
 

 

 University of Groningen

Temporal components of interspecific interactions
Samplonius, Jelmer Menno

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Samplonius, J. M. (2018). Temporal components of interspecific interactions. [Thesis fully internal (DIV),
University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/5e3b7e55-52bf-41b5-aca7-af8bea2d1cec


Temporal components of
interspecific interactions

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 1



The research presented in this thesis was conducted at the Conservation Ecology Group
(Conseco), part of the Groningen Institute for Evolutionary Life Sciences (Gelifes),
University of Groningen

The study was funded by the University of Groningen and the Dobberke foundation for
comparative psychology (to JMS and CB)

Printing was supported by the University of Groningen

Lay-out: Dick Visser
Figures: Jelmer Samplonius and Marion Nicolaus
Photos: Jelmer Samplonius and Richard Ubels
Cover design: Maria Siemensma

Printed by: GVO drukkers & vormgevers B.V., Ede

ISBN: 978-94-034-0786-9 
ISBN: 978-94-034-0785-2 (electronic version)

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 2



Temporal components of
interspecific interactions

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 13 juli 2018 om 11:00 uur

door

Jelmer Menno Samplonius

geboren op 28 januari 1985
te Leeuwarden 

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 3



Promotores
Prof. dr. C. Both
Prof. dr. J.M. Tinbergen

Beoordelingscommissie
Prof. dr. S. Verhulst
Prof. dr. B. Helm 
Prof. dr. T. Coulson

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 4



Contents

Chapter 1 Background and general introduction 7

Box A A case of a three species mixed brood after two interspecific nest take-overs 23

Part 1. An intertrophic perspective on asynchrony, prey choice and offspring condition

Chapter 2 Phenological mismatch and ontogenetic diet shifts interactively affect offspring 31
condition in a passerine

Part 2. Differential adjustment to climate change between resident and migrant birds

Chapter 3 Phenological sensitivity to climate change is higher in resident than in migrant 57
bird populations among European cavity breeders

Part 3. Social information use in habitat selection

Chapter 4 Competitor phenology as a social cue in breeding site selection 81

Chapter 5 Nest site preference depends on the relative density of conspecifics and 97
heterospecifics in wild birds

Box B Does territory owner aggression offer an alternative explanation to patterns in 111
heterospecific information use studies? A comment on Slagsvold & Wiebe

Part 4. Fitness consequences of phenological overlap between species

Chapter 6 Climate change affects fatal competition between two bird species 121

Box C Great tit aggression toward simulated intruders declines over the course of 133
the breeding season

Chapter 7 Does phenological synchrony with an interspecific competitor affect 139
competitive outcomes during the nestling phase?

Chapter 8 General discussion and synthesis 157

References 167

Samenvatting 183

Acknowledgements (Dankwoord) 189

Affiliations of co-authors 194

Curriculum vitae 197

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 5



J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 6



Jelmer M. Samplonius

Key-words: passerines, tits, flycatchers, climate change, competition,
social information, phenology, timing

General introduction:
interspecific interactions in a warming world

Chapter 1

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 7



The evolution of seasonality

Most organisms have evolved annually recurring (circannual) rhythms (phenology) across
different levels of biological organization that help them to survive and reproduce
successfully (Perrins 1970; Verhulst and Nilsson 2008; Helm et al. 2013). Therefore,
many animals are adapted to respond to environmental conditions that provide predict -
able timing cues, including day length and temperature (Bradshaw and Holzapfel 2007).
Since breeding at the right time confers fitness advantages (Verhulst and Nilsson 2008), it
is important to be aligned with seasonally changing conditions. For example, many
passerines in temperate environments rely on a short peak in caterpillar abundance
(Perrins 1991; Cholewa and Wesołowski 2011), the timing of which depends largely on
temperature. Hence, the timing of passerines is thought to be evolved in part to respond
to temperature (Visser et al. 2010). A more basic cue (one that is partly predictive of
temperature in temperate environments) is photoperiod, a cue that triggers seasonal
biological events including hibernation and migration (Dawson et al. 2001; Helm and
Gwinner 2006; Helm et al. 2013), both of which are considered adaptations to cope with
environmental harshness (and not with shortening photoperiod itself). During the breed -
ing season, the seasonal environment imposes selection pressure on individuals repro-
ducing at different day lengths. Therefore, over evolutionary time, it can be expected that
one particular day length (photoperiod) in a certain population is correlated with the best
mean fitness, ultimately causing stabilizing selection on breeding date (Bradshaw and
Holzapfel 2007), resulting in timing adaptations that respond to photoperiod. Circannual
programmes are at their basis considered to have evolved to respond to photoperiod
(Gwinner 1967; Visser et al. 2010; Helm et al. 2013), and may be fine-tuned by other
environmental variables, including year to year variation in temperature or food condi-
tions.

Climate change and trophic mismatch

Over the period 1850–2012, global land and ocean surface temperatures have risen by
0.85 (±0.20) °C and are expected to continue rising over the next decades (IPCC 2013).
Understanding the effect of climate change on ecological communities is important, as
warming temperatures directionally alter ecological conditions. Among the best docu-
mented changes are geographical range shifts (Parmesan et al. 1999; Davis and Shaw
2001; Thomas et al. 2001), advances in spring phenology (Visser and Holleman 2001;
Winkler et al. 2002; Parmesan and Yohe 2003; Thackeray et al. 2010, 2016), and trophic
mismatch (Visser et al. 1998; Both and Visser 2001; Both 2010a). Trophic mismatch
occurs in seasonally fluctuating systems, when resources peak at a different time than
optimal for the trophic level that depends on these resources. This phenomenon was first
demonstrated in a system with fish and plankton, where the recruitment of fish was
higher when the synchrony with plankton supply was higher (Cushing 1969, 1990).
Later, mismatch between oaks Quercus robur, winter moths Operophtera brumata, and
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great tits Parus major was shown to occur as a result of climate warming (Visser et al.
1998; Visser and Holleman 2001), and a new field of inquiry was born. Since then, many
studies have shown that phenological mismatch between trophic levels occurs (Edwards
and Richardson 2004; Pearce-Higgins et al. 2005; Visser and Both 2005; Both et al. 2009;
Thackeray et al. 2010; Saino et al. 2011) and has consequences for individual fitness
(Durant et al. 2007; García-Navas and Sanz 2011; Reed et al. 2013b; Samplonius et al.
2016a) and in some cases even on population numbers (Both et al. 2006, 2010; but see
Reed et al. 2013a). Logically, the question arose to what extent and by what processes
animals and populations could keep up with a warming planet (Visser 2008).

Phenological advancement to climate change: adjust or adapt?

Animals or animal populations are broadly expected to adjust in two ways to climate
change: within individual phenotypic plasticity or evolutionary changes. Phenotypic plas-
ticity is the ability of organisms to produce different phenotypes with the same genetic
background in response to environmental variation (Pigliucci 2005). Genetic adaptation
occurs when selection for heritable genes favours certain timing schedules compared to
others. Conceivably, late birds perform worse when their food peaks advance quickly, and
genes for late timing would be selected against. A recent meta-analysis of long term
studies on reproductive timing in birds revealed that almost every study that has consid-
ered avian phenological adjustment to climate change found evidence for phenotypic
plasticity as the main mechanism underlying the apparent changes (Charmantier and
Gienapp 2013). However, it was also stressed that evolutionary changes are seldom
considered and are hard to prove from time series analyses. So far, only few studies have
claimed a genetically underpinned evolutionary change in timing  (Jonzén et al. 2006,
disputed by Both 2007), and adjustment in arrival date (Van Buskirk et al. 2012). 

Phenological components of interspecific interactions

Adjustment to climate warming has often been viewed from an among trophic level
perspective, because this reproductive timing is thought to be regulated by the timing of
shifting food conditions (Perrins 1970). However, reproductive decisions may also be
governed by competition, the strength of which may be altered by climate change.
Climate change may affect the timing of lower trophic levels more than higher ones,
because mechanisms to regulate seasonal timing may differ among species groups,
including temperature sensitivity, or the importance of other cues used to regulate timing
like photoperiod (Thackeray et al. 2016). Alternatively, species groups may differ in the
timing of their climate windows, for example because they have vastly different annual
cycles (resident versus migrant), which may lead to differential changes if changes in
temperature across these climate windows are asymmetrical (Thackeray et al. 2016).
Such differential mechanisms to adjust to climate change are often studied among trophic
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levels, but few studies consider differential responses to temperature within trophic levels.
For example, it was shown that migratory flycatchers in Great Britain are less responsive
to temperature changes than resident tits in the same system (Phillimore et al. 2016).
Similarly, a meta-analysis showed that short distance migrants advance more than long
distance migrants (Usui et al. 2017). If species differentially respond to climate change,
then it is conceivable that interspecific synchrony within the same guild is affected, which
may in turn have consequences for interspecific interactions within trophic levels.
However, there is very little research on the effect of synchrony on consequences for
species interactions, and whether it is present or not depends largely on whether and how
species within the same guild compete over (different) resources.

Study system and first literature exploration

European great and blue tits Cyanistes caeruleus and pied Ficedula hypoleuca and collared
flycatchers F. albicollis have become model systems to study adaptation to climate change,
as they are nest box breeders with long-term data collected throughout their breeding
ranges (Visser et al. 1998, 2003, 2004, 2011, 2015, Both and Visser 2001, 2005, Both et
al. 2004, 2006, 2009; Visser and Both 2005; Visser 2008; Both 2010b; Goodenough et al.
2010; Bauer et al. 2010; Husby et al. 2011; Reed et al. 2013b; Samplonius et al. 2016a).
Great and blue tits are European (mostly) resident species that spend the winter near
their breeding location (although more northern population do migrate to some extent).
Pied flycatchers are long distance migrants that winter in West-Africa (Ouwehand et al.
2016), whereas collared flycatchers spend the winter south of the equator (Briedis et al.
2016). The long distance migrant flycatchers have a later phenology than the resident tits
with on average two weeks separating their mean laying dates in our study population in
Drenthe (Box A). European tits and flycatchers are among a range of bird species facing
relatively new pressures from anthropogenic climate change, because the phenology of
their caterpillar food advances faster than they can keep up with (Visser et al. 1998; Both
et al. 2009). All four species are common cavity nesters that depend on similar resources
including nesting cavities and food (Török 1986), although relatively little is known
about the similarity of their diets. Moreover, they all readily breed in nest boxes, for
which there may be fierce competition (Slagsvold 1975). Furthermore, there is an
increasing amount of evidence that this niche overlap leads to benefits for flycatchers by
eavesdropping on the information provided by resident species (Forsman et al. 2002),
coined heterospecific attraction (Mönkkönen et al. 1990).

Differential adjustment to climate change: a first exploration

To explore interspecific differences in laying date trends, we assembled published trends
in laying dates of sympatric European tits and flycatchers (Winkel and Hudde 1997;
Visser et al. 2003; Both et al. 2004, 2009; Goodenough et al. 2010; Bauer et al. 2010). In
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most sympatric populations both tits and flycatchers have advanced laying dates (Figure
1.1). However, more information is required to answer questions regarding these interspe-
cific differences. First, published trends are not standardized across years, making
comparisons between trends problematic. This becomes evident when comparing trends
from the same Dutch population in two different studies (Figure 1.1, grey text) with
slightly different year intervals. Especially the difference in great tit trends is notable,
raising the question of how sensitive such comparisons are to starting and ending year.
Secondly, not all these studies correlated laying date trends with spring temperature, and
if they did the period was not standardized between populations, ranging from “the 30-
day mean temperature before mean laying date” (Visser et al. 2003; Both et al. 2004) to
“mean entire spring temperature” (Bauer et al. 2010). Therefore, in order to explore inter-
specific differences in climate related phenological trends between tits and flycatchers
across Europe, priority should be given to assembling long term data and standardizing
them across years and temperature periods. Differences in phenological adjustment may
affect interspecific synchrony and thereby interactions between tits and flycatchers, so
first I will provide an overview of the type of interactions that may be affected by climate
change in this study system.

Background and general introduction 11
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Interactions between tits and flycatchers during the breeding season

Interference competition for nesting holes

When pied flycatchers arrive from their West-African wintering grounds to their
temperate breeding grounds, the search for a nesting hole ensues. Male flycatchers arrive
roughly a week earlier than females (Both et al. 2016), but more importantly tits will
already have initiated nest building or egg laying. Therefore, nesting holes utilized by
flycatchers in a previous year may have become occupied by a tit in the current year.
Since tits already occupy many existing holes, flycatchers either have to find a new hole
or try to evict a breeding tit, which they may attempt either by fiercely attacking tits
outside of the nest box until they desert, or rapidly building a nest on top of the tit nest
(Slagsvold 1975). However, taking over a tit nest is a risky endeavour, which may result
in flycatcher mortality (Löhrl 1950; Mackenzie 1950; von Haartman 1956, 1957;
Slagsvold 1975). Interestingly, flycatchers die in a tit nest box mostly during the egg
laying phase of great tits (Merilä and Wiggins 1995). The explanation for this may be
twofold. First, great tits spend more time away from the nest during egg laying, which
increases the opportunity for flycatchers to take-over the nest, but also their risk to be
caught off guard inside a tit nest. Second, male great tits spend more time in close prox-
imity to their female partners during egg laying, guarding her during her fertile period
(Björklund and Westman 1986). Therefore, it is conceivable that male tits are also most
aggressive during this phase as they have to fend off potential rivals that might mate with
their partner. Moreover, the ability of great tit males to defend from invading flycatchers
appears to be correlated to social dominance, as measured by the broadness of their
breast stripe (Winge and Järvi 1988).

Nesting holes are limiting population numbers in natural situations (Newton 1994).
However, does this limitation also apply in nest box studies where the number of avail-
able nesting holes is artificially increased? Effects of the number of nest boxes on the
number of breeding pied flycatchers have been amply recorded. In an entertaining quote,
Von Haartman (1956) noted that “few ornithologists are probably wealthy enough to
supply more nest-boxes in an area of 4 sq. km. than the Pied Flycatchers can use”.
Furthermore, in one of the first experiments in this study system in 1958, Campbell
(1968) noticed that the pied flycatcher population size increased when he blocked
entrance holes to keep tits from breeding until flycatchers arrived. Slagsvold (1978) used
the opposite approach by blocking all empty nest boxes before flycatchers arrived, which
dramatically reduced the number of breeding pied flycatchers in his nest boxes. Although
these results appear to demonstrate that nest hole availability limits pied flycatcher
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breeding densities, they have a limitation: the lack of a control group. It took another
decade before the question whether tits and the number of nest sites limit breeding densi-
ties of flycatchers was finally resolved. Inspired by the first experimental demonstration
that cavity roosting great tits limit the number of winter roosting blue tits (Dhondt and
Eyckerman 1980), Gustafsson (Gustafsson 1988) upregulated nest box densities in three
of his plots. The other half served as controls. The main result was that collared flycatcher
numbers increased compared to his controls, proving that the number of available nesting
holes limited collared flycatcher numbers. Moreover, in one plot he removed tits from
nest boxes to show a dramatic increase in Collared Flycatcher occupation compared to
controls, demonstrating that competition with great tits is one of the main processes
limiting flycatcher numbers. In our own study population in Drenthe, it was found that
pied flycatcher population numbers increased about fivefold after the initiation of the
nest box study in 2007 (Both et al. 2017). The main conclusion is that even in semi-artifi-
cial situations like in nest box studies it was possible to demonstrate that nesting holes
are limiting population numbers of cavity nesting birds. Therefore, in natural situations
where fewer suitable holes are available, such competition must be even more intense.
Nest box studies have greatly contributed to understanding the structuring role of inter-
ference competition in forest bird communities.

Exploitation competition for food

It is generally accepted that competition is more severe within species than among
species, as more similar individuals have more similar requirements, but interspecific
competition can still have a meaningful effect on bird communities (Root 1967; Dhondt
2012). Within guilds there is more variation in foraging tendencies than within species, a
concept first studied in detail in European titmice. In the forests of the English midlands,
it was found that different species of titmice differ in their niche in terms of foraging
height, and “preferred” tree species (Hartley 1953; Gibb 1954). Similarly, some studies
noted more distinct foraging habits when species foraged together compared to when
they foraged alone (Morse 1967; Hogstad 1978). Nevertheless, this observational evi -
dence was criticized, because cause and effect could not be distinguished (Connell 1980).
In order to establish the existence of interspecific competition in shaping the foraging
niche, experimental removals had to provide conclusive evidence. Surprisingly, not only
was it shown that experimental removal of dominant species resulted in expansion of the
foraging niche of the subordinate species, but the removal of subordinate species also
resulted in niche expansion of the dominant species (Alatalo and Gustafsson 1985;
Alatalo and Moreno 1987). Such results show that interspecific competition is reciprocal

Background and general introduction 13

“As species of the same genus have usually, though by no means invariably, some similarities in
habits and constitution, and always in structure, the struggle will generally be more severe between
species of the same genus, when they come into competition with each other, than between species

of distinct genera.”

(Darwin 1859)

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 13



and that even dominant species incur costs of competition from subordinate species.
Although amply studied separately (Royama 1970; Sanz 1998; Cholewa and Wesołowski
2011), only one comparative study was found on foraging in European tits and
flycatchers, which showed that the niche (or more precisely nestling diet) overlap
between tits and collared flycatchers in Hungary was 33% (Török 1986), although this
was only analyzed at the Order level. However, no experimental studies were found,
showing a general lack of information about the effects of competition between these
resident and migratory birds on their foraging tendencies. 

To prove that interspecific competition takes place, diversifying foraging patterns
should translate into fitness consequences (Dhondt 2012). Fitness consequences of inter-
specific competition are generally viewed from a density dependent perspective.
However, intraspecific density dependence of clutch size was found in half of the studies
on tits, but in zero of the studies on flycatchers (Both 2000). This pattern was hypothe-
sized to be attributable to the unpredictability of final breeding densities for the migra-
tory flycatchers, but this did not turn out to be true. An alternative hypothesis was that
flycatchers were more limited by indivisible resources (nesting holes) than by divisible
resources (food) in nature, and that therefore no intraspecific density dependent patterns
were found there (Both and Visser 2003). Interestingly, a third hypothesis - that fly -
catchers are more subjected to interspecific than intraspecific density dependence – was
not considered in these studies. However, such a hypothesis is supported by both observa-
tional and experimental studies. In one study, 19 years of data showed that high great tit
densities negatively impacted collared flycatcher clutch size and fledgling success, and
high collared flycatcher densities negatively affected both blue and great tit hatching
success and fledging success in great tits (Sasvári et al. 1987). This effect was not found
in another study, possibly due to their relatively low tit densities and very high flycatcher
densities compared to the other study, which potentially increased the effect of intraspe-
cific competition (Török and Tóth 1988). Gustafsson (1987) proved that experimental
density reductions of great tits had a positive effect on collared flycatcher fecundity, fledg-
ling weight, and recruitment. A more recent study demonstrated negative effects of high
experimental tit densities on collared flycatcher Ficedula albicollis clutch size, fledgling
mass, and number of fledglings (Forsman et al. 2008). In yet another study, negative
effects of pied flycatcher densities on great tit chick growth were found (Forsman et al.
2007). In short, there is both observational and experimental evidence that flycatchers
and tits negatively affect each other’s fitness through exploitation competition, although
most of this evidence was found in collared flycatchers. Moreover, there is no evidence
whether species may affect each other’s optimal timing response to climate change.

Positive interactions between resident and migrant passerines
Over the past decades evidence has emerged that competing species not only negatively
affect each other, but they may also provide information for settlement and reproductive
decisions, a process coined heterospecific attraction (Mönkkönen et al. 1990). The predic-
tions for such attraction oppose that of competition, as it is expected that cue users
should be more attracted to higher rather than lower numbers of information providers,
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which may signal high habitat quality. Landscape scale manipulations of resident tit
densities have so far mostly been done in Scandinavian studies, and have tentatively
confirmed that heterospecific attraction plays a role in settlement decisions, but the
effects have varied across studies and species groups.  Positive associations between
manipulated tit density and the numbers of different bird species were found, including
willow warblers Phylloscopus trochilus (Mönkkönen et al. 1990), increased chaffinches
Fringilla coelebs (Mönkkönen et al. 1990; Thomson et al. 2003). For unclear reasons,
another study excluded those two species from the analysis and found a positive effect on
the rest of the “migrant foliage gleaning guild” (Forsman et al. 2009). Yet another study
found an effect of tit density only on redwing Turdus iliacus (but with a very low sample
size: 8 vs 2 breeding pairs) numbers (Forsman et al. 1998). So far, the results of land-
scape scale manipulations of tit densities have pointed toward effects on settlement
patterns of migratory birds, but the results remain somewhat ambiguous.

Apart from broader landscape scale effects when choosing a suitable breeding habitat,
animals may use more local information to optimize their settlement and reproductive
decisions. Settling pied flycatchers regularly visit tit nest boxes (Forsman and Thomson
2008), a behaviour that is also common in a conspecific setting (Ottosson et al. 2001).
The outstanding hypothesis is that flycatchers visit other nest boxes to gather inadvertent
social information about habitat quality (Danchin et al. 2004). Moreover, tits are often
further advanced in their phenology, so their information may be more useful to late
arriving flycatchers than that of early arriving conspecifics. When settling flycatchers were
made to choose between two types of geometric symbols on empty nest boxes, later
arriving inexperienced flycatchers were more likely to copy the symbol choice that was
associated with tit occupation, whereas experienced flycatchers were indifferent, possibly
relying more on personal information (Seppänen and Forsman 2007). Moreover, the pied
flycatcher’s decision to copy or reject a great tit symbol was correlated with the number of
eggs or offspring that was present in the tit nest at the time the choice was made
(Forsman and Seppänen 2011; Seppänen et al. 2011). This effect in turn appeared to
disappear when information was hidden due to tits covering their eggs (Loukola et al.
2013), a behaviour which was overexpressed when songs of flycatchers were played
outside the tit nest box (Loukola et al. 2014a). To summarize, many studies both at the
landscape scale and at the nest site scale have found that birds use social information in
their breeding site selection, which is contrary to the classic idea that only negative
effects induced by competition regulate community composition.

A brief overview of studies on interactions between tits and flycatchers can be found
in table 1.1.

Emerging knowledge gaps

From studying the literature on adjustment to climate change and interspecific competi-
tion between tits and flycatchers, it is clear that few studies consider whether tits and
flycatchers may adjust at different rates to climate change and how this may affect inter-
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specific competition. Could species that depend on similar resources indeed change each
other’s optimal response through interspecific competition or are the responses mostly
driven by underlying trophic levels (food) or even higher trophic levels (predators)? More
generally, competition and information use are not generally viewed from a timing
perspective, but mostly from a density dependent perspective. Competition may not only
intensify because the caterpillar peak shifts faster than avian phenologies (potentially
leading to food shortages), but also because differential rates of adjustment may cause a
higher degree of synchrony between competing species (although synchrony could also
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be reduced). There is evidence that synchrony between tits and flycatchers causes a
higher degree of flycatcher mortality, but this was only studied in one Finnish population
so far (Ahola et al. 2007). Moreover, information use may have temporal components,
because areas in which tits breed earlier could be preferred if flycatchers are to avoid
temporal components of competition. Alternatively, a high habitat quality could cause tits
to breed early (Svensson and Nilsson 1995; Lambrechts et al. 2004), and therefore tit
phenology may be an indicator of habitat quality for settling flycatchers.

Outline of the thesis

The aim of the current thesis is to understand the decisions and pressures pied flycatchers
face under climate change, with a focus on interactions with the great tit. In box A, I
present an anecdote to provide some more context as to how I came to the questions
studied in this thesis. Counterintuitively, after this anecdote in chapter 2, I present an
intertrophic perspective on the effect of timing and nestling age on the nestling diet of the
pied flycatcher, but this also provides an important basis for the rest of the work, because
it gives an overview of the foraging ecology of pied flycatchers in our study system, which
may also be affected by interspecific competition. Moreover, it provides a perspective on
the effects that underlying trophic levels have on the  response of flycatchers.

To study differential effects of temperature on resident and migrant cavity nesters, in
chapter 3, I provide a collaborative analysis of long-term data from 10 populations of tits
and flycatchers across Europe. Here, I also study whether phenologies of these species
groups have generally converged or diverged and speculate what implications this could
have for synchrony, competition, and information use. This information use part of the
question is further elaborated in chapter 4, in which I performed an experimental study
where the phenologies of great tits were advanced and delayed at the subplot level
(Figure 1.2) and flycatcher settlement patterns were monitored. To further investigate the
information use question, we also performed a study in which we used geometric symbols
(chapter 5) to study whether conspecific or heterospecific information is preferred by
flycatchers. Subsequently, in chapter 6 I analyze how synchrony with great tits in combina-
tion with great tit density affects pied flycatcher mortality patterns during the settlement
phase (interference competition). Last, I study whether our experimental manipulations
(chapter 4) affected great tit and pied flycatcher nestling diets and offspring condition. I
will end this thesis with a general discussion on the results in chapter 8, where I will
emphasize the importance of synchrony in modulating species interactions, especially
during the settlement phase of cavity nesting passerines in our population. Table 1.2 gives
a concise overview of which data was collected when and in which chapters it was used.

Background and general introduction 17
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Chapter 118

Table 1.1 Studies about interactions between Paridae and Ficedula spp. Descriptive studies are at
the top half and experimental ones at the bottom half of the table. Types of effects: Interference (I),
Exploitation (E), Asymmetrical (A), Facilitation (F), Year effect (Y).    

Descriptive studies Main findings Type of Reference
interaction

Tit related flycatcher deaths More flycatchers probably killed by great tits than I (von Haartman )
by predators 1957

Eight hole nesters are analyzed  11 out of 29 mixed clutches successful, always raised by I (Busse and 
and assigned to being either a the host; 12 cases of F. hypoleuca evicting P. major Gotzman 1962)
"host" or an "aggressor" during egg laying period, only one the other way around

Nest box competition Three females killed in nest boxes; In high flycatcher   I (Tompa 1967)
density years, nest takeovers  by F. hypoleuca were
observed more regularly (5 times in one year than in
lower density years)

General description of territory  F. hypoleuca aggressively defend territories, but may    I / E (Edington and 
mapping, spatial distribution of have overlap with others; Both inter- and intraspecific Edington 1972)
24 insectivores fighting occurred along territorial boundaries. Species

may be separated horizontally, vertically or by the 
types of food taken

General description of aspects of  F. hypoleuca may take over P. major nests, F. hypoleuca I / E (Slagsvold 1975)
interspecific competition P. major takes a greater variety of prey than P. major and has a
and F. hypoleuca different hunting technique, but there is dietary overlap;

Negative correlation P. major density and F. hypoleuca
clutch size in Von Haartman's data, but not in forest of
Dean, F. hypoleuca success higher in late food peak years;
High P. major density year 1 negatively affected F. hypoleuca
density year 2 in Finland, but positively in England

Food segregation and overlap    Niche breadth F. albicollis larger than the two tit species   E (Török 1986)
P. major, P. caeruleus, and with regard to food composition, but not with regard to
F. albicollis, diet composition prey size; Niche overlap prey type + prey size:  P. major - 
measured by neck collars P. caeruleus 0.54 + 0.49; P. major - F. albicollis 0.33 + 0.35;
1978–1982 P. caeruleus - F. albicollis 0.45 + 0.56

Intra- and interspecific density   High blue tit density reduced great tit clutch size, but not      E (Sasvári et al. 
dependence of reproduction were the other way around; High densities of F. albicollis 1987)
studied in P. major, P. caeruleus, increased hatching failure in great and blue tits, and
and F. albicollis; 19 years of data decreased fledging success in great tits; Years with 

high densities of P. major had significantly reduced
F. albicollis clutch size and fledging success

Observe how P. major nest defense   Great tits with larger breast stripes were better able to I       (Winge and Järvi 
success against F. hypoleuca is defend against pied flycatchers, supporting Fighting 1988)
related to Parental Investment Ability hypothesis; No support for the Parental Investment 
or Fighting Ability hypothesis which postulates that parents should become

more successful at defending their nest depending on 
their breeding stage

Description of 23 F. albicollis 4.3% of F. albicollis population killed by P. major I (Merilä and 
casualties in P. major nest boxes (varying between 0 and 17%), 18 out of 23 were male, Wiggins 1995)
in 1993 no effect of age class on casualty probability; Most deaths

among early arriving F. albicollis, during egg laying phase
of P. major; F. albicollis casualty rate significantly
correlated with P. major density

53 F. hypoleuca casualties in Casualty rate negatively correlated with laying date interval      I (Ahola et al.
P. major nests; 53 years of data between the species; Casualty rate positively correlated 2007)

with P. major and F. hypoleuca density; Laying date interval
significantly correlated with the difference in species
specific temperature response in laying date
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Table 1.1 Continued.    

Descriptive studies Main findings Type of Reference
interaction

attach cameras to 80 blue and  10 flycatcher (both species) visits in 129 hours of  F (Forsman and 
great tit nest boxes, record recording; No effect of feeding rate, year, or nestling Thomson 2008)
flycatcher visits age on visiting probability

Block nestboxes to prevent local tit population declined; F. hypoleuca population I (Campbell 1968)
tit breeding increased

Provide nest-boxes Large increase pied flycatchers; No effect on other No (Enemar and  
breeding bird numbers Sjöstrand 1972)

Block empty nestboxes to 2 out of 40 nests taken over by F hypoleuca; one killed;  I (Slagsvold 1978)
encourage F. hypoleuca takeover breeding density reduced; 4 takeover attempts, where

female F. hypoleuca carried nest material in P. major nest

Reduce P. major density in both F. albicollis density increases; F. albicollis clutch size,  I / E (Gustafsson 
high and low density plots by 90% nestling mass, and fledging success higher in low 1987)

P. major densities

Manipulate nest-box density and  Reduction tit numbers; increase in F. albicollis numbers  I (Gustafsson 
number of tits breeding, provide in high nest box densities; F. albicollis adults breeding 1988)
small and larger nest boxes in smaller boxes have reduced breeding success and 

smaller tarsi

Manipulate nest box density, Tit density varied 0.8-1.8 pairs/ha; F. albicollis density     E (Török and Tóth 
a four year study 2.1–9.1 pairs/ha. No effect of tit density on F. albicollis 1988)

reproductive traits (probably because of their low
breeding density); F. albicollis hatching, fledging, and
breeding success, and fledgling tarsus length negatively
correlated with intraspecific density

Add / remove resident Parus spp on Increase chaffinch (18 vs 22), willow warbler (35 vs 39),  F (Mönkkönen
6 different islands and  other migrants (42 vs 53) on tit enriched islands; et al. 1990)

no niche shifts

Increase / decrease resident cavity  High first factor loadings of the "log transformed arboreal   F? / (Y) (Mönkkönen and 
nesters Parus atricapillus, Sitta insectivore migrant densities" in high resident density Helle 1997)
canadensis, Sitta carolinensis year; No difference in migrant abundance, no difference

in species richness

Increase / decrease resident No effect on migrant densities; Increase redwing density F? / No (Forsman et al.
Parus spp densities (8 vs 2) 1998)

Reduce (in 3 plots) / increase  No effect on clutch size, nestling survival to day 13,     F (Forsman et al.
Parus spp density (in 6 plots), tarsus; Marginally earlier settlement in tit enriched areas, 2002)
after which 50 F hypoleuca settled positive effect of added tits on fledgling body mass and 

wing length

Increase/decrease resident More chaffinches in high tit densities; No effect on  F? / (Y) (Thomson et al.
tit densities densities other birds 2003)

Reduce (in 3 plots) / increase Seasonal decline in brood size and offspring size   F / E (Seppänen et al.
tit density (in 6 plots) F. hypoleuca in "tit removal" plots, but not in "tit enriched" 2005)

plots; More inexperienced females in "tit removal" plots

Attach same geometric symbol on   Late (inexperienced) flycatchers copied heterospecific  F (Seppänen and 
all tit boxes in area, divide nest box choice; No effect of early flycatchers Forsman 2007)
remaining half of nestboxes 50/50 on nest box choice
with same/different symbols
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Descriptive studies Main findings Type of Reference
interaction

Forced great tits and pied   No effect on F. hypoleuca reproduction; In absence of   A (Forsman et al.
flycatchers to breed in close flycatcher,  P. major chicks were 9,6% heavier in 2003 + 2007)
proximity vs far away from 2005 (no effect 2004). 12,4% longer wings in 2003
each other 2003–2005 (no effect 2004 + 2005), and 2% longer tarsus in all years

Create density gradient of P. major F. albicollis settle earliest at intermediate tit densities;  E / F (Forsman et al.
between plots F. albicollis have lower clutch size, fewer nestlings, 2008)

smaller nestling tarsus, and lower fledgling body mass at 
high tit densities; opposite pattern for low tit densities

Create density gradient of P. major Migrants (species number and density) increase linearly F (Forsman et al.
between plots with tit density 2009)

Attach same geometric symbol on     F. hypoleuca reject tit "choice" if fitness correlate is low; F (Seppänen et al.
P. major boxes, place empty box F. hypoleuca copy tit "choice" if fitness correlate is high 2011)
with opposite symbol immediately
adjacent. Place two empty boxes
25 m away with same symbols,
monitor F. hypoleuca choice

Attach same geometric symbol on      Most birds nest on top of simulated nest (40 out of 58),  F (Forsman and 
simulated (fake) P. major nests with building 40% smaller nests; Of the (n = 12) low simulated Seppänen 2011)
either 4 eggs or 13 eggs, place P. major fitness nests, 10 F. hypoleuca rejected, 2 copied 
empty box with opposite symbol
immediately adjacent. Place 
two empty boxes 25 m away  
with same symbols, monitor 
F. hypoleuca choice

Attach same geometric symbol on    Young females lay fewer eggs with lower clutch mass;   F (Forsman et al.
simulated (fake) P. major nests with High simulated P. major fitness caused F. hypoleuca 2012)
either 4 eggs or 13 eggs, place at females to lay 6,9% more eggs that were 4.5% heavier
least 1 empty box next to it, in 2009 (but not in 2010), and a 9.3% heavier clutch
monitor F. hypoleuca investment 
decision

Attach same geometric symbol on      When information is available (no egg covering),   F (Loukola et al.
P. major boxes, place empty box F. hypoleuca copies P. major choice, but rejects it when 2013)
with opposite symbol immediately information is unavailable (eggs covered); Young females
adjacent. Place two empty boxes more responsive to P. major manipulation
25 m away with same symbols,
manipulate clutch size of P. major
(5 or 13), monitor F. hypoleuca
choice

Playbacks of pied flycatcher and   Tits cover eggs more when a flycatcher song is playing F / I (Loukola et al.
redwing songs outside of great tit outside its nest box 2014a)
nest boxes, monitor egg covering
propensity of great tits

Table 1.1 Continued.     
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Table 1.2 Timeline of the thesis. An overview of data collected, experiments executed, and data
analyzed, in which chapter this can be found, and in which years it was collected.     

