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Abstract
Climate change causes range expansions, but neither the population parameters nor the ecological
mechanisms behind range expansions are well known. I studied population dynamics and
demography of the great tit (Parus major) in northern Finland, close to the northern range margin
of the species’ distribution. I further examined winter conditions, such as temperature, as limiting
factors on winter site fidelity and survival of human-fed great tits. Temporal variation in the
population growth rate was large, but indicated an overall increasing population size, which fits
the current large scale increase in the north. Importantly, the study population was a sink (or
pseudo-sink) in almost all years because of low adult survival and low local recruitment.
Immigration formed 39–43% of the annual population growth rate indicating that the population
is demographically dependent on immigration. The demography differs most from other great tit
populations in terms of adult survival which is lower than estimates from more southern Europe.
This difference may reflect the impact of more difficult winters. Results from the wintering
population support this line of reasoning. Within-winter movement was lower during mid-winter
(January to February) and decreased during cold periods. This pattern is probably linked to energy
saving and predator escaping strategies during these demanding periods when energy expenditure
is high and birds have limited daylight hours to forage. Site fidelity was lower for juveniles than
adults within a winter, but not between winters. In addition, survival showed strong links to winter
weather. There was temporal variation within winters, particularly when the winter was colder
than usual. Survival of juveniles showed a stronger response to cold temperatures. When mean
daily minimum temperatures declined below –15 C° degrees, survival started to decline. Low
winter temperatures thus provide one explanation for the lower annual adult survival and the sink
nature of the population. The results suggest that great tits suffer from the cold conditions of the
north: higher mortality increases turnover allowing for strong immigration. Great tits should
benefit from warming winters caused by climate change.

Keywords: apparent survival, climate change, marginal habitat, Parus major, population
growth, program MARK, site fidelity

Karvonen, Juhani, Osittaismuuttajan populaation demografia ja dynamiikka
lähellä levinneisyysalueen reunaa.
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Acta Univ. Oul. A 737, 2019
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Tiivistelmä
Väitöskirjassani tutkin talitiaisen (Parus major) populaatiodynamiikkaa, talviaikaista paikkauskollisuutta ja säilyvyyttä levinneisyysalueen pohjoisreunan läheisessä populaatiossa Oulussa.
Aikuissäilyvyys oli vuosittain hieman alhaisempi kuin lajin ydinalueella Länsi-Euroopassa. Tutkimusalueella syntyneistä poikasista vain pieni osa jäi pesimään tutkimusalueelle, mikä heijastaa voimistunutta lähtömuuttoa huonolaatuiselta alueelta. Ajallinen vaihtelu populaation kasvukertoimessa oli suurta, mutta keskiarvo osoittaa nykyisen populaation kasvavan. Havaitsemani
populaation kasvu ei selity kasvulla aikuissäilyvyydessä tai paikallisessa rekrytoinnissa. Oletan,
että populaatio on ollut tulomuuton ylläpitämä nielu (tai valenielu) lähes kaikkina tutkimusvuosina. Niinpä populaatio on demografisesti ja geneettisesti riippuvainen ydinalueesta, josta tuleva
geenivirta aiheuttaa ongelmia paikallisiin olosuhteisiin sopeutumisessa.
Tutkin sekä talvensisäistä että talvien välistä paikkauskollisuutta suhteessa ikään, sukupuoleen, vuodenaikaan, lämpötilaan ja päivän pituuteen. Talvensisäinen liikkuvuus oli vähäisintä
keskitalvella erityisesti kylmien jaksojen aikana. Tämä ilmiö on luultavasti yhteydessä energiansäästöön ja saalistajien välttelyyn näiden vaativien jaksojen aikana, jolloin energiankulutus on
suurta ja valoisa ruokailuaika on lyhyt. Nuorten talvensisäinen paikkauskollisuus oli huonompi
kuin aikuisten, mutta sukupuolten välillä tässä ei ollut eroa. Sen sijaan talvien välisessä paikkauskollisuudessa ei ollut ryhmien välisiä eroja, mikä viittaa paikkauskollisuudesta olevan yhtäläiset hyödyt kaikille. Nuoret luultavasti keräävät tietoa resursseista ensimmäisenä talvenaan ja
täten hankkivat samat edut kuin aikuiset palatessaan alueelle seuraavana talvena. Tutkin, onko
talvella lintujen ruokintapaikkoja hyödyntävien talitiaisten säilyvyydessä ympäristötekijöistä,
kuten lämpötilasta, johtuvaa vaihtelua. Talvisäilyvyys vaihteli paljon etenkin tavallista kylmempänä talvena. Nuoret kärsivät eniten kylmistä lämpötiloista. Kun keskilämpötila laski –15
C°:seen tai sen alapuolelle, säilyvyys alkoi heikentyä. Verrattuna kylmään talveen säilyvyys oli
1,5 kertaa todennäköisempää lauhan talven aikana. Talitiaiset näyttävät kärsivän pohjoisen kylmistä olosuhteista: korkea kuolleisuus lisää vaihtuvuutta ja geenivirtaa, kun alueelle kohdistuu
voimakasta tulomuuttoa.

Asiasanat: ilmastonmuutos, MARK-ohjelma, paikkauskollisuus, Parus major,
reunapopulaatio, säilyvyys

