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Summary
Parental care is the transfer of resources to or protection of offspring by the mother, the
father, or both (= biparental). It is a widespread behaviour in the animal kingdom as it
increases parental fitness through improved offspring condition and survival. However,
parental care is associated with costs for providing parents, rendering care an investment. As
parents and their offspring are not perfectly related, both parties rate these costs differently.
In short, offspring seek more care than parents are selected to provide, which leads to a
conflict between both parties (parent-offspring conflict). Post-natal parental care further
requires communication between offspring, begging for food, and parents, providing care in
response. The expression of each trait depends – because of the reciprocal interaction – not
only on an individual’s own genotype (direct genetic effects) but also on the genotype of the
individuals it interacts with (indirect genetic effects). This form of social selection is
interesting as not only the individual but also its (social) environment can evolve itself, as
both contain genes. Hence, the behavioural traits involved are simultaneously agents and
targets of selection and thus follow complex evolutionary trajectories.

One consequence of this reciprocal interplay is that both traits are expected to co-evolve,
which has indeed been shown both theoretically as well as empirically. But most previous
empirical studies were performed in captivity, where relevant selection pressures, that act
under natural conditions (e.g. costs of foraging, predators, parasites), are not present. This
renders conclusions on the adaptive significance difficult. Furthermore, the interplay between
both parties in the context of parental care is highly dynamic. Parents feed according to
changes in offspring begging and offspring change their begging according to changes in
supply and the consequent changes in their hunger level. These dynamics are adequately
captured using behavioural reaction norms (= responsiveness), that is the change of a
behaviour over an environmental gradient. However, most previous studies used a rather
static approach, that is mean levels of behaviour. In this thesis I therefore aimed to study
parent-offspring co-adaptation (on the reaction norm level) in a wild bird species, the blue tit
(Cyanistes caeruleus), and how this is shaped by environmental factors.
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To this end, I calculated the reaction norm of parental provisioning as the difference between
an individual’s provisioning rate towards an experimentally enlarged brood (mimicking
increased demand) and an experimentally reduced brood (mimicking decreased demand).
Similarly, the begging reaction norm was estimated as the change of begging to changes in
hunger (i.e. subtracting begging scores of 60 minutes of food deprivation from that of 120
minutes). Following this behavioural reaction norm approach, I indeed found co-variation on
the phenotypic level (chapter 2). The reaction norm of parental provisioning of blue tit fathers,
but not mothers, was negatively linked to the offspring begging reaction norm. This
interesting sex-specific pattern suggests that fathers that are relatively unresponsive to
changes in offspring demand have offspring that strongly increase begging with higher
hunger levels. The low responsiveness in males may thus have evolved to prevent
exploitation. However, it remained unclear why this relationship is absent in females. A
potential explanation why this pattern is found in males but not females, may be the fact that
changes in brood size are likely to affect not only parental provisioning, but also other care
traits such as nest sanitation behaviour, a trait exclusively expressed in females. Thus,
mothers may have to trade-off nest sanitation against providing food, which may have
masked the relationship in females.

When I estimated the provisioning responsiveness of parents to offspring begging via
sequenced begging playback, I found that the responsiveness of both parents was positively
linked to begging behaviour of their offspring that was raised by foster parents (chapter 3).
But this became only apparent after correcting for exposure time to playback, because
mothers spend more time in the nest, thus experienced the treatment more often. The
positive correlation suggests that parents control supply and it is offspring that have to adjust
begging to variation in provisioning. Parental control occurs more likely, when a species
breeds more than once (as parents are expected to defend residual resources for future
offspring) or when environmental conditions (e.g. food abundance) are unfavourable, thus
setting limitations for foraging. When environmental conditions set limitations to parental
11
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supply, offspring remain relatively powerless to increase parental supply via begging. Indeed,
in the year of study, mothers postponed egg laying, incubation and thus hatching of nestlings
to later dates, suggesting unfavourable environmental conditions. However, whether parents
or offspring (via begging) are in control of supply remains speculative as we still lack
theoretical predictions on the co-evolution of behavioural reaction norms.

In a next step I investigated the costs that are thought to stabilize co-adaptation. When
parental and offspring traits are mismatched (e.g. after cross-fostering clutches), it may be
highly demanding offspring that suffer impaired growth when their costly begging remains
(partly) unrewarded by low providing parents. Alternatively, parents may suffer reduced
survival or lower future reproductive performance when responding to a brood that is more
demanding than actual genetic offspring. By reciprocally cross-fostering clutches prehatching into a non-genetic family environment, I found that offspring growth depended not
only on the foster parental phenotype, that is the rate of provisioning, but also on the
offspring’s own phenotype, that is its begging intensity (chapter 4). Highly demanding
offspring reached lowest fledgling mass when raised by low providing parents (due to partly
unrewarded costly begging) but highest fledgling mass when raised by high providers.
Fledgling mass of less demanding offspring was intermediate, both, when raised by high or
low providing parents. Further, it appears that mothers do not pay fitness costs in terms of
future reproduction success when mismatched to offspring. Although I was as yet not able to
analyse whether fathers pay costs, it seems likely that blue tit parents have the upper hand
(but probably not full control) over provisioning because costs are (largely) paid by the party
that is not in control of provisioning.

As mentioned above parental care relies on parent-offspring communication. Offspring share
private information about their nutritional status via vocal and visual begging displays, to
which their parents respond by providing food. However, as noise is ever-increasing in
extent, duration and intensity in modern anthropogenic environments, this may impair vocal
12
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communication (and ultimately alter co-evolutionary dynamics), which I investigated in
another experiment (chapter 5). Playback of anthropogenic highway noise increased the
likelihood that offspring fail to respond to the returning parent. Parents underestimated
begging probably as a consequence of lower begging levels and decreased their
provisioning. This suggests that anthropogenic noise may have a substantial effect on
offspring development. As a consequence, the relative importance of vocal begging in noisy
environments is likely to decrease over evolutionary time scales, and parents may have to
rely more on other, e.g. visual, begging cues, that are not masked by noise.

From a mechanistic point of view, co-variation of parental and offspring traits could be due to
a genetic correlation or driven by maternal effects (that is variation in offspring phenotype as
a consequence of the maternal phenotype, Roff 1998). In particular pre-natal maternal
effects may fine-tune offspring phenotype to parental capacity. The latter may be reflected by
the expression of ornamental traits of parents that are thought to signal individual quality.
Investigating a potential relationship between reproductive investment and trait expression of
an individual parent, I found that maternal, but not paternal carotenoid-based breast
colouration was positively linked to begging intensity of genetic offspring (chapter 6). I
hypothesized that this could be achieved via maternal deposition of carotenoids into egg
yolk. Interestingly, these maternally mediated changes in offspring phenotype (here begging)
are only translated into growth benefits, when offspring were raised by their own parents,
again suggesting a cost for offspring in this case when mismatched with their mothers.
However, all other (negative) results supported the current stand of evidence that structural
or pigment-based plumage colouration of blue tits are only inconsistently correlated with
central life-history traits.

Thus, in a series of complementary experiments in a wild bird species, the blue tit, I could
show that it is highly relevant to introduce the recently developed behavioural reaction norm
concept to the study of parent-offspring co-adaptation, and that parent-offspring
13
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communication is shaped by environmental conditions – also beyond the family environment
itself. The latter highlights the importance of experimental studies in the wild, where natural
selection is acting on (experimentally manipulated) traits. But these experiments also
highlight that further progress has to be made, in terms of conceptual theoretical framework,
underlying mechanisms, as well as functional consequences in order to understand the (co-)
evolutionary dynamics of parental provisioning and offspring begging.

14

15

16

Samenvatting

17

Samenvatting
Ouderlijke zorg heeft betrekking op de overdracht van hulpbronnen naar, en bescherming
van, de nakomelingen door de moeder, de vader, of beiden. Dit is een wijdverspreid gedrag
binnen het dierenrijk, omdat het de ‘fitness’ van de ouders kan verbeteren, via verhoogde
conditie en overleving van de jongen. Desalniettemin, zijn er kosten verbonden aan
ouderlijke zorg, wat het een investering voor de ouders maakt. Ouders en hun nakomelingen
zijn niet volledig verwant, waardoor beide partijen deze kosten verschillend inschatten.
Nakomelingen willen meer zorg dan ouders bereid zijn te voorzien, wat leidt tot een conflict
tussen beiden (=ouder-nakomeling conflict). Ouderlijke zorg vergt ook communicatie met de
nakomelingen, via het bedelen om eten, waar ouders vervolgens op reageren met
voedselvoorziening. De expressie van beide eigenschappen hangt -vanwege de wederkerige
interactie- niet enkel van een individu’s eigen genotype af (directe genetische effecten), maar
ook van het genotype van de individuen waar het een interactie mee heeft (indirecte
genetische effecten). Deze vorm van sociale selectie is interessant, omdat niet alleen het
individu, maar ook de (sociale) omgeving kan evolueren, omdat beiden genen dragen. Dit
betekent dat de gedragseigenschappen in kwestie tegelijkertijd initiator én doelwit van
selectie zijn, en dat complexe evolutionaire trajecten het gevolg zullen zijn.

Een consequentie van dit wederkerige samenspel is dat beide eigenschappen verwacht
worden te kunnen co-adapteren, wat inderdaad is aangetoond in theoretische alsook
empirische studies. Maar, de meeste van deze empirische studies zijn uitgevoerd in
gevangenschap, waar relevante selectiedrukken, die in natuurlijke condities (bijvoorbeeld
foerageer kosten, predators, parasieten), niet aanwezig zijn. Hierdoor blijft een conclusie
voor de adaptieve waarde van co-adaptatie moeilijk. Bovendien is het samenspel tussen
beide partijen zeer dynamisch. Ouders voeden afhankelijk van veranderingen in het
bedelgedrag van nakomelingen, terwijl nakomelingen hun bedelgedrag aanpassen
afhankelijk van veranderingen van de toevoer van voedsel, en de daardoor veroorzaakte
verandering van honger niveau. Deze dynamiek kan begrepen worden door middel van
gedragsreactienormen (=responsiviteit), dit houdt in dat de verandering van een gedrag over
18
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een gradiënt in de omgeving wordt bekeken. Echter, de meeste studies gebruiken een vrij
statische aanpak, wat betekent dat zij naar gemiddelde gedragsniveaus kijken. In deze
thesis besloot ik daarom het ouder-nakomeling conflict te bestuderen (op het niveau van de
gedragsreactienorm) in een wilde vogelsoort, de pimpelmees (Cyanistes caeruleus), en in
acht te nemen hoe dit door omgevingsfactoren wordt beïnvloed.

Hiertoe berekende ik de gedragsreactienorm van ouderlijke voorziening als het verschil
tussen de voorzieningssnelheid van een individu ten opzichte van een experimenteel
vergroot broedsel (wat een verhoogde vraag naar zorg representeert), en ten opzichte van
een experimenteel verkleind broedsel (wat een verlaagde vraag naar zorg representeert). De
gedragsreactienorm voor bedelen werd op eenzelfde manier berekend, door de verandering
van bedelen in reactie tot veranderingen in honger (het verschil tussen 60 minuten en 120
minuten voedsel onthouding) in kaart te brengen. Met deze aanpak vond ik inderdaad coadaptatie op het fenotypische niveau (hoofdstuk 2). De gedragsreactienorm voor ouderlijke
voedselvoorziening van pimpelmees vaders, maar niet moeders, was negatief gelinkt aan de
reactienorm van het bedelgedrag van de nakomelingen. Dit interessante sekse-specifieke
patroon suggereert dat vaders die relatief weinig reactie tonen op veranderingen in de vraag
van de nakomelingen, nakomelingen hebben die sterk in hun bedelgedrag toenemen
wanneer zij meer honger hebben. Op deze manier, zou de evolutie van de lage responsiviteit
van vaders een manier kunnen zijn om exploitatie te voorkomen. Het is echter niet duidelijk
waarom dit type verband niet wordt gevonden bij de vrouwen. Een mogelijke verklaring voor
waarom dit patroon is gevonden bij mannen, en niet bij vrouwen, kan zijn dat veranderingen
in broedselgrootte waarschijnlijk niet enkel effect hebben op ouderlijke voedselvoorziening,
maar ook op andere zorg-gerelateerde gedragingen, zoals schoonmaakgedrag, wat enkel
door vrouwen wordt uitgevoerd. Dus, vrouwen hebben misschien een keuze moeten maken
tussen schoonmaken of voederen, waardoor dit verband werd gemaskeerd bij de vrouwen.
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Toen ik de responsiviteit in voedselvoorziening van ouders op het bedelgedrag van
nakomelingen via de playback van bedelen onderzocht, vond ik dat de responsiviteit van
beide ouders positief gelinkt was aan bedelgedrag van hun nakomelingen, terwijl deze groot
gebracht waren door pleegouders (hoofdstuk 3). Dit werd echter pas duidelijk na het
corrigeren voor tijd van blootstelling aan deze playback, omdat moeders meer tijd
doorbrengen in het nest, en dus de behandeling vaker ondergingen. De positieve correlatie
suggereert dat ouders voedselvoorziening controleren, en dat het de nakomelingen zijn, die
hun bedelgedrag moeten aanpassen in reactie op voedselvoorziening. Ouderlijke controle is
meer evident in soorten waar er meer dan eens gebroed wordt (omdat het dan verwacht
wordt dat ouders overgebleven hulpbronnen bijhouden met oog op toekomstige
nakomelingen), of wanneer omgevingsfactoren, zoals de hoeveelheid beschikbaar voedsel,
ongunstig zijn, en dus een limitatie vormen voor foerageergedrag. Nakomelingen zijn met
name in deze laatste situatie vrij machteloos om ouderlijke voedselvoorziening te verhogen
door middel van bedelen. Inderdaad, vond ik tijdens het jaar van de studie, dat moeders het
eieren leggen en incuberen van de eieren, en dus het uitkomen van de nakomelingen,
uitstelden, wat suggereert dat er ongunstige omgevingsomstandigheden waren. Echter, de
vraag

of

ouders

ofwel

nakomelingen

(via

bedelen)

de

controle

hebben

over

voedselvoorziening blijft een speculatie, omdat we theoretische voorspellingen missen
betreffende de co-evolutie van gedragsreactienormen.

In een volgende stap onderzocht ik de kosten die geassocieerd worden met de stabilisatie
van co-adaptatie. Wanneer ouderlijke eigenschappen verkeerd worden gekoppeld met die
van hun nakomelingen (bijvoorbeeld via het verwisselen van broedsels tussen ouders), kan
het zijn dat nakomelingen die veeleisend zijn, beperkt worden in hun groei wanneer hun
kostelijke

bedelgedrag

niet

volledig

wordt

beloond

door

ouders

die

een

lage

voedselvoorziening beoefenen. Aan de andere kant, kunnen ouders worden beperkt in hun
overleving of toekomstig reproductieve prestaties, wanneer zij geconfronteerd worden met
nakomelingen die meer vragen dan hun eigenlijke nakomelingen. Door het verwisselen van
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broedsels, voor het uitkomen van de eieren, kon ik achterhalen dat de groei van
nakomelingen niet enkel afhing van het fenotype van de pleegouders (voorzieningssnelheid),
maar ook van het fenotype van de nakomeling (bedelintensiteit) (hoofdstuk 4). Veeleisende
nakomelingen hadden het laagste gewicht bij uitvliegen wanneer zij werden grootgebracht
door pleegouders die een lage voedselvoorziening uitvoerden (omdat het bedelgedrag niet
volledig beloond werd), terwijl zij het hoogste gewicht bereikten wanneer ze werden
grootgebracht door ouders die veel voedselvoorziening uitvoerden. Het gewicht bij het
uitvliegen van minder veeleisende nakomelingen was middelmatig, zowel wanneer zij
opgroeiden bij ouders die veel voedsel voorzagen, als weinig. Verder, bleek het dat moeders
geen fitness kosten betalen betreffende toekomstig reproductief succes wanneer zij niet hun
eigen jongen grootbrachten. Helaas heb ik nog niet kunnen vaststellen of dit voor vaders ook
kostelijk is, maar het lijkt logisch dat pimpelmees ouders meer controle (maar niet de
volledige controle) hebben over voedselvoorziening omdat kosten voornamelijk in het nadeel
zijn van de partij die geen controle heeft over de voedselvoorziening.

Zoals

hierboven

besproken,

is

ouderlijke

zorg

afhankelijk

van

ouder-nakomeling

communicatie. Nakomelingen delen persoonlijke informatie betreffende hun honger niveau
via vocale en visuele bedel vertoningen, waar ouders vervolgens op reageren met het
voorzien van voedsel. Echter, lawaai wordt steeds intenser, langduriger en heviger, wat
vocale communicatie kan beïnvloeden (en kan uiteindelijk de co-evolutie dynamiek
beïnvloeden), wat ik in een ander experiment heb onderzocht (hoofdstuk 5). Door het
afspelen van snelweg lawaai vergrootte de kans dat nakomelingen niet reageerden op een
ouder

die

voedsel

kwam

voorzien.

Ouders

onderschatten

hierdoor

bedelgedrag,

vermoedelijk door lagere bedelniveaus, en gingen minder voedsel voorzien. Dit suggereert
dat lawaai een wezenlijk effect kan hebben op de studies van de nakomelingen. Het gevolg
kan zijn dat het vocale aspect van bedelen in lawaaierige omgevingen minder belangrijk zal
worden en dus zal afnemen op evolutionaire schaal, en dat ouders meer moeten vertrouwen
op andere (visuele) signalen die niet beïnvloed worden door lawaai.
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Vanuit een mechanistisch standpunt, kan co-adaptatie veroorzaakt worden door een
genetische correlatie of gedreven worden door maternale effecten. Voornamelijk maternale
effecten die optreden voor het uitkomen van de eieren, kunnen een belangrijke rol spelen in
de verfijning van het fenotype van de nakomelingen ten opzichte van de capaciteit van de
ouders. Dit laatste kan gereflecteerd worden in de expressie van ornamenten, waarvan wordt
verwacht dat zij individuele kwaliteit signaleren. Ik onderzocht een mogelijke relatie tussen
investering in reproductie en het uitdrukken van eigenschappen van een ouder, en ik vond
dat maternale, maar niet paternale borst kleuringen (gebaseerd op carotenoïden), positief
gelinkt was met bedelgedrag van de genetische nakomelingen (hoofdstuk 6). Ik stelde de
hypothese dat dit kon worden bereikt door maternale depositie van carotenoïden in de
eierdooier. Deze maternale gemedieerde veranderingen in het fenotype van de
nakomelingen (bedelgedrag) zijn enkel vertaald in voordelen voor groei, wanneer
nakomelingen worden grootgebracht door hun eigen ouders, wat wederom een kost voor
nakomelingen suggereert wanneer zij niet door hun eigen moeders worden grootgebracht.
Desalniettemin, alle andere (negatieve) resultaten onderbouwen de huidige stand van
bewijsaanvoer dat structurele of op pigment gebaseerde kleuring van de veren van
pimpelmezen niet consistent zijn gecorreleerd met eigenschappen betreffende reproductie
en overleving.

In conclusie, heb ik in een serie van elkaar opeenvolgende experimenten in een wilde
vogelsoort, de pimpelmees, laten zien dat het hoogst relevant is om de recent
geïmplementeerde gedragsreactienorm te introduceren in de studie van ouder-nakomeling
co-adaptatie,

en

dat

ouder-nakomeling

communicatie

wordt

gevormd

door

omgevingsfactoren, zelfs tot buiten de familie zelf. Dit laatste laat zien hoe belangrijk het is
om experimentele studies in het wild uit te voeren, waar natuurlijke selectie inwerkt op
(experimenteel gemanipuleerde) eigenschappen. Maar deze experimenten laten ook zien dat
er meer ontwikkeling nodig is, betreffende een conceptueel theoretisch kader, onderliggende
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mechanismen, en functionele consequenties om de (co-)evolutionaire dynamiek van oudernakomeling co-adaptatie te kunnen begrijpen.
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Chapter 1 General Introduction
Parental care describes “any parental trait that enhances the fitness of a parent’s offspring,
and that is likely to have originated and / or to be currently maintained for this function”
(Smiseth et al. 2012). It covers a wide range of pre- and post-natal (behavioural) parental
care traits and I will briefly mention some examples below.
Pre-natally, females can provide gametes with energy and nutrients beyond the minimum
required for successful development. This enhances offspring size and quality, which, in turn,
positively impacts on offspring survival and, thus, ultimately fitness (reviewed in Williams
1994). Parents of many oviparous species incubate their eggs, which facilitates offspring
development and provides protection from environmental hazards and predators (Swennen
et al. 1993; Smiseth et al. 2012; Poo and Bickford 2013). In viviparous species the maternal
body provides protection, as fertilized eggs are retained in the reproductive tract of the
female. Post-natally, parents can enhance offspring survival by attending or brooding their
progeny (Smiseth et al. 2012). Lastly, in a number of species parents provide food to their
dependent offspring. The most extreme form of this behaviour is represented by matriphagy,
in which offspring (for example of the spider Diaea ergandros, Evans et al. 1995; or the
earwig Anechura harmandi, Suzuki et al. 2005) consume their mother to obtain necessary
nutrients.
Although this parental self-sacrificing behaviour is as extreme as it is rare, matriphagy
represents an impressive example showing that care is not cost-free for parents. Care is
energetically demanding, takes time and is potentially associated with an increased
predation risk (e.g. Reguera and Gomendio 1999; Milonoff et al. 2004; de Heij et al. 2006).
All of this negatively impinges on survival probability and future reproductive capacity of the
caretaker(s), rendering parental care an investment (Trivers 1972). The existence of costs,
that are associated with providing care, and the fact that family members rate these costs
and benefits differently (due to asymmetries in relatedness, see below), are the reason for
within-family conflicts about the extent of care (as outlined below and in fig. 1).

26
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Female parent

Sexual conflict

Male parent

Parent-offspring
conflict

Offspring 1

Sibling conflict

Offspring 2

Figure 1. Family conflicts over parental investment (modified from Parker et al. 2002). See
text for further information.

The first within-family conflict arises between (typically unrelated) parents (sexual conflict,
Trivers 1972). As each individual parent gains fitness benefits from the total level of care
provided, yet generally only pays the costs for its own contribution, a parent would benefit if
its partner works harder. This conflict is inherent to every sexually reproducing species. An
27
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exception to this may be a species where the evolutionary interests of both sexes coincide
entirely, that is where both parents engage in obligate life-long monogamy (Lessells 2012).
This, however, is thought to be a rather theoretical reference point, as individuals can remate after death of the partner (Lessells 2006).
The second conflict arises between members of a brood at least in species with more than
one offspring per reproductive event (sibling conflict or intra-brood conflict). Each individual
offspring will demand most resources for itself at the expense of its siblings (Mock and
Parker 1997). This is because each individual offspring is more closely related to itself (r=1)
than to any of its siblings (r=0.5 in full siblings, r=0.25 in half siblings). This can – in its most
extreme form – lead to siblicide (Mock et al. 1990).
Asymmetry in relatedness creates a third within-family conflict, that is between parents and
their current offspring over the amount of care invested (parent-offspring conflict, Trivers
1974, see also fig. 2 in this thesis). Whereas current offspring seek greater parental
investment, parents are selected to maximize life-time fitness by equally distributing
investment among all (that is current and future) offspring, as they are equally related to all
their offspring. This conflict is sometimes termed ‘inter-brood conflict’ to distinguish it from the
intra-brood conflict (see above) (Kilner and Hinde 2012).
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Fitness

OB

PB
C

P

O

Parental investment

Figure 2. A graphical illustration of parent-offspring conflict (redrawn from Kilner and Hinde
2008). Line C represents the fitness costs of parental investment for parents and offspring.
Line PB represents the fitness benefits of parental investment gained by parents. Line OB
represents the fitness benefits of parental investment gained by offspring. Offspring rate
benefits higher as they are twice as related to itself (r=1) than to its parents (r=0.5). The
optimal investment, i.e. where the benefit-cost ratio is highest (vertical arrows), for parents is
at “P”, whereas the optimal investment for offspring is at “O”. The discrepancy between
optima “P” and “O” (red line on the x-axis) is the basis of parent-offspring conflict.

29

Chapter 1 General Introduction

Glossary
Co-adaptation: The correlation of structural or behavioural traits resulting from
progressive accommodation by natural selection among (two or more) interacting
individuals.
Co-evolution: Succession of adaptations as a consequence of a series of reciprocal
changes in two (or more) individuals, species or populations.
Co-variation: Phenotypic traits that do not vary independently (here parental
provisioning and offspring begging).
Maternal effects: Variation in offspring phenotype as a consequence of the maternal
phenotype. In birds, maternal effects are among others mediated via egg (yolk)
compounds such as nutrients, antibodies, vitamins, carotenoids or hormones.
Direct genetic effects: The expression of a trait of an individual is determined by its
own genes.
Indirect genetic effects: When the expression of a trait of an individual is dependent on
the expression of a trait of interacting individuals.
Control over provisioning: The party that currently sets the ceiling on the amount of
resources allocated to the current brood is in control of provisioning (i.e. offspring via
means of begging or parents).
Behavioural reaction norm: The set of behavioural phenotypes that a single individual
produces in a given set of environments.