Year Experiments / data Data analyzed Chapter

2013 Delaying flycatchers Diet and offspring condition 2

2014 + 2015 Advancing and delaying tits Flycatcher settlement, prey choice, 4+7
and offspring condition; tit prey 
choice and offspring condition

2015 + 2016 Compiling long term data Reproductive timing 3

2014 + 2016 Symbol experiments Nest box choice 5

2007–2016 Monitor flycatcher victims Flycatcher mortality 6
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A case of a three species mixed brood after
two interspecific nest takeovers

Box A
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Box A24

Mixed interspecific broods in hole nesting passerines occasionally
occur as a by-product of competitive interactions for nest sites.
Here, we report a rare case where such interactions led to a three
species brood of pied flycatcher Ficedula hypoleuca, blue tit
Cyanistes caeruleus and great tit Parus major nestlings that was
successfully raised by a great tit pair. This occurred in an environ-
ment of relatively high temporal overlap in interspecific breeding
timing.
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During the breeding season, insectivorous hole nesting passerines compete for nest sites
(Minot and Perrins 1986). Two species mixed broods resulting from these interactions
have been reported occasionally (Mackenzie 1950; Arn 1955; Campbell 1968; Merilä
1994; Petrassi et al. 1998; Dolenec 2002; Borgström 2005; Suzuki and Tsuchiya 2010).
Here we describe the special case of a three species mixed brood, where one nest box was
sequentially occupied by a pied flycatcher, a blue tit, and a great tit, all of which laid
eggs. The eggs were incubated by the final, great tit, female. Subsequently, six great tits,
one blue tit, and two pied flycatcher chicks were raised to fledging. As far as we know the
raising of three species in one nest has not been reported before.

The pied flycatcher is a migratory palaearctic passerine that winters in West Africa and
breeds in Russia and temperate Europe (Cramp and Perrins 1993). On arrival at their
breeding grounds, pied flycatchers have little time to decide on their breeding site. There-
fore, part of flycatchers' habitat selection strategy is to use cues of resident species with
considerable niche overlap like blue and great tits (Mönkkönen et al. 1990, 1999). Pied
flycatchers not only utilize information of residents for their own breeding decisions
(Seppänen and Forsman 2007; Forsman and Thomson 2008), but they are also notorious
for taking over nests from tits, sometimes with deadly consequences for the flycatchers
(Tompa 1967; Slagsvold 1975; Merilä and Wiggins 1995 in collared flycatchers Ficedula
albicollis; Ahola et al. 2007).

The spring of 2013 was unusually cold: data from The Bilt (NL) meteorological station
show it was the 5th coldest pre-breeding period (March 15 – April 14) since the start of
measurements in 1901. This cold period resulted in delayed nest building by resident blue
and great Tits. Laying date in all species was the latest since the start of the study in 2007
of our study areas Dwingelderveld (52°49'04"N 6°26'21"E, 400 nest boxes), Drents-Friese
Wold (52°54'43"N 6°19'16"E, 550 nest boxes) and Boswachterij Ruinen (52°43'34"N
6°23'56"E, 100 nest boxes) National parks. Interestingly, pied flycatcher laying date was
much less delayed (3.15 d later compared to 2007–2012) by the cold weather than in the
tits (12.81 d later compared to 2007–2012). This resulted in the shortest laying date
interval between tits (blue and great tits pooled) and flycatchers within this study (2013:
interval 5.9 d, mean interval 2007-2012: 15.6 d, Figure A.1).

In concert with this late phenology, a highly peaked flycatcher arrival resulted in
increased competition for nest boxes, especially in one of the oak dominated study sites
(52°49'08"N 6°23'11"E, 50 nest boxes) with high densities of great and blue tits. This
competition continued well into the egg laying phase, and takeovers not only went from
flycatchers to tits, but also the other way around. Of 45 nests in this area, nine were
takeovers, four of which went from pied flycatcher to blue tit, three from great tit to pied
flycatcher, one from pied flycatcher to great tit, and one from blue tit to great tit. Of these
takeovers however, only one resulted in a mixed brood.

On April 21, a pied flycatcher male had arrived at an unoccupied nest box in the
aforementioned oak dominated study area and started singing. A female initiated nest
building on April 24, after which the nest was completed on April 29, and the first egg
appeared on May 7. However, during a routine nest box check on the May 9, we found a
blue tit nest made of moss and feathers with two flycatcher eggs and one blue tit egg.

Box A 25
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One day later (May 10), we found two more eggs apparently laid at the same day, one of
a great tit and the other of a blue tit (Figure A.2, left), but with no change to the nest
material. The clutch was completed on May 16 now containing two pied flycatcher eggs,
two blue tit eggs and seven great tit eggs. These were incubated by a female great tit and
all eggs except one (great tit) hatched between the May 28–30. In the course of the
following three weeks, one blue tit chick died, but the remaining nine chicks (Figure A.2,
right) had fledged on the June 17.

The great tits did not seem to differentiate between chick types in the nest, because
the two flycatcher young appeared to be fed normally, although one was underweight on
day 12 (9.5 and 13.5 g; average of day 12 pied flycatcher chicks in 2013 was 13.87 g).
Indiscriminant feeding was also observed in an interspecific cross-fostering experiment
(Turtumoygard and Slagsvold 2010). As far as we know, the great tits were the only
parents feeding the chicks, as they were the only ones alarming on frequent nest visits.
Given that investing in offspring that are not your own is costly, why did the great tits not
discriminate between their own and foreign young? It can be argued that the behaviour
of covering up competitor eggs with nest material is usually sufficient to avoid their
hatching, and selection on kin recognition in the nest may be weak, as mixed broods are
rare. Moreover, even if interspecific eggs hatch, the young rarely fledge: in a previous
study of mixed broods with pied flycatchers and great and blue tits, fledging success of
interspecifically cross-fostered flycatcher young was three times lower than that of young
in control broods (Slagsvold 2004).

Pied flycatchers are typically viewed as the “parasite” in nest takeovers, whereby the
tits aggressively respond to intrusions (Slagsvold 1975; Merilä and Wiggins 1995; Ahola
et al. 2007). However, this case shows that blue tits and great tits are also capable of
taking over nesting sites. We hypothesize that the propensity to take over nests is not

Box A26
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Figure A.1 Mean first brood laying dates and confidence intervals of three common hole nesting
passerines in the populations Dwingelderveld (400 nest boxes), Drents-Friese Wold (550 nest boxes),
and Boswachterij Ruinen (100 nest boxes) National parks. Note the large laying date shift (12.81 d)
in tit species between 2013 and 2007–2012, compared to the smaller shift (3.15 d) of pied fly -
catchers.  
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merely a behavioural trait of flycatchers, but may be a more common phenomenon
among hole nesting passerines. The explanation for rarely observing it in tits is that their
breeding timing usually precedes that of flycatchers such that it rarely leads to interfer-
ence competition for nest sites. We suggest that overlap in reproductive timing may
increase interspecific competition between cavity nesting passerines.

Box A 27

Figure A.2 Left panel: two pied flycatcher eggs (left), two blue tit eggs (middle), and a great tit egg
(right) after the second takeover. Right panel: a blue tit, two pied flycatcher, and six great tit chicks
three days before fledging.
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An intertrophic perspective on asynchrony,
prey choice and offspring condition

Part 1
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Phenological mismatch and ontogenetic diet
shifts interactively affect offspring condition
in a passerine

Chapter 2
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Chapter 232

Climate change may cause phenological asynchrony between
trophic levels, which can lead to mismatched reproduction in
animals. Although indirect effects of mismatch on fitness are well
described, direct effects on parental prey choice are not. Moreover,
direct effects of prey variation on offspring condition throughout
their early development are understudied. Here we used camera
trap data collected over two years to study the effects of trophic
mismatch and nestling age on prey choice in pied flycatchers
Ficedula hypoleuca. Furthermore, we studied the effect of mismatch
and variation in nestling diet on offspring condition. Both experi-
mentally induced and natural mismatch with the caterpillar peak
negatively affected absolute and relative numbers of caterpillars
and offspring condition (mass, tarsus and wing length), and posi-
tively affected absolute and relative numbers of flying insects in
the nestling diet. Feeding more flying insects was negatively corre-
lated with nestling day 12 mass. Both descriptive and experimental
data showed preferential feeding of spiders when nestlings were <7
days old. Receiving more spiders during this phase was positively
correlated with tarsus growth. These results highlight the need for
a more inclusive framework to study phenological mismatch in
nature. The general focus on only one prey type, the rarity of
studies that measure environmental abundance of prey, and the
lack of timing experiments in dietary studies currently hamper
understanding of the actual trophic interactions that affect fitness
under climate change.
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Introduction

Most trophic interactions have a seasonal component, because different potential prey
species fluctuate in abundance over the year, as do predator requirements. The timing of
life history decisions in many animals is therefore matched with the timing of peak abun-
dances of important resources. The match-mismatch hypothesis (MMH) postulates that
those individuals that best match their phenology with resource phenology have the
highest fitness (Cushing 1990). However, seasonal declines in fitness are more general in
nature, independent of whether individuals reproduce on an increasing or declining slope
of food abundance (Daan et al. 1988; Dunn et al. 2011). Therefore, these declines are not
necessarily attributable to a mismatch with food resources, but may also covary with
other gradients such as winter competition being harder for late individuals (Arcese and
Smith 1985), predation risk affecting prey phenology (Vonesh 2005), habitat suitability
declining for later settling individuals (Tejedo 1992), and/or parental quality being corre-
lated with earlier breeding (Verhulst and Nilsson 2008). 

Given the range of factors that may affect seasonal timing and fitness simultaneously,
it is hard to prove the MMH in nature (Leggett and Deblois 1994), and evidence for the
MMH to play a major role in population dynamics appears weak (Dunn and Møller
2014). Despite criticism on the generality of the MMH, phenological mismatch between
trophic levels is a frequently reported effect of climate change on ecosystems (Visser et al.
1998; Edwards and Richardson 2004; Visser and Both 2005; Thackeray et al. 2010). The
general pattern in terrestrial ecosystems is that plants advanced more than invertebrates,
which advanced their phenology more than vertebrates (Thackeray et al. 2010). If trophic
synchrony is important, we thus expect that species at higher trophic levels suffer in
warm years, or alternatively must switch to alternative prey. 

Birds’ breeding seasons are ultimately timed to match the abundance of their prey
(Perrins 1970). In generalist species living in habitats with broad food peaks, mismatches
may be relatively unimportant (Both et al. 2010; Dunn et al. 2011), but the opposite may
hold for specialists depending on seasonal food peaks. Arctic breeding waders experience
advancing insect peaks (Tulp et al. 2009), and golden plover Pluvialis apricaria chicks rely
on a short burst of tipulids in spring for their growth, which may become mismatched
when warming proceeds (Pearce-Higgins et al. 2005). Many insectivorous passerines in
temperate forests have advanced their reproductive timing (Visser et al. 2003; Both et al.
2004), which is sometimes sufficient to match the timing of their main prey (e.g.
 Charmantier et al. 2008; Vedder, Bouwhuis & Sheldon 2013) and may in some cases be
adaptive (Lof et al. 2012). However, phenological adjustment may also be insufficient
(Visser et al. 2006; Both et al. 2009), leading to reduced fecundity, hampered offspring
growth, lower fledging success (Reed et al. 2013b) and potentially population declines
(Both et al. 2006, 2010; but see Reed et al. 2013a). Surprisingly, diets are rarely reported
in studies that link mismatch with demographic parameters (but see García-Navas & Sanz
2011), and we found no experimental studies on the effect of mismatch on prey choice.
Importantly, a timing experiment would separate reproductive timing from its potential
underlying causes like parental and/or habitat quality (Verhulst and Nilsson 2008), both

Mismatch and ontogeny affect prey choice 33

2

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 33



of which may affect prey choice. Since most correlational studies do not control for these
quality measures, a key premise of the MMH – that mismatch causes dietary limitations –
requires further exploration.

Apart from dietary constraints imposed by the degree of phenological matching,
offspring diets vary throughout ontogeny. These ontogenetic dietary shifts have been
demonstrated in a variety of taxa (Betts 1955; Winemiller 1989; Adams 1996; Fialho et al.
2000), and are mediated by feeding constraints and/or nutritional adaptations. One such
constraint is body size, as younger individuals may only be able to ingest small prey items
compared to older ones (Slagsvold and Wiebe 2007). In addition, particular prey types
may be a nutritional adaptation to early offspring developmental stages. For example,
many studies have found that insectivorous birds feed younger nestlings a higher propor-
tion of spiders than older nestlings (Betts 1955; Royama 1970; Cowie and Hinsley 1988;
Radford 2008), and one study showed that spider rich diets positively affected offspring
growth (García-Navas et al. 2013). In short, offspring developmental stage may alter
dietary needs, apart from constraints imposed by the availability of prey items.

The general focus on just one group of abundant prey (e.g. caterpillars) may be
simplistic when studying effects of climate change on trophic interactions, especially if
essential nutritional requirements (e.g. spiders) throughout ontogeny are not considered.
Moreover, caterpillars may be a predominant food source for many passerines (Betts
1955; Royama 1970; Sanz 1998; Cholewa and Wesołowski 2011) due to their positive
effect on nestling development (Wilkin et al. 2009; Burger et al. 2012), but little is known
about the importance of alternative prey types for offspring development. Therefore,
while previous studies of predator mismatch with one prey type have yielded important
insights, the effects of phenological mismatch on variation in parental prey choice
throughout offspring ontogeny are understudied, especially in an experimental way. Ulti-
mately, this variation needs to be explored to understand the dietary components that
affect offspring condition under climate change.

The aims of this study are threefold: (1) to investigate descriptively and experimen-
tally how offspring ontogeny and mismatch affect parental prey choice, (2) to study the
effect of mismatch and variation in offspring diet throughout ontogeny on offspring
condition, (3) to propose a best practice framework to study the MMH in nature.

Materials and methods

Study site and species
The pied flycatcher is an insectivorous migrant passerine that breeds in secondary cavities
across Europe’s temperate forests. It winters in West-Africa, and shows strong migratory
connectivity between its breeding and wintering location (Ouwehand et al. 2016). Fly -
catchers in our populations are socially monogamous, although 4% of males are poly -
gynous (Both 2013), and provide biparental care. Pied flycatcher prey choice was studied
during parental care in 2012 and 2013 at four study sites with varying degrees of conif-
erous and deciduous trees in National Park Dwingelderveld (52°49'5"N,  6°25'41"E) in
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The Netherlands. Approximately 75 pairs of pied flycatchers breed in these areas annually
in the 300 wooden nest boxes provided (size W × D × H: 9 × 12 × 23 cm). These boxes
are also occupied by about 100 pairs of other bird species, including mostly great and
blue tits. Dominant tree species were pedunculate oak Quercus robur, scots pine Pinus
sylvestris, and silver birch Betula pendula. All nest boxes were checked at least once per
week, but flycatcher boxes several times per week, so first egg laying date could be accu-
rately determined. From the 12th day of incubation the nest was checked daily, to ensure
the day the first eggs hatched, which is hatching day (with chick age=0).

Experimental delay
To study the effects of trophic mismatch on prey choice, hatch date was experimentally
delayed in 2013 by seven days in half of the broods, and the other half served as controls.
Delay and control nests were assigned in box pairs that were in close spatial proximity
with the same laying date and habitat characteristics. To achieve a delayed hatch date, we
replaced newly laid eggs with dummies every morning, and stored them in plastic cups
lined with cotton in the ground below the nest box in both the control and the delay
group. When no new egg was laid in a nest and the female had initiated incubation, the
dummies were removed and the original clutch was returned to the female in the control
group. Delay clutches were stored an additional week before returning them. Treatment
was successful in 19 out of 23 nests in the control group and 17 out of 23 in the delay
group. Note that control clutches were delayed by one day, as we only returned eggs on
the day when no new egg had been laid, which was the day after clutch completion.

We are aware that no timing experiment exists that does not impact other aspects of
breeding (Verhulst and Nilsson 2008). In our case, increased female incubation effort and
male courtship feeding may have affected parental condition. Although this type of
manipulation did not affect female body mass during incubation (Siikamäki 1998), we
cannot exclude that  other aspects were negatively affected. Moreover, despite male
courtship feeding rates being lower than male chick rearing feeding rates (0.9–3.2 versus
12.0–15.7 male feedings per 30 minutes respectively (Lifjeld and Slagsvold 1986; Lifjeld
1988)), delayed males may have expended more energy during courtship feeding. Never-
theless, three years of delay experiments in our populations did not affect parental return
rates when controlling for offspring hatch date (Burger et al. 2014), so the additional
energy expenditure does not appear to affect survival. In short, no ecological experiment
is without fault, and the reader should be aware of the aforementioned limitations in
interpreting our results.

Parental provisioning data
To investigate the nestling diet, camera nest boxes were installed onto the original nest
box during the second week of incubation and nest and eggs were transferred to them.
These camera boxes had the same dimensions as a regular nest box, except with a space
behind them to hold a DSLR camera with the lens pointing toward the nest entrance.
Cameras, infrared triggers at the nest entrance, and LEDs were installed at chick age four,
six, nine and 12 days after hatching. Nikon D3100 cameras with a Nikon 40mm f/2.8 G
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DX Micro-NIKKOR lens were used, and all components of the setup were at first switched
off. If the birds accepted the setup, all components were switched on, and we observed
acceptance from >50 meters. If birds did not accept the setup at any point, it was
removed and a new attempt was made at the next intended chick age. A frontal picture
was taken every time one of the parents passed the infrared trigger on entering the nest
box to provision offspring. Sample sizes differ among age groups in 2013, because
parents were less likely to accept the camera setup at young chick ages (n = 23, 33, 32,
28 for chick age four, six, nine and twelve respectively). In 2012 this was more symmet-
rical (n = 22, 23, 20, 19 respectively). Twelve sessions were done at other chick ages: in
2012 d7 (1), d10 (2), d11 (1), d13 (3); in 2013 d5 (2), d8 (2), d11 (1) adding up to a
total of 212 camera sessions. A camera session lasted about 2.5 hours, but we analyzed
on average 104 ±44 minutes, as we discarded the unusable first part of the camera
session, where birds were still exploring the camera setup (evident from repeated photos
of the same bird with the same prey within seconds of each other). The start of the photo
analysis was the point at which birds stopped this exploration and showed regular provi-
sioning behaviour (evident from longer breaks between photos and different prey types).

Offspring condition data
At day 7 after hatching, chicks were ringed and weighed and parents were caught and
measured. Especially parental tarsus was important as this is a heritable trait in pied
flycatchers (Alatalo and Lundberg 1986), and was used as a covariate in statistical
models that predict offspring tarsus. At day 12, chicks were again weighed and measured
(tarsus and eighth primary feather). Eighth primary feather (F8) was found to be a good
proxy for wing length in small passerines (Jenni and Winkler 1989), and was measured
with a ruler between the eighth (F8) and ninth (F9) primary feather to the nearest half a
millimeter. Since we study the direct effect of prey variation on offspring condition, we
were especially interested in the components that were affected within breeding seasons
(mass, tarsus, F8).

Caterpillar peak data
In both years seasonal variation in caterpillar abundance was monitored by collecting
caterpillar frass in 0.5 by 0.5 meter cheese cloths (Tinbergen 1960; Van Balen 1973)
installed in each nest box area under a total of six individual pedunculate oaks that were
spread out across the study area. We focused on oaks, because they have higher cater-
pillar abundances than other trees and the species of caterpillars brought in by pied
flycatchers mainly occur on oaks. Frass nets were emptied at an interval between 3–5
days, and samples were dried for 48 hours in a drying oven at 60 °C. In the lab samples
were sieved and visually cleaned from debris other than caterpillar droppings. Subse-
quently, the sample was weighed using a scale with 0.001 grams accuracy. Since we
found little variation in peak frass fall between oaks (53–55.5 April in 2012, 62.5–66.5
April in 2013), the peak frass fall date for each year was determined by averaging the
peak dates of all trees. This date was subtracted from the date for each camera session to
retrieve relative date to the caterpillar peak. Since caterpillars are the dominant prey item
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in the pied flycatcher diet in our population (53.7%), the phenology of other prey items
was not used in this analysis.

Habitat data
The proportion of deciduous trees around each nest box was determined, because decid-
uous trees contain higher caterpillar densities, and hence we hypothesized that this will
affect nestling diet (Van Balen 1973; Veen et al. 2010). Local habitat around each nest
box was determined by measuring the basal area of the seven trees nearest to the focal
nest box approximately at breast height (wherever the trunk was smooth and symmet-
rical) and noting the tree species. We consider these seven trees a good representation of
the local habitat type. We took the basal area of the trees, as this is a proxy for the foliage
volume. The habitat variable used in this study was the proportion of deciduous basal
area around the nest box, and was calculated as the sum of all deciduous basal areas
divided by the sum of the total basal area of all trees.

Statistical analysis
Prey items were divided in four categories that are associated with different hunting
strategies and nutritional profiles: caterpillars (occasionally including Hymenoptera
larvae), flying insects (including Diptera, Lepidoptera, Hymenoptera, and “winged”),
spiders (including Opiliones), and beetles (including only Coleoptera). Each of these cate-
gories was treated as a separate binomial response variable. Unknown prey items were
excluded from this analysis, and ranged from 11.1% to 11.8% of the total between years
and treatments. However, for some prey items we only knew that they were winged, not a
caterpillar, or unwinged, which meant that they could contribute to some prey categories
but were missing values in others (e.g. “not caterpillar” was a 0 for caterpillars but “NA”
for beetles, spiders, and flying insects). For the descriptive part of this study, the data of
2012 and only the control group of 2013 were analyzed.

In the descriptive analysis, diet composition was analyzed as the probability of a
certain prey type occurring in the nestling diet. Generalized linear mixed effect models
(GLMM) provided by the lme4 package (Bates et al. 2015) in R 3.2.1 (R Development
Core Team 2015) were fitted to the data. The explanatory variables in this analysis were
“date relative to the caterpillar peak”, its quadratic term (since the shape of the caterpillar
peak is quadratic), “nestling age” (4–12 days), “habitat” expressed in proportion of decid-
uous trees, “year”, the “interaction between nestling age and match (squared)”, and the
“interaction between habitat and match (squared)”.  These interactions were included to
study whether the effect of mismatch on prey choice would be stronger or weaker across
nestling ages or habitat types. All predictor variables were scaled by subtracting the mean
and dividing by the standard deviation. To account for repeated observations of the same
nest box during a session, a nested block random effect was included with “camera
session” nested in “nest box”.

We compared different models from the simplest model with no explanatory variables
except the nested random effect to the most complex model with all terms in it, arriving
at a set of 25 models per prey category for the observational data (Table S1A). Models
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that did not converge were not used in the analysis. Model selection (Burnham and
Anderson 2002) with the AICcmodavg package (Mazerolle 2015) was used to determine
the best model, and parameter estimates of the best model were obtained through the
summary function in R.

The prey items of the delay experiment in 2013 were analyzed separately as a func-
tion of the most complex model which included the predictors “treatment” (control or
delay), “nestling age” (4–12 days), and the interaction between the two. Backward elimi-
nation was applied until a model with only significant terms was retained. To account for
repeated observations and habitat variation two random block effects were included:
“camera session nested in nest box” and “box pair”. These box pairs were two nest boxes
that were in close spatial proximity with the same first egg date, which were subsequently
randomly assigned “Control” or “Delay”. Because this design controls for habitat varia-
tion, we did not include a habitat variable like in the observational data.

Nestling condition (day 7 mass, day 12 mass, day 12 tarsus, day 12 F8, all expressed
as means per nest box) were computed and analyzed as a function of mismatch and
feeding rates using linear mixed effect models (LME) in R. For this analysis, all descrip-
tive and experimental data of 2012 and 2013 were analyzed together to increase statis-
tical power, which was accounted for by using year as a block random effect. In a first set
of 13 candidate models, predictors that are often used in literature as a proxy for cater-
pillar abundance were contrasted to select the best “caterpillar” model: hatch day relative
to conspecifics, hatch day relative to the caterpillar peak, feeding rates of caterpillars, and
habitat features (Table S2A). In a second set of candidate models, feeding rates of the
remaining three prey categories (flying insects, spiders, beetles) were added to the best
model of the first set (Table S3A). These feeding rates were computed by pooling the prey
items of day 4 and 6 (young feeding rates) separately from those of day 9 and 12 (old
feeding rates) and dividing them by the number of chicks and the number of hours in
which the prey items were scored. This separation between age groups was done to
specifically pinpoint when during nestling development certain prey types are either
beneficial or detrimental for offspring condition. Feeding rates of the different prey items
were separately analyzed with the same candidate models as for the proportional data,
and they were checked for collinearity with the usdm package in R (Naimi 2015).

All graphs in this article were made with the ggplot2 package in R (Wickham 2009).
All estimates and standard errors are reported as the effect size per standard deviation
from the mean.

Results

General description of ecological and climatic data
The temperature during the pied flycatcher breeding season (25 April to 18 June,  Figure
S1A) of 2012 (13.5 °C) was similar to the 24-year mean from 1990–2013 (13.4 °C),
whereas 2013 was a relatively cold spring (12.0 °C). The caterpillar peak (Figure S1B)
was estimated at 24 May in 2012 and at 4 June in 2013. Since the average caterpillar
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peak from 2007-2013 was estimated at 17 May, both years had a late peak. Moreover, the
caterpillar peaks in 2012 and 2013 were low (3.6 and 2.1 g m–2 d–1 caterpillar biomass
respectively) relative to other years (mean peak biomass 2007–2013: 11.0 g m–2 d–1)
with 2013 being the lowest on record since we started measuring in 2007. Average chick
hatching dates in flycatchers (Figure S1C) that received camera boxes were 23.5 May in
2012, 28.5 May for the control group in 2013 (1 day delayed), and 3.5 June in the 2013
delay group (7 days delayed). Flycatchers in 2012 and the delay group of 2013 had the
same degree of asynchrony with the caterpillar peak (mean asynchrony at nestling day 7:
6.5 days), whereas the control group of 2013 had a mean asynchrony of 0.5 days. The
respective percentage of caterpillars, flying insects, spiders, and beetles in the nestling
diet were 53.6%, 15.7%, 18.6%, and 5.9% in 2012 and 53.9%, 18.2%, 9.0%, and 9.9% in
2013 adding up to 93.8% of the total prey items in 2012 and 91.0% in 2013. The next
most numerous prey type was Isopoda (3.0%), but this was too rare to include in the
analysis. The total number of identified prey items for the analysis was 5637 in 2012 and
7972 in 2013 adding up to a total of 13609.

Nestling diet analysis
In the analysis of the observational data, mismatch with the caterpillar peak was corre-
lated with lower proportions of caterpillars (Figure 2.1A, P< 0.001), and higher propor-
tions of flying insects (Figure 2.1B, P< 0.001), spiders (Figure 2.1C, P< 0.01) and beetles
(Figure 2.1D, P < 0.01) in the nestling diet. Around six days after our estimated cater-
pillar peak, caterpillar proportions reached their maximum (Figure 2.1). Furthermore, in
more deciduous habitats, pied flycatchers were able to sustain relatively higher propor-
tions of caterpillars when mismatched than in coniferous habitats (interaction habitat*
match2: P < 0.01), but this interaction was not found for other prey types. In contrast,
match2 interacted with nestling age in all prey types except caterpillars so that young
nestlings received a relatively more constant proportion of spiders independent of
mismatch (interaction age*match2: P< 0.01), whereas the opposite held for flying insects
(P< 0.001) and beetles (P< 0.01, for estimates and SEs: Table S1+S4).

In the analysis of experimental data, a delay caused parents to provision lower propor-
tions of caterpillars and higher proportions of flying insects in older age classes (interac-
tion age*delay: P < 0.01 for caterpillars and P < 0.05 for flying insects), but no delay
effect was found for spiders and beetles (Figure 2.2). These latter prey types were
explained only by nestling age with higher proportions of spiders (P< 0.001) for younger
nestlings and higher proportions of beetles (P< 0.001) for older nestlings (for estimates
and SEs: table S5).

Total feeding rates (per chick per hour) were constant over season, years, and habi-
tats, and were 18% lower (P< 0.001) in younger compared to older nestlings (Table 2.1).
Caterpillar feeding rates increased (P< 0.01) when parents were better matched with the
caterpillar peak, and flying insect (P < 0.01) and spider feeding rates (P < 0.05) subse-
quently decreased. However, in more deciduous habitats, spider feeding increased rather
than decreased with a better caterpillar peak match (interaction habitat*match2: P <
0.01). Furthermore, more deciduous habitats resulted in parents provisioning more cater-
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pillars (P < 0.001) and fewer flying insects (P< 0.001) and beetles (P< 0.01). For older
nestlings, beetle provisioning rates were higher and increased monotonically over time
(P < 0.001), but for younger nestlings beetles were kept at low frequencies throughout
the season (interaction match and nestling age: P < 0.05). Of all prey types, only spider
provisioning rates tended to be higher for younger compared to older nestlings, but this
was non-significant  (P< 0.10, for estimates and SEs: Table 2.1) .

Chapter 240

D

0.0

0.2

0.4

0.6

0.8

1.0

10 15–10 –5 0 5 20
days relative to caterpillar peak

spiders

pr
op

or
tio

n 
pr

ey
 in

 n
es

tli
ng

 d
ie

t

young chicks
older chicks

20
12

20
13A B

C

0.0

0.2

0.4

0.6

0.8

1.0 caterpillars

10 15–10 –5 0 5 20

beetles

flying insects

Figure 2.1 Effects of mismatch with the caterpillar peak and nestling age on the proportion of cater-
pillars (A), flying insects (B), spiders (C) and beetles (D) in the nestling diet of pied flycatchers
based on observational data in 2012 and the control group of 2013. Data points are proportional
data per session and their size is sample size dependent (average sample size per session N = 63.6 _
31.5). Triangles are 2013 data, and dots are 2012 data. Lines are model fits on binomial data based
on best model outputs in Table S1B. There was a significant interaction between age and match
(squared) for all prey types except caterpillars.  
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Offspring condition analysis
Synchrony with the caterpillar peak significantly predicted higher nestling day 7 mass
(P < 0.01), tarsus length (P < 0.05), and wing length (P < 0.01), but not day 12 mass
(Figure 2.3, Table 2.2). Moreover, relative hatch date in relation to the caterpillar peak
was a better predictor of nestling condition than habitat type, relative hatch date to
conspecifics, or feeding rates of caterpillars (Table S2). Interestingly, higher feeding rates
of spiders to young nestlings carried over to later nestling phases to positively affect day
12 tarsus length (Figure 2.4A, Table 2.2, P < 0.05). Moreover, the feeding rate of flying
insects to older nestlings was negatively correlated with nestling day 12 mass (Figure
2.4B, Table 2.2, P< 0.01). No collinearity between predictor variables was detected with
a maximum VIF of 1.46.
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Discussion

We showed descriptively and experimentally that asynchronous timing with the cater-
pillar peak is associated with lower proportions and numbers of caterpillars in the
nestling diet, higher proportions and numbers of flying insects and lowered offspring
condition. Total feeding rates per chick only varied with nestling age, so these conse-
quences are attributed to variation in prey types. Consistent with previous literature (Both
et al. 2009), the most productive hatch date was 8–9 days before caterpillar provisioning
peaked in the nestling diet. Furthermore, we showed that alternative prey types affect
offspring condition: more spiders at a young age positively affected tarsus growth, and
more flying insects for older nestlings negatively affected their fledging mass. Habitat
characteristics also affected offspring diets with relatively more beetles, more flying
insects, and fewer caterpillars in coniferous habitats.

Our results support earlier evidence that pied flycatcher fitness in temperate forests is
affected by the synchrony with the caterpillar peak, as three out of four off offspring
components were affected by mismatch. The lack of a mismatch effect on day 12 mass is
probably due to compensatory growth. Pied flycatchers usually reach their maximum
mass before day 12, and therefore underdeveloped chicks will have had time to catch up.
Caterpillar peak phenology fluctuated by 31 days between 2007 and 2013 (Figure S1B)
compared to 5.4 days in pied flycatcher laying dates (Samplonius and Both 2014), a
pattern that is in line with previous results of lower trophic levels having more
pronounced shifts in timing than higher ones (Both et al. 2009; Thackeray et al. 2010).
Interestingly, due to the cold spring of 2013 with a late caterpillar peak, we could show a
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Table 2.1 Feeding rates (number of prey per nestling per hour) of pied flycatcher nestlings across
mismatch with the caterpillar peak (match), nestling age (“young” 4–6 or “older” 9–12 days old
nestlings), habitat (proportion deciduous trees) and year. Model outputs are from the best models in
Table S2C. All predictors were scaled by subtracting the mean and dividing by the standard devia-
tion. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Caterpillars Flying insects Spiders Beetles Total feeding rate

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

(Intercept) 4.227 (0.224) *** 0.753 (0.130) *** 0.945 (0.117) *** 0.513 (0.106) *** 6.408 (0.386) ***

Match2 –0.345 (0.103) ** 0.142 (0.054) ** 0.104 (0.045) * - - - -

Match - - 0.176 (0.072) * - - 0.284 (0.080) *** - -

Age young –0.593 (0.235) * - - 0.187 (0.109) . –0.378 (0.114) ** –1.156 (0.319) ***

Habitat 0.636 (0.157) *** –0.353 (0.072) *** 0.040 (0.069) ns –0.144 (0.053) ** - -

Habitat*Match2 - - - - –0.155 (0.050) ** - - - -

Age young*Match - - - - - - –0.291 (0.113) * - -

Year 2013 - - 0.276 (0.146) . –0.620 (0.112) *** 0.252 (0.106) * 0.260 (0.447) ns
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Table 2.2 Effects of mismatch with the caterpillar peak and variation in nestling diets on nestling
fitness components. Model results are the best model outputs from Table S3B. “Match2” is hatch day
relative to the caterpillar peak, “Old flying” is the feeding rate of flying insects to older nestlings
(9–12 days), “Young spiders” is the feeding rate of spiders to younger nestlings (4–6 days). Mass is
in grams, tarsus length and eighth primary feather (F8) in millimeters. All predictors were scaled by
subtracting the mean and dividing by the standard deviation. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Day 7 mass Day 12 mass Day 12 tarsus Day 12 F8 (wing length)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

(Intercept) 11.63 (0.173) *** 13.62 (0.128) *** 17.37 (0.055) *** 28.81 (0.482) ***

Match2 –0.354 (0.104) ** - - –0.091 (0.034) * –0.852 (0.294) **

Old flying - - –0.433 (0.121) ** - - - -

Young spiders - - - - 0.095 (0.043) * - -

Parent tarsus - - - - 0.148 (0.044) ** - -
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Figure 2.3 Effect of match with the caterpillar peak on day 7 mass (A), day 12 mass (B), day 12
tarsus (C) and 8th primary feather length (D). Lines are model fits based on best model outputs in
Table 2.2. Hatching 8–9 days before the peak in caterpillar provisioning (Figure 2.1) was correlated
with highest offspring condition. 

