray HCJ, Johnstone RA. 2000. Begging and bleating: the evolu-
tion of  parent-offspring signaling. Philos Trans R Soc London Ser B. 
355:1581–1591.

Godfray HCJ, Parker GA. 1991. Sibling competition, parent–offspring con-
flict and clutch size. Anim Behav. 43:473–490.

Gottlander K. 1987. Parental feeding behaviour and sibling competition in 
the pied flycatcher Ficedula hypoleuca. Ornis Scand. 18:269–276.

Hall ME, Blount JD, Forbes S, Royle NJ. 2010. Does oxidative stress me-
diate the trade-off between growth and self-maintenance in structured 
families? Funct Ecol. 24:365–373.

Hinde CA, Johnstone RA, Kilner RM. 2010. Parent-offspring conflict and 
coadaptation. Science. 327:1373–1376.

Johnstone RA. 2004. Begging and sibling competition: how should offspring 
respond to their rivals? Am Nat. 163:388–406.

Kacelnik A, Cotton PA, Stirling L, Wright J. 1995. Food allocation among 
nestling starlings: sibling competition and the scope of  parental choice. 
Proc R Soc Lond B 259:259–263.

Khayutin SN, Dmitrieva LP, Alexandrov LI. 1988. Psychobiological aspects 
of  the acceleration of  postembryonic development in the asynchro-
nous breeder, Pied Flycatcher (Ficedula hypoleuca). Int J Comp Psychol. 
1:145–166.

Kilner RM. 1995. When do canary parents respond to nestling signals of  
need? Proc R Soc Lond B 269:343–348.

Kilner RM. 2002a. The evolution of  complex begging displays. In: 
Wright J, Leonard ML, editors. The evolution of  begging: competition, 

738

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/5/729/7185511 by guest on 31 January 2024

http://www.beheco.oxfordjournals.org/
http://www.beheco.oxfordjournals.org/


Parejo-Pulido et al. • Food allocation in bird broods

cooperation, and communication. Dordrecht, The Netherlands: Kluwer 
Academic Publishers. p. 87–106.

Kilner RM. 2002b. Sex differences in canary (Serinus canaria) provisioning 
rules. Behav Ecol Sociobiol. 52:400–407.

Kilner RM, Davies NB. 1998. Nestling mouth colour: ecological correlates 
of  a begging signal. Anim Behav. 56:705–712.

Kilner R, Johnstone RA. 1997. Begging the question: are offspring solicita-
tion behaviours signals of  need? Trends Ecol Evol. 12(1):11–15.

Kölliker M. 2011. On the meaning of  hunger and behavioral control in the 
evolution of  honest begging. Behav Ecol. 22:919–920.

Kölliker M, Richner H. 2004. Navigation in a cup: chick positioning in 
great tit, Parus major, nests. Anim Behav. 68:941–948.

Kölliker M, Richner H, Werner I, Heeb P. 1998. Begging signals and 
biparental care: nestling choice between parental feeding locations. Anim 
Behav. 55:215–222.

Krebs EA. 2001. Begging and food distribution in crimson rosella (Platycercus 
elegans) broods: why don’t hungry chicks beg more? Behav Ecol Sociobiol. 
50:20–30.

Krebs E, Magrath R. 2000. Food allocation in crimson rosella broods: 
parents differ in their responses to chick hunger. Anim Behav. 
59:739–751.

Leclaire S, White J, Arnoux E, Faivre B, Vetter N, Hatchand SA, Danchin 
E. 2011. Integument coloration signals reproductive success, heterozy-
gosity, and antioxidant levels in chick-rearing blacklegged kittiwakes. 
Naturwissenschaften. 98:773–782.

Lessells CM. 2002. Parentally biased favouritism: why should parents 
specialize in caring for different offspring? Philos Trans R Soc B. 
357:381–403.

Li J, Wang Y, Lv L, Wang P, Hatchwell BJ, Zhang Z. 2019. Context de-
pendent strategies of  food allocation among offspring in a facultative co-
operative breeder. Behav Ecol. 30:975–985.

Lotem A, Wagner RH, Balshine-Earn S. 1999. The overlooked signalling 
component of  nonsignalling behaviour. Behav Ecol. 10:209–212.

Lucass C, Fresneau N, Eens M, Müller W. 2016a. Sex roles in nest 
keeping—how information asymmetry contributes to parent–offspring 
co-adaptation. Ecol Evol. 6:1825–1833.

Lucass C, Stöwe M, Eens M, Müller W. 2016b. Favored parent–offspring 
trait combinations? On the interplay of  parental and offspring traits. 
Behav Ecol. 27:134–140.

MacGregor NA, Cockburn A. 2002. Sex differences in parental response to 
begging nestlings in superb fairy-wrens. Anim Behav. 63:923–932.

Macnair MR, Parker GA. 1979. Models of  parent–offspring conflict. III. 
Intra-brood conflict. Anim Behav. 27:1202–1209.

Mäenpää MI, Smiseth PT. 2020. Resource allocation is determined by both 
parents and offspring in a burying beetle. J Evol Biol. 33:1567–1578.

Mänd R, Rasmann E, Mägi M. 2013. When a male changes his ways: 
sex differences in feeding behavior in the pied flycatcher. Behav Ecol. 
24:853–858.

Maronde L, Losdat S, Richner H. 2018. Do parasites and antioxidant avail-
ability affect begging behaviour, growth rate and resistance to oxidative 
stress? J Evol Biol. 31:904–913.

Maronde L, Richner H. 2015. Effects of  increased begging and vitamin 
E supplements on oxidative stress and fledging probability. Behav Ecol. 
26:465–471.

Marri V, Richner H. 2014. Differential effects of  vitamins E and C 
and carotenoids on growth, resistance to oxidative stress, fledging 
success and plumage colouration in wild great tits. J Exp Biol. 
217:1478–1484.