Interactions within the family are reflections of conflict (resolution), but represent at the same
time an example of social selection. That is because the expression of a trait may not only
depend on an individual’s own genotype (direct genetic effects), but also on genotypes of
individuals it interacts with (indirect genetic effects, Moore et al. 1997; Wolf et al. 1999).
Hence, a trait is not only target but also agent of selection simultaneously (Lock et al. 2004)
and both, the individual, as well as its social environment (containing genes) can evolve
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(Cheverud 2003; Wolf 2003). This is true for every pair of traits, reciprocally influencing each
other (Kilner and Hinde 2012). A very illustrative example of an often studied reciprocal trait
combination is represented by offspring and their parents in the debate about food, that is
offspring begging and parental provisioning. Offspring share private information about their
nutritional status via begging, to which their parents respond by providing food. The
nutritional requirements are signalled via distinctive species-specific begging behaviours. For
example, offspring of reed warblers (Acrocephalus scirpaceus) gape, posture, jostle and call,
whereas offspring of burying beetles (Necrophorus vespillo) wave and gesticulate to elicit
parental food supply. The honesty of the begging signal is maintained by costs (reviewed in
Kilner and Johnstone 1997). First, these behaviours are costly in terms of energy
expenditure and may even endanger offspring by attracting predators (Redondo and Castro
1992; Haskell 1994). Second, as the benefit of obtaining additional resources from the
parents increases with need, the benefit to be fed outweighs the cost of begging only when
hungry (Roulin 2001). Third, if all offspring, independent of need, were to beg at the same
level, parents would be rapidly selected to ignore begging solicitation (Roulin 2001).
After (a) parent(s) has responded to the begging behaviour by providing food, the offspring’s
hunger level and thus its begging intensity will decrease, leading to a reduction in parental
provisioning (Kilner and Hinde 2012). Thus, the expression of a trait in one party depends on
the expression of the trait of the other party and both traits may co-evolve (Wolf and Brodie
1998). Parent-offspring interactions are hence subject to complex co-evolutionary dynamics.
Feldman and Eshel (1982) were the first to notice that a “possibility of co-adaptation” exists
between begging of dependent offspring and provisioning of their parents, which was
explicitly considered in later co-adaptation models (e.g. Wolf and Brodie 1998). Indeed, the
model (Wolf and Brodie 1998) predicts that an intra-familial genetic correlation between
parent and offspring traits is beneficial for both parties in terms of fitness and thus likely to
evolve. The predictions of this and later co-adaptation models (e.g. Kölliker et al. 2005) have
led to increasing interest of both behavioural ecologists as well as quantitative geneticists
(see Hinde et al. 2010) and the first empirical studies followed soon thereafter. Most of these
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studies indeed found that a trait expressed by (a) parent(s) co-varied with an offspring trait
(mice: Hager and Johnstone 2003; Curley et al. 2004; beetles: Lock et al. 2004; Lock et al.
2007; birds: Kölliker et al. 2000; Hinde et al. 2010; Estramil et al. 2013; bugs: Agrawal et al.
2001; see also Maestripieri 2004 for a link between contact behaviour of macaques).
Interestingly, the reported co-variation patterns were not consistent with respect to the sign of
the correlation, as this depends on whether parents or offspring (via means of begging) are
in control of provisioning (Kölliker et al. 2005; Smiseth et al. 2008), i.e. which party currently
sets the ceiling on the amount of resources allocated to the current brood (Kilner and Hinde
2012). If offspring are in control, selection acts more strongly on parental traits (Hinde et al.
2010) and parents adapt to genetic variation in offspring begging. Offspring can ensure
adequate food supply from low provisioning parents via high levels of solicitation (which is
assumed to be cost-free in this scenario) (Wolf and Brodie 1998) and strongly provisioning
parents can avoid overly costly investment when having less demanding offspring. Thus, a
negative (genetic) correlation would evolve (Kölliker et al. 2005). Likewise, if parents are in
control, selection acts more strongly on offspring solicitation and the latter will adapt to
genetic variation in parental provisioning. A positive (genetic) correlation would evolve,
because only offspring of strongly provisioning parents could afford to express high begging
(which is assumed to be costly in this scenario) (Kölliker et al. 2005). The sign of the
correlation between reciprocal traits is likely to be determined by the life-history and ecology
of a species (Kilner and Hinde 2012). For example, in short-lived species with only one
reproductive event, it is the offspring that are expected to exert control over provisioning,
predicting negative co-variation between offspring demands and parental supply (Kilner and
Hinde 2012). This is because parents do not have to reserve resources for future offspring.
In contrast, parents of long-lived species with several reproductive events are expected to
defend residual resources for future offspring, thus controlling provisioning, which may
ultimately result in a positive correlation (Kilner and Hinde 2012). The sign of the correlation
is also shaped by ecological factors. For example, limited food availability may set limitations
to parental provisioning, leaving offspring relatively powerless to increase supply via begging,
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leading to parental control and thus a positive link between both traits. However, control over
provisioning exerted by either offspring or parents reflects two extreme endpoints. In reality, it
is more likely that even within species control over provisioning lies (more or less flexibly) on
a power continuum (Royle et al. 2002; Hinde and Kilner 2007).
Thus, parents appear to react to numerous short-term environmental factors from their
ecological environment, i.e. food availability or predation risk, but also from their social
environment, i.e. offspring begging. Parents respond to this signal of need by providing food.
As a consequence of this, the offspring’s hunger level, and thus begging, will decrease. This,
in turn, will decrease parental provisioning. To crystallize, parents feed according to changes
in offspring begging and offspring change their begging according to changes in supply and
the consequent changes in their hunger level. This dynamic nature of the interplay between
parents and offspring has led to the hypothesis that in fact behavioural reaction norms should
co-evolve. Although this concept has already been proposed more than two decades ago
(see Hussell 1988), it is only recently starting to receive increased attention (Smiseth et al.
2008; Dobler and Kölliker 2009). Behavioural reaction norms provide information on how
individuals adaptively change their behaviour over an environmental gradient (Nussey et al.
2007; Dingemanse et al. 2010), a concept that is increasingly being used in behavioural and
evolutionary ecological studies.

Study species
I chose to work with a free-living species, since most previous studies on co-adaptation were
performed under laboratory conditions (e.g. Agrawal et al. 2001; Lock et al. 2004; Lock et al.
2007; Hinde et al. 2009; Hinde et al. 2010; Estramil et al. 2013; Estramil et al. 2015).
However, in the controlled environment of a laboratory, factors negatively impinging on an
individual’s health, such as predators, parasites, pathogens, and variations in food
abundance and climatological conditions are eliminated by researchers to ensure well-being
of animals. These costs, however, are considered to stabilize co-adaptation (Wolf and Brodie
1998; Kölliker et al. 2005), and the lack of natural selection makes it (more) difficult to
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establish costs in captivity (Estramil et al. 2014a). Therefore, it remains unclear whether covariation of parental provisioning and offspring begging can be found under natural
conditions where natural selection ultimately shapes the interactions between parents and
offspring. In addition, domesticated species may suffer from a reduction in genetic variation
due to drift and inbreeding effects. These effects may hamper within-family co-variation,
because genetic variation sets the basis for selection to fine-tune the (co-)evolutionary
response to prevailing conditions (Smiseth et al. 2008).
Therefore, I used a population of free-living blue tits (Cyanistes caeruleus), established in
Peerdsbos, a mature oak-beech forest near Antwerp (51°16’27.73”N, 4°29’3.38”E, Belgium)
to investigate aspects of co-variation. Blue tits are passerine birds that readily accept nestboxes as breeding sites, and the accessibility of those boxes makes this bird a convenient
species to study in the wild. The lifespan of blue tits ranges from two to five years and usually
both parents raise an average of ten chicks per brood with one to two clutches each spring.

Objectives
As detailed above, Hussell (1988) suggested more than two decades ago that, due to the
dynamic nature of the interplay between parents and offspring, behavioural reaction norms
should co-evolve (see also Smiseth et al. 2008; Dobler and Kölliker 2009). However,
empirical studies on behavioural reaction norms in the context of co-adaptation (see Kölliker
et al. 2000 for a unilateral approach on parental provisioning) are as rare as theoretical
studies (Kölliker et al. 2010). I therefore investigated whether the reaction norms of parental
provisioning and offspring begging co-vary, indicating co-adaptation (chapter 2). I measured
the reaction norm of offspring begging as a function of food deprivation and the reaction
norm of parental provisioning as a function of short-term experimental changes in brood size,
mimicking increased demand. I also investigated co-variation of both behaviours while
treating them as static traits (that is mean levels of behaviour), as there is a complete lack of
studies performing this under wild conditions. Furthermore, this also enabled me to compare
results to the reaction norm approach. To control for post-natal effects (such as learning, see
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e.g. Kedar et al. 2000), I reciprocally cross-fostered full clutches between two nests, which is
vital to co-adaptation studies. The cross-fostering design represents the backbone for most
of my experiments.

Most previous co-adaptation studies investigated care traits that are exclusively expressed in
females (Agrawal et al. 2001; Curley et al. 2004; Maestripieri 2004) or treated parents as one
unit (Hinde et al. 2009; Estramil et al. 2013). A rare exception of this is a study by Kölliker
and colleagues (2000). They found that maternal, but not paternal responsiveness towards
sequenced begging playback (i.e. begging was played back every 90 seconds) is positively
linked to offspring begging. However, this study neglects that parents differ in their roles
during the phase of parental care. For example, in blue tits, females significantly engage
more than males in nest sanitation (see Guigueno and Sealy 2012 for a review of sanitation
behaviour across species). Thus, females spend more time in the nest and are likely to
experience the playback more often than males. Consequently, the reported sex-specific covariation of maternal provisioning and offspring begging may represent an artefact of the
methodology. In chapter 3 I investigated whether the sexes are differently exposed to the
playback and how this affects their responsiveness and the parent-offspring relationship
(Kölliker et al. 2000). To this end, I measured the parental provisioning response towards
sequenced begging playbacks (similar to Kölliker et al. 2000) and hypothesized that the
access to this information is different but the parental response in provisioning is equal
between both sexes.

Co-adaptation is stabilized by fitness costs (Wolf and Brodie 1998; Kölliker et al. 2005).
These costs may become (only) apparent when the correlation between begging and
provisioning is (experimentally) disrupted. For example, if offspring demand more resources
than parents are selected to provide, the former may suffer reduced growth, future
reproductive success, and / or survival, as begging is associated with costs (Kilner 2001;
Roulin 2001; Moreno-Rueda 2010; Soler et al. 2014). The implementation of the cross35
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fostering design creates mismatched parent-offspring trait combinations, which allowed me
to investigate costs of mismatched offspring in chapter 4. More specifically, I investigated
how parental provisioning and offspring begging – eventually in interplay – determine
offspring growth, which will also give a first indication of the relative contributions of parent
and offspring phenotypes on offspring development. Further, it may answer the question
which party controls provisioning, as the party that is not in control is supposed to pay a cost.

Parent-offspring communication sets the basis for traits to co-evolve. This is because
offspring share private information about their nutritional status via begging and parents
adjust food supply accordingly. As begging consists not only of visual, but also vocal cues,
parent-offspring communication may be impaired in noisy environments. In a mate choice
context it has indeed been observed that noise has the potential to mask acoustic signals
such as male song (reviewed in Halfwerk and Slabbekoorn 2014), a trait that is known to be
used by female birds to assess quality of a potential partner (e.g. Catchpole and Slater
1995). To investigate how noise interferes with aspects of parent-offspring communication, I
manipulated the acoustic landscape of blue tit families with playback of anthropogenic noise
(chapter 5), as this type of noise is ever-increasing in extent, duration and intensity (Swaddle
et al. 2015). I specifically focused on the effects of noise on offspring missed detections, that
is when offspring fail to beg when a parent returns with food to the nest (Leonard and Horn
2012). As noise may impair the parental detection of need, I also investigated a potential
change of the provisioning rate compared to a control treatment, as parental provisioning is
closely associated with fledgling mass, and thus, fitness (Richner 1992; Krause et al. 2009;
Tilgar et al. 2010).

Most models assume that co-adaptation is based on genetic correlations (Wolf and Brodie
1998; Kölliker et al. 2005), but maternal effects (that is variation in offspring phenotype as a
consequence of the maternal phenotype, Roff 1998) may play a significant role, too.
Maternal effects are thought to flexibly fine-tune offspring phenotype, e.g. begging behaviour
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(Schwabl 1996; Eising and Groothuis 2003; Barnett et al. 2011), to current environmental
conditions, such as quality of care (Mousseau and Fox 1998). As females are obviously in
control of maternal effects, they are expected to adjust offspring phenotype either to their
own quality and / or to paternal quality, at least in bi-parental species. Females need to get
information on the quality of care their mate is able to provide, which may be reflected in
some ornamental traits. For example, plumage colouration of blue tits has been shown to be
linked to genetic quality (García-Navas et al. 2009; Ferrer et al. 2015), sexual attractiveness
(Andersson et al. 1998; Hunt et al. 1999), survival (Sheldon et al. 1999; Griffith et al. 2003;
Doutrelant et al. 2008) and foraging ability (García-Navas et al. 2012).
In chapter 6 I investigated whether females alter offspring begging (via maternal effects) in
relation to their own or to partner quality as reflected in male ornamental traits. Also female
quality may be reflected in the expression of ornamental traits, for example when plumage
yellowness reflects the amount of ingested carotenoids and thus an individual’s foraging
ability (García-Navas et al. 2012). I hypothesized that (a) females match offspring phenotype
to parental capacity, either their own, their partner’s or both via maternal effects and (b) that
females may base their decision on male ornaments, potentially reflecting paternal care
capacity.
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Abstract
Parental care, a central component of reproduction in a wide range of animal species, often
involves elaborate behavioural interactions between parents and their offspring. Due to the
reciprocal nature of these interactions, it has been hypothesized that parental and offspring
behaviours (e.g. parental food provisioning and offspring begging) are not only target but
also agent of selection. These traits are therefore expected to co-evolve, ultimately leading to
co-adaptation of parent and offspring behaviours within families. However, empirical data on
such parent-offspring co-adaptation are limited, particularly for wild populations. Furthermore,
mean levels of behaviour (as measured in previous studies) may not adequately describe the
dynamic nature of the reciprocal interplay between parents and their offspring, and instead
rather the behavioural reaction norms for provisioning and begging may be co-adapted. We
applied a large-scale cross-fostering study over 3 consecutive breeding seasons to
investigate whether provisioning behaviour of wild blue tit (Cyanistes caeruleus) parents covaries with the begging behaviour of their genetic, cross-fostered offspring. We
simultaneously analysed parent and offspring behaviours, both as static traits (mean levels)
and behavioural reaction norms (offspring begging as a function of food deprivation and
parental provisioning as a function of short-term experimental changes in brood size).
Neither maternal nor paternal provisioning rates co-varied with the begging intensity of their
genetic offspring when analysed as mean levels of behaviour. However, the slopes of the
reaction norms for provisioning and begging were negatively correlated between male, but
not female, parents and their genetic offspring. Thus, fathers that change their provisioning
rate strongly with brood size sire offspring whose level of begging only weakly increases with
hunger, and vice versa. The observed co-variation suggests the existence of sex-specific optima
for parent-offspring trait combinations. Thus, our study not only highlights the importance of a

behavioural reaction norm approach when investigating parent-offspring interactions, but
also stresses the relevance of considering parents as separate units, at least for biparental
species.

40

Chapter 2 Co-adapting parent-offspring behaviours

Keywords:
behavioural reaction norm, blue tit, evolution, family conflict, interacting phenotypes, offspring
solicitation, parental care, passerine bird, provisioning, responsiveness

41

Chapter 2 Co-adapting parent-offspring behaviours

Introduction
Parental care is a widespread behaviour in the animal kingdom, and is thought to increase
parental fitness through improved offspring condition and survival (Clutton-Brock 1991;
Kölliker et al. 2012). However, parental care is costly, for example energetically, in terms of
the time it takes, or because of an increased risk of predation. These costs of parental care
reduce the parents’ survival probability and their future reproductive capacity. Thus, parents
should balance the amount of care they provide with the associated costs, leading to the
fundamental trade-off between reproduction and life span (Stearns 1989).
The optimal investment into parental care made by an individual depends not only on itself,
but also on the contribution to care by its partner, at least in biparental species. This
cooperation may not be free of conflict as each individual parent gains fitness benefits from
the total level of care provided, yet generally only pays the costs for its own contribution
(sexual conflict over parental care, Trivers 1972). However, not only parents, but also the
offspring may have control over the amount of parental care provided, e.g. through begging
for food (Royle et al. 2002; Hinde 2006). This parent-offspring relationship creates another
evolutionary conflict, since individual offspring will seek greater parental investment than
parents are willing to provide, as each of the offspring (on average) shares only half its genes
with its siblings, while parents are equally related to all of their offspring (parent-offspring
conflict, Trivers 1974). Parent-offspring interactions over the amount of parental care
provided are typically interpreted in light of these family conflicts. Conflict resolution, when
evolutionarily stable behavioural strategies occur (Dobler and Kölliker 2009), has been
investigated in numerous theoretical studies (game-theoretical conflict resolution models,
e.g. Godfray 1991; quantitative genetic models, e.g. Kölliker et al. 2005).
Parent-offspring interactions are, however, not only of interest in the context of evolutionary
conflicts between individuals. Interactions within the family environment also represent an
example of social selection. Indeed, trait expression may not only depend on an individual’s
own genotype (direct genetic effects), but also on the genotypes of individuals it interacts
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with (indirect genetic effects, Moore et al. 1997; Wolf et al. 1999). In such a situation, traits
can be agents and targets of selection at the same time (Lock et al. 2004), and both the
individual as well as its social environment can evolve (Cheverud 2003; Wolf 2003). Parentoffspring communication regarding the amount of food to be provided within the family
environment provides an example of such interacting traits, with offspring begging for food
and parents responding to their offspring by providing it. The interaction is thus shaped by
reciprocal selection. Feldman and Eshel (1982) suggested that there is a “possibility of coadaptation” in interactions between dependent offspring and providing parents when
genotypes, and thus phenotypes, of individuals can evolve. The idea of parent-offspring coadaptation within families was explicitly considered in later co-adaptation models (e.g. Wolf
and Brodie 1998). This, in conjunction with the fact that certain trait combinations yield higher
fitness (Royle et al. 2014), led to the prediction of an intra-familial correlation between parent
and offspring traits.
Indeed, a number of recent studies across a range of different species provided empirical
support for within-family co-adaptation between offspring and parental traits. These studies
have typically demonstrated that certain (interacting) traits, such as parental provisioning and
offspring begging, co-vary on a phenotypic level between two consecutive generations
(burrower bugs (Sehirus cinctus), Agrawal et al. 2001; mice (Mus musculus), Curley et al.
2004; Hager and Johnstone 2003; burying beetles (Nicrophorus vespilloides), Lock et al.
2004; rhesus macaques (Macaca mulatta), Maestripieri 2004; canaries (Serinus canaria),
Estramil et al. 2013; Hinde et al. 2009; great tits (Parus major) Kölliker et al. 2000).
However, one aspect that has thus far hardly been taken into account is that parental care
involves a continuous reciprocal interplay between parents and offspring. Parents feed
according to changes in offspring begging, and offspring change their begging according to
supply and the consequent changes in their hunger level. It has therefore been suggested
that the behavioural reaction norms for begging and provisioning rather than mean levels of
behaviour should co-adapt (Smiseth et al. 2008; Dobler and Kölliker 2009). Such behavioural
reaction norms provide information on how individuals change their behaviour (here: food
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provisioning / begging) over an environmental gradient (here: brood demand / food
deprivation) (Dingemanse et al. 2010). The responsiveness to environmental conditions is
thus analogous to the phenotypic plasticity of an individual, which is an important aspect of
the individual behavioural phenotype, as recently highlighted (Dingemanse et al. 2010). This
is obviously also vital in the context of parental care. As a case in point, individual house
sparrows vary in how they change their provisioning in response to changes in, amongst
other factors, nestling age (Westneat et al. 2011). However, phenotypic plasticity has never
been considered for parental provisioning and offspring begging simultaneously (see Kölliker
et al. 2000 for a unilateral approach). Nevertheless, as outlined above, this approach is
necessary when studying co-adaptation of parent and offspring behaviours (Royle et al.
2014), because of the highly dynamic nature of the interactions between parents and
offspring (Kölliker et al. 2012).
Here, we performed a large-scale cross-fostering study in a wild population of blue tits
(Cyanistes caeruleus, former Parus caeruleus, L., 1758), a passerine bird with biparental
care, to test for parent-offspring co-adaptation within families. We focused on the two central
traits shaping the behavioural interactions between parents and offspring in blue tits: the rate
of parental provisioning (Kölliker et al. 2000) and the intensity of offspring begging, which
was measured individually in an established begging test (see Goodship and Buchanan
2006; Hinde et al. 2009). We studied co-adaptation of static traits, using mean levels of
behaviour as well as – for the first time – co-adaptation of behavioural reaction norms
simultaneously for both parties. For the offspring, we measured the change in begging
behaviour in relation to changes in their hunger level, which was manipulated via food
deprivation. In the case of the parents, we carried out short-term brood size manipulations to
measure the individual responses in provisioning to changes in brood size (and thus
begging). Making use of reciprocal cross-fostering of whole clutches, we disrupted potential
co-adjustment

between

offspring

solicitation

and

parental

provisioning

behaviour.

Furthermore, this technique allows us to investigate whether a mechanism potentially
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causing parent-offspring co-adaptation acts pre- or post-hatching (as the former has been
found in other species, e.g. Hinde et al. 2009; Estramil et al. 2013).
We suggest that potential co-adaptation between parental and offspring behaviours is better
reflected by the behavioural reaction norms than by mean levels of behaviour. Furthermore,
sex differences may arise if one sex is more responsive to, or better informed about, (foster)
offspring need (e.g. Stamps et al. 1985; Christe et al. 1996a; Slagsvold 1997; MacGregor
and Cockburn 2002). Finally, if co-adaptation is mainly achieved via maternal effects (Hinde
et al. 2010), females may have more of an opportunity to match offspring begging to their
own quality or to that of their partner (Kölliker et al. 2000; Müller et al. 2007; Hinde et al.
2010).

Material & Methods
Study area and general methods
We conducted our experiments from March – May in a nest-box population of blue tits
breeding in Peerdsbos, a mature oak-beech forest near Antwerp (51°16’N, 4°29’E, Belgium)
in 3 consecutive years (2011 – 2013). Daily checking of nest-boxes allowed us to determine
clutch size and the onset of incubation, in order to estimate the hatching date of the chicks
(tab. 1).

Table 1. Breeding parameters for each study year for those nests where both parents
provisioned the offspring (2011: N=29, 2012: N=28, 2013: N=50).

Parameter
Average laying date of 1st egg
Start date of incubation
Average brood size (un-manipulated)
Average hatch date
Individual chick mass on day 15 [g]
Hatched chicks that fledged [%]
Average begging score
Average provisioning rate females [visits / min]
Average provisioning rate males [visits / min]

2011
10th April
19th April
10
1st May
11.14
98.1
7.58
0.25
0.25

Year
2012
5th April
21st April
10
1st May
10.72
98.5
9.67
0.51
0.50

2013
24th April
4th May
11
16th May
10.92
97.3
6.97
0.39
0.48
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Three days before the expected hatching, we cross-fostered eggs reciprocally between two
nests (= dyad) that were matched for clutch size (maximum difference: two eggs), and
anticipated hatching date (maximum difference: 2 days) (2011: 20 dyads = 40 nests; 2012:
27 dyads = 54 nests; 2013: 32 dyads = 64 nests).
We defined the day of hatching of the first chick of a nest as day 1. Chicks were provided
with a metal ring with a unique number and individually weighed on day 15. Parents were
caught on day 9 using nest-box traps, whilst feeding their foster chicks. If caught for the first
time, they were weighed, banded and given a unique colour ring combination for
identification. For birds that had been caught previously, we only measured body mass (to
the nearest 0.01g).

Begging behaviour
On day 7, two chicks per nest (in 2011: randomly chosen; in 2012 and 2013: the 2 nd and 4th
chick in a descending weight ranking) were individually placed in a warmed artificial nest-box
to record their begging behaviour as a function of duration of food deprivation. In 2011,
chicks were fed till satiation with Orlux hand-rearing food (Orlux Handmix, Versele-Laga,
Belgium, protein content: 21%, vitamin content / kg: A: 300µg, D3: 37.5µg, E: 80mg; 9 parts
warm water + 1 part Orlux powder), administered through a 1ml plastic syringe. In 2012 and
2013, chicks were fed with defrosted blue bottle maggots. After 60, 90 and 120 mins we
opened the artificial nest-box and videotaped the begging behaviour of the chick inside until it
ceased begging using a video camera (Sony, DCR-SX 30). In addition to the visual stimulus
of a change from darkness to natural daylight, we presented an acoustic stimulus. In 2011
we tapped three times with a ball pen against the box (Kölliker et al. 2000; as in Estramil et
al. 2013). In 2012 and 2013, we used a playback of two parental feeding calls, recorded in
2011. We consider it unlikely that the change in protocol influenced the outcome of the
within-family relationships that we intended to study, as within each year, only one method
was applied (see fig. S1 in supporting information for a graph showing the change in begging
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with the duration of food deprivation for different years). After testing, we immediately fed the
chicks and returned them to the nest.
Following the breeding season, we analysed the chick’s begging behaviour from the
videotapes, according to a rating scale, modified from Kilner (2002): 0 = chick is not begging,
1 = chick’s beak is open and its head is in a horizontal position, 2 = chick’s beak is open and
its head is leaned back in an angle of ~45°, 3 = chick’s beak is open and the head is leaned
back in an angle of 90°, 4 = as 3 plus the neck is stretched, 5 = as 4 plus the back of the
chick is in a vertical position. For each begging test, scores were applied every second and
then summed. Average values for the begging scores of the two chicks were used for
statistical analysis (i.e. the mean of the scores for the two chicks for each of the three
measurements taken at 60, 90 and 120 mins).
We estimated the responsiveness in begging (i.e. the behavioural reaction norm for offspring
begging) as the change in begging across increasing levels of food deprivation by
subtracting begging scores of 60 min from that of 120 min.