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 43



clear seasonal increase in caterpillar provisioning and offspring condition when fly -
catchers had to forage prior to the caterpillar peak. This is exceptional, because their
nestling period generally coincides with the declining slope of the caterpillar peak (Both
et al. 2009). This suggests that breeding early can be disadvantageous for individual pied
flycatchers in an exceptionally cold spring. Evidence for selection against being early is
rare, possibly because individuals being too early may die without being observed or
otherwise delay egg laying or incubation until circumstances improve. Recently, selection
on early born female recruits was also found to depend on temperature at arrival in their
first breeding season, with dampened selection during cold springs (Visser et al. 2015).

It has rarely been shown how individuals that are mismatched with their major food
cope with dietary limitations. Surprisingly, models that included caterpillar feeding rates
were not competitive compared to models that included mismatch, suggesting that the
latter captured more important variation in diet than the caterpillar feeding rates did.
Pied flycatchers appear to compensate for asynchrony with the caterpillar peak by prey-
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switching mostly to flying insects, which had an apparent negative effect on nestling body
mass. However, interpreting these result should be done with caution, because alterna-
tively lower nestling mass may have forced parents to change their foraging behavior, and
the large fraction of flying insects could be the effect of hungry offspring rather than the
cause. This is in line with the idea that nestling hunger changes the parent’s decision rule
for prey choice to maximize energy over time at the expense of quality over time, as
found in starlings Sturnus vulgaris (Tinbergen 1981; Wright et al. 1998). Moreover, exper-
imentally manipulated nestling hunger led to feeding smaller prey in another study on
pied flycatchers, which was attributed to a switch from net to gross energy maximization
(Lifjeld 1988). Finally, experimental pied flycatchers in our study were unable to down-
regulate clutch size with season, a pattern that is regularly observed in breeding birds
(Perrins 1970), and was stronger in years with an early caterpillar peak (Both and Visser
2005). Our experimental delays forced individuals to raise their nestlings later, without
the potential reduction in clutch size, and therefore the experimental date effect on prey
choice could have been overestimated. Nevertheless, the prey-switching observed in this
study provides novel insight into the compensation mechanisms used by mismatched
parents once clutch size has been established.

The ontogenetic prey shift in spider and beetle provisioning implies that the match-
mismatch hypothesis may underestimate the importance of less abundant, but essential
prey during ontogeny. Beetle provisioning increased for older chicks and was kept at low
levels for younger nestlings. Since beetle provisioning was not correlated with offspring
condition, this suggests a feeding constraint for this prey type. Furthermore, parents fed
young nestlings higher proportions of spiders than older nestlings, and receiving more
spiders during this phase positively affected tarsus growth, a result similar to a study on
tits (García-Navas et al. 2013). Interestingly, spiders have been found to contain high
levels of taurine compared to other woodland arthropods (Ramsay and Houston 2003),
and taurine supplemented blue tits were bolder and performed better than controls in
spatial learning tasks (Arnold et al. 2007). Furthermore, taurine supplementation was
related to heavier tibia in chickens during the first two weeks after hatching (Martin and
Patrick 1961), highlighting its role in early bone development. Combined, our results
suggests that offspring ontogeny plays an important role in determining parental prey
choice which may be driven by adaptive choices or feeding constraints. 

There is a growing body of literature on the importance of trophic match-mismatch
and how predator and prey phenologies are differentially affected by climate change
(Thackeray et al. 2010). Most studies assume that the focal predator depends on one
major prey type, but they seldom show how prey choice relates to its abundance in the
environment (but see Maziarz & Wesołowski 2010; García-Navas & Sanz 2011). It is
therefore often unclear whether mismatch with the major prey results in lower total food
provisioning, or that predators can switch to alternative prey. Switching to alternative
prey types may have cascading effects on the food web, and may not only increase
mortality of these prey, but also increase competition with individuals specialized in these
alternative prey types. Furthermore, the ease of fulfilling dietary requirements likely
depends on the relative timing of different prey types throughout the season. There is no
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reason to assume a priori that different groups of invertebrates respond equally to climate
change, as their ecologies strongly differ (Thackeray et al. 2010). For a system where
spiders are essential for early offspring and caterpillars are used as staple food, an asyn-
chronous occurrence of both prey may hamper reproductive success. Arboreal spiders
were shown to increase over the season in a Swiss forest (Naef-Daenzer et al. 2000),
which could for example be disadvantageous for early breeding individuals. Moreover,
absolute abundances likely matter as well, as birds raising their offspring during the
caterpillar peak may have more time left to search for spiders if these are rare.

The importance of mismatching in understanding consequences of climate change is
still under debate (Dunn and Møller 2014). However, this debate should not be muddled
by study systems in which the MMH cannot play a role. Moreover, timing in itself may be
correlated with a range of factors that affect fitness including parental and habitat quality.
Due to these complexities, we suggest a best practice framework with steps we deem
important for future studies on the MMH. First, identify whether your study system
depends on a seasonally or spatially fluctuating abundant resource to understand
whether the MMH is a suitable framework. Second, measure variation in prey composi-
tion and not just provisioning rates, as both prey types and load sizes need to be known
and important seasonal patterns in prey choice will be lost using only provisioning rates.
Similarly, study the role of alternative prey types on offspring development and/or
recruitment and not just one single abundant prey type. Third, get an unbiased estimate
of the seasonal variation in environmental abundance of main prey type(s), because the
diet itself is a choice by the animal and may not just reflect frequency dependent preda-
tion (but also for example ontogenetic effects). Fourth, despite its aforementioned limita-
tions, perform a timing experiment, but be aware of potentially confounding factors. Our
study is an attempt at resolving some of these complexities, and we encourage future
research to consider these issues to ensure rigorous conclusions about the role of the
MMH in explaining fitness and/or demographic consequences of climate change.

Data Accessibility
Data available from the Dryad Digital Repository http://dx.doi.org/10.5061/dryad.5p65q
(Samplonius et al. 2016)
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Figure 2.S1 Seasonal patterns in (A) mean daily temperature, (B) caterpillar frass biomass, and (C)
pied flycatcher hatching dates in our study area in Drenthe in 2012 and. For temperatures, daily
data from Hoogeveen were used, as provided by the Royal Dutch Meteoreological Service KNMI
(knmi.nl/nederland-nu/klimatologie/daggegevens). Loess curves in (A) for specific years are the
thin lines, and the bold loess curve in is the mean for each day in the period 1990–2013 to give
some insight in whether the daily temperatures were relatively high or low. The caterpillar peak
loess curves in (B) were computed from caterpillar frass fall data of eight oak trees (5–8 per year,
notice the log scale) that we had four or more years of data from in the study area between
2007–2013. The crosshair in (B) depicts the mean height and timing of the caterpillar peak between
2007–2013. Hatch dates and frequencies are only shown for the flycatchers that received camera
boxes. Vertical lines show the estimated caterpillar peak dates used in the analysis and mean hatch
dates in 2012 and 2013. 
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Table 2.S1A Candidate models of the observational diet analysis. “Match” is the match with the
caterpillar peak, “Habitat” is the proportion of deciduous trees.   

Model Match Match2 Nestling age Habitat Year Match*Habitat Match2*Habitat Match*Age Match2*Age

1 – – – – – – – – –

2 – – – – + – – – –

3 + – – – + – – – –

4 + + – – + – – – –

5 + – + – + – – – –

6 + – – + + – – – –

7 + – + + + – – – –

8 – – + – + – – – –

9 – – + + + – – – –

10 – – – + + – – – –

11 + + + – + – – – –

12 + + – + + – – – –

13 + + + + + – – – –

14 + – – + + + – – –

15 + + – + + + – – –

16 + – + + + + – – –

17 + – + – + – – + –

18 + – + + + – – + –

19 + + + – + – – + –

20 – + + + – – – – +

21 – + + + + – – – +

22 – + + + + – + – +

23 + + + – + – – – +

24 – + + + – – – – –

25 – + + + + – + – –

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 48



Mismatch and ontogeny affect prey choice 49

2

Table 2.S1B Diet proportions in pied flycatcher nestling diets, model rankings of the best models to
predict pied flycatcher nestling diet proportions. Criteria used for model selection were a combina-
tion of model complexity (K-value), ΔAIC, and ΔLL following Burnham & Anderson (2002). The
selected model is underlined. Models that only added complexity to a simpler model but did not
improve the fit (usually falling within 2 AIC) are in grey and were not selected.   

Caterpillars Flying insects Spiders Beetles

Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL

22 9 0.0 0.0 21 7 0.0 0.0 23 8 0.0 0.0 20 7 0.0 1.1

25 8 3.7 2.8 20 8 2.0 0.0 15 8 1.9 1.0 21 8 0.0 0.0

20 7 5.0 4.5 24 6 10.41 5.0 13 8 6.0 3.0 23 8 6.0 2.9

Table 2.S1C Feeding rates in pied flycatchers nestling diets, model rankings of the best models.
Criteria used for model selection were a combination of model complexity (K-value), ΔAIC, and ΔLL
following Burnham & Anderson (2002). The selected model is underlined. Models that only added
complexity to a simpler model but did not improve the fit (usually falling within 2 AIC) are in grey
and were not selected.   

Caterpillars Flying insects Spiders Beetles Total feeding rates

Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL

24 6 0.0 1.8 12 7 0.0 1.3 25 8 0.0 0.1 18 8 0.0 0.0 8 5 0.0 0.6

25 8 1.9 0.4 13 8 1.2 0.8 22 9 2.2 0.0 13 8 2.4 1.2 5 6 1.9 0.4

20 7 2.2 1.8 22 9 2.0 0.0 15 8 4.9 2.5 22 9 2.5 0.0 9 6 2.1 0.5

13 8 3.1 1.0 24 6 2.3 3.6 4 6 5.3 6.1 7 7 4.0 3.1 24 6 2.3 0.6
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Table 2.S2A First set of candidate models to predict offspring components of fitness (day 7 mass,
day 12 mass, day 12 tarsus, day 12 F8). Variable “Caterpillar feeding rates to older nestlings” was
not included in the candidate models for day 7 mass. Feeding rates were determined per nestling.   

Model Hatch Hatch Match with Match with Caterpillar Caterpillar Habitat
date date2 caterpillars caterpillars2 feeding rates feeding rates

to young nestlings to older nestlings

1 – – – – – – –

2 + – – – – – –

3 – + – – – – –

4 + + – – – – –

5 – – + – – – –

6 – – – + – – –

7 – – + + – – –

8 – – – – – – +

9 – – – – + – –

10 – – – – – + –

11 – + – – + – –

12 – + – – – +

13 – + – – – – +

Table 2.S2B Model ranking of the best models for four fitness components in pied flycatcher
nestlings. Criteria used for model selection were a combination of model complexity (K-value),
ΔAIC, and ΔLL following Burnham & Anderson (2002). The selected model is underlined. Model
outputs are reported in Table 2.1 in the main text. Models that only added complexity to a simpler
model but did not improve the fit (falling within 2 AIC) are in grey and were not selected.   

Day 7 mass Day 12 mass Day 12 tarsus Day 12 F8

Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL

6 4 0.0 0.0 6 4 0.0 0.0 6 4 0.0 0.1 6 4 0.0 0.2

7 5 2.4 0.0 10 4 0.4 0.2 9 4 2.0 1.0 7 5 2.0 0.0

3 4 3.8 1.9 1 3 0.8 1.6 7 5 2.2 0.0 1 3 5.5 4.1

4 5 5.8 1.7 3 4 1.0 0.5 1 3 4.8 3.7 3 4 5.7 3.1

1 3 8.3 5.3 8 4 1.7 0.9 3 4 5.2 2.7 9 4 6.3 3.3

9 4 8.7 4.3 7 5 2.4 0.0 10 4 6.3 3.3 5 4 6.4 3.4
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Table 2.S3A Second set of candidate models to predict offspring components of fitness (day 7
mass, day 12 mass, day 12 tarsus, day 12 eighth primary feather).   

Model Best Spider Flying insect Beetle Spider Flying insect Beetle
of S2 feeding rates feeding rates feeding rates feeding rates feeding rates feeding rates

to young to young to young to older to older to older
nestlings nestlings nestlings nestlings nestlings nestlings

1 + – – – – – –

2 + + + + – – –

3 + – + + – – –

4 + + + – – – –

5 + + – + – – –

6 + – + – – – –

7 + – – + – – –

8 + + – – – – –

9 + – – – + + +

10 + – – – – + +

11 + – – – + + –

12 + – – – + – +

13 + – – – – + –

14 + – – – – – +

15 + – – – + – –

Table 2.S3B Model ranking of the second set of models for four fitness components in pied
flycatcher nestlings. Criteria used for model selection were a combination of model complexity (K-
value), ΔAIC, and ΔLL (log likelihood) following Burnham and Anderson (2002). Model outputs are
reported in Table 2.1 in the main text. Models that only added complexity to a simpler model but
did not improve the fit (falling within 2 AIC) are in grey and were not selected.   

Day 7 mass Day 12 mass Day 12 tarsus Day 12 F8

Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL Model K ΔAIC ΔLL

1 4 0.0 0.7 13 4 0.0 0.1 8 6 0.0 0.5 13 5 0.0 0.8

6 5 1.1 0.0 10 5 2.2 0.0 4 7 1.6 0.0 1 4 0.9 2.5

9 5 1.5 0.2 11 5 2.4 0.1 5 7 2.2 0.3 11 6 0.9 0.0

8 5 1.6 0.3 9 6 4.7 0.0 1 5 2.2 2.9 6 5 1.6 1.6

7 5 2.3 0.6 14 4 7.4 3.9 14 6 3.7 2.4 8 5 2.0 1.8
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Table 2.S4 Estimates, standard errors, and significance codes of the best model(s) (based on AICc)
fixed effects in the observational data, subdivided in four main prey items of the pied flycatcher
nestling diet. The “match” parameter was expressed in relative days compared to the caterpillar
peak and varied from -10 to 19, nestling age varied from 4 to 13 days after hatching, habitat was
the fraction of deciduous tree canopy around the nest box. All response variables (prey items) were
modelled as binomial data, and all predictors except year were scaled by subtracting the mean and
dividing by the standard deviation. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Caterpillars model 22 Flying insects model 21 Spiders model 23+15 Beetles model 20

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

(Intercept) 0.389 (0.103) *** –2.233 (0.113) *** –1.690 (0.135) *** –3.183 (0.129) ***

Match 0.245 (0.101) * - - –0.507 (0.135) *** - -

Match2 –0.342 (0.052) *** 0.324 (0.067) *** 0.197 (0.065) ** 0.238 (0.075) **

Nestling age –0.159 (0.078) * 0.329 (0.094) *** –0.277 (0.099) ** 0.706 (0.109) ***

Habitat 0.262 (0.077) *** –0.458 (0.094) *** - - –0.252 (0.104) *

Match2*habitat 0.156 (0.048) ** - - - - - -

Match2*age - - –0.185 (0.052) *** 0.158 (0.055) ** –0.179 (0.057) **

Match*habitat - - - - –0.231 (0.074) ** - -

Year 2013 0.323 (0.167) . - - –1.327 (0.227) *** - -

Table 2.S5 Estimates, standard errors, and significance codes of the fixed effects in the 2013 experi-
mental data, subdivided in four main prey items of the pied flycatcher nestling diet. The “Delay”
group camera sessions were 6.2 days later than the control group sessions (Table 2.2) and had two
levels (“Control” and “Delay”). Nestling age varied from 4 to 12 days after hatching. All response
variables (prey items) were modelled as binomial data, the nestling age predictor was scaled by
subtracting the mean and dividing by the standard deviation. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Caterpillars Flying insects Spiders Beetles

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

(Intercept) 0.462 (0.152) ** –2.100 (0.192) *** –2.620 (0.104) *** –2.890 (0.216) ***

Exp Delay –0.439 (0.137) ** 0.489 (0.160) ** - - 0.313 (0.189) .

Nestling age 0.083 (0.092) ns –0.088 (0.112) ns –0.294 (0.070) *** 0.648 (0.090) ***

Delay*age –0.391 (0.123) ** 0.328 (0.148) * - - - -

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 52



Mismatch and ontogeny affect prey choice 53

2

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 53



J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 54



Differential adjustment to climate change
between resident and migrant birds

Part 2

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 55



J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 56



Jelmer M. Samplonius, Lenka Bartošová,
Malcolm D. Burgess, Andrey V. Bushuev,
Tapio Eeva, Elena V. Ivankina, Anvar B. Kerimov,
Indrikis Krams, Toni Laaksonen, Marko Mägi,
Raivo Mänd, Jaime Potti, János Török,
Miroslav Trnka, Marcel E. Visser,
Herwig Zang, Christiaan Both

Key-words: adaptation, birds, climate change, competition, information use,
laying date, nest boxes, timing

Phenological sensitivity to climate change
is higher in resident than in migrant bird
populations among European cavity breeders

Chapter 3

Global Change Biology (In Press)

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 57



Chapter 358

Many organisms adjust their reproductive phenology in response to
climate change, but phenological sensitivity to temperature may
vary between species. For example, resident and migratory birds
have vastly different annual cycles, which can cause differential
temperature sensitivity at the breeding grounds, and may affect
competitive dynamics. Currently however, adjustment to climate
change in resident and migratory birds have been studied separately
or at relatively small geographical scales with varying time series
durations and methodologies. Here, we studied differential effects
of temperature on resident and migratory birds using the mean egg
laying initiation dates from ten European nest box schemes
between 1991 and 2015 that had data on at least one resident tit
species and at least one migratory flycatcher species. We found that
both tits and flycatchers advanced laying in response to spring
warming, but resident tit populations advanced more strongly in
relation to temperature increases than migratory flycatchers. These
different temperature responses have already led to a divergence in
laying dates between tits and flycatchers of on average 0.94 days
per decade over the current study period. Interestingly, this diver-
gence was stronger at lower latitudes where the interval between
tit and flycatcher phenology is smaller and winter conditions can be
considered more favourable for resident birds. This could indicate
that phenological adjustment to climate change by flycatchers is
increasingly hampered by competition with resident species. Indeed,
we found that tit laying date had an additional effect on flycatcher
laying date after controlling for temperature, and this effect was
strongest in areas with the shortest interval between both species
groups. Combined, our results suggest that the differential effect of
climate change on species groups with overlapping breeding
ecology affects the phenological interval between them, potentially
affecting interspecific interactions.
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Introduction

Climate warming causes the advancement of organismal phenology, but phenological
sensitivity to climate warming often differs among trophic levels (Thackeray et al. 2010,
2016), which can cause mismatched reproductive timing between predator and prey
(Stenseth and Mysterud 2002; Parmesan and Yohe 2003; Visser and Both 2005). This
may consequently lead to lowered offspring condition (Durant et al. 2007; García-Navas
and Sanz 2011; Reed et al. 2013b; Samplonius et al. 2016a). Residents and migrants
have been hypothesized to differ in response to temperature trends in their breeding
areas, with residents being more flexible to respond than (especially long-distance)
migrants (Berthold et al. 1998). Long distance migrants were recently shown to be the
least responsive to climate warming on the migrant-resident continuum (Usui et al.
2017), and the consequences of climate change on population demography appear to be
most negative for long distance migratory bird species (Both et al. 2006, 2010). This is
especially true for those migratory species with the weakest phenological response to
temperature changes (Møller et al. 2008; Newson et al. 2016), supporting the role of
trophic synchrony, although this likely depends on the specific ecology of each species
(Dunn et al. 2011). The basic rationale underlying inflexible adjustment of migratory
birds is that a flexible response of laying date to directional temperature changes is
constrained by arrival date at the breeding grounds (Both and Visser 2001), whereas resi-
dent species can more easily adjust the onset of breeding to local temperature changes.

Two recent long-term studies gave contrasting evidence to the hypothesis that migrants
adjust their laying dates to a lesser extent to temperature than sympatric residents: in the
UK, the migratory pied flycatcher Ficedula hypoleuca was less sensitive in its laying date
response to spring temperature (–2.3 d/°C ) than resident tits (–4.8 d/°C) (Phillimore et
al. 2016). In contrast, in Sweden the difference in response between flycatchers and tits
was mostly absent (pied flycatchers: mean: –1.62 d/°C (N = 3 time series; SE: 0.19);
blue tits Cyanistes caeruleus and great tits Parus major: mean: –1.90 d/°C (N = 6 time
series; SE = 0.14); time series from 1970/80’s – 2010’s, Källander et al., 2017). The
causes of these contrasting patterns are unclear, but could in part be due to differential
time series durations or differential methodologies. For example, Phillimore et al. (2016)
used a sliding window approach to determine the temperature window that was best
correlated with egg laying phenology, whereas Källander et al. (2017) used the 30-days
temperatures before the mean egg laying phenology. Both methods are widely used, but it
is possible that different methods impact estimates of phenological sensitivity (van de Pol
et al. 2016), and so a comparison between these studies remains problematic. Such differ-
ences in methodologies and published phenological responses to temperature plead for a
more general and standardized description on how migrants and resident species sharing
the same environment respond to between year variations in temperatures, and how this
may affect the interaction between these species.

Responses in laying or hatching date are often interpreted in relation to the phenology
of underlying trophic levels, but it is important to consider that also changes in inter -
specific competitor timing (Samplonius and Both 2017a) could act as selection pressures
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that determine the optimal timing response. European tits and flycatchers are ideal model
species to study differential adjustment to climate change. Both resident tits and migra-
tory flycatchers readily breed in nest boxes, which have been recorded across European
locations for several decades. Blue and great tits are year round residents, although in
Northern latitudes they show irruptive migration, which highly depends on the annual
conditions (Ulfstrand 1962). Pied flycatchers and collared flycatchers Ficedula albicollis
breed in Europe, but pied flycatchers migrate to Western Africa in the fall (Ouwehand et
al. 2016), and collared flycatchers winter south of the equator (Briedis et al. 2016). Tits
and flycatchers fiercely compete for nesting sites during the breeding season (Slagsvold
1976, 1978; Merilä and Wiggins 1995; Ahola et al. 2007), and also partly capitalize on
the same diet (Török 1986; Cholewa and Wesołowski 2011). Apart from being compe -
titors, flycatchers may also benefit from social information gained from tits (Seppänen
and Forsman 2007; Seppänen et al. 2011; Kivelä et al. 2014; Samplonius et al. 2017a;
Slagsvold and Wiebe 2017). Both information use and competition have phenological
components: flycatcher mortality in tit nest boxes increased with more phenological
overlap between tits and flycatchers (Merilä and Wiggins 1995; Ahola et al. 2007), and
an experimental study showed that flycatchers preferentially settled in forest patches with
early breeding tits (Samplonius and Both 2017a). If climate warming has differential
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Figure 3.1 Localities of the breeding data used in the analysis. All time series ran from 1991–2015
(except Czech Republic 1991–2012). More details on the localities and species in table S3.1.  
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effects on the phenology of these (and other) resident and migratory species of the same
guild, then phenological components of interspecific interactions may be affected. 

In this study we capitalize on ten long-term nest box schemes from across Europe,
which vary in the extent of spring warming. For each site, time series on laying date
phenology of at least one species of resident tit, and one species of migrant flycatcher was
available (for details please refer to Table S3.1). This study addresses three questions.
First, does the degree of adjustment of mean laying date to temperature differ between
resident tits and migratory flycatchers? We expect that resident tits are more flexible in
their laying date response to temperature than migratory flycatchers. Second, does differ-
ential climate sensitivity between residents and migrants (if the first hypothesis is true)
affect the phenological interval over time between these species groups? We expect that
the phenological interval between resident and migratory birds diverges if residents
respond more strongly to climate change. We also expect that this divergence over time
differs across latitudes: in areas that are biogeographically more hospitable for resident
species (Southern latitudes: Herrera 1978), we expect stronger phenological divergence,
because resident tits may force flycatchers to adopt a later phenology due to increased
competition. Related to this, our final hypothesis is that resident species may affect the
timing response of migratory species. Our main expectation here is that the timing
response of flycatchers may in part be adjusted to their timing in relation to resident tits
(after controlling for the effect of temperature on laying date). This effect is expected to
be stronger in populations where the phenological interval between tits and flycatchers is
smaller.

Materials and methods

Data selection
To standardize our approach and avoid reporting bias, we used all the data series of
which at least 20 years of phenological data of both tits and flycatchers were available
(Figure 3.1, Table S1). The species we used in this analysis were resident great and blue
tits, and migratory pied and collared flycatchers (Table S3.1). Although in Northern lati-
tudes tits are irruptive migrants, there is data showing that populations have become
more resident over the past decades (Smallegange et al. 2010), but not in all populations
(Nilsson et al. 2006; Meller et al. 2016). At most these populations are short distance
migrants, and arrive much earlier at the breeding grounds than long distance migratory
flycatchers. We restricted the time series length to the period 1991–2015 because all
populations had data for these years (except Czech Republic, which ran until 2012;
Finland missed the year 2001; Spain missed the year 2003). Only data sets with an
average sample size larger than 15 nests per species per year were used in the analyses
(lowest in a single year: N = 6 in a Russian population of great tits). Nest boxes were
checked at least weekly in most populations, and laying initiation dates (hereafter laying
dates) were established under the assumption that these species lay one egg each day. For
each population we calculated the annual mean and standard deviation in laying date.

Adjustment to climate across Europe 61

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:41  Pagina 61



Only first broods were included in this analysis, the range of which was defined as the
mean laying date of the first five nests plus 30 days (per year, per population, per
species). In one population (Germany) we only had hatch dates available, which were
used for the analysis instead of laying dates, because the temperature slopes in relation to
hatch dates closely match those in relation to laying dates (R2 = 0.93, Table S3.4). Daily
mean temperature data were taken from meteorological stations near (<100 km) each
breeding site (Table S3.2). In some cases, temperature data from several stations had to
be combined due to missing data in one of the stations. For example, in the case of
Germany, we used the average temperature of three weather stations in the Harz Moun-
tains at similar altitudes, because for some relevant days, the data from one or two of the
stations were missing.

Sliding window analyses
It is well known that most birds lay earlier during warm years, but it is unknown which
cues are directly responsible for this response. Earlier analyses of responses of laying date
to temperature have often used an arbitrary window (i.e. the 30 days prior to the overall
or to the start of the time-series population mean laying date: Visser et al. 2003; Both et
al. 2004).  When comparing responses for more populations, such a fixed time window
length may not capture the local variation in ecology, because habitats may differ in the
speed of the phenological responses to temperature (Mägi et al. 2009). Therefore, we
have selected for each area and species combination the best explaining time window,
using a sliding window approach with the climwin package (van de Pol et al. 2016) in R
3.3.1 (R Development Core Team 2016). The mean temperature during the time period
that was best correlated with the mean timing of laying across years will hereafter be
referred to as the “climate window”. We restricted the possible time windows by letting
the starting date vary from 15 to 60 days prior to the overall average annual laying date,
the window being at least 15 days. In all cases more than one climate window was within
2 AIC of the best climate window, and the window was calculated using a model average
of the opening and closing of these best climate windows. Climwin compares the model
outputs of thousands of models, the AIC of which it plots graphically as when the temper-
ature window opens (y-axis) and closes (x-axis) in relation to the reference date, which
were set to the mean average laying date per population per species, rounded up to the
next integer. For example, if a great tit population had a mean laying date of 20.4 April,
climwin compared all temperature windows larger than 15 days ranging from 21 Febru -
ary to 21 April. An example output of climwin for the Dutch population of great tits can
be found in the supplementary information (Figure S3.3). In all cases the best explaining
models fell in the same cluster of window openings and window closings, so using a
model averaging approach was justified. Finally, bird laying dates were regressed against
the mean temperature of the previously identified climate window. Slopes and intercepts
of the top models were highly similar (Figure S3.3).

Phenological sensitivity to temperature
To analyze whether resident tits and migratory flycatchers had similar or different laying
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date responses to temperature, we centered all data for each specific population and
species climate window by subtracting the mean, and the same was done with laying date
for each population and species. We centered for each population separately to avoid
over- or underestimation of the overall slope due to spatial variation (de Keyzer et al.
2017). Next, statistical analyses on the relative temperature versus relative laying date
slopes were performed using linear mixed effect models (LMER) in lme4 in R (Bates et al.
2015), using sample size as a weight factor. We regressed “Laying date (centered per
population and species group)” against “Species (Blue tit, great tit, pied flycatcher, or
collared flycatcher)”, “Spring temperature (output from climwin, centered per population
and species)”, “Year (centered, continuous)”, the interaction between “Species” and
“Spring temperature” (as we wanted to test whether tit and flycatcher laying dates ~
temperature slopes differed), and “tit : temperature | population” and “flycatcher :
temperature | population” as a random slopes (as we expected laying date ~ temperature
slopes to vary between species and populations). “Year” was used as a continuous
covariate to account for temporal patterns in laying date that were not attributable to
temperature, and the interaction between “Year” and “Species” was included to test
whether temporal patterns not governed by temperature differed between tits and
flycatchers. Backwards elimination was implemented if interactions or covariates were
non-significant. We also tested for multicollinearity between “Year” and “Spring tempera-
ture” and found a variance inflation factor of 1.062, which does not present a multi-
collinearity issue.

Laying date over time versus temperature change over time
We wanted to test whether birds in areas that experience more warming also advance
their laying date the most over the years (Both et al. 2004). Therefore, for each popula-
tion and species group separately, we calculated the slope of laying date against year, and
temperature against year, and regressed those against each other. We then used a linear
model (LM) with “laying date ~ year slope” as a response variable, and “temperature ~
year slope” and “species group” and the interaction between them as predictors (as we
expected the response of tits and flycatchers to temperature may differ). The expectation
was that in areas that have experienced more warming, birds have also adjusted their
breeding phenology more. The Czech Republic population was not included for this
analysis, as it did not include the years 2013-2015, which may affect temporal trends.
Moreover, two tit populations from Hungary were included (both blue and great tit).

Latitudinal variation timing interval tits and flycatchers
Next, we analyzed whether the phenological interval between mean tit and flycatcher
laying dates within areas and years is affected by temperature, as this may affect competi-
tive and facilitative interactions between species. Additionally, species specific climate
windows may experience different degrees of warming, so it is vital to study how this in
turn affects phenological overlap between them (Ahola et al. 2007). To address this ques-
tion, we calculated the differences per year in phenology between tits and flycatchers for
each population by subtracting the mean tit laying date from the mean flycatcher laying
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date. This variable was regressed against the “Temperature difference” in species specific
climate window. This variable was calculated by subtracting the temperature of the tit
climate window from the temperature of the flycatcher climate window (Ahola et al.
2007). Using LMER, covariates used were “year”, and “latitude” and the interaction
between them, as we expected the degree of phenological divergence between residents
and migrants to be more extreme at lower latitudes. The rationale for including the inter-
action between “Year” and “latitude” comes from the biogeographical pattern that North -
ern latitudes are less hospitable to resident species (Herrera 1978), and have a larger
interval between tit and flycatcher phenology. Therefore, competition between tits and
flycatchers may be more severe in more Southern areas, subsequently leading to a higher
degree of phenological divergence between them. Thus, we hypothesized the temporal
divergence between tit and flycatcher phenology to be higher in lower latitudes. All vari-
ables were centered per species per population except “Latitude” (which was centered by
subtracting the mean latitude of 52.01376). We added a random slopes structure of
“Temperature difference | Population”, as we expected slopes to vary among populations.
Backwards elimination was implemented if covariates were non-significant. We also
tested for multicollinearity between “Year” and “Temperature difference” and found a
variance inflation factor of 1.0067, which does not present a multicollinearity issue.

Does tit timing predict flycatcher timing?
Last, we were interested in whether the degree of phenological overlap with tits affected
the response of flycatchers. To study this question, we regressed flycatcher mean laying
dates against “temperature (centered for each population)” with “relative tit phenology
(centered for each population)” and “mean population tit-flycatcher interval (centered
across all populations)” as covariates, and the interaction between the latter two using
LMER. We expected that tit phenology would affect flycatcher phenology to a larger
extent in populations with a smaller interval between tit and flycatcher phenology. In this
analysis, we implemented “Temperature | population” as a random slope, as we expected
temperature slopes to differ between populations.

Results

Sliding window analysis
Tit and flycatcher annual mean laying dates were negatively correlated with spring
temperature, but responses were to species and area specific climate windows, with tits
on average responding to earlier (paired t-test: mean of differences –21 days, t = –6.77,
P< 0.001), but not to longer (paired t-test: mean of differences 6.11 days, t = 1.09, P =
0.31) climate windows (Figure 3.2, Table S3.4). The mean climate window across all
populations was from 13 March to 24 April for tits, whereas for flycatchers it spanned
from 7 April to 12 May. Interestingly, the climate window (median value of the entire
window) to which tits responded became significantly later towards Northern latitudes
(1.04 days/latitude,  R2 (adj) = 0.425, t = 2.765, P< 0.03), but this was not the case for
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flycatchers (0.356 days/latitude, R2 (adj) = –0.096, t = 0.543, P = 0.60). Window
length did not correlate with latitude for either species group (tits: P = 0.267, flycatchers:
P = 0.463).

