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Abstract
Animals live in a heterogeneous world where threats and abundance and quality of resources vary
across space and time. Heterogeneity induces uncertainty in decisions that animals must make,
e.g., where to breed. Adaptive decisions may be facilitated by personally collecting information
on the quality of the environment and by observing the behaviour and success of other individuals.
Such social information use is common in nature. I investigate information use in relation to
ecological threats (brood parasites, nest predators) and long-term information use in breeding site
choice in the wild. Moreover, I examine the genetic basis of social cue use in breeding site choice.
I demonstrated experimentally that open-nesting hosts of a brood parasite, the common cuckoo
(Cuculus canorus), can cue on cuckoo vocalizations to estimate cuckoo abundance and avoid
breeding sites with high perceived parasitism risk. Another experiment showed that pied
flycatchers (Ficedula hypoleuca) derive predation risk information from the fates of heterospecific
nests, can associate the information with a nest site characteristic and generalize the association to
own nest site choice. However, apparently only young females that made their choice quickly used
the information in nest site choice. Pied flycatchers were further observed to collect habitat quality
information based on the old nest contents during the post-breeding period. Use of the information
in breeding site choice in the following spring varied between sex and age groups as well as
geographically. Some birds integrated the post-breeding period information with the information
available during settlement suggesting sequential social information use. Finally, quantitative
genetic analyses revealed low additive genetic variances and genetic heritabilities of social cue use
in breeding site choice in a collared flycatcher (Ficedula albicollis) population.
These results demonstrate new aspects of informed habitat choice in wild animals which have
important implications for species coexistence and community ecology, parasite-host coevolution,
between-species niche dynamics and evolution. Between-individual variation in information use
is highlighted throughout the thesis and warrants further research. The evolutionary potential of
information use appears low, but more studies in other populations and species are needed.

Keywords: between-individual variation, brood parasitism, coevolution, nest predation,
quantitative genetics, social information use, species coexistence

Tolvanen, Jere, Informaation käyttö eläinten elinympäristön valinnassa:
ekologinen merkitys ja evolutiivinen potentiaali.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 714, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Eläimet elävät ympäristössä, jossa resurssit ja uhat vaihtelevat ajallisesti ja alueellisesti. Tämä
vaihtelu aiheuttaa epävarmuutta eläinten päätöksentekoon, kuten pesimäpaikan valintaan. Hyödyllisten päätösten tekoa voi edesauttaa keräämällä tietoa ympäristön laadusta itsenäisesti tai
seuraamalla muiden yksilöiden käytöstä ja menestystä. Tällainen sosiaalisen informaation käyttö on yleistä eläinkunnassa. Tutkin informaation käyttöä ekologisten uhkien (pesäloiset, -pedot)
suhteen ja pitkäaikaista informaation käyttöä pesimäpaikan valinnassa luonnonpopulaatioissa.
Lisäksi selvitän pesimäpaikan valintaan liittyvän informaation käyton geneettistä periytyvyyttä.
Selvitin kokeellisesti, että pesäloisen, käen (Cuculus canorus), isäntälajit voivat käyttää käkien ääntelyä vihjeenä alueellisesta loisintauhasta ja siten välttää korkean uhan alueita pesimäpaikan valinnassa. Toisessa kokeessa havaittiin kirjosieppojen (Ficedula hypoleuca) keräävän tietoa pesäpetouhasta toisen lajin pesätuhojen kautta, kykenevän yhdistämään tiedon erilliseen
pesäpaikan ominaisuuteen ja käyttämään tätä assosiaatiota omassa pesäpaikan valinnassa. Kuitenkin vain nuoret naaraat, jotka tekivät valintansa nopeasti, käyttivät kyseistä informaatiota
valinnassaan. Lisäksi havaitsin kirjosieppojen keräävän tietoa ympäristön laadusta pesinnän jälkeen vanhojen pesäsisältöjen avulla. Kyseisen tiedon käyttö pesimäpaikan valinnassa seuraavana keväänä vaihteli lintujen sukupuolen ja iän suhteen, kuin myös alueellisesti. Osa linnuista
yhdisti pesimäpaikan valinnassaan aikaisempaa, pesinnän jälkeen kerättyä tietoa ja keväällä saatavilla olevaa sosiaalista informaatiota. Geneettinen analyysi viittasi pesimäpaikan valintaan liittyvän informaation käytön alhaiseen additiivisen geneettisen varianssin määrään ja siten alhaiseen geneettiseen periytyvyyteen sepelsiepolla (Ficedula albicollis).
Väitöskirjani tulokset kuvaavat uudenlaisia informaation käytön muotoja eläinten pesimäpaikan valinnassa. Havainnot auttavat ymmärtämään pesälois-isäntä rinnakkaisevoluutiota, lajien
välisiä vuorovaikutuksia, lajiyhteisöjen toimintaa ja evoluutiota. Yksilöiden välinen vaihtelu
informaation käytössä näyttää olevan yleistä, ja lisätutkimuksen tarpeessa. Informaation käytön
evolutiivinen potentiaali näyttää rajalliselta, mutta lisätutkimukset eri populaatioilla ja lajeilla
ovat tarpeen.

Asiasanat: kvantitatiivinen genetiikka, lajien yhteiselo, pesäloisinta, pesäpedot,
rinnakkaisevoluutio, sosiaalinen informaatio, yksilöiden välinen vaihtelu
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1

Introduction

1.1

Information in the heterogeneous world

Animals require resources to survive and reproduce. While securing food, mates
and nest sites, individuals need to avoid various threats (predators and parasites)
and competitors of common resources. Because the distribution and quality of
resources vary in space and time, animals are repeatedly confronted by decisions
that they must solve adaptively to maximize fitness. For example, individuals
need to choose where to forage and breed, with whom to mate and how much to
invest in reproduction. Variation in locations and quality of resources translate
into uncertainty in decision-making; information on the relative abundance and
quality of resources coupled with information on threats and competitors in
different locations is a prerequisite for adaptive decisions (Dall, Giraldeau,
Olsson, McNamara, & Stephens, 2005; Schmidt, Dall, & van Gils, 2010).
Individuals may acquire information by personally interacting with the
environment and experiencing the consequences of their decisions (trial-error
learning). Such personal information collection presumably takes a considerable
amount of time and may expose the individual to various threats (e.g., predators
when collecting information of their abundance). Another way to collect
information about the environment is to use social information, i.e. to observe the
locations, behaviour and success of other individuals (Danchin, Giraldeau,
Valone, & Wagner, 2004; Seppänen, Forsman, Mönkkönen, & Thomson, 2007;
Schmidt et al., 2010). Social information use may provide a quicker and safer way
to obtain environmental information than collecting personal information
(Giraldeau, Valone, & Templeton, 2002; Goodale, Beauchamp, Magrath, Nieh, &
Ruxton, 2010). During recent years, evidence of social information use in various
ecological contexts and taxonomic groups has been rapidly accumulating. Social
information plays a prominent role in foraging, breeding, predator avoidance and
mate choice (Galef & White, 2000; Galef & Giraldeau, 2001; Griffin, 2004;
Szymkowiak, 2013) and involves mammals, birds, fish, reptiles, amphibians and
insects (Stamps, 1988; Chittka & Leadbeater, 2005; Pupin, Sacchi, Gentilli,
Galeotti, & Fasola, 2007; Laland, Atton, & Webster, 2011; Slagsvold & Wiebe,
2011; Thornton & Clutton-Brock, 2011). Social information use has also been
suggested as a driver of social aggregations, cultural evolution and speciation
(Danchin et al., 2004), thereby having a pivotal role in ecology and evolution.
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Although social information use potentially permits quick collection of
diverse information, it is not always adaptive (Giraldeau et al., 2002; Laland,
2004). The benefits of collecting social information, which depend on its value
(relevance, reliability) and availability, must exceed the costs involved (e.g.,
maintenance of the required cognitive system). The obtained information should
be relevant for the observer, i.e., the information should help in finding or using
needed resources or in avoiding threats. This requires the producer of the
information to be ecologically similar (uses similar resources or shares similar
threats) to the observer. Information should also be reliable. Reliability depends
on the spatial and temporal autocorrelation of the abundance and quality of the
resource or threat (Doligez, Cadet, Danchin, & Boulinier, 2003; Fletcher, 2006)
coupled with the spatial and temporal distance between the original collection of
the information (personal information collection by the social information
producer) and application of the (social) information by the observer (Seppänen et
al., 2007). The reliability, and thus the value of social information decreases as the
spatiotemporal distance between the original information collection and
implementation of the social information increases. This rate of decrease becomes
stronger with decreasing spatiotemporal autocorrelation of the resource or threat.
Variation in the individual quality of information producers (e.g., in ability to
collect personal information) introduces further variation in the value of social
information. Thus, animals should preferably use higher quality information
producers (e.g., more experienced individuals, individuals with higher cognitive
skills) as information sources (Laland, 2004). Utility of social information also
depends on its availability: no matter how valuable the information would be, it is
useless if it cannot be observed. In nature, for example, acoustic information may
be more easily observed than visual one (Fletcher & Sieving, 2010).
Ecological similarity is naturally highest between individuals of the same
species, and thus social information use based on conspecifics is common
(Danchin et al., 2004; Schmidt et al., 2010). However, conspecific information
use results in aggregations of individuals and/or copying of behaviours that
increase intraspecific competition on shared resources potentially restraining
conspecific attraction (Szymkowiak, Thomson, & Kuczynski, 2016). In recent
years, also social information use based on individuals of other species,
heterospecifics, has been increasingly observed (Seppänen et al., 2007; Goodale
et al., 2010; Avarguès-Weber, Dawson, & Chittka, 2013). Different species have
varying capabilities of collecting information and may collect different kinds of
information (Goodale et al., 2010). Therefore, individuals may gather even more
18