Martínez-Renau E, Ruiz-Castellano C, Azcárate-García M, Barón MD, 
Soler JJ. 2021. Coloration of  spotless starling nestlings shows genetic and 
environmentally determined characteristics while begging for food. Funct 
Ecol. 35:499–510.

McRae SB, Weatherhead PJ, Montgomerie R. 1993. American robin 
nestlings compete by jockeying for position. Behav Ecol Sociobiol. 
33:101–106.

Mock DW, Dugas MB, Strickler SA. 2011. Honest begging: expanding from 
signal of  need. Behav Ecol. 22:909–917.

Montoya B, Ancona S, Beamonte-Barrientos R, Martínez-Gomez 
M. 2020. Does vitamin E supplementation enhance growth bene-
fits of  breeding helpers at no oxidative costs? Physiol Biochem Zool. 
93:37–48.

Morales J, Velando A. 2018. Coloration of  chicks modulates costly inter-
actions among family members. Behav Ecol. 29:894–903.

Moreno J, Merino S, Sanz JJ, Arriero E, Morales J, Tomás G. 2005. 
Nestling cell-mediated immune response, body mass and hatching date 

as predictors of  local recruitment in the pied flycatcher Ficedula hypoleuca. 
J Avian Biol. 36:251–260.

Niu ZY, Liu FZ, Yan QL, Li WC. 2009. Effects of  different levels of  vi-
tamin E on growth performance and immune responses of  broilers under 
heat stress. Poult Sci. 88:2101–2107.

Noguera JC, Morales J, Pérez C, Velando A. 2010. On the oxidative cost of  
begging: antioxidants enhance vocalizations in gull chicks. Behav Ecol. 
21:479–484.

Ostreiher R. 1997. Food division in the Arabian babbler nest: adult choice 
or nestling competition? Behav Ecol. 8:233–238.

Ostreiher R. 2001. The importance of  nestling location for obtaining food 
in open cup nests. Behav Ecol Sociobiol. 49:340–347.

Parejo-Pulido, D, Pérez-Rodríguez, L, Abril-Colón, I, Potti, J, Redondo, T. 
2023. Passive and active parental food allocation in a songbird. Behav 
Ecol. doi:10.5061/dryad.crjdfn395.

Parker GA, Royle NJ, Hartley IR. 2002a. Begging scrambles with une-
qual chicks: interactions between need and competitive ability. Ecol Lett. 
5:206–215.

Parker GA, Royle NJ, Hartley IR. 2002b. Intrafamilial conflict and parental 
investment: a synthesis. Philos Trans R Soc London Ser B. 357:295–307.

Pérez-Rodríguez L, Redondo T, Ruiz-Mata R, Camacho C, Moreno-Rueda 
G, Potti J. 2019. Vitamin E supplementation - but not induced oxidative 
stress – influences telomere dynamics during early development in wild 
passerines. Front Ecol Evol. 7:173.

Pineda-Pampliega J, Herrera-Dueñas A, Mulder E, Aguirre JI, Höfle U, 
Verhulst S. 2020. Antioxidant supplementation slows telomere shortening 
in free living white stork chicks. Proc R Soc Lond B 287:20191917.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2020. nlme: 
linear and Nonlinear Mixed Effects Models. R package version 3.1-145. 
Available from: https://CRAN.R-project.org/package=nlme

Porkert J, Špinka M. 2006. Begging in common redstart nestlings: scramble 
competition or signalling of  need? Ethology. 112:398–410.

Potti J, Dávila JA, Tella JL, Frías Ó, Villar S. 2002. Gender and via-
bility selection on morphology in fledgling pied flycatchers. Mol Ecol. 
11:1317–1326.

R Development Core Team. 2022. R: a language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing. Available from: https://www.R-project.org/

Redondo T, Castro F. 1992. Signaling of  nutritional need by magpie nest-
lings. Ethology. 92:193–204.

Rodríguez-Gironés MA, Enquist M, Lachmann M. 2001. Role of  begging 
and sibling competition in foraging strategies of  nestlings. Anim Behav. 
61:733–745.

Rodríguez-Gironés MA, Zúñiga JM, Redondo T. 2002. Feeding experience 
and relative size modify the begging strategies of  nestlings. Behav Ecol. 
13:782–785.

Royle NJ, Hartley IR, Parker GA. 2002. Begging for control: when are off-
spring solicitation behaviours honest? Trends Ecol Evol. 17:434–440.

Royle NJ, Hartley IR, Parker GA. 2004. Parental investment and family 
dynamics: interactions between theory and empirical tests. Popul Ecol. 
46:231–241.

Royle NJ, Pike TW, Heeb P, Richner H, Kölliker M. 2012. Offspring 
social network structure predicts fitness in families. Proc Biol Sci. 
279:4914–4922.

Ryser S, Guillod N, Bottini C, Arlettaz R, Jacot A. 2016. Sex-specific 
food provisioning patterns by parents in the asynchronously hatching 
European hoopoe. Anim Behav. 117:15–20.

Saino N, Ambrosini R, Martinelli R, Ninni P, Møller AP. 2003. Gape co-
loration reliably reflects immunocompetence of  barn swallow (Hirundo 
rustica) nestlings. Behav Ecol. 14:16–22.

Sanz JJ. 2001. Experimentally reduced male attractiveness increases parental 
care in the pied flycatcher Ficedula hypoleuca. Behav Ecol. 12:171–176.

Shiao MT, Chuang MC, Wang Y. 2009. Differential food distribution by 
male and female green-backed tits (Parus monticolus) in relation to nestling 
size. Auk 126:906–914.

Slagsvold T, Rohwer S. 2000. Behavioral domination of  food delivery by 
tree swallow nestlings. Wilson Bull. 112:278–281.

Slagsvold T, Wiebe K. 2007. Hatching asynchrony and early nestling mor-
tality: the feeding constraint hypothesis. Anim Behav. 73:691–700.