Phenological sensitivity to temperature
Tits were on average twice as sensitive in their phenological response to temperature than
flycatchers in the same regions (Figure 3.3, Table 3.1). Tits on average advanced their
phenology by –3.37 (blue tits) and –2.84 (great tits) days per °C, whereas the advance-
ment was significantly less for pied and collared flycatchers with –1.52 and –1.54 days
per °C respectively (Table 3.1). Moreover, compared to flycatcher populations (–1.97
to –1.01 d/°C) the temperature slopes of tits (–4.05 to –1.74 d/°C) among populations
was significantly more variable (Bartlett’s K2 = 5.24, P = 0.022). Interestingly, the
temperature slopes of tit and flycatcher laying dates in the same populations were not
significantly correlated (Figure 3.3, R2 (adj) = –0.034, N = 10, P = 0.426) even though
the temperature cues for tits and flycatchers within years were positively correlated
(R2 (adj) = 0.178, P < 0.0001). We further found that independent of the temperature
response, all species advanced their laying dates by an estimated –0.10 days per decade,
but this effect did not significantly differ between species (Table 3.1).

Laying date over time versus temperature change over time
The between population variation in temporal laying date trends could be explained by
the local trends in temperatures (as in Both et al. 2004), but to a lesser degree for
flycatchers. Areas with more local spring warming over the past decades showed greater
temporal phenological advancement of both tits and flycatchers (P < 0.002, Table 3.2,
figure 3.4), but less so in flycatchers for the same degree of warming compared to tits. 
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Figure 3.2 Best fit climate windows as calculated by a sliding window approach in climwin.
Temperatures in these windows were used for further analysis. Countries are ordered by latitude.  
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Latitudinal variation in timing interval between  tits and flycatchers
The interval between laying dates of flycatchers and tits varied from about 30 days to
only 5 days, and this interval was smaller when flycatcher-specific temperatures were
high relative to the tit-specific temperatures from the same year (Figure 3.5, Table 3.3).
The interval declined by 1.76 day per degree centigrade difference in species specific
climate window temperature (Figure 3.5, Table 3.3, P = 0.002), showing that species
specific climate windows may be differentially affected by climate change. The mean
interval between tits and flycatchers increased by 0.94 days per decade (Table 3.3, P =
0.0015), an effect that was larger at lower latitudes (Figure 3.6, Table 3.3, P = 0.015),
showing that the divergence in laying dates between tits and flycatchers was mostly
observed south of 50°N.
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Figure 3.3 Comparison of phenological responses of tits and flycatchers to temperature within the
same breeding locations. Each point compares two population specific laying date ~ temperature
slopes. Tits clearly show a higher degree of phenological sensitivity to temperature than flycatchers
(all points are above x = y line). Tit and flycatcher responses within sites were not correlated.  

Table 3.1 LMER output of relative annual mean laying dates (LD) in relation to local spring temper-
ature across 10 European sites. Laying dates and mean temperature were centered for each species
and population so only differences in slopes remained. Random slopes were fitted for each species
group and area. Blue tits were the baseline in the model. Great (GT) and blue tits (BT) did not differ
in their response to temperature, but they responded more strongly to temperature than pied (PF)
and collared (CF) flycatchers. Additional year effects did not differ between species (see also figure
3.3).    

Laying date (LD)* Estimate (SE) t503,11 Pr(>|t|)

Temperature BT (°C) –3.37 (0.36) –9.07 <0.0001

Year –0.0983 (0.014) –6.85 <0.0001

Temperature*GT 0.53 (0.39) 1.36 0.181

Temperature*PF 1.85 (0.38) 4.89 <0.0001

Temperature*CF 1.83 (0.43) 4.29 <0.001

*Random effect variance  ±  SD ‘flycatcher : temperature | area’ = 0.0282 ± 0.168 ; ‘tit : temperature | area’ = 0.166 ± 0.407
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Does tit timing predict flycatcher timing?
In the final analysis we were interested in whether tit phenology explained additional
variation in flycatcher phenology in addition to the temperature slope. Interestingly, we
found that flycatchers were apparently affected by the phenology of tits in their laying
date. In addition to the effect of temperature and year, residual flycatcher mean laying
date was delayed by 0.077 days for each day that tits were relatively late (P = 0.0067,
Table 3.4), and this effect was larger in populations where the mean interval between tit
and flycatcher breeding was smaller (interaction “tit laying date”*“mean population tit
flycatcher interval”: 0.0286 day increase of effect size for each day that the laying date
interval between tits and flycatchers decreases, Table 3.4). The overall mean interval
between tits and flycatchers across all populations was 17.0 days, ranging from 13.3
(–3.7 centered) days in Dartmoor (GBR) to 20.6 (+3.6 centered) days in Zvenigorod
(RUS). To illustrate the effect of the interaction term in this model (Table 3.4), the esti-
mated effect of tit phenology on flycatcher phenology at these endpoints in the distribution
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Figure 3.4 Comparison of the temporal laying date slope with the temporal temperature slope.
Both tits and flycatchers adjusted their phenology more in areas with more warming between 1991
and 2015, but flycatchers did so to a lesser extent.  

Table 3.2 Model output of the annual mean laying dates slopes (LD/year) among populations in
relation to the population specific degree of warming (°C/year ) across 10 European study sites. In
areas that warmed more, tits advanced their laying date more, but flycatchers did so to a lesser
degree (see also figure 3.4).    

LD/year slope Estimate (SE) t15,3 Pr(>|t|)

(Intercept) –0.122 (0.038) –3.219 0.0054

°C/year slope –3.014 (0.796) –3.785 <0.0016

Species group flycatcher 0.130 (0.045) 2.913 0.010
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ranged from (–0.0286*–3.7+0.077) 0.183 flycatcher days / tit day to –0.026 fly catcher
days / tit day. In other words, flycatchers adjusted their laying dates more in response to
tit laying dates in populations where the mean timing interval between them was smaller.
“Latitude” was not retained in the final model.
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Figure 3.5 Comparison of the phenological interval between tits and flycatchers in relation to the
difference in species specific temperature windows. The interval between tits and flycatchers
decreases when the tit climate window is relatively cold and the flycatcher climate window is rela-
tively warm.  

Table 3.3 Determinants of the interval between tit and flycatcher mean laying dates include year
(as continuous variable), the difference in species specific pre-laying temperatures (see also figure
3.5), latitude, and the interaction between year and latitude. Predictors were centered for each
population and species.    

Flycatcher-tit LD interval* Estimate (SE) t266,3 Pr(>|t|)

(Intercept) 5.978 (0.972) 6.149 <0.0001

Flycatcher-tit °C difference –1.759 (0.347) –5.062 0.0020

Year 0.0942 (0.0293) 3.216 0.0015

Latitude 0.215 (0.124) 1.742 0.151

Year*Latitude –0.0131 (0.0053) –2.454 0.0148

*Random effect variance  ±  SD ‘1 | area’ = 6.68 ± 2.58 ; ‘ temperature difference | area’ = 0.956 ± 0.978
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Discussion

Here we presented a Europe-wide assessment of phenological advancement of tits and
flycatchers in response to climate change, and show three important differences in the
response of these resident and migratory nest box breeders. First, resident tits advanced
their phenology on average twice as much in response to between year temperature varia-
tion than migratory flycatchers, and within site phenological sensitivity to temperature of
tits and flycatchers were uncorrelated, even though the temperature cues of tits and
flycatchers were highly correlated. Second, tit populations in areas that warmed more
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Table 3.4 Effect of tit laying dates  and other factors on flycatcher laying dates in the same popula-
tion, across 10 European sites. The positive effect of tit laying date on flycatcher laying date was
especially strong in populations where tits and flycatchers overlap more in seasonal timing. For this
analysis flycatcher phenology was regressed against spring temperature, year, population specific
relative tit phenology, mean population specific interval between tits and flycatchers, and the inter-
action between this interval and relative tit phenology. All predictors were centered.    

Flycatcher LD* Estimate (SE) t264,5 Pr(>|t|)

(Intercept) –0.009 (0.120) –0.073 0.941

Spring temperature –1.205 (0.096) –12.60 <0.0001

Year –0.075 (0.018) –4.189 <0.0001

Relative tit phenology 0.0765 (0.028) 2.752 <0.007

Mean tit-flycatcher interval 0.0034 (0.053) 0.063 0.950

Mean interval*tit phenology –0.0286 (0.012) –2.39 0.0183

*Random effect variance  ±  SD ‘1 | area’ = 0.000 ± 0.006 ; ‘ temperature | area’ = 0.005 ± 0.071
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Figure 3.6 Model output of the temporal divergence trend (1991–2015) between tit and flycatcher
phenology across latitudes after accounting for species specific climate windows. Divergence
between tits and flycatchers was larger at lower latitudes (P = 0.015, Table 3).  
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also advanced their laying date more, but the same was not true for flycatchers (in
contrast to Both et al. 2004). Overall, the mean laying date interval between tits and
flycatchers has diverged over the past 25 years by about 0.94 days per decade, an effect
that was stronger at lower latitudes. Last, in addition to temperature, flycatchers
appeared to adjust their laying date partly in the same direction as the laying date of tits,
an effect that was stronger in populations that had a smaller phenological interval
between tits and flycatchers. Climate change may therefore affect the phenological
interval between competing species with knock-on effects on species interactions
including competition and information use.

Our results clearly demonstrate that resident tit populations are generally more plastic
in adjusting to variation in temperatures than migratory flycatcher populations from the
same breeding areas. The large geographical scale at which our analysis was performed
allows us to draw more general conclusions about this pattern than previous studies, one
of which corroborated our findings (Phillimore et al. 2016), while another did not
(Källander et al. 2017). We further found that in contrast to a previous study (Both et al.
2004), flycatchers in areas that warmed more did not also advance their laying dates
more over time, but we did find that pattern to hold for tits. A possible explanation of this
is that the trends observed by Both et al (2004) in both temperature and flycatcher laying
dates included more extremes, probably because their time series started in the 1980’s
and lasted until 2002, a period with apparently more local spring warming than the
period reported here, and more advancement of flycatcher laying dates. It must be noted
that differences found between tits and flycatchers (interpreted as differences between
residents and migrants) in this study may alternatively be explained by phylogeny. Inter-
estingly, a recent meta-analysis found that phylogeny could explain some variation in
phenological responses to temperature, but a larger degree of variation in responses
between species was explained by them being along the resident migrant continuum
(Usui et al. 2017). Long distance migrants had lower degrees of response to temperature
changes than residents and short distance migrants (Usui et al. 2017), corroborating what
we found in this study.

As climate warming continues, resident species are expected to cope better with such
changes, as they are potentially better able to track phenological optima through plas-
ticity (Vedder et al. 2013; Phillimore et al. 2016). Our analyses show that migratory bird
populations may be particularly vulnerable to climate warming, as their capacity to
respond flexibly to changes at the breeding grounds are more limited than resident
species, although we have not analyzed phenotypic plasticity at the individual level in
this study. This is also in line with a study that showed the most rapidly declining
passerine populations are those of migratory birds breeding in seasonal habitats (Both et
al. 2010). Alternatively, flycatchers may not need to adjust as much to temperature
changes as tits, because they have a more generalist diet than tits. Nevertheless, pied
flycatchers in a Dutch population preferred caterpillar prey and their nestlings performed
better when well matched with the caterpillar peak (Samplonius et al. 2016a), and local
population declines were strongly correlated with the date of the caterpillar peak (Both et
al. 2006).
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Plasticity is likely the most important mechanism through which individuals adjust to
climate warming (Charmantier et al. 2008; Charmantier and Gienapp 2013; Phillimore et
al. 2016), but we also reported on an additional advancement over time by 0.98 days per
decade in both tits and flycatchers (Table 3.1), potentially explained by other mecha-
nisms. There is still the potential for phenotypic plasticity to operate through other
(unknown) cues here, but alternatively, this pattern could reflect a micro-evolutionary
response of laying date with selection favouring early reproduction in years where
offspring return under warm spring conditions (Visser et al. 2015). However, this expla-
nation cannot be tested here as we cannot discern individual from population responses
in our data. In addition, being born early might entrain the circannual clock to an earlier
schedule through ontogenetic effects, potentially leading to being earlier the following
year (Both 2010b; Ouwehand et al. 2017). Discerning between genetic and non-genetic
effects in adjusting to climate change is critical in directing future decisions on species
conservation. For example, directional selection on timing genes may reduce genetic vari-
ation in a population, whereas ontogenetic effects would not.

Our finding that the degree of phenological divergence over time between tits and
flycatchers is higher in more Southern latitudes can be explained in different ways. First,
Southern latitudes have milder winters, causing relatively more resident birds to survive
and occupy more suitable breeding space (Berthold et al. 1998), which may push the
timing of migratory birds to become relatively later through interspecific competition.
This is partly supported by our observation that flycatchers are more affected by tit
phenology in areas with more overlap between their phenologies (Table 3.4). However,
this could also be a third variable effect as previously discussed. Second, it is possible that
especially in Southern latitudes migratory birds are constrained by arrival date, as spring
starts the earliest there. In our case this is not true, because the most Southern population
lays considerably later because it is mountainous. Last, latitude could be a proxy for
photoperiod, which may be used as a birth date cue during early life, the effect of which
differs between Northern and Southern Europe. In Southern Europe, photoperiod
increases for later born young, whereas Northern birds hatching after the solstice experi-
ence decreasing day lengths, which may have caused their recovery dates during spring
migration to advance with progression of the season (Both 2010b). The effect of photope-
riod on flycatcher laying date may thus differ between North and South, causing differ-
ences across latitudes in phenological divergence between tits and flycatchers.
Photoperiodic conditions during hatching before and after the solstice could then be an
alternative explanation for why there is more phenological divergence in Southern popu-
lations than in Northern populations. However, experimental evidence so far shows that
hatching date (photoperiodic conditions) probably does not provide birds with an ontoge-
netic route to adjust to climate change (Ouwehand et al. 2017).

Our finding that flycatcher phenology is positively affected by tit phenology in addi-
tion to temperature, especially in areas where the mean laying date interval between
them is smaller, begs the question whether flycatchers adjust their laying date in response
to the timing of resident tits. This could reflect social information use, a competition
driven constraint, or an externally driven adjustment that has affected both species (third
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variable effect). In support of the information use hypothesis, an experimental study
manipulating tit densities found that flycatchers bred the earliest in plots with interme-
diate densities of great tits (Forsman et al. 2008), and it was also found that that
flycatchers can use timing information of tits for their settlement decisions (Samplonius
and Both 2017a). Evidence for competition driven constraints comes from a study in
which flycatchers had more fatal interactions when overlapping more in time with tits
(Ahola et al. 2007). Alternatively, a third variable may have affected the response of tits
and flycatchers in similar directions. In other words, tit phenology may have been
affected by a range of variables apart from temperature, which also may have affected the
response of flycatchers. The sum of environmental variables affecting phenology may
therefore have been captured better by the phenology of the tits than solely by tempera-
ture, leading to a stronger association between (residual) tit phenology and flycatcher
phenology. This would also explain why this effect was stronger in areas with a higher
degree of average overlap between tits and flycatchers. However, the temperature
response of tits and flycatchers within populations were not significantly correlated
(Figure 3.3, P > 0.4), suggesting that temperature driven effects may not be able to
account for these patterns in phenological divergence. Nevertheless, we did not experi-
mentally manipulate our birds, so further experimental studies are required to pinpoint
whether flycatchers adjust their timing to the laying date of tits. Last, it could be argued
that populations with higher incidence of second broods might have affected the timing
of flycatchers more. However, we do not deem this likely, as the timing of a second brood
of tits is roughly six weeks after the first egg of the first brood is laid (one week laying,
two weeks incubation, three weeks chick rearing). The mean laying initiation date of
flycatchers is two to three weeks after the mean laying dates of the first broods of tits,
meaning that second broods could not be used as a cue by flycatchers to initiate laying.

The effect of climate change on species interactions has in the past mostly been
studied among trophic levels. We here highlight that resident and migrant species of
cavity nesting passerines differ in their degree of adjustment to climate change, which
may have knock on effects on species interactions. Nevertheless, both species groups are
still generally advancing slower than the phenology of their food resources (Visser and
Both 2005; Both et al. 2009). Such faster advancement of food resources may in turn
exacerbate interspecific competition. As species increasingly initiate breeding on the
declining slope of food resources, species must compete for fewer resources or change to
different habitats with broader food peaks (Burger et al. 2012). In addition, climate
warming may decrease adverse conditions in winter leading to increased survival of resi-
dent species (Robinson et al. 2007). More broadly, Northern latitudes generally contain
more migratory than resident species (Herrera 1978), and if climate warming and subse-
quent range shifts continue (Gillings et al. 2015), the community composition in warming
areas may change toward more resident species. In addition, selective pressures may
depend on phenological distributions, in which the optimal response of early individuals
may differ from that of late individuals (Miles et al. 2017), a factor that is rarely consid-
ered. The result of climate warming on species interactions may therefore be multifaceted
and unpredictable. Our results indicate that species groups with varying annual cycles
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differentially respond to temperature changes, and potentially affect each other’s response
to climate warming depending on their phenological interval. Understanding why resi-
dent and migratory bird populations differ in their phenological response to climate
warming by uncovering the potential role of genetic and ontogenetic adaptation provide
interesting avenues of future research. For understanding how this alters competitive
interactions and thereby food-web dynamics, a better knowledge is required about the
ecological interactions between these species, especially in relation to shared and
unshared diet components.
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Table S3.2 Information of  name, location and altitude of weather stations used for  daily tempera-
ture data  in the analyses. For the German site  some data was missing for each of the weather
stations, and therefore we used an average of three weather stations.    

Temperature data Site Alt (m) Latitude Longitude

Finland (FIN) Harjavalta 55 61°17'52"N 22°05'40"E

Estonia (EST) Viljandi 81 58°31'34"N 25°34'30"E

Latvia (LVA) Kraslava 155 55°52'00"N 27°13'00"E

Russia (RUS) Moscow 156 55°49'59"N 37°37'00"E

Netherlands (NLD) Deelen 50 52°03'00"N 05°52'20"E

Germany (GER) Harzgerode 404 51°39'12"N 11°08'15"E

Germany (GER) Wernigerode 234 51°50'52"N 10°46'11"E

Germany (GER) Schulenberg 504 51°50'17"N 10°25'57"E

Great Britain (GBR) Dartmoor 164 50°34'21"N 3°54'23"W

Czech rep. (CZE) Kucharovice 339 48°52'48"N 16°04'48"E

Hungary (HUN) Pilis 425 47°43'00"N 19°01'00"E

Spain (ESP) Colmenar 1004 40°41'55"N 03°45'52"W
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9% of models fall within the
95% confidence set
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Figure S3.3 Example output from the Climwin package (van de Pol et al. 2016), in which the best
explaining temperature window was selected to explain annual variation in laying dates of a Dutch
population of great tits. “Window open” and “window close” refer to the number of days before the
reference day (taken as the mean of the population egg laying date). The top left is a landscape of
AIC values for each window, top middle shows the 95% confidence set, of which only those within 2
AIC of the best model were used to calculate the best average timing window. The top right shows
the slope of each window. The bottom left compares a null model to the output by climwin, the
bottom middle depicts the median values of the 95% confidence set (not corrected for AIC weight,
so not used in the manuscript). Finally the bottom right shows the fit of the model with the best
model (also not used as we used a model averaged value of the top models).  
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Chapter 482

Predicting habitat quality is a major challenge for animals selecting
a breeding patch, because it affects reproductive success. Breeding
site selection may be based on previous experience, or on social
information from the density and success of competitors with an
earlier phenology. Variation in animal breeding phenology is often
correlated with variation in habitat quality. Generally, animals
breed earlier in high quality habitats that allow them to reach a
nutritional threshold required for breeding earlier or avoid nest
predation. In addition, habitat quality may affect phenological
overlap between species and thereby interspecific competition.
Therefore, we hypothesized that competitor breeding phenology
can be used as social cue by settling migrants to locate high quality
breeding sites. To test this hypothesis, we experimentally advanced
and delayed hatching phenology of two resident tit species on the
level of study plots and studied male and female settlement
patterns of migratory pied flycatchers Ficedula hypoleuca. The
manipulations were assigned at random in two consecutive years,
and treatments were swapped between years in sites that were
used in both years. In both years, males settled in equal numbers
across treatments, but later arriving females avoided pairing with
males in delayed phenology plots. Moreover, male pairing proba-
bility declined strongly with arrival date on the breeding grounds.
Our results demonstrate that competitor phenology may be used to
assess habitat quality by settling migrants, but we cannot pinpoint
the exact mechanism (e.g. resource quality, predation pressure, or
competition) that has given rise to this pattern. In addition, we
show that opposing selection pressures for arrival timing may give
rise to different social information availabilities between sexes.
We discuss our findings in the context of climate warming, social
information use, and the evolution of protandry in migratory
animals.
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Introduction

Habitat selection is an integral part of successful reproduction in animals, yet predicting
habitat quality is difficult, as components affecting it may fluctuate over both spatial and
temporal scales (Orians and Wittenberger 1991). By default, animals have to base their
settlement decisions on incomplete information, because sampling the environment is
time consuming or because food required for successful breeding will only become avail-
able later in the season. Individuals may achieve this by using habitat information from
previous breeding attempts or alternatively they may use integrative cues by eavesdrop-
ping on social information provided by other individuals with a similar niche and copying
their choice (Parejo et al. 2005). Such inadvertent social information (Danchin et al.
2004) may create a shortcut toward novel resources (Cortés-Avizanda et al. 2014; Teague
O’Mara et al. 2014) or toward high quality patches required for reproduction.

Social information use in breeding site selection has been confirmed in a wide variety
of taxa. Passerine birds adjusted their choice of breeding patch the next year based on
presence (Doligez et al. 2004; Kivelä et al. 2014) and reproductive success (Doligez et al.
2002; Citta and Lindberg 2007; Parejo et al. 2007) of conspecifics, naive female fruit flies
Drosophila melanogaster copied oviposition sites of demonstrator flies regardless of site
quality (Battesti et al. 2012), juvenile Anolis aeneus lizards preferentially settled near
territorial residents independent of habitat quality (Stamps 1988), and females of the lek-
breeding antelopes Kobus leche and Kobus kob preferred territories with olfactory cues
from successfully mated females (Deutsch and Nefdt 1992). Interestingly, social cues use
may apparently override a theoretically expected ideal free distribution based purely on
resource presence in the breeding habitat, but this is only expected if animals lack
personal information about these resources (Coolen et al. 2005). In short, animals
prospect among a range of environmental and social components to optimize breeding
site selection, because patch quality limits current and possibly future reproductive oppor-
tunities.

Social information use is not limited to conspecifics, as heterospecifics with similar
niches are potentially a more reliable information source (Seppänen et al. 2007). For
migratory animals with limited time to sample the environment themselves (Mönkkönen
et al. 1999), resident heterospecifics provide information that is otherwise costly to
obtain. For example, due to their earlier phenology heterospecific residents might have
completed broods, the size of which is used as an information source for settlement deci-
sions by migrants (Forsman and Seppänen 2011; Loukola et al. 2013). However, within
habitats there is also variation in breeding phenology, which is partly driven by the
quality of the breeding patch. Selection pressures that may advance or delay reproductive
phenology include food abundance and predation pressure. Food abundance affects repro-
ductive timing by allowing animals to reach a nutritional threshold faster (Drent and
Daan 1980). For example, resident blue tits Cyanistes caeruleus bred earlier in food rich
habitat (Svensson and Nilsson 1995; Lambrechts et al. 2004), and similar patterns were
found in great tits Parus major (Riddington and Gosler 1995; but see Van Balen 1973).
Furthermore, nest predation might delay reproduction by inducing replacement clutches.
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For example, researchers were able to delay reproductive phenology of a great tit popula-
tion by more than two weeks by inducing replacement clutches after clutch completion in
great tits (Verhulst and Tinbergen 1991). Consequently, later reproducing great tits may
signal heightened competition, as flycatcher mortality in tit nest boxes was higher in
years with more phenological overlap between tits and flycatchers (Ahola et al. 2007),
and most flycatcher mortality occurred during the egg laying phase of tits (Merilä and
Wiggins 1995), demonstrating that competitor phenology may play a role in shaping
competitive interactions. In summary, habitat quality may express itself as a higher
amount of resources required for breeding or safety from predation, all of which may
impact upon reproductive phenology and as a consequence may affect interspecific
competition. Therefore, early breeding phenology of competitors might be a potentially
useful information source for arriving migratory birds cueing in on high quality nesting
sites (Figure 4.1). Interestingly, competitor timing has so far not been studied as a social
cue in breeding site selection.

Social cues may change over time, and their accessibility may also be time bound.
Later arriving individuals are more likely to use social information in selecting a breeding
site (Seppänen and Forsman 2007; Jaakkonen et al. 2015), because they may have more
social information available or because they have less local experience. Experienced indi-
viduals often arrive earlier at the breeding grounds, but in many species males also arrive
earlier than females. Two commonly contrasted hypotheses for the evolution of such
protandrous arrival timing include the Rank Advantage Hypothesis and the Mate Oppor-
tunity Hypothesis (Morbey and Ydenberg 2001). The Rank Advantage Hypothesis postu-
lates that competition for high quality territories selects for early male arrival in species
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Habitat quality Interspecific competition
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Reproductive
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Figure 4.1 Do flycatchers (right) use heterospecific (tit) timing cues in selecting a breeding site?
Processes that affect reproductive timing in tits (middle drawings) include nest predation (inducing
replacement clutches), and resource abundance (advancing female nutritional thresholds). Fly -
catchers may perceive late great tits as indicators of poor habitat quality, and may be faced with
more interspecific competition due to phenological overlap as a consequence. Flycatchers were
expected to prefer settling near early breeding tits. 
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where males defend territories (Kokko 1999). The Mate Opportunity Hypothesis is not
mutually exclusive, and postulates that males arrive earlier to have higher mating oppor-
tunities (Morbey and Ydenberg 2001). Theoretical work suggests that the Rank Advan-
tage Hypothesis alone cannot explain the evolution of protandry, and that an integration
with the Mate Opportunity Hypothesis, for example in the form of male biased opera-
tional sex ratios (OSR), provides a stronger framework (Kokko et al. 2006). However,
empirical research to test this framework is limited. One study found no evidence that the
degree of protandry was higher when OSR was more male biased, but this study used a
comparative approach at a migration capture site (Saino et al. 2010). It is unclear
whether the sex ratio at a migration capture site is translatable to the OSR at the breeding
grounds, so more studies from within breeding populations are needed to test whether
later arriving males have lower mating opportunities in systems with male biased adult
sex ratios (Morbey et al. 2012). Moreover, protandry may have differential effects
between the sexes on the potential to incorporate social information in settlement deci-
sions. However, these differences have so far not been considered in an intersexual
context. In species with protandrous arrival timing we therefore hypothesize that females
are more able to incorporate social information in breeding site selection than males.

In this study we aimed to answer three questions. First, does the breeding phenology
of resident competitors affect settlement decisions of a migratory bird? Earlier phenology
of residents may signal resource rich areas, safety, and lower competition, and were there-
fore expected to be preferred. Second, does mating probability of males decline with
arrival date in a population with a male biased sex ratio? Females were in principle
expected to prefer earlier males, as these may occupy the higher quality breeding sites.
Last, do intersexual differences in arrival date limit the potential to incorporate social
information in breeding site selection? It was expected that the later arriving sex had
more opportunity to incorporate social information in selecting a breeding site.

Materials and methods

Study species
Great tits and blue tits are resident insectivorous passerines widely occurring in Europe,
and pied flycatchers migrate each year from West-Africa to European temperate forests
(Ouwehand et al. 2016), crossing the Sahara desert in one non-stop flight (Ouwehand
and Both 2016). Female pied flycatchers arrive on the breeding grounds one week after
males (Both et al. 2016). All species are secondary cavity nesters that readily breed in
nest boxes. On flycatcher arrival there may be intense competition for nest boxes with
resident tits, which regularly leads to fatalities among flycatchers (Slagsvold 1975, Merilä
and Wiggins 1995, Ahola et al. 2007, Samplonius pers.obs.). Moreover, experimental
removal of tits demonstrated that flycatcher reproductive success is subject to interspecific
density dependence (Gustafsson 1987). In contrast to these negative effects, flycatchers
have been shown to prefer settling near tits (Forsman et al. 2002) and copied their
perceived choice of nest box type (Seppänen and Forsman 2007). Interestingly, this
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copying behavior by flycatchers switched to rejection when tits had low perceived brood
sizes (Forsman and Seppänen 2011; Seppänen et al. 2011). Flycatchers appear to balance
the costs of interspecific competition with the benefits of receiving social information
from tits.

Study populations
This study was performed in four nest box plots in National Park Dwingelderveld
(52°49'05"N, 6°25'41"E) in 2014 and 2015 and in Boswachterij Ruinen (52°43'37"N,
6°24'00"E) in 2015. The forest composition is moderately heterogeneous, and is mostly
dominated by pedunculate oak Quercus robur, scots pine Pinus sylvestris, and silver birch
Betula pendula. In our larger metapopulation of 1050 nest boxes, the number of breeding
pairs average 269 pied flycatchers, 197 great tits, 55 blue tits, and 12 nuthatches Sitta
europaea between 2007 and 2015 (Table 4.S1). Blue and great tits did not differ in their
breeding phenology, but their hatch dates preceded flycatcher breeding phenology by
~15 days on average in our population (Table 4.S1). 

Heterospecific hatch date manipulations
Sixteen subplots of between 1.2 and 4.5 hectare were selected in our nest box population
(nest box size W × D × H: 9 × 12 × 23 cm), containing 0.9 to 5.9 tits per hectare (median
2.0 tits / ha). Nest box availability varied from 2.2 to 8.1 boxes per hectare (median 4.7
boxes / ha). In 2014, 12 subplots were assigned, but in 2015 six of these were dropped
due to low tit densities, and four were added. All nest boxes were checked at least twice
weekly in the earlier stages of the breeding season, and blue and great tit first egg dates
were established. To examine whether pied flycatchers use heterospecific breeding pheno -
logy as a social cue for habitat quality, we experimentally established a gradient of hatch -
ing phenologies in resident blue and great tits from early (–5.7 days) to late (+8.1 days)
at the subplot level. Treatments were randomly assigned, and in subplots that were used
in both years, treatments were switched between years. Subplot level phenological
manipulations of tit hatch dates were achieved by swapping early and late clutches from
all over the metapopulation between tit nests during the incubation phase (2014: 76
great tit and 21 blue tit, 2015: 72 great tit and 22 blue tit). Subplots were situated within
larger study plots of 100 nest boxes, so that flycatchers could choose between subplots
without having to move far. On the early end of the spectrum, the earliest clutches were
moved to forest patches assigned as early during the incubation phase, so that incubation
time was shortened for these tits. On the late end of the spectrum, late clutches were
moved to tit nests in forest patches assigned as late. A further hatch date delay was
achieved by storing clutches in the ground for a maximum of one week (2014: n = 14
clutches, 2015: n = 27 clutches), providing dummy eggs to the female until we gave her
the experimental clutch, prolonging her incubation time by a maximum of one week (for
details on this method, see Samplonius et al. 2016). Incubated clutches were transported
to their foster mother as quickly as possible in small containers with cotton and heat
pads. Since the swapping operations were always done in sequence and never at the same
time, incubated clutches were outside of the nest for only about five minutes before being
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placed in the new nest. All clutches were cross-fostered, and we monitored hatching date
of the experimental tit broods by daily nest box visits around the expected hatch date.

By swapping early and late broods to the appropriate locations, a gradient of tit hatch
dates was created among subplots (see results and Figure 4.2 for effect sizes). For the
analyses on flycatcher arrival patterns, we used the mean hatch date per experimental
subplot rather than two discrete experimental treatments as an explanatory variable, to
include also the variation in degree of change. We will refer to this as “tit timing treat-
ment”. Since there was some heterogeneity (see results) among plots in the planned
hatch date by the tits, we also use this as a covariate in our models to control for natural
timing variation among subplots, which will be referred to as “planned tit timing”.
“Planned tit timing” was calculated for each tit nest by adding 13 incubation days to the
first day of tit incubation, which is the average incubation time for tits in our population
before hatching.

We are aware that our experimental manipulations of tit phenology increased and
decreased incubation times for the females, and that this may have caused changes in
their behavior. However, we found no differences in egg hatching success between treat-
ments, so we assume that the results reported in this study are caused by differences in tit
phenology. Moreover, variation in hatch dates within subplots was reduced, as we moved
the earliest clutches from the whole laying date distribution to the advanced plots, and
nests from the late tail of the distribution to the delayed plots. Since the reduction in this
variation is equal among treatments, we assume this has no effect on flycatcher settle-
ment patterns.

Pied flycatcher arrival patterns
Male and female presence was scored at least every other day to establish settlement
patterns along the gradient of tit hatch dates. On arrival, males usually monopolize one
or two empty nest boxes and sing vigorously, making them relatively easy to spot during
checks. For each individual male that was spotted, its characteristics were scored
including blackness with the seven point Drost score (Drost 1936), amount of white on
the tertial feathers, the size and shape of a forehead patch, the amount of side patch and
throat patch, and the presence and location of aluminum and color rings (for details on
the scoring method, see Both et al. 2016). Combined with the observation that males are
highly box faithful, we were able to distinguish individuals and assign individual arrival
dates. Female arrival date was determined when she was spotted near a male and nest
building activity was taking place inside the nest box. These arrival dates were accurate
compared to arrival of the same individuals with geolocator loggers (+/– 1.5 d), and
repeatable among years in both males and females (Both et al. 2016). Pied flycatchers
have protandrous arrival timing: males in our population arrive on average one week
earlier than females (Both et al. 2016). About 12% of males remain unpaired (mean for
2007–2015), and keep displaying and singing near their nest box throughout the
breeding season without attracting a mate, but in the experimental years this number was
higher (2014: 21%, 2015: 16%; (Both et al. 2017 In press)).
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Statistical analysis
In order to elucidate whether tit timing treatment affected flycatcher male and female
arrival patterns, statistical analyses were performed in R 3.3.1 (R Development Core
Team 2016) with the lme4 package (Bates et al. 2015) using binomial Generalized Linear
Mixed effect Models (GLMM). Male pied flycatcher arrival was modelled as a the proba-
bility of an available nest box being chosen by a male (hereafter “settlement probability”)
with “tit timing treatment”, “planned tit timing”, and “year” as fixed effects and “subplot”
as a block random effect. Be aware that “male arrival date” or “male identity” could not
be used in this model, as nest boxes without flycatchers could not be assigned male
parameters. Furthermore, in order to test whether mean male arrival dates differed
between tit treatments, we modelled relative male arrival date as a function of “tit timing
treatment”, “planned tit timing”, and “year” with “subplot” and “male identity” as block
random effects using Linear Mixed Effect models (LME).