diverse and valuable information from heterospecifics than from conspecifics
(Seppänen et al., 2007). Extending information collection to heterospecifics also
increases the number of observable individuals, i.e., the availability of social
information. By gathering social information from heterospecifics, individuals
can avoid the costs of increased intraspecific competition but may, of course,
suffer from interspecific competition. Interspecific competition should usually be
less severe than intraspecific competition, and thus heterospecific information
may be more valuable than conspecific information.
Heterospecific social information use, such as heterospecific attraction and
copying of behaviours (e.g., Mönkkönen, Helle, & Soppela, 1990; Forsman,
Seppänen, & Mönkkönen, 2002; Fletcher, 2007; Sebastián-Gonzáles, SánchezZapata, Botella, & Ovaskainen, 2010; Loukola, Seppänen, Krams, Torvinen, &
Forsman, 2013), can result in positive fitness effects for the information user
(Forsman et al., 2002). Thus, social information use may favour maintaining or
increasing ecological similarity between species in a community. However,
ecological similarity also increases competition for shared resources, favouring
decreasing ecological similarity between competing species: divergence of
ecological roles in the ecosystem, the species niches, via character displacement
is a central paradigm for species coexistence theory and community ecology
(Hutchinson, 1957; MacArthur & Levins, 1967; Leibold, 1995; Chesson, 2000).
Heterospecific social information use may therefore make species interactions
more complex than previously thought.
1.2

Breeding habitat choice and reproductive investment

One important axis of the species niche is the characteristics of offspring
production (breeding) site (nest, den, oviposition location, etc.). Breeding habitat
choices are particularly important, since breeding sites should ensure not only the
survival of an individual but also its successful reproduction and survival of the
progeny. Breeding habitat choices thus have direct consequences for individual
fitness both during the particular breeding season and for the whole lifetime (Pärt,
2001; Sergio et al., 2009). Habitat choice that maximizes lifetime reproductive
success requires information about the relative quality of different habitat patches.
Iteroparous animals should also adjust their present reproductive investment in
relation to the quality of the chosen habitat and future reproductive prospects
(Stearns, 1976).
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Individuals may sample the environment for high-quality breeding sites that
contain required resources (nest sites and food) and have low abundance of
predators and parasites. For example, predation risk affects breeding site choices
and investment decisions (Eggers, Griesser, Nystrand, & Ekman, 2006; Fontaine
& Martin, 2006a,b; Thomson et al., 2006; Mönkkönen, Forsman, Kananoja, &
Ylönen, 2009; Emmering & Schmidt, 2011; Zanette, White, Allen, & Clinchy,
2011). Social information use is also widespread in guiding breeding behaviour
(Danchin et al., 2004; Seppänen et al., 2007; Szymkowiak, 2013). Animals adjust
their dispersal decisions and breeding site choices based on conspecific and
heterospecific density and distribution (Forsman et al., 2002; Thomson, Forsman,
& Mönkkönen, 2003; Doligez, Pärt, Danchin, Clobert, & Gustafsson, 2004;
Sebastián-Gonzáles et al., 2010; Kivelä et al., 2014), nest site preferences
(Seppänen & Forsman, 2007; Loukola et al., 2013; Jaakkonen, Kivelä, Meier, &
Forsman, 2015), breeding success (Doligez, Danchin, & Clobert, 2002; Sergio &
Penteriani, 2005; Boulinier, McCoy, Yoccoz, Gasparini, & Tveraa, 2008; Kivelä
et al., 2014; Kelly & Schmidt, 2017) and individual quality (Szymkowiak et al.,
2016). Social information may also be used in optimising reproductive investment
(Fletcher & Miller, 2008; Forsman, Hjernquist, Taipale, & Gustafsson, 2008;
Forsman, Seppänen, & Nykänen, 2012; Miller, Fletcher, & Gillespie, 2013).
1.3

Evolutionary potential of social information use strategies

Understanding the inheritance mechanisms of a behaviour is vital for unravelling
its evolutionary potential, and thus for making accurate predictions of potential
evolutionary change. The traditional view advocates evolution as the process by
which the frequencies of genes in a population change over time (Mayr &
Provine, 1980; Lynch & Walsh, 1998). It implies that only genetically inherited,
DNA-coded characteristics may be under natural selection and evolution. Thus,
the evolutionary potential of a trait has been strictly related to the amount of
additive genetic variance in the trait, while the relative effect of genes in defining
the phenotype has been defined by the proportion of additive genetic variance to
the total phenotypic variance (the narrow sense genetic heritability; Lynch &
Walsh, 1998). Despite the extensive interest in studying social information use or
other social behaviours, very little is known about the inheritance mechanisms of
these behaviours. Some evidence suggest that certain social behaviours are at
least partly genetically determined (Charmantier, Keyser, & Promislow, 2007;
Lea, Blumstein, Wey, & Martin, 2010; Brent et al., 2013; Weiss & Foerster,
20

2013), yet others seem not to be (Lea et al., 2010; Brent et al., 2013). By
providing a quick way for an individual to update its knowledge of the
surrounding environment, social information use may enhance the capabilities of
animals to respond to environmental changes, such as climate change (Ponchon,
Garnier, Grémillet, & Boulinier, 2015; Keith & Bull, 2016). Having the potential
of contributing to the key ecological processes both within and between species
(Danchin et al., 2004; Seppänen et al., 2007; Goodale et al., 2010), understanding
the inheritance mechanisms and evolutionary potential of social information use
strategies is particularly important.
Since social information use involves cueing on the behaviour and success of
others, it often results in social attraction to successful and/or avoidance of
unsuccessful individuals. Social information use therefore shapes the social
environment that animals experience. Social environment choice and genetic
variation within it, in particular, may have far reaching consequences in
ecological and evolutionary processes, such as genotype-environment
correlations, maintenance of genetic variance and heritability and expression of
other, environment-dependent traits (Saltz, 2011, 2017; Saltz & Nuzhdin, 2014).
Although previous work on social environment choice has concentrated on
conspecific social environment choice, the individuals of other species constitute
an important part of the social environment (Seppänen et al., 2007; Goodale et al.,
2010). Genetic variation in social environment choice in relation to
heterospecifics may have similar consequences as genetic variation in conspecific
social environment choice but would also have additional implications. Genetic
variation in heterospecific social environment choice would create withinpopulation variation in heterospecific associations with potentially important
consequences for interspecific interactions and species coexistence. Therefore,
understanding the genetic background of a trait that affects the conspecific and
heterospecific social environments is important. In Drosophila fruit flies, genetic
variation contributes to variation in social information use and social environment
choice (Saltz, 2011; Foucaud, Philippe, Moreno, & Mery, 2013; Philippe et al.,
2016). In addition, conspecific social environment choice in colonial cliff
swallows (Petrochelidon pyrrhonota) is genetically heritable (Brown & Brown,
2000), but whether the same is true in other organisms in the wild remains
unknown. The genetic background of social environment choice in relation to
heterospecifics has, to my knowledge, not been studied.
Recently, several authors have questioned genetic heritability as the only
inheritance mechanism affecting the evolution of traits and highlighted the
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possibility of nongenetic inheritance mechanisms, such as epigenetic,
environmental and cultural inheritance (Jablonka & Lamb, 2005; Bonduriansky &
Day, 2009; Danchin et al., 2011; Bonduriansky, 2012; Danchin, 2013). They
argue that all information that is transmitted between generations, be it genetically
or nongenetically inherited (or both), is evolutionarily relevant. Natural selection
acts on phenotypes of individuals, and thus all aspects of the phenotypic
variability that are in some way transmitted to the next generation are under
natural selection and contribute to the evolvability of a trait (Jablonka & Lamb,
2005; Bonduriansky & Day, 2009; Danchin et al., 2011). Social information use is
inherently related to social or cultural transmission of behaviour (Danchin et al.,
2004), thus studying its inheritance mechanisms may also be particularly fruitful
in shedding light on the potential of cultural inheritance affecting trait evolution.
1.4