Smiseth PT, Amundsen T. 2002. Senior and junior nestlings in asynchro-
nous bluethroat broods differ in their effectiveness of  begging. Evol Ecol 
Res. 4:1177–1189.

Smiseth PT, Bu RJ, Eikenaes AK, Amundsen T. 2003b. Food limitation 
in asynchronous bluethroat broods: effects on food distribution, nestling 
begging, and parental provisioning rules. Behav Ecol. 14:793–801.

739

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/5/729/7185511 by guest on 31 January 2024

https://doi.org/10.5061/dryad.crjdfn395
https://CRAN.R-project.org/package=nlme
https://www.R-project.org/


Behavioral Ecology

Smiseth PT, Darwell CT, Moore AJ. 2003a. Partial begging: an empirical 
model for the early evolution of  offspring signalling. Proc R Soc Lond B 
270:1773–1777.

Smith MG, Dickinson JL, Rush A, Wade AL, Yang DS. 2017. Western 
bluebird parents preferentially feed hungrier nestlings in a design that 
balances location in the nest. Behav Ecol Sociobiol. 71:58–64.

Smith HG, Montgomerie R. 1991. Nestling American robins compete with 
siblings by begging. Behav Ecol Sociobiol. 29:307–312.

Soler M, Macías-Sánchez E, Martín-Gálvez D, de Neve L. 2017. Complex 
feeding behaviour by magpies in nests with great spotted cuckoo nest-
lings. J Avian Biol. 48:1406–1413.

Soler M, Ruiz-Raya F, Sánchez-Pérez L, Ibáñez-Álamo JD. 2022. Parents 
preferentially feed larger offspring in asynchronously hatched broods irre-
spective of  scramble competition. Anim Behav. 194:193–198.

Stalwick JA, Wiebe KL. 2019. Prey size and nestling gape size af-
fect allocation within broods of  the mountain bluebird. J Ornithol. 
160(1):145–154.

Tanner M, Kölliker M, Richner H. 2007. Parental influence on sibling ri-
valry in great tit, Parus major, nests. Anim Behav. 74:977–983.

Tanner M, Kölliker M, Richner H. 2008. Differential food allocation by 
male and female great tit, Parus major, parents: are parents or offspring in 
control? Anim Behav. 75:1563–1569.

Tarwater CE, Kelley JP, Brawn JD. 2009. Parental response to ele-
vated begging in a high predation, tropical environment. Anim Behav. 
78:1239–1245.

Turtumøygard T, Slagsvold T. 2010. Evolution of  brood parasitism in birds: 
constraints related to prey type. Behaviour 147:299–317.

Wetzel DP, Mutzel A, Wright J, Dingemanse NJ, Ridley A. 2020. Novel 
sources of  (co)variation in nestling begging behavior and hunger at dif-
ferent biological levels of  analysis. Behav Ecol. 31:960–970.

Whittingham LA, Dunn PO, Clotfelter ED. 2003. Parental allocation of  
food to nestling tree swallows: the influence of  nest-ling behaviour, sex 
and paternity. Anim Behav. 65:1203–1210.

Wiebe KL, Slagsvold T. 2009. Mouth coloration in nestling birds: increasing 
detection or signalling quality? Anim Behav. 78:1413–1420.

Wiebe KL, Slagsvold T. 2012. Parents take both size and conspicuousness 
into account when feeding nestlings in dark cavity nests. Anim Behav. 
84:1307–1312.

Wilson, DWS, Clark AB. 2002. Begging and cooperation: an exploratory 
flight. In: Wright J, Leonard, ML, editors. The evolution of  nestling beg-
ging: competition, cooperation and communication. Dordrecht: Kluwer 
Academic Press. p. 43–64.

Wright J, Hinde C, Fazey I, Both C. 2002. Begging signals more than 
just short-term need: cryptic effects of  brood size in the pied flycatcher 
(Ficedula hypoleuca). Behav Ecol Sociobiol. 52:74–83.

Wright J, Leonard M. 2002. The evolution of  begging: competition, coop-
eration and communication. Dordrecht, Netherlands: Kluwer Academic 
Publishers.

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. 2009. Mixed effects 
models and extensions in ecology with R. New York (NY): Springer.

740

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/5/729/7185511 by guest on 31 January 2024



Title: Passive and active parental food allocation in a songbird 

Short title: Food allocation in bird broods 

 

Daniel Parejo-Pulido1, Lorenzo Pérez-Rodríguez1, Inmaculada Abril-Colón2, Jaime Potti3 

and Tomás Redondo3 

1. Instituto de Investigación en Recursos Cinegéticos (IREC), CSIC-UCLM-JCCM, 

Ronda de Toledo 12, 13005 Ciudad Real, Spain 

2. Museo Nacional de Ciencias Naturales (MNCN), CSIC, Departamento de Ecología 

Evolutiva, José Gutiérrez Abascal 2, 28006 Madrid, Spain 

3. Estación Biológica de Doñana (EBD), CSIC, Américo Vespucio 26, 41092 Seville, 

Spain 

 

Corresponding author: Tomás Redondo. Estación Biológica de Doñana (EBD), CSIC, 

Seville, Spain. +34 647994225. redondo@ebd.csic.es 

 

 

 

 

 

 

 

 

mailto:redondo@ebd.csic.es


SUPPLEMENTARY METHODS 

Experimental setup 

We monitored the nest boxes regularly to determine the exact start laying (± 24 h) and 

hatching dates (± 12 h; day 1 was considered the hatching day). Initially, we included 32 

broods (174 nestlings) of monogamous pairs (Lundberg and Alatalo 1992) containing 

four to six nestlings that were five days old. Within each brood, we ranked the nestlings 

by mass and assigned them to either a vitamin E supplementation or control treatment, 

alternating the order between successive broods to ensure an unbiased sample with 

respect to hatching order and balanced across different brood sizes. As in a previous study 

conducted in the same population (Pérez-Rodríguez et al. 2019), supplemented nestlings 

were fed a dipteran larva (Calliphora sp.) soaked in a solution of vitamin E (DL-alpha-

tocopherol acetate; Sigma-Aldrich ref. T3376) dissolved in organic coconut oil. The 

concentration of this vitamin E solution was adjusted across nestling development to 

provide a constant dose of 1.2 mg of vitamin E per kg per visit to the supplemented 

nestlings. Control nestlings were fed a larva soaked in coconut oil. Regardless of the 

treatment, nestlings received a new supplementation every other day, and we recorded 

their mass at each visit using an electronic balance (± 0.01 g). There was no significant 

difference in initial (day 5) body mass between supplemented and control nestlings (β ± 

SE = -0.232 ± 0.155, t 1, 133 = -1.500, P = 0.136). 