Male pairing probability was modelled as the probability of a male being chosen by a
female using a binomial GLMM with “relative male arrival date” (days relative to annual
mean), “tit timing treatment”, “planned tit timing”, “year”, the interaction between “treat-
ment” and “male arrival date” as fixed effects and “male identity” and “subplot” as block
random effects. Backward elimination of non-significant terms was used until only
(marginally) significant variables remained. Be aware that “female identity” could not be
used in this model, as only paired males received a female, rendering it a meaningless
predictor for male pairing probability. Moreover, to test whether mean female arrival
dates differed between tit timing treatments, we modelled relative female arrival date
with “tit timing treatment”, “planned tit timing”, and “year” as fixed effects and “female
identity” as block random effect using LME. We used relative female arrival here,
subtracting the mean arrival date for each year, in order to eliminate year effects in the
arrival date estimate, as we were interested in whether females might arrive relatively
early or later depending on tit treatment.

To assess female arrival patterns across treatments in detail, we used a Cox propor-
tional hazards model provided by the survival package in R (Therneau 2015) to evaluate
the fraction of unpaired males over time in relation to “year”, “tit timing treatment”,
“planned tit timing”. Cox proportional hazard models are semiparametric, as a baseline
hazard is assumed that does not depend on the covariates. A common implementation is
in survival analysis. It is modelled as the time until a certain event (e.g. death) occurs at
certain points in time. Stated otherwise, it is the probability of an event occurring at a
certain time, under the condition that the subject has survived until that time given a
certain baseline hazard. Cox models assume that for all groups there is a baseline hazard,
with certain factors increasing or decreasing this baseline hazard. For example, smoking
may increase the baseline hazard of death in humans, whereas a healthy diet may
increase this baseline hazard. In our models of male and female settlement over time, the
baseline hazard is best described as the diminishing number of unpaired males over time.
This baseline hazard is however expected to differ between relatively “early” and “late” tit
timing treatments, because the later arriving females are hypothesized to be more able to
use the tit timing information, which affects the proportionality assumption of these Cox
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models. Therefore, a so called time dependence is introduced using a response variable
that depended both on the start and end times of pairing events (“male arrival, female
arrival, pairing event”). This is a commonly used approach in Cox proportional hazards
models to deal with time interactive covariates (Therneau et al. 2016). For males that did
not receive a female (zeros), the end of the evaluation period was assigned the latest date
a male got paired in our study, 4 June.

All graphs in this paper were produced with ggplot2 package in R (Wickham 2009).

Results

Heterospecific hatch date manipulations
The hatch dates of tits were about 10 days earlier in the warm spring of 2014 than the
cold spring of 2015, and differed across treatments. Mean absolute tit hatch dates in 2014
were 1.7 (n = 38) and 10.0 (n = 25) May in advanced and delayed subplots respectively,
and 12.6 (n = 40) and 19.9 (n = 39) May in 2015. The mean relative hatch date (calcu-
lated as the deviation of the manipulated hatch date within subplots from the mean
population hatch date) of tits across advanced subplots in both years was –3.0 days, and
+4.7 days in delayed plots, ranging from –5.7 to +8.1 days (Figure 4.2). Between sub -
plots, there was no correlation between “tit timing treatment” and “planned tit timing”
(Spearman rank correlation r = 0.28, P = 0.22). The difference in tit phenologies between
years coincided with differences in April temperatures (2014 April temperature 11.4 °C,
2015 April temperature 7.9 °C, data retrieved from the Royal Dutch Meteorological Insti-
tute KNMI).
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Figure 4.2 Hatch dates of resident tits were experimentally manipulated in forest patches (y-axis).
Each data point represents a forest patch. The x-axis depicts the planned hatch date by the tits if we
had not performed manipulations, which was approximated by adding 13 days to the start of incu-
bation. Error bars are standard errors of the mean. Hatch dates below the x = y line were advanced
relative to the planned hatch date, whereas the points above that line were delayed. 
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Flycatcher arrival patterns
In the two study years, a total of 159 flycatcher males arrived and 114 females, leading to
an estimated male biased operational sex ratio of 0.58. Flycatcher male arrival averaged
19.1 (n = 72) and 22.2 (n = 87) April, and female arrival averaged 30.2 (n = 48) and
29.0 April (n = 66) in 2014 and 2015 respectively. Both male and female relative arrival
dates were unrelated to the experimentally manipulated tit hatch dates (LME arrival date
~ “tit timing treatment”: P > 0.74 for males, P > 0.73 for females). Moreover, males did
not appear to use tit timing information in their breeding site selection, as their settle-
ment probability per available nest box was unrelated to the experimental manipulation
(GLMM nest box occupancy probability ~ “tit timing treatment”: Z4,269 = 0.85, P > 0.39;
Table 4.1). This lack of experimental effect is not surprising, since almost all males settled
before the experimental treatment became apparent (i.e. hatching of great tits).

In contrast to males, we found an experimental effect of tit timing on female settlement
in both years, with females preferring males located in areas with early tits (GLMM male
pairing probability ~ “tit timing treatment”: Z6,152 = –2.03, P = 0.042; Figure 4.3, Table
4.2). Moreover, male pairing success declined strongly with arrival date (Z6,152 = –3.91,
P < 0.0001; Figure 4.3, Table 4.2). Average male pairing probability in tit advanced and
delayed plots was 0.75 (n = 40) and 0.56 (n = 32) in 2014, and 0.81 (n = 36) and 0.73
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Table 4.1 Male flycatcher arrival patterns across tit hatch date treatments and year (corrected for
planned tit timing), modelled as the probability that an available box was chosen by a male (bino-
mial GLMM). Male settlement patterns only varied between years, but not among tit timing treat-
ments.    

Male box choice1 Estimate SE z value Pr(>|z|)

(Intercept) –0.093 0.195 –0.477 0.633

Tit timing treatment 0.031 0.036 0.854 0.393

Planned tit timing –0.004 0.102 –0.042 0.966

Year 2015 0.946 0.284 3.336 <0.001

1Random effect variance ± stdev “subplot” = 0.092 ± 0.304

Table 4.2 Male flycatcher pairing probability in relation to tit timing treatment and male arrival
date, corrected for original tit timing. Female flycatchers settled more in areas with relatively early
heterospecific competitors (tits).    

Male pairing1 Estimate SE z value Pr(>|z|)

(Intercept) 1.141 0.211 5.397 <0.001

Tit timing treatment –0.101 0.050 –2.030 0.042

Planned tit timing –0.074 0.125 –0.591 0.554

Male arrival date –0.111 0.028 –3.908 <0.001

Year 2015 0.526 0.386 1.363 0.173

1Random effect variance ± stdev “subplot” = 0 ± 0, “male identity” = 4e-14 ± 2e-07
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(n = 51) in 2015 respectively. The difference in female settlement patterns between early
and late tit timing treatments became more pronounced in the second half of the female
arrival period, when tits in the early treatments had started hatching (Figure 4.4), suggest -
ing a disproportionate hazard for males that did not receive a female before this time.

Competitor phenology as a social cue 91

0

0.0

0.2

0.4

0.6

0.8

1.0

10 15–10–15 205–5
relative male flycatcher arrival (days) relative male flycatcher arrival (days)

2014
fly

ca
tc

he
r m

al
e 

pa
rin

g 
p(

)

early tit areas
late tit areas

A B

0 10 15–10–15 205–5

2015

Figure 4.3 Male pied flycatchers in areas with late tit timing had a lower pairing probability
compared to males in areas with early tit phenology (Z6,152 = –2.03, P = 0.042). Later arriving
males also had lower pairing probability (Z6,152 = –3.91, P < 0.0001). Small jitterred data points
are paired and unpaired males, the larger data points are four arrival date groups (2014 from left to
right: n = 19, 16, 15, 20; 2015: n = 28, 16, 20, 23). Lines are model fits corrected for year and
male identity. 
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Figure 4.4 Raw data plot of female flycatcher settlement patterns in relation to seasonal timing,
expressed in two discrete groups of tit phenology. The dashed vertical lines indicate the start of tit
hatching in early versus late plots, and divergent patterns of female settlement appear to coincide
with this moment in both years. Further evidence that treatment had a stronger effect later in the
season is presented in table 4.2 using a cox proportional hazards model. 
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A Cox proportional hazards model on male and female arrival patterns over time
demonstrates that the hazard function declined more steeply for males in relatively
“early” tit timing areas compared to relatively “late” ones (Cox model effect of “tit timing
treatment” P < 0.009, Table 4.3). In other words, the state of being unpaired disappeared
more rapidly and steeply for males in areas with relatively early tits (Figure 4.4). Biologi-
cally, this meant that females apparently preferentially settled in areas with relatively
early breeding resident tits.

Discussion

Here, we showed that the breeding phenology of a heterospecific competitor is used as a
social cue in the breeding site selection of a migratory bird, but this effect differed
between sexes. We replicated the experiment and found that the pattern was similar in
two consecutive breeding seasons. Early arriving flycatcher males settled randomly in our
experimental plots, but their probability of attracting a female was lower in forest patches
where tit phenology was experimentally delayed and also declined strongly with male
arrival date. Moreover, the effect of the heterospecific timing manipulation on female
preference for early subplots increased over the course of the season. Selection on
protandry may therefore constrain the potential to incorporate interspecifically derived
social information in settlement decisions for the early arriving sex.

Phenological components of social information use have to our knowledge not
received any experimental attention. We showed that female flycatchers preferred settling
in plots with early breeding resident tits, and that this effect increased later in the season.
We asked which heterospecific timing cues flycatchers could use. Intuitively, we argue
post-hatching cues are more readily eavesdropped upon than pre-hatching cues, because
tit provisioning behaviour can be observed from a distance, whereas pre-hatching behav-
iour cannot. However, our data show that in both years female settlement patterns
already started to diverge before the onset of tit hatching in our treatments (Figure 4.4),
suggesting pre-hatching cues also contributed to differential flycatcher settlement. Such
pre-hatching cues could include prenatal parent-offspring communication as reported in
fairy wrens (Colombelli-Négrel et al. 2012, 2016), which may signal to flycatchers that tit
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Table 4.3 Results of a Cox proportional hazards model testing female arrival order (proportion of
unpaired males over time) in relation to tit timing treatment and year, corrected for “planned tit
timing”. Females were over time increasingly unlikely to settle in plots with later hatching tits (see
Figure 4.4).    

Male pairing over time Estimate Exp(coef) se(coef) z value P value

Tit timing treatment –0.065 0.936 0.025 –2.61 <0.009

Planned tit timing 0.053 1.055 0.064 0.833 0.405

Year 2015 0.622 1.86 0.195 3.18 <0.002
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eggs are close to hatching. This would require prospecting flycatchers to be near tit nests,
a behaviour that is indeed found to occur (Forsman and Thomson 2008). Future research
into phenological cues could focus on separating pre- and post-hatching information use.

Phenologies across trophic levels have been extensively studied in relation to climate
change, where in general lower trophic levels are more responsive to climatic changes
than higher levels, potentially leading to mismatches in species depending on peaked
resources (Visser et al. 1998; Both et al. 2009; Thackeray et al. 2010). If the phenology of
resident species is indeed used as a habitat quality cue, then the faster advancement of
food peaks compared to consumer phenology (Visser and Both 2005; Thackeray et al.
2010, 2016) may have repercussion for the predictability of heterospecific phenological
cues and lead to an ecological trap (Robertson and Hutto 2006). For example, high
quality habitats may have more food resources and earlier breeding competitors, but are
also more seasonal in food abundance (Burger et al. 2012), so these areas might become
increasingly unsuitable for later breeding migrants. However, if habitat unsuitability is not
evident from the phenological cues provided by competitors, these cues may become
unreliable in selecting a habitat. A climate warming induced mismatch between for
example tit and caterpillar timing (Visser et al. 1998) may therefore erode heterospecific
information value for arriving flycatchers.

Phenological adjustments of animals are not just found between years, but also within
years. Recent research suggests that birds adjust their breeding phenology across spatial
scales with one study showing that great tits bred earlier in forest patches with a rela-
tively earlier food and oak bud-burst phenology (Hinks et al. 2015). Interestingly, this
finding leads to opposite predictions from what we found: if heterospecific timing is used
as a food phenology cue, then the later breeding flycatchers should select forest patches
with late breeding great tits, because they should be able to match their phenology better
with the local food peak and consequently raise their offspring more successfully
(Samplonius et al. 2016). So why did flycatchers act in the opposite manner? The answer
may be twofold. First, food abundance rather than food phenology may be a better
predictor of habitat quality. For example, the contrast in tit timing between high and low
quality habitat was 8.4 days in Corsican blue tits breeding in oak versus evergreen forests
(Lambrechts et al. 2004), 9.5 days in food supplemented blue tits breeding in rich versus
poor deciduous forest (Svensson and Nilsson 1995), 6.2 days in great tits breeding in
deciduous woodland versus gardens (Riddington and Gosler 1995), and 0 days in great
tits breeding in deciduous versus coniferous woods (Van Balen 1973). On the other hand,
the contrast between great tits breeding in an oak forest with early and late budburst was
the same order of magnitude with 1.5 days per standard deviation of oak bud-burst
timing (Hinks et al. 2015). Clearly, both variation in habitat quality and variation in tree
phenology affect tit timing, but whether one effect is larger than the other may be context
dependent. Moreover, if we only consider studies with similar forest types to ours without
food supplementation experiments (e.g. Van Balen 1973; Hinks et al. 2015), then we may
tentatively conclude that early tit phenology to some extent signals early tree phenology,
but not higher habitat quality. The question remains why flycatchers in our study chose
habitats in which the residents might signal an earlier caterpillar peak. Perhaps the fitness
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costs of competition with resident species is higher for migrants than the benefits gained
from local phenological matching with the habitat, but the evidence for fitness costs of
phenological overlap between species is limited (Ahola et al. 2007). Alternatively, the
later phenology of tits could have been perceived as a local nest predation cue resulting
from renesting after predation. Research into the fitness consequences of phenological
overlap between species is required to draw conclusions about the underlying mecha-
nisms that gave rise to the patterns reported in this study.

Male pairing probability declined steeply when arriving later, demonstrating that early
males have an advantage when it comes to finding a mate (Figure 4.3). These results are
consistent with the Rank Advantage Hypothesis and the Mating Opportunity Hypothesis
to explain the evolution of protandry. This is in line with theoretical predictions by Kokko
et al. (2006), and provides an empirical demonstration that the combined framework of
rank advantage and mating opportunity may explain the evolution of protandry in a
population with a male biased OSR. Moreover, with opposing selection pressures acting
on male and female arrival timing, protandry causes intersexual differences in the poten-
tial to use social cues. Our results clearly demonstrate that males pay a high fitness cost of
arriving late, which potentially overrides benefits they might get from arriving late in the
form of a higher availability of social information. Although previous research found
increased propensity of later arriving flycatchers to use social information (Seppänen and
Forsman 2007; Jaakkonen et al. 2015), this has so far been interpreted as an effect of
local breeding experience: later arrivers are inexperienced breeders and therefore have a
higher need for social cues. However, we show that the potential to use social informa-
tion may also differ between sexes in a protandrous species. Such differences may be of
crucial importance when considering the effect of timing on assessing habitat suitability.
We speculate that in the absence of personal information, females of relatively short-lived
species may profit from arriving later than males in order to assess habitat suitability using
social information. Although males may also need to assess habitat suitability, mating
opportunity and male-male competition drive them to arrive earlier than females, poten-
tially decreasing their potential to assess social information in selecting a breeding habitat.

Conclusion
Timing is of crucial importance in breeding site selection, both within individuals to maxi-
mize fitness, and between individuals as a social cue for resource quality, competition or
predation. Moreover, optimal arrival timing may differ between sexes, acting as a filter
that alters the potential to use social information. Such temporal aspects of social infor-
mation use have so far received little attention, but may be crucial in understanding
trade-offs between information density and competition intensity. These results call for
careful consideration of differential effects of climate change on the phenologies of resi-
dent and migratory species.

Data Accessibility
Data available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.bs427
(Samplonius and Both 2017)
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Supplementary Data.
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Table S4.1 Population metrics of the four most common nest box breeders in our metapopulation
of 1050 nest boxes based on 4794 first nests between 2007–2015. “Pop. Size” is the average popula-
tion size per year, “First egg” and “Hatch date” are in mean April date (1 May = 31 April), “Clutch
size” is the mean clutch size across years.     

Species n Pop. size First egg Clutch size Hatch date

Pied flycatcher 2418 269 ± 41.4 35.6 ± 6.1 6.3 ± 2.0 55.0 ± 5.8

Great tit 1773 197 ± 90.2 18.3 ± 6.9 9.1 ± 3.0 39.9 ± 6.7

Blue tit 498 55 ± 21.2 16.6 ± 7.0 10.9 ± 1.9 40.4 ± 6.8

Nuthatch 105 12 ± 4.7 11.9 ± 6.8 7.7 ± 1.2 34.3 ± 6.6
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Nest site preference depends
on the relative density of conspecifics
and heterospecifics in wild birds
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Social learning allows animals to eavesdrop on ecologically
 relevant knowledge of competitors in their environment. This is
especially important when selecting a habitat if individuals have
relatively little personal information on habitat quality. It is known
that birds can use both conspecific and heterospecific information
for social learning, but little is known about the relative importance
of each information type. If provided with the choice between
them, we expected that animals should copy the behaviour of
conspecifics, as these confer the best information for that species.
We tested this hypothesis in the field for Pied Flycatchers Ficedula
hypoleuca arriving at their breeding grounds to select a nest box for
breeding. We assigned arbitrary symbols to nest boxes of breeding
pied flycatchers (conspecifics) and blue and great tits, Cyanistes
caeruleus and Parus major (heterospecifics), in 2014 and 2016 in two
areas with different densities of tits and flycatchers. After ca 50% of
flycatchers had returned and a flycatcher symbol was assigned to
their nest box, we gave the later arriving flycatchers the choice
between empty nest boxes with either a conspecific (flycatcher) or
a heterospecific (tit) symbol. As expected, Pied Flycatchers copied
the perceived nest box choice of conspecifics, but only in areas that
were dominated by flycatchers. Against our initial expectation,
flycatchers copied the perceived choice of heterospecifics in the
area heavily dominated by tits, even though conspecific minority
information was present. Our results confirm that the relative
density of conspecifics and heterospecifics modulates the propen-
sity to copy or reject novel behavioural traits. By contrasting
conspecific and heterospecific ecology in the same study design
we were able to draw more general conclusions about the role of
fluctuating densities on social information use.
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Introduction

Finding a suitable breeding location is a demanding process for cavity nesting birds, as
components affecting suitability fluctuate spatially and temporally (Orians and Witten-
berger 1991). Proximate factors affecting habitat selection may include structural proper-
ties, nesting suitability, foraging opportunities, or the presence of other individuals.
Habitat information may be acquired by personally sampling the habitat, or by eavesdrop-
ping on the decisions of others, coined social information use (Danchin et al. 2004).
Theoretically these strategies can be considered a producer scrounger game (Barnard and
Sibly 1981), in which some individuals gather personal information about habitat charac-
teristics (producers), and others eavesdrop on information gathered by their competitors
(scroungers). Producers may also be referred to as samplers, and scroungers as cue-users
(Mönkkönen et al. 1999), reflecting the basic two strategies animals can follow to plasti-
cally respond to fluctuating environments. There may be several trade-offs modulating
the propensity to use personal or social information, and it is generally thought that
social learning should be preferred when individual learning is more costly than eaves-
dropping (Laland 2004). For example, it is expected that scrounging is under frequency
dependent selection, as information becomes completely meaningless when every indi-
vidual scrounges (Barnard and Sibly 1981). Time pressure may also modify the propen-
sity to prefer scrounging over sampling: later arriving flycatcher individuals with little
time between arrival and breeding were more likely to use social cues of tits than earlier
individuals (Seppänen and Forsman 2007; Jaakkonen et al. 2015).

Social information can be gathered from conspecific or heterospecific competitors that
have similar niches. Conspecific examples in birds include collared flycatchers Ficedula
albicollis increasing their emigration rates from forest patches where the number of nest -
lings in the area was experimentally lowered (Doligez et al. 2002), bobolink Dolichonyx
oryzivorus prospectors becoming territorial in habitats with conspecific playbacks, irre-
spective of habitat quality (Nocera et al. 2006), Northern wheatears Oenanthe oenanthe
homing in on sites with successful conspecifics in the previous year (Pärt et al. 2011),
griffon vultures Gyps fulvus locating carcasses based on the flight behaviour of others
(Cortés-Avizanda et al. 2014), and great tits copying the specific behaviour of demonstra-
tors in a food accessing puzzle that could be solved in two ways, leading to cultural diver-
gence in this behaviour (Aplin et al. 2015). Examples of heterospecific attraction mainly
comes from literature on great tits and collared and pied flycatchers, where the later
arriving flycatchers preferentially copy the local habitat choices of great tits (Seppänen et
al. 2005, 2011; Seppänen and Forsman 2007; Forsman and Seppänen 2011; Forsman et
al. 2012; Loukola et al. 2013). Moreover, flycatcher females avoided patches in which the
reproductive timing of great and blue tits had been experimentally delayed (Samplonius
and Both 2017). Interestingly, tits have also been suggested to hide social information
from flycatchers, as they covered their eggs more when there were flycatcher song play-
backs outside their nest box (Loukola et al. 2014a). Heterospecific habitat copying has
also been suggested previously in a correlational study, showing that kestrels Falco tinnun-
culus preferentially reoccupied successful roller Coracias garrulous nests, and that roller
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densities increased where kestrels were successful (Parejo et al. 2005). Social information
use has therefore been convincingly shown to cross species boundaries (Seppänen et al.
2007). Relatively few studies have considered conspecific and heterospecific information
in the same research. Collared flycatchers not only preferred both nest boxes that were
occupied by other flycatchers in previous years, but also boxes that were in the vicinity of
Great Tits (Kivelä et al. 2014). Least flycatchers Empidonax minimus and American
redstarts Setophaga ruticilla were attracted to conspecific playbacks, but flycatchers were
also attracted to heterospecific playbacks, whereas redstarts showed heterospecific avoid-
ance (Fletcher 2007). Moreover, competitor density cues may play a role in mediating
whether conspecific or heterospecific information is preferred. Later arriving collared
flycatchers that were faced with a nest box choice conferring either conspecific or hetero -
specific information preferentially chose the conspecific box in areas dominated by
conspecifics, whereas the heterospecific symbol was preferentially chosen in tit dominated
areas (Jaakkonen et al. 2015).

Using social information can be costly, because it is generally acquired from competi-
tors. Therefore, there is a theoretical optimum number of competitors, at which the posi-
tive effect of the information value outweighs the negative effect of competition
(Mönkkönen et al. 1999; Parejo and Avilés 2016), which has also been shown experimen-
tally. By manipulating tit densities it was shown that pied flycatchers preferred settling in
patches with intermediate densities of tits (quadratic relationship), but the fitness conse-
quences in this study were negatively linearly related to the number of competitors
(Forsman et al. 2008). Moreover, the propensity to use social information can be related
to a species’ life history. For example, tits are year-round residents and are generally
expected to rely more on personal information than migratory flycatchers with little time
between arrival and breeding. In order to gather information or gain nesting opportuni-
ties, flycatchers regularly prospect at tit breeding sites (Forsman and Thomson 2008),
which is a potentially deadly strategy as flycatchers are regularly killed by tits in nest cavi-
ties (Slagsvold 1975; Merilä and Wiggins 1995; Ahola et al. 2007). Therefore, flycatchers
face a trade-off between the cost of competition and the benefits of gaining information
about potential breeding sites.

In short, many studies have shown that birds can use both conspecific and hetero -
specific information (see aforementioned references), but few have attempted to identify
which type of information is preferred. It can be argued that conspecifics should be
preferred as a source of social information, because these have the same niche. Hetero -
specifics on the other hand may provide cues that are further advanced in time, and may
therefore provide more reliable information about habitat quality (Seppänen et al. 2007;
Kivelä et al. 2014; Jaakkonen et al. 2015). In our study, we closely follow the study
design used by Jaakkonen and others (Jaakkonen et al. 2015) to further elucidate how
the preference for social cues may depend upon the relative density of conspecific and
heterospecific competitors. Although Jaakkonen and others found density dependence of
con- or heterospecific information preference, our initial expectation when we started this
experiment in 2014 was that conspecific information would be preferred in all contexts.
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Materials and Methods

Study area and species
Our experiments took place in the breeding season (April-June) of 2014 and 2016 in the
Netherlands, in the province of Drenthe in Dutch National Park Drents-Friese Wold,
subarea Dieverzand (52°52'26"N 6°19'40"E, hereafter ”flycatcher dominated”) and Bos -
wachterij Ruinen (52°43'40"N 6°24'00"E, hereafter “tit dominated”), which have a
temperate climate (for details study area, see Both et al. 2017). The experiments were
restricted to two study areas, each with 100 nest boxes: Ruinen, an area with more blue
and great tits than pied flycatchers, and Diever with more pied flycatchers than tits.
Ruinen is dominated by deciduous trees, with pedunculate oak Quercus robur being most
abundant, and Diever is a more coniferous habitat, dominated by Scots pine Pinus sylves -
tris, intermingled with most small oaks and Silver Birch Betula pendula. Nest boxes were
spaced by about 40 meters in a grid like fashion. The spatial separation between the two
areas is about 20 kilometers with very little exchange between populations: six out of
2924 (0.2%) recaptured birds had moved between the two study areas between 2007 and
2016, none of which was during experimental years. In 2016 we added 10 new nest boxes
to the tit dominated breeding population, because nest occupation was very high. The nest
boxes in the study areas are mostly used by great tits, blue tits, and pied flycatchers, but
other species like nuthatch Sitta europaea and coal tit Parus ater are occasionally found
breeding in the study areas too. The great and blue tits are year round residents in the
study areas. As a result, tits have the whole year to assess habitat suitability and locate
high quality breeding sites. Pied flycatchers on the other hand are long distance migrants
that only arrive shortly before the start of breeding, and hence have to decide quickly on
potential breeding sites on arrival, and may eavesdrop on the presence and success of
resident species. Please be aware that we did this study in two areas over two years, and
our results should be interpreted with some caution due to the lack of spatial replication.

Climate and breeding phenology
The study years in our study plots (Both et al. 2017) were characterized by a warm April
with early tit phenology in 2014, whereas April 2016 was relatively cold and had a late tit
phenology (Table 5.1). Pied flycatcher arrival and laying dates (1 = 1 April, 31 = 1 May)
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Table 5.1 Laying dates in April date (1 = 1 April, 31 = 1 May) and number of breeding pairs (in
parentheses) of common nest box breeders in all our study plots (1050 nest boxes) in Dwingelder -
veld, Drents-Friese Wold, and Boswachterij Ruinen (Both et al. 2017). Mean April temperatures are
in degrees Centigrade.    

Year F. hypoleuca P. major C. caeruleus April T (°C)

2014 35.5 (271) 12.5 (371) 11.9 (109) 11.4

2016 38.7 (308) 24.0 (410) 19.7 (83) 7.9

2007–2016 36.0 (306) 19.4 (355) 18.2 (99) 9.7
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did not differ strongly between study years (Table 5.1). Mean male arrival dates in 2014
and 2016 were 17.4 and 15.9 April respectively, and mean female arrival dates were 28.1
and 24.2 April in those years (population average 2007–2016 males 19.1 April, females
26.1 April). Tit densities were slightly above average in 2014, whereas they were high in
2016 (Table 5.1). In 2014 flycatcher numbers were below average, mostly because a large
proportion (>20%) of males remained unpaired (Both et al. 2017). Experiments were
performed in years with relatively low caterpillar abundance, and the caterpillar peak in
both years was around 20 May.

Experimental design
We aimed to investigate how the later arriving pied flycatchers used conspecific or
heterospecific cues when selecting a nest box. In our experiment we first relied on the
natural occupation of nest boxes by tits (early in the season), and the settlement of the
first arriving 50% of the pied flycatchers, which started from the second week of April.
Pied flycatcher arrival, a repeatable trait in our population, was monitored once every
two days, both for males and females (Both et al. 2016). The species occupying a nest box
was determined by the singing of a pied flycatcher male near a nest box and/or nest
building inside a nest box. The latter was possible because pied flycatchers and tits use
different nest materials. Nests of tits mostly consist of mosses with feathers and hairs
(Gibb 1950; Ondrušová and Adamík 2013) and pied flycatchers build their nests with
dead leaves, pieces of bark (pine or birch) woven with grasses (Stjernberg 1974; Briggs
and Deeming 2016). 
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Figure 5.1 Experimental setup. Later arriving male Pied Flycatchers (left) could choose between
empty nest boxes with a blue rectangle or yellow triangle attached to it (middle). Within a study
area, these symbols represented either the manipulated nest site character preference of heterospe-
cific tits (top right) or conspecific early arriving flycatchers (bottom right). The symbol distribution
was swapped between areas and years.

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:42  Pagina 102



5

Flycatcher arrival
When approximately 50% of the expected flycatcher males had arrived in the study plots
(based on previous year’s numbers), the experiment was initiated. Each nest box received
an artificial symbol that was clearly distinguishable. Such artificial geometric symbols
have been previously successfully implemented to study social information use in cavity
nesting passerines (Seppänen and Forsman 2007; Forsman and Seppänen 2011;
Seppänen et al. 2011; Forsman et al. 2012; Loukola et al. 2012, 2013, Jaakkonen et al.
2013, 2015). Two different symbol types were used: a yellow triangle and a blue rectangle
(Figure 5.2). All nest boxes in an area that were occupied by tits received a certain symbol
(for example the yellow triangle; further referred to as the heterospecific symbol) and all
nest boxes in the area that were occupied by the expected first 50% of male pied
flycatchers received the other symbol (in this example the blue rectangle, called the
conspecific symbol). Next we randomly allocated half of the empty nest boxes in the area
with the heterospecific symbol, and the other half with the conspecific symbol. By doing
this, nest site information was manipulated: it appeared to newly arriving pied flycatchers
that tits had settled in one type of box and flycatchers in the other box type (Figure 5.1).
Pied flycatcher males that arrived after initiation of the experiment had to choose
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Figure 5.2 A male Pied Flycatcher at a nest box with a yellow triangle symbol (left panel), and a
female at a nest box with a blue rectangle symbol (right panel).
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between nest boxes that had either a conspecific or a heterospecific signal (triangle or
rectangle). Since there was a possibility that birds have a preference for a symbol due to
its color or shape, we decoupled the association between conspecific and heterospecific
information by swapping symbol types between years and areas. 

Determining symbol choice
The choice between a conspecific and a heterospecific nest box was determined by the
presence of a pied flycatcher male singing at the nest box or nest building activity taking
place inside the nest box. Every 2–3 days, all empty nest boxes and tit nest boxes were
checked for flycatcher settlement. Every two to seven days (average = 2.3 days), the
status of all nest boxes was determined during a full plot check. We slightly changed the
experimental setup between 2014 and 2016. In 2014 the symbols were left as they were
implemented on the day the experiment started, whereas in 2016 we gave newly arrived
flycatchers a flycatcher symbol when they had settled at a nest box with tit symbol. This
meant that flycatchers always had a flycatcher symbol in 2016, whereas some had a tit
symbol in 2014 (7.4% in the tit dominated area, 4.3% in the flycatcher dominated area in
the middle of the experiment). This may have slightly diluted information reliability in
2014, but since the vast majority of flycatchers still had a flycatcher symbol, we believe
this had a marginal effect on the choices made. Moreover, in the year 2014 the experi-
mental design was implemented too late in the tit dominated area, which resulted in a
small sample size (flycatcher choices) of n = 7. The experiment was not performed in
2015, which resulted in only three flycatchers being present in both experimental years.
Individual preference therefore could hardly have affected the results presented here.

Data processing
Data was ordered at the nest box level, and flycatcher choice was assigned binomially
depending on whether a box had been occupied by a flycatcher or remained empty. In
some cases tits had abandoned their nest box and so these became available to fly -
catchers. Such choices were treated as normal choices, because we could not discern
between nest abandonment and take-overs. We did however assign nest material pres-
ence or absence binomially, and used this as a covariate for later analyses, since it is
known that flycatchers prefer boxes with nesting material present (Loukola et al. 2014b).
For each of the available nest boxes it was known what symbol it received when the
experiment started and whether it was eventually chosen by a flycatcher (Table 5.2). In
total, 154 nest boxes were available over the two years and 73 of these were finally
chosen by a pied flycatcher male. 38 of the 82 heterospecific nest boxes and 35 of the 72
conspecific nest boxes were chosen by pied flycatcher males (Table 5.3).

Statistical analysis
Statistical analysis was done using R version 3.2.4 Revised (R Development Core Team
2016). The “glmer” function from the R package “lme4” (Bates et al. 2015) was used to
fit a binomial generalized linear mixed-effects model (GLMM). The nest box choice (bino-
mial, chosen or not chosen) was the response variable. Fixed predictor variables
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contained “Area” (tit or flycatcher dominated), “Information type” (heterospecific or
conspecific symbol), and the interaction between them, as we expected the choice may
have been modified by majority information. We also added the presence of “nest mate-
rial” before the flycatcher choice as a fixed effect. Since data from 2014 and 2016 were
combined, “Year” was added as a random intercept. In the results, be aware that the frac-
tions of nest box types “chosen divided by available” do not need to add up to one (they
can add up to 2 if all boxes had been occupied), as these data are not only comprised of
the choices of flycatchers, but also of the unchosen boxes. Our setup required us to
analyze the data at the nest box level, because unlike in a paired nest box setup
(Seppänen et al. 2011), flycatcher choices in our experiment were not independent of
availability. Therefore, an analysis that only considers the chosen and not the unchosen
nest boxes could over- or underestimate the effect.
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Table 5.2 Overview of the number of tits and flycatchers per area at the start and end of the experi-
ment in two nest box populations shows differences in relative abundance of tits and flycatchers at
the start and end of the experiment. Ruinen had more heterospecific (tits) than conspecific (fly -
catchers) tutors, whereas the opposite was true for Diever.    