Aims of the study

Information use in habitat choice and reproductive investment has been studied
intensively in recent years, especially in birds (Seppänen et al., 2007; Schmidt et
al., 2010; Szymkowiak, 2013). However, several aspects still remain poorly
understood. The aims of this thesis are three-fold. First, I investigate information
use in habitat and nest site choice and reproductive investment in relation to
major risks of breeding failure (brood parasitism and nest predation). Second, I
study long-term (between-years) effects of heterospecific information use on
habitat choice and reproductive investment. Third, I begin unravelling the
evolutionary potential of social information use strategies by estimating their
additive genetic variance and genetic heritability.
Brood parasitism where the parasite lays eggs in the nests of the host birds,
which then incubate the egg and raise the parasitic nestling, results in severe
fitness costs for the hosts (Rothstein, 1990; Davies, 2000; Feeney, Welbergen, &
Langmore, 2014). To avoid the costs of parasitism, the hosts possess diverse
adaptations that the parasites, in turn, try to overcome by counter-adaptations. The
resulting arms race is a text-book example of co-evolutionary interactions
between species (Rothstein, 1990; Davies, 2000; Feeney et al., 2014). Host antiparasite adaptations have been found throughout the breeding cycle, but habitat
choice as a potential early-stage adaptation to avoid parasitism has been
neglected. Fitness costs of parasitism would be minimized if the host deters the
parasite early in the breeding cycle (Feeney, Welbergen, & Langmore, 2012), and
thus avoiding parasites via informed habitat choice would be particularly
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beneficial. In study I, I experimentally investigate whether forest passerine birds
can use vocal cues of brood parasites to assess local parasitism risk and adjust
breeding habitat choice and investment decisions accordingly. If birds perceive
such cues, they are expected to avoid and/or show lower reproductive investment
in sites of high perceived parasitism risk.
Nest predation is another major cause of breeding failure and thus an
important general selective force in animals (Martin, 1993; Ibáñez-Alámo et al.,
2015). Direct observations of often stealthy nest predators are relatively rare
events and may therefore offer little information for decision-making. However,
birds do, for example, adjust their breeding decisions in response to varying nest
predation risk (e.g., Eggers et al., 2006; Fontaine & Martin, 2006a, b; Lima, 2009;
Pakanen, Rönkä, Thomson, & Koivula, 2014). Another potential mechanism to
estimate predation risk is cueing on indirect signs of predators such as odour,
excrements or other traces (Amo, Galván, Tomás, & Sanz, 2008; Mönkkönen et
al., 2009; Eichholz, Dassow, Stafford, & Weatherhead, 2012; Forsman,
Mönkkönen, Korpimäki, & Thomson, 2013). In study II, I tested whether a
passerine bird, the pied flycatcher (Ficedula hypoleuca), collects nest predation
risk information from indirect cues of predators visiting nests of heterospecific
tits (Parus sp.). I further tested whether the pied flycatcher can associate such
information with a specific nest site characteristic and is able to generalize the
perceived association and use it in guiding its own nest site choice. If that is the
case, pied flycatchers are expected to avoid vacant nest sites featuring the nest site
characteristic indicating high predation risk.
Most of the research on heterospecific information use in habitat choice and
investment decisions in migratory birds has focused on the within breeding
season context (e.g., Forsman et al., 2002; Loukola et al., 2013; Szymkowiak,
Thomson, & Kuczynski, 2017). It is less well known whether heterospecific cues
are assessed during or after a breeding season to aid decision-making in future
breeding (Parejo, Danchin, & Avilés, 2005; Sebastián-Gonzáles et al., 2010;
Forsman et al., 2014; Kivelä et al., 2014). A particularly interesting time-period
regarding information collection is the post-breeding period, after the young have
fledged until departure for autumn migration. During this period, all birds,
including breeders and fledglings, should have ample time to prospect the
environment for new information. However, because of the extensive movements
of fledglings and potentially adults during this period (Péron & Grémillet, 2013;
Brown & Taylor, 2015), it is difficult for the prospectors to evaluate site quality
through the traditional social cues (density of adults and fledglings). Another
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potential social cue for assessing habitat quality, even after breeding birds have
left an area, is the presence and contents of old nest structures. The ability to use
old nests or nest contents, including those of other species, as social information
about habitat quality would considerably increase available habitat quality
information. Besides these social cues, the mere abundance of available nest sites
(e.g., cavities) could be used as a cue for future habitat choice.
In study III, I experimentally tested whether the migratory, cavity-nesting
pied flycatcher uses heterospecific social information, expressed by old nest
cavity contents of the great tit (Parus major), or information on the abundance of
suitable nest sites (empty cavities), to adjust its breeding site choice and
investment decisions during the next breeding season. Availability of this
information was limited to the post-breeding period. If flycatchers collect
information on the quality or abundance of potential future breeding sites during
the post-breeding period, and if they are capable of cueing on mere nest contents,
I expect them to preferentially settle in sites where suitable nest sites were
abundant. In addition, birds are expected to especially prefer and show higher
reproductive investment in sites where heterospecific tits were apparently
breeding successfully in the previous year.
Breeding site choice in relation to present or past (previous year) conspecific
and heterospecific abundance and breeding success is one of the most well-known
forms of social information use (Danchin et al., 2004; Seppänen et al., 2007;
Szymkowiak, 2013). In study IV, I investigate the inheritance mechanisms of
social information use strategies by examining the genetic variation underlying
these traits in a collared flycatcher (Ficedula albicollis) population breeding on
the island of Gotland, Sweden. I examine six different variables describing
breeding site (social environment) choice in relation to past and current
abundance and success of conspecifics and heterospecific great tits. Because
breeding site choice represents a joint phenotype of the female and the male of a
breeding pair, I simultaneously estimate additive genetic variances in both sexes
as well as their cross-sex additive genetic covariance. Investigating the additive
genetic effects of both sexes and their covariance is crucial in understanding the
total genetic potential within a population (Moore, Brodie, & Wolf, 1997; Wolf,
Brodie, Cheverud, Moore, & Wade, 1998; Bijma, Muir, & Van Arendonk, 2007a).
I further repeat the analyses using several different spatial scales over which the
social environment is defined to test whether the total additive genetic variance
varies depending on the spatial scale and to compare the results to the
corresponding ecological patterns studied in Kivelä et al. (2014).
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2

Materials and methods

2.1

Study areas

The study sites were located in boreal forests near the cities of Oulu (65°N 26°E;
I, II, III) and Kauhava (63°N 23°E; III) in western Finland and on the island of
Gotland, Sweden (57°N, 18°E; IV). The general study areas for I, II and III are
characterized by heterogeneous conifer and mixed conifer and deciduous forests
interspersed with mires and agricultural areas. The dominant tree species are
Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and silver birch
(Betula pendula). Overall, the study area near Oulu was ca. 445 km2 (I, II, III)
and the study area near Kauhava ca. 205 km2 (III). The Gotland study area (ca. 30
km2) consists of isolated deciduous or mixed forest patches within agricultural
landscape, the dominant tree species being English oak (Quercus robur),
European hazel (Corylus avellana), blackthorn (Prunus spinosa) and European
ash (Fraxinus excelsior).
2.2