To my children and wife.
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1

Introduction

1.1

The range margins and population dynamics

Species distributions shift towards the poles due to climate change (Thomas &
Lennon, 1999; Walther et al., 2002; Brommer, Lehikoinen, & Valkama, 2012;
Virkkala & Lehikoinen, 2014). While global warming may shift the temperature
conditions in boreal areas to be more suitable for southern species, some factor such
as photoperiodism controlling breeding remain unchanged. The organism has to
adapt to a novel environment to enable range expansion. The ability of a species to
adapt to marginal habitat plays the main role in the evolution of ecological niches
and species ranges (Kawecki, 2008). Depending on adaptations for surviving the
non-breeding period, populations show a continuum from sedentary to partially and
fully migratory behaviour. Residents face adverse conditions in the non-breeding
season, while migration allows escaping them. Shortening and warming of winters
seem to benefit resident and short-distance migrants in particular (Pearce-Higgins,
Eglington, Martay, & Chamberlain, 2015). Generally, populations at the borders of
the species’ distribution (range margin) are usually confronted with adverse
conditions that cause low survival and reproduction (Sanz-Aquilar et al., 2014;
Westerbom, Mustonen, Jaatinen, Kilpi, & Norkko 2019). Thus, such peripheral
populations are often demographic sinks maintained by continued immigration
from the species’ central range where reproduction is high and mortality is
comparatively low (‘source-sink’ dynamics: Pulliam, 1988).
Changing environmental conditions can either constrain or accelerate range
expansions. Range expansions are favoured if environments change to more closely
resemble the core areas, making it easier to adapt to the new habitats and
consequently enhance survival and reproduction. In addition, suitable conditions in
the central habitat can increase dispersal (emigration) favouring the persistence of
marginal populations (Kokko & Lopez-Sepulcre, 2006). So, not only local, but also
larger scale environmental changes can affect marginal populations. Clearly, the
dynamics of marginal populations are insufficiently understood and we need
extensive population studies that are able to differentiate the population processes
that define population growth.
Climate has profound impacts on populations and species distributions by
affecting reproduction and survival (Sæther, Sutherland, & Engen, 2004). While
reproduction is likely affected by changing conditions during the spring and
15

summer, and consequent phenological mismatches (Vatka, Orell, & Rytkönen,
2011; Vatka, Rytkönen, & Orell, 2014), survival is most likely linked to conditions
during the winter. However, neither the underlying changes in population
parameters causing range expansions or reductions nor the ecological mechanisms
behind them are fully understood (e.g. Gaston, 2003; 2009).
Warming of winters may be an important factor behind range expansion by
allowing successful wintering further north (Maclean et al., 2008; Zuckerberg et al.,
2011; Lehikoinen et al., 2013; Fraixedas, Lindén, & Lehikoinen, 2015). So far,
wintering ecology has received little attention even though winter months are
expected to warm up the most at the northern latitudes (Jylhä et al., 2009). The nonreproductive season is often the most important stage for survival because it usually
includes most adverse conditions and constitutes the largest part of the annual cycle
in seasonal environments (Newton, 1998). Furthermore, survival is often the most
influential life history trait for avian population growth (Sæther & Bakke, 2000),
and changes in survival may elicit strong changes in population size and hence
range expansion (Gaston, 2003). Wintering distributions are restricted to areas
where energy requirements do not exceed the availability of resources (Root, 1988).
Hence, warming winters, especially by reducing the extent and occurrence of
extremely cold periods, may help homoeothermic animals maintain body
temperatures by reducing energetic costs (e.g. Wooden & Walsberg, 2002; Krams
et al., 2013) and by increasing foraging rates (Pakanen, Ahonen, Hohtola, &
Rytkönen, 2018), which also leaves more resources for within-winter movement
that serves as a predation escape strategy (e.g. Hedenström & Rosén, 2001).
1.2

Winter site fidelity

Site fidelity is beneficial for fitness due to familiarity and knowledge of resources
and of predators if the environment is stable (Bowler & Benton, 2005; Piper, 2011).
The majority of site fidelity and dispersal studies have focused on the sites of
reproduction (e.g. Andreu & Barba, 2006; Doligez, Danchin, Clobert, & Gustafsson,
1999; Pakanen, Lampila, Arppe, & Valkama, 2015; Pakanen et al., 2017), but site
fidelity during the non-reproductive season has received less attention, especially
in terms of causes of individual variation (e.g. Belda, Barba, & Monrós, 2007; Catry,
Alves, Gill, Gunnarsson, & Granadeiro, 2012; Cresswell, 2014; Grist et al., 2014;
van Overveld, Careau, Adriaensen, & Matthysen, 2014). However, for many
species the non-breeding season constitutes the largest part of the annual cycle. The
ability to find food and shelter during this period can have survival consequences
16

and hence affect lifetime reproductive success (Lahti, Orell, Rytkönen, & Koivula,
1998). Therefore, non-breeding site fidelity should be a good option in high quality
and predictable environments (Switzer, 1993).
Site fidelity to wintering sites is typical in obligate seasonal migrants that move
annually from their breeding grounds to predictable environments (Robertson &
Cooke, 1999; Newton, 2012; Blackburn & Cresswell, 2016; Lourenco et al., 2016).
In contrast, facultative migrants move only when the prevailing conditions make
survival unlikely, and site fidelity is typically low both within and between nonbreeding seasons (Newton, 2008, 2012). Site fidelity during the non-breeding
season may be linked to the variable costs and benefits associated with food
availability or other environmental factors (Newton, 2008, 2012). There may, for
example, be temporal variation in the costs and benefits of movement during winter.
Because cold weather increases energy requirements (Tatner & Bryant, 1986)
and because birds need to attain sufficient fat levels for surviving long nights
(Krams et al., 2013), birds should invest more time and energy in foraging during
cold weather, and consequently allocate less to movement. Fat reserves are
beneficial especially during severe winters, and birds can compensate for nocturnal
weight loss when food is abundantly available (Lehikoinen 1986b; 1987). Hence,
movement should decline with decreasing ambient temperatures. In addition,
because the photoperiod affects daily routines (Krams, 2000), movement should be
at a minimum during the period of the shortest day length.
In group-living species, the social environment (e.g. dominance hierarchy)
may have an important influence on the predictability of resource access to the
individuals (Lange & Leimar, 2004). Dominant individuals may benefit more from
site fidelity than subordinates because dominants have better access to food
resources and predator-safe feeding sites (Ekman, 1989). Furthermore, because
dominance is often site related (de Laet, 1984; Krams, 1998), dominant individuals
have more to lose and may benefit less from moving larger distances to other sites
where they may not hold advantage.
1.3