Provisioning behaviour
In the morning of day 10 we placed an infra-red camera (420TVL) inside underneath the lid
of the nest-boxes, facing downwards to the nest. We discarded the first 30 minutes of the
video recordings to account for the potential influence of this disturbance on our
measurements (Kölliker et al. 1998). The following 2 hours of the recordings were used for
later analysis. Here, provisioning behaviour (towards the cross-fostered but otherwise unmanipulated brood, henceforth called ‘un-manipulated brood’) was scored as the number of
individual feeding visits per minute (= provisioning rate) using “The Observer XT” software
(version 10.0.526, 2010, Noldus Information Technology, The Netherlands). In addition, we
measured prey item size in three categories (1=small; 2=intermediate; 3=large, sensu
Kölliker et al. 1998).
Blue tit parents perform a few hundred feeding visits per day and nestlings fledge on average
after 20 days (Schlicht et al. 2012). To assess the responsiveness (i.e. the behavioural
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reaction norm) of the parents to changes in brood demand we reciprocally manipulated the
brood size on day 11 within two nests of a cross-fostering dyad in a short-term experiment in
the years 2011 and 2012. We reduced broods by taking 2 chicks from one nest (henceforth
called ‘reduced’ treatment) and placing them in the partner nest, thereby also creating an
enlarged brood (henceforth called ‘enlarged’ treatment). After 2.5 hours we swapped the
treatment for another 2.5 hours. The reduced and enlarged broods were filmed during the
treatment. Again, we discarded the first 30 minutes of the recordings and scored the
provisioning rates (and prey item size) for the subsequent 2 hours (see above). The
responsiveness of the parents to offspring demand (i.e. the behavioural reaction norm for
parental provisioning) was calculated as the difference between the parental provisioning
rates during the enlarged and reduced treatment.

Statistical analyses
Co-adaptation between the mean levels of parent and offspring behaviours was investigated
using linear mixed effect models (LMEs) with restricted maximum likelihood (REML), where
the dependent variable was the parental provisioning rate (square root transformed, model
1). We only included nests where both parents contributed to provisioning, as we are
interested in sex differences (2011: 29 out of 40; 2012: 28 out of 54; 2013: 50 out of 64).
Each year, some nests are raised by the female alone. This is due to, among other reasons,
polygyny and male desertion under harsh conditions. Nest ID nested in Dyad ID was
included as a random effect, year, parent sex, mean begging score of genetic chicks (raised
in a foster nest) and mean begging score of foster chicks (raised in the focal nest) were
included as fixed factors. Furthermore, we included the interaction effects ‘parent sex ×
begging scores of foster chicks’ and ‘parent sex × begging scores of genetic chicks’ to test
whether the slopes of the relationship between parental provisioning rate and (foster)
offspring begging score differed between the sexes. We additionally included the interaction
‘year × begging score of genetic chicks’ as chicks were selected differently for the tests in
2011 versus those in 2012 and 2013.
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We then repeated the analysis described above, but this time replaced mean levels of
behaviour with the behavioural responsiveness of parents and offspring (reaction norms,
model 2). Random effects were the same as in model 1. However, the sample size is smaller
given that brood size manipulations were only performed in two out of the three years. We
again only included nests where both parents contributed to provisioning in both the
‘reduced’ and ‘enlarged’ treatment (2011: N=22; 2012: N=29). As we found that the
interaction of the sex of the providing parent and the begging responsiveness of genetic
chicks had a significant effect on parental provisioning responsiveness, we ran the model for
each sex separately, to further investigate this result. Data are available from the Dryad
Digital Repository (doi: 10.5061/dryad.hn390; Lucass, Korsten, et al. 2015a)
For implementing LMEs, we used the package ‘lme4’ (Bates et al. 2013) in R (version 3.0.2,
R Core Team, http://www.R-project.org, 2013). To obtain a minimal model, we performed a
stepwise backwards elimination by using the package ‘lmerTest’ (Kuznetsova et al. 2014)
that sequentially deletes terms with a P-value higher than 0.05, starting with the least
significant interaction. We confirmed the validity of all final models by visual inspection of
residuals for normality, heteroscedasticity and non-linear patterns.
Incomplete dyads may occur, for example in cases where parents deserted the nest after
day 7 but before day 10 (i.e. after quantifying begging intensity of foster chicks but before
parental provisioning), leading to a potentially uneven sample size within years. The applied
technique, however, is appropriate for dealing with unbalanced data (Bates 2010).
Data from a small proportion of females (9 out of 101) and males (2 out of 74) were used in
two consecutive years. Although probably not completely independent we did not account for
this in our models as all birds had new partners and experienced a new ecological
environment.
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Results
Co-variation between mean levels of parental provisioning and offspring begging
We did not find a significant relationship between parental provisioning rate and either
‘begging of genetic chicks’, raised in a foster nest, or ‘begging of foster chicks’, raised in the
focal nest. Similarly, neither of the interactions of these two terms with parental sex was
significant (tab. 2, model 1, Fig. 1), indicating no sex differences in the relationship. The ‘year
× begging score of genetic chicks’ interaction was not significant, indicating that the parentoffspring relationship did not differ between years. Therefore, all of these terms were
excluded from the final model. There was a non-significant trend for males to have higher
provisioning rates than females (tab. 1 and 2). Provisioning rates differed between years
(reduced model: year: F2,211=31.74; P<0.001, tab. 1 and 2, Estimate, mean ± SE: 2012: 0.196
± 0.027, 2013: 0.159 ± 0.024).

Table 2. LME model of parental provisioning rate. Nest ID nested in Dyad ID was included as
a random effect. Predictors retained in the reduced model (see text) are in bold. N = 107
nests.
Source of variation
1) Parental provisioning rate (sqrt)
Year
Parent sex
Begging score of genetic chicks
Begging score of foster chicks
Begging score of genetic chicks × Parent sex
Begging score of foster chicks × Parent sex
Year × Begging score of genetic chicks
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F
31.74
3.50
0.45
2.07
1.09
2.12
0.99

df
2,211
1,210
4,207
1,209
1,206
1,208
2,204

P
<0.001
0.006
0.505
0.152
0.300
0.147
0.373
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Figure 1. Provisioning rates [visits / minute] of mothers (red squares) and fathers (blue dots)
plotted against the begging scores of (a) genetic chicks raised in the foster nest and (b)
foster chicks raised by the focal parents.

Co-variation between the responsiveness for parental provisioning and offspring begging
We found a significant interaction effect for ‘begging responsiveness of genetic chicks ×
parental sex’ (tab. 3), indicating that the sexes differ with regards to the relationship between
their provisioning responsiveness and the begging responsiveness of their genetic chicks
(raised in a foster nest) (Fig. 2a). None of the other terms included had a significant effect (in
all cases, P>0.138, see tab. 3).
We further investigated the above mentioned significant interaction by repeating the analysis
for the two sexes separately and found that the begging responsiveness of genetic chicks
was negatively correlated with male (F1,48=4.22, P=0.027), but not female (F1,42.66=0.92,
P=0.343) provisioning responsiveness.
To satisfy brood need, parents could also adjust the prey size per feeding event. This would
remain undetected when only the provisioning rate is considered. Consequently, we
repeated our analyses (models 1 and 2) using a measure that integrates the prey item size in
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parental provisioning (termed weighted provisioning rate, calculated as the provisioning rate
multiplied by the average prey item size using three size categories, sensu Kölliker et al.
1998; Kölliker et al. 2000), which yielded similar results (see tab. S1 and S2). That being
said, the interpretation of such an approach is difficult, as the exact scaling of the nutritional
value of the different prey items is unknown.

Table 3. LME model of parental provisioning responsiveness. Nest ID nested in Dyad ID was
included as a random effect. Significant variables in the reduced model are highlighted in
bold. N = 51 nests.
Source of variation
2) Parental provisioning responsiveness
Year

F

df

P

2.39

1,20.14

0.138

Parent sex

3.10

1,49.0

0.085

Begging responsiveness of genetic chicks
Begging responsiveness of foster chicks
Begging responsiveness of genetic
chicks × Parent sex
Begging responsiveness of foster chicks ×
Parent sex
Year × Begging responsive-ness of genetic
chicks

0.19
0.06

1,41.70
1,46.51

0.666
0.801

4.33

1,49.0

0.043

1.53

1,48.0

0.36

1,37.28
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Estimate

SE

--male:
0.044
0.001
--male:
-0.003

---

0.222

---

---

0.548

---

---

0.025
0.001
--0.002

Chapter 2 Co-adapting parent-offspring behaviours

Figure 2. Provisioning responsiveness [the difference in the number of feeding visits per
minute between an enlarged (+2 chicks) and a reduced brood (-2 chicks)] of mothers (red
squares, dotted line) and fathers (blue dots, solid line) plotted against begging
responsiveness (the difference in the begging scores after 60 and 120 mins of food
deprivation) for (a) genetic chicks raised in the foster nest and (b) foster chicks raised by the
focal parents.

Discussion
We hypothesized that the reaction norms of parental provisioning and offspring begging
should be co-adapted within families, due to their dynamic and reciprocal interplay. We
indeed found evidence for such parent-offspring co-adaptation, but only the paternal
provisioning responsiveness co-varied with the begging responsiveness of the genetic
offspring. This relationship, however, was not observed when using a static trait approach.
The latter result contrasts with the findings of a number of previous studies. Potential
mechanisms explaining the observed sex differences, as well as their consequences, are
discussed below.
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Within-family parent-offspring co-adaptation
Parental care involves a continuous reciprocal interplay between parental provisioning (in
response to changes in begging) and offspring begging (in response to the amount of
parental care). Given the dynamics of this relationship, it has been suggested that
behavioural reaction norms of individuals rather than mean levels of traits should co-adapt
(Smiseth et al. 2008; Dobler and Kölliker 2009), but this has thus far only rarely been
considered, either theoretically (Kölliker et al. 2010) or empirically. Following such a
behavioural reaction norm approach, we found a negative correlation between the paternal
but not maternal responsiveness in provisioning (to changes in brood size) and the
offspring’s responsiveness in begging (to changes in hunger). Thus, fathers that strongly
alter their provisioning rate with experimentally manipulated brood size have offspring that
exhibit limited variation in their level of begging with food deprivation, and vice versa.
A quantitative genetic model by Kölliker et al. (2005) suggested that – assuming the
observed phenotypic correlation between parent and offspring behaviours reflects an
underlying genetic correlation – a negative sign of the correlation may indicate that offspring
are in control of parental provisioning and selection is expected to predominantly act on the
parental generation (Agrawal et al. 2001; Maestripieri 2004). In contrast, a positive
relationship, as has been found in many previous studies (Kölliker et al. 2000; Curley et al.
2004; Lock et al. 2004; Hinde et al. 2009; Estramil et al. 2013), indicates that selection is
acting on the offspring generation. Unfortunately, we are lacking theoretical work on the coadaptation of behavioural reaction norms between family members, which would enable us
to properly interpret the negative relationship found in this study. Thus, we can only
speculate. However, being relatively unresponsive to changes in demand as a parent is likely
to prevent exploitation by offspring if offspring begging is highly responsive to changes in
hunger. Thus, fathers with demanding offspring may largely ignore changes in offspring
begging behaviour. But whether selection predominantly acts on offspring responsiveness
still needs to be demonstrated.
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Most previous co-adaptation studies in birds found positive co-variation between (mean
values of) parental provisioning and offspring begging, which suggests that selection may act
on offspring begging (Hinde et al. 2009; Hinde et al. 2010; Estramil et al. 2013; but see Dor
and Lotem 2010). In fact, two of these studies inferred the level of parental provisioning via
the growth rates of foster chicks (Hinde et al. 2009; Estramil et al. 2013). Growth represents
an estimate of mean provisioning, since it reflects the total amount of food received over a
given time period. Moreover, growth integrates the provisioning of both parents (Hinde et al.
2009). This assumes both parents respond the same way and prevents the study of sexspecific patterns, which we show to be potentially relevant. At present, we do not have any
information on whether patterns similar to those presented here would be found when
applying a behavioural reaction norm approach to previous studies that only considered
mean levels (Hinde et al. 2009; Dor and Lotem 2010; Estramil et al. 2013). The reason for
this is that it is unclear whether mean levels (in statistical terms: the intercept) of behaviour
correlate with the reaction norms (the slope across an environmental gradient, Dingemanse
et al. 2010).

Sex-specific opportunities for co-adaptation?
The pattern of father-offspring co-variation as revealed by our behavioural reaction norm
approach is novel. Until now, sex-specific co-adaptation has only been reported between
traits of the mother and her offspring (Kölliker et al. 2000; Agrawal et al. 2001; Curley et al.
2004; Lock et al. 2004; Maestripieri 2004). Unfortunately, some of these studies investigated
care traits that are exclusively expressed in females (i.e. uni-parental maternal care only,
Agrawal et al. 2001; milk let-down, Curley et al. 2004; contact behaviour, Maestripieri 2004).
In burying beetles, maternal – but not paternal – provisioning co-varied with offspring
begging under uni-parental conditions (Lock et al. 2004; Head et al. 2012), and a similar sex
difference was found in a study on great tits investigating maternal and paternal care
simultaneously (Kölliker et al. 2000). In this latter study, co-variation of parental behavioural
reaction norms (obtained via playbacks of high- and low energy levels of begging) and
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offspring begging (static trait) were investigated, showing that the maternal but not paternal
provisioning responsiveness co-varied with offspring begging (Kölliker et al. 2000). This
study is most comparable to ours, not only in terms of the study species but also the concept
applied.
Mother-offspring co-adaptation is typically explained by the fact that females have more
opportunities to alter offspring behaviour by means of maternal effects. This increases their
opportunity to match offspring to their own quality and thus the likelihood of co-adaptation. In
fact, it has been suggested that prenatal maternal effects are the main mechanism driving
co-variation, at least in canaries (Hinde et al. 2009; Hinde et al. 2010; Estramil et al. 2013).
However, females may also match (but not necessarily manipulate, see Müller et al. 2007)
offspring begging to paternal quality, promoting father-offspring co-adaptation, as we found
here. Females may obtain information on prospective paternal provisioning via, for example,
(sexually selected) male phenotypic traits (e.g. Buchanan and Catchpole 2000; GarcíaNavas et al. 2012) or male courtship feeding pre-laying. Maternal effects influencing mean
levels of offspring begging have been found to be mediated by maternal yolk hormones in
particular (reviewed in Groothuis et al. 2005; Smiseth et al. 2011), but we currently lack
evidence for such maternal effects on offspring begging responsiveness (but see Buchanan
et al. 2007 for hormonal regulation of begging responsiveness post-hatching).
Co-variation between the phenotypic expressions of offspring begging and parental
provisioning may also reflect an underlying genetic correlation (Wolf and Brodie 1998). A
prerequisite for a genetic correlation between behaviours is the behavioural variation to be
heritable, which has already been shown for both begging and provisioning (Webster and
Hurnik 1987; Freeman-Gallant 1999; MacColl and Hatchwell 2003; Dor and Lotem 2009; Dor
and Lotem 2010; Kim et al. 2011; Estramil et al. 2014b). However, studies on genetic
correlations between mean levels of behaviour are rare (but see Hager and Johnstone 2003
for an exceptional study on mice), and as yet have not been conducted for behavioural
reaction norms. Further work on the heritability and potential genetic correlations between
parent and offspring behaviours, particularly of the behavioural reaction norms, is strongly
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needed (Royle et al. 2014; see also the discussion by Smiseth et al. 2008). Even though it
appears unlikely that the underlying mechanism(s) would be purely genetic (Kilner and Hinde
2012), it seems even more unlikely that such a mechanism should differ between the sexes.
However, phenotypic differences may arise – despite a common mechanism – if one sex is
for example more responsive to, or better informed about, (foster) offspring need. Likewise,
Kölliker and colleagues (2000) argued that the lack of a paternal response may be due to sex
differences in the cues used for adjusting provisioning, with males using cues other than
vocal begging (but see Hinde 2006). The lack of a paternal response may have hindered an
investigation of the relationship between male responsiveness in provisioning and offspring
begging. In our study, we manipulated brood size, thus most likely begging with all its
components (vocal and visual displays), and we found that male and female parents equally
adjusted their provisioning rates in response to changes in brood size. Furthermore, mothers
were not more responsive to actual begging (of foster chicks) than fathers, which may have
masked an existing co-adaptation with their genetic offspring. Thus, taken together, we could
not identify any variable that may have confounded our estimate of female responsiveness.
Obviously, the social environment will play a significant role, and this should be taken into
account (Royle et al. 2014) since a parent responds to both (plastic responses in) the
parental effort of the mate and (changes in) offspring demand when adjusting its level of
investment.
Environmental variation may in general influence outcomes of studies under natural
conditions. For example, in 2012, weather conditions were harsh, likely causing the large
number of nests with maternal uni-parental care, which were excluded from our analyses.
Potentially, this could have led to a biased subset of pairs with comparatively high quality
males for which we investigated parental and offspring behaviours in that year. This again
highlights the importance of considering more than one year.
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Limitations of the behavioural measurements
This is, to our knowledge, the first such study in the context of co-adaptation of parental and
offspring reaction norms (but see Kölliker et al. 2000; Westneat et al. 2011 for a behavioural
reaction norm approach focusing on parental provisioning), and so further studies are
required to confirm our results. Such studies should take into account whether the respective
behavioural measures (mean values and responsiveness) are repeatable (Dor and Lotem
2010), which we unfortunately could not consider in this study. Blue tit breeding is highly
synchronised and the nestlings have only a short developmental period. The time window to
test begging is thus restricted, while the begging tests itself are very time-consuming,
particularly because of the implemented food deprivation. A previous study on provisioning of
blue tit parents suggested significant repeatability at least in terms of mean values of this
behaviour (Mutzel et al. 2013). Our two-hour video-recordings of provisioning are, compared
to other studies, already substantial (e.g. Kölliker et al. 2000). Nevertheless, it represents a
snap-shot of a much longer period of parental care (Pagani-Núñez and Senar 2013). At
present, PIT (passive integrated transponder) tags are a valuable tool to provide more data
over longer time periods (Mutzel et al. 2013).

Conclusions
We applied a novel behavioural reaction norm approach in the context of within-family
parent-offspring co-variation, to better capture the dynamic and reciprocal interplay between
parents and their offspring during parental care. In addition, our extensive 3-year crossfostering study was performed in a wild blue tit population, since environmental conditions
should be integrated when studying social selection in an evolutionary ecology framework.
We found that the paternal but not maternal responsiveness in provisioning co-varied
negatively with the begging responsiveness of their offspring. This sex difference in covariation was not detected in previous studies, as parents were not always treated as
separate actors. However, this difference has significant implications for conflict resolution
and parental investment within the family. We did not identify a mechanism that causes
58

Chapter 2 Co-adapting parent-offspring behaviours
parent-offspring co-variation, but any mechanism must have acted pre-hatching as all
clutches were cross-fostered prior to hatching.
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Abstract
Parental provisioning of food and offspring begging for the transfer thereof influence each
other reciprocally. This makes both traits agents and targets of selection, which may
ultimately lead to co-adaptation. The latter may reflect co-evolved parent and offspring
genotypes or could be due to maternal effects. Maternal effects are in turn likely to facilitate
in particular mother-offspring co-variation, further emphasized by the possibility that mothers
are sometimes found to be more responsive to offspring need. However, parents may not
only differ in their sensitivity, but often play different roles in postnatal care, which may
impact on the access to information about offspring need. We here manipulated the
information on offspring need as perceived by parents by playing back begging calls at a
constant frequency in the nest-box of blue tits (Cyanistes caeruleus). We measured the
parental response in provisioning to our treatment, paying particular attention to sex
differences in parental roles and whether such differences alter the perception of the intensity
of our manipulation. This enabled us to investigate whether an information asymmetry about
offspring need exists between parents and how it impacts on co-evolution between parental
provisioning and offspring begging. Our results show that parents indeed differed in the
frequency how often they perceived the playback due to the fact that females spent more
time with their offspring in the nest box. Correcting for the effective exposure of an adult to
the playback, the parental response in provisioning co-varied more strongly (positive) with
offspring begging intensity, independent of the parental sex, indicating co-variation of
parental and offspring traits on the phenotypic level. Females were not more sensitive to
experimentally increased offspring need than males, but they were exposed to more
broadcasted begging calls. Therefore, sex differences in access to information about
offspring need, due to e.g. different parental roles, have the potential to impinge on family
conflicts and their resolution.
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Introduction
In a number of species, offspring rely for a given time on pre- and postnatal parental care
(Clutton-Brock 1991; Royle et al. 2012a). A substantial amount of postnatal parental care
consists of food provisioning where parents interact with their offspring that possess private
information about their nutritional requirements. Offspring signal these requirements to their
parents via begging, to which the latter respond to by providing food. Once the offspring’s
nutritional requirements are satisfied, they will ultimately reduce their begging intensity and
parents will decrease feeding (Kilner and Hinde 2012). In other words, both parental
provisioning and offspring begging influence each other, and are consequently agents and
targets of selection at the same time (Lock et al. 2004). This reciprocal interplay, in
combination with the fact that the individual as well as its social environment (i.e. traits of
family members) can evolve (Cheverud 2003; Wolf 2003), has led to the hypothesis that
parental provisioning and offspring begging should co-evolve (e.g. Wolf and Brodie 1998).
Such intergenerational within-family co-adaptation has indeed been found in numerous
species (e.g. burrower bugs (Sehirus cinctus), Agrawal et al. 2001; mice (Mus musculus),
Curley et al. 2004; Hager and Johnstone 2003; burying beetles (Nicrophorus vespilloides),
Lock et al. 2004; rhesus macaques (Macaca mulatta), Maestripieri 2004; canaries (Serinus
canaria), Estramil et al. 2013; Hinde et al. 2009).
Parent-offspring co-adaptation may be due to co-evolved parent and offspring genotypes or
reflect (prenatal) maternal effects, that have been hypothesized to adjust offspring begging to
parental capacity (Hinde et al. 2009). Since maternal effects are obviously in control of
mothers, it should in particular support mother-offspring co-variation. However, most
previous studies have provided little insight into sex differences, as they investigated care
traits that are exclusively expressed in females (i.e. uni-parental maternal care only, Agrawal
et al. 2001; milk let-down, Curley et al. 2004; contact behaviour, Maestripieri 2004). Or other
studies used brood weight as proxy for parental provisioning (Hinde et al. 2009; Estramil et
al. 2013), which prevents investigating sex differences. However, in great tits (Parus major)
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maternal, but not paternal, provisioning responsiveness towards begging playbacks with a
constant interval was positively related to the mean begging intensity of their offspring, which
were raised by foster parents (Kölliker et al. 2000). Indeed, this sex-specific co-variation of
maternal provisioning and offspring begging has been interpreted to be due to maternal
effects and the fact that females were more responsive to offspring (vocal) begging than
males (see Fig. 1 in Kölliker et al. 2000).
Interestingly, males and females often play different roles during the phase of pre- but also
postnatal parental care (Smiseth et al. 2012). Females in most nidicolous birds engage
significantly more in nest sanitation (reviewed in Guigueno and Sealy 2012), thus, spending
more time with their offspring. As a consequence, females may possess better information
on offspring need, which may likely influence their responsiveness (Kölliker et al. 2000).
These sex differences in nest attendance may significantly contribute to the previously
observed sex difference in the parental response in provisioning as that manipulation allowed
for different information access due to a constant frequency begging playback (Kölliker et al.
2000). Indeed, sensitivity to experimentally increased brood need was not different between
the parents when both sexes had equal access to information – achieved via targeted
begging playbacks, that is begging calls were played back to individual parents at each nest
visit (Hinde 2006). However, as yet these previous studies neglected the consequences of
differing sex roles (Kölliker et al. 2000) or, when allowing for equal information access, did
not measure the consequences for parent-offspring co-evolution (Hinde 2006). Thus,
investigating whether it is information asymmetry between providing parents or a sex
difference in responsiveness that leads to sex-specific co-variation is highly relevant.
We here investigated provisioning of blue tit (Cyanistes caeruleus) parents in response to
begging playback and whether this response co-varies (in a sex-specific manner) with the
begging behaviour of their (cross-fostered) offspring. As access to information may be
unequal between the parents, we paid special attention to the individual perception of our
manipulation and, further, we investigated how the consequences of differing sex roles
during postnatal parental care impinge on parent-offspring co-evolution. We hypothesize that
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there is no sex-specific co-variation of parental provisioning and offspring begging, if
sensitivity to vocal begging is equal for both sexes (sensu Hinde 2006).