Study species

The model system throughout the thesis is the forest passerine bird community.
Study I involved the whole forest passerine community and the common cuckoo
(Cuculus canorus) as the brood parasite, whereas the other studies focused on the
pied flycatcher (II, III), the collared flycatcher (IV) and the great tit (II, III, IV).
Common cuckoo (hereafter cuckoo) is an insectivorous tropical migrant that
does not build its own nest but parasitizes the parental care of several passerine
host species (Davies, 2000). The breeding range extends throughout Eurasia, and
wintering areas for European populations are in tropical Africa (Hewson, Thorup,
Pearce-Higgins, & Atkinson, 2016; Vega et al., 2016). In Europe, cuckoo
parasitizes up to 100 host species, but regularly about 30 species (Davies, 2000).
Females are divided into specific gentes that differ in their egg colour and host
species preferences, but males mate with any female irrespective of the gentes
(Davies, 2000). Cuckoos arrive in Finland in May and parasitize hosts until July.
One of the most common hosts is the common redstart (Phoenicurus
phoenicurus, hereafter redstart; Samaš, Rutila, & Grim, 2016; Thomson,
Tolvanen, & Forsman, 2016). The redstart is a mostly insectivorous, migratory,
cavity-nesting passerine that breeds across most of Europe and northwestern Asia
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and winters in west-central Africa (Willemoes, Tøttrup, & Thorup, 2013). In the
Oulu region, it breeds from mid-May to early July with a usual clutch size of 6–8
eggs. The rest of the passerine community involved in study I consisted of 19
species of migratory or resident, open or cavity-nesting birds (Table 1 in I).
The pied flycatcher is a cavity-nesting migrant that feeds on insects. It
winters in west-central Africa (Ouwehand et al., 2016) and arrives in breeding
grounds in Finland in mid-May. The usual clutch size is 6–7 eggs. The collared
flycatcher is ecologically very similar to the pied flycatcher but is a more
southern species with the northernmost populations breeding on the southern
islands of the Baltic Sea. It is an African migrant wintering south of the equator
(Briedis et al., 2016). It arrives in Gotland in late April to early May and usually
has a clutch size of 6–7 eggs (Gustafsson, 1987). Both pied and collared
flycatchers often use social information in guiding their breeding behaviour.
Frequent information sources include conspecifics (e.g., Doligez et al., 2002,
2004; Kivelä et al., 2014; Jaakkonen et al., 2015) and heterospecifics (e.g.,
Forsman et al., 2002; Seppänen & Forsman, 2007; Forsman et al., 2012; Loukola
et al., 2013; Kivelä et al., 2014; Jaakkonen et al., 2015; Samplonius & Both,
2017) of which the most common is the great tit. The great tit is a mostly resident,
cavity-nesting passerine and a competitor of the flycatchers (Gustafsson, 1987;
Forsman, Thomson, & Seppänen, 2007). Resident birds may be preferable
information sources because they have more time to collect environmental
information than migrants. Great tits also have relatively large brains and are
highly innovative (Sol, Lefebvre, & Rodríguz-Teijeiro, 2005a; Sol, Duncan,
Blackburn, Cassey, & Lefebvre, 2005b), potentially making them particularly
valuable information sources. Both pied and collared flycatchers as well as
redstarts and great tits readily breed in nest boxes.
2.3

Habitat choice in relation to brood parasitism and nest
predation

2.3.1 Vocal cues of brood parasites in adjusting breeding behaviour
This experiment was conducted in pine-dominated forest patches near Oulu in
2011–2012. The experimental design consisted of eight separate forest patches
(5.5–11 ha) where nest boxes were provided for the redstart and other cavitynesting birds. Patches were paired according to size, spatial proximity and habitat
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characteristics, and randomized to two treatments. In the "cuckoo" treatment, the
perceived risk of parasitism was increased by playbacks of male common cuckoo
vocalizations (the "cu-coo" song, "kuk-kuu" in Finnish). In 2011, four forest
patches were assigned to this treatment, while the other four served as silent
controls (no playback). The experiment was replicated in 2012 using the same
forest patches but with reversed treatments. The playbacks were started before or
during the settlement of resident and migratory birds and continued throughout
the settlement period.
Regular site visits included monitoring breeding redstarts (laying date, clutch
size, nest success) and other species in the nest boxes and recording natural
cuckoo abundance. After the settlement period in June, the forest passerine
communities settled into the sites were surveyed twice in each site using an
applied territory mapping method (Koskimies & Väisänen, 1988). Because of the
low number of censuses per site, we conservatively estimated the species-specific
densities as the average number of observed individuals divided by the patch area.
These densities were assumed to reflect the number of breeding pairs. For species
breeding in nest boxes, also the nest box data was taken into account as providing
the minimum estimate of the number of breeding pairs. In addition, another
density estimation method defining the estimate as the maximum census or nest
box data result was applied, but that gave identical results to the former "average"
method. The encountered passerine species were classified into (potential) hosts
and non-hosts based on the classification of European cuckoo hosts by Davies
(2000; see Table 1 in I).
Generalized linear mixed models (GLMM) were used to analyze treatmentrelated differences in the total number and density of species, number and density
of host species, non-host species and densities of the most abundant species
(redstart, spotted flycatcher Muscicapa striata, chaffinch Fringilla coelebs, tree
pipit Anthus trivialis, willow warbler Phylloscopus trochilus, pied flycatcher,
great tit, Eurasian siskin Carduelis spinus). The laying date and clutch size
(reproductive investment) of redstarts were also analyzed. The full models
included the treatment and year effects and their interaction. Additional covariates
were patch size in species richness and density analyses and laying date in
redstart clutch size analysis. Forest patch identity was included as a random
intercept effect in all models. Biologically relevant models within the full models
were fitted, and Akaike's Information Criterion (AICc) was used to find the most
parsimonious model (Burnham & Anderson, 2002). Program R (R Core Team,
2016) was used for statistical analyses throughout the thesis.
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2.3.2 Interspecific information on predation risk and nest site choice
The experiment in study II was conducted near Oulu in 2013–2016. The design
included separate nest box sites in habitat suitable for breeding pied flycatchers.
Sites were at least a kilometre apart to improve their independence. Each site
consisted of two pairs of nest boxes set up in trees of same size and species (Fig.
1). In one pair, the "information box pair", nest boxes were set up 10 m apart and
artificial great tit nests were made of moss and sheep hair inside both nest boxes.
Flycatchers most likely perceived these nests as tit nests, or at least as
heterospecific nests, because flycatcher nests are made of conspicuously different
materials (wood bark, dry hay). The artificial nests were randomized to two
treatments representing contrasting perceived nest predation risk: 1) "High-risk"
nest site where faeces and urine of mustelids (abundant predators) dissolved in
water was sprayed inside and outside the nest box. Two pieces of mustelid faeces
and few fragments of a common hen (Gallus gallus domesticus) egg were put on
top of the nest. 2) "Low-risk" nest site treated by using only water in spraying and
two pieces of black string instead of the mustelid faeces, without egg fragments.

Fig. 1. Schematic illustration of the experimental set-up in study II.
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A neutral symbol made of white plastic was attached around the entrance hole
of each nest box; one box got a triangle and the other one a circle. The symbol
characterising the "high-risk" nest site was randomly chosen across the
experimental sites resulting in the triangle depicting the high-risk nest site in half
of the sites while the circle did the same in the other half. These novel, neutral
characteristics were used because birds should not have any intrinsic or learned
response to them. Therefore, the symbols make it possible to associate
information (here the nest predation risk) to a nest site characteristic that is free of
confounding factors. A similar symbol design has been used successfully in
earlier studies (e.g., Seppänen & Forsman, 2007; Loukola et al., 2013). About 20
meters away, another box pair, the "choice box pair", was set up. This pair
included vacant nest boxes about two meters apart between which the settling
flycatchers were supposed to make their nest site choice. Flycatchers readily settle
on top of existing nest structures, e.g. tit nests, but prefer other material even
more (Loukola, Seppänen, & Forsman, 2014). To avoid flycatchers settling within
the "information box pair" that would not yield any data on their ability to
associate neutral nest characteristics with the simulated predation risk, we put 1.5
litres of clean sawdust inside both nest boxes in the "choice box pair". Finally, the
triangle and circle symbols were randomly assigned to each nest box.
The experimental sites were visited every second day, including refreshing
the treatments in the "information box pair" and monitoring the settlement of
flycatchers within the "choice box pair". The emerging flycatcher nests were
classified to four stages from 1 = some material to 4 = nest ready for laying. The
nest site choice was recorded when at least a two-stage difference in nest building
was observed between the nest boxes. Because of the temporal degradation of
social information (cf. Seppänen et al., 2007), it is expected to be used quickly
after acquisition. To take this into account, a variable "decision time" was derived
as the difference between the choice date and approximate female arrival date (the
day of nest initiation). Female flycatchers were captured during incubation, aged
as young (1-year-old) or old (at least 2-years-old) based on plumage
characteristics (Jenni & Winkler, 1994) and measured (tarsus length).
Statistical analyses were based on generalized linear models (GLM) with
binomial error structure. Full model consisted of variables female age, tarsus
length, arrival time (linear and quadratic effects), decision time, year and chosen
symbol. In addition, two-way interactions between female age and tarsus length,
arrival time and decision time as well as between tarsus length and decision time
were fitted. Biologically reasonable models within the full model were fitted and
29