Winter survival

In birds, variation in survival is thought to be driven mainly by winter weather (e.g.
Lack, 1954; Peach, Siriwardena, & Gregory, 1999; Sæther et al., 2004; Altwegg,
Roulin, Kestenholz, & Jenni, 2006; Robinson, Baillie, & Crick, 2007; Chapman &
Reiss, 1998, Krams et al., 2013). However, most studies concern annual variation
in survival (Gullett, Evans, Robinson, & Hatchwell, 2014; Salewski, Hochachka,
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& Fiedler, 2013), which cannot provide accurate information on the timing of
mortality (Sillet & Holmes, 2002) nor thresholds for climatic effects, which are
better tested by examining within-season temporal variation in survival. Instead,
studies examining within-winter survival are rare (Brittingham & Temple, 1988;
Lahti et al., 1998; Eggers & Low, 2014; Woodworth, Wheelwright, Newman,
Schaub, & Norris, 2017). However, there is evidence of within-winter survival
variation in response to temperature based on bird census data (e.g. Lehikoinen &
Väisänen, 2014).
The impact of weather on survival is probably linked to adaptations that enable
successful wintering in the prevailing conditions. For resident species adapted to
their environment, normal variation does not pose problems but deviations from
normal conditions may increase mortality (Lahti et al., 1998; Waite & Strickland,
2006). The limiting effect of severe weather should be strongest in the northern
range margins among recently expanding individuals that lack adaptations to their
new environment (Kawecki, 2008). This may be reflected as lower survival in some
studies (e.g. I; Tolvanen, Pakanen, Valkama, & Tornberg, 2017). As winters become
warmer, survival at the specie’s northern distribution margin may improve and
allow range expansion towards higher latitudes. This applies particularly to
facultative migrants (Berthold, 2001; Newton, 2012). If the sedentary birds of a
partially migratory population experience warm winters on their breeding grounds,
a larger number of them should survive, allowing them to make use of their home
advantage (Berthold, 1999; 2003). Within partial migrants, a group of individuals
migrates while the others are resident all year round (Chapman, Brönmark, Nilsson,
& Hansson, 2011). The resident individuals take the risk of facing adverse
conditions that require adaptations in order to survive, while migrating individuals
escape these conditions (Zúñiga et al., 2017).
1.4

Northward expanding partial migrants

Northern tit populations (Paridae) are an ideal system for examining the processes
behind population growth rates at the range margin and the limiting effect of winter
weather on the survival of resident populations. They include resident boreal
species adapted to the northern conditions such as the willow tit (Poecile montanus).
These species serve as good comparison to temperate species such as the great tit
(Parus major) and the blue tit (Cyanistes caeruleus) that have expanded their
breeding and wintering ranges to the boreal region during last century (Haftorn,
18

1957; Väisänen, Lammi, & Koskimies, 1998; Valkama, Vepsäläinen, & Lehikoinen,
2011).
During the latest decades, the great tit has expanded northwards and increased
in numbers especially in southern Finland (Veistola, Lehikoinen, & Iso-Iivari, 1995;
Väisänen, 2006), and now their breeding distribution extends to northern Lapland
(Fig. 1). The great tit is a temperate deciduous forest species that did not become
common in northern Finland until the mid-1900s. To my knowledge, the first
observation on singing great tits, together with other songbirds in Oulu is in
Johannes Snellmann’s dissertation (Snellmann, Scarin & Hassel, 1737). However,
the old data on the northern distribution range of the species are incomplete. Mela
(1882) states in his thorough review that the species is met in Oulu and Pudasjärvi
(80 km NE from Oulu), and in Kajaani it is common in winter and summer, whereas
rare in Tornio (ca. 120 km north of Oulu). Many Finnish ornithologists were active
in Lapland already in the late 1800s and early 1900s. In spite of extensive field
studies, great tits were rarely seen outside autumn and wintertime and no breeding
records were collected (Mela 1882, von Haartman et al., 1963–1972). From the
district of Kajaani, Hortling (1928) mentioned that great tit is not common in the
area and in his lists of typical bird species in different habitats, including gardens,
great tits were not mentioned at all. Records of breeding great tits in many places
even in the northernmost Lapland (Inari, Muonio) and North-East Finland began to
appear in reports in the 1930s (von Haartman et al., 1963–1972). This may suggest
that the northward expansion of the great tit started during the warm period in the
1930s. At the same time, great tits invaded Troms and Finnmark in northern
Norway (Haftorn, 1957). Since the mid-20th century, population fluctuations of the
Finnish great tits are well documented with the application of modern census
methods (e.g. Merikallio, 1947; 1955). Based on the documented history, the great
tit populations in northern Finland are relatively recent and close to the species’
northernmost distribution border.
Based on mitochondrial DNA and genome-wide data, the species is largely
panmictic across Europe (Kvist, Ruokonen, Lumme, & Orell, 1999; Laine et al.,
2016) which suggest that gene flow prevents local adaptation at the northern range.
Indeed, populations breeding in the coldest areas seem the least differentiated
(Lemoine et al., 2016). This is supported by ecological data on poor breeding
success in the north (Orell & Ojanen, 1983a; Rytkönen & Orell, 2001; Rytkönen &
Krams, 2003). Rytkönen and Orell (2001) proposed that the large clutch size of the
species in the north indicates maladaptation. In contrast to this, a common-garden
experiment of wintering great tits in Oulu showed typical phenotypic adaptations
19

to cold: they have higher basal metabolic rates (BMR) compared to a population
from temperate southern Sweden (Lund population) (Broggi, Orell, Hohtola, &
Nilsson, 2004). The common-garden experiment highlights that great tits differ in
their reaction norm to winter conditions according to the population of origin. In
addition, Finnish great tit populations are differentiated from European populations
living in warmer environments by a 50 kb genomic region that includes a cold
tolerance gene (Spurgin et al., 2019). This adaptation appears to be recent, as the
great tit has only recently become common in northern Finland. Thus, winter
mortality may be a strong selection pressure. Thermal tolerance in general seems a
key factor in adapting to the changing world, when many species need to adapt to
the warmer world, but changes in land use and land deterioration drive species to
colder regions (Somero, 2010).
Despite such genetic differentiation, great tits show poor foraging efficiency
and predator vigilance in cold conditions (Pakanen et al., 2018), which suggests
maladaptation to the prevailing winter conditions in boreal regions and entails low
survival during periods of cold weather. Indeed, winter temperature seems to
govern variation in the annual survival of the great tit even in the temperate region
(Perdeck, Visser, & Van Balen, 2000). While great tits may be strongly constrained
by the winter conditions in the north, very little is known about within-winter
variation in survival or about temperature thresholds on the survival of great tits
(but see Lehikoinen, 1986a; b; Krams et al., 2013). The great tit is essentially a
resident species in the temperate core areas of its range, but it is a partial migrant
in the north (Nowakowski & Vähätalo, 2003; Lehikoinen, 2014). They lack
adaptations present in boreal species, such as food hoarding, to survive the northern
winter (e.g. Ekman, 1989; Lahti & Rytkönen, 1996). Whereas wintering great tits
are dependent on the beech (Fagus sylvatica) crop in temperate Europe (van Balen,
1980; Perdeck et al., 2000), the great tit is dependent on human habitation in the
north since they cannot survive the coldest months in the forest. In comparison to
the south, winters with snow cover and frozen ground are several months longer in
the northern breeding areas. Natural food sources are scarce. For example beeches
and hazels (Corylus avellana) do not grow in the boreal region. The part of the
population that does not migrate south for winter succeed in overwintering by
taking advantage of food from composts and especially feeders around houses
(Bergman, 1957; von Haartman, 1973; Orell, 1989).
Irrespective of this, the great tit is one of the most abundant passerines in
northern Fennoscandia (Väisänen et al., 1998). Despite extensive knowledge on
great tit population dynamics in core areas (Kluyver, 1951; Clobert, Perrins,
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McCleery, & Gosler, 1988; Dhondt, Adriaensen, Matthysen, & Kempenaers, 1990),
information on the population demography and the population processes
responsible for population expansion at the distribution margin are largely
unknown.