Video recordings 

We recorded video sequences of parent and chick behavior when the broods reached 7 

days old. This age was selected since it corresponds to the peak of daily mass gain 

(Siikamäki 1996), and nestlings' feeding success still relies mostly on their begging 

behavior, before they can intercept food from adults at the nest entrance (Khayutin et al. 

1988). On day 6, we attached a dummy camera to the roof of the nest-box to habituate 



the birds. In the morning of day 7, we fed the four nestlings with the most similar body 

masses (two from each treatment) to satiation with 1-5 larvae to equalize food deficit 

(Wright et al. 2002). We marked each nestling's head with a unique combination of blue 

adhesive kinesiology tape badges varying in shape (circle vs. triangle) and markings 

(closed vs. open dots) (Porkert and Špinka 2006). The badges were randomly assigned 

with respect to nestling treatment and relative mass. We used a Sony Go-Pro video camera 

to obtain video recordings for as long as the camera batteries allowed (about 2 h). We 

obtained video samples from 28 nests. Meanwhile, we kept the surplus chicks from each 

brood in heated containers, hand-fed them every 30 min, and returned them to their natal 

nest after recording.  

We played recorded video sequences at 1/4 speed to accurately measure the 

behavior of parents and chicks during each parental feeding visit. A trained observer, 

blind to the aim of the experiment, computed behavioral rates. During each parental visit, 

we distinguished between parental feeding and prey-testing behavior. We defined a 

feeding as a parent introducing a food item into the mouth of a nestling and the nestling 

swallowing it. Prey-testing involved a parent introducing its beak with prey into a nestling 

mouth but failing to release any food item (Slagsvold and Wiebe 2007). Both parents feed 

nestlings with prey of a similar size at this age, and nestlings can efficiently handle most 

prey (Slagsvold and Wiebe 2007; Wiebe and Slagsvold 2009a). However, we discarded 

testing events (four visits) where prey items were of an unusually large size, which could 

be explained by gape size constraints rather than parental choice (Wiebe and Slagsvold 

2009a). We also recorded nestling behavior in a time window ranging from 10 seconds 

before the adult entered the nest box to 10 seconds after the adult left it, to record nestling 

behavior while adults remained poking at the nest box from the outside during each 

parental visit. 



 We divided the nest cup into 45° circular sectors, numbered clockwise from 1 to 

8, to record parent and nestling behavior during feedings (Khayutin et al. 1988). We noted 

the sector from which each parent fed nestlings and the sector occupied by each nestling 

when parents entered the nest box. During each feeding visit, we recorded its duration, 

the spatial location of parents, the number of feedings and prey-testings received, the 

order in which nestlings begged (1 = first) and the maximum begging postural intensity 

of each nestling. We used a five-level ordinal scale to score the degree of body stretching 

as an indicator of begging postural intensity, following Redondo and Castro (1992). 

Additionally, we computed the rate of individual nestling movement as the average 

number of sector changes between parental visits. To calculate time of food deprivation 

for each nestling during a given visit, we measured the time elapsed since the previous 

visit when it was fed. Since initial deprivation times varied between nests, we computed 

deprivation times for each nestling as a fraction of the maximum value of deprivation 

time for each brood in the entire recording session. 

Nestling mouth coloration  

On day 7, we photographed the mouth coloration of 72 vitamin E and 81 control nestlings 

from 32 broods. We gently opened each nestling's mouth in a standardized position and 

captured images using a Nikon D80 digital camera with a Sigma AF 50/2.8 objective and 

consistent illumination. To ensure accurate color representation, we included a 

ColorChecker Passport Photo 2 (X-Rite, Regensdorf, Switzerland) color reference in a 

standard position in each image. Images in RAW format were processed using SpotEgg 

software (Gómez and Liñán-Cembrano 2017) to normalize and linearize them. We then 

used Adobe Photoshop CS6 v13.0 (Adobe Systems Incorporated, San Jose, CA) to 

quantify the color descriptors of the areas of interest. Color descriptors from digital 

pictures are a reliable and efficient method to assess nestling mouth coloration (Saino et 



al. 2003; Dugas and McGraw 2011; Dugas and Dillow 2013), allowing us to obtain 

average color estimates of whole areas with minimal manipulation time, thus reducing 

interference on study subjects. However, this method does not capture ultraviolet 

reflectance. In pied flycatcher nestlings, the orange palates are bordered by white-

yellowish fleshy flanges. To quantify nestling mouth coloration, we recorded the 

saturation value of the nestling's palate as an indicator of carotenoid pigmentation (Saino 

et al. 2003; Dugas and McGraw 2011) and the lightness (total reflectance) of the inner 

and outer parts of the mouth flanges as an indicator of conspicuousness (Kilner and 

Davies 1998; Wiebe and Slagsvold 2009b). To assess the repeatability of color variables, 

we measured a subset of 24 individuals twice. The results showed high repeatability for 

palate saturation (r = 0.69, F 22, 25 = 5.41, P < 0.001), inner flange lightness (r = 0.79, F 

22, 25 = 8.44, P < 0.001), and outer flange lightness (r = 0.89, F 22, 25 = 16.97, P < 0.001). 