Material & Methods
Study area and general methods
We conducted our experiments between March and May 2013 in a nest box population of
blue tits breeding in Peerdsbos, a mature oak-beech forest near Antwerp (51°16’27.73”N,
4°29’3.38”E, Belgium). We assessed clutch size and onset of incubation (to estimate hatch
date of nestlings, see tab. 1 for breeding parameters) via daily nest box checks (see also
Lucass, Korsten, et al. 2015b). Studies on co-adaptation require a disruption of potentially
co-adjusted offspring solicitation and parental provisioning behaviours, which was achieved
by means of reciprocal cross-fostering of whole clutches between two nests (=dyad), that
were matched for hatch date (maximum difference two days) and clutch size (maximum
difference 2 eggs) three days prior to hatching. Day of hatching was defined as day 1. On
day 15 all nestlings were provided with a metal ring with a unique number and individually
weighed (“fledgling mass”). Parents were caught on day 9 when feeding their foster nestlings
using nest box traps. They were weighed, metal banded and provided with a unique colour
ring combination facilitating further identification. All experiments were conducted under
licenses from the Ethical Committee for animals (ECD) of the University of Antwerp (license
number 2011-10).

Begging behaviour
On day 7, we took the 2nd and 4th nestling in a descending weight rank and transferred them
to a warmed artificial nest box to perform a begging test. Prior the test each nestling was fed
with defrosted blue bottle maggots until satiation and begging behaviour was video-taped
(Sony, DCR-SX 30) after 60, 90 and 120 minutes of food deprivation by opening the nest box
(Lucass, Korsten, et al. 2015b). Additionally, we played back a parental feeding call that was
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recorded in 2011 from an individual unrelated to all test nestlings. After testing, we
immediately fed nestlings and returned them to their (foster) nest. From the videos we scored
chick begging postures every second using an established rating scale (modified from Kilner
2002), ranging from 0 (chick is not begging) to 5 (chick’s beak is open, the head is leaned
back in a 90° angle and the back is in vertical position) and summed the scores afterwards.
Brood begging intensity was calculated as the mean of all begging bouts (60, 90 and 120
min) of the two nestlings. Begging responsiveness was calculated as the change in average
begging scores of the two nestlings across increasing levels of food deprivation by
subtracting begging scores of 60 min from that of 120 min.

Playback treatments and parental provisioning behaviour
Before the start of our experiment we recorded begging calls of a brood (from a distant
population: Wilrijk, Campus Drie Eiken, 51°09’49.729”N, 4°24’3.241”E, Belgium). The
recordings were performed on day 11 post-hatching, and the respective brood (10 nestlings)
was food deprived for one hour by blocking the nest box entrance. Begging calls were
subsequently recorded with a sound-recording unit (M-Audio MicroTrack 24/96 Professional
Mobile Digital Recorder).
Using the program Audacity (v. 2.0.0, Audacity Team) we created audio-files at 32 bit and
44.1kHz. The first 30 min were filled with silence. This was followed by a period of “begging
call treatment” during which a begging call sequence (20s) was played back every 90s for
one hour. The “begging call treatment” was followed by a “silence treatment”, which
represented one hour of silence. We created a second audio-file where the order of “begging
call treatment” and “silence treatment” was reversed and audio-files were randomly allocated
to nests to stratify potential time of day effects. Response variables were not influenced by
playback order.
On day 11 we placed a mini-speaker with an inbuilt player (Difrnce SP 120) in 60 nest boxes
that were equipped one day earlier with an infra-red camera with an inbuilt microphone
(420TVL) facing downwards to the nest to video-tape parental provisioning behaviour. The
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mini-speaker was connected to a USB-stick with one of the two audio-files. We discarded the
first 30 minutes of the videos in order to avoid feeding bias due to our disturbance (Kölliker et
al. 1998). We also discarded the first 15 min of each treatment (begging call and silence)
enabling parents to adjust their provisioning in response to the treatment. This resulted in
videos of 45 min in each treatment that were analysed using “The Observer XT” (version
10.0.526, 2010, Noldus Information Technology, The Netherlands). We scored parental
provisioning rates [visits / min] and the number of experienced begging playback bouts
individually for the sexes. The individual parental response in provisioning was calculated as
the difference between the provisioning rates during the begging call treatment and silence
treatment. According to previous studies in closely related great tits (Parus major), nestling
begging is unaffected by begging playbacks (Kölliker et al. 2000; Hinde 2006). Also, from the
videos we did not observe that nestlings adjusted their begging towards playback, but we did
not quantify this. Due to technical problems (camera / speaker, N=12) or uniparental care
(N=8) we had to discard 20 nests, resulting in a sample size of 40 nests.

Statistical analyses
At first we investigated whether pair members differed in their response to the begging
playback. We performed a linear mixed effect model (LME) with the response in provisioning
as dependent and parental sex as explaining variable. We included the random effect Nest
ID nested in Dyad ID (model 1). In a second LME, using the same random effects as before,
we investigated whether the number of begging playback bouts that birds experienced
differed between the sexes (model 2). Finally, to fully disentangle factors driving the parental
response we used an LME (random effect: see above) with the fixed effects parental sex,
number of experienced begging playback bouts and the interaction of the two latter (model
3).
Next, we investigated patterns of co-variation between the parental response in provisioning
and begging behaviour of genetic and foster offspring. To this end, we first set-up an LME
similar to Kölliker et al. (2000) on the parental response in provisioning. Nest ID nested in
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Dyad ID was used as random effect. Fixed effects were parental sex, brood size, hatch date
(as Julian date), begging intensity of genetic and of foster nestlings. Further, we included two
interactions between the parental sex and begging intensity of genetic, respectively foster
nestlings (model 4), to check whether parents responded differentially.
As we found that the parental response in provisioning was not different between the sexes
but rather dependent on the number of experienced begging playback bouts (see model 3),
we added the number of experienced begging playback bouts as covariate to model 4 and
further included an interaction term between sex and the number of experienced begging
playback bouts (model 5).
In a last step, we repeated model 5 but replaced mean values with responsiveness of
begging (model 6).
All statistical tests were performed in R, version 3.0.2 (R Core Team, http://www.Rproject.org, 2013). For implementing LMEs, we used the package ‘lme4’ (Bates et al. 2013).
To obtain a minimal model, we performed a stepwise backwards elimination by using the
package ‘lmerTest’ (Kuznetsova et al. 2014) that sequentially deletes terms with a P-value
higher than 0.05, starting with the least significant interaction. We confirmed the validity of all
final models by visual inspection of residuals for normality, heteroscedasticity and non-linear
patterns.

Table 1: Breeding parameters for investigated nests (N=40)
Average hatch date
Average brood size
Average begging score
Average provisioning rate [visits / min] of females (control treatment)
Average provisioning rate [visits / min] of males (control treatment)

16th May
10
7.28
0.33
0.36

71

Chapter 3 Parental sex roles and co-adaptation

Results
Determinants of individual parental provisioning response
Parents differentially adjusted their provisioning behaviour in response to the playback
treatment (LME1: F1,39.0=7.256, P=0.010) with females responding more strongly than males
(Fig. 1a). The sexes also differed in the number of begging playback bouts they were
subjected to when being in the nest box (LME2: F1,39.0=46.399, P<0.001) with females being
significantly more exposed (Fig. 1b). Considering the latter revealed that the parental
response in provisioning was significantly influenced by the frequency of exposure to the
begging playback (LME3: F1,52.31=13.868, P<0.001), but not by parental sex (F1,47.53=0.213,
P=0.647) or the interaction of the latter two (F1,73.53=0.175, P=0.677).

Figure 1. The parental response, defined as the proportional change in the provisioning rate
from the silence treatment to the begging playback treatment (sensu Kölliker et al. 2000). A
clear difference between the provisioning response of mothers and fathers (a). The dashed
line indicates no change in parental provisioning between treatments, i.e. no response. Also
the number of experienced begging playback bouts is different between the sexes (b). Given
are mean ± SE.
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Co-variation between parental response in provisioning and offspring begging behaviour
When not taking the number of individually experienced begging playbacks into account, the
begging intensity of genetic nestlings appeared to be marginally significant (model 4,
F1,38.0=4.263; P=0.046, tab. 2), but this relationship did not differ between parents (model 4,
F1,37.0=0.168; P=0.685, tab. 2). However, the parental response to playback differed between
mothers and fathers (model 4, sex: F1,39.0=7.256; P=0.010, tab. 2).

Table 2. LME model (4) explaining the influence of offspring begging intensity on the parental
provisioning response (without correcting for the effectiveness of the treatment). Nest ID
nested in Dyad ID was included as a random effect. Significant variables that retained in the
reduced model are highlighted in bold. N = 40 nests.

Parental sex
Brood size
Hatch date
Begging intensity of genetic nestlings
Begging intensity of foster nestlings
Parental sex × begging
intensity of genetic nestlings
Parental sex × begging
intensity of foster nestlings

F
7.256
0.930
0.963
4.263
0.153

Df
1,39.0
1,35.65
1,37.0
1,38.0
1,34.49

P
0.010
0.312
0.333
0.046
0.698

0.168

1,37.0

0.685

0.272

1,38.0

0.605

The significant effect of sex on provisioning response again vanished when the number of
begging playbacks that individual birds experienced was included in the analysis (model 5,
sex: F1,48.11=0.092; P=0.761; number of experienced begging playback bouts: F1,53.82=15.678;
P<0.001; tab. 3). Further, the relationship between begging intensity of genetic nestlings and
parental provisioning response became stronger (F1,38.13=5.595; P=0.023, tab. 3, Fig. 2).
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Table 3. LME model (5) explaining the influence of offspring begging intensity on the parental
provisioning response (correcting for the effectiveness of the treatment). Nest ID nested in
Dyad ID was included as a random effect. Significant variables that retained in the reduced
model are highlighted in bold. N = 40 nests.

Parental sex
Brood size
Hatch date
Begging intensity of genetic nestlings
Begging intensity of foster nestlings
Parental sex × begging intensity of genetic
nestlings
Parental sex × begging intensity of foster
nestlings
Parental sex × number of begging
playback bouts experienced
Number of begging playback bouts
experienced

F
0.092
0.307
1.156
5.595
0.532

Df
1,48.11
1,37.58
1,36.95
1,38.13
1,36.16

P
0.761
0.583
0.289
0.023
0.471

0.564

1,36.64

0.458

1.025

1,37.91

0.318

0.476

1,70.79

0.492

15.678

1,53.82

<0.001

Estimate

SE

0.008

0.003

0.012

0.003

Figure 2. The relationship between begging intensity (measured as begging posture) of
genetic nestlings (that were raised in a foster nest) and the residuals of the parental
provisioning response (as the difference between provisioning rates towards the playback
treatment and the control treatment) after controlling for the number of begging playback
bouts that an individual parent experienced.
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When considering chick begging responsiveness instead of begging intensity (i.e. mean
values) the relationship was similar, but no more statistically significant (model 6, begging
responsiveness of genetic nestlings: F1,38.40=3.794; P=0.059; tab. 4).
Brood size, hatch date, begging intensity (respectively begging responsiveness) of foster
nestlings or interaction terms with parental sex did not significantly contribute to the models
(tab. 2-4).

Table 4. LME model (6) explaining the influence of offspring begging reaction norm on the
parental provisioning response (correcting for the effectiveness of the treatment). Nest ID
nested in Dyad ID was included as a random effect. Significant variables that retained in the
reduced model are highlighted in bold. N = 40 nests. Estimate of number of begging
playback bouts experienced, mean ± SE: 0.012 ± 0.003.

Parental sex
Brood size
Hatch date
Begging responsiveness of genetic
nestlings
Begging responsiveness of foster nestlings
Parental sex × begging responsiveness of
genetic nestlings
Parental sex × begging responsiveness of
foster nestlings
Parental sex × number of begging playback
bouts experienced
Number of begging playback bouts
experienced

F
0.160
0.047
0.189

Df
1,47.58
1,35.63
1,35.92

P
0.691
0.829
0.666

3.794

1,38.40

0.059

0.862

1,37.53

0.359

1.316

1,36.52

0.259

2.301

1,37.59

0.138

0.0

1,68.57

0.993

14.454

1,52.65

<0.001
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Discussion
In this study, we manipulated the brood demand as perceived by the parents via playback of
nestling begging. We show that blue tit parents do not differ in their sensitivity towards
offspring begging. But different sex roles lead to a divergent access to information about
(manipulated) offspring need, which in turn impinged on the rate of parental care. The
consequences of our findings for among other sexual conflict resolution and parent-offspring
co-adaptation will be discussed.

Parental Response to Begging Playback
Our first analysis revealed that mothers strongly increased their rate of provisioning in
response to our begging playback treatment, mimicking increased demand. Fathers on the
contrary responded only very little to our manipulation. These results differ from the
outcomes of most previous studies that investigated parental provisioning in response to a
begging playback (Ottosson et al. 1997; Burford et al. 1998; Clark and Lee 1998; Wright
1998; MacGregor and Cockburn 2002). However, our results are consistent with a study that
we in fact replicated in terms of the experimental set-up but with a different though
phylogenetically closely related species (great tits; Kölliker et al. 2000). The result of the
latter study was interpreted as such that females are more responsive to offspring (vocal)
begging than males. In contrast, no sex difference in parental response to begging playback
was found in a later study on the same species, when applying a slightly different
methodological approach, that is targeted playback of begging calls (Hinde 2006; Hinde and
Kilner 2007). We here show that the different methodologies are most likely responsible for
this discrepancy in study outcomes. We played back a sequence of begging every 90
seconds, thus, at a constant frequency and independent of the presence of an adult (sensu
Kölliker et al. 2000). When taking the effective exposure of an adult to our playback into
account, we show that the observed sex difference in provisioning is unlikely to reflect a sexspecific responsiveness towards vocal begging cues and thus offspring need. It is rather due
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to sex differences in the number of begging playbacks an individual experienced when
feeding the brood. Females experienced the begging playback bout more often (and thus
increased provisioning rate more steeply) than males because of different sex roles during
postnatal parental care. Paternal nest time per visit was short (on average 15s) as they just
stayed in the nest until the prey item delivered was swallowed by a nestling. The likelihood of
being in the nest during the playback was thus comparatively low. Mothers in contrast did not
only provide food, but they also sanitised the nest as has been shown in previous studies
(Christe et al. 1996b); the time they spent per visit in the nest was therefore much longer (on
average 55s). This obviously increased the likelihood of experiencing our begging playback.
To crystallize, females respond more strongly to the treatment since they are more exposed
to it, while the parental response per se is not different between the sexes. Indeed, Hinde
(2006) ensured that only the focal parent was exposed to the playback treatment when
entering the nest box, which, as mentioned above, resulted in similar responses of male and
female parents in terms of increased provisioning, which has been confirmed in a later study
(Hinde and Kilner 2007).
Due to different sex roles during nest keeping females possess better information on
manipulated offspring need. This may, also under natural conditions, lead to a sex
asymmetry in information about offspring need, since hungry offspring continue to beg after
the prey item has been delivered or during nest cleaning (pers. observation) although at a
lower frequency as in the experimental set-up. A potential information asymmetry between
parents is likely to have implications for among other the negotiation about care in the
context of sexual conflict over parental care (Trivers 1972). Successful negotiation will
depend on how well a parent is informed about partner care as well as about offspring need.
Here, females appear to be in an advantageous position as males possess less information
about brood need (due to the aforementioned short nest time). In order to compensate for
that, the sex with less information (here, males) may use partner effort as a source for
information to adjust its feeding behaviour, resulting in matched provisioning rates between
parents (Johnstone and Hinde 2006). The latter has been shown in great tits, where parents
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take turns visiting the nest (Johnstone et al. 2014), although it is yet unclear whether this
mechanism is indeed driven by males following their partner’s behaviour. Here, however the
paternal and maternal provisioning responses are not matched, which is likely due to the
relatively short duration (1h) during which the begging calls were broadcasted.
Finally, our playback consisted of a begging call of only one brood. This design is considered
to raise pseudo-replication issues (Hurlbert 1984; Kroodsma et al. 2001), that is when
observed effects can potentially be due to specific attributes of the (in this case) begging
playback instead begging calls in general. Although this is a valid objection, we chose this
design for two reasons: First, taking one begging call of a brood controls for variance
between recordings. Second, pseudo-replication plays an important role when it is important
for an individual to recognise (attributes of) the sender of a ‘signal’ (i.e. the playback), that is,
for example, in interactions in a sexual context or during competition (see also example in
McGregor 2000). However, begging vocalizations in blue tits function as a tool to
communicate hunger and parents are unable to recognise a brood from its begging, which is
supported by the fact that parents care for a brood even after cross-fostering (see e.g.
Lucass, Korsten, et al. 2015b). Thus, we believe that pseudo-replication effects are negligible
in our study (see also Burford et al. 1998).

Co-variation of Parental and Offspring Behaviours
Taking sex differences in access to manipulated information, thus the effectiveness of the
treatment, here begging playback, into account, we found that the provisioning response of
both parents co-varied positively with begging intensity of genetic offspring that were raised
in a foster nest. This relationship was much weaker when the effectiveness of the treatment
was not included. The matching trait combinations of offspring begging intensity and parental
provisioning response are likely to be the evolutionary outcome of selection that shaped
family interactions to minimise fitness costs. However, previously observed sex-specific
mother-offspring co-variation in great tits (Kölliker et al. 2000) may rather represent an
artefact of the methodology via a sex difference in access to playback. Thus, the hypothesis
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for biased co-variation of maternal and offspring traits that may be facilitated by maternal
effects remains as yet unsupported (Hinde et al. 2009). We further show that such sexdifferences are not facilitated by the fact that mothers are more responsive to offspring need,
which was in fact not the case in our study.
The results of this study are, however, in contrast to a previous study performed in the same
population of blue tits showing negative co-variation between paternal but not maternal
provisioning responsiveness to changes in brood size and their offspring begging
responsiveness to food deprivation (Lucass, Korsten, et al. 2015b). This may, again, relate to
differences in the methodology. Here, a playback treatment of one begging cue was used,
which was in addition a discontinuous manipulation (i.e. begging vocalizations are not played
back at every parental visit). However, begging is a multicomponent signal (e.g. Leonard et
al. 2003) and parents may use more than one begging cue (e.g. a visual cue like posture) to
reliably assess nestling condition (“redundant signal” or “backup signal hypothesis”
Johnstone 1996), as well as to respond to the number of offspring itself. Different begging
signals may also carry different messages (i.e. not only hunger but also, for example,
parasite infestation, see Christe et al. 1996a; “multiple message hypothesis”, Johnstone
1996). In contrast, brood size manipulations, as used by Lucass et al. (2015b), represent a
constant manipulation (i.e. equally strong manipulation at every parental visit) of all begging
cues, vocal and visual, where both parents respond to (Hegner and Wingfield 1987; e.g.
Dijkstra et al. 1990; Verhulst and Tinbergen 1997; Sanz and Tinbergen 1999; Magrath et al.
2007). Thus, it appears vital for the interpretation to understand what information a given
begging signal conveys, in order to understand the parental response, as well as the covariation with offspring traits.
Previous work suggested that the dynamic nature of the reciprocal interplay between
parental provisioning and offspring begging should lead to co-adapted behavioural reaction
norms (Smiseth et al. 2008; Dobler and Kölliker 2009). We therefore additionally analysed
the parental response to playback in terms of a change in feeding rate in relation to the
begging behaviour in response to an increase in hunger, both representing simple
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behavioural reaction norms. The co-variation remained qualitatively similar (statistical trend
for a relationship between both measures). However, our measure of begging intensity is in
fact tightly linked (positive) to begging responsiveness (regression model: F1,38=25.65,
R²=0.40, P<0.001). This is not surprising taking into consideration that begging intensity of
nestlings after 60 min of food deprivation is low (i.e. a low begging score). Thus, it may be
possible that the mean values (i.e. begging intensity) already captured the reaction norm of
begging.

Conclusions
We found that sex-specific parental roles during the phase of parental care have the potential
to affect the amount of information mothers respectively fathers can access about offspring
need. This had clear effects on the outcome of our study. But it may also impinge on the
resolution of evolutionary conflicts of interest within the family such as the sexual conflict
over the amount of care to be provided. An information asymmetry about offspring need
between pair members may likely affect negotiation.
However, parents did not differ in their responsiveness towards offspring need per se.
Different responses towards manipulated offspring need (obtained via begging playbacks
with a constant interval) are instead affected by different sex roles during parental care.
Studying aspects of family life thus requires to consider (the importance of) different roles of
all family members and to not only carefully fine-tune the applied methodology towards study
aims but also for the interpretation of data. The latter also appears crucial for our
understanding of co-adaptation of offspring begging and parental provisioning.
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Abstract
The expression of key traits like parental provisioning and offspring begging is confounded
by the parent-offspring conflict in species with parental care, with offspring seeking greater
parental investment than parents are willing to provide. Given the reciprocal interplay of
these traits, selection has likely favored specific parent-offspring trait combinations, and it
has been a longstanding question which party benefits most from this linkage. This will
become apparent in a mismatch situation, which we here experimentally created by
reciprocally cross-fostering blue tit broods. We hypothesized that offspring fledgling mass
and their excreted corticosterone metabolite levels (CM, reflecting stress) should vary with
the rate of (foster) parental care (if provisioning is under full parental control), with offspring
begging (if offspring is fully in control), or an interaction of both traits reflecting stable
endpoints along a power continuum. We found a significant interaction effect, i.e. highly
demanding broods reached lowest fledgling mass when raised by low providing parents (due
to partly unrewarded costly begging) but highest fledgling mass when raised by high
providers. This pattern, however, was not reflected in offspring CM levels. Parental
provisioning of the foster parents affected CM levels again in interaction with the offspring’s
begging level, but this pattern may rather reflect intensity and frequency of sibling
competition. Taken together, our results suggest that an adjustment of the offspring’s
phenotype to the post-hatching social environment is primarily beneficial for highly
demanding offspring and that parents have the upper hand (but probably not full control) over
provisioning.

Keywords
begging, blue tit, costs, corticosterone, mismatch, parent–offspring conflict
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Introduction
In species with parental care a large part of early offspring development takes place within
the family. This social environment as created by all family members has, therefore, a crucial
influence on individual fitness and trait evolution (Clutton-Brock 1991). Obviously, offspring
may develop best when its developmental trajectory matches the conditions of its family
environment, in particular the parental provisioning capacity. Offspring and parent behaviors
have indeed been shown to co-vary on the phenotypic level (e.g. Kölliker et al. 2000; Hager
and Johnstone 2003; Curley et al. 2004; Lock et al. 2004; Hinde et al. 2009; Hinde et al.
2010; Estramil et al. 2013), even though the underlying mechanisms are not fully understood
yet.
Another yet unresolved question is whether the observed patterns of parent-offspring trait
combinations serve the evolutionary interests of parents, offspring, or both. This question
arises since the dynamics between parent and offspring traits are influenced by an
evolutionary conflict of interest due to asymmetries in the rating of costs and benefits of
parental investment (parent-offspring conflict, Trivers 1974). In short, offspring will seek
greater parental investment (e.g. parental provisioning) than parents are willing to provide
(Trivers 1974). Addressing whether current parental provisioning represents the optimum for
parents (i.e. parents are in control of provisioning) or offspring (i.e. offspring are in control of
parental provisioning via means of begging) is thus highly relevant (e.g. Kölliker et al. 2005;
Hinde et al. 2010). Understanding who is in control can be studied best in an experimentally
induced mismatch situation, because the party that is not in control of provisioning is
supposed to pay a cost.
Most previous studies have found that offspring suffer from an exchange of young between
broods in terms of impaired growth (Hager and Johnstone 2003; Hinde et al. 2010; Lock et
al. 2004; but see Estramil et al. 2014a). However, these previous studies were done in
captivity, where relevant selection pressures (e.g. costs of foraging, predators and parasites)
are not acting on the family, which potentially skewed the results. Thus, experiments under
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natural conditions are essential to test how selection acts on traits in experimentally
manipulated conditions in order to understand how fitness costs shape parent-offspring
interactions. In addition, the above mentioned studies suggest that (foster) parents could not
(or were not willing to) satisfy offspring requirements. This nutritional stress in turn likely
increases levels of corticosterone (Díaz-Muñoz et al. 2000; Lynn et al. 2003), a
glucocorticoid hormone that is released as part of the adrenocortical stress-response
(Sapolsky et al. 2000), and mismatching may, therefore, also be reflected in stress hormone
levels. In offspring, an adequate stress response to food scarcity would be an elevation in
begging intensity in an attempt to extract more resources from parents. Corticosterone has
therefore been hypothesized to provide the mechanism of how the nutritional status of
offspring is communicated to parents by elevating begging intensity (reviewed in Smiseth et
al. 2011). Hence it appears vital to further investigate the relationship between corticosterone
levels and begging.