Fig. 1. Great Tit (Parus major) distribution map (del Hoyo, Elliot, & Christie, 2008) and
the location of the study populations in Finland at the northern range margin. (Map:
https://fi.m.wikipedia.org/wiki/Tiedosto:Parus_major_distribution_map.png,

CC:

BY,

SA).

1.5

The aim of the study

In this thesis, I use the great tit as a study object to examine breeding population
dynamics (I) along with survival and movements from a wintering population (IIIII) close to the northern range margin (Fig. 1). My main aim is to increase
understanding of what determines the changes of abundance in this marginal
population, and what factors affect their life history during the winter, which is
often the most demanding time of the year.
In study I, I use long term (1971–1984 and 1999–2009) capture–mark–
recapture data collected from a breeding population to model adult survival, local
recruitment and the population growth rate (λ), and test for time and density
dependence. In addition, I estimate the relative contributions of adult survival, local
recruitment and immigration to λ. Furthermore, I use breeding and natal dispersal
data to assess whether permanent emigration outside the study area causes bias to
the results.
In studies II-III, I followed a wintering population of individually marked great
tits through two consecutive winters (2008–2010) in two-week intervals at multiple
feeding sites that were distributed across a large area. By supplying unlimited (i.e.
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predictable) food sources, I was able to test hypotheses about factors affecting
movement and survival during the winter. The first winter was 2.5 °C warmer than
the long-term mean temperature in Oulu (–8.5) while the second winter was 2.8 °C
degrees colder than the long term mean. This variation gave a good starting point
to examine impact of weather.
In study II, I examine the effects of different non-social and social
environmental factors on the wintering site fidelity of the great tit. Non-social
factors included ambient temperature and day length. I expect that movement of
great tits should decline with decreasing temperatures because they invest more
time and energy in foraging when cold weather increases energy requirements, and
consequently allocate less to movement. I also expect that movement should be at
a minimum during the period of the shortest day length because the photoperiod
affects daily routines (Krams, 2000).
As great tits winter in large non-territorial fission-fusion groups that do not
have a stable structure (de Laet, 1985; Ekman, 1989; Hogstad, 1989; Sandell & Smith,
1991; Aplin, Farine, Morand-Ferron, & Sheldon, 2012), the social environment may
affect their movements. I hypothesise that dominant individuals benefit more from
site fidelity than subordinates because dominants have better access to food
resources and predator-safe feeding (Ekman, 1989). Furthermore, because
dominance is often site-related (de Laet, 1984; Krams, 1998), dominant individuals
have more to lose and may benefit less from moving. Great tit males are dominant
over females and adults are dominant over juveniles (Ekman, 1989; Hogstad, 1989;
Sandell & Smith, 1991). Old individuals are also likely to attempt to winter close
to their breeding area (van Balen, 1980) and therefore benefit from prior residency
in terms of knowledge of resources (Sandell & Smith, 1991; Koivula, Lahti, Orell,
& Rytkönen, 1993). I therefore predict that wintering site fidelity is the lowest
among juveniles and females.
In study III, I examine 1) whether fed great tits show temporal variation in
survival across the winter, and 2) whether variation in survival is explained by
environmental variation, such as the ambient temperature, precipitation and day
length. I expect that weather responses are the strongest among subordinate
juveniles and females as they have poorer access to safe foraging and are less able
to keep vigilant compared with the dominant males and adults (e.g. Krams et al.,
2013).
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2

Materials and methods

2.1

Study areas and data collection

2.1.1 Breeding area
Study I was carried out in Oulu and Haukipudas, Northern Finland (ca. 65°01’N,
25°30’E), in an area consisting of fragmented and different-aged coniferous,
deciduous or mixed forests and semi-open bogs (Fig. 2). The present population
has been studied since 1969 (Orell & Ojanen, 1983a), when the first nest-boxes
were installed. I used two data sets; years 1971–1984 (hereafter initial period) and
years 1999–2009 (hereafter latter period) when the study areas remained constant.
During the initial period, data were collected from an area of ca 0.8 km2 (Taskila,
Orell & Ojanen, 1983a), during the latter period, the study area was ca 8 km2, which
can be divided to four sub-areas with the sizes of 1.3 km2 (Rusko), 3.4 km2
(Rissasentie), 0.9 km2 (Oinaansuo) and 2.4 km2 (Vittasuo) (area description in
Rytkönen & Orell, 2001). The annual number of nest-boxes was approximately 70
throughout the initial period and 250 thoughout the latter period. Every year,
possible missing or broken boxes were replaced before the beginning of the
breeding season.
Each spring, breeding great tits were captured for ringing or identified from
unique combinations of numbered aluminium and coloured plastic rings. The data
included a total of 322 (initial period) and 944 (latter period) capture histories of
adult male and female great tits and 1699 (initial period) and 4404 (latter period)
capture histories of ringed fledglings. Of the ringed fledglings, 57 (initial period)
and 167 (latter period) were subsequently found as breeding adults in the
population. Nestlings were ringed at the age of 14 d. If tag loss or deterioration of
colour rings were suspected, the bird was recaptured and the identity was verified
from the ring number. I have no evidence that losses of colour rings would have
biased the data. The great tit is known to be highly site-tenacious when established
after natal dispersal (Kluyver, 1951); therefore bias in survival estimates due to
permanent emigration of breeders is expected to be low. Great tits prefer nest boxes.
In the same area, there are hundreds of nest holes excavated by willow tits (Lampila,
Orell, Belda, & Koivula, 2006) and woodpeckers, but only few great tits nests have
been found in those natural cavities.
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Fig. 2. Map of the breeding area and the locations of nest boxes (red dots) used in study
I. The four subareas (Rusko, Oinaansuo, Rissasentie and Vittasuo) are shown on the
map.
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2.1.2 Wintering area
Data on wintering great tits (studies II and III) were collected during two nonbreeding seasons in 2008–2010 on the islands of Mustasaari and Hietasaari, which
are located in the city of Oulu (65º01′N, 25º27′E). The area (ca. 3 km2) is
characterised by a mixture of woodland, old parks, housing, cultivation areas, and
areas maintained for leisure activities (Fig. 3).