AICc was used to rank the models (Burnham & Anderson, 2002). Models within
ΔAICc < 6 were considered as the top model set but with the constraint that the
models that were more complex versions of a model with lower AICc were
omitted (Richards, Whittingham, & Stephens, 2011). If more than one model was
included within the top model set, evidence ratios were used to evaluate the
relative support between the models (Burnham & Anderson, 2002). Inferences
were based on the effect sizes and 95% confidence intervals in the supported
models.
2.4 Long-term information use in habitat choice and reproductive
investment
The third experiment (III) was done in 2013–2014 in two distinct study areas near
Oulu and Kauhava. Separate nest box sites were set up at least a kilometre apart
in pine-dominated forests that had low abundance of natural cavities and did not
previously have nest boxes. Each site included four nest box locations in a square
approximately 60 m apart. Sites were set up at the end of June 2013. Each site
was randomly assigned to one of four treatments representing variable breeding
prospects and site quality for the next breeding season, 2014 (Fig. 2):
1.
2.
3.
4.

1high breeding quality (real, successful great tit nests in all boxes; hereafter
"Tit" treatment)
suitable quality (nest sites available but boxes empty; "Suitable" treatment)
poor quality, control (unsuitable cavities, boxes upside-down and roofs open;
"Unsuitable" treatment)
no cavities, control (no boxes at all, empty sites; "Empty" treatment)

In total, sixteen replicates of each treatment, i.e. 64 sites, were established (10
replicates, 40 sites in Oulu and 6 replicates, 24 sites in Kauhava). The nest boxes
remained at the sites for the post-breeding period (from fledging of the young to
autumn migration) and were removed after that. In Oulu, video cameras inside the
nest boxes were used for investigating whether flycatchers visited the
experimental boxes during the post-breeding period. Four different flycatchers
were observed in 947 hours of recording, but that covered only 1.3% of the total
prospecting hours in July. In the next spring, 2014, four identical, empty nest
boxes suitable for breeding were put up in all sites irrespective of the treatment.
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Fig. 2. Schematic illustration of the experimental design in study III. The treatments
simulating habitat quality information were set up during the post-breeding season in
2013, and responses to the treatments were observed during the settlement period in
the next year, 2014.
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Use of various social information sources during settlement (short-term use) may
obscure the long-term (between-years) effects of a specific cue. We thus
examined the long-term treatment effects while controlling for the short-term
social information sources present during settlement, i.e., the abundance and
reproductive investment of the conspecifics and heterospecific tits. At the
beginning of the flycatcher settlement period, overall abundance of tits (Parus
sp.) in each nest box site was estimated by conducting playback censuses. Some
of the provided nest boxes were also occupied by great tits. These were followed
to define the presence/absence of breeding great tits and their reproductive
investment (egg number) in each site. The nest boxes were visited every second
day to record the flycatcher (and tit) nesting stage. Reproductive investment of
flycatchers was monitored as clutch size, mean egg mass and total clutch mass.
Measures of breeding success included brood size and fledgling number. Most
adult flycatchers were captured, aged (1-year-old vs. older; Jenni & Winkler,
1994) and measured (tarsus length).
Pied flycatcher nest box occupancy was analysed using mixed Cox regression
models. For the other response variables GLMMs with gaussian (laying date,
mean egg mass, clutch mass) or Poisson (clutch and brood size, fledgling
number) error structure were used. The full models varied between different data
sets because of varying availability of explanatory variables. The maximum set of
explanatory variables consisted of Treatment (Tit, Suitable, Unsuitable, Empty),
TitIndex (overall tit abundance), great tit and conspecific abundance and
investment and phenotypes of female and male flycatcher adults (age, tarsus
length). Two-way interactions between the treatment and the other variables were
also included. Site identity was included as a random intercept effect. All models
within the full models but retaining the Treatment and the random effect were
fitted and AICc was used to rank the models (Burnham & Anderson, 2002).
Models within ΔAICc < 6 were considered as the top model set but with the
constraint that the models that were more complex versions of a model with lower
AICc were omitted (Richards et al., 2011). If more than one model was included
within the top model sets, evidence ratios were used to evaluate the relative
support between the models (Burnham & Anderson, 2002). The main interest was
in the treatment effects, and thus all pair-wise comparisons between the
treatments were done. If no clear difference between the two control treatments
(Unsuitable, Empty) were observed, these were combined to a single Controls
treatment and the analysis was re-run.
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2.5

Genetic basis of information use strategies

The fourth study examining the genetic background of social information use
strategies (IV) was based on long-term data from a collared flycatcher population
breeding on the island of Gotland, Sweden. Since 1980, nest boxes have been
provided for the flycatchers, and their breeding has been monitored to record
relevant breeding parameters. Extensive ringing of breeding adults and nestlings
combined with relatively high return rates (11% in juveniles, 39% in adults;
Kruuk, Merilä, & Sheldon, 2001) to the study area has enabled individual followup through reproductive lifetime and construction of a social pedigree. About
15% of nestlings originate from extra-pair paternity (Sheldon & Ellegren, 1999),
but such paternity error level should not cause considerable bias in genetic
parameter estimates (Charmantier & Réale, 2005; Firth, Hadfield, Santure, Slate,
& Sheldon, 2015). Since 2004, also the great tits breeding in the nest boxes have
been closely monitored. Phenotypic data used in this study was collected in 2005–
2010. The collared flycatcher pedigree was based on the full flycatcher study
period (1980–2010). The study area consisted of 15 forest patches including, in
total, 1379 nest boxes.
The aim of the study was to estimate additive genetic (co)variances and
genetic heritabilities of breeding site choice in relation to present (current
breeding season) and past (previous year) abundance and breeding success of
conspecifics and heterospecific great tits. Six variables were derived, each of
which described breeding site (or social environment) choice in relation to one
information source: breeding site choice in relation to 1) present abundance of
conspecifics, 2) past abundance of conspecifics, 3) past breeding success (number
of fledglings) of conspecifics, 4) present abundance of great tits, 5) past
abundance of great tits or 6) past success of great tits. Each variable was
calculated as the difference between the social environment of the nest box
chosen by the focal flycatcher pair and the average social environment over all
available (empty) nest boxes on the day of nest site choice (see details in IV).
Therefore, positive variable values indicated attraction to areas with high
conspecific or heterospecific abundance or success during the current or the
previous breeding season. Negative variable values indicated avoidance of such
areas, while zero values implied random breeding site choice relative to the
information source. To see whether the genetic parameters vary depending on the
spatial scale over which the social cues were defined, the analyses were repeated
for each variable using eleven different spatial scales. The spatial scale of
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information use was varied by changing the parameter α that defined the spatial
scale over which the abundance (or breeding success) of neighbours for the
chosen and available nest boxes was calculated. If a small α value was applied
(minimum value 1), the spatial scale of the social environment became essentially
restricted to the few closest nest boxes (within ca. 20 meters of the focal nest
box), while large α value (maximum value 101) resulted in the social environment
including approximately the whole forest patch (nest boxes within ca. 300 meters
of the focal nest box).
Genetic parameters were estimated using a series of univariate animal models
(Lynch & Walsh, 1998; Kruuk, 2004) within the Bayesian statistical framework.
The pedigree was pruned to contain only phenotyped individuals and their
ancestors and included 3557 individuals. The phenotypic variation within each
response variable was partitioned into female and male additive genetic variances
and their covariance, female and male dominance variances, female and male
permanent individual effects, breeding year and breeding patch effects and
residuals. Because age and dispersal status influence social information use in this
population (e.g., Doligez et al., 2002; Kivelä et al., 2014), they were accounted
for as a combined fixed "status" variable. Female and male genetic heritabilities
were derived as ratios of female and male additive genetic variances to total
phenotypic variance (conditioned on the fixed "status" effect), respectively. Total
additive genetic variance was derived as the sum of female and male additive
genetic variances and twice their covariance, and total genetic heritability as the
ratio of total additive genetic variance to the total phenotypic variance (Bijma et
al. 2007a; Bijma, Muir, Ellen, Wolf, & Van Arendonk, 2007b; Bergsma, Kanis,
Knol, & Bijma, 2008).
Based on the quantitative genetic analyses, individual repeatability estimates
were also calculated for both sexes. Repeatability estimates describe the degree of
consistent between-individual differences in relation to total phenotypic variation
and also indicate the upper limit of genetic heritability in a trait (Nagakawa &
Schielzeth, 2010; but see Dohm, 2002).
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3