We performed a reciprocal full-brood cross-fostering study in blue tits (Cyanistes caeruleus),
investigating the effects of mismatched parent-offspring interactions in the wild. Full-brood
cross-fostering generates variation in the family environment for both offspring and parents
(Kölliker et al. 2012). This enabled us to study offspring begging as well as parental
provisioning in separation, and to detect how they – eventually in interplay – determine
offspring growth as measured via their fledgling mass (and thus fitness: e.g. Richner 1992;
Krause et al. 2009; Tilgar et al. 2010). Broods that beg most intensely should reach the
highest mass at fledging, if the rate of parental provisioning is under offspring control by
means of begging, and vice versa. If, however, the level of food provisioning is mainly
determined by the parents we would expect that offspring mass at fledging is mainly driven
by the rate of parental provisioning. The extent of growth reduction should additionally
increase with an increasing discrepancy between foster chick begging and parental
provisioning, given that begging is costly (e.g. Kilner 2001; Noguera et al. 2010; MorenoRueda and Redondo 2011) and that begging remains progressively unrewarded. Previous
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studies on birds found a positive co-variation between offspring begging and parental
provisioning (Kölliker et al. 2000; Hinde et al. 2009; Estramil et al. 2013), which has been
interpreted as such that parents control provisioning and selection is acting predominantly on
offspring begging (Kölliker et al. 2005). Therefore, we focused on costs for offspring, even
though all parties involved may suffer fitness consequences from a mismatch. Furthermore,
we expect to find either of the above described scenarios to be reflected on an even finer
scale, namely in the amount of excreted corticosterone metabolites (CM), which may also
form a mechanism of how offspring need is communicated via begging.

Material & Methods
Study area and general methods
We conducted our experiments in a nest-box population of blue tits breeding in Peerdsbos, a
mature oak-beech forest near Antwerp (51°16’N, 4°29’E, Belgium) in the spring of 2012
(March – May). Clutch size and onset of incubation (to estimate hatch date of chicks) were
assessed via daily checking of nest-boxes. Blue tits show moderate asynchrony between
hatching of the first and the last chick, with typically the last 1-2 chicks having one or two
days delay (Stenning 2008). We disrupted the potentially co-adjusted offspring solicitation
and parental provisioning behaviors by means of cross-fostering of whole clutches. Eggs of
two nests (=dyad) that were matched for hatch date (maximum difference 2 days) and clutch
size (maximum difference 2 eggs) were reciprocally exchanged three days before expected
hatching. In total clutches of 54 nests were cross-fostered. Day of hatching was defined as
day 1. On day 15 all chicks were provided with a metal ring with a unique number and
individually weighed (=fledgling mass) to the nearest 0.01g. This day is at the end of the
developmental period of chicks and is a standard measure of blue and great tit offspring,
predicting post-fledgling survival and recruitment (e.g. Both et al. 1999; Naef-Daenzer et al.
2001; Monrós et al. 2002; Nicolaus et al. 2008). Parents were caught on day 9 when feeding
their (foster) chicks using nest-box-traps. They were weighed, metal banded and obtained an

87

Chapter 4 Favored parent–offspring trait combinations?
unique color ring combination facilitating further identification. All experiments were
conducted under licenses from the Ethical Committee for animals (ECD) of the University of
Antwerp (license number 2011-10).

Begging behavior
On day 7, we took the 2nd and 4th chick in a descending weight rank and transferred them to
a warmed artificial nest-box to perform a begging test. We chose to perform the begging test
on day 7 as the chicks’ thermoregulation before day 7 is poorly developed. Thus, we
intended to test as late as possible to avoid hypothermia (potentially caused e.g. by
transportation to the begging test), ultimately impinging on the begging performance.
However, soon after day 7 (day 8-9) chicks open their eyes and show a fear response, which
makes it virtually impossible to elicit a begging response outside their natural environment.
The 2nd and 4th chick were chosen to standardize the procedure between nests and to avoid
potential effects of the hatching order on begging intensity. We took only two chicks per nest
as parents may desert due to “predation” (i.e. when chicks were temporarily collected for the
begging test), which may be especially problematic in small broods.
Prior to the test each chick was fed with defrosted blue bottle maggots until satiation. We
video-taped begging behavior (Sony, DCR-SX 30) after 60, 90 and 120 minutes of food
deprivation by opening the nest-box at each of the sampling points until the chick ceased
begging. Additionally, we played a parental feeding call back to offspring, each time the box
was opened. The feeding call was recorded in 2011 from an individual that was unrelated to
all test chicks. Begging was tested in a food deprivation gradient as part of a different study
on parent-offspring co-variation of behavioral reaction norms (see Lucass, Korsten, et al.
2015b). However, for the purpose of this study, we were not interested in the temporal
dynamics of how begging changes with hunger, but rather in the average begging phenotype
parents are confronted with.
After testing, we immediately fed chicks and returned them to their (foster) nest. From the
videos we scored chick begging posture every second using an established rating scale
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(modified from Kilner 2002), ranging from 0 (chick is not begging) to 5 (chick’s beak is open,
the head is leaned back in a 90° angle and the back is in vertical position (see also Lucass,
Korsten, et al. 2015b). Brood begging intensity was calculated as the mean of all begging
bouts (60, 90 and 120 min) of the two chicks. Thus, begging intensity reflects a combined
measure of posture and duration.

Dropping sampling and CM measurements
When weighing chicks prior to the begging test on day 7, we collected droppings of the 2nd
and 4th heaviest chicks (which also entered the begging test) and two additional randomly
chosen chicks to calculate a nest estimate of CM. Droppings were collected at day 7 to
investigate a potential relationship between CM and begging (which was measured on that
day). We measured levels of corticosterone via its CM, as it has a number of advantages.
First, collection of droppings is non-invasive, thus there are no effects of disturbance on the
levels of CM within the time of sampling in contrast to blood sampling (see Gil et al. 2008).
Second, it allows sampling at a very young age (here: blue tit chicks of 7 days of age, ~5.2g)
when taking a blood sample – of an amount that is required for a hormone analysis – can
potentially be life-threatening. Finally, it provides a cumulative measure of CM over time in
contrast to “snap-shot” concentrations, as obtained from blood samples.
The collected droppings were immediately transferred into a 1.5 mL Eppendorf tube and
stored on ice until return to the University of Antwerp where samples were transferred to a 80°C freezer until processing. After the breeding season droppings were defrosted. 0.05 g of
wet droppings (avoiding the urine part) were vortexed in 0.3 mL methanol (99.9%) and 0.2
mL distilled water for 15 min (Palme et al. 2013), centrifuged and 0.1 mL of the supernatant
was evaporated. The dried supernatants were sent to the University of Veterinary Medicine,
Vienna for further analysis. Samples were then re-solved in 0.1 mL of methanol (60%). We
included a hydrolysis step before analyzing the samples with the enzyme immunoassay
(EIA), which is especially useful when analyzing nestling droppings with the EIA we used
(Stöwe et al. 2013). 0.05 mL of the sample extracts were evaporated, afterwards dissolved in
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0.1 mL Na-acetate buffer and 0.2 μL β-glucuronidase/-aryl sulfatase (Merck 1.04114.0002)
and hydrolyzed at 38 °C for 18 h. We determined the amounts of immuno-reactive
metabolites using a cortisone EIA, which has been validated previously for blue tits (Lobato
et al. 2008; see also Stöwe et al. 2013). It measures glucocorticoid metabolites with a 3,11dione structure (detailed description in Rettenbacher et al. 2004). Samples were assayed in
duplicate, inter-assay variation was 2 % for the high level and 7 % for the low level pool.

Provisioning behavior
In the morning of day 10, we placed an infra-red camera inside at the top of the nest-box,
facing downwards into the nest and provisioning was recorded for 2.5h in all cross-fostered
nests. We discarded the first 30 minutes of the videos in order to avoid feeding bias due to
our disturbance (Kölliker et al. 1998). Provisioning behavior was scored during the remaining
2h using “The Observer XT” (version 10.0.526, 2010, Noldus Information Technology, The
Netherlands).
Blue tits are single-prey loaders, i.e. per visit a parent brings only one prey item and feeds it
to only one chick. Prey consists of invertebrates like spiders, caterpillars and small insects. In
order to obtain a measure of the food quantity brought to the nest we scored for every
feeding visit the prey size, classified as small (1), intermediate (2) or large (3) (sensu Kölliker
et al. 1998). The weighted provisioning rate (calculated as the provisioning rate multiplied
with the average prey item size, sensu Kölliker et al. 1998) integrates the prey item size in
parental provisioning, which, although the exact scaling of the nutritional value of prey items
is largely unknown, may provide a better estimate of provided food quantity than provisioning
rate only.

Statistical analyses
To test whether offspring begging or parental provisioning influenced fledgling mass, we
performed a multiple regression (MR) on the latter (model A). Explanatory variables were
‘hatch date’ (as Julian date), ‘brood size’, the ‘mean begging score of chicks’ and the
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‘weighted provisioning rate of their foster parents’. As we also included the interaction of the
latter two (=measure of the behavioral mismatch between begging of chicks and provisioning
of their foster parents), we mean-centered both variables prior the analysis to facilitate
interpretation of the main effects (Schielzeth 2010). Further, we included the ‘mid-parent
body mass’ of the genetic parents to control for potentially confounding genetic effects on
fledgling mass of cross-fostered offspring.
In a mismatch situation, chicks might suffer nutritional stress which could not only be
reflected in fledgling mass but also on a finer scale, that is on the level of stress hormones.
Thus, in a second MR we aimed to test whether levels of CM (square root transformed to
increase model fit) were predicted by a measure of mismatch (model B). We used the same
explanatory variables as in model A but instead of ‘mid-parent body mass’, we used the ‘time
of the day’ (henceforth called “time of collection”) at which the dropping was collected, as it
has been shown that levels of CM follow a circadian rhythm (e.g. Carere et al. 2003), and the
‘mean chick weight’ on day 7.
If mismatched traits of parent-offspring combinations are associated with the existence of
costs, we would expect to find co-adaptation. Thus, we tested for a relationship between
parental provisioning and offspring begging. We performed a third MR (model C) on the
‘begging intensity’, using ‘hatch date’, ‘brood size’ and the ‘weighted provisioning rate’ of both
foster and genetic parents as explanatory variables.
As it has been found in some studies that corticosterone affects begging (e.g. Kitaysky et al.
2001; Kitaysky et al. 2003), we investigated whether this relationship also exists in blue tits,
using a fourth MR (model D). ‘Begging intensity’ was the response variable and ‘mean fecal
CM levels’, ‘hatch date’ (as Julian date), and ‘brood size’ were used as predictor variables.
We checked the models by inspection of residuals for normality, heteroscedasticity and nonlinear patterns. All statistical tests were performed in R, version 3.0.2 (R Core Team,
http://www.R-project.org, 2013). Beta values of variables of multiple regressions were
extracted using the package ‘QuantPsyc’ (Fletcher 2012). Alpha value was 0.05. Sample
size may differ as we were not able to collect all data at all times.
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Results
Factors influencing fledgling mass
Fledgling mass was negatively linked to begging intensity (t44=-2.040; P=0.047), increased
with higher weighted provisioning rates of foster parents (t44=2.739; P=0.009) and also
affected by the interaction of the latter two (t44=2.183; P=0.034) (tab. 1A, fig. 1). Further,
brood size (t44=-2.228; P=0.031) but neither hatch date (t44=0.787; P=0.436) nor mid-parent
body mass of the genetic parents (t44=1.046; P=0.301) had a significant effect on fledgling
mass.

Table 1. Multiple regression analysis of factors influencing fledgling mass (A, R²=0.37;
F6,44=4.372; P=0.002; N=51), CM levels (B, R²=0.43; F7,43=4.678; P<0.001, N=51), and
begging intensity (D, R²=0.19; F3,47=3.736; P=0.017, N=50) of chicks.

Source of variation
Begging intensity a
Weighted provisioning rate
of foster parents a
Hatch date (Julian date)
Brood size
Mid-parent body mass of genetic
parents [g]
Begging intensity a × weighted
provisioning rate of foster parents a
Time of dropping collection
[minutes after midnight]
Mean chick weight [g]
Fecal CM levels

A) Fledgling
mass
β
P
-0.268 0.047

mean-centered

92

D) Begging
intensity
β
P
Not included

0.421

0.009

-0.171

0.246

Not included

0.112
-0.306

0.436
0.031

-0.093
0.213

0.508
0.108

-0.364
-0.045

0.135

0.301

Not included

0.244

0.034

0.258

0.048

Not included

Not included

-0.437

<0.001

Not included

Not included
Not included

-0.253 0.080
Not included

Significant p-values are indicated in bold.
a

B) Fecal CM
levels (sqrt)
β
P
0.052 0.725

0.009
0.744

Not included

Not included
0.233
0.092
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Figure 1. A 3D scatterplot with a regression plane on how (foster) parental provisioning and
own begging impinge on fledgling mass [g]. For ease of visibility the color of the regression
plane corresponds to Y-axis values ranging from blue (low) to orange (high).
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Factors influencing CM levels in chick droppings
Time of collection had a negative effect on (square root transformed) chick CM levels (t43=3.665; P<0.001). Also, the interaction term begging intensity × weighted provisioning rate of
the foster parents (t43=2.033; P=0.048; tab. 1B, fig. 2) had a significant effect on (square root
transformed) chick CM levels. However, there was no significant effect of begging intensity
(t43=0.353; P=0.725), weighted provisioning rate of the foster parents (t 43=-1.176; P=0.246),
hatch date (t43=-0.667; P=0.508), mean chick weight (t43=-1.792; P=0.080) or brood size
(t43=1.643; P=0.108) on CM levels (tab. 1B).

Figure 2. A 3D scatterplot with a regression plane on how (foster) parental provisioning and
own begging impinge on CM levels of chicks [ng/g dropping]. For ease of visibility the color of
the regression plane corresponds to Y-axis values ranging from blue (low) to orange (high).
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Parent-offspring co-adaptation?
Begging intensity was negatively influenced by hatch date (t48=-2.343; P=0.023), but neither
brood size (t48=0.360; P=0.720), nor weighted provisioning rates of foster (t48=-0.274;
P=0.785) or genetic parents (t48=-0.080; P=0.937) had a significant effect on begging (model
C: R²=0.14; F4,48=1.927; P=0.121, N=53).

The relationship between begging and CM
Brood size did not significantly influence begging intensity (t46=-0.329; P=0.744), but hatch
date (t46=-2.737; P=0.009) had a negative effect on the latter. Further, we found a nonsignificant trend (t46=1.720; P=0.092) for a positive effect of mean CM levels on begging
intensity (tab. 1D).

Discussion
Parental care benefits all family members, although it involves costs for the caregiver but
also for those that have to elicit care via vigorous begging displays. Selection may minimize
these costs by favoring particular parent-offspring combinations, which may be skewed
towards one party’s optimum. We found that matched parent-offspring combinations
benefited offspring particularly in terms of body mass as parents have control over the level
of provided care in terms of provisioning. Yet, this pattern also depended on the behavioral
phenotype of the offspring.

Consequences of mismatched parent-offspring combinations for offspring growth
Offspring growth, in terms of fledgling mass, largely depended on parental provisioning, but
also on their own begging behavior as well as on the interplay between parent and offspring
traits. More to the point, highly demanding broods reached the highest fledgling mass when
raised by parents that provided food at a high rate, but lowest fledgling mass when raised by
low provisioning parents. The observed strong growth reduction among high begging
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offspring raised by parents that provide little, is likely to be due to the costs of begging, which
remains partly unrewarded (e.g. Kilner 2001; Noguera et al. 2010; Moreno-Rueda and
Redondo 2011). These nestlings are unable to obtain resources beyond a (predetermined)
generosity of their (foster) parents. Thus, a pre-hatching adjustment to the post-hatching
social environment is – in the first place – beneficial for highly demanding offspring
(obviously parents benefit indirectly through offspring fitness). This is also supported by the
fact that fledgling mass of less demanding broods was intermediate, both, when raised by
high or low providing parents (fig. 1).
Low begging may represent another, more conservative, strategy which is largely
independent from the level of parental care. Even when mismatched to their advantage (i.e.
a low begging brood raised by high providing parents), offspring do not acquire a higher
fledgling mass than low begging broods raised by low providing parents (see fig. 1). To
crystallize, foster parents provided food at a high rate irrespective of the low levels of
begging by their foster chicks, but these resources were apparently not converted in body
mass gain. We currently lack an explanation for this and can only speculate that chicks
potentially re-allocate nutrients received from high-providing parents to other physiological
processes, that are not measured here, such as immunity (Hasselquist and Nilsson 2012).
Indeed, low begging offspring raised by high providing foster parents differed physiologically
as indicated by low levels of stress hormones (see below for a detailed discussion).
The fact that high begging nestlings can extract sufficient resources only from high but not
low providing foster parents (fig. 1), suggests that parents have the upper hand (but probably
not full control) in an ongoing battle for control over provisioning. This is supported by most
(e.g. Hager and Johnstone 2003; Hinde et al. 2010; Lock et al. 2004) but not all (Estramil et
al. 2014a) previous studies, providing evidence that offspring raised by foster parents
suffered fitness costs compared to offspring raised by own genetic parents. However,
differences between, but also within, species may occur due to different ratings of costs and
benefits. Thus, it is possible that dynamic changes occur on a power continuum during the
phase of parental care (Royle et al. 2002; Royle et al. 2012b), ranging from full parental
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control (Hinde et al. 2010) to full offspring control. In fact, parents may suffer costs in terms
of reduced survival or lower future reproductive performance (Hinde et al. 2010; but see
Estramil et al. 2014a), which we unfortunately could not measure here as parents frequently
disperse out of the study population.

Physiological consequences of trait mismatching
The interplay of both begging and foster parental provisioning influenced CM levels in chick
droppings too, but the pattern, as shown in fig. 2, does not reflect the results from the growth
analysis (fig. 1). More to the point, CM levels were particularly low when offspring that
begged very little were raised by parents that provided food at a high rate. This is interesting,
because the growth pattern of these nestlings was below what one would expect (see
above). Although these chicks did not convert given resources into body mass gain, they,
nevertheless, benefited from high levels of provisioning via lower stress hormone levels.
In contrast, stress hormone levels of high begging broods were comparatively high, largely
independent from the provisioning behavior of their foster parents. This may, on the one
hand, result from a causal relationship as corticosterone has been argued to affect begging
behavior (Kitaysky et al. 2001; Kitaysky et al. 2003, see below for a more detailed
discussion). However, given that we study the brood level, an alternative explanation may be
that begging intensity reflects the intensity of competition over a given prey item (i.e. sibling
competition is less fierce, and thus less stressful, in low than in high begging broods). In
addition, the frequency of parental provisioning may correspond to the level of perceived
(nutritional) stress, with frequent nest visits being less stressful as it diminishes periods of
starvation. Thus, frequency and intensity of competition among siblings may impinge on
stress hormone levels, leading to a most advantageous situation for low begging offspring
(i.e. low intensity of competition) raised by frequently providing parents.
Following this argumentation one may expect CM levels of high begging offspring raised by
low providing foster parents to be highest, as they experience the most intense sibling
competition (from high begging siblings) in infrequently occurring feeding events. However,
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an elevation above the (threshold of the) concentrations observed among high begging
chicks could be particularly costly. High levels of corticosterone have been associated with
impaired cognitive abilities (Kitaysky et al. 2003), a weaker immune response (Loiseau et al.
2008), depressed growth rates (Spencer and Verhulst 2007), and inhibition of feather growth
(Romero et al. 2005).
However, we did not find co-adaptation between offspring begging and provisioning of their
(genetic) parents, that is highly demanding offspring having parents that provide at a high
rate and vice versa (see also Lucass, Korsten, et al. 2015b for a more comprehensive
analysis). This is despite the fact that we provide evidence for offspring costs if parental and
offspring traits are mismatched, which are thought to stabilize co-adaptation of offspring
begging and parental provisioning (Kilner and Hinde 2012). But the optimal offspring
performance is not necessarily reached along the axis where parent-offspring trait
combinations are matched. Offspring in a mismatch situation can yield an equal performance
than matched offspring, for example, when comparing CM levels of high begging offspring
raised by low providing parents to CM levels of matched combinations. This suggests the
existence of different optimal parent-offspring trait combinations, which may impinge on the
pattern of co-adaptation.
Lastly, we have to stress that we collected droppings at day 7, while fledgling mass was
measured at day 15. Hence, the duration during which both measurements were affected by
the mismatch is different, and this temporal variation may possibly contribute to the observed
disparity between the pattern of the stress hormones and the one of the growth analysis (see
above). Nevertheless, we think that measures of stress, such as corticosterone, in the
context of parent-offspring co-adaptation may represent a fruitful avenue for future research.
It would be particularly interesting to collect droppings more frequently instead of only once
during the developmental period.
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Corticosterone and begging: signaling nutritional need?
We did not find that levels of corticosterone significantly affected nestling begging intensity.
However, in the context of our analyses it needs to be noted that metabolites of hormones
are excreted after they have acted on the individual, while we collected the samples prior to
the begging test. Collecting samples after the begging test, however, would not be ideal,
since corticosterone is central to the adrenocortical stress-response and stressors (e.g.
transportation to the begging test) could influence corticosterone measures, an argument
that may apply to previous correlative studies as well (e.g. Quillfeldt et al. 2006; Gil et al.
2008).
Finally, corticosterone may provide a physiological mechanism for some but not all begging
traits (reviewed in Smiseth et al. 2011). Our measure of begging intensity was a combination
of posture and duration, and both traits have been shown to be unaffected by the
experimental administration of corticosterone in earlier studies in passerine birds (Loiseau et
al. 2008; Wada and Breuner 2008), although reflecting hunger (Dickens et al. 2008).
Most convincing evidence that endogenous corticosterone regulates begging comes from
experimental studies on black-legged kittiwakes (Kitaysky et al. 2001; Kitaysky et al. 2003).
Thus, it remains unclear whether and how the applied study design (observational vs
experimental, see also Quillfeldt et al. 2006), the developmental mode of chicks (altricial
passerines vs semi-precocial seabirds) or species-specific differences contribute to the
different study outcomes.

Conclusions
Using a full-brood cross-fostering approach to create a mismatch between (foster) parental
provisioning and begging in a wild blue tit population, we show that offspring fitness, here
measured in terms of their mass at fledging, is determined by the joint influences of (foster)
parental provisioning and own begging. Parental provisioning had a particularly strong effect
on fledgling mass and intensely begging offspring could extract sufficient resources only from
high but not low providing foster parents. This indicates that parents have the upper hand in
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an ongoing battle about control of provisioning. Further, the consequences of a mismatch for
offspring were apparent on an even finer scale than fledgling mass, namely their
corticosterone levels. This measure was influenced by the interaction of foster parental
provisioning and own begging, potentially reflecting effects of stress due to intensity and
frequency of sibling competition. Future studies are now needed to investigate potential costs
for the parents in order to get a full understanding of the costs and benefits shaping parentoffspring interactions under natural conditions. Lastly, we failed to find that endogenous
corticosterone presents a physiological mechanism of begging, which, in combination with a
number of previous studies, questions the role of corticosterone for the regulation of begging
in passerine bird species.
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Abstract
Ambient noise has increased in extent, duration and intensity with significant implications for
species’ life. Especially birds, which heavily rely on vocal communication, are highly sensitive
towards noise pollution. Noise can impair the quality of a territory or hamper the transmission
of vocal signals such as song. The latter has significant fitness consequences as it may
erode partner preferences in the context of mate choice. Additional fitness costs may arise, if
noise masks communication between soliciting offspring and providing parents during the
period of parental care. We here experimentally manipulated the acoustic landscape of blue
tit (Cyanistes caeruleus) families with playbacked highway noise and investigated the
consequences on parent-offspring communication. We hypothesized that noise interferes
with the acoustic cues of parental arrival and vocal components of offspring begging. As
such we expected an increase in the frequency of missed detections, when nestlings fail to
respond to the returning parent, and a decrease in parental provisioning rates. Parents
indeed reduced their rate of provisioning significantly in noise conditions compared to a
control treatment. This reduction is likely to be the consequence of a parental
misinterpretation of the offspring hunger level, as we found that nestlings fail to respond to
the returning parent more frequently in the presence of noise. Noise potentially also masks
vocal begging components, again contributing to parental underestimation of offspring
requirements. Either way, it appears that by noise impaired parent-offspring communication
is likely to reduce reproductive success and thus ultimately fitness.