Fig. 3. Map of the study area and locations of the feeding sites (indicated by a red dot
and site name). Johteenhovi, Jähtikuja, Hyry, Mustasaari and Toppila were used as
feeding sites in 2008–2009 and Johteenhovi, Jähtikuja, Hyry, Masto and Seilitie were
used in 2009–2010. Pukseritie was one of the few feeders kept by outsiders. Map and
legends are based on the Corine database.
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Five feeding sites were annually maintained, each including 2–3 large feeders filled
with sunflower seeds and peanuts from late-September until late April. The feeders
were positioned on average 1382 meters (min 676, max 2633 meters) from each
other. The feeding sites covered a large part of the suitable wintering habitats on
the islands. Because the majority of the study area was not inhabited, there were
only a few small private feeding sites kept in addition to our larger feeding sites.
The islands are neighboured by the Bothnian Bay in the west and an industrial
harbour in the south, both unsuitable for great tits. The Oulu river delta and the city
centre surround northern and eastern boundaries.
Great tits were caught with mist nets at the feeders starting from late September.
They were ringed with the individual combinations of a numbered aluminium ring
and one to three plastic colour rings. The majority of the birds were ringed by early
November but ringing was continued until January (Fig. 4). The birds were sexed
and aged (juvenile vs. adult) based on plumage characteristics (Svensson, 1992).
Starting from the 6th of November in both 2008 and 2009, great tits were resighted
at the feeders in two-week intervals based on their individual colour ring
combinations (Fig. 4). The encounter occasions (when birds were resighted) lasted
four days (Thursday–Sunday) in 2008–2009 and three days (Friday–Sunday) in
2009–2010, and sampling continued until the 29th of March in 2009 (11 encounter
occasions) and the 11th of April in 2010 (12 encounter occasions; Fig. 4), ending 4–
5 weeks before breeding started (Orell & Ojanen, 1983b). Resighting effort at each
feeder was roughly equal during each encounter occasion. Each feeder had an
observer on 3–4 days of the encounter occasion. Observers were distributed to
feeders so that time spent per feeder each feeder was at about 3–5 h per day.
Because the great tits were foraging mostly at our feeders, we had good chances of
sighting all birds that were present. Birds were not trapped during the encounter
occasions.
In the autumn of 2008, 454 great tits were ringed of which 329 (72.4%) were
resighted in at least one encounter occasion in winter 2008–2009. These resulted in
3619 resightings (including only one resighting per individual per encounter
occasion per location). In the autumn of 2009, an additional 204 individuals were
ringed. From these and birds surviving from the previous winter, the resighting data
for the second winter included 335 individuals and 1433 resightings.
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Fig. 4. Schematic presentation of the sampling periods (ringing and resighting) in the
annual cycle of great tits. The arrows indicate the two-week periods from the end of an
encounter period to another (Studies II & III).

2.2

Capture-recapture methodology

2.2.1 Breeding population
Analyses were carried out with capture–recapture models developed for open
populations (Lebreton, Burnham, Clobert, & Anderson, 1992; Pradel, 1996;
Nichols, Hines, Lebreton, & Pradel, 2000) and were implemented in program
MARK (White & Burnham, 1999). In the analysis of population dynamics, annual
estimates were calculated from Cormack–Jolly–Seber-models (CJS-models). The
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covariates used in modelling included population density (dens) and the size of the
study area (area).
Apparent adult survival (Φa1+) refers to breeding individuals that stay and
survive inside the study area. The global model for adult survival was the CJSmodel Φt pt (Φ survival probability, p recapture probability, t time effect). A
separate analysis included four sub-areas and the global model was Φg pg*t (g group
effect, * interaction).
Local recruitment (Φa0) refers to fledglings that were born in the study area,
survived through their first winter and bred in the area. Two age classes, i.e.
juveniles and adults, were modelledin survival. The global model for local
recruitment was time-dependent (Φ(a0,a1+)*t pt) (a0: juvenile age class, a1+: adult
age class). The population growth rate (λ) was estimated by applying Pradel’s (1996)
reverse-time approach. The transition parameter estimated from a reversed
encounter history is γ (seniority parameter), which is the probability that an
individual that is alive and in the population at time i was alive and in the population
at time i – 1. The population growth rate is then calculated as λi = Φi/γi+1 (Nichols
et al., 2000). The global model for estimating λ was the fully time-dependent model
(Φt pt λt). As in estimating adult survival, λ was estimated from data sets including
all observations of birds that were at least one year old. Pradel-models with
covariates were fitted following Franklin (2001), Φ and p were completely timedependent and constraints were applied on λ.
Model selection
Model selection was performed using the information theoretic approach (Burnham
& Anderson 2002). The Akaike information criterion corrected for small size (AICc)
and the quasi-Akaike information criterion (QAICc) were used to rank the fit of
each model to the data. Models with a difference in AICc of less than two units
(ΔAICc < 2) were considered to be similarly supported by the data. The parametric
bootstrap approach provided in program MARK was used to run the goodness-offit test (GOF) for the survival models (1000 simulations). The overdispersion factor
(𝑐̂ ) was calculated by dividing the observed deviance of the global model by the
mean expected deviance calculated from GOF simulations. When (𝑐̂ ) > 1, the
models’were ranked by QAICc and when ≤ 1, the models were ranked by AICc.
Model averaging was used to control model selection uncertainty (several models
with 0 < ΔQAICc < 4).
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The biologically meaningful process variation (𝜎
: process variance) was
separated from sampling variation using a component of variation analysis with the
time-dependent model (Burnham, Anderson, White, Brownie, & Pollock, 1987,
Gould & Nichols, 1998). The variance components procedure of program MARK
was used to estimate the means (𝜃) and their process variances (𝜎

).