Statistical analyses 

We used linear mixed effects models with restricted maximum likelihood to perform 

statistical analyses (Zuur et al. 2009). We employed the “nlme” package (Pinheiro et al. 

2020) in R 4.0.2 (R Development Core Team 2020) to fit the models (See Table S1 for a 

description of all saturated models). To improve the stability of the models, likelihood of 

model convergence, and accuracy of parameter estimates (Harrison et al. 2018), we Z-

transformed (mean centered with SD of 1) all numerical independent variables. 

Standardized beta coefficients were used to estimate standardized effect size for 

comparisons between fixed effects (Schielzeth 2010). In all models, we included original 

brood size at day 7 and hatching date (1 = June 8th) as covariates among fixed effects 

because the number of nestmates and differences in resource availability and parental 

condition as the season progresses could affect adult and nestling behavior. Validation of 

model assumptions were performed by inspecting residual plots generated by the 



“performance” package (Lüdecke et al. 2021) for linear mixed models and the 

“DHARMa” package for generalized mixed models (Hartig 2022). Predicted model 

values were plotted using the package “ggeffects” (Lüdecke 2018). 

To confirm that the treatment had the intended effect on nestling mass gain, we 

compared differences in nestling mass between the vitamin E and control groups on days 

7 and 9, while controlling for initial mass at day 5 as a covariate. To analyze the effect of 

treatment on nestling flange conspicuousness, we conducted a principal component 

analysis (PCA) using the lightness values of the inner and outer areas of the flange with 

the prcomp() function from the “stats” package. We used individual scores on the first 

principal component (PC1), which explained 63.2% of the total variance, as a measure of 

overall lightness, as they were highly correlated with lightness values of both the inner 

and outer parts of the flange (PC1 loading value = 0.707). 

To investigate the effect of vitamin E supplementation on nestling behavior, we 

built separate models for various dependent variables, including the probability of 

nestling begging (gaping or not), begging order, postural intensity, profitability of a 

nestling spatial location, inter-feeding intervals, and the rate of change between nest 

sectors. We included the sex of the feeding adult entering the nest box as a fixed effect 

(Wetzel et al. 2020), since nestlings may behave differently according to the parent's sex. 

To control for intra-brood differences in nestling body mass that could reflect differences 

in relative size or age, we used the mass difference of each nestling relative to the average 

of its brood rather than its absolute body mass. The probability of nestling begging was 

analyzed using a generalized linear mixed model with a binomial error distribution. 

Although begging order and postural intensity were measured as ordinal variables, they 

were treated as numeric in linear mixed models. We verified that conclusions did not 

differ from those from an ordinal regression (Christensen 2022). 



Spatial profitability was computed as the fraction of total feedings given by each 

parent to the sector occupied by each nestling, relative to the parent's location in a given 

visit. Profitability values were transformed as logits prior to analysis. We also calculated 

the rate of spatial change between nest sectors for each nestling by dividing the number 

of changes between sectors by the number of feeding visits. To test whether nestling 

mobility was related to hunger levels, we computed the mean time of food deprivation 

for each chick and the average rate of change between sectors per brood by dividing the 

mean number of position changes by nestlings for the entire brood by the number of 

feeding visits (McRae et al. 1993). We included the number of caring parents and the 

degree of overlap between parent sexes in the use of nest sectors as fixed effects in this 

model to investigate whether the predictability of parental feeding position influenced 

nestling movement (Kölliker and Richner 2004). We calculated the degree of overlap 

between parent sexes in the use of nest sectors as the difference between the number of 

shared nest sectors multiplied by the number of feedings given from these sectors minus 

the number of feedings given from non-overlapping sectors, divided by the total number 

of feeding events. This resulted in an index ranging from 0 (no overlap) to 1 (maximum 

overlap). We assumed that uniparental broods had a maximum (1) overlap.  

We analyzed parental feeding preferences using generalized linear mixed models 

with a binomial error distribution and a binary response variable (1 = fed, 0 = not fed). 

Since allocation patterns may vary by parental sex (Kilner 2002, Ryser et al. 2016), we 

conducted separate analyses for females and males. To avoid convergence issues caused 

by a high number of predictors, we proceeded in two steps. First, we built models with 

all nestling traits, including relative mass, begging behavior (order and postural intensity), 

coloration (flange lightness and palate saturation), and spatial profitability, interacting 

with treatment and hatching date. Second, we built a second group of models considering 



only significant predictors from the first step (begging behavior, position and treatment), 

including all pairwise interactions among them as well as with relative body mass (Table 

S1). To equalize the predictive potential and precision of spatial profitability with the 

other predictors, we transformed its raw values into 4-level ranks using the rank() function 

from the “base” package. We analyzed sex differences in the feeding rate of parents and 

the duration of each feeding visit to investigate whether differences between females and 

males in their degree of familiarity with nestlings could explain sex differences in 

allocation rules (Gottlander 1987; Lucass et al. 2016) (see Table S1). 

We explored the prey-testing behavior of parents in three steps. First, we looked 

for differences between visits where testing occurred and those where it did not. We 

compared the total number of begging nestlings and the intra-brood coefficient of 

variation in time of food deprivation, begging order, postural intensity and spatial 

profitability between visits where testing occurred and those where it did not, including 

the occurrence of testing (yes or no) as a categorical predictor (Table S1). Second, in a 

given visit, we compared the behavior of nestlings that were either tested, fed or neither 

fed nor tested. We built separate models for nestling behavior, relative body mass, and 

time of food deprivation as response variables. We also included treatment and a new 

three-level categorical predictor (“Testing”) depending on whether a nestling had been 

tested, fed, or neither fed nor tested in a given visit (Table S1). Third, we investigated 

whether the probability of a nestling being fed after having been tested varied according 

to its relative body mass, treatment, and time of food deprivation. 