Keywords
blue tit, chick development, highway noise, missed detections, provisioning
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Introduction
Since the industrial revolution the extent, duration and intensity of anthropogenic noise
strongly increased and its effects on animal life have by now been studied in a number of
aquatic (Nowacek et al. 2007; Simpson et al. 2015) and terrestrial species (Brumm et al.
2004; Schaub et al. 2008; Parris et al. 2009; Barber et al. 2010). Among the latter, birds have
been studied most extensively (e.g. Patricelli and Blickley 2006; Habib et al. 2007; Swaddle
and Page 2007; Bayne et al. 2008; Slabbekoorn and Ripmeester 2008), which is not
surprising, as birds heavily rely on acoustic cues. This renders them particularly vulnerable to
potential negative masking effects of ambient noise. The interference of ambient noise with
acoustic communication has in fact the potential to reduce fitness (e.g. Barber et al. 2010;
Halfwerk et al. 2011; Schroeder et al. 2012). As female birds are known to assess quality of
potential mates based on acoustic cues (e.g. Catchpole and Slater 1995), ambient noise may
mask the sender’s signal (i.e. song) in a mate choice context (impaired mate choice
hypothesis). Thus, females may fail to choose the best partner, which may ultimately lower
reproductive success (Halfwerk et al. 2011) and has potential consequences for the
conservation of the species. Also, when auditory cues of approaching predators are masked,
individuals need to compensate for hampered auditory cue detection by increasing their
vigilance time (Rabin et al. 2006; Meillère et al. 2015). Such changes in the time budget
occur possibly at the expense of other activities such as the time spent foraging (Quinn et al.
2006). Both, a lower detectability of predators per se as well as its impact on foraging might
cause physiological stress (physiological stress hypothesis). Noise has thus the potential to
lower territory quality, reducing the availability of suitable habitat (Ware et al. 2015). Finally,
noise also impacts on reproductive success, which may be due to lower feeding rates under
noisy conditions (Schroeder et al. 2012). Thus, during parental care noise may mask
important components of parent-offspring communication (Leonard and Horn 2008;
Schroeder et al. 2012). However, obtaining care and resources by the parents is crucial for
offspring of most bird species, in particular in altricial species. Offspring share private
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information about their nutritional needs with parents using not only visual, but also vocal
begging displays. Parents respond to these cues by providing food (Kilner and Johnstone
1997). However, under noise conditions, parents may underestimate need when perceiving
begging of offspring on average less intense due to noise interference. Adult birds inhabiting
noisy environments show changes in acoustic parameters of (in particular male) song such
as in frequency (Slabbekoorn and Peet 2003; Potvin et al. 2014), amplitude (Brumm 2004) or
timing (Gil et al. 2015) to mitigate noise induced impairments on intra- and inter-sexual
communication (see also Halfwerk and Slabbekoorn 2014). However, not all of these
adaptations may be available for offspring, which, for example, are dependent on the
presence of their parents when begging for food, independent of the noise exposure.
We tested in a passerine bird species, the blue tit (Cyanistes caeruleus), whether and how
noise masks parent-offspring communication during the post-natal period when offspring is
highly dependent on parental food transfers. For individual offspring it is relevant to respond
to the returning parent immediately after arrival as they are in competition about food with
their siblings. Thus, we analysed the frequency of missed detections, when offspring fail to
beg at parental arrival (Leonard and Horn 2012), in two different environments (highway
noise playback vs control). If parent-offspring communication is influenced (i.e. masked) by
ambient noise, we expect to find an increase in missed detections by offspring (Leonard and
Horn 2012). As noise may not only mask auditory cues from parental arrival, but also vocal
begging signals of offspring, we compared parental provisioning rates between both
treatments (Schroeder et al. 2012). We expect parental provisioning rates to decrease in the
noise treatment, if begging is masked by ambient noise or the frequency of missed
detections is increased, as parents may misinterpret both as lower levels of begging and thus
hunger.
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Material & Methods
Study area and general methods
We conducted our experiments in a nest box population of blue tits breeding in Peerdsbos, a
mature oak-beech forest near Antwerp (51°16’N, 4°29’E, Belgium) in the spring of 2012
(March – May). By daily checking of nest boxes we determined clutch size and onset of
incubation, in order to estimate the hatching date of the chicks. All clutches of this population
were cross-fostered by exchanging equally sized clutches three days prior estimated hatch
date between two nests, thus, disrupting a potential co-adjustment between both behaviours.
Cross-fostering was not specifically relevant for this study but it was part of general
experimental procedures in this study population (see e.g. Lucass, Korsten, et al. 2015b). It,
however, did not interfere with our experiment, as we applied a within-nest approach, i.e.
each nest served as own control. Day of hatching was defined as day 1. On day 15 all chicks
were individually weighed (=fledgling mass) to the nearest 0.01g and provided with a metal
ring with a unique number. Parents were caught on day 9 using nest box traps. They
obtained an unique colour ring combination facilitating further sex identification. All
experiments were conducted under licenses from the Ethical Committee for animals (ECD) of
the University of Antwerp (license number 2011-10).

Noise treatment and behavioural measures
Prior to the onset of the breeding season we placed a sound-recording unit (M-Audio
MicroTrack 24/96 Professional Mobile Digital Recorder) in a nest box, approximately 10m
from a highway. The unit recorded highway noise from which we created audio-files at 32 bit
and 44.1kHz, using the program Audacity (v. 2.0.0, Audacity Team). We filled the first 2.5h
with silence (control treatment), followed by 2h of 30s loops of constant highway noise (noise
treatment), followed again by 2h of silence (control treatment). Each nest received a different
noise recording (from different loops from the main recording) to avoid pseudo-replication
(e.g. Hurlbert 1984; Kroodsma et al. 2001). The sound level in the noise treatment increased
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slowly in the first hour, to habituate the birds, and remained constant at 65dB (raising
background sound level in the nest by ca. 10dB) after that. In the morning of day 10 we
placed a mini-speaker (Difrnce SP 120), that was connected to a USB-stick with the audiofile, hidden in the material of 22 nests. In addition, an infra-red camera was installed inside at
the top of the nest box, facing downwards into the nest to video-tape the inner nest box.
Nests were randomly assigned to one of two groups, where behaviour in the control
treatment was analysed either prior or after the noise treatment. Obviously, the first hour of
the noise treatment (slow increase in sound level to habituate the birds to the highway noise,
see above) was discarded and only the second hour with constant noise was analysed. In
the control treatment we analysed 2h, regardless whether it was prior to or after the noise
treatment. In nests where the control treatment was analysed prior to the noise treatment, we
discarded the first 30 minutes in order to avoid feeding bias due to our disturbance (Kölliker
et al. 1998). In both treatments provisioning rate [feeding visits / min] and nest time of
individual parents was scored using “The Observer XT” (version 10.0.526, 2010, Noldus
Information Technology, The Netherlands). The latter represents the time an individual was
present in the nest box. This measure was selected as it is likely to indicate whether a parent
was deterred by the treatment and thus avoided the nest box. The claws of blue tit parents
make a characteristic sound, when landing on the entrance hole of the nest box, to which
offspring immediately respond by begging vigorously, even before the parent has entered the
nest box. Thus, we defined a missed detection [occurrences / h] as no begging response of
the brood within two seconds after a parent entered the box. We chose a two second time
frame, as parents start drawing offspring attention by pecking the young thereafter (pers.
observation). Due to technical difficulties sample size is lower than the number of treated
nests. In seven nests only one parent provided food.

Statistical analyses
We performed three linear mixed effect models (LMM) with the random effect Bird ID nested
in Nest ID. As explanatory variables we included the fixed effects ‘treatment’ (control vs
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noise), ‘parental sex’, ‘brood size’, ‘playback order’ and ‘hatch date’ (as Julian date) to
explain variation in individual parental provisioning rate (square root transformed to meet
model assumptions, model A), the number of missed detections (model B), and parental nest
time per visit (square root transformed, model C), respectively. For model (B), we used the
residuals of a linear regression of missed detections, that was corrected for the number of
feeding visits (F1,70=11.56, p=0.001, R²=0.14, N=36 parents). We had to exclude outliers (one
in model B, two in model C) as they showed unnaturally high values in the noise treatment in
the respective dependent variable. Although it is unlikely that the sexes are differently
affected by the treatment, we checked this by adding a ‘parental sex × treatment’ interaction
to the models. We did not investigate whether the number of providing parents has an effect
on the response variable as we investigated the effect of noise on an individual level, that is
each individual parent served as its own control. For implementing LMMs, we used the
package ‘lme4’ (Bates et al. 2013) in R, version 3.0.2 (R Core Team, http://www.Rproject.org, 2013). To obtain a minimal model we performed a stepwise backwards
elimination by using the package ‘lmerTest’ (Kuznetsova et al. 2014) that sequentially
deletes terms with a P-value higher than 0.05, starting with the least significant interaction.
We confirmed the validity of final models by visual inspection of residuals for normality,
heteroscedasticity and non-linear patterns.

Results
Individual parental provisioning rates
Parental provisioning [feeding visits / min] significantly increased with increasing brood size
(F1,15.37=5.40, P=0.034) and was significantly reduced by our noise treatment (F1,36.0=7.42,
P=0.010, mean ± SE: control: 0.62 ± 0.04, playback: 0.54 ± 0.04, Fig. 1). Hatch date,
playback order, parental sex and the interaction of the latter with treatment did not
significantly explain variation in feeding rates (Tab. 1).
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Table 1. LMM model (A) parental provisioning rate (square root transformed to increase
model fit). Bird ID nested in Nest ID was included as a random effect. Significant variables in
the reduced model are highlighted in bold. N = 37 parents.
Source of variation
Treatment
Parental sex
Brood size
Hatch date
Playback order
Parental sex × Treatment

F
7.42
2.26
5.40
2.96
0.05
0.23

df
1,36.0
1,33.00
1,15.37
1,15.11
1,32.00
1,35.0

P
0.010
0.143
0.034
0.110
0.818
0.631

Figure 1. The parental provisioning rate in the control (i.e. silence) and noise (i.e. added
playback of highway noise) treatment. Given are mean, upper and lower quartile and
minimum and maximum.
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Missed detections
The number of missed detections [occurrences / h] (corrected for number of feeding visits)
was significantly increased in the noise treatment (F1,49.35=12.90, P<0.001, mean ± SE of
uncorrected values: control: 0.76 ± 0.2, noise: 2.49 ± 0.5, Fig. 2) and decreased with
increasing brood size (F1,18.99=5.10, P=0.036). Hatch date, playback order, parental sex or
the interaction of the latter with treatment had no significant influence on the number of
missed detections (corrected for number of feeding visits) (Tab. 2).

Table 2. LMM model (B) missed detections controlled for number of feeding visits. Bird ID
nested in Nest ID was included as a random effect. Significant variables in the reduced
model are highlighted in bold. N = 36 parents.
Source of variation
Treatment
Parental sex
Brood size
Hatch date
Playback order
Parental sex × Treatment

F
12.90
0.02
5.10
0.01
1.09
0.02

df
1,49.35
1,57.96
1,18.99
1,18.22
1,17.69
1,46.84

P
<0.001
0.887
0.036
0.934
0.310
0.878
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Figure 2. The residuals of a linear regression where the number of missed detections was
controlled for the number of feeding visits in the control (i.e. silence) and noise (i.e. added
playback of highway noise) treatment. Given are mean, upper and lower quartile and
minimum and maximum.

Individual nest time
The time a parent spent in the nest per visit did not significantly differ between the treatments
(noise treatment: mean ± SE [sec]: females: 17.41 ± 1.42, males: 12.06 ± 0.78, control
treatment females: 17.02 ± 1.56, males: 10.41 ± 0.63, F1,34.0=1.95, P=0.172), and this was
independent of the sex (parental sex × treatment interaction: F1,33.0=0.74, P=0.395). Similarly,
brood size (F1,21.25=0.90, P=0.355) and playback order (F1,18.36=1.50, P=0.236) had no
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significant influence on parental nest time per visit. The time per visit a parent spent within
the nest increased with later hatch dates (F1,21.50=10.44, P=0.004) and differed significantly
between the sexes (F1,18.60=28.51, P<0.001).

Discussion
We here provide evidence that parent-offspring communication is impaired by noise. More to
the point, parental provisioning decreased (Schroeder et al. 2012) when nests were exposed
to highway noise playback, while additionally the frequency that chicks failed to beg in time
once a parent arrived (“missed detection”) significantly increased. The latter most likely
relates to the fact that offspring did not hear the parent arriving at the entrance hole of the
nest box, as the highway noise playback has masked it. Blue tits have, as many nest box
breeding species, an altricial mode of development. Thus, they are born blind and before
nestlings open their eyes they obviously cannot respond to visual cues, i.e. the shading of
the nest box entrance hole at parental arrival, and they heavily rely on acoustic signals.
However, the eyes of blue tit chicks were already open at day 10 post-hatching (the day of
our experiment), but nestlings apparently still relied at least to some extent on acoustic cues.
Furthermore, the time of our experimental manipulation was likely too short to elicit
behavioural modifications (see Kedar et al. 2000), such as a shift towards responding to
visual cues. However, on evolutionary timescales one may expect that parent-offspring
communication may evolve to less sound-dependent communication in noisy environments.
Thus, it would be highly interesting to investigate whether broods in noise polluted areas (are
able to) rely more / earlier on visual perception than broods raised in noise free habitats. With
respect to acoustic communication, a habitat-dependent shift in birds has been found
previously. Adult birds in noisy environments change acoustic (song and alarm call)
parameters such as frequency (Slabbekoorn and Peet 2003; Potvin et al. 2014), amplitude
(Brumm 2004), or timing (Gil et al. 2015) to mitigate noise induced impairments on
communication (see also Halfwerk and Slabbekoorn 2014). Nestlings cannot time their
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begging response according to noise, as they have to beg when the parents are arriving, but
an increase of the begging amplitude in the presence of noise has been found previously
(Leonard and Horn 2005). This is, however, potentially costly in terms of energy expenditure
(Oberweger and Goller 2001). Parents and offspring interact and respond to each other
during parental care, which may impose limitations on the ability to respond to noise
pollution, for example by switching to less noise-sensitive begging traits, due to indirect
genetic effects and thus complex co-evolutionary dynamics.
Interestingly, the frequency of missed detections decreased with increasing brood size,
which is likely to be due to higher vigilance in large broods. As each individual chick is
waiting for a parent to return with food the overall vigilance of a brood increases with brood
size. Accordingly, the likelihood of detecting parental arrival increases as well. In addition,
intra-brood (or sibling-) competition is higher in large broods (Neuenschwander et al. 2003),
as per capita provisioning decreases with increasing brood size (Nur 1984; Gow et al. 2012),
again, leading to increased individual vigilance of hungrier chicks and thus to a lower
frequency of missed detections.
The increased frequency of missed detections in noisy environments has significant
consequences for offspring. On an individual level, needy chicks may have to spent more
energy to be alert in order to gain an advantage of having a head start in begging over
siblings. On a brood level, parents may interpret the increased number of missed detections
as decreased begging, i.e. a low hunger level. We indeed found that parents reduced their
rate of provisioning in noisy conditions. As an alternative explanation for the latter, the
increased frequency of missed detections may lead to an increase in time a parent is present
in the nest per visit as it may take longer to deliver the prey item to the brood, which is likely
to reduce the time available for foraging. Although we found that parents spent slightly more
time per visit in the nest box in noise conditions, this difference was not statistically
significant. Regardless of the pathway, reduced provisioning is likely to reduce fitness of
offspring (see Schroeder et al. 2012). This may, on longer time scales and from a
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conservation point of view lead to the exclusion of a species from an otherwise suitable
habitat (Slabbekoorn and Ripmeester 2008).
In conclusion, our short-term experimental manipulation of the acoustic landscape of blue tit
nests provided evidence that noise interferes with parent-offspring communication. Offspring
fail to beg in time, that is at parental arrival, more often in noisy environments, while parents
reduce their provisioning rates, which, ultimately, is likely to impinge on reproductive success
and thus fitness.
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Abstract
Parental care increases parental fitness through improved offspring condition and survival
but comes at a cost for the caretaker(s). To increase life-time fitness, caring parents are
therefore expected to adjust their reproductive investment to current environmental
conditions and parental capacities. The latter is thought to be signalled via ornamental traits
of the bearer. We here investigated whether pre- and / or post-hatching investment of blue tit
(Cyanistes caeruleus) parents was related to ornamental plumage traits (UV crown
colouration and carotenoid-based plumage colouration) expressed by either the individual
itself (i.e. ‘good parent hypothesis’) or its partner (i.e. ‘differential allocation hypothesis’). Our
results show that neither pre-hatching (that is clutch size and offspring begging intensity via
maternal effects) nor post-hatching parental investment (provisioning rate, fledgling size and
mass) was related to an individual’s UV crown colouration or to that of its partner. Similar
observations were made for carotenoid-based plumage colouration, except for a consistent
positive relationship between offspring begging intensity and maternal carotenoid-based
plumage colouration. This sex-specific pattern likely reflects a maternal effect mediated via
maternally derived egg substances. A similar relationship was found between fledgling mass
(respectively size) and maternal carotenoid-based plumage colouration. This relationship,
however, was not consistent between years, and may depend on the fact how well offspring
is programmed to its post-hatching environment. Taken together, our results contribute to the
current stand of evidence that structural or pigment-based plumage colouration of blue tits
are inconsistently correlated with central life-history traits.

Keywords
blue tits, carotenoid colouration, differential allocation, good parent hypothesis, parental
investment, UV crown colouration
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Introduction
Parental care is a widespread behaviour within the animal kingdom, because it increases
parental fitness through improved offspring condition and survival (Clutton-Brock 1991;
Kölliker et al. 2012). Providing care, however, is costly, for example in terms of time, energy
and a potentially increased predation risk (e.g. Reguera and Gomendio 1999; Milonoff et al.
2004; de Heij et al. 2006), rendering care an investment (Trivers 1974). Thus, parents have
to carefully trade-off the amount of care they will provide to current offspring against own
future reproductive capacity and survival to maximise lifetime fitness (Stearns 1992).
A factor impinging on these reproductive decisions is partner quality, as this is likely to affect
brood value due to direct (e.g. a high level of parental care) and / or indirect (“good genes”
for attractiveness or viability, e.g. Kempenaers 2007) benefits for offspring. Thus, for each
individual it is important to reliably assess the quality of a mate and it has been hypothesized
that this can be done based on the expression of (conspicuous) ornamental traits, which are
costly to produce or maintain and thus should be honest signals of quality (Zahavi 1975;
Hamilton and Zuk 1982; Andersson 1986). These considerations were originally employed to
explain conspicuous male ornaments (such as a peacock’s tail fan) (Zahavi 1975), but also
females may show condition-dependent phenotypic traits, which may play a role in mate
choice and female competition (reviewed in Amundsen 2000). Thus, one may expect to find
a positive relationship between an individual’s ornament and the amount of care it is able to
provide (“good parent hypothesis”, Hoelzer 1989; Price et al. 1993). If true, this enables an
individual to adjust its investment into current offspring in relation to partner quality (indicating
offspring quality) in order to maximize life-time fitness. An individual can increase its
investment in current offspring when mated to a high quality partner because of the higher
genetic / phenotypic value of the offspring (“differential allocation”, Burley 1986; Burley 1988;
Sheldon 2000). However, individuals may also increase investment when mated to a partner,
whose traits indicate low quality, thus, compensating via enhanced own investment
(“reproductive compensation”, Ratikainen and Kokko 2010), which may be the case when the
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individual preference is not the same as the general consensus of preference within the
species (Gowaty 2008). This may occur when ornaments exploit a sensory bias rather than
predicting offspring value (Gowaty 2008).
The signalling function of plumage colouration, in particular UV crown colouration, has been
extensively studied in blue tits (Cyanistes caeruleus) (reviewed in Parker 2013). Blue tits
represent an excellent model system in this context as they provide substantial amounts of
biparental care and possess plumage colouration that seems to signal quality. Previous
studies have shown that blue tit UV crown colouration is positively linked to survival (Sheldon
et al. 1999; Griffith et al. 2003; Doutrelant et al. 2008), genetic quality (García-Navas et al.
2009; Ferrer et al. 2015), reproductive success (Henderson et al. 2013), and sexual
attractiveness (Andersson et al. 1998; Hunt et al. 1999). Further, there is evidence that
mates alter their investment in function of the UV crown colouration of their partner
(Limbourg et al. 2004; Limbourg et al. 2012; Limbourg et al. 2013). That is to say that
females have higher provisioning rates when mated to males with bright UV crown
colouration, whereas males provide less food to offspring when mated to bright UV females.
This either indicates sex differences in preference or sex differences in reproductive
strategies according to UV crown colouration. However, a recent study showed a contrasting
pattern, i.e. males provided less food when paired with an experimentally UV-reduced female
(Mahr et al. 2012). Finally, male UV crown colouration has also been shown to affect prenatal (maternal) investment in terms of yolk androgen deposition (Kingma et al. 2009).
Interestingly, yolk androgens have been shown to influence begging behaviour (e.g. Schwabl
1996; Eising and Groothuis 2003; Barnett et al. 2011) and this may link post-natal care and
UV crown colouration via its effects on begging.
However, the role of UV crown colouration as signal of quality in blue tits has been
questioned in a recent meta-analysis (Parker 2013). In fact, this study found only evidence
for a sex-difference in plumage colouration (with males reflecting more light in the UV than
females) and a weak age-effect (with birds in their second adult plumage being more
intensely coloured than birds in their first adult plumage), but no quality trait could be linked
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to plumage colouration. One of the main conclusions of Parker’s review (2013) was to
elaborate on investigating the temporal and spatial consistency and thus significance of blue
tit UV crown colouration as a quality signal. We additionally investigated these questions for
carotenoid based plumage colouration, given the evidence that it may indicate blue tit quality,
too (Doutrelant et al. 2008; García-Navas et al. 2012; Midamegbe et al. 2013; Ferrer et al.
2015).
If these plumage traits indicate aspects of an individual’s quality, we expect to find that
parental investment into the current brood (in terms of clutch size and rate of parental
provisioning) is linked to parental crown UV chroma and breast plumage carotenoid chroma
(‘good parent hypothesis’). Parental investment, in turn, should be directly reflected by
offspring mass and size at fledging (via post-natal care). But also the offspring behavioural
phenotype, i.e. begging intensity, may be positively related to the expression of parental
ornamental traits, as mothers can adjust offspring phenotype to current environmental and
social conditions (such as the degree of parental care) via pre-natal maternal effects
(Mousseau and Fox 1998; Kingma et al. 2009). Lastly, we expect to find that an individual’s
investment is not only linked to own quality but also that of the partner (‘differential allocation
hypothesis’ and ‘reproductive compensation hypothesis’). Previous studies on parental
investment in relation to the expression of ornamental traits of the partner have revealed
opposing strategies between sexes (Limbourg et al. 2004; but see Mahr et al. 2012;
Limbourg et al. 2012; Limbourg et al. 2013). Overall, this study allows to test the temporal
consistency of several previously reported patterns.

Material & Methods
Study area and general methods
We conducted our experiments in a nest-box population of blue tits breeding in Peerdsbos, a
mature oak-beech forest near Antwerp (51°16’N, 4°29’E, Belgium) in spring (March – May)
2013 and 2014. By daily checking of nest-boxes we determined clutch size, onset of
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incubation and hatch date. All clutches of this population were cross-fostered in 2013, but not
in 2014, as part of general experimental procedures in this study population. When clutches
were cross-fostered, full clutches were reciprocally exchanged between two nests of similar
clutch size and laying date three days prior estimated hatch date (Lucass, Stöwe, et al. 2015;
see also Lucass, Korsten, et al. 2015b).
Day of hatching was defined as day 1. On day 15 we measured tarsus length (to the nearest
0.01mm, further referred to as offspring size) and body mass (to the nearest 0.01g) of
individual chicks. Subsequently, each individual was provided with a uniquely numbered
metal ring. Parents were caught on day 9 when feeding chicks using nest-box traps. They
obtained a unique colour ring combination facilitating further sex identification and we
measured their plumage colouration (see below). All experiments were approved by the
Ethical Committee for Animal experiments (ECD) of the University of Antwerp (license
number 2011-10).

Begging behaviour
On day 7, the 2nd and 4th chick in a descending weight ranking were individually placed in a
warmed artificial nest-box to record their begging behaviour in a food deprivation gradient.
We chose the 2nd and 4th chick in order to standardize the begging protocol between broods
and thus avoid rank effects on begging (Kilner 1995). Prior to the begging test, chicks were
fed with defrosted blue bottle maggots to equalize hunger levels among chicks. After 60, 90
and 120 minutes we opened the artificial nest-box (see Estramil et al. 2014b for more
information) and videotaped the begging behaviour of the chick inside (until it ceased
begging) using a video camera (Sony, DCR-SX 30). Besides the visual stimulus of a change
from darkness to natural daylight, we simultaneously presented an acoustic stimulus, that is
a playback of two parental feeding calls, recorded in 2011. After testing, we immediately fed
the chicks and returned them to the nest.
We analysed the chick’s begging behaviour from the videotapes, according to a rating scale,
modified from Kilner (2002): 0 = chick is not begging, 1 = chick’s beak is open and its head is
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in a horizontal position, 2 = chick’s beak is open and its head is leaned back in an angle of
~45°, 3 = chick’s beak is open and the head is leaned back in an angle of 90°, 4 = as 3 plus
the neck is stretched, 5 = as 4 plus the back of the chick is in a vertical position (Lucass,
Stöwe, et al. 2015; see also Lucass, Korsten, et al. 2015b). For each begging test, scores
were applied every second and then summed. Average values for the begging scores of the
two chicks were used for statistical analysis (i.e. the mean of the scores for the two chicks for
each of the three measurements taken at 60, 90 and 120 minutes).

Provisioning behaviour
In the morning of day 10 we placed an infra-red camera (420TVL) underneath the lid of the
nest-boxes, facing downwards into the nest. We discarded the first 30 minutes of video
recordings to avoid a potential influence of this disturbance on our measurements (Kölliker et
al. 1998). The following 2 hours of the recordings were used for later analysis. Here,
provisioning behaviour was scored as the number of individual feeding visits per minute (=
provisioning rate) using ‘The Observer XT’ software (version 10.0.526, 2010, Noldus
Information Technology, The Netherlands).