Ruinen 2014 Diever 2014 Ruinen 2016 Diever 2016

Tits/flycatchers start # 56 / 27 35 / 31 60 / 13 29 / 26

Tits/flycatchers end # 56 / 34 35 / 49 60 / 38 29 / 49

Flycatchers/all birds start % 32.5 % 47.0 % 17.8 % 47.3 %

Flycatchers/all birds end % 37.8 % 58.3 % 38.8 % 62.8 %

Table 5.3 Frequency of available and chosen nest boxes (chosen boxes/available boxes) by Pied
Flycatchers in an experiment providing conspecific and heterospecific symbols on nest boxes. The
experiment was conducted in a tit dominated (tit rich) and a Pied Flycatcher dominated (PF rich)
area (table 5.1).    

2014 2016

Area Tit symbol PF symbol Total Tit symbol PF symbol Total

Tit rich 5/12 2/11 7/23 18/29 7/20 25/49

PF rich 4/11 14/16 18/27 11/30 12/25 23/55

Total 9/23 16/27 25/50 29/59 19/45 48/104
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Results

Pied flycatchers were more likely to choose a nest box with a conspecific symbol in the
Pied flycatcher dominated area (P = 0.033) and more likely to choose a nest box with a
heterospecific symbol in the tit dominated area (Figure 5.3, Table 5.4, P = 0.022), show -
ing that pied flycatchers copy whoever forms the majority, whether they are conspecific or
heterospecific competitors. Moreover, the choice ratios between the two areas differed
significantly from each other (interaction area*information type: P = 0.0016, Table 5.4).
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Figure 5.3 Probability that a nest box with a heterospecific (in grey) or conspecific (in black) char-
acteristic in a flycatcher rich (left) or tit rich (right) area is chosen by a male Pied Flycatcher in an
experiment providing conspecific and heterospecific symbols on nest boxes. Whiskers indicate 95%
Confidence Interval (Table 5.3). Be aware that data points are independent of each other, and do
not necessarily add up to 1. Sample sizes stated in parentheses.

Table 5.4 The nest box choice of later arriving male Pied Flycatchers in tit and flycatcher domi-
nated areas, modeled as the probability that an available nest box with a certain nest site character
was chosen (baseline model conspecific choice, flycatcher dominated). Conspecific information was
copied preferentially in flycatcher dominated areas, whereas the opposite was true in tit dominated
areas (Figure 5.3).    

Box chosen (1/0)* Estimate (SE) Z5,149 P-value

Intercept (flycatcher dominated, conspecific) 0.580 (0.328) 1.770 0.077

Area tit dominated –1.391 (0.518) –2.687 0.0072

Information type heterospecific –1.014 (0.476) –2.129 0.033

Nest material presence –0.242 (0.370) –0.656 0.512

Area*Information type 2.177 (0.689) 3.161 0.0016

*Random effect variance ± SD ‘1 | year’ = 0.000 ± 0.000
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Discussion

We found that pied flycatchers use social information when selecting a nest site, but that
the preference for conspecific or heterospecific information depended on the density of
either tits or flycatchers. Assuming that both heterospecific and conspecific cues are reli-
able, we expected to find a preference for conspecific information, because we expected
intraspecific information to overrule interspecific information. Our results suggest that
the preference for a nest box with either the heterospecific or conspecific symbol
depended on the abundance of heterospecific and conspecific cues in an area. More
specifically, we found that pied flycatchers had a preference for the information type that
was in the majority, regardless of which species conveys this majority information. When
initiating our experiment in 2014, we were unaware that the same experiment had been
performed in a Swedish population of tits and collared flycatchers (Jaakkonen et al.
2015). The striking similarity between both studies demonstrates that the flexible incor-
poration of both conspecific and heterospecific social information is a persistent mecha-
nism in habitat selecting flycatchers.

Our experiment was based on settlement decisions of late (last ~50%) pied fly -
catchers, and our findings are in accordance with earlier studies where later arriving, rela-
tively inexperienced individuals have a propensity to use social information (Seppänen
and Forsman 2007; Jaakkonen et al. 2015). In our population, later arriving individuals
are on average younger individuals (Both et al. 2016), which is in line with expectations
that it is more beneficial to eavesdrop on others when you are relatively inexperienced or
uncertain (Laland 2004). Moreover, the result that pied flycatchers use information of the
species that is in the majority is in accordance with a previous study where in late spring,
collared flycatchers preferred a nest box with a tit symbol when the number of tit tutors
was high and the flycatcher symbol when the number of tit tutors was low (Jaakkonen et
al. 2015).

Our study showed that pied flycatchers are able to use arbitrary symbols as an infor-
mation cue. This is to some extent remarkable, because geometric symbols are not gener-
ally encountered in natural situations. However, together with previous studies using
similar symbols, our findings support the use of arbitrary symbols as a successful method
to study social information use in birds (Seppänen and Forsman 2007; Forsman and
Seppänen 2011; Seppänen et al. 2011; Forsman et al. 2012; Loukola et al. 2012, 2013,
Jaakkonen et al. 2013, 2015). But why do pied flycatchers respond so strongly to geo -
metric symbols at all? In natural situations, characteristics of a chosen nest site reflect the
preference of the tutor, giving information about the value of that nest site itself, but in
our case the nest site characteristic was completely artificial. Nevertheless, using artificial
setups to study questions about behavioural copying is not uncommon. For example,
animals from chimpanzees Pan troglodytes to great tits were able to learn different strate-
gies in how to get food from a human introduced apparatus (Whiten et al. 2005; Aplin et
al. 2015). Animals are apparently quite flexible in being able to incorporate new situations
in their behavioural decisions. It can even be argued that using experimental setups that
animals would never encounter in nature allows researchers to eliminate the possibility of
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innate or personally learned preference, so that we can draw strong inference about social
learning as the sole mechanism explaining such patterns.

When heterospecific and conspecific information are both useful, cue frequency appar-
ently explains why a preference for either is found in our study. Frequency dependent cue
using or majority copying has been found in quite a few studies, but has seldom been
shown to cross species boundaries. For example, the number of demonstrators enhanced
following behaviour of naïve guppies Poecilia reticulata (Sugita 1980), rock doves Columba
livia learned how to open an inverted test tube quicker when the number of demonstra-
tors was higher (Lefebvre and Giraldeau 1994), Norway rats Rattus norvegicus ate previ-
ously perceived unpalatable food when demonstrator rats ate it (Galef and Whiskin
2008), and nine-spined sticklebacks Pungitius pungitius were more likely to follow the
foraging behaviour of larger groups of demonstrators (Pike and Laland 2010). Jaakkonen
and others (Jaakkonen et al. 2015) showed that collared flycatchers may also copy
heterospecific majority information, but to our knowledge there are no other studies on
this topic. Although it had been found that novel preferences can be obtained from
heterospecifics (Seppänen and Forsman 2007), most studies did not weigh this in relation
to conspecific information.

Conclusion
Our experiment independently shows that information of heterospecific individuals can
be preferred in the presence of conspecific minority information. The integration of both
conspecifics and heterospecifics in this study is a more realistic reflection of the ecological
fluctuations that animals face in choosing a breeding site. It would be interesting to focus
future experimental research on whether behavioural copying is transmitted faster
between conspecifics or heterospecifics, and determining threshold values of conspecific
versus heterospecific information preference.
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Box B112

Slagsvold and Wiebe (2017) criticize part of the literature on
heterospecific information use, coined the interspecific cue  hypo -
thesis (ICH), which use geometric symbols to study whether
flycatchers copy or reject the apparent choices of tits (Seppänen
and Forsman 2007, Seppänen et al. 2011, Forsman et al. 2012,
Loukola et al. 2013, Jaakkonen et al. 2015). They claim that some of
the heterospecific social information use patterns in flycatchers as
revealed by these Apparent Novel Niche Experiments (ANNE) can
instead be explained by tit aggression. They introduce the owner
aggression hypothesis (OAH), which proposes that tits aggressively
defend alternative nest boxes, which may better explain the
patterns that were previously interpreted as heterospecific infor -
mation use. Slagsvold and Wiebe (2017) present the number of
assumptions of the OAH as smaller than that of the ICH, essentially
claiming that this provides a more parsimonious explanation for the
patterns observed in the ICH literature. Although the owner aggres-
sion hypothesis is interesting and needs to be tested, there are still
a number of patterns in the heterospecific information use litera-
ture that cannot be explained by tit aggression. Moreover, I do not
agree with some of the arguments used to reject the ICH, and the
number of assumptions of the OAH may be higher than claimed in
the paper, undermining the claim that it is more parsimonious than
the ICH.

A
B
STR

A
CT

J.Sampl-thesis.Qxd_J.Sampl-thesis.Qxd  31-05-18  17:42  Pagina 112



B
O
X

B

Tits and flycatchers share many resources in the same environment, from nesting holes to
food sources like caterpillars. They also have common threats including aerial predators
like sparrow hawks Accipiter nisus and nest predators like pine martens Martes martes
among others. Considering the degree of niche overlap, it would be surprising if the later
breeding migratory flycatchers should not use information from the presence of the
earlier breeding resident tits. Moreover, tits spend the entire year in (the vicinity of) the
breeding grounds, in contrast to flycatchers, which spend the winter in Africa and can
benefit from social information provided by the better informed tits. There is ample
evidence that flycatchers use the information of tits in their settlement and reproductive
decisions (Kivelä et al. 2014, Jaakkonen et al. 2015, Samplonius and Both 2017). Experi-
ments with the apparent copying or rejection of geometric symbols (Seppänen and
Forsman 2007, Seppänen et al. 2011, Forsman et al. 2012, Loukola et al. 2013, Jaakkonen
et al. 2015) is only one set of these publications. In other studies, tit densities were
manipulated, attracting more foliage gleaning birds when tit densities were higher
(Mönkkönen et al. 1990, Forsman et al. 2009). Flycatchers preferred habitats with (exper-
imentally manipulated) intermediate densities of great tits (Forsman et al. 2008), where
the theoretical trade-off between information and competition is optimal according to the
ICH (Mönkkönen et al. 1999). Yet another set of studies used playbacks to assess conspe-
cific and heterospecific attraction, and found that migrant birds are attracted to both con-
and heterospecific playbacks (Fletcher 2007, Szymkowiak et al. 2017), showing that
copying the behaviour of others is a persistent mechanism in habitat selecting birds. 

Although Slagsvold and Wiebe do not question whether birds use social information,
they find that one particular set of studies is open to an alternative explanation. Their
criticism revolves around a set of studies that use geometric symbols to simulate an
apparent choice by breeding great tits (ANNE, Forsman et al. 2017). Flycatchers (espe-
cially late arrivers) preferentially settled in boxes with a “tit” symbol as compared to an
“empty nest box symbol” (Seppänen and Forsman 2007, Jaakkonen et al. 2015), but this
preferential copying turns into rejection when tits have low reproductive success
(Forsman and Seppänen 2011, Seppänen et al. 2011, Loukola et al. 2013). Forsman et al.
(2017) argue that flycatchers use social cues to adjust their settlement choices with the
basic strategy to “copy the successful”. However, Slagsvold and Wiebe argue that the
patterns can alternatively be explained by tits aggressively defending all four nest boxes
within their territory and by tit and flycatcher motivation to fight for the preferred
different looking box. For example, the apparent copying by flycatchers of a tit symbol as
an information source could instead be explained by tits aggressively defending different
looking nest boxes for future reproductive efforts, which leaves the empty box with a tit
symbol as the least defended and the “least resistance” choice for the settling flycatcher.
This “least resistance box” would then be chosen especially by late arriving flycatchers,
because these are less motivated to fight the defending great tit than early arriving
flycatchers. Similarly, tits with small clutches are argued to be less motivated to fight
flycatchers than tits with large clutches. Slagsvold and Wiebe also appear skeptical
whether flycatchers can have a basic understanding of clutch size in another species to
adjust their choices and instead argue that tits with low clutches may be less motivated to
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defend their clutch, allowing flycatchers a freer choice. In the following paragraphs I will
go through these alternative explanations to discuss whether the observed patterns
(assuming the ICH) make sense in the alternative framework (the OAH) presented by
Slagsvold and Wiebe.

One central argument of the OAH is that tits defend all boxes in their territory, but
that they have a preference for boxes with the different looking symbol (boxes with the
“empty nest box symbol”). However, in the Apparent Novel Niche Experiments (ANNE),
tutor tits receive symbols applied by human observers. Therefore, tits will inadvertently
perceive the geometric symbols differently than flycatcher information users. Tutor tits
occupied empty nest boxes before geometric symbols were applied and are therefore
“knowledgeable” that the symbols do not represent their own choice. The only thing tits
may connect the symbols to is the presence of a human observer at their nest box, but this
is also the case for the other three nest boxes (the one in their vicinity and the two boxes
at 25 meters). There is no reason to assume that tits apply differential value to the symbol
at their own box than to the symbols at the other three boxes, as those were also visited
by human observers. Therefore, there is also no reason to assume that tits should defend
a box that looks different more aggressively, as they will likely have observed that all
symbols have been applied a posteriori at all boxes by a human observer. Arriving
flycatchers (the social learners in the ICH) on the other hand are naive to the presence of
human observers and should apply different value to the presence of geometric symbols.
The only apparent information available to them is that all nest box occupants use one
type of symbol. Flycatchers might therefore perceive the consistent use of only one type of
symbol as something wrong with the “empty nest box” symbol (for example predation
risk) or something right with the tit symbol. In the absence of differential tit aggression at
opposite nest box types (as argued), the ICH is more intuitive than the OAH to explain
why flycatchers are more likely to choose symbols similar to tits. 

Slagsvold and Wiebe claim that tits defend alternative nest boxes for their potential
second reproductive attempt and that they prefer a different looking nest box than their
own for their second attempt to avoid predation. Therefore, the OAH will lead to
flycatchers choosing the path of least resistance: that of the empty box with a tit symbol.
Although there is no reason to believe tits should put differential value on the different
symbols (as argued in the previous paragraph), another problem with this notion is that it
is costly to defend a second nest box. These costs may outweigh the benefits of defending
a second nest box if predation risk is high, but tits might do better to move further away
than 25 meters if they do get predated, as predators like pine martens often raid nests in
clusters in our population (Samplonius pers. Obs.). Moreover, in a study conducted
between 1964 and 1975, the median distance moved between nesting attempts of female
great tits within years was 80.3 meters, and the median distance moved between years
when the last year’s brood was predated upon was 111.0 meters (Harvey et al. 1979).
This distance can be considered outside of a great tit’s territory, which has a radius of
around 40 meters (Smith and Sweatman 1974), although it can fluctuate. Furthermore, if
nest predation occurs, it will eventually be the female that decides where to build a
replacement nest, but she is not generally the one aggressively defending the territory
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(Krebs 1982). It therefore appears costly for a male great tit to defend a second cavity in
the vicinity of their current nest as a bet hedging strategy against predation. Finally, it
was found that tits condone the presence of flycatchers in their territory in a paired nest
box setup (Campbell 1968), which makes it somewhat questionable whether tits aggres-
sively defend nest boxes other than their own against flycatchers.

Further evidence consistent with the ICH and not with the OAH comes from a study in
which tits were not even present to defend the nest, as fake nests were used. Under the
OAH it would have been expected that flycatchers had no preference for either symbol
(since nests were artificial and therefore not defended). Interestingly, flycatchers still
copied the symbol choice of apparently fecund tits, but rejected the apparent choices with
a low tit fecundity correlate (Forsman and Seppänen 2011). Published results using
geometric symbols (Seppänen and Forsman 2007, Seppänen et al. 2011, Forsman et al.
2012, Loukola et al. 2013, Jaakkonen et al. 2015) are therefore consistent with the ICH
and not with the OAH. Although I agree there are difficulties interpreting why a flycatcher
would choose to copy a high fitness correlate in the great tit, owner aggression cannot
explain why a flycatcher preferentially chooses to reject a low tit fitness correlates (as the
OAH would predict no preference). Possibly, flycatchers connect the low fitness correlate
with the presence of danger to their eggs, and preferentially choose something dissimilar.
Alternatively, Forsman et al. (2017) argue that social learners should always copy
successful individuals, whether the behaviour they copy appears arbitrary or not.

Another pattern that is incongruent with the OAH is the observation that only late
arriving flycatchers copied tit choices and not early arriving flycatchers (Seppänen and
Forsman 2007, Jaakkonen et al. 2015). From the ICH perspective, the explanation of this
pattern is that later arriving flycatchers have less experience and are therefore more likely
to eavesdrop on the choices of tits compared to early experienced flycatchers that rely
more on personal information. From the OAH perspective however, it was assumed that
late arriving flycatchers were less motivated to show aggression toward great tits and that
they therefore were more inclined to choose the least defended box (the empty box with
the tit symbol). However, I would expect that tits are competitively superior to fly -
catchers, as flycatchers are often found killed in tit nest boxes (Slagsvold 1975, Merilä
and Wiggins 1995, Ahola et al. 2007), and are hardly able to take over nests from
breeding tits (Slagsvold 1978). Therefore, from the OAH perspective it would have been
expected that aggressively defending tits are successful in keeping both early and late
flycatchers away from the preferred nest box. As a result, both early and late flycatchers
would have been expected to choose (or be forced into) the box with the tit symbol under
the OAH. Nevertheless, only late flycatchers preferentially used the box with the tit
symbol (Seppänen and Forsman 2007, Jaakkonen et al. 2015), which is more consistent
with the ICH (early arriving, experienced flycatchers rely more on personal information
than late inexperienced individuals) than with the OAH.

Slagsvold and Wiebe appear to question whether birds can judge the clutch size of
other individuals. The reason they do is that some studies manipulated the perceived
clutch size of great tits and found that flycatchers copy the choice of great tits when they
were provided with a high fitness correlate, but rejected it when they were presented with
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a low fitness correlate (Forsman and Seppänen 2011, Seppänen et al. 2011, Forsman et
al. 2012, Loukola et al. 2013). These results apparently showed that birds can have a
basic understanding of what is high and what is low reproductive success in another
species, and adjusted their settlement choices accordingly. There is more evidence that
birds can see subtle differences between numericals. Newborn domesticated leghorn
chicks Gallus gallus could correctly distinguish between sets of two and three imprinted
filial objects (Rugani et al. 2009). Pigeons were able to correctly order numericals from 1
to 9, and were on par with rhesus monkeys Macaca mulatta in how correctly they per -
formed this task (Scarf et al. 2011). New Zealand robins Petroica longipes increased their
search time and number of pecks when presented with an amount of prey that was incon-
gruent with their expectations (Garland and Low 2014). Although the tit clutch size
might be hard to measure, as it is continuously developing with one egg per day, and then
covered by the incubating female when completed, it is not inconceivable that flycatchers
can count the reproductive success of tits. Alternatively, clutch size might be perceived as
a phenological cue, as further advanced tits would have more eggs relative to delayed tits.
An experimental study has shown that flycatchers prefer forest patches with early
breeding compared to late breeding tits (Samplonius and Both 2017). Nevertheless both
these explanations require flycatchers to have a basic arithmetic understanding. Future
studies on this topic with more direct observations on birds counting the eggs of competi-
tors would therefore be welcome.

Conclusion
I argue that patterns observed in studies performed by Forsman and others are better in
line with the ICH than with the OAH. I also gave examples of the expected patterns from
the OAH perspective that are incongruent with what has actually been observed. It can
further be assumed that birds can assess the reproductive success of their competitors,
although further studies into this matter with more direct observations would be required.
Last, I argue it is costly for a great tit male to defend a cavity near its own nest, in which
it is unlikely that a female will build a second or replacement clutch. Therefore, the OAH
cannot explain many of the patterns observed in published studies using the ICH frame-
work.
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Chapter 6122

Climate warming has altered the phenology of many taxa (Walther
2010; Blois et al. 2013), but the extent and direction differs vastly
both between (Thackeray et al. 2010, 2016) and within trophic
levels (Colautti et al. 2016; Phillimore et al. 2016). Differential
adjustment to climate warming within trophic levels may affect the
coexistence of competing species because relative phenologies
alter facilitative and competitive outcomes (Yang and Rudolf 2010;
Parejo 2016). Empirical evidence on fitness consequences of such
differential phenological coordination between competing species
is rare (Harris 1977; Ahola et al. 2007). Here, we report on a
phenology driven mechanism through which climate change affects
fatal interactions between two sympatric passerines, the resident
great tit Parus major and the migratory pied flycatcher Ficedula
hypoleuca competing for nest sites. Spring temperatures more
strongly affected breeding phenology of tits than flycatchers, and
tits killed more flycatchers when flycatcher arrival coincided with
peak laying in the tits. Ongoing climate change may diminish this
fatal competition if great tit breeding advances more strongly than
flycatcher arrival phenology. However, great tit density was posi-
tively affected by winter temperature, and flycatcher mortality
further increased when tit densities were higher. As a result, late
arriving flycatcher males in synchronous and high tit density years
suffered mortality by great tits of up to 12.4%. We expect that both
winter and spring warming will ultimately affect phenological and
density dependent components of interspecific competition with
potentially detrimental effects on migratory bird populations.
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Introduction

Climate warming has altered the phenology of many taxa (Walther 2010; Blois et al.
2013), but the extent and direction differs vastly both between (Thackeray et al. 2010,
2016) and within trophic levels (Colautti et al. 2016; Phillimore et al. 2016). Differential
adjustment to climate warming within trophic levels may affect the coexistence of
competing species because relative phenologies alter facilitative and competitive out -
comes (Yang and Rudolf 2010; Parejo 2016). Empirical evidence on fitness consequences
of such differential phenological coordination between competing species is rare (Harris
1977; Ahola et al. 2007). Here, we report on a phenology driven mechanism through
which climate change affects fatal interactions between two sympatric passerines, the resi-
dent great tit Parus major and the migratory pied flycatcher Ficedula hypoleuca competing
for nest sites. Spring temperatures more strongly affected breeding phenology of tits than
flycatchers, and tits killed more flycatchers when flycatcher arrival coincided with peak
laying in the tits. Ongoing climate change may diminish this fatal competition if great tit
breeding advances more strongly than flycatcher arrival phenology. However, great tit
density was positively affected by winter temperature, and flycatcher mortality further
increased when tit densities were higher. As a result, late arriving flycatcher males in
synchronous and high tit density years suffered mortality by great tits of up to 12.4%. We
expect that both winter and spring warming will ultimately affect phenological and
density dependent components of interspecific competition with potentially detrimental
effects on migratory bird populations.

Methods

Study species and area
This study was conducted in National Park Dwingelderveld (52°49'5"N, 6°25'41"E) and
Drents-Friese Wold (52°52'48"N 6°18'36"E) in the Netherlands across ten study plots with
950 nest boxes (dimensions W × D × H: 9 × 12 × 23 cm) between 2007 and 2016.
Mean first egg date phenology differed between the main occupants of the nest boxes
great tits averaging 19.3 April (N ≈�300), and pied flycatchers 5.9 May (N ≈�280). Pied
flycatchers are long distance migrants that travel each year between Western Africa and
Europe (Ouwehand et al. 2016), whereas great tits are residents. There was substantial
annual variation in the interval between great tit and flycatcher first egg date phenology,
which fluctuated at the extremes between 7.3 days in 2013 and 22.9 days in 2014. Beech
mast data was collected every year by Rob Bijlsma in one by one meter transects (N = 30
beech trees), using an index system between zero and five (Table S6.2). Ethical supervi-
sion of the project was provided by personal permits from the Dutch Flora and Fauna law
and ringing licenses by the Vogeltrekstation.

Arrival scoring and victim identification
During the breeding season, plot checks were performed usually at five day intervals
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starting in late March until the end of June. Standard population metrics including first
egg date, clutch size, and hatch date were determined for all nest box breeding species.
Pied flycatcher parents were also caught, ringed, and measured (weight, tarsus, wing
length) and the nestlings were ringed and weighed at day 7 and 12 after hatching. Pied
flycatcher arrival, a repeatable trait in our population (Both et al. 2016), was scored in a
standardized way by recording location and individual variation in plumage characteris-
tics, augmented by ringing information, and all individuals were later caught when they
were breeding. 

Pied flycatcher victims were collected during regular plot checks, and were usually
directly visible on opening the nest box. Date of death was determined as the average
between the last known sighting of the male and the date it was found. Sometimes
flycatcher males were interweaved within the nesting material and were only discovered
later, after which we determined the last day that the individual had been recorded
singing and determined date of death as the average between the last known date of
being alive and the date of the nest box check in which it was not seen. In total, we
scored 2321 arrivals of 1423 individual males, and 2008 arrivals of 1491 females.

Statistical analyses
to determine the phenological sensitivity of great tits and pied flycatchers to temperature,
we used a sliding windows approach with the climwin (van de Pol et al. 2016) package in
R 3.3.1(R Development Core Team 2016). Temperature data from the nearby (15–30 km)
weather station Hoogeveen (52°45'00"N, 6°34'12"E) was freely available from the Royal
Dutch Meteorological Institute (KNMI). Reference dates used for the sliding window were
the mean phenology of great tit (20 April) and pied flycatcher (6 May) egg laying date
and pied flycatcher female arrival (26 April), rounded up to the next integer, using
temperature windows of up to 60 days before the reference date for egg laying, and up to
30 days for female arrival. For great tit occupation rates we used 1 March as a reference
date, and included “beech mast index” in the sliding window analysis, using windows of
up 120 days before 1 March, and excluding temperature windows shorter than two
weeks. To study phenological and density dependent components of flycatcher mortality
by tits, we implemented a model selection approach using the R package AICcmodavg
(Mazerolle 2015), contrasting the quadratic terms “synchrony mean tit egg laying minus
mean male arrival date” and “synchrony mean tit egg laying minus mean female arrival
date”, and including or excluding the linear terms “year tit density” and “plot tit density”,
and including or excluding the factors “early/late males”, and “immigrant/locally born”
(Extended Data Table 6.1). The reason we contrasted male and female arrival date was,
because we expected that males might be more likely to engage in risky behaviour when
females started arriving. We also included an interaction term between “tit density” and
“synchrony”, as we expected that the quadratic effect could increase in high tit density
years.
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Results and Discussion

Increasing spring temperatures affect the relative phenology and abundance of plants,
insects, and vertebrates (Blois et al. 2013). Within trophic levels, competing species may
show differential rates of change to temperature (Colautti et al. 2016; Phillimore et al.
2016), potentially affecting the strength of competitive interactions. Such interactions
may be further modulated by increasing temperatures favouring the survival and
performance of one competitor over the other (Milazzo et al. 2013; Alexander et al.
2015). Density dependent components of interspecific competition in birds have received
much attention over the past decades (Dhondt 2012), but phenological components to a
much lesser extent. It is generally expected that interspecific competition intensifies when
the phenological interval between two competing species decreases. Here, we show how
fatal interactions between a migratory and a resident bird species exacerbate due to
climate change, because their phenologies are differentially affected by temperature, and
because winter warming increases the abundance of the competitively superior resident
bird.

We studied pied flycatcher fatalities in great tit nest boxes in a Dutch population
between 2007 and 2016. Pied flycatchers are long distance migrants that travel each year
between Western Africa and Europe (Ouwehand et al. 2016), whereas great tits are resi-
dent species that breed on average 16.6 days (from 7.3 to 22.9) earlier in our population.
Fatal competition for nesting cavities with tits when flycatchers arrive has been described
more often (Slagsvold 1975; Merilä and Wiggins 1995; Ahola et al. 2007), but little is
known about whether climate change modulates such interactions, for example by elic-
iting differential phenological responses or by affecting winter survival of resident species.
To test this we scored spring arrival, a repeatable trait (Both et al. 2016), of male and
female flycatchers on a daily basis. We also collected egg laying initiation data of great
tits and pied flycatchers in our population by doing weekly nest box checks, which can be
backdated as passerines lay one egg per day. 

Competition between flycatchers and great tits for nest boxes often is fatal for the
flycatcher, and we found a total of 88 flycatcher victims (86 males and two females)
during weekly nest box checks, 86 of which were killed by great tits and two by blue tits.
The dead flycatchers were all found in active tit nests, had severe head wounds, and often
their brains had been eaten by the tits. Tits could exhibit a significant mortality cause on
male pied flycatchers in some years, with up to 8.9 % of all males (0.4 % to 8.9 % per
year) known to defend a nest box being killed in a single year, and local annual survival
of males being 46 % (Both et al. 2017). Variation among years in number killed by tits
was large, and we aim to investigate how phenology of both species and their densities
affected this interaction. We performed the analyses in relation to great tit phenology and
abundance.

We found that resident tits were more responsive in their phenology to temperature
changes at the breeding grounds than migratory flycatchers (Figure 6.1). We analysed
this using a sliding window approach (van de Pol et al. 2016) to find the most explana-
tory temperature window for annual variation in average tit egg laying, flycatcher egg
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laying, and flycatcher female arrival. Great tit laying dates responded to an earlier (25
February to 8 April) and longer (37 days) climate window than pied flycatcher laying
dates (18 April to 2 May, 14 days), whereas pied flycatcher female arrival date was unre-
lated to temperature at the breeding grounds (Figure 6.1, Table 6.1). Interestingly, the
phenological sensitivity of great tit laying dates (–2.6 days °C–1) to temperature was
about four times higher than that of flycatcher laying dates (–0.7 days °C–1), showing
that climate change differentially affects the phenologies of these species and the interval
between their breeding timing.

Climate change has enhanced winter survival of many organisms by creating milder
conditions in the harshest period of the year (Bale et al. 2002; Maclean et al. 2008;
Kreyling 2010). We therefore expected higher breeding densities of great tits after milder
winters. Using a sliding window approach (van de Pol et al. 2016) we found temperature
in December (6 to 28 December) best explained annual variation in great tit nest box
occupation rates. A beech crop index ranging from 0 to 5, measured in autumn after seed
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Figure 6.1 Differential phenological sensitivity to temperature between competing species. Results
of sliding window analysis for tit and pied flycatcher phenology in relation to local temperature. Tits
adjusted mean egg laying phenology to temperature (–2.6 days/ºC) significantly more than pied
flycatchers (–0.7 days/ºC). Flycatcher female arrival was unrelated to temperature at the breeding
grounds (Table 6.1).

Table 6.1 Estimated adjustment of phenology to temperature in great tits and pied flycatchers
breeding in Drenthe (NL). Slopes of phenological adjustment to species-specific temperature
window at the breeding grounds, centered for species and temperature signals. Great tit and pied
flycatcher slopes significantly differed from each other (P < 0.0001).    

Phenological component Days / °C (SE) Pr(>|t|)

Great Tit laying date –2.58 (0.282) <0.0001

Pied flycatcher female arrival –0.175 (0.242) 0.477

Pied flycatcher laying date –0.651 (0.229) 0.009
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6
fall in our study area was used as a covariate in the model, as this is a known predictor of
great tit survival (Perdeck et al. 2000). We found that the temperature in December and
the beech crop index were positively correlated with great tit nest box occupation in
spring (Figure 6.2, Table 6.2). Thus, climate warming positively affects the nest box occu-
pation of the resident species, potentially increasing interspecific competition with later
arriving migrants.

The annual number of flycatchers killed by great tits was clearly related to their differ-
ential phenologies, and the density of great tits, and both factors were related to climatic
variables (Figure 6.3). To test for these patterns we ran binomial (dead/alive for each
individual male flycatcher) Generalized Linear Models (GLMs) in R 3.3.1 (R Development
Core Team 2016) with “synchrony between tits and flycatchers” and “tit density” as
explanatory variables among others (Table S6.1) using a model selection approach. We
found that male pied flycatchers were most likely to be killed by a great tit when mean
female arrival was synchronous with the population mean tit egg laying peak, and when
great tit densities were relatively high. Interestingly, the synchrony with female flycatcher
arrival date was a better predictor of male mortality than male flycatcher arrival date,
suggesting that competition for nesting opportunities is most intense when females
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Figure 6.2 Great tits survive better in warmer winters. Great tit yearly nest box occupation in rela-
tion to December temperature and beech mast in the previous autumn. Great tits occupied more
nest boxes after warmer winters and higher beech crops. (Table 6.2)

Table 6.2 Great tit densities in relation to winter temperature and beech mast. Great tit nest box
occupation rates (fraction) in relation to winter temperature (6 to 28 December) and beech mast
index in the preceding autumn.    

Estimate (SE) t7,2 Pr(>|t|)

(Intercept) 0.238 (0.024) 9.85 <0.0001

Winter temperature 0.012 (0.004) 3.02 0.019

Beech mast index 0.025 (0.009) 2.71 0.030
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Table 6.3 Flycatcher mortality by tits in relation to synchrony and tit density. “Synchrony” refers to
the difference in timing between great tit mean laying date and flycatcher female arrival date. Local
flycatchers refer to birds ringed in our population. Late flycatchers were defined as the latter 50% of
arriving males in relation to the year mean. All predictor variables were centered by subtracting the
mean (Figure 6.3).    

Estimate (SE) t2313,7 Pr(>|t|)

(Intercept) –3.98 (0.287) –13.89 <0.0001

(Synchrony)^2 –0.010 (0.004) –2.36 0.018

Synchrony 0.103 (0.055) 1.88 0.060

Year tit density 18.61 (4.45) 4.18 <0.0001

Plot tit density 4.46 (1.12) 3.99 <0.0001

Local flycatchers –0.586 (0.267) –2.20 0.028

Late flycatcher males 1.04 (0.236) 4.41 <0.0001

(Female arrival)^2* year tit density –0.126 (0.052) –2.40 0.016
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Figure 6.3 Synchrony with great tits in high density years is lethal. Probability of male pied
flycatchers to be killed by a tit in relation to the interval between tit mean laying dates (LD) and
flycatcher female arrival in high (A) and low (B) density years. The lines were fitted based on GLM
outputs, where black represents relatively early flycatcher males and grey late males (Table 6.3).
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arrive. Furthermore, selection operated against arriving late, as early arriving flycatcher
males were less likely to be killed than late males (Figure 6.3, Table 6.3). Our results
show that climate change may affect fatal competition by altering the synchrony between
the phenology of competitors and by increasing the density of a superior competitor.