 We determined the optimal random- (intercepts and slopes) and fixed-effect 

structure for each model by comparing nested models with likelihood ratio tests, using a 

top-down strategy (Zuur et al. 2009) (Table S1). To find out the optimal random structure, 

we started with the most complex fixed and random structure (Barr et al. 2013) (or no 



fixed effects in the case of generalized linear mixed models), and progressively removed 

random effects one by one, comparing pairs of models with the anova() function from the 

“stats” package. Next, to determine the optimal fixed structure, we began with the most 

complex fixed-effect structure and the optimal random structure selected in the previous 

step. We then progressively removed fixed effects with lower β coefficients one by one, 

beginning with the interactions, and compared both models by likelihood ratio tests using 

the anova() function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1: List of saturated models containing all additive (+) and interaction (x) fixed 

effects. Predictor variables of interest are shown in bold, with covariates non-bolded.  

Random effects shown are the optimal random structure selected in each model.  

Response variable Predictor + covariates Model type Random effect * 

NESTLING GROWTH AND MOUTH COLORATION 

Initial body mass day 5 Treatment LMM (1|Nest) 

Body mass day 7 Treatment + Mass 5d + 

Brood size + Date + 

Treatment × Mass 5d + 

Treatment × Date 

LMM (Treatment | Nest) 

Body mass day 9 Treatment + Mass 5d + 

Brood size + Date + 

Treatment × Mass 5d + 

Treatment × Date 

LMM (Treatment | Nest) 

Palate saturation Treatment + Relative mass 

7d + Brood size + Date + 

Treatment × Relative mass 

7d + Treatment × Date 

LMM (Treatment | Nest) 

Flange lightness PC1 Treatment + Relative mass 

7d + Brood size + Date + 

Treatment × Relative mass 

7d + Treatment × Date 

LMM (1 | Nest) 

NESTLING BEHAVIOR    

Body mass day 7 recorded 

nestlings 

Treatment LMM (Treatment | Nest) 

Probability of gaping Treatment + Deprivation 

time + Parent sex + Relative 

mass 7d + Brood size + Date 

+ Treatment × Deprivation 

time + Treatment × Relative 

mass 7d + Treatment × 

Parent sex + Treatment × 

Date 

GLMM (1 | Nest/ID) + (0 + 

Deprivation time | Nest × 

ID) + (1 | Nest × Sequence) 

Begging order Treatment + Deprivation 

time + Parent sex + Relative 

mass 7d + Brood size + Date 

LMM (0 + Relative mass 7d | 

Nest) + (1 | Nest/ID) + (1 | 

Nest × Sequence) 



+ Treatment × Deprivation 

time + Treatment × Relative 

mass 7d + Treatment × 

Parent sex + Treatment × 

Date 

Postural intensity Treatment + Deprivation 

time + Parent sex + Relative 

mass 7d + Brood size + Date 

+ Treatment × Deprivation 

time + Treatment × Relative 

mass 7d + Treatment × 

Parent sex + Treatment × 

Date 

LMM (0 + Relative mass 7d | 

Nest) + (0 + Deprivation 

time | Nest × ID) + (1 | 

Nest/ID) + (1 | Nest × 

Sequence) 

Position profitability Treatment + Deprivation 

time + Parent sex + Relative 

mass 7d + Brood size + Date 

+ Treatment × Deprivation 

time + Treatment × Relative 

mass 7d + Treatment × 

Parent sex + Treatment × 

Date 

LMM (0 + Relative mass 7d | 

Nest) + (0 + Deprivation 

time | Nest × ID) + (1 | 

Nest/ID) + (1 | Nest × 

Sequence) 

Nestling rate of change 

between nest sectors 

Treatment + Average 

Deprivation time + Parental 

feeding rate + Relative mass 

7d + Brood size + Date + 

Treatment × Date + 

Treatment × Average 

Deprivation time + 

Treatment × Parental feeding 

rate + Treatment × Relative 

mass 7d  

LMM (1 | Nest) 

Average nest rate of change 

between nest sectors 

Brood size + Date + Number 

of caring parents + Rate of 

nest sectors overlap  

LM None 

Inter-feeding interval Treatment + Relative mass 

7d + Parent sex + Brood size 

+ Date + Treatment × 

Relative mass 7d + 

LMM (1 | Nest) + (1 | Nest × ID) 

+ (1 | Nest × Sequence) 



Treatment × Parent sex + 

Treatment × Date 

PARENTAL FEEDING BEHAVIOR   

Feeding rate Parent sex + Date + Brood 

size + Parent sex × Date 

LM None 

Duration feeding visits Parent sex + Date + Brood 

size + Parent sex × Date 

LM None 

Probability of being fed by a 

male 

Treatment + Begging order 

+ Spatial profitability rank + 

Postural intensity + Relative 

mass 7d + Palate saturation + 

Flange lightness PC1 + 

Brood size + Date + 

Treatment × Begging order + 

Treatment × Spatial 

profitability rank + 

Treatment × Postural 

intensity + Treatment × 

Relative mass 7d + 

Treatment × Palate saturation 

+ Treatment × Flanges 

lightness PC1 + Treatment × 

Date + Begging order × 

Postural intensity + Begging 

order × Spatial profitability 

rank + Begging order × 

Relative mass 7d + Postural 

intensity × Spatial 

profitability rank + Postural 

intensity × Relative mass 7d 

+ Relative mass 7d × Spatial 

profitability rank 

GLMM (0 + Begging order + 

Position profitability rank | 

Nest) + (1 | Nest/ID) + (1 | 

Nest × Sequence) 

Probability of being fed by a 

female 

Treatment + Begging order 

+ Spatial profitability rank + 

Postural intensity + Relative 

mass 7d + Palate saturation + 

Flange lightness PC1 + 

Brood size + Date + 

GLMM (0 + Begging order + 

Position profitability rank | 

Nest) + (1 | Nest/ID) + (1 | 

Nest × Sequence) 