Contributions of demographic parameters to λ
Population growth can be split into components in order to estimate the relative
importance of the demographic parameters. The λ is composed of adult survivors
and of new individuals, either local recruits or immigrants, entering the population
between years i and i + 1. A multistate approach for the time-reversed data sets was
used where the age of an individual was treated as a state to estimate the relative
contributions of adult survival, local recruitment and immigration to λ following
Nichols et al. (2000).
The capture probability of fledglings was fixed to be equal to the capture
probability of adults, because if the chicks were found, the parents were most likely
captured too and vice versa. In both data sets the starting point was the model
𝑆 ,
∗ 𝑝 𝛹
,
∗ (S = survival, p = recapture probability, ψ = transition
parameter). Constant recapture probability was chosen because it was the best in
both survival and Pradel-models. The GOF-test was carried out using the program
U-CARE (Choquet, Reboulet, Lebreton, Gimenez, & Pradel, 2005).
Dispersal distribution
Because dispersal can result in permanent emigration and bias survival estimates,
I examined this possibility by measuring both natal and breeding dispersal
distances and compared them to the expected distances if the dispersal was random
between the nest boxes.
2.2.2 Wintering population
CJS-models were applied when modelling survival (Phi) and recapture (p) rates in
two-week periods across the winter. I analysed the two years separately because
including the summer period between the winters would have made the analysis
more difficult. The starting model was Phi(sex*age*t) p(sex*age*t). Goodness-offit of the data was analysed with U-CARE (Choquet, Lebreton, Gimenez, Reboulet,
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& Pradel, 2009). For the warm winter, the goodness of fit tests suggested transience
among old males (3.SR, 𝜒 = 12.260, P = 0.056) and young females (test 3.SR, 𝜒
= 21.651, P = 0.003), but not in old females (3.SR, 𝜒 = 2.278, P = 0.810). There
was a lack of data for young males but the standardized statistic for transience
(1.024) was not significant (P = 0.306). In addition, there was trap-dependence
(resighting probability at occasion j + 1 was different for individuals captured at
occasion j than for individuals not captured at occasion j) in all groups (test 2.CT:
old males: 𝜒 = 23.475, P = 0.001; young males: 𝜒 = 22.479, P = 0.002, young
females: 𝜒 = 44.662, P <0.001) except old females (𝜒 = 9.060, P = 0.248). For
the cold winter, the goodness of fit tests suggested transience among old males (test
3.SR, 𝜒 = 47.531, P < 0.001) and old females (3.SR, 𝜒 = 14.536, P = 0.024) but
not in young males (3.SR, 𝜒 = 2.165, P = 0.904) or females (3.SR, 𝜒 = 1.803, P
= 0.934). In addition, there was trap-dependence in all groups (test 2.CT: old males:
𝜒 = 20.667, P = 0.004; old females: 𝜒 = 31.410, P < 0.001; young males: 𝜒 =
17.528, P = 0.014, young females: 𝜒 = 19.758, P = 0.006).
Transient individuals include those, which are seen only once and never return
whilst being alive. Their presence is distinguished by comparing survival of
individuals that are sighted for the first time with those that are resighted. In order
to control for transience, the global model was changed to consider a time-sincemarking structure (a2; a two-level factor; here time since first sighting) in survival
Phi(sex*age*a2*t), which effectively distinguishes between transients and
residents (Pradel, Hines, Lebreton, & Nichols, 1997). The first group includes both
groups whereas the latter includes only residents. Because transient individuals
were present only in the first 4 occasions during early winter, and because variation
in transience was not under study here, the survival probability of the transient
group was fixed as constant a1/c while the survival probability of the residents, the
group of interest, was kept time dependent. The proportion of transients was
calculated as 1 – (Phi(transient+resident) / Phi(residents)) using mean values.
Trap-dependence was considered by placing different resighting probabilities
for animals seen in the previous occasion versus those not seen, denoted by m
(Pradel, 1993). Hence, the final starting model was Phi(sex*age*t*a1/c;a2/t)
p(sex*age*m*t). Modelling trap-dependence requires special arrangement of data
(Pradel, 1993). The individual histories are split after each recapture and marked as
losses (i.e. –1), while another history is started from this encounter until the next
recapture. This is repeated until the last observation where the individual is not
marked as a loss (i.e. 1). With this data structure, an age effect in the resighting
probabilities effectively models differences with respect to whether the individual
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was resighted in the previous encounter occasion or not (denoted as m).
Simultaneously modelling trap-dependence and transience (age structure in
survival) with this data structure is made possible by grouping the split individual
histories into two groups. The first group includes all first time encounters of all
individuals, i.e. both transient and resident individuals. The second group, the
residents, includes only encounters resulting from recaptures.
The modelling was continued by first examining patterns in recapture
probabilities in relation to time, sex and age. With the best recapture probability
structures (∆AIC ≤ 2), the survival probabilities were modelled in relation to time,
sex and age. After this, the environmental covariates were included for the resident
group. Weather data were retrieved from the weather station at Oulunsalo airport
(Finnish Meteorological Institute, 2017), which is located 10 km from the study
area. Means and standard deviations of daily minimum temperatures (°C) and
precipitation (mm/day) were calculated for the two-week periods. We included
standard deviation of minimum temperature and precipitation as covariates in our
analysis because we expected that variation in them may be important for survival.
In addition, we included mean day length as a covariate. Snow depth may be
potentially important for survival during winter, but such data were not available
for the Oulu region. Because the residents and transients are not distinguishable
from the first encounter to the second, the temporal survival of residents could only
be modelled from the second encounter occasion until the tenth occasion. Nonlinear (quadratic) effects of the environmental covariates, and two-way interactions
between the environmental covariates and the group factors sex or age were also
examined. The low number of encounter occasions per winter restricted the use of
multiple environmental variables explaining temporal variation in survival of
residents. Environmental variables may mostly impact juveniles. Thus, some
models included their effects only on juvenile survival while adult survival was
constant.
The analysis of deviance (ANODEV) was used to evaluate the impact of
weather variables (proportion of variation in survival explained) by comparing
covariate models to constant and time dependent models. The proportion of
deviance explained by the covariate model was calculated as:

Dev(c)  Dev(cov)
Dev(c)  Dev(t )

,
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where Dev(c) is the deviance from the constant model, Dev(cov) is deviance from
the weather covariate model and Dev(t) is the deviance from the time dependent
model (Grosbois et al., 2008). AICc-based model selection was used with a
threshold of ∆AICc of two or more to infer a difference in support between models
(Burnham & Anderson, 2002). Also AICc weights were used to calculate evidence
ratio (ER) between models, and to consider model selection uncertainty when
deriving survival estimates in relation to the environmental variables (Burnham &
Anderson, 2002). Average apparent survival was estimated from the time
dependent model using the variance components analysis in program MARK to
obtain a robust mean estimate of survival.
2.3

Within- and between winter movement

Site fidelity
Within-winter site fidelity was analysed in two ways. Firstly, the probability of
changing sites between encounter occasions was investigated using generalised
linear mixed models (GLMM, binomial errors, logit link). If an individual was seen
at the same site in two consecutive resightings that were done in different encounter
occasions, the observation was scored as zero. If an individual was at a different
site when next resighted, the score was one. In addition to the effects of sex and
age, calendar effect was considered, because movement patterns may change due
to the changing weather and day length. Both linear and quadratic temporal trends
were tested for mean temperature and day length during the two-week periods.
Individual identity was included as a block random factor in all tested models
(Appendix 1).
Secondly, an individual-specific site fidelity index (SFI) was calculated as
introduced by Catry et al. (2012),
𝑛
𝑝
1
x
.
𝑛 1
𝑜
1
It considers the number of sites used by an individual (ni), the number of observed
changes between sites performed by an individual (pi), the total number of sightings
made of an individual (oi) and the total number of sites surveyed (n). The index
describes site fidelity from zero (no site fidelity) to one (complete site fidelity).
Individuals seen at least three times during the winter were included. Using birds
that were observed fewer times could cause bias to the estimation of the fidelity
𝑆𝐹𝐼
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index as thy may be less conspicuous individuals or they may emigrate from the
study area (Catry et al., 2012). The effects of sex and age on the site fidelity index
were analysed with the Wilcoxon rank sum test.
Because the two winters differed markedly in weather (mean temperature
during data collection, 2008–2009: −5.2 °C; 2009–2010: −9.4 °C, t = −1.97,
df = 14.68, p = 0.034) and because the encounter occasions were of different length
(3 and 4 days), data were analysed from both years separately. The lowest
temperatures observed were −26.9 °C in 2008–2009 and −33.3 °C in 2009–2010.
The effects of sex and age on between-winter site fidelity were positioned in
two ways. Firstly, between-winter site fidelity [did an individual change its feeding
site(s) (1) or did it return back to the same feeding site(s) (0)] was examined with
generalised linear models (GLM, binomial errors, logit link). Sex and age were
included as factors. In addition, the number of resightings during the winter of
2008–2009 was added because the number of observations of an individual in the
first winter affects the ability to accurately define its wintering site. Some
individuals may have only visited the area for a short period. As we were forced to
move two feeding sites between the winters due to construction projects
(Mustasaari and Toppila were replaced with Seilitie and Masto; Fig. 3), this analysis
concerns only individuals observed wintering only at Johteenhovi, Jähtikuja and
Hyry during the first winter.
Secondly, GLMs (binomial errors, logit link) were used to analyse the
probability of return to the study area in the winter 2009–2010 for birds marked
and seen in the winter 2008–2009. Sex and age were included as fixed effects.
Return rates are the function of site fidelity and survival (Sandercock, 2006).
Therefore, to control for mortality that occurred during the first winter, a linear
effect of the last encounter occasion when an individual was resighted, was
included. Return rates should be the highest for individuals seen in the last
encounter of the first winter. To control for the possibility that some birds were
transient (not wintering in the study area), the number of encounter occasions when
an individual was observed was included in the analysis. Some individuals could
have wintered outside the study area, and been seen, for example, only during the
spring when moving back to their breeding territories.
Models were run in R 3.0.3 (R Development Core Team, 2014). GLMMs were
run with function ‘glmer’ in package ‘lme4’ (Bates, Mächler, Bolker, & Walker,
2015), and GLMs with function ‘glm’ in package ‘stats’. Models were ranked with
the Akaike information criterion corrected for small sample size (AICc). Models
with ΔAICc ≤ 2 were considered as the best models with equal contribution.
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Model selection uncertainty was considered by averaging the coefficients (full
averages) over these best models with the function ‘model.avg’ in the package
‘MuMIn’ (Barton, 2016).
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3

Results and discussion

3.1

Population dynamics of breeding population

The great tit population breeding in the margins of its distribution remained stable
in both study periods. Population dynamics were similar despite the differences in
sizes of both the study areas and populations. Large between-year fluctuation in
population size was not related to density suggesting a stronger influence of
density-independent factors on demographic parameters. Local recruitment and
adult survival were low. In contrast, immigration rates were high and with more
variation, which suggests that immigration plays an important role in local
population dynamics. However, it is impossible to say, how far and where the
immigrants came from. Some individuals may have come from the neighbouring
areas.
3.1.1 Adult survival and breeding dispersal
Adult survival was linked to population density in both study periods (Table 1a in
I). During the initial period, adult survival declined with increasing population
density but the association was positive in the latter period. The mean annual adult
survival remained similar throughout the study (Table 4 in I; initial period: 0.371 ±
0.039 SE; latter period: 0.388 ± 0.033 SE). Survival probability in this population
at the northern distribution margin appears rather low since it exceeded 0.5 only
once in 22 years. This population has significantly lower annual survival compared
with other Parids occurring within their core breeding range in the northern
latitudes (0.59 for the willow tit P. montanus Lampila et al., (2006); 0.69 for the
Siberian tit P. cinctus (Orell, Lahti, & Matero, 1999). Interestingly, the rates are
closer to those estimated from a great tit population Estonia (0.26–0.47; Hõrak &
Lebreton, 1998) but lower than in more temperate populations (the UK, Oxford
0.40–0.44, Clobert et al., 1988; the Netherlands, Hoge-Veluwe 0.43, Bauchau &
van Noordwijk, 1995; the Netherlands, Lauwersmeer 0.41, Tinbergen & Sanz,
2004; Perdeck et al., 2000; Spain, Valencia 0.64, Greño, Belda, & Barba, 2008).
While I note that permanent emigration may bias survival estimates of these studies
differently, bias should be reduced by great tits having been shown to be rather site
faithful to their breeding sites (Harvey, Greenwood, & Perrins, 1979; Andreu &
Barba, 2006; Lehikoinen, 2014).
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I nevertheless consider the lower survival estimate from Oulu to reliably
quantify survival at a distribution margin, with mortality not being inflated by the
increased permanent emigration of breeders from the study area (Orell, 1989).
Firstly, while survival was different between the sub-areas during the latter period,
the study area size did not explain survival. Therefore, extensive breeding dispersal
should be minimal because larger sub-areas should have higher survival estimates.
Secondly, there was a low average breeding dispersal distance of 201 m (md = 133
m, range 0–1020 m) in the initial period and 196 m (md =138 m, range 0–2804 m)
in the latter period. Breeding dispersal distances were much shorter than expected
if the dispersal shifts were random within the areas: mean random shift in initial
period was 860 (0–2207) m and 2884 (0–8719) m in the latter period. The study
area is quite large (ca. 8 km2), so I believe the shifts between nesting sites are quite
comprehensively observed. Finally, the high recapture probabilities (0.80 in the
initial period and 0.73 in the latter period) suggest little temporary emigration. It is
possible, that some individuals have emigrated outside the study area, but due to
lack of suitable nesting sites (there are economic forests with very few natural
cavities or nest boxes surroundings) short distance migration, at least, is quite
unlikely. Long distance migration is impossible to rule out.
The annual adult survival estimates, calculated from model averaged CJSmodels, showed rather high variation ranging from 0.26 to 0.54 during the initial
period and from 0.214 to 0.498 during the latter period (Table 3 in I). This variation
could be related to temperature variation during winter (III; Perdeck et al., 2000).
However, the temporal variance in adult survival was rather low and sampling
variation accounted for 24.8% (initial period) and 21.4% (latter period) of the total
variation (estimated as 1 σ
/σ
).
3.1.2 Local recruitment and natal dispersal
Local recruitment was almost equal in the initial (0.055 ± 0.011 SE) and the latter
period (0.050 ± 0.007 SE; Table 3 in I). In the initial period, local recruitment was
constant, which may reflect the low number (n=57) of locally born recruits out of
all fledglings (n=1699). During the latter period, 163 locally born individuals
recruited to the population (from 4404 fledglings) and annual local recruitment
probability showed temporal variation. Sampling variation comprised 20.8% of the
total variation. The temporal process variation in local recruitment was almost
twice that in adults (Table 4 in I). In contrast to my expectation, local recruitment
was not density dependent. Other factors, such as emigration, may mask the
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negative effects of crowding. Furthermore, research conducted later has shown that
density interacts with the timing of breeding and synchrony with the caterpillar
peak (Pakanen, Orell, Vatka, Rytkönen, & Broggi, 2016).
The low post fledging survival estimates, 5.5 and 5.0%, may be partly
explained by dispersal that results into emigration from the study area (Orell, 1985),
a situation described also by Verhulst, Perrins, & Riddington (1997) from Wytham
Wood. The effect of dispersal on great tit local recruitment rates is apparent when
comparing isolated and mainland sites. For example, great tits born on an island
population show higher philopatry (return rate 13% Vlieland) than individuals born
in mainland populations (7% Hoge Veluwe; Visser & Verboven, 1999, 5% Arnhem;
Dingemanse, Both, van Noordwijk, Rutten, & Drent, 2003). High apparent survival
probability (13%) was reported also from orange monocultures, a habitat isolated
from other suitable habitats (Greño et al. 2008). Local recruitment may be increased
also in forest fragments compared with plots inside continuous forests (Matthysen,
Adriaensen, & Dhondt, 2001). My study area resembles the latter, i.e. continuous
commercial forests without larger open habitats restraining the movements of great
tits. In addition to patchiness, dispersal propensities seem to be inversely related to
population size and habitat quality (Doncaster, Clobert, Doligez, Gustafsson, &
Danchin, 1997; Matthysen et al., 2001). In my case, low breeding densities (Sasvári
& Orell, 1992) and poor nesting success (Orell & Ojanen 1983a, Rytkönen & Orell,
2001) may accelerate the emigration of local fledglings, and thus, contribute to the
low observed local recruitment rate. High natal dispersal rates out of low-quality
plots leaves a larger number of unoccupied vacancies. This facilitates immigration
among habitats with sufficient spatial connectivity.
The mean natal dispersal distance was 356 m (md = 330 m, range 0–838 m) in
the initial period and 1138 m (md = 912 m, range = 0–4685 m) in the latter period.
The difference reflects a change in the study areas and an increase in size of the
study area. Natal dispersal distances were much shorter than expected if the
dispersal shifts were random within the areas: the mean random shifts were 860 (0–
2207) m and 2884 (0–8719) m in the initial and latter periods, respectively.
The majority of young individuals moved very short distances resembling the
results reported by Greenwood, Harvey, & Perrins (1978). However, it is difficult
to obtain information on the proportion of dispersal that results in permanent
emigration and therefore the extent of natal dispersal, making it impossible to judge
the implications for apparent survival estimates. The propensity and distribution of
the natal dispersal are therefore important determinants of this population
parameter. Some juvenile great tits undertake long migrations extending hundreds
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of kilometres (Bolshakov, Shapoval, & Zelenova, 1999). In addition