Results and discussion

3.1

Habitat choice in relation to brood parasitism and nest
predation

The perceived risk of brood parasitism affected the breeding density of opennesting hosts of the cuckoo but did not influence species richness or densities of
the cavity-nesting host (the redstart) or non-hosts (I). The breeding density of the
open-nesting potential hosts was 33% lower in the sites where playback of cuckoo
calls indicated high parasitism risk compared to control sites. This suggests that
cuckoo hosts are able to cue on parasite vocalizations and preferentially settle in
sites where parasites appear less abundant. This experimental work in
combination with earlier correlative results (Øien, Honza, Moksnes, & Røskaft,
1996; Møller, Díaz, & Liang, 2016) and experimental studies in other brood
parasite-host systems (Forsman & Martin, 2009; Expósito-Granados et al., 2017)
demonstrates a potentially important role of host habitat choice in parasite-host
interactions. Such possibility has thus far been neglected, despite the recent
increased emphasis on the "front-line defenses", i.e., on adaptations occurring in
early nesting stages (Feeney et al., 2012, 2014). Theoretically, it is well known
that the adaptations at the early nesting stages would minimize the parasitism
costs for hosts, and also that such adaptations may greatly affect the evolution of
parasite-host interactions at the later stages of the breeding cycle (Grim, 2006;
Britton, Planqué, & Franks, 2007). Habitat choice may be the earliest stage at
which the host could avoid parasites, therefore it would be particularly important
to acknowledge the potential effects of informed habitat choice in parasite-host
interactions. This could help us understand some apparent controversies in
parasite-host interactions, such as low rejection rates of foreign eggs in many
hosts of brood parasites (Soler, 2014).
In contrast to the open-nesting hosts, the only regular cavity-nesting host of
the cuckoo, the redstart, did not seem to cue on cuckoo vocalisations: breeding
density, timing of breeding and reproductive investment (clutch size) were not
affected by perceived parasitism risk. Either redstarts are not able to use cuckoo
vocalisations as cues of parasitism risk or some other aspect of habitat quality
overrides the parasitism risk. For example, the scarcity of vacant cavity nest sites
in present-day managed forests may force them to choose any forest patch where
cavities are available. The redstart is an interesting cuckoo host, since it appears
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to lack defenses against the cuckoo also in the egg-laying and nestling stages of
the breeding cycle (Rutila, Latja, & Koskela, 2002; Grim, Rutila, Cassey, &
Hauber, 2009a, b; Samaš et al., 2016; Thomson et al., 2016). Perhaps that is the
reason why it currently is a common cuckoo host in northern Europe. It has also
been suggested that the cavity-nesting habit is an efficient adaptation against
cuckoo parasitism (Avilés, Rutila, & Møller, 2005). Cavity-nesting indeed poses
difficulties for cuckoos to successfully parasitize redstarts (Rutila et al., 2002;
Samaš et al., 2016; Thomson et al., 2016) that may decrease selection pressure for
other adaptations. However, it remains unclear whether cavity-nesting is a direct
adaptation to counter parasitism or an adaptation against, for example, nest
predation with the benefits against parasitism appearing as a by-product.
Informed habitat choice in relation to cues of brood parasites has important
implications for patterns of species coexistence and community structure.
Variable responses of birds depending on their host status and other functional
traits (e.g., nest type) results in varying local community structures possibly
driven by the abundance of parasites. Therefore, incorporating brood parasite
abundance in modelling species distributions and habitat choice would yield
greater understanding of patterns and causes of species and functional diversity.
The second part of the thesis demonstrated informed habitat or nest site
choice in relation to another ecological threat, nest predation (II). Pied flycatchers
were observed to be able to i) derive information on nest predators via indirect
cues present in nests of heterospecific tits, ii) associate that information with a
neutral nest site characteristic and iii) use that association in guiding their own
nest site choice. However, only young female flycatchers that made the nest site
choice decision quickly (within a few days) preferred the vacant nest site that
featured the characteristic implying lower predation risk (Fig. 3). Young females
that spent more time in decision-making and old females appeared to make
random nest site choices. An ability to derive valid information on predators via
indirect cues (e.g., excrements; Amo et al., 2008; Mönkkönen et al., 2009;
Eichholz et al., 2012; Forsman et al., 2013) and from heterospecific nesting
attempts increases the available information in the environment. A further
capability to associate such information to a specific nest site characteristic makes
it possible to generalize the information to another situation where similar nest
site characteristics are apparent. For example, vegetation characteristics are
ubiquitous and often associated with predation risk (Martin, 1988, 1996; Martin
& Martin, 2001) and most likely are more easily observable than predators
directly. However, the value of such information, or association of predation risk
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to a nest site characteristic, likely varies spatiotemporally depending on the
predator community and is expected to decrease with increasing distance (spatial
or temporal) from the event that generated the information association (Seppänen
et al., 2007). This may explain why only young females that made their decision
quickly appeared to use the simulated information. If one is to use information
adaptively, it is best to use it quickly before it becomes outdated (Seppänen et al.,
2007; see also Thomson, Sirkiä, Villers, & Laaksonen, 2013).
These results also provide empirical evidence for the expectation of faster
decision-making when relying on social information (Valone, 1989; Valone &
Templeton, 2002; Galef & Laland, 2005) that has previously been observed in
group foraging (Templeton & Giraldeau, 1996; Smith, Benkman, & Coffey,
1999). The lack of response in young females taking longer time in decisionmaking and in old females may be related to them collecting predation risk
information personally (direct observations of predator activity). Age- or
experience-related variation in social information use is common (Doligez et al.,
2004; Hahn & Silverman, 2006; Saleh & Chittka, 2006; Forsman et al., 2012;
Loukola, Seppänen, & Forsman, 2012; Farine, Spencer, & Boogert, 2015). The
spatial dispersion of nest boxes within each experimental site was rather small.
Some females, e.g., more experienced old females, may have perceived equal
predation risk in all nest boxes, resulting in the random nest site choice.
Copying nest site characteristics of heterospecifics that imply lower nest
predation risk may have interesting consequences for between-species niche
divergence-convergence dynamics and thus for species coexistence and
community structure. Such behaviour results in maintenance of similarity or even
increased convergence in the low-risk niche space between species and/or
divergence in the high-risk niche space. While nest predation risk has been
suggested as a prime driver of nest site niche divergence between species and thus
species coexistence (Martin, 1988, 1996; Martin & Martin, 2001), heterospecific
information use in relation to nest predation risk may complicate these niche
dynamics. Nest predation is expected to drive selection for choosing safer nest
sites in both species, the information producer and the information user.
Heterospecific information use may then add on the species-specific pressures
and accelerate convergence of the realized niches between the species. However,
convergence in nest site use increases the total nest density in the shared
microhabitat that may then increase nest predation in the specific microhabitat
that was previously safer (cf. Martin, 1988; Schmidt & Whelan, 1998; Martin &
Martin, 2001). The resulting niche dynamics can be complex and can also vary
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spatially depending on the spatiotemporal variation in predator community (e.g.,
functional responsiveness of the predators to increased nest density) and the
extent of heterospecific information use within the prey community.