We have shown that differential phenological responses to climatic conditions between
two competing species affect a substantial mortality factor in a migratory songbird, and
changes in interspecific competition within the same guild could thus be an important
selection pressure on top of the more often reported asynchronous changes with the main
food supply (Sanderson et al. 2006). It is not yet clear how special this two species inter-
action is, and also not whether flycatchers in the long run gain from being less synchro-
nized with the tits, or have increased mortality because tit densities become generally
higher due to milder winters. More generally, resident species have been shown adjusting
to temperature through phenotypic plasticity (Charmantier and Gienapp 2013), but
migratory species are apparently not as responsive to temperature changes, and may need
an evolutionary response for adjusting to climate change. These differential responses
may in general affect the competitive interactions between residents and migrants, with
migrants likely suffering from stronger interspecific competition due to increased resident
densities, and breeding at a less favourable time. On a larger biogeographic scale, higher
latitude breeding sites that harbour a relatively large fraction of migrants (Herrera 1978)
may change in community as residents increasingly survive the milder winters, and
outcompete migrants that adjust more slowly to ongoing advancements of spring.
Predicting the future responses of communities to ongoing climate change thus requires
not just the knowledge of how different species respond relative to the phenology of their
food, but also how their interspecific competitive interactions will be changing.  
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Table S6.1 Candidate models of the model selection analysis. “Sync (fe)m(ale) ^2” refers to
synchrony between mean tit laying and mean flycatcher (male or female) arrival, “Year tit density”
refers to the nest box occupation rate by great tits, “Early/Late” males refer to the top and bottom
50% of arriving males, “Immigrant / Local birds” refers to birds that were born in our population or
bred there previously, “Synchrony^2*tit density” is an interaction term. The linear terms were
always run together with the squared terms. Models 1–8 were first contrasted, then the best model
(8), was chosen to make up models 9–15. Model (15) was the best fit model for our data (Figure
6.3, Table 6.3).    

Mod Sync Sync Year tit Plot tit Early / Late Immigrant / Sync^2*tit ΔAICc 
male^2 fem^2 density density males Local birds density

(15) – + + + + + + 0.00

13 – + + + + – + 3.21

12 – + + – + + + 12.68

9 – + + – + – + 17.81

14 – + + + – + + 18.93

11 – + + + – – + 22.61

10 – + + – – + + 30.44

(8) – + + – – – + 35.87

7 + – + – – – + 39.88

6 – + + – – – – 40.72

5 + – + – – – – 41.29

2 – – + – – – – 54.31

4 – + – – – – – 58.48

3 + – – – – – – 64.68

1 – – – – – – – 79.23
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intruders declines over the course of the
breeding season
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Box C134

During the breeding season, great tits Parus major show territorial
behaviour to protect their nest from intruders. One such intruder is
the pied flycatcher Ficedula hypoleuca, which is a known great tit
nest usurper given the opportunity. Taking over a great tit nest may
be especially fruitful in early phenological phases when great tits
frequent their nests less often. However, great tits may compensate
for this vulnerability by being more aggressive toward intruders
during this phase. We tested this hypothesis with simulated territo-
rial intrusions in great tit territories using taxidermized blue tits
Cyanistes caeruleus (pied flycatchers were impossible to acquire).
Although our sample size was low, we found that great tits had
higher aggression profiles during egg laying than during later
phenological stages (chick rearing) measured by the number of
calls during the intrusion. We suggest that pied flycatcher arrival
during such early phenological tit phases may result in increased
interspecific conflict.
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Introduction

Flycatchers may fall victim to breeding great tits in attempting to take over their nest
(Slagsvold 1975; Merilä and Wiggins 1995; Ahola et al. 2007). However, there is varia-
tion in the frequency of flycatcher victims, which appears associated with the phenolog-
ical phase of the great tit with more victims during the egg laying phase (Merilä and
Wiggins 1995; Ahola et al. 2007). The occurrence of flycatcher victims may partly be due
to great tits frequenting their nests less often during egg laying than during later breeding
phases (here called the coincidence hypothesis). This would then open up the opportu-
nity for flycatchers to explore the nest box without the great tit present, but may cause
more fatal incidents when the great tits do get home with a flycatcher present. Clearly,
such incidents would occur less during incubation or chick rearing, when tits are present
at the nest box often, making it highly unlikely that a flycatcher would enter the nest box
without already being confronted by a great tit. Testing the coincidence hypothesis would
require detailed observations of nest box visitation rates of both great tits and flycatchers
during different phenological phases, which we did not do in this study. It could then be
calculated whether the number of flycatcher victims is proportional to the observed visita-
tion rate, or higher than expected based on visitation frequency.

In addition to the coincidence hypothesis, the occurrence of flycatcher victims may
partly be due to great tits being principally more aggressive during egg laying (here called
the aggression hypothesis). Interestingly, great tit aggression is a labile trait that generally
is higher during egg laying than during incubation (Araya-Ajoy and Dingemanse 2014,
2017). Here, we tested the aggression hypothesis, performing a similar study as Araya-
Ajoy and Dingemanse, albeit with smaller sample size, to test whether great tits in our
area also show variable aggression across different phenological phases. As previously
found, we expected that great tits become less aggressive in the course of the breeding
season.

Materials and Methods

Study site
Simulated territorial intrusions were performed in National park Dwingelderveld in two
subareas (Dwingelderveld and Lheebroek), each with 100 nest boxes. These areas are
structurally dominated by oak (Quercus robur and Quercus petraea), birch (Betula spp),
and beech (Fagus sylvatica). The main occupants of the nest boxes were great tits, pied
flycatchers, blue tits and nuthatches Sitta europea (Figure C.1).

Simulated territorial intrusions
To elicit an aggressive response from great tit occupants, we presented a stuffed blue tit
model on top of their nest box during egg laying, incubation, and chick rearing. The
stuffed blue tit was protected by a wire mesh cage to prevent damage by defending great
tits. We also used a playback device (Radioshack mini amplifier 277-1008C) with blue tit
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song to accompany the stuffed blue tit. We had four taxidermized blue tits for this
purpose, and used four different blue tit songs, which were randomly assigned for each
trial. Each trial lasted five minutes, during which we noted the number of songs, calls,
and approach distance of the great tit male (we focused on males, because females typi-
cally kept more distance or went into the nest box during the trial). If there was no great
tit response within 15 minutes of the blue tit model presentation, we aborted the trial.

Statistical analyses
We used linear mixed effect models (LMERs) to test whether the number of calls and the
approach distance changed across three phenological stages (egg laying, incubation,
nestling rearing). The linear fixed effect used was “phenological stage”, whereas “area”
and “individual” were modelled as random intercepts. All analyses were performed in R
3.3.1 (R Development Core Team 2016), using the package lme4 (Bates et al. 2015).

Results

Great tits became less aggressive toward dummies as the breeding season progressed,
with the highest aggression profile during the egg laying phase. Great tits calls declined
with on average 15.6 calls for each later phenological phase compared to the egg laying
phase (P = 0.0075, Figure C.2, Table C.1). The approach distance did not change across
phenological phases (P = 0.41), although this could be due to our low sample size, as the
trend was in the expected direction (apparently further away during later phases). 
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Figure C.1 Nest box occupancy of different nest box breeding species in the study area.
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Conclusion

Great tit aggression toward dummies was lower during later phenological stages. This is
in concurrence with previous studies on simulated territorial intrusions in great tits,
which also found that the number of calls decreased and the approach distance increased
from egg laying to incubation (Araya-Ajoy and Dingemanse 2014, 2017). Therefore, we
conclude that the apparently higher flycatcher mortality during great tit egg laying
(chapter 7) may partly be due to a higher great tit aggression during this phase.
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Figure C.2 Great tit aggression across three phenological phases. The number of calls during the
simulated intrusion significantly declined, whereas the approach distance remained the same.

Table C.1 Model outputs of two linear mixed effect models testing the number of calls and approach
distance of great tits during simulated territorial intrusions.    

Number of calls Approach distance (m)

(Intercept) 45.21 (8.19) P < 0.0001 4.08 (1.03) P = 0.043

Breeding stage –15.62 (5.51) P = 0.0075 0.590 (0.708) P = 0.41
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Does phenological synchrony with an
interspecific competitor affect competitive
outcomes during the nestling phase?
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Interspecific competition is the negative effect of one species on
another species by consuming or controlling access to a resource.
It manifests itself in the segregation of niches, the monopolization
of resources, and the fitness consequences this may have on both
species. Interspecific competition may have spatial, density
dependent and temporal components. For the former two there is
ample evidence, but very few studies on the temporal components
of interspecific competition exist, let alone experimental ones.
Testing temporal components of interspecific competition is impor-
tant in the face of climate change, which differentially affects the
timing of resident and migratory competitors. In two years, we
manipulated the hatching date of two resident birds, the great tit
Parus major and the blue tit Cyanistes caeruleus, to create subplots
with early and late tit hatching. Subsequently we studied its effects
on the prey choice and offspring condition in a migratory
competitor, the pied flycatcher Ficedula hypoleuca. Timing of
breeding affected the nestling diet composition in both tits and
flycatchers, but flycatcher diet was not affected by the experimental
timing manipulation of the tits. Moreover, no consequences of the
manipulated tit timing on the condition of tit or flycatcher offspring
were found, nor on their recruitment probability. Over all, we
conclude that temporal components of interspecific competition
play little to no role during the nestling phase of cavity breeding
birds in our population.
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Introduction

Interspecific competition is the negative effect that one species has on another species by
consuming (exploitation) or controlling access (interference) to a resource that is limited
in availability (Keddy 1989; Dhondt 2012). Evidence for spatial and density dependent
components of interspecific competition is ubiquitous (Dhondt 2012), but little is known
about temporal components of competition. One example of temporal components of
competition can be found in grasses, where root phenology is thought of as an important
competitive factor (Harris 1977). In birds, it has also been shown that competitive inter-
actions over nest sites is more intense when phenologies are more synchronous (Ahola et
al. 2007). Generally however, temporal components of interspecific competition are
understudied, and no experimental study on the effect of synchrony between interspecific
competitors on the outcome of interactions exists.

Climate warming causes birds to initiate their breeding earlier, because the phenology
of their food supply advances (Visser and Both 2005; Both et al. 2009; Bauer et al. 2010).
More broadly, phenologies advance faster at lower trophic levels than at higher ones
(Thackeray et al. 2010, 2016), causing directional selection on timing at higher trophic
levels. Although much of the evidence surrounding trophic mismatch ecology has been
identified among trophic levels, relatively little is known about differential effects of
temperature on phenologies within trophic levels. Recent studies suggest that resident
and migrant birds may have differential rates of adjustment in relation to temperature,
where resident species are generally more responsive than migrant species (Phillimore et
al. 2016; Usui et al. 2017). The result of such differential adjustment to climate change
may be that the phenological synchrony between competing species increases or
decreases over time. However, the potential consequences of such phenological synchrony
are currently unknown.

European tits and flycatchers have become model organisms in studying phenological
adjustment to climate change (Visser et al. 2003; Both et al. 2004). These birds commonly
occur in temporal forests across Europe, and may fiercely compete for breeding cavities
(Slagsvold 1975; Merilä and Wiggins 1995; Ahola et al. 2007). Tits in our population
breed on average ~15 days earlier than flycatchers (Samplonius and Both 2014), which is
a rather consistent pattern across European populations (chapter 3). Both resident tits and
migratory flycatchers generally rely on caterpillars to successfully raise their nestlings
during the breeding season (Royama 1970; Barba and Gil-Delgado 1990; Perrins 1991;
Sanz 1998; Wilkin et al. 2009; Sisask et al. 2010; Cholewa and Wesołowski 2011; García-
Navas and Sanz 2011; Burger et al. 2012; Samplonius et al. 2016b). It is still an open
question whether exploitation competition for caterpillars exists in this guild, although
the general intraspecific density dependence of reproduction in tits is mostly attributed to
differential access to food during the nestling phase (Both et al. 2000). Furthermore, it has
been shown that a higher density of tits negatively affects flycatcher fitness components,
including clutch size, fledging success, and fledging mass (Gustafsson 1987; Sasvári et al.
1987; Forsman et al. 2008). Clearly, density components are strong drivers of differential
competitive outcomes, but much less is known about temporal components.
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Temporal components affecting interspecific interactions include the phenology of
other species. The phenology of interspecific competitors was previously shown to modify
the settlement patterns of pied flycatchers, which preferred settling in areas with experi-
mentally advanced  tit laying dates (Samplonius and Both 2017a). However, it is
unknown whether competition has governed these differential settlement patterns, which
may also have been caused by perceived habitat quality or perceived predation risk. The
aim of the current study was to unravel whether synchrony between tits and flycatchers
increases exploitation competition for food, potentially resulting in reduced offspring
condition. It could be argued that competing for the same resources at the same time
negatively affects fitness of inferior competitors, as there may be more interference in
foraging areas when tits and flycatchers raise their nestlings at the same time while
foraging in the same areas. In contrast, it could also be argued that being asynchronous is
disadvantageous for the late breeding flycatchers, as more resources will then have been
exploited by the early breeding tits before the peak demand of flycatchers (Figure 7.1).
For example, if tits breed relatively early, they may consume many early caterpillar instars
which may negatively affect flycatcher prey options. Such alternative pathways of compe-
tition lead to different predictions. If most competition during the nestling phase is
governed by interference, interspecific synchrony would result in negative effects on the
proportion of caterpillars in the nestling diet and nestling condition of the competitively
inferior flycatcher. However, if most competition is governed by exploitation, synchrony
might result in a positive effect on flycatcher nestling diet and fitness. In this study we
experimentally manipulated the timing of tits across forest patches in two years to study
in what direction it affects the nestling diet and offspring condition of pied flycatchers.
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decrease fitness because it may enhance interference in foraging areas (niche segregation).
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Materials and Methods

Study populations and species
Our study was conducted in a long-term nest box study in National Park Dwingelderveld
(52°49'05"N,  6°25'41"E) in 2014 and 2015 and in Boswachterij Ruinen (52°43'37"N,
6°24'00"E) in 2015. These plots consisted of secondary growth forests, dominated by
pedunculate oak Quercus robur, scots pine Pinus sylvestris, and birches Betulaceae. See for
details on the areas Both et al. (2017). Nest boxes were checked at least twice weekly in
the earlier stages of the breeding season, and blue and great tit first egg dates were estab-
lished. In our experimental years, tits were relatively early in 2014, whereas they were
relatively late in 2015. Blue and great tits preceded flycatcher hatch dates by about 21.8
days in 2014 (5.0 May versus 26.8 May), and by 15.9 days in 2015 (16.2 May versus 1.1
June).

Heterospecific hatch date manipulations
To study the effect of tit phenology on flycatcher prey choice and fitness, we established
an experimental gradient of tit hatching phenologies ranging from early (–5.7 days) to
late (+8.1 days) at the subplot level. In our metapopulation, three study plots with a
total of about 200 nest boxes in total were selected in 2014, which were subdivided in
smaller subplots of 20 to 30 nest boxes. Twelve subplots were chosen in 2014, but six of
these (in two areas) were found unsuitable in 2015 because of low tit densities. There-
fore, four subplots were added in a tit rich area in 2015. At the end, 16 subplots were
used across two study years of 1.2 to 4.5 hectare, which contained different densities of
great tits (median 2.0 tits / ha, varying from 0.9 to 5.9). Timing treatments within study
plots were assigned at random, each study area had early and late treatments, and treat-
ments were switched between years in subplots that were used in both years. Tit
phenology treatments were achieved by swapping naturally late and early clutches from
all across the population among tit nests during incubation (2014: 76 great tit and 21
blue tit, 2015: 72 great tit and 22 blue tit). By swapping early laid clutches (during incu-
bation) to active later nests in subplots assigned as early, and late clutches to active
earlier nests in subplots assigned as late, we created a gradient of tit hatch dates among
subplots (for more details on methods and realized tit timing manipulations, see Samplo-
nius and Both 2017a). For statistical analyses, we used mean tit hatch date for each
experimental subplot, to include variation in degree of change among subplots. This vari-
able will from here onwards be called “tit timing treatment”. Some heterogeneity in
laying date was present among subplots, which could be a response to local phenological
variation. To account for this, we also included the originally planned timing of the tits in
the models (planned tit timing). This variable was calculated by the addition of 13 days
to the onset of (unmanipulated) incubation date. 

Nestling diet preparations
To study the nestling diet of tits and flycatchers, camera boxes were installed on day 13
(hatching is day 0) in tit nests, and on day 3 in flycatcher nests. The rationale for the age
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difference in our observations is that we were interested in possible effects of competition
for the same resources, and therefore aimed minimizing differences in timing of our diet
measurements (since tits breed earlier than flycatchers). Camera boxes were the same as
original nest boxes, except that they had a space behind them that could hold a DSLR
camera. If birds did not accept their new box, we removed it and returned the nest and
nestlings to the original box. If birds did accept their new nest box, we returned the
following day to install LEDs, a camera with macro lens (Nikon D3100 with Nikon 40mm
f/2.8 G DX Micro-NIKKOR lens), and an infrared trigger attached to the camera. The
camera and lights were at first switched off to let birds acclimatize to the novel objects,
and if they did so within an hour, we switched on the camera. Again, if birds did not
accept the setup within an hour, we removed the cameras and would try again the
following day. If the setup was installed successfully, we let it run for three to four hours.
The camera makes frontal pictures each time a bird passed the infrared trigger. We
managed to successfully run 30 great tit camera sessions with an average date of 19.2
May in 2014 (out of 76 nests), 30 sessions with an average date of 28.2 May in 2015 (out
of 72 nests). We successfully ran 39 pied flycatcher camera sessions with an average date
of 27.8 May in 2014 (out of 48 nests), and 42 sessions with an average date of 29.8 May
in 2015 (out of 66 nests). Camera sessions were therefore highly synchronous between
tits and flycatchers in 2015 (1.6 day difference), but less synchronous in 2014 (8.6 day
difference). The blue tit diet was excluded from this study, because flycatcher competition
with great tits is more severe than with blue tits (Slagsvold 1975; Merilä and Wiggins
1995; Ahola et al. 2007).

Nestling diet composition
We analyzed the diets of tits and flycatchers by observing the photos taken during the
camera sessions. Prey items were generally assigned to the order, and some to family
level, but for the analyses we lumped them into three broad groups: “caterpillars” (mostly
Lepidoptera larvae, but also including the less common Coleoptera larvae and Hymen -
optera larvae), flying insects and “beetles” (mostly Coleoptera, but including Hemiptera),
or spiders. After assigning these three categories, we calculated the proportions of each
prey type and the sample size for each camera session. Unknown prey types (usually
caused by blurriness or lack of proper lighting) were removed before calculating prey
proportions. Total sample sizes of flycatcher diets were 4766 prey in 2014 (mean: 121.7,
range: 38 to 261) and 4321 prey in 2015 (mean: 102.9, range: 43 to 204); for tits these
numbers were 4176 prey in 2014 (mean: 138.7, range: 45 to 252) and 3592 prey in 2015
(mean: 119.2, range: 44 to 293). Camera sessions with fewer than 20 prey items were
excluded from the analysis. Overall prey proportions for both bird species and years can
be found in Table 7.1.

Offspring condition data
On the seventh day after hatching, we weighed tit and pied flycatchers nestlings, and we
ringed pied flycatcher nestlings. We also caught, weighed and took some morphometric
measurements of flycatcher parents on that day. We measured tarsus, a highly heritable
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trait (Alatalo and Lundberg 1986) to the nearest one tenth of a millimeter, and we meas-
ured the length of the eight primary feather between the eighth and ninth primary
feather to the nearest half a millimeter. The length of the eighth primary feather (here-
after wing length) has been shown to be a good predictor of wing length in passerines
(Jenni and Winkler 1989). On the twelfth day after hatching for flycatchers and the four-
teenth day for tits (flycatcher nestlings in our population fledge around day 15 after
hatching, while tits fledge around day 21), we returned to the nest to measure and weigh
nestlings again. This time, apart from weight, we also measured tarsus and wing length
as proxies for growth.

Caterpillar peak data
We collected caterpillar frass in cheese cloths (0.5 by 0.5 meter) under nine pedunculate
oak trees spread across the study area (Tinbergen 1960; Van Balen 1973). Our focus on
pedunculate oaks stems from the observation that caterpillars are more abundant in oak
trees and many of the caterpillar species brought in by tits and flycatchers occur in oak
trees (including, but not limited to winter moth Operopthera brumata, mottled umber
Erannis defoliaria, green oak tortrix tortrix viridana, clouded drab Orthosia incerta, and
small quaker Orthosia cruda). We emptied the frass nets at intervals between 3 and 5
days, after which we dried samples for 48 hours at 60 degrees Centigrade.  We subse-
quently sieved and visually cleaned the samples to separate caterpillar droppings from
debris, and weighed the cleaned samples to the nearest 0.001 grams. We found little vari-
ation in frass fall peak date among individual trees (53 to 55.5 April in 2015, 47.0 to 51.0
April in 2014), and so we determined one caterpillar peak per year, obtained by fitting a
smoothing curve through all data for each year (Figure 7.2). These dates were used to
subtract from nestling hatch dates and camera session dates to obtain a measure of “rela-
tive date”, i.e. the date of the measurement relative to the caterpillar peak.

Statistical analyses
Because we only experimentally manipulated the tit hatching dates, with relatively little
variance within plots, we chose to first analyse the effects on the tits on the level of the
plot, and not including any individual variation in timing. In contrast, flycatchers were
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Table 7.1 Percentages of each broad prey category divided by species and year. Although unknown
prey items were removed, percentages do not add up to 100%, because small prey categories (wood -
lice, seeds, pupa, worms, snails, earwigs, bugs) were included in calculating the percentages, but
not analyzed themselves. The “flying insects” category also includes beetles.    

Caterpillars Flying insects Spiders

P. major 2014 77.0% 7.6% 7.3%

P. major 2015 72.1% 9.5% 5.5%

F. hypoleuca 2014 46.7% 17.0% 30.2%

F. hypoleuca 2015 36.4% 30.1% 23.4%
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unmanipulated, and had more variation in hatching dates within plots, and therefore we
included also individual variation in hatching dates in these models, on top of the plot
experimental effects (tit timing treatment). In all models we also included “planned tit
timing” as explanatory variable at the plot level, to account for potential local differences
in overall phenology to which tits may have adjusted their timing of breeding.

For the nestling diet analysis each of the aforementioned categories (caterpillars,
flying insects including beetles, spiders) were analyzed as a separate response variable.
For the analyses of nestling condition we averaged body mass, wing length, and tarsus
length for each nest. To calculate recruitment probability in flycatchers we noted whether
individuals ringed as nestlings had returned (binomial model, per individual nestling).
We used (generalized) linear mixed effect models ((G)LMERs) using lme4 (Bates et al.
2015) in R 3.3.1 (R Development Core Team 2016) with predictor variables being “Tit
timing treatment” (on subplot level), “Planned tit timing” (on subplot level), “Relative
date” (both quadratic and linear, on individual level), “Year”, and the interactions “Year”
* “Relative date” and “Year” * “Tit timing treatment” to study whether effects of date and
the tit timing experiment differed among years. Subplot was used as a random intercept.
If interactions or quadratic terms were non-significant, we eliminated them and only
reported the linear terms. Error structures used were quasibinomial for the nestling diet,
Gaussian for the nestling condition, and binomial for recruitment probability. Models
were weighed by camera session sample size for the nestling diet, and by brood size for
the nestling condition (as smaller broods may have larger nestlings). All graphs in this
article were made with the ggplot2 package (Wickham 2009).
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Figure 7.2 Caterpillar peak data as measured by frass fall under oak trees. Both 2014 and 2015 had
extremely low caterpillar peaks compared to the medium-low caterpillar year 2012 (highest peak
measured was in 2008, which was about 2 orders of magnitude higher than 2012). The caterpillar
peak of 2014 was set at 49 April, while that of 2015 was 54 April.
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Results

Ecological conditions between the two study years differed markedly, with a clear and
early caterpillar peak in 2014, and a low and very flat peak in 2015 (Figure 7.2). These
differences between the years were visible in nestling diets, with especially for flycatchers
more caterpillars being fed to nestlings in 2014, but also in tits some broods in 2015 were
fed with low caterpillar proportions (Figure 7.4).  In general, great tits fed their nestlings
with more caterpillars than pied flycatchers (Table 7.1), also at the same date. Flycatchers
fed more flying insects/beetles, especially in the caterpillar poor year (2015). The gener-
ally higher spider component in the diet of pied flycatchers compared to great tits may
well be explained by the measurements of the flycatchers being carried out at much
younger chicks (chapter 2).
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Table 7.2A Great tit nestling diet glmer outputs of prey proportions in relation to manipulated hatch
date at the plot level (Tit timing treatment),  tit own original planned date at the plot level (Planned
tit timing), relative individual hatch date in relation to the caterpillar peak (Relative date), and year.
Interactions tested and eliminated or retained were “plot hatch date” * “year”. See Figure 7.2 for
data and model fitted lines. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Tit prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 1.258 (0.221) *** –2.66 (0.224) *** –2.656 (0.192) ***

Tit timing treatment –0.078 (0.043) . 0.143 (0.043) *** 0.032 (0.038) NS

Planned tit timing –0.009 (0.130) NS –0.195 (0.128) NS 0.177 (0.111) NS

Year (2015) –0.499 (0.345) NS 0.715 (0.342) * –0.281 (0.302) NS

1Random effect variance ± stdev “subplot:year” = 0.548±0.741 (caterpillars),  0.496±0.704 (flying), 0.349±0.591 (spiders)

Table 7.2B Pied flycatcher nestling diet glmer outputs of prey proportions in relation to tit hatch
date at the plot level (Tit timing treatment), tit own original planned date at the plot level (Planned
tit timing), flycatcher relative individual hatch date in relation to the caterpillar peak (Flycatcher
date), and year. Interactions tested and eliminated or retained were “plot hatch date” * “year” and
“relative date” * “year”. See figure 1 and 2 for data and model fitted lines. Significance codes P:
<0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Flycatcher prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 0.373 (0.124) ** –2.168 (0.167) *** –1.183 (0.132) ***

Tit timing treatment 0.009 (0.023) NS –0.007 (0.028) NS –0.022 (0.024) NS

Planned tit timing –0.058 (0.069) NS 0.015 (0.083) NS –0.095 (0.072) NS

Flycatcher date –0.0703 (0.005) *** 0.057 (0.006) *** 0.040 (0.005) ***

Year (2015) –0.945 (0.187) *** 1.292 (0.229) *** –0.108 (0.199) NS

Date * year 0.063 (0.010) *** –0.046 (0.011) *** –0.039 (0.010) ***

1Random effect variance ± stdev “subplot:year” = 0.153±0.391 (caterpillars), 0.225±0.475 (flying), 0.166±0.407 (spiders)
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The timing manipulations of tits had an effect on great tit nestling diet (Table 7.2A),
but not on the diet of flycatchers (Table 7.2B). Delayed great tits had marginally fewer
caterpillars and significantly more flying insects and beetles in their nestling diet compared
to advanced tits (Table 7.2A), but no effect of tit timing on the nestling diet of flycatchers
was apparent (Figure 7.3, Table 2B). Interestingly, the timing manipulations did not affect
offspring condition in tits (Table 7.3A). Moreover, flycatcher nestling growth was not
affected by the timing manipulations of the tits (Table 7.3B). Recruitment probability of
flycatchers was also apparently not affected by the tit timing treatment (Table 7.3B).
Timing of breeding affected the nestling diet of flycatchers: lower caterpillar proportions
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and higher flying insect and spider proportions were found in later breeding birds (Figure
7.4, Table 7.2B).

Having unexpectedly found little effect of manipulated tit timing on tit nestling diet
and fitness, we separately tested (a posteriori) whether individual synchrony with the
caterpillar peak affected these components (Figure 7.4, Table S7.1-S7.2). We could not
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Figure 7.4 Nestling diet proportions of tits (day 14 nestlings) and flycatchers (day 4/5 nestlings) in
relation to date. Older tit nestlings and younger flycatcher nestlings have the highest synchrony in
timing, so we would expect most food competition then. Vertical dotted lines depict the timing of
the caterpillar peak. In general, the proportion of caterpillars declined and flying insects increased
over the course of the season (Table 7.2, S7.1). Caterpillars therefore become an increasingly
limiting resource at the end of the season, possibly enhancing interspecific competition.
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Table 7.3A Experimental subplot level tit nestling condition lmer outputs (mean day 7 mass per
brood (n = 99), mean day 14 mass per brood (n = 99), mean day 14 tarsus length per brood (n =
99), mean day 14 length of the 8th primary feather (wing, n = 99)) in relation to manipulated hatch
date at the plot level (Tit timing treatment, centered per year), tit own original planned date at the
plot level (Planned tit timing, centered per year), relative individual hatch date in relation to the
caterpillar peak (relative date, centered by subtracting caterpillar peak date), and year. Relative date
was also tested quadratically but never retained in the final model. The interaction tested was “plot
hatch date” * “year” but this was not retained in any final model. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Tit nestling condition1 Day 7 mass (g) Day 14 mass (g) Day 14 tarsus (mm) Day 14 wing (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (great tit, 2014) 10.01 (0.250) *** 15.66 (0.141) *** 18.92 (0.568) *** 30.60 (0.644) ***

Tit timing treatment 0.054 (0.038) NS –0.012 (0.048) NS 0.013 (0.016) NS 0.037 (0.096) NS

Planned tit timing 0.112 (0.119) NS 0.051 (0.150) NS 0.035 (0.052) NS 0.274 (0.306) NS

Year (2015) 0.106 (0.357) NS 0.187 (1.996) NS 0.092 (0.803) NS –0.679 (0.919) NS

Species (blue tit) –3.389 (0.409) *** –4.819 (0.485) *** –2.559 (0.187) *** –3.566 (1.031) ***

1Random effect variance ± stdev “subplot:year” = 0.033±0.183 (day 7),  0.157±0.396 (day 14 m), 0.000±0.000 (day 14 t),
0.406±0.637 (day 14 w)

Table 7.3B Flycatcher nestling condition lmer outputs (mean day 7 mass per brood (n = 103),
mean day 12 mass per brood (n = 89), mean day 12 tarsus length per brood (n = 89), mean day 12
length of the 8th primary feather (wing, n = 89)), and glm output of recruitment probability (n =
600) in relation to tit manipulated hatch date at the plot level (Tit timing treatment, centered per
year), tit own original planned date at the plot level (Planned tit timing, centered per year), relative
individual hatch date in relation to the caterpillar peak (relative date, centered by subtracting cater-
pillar peak date), and year. Recruitment probability was tested separately using a binomial glm.
Relative date was also tested quadratically, but not retained in any model. The interaction tested
was “plot hatch date” * “year” but this was not retained in any final model. Significance codes P:
<0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Flycatcher nestling Day 7 mass (g) Day 12 mass (g) Day 12 tarsus Day 12 wing Recruitment
condition1 (mm) (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 11.41 (0.469) *** 13.14 (4.27) ** 16.96 (0.798) *** 27.51 (2.448) *** –2.441 (0.254) ***

Tit timing treatment 0.041 (0.033) NS 0.032 (0.031) NS 0.017 (0.010) NS 0.051 (0.066) NS 0.006 (0.041) NS

Planned tit timing 0.085 (0.095) NS –0.094 (0.091) NS 0.024 (0.030) NS 0.271 (0.195) NS –0.063 (0.121) NS

Flycatcher date –0.012 (0.015) NS –0.030 (0.021) NS –0.014 (0.006) * –0.048 (0.044) NS –0.048 (0.028) .

Year (2015) 0.419 (0.671) NS 1.113 (6.039) NS 0.456 (1.128) NS 1.471 (0.549) ** 0.125 (0.320) NS

Parent tarsus - - - - 0.592 (0.123) *** - - - -

1Random effect variance ± stdev “subplot:year” = 0.033±0.183 (day 7),  0.157±0.396 (day 14 m), 0.000±0.000 (day 14 t),
0.406±0.637 (day 14 w)
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test this in one mixed model for tits, because “synchrony” and “manipulated tit timing”
were collinear variables. Increased synchrony with the caterpillar resulted in higher
proportions of caterpillars and lower proportions of flying insects (including beetles), and
spiders in the nestling diet of tits. Synchrony with the food peak also resulted in higher
offspring condition in tits with higher nestling day 7 mass (but not day 14 mass), longer
tarsi, and a marginally non-significant effect on wing length (Figure 7.5, Table S7.2). The
only effect of timing in flycatchers was found in tarsus length, but not in other compo-
nents of offspring condition (Figure 7.5, Table 7.3B).
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Discussion

Here, we showed that the experimentally manipulated timing of resident tits did not have
any apparent effect on flycatcher nestling diet and condition. Mismatch with the cater-
pillar peak did have an effect on the nestling diet and offspring condition in great tits, but
not on nestling condition in flycatchers, in which only linear effects of timing were found.
Overall, we conclude that in our experiment there was little support for a temporal effect
of interspecific competition during the nestling phase. Pied flycatcher reproductive
success was thus not affected by tit breeding phenology, and hence the optimal laying
date response of flycatchers to climate change is unlikely to be affected by the responses
of tits in the same habitat, unless other fitness components are affected by relative timing
between these species.

We previously demonstrated that within these same experimental manipulations of tit
timing, females preferred settling in subplots where tit hatching was advanced (Samplo-
nius and Both 2017a). Our main hypotheses put forward with regard to this pattern were
related to habitat quality, competition, and nest predation. Flycatchers may have
preferred areas with relatively early hatching tits, as this may be a sign of habitat quality
(Svensson and Nilsson 1995; Lambrechts et al. 2004), or they may have wanted to avoid
those areas to avoid competition or perceived nest predation. Since we found no evidence
that competition for food plays a role in this study system, we could reject the competi-
tion hypothesis. Nevertheless, the previously reported differential settlement patterns of
flycatchers in response to the tit timing treatment  may have been proportional to the
amount of competition that they would have experienced if flycatchers had distributed
themselves randomly. In other words, perhaps exploitation competition would have
occurred if flycatchers had not distributed themselves differentially across tit timing treat-
ments. We can therefore only tentatively reject the competition hypothesis.

Timing of reproduction reduced the proportion of caterpillars in the tit and flycatcher
nestling diet. Surprisingly, no effect of mismatch on nestling diets or offspring condition
was detected in flycatchers, which contrasts with what was found in chapter 2. This
difference between species may be explained by flycatchers being more generalist species
than tits (Török 1986), as supported by the higher caterpillar proportions in the tit diet
(Table 7.1), and by the caterpillar peaks being extremely low in 2014 and 2015 (Figure
7.2). Flycatchers can apparently compensate better for caterpillar shortages than tits,
possibly making tits more vulnerable to differential changes in phenology across trophic
levels (Both et al. 2009; Thackeray et al. 2016). This is supported by the observation that
tits show higher degrees of phenological flexibility than flycatchers (Phillimore et al.
2016), which is expected from a more specialist species, and from year round residents
who can anticipate local conditions better. Despite flycatchers having a more generalist
diet, population consequences of phenological mismatch have been shown to occur in
flycatchers (Both et al. 2006). More generally, long distance migratory bird populations
that did not advance their phenology have declined (Møller et al. 2008), and population
consequences were more pronounced in seasonal habitats with narrower food peaks
(Both et al. 2010). Such habitat components may in fact be key in studying the effects of
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interspecific competition on bird populations in the future. Interspecific competition may
be stronger in more seasonal habitats, driving species to habitats with broader food peaks.