Treatment × Begging order + 

Treatment × Spatial 

profitability rank + 

Treatment × Postural 

intensity + Treatment × 

Relative mass 7d + 

Treatment × Palate saturation 

+ Treatment × Flanges 

lightness PC1 + Treatment × 

Date + Begging order × 

Postural intensity + Begging 

order × Spatial profitability 

rank + Begging order × 

Relative mass 7d + Postural 

intensity × Spatial 

profitability rank + Postural 

intensity × Relative mass 7d 

+ Relative mass 7d × Spatial 

profitability rank 

PREY-TESTING    

Coefficient of variation of 

deprivation time 

Occurrence of testing + 

Parent sex + Brood size + 

Date + Testing × Parent sex 

+ Testing × Date  

LMM (1 | Nest) 

Coefficient of variation of 

nestlings begging order 

Occurrence of testing + 

Parent sex + Brood size + 

Date + Testing × Parent sex 

+ Testing × Date 

LMM (1 | Nest) 

Coefficient of variation of 

postural intensity 

Occurrence of testing + 

Parent sex + Brood size + 

Date + Testing × Parent sex 

+ Testing × Date 

LMM (1 | Nest) 

Coefficient of variation of 

position profitability 

Occurrence of testing + 

Parent sex + Brood size + 

Date + Testing × Parent sex 

+ Testing × Date 

LMM (1 | Nest) 

Number of nestlings Occurrence of testing + 

Parent sex + Brood size + 

LMM (1 | Nest) 



Date + Testing × Parent sex 

+ Testing × Date 

Begging order Testing# + Treatment + 

Deprivation time + Parent 

Sex + Relative mass 7d + 

Brood size + Date + Testing 

× Treatment + Testing × 

Deprivation time + Testing × 

Parent sex + Testing × 

Relative mass 7d + Testing × 

Date 

LMM (1 | Nest) + (1 | Nest × ID) 

+ (1 | Nest × Sequence) 

Postural intensity Testing# + Treatment + 

Deprivation time + Parent 

Sex + Relative mass 7d + 

Brood size + Date + Testing 

× Treatment + Testing × 

Deprivation time + Testing × 

Parent sex + Testing × 

Relative mass 7d + Testing × 

Date 

LMM (1 | Nest) + (1 | Nest × ID) 

+ (1 | Nest × Sequence) 

Position profitability Testing# + Treatment + 

Deprivation time + Parent 

Sex + Relative mass 7d + 

Brood size + Date + Testing 

× Treatment + Testing × 

Deprivation time + Testing × 

Parent sex + Testing × 

Relative mass 7d + Testing × 

Date 

LMM (1 | Nest) + (0+Testing| 

Nest × ID) + (1 | Nest × 

Sequence) 

Relative mass day 7 Testing# + Treatment + 

Deprivation time + Parent 

Sex + Brood size + Date + 

Testing × Treatment + 

Testing × Deprivation time + 

Testing × Parent sex + 

Testing × Date 

LMM (1 | Nest) 

Deprivation time Testing# + Treatment + 

Parent Sex + Relative mass 

LMM (1 | Nest) + (1 | Nest × ID) 

+ (1 | Nest × Sequence) 



7d + Brood size + Date + 

Testing × Treatment + 

Testing × Parent sex + 

Testing × Relative mass 7d + 

Testing × Date 

Probability of being fed after 

being tested 

Treatment + Brood size + 

Date + Deprivation time + 

Relative mass 7d + 

Treatment × Date + 

Treatment × Deprivation 

time + Treatment × Relative 

mass 7d 

GLMM (1 | Nest) + (1 | Nest × ID) 

+ (1 | Nest × Sequence) 

* Optimal random structure selected in each model. Random intercepts account for non-

independence between observations of the same level (e.g. nest), and random slopes allow 

a given predictor to have different effects for each level of the random intercept (nestling, 

nest or sequence). We included nest ID as a random intercept for models predicting 

nestling growth and mouth color as response variables, with the effects of treatment as 

random slope for the nestling growth model and the effects of treatment, relative body 

mass at day 7, and their interaction as random slopes for the mouth color models. For 

models predicting nestling behavior (for both feeding and prey-testing by parents), nest 

ID, nestling ID and sequential visit order (the two latter ones nested within nest) were 

included as random intercepts. Relative body mass at day 7, treatment and their 

interaction were also included as random slopes for the random intercept nest ID, and 

time of food deprivation for the random intercept nestling ID (nested within nest). For 

models predicting parental feeding and prey-testing as a function of nestling size, 

behavior, coloration and treatment, we used the same random structure as for models 

predicting nestling behavior, substituting time of food deprivation by begging order, 

begging postural intensity and nestling position as random slopes.  

# “Testing” is a categorical factor with three levels (“Tested”, “Fed” and “Neither fed nor 

tested” chicks).  
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SUPPLEMENTARY FIGURES AND TABLES 

Figure S1: The effect of experimental treatment (V = vitamin E; C = control) on nestling 

body mass at days 7 (A) and 9 (B) as a function of initial mass at day 5. Shown are raw 

values and 95% CI (grey bands) for regression lines. The opacity of the points 

corresponds to the number of overlapping values. 

 

 

 

 

 

 

 

 

 

 

 



Figure S2: The effect of experimental treatment (V = vitamin E supplementation or C = 

control) on the relationship between nestling postural intensity and hatching date (in 

standardized Z values). Shown are predicted model values and their 95% CI (colored 

bands). 

 

 

 

 

 

 

 

 

 



Figure S3: The effect of experimental treatment (V = vitamin E; C = control) and nestling 

relative body mass at day 7 on the spatial profitability of nestling position. Shown are raw 

values and 95% CI (grey bands) for regression lines. The opacity of the points 

corresponds to the number of overlapping values. 

 

 

 

 

 

 

 

 

 



Figure S4: Differences in relative body mass at day 7 between Tested, Fed and Neither 

fed nor tested nestlings according to the experimental treatment (V = vitamin E; C = 

control). Shown are means ± 95% CI. 