Fig. 3. The probability of (a) young and (b) old pied flycatcher females to choose the
nest site with the "low-risk" symbol attached around the entrance hole in relation to
the decision time. Dashed lines along the solid line (the predicted probability) depict
the 95% confidence intervals. Vertical dashed line depicts the expected probability
level (0.50) under random nest site choice. Dots represent data points (each dot may
include several data points). Note the different scale of the x-axis between (a) and (b).
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3.2

Long-term information use in habitat choice and reproductive
investment

The use of habitat quality information, collected during the post-breeding period,
in future habitat choice varied between pied flycatcher females and males, old and
young individuals and also between the two study areas (Oulu and Kauhava; III).
Flycatchers relied on the experimentally simulated information present during the
previous year but also used current information sources present during the
settlement and, most importantly, also appeared to combine previous year and
current information sources. This implies sequential social information use in
habitat choice.
Integration of past and present information sources was observed in three
cases. In Oulu, flycatchers settling in sites where great tits were currently
breeding preferred sites where tits had apparently been breeding also in the
previous year (the Tit treatment) but did so only if the current reproductive
investment (egg number) of great tits was relatively high (Fig. 4a). In addition,
old flycatcher females preferred the Tit treatment and/or avoided the Suitable
treatment sites (sites with suitable but empty cavities in the previous year) if
current overall tit abundance was low, but these differences disappeared when tit
abundance was higher (Fig. 4b). In Kauhava, old males tended to avoid the
Suitable treatment sites but only if present conspecific abundance was low. Young
females and young males in Oulu preferred the Tit treatment sites and young
females in Kauhava avoided the Suitable treatment sites, but none of these
appeared to integrate past and present cues. Old males in Oulu and old females
and young males in Kauhava neither combined past and present information
sources nor responded to past treatment-related information.
These results suggest large variation in information use strategies between
age groups, females and males and geographical areas. Integration of past and
present information sources was mainly found in old (at least 2-years-old)
individuals implying that experience, for example of interactions with various
information sources, may be needed for sequential information use. Geographical
variation may result from ecological differences between the study areas. For
example, flycatcher abundance was clearly higher in Kauhava than in Oulu.
Intraspecific competition on nest sites may have masked the effects of
information use or may have affected the choosiness and the assessment of
available nest sites (Schmidt, 2014; Schmidt, Johansson, Kristensen, Massol, &
Jonzén, 2014). More strict time limits for breeding decisions in northern latitudes
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may also have induced more diverse social information use patterns in Oulu.
Integrating past and present cues of habitat quality or updating previous
information with more recent information has been theoretically suggested to be
adaptive (e.g., Valone, 2006; Olsson & Brown, 2010; Szymkowiak & Kuczynski,
2015), because the value of information generally decreases as the temporal
distance between the origin and use of the information increases (Seppänen et al.,
2007). Previous empirical work has demonstrated updating personal information
across time (Valone & Brown, 1989; Vásquez, Grossi, & Márquez, 2006;
Marshall, Carter, Ashford, Rowcliffe, & Cowlishaw, 2013) and combining
personal and social information in foraging behaviour (Kendal, Coolen, & Laland,
2004; Dawson & Chittka, 2014; Heinen & Stephens, 2016). In breeding habitat
choice, various information use strategies have been observed at the population
level (e.g., Sergio & Penteriani, 2005; Redmont, Murphy, Dolan, & Sexton, 2009;
Kivelä et al., 2014), but explicit evidence of sequential information use is scarce
(but see Boulinier et al. (2008) for an example of integrating personal and social
information). My results demonstrate that animals may also sequentially combine
several types of social information, and that there is between-individual variation
within such behaviour.
Pied flycatcher settlement patterns varied between the treatments in both
study areas, females and males and age groups. This gives strong support for
flycatcher ability to prospect potential future breeding sites during the postbreeding period and for their ability to cue on mere nest contents. The flycatchers,
however, did not consistently prefer any one treatment but appeared to both prefer
the Tit treatment and/or avoid the Suitable treatment. Avoiding the Suitable
treatment, i.e., sites where the nest cavities were abundant but empty, may be
surprising given the general scarcity of cavity nest sites in managed forests.
However, to prospecting individuals empty nest sites may mean that no other
individual had accepted the site for breeding, which could strongly signify low
habitat quality. Thus, avoiding such sites may be adaptive. Treatment effects on
the timing of breeding and reproductive investment were weak. Only the mean
laying date in Kauhava was later in the Suitable treatment compared to controls.
This implies avoidance of sites not chosen for breeding by others until later in the
season when other, better sites have probably already been occupied.
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Fig. 4. Pied flycatcher occupancy patterns in different treatments in the Oulu study
area. (a) Overall occupancy rates in the sites where great tits were breeding relative to
the great tit egg number (GTeggs). (b) Occupancy rates of old flycatcher females
relative to the total abundance of tits (TitIndex) in the sites. Different types of lines
depict the cumulative occupancy rates in different treatments across the settlement
period.
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3.3

Genetic basis of information use strategies

Additive genetic variances and genetic heritabilities were low and not
significantly different from zero in breeding site choice in relation to all tested
social cues (Fig. 5; IV). These results are in line with a recent study in the same
collared flycatcher population that demonstrated a similar lack of genetic
variation in copying nest site characteristics of heterospecific tits (Morinay,
Forsman, Kivelä, Gustafsson, & Doligez 2018). These studies contrast with the
earlier work in Drosophila fruit flies and the cliff swallow that indicate a higher
genetic variation in conspecific social information use or social environment
choice (Brown & Brown, 2000; Saltz, 2011; Foucaud et al., 2013; Philippe et al.,
2016). Previous studies on the genetic effects in other social traits also suggest a
higher genetic contribution to phenotypic variation, although the genetic
heritabilities appear to vary greatly across populations and species, even within a
trait (Charmantier et al., 2007; Lea et al., 2010; Brent et al., 2013; Weiss &
Foerster, 2013; Araya-Ajoy & Dingemanse, 2017). For example, the heritability
of aggressive behaviour was only 0.02 in yellow-bellied marmots Marmota
flaviventris (Lea et al., 2010) but even 0.66 in rhesus macaques Macaca mulatta
(Brent et al., 2013). More estimates of genetic parameters of social information
use and the resultant social environment choice are needed from other populations,
species and ecological contexts to see whether similar variability exists in social
information use. Genetic variation was also absent in breeding site choice in
relation to heterospecifics, which indicates a low potential for genetically driven
variation in heterospecific association during breeding in this population (see also
Morinay et al., 2018).
Directional selection is expected to deplete additive genetic variance in a trait
(Mousseau & Roff, 1987; Lynch & Walsh, 1998; Merilä & Sheldon, 1999).
Consistent directional selection to certain kind of cue use may thus have resulted
in the low additive genetic variances in this collared flycatcher population.
However, although social information use has been observed to result in fitness
benefits (Schjørring, Gregersen, & Bregnballe, 1999; Forsman et al., 2002;
Seppänen, Mönkkönen, & Forsman, 2005; Pärt, Arlt, Doligez, Low, &
Qvarnström, 2011), long-term temporal variation in the fitness effects have not
been investigated. Thus, the effect of directional selection on additive genetic
variances remains plausible, but more information on the fitness effects of social
information use is needed.
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If directional selection has caused the low level of additive genetic variance
in the use of social cues, we could expect the spatial scales at which the social
cues are used most often to match with the spatial scales associated with
minimum additive genetic variances. The variation in additive genetic variances
across the spatial scales of social cue use (ranging from immediate
neighbourhood to forest patch scale) was limited but indicated a slight increase of
genetic variances with increasing spatial scale. The spatial scales of lowest
additive genetic variances matched the spatial scales at which the social cues are
used most extensively (Kivelä et al., 2014) in two variables, breeding site choice
in relation to previous year conspecific abundance and current great tit abundance,
but did not match in the other four traits, suggesting limited support for
directional selection.
Low additive genetic variances resulted in low, non-significant genetic
heritabilities across all breeding site choice variables and spatial scales (range of
median total heritability 0.01–0.12). Also, sex-specific repeatabilities were
relatively low, although higher for males (range 0.11–0.31) than for females
(range 0.03–0.15). These estimates are lower than the most observed
repeatabilities of behavioural traits, including those of habitat choice (Bell,
Hankison, & Laskowski, 2009), but are in line with the low repeatability of
copying heterospecific nest site characteristics in this population (Morinay et al.,
2018). Low genetic heritabilities suggest that most of the phenotypic variation in
breeding site choice in relation to social cues results from other than additive
genetic effects. Low repeatabilities further suggest that social cue use is not
consistent but may vary, e.g., in relation to environmental conditions (cf. Morinay
et al., 2018). The use of social cues and subsequent attraction to breed close to
conspecifics or heterospecifics increases the costs due to the intra- or interspecific
competition. Thus, if temporal variation in breeding densities is high, natural
selection should favor plastic cue use (attraction at low-to-intermediate densities
and avoidance at high densities) instead of fixed genetically-driven strategies.
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neighbourhood at this scale.