It has previously been hypothesized that resident species may ultimately outcompete
migrants when climate change causes winter warming and resident species start occu-
pying more of the available breeding space (Berthold et al. 1998), but it has also been
shown that climate change favours diet generalists (Davey et al. 2012; Le Viol et al. 2012;
Salido et al. 2012).  A study in wood warblers Phylloscopus sibilatrix showed that diet
flexibility allowed this species to escape negative consequences of phenological mismatch
(Mallord et al. 2016). However, this escape may only be possible when choosing habitats
which allow for diet flexibility. The reason why we found no effect of competition on the
nestling diet in our study may partly be due to the observation that like wood warblers,
pied flycatchers are rather generalist species: they take caterpillars when they can, but
they do not suffer from mismatch as much as great tits do (this study). Since this study
was performed in years with extremely low abundances of caterpillars (Figure 7.2), we
consider this result rather robust. Ultimately, the interaction between the resident –
migrant continuum and diet flexibility may be an important avenue of future research in
studying the potential effects of interspecific competition under climate change. The
prediction would be that especially migrants with a highly specialized diet will suffer
from interspecific competition with ever increasing populations of resident species.
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Table S7.1 Great tit nestling diet glmer outputs of prey proportions in relation to mismatch with the
caterpillar peak. This was an a posteriori test to find out whether date affected the nestling diet
apart from the manipulated hatch date at the subplot level. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.  

Tit prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 1.594 (0.258) *** –2.835 (0.296) *** –2.895 (0.172) ***

Timing2 –0.014 (0.002) *** 0.008 (0.003) ** 0.009 (0.002) ***

Timing 0.045 (0.017) ** –0.017 (0.030) NS 0.001 (0.023) NS

Year (2015) –0.442 (0.392) NS 0.502 (0.441) NS –0.329 (0.257) NS

1Random effect variance ± stdev “subplot:year” = 0.747±0.865 (caterpillars),  0.899±0.948 (flying), 0.233±0.483 (spiders)

Table S7.2 Great tit offspring condition in relation to synchrony with the caterpillar peak. This was
an a posteriori test to find out whether date affected the nestling diet apart from the manipulated
hatch date at the subplot level. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.  

Tit nestling condition1 Day 7 mass (g) Day 14 mass (g) Day 14 tarsus (mm) Day 14 wing (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (great tit, 2014) 10.92 (0.363) *** 15.98 (0.753) *** 19.23 (0.166) *** 32.07 (1.755) ***

Timing2 –0.004 (0.001) ** –0.002 (0.002) NS –0.0013 (0.0006) * –0.006 (0.003) .

Timing - - - - - - - -

Year (2015) –0.440 (0.340) NS –0.022 (0.955) NS –0.100 (0.155) NS –1.520 (2.289) NS

Species (blue tit) –3.316 (0.396) *** –4.746 (0.471) *** –2.541 (0.182) *** –3.349 (0.991) ***

1Random effect variance ± stdev “subplot:year” = 0.000±0.000 (day 7),  0.072±0.268 (day 14 m), 0.000±0.000 (day 14 t),
0.000±0.000 (day 14 w)
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Introduction

This thesis started out from the evidence that many animals adjust to climate change at
slower rates than underlying trophic levels (Visser and Both 2005; Thackeray et al. 2010),
and that this can have fitness (Durant et al. 2007; Reed et al. 2013b) and in some cases
population (Both et al. 2006) consequences. It also started from a small anecdotal obser-
vation in the field season of 2013, in which one of the coldest springs of the past century
caused tits and flycatchers to compete for nest boxes in unusual synchrony, ultimately
leading to a three species mixed brood (box A). This observation led me to think about
interspecific competition between tits and flycatchers and whether climate change could
affect interspecific synchrony by having a differential effect on the timing of interspecific
competitors, a topic that is rather rare in climate change literature. I hypothesized that
resident species could be expected to show a stronger response to temperature changes
than migratory species, since resident species generally spend the entire year at the
breeding grounds, allowing them to be more flexible in their response to changing condi-
tions. Migratory flycatchers on the other hand were expected to be constrained by their
arrival date in adjusting to climate change at the breeding grounds (Both and Visser
2001), preventing a strong phenotypic response to changing circumstances. Interestingly,
no standardized meta-analysis on the response of tits and flycatchers breeding in the
same populations was found, so this became one of the goals of this thesis.

In a broader ecological sense, I became interested in the potential limitations of the
question whether we can understand the timing response of one species by only looking
at the underlying trophic levels. For example, it had been proposed that adjustment to
climate change may not only be driven by underlying food peaks, but also by the pheno -
logy of predators (Both et al. 2009). In this thesis an alternative/additional mechanism
was hypothesized: that competing species within trophic levels may affect each other’s
optimal response, especially when they occupy a similar ecological niche. Our study
system of flycatchers and tits breeding in nest cavities turned out to be highly suitable to
study the outcomes of different types of interspecific competition, as it has been shown
that both exploitation (Gustafsson 1987; Sasvári et al. 1987; Török and Tóth 1988) and
interference competition occurs (Campbell 1968; Slagsvold 1975, 1978; Gustafsson 1988;
Merilä and Wiggins 1995), and tits and flycatchers also occupy a rather similar niche
during the nestling phase (Török 1986). Nevertheless, the question remained which
species groups within the resident-migrant continuum were expected to perform better in
a warming world, and whether the response of one species group could affect that of the
other. It was previously argued that long-distance migrants would do worse because of
competition with residents and partial migrants, who could progressively increase in
numbers  as winters become warmer, and hence occupy more breeding space (Berthold et
al. 1998). Evidently, many studies have studied how climate change could affect density
dependent components of interspecific competition, but only one paper discussed the
potential impact of climate change on temporal components of interspecific competition,
which found that flycatcher mortality increased when they bred more synchronously with
tits (Ahola et al. 2007). In order to understand how timing of one species might affect the
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settlement, timing, diet and fitness of another species, a more integrated approach
including both long-term and experimental work was required (this thesis). Ultimately,
we wanted to know whether phenological synchrony between tits and flycatchers could
be a driver of niche segregation in space, time, and prey choice.

In searching for literature on interactions between tits and flycatchers, I also stumbled
upon the work of Jukka Forsman and his coworkers in Scandinavia. Interestingly,
flycatchers were shown to eavesdrop on the information of tits with a very original
approach. Using artificial symbols attached to tit nest boxes, they showed that flycatchers
have a preference for empty boxes with tit symbols (Seppänen and Forsman 2007), and
this effect was strongest when tits were successful in terms of (simulated) brood size
(Forsman and Seppänen 2011; Seppänen et al. 2011; Forsman et al. 2012). The conclu-
sion of their repeated experiments was that flycatchers used these symbols linked to
manipulated reproductive traits of tits as information to select a nest box themselves. I
was rather skeptical about this work, because I found it hard to fathom that birds could
use arbitrary symbols to adjust their choices, so I decided to set up my own study on
social information use with artificial symbols (chapter 5). Interestingly, timing (or pheno -
logy) was again not discussed in any literature as a potential social cue, even though the
implications of Ahola et al. (2007) would be that flycatchers should avoid synchrony with
tits, as this leads to higher degrees of interspecific conflict, which the flycatchers generally
lose. Another goal of this thesis then became to study whether flycatchers could use tit
phenology as a social cue in their breeding site selection (chapter 4).

In chapter 2, I drifted a little from my ultimate focus, because in 2013 we decided to
replicate a study performed in the previous year, proving that nestling age affected the
diet parents brought to their nestlings . We also demonstrated the intertrophic effect of
timing, where flycatchers that were well matched with the caterpillar peak fed more
caterpillars, and also had offspring of higher condition. In chapter 3, we showed that tits
and flycatchers across ten European populations had differential timing responses to
temperaturechanges, with tits responding much stronger to annual variation in spring
temperature than flycatchers. This lead to a general divergence in synchrony between
these species groups with ongoing spring warming. In chapter 4, we experimentally
demonstrated that flycatchers adjusted their settlement decisions to the manipulated
timing of tits in the sense that they preferred forest patches with early hatching tits. This
thus shows that flycatchers use (heterospecific) information on the breeding phenology of
the tits when making settling decisions. Chapter 5 was somewhat of an intermezzo,
sparked by the interesting research done in the Forsman group. Unbeknownst to us when
initiating the study in 2014, we replicated a study (Jaakkonen et al. 2015) demonstrating
that social information use can be derived from both intra- and interspecific competitors,
and that this preference depends on the relative density of conspecifics and hetero -
specifics. In chapter 6, we used data from 2007-16 collected in our study population in
Drenthe, and confirmed previous research that flycatcher mortality in tit nest boxes is
indeed higher when they breed more synchronously with tits, and when tit densities are
higher. In chapter 7, we were unable to detect any effect of manipulated tit timing (same
experiment as chapter 4) on the nestling diet and growth of flycatcher offspring.
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However, later seasonal timing negatively affected dietary caterpillar proportions, and
offspring condition (the latter only in tits). In this final chapter 8, I will allow myself
some room for speculation to place my research in a wider context.

Differential adjustment to climate change between residents
and migrants

Anthropogenically induced climate change is one of the major threats to ecosystems, but
it also offers the opportunity to study how animals respond to changing conditions.
Adjusting to climate change might be achieved by being phenotypically plastic, or by
selection against late circannual timing genes (Charmantier and Gienapp 2013), or alter-
natively through an ontogenetic effect (Ouwehand et al. 2017). It is generally observed
that slopes (days per °C) of individuals match population responses, suggesting that most
adjustments happen through phenotypic plasticity (Charmantier and Gienapp 2013), but
most of these studies were done on tits (resident species). The mechanism of adjustment
may in fact differ between resident and migrant birds, because migrant birds have no
information on temperature at the breeding grounds before they arrive there from
wintering grounds that are thousands of kilometers away. Therefore, selection on arriving
early may operate in long distance migrants when temperatures change directionally. To
tentatively show this, in chapter 3 we ran “year” in the same model as “spring tempera-
ture”, demonstrating that on top of temperature responses, “year” explained additional
variation in advancement, but this effect of year did not differ between species groups.
However, we currently cannot demonstrate with population data that this is an evolu-
tionary change, as phenotypic plasticity may also simply operate through cues other than
temperature. Nevertheless, future studies could compare the responses of individual tits
and flycatchers and compare those to population responses to study whether climate
change operates mechanistically differently between residents and migrants.

In addition to this, it has been suggested that flycatchers may partly have adjusted
their phenology through evolutionary changes, because the individual slopes (days per °C)
were shallower than the population slopes (Both, in prep.). If this is true, flycatchers would
also be more rigid in their timing schedules, which would lead to early arrival even in
cold springs (if directional selection has operated in the past). In such cold springs, tits
would be relatively late (through their plastic response to temperature), and the synchrony
between tits and flycatchers would then be high, which chapter 6 showed can be deadly for
arriving flycatchers. More generally, if adjustment to directional changes operates through
different mechanisms in residents and migrants, it is possible that migrants fall into an
ecological trap (Robertson and Hutto 2006). Hypothetically, flycatchers will be forced by
their early timing  genes to arrive early at the breeding grounds after a set of warm years,
but will experience negative consequences of such early arrival in the occasional cold
years, for example because of increased fatal competition with great tits (chapter 6). It
would then be expected that tit timing or density can exert selective pressure on the
timing of flycatchers, but the question is how big we would expect this effect to be. 
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Consequences of temporal synchrony between competitors

If there is such a thing as a competition peak during the arrival period of migratory birds
(or more specifically for nest cavity breeders), then it would be expected that adjustment
to climate change is not only constrained by arrival date, but also by competition with
resident species. Migratory birds may be able to respond to this competition peak in
several ways, including adjusting their settlement decisions, adjusting their timing, or
adjusting their reproductive investment for the current year. To study whether the timing
response of flycatchers is affected by great tits, we used both long-term and experimental
data. In chapter 3, we showed with long-term data that part of the variation in timing of
flycatchers was explained by the timing of tits (in years with relatively late tits, fly -
catchers were relatively late), but we could not reproduce this experimentally (chapter 4,
no difference in flycatcher timing across manipulated tit timing treatments). Therefore,
the result in chapter 3 might be explained by any third variable other than temperature
which has affected the timing response of both tits and flycatchers. Moreover, the
flycatcher victims in chapter 6 were mostly late, immigrant males, which were rather
unlikely to get a female to contribute their (potentially)  later alleles to the gene pool
(chapter 4, late males have lower probability to get a female). Therefore, (to get back to
the question posed in the previous paragraph) I conclude that it is unlikely that selection
on early flycatcher timing is occurring through interspecific competition with great tits.
On top of that, only late females showed the differential settlement in response to tit
timing (chapter 4), adding to previous results showing that social information is mostly
used by inexperienced (later arriving) individuals (Seppänen and Forsman 2007). 

To study more broadly whether synchrony with great tits could affect the behaviour
and fitness of flycatchers, I performed experimental manipulations of tit timing. In
chapter 4, I experimentally demonstrated that flycatchers adjust their settlement deci-
sions based on the timing cues provided by great and blue tits, and in chapter 5 we
provided heterospecific and conspecific information, and demonstrated that flycatchers
copy the choice of the majority, which is strong evidence that heterospecific social infor-
mation use occurs in our study system. Chapter 4 and 5 clearly show that tits can have a
profound impact on the behaviour of flycatchers: flycatchers may adjust their settlement
decisions and move to habitats with relatively early breeding tits. Combined with the
analysis in chapter 6 that tits may become more abundant after warm winters, this might
have interesting consequences for social information use. For example, there might be a
tipping point at which flycatchers are more likely to copy tit behaviour than flycatcher
behaviour (chapter 5). When tits become more abundant after warm winters, flycatchers
may be more likely to copy their choices rather than the choices of their conspecifics
(chapter 5), the consequence of which is currently unclear. Hypothetically, the fitness
consequences could either be positive or negative. Copying tits may on the one hand be
positive in areas where tits are successful, which seems to be what flycatchers do
(Jaakkonen et al. 2015; chapter 5). The general rule of thumb appears to be: copy the
successful (Forsman and Seppänen 2011; Seppänen et al. 2011). On the other hand,
flycatchers may always do better to copy other (experienced) flycatchers, because they
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have a more similar niche. In this case, it would be expected that copying tits has nega-
tive fitness consequences. In this thesis, we have not tested whether flycatchers that copy
tit choices do better or worse than flycatchers that copy flycatcher choices, but this would
be an interesting avenue of future research. 

In chapter 7, we have attempted to demonstrate experimentally whether tit timing
may affect flycatcher prey choice and offspring condition. This was an important piece of
the puzzle to us, because both these species have in the past been shown to experience
negative consequences from mismatch with the caterpillar peak. We therefore expected
that if tits were more synchronous with flycatchers, that this may in general lead to some
degree of niche divergence and potentially fitness consequences for the flycatchers, being
the inferior competitor. We found nothing to indicate that flycatchers experience any type
of fitness consequences from phenological overlap with great tits (chapter 7). This was
surprising to us, as previous research had so clearly found a density dependent effect of
tits on the offspring condition of flycatchers (Gustafsson 1987; Sasvári et al. 1987). To
study in some more detail why we found no effect, we assessed the caterpillar families in
the diet of tits and flycatchers at the family level (Table 8.1). For this assessment we used
a subset of caterpillars that was brought to family level, which resulted in three main
groups, and some marginal groups. Here we focus on the three main groups (Geometri -
dae, Noctuidae, and Tortricidae). The result is that there is a rather even distribution of
these three main groups in tits, and a mildly skewed distribution toward Tortricidae cater-
pillars in flycatchers. However, this provides no convincing evidence that there is a clear
segregation of caterpillar prey types among tits and flycatchers. It must be noted that
these analyses focused on the late nestling stage of great tits, and the young nestlings of
pied flycatchers, and it is conceivable that later in the season flycatcher do differ more in
diet with the tits (both in caterpillar families with different phenologies (Naef-Daenzer et
al. 2000)). Another explanation for why no effect during the nestling phase was found is
the observation that there was differential settlement of flycatchers across tit treatment
groups (chapter 4, Figure 8.1, dash and dot line). This differential settlement may have
compensated for the negative effects that competition might have had during the nestling
phase.
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Table 8.1 Caterpillar family contributions to the nestling diet of  great tits (13–14 day old nestlings)
and pied flycatchers (4–5 day old nestlings) that we were able to identify at the family level. Data
come from 2015 and 2016, two years with low caterpillar densities. No compelling evidence of
niche segregation between tits and flycatchers in the use of caterpillar families was found.    

Geometridae Noctuidae Tortricidae

P. major 1108 (34.0%) 984 (30.2%) 1169 (35.8%)

F. hypoleuca 657 (25.2%) 736 (28.2%) 1216 (46.6%)
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The central question of this thesis was whether we could understand the optimal deci-
sions of migratory birds by only looking at underlying trophic levels, or whether interspe-
cific competition may also play a role in these adjustment patterns. We have clearly
shown that underlying trophic levels play a role in determining the optimal timing of pied
flycatchers (chapter 2), but we could not find much evidence that tits really affected the
timing of flycatchers (chapter 3 and 4). Synchrony between tits and flycatchers did affect
the intensity of interference competition (chapter 6), leading to differential settlement
patterns (chapter 4) of flycatchers. I have summarized these patterns in Figure 8.1. In
general we concluded that in our study system, resident tits adjust to climate change at
higher rates than migratory flycatchers, which to some extent will affect phenological
synchrony within this study system (chapter 3). We showed that this synchrony especially
affects competitive outcomes during the settlement phase of the arriving flycatcher. The
question remains how specific such patterns are to our study system. Differential pheno-
logical changes were also found in a study in Britain, where migratory flycatchers adjusted
their laying date slower than three resident species (again great and blue tits, but also
chaffinch, Fringilla coelebs (Phillimore et al. 2016). A recent meta-analysis also showed
that long-distance migrants adjust to temperature at lower rates than short-distance
migrants and residents (Usui et al. 2017), so we do think interpreting our results are more
broadly applicable, even though most of our effects were found during the settlement
phase.

General discussion and synthesis 163
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Figure 8.1 Ecological relationships between great and blue tits and pied flycatchers studied in this
thesis. Solid lines represent significant relationships, whereas dotted lines represent non-significant
ones. The dot and dashed line represents a hypothetical relationship that was not studied in this
thesis, which may explain why no effect was found of our experimental manipulation on exploita-
tion competition. 
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The consequences of differential phenological change could be that resident species
and short distance migrants will start occupying more suitable breeding locations, leading
to population declines in long-distance migrants (Both et al. 2010), especially those that
do not adjust their own phenology (Møller et al. 2008). Climate change has been
predicted to favour resident species at the cost of long-distance migrants, as after milder
winters more suitable nesting spaces are occupied by resident species (Berthold et al.
1998). This also relates to the biogeographical pattern of residents, which are relatively
much more abundant compared to migrants in more Southern (warmer) latitudes in
Europe (Herrera 1978). The question is what the role of differential phenological change
between residents and migrants is in these population patterns. Assuming that phenolog-
ical distributions overlap, if early breeding residents become even earlier compared to
later breeding migrants, it could be expected that they occupy more suitable breeding
territories. This could also negatively affect the population patterns of long-distance
migrants through interference competition for nesting opportunities (without there being
a density effect per se). In short, less synchrony could lead to more competitive exclusion
from suitable breeding areas. However, this effect is counter to our results, which show
that more phenological synchrony actually led to a higher degree of mortality (chapter 6).
So how do we interpret these seemingly different outcomes? What seasonal timing is
ideal for arriving migrants to both be well-matched with the food peak and avoid compe-
tition with residents? In our analyses the mortality of flycatchers was low when phenolog-
ical distributions overlapped a lot (like in the cold spring of 2013 when tits were
extremely late) or not at all (like in the warm spring of 2014), but high at intermediate
overlap. It seems like the best phenology for migrants would then be to arrive very early,
so they are both well-matched with the food peak and potentially avoid the negative
consequences of competition. However, it is well known that migratory species are
constrained by their arrival date, as they cannot predict the conditions at the breeding
grounds (Both and Visser 2001). On the other hand, conditions en route may select
against early arrival, causing additional migratory constraints (Brown and Brown 2000;
Both 2010b). Therefore, the quicker phenological advancement of resident species in
combination with them increasing in numbers after warmer winters is expected to nega-
tively impact populations of migratory birds, as was previously suggested.

Conclusion

Understanding the implications of climate change on species interactions within trophic
levels may be as important as understanding its intertrophic effects (chapter 2). If compe -
titors respond differently to temperature changes at their breeding grounds, their inter-
specific synchrony may be altered as a result, potentially having consequences on
interspecific competition (chapter 6), and thereby affecting the response of the inferior
competitor (chapter 4). Studying these differential effects within trophic levels required
an integrated approach, using both long-term data (chapter 3), and experimental studies
(chapter 4 and 7). Over all we conclude that interspecific synchrony is affected by climate
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change (chapter 3) and that this may affect the intensity of interspecific competition, but
mostly during the settlement phase of flycatchers (chapter 4 and 6) and interactively with
competitor density (chapter 5 and 6, Figure 8.1). The most pressing avenue of future
research is to unravel whether resident and migratory species have different mechanisms
to adjust to climate change (plasticity versus evolutionary change), because such differen-
tial processes could well lead to increased phenological overlap in cold springs, poten-
tially increasing the intensity of interspecific competition. Other options for future studies
could include the effect of climate change on the usability of social information. Climate
change might reduce the reliability of social information by decoupling the social cue
from the underlying resource information (Seppänen et al. 2007), for example through
trophic mismatch, potentially leading to maladaptive heterospecific social cue using by
migratory birds.
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Samenvatting184

Achtergrond

Veel dieren, met name in gematigde klimaten, hebben seizoensgebonden patronen in
timing, zoals winterslaap en voortplanting. Dergelijke seizoensgebonden biologische
patronen worden ook wel fenologie genoemd. Andere voorbeelden van fenologie in
andere delen van het voedselweb zijn de uitloop van blaadjes tijdens de lente en rupsjes
die uit hun eitjes kruipen wanneer het langzaam weer warmer wordt en de dagen weer
langer worden (de daglengte wordt ook wel fotoperiode genoemd) na de winter. In de
loop van de miljoenen jaren zijn aanpassingen ontstaan in planten en dieren die er voor
zorgen dat ze kunnen reageren op dergelijke voorspelbare veranderingen in daglicht en
ietwat minder voorspelbare veranderingen in temperatuur.

Klimaatsverandering

In de afgelopen pakweg 100 jaar is de industrialisatie exponentieel toegenomen en
daarmee ook de uistoot van broeikasgassen in de atmosfeer. Volgens rapporten van het
Intergovernmental Panel for Climate Change (IPCC) neemt de wereldwijde temperatuur
hierdoor toe ten opzichte van het pre-industriële tijdperk, ondertussen met ongeveer 1
graad Celcius. Veel dieren reageren hierop door hun timing van reproductie aan te passen,
maar het komt regelmatig voor dat de timing van hun voedselbron gevoeliger is voor
temperatuursveranderingen. Veel voorbeelden hiervan zijn te vinden in de literatuur over
koolmezen en bonte vliegenvangers, die steeds minder goed getimed zijn met hun voed-
selbron – rupsen – wanneer het warmer wordt. Deels kan dit te maken hebben met het
gegeven dat de warmbloedige vogels sterk reageren op fotoperiode en koudbloedige
rupsen op temperatuur. Wanneer een voedselbron (zoals rupsen) sterker vervroegt dan
het bovenliggende trofische niveau (zoals vogels), dan spreekt men van trofische mis -
match of fenologische asynchronie, of andere combinaties van dezelfde termen. Op indi-
vidueel niveau ziet men vaak dat vogels binnen een seizoen het slechter doen waneer ze
slecht getimed zijn ten opzichte van de rupsenpiek (hoofdstuk 2). Aan het begin van dit
proefschrift was er echter weinig bekend over aanpassingssnelheid van verschillende dier-
soorten die dezelfde hulpbronnen gebruiken in dezelfde populaties en ook niet over de
vraag of dit hun interacties kan beïnvloeden.

Interspecificieke competitie en probleemstelling

Zoals eerder genoemd is er ondertussen redelijk wat literatuur over het effect van het ene
trofische niveau (bijvoorbeeld rupsen) op het bovenliggende niveau (bijvoorbeeld mezen
en vliegenvangers). Er is echter relatief weinig bekend over het eventuele effect van
klimaatsverandering op interacties binnen trofische niveaus. Mezen en vliegenvangers
zijn modelsoorten voor aanpassing aan klimaatsverandering, omdat ze in groot detail te
volgen zijn in nestkaststudies. Er zijn ook interessante verschillen tussen mezen en vlie-
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genvangers. Mezen zijn standvogels die doorgaans het gehele jaar op het broedgebied
aanwezig zijn, terwijl bonte vliegenvangers alleen van April tot en met Juli aanwezig zijn
en de rest van het jaar in het zuidelijke gedeelte van West-Afrika zitten. Zoals eerder
genoemd zijn Europese mezen en vliegenvangers voor een groot deel afhankelijk van
vergelijkbare hulpbronnen, zoals nestholtes en voedsel. Wanneer twee soorten afhankelijk
zijn van vergelijkbare hulpbronnen en een negatief effect op elkaar hebben door elkaar
uit te sluiten van toegang tot die hulpbronnen of deze te consumeren, dan spreekt men
van interspecifieke competitie. Er is bekend dat mezen en vliegenvangers felle competitie
om nestkasten kunnen hebben, wat zelfs met enige regelmaat tot de dood van de vliegen-
vanger leidt. Het is mogelijk dat wanneer mezen en vliegenvangers niet op dezelfde snel-
heid reageren op klimaatsverandering, dat de synchronie tussen mezen en vliegenvangers
verandert en daarmee ook hun interspecifieke interacties. Er is echter weinig bekend over
het effect van synchronie op de uitkomst van interspecifieke competitie.

Doel en aanpak

Het doel van dit proefschrift was ten eerste om onderzoek te doen naar de aanpassings-
snelheid aan klimaatsverandering van twee soortsgroepen waarvan het bekend is dat ze
met elkaar interacteren: mezen en vliegenvangers. Hiertoe hebben we gegevens verza-
meld van tien nestkaststudies door heel Europa (van Finland tot Spanje) die in ieder
geval lange termijn broeddata hadden van een mezensoort en een vliegenvangersoort
(hoofdstuk 3). De gemiddelde legdata van elke soort hebben we gecorreleerd met de
temperatuur voor het broeden en uitgerekend wat de temperatuursreactie is (in dagen
vervroeging per graag Celcius). Ook hebben we gekeken of fenologieën van mezen en
vliegenvangers over tijd uit elkaar of naar elkaar toe zijn geschoven. Ten tweede hebben
we een experimentele aanpak gebruikt om te onderzoeken of interspecifieke interacties
veranderen wanneer de soorten meer overlappen in hun fenologie. Hiertoe hebben we de
timing van mezen vervroegd en verlaat door tijdens de broedfase van de mezen de legsels
uit te wisselen. Het resultaat van deze broedseluitwisselingen was dat we sommige
stukken bos hadden waar mezen relatief vroeg waren en andere stukken bos waar mezen
relatief laat waren. In hoofdstuk 4 hebben we onderzocht of deze experimentele manipu-
latie een effect had op de voorkeur van de vliegenvanger op het ene of het andere bosge-
bied (vliegenvangers komen aan vanuit Afrika, meestal wanneer mezen al eieren hebben
gelegd). Geredeneerd vanuit interspecifieke competitie verwachtten we dat bosgebieden
met vroege mezen de voorkeur zouden hebben, omdat deze het minst zouden overlappen
met de settelende vliegenvangers en dus minder competitie met zich mee zouden
brengen. In hoofdstuk 7 hebben we dezelfde experimentele manipulatie gebruikt om de
vraag te beantwoorden of vliegenvangers in gebieden met vroegere mezen ook meer
gevrijwaard waren van competitie en dus meer rupsen in hun dieet hadden daardoor,
omdat ze minder last van de mezen zouden ondervinden. Als zijproject hebben we in
hoofdstuk 5 hebben we nog wat uitgebreider onderzoek gedaan naar informatiegebruik
van vliegenvangers: liever mezeninformatie of vliegenvangerinformatie? In hoofdstuk 6
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hebben we onderzocht of dodelijke competitie tussen mezen en vliegenvangers intenser
was wanneer ze meer overlap in fenologie hadden. De hoofdvraag die als rode draad
door al deze hoofdstukken loopt is hoe belangrijk competitie binnen hetzelfde trofische
niveau is voor de optimale aanpassing aan klimaatsverandering.

De rupsenpiek, dieetkeuze en fitness

Om te onderzoeken wat het effect is van mismatch met de rupsenpiek op dieet en fitness
van de bonte vliegenvanger, hebben we in hoofdstuk 2 een experiment gedaan. We hebben
van de experimentele groep de eieren een week koud gehouden voordat we ze terug-
gaven aan de ouders (die we dummy-eieren hadden gegeven om op te broeden). Hier-
door was de uitkomst van de eieren vertraagd met een week en konden we vervolgens
meten met camera’s wat het effect hiervan was op het dieet. We vonden dat het dieet van
de vliegenvanger meer uit rupsen bestond in de controle groep die beter getimed was met
de rupsenpiek dan in de beesten die we een week hadden vertraagd. Alternatieve prooien
zoals vliegende insecten hadden een negatief effect op de groei van de jongen. Hierdoor
konden we interessant genoeg vaststellen dat bonte vliegenvangers beter geen vliegen
konden vangen voor hun jongen (althans niet te veel), maar dat de jongen het het beste
deden op een combinatie van rupsen en spinnen.

Klimaatsverandering en interspecifieke competitie

In hoofdstuk 3 hebben we op grote schaal onderzocht wat het effect is van temperatuur
op de timing van de eileg van mezen en vliegenvangers en of dit verschilde tussen popu-
laties. Het idee was dat standvogels (de mezen) zich sneller konden aanpassen aan lokale
veranderingen dan de vliegenvangers die helemaal uit Afrika moeten komen en dus geen
weet hebben van de temperatuur op het broedgebied. Het bleek inderdaad dat mezen
zich ongeveer twee maal zo snel aanpasten aan temperatuursveranderingen dan vliegen-
vangers en dat dit de synchronie tussen deze soorten veranderde. In hoofdstuk 4 en 7
hebben we experimenteel onderzocht wat voor effect de synchronie tussen mezen en vlie-
genvangers voor effecten kon hebben op de vestiging en het dieet van vliegenvangers.
Door tijdens de broedfase legsels uit te wisselen tussen mezen hebben we ervoor gezorgd
dat sommige delen van het bos alleen vroege legsels hadden en andere delen van het bos
late legsels. Daarna hebben we gemeten wat voor effect dit had op de vestiging van bonte
vliegenvangers en hun dieetkeuze en fitness. De achterliggende gedachte was dat bonte
vliegenvangers competitie wilden vermijden en dat ze zich liever zouden vestigen in
gebieden met vroege mezen, omdat ze dan minder synchroon zouden broeden met de
mezen (bonte vliegenvangers broeden later dan mezen). Tot onze verrassing vonden we
wél dat de vliegenvangers zich liever vestigden in gebieden met vroege mezen (hoofdstuk
4), maar níet dat vliegenvangers in gebieden met late mezen ook effecten ondervonden
van competitie met mezen op hun voedselkeuze of de groei van hun jongen (hoofdstuk
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7). Een ander belangrijk aspect wat we aantoonden is dat vliegenvangers vaker worden
gedood door mezen wanneer hun aankomst synchroner loopt met de eileg van de mezen
(hoofdstuk 6). Het is dus mogelijk dat het synchroner lopen van mezen en vliegenvangers
met name van belang is in de vestigingsfase, tijdens de competitie om geschikte broed-
holtes en dat synchronie tussen soorten er tijdens de jongenfase niet veel toe doet.

Slotbeschouwing en vooruitzicht

In algemenere zin is de verwachting dat de tragere aanpassing aan klimaatsverandering
van vliegenvangers ten opzichte van mezen leidt tot divergentie in hun fenologie, maar
dat mezen een hogere overleving zullen hebben, doordat winters warmer worden (hoofd-
stuk 3, 6). In hoofdstuk 5 hebben we aangetoond dat aankomende vliegenvangers liever
mezeninformatie gebruiken in gebieden waar meer mezen zitten, maar vliegenvanger -
informatie de voorkeur geniet wanneer vliegenvangers in de meerderheid zijn. Als
klimaats verandering ervoor zorgt dat mezen beter overleven, dan zou dit ook het infor-
matiegebruik van vliegenvangers kunnen beïnvloeden wanneer mezen vaker een meer-
derheid gaan vormen na warmere winters. Aangezien mezen en vliegenvangers over het
algemeen wat minder synchroon gaan lopen, is mijn verwachting dat deze dichtheidsaf-
hankelijke effecten van competitie een doorslaggevendere rol gaan spelen in eventuele
populatie-effecten van klimaatsverandering op vliegenvangerpopulaties dan de interspeci-
fieke synchronie in timing.

Ons onderzoek heeft aangetoond dat klimaatsverandering niet elke soort op dezelfde
manier beïnvloedt. Ook hebben we laten zien dat niet alleen interacties tussen trofische
niveaus (voedsel en vogels), maar ook binnen trofische niveaus (mezen versus vliegen-
vangers) kunnen veranderen. Dit heeft tevens veel vragen opgeroepen. Wat is bijvoor-
beeld het relatieve belang van trofische mismatch ten opzichte interspecifieke competitie
in de optimale aanpassing aan klimaatsverandering? Zal informatiegebruik tussen
soorten nog wel adaptief zijn wanneer informatie lineair verandert? Waarom is de ene
soort wel in staat en de andere niet in staat zich aan te passen aan klimaatsverandering?
Wat is het effect van dieetspecialisme versus generalisme op de optimale reactienorm?
Het onderzoeken van dergelijke vragen kost veel tijd en moeite, maar is uiteindelijk wel
van groot belang om er achter te komen waarom soorten verschillend reageren op omge-
vingsveranderingen.
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