Colour measurements
When catching adults on day 9 post-hatching, we measured colouration of their crown and
breast plumage (2013: 28 females and 21 males, 2014: 28 females and 26 males), using a
portable Ocean Optics Jaz spectrophotometer with a built-in pulsed xenon lamp as light
source. The spectrophotometer was connected to a bifurcated encased fibre optic probe.
Three replicate measures were taken perpendicularly to the feathers relative to a white
standard (WS-1-SL, Ocean Optics Inc.) and reference measurements were made before
each bird. We averaged reflectance curves, covering 320 – 700 nm, which is the full spectral
range a bird can detect (Cuthill et al. 2000; Hart et al. 2000), for crown, respectively breast
plumage of an individual. From this, we calculated crown UV chroma (∑R320–400 / ∑R320–700),
which represents the purity of UV colouration, and breast plumage carotenoid chroma [(R700
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– R450) / R700], which represents the relative reflectance around peak absorbance of
carotenoids (mainly lutein and zeaxanthin, see Hill 2006). We decided to focus on crown UV
chroma and breast plumage carotenoid chroma, as these indices have previously been
identified as important indicators of individual quality among others in blue tits (Andersson et
al. 1998; Hunt et al. 1999; Sheldon et al. 1999; Griffith et al. 2003; Doutrelant et al. 2008;
García-Navas et al. 2009; García-Navas et al. 2012; Ferrer et al. 2015).

Statistical analyses
Mixed models were used to test whether individual and partner plumage colouration is
predictive for parental investment and offspring phenotype. Explanatory variables include
brood size at day 10, hatch date (as standardized Julian date), year, parental sex and
plumage colouration (crown UV and breast carotenoid chroma in separate parallel analyses),
as well as all two-way and three-way interactions with the latter three variables (see tab. 1).
Specifically, generalized linear mixed models were used with Poisson error distribution and a
log link function, to test for effects on clutch size. Evidently, these analyses exclude brood
size as explanatory variable. Similarly, general linear mixed models were used to explore
variability in parental provisioning rates, partner provisioning rates, (genetic) offspring
begging intensity and two levels of offspring mass and size (genetic chicks and chicks within
the nest). All models were adjusted for a bias in statistical independence by including unique
nest box number as random effect (provisioning rate) or repeated measures (clutch size and
offspring phenotype). Furthermore, 5 females and 3 males were repeatedly measured in two
succeeding years. Therefore, all the above analyses were repeated, excluding the data of
2014 for these specific individuals. Comparing the outcomes of both analyses never showed
significant differences, hence we treated these successive data points as independent and
consistently reported the statistical outcome based on the full dataset. Finally, assumptions
for normality were met for all variables (Shapiro-Wilk: all W ≥ 0.92). To obtain a minimal
model, we performed a stepwise backwards elimination by sequentially deleting terms with a
P-value higher than 0.05, starting with the least significant interaction. Values of both colour
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indices were standardized within sex and year using z-scores, which minimizes potential
methodological artefacts caused by the use of different spectrophotometers in both years
(although units were identical). Sample size may differ as we were not able to collect all data
at all times. All analyses were performed in SAS 9.3 (SAS Institute Inc., Cary, NC, U.S.A.).

Results
The full outcome of the statistical models is presented in tab. 1 and 2. Crown UV chroma
never significantly explained variation in parental or partner investment (see fig. 1A,C for
parental provisioning) or offspring phenotype, neither as a main effect, nor in interaction with
year, sex or their combination, indicating consistency across years and in sex differences
(see tab. 1).

Table 1 (see next page). Results of the mixed model approach explaining variation in
parental investment and offspring phenotype in relation to crown UV chroma. Numerator
degrees of freedom is 1 in cases b) to e) and DF in the table refers to the denominator
degrees of freedom. e) shows effects on body mass of genetic offspring, which were raised
in a foster nest in 2013 but not in 2014. Values for the main effect ‘Sex’ and the interaction
‘Sex × Year’ are not presented in sub-table a, b and e, as those effects are just required for
statistical modelling (i.e. the three-way interaction), but biologically irrelevant. Significant
results are indicated in bold.
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Effect
a) Clutch size
Standardized Julian date
UV chroma
Year
UV chroma × Sex
UV chroma × Year
UV chroma × Sex × Year

DF

χ² / F

P

1
1
1
1
1
1

0.01
0.57
1.19
0.54
0.03
0.05

0.913
0.449
0.275
0.464
0.858
0.825

b) Begging intensity of genetic offspring
Standardized Julian date 52
0.2
Brood size
53 0.44
UV chroma
41 2.61
Year
54 8.17
UV chroma × Sex
38 0.71
UV chroma × Year
40 1.12
UV chroma × Sex × Year 36 0.32

0.655
0.512
0.114
0.006
0.403
0.296
0.577

c) Provisioning rate
Standardized Julian date
Brood size
UV chroma
Sex
Year
UV chroma × Sex
UV chroma × Year
Sex × Year
UV chroma × Sex × Year

44
32
33
31
44
30
32
29
28

2.74
0.53
0.04
0.01
2.06
0.14
1.99
0.08
0.19

0.105
0.474
0.852
0.907
0.158
0.710
0.168
0.775
0.665

d) Partner provisioning rate
Standardized Julian date
Brood size
UV chroma
Sex
Year
UV chroma × Sex
UV chroma × Year
Sex × Year
UV chroma × Sex × Year

45
45
34
32
45
31
33
30
29

3.26
1.96
0.00
0.07
2.70
0.01
0.22
0.01
1.54

0.078
0.168
0.949
0.790
0.107
0.908
0.642
0.925
0.225

0.06
2.42
1.87
2.70
0.46
1.89
0.14

0.802
0.125
0.178
0.107
0.500
0.176
0.711

e) Body mass of genetic offspring
Standardized Julian date 54
Brood size
56
UV chroma
43
Year
45
UV chroma × Sex
40
UV chroma × Year
42
UV chroma × Sex × Year 38
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Figure 1. An individual’s UV crown colouration (z-transformed) does not explain variation in
own (A), respectively partner provisioning rate (C). Similarly, an individual’s breast carotenoid
chroma (z-transformed) does not explain variation in own (B), respectively partner
provisioning rate (D). Filled circles represent mothers and open circles represent fathers.
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Breast carotenoid chroma had no significant effect on individual and partner provisioning
rates (tab. 2, c and d, fig. 1B,D). However, interestingly, breast carotenoid chroma affected
offspring begging intensity, but this effect differed significantly between sexes (breast chroma
× sex interaction; tab. 2b; fig. 2). This interaction was consistent across years, and reflects a
strong positive relationship in females (Posthoc covariance test for equal slopes: t39 = 2.56; P
= 0.014; estimate ± SE = 0.875 ± 0.342), while there was no such relationship in males (t39 =
-1.37; P = 0.179; estimate ± SE = -0.517 ± 0.378).

Figure 2. Begging intensity of genetic chicks plotted against parental breast carotenoid
chroma (z-transformed). Filled circles and significant solid black regression line (with 95%
confidence bands) represent mothers. Open circles and non-significant striped grey
regression fit represent fathers.
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Breast carotenoid chroma had a significant effect on offspring mass (and size), in interaction
with parental sex and year (breast chroma × sex × year interaction, tab. 2e; fig. 3). When
both years were analysed separately, there was no sex-specific effect of breast carotenoid
chroma on offspring body mass (F1,17 = 0.47; P = 0.501) and no main effects (F1,19 = 0.52; P =
0.481; fig. 3A) in 2013. In 2014, however, a significant breast chroma × sex interaction was
found (F1,22 = 5.45; P = 0.029; fig. 3B). Interestingly, this pattern in offspring body mass is
again reflecting a positive relationship in females (t22 = 3.04; P = 0.006; estimate ± SE =
0.263 ± 0.087), and no relationship in males (t22 = -0.31; P = 0.761; estimate ± SE = -0.028 ±
0.090).

Figure 3. Average body mass of nestlings on day 15 [g] plotted against parental breast
carotenoid chroma (z-transformed) in 2013 (A) and 2014 (B). Filled circles (and solid black
regression line with 95% confidence bands in B) represent mothers. Open circles (and nonsignificant striped grey regression fit in B) represent fathers.

Breast carotenoid chroma in interaction with year had a significant effect on clutch size (tab.
2a), but this pattern was only weakly positive in 2013 (Z = 1.47; N = 49; P = 0.142; estimate ±
SE = 0.034 ± 0.023) and weakly negative in 2014 (Z = -1.70; N = 54; P = 0.089; estimate ±
SE = -0.031 ± 0.018).
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We here do not present the outcome of the model explaining genetic offspring size, as
results were strikingly similar to the model on offspring mass. Results were also similar when
using mass or size of offspring that were raised in the focal nest (i.e. genetic offspring in
2014 but foster offspring in 2013).

Table 2 (see next page). Results of the mixed model approach explaining variation in
parental investment and offspring phenotype in relation to breast carotenoid chroma.
Numerator degrees of freedom is 1 in cases b) to e) and DF in the table refers to the
denominator degrees of freedom. e) shows effects on body mass of genetic offspring, which
were raised in a foster nest in 2013 but not in 2014. Values for the main effect ‘Sex’ and the
interaction ‘Sex × Year’ are not presented in sub-table a, b and e, as those effects are just
required for statistical modelling (i.e. the three-way interaction), but biologically irrelevant.
Significant results are indicated in bold.
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DF

χ² / F

P

1
1
1
1
1
1

0.01
0.01
1.27
1.07
5.02
0.01

0.939
0.921
0.259
0.301
0.025
0.913

b) Begging intensity of genetic offspring
Standardized Julian date
53
0.34
Brood size
52
0.03
Breast chroma
40
0.49
Year
54
7.67
Breast chroma × Sex
40
7.48
Breast chroma × Year
39
1.75
Breast chroma × Sex × Year
37
0.14

0.563
0.868
0.486
0.008
0.009
0.194
0.706

c) Provisioning rate
Standardized Julian date
Brood size
Breast chroma
Sex
Year
Breast chroma × Sex
Breast chroma × Year
Sex × Year
Breast chroma × Sex × Year

44
34
34
33
44
32
31
30
29

2.74
1.23
1.61
0.01
2.06
0.83
0.13
0.03
0.01

0.105
0.275
0.213
0.926
0.158
0.368
0.716
0.863
0.919

d) Partner provisioning rate
Standardized Julian date
Brood size
Breast chroma
Sex
Year
Breast chroma × Sex
Breast chroma × Year
Sex × Year
Breast chroma × Sex × Year

45
45
34
33
45
32
31
30
29

3.26
1.96
0.66
0.09
2.70
1.08
0.04
0.01
1.14

0.078
0.168
0.423
0.771
0.107
0.307
0.837
0.925
0.294

e) Body mass of genetic offspring
Standardized Julian date
Brood size
Breast chroma
Year
Breast chroma × Sex
Breast chroma × Year
Breast chroma × Sex × Year

56
54
55
39
39
39
39

0.04
0.16
2.63
0.00
1.34
3.08
4.54

0.851
0.692
0.111
0.988
0.254
0.087
0.040

Effect
a) Clutch size
Standardized Julian date
Breast chroma
Year
Breast chroma × Sex
Breast chroma × Year
Breast chroma × Sex × Year
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Discussion
We investigated whether pre- and / or post-hatching parental investment of blue tits was
related to ornamental plumage traits, expressed by either the individual itself or its partner. In
general, most aspects of parental investment were unrelated to plumage colouration –
except for offspring begging intensity that was positively linked to those aspects of female
breast carotenoid colouration that are supposed to be carotenoid-dependent. These data
contrast a number of previous studies, but confirm the recent view that most previously
reported relationships of plumage colouration in blue tits, in particular of UV crown
colouration, with life-history traits are still uncertain.

UV crown colouration
We found that an individual’s UV crown colouration was not predictive for its level of parental
investment neither pre- nor post-hatching. Pre-hatching investment was here measured in
terms of clutch size and begging behaviour, with begging reflecting maternal effects such as
maternally derived yolk androgens (e.g. Schwabl 1996; Eising and Groothuis 2003; reviewed
in Groothuis et al. 2005). But despite the fact that pre-hatching investment is strongly
dependent on females (Mousseau and Fox 1998), no relationships with female UV crown
colouration were found. Maternal resource allocation was also unaffected by the UV crown
colouration of its partner. The lack of an effect of partner colouration on clutch size contrasts
with a previous meta-analysis dissecting the evidence for differential allocation (Horváthová
et al. 2011). The meta-analysis showed that females of bi-parental species have larger
clutches when exposed to (or paired with) attractive males.
Furthermore, it had been shown that blue tit mothers modulate egg yolk androgen
concentrations in relation to male UV crown colouration (Kingma et al. 2009, see also tab. 1
in the same paper for an overview of relationships in other species), which in turn should
lead to changes in offspring phenotype. However, it may be that changes in terms of yolk
androgens are too limited to become functionally significant, which could explain why we did

132

Chapter 6 Plumage colouration as signal for parental investment?
not find that begging intensity varies with male UV crown colouration. Alternatively and
potentially more likely given also the clutch size data, there is no relationship between male
attractiveness, here UV crown colouration, and female pre-hatching investment.
Similar patterns were found for parental investment post-hatching, measured in terms of
parental provisioning rates, which was unrelated to UV crown colouration of the focal
individual. This (absent relationship) corresponds with the observation that offspring body
mass and size were unrelated to UV crown colouration. Both metric estimates can be seen
as an integrative measure of provisioning over the entire nestling period, it is, however,
impossible to discriminate between different contributions from the sexes. These results are
also in line with a study by Limbourg et al. (2012) in the same species. However, Limbourg
and co-workers (2004; 2012; 2013) found convincing evidence, both in correlative and
experimental studies, that females increase provisioning with increasing male UV crown
colouration, whereas males decreased provisioning with increasing female UV. We in
contrast found that provisioning is not adjusted towards UV crown colouration of the partner,
despite the fact that our study is in fact almost identical with respect to the set-up of the
correlative study (Limbourg et al. 2012), but only performed in a different study population in
different years. The results of our study, together with a recent experimental study in yet
another blue tit population (Mahr et al. 2012), revealing a pattern that was opposite to the
one reported by Limbourg et al. (2012; 2013), indicate thus a high level of inconsistency on
the spatial level.

Breast carotenoid colouration
Carotenoid-dependent plumage traits in blue tits have received considerable less attention
compared to other species. For example, house-finch (Carpodacus mexicanus) females
preferentially mate with males that display carotenoid-based bright red plumage (Hill 1990),
as these males have higher overwinter survival (Hill 1991), are in better nutritional condition
(Hill and Montgomerie 1994) and feed the incubating female more than pale yellow males
(Hill 1991). But also in blue tits recent experimental and correlative evidence indicates that
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carotenoid-based colouration may act as a signal, reflecting individual quality (Doutrelant et
al. 2008; García-Navas et al. 2012; Midamegbe et al. 2013; Ferrer et al. 2015).
Our results indicate that an individual’s breast carotenoid colouration was unrelated to clutch
size, but we found a consistent positive association between offspring begging intensity and
their mother’s carotenoid colouration. This intriguing finding likely reflects a maternal effect. It
has been shown previously that carotenoid-supplemented mothers lay eggs with higher
carotenoid concentrations (e.g. Blount, Surai, Houston, et al. 2002; Blount, Surai, Nager, et
al. 2002; Bortolotti et al. 2003; Biard et al. 2005), which may result in more intense begging
offspring (Helfenstein et al. 2008; but see Tschirren et al. 2005). Females are thus able to
adjust their offspring’s phenotype towards her own phenotype, which may facilitate in
particular co-variation of mother-offspring trait combinations(see Kölliker et al. 2000).
We then focused on the relationship between pre-hatching maternal investment and partner
carotenoid plumage colouration. Such relationship had for example been shown previously
for blue-footed booby mothers that adjusted their pre-hatching reproductive investment to a
carotenoid-based male trait (Velando et al. 2006), a pattern, that we could not confirm in blue
tits. However, the trait measured in the latter study (foot skin colour) varies rapidly with
nutritional status, which is in contrast to a rather static plumage trait as measured in this
study (see below for a more extensive discussion on the meaning of signals in feathers). This
may be one explanation why male carotenoid-based plumage colouration did not affect
maternal investment pre-hatching.
However, females appear not to adjust their pre-hatching investment in relation to male
breast carotenoid colouration. This is likely to be a consequence of the fact that breast
carotenoid colouration is not predictive for provisioning. However, when considering fledgling
mass and size as integrative measure of parental provisioning over the entire nestling period,
we found that the latter was positively linked to maternal breast carotenoid colouration in
2014 but not in 2013 (see also fig. 3). This year-difference may be due to environmental
variation, but could also be a consequence of cross-fostering that was performed in 2013 but
not in 2014. In case of the latter, it may indicate that the observed maternally mediated
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changes in offspring phenotype (here begging) only translate into a growth benefit, when
raised by their genetically related parents (mothers?). We have previously shown that
offspring pay costs in terms of impaired growth development, when parents and offspring are
mismatched, as induced by cross-fostering (Lucass, Stöwe, et al. 2015). Indeed, only in the
year when offspring were raised in their genetic family environment, fledgling mass was
positively linked to maternal breast carotenoid colouration (see also Remes and Matysioková
2013). However, it remains to be tested whether this pattern indeed arose due to
mismatched parent-offspring combinations, as the current experimental design does not
allow separating year effects.

Plumage colouration and parental investment in blue tits
Initially, evidence accumulated that blue tit plumage colouration acts as a signal of individual
quality (Andersson et al. 1998; Hunt et al. 1999; Sheldon et al. 1999; Griffith et al. 2003;
Doutrelant et al. 2008; García-Navas et al. 2009; García-Navas et al. 2012; Henderson et al.
2013; Ferrer et al. 2015). However, a recent meta-analysis revealed that our gain in
knowledge even after more than 10 years of studying functional aspects of in this case UV
crown colouration is particular limited (Parker 2013). Yet, by the time of this review the
relationship of UV crown colouration and parental care had not been published, while these
studies showed a high level of consistency across years within a population in The
Netherlands (Limbourg et al. 2004; Limbourg et al. 2012; Limbourg et al. 2013). We therefore
set out to test the robustness of these findings, implementing the temporal (by investigating
two years) consistency of aspects in our study. As advocated among others by Parker
(2013), research benefits from studies that focus on within-population consistency of
previously reported patterns by replicating. Having detected (in)consistencies between
populations may on the one hand reflect (the lack of) an overall relationship. It may on the
other hand stimulate studies investigating those ecological and / or social factors that may
drive such temporal and spatial variation.
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One important aspect that should always be kept in mind is that the expression of (pigmentbased) plumage colouration is determined at moult (which takes place between July and
September, Cramp and Perrins 1993) and thus most strongly reflects an individual’s quality
in that (relatively short time) period (Hill 2006). That is to say that carotenoid-based plumage
critically depends on the amount of ingested carotenoids during moult (Saks et al. 2003). But
at current we lack knowledge on whether or not carotenoids are actually limited during that
period (Olson and Owens 1998), which is a central aspect determining the signalling
function.
As UV crown colouration depends on the nano-structural arrangements of feathers (Shawkey
et al. 2003), its expression again may depend on an individual’s condition during moult. But
numerous other processes will impinge on its expression before mating / caring for offspring,
such as feather abrasion, bleaching and accumulation of dirt (Figuerola and Senar 2005;
Delhey et al. 2006). These processes are thought to be responsible for the changes in UV
crown colouration, that have been observed with time of the season (Figuerola and Senar
2005; Delhey et al. 2006), and are likely to introduce additional noise on the signal. Thus, it
remains to be shown how individual and territory quality at moult relate to the ability to forage
caterpillars (the main diet of dependent nestlings) and territory quality during the breeding
season, given also the high level of stochasticity in for example environmental conditions.

Conclusions
We investigated the relationship between blue tit plumage colouration and parental
investment – stimulated by earlier reported intriguing patterns of parental investment
adjusted to (changes in) partner UV crown colouration. However, our results do not confirm
that individual investment of blue tits into current offspring varies with plumage colouration,
not by the individual itself and neither by its partner. An exception to this is maternal breast
carotenoid colouration that was positively linked to offspring begging intensity, likely
reflecting a maternal effect. Thus, observed patterns of investment in relation to partner
plumage colouration appear to be less consistent than previously thought, at least across
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years and populations. This adds to the uncertainty of the signalling function of UV crown
colouration in blue tits, but potentially also in other bird species. Our results suggest that
such inconsistency could also apply for relationships with carotenoid-based plumage
colouration.
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Co-adaptation
This thesis aimed at studying parent-offspring co-adaptation in a wild bird species, the blue
tit. Such co-adaptation of offspring begging and parental provisioning is thought to arise due
to the reciprocal interplay of both parties in the debate about food, more specifically due to
indirect genetic effects and social selection (Moore et al. 1997; Wolf and Brodie 1998; Wolf et
al. 1999). The existence of co-adaptation has been confirmed by a number of empirical
studies (e.g. Agrawal et al. 2001; Hager and Johnstone 2003; Curley et al. 2004; Lock et al.
2004; Lock et al. 2007; Hinde et al. 2010; Estramil et al. 2013). But these previous studies
were all performed in captivity, while begging and provisioning can be influenced by (many)
environmental factors, for example food abundance. Environmental variation, however, is
rather low in the laboratory compared to the wild. This may render conclusions on the
adaptive significance of co-evolved parent-offspring trait combinations difficult, given that
also the costs, that are thought to stabilize parent-offspring co-adaptation (Wolf and Brodie
1998; Kölliker et al. 2005), are difficult to estimate in the laboratory. It is therefore highly
relevant to investigate the existence and biological significance of co-variation of parental
provisioning and offspring begging in the wild.
Further, previous studies typically used mean levels of behaviour, an approach that captures
the influence of environmental factors less well than e.g. behavioural reaction norms,
especially in the wild (Royle et al. 2014). Kölliker and colleagues (2000) were the first to
investigate parent-offspring co-adaptation in such a framework, by taking the parental
response to play-backed begging as response variable instead of mean provisioning
behaviour. Still, the authors considered begging as mean level of behaviour, thus applying a
unilateral reaction norm approach. They found that maternal, but not paternal
responsiveness (obtained via begging that was sequentially played back every 90 seconds)
co-varied positively with the begging intensity of their offspring. This sex-specific pattern of
co-variation has been interpreted to be due to maternal effects and the fact that females
were more responsive to offspring (vocal) begging than males (see fig. 1 in Kölliker et al.
2000). Using a similar design as Kölliker et al. (2000), I could confirm the latter result.
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However, I showed that mothers were more often than fathers exposed to the sequenced
begging playbacks, mimicking increased demand. This is because mothers spend more time
in the nest as they maintain and clean the nest. As a consequence, the sex-specific pattern
of co-variation between the maternal but not paternal provisioning response and offspring
begging is likely to be an artefact of the methodology (chapter 3 and Kölliker et al. 2000).
Taking into account the effectiveness of our begging playback treatment (which was different
for the sexes), I found that the parental provisioning response to playback co-varied
positively with the begging intensity of genetic offspring (chapter 3). This positive parentoffspring co-variation is in fact in line with most studies on captive birds (Hinde et al. 2009;
Hinde et al. 2010; Estramil et al. 2013; Estramil et al. 2015; but see Dor and Lotem 2010).
In a next step, I applied the behavioural reaction norm concept for the first time to both
behaviours, provisioning (measured as parental response to short-term brood size
manipulations) and begging (measured as offspring response to a food deprivation gradient)
to study their level of co-variation. Here I could show that the begging reaction norm of
offspring co-varied negatively with the paternal, but not maternal provisioning reaction norm.
This means that fathers that strongly alter their provisioning rate with experimentally
manipulated brood size have offspring that exhibit limited variation in their level of begging
with food deprivation, and vice versa. Being relatively unresponsive to changes in demand as
a parent is likely to prevent exploitation by offspring if offspring is highly responsive to
changes in hunger. Thus, fathers with demanding offspring may largely ignore changes in
offspring begging behaviour, whereas, the maternal responsiveness is independent from
their offspring’s changes in begging. However, this male-restricted co-variation pattern is
different from the overall co-variation as reported in chapter 3 and at the moment it remains
completely unclear why this relationship is absent in females.
In the following I speculate that this sex-specific pattern may be due to methodological
differences, as in the more extensive study of chapter 2 parental provisioning reaction norms
were estimated via (short-term) brood size manipulations compared to begging playback as
used in chapter 3. Brood size manipulations are a well-established technique to examine
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parental investment as a function of altered brood demand (e.g. Hegner and Wingfield 1987;
Dijkstra et al. 1990; Verhulst and Tinbergen 1997; Sanz and Tinbergen 1999; Magrath et al.
2007) as it manipulates all, i.e. vocal and visual, begging cues. Here, both male and female
parents equally adjusted their provisioning rate to changes in brood size. In fact, both parents
decreased provisioning in function of a brood size reduction but did not increase provisioning
when the brood was experimentally enlarged (see box D). However, brood size
manipulations may not only affect provisioning, but also other care traits, that may even be
differently affected in males and females. For example, female parents of most nidicolous
birds, including blue tit mothers, engage in nest sanitation and maintenance to reduce the
number of parasites and pathogens (see Guigueno and Sealy 2012 for a review), a
behaviour that fathers do not express (except for faecal sac removal of offspring, pers. obs.).
Maternal care investment is thus not only reflected by provisioning, but also nest sanitation
(and other traits that do not vary between sexes, e.g. nest defence, see Fresneau et al.
2014). Although it has as yet not been investigated in blue tits (but see Gow et al. 2015 for a
species where both parents engage in nest sanitation), it seems plausible that the time a
mother devotes to nest sanitation changes with brood size, which is likely to be traded off
against time spent foraging. Thus, if brood size manipulations also act upon nest sanitation in
females, the maternal response in investment towards manipulated brood sizes may have
been underestimated when only considering the rate of provisioning. This may potentially
impinge on parent-offspring co-evolution, for example, when mothers of offspring, that
weakly alter begging with hunger level, would show a high level of nest sanitation behaviour
(and vice versa). The total level of the maternal care response would then be negatively
linked to the reaction norm of offspring begging (similar as in males). Brood size
manipulations may thus affect the parents differentially due to differing parental sex roles in
the phase of parental care (chapter 3), potentially leading to an underestimation of maternal
responsiveness. Further experimental studies should pay attention to this possibility.
It is now crucial to test whether brood size manipulations affect multiple traits of parenting,
and how provisioning is traded off against other care traits, with nest sanitation being only
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one example. Alternatively or in addition, one could apply an alternative method to measure
the parental provisioning reaction norm, that is timed begging playbacks (see Hinde 2006).
Timed begging playbacks, that is begging is played back to a parent only at nest arrival,
would ensure that both parents have equal access to information. This method would not be
confounded with changes on other care traits, such as nest sanitation, as brood size remains
un-manipulated, and one would expect to find co-variation between offspring begging
behaviour and parental provisioning behaviour of both parents (similar as in chapter 3 after
controlling for differentially experienced begging playback). In this context it would be
interesting and more explicit to investigate not only the parental response towards vocal
begging, but also the complementary behavioural reaction norm in the offspring, that is vocal
begging as a function of food deprivation. Due to the fact that these two traits are
complementary, their relationship may potentially be stronger, compared to previous findings.