 

 

 

 

 

 

 

 

 

 



Table S2: Estimated parameters (± SE), and t values for models explaining nestling body 

mass on days 7 and 9. “Treatment” is a categorical variable with “Control” as the 

reference group. Significant P-values are indicated in bold. 
 

Estimate SE t P 

Body mass day 7a 
    

Intercept 9.871 0.061 161.5 <0.001 

Body mass day 5 0.964 0.056 17.301 <0.001 

Treatment × Body mass day 5 0.262 0.069 3.791 <0.001 

Brood size -0.100 0.063 -1.590 0.121 

Treatment -0.046 0.075 -0.616 0.543 

Body mass day 9b     

Intercept 12.449 0.124 100.5 <0.001 

Body mass day 5 0.732 0.086 8.491 <0.001 

Hatching date -0.349 0.128 -2.729 0.011 

Treatment × Body mass day 5 0.339 0.101 3.358 0.001 

Treatment -0.130 0.107 -1.214 0.235 

a Predictors (hatching date) and their interactions (Supplementary Table S1) that failed to 

improve model fit according to a likelihood ratio test are not depicted. 

b Predictors (brood size) and their interactions (Supplementary Table S1) that failed to 

improve model fit according to a likelihood ratio test are not depicted. 

 

 

 

 

 

 

 

 

 

 

 



Table S3: Estimated parameters (± SE), and t values for models explaining nestling mouth 

coloration (palate saturation and flange lightness PC1). “Treatment” is a categorical 

variable with “Control” as the reference group. Significant P-values are indicated in bold. 
 

Estimate SE t P 

Palate saturationa  

Intercept 0.803 0.006 139.5 <0.001 

Hatching 

date 

0.012 0.005 2.624 0.014 

Body mass 0.003 0.002 1.697 0.092 

Treatment -0.000 0.005 -0.079 0.938 

Flange lightness PC1b 

Intercept -0.041 0.152 -0.271 0.788 

Treatment 0.069 0.146 0.474 0.636 

a Predictors (brood size) and their interactions (Supplementary Table S1) that failed to 

improve model fit according to a likelihood ratio test are not depicted. 

b Predictors (body mass, brood size and hatching date) and their interactions 

(Supplementary Table S1) that failed to improve model fit according to a likelihood ratio 

test are not depicted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4: Estimated parameters (± SE), and t values for models explaining nestling inter-

feeding intervals. “Treatment” is a categorical variable with “Control” as the reference 

group. Significant P-values are indicated in bold. 
 

Estimate SE t P 

Intercept 72.47 0.951 76.19 <0.001 

Body mass -1.723 0.549 -3.141 0.002 

Treatment -0.492 1.082 -0455 0.651 

Predictors (parent sex, brood size and hatching date) and their interactions 

(Supplementary Table S1) that failed to improve model fit according to a likelihood ratio 

test are not depicted. 

 

 

 

Table S5: Estimated parameters (± SE), and t values for models explaining average 

(brood) nest rate of change between nest sectors. “Treatment” is a categorical variable 

with “Control” as the reference group. Significant P-values are indicated in bold. 
 

Estimate SE t P 

Intercept 0.387 0.052 7.377 <0.001 

Index of parental overlap -0.044 0.035 -1.264 0.219 

Brood size 0.034 0.028 1.207 0.240 

Number of caring parents -0.033 0.070 -0.473 0.641 

Hatching date -0.003 0.028 -0.125 0.901 

Interactions between predictors (Supplementary Table S1) that failed to improve model 

fit according to a likelihood ratio test are not depicted. 

 

 

 

 

 

 

 

 

 

 



Table S6: Estimated parameters (± SE), and t values for models explaining differences in 

number of nestlings and the intra-brood coefficients of variation in the time of food 

deprivation, begging order, postural intensity and spatial profitability between sequences 

with and without testing events (both sexes combined). “Occurrence of testing” is a 

categorical variable with two levels and “No occurrence of testing” as the reference 

group. Significant P-values are indicated in bold. 
 

Estimate SE t P 

Number of nestlings begginga 

Intercept 2.430 0.086 28.32 <0.001 

Occurrence of testing 0.549 0.102 5.364 <0.001 

Deprivation time (CV)b     

Intercept -2.096 0.081 -25.98 <0.001 

Occurrence of testing × 

Hatching date 

0.464 0.171 2.711 0.007 

Occurrence of testing -0.444 0.165 -2.693 0.007 

Hatching date -0.062 0.083 -0.744 0.463 

Begging order (CV)c     

Intercept 3.809 0.031 124.5 <0.001 

Brood size 0.055 0.028 1.959 0.065 

Occurrence of testing 0.115 0.061 1.891 0.059 

Postural intensity (CV)d     

Intercept 2.280 0.136 16.81 <0.001 

Brood size 0.320 0.148 2.160 0.042 

Occurrence of testing -0.367 0.244 -1.504 0.148 

Spatial profitability (CV)e     

Intercept 3.627 0.121 30.08 <0.001 

Occurrence of testing 0.035 0.106 0.328 0.743 

a Predictors (parent sex, brood size and hatching date) and their interactions 

(Supplementary Table S1) that failed to improve model fit according to a likelihood ratio 

test are not depicted. 

b Predictors (parent sex and brood size) and their interactions (Supplementary Table S1) 

that failed to improve model fit according to a likelihood ratio test are not depicted. 



c Predictors (parent sex and hatching date) and their interactions (Supplementary Table 

S1) that failed to improve model fit according to a likelihood ratio test are not depicted. 

d Predictors (parent sex and hatching date) and their interactions (Supplementary Table 

S1) that failed to improve model fit according to a likelihood ratio test are not depicted. 

e Predictors (parent sex, brood size and hatching date) and their interactions 

(Supplementary Table S1) that failed to improve model fit according to a likelihood ratio 

test are not depicted. 

 

 

 

 

 

 