(excluded from the figure), since essentially only the nest box chosen by the focal flycatcher pair would be included in the

social cue is most extensively used in this population (Kivelä et al., 2014). For (a) and (d), the spatial scale of 1 is irrelevant

great tit success in different spatial scales (α values). The red arrows indicate the spatial scales closest to the scale at which the

previous year conspecific success, (d) current great tit abundance, (e) previous year great tit abundance and (f) previous year

flycatcher breeding site choice in relation to (a) current conspecific abundance, (b) previous year conspecific abundance, (c)

Fig. 5. Estimates of female (red circles), male (blue squares) and total (black triangles) heritabilities (median ± 95% CI) in collared

Low additive genetic variances suggest that the evolutionary potential of the
use of social cues in breeding site choice in this flycatcher population is very
limited (Fisher, 1930; Houle, 1992). However, it should be noted that any single
study may not give a full representation about the evolutionary potential. Previous
studies have, for example, highlighted the potential of (observable) additive
genetic variance to differ within the same population depending on the
environmental conditions (Hoffmann & Merilä, 1999; Charmantier & Garant,
2005; Wilson et al., 2006). If the conditions change, e.g., because of the global
environmental change, currently non-observable, "cryptic" additive genetic
variance may become observable (manifest in the phenotype). Recently, several
authors have also suggested that the evolutionary potential of a trait may not be
solely determined by genetic variability, but that also non-genetic inheritance
mechanisms play a significant role in the inheritance and evolutionary potential of
traits (Jablonka & Lamb, 2005; Bonduriansky & Day, 2009; Danchin et al., 2011).
Investigations of the evolutionary potential should also address the potential of
non-genetic inheritance mechanisms before limited evolutionary potential can be
inferred. Because breeding site choice in relation to social cues inherently
involves interactions with other individuals, social inheritance in which
phenotypic variation gets transmitted across generations through social learning
may have an important role in its inheritance patterns. Social learning results in
cross-generational inheritance of several behaviours, including foraging
(Slagsvold & Wiebe, 2011; Aplin et al., 2015; Farine et al., 2015), song learning
(reviewed in Freeberg, 2000) and mate choice (Verzijden & ten Cate, 2007).
Further work should investigate the potential of social inheritance in social
learning or in information use itself.
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4

Conclusions and directions for future
research

Research on information use in natural populations has increased tremendously
during the last twenty years or so. We now know that a wide variety of animals
are capable of collecting many kinds of information from their environment and
using such information in multiple fitness-related decisions. My results contribute
to the wealth of knowledge by deepening our understanding on how animals
incorporate information in their breeding behaviour, particularly in their habitat
choice. With field experiments I have demonstrated how animals are able to
derive information on various risks of breeding failure. Hosts of brood parasites
may cue on parasite vocalizations and adjust their breeding habitat choices to
avoid parasites (I). Such potential of informed habitat choice has rarely been
considered to date although brood parasite-host interactions have puzzled
scientists even longer than social information use. Only recently has social
information use been considered in parasite-host interactions, and not surprisingly
it has an important role in spreading information relevant to avoiding the costs of
parasitism (e.g., Davies & Welbergen; 2009, Feeney & Langmore, 2013;
Thorogood & Davies, 2016). Intriguingly, not only the hosts but also the brood
parasites may be exploiting social information to increase their chances of
parasitizing high quality hosts (Parejo & Avilés, 2007). Incorporating social
information use and informed nest site or host choice in future brood parasite-host
research may reveal novel insights into both parasite-host interactions and social
information use strategies.
My thesis also revealed a novel way of obtaining information on predation
risk, cueing on the fates of heterospecific nesting attempts (II). The further ability
to associate such information to a nest site characteristic, an association that can
then be used in a personal nest site choice elsewhere, provides a mechanism by
which between-species niche overlap may be maintained or even increased. Yet
convergence in the successful niche space (increasing prey density in a specific
microhabitat) may trigger functional responses in the predator community (Martin,
1988; Schmidt & Whelan, 1998) that may turn the microhabitat-predation risk
association to the opposite direction (avoidance of the microhabitat becomes
preferable). The resulting dynamics involve multiple interacting parties:
information users, information sources and predators. The characteristics of each
component, such as the extent of relying on heterospecific information use and
the functional responsiveness of predators, affect the overall interaction and its
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dynamics over time. An interesting avenue for future research would thus be to
examine how these characteristics vary in different systems and what are the
consequences of such variation in animal communities. Spatial variation in
predator and prey communities and their responsiveness and reliance on
interspecific information use could create localized dynamics and consequently
diversify ecological interactions (predator-prey and information use dynamics) at
larger spatial scales.
A novel cue that was observed to be influential in future breeding site choice
was the contents of old nest sites (III). Presence or absence of nests indicating
successful breeding is an easily accessible cue of habitat quality for birds. Such
information is available throughout the post-breeding season, when the
individuals presumably have more time for prospecting. Migratory birds that are
time-limited in their settlement decisions would benefit from reducing the number
of potential future breeding site choices already before autumn migration. In the
next spring, they could then concentrate on fewer options and use the current
conditions in making the final decision of where to breed. Such successive cue
use was observed in at least some birds. However, there was high variation
between individuals: the cue-using behaviours ranged from combining past and
present cues and using only past cues to apparent ignorance of all studied social
cues. Between-individual behavioural variation has important implications to
several ecological and evolutionary processes, from population level to species
coexistence, community ecology and evolution (Bolnick et al., 2003, 2011; Violle
et al., 2012; Turcotte & Levine, 2016). Therefore, understanding the causes,
patterns and consequences of between-individual variation in social information
use strategies would be a necessary next step in animal behaviour research.
One important part in understanding variation in information use is
unravelling the cross-generational inheritance mechanisms. The analysis of the
use of social cues in breeding site choice of collared flycatchers on Gotland
suggests limited genetic contribution to the phenotypic variation (IV), but more
studies are needed before any generalizations can be made. Genetic variation in a
trait that shapes the social and non-social environment individuals experience
may have various important ecological and evolutionary consequences (Saltz,
2011, 2017; Saltz & Nuzhdin, 2014). More work is needed to understand the
variation in genetic effects on social environment choice. Individuals of other
species are an important part of the social environment (Seppänen et al., 2007;
Goodale et al., 2010), thus future research on social environment choice and its
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consequences should also take interspecific interactions into account. Low trait
repeatabilities suggest that the use of social cues may be plastic. Future studies
should investigate social information use within individuals to clarify the
potential of plasticity in information use as well as its fitness consequences.
Plasticity itself may also be heritable (Nussey, Postma, Gienapp, & Visser, 2005;
Araya-Ajoy & Dingemanse, 2017), and thus studying plasticity of information
use and its genetics may provide a better understanding of the inheritance
mechanisms of social information use. Non-genetic inheritance mechanisms
should also be considered when evaluating the evolutionary potential of social
information use. Social inheritance, in particular, may contribute to the
transmission of social information use strategies across the generations.
The findings in my thesis highlight the diverse nature of information use in
animal decision-making and hopefully serve to encourage researchers to
investigate more nuanced aspects of social information use strategies, including
within-individual variation across lifetime, sequential use of multiple information
sources and between-individual variation within populations. Previous
experiments have usually manipulated only one information source at a time.
Although such experiments are important in extending our knowledge, larger
experiments where several information sources are manipulated simultaneously,
even at multiple stages of the breeding cycle, would likely reveal novel aspects of
information use in animal decision-making. Studies of information use in animals
have rapidly increased in recent years with a consequent increase in knowledge.
Yet at the same time, the accumulating knowledge hints to a more and more
variable and complex phenomenon that certainly continues to fascinate and
inspire scientists in the future.
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