Differences in outcome between studies, with respect to the sign of correlation, may also
relate to ecological conditions that vary widely in the wild. For chapter 2 I obtained reaction
norms of parental provisioning and offspring begging in 2011 and 2012, whereas data for
chapter 3 were obtained in 2013. In 2013 mothers postponed egg laying and incubation, and
consequently nestlings hatched later, compared to 2011 and 2012. Also fledging success
was lower in 2013 (see tab. 1 in chapter 2). This may all suggest that environmental
conditions, such as food availability, were unfavourable in 2013, which may set limitations for
foraging (Kilner and Hinde 2012). For example, when restricted food abundance limits
parental provisioning, offspring are relatively powerless to increase supply via begging. This
leads to parental control and thus a positive link between both traits, as the sign of covariation is ultimately determined by the question which party controls provisioning (see
general introduction and Kölliker et al. 2005; Kilner and Hinde 2012). Interestingly, studies on
canaries consistently reported positive co-variation between offspring begging and parental
provisioning (Hinde et al. 2009; Hinde et al. 2010; Estramil et al. 2013; Estramil et al. 2015),
despite ad libitum food conditions in the laboratory. But, although this species does not suffer
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from limited food availability, it may be its foraging ecology that sets an intrinsic limit to
provisioning as parents have to pre-digest seeds. This may depend on a (genetically
determined) parental capacity, leaving offspring unable to increase food supply. However,
until now all predictions about the sign of correlation that indicates which party controls
provisioning (Kölliker et al. 2005; Smiseth et al. 2008) are based on mean levels of
behaviour. Previous models need to be re-formulated in terms of behavioural reaction norms,
allowing empiricists to identify and measure the correct traits and to fully interpret their
outcomes. For most measures it is unclear whether mean levels of behaviour correlate with
reaction norms (that is the slope across an environmental gradient; Dingemanse et al. 2010).
However, in my study mean levels of begging are closely linked to the behavioural reaction
norm of this behaviour (chapter 3), obtained via a food deprivation gradient, whereas there is
no relationship between an individual’s mean provisioning rate and its provisioning reaction
norm (Pearson: r = 0.2; 95% CI = -0.01 – 0.39; N = 88 individuals, data are from chapter 2).
Due to the lack of a relationship between mean levels and reaction norms of provisioning it
may be dangerous to extrapolate predictions of models based on mean values to
behavioural reaction norms.

Costs
Most previous studies investigating co-adaptation were performed in the controlled
environment of a laboratory (Hager and Johnstone 2003; Lock et al. 2004; Lock et al. 2007;
Hinde et al. 2009; Hinde et al. 2010; Estramil et al. 2013), where the fitness costs that should
have favoured matched parent-offspring combinations, may not have been acting anymore.
Thus, whether offspring benefit from being adjusted to parental capacities and vice versa
(Wolf and Brodie 1998) remains vague. In principle this can be studied by inducing a
mismatch situation [for example via experimental cross-fostering or (intra-specific) brood
parasitism], in which highly demanding offspring may suffer impaired growth when their
costly begging (Kilner 2001; Roulin 2001; Moreno-Rueda 2010; Soler et al. 2014) remains
(partly) unrewarded by low providing parents. Similarly, parents may suffer reduced survival
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or lower future reproductive performance (Hinde et al. 2010; but see Estramil et al. 2014a)
when responding to a brood that is more demanding than actual genetic offspring. Whether it
is offspring or parents that suffer (more), largely depends on the question which party is in
control of provisioning (see above and Kölliker et al. 2005; Smiseth et al. 2008).
I found that highly demanding broods reached lowest fledgling mass when raised by low
providing parents, most probably due to partly unrewarded costly begging, but highest
fledgling mass when raised by high providers (chapter 4). Fledgling mass of low begging
offspring was intermediate (compared to high begging nestlings raised by low, respectively
high providing parents) but independent of the level of parental provisioning. Thus, offspring
growth depended on the interplay between the (foster) parental and offspring phenotype (fig.
1 in chapter 4). This may pose a problem for previous studies, which largely neglected that a
mismatch situation has a degree and direction of a mismatch, that is cross-fostered offspring
can be mismatched to their disadvantage (i.e. high soliciting offspring with low provisioning
foster parents), or their advantage (i.e. low soliciting offspring with high provisioning foster
parents). Simply considering whether chicks are mismatched (i.e. cross-fostered) or matched
(i.e. not cross-fostered, usually the control group) to parents, may mask potentially
interesting patterns (see chapter 4 and Estramil et al. 2014a).
From a parent’s point of view, future maternal fecundity was unaffected by the discrepancy
between begging of foster and genetic offspring (box A) (Estramil et al. 2014a; but see Hinde
et al. 2010). This, in combination with the finding that mismatched offspring pay costs
(depending on their phenotype, see above) point to the fact that parents exert (more) control
over provisioning. However, I cannot fully exclude the possibility that parents also pay costs.
This is because it remains as yet unclear whether paternal future reproductive success is
affected by the discrepancy between begging of foster and genetic offspring. Paternal future
reproductive performance can be measured in terms of total number of genetic offspring
including extra pair paternity. However, due to time limitation, I have as yet not been able to
analyse blood samples of fathers and potential offspring.
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As an alternative to the future reproductive performance, survival rates could give some
indication of whether or not parents pay costs when faced with a more demanding brood
than their own. However, individuals regularly change their nest-box between years and birds
that dispersed out of the study population would be, independent of their survival,
misinterpreted as not surviving. This will affect an analysis of survival rates, in function of the
discrepancy between begging of foster and genetic offspring.
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Box A. Costs of a mismatch for mothers

Co-variation is thought to be stabilized by costs to offspring and / or parents. Offspring
costs are dealt with in chapter 4, but costs for parents are important, too. Thus, I here
analysed whether mothers providing food to foster chicks pay a cost when their foster
chicks are more demanding than their own chicks, and vice versa.

Figure A1. The difference between the begging intensity of genetic offspring and foster
offspring does not predict maternal fecundity the following year (multiple regression model
with brood size in year X as covariate, and year of X+1 as fixed factor: R²=0.07;
F3,32=0.756; P=0.527; N=37 recaptured females) (sensu Hinde et al. 2010). A positive
value on the x-axis indicates that the foster chicks begged less than the genetic chicks
(that were raised in the foster nest), thus, parents raised a less demanding brood if they
had raised their own, and vice versa.
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Mechanisms
Co-evolution of parental and offspring behaviours should ultimately lead to a genetic
correlation (Wolf and Brodie 1998; Kölliker et al. 2005). But such genetic correlation between
reciprocal traits of two individuals from consecutive generations can only arise when
behavioural variation of the involved traits is heritable (Parker and Macnair 1979; Kölliker et
al. 2005). This has indeed been found for several bird species, both for begging (Webster
and Hurnik 1987; Dor and Lotem 2009; Kim et al. 2011; Estramil et al. 2014b) and parental
provisioning (Freeman-Gallant 1999; MacColl and Hatchwell 2003; Dor and Lotem 2010;
Estramil et al. 2014b). Both traits also seem to be heritable in blue tits (although it may
require a larger sample size to obtain accurate estimates and statistical significance for mean
levels of behaviour, see box B). The (moderate) heritability estimates should in addition be
considered as upper limit estimations since the applied cross-fostering design cannot
disentangle the relative contributions from mechanisms acting pre-natally such as genes and
maternal effects. Maternal effects are defined as phenotypic variation in offspring that is a
consequence of the maternal phenotype (Roff 1998) and are thought to represent a flexible
tool to fine-tune unhatched (respectively, unborn) offspring phenotype to current
environmental and social conditions. Consequently, they may serve as a mechanism
facilitating co-adaptation (Hinde et al. 2009; Hinde et al. 2010). If so, it should in particular
support mother-offspring co-adaptation, as maternal effects are, obviously, in control of
females. In support of this, I found some evidence that mothers adjusted offspring
phenotype, that is begging intensity, in relation to her own phenotype, measured in terms of
carotenoid-based breast plumage colouration (chapter 6). When females have good
knowledge about future paternal investment into the brood (e.g. via sexually selected traits
predicting future paternal contribution, Buchanan and Catchpole 2000; García-Navas et al.
2012), they may match offspring begging to paternal quality too, in turn promoting fatheroffspring co-adaptation as shown in chapter 2. I have, however, found no evidence for this in
my studies on blue tits. Neither UV crown colouration nor carotenoid-based breast plumage
colouration of males appear to relate to offspring begging intensity (chapter 6). For long,
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plumage colouration in blue tits has been hypothesized to signal quality, and should
therefore affect parental investment (Andersson et al. 1998; Hunt et al. 1999; Sheldon et al.
1999; Griffith et al. 2003; Doutrelant et al. 2008; García-Navas et al. 2009; García-Navas et
al. 2012; Ferrer et al. 2015). The signalling function of these plumage traits has, however,
recently been questioned (Parker 2013). In line with the latter, I could not find evidence that
these traits relate to partner investment (chapter 6), despite a number of studies showing
such relationships (Limbourg et al. 2004; Limbourg et al. 2012; Limbourg et al. 2013).
Instead my results contribute to the current stand of evidence that structural or pigmentbased plumage colouration of blue tits are only inconsistently correlated with central lifehistory traits.
To determine the relative contributions of genes and maternal effects underlying the covariation of parental and offspring traits, it may be valuable to investigate within-individual
association of begging and provisioning (Estramil et al. 2014b). Given that each adult
generation is likely to experience different environmental conditions than its parental
generation, it appears less likely that pre-natal maternal factors would match behaviours
expressed in different life-stages (Estramil et al. 2014b), that is begging when being a
nestling and provisioning when being an adult. Indeed, maternal effects have been found to
alter begging (e.g. Schwabl 1996; Eising and Groothuis 2003; Barnett et al. 2011), but
apparently have no long-lasting effects on provisioning (when being an adult, see Ruuskanen
et al. 2012). As such, a within-individual link between begging (expressed as a nestling) and
provisioning (expressed as an adult) is thought to be less confounded by pre-natal maternal
factors than an across generation co-variation, where the parental generation (in particular
the mothers) may modify offspring behaviour in their interest (see above).
In the investigated blue tit population it appears that provisioning as an adult is independent
from the level of begging as measured at the nestling stage, i.e. there is no within-individual
co-variation (box C). However, these analyses are based on mean levels, whereas I found
co-variation on the reaction norm level only. But unfortunately, I was not able to obtain an
adequate sample size with respect to parental provisioning reaction norms and thus could
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not investigate within-individual co-variation using the reaction norm concept. In addition, I
measured begging as brood average. As such, this measure may have been estimated from
siblings of the focal individual that is measured as adult, which is likely to introduce some
inaccuracy, as siblings share, on average, only 50% of their genes.
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Box B. Heritability estimates of parental provisioning and offspring begging

Evolution requires heritable variation, and the latter is thus a prerequisite for co-adaptation
to evolve. As such, I investigated the heritability of the involved traits, that is parental
provisioning and offspring begging behaviour.

Table B1. Heritability (h²) of traits related to parental care, estimated via offspring-parent
regressions.
Trait

N

h² ± SE

95% CI

Provisioning rate

12

0.545 ± 0.78

-1.19 – 2.28

0.488 1,10 0.501

18

0.430 ± 0.27

-0.16 – 1.02

2.422 1,16 0.139

18

0.646 ± 0.24

0.14 – 1.15

7.315 1,16 0.016

Begging intensity a
Begging reaction norm

a

F

DF

P

The heritability estimate of provisioning is between provisioning of offspring (expressed as
adult in year X+1, response variable) and midparent provisioning of their biological
parents (in year X, explanatory variable). Similarly, the heritability estimate of (the reaction
norm of) begging is based on measures between nestling begging (in year X+1, response
variable) and begging of their biological parents (that begged in year X as nestlings,
explanatory variable).

a

Please note that these measures represent begging behaviour of the whole brood,

estimated from begging behaviour of the 2nd and 4th chick in a descending weight ranking
(see begging protocol in chapter 2). As such brood begging may have been measured
from siblings of the parent. Further, please note that sample sizes are relatively small.
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Box C. Within-individual association of begging and provisioning

A genetic correlation of offspring begging (expressed as a nestling) and provisioning
(expressed as an adult) should also be apparent on a within-individual level, but this has
thus far nearly exclusively been studied across individuals / generations. I therefore tested
whether ‘brood begging expressed as nestling (in year X)’ predicts ‘provisioning of an
individual (in year X+1) expressed as a parent’ (towards foster chicks) in a multiple
regression analysis (R²=0.09; F3,10=0.363; P=0.781, N=14, ‘brood size in year X+1’ and
‘sex’ are covariates), which may point towards a genetic correlation.

Figure C1. No within-individual association between begging and provisioning. Individuals
that were begging intensively as nestlings did not necessarily have a higher provisioning
rate [visits / min] when being an adult. Please note that ‘brood begging expressed as
nestling’ may be estimated from siblings of the focal individual (see begging protocol in
chapter 2) and that the sample size is comparatively small.
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The influence of environmental and social factors on parent-offspring co-variation
Co-variation is not only dependent on environmental variables such as food availability that
may e.g. constrain parental care, but it also depends on characteristics of the social
environment and here particularly the mating system. For example, if parents divorce
between reproductive events (~53% divorce rate in blue tits, Valcu and Kempenaers 2008)
this will intensify the parent-offspring offspring conflict as it lowers relatedness between
offspring originating from different broods. Similarly, the level of relatedness within one
reproductive event will be influenced by the level of cuckoldry and extra-pair paternity, again
impinging on within-family conflicts. For example, blue tits are socially monogamous, but
extra-pair paternity occurs frequently and it has been found that 11-14% of all blue tit
offspring are sired by extra-pair males (occurring in 31-47% of all nests, Kempenaers et al.
1997). Thus, the social partner may have lost paternity to competing males and is,
consequently, on average, less related to the brood than the mother. The missing (genetic)
link between a male caring for extra-pair offspring obviously hampers the potential for coadaptation to evolve. I nevertheless found father-offspring co-variation, but still it may be
relevant to test whether father-offspring co-variation in populations / species varies with the
level of extra-pair paternity.
Due to the aforementioned missing (genetic) link, the paternal phenotype is likely to be not
adjusted to the behavioural phenotype of extra-pair offspring. Whether this mismatch leads to
higher fitness costs, which would probably be borne by (extra-pair) offspring, depends on the
parental and offspring phenotype (see above and chapter 4). Still the mismatch would only
relate to male phenotype (and potentially the siblings), and the consequences thereof may
thus be limited. In fact, whether extra- or within-pair offspring perform better will among other
also depend on the (genetic) quality of the extra-pair male. But thus far no consistent pattern
concerning developmental differences has been reported (reviewed in Schmoll 2011).
If co-evolution, however, is entirely due to maternal effects, the mother may adjust the
phenotype of extra-pair offspring to phenotypic traits of her social partner (e.g. song, but not
plumage UV / carotenoid chroma, see chapter 6), indicating paternal care capacity. This in
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turn may lead to parent-offspring co-evolution independent of the level of extra-pair paternity.
Above I point out that social factors are likely to impinge on parent-offspring co-variation, and
argue that environmental conditions may alter the power-continuum in the debate over food.
In addition, also anthropogenic environmental factors are likely to influence this relationship.
In chapter 5 I show how noise impairs vocal parent-offspring communication. Parentoffspring communication, however, forms the basis of co-evolutionary dynamics, as parents
and offspring interact and respond to each other during parental care. When arriving at the
nest-box, the parents’ claws make a characteristic sound on the entrance hole, to which the
offspring respond to with begging (pers. obs.). Similarly, to estimate offspring need, parents
use not only visual, but also vocal begging cues (Leonard et al. 2003). When these cues are
masked by noise, parents may underestimate begging and thus hunger, leading to reduced
provisioning (chapter 5). Depending on (variation in) extent, duration and / or intensity, noise
will impair parent-offspring communication and thus alter the co-evolutionary dynamics by
altering begging traits. On an evolutionary time scale, the relative importance of vocal
begging in noisy environments may decrease, and parents are likely to rely more on other,
e.g. visual, begging cues, that are not masked by noise.
Thus, from what is written above, it becomes clear that several social and environmental
factors have the potential to impinge on the co-evolution of parental and offspring
behaviours. In addition, individuals may follow their own strategy in relation to ecological and
social factors to maximize their own fitness. For example, when offspring open their eyes,
they gain additional information about prey size, and thus, potentially energy content.
Consequently, it may be adaptive to cease (costly) begging (Kilner 2001; Roulin 2001;
Moreno-Rueda 2010; Soler et al. 2014) under certain conditions and beg selectively when
conditions are more favourable. This can be the case when prey seems energetically more
profitable (i.e. bigger) or fewer brood mates beg, which increases chances of receiving the
food. If true, an individual’s optimal begging strategy may be in conflict with the optimal
begging strategy of the whole brood, that is, to elicit more care from the parents than the
latter are selected to provide. Thus, it would be advantageous to not only estimate begging
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on an individual level but also on a brood level. However, for me it was logistically not
possible to test all individuals of the brood, as blue tits raise on average ten nestlings and I
estimated individual begging behaviour in a time-consuming food deprivation gradient.
Further, parents will desert their nest when “predation” (i.e. collecting chicks for the begging
test) is too high. Instead, I tested two nestlings per family and considered their mean begging
intensity as brood begging intensity, implicitly assuming that the brood as a whole is adjusted
towards the parental provisioning capacity. This, however, neglects the fact that there is
competition between siblings. To minimize effects of sibling competition or nestling rank, I
standardized the begging protocol by taking the 2nd and 4th nestling in a descending weight
rank. In case nestlings indeed follow individual begging strategies, it still remains elusive
whether this impinges on co-evolution. As begging intensity is, on average, likely to be equal
(whether or not nestlings follow individual strategies), selective begging may rather influence
the within-brood dynamics with respect to food distribution.

Taken together, the integration of behavioural reaction norms into the co-adaptation context
(Hussell 1988; Smiseth et al. 2008; Dobler and Kölliker 2009) provides a necessary and
important step to improve our understanding of co-evolutionary dynamics (see also Royle et
al. 2014). However, when applying an environmental gradient to measure a behavioural
reaction norm, it is of utmost importance that the gradient is appropriately adapted to the
species, its life-history and ecology to avoid artificial effects (see above and chapter 3).

A factor that complicates studying co-adaptation is the multidimensional complexity of
solicitation and parental care. Whereas care consists of traits like provisioning, nest
sanitation (see above), and offspring defence, solicitation consists of several sensory
modalities that make begging a multicomponent display (Kilner and Johnstone 1997). Next to
the fact that different begging cues may carry different messages (and thus may signal not
only hunger, but, for example, also parasite infestation, Christe et al. 1996a), it is also crucial
to identify the “correct” combination of reciprocal traits.
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Similarly, also provisioning has at least two dimensions and parents can counteract
increased brood need not only by adjusting the provisioning rate, but also the size of the
meal delivered. In box D I show that parents did not increase their provisioning rate towards
experimentally enlarged broods (fig. D1a), mimicking increased demand. This may suggest
that parents faced (energetic) limitations that restrict an increase of the provisioning rate. To
counteract increased brood demand, parents rather increased prey item size (fig. D1b). The
fact that parents shift to larger prey only when faced with increased demand, may suggest
that such prey is easier to detect and thus parents switch to prey types that were more
quickly to gather (Tinbergen 1981; Lifjeld 1988; Wright and Cuthill 1989; Wright and Cuthill
1990a; Wright and Cuthill 1990b). However, on the other hand parents do not provide the
same share of large prey (which would probably keep offspring satiated for longer) to
nestlings of un-manipulated brood sizes, which may suggest that this diet is not optimal for
offspring. Potentially, smaller prey items (such as spiders) contain more valuable nutrients
than bigger prey (such as caterpillars). Indeed, it has been found that spiders contain 40-100
times more taurine than caterpillars (Ramsay and Houston 2003), an amino acid that is
essential for the development of cognitive functions in birds (Arnold et al. 2007).
The flexible adjustments made to either provisioning rate or prey size introduce a new level
of complexity of measuring provisioning. Hinde et al. (2009; 2010) and Estramil et al. (2013;
2015) used an elegant approach that may provide a more accurate measure than offspring
food intake, that is foster offspring growth mass as proxy for parental food supply. However,
a potential pitfall of this approach is the fact that it neglects a potential influence of genes on
foster offspring growth patterns. Furthermore, using foster offspring growth as proxy for
parental food supply prevents the investigation of potentially relevant sex-specific patterns,
that is when parents behave differentially (see chapter 2).
Thus, although research on parent-offspring co-adaptation has made impressive progress in
the past decades, it still partly remains puzzling to fully capture nature’s complexity, as,
especially when performing field experiments, measurements of most variables are rather
imperfect.
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Box D. The effect of brood size manipulations on provisioning behaviour

Parents did not only change their rate of provisioning, but also the size of the prey item
they delivered in response to a brood size manipulation.

Figure D1. a) Parental provisioning (square root transformed to increase model fit) was
affected by time effects (year: F1,97.82=51.05, p<0.001; hatch date: F1,105.26=8.75, p=0.004),
(unmanipulated) brood size (F1,98.29=9.06, p=0.003) and treatment (F2,196.66=45.84,
p<0.001) (Mixed model, R-package ‘lme4’, random effect bird ID nested in nest ID nested
in dyad ID). A post-hoc test for mixed models (R-package ‘LMERConvenienceFunctions’)
showed that provisioning towards reduced broods is significantly different from
unmanipulated (p<0.001), respectively enlarged (p<0.001) brood sizes and that there is
no difference between the latter two (p=0.414) (fig. D1a, red = reduced, unm = unmanipulated, enl = enlarged brood size manipulation treatment).
b) Prey item size depended on the hatch date of the brood (p=0.024), brood size
(p<0.001), treatment (p<0.001, fig. D1b, dark-green = large prey, dark-red = medium prey,
light-blue = small prey) and the interaction of the latter two (p=0.003) (R-package ‘ordinal’,
random effect bird ID nested in nest ID nested in dyad ID). Data are from chapter 2 (see
also for the protocol).
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Supporting information for chapter 2

Figure S1. The change in begging with the duration of food deprivation for different years.
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Table S1. LME model of the weighted parental provisioning rate (sqrt). Nest ID nested in
Dyad ID was included as a random effect. N = 107 nests.
Source of variation
Weighted parental provisioning rate
Year
Parent sex
Begging score of genetic chicks
Begging score of foster chicks
Begging score of genetic chicks × Parent sex
Begging score of foster chicks × Parent sex
Year × Begging score of genetic chicks

F
45.52
5.41
0.96
1.79
0.75
2.38
0.80

df
2,210
1,210
1,207
1,209
1,206
1,208
2,204

P
<0.001
0.021
0.329
0.182
0.387
0.124
0.453

Table S2. LME model of the weighted parental provisioning responsiveness. Nest ID nested
in Dyad ID was included as a random effect. N = 51 nests.
Source of variation
Weighted parental provisioning responsiveness
Year
Parent sex
Begging responsiveness of genetic chicks
Begging responsiveness of foster chicks
Begging responsiveness of genetic chicks × Parent sex
Begging responsiveness of foster chicks × Parent sex
Year × Begging responsiveness of genetic chicks

F

df

P

4.85
1.73
0.61
0.49
2.86
2.47
0.44

1,26.42
1,60.63
1,85.88
1,60.13
1,59.99
1,58.22
1,84.63

0.037
0.193
0.438
0.489
0.096
0.122
0.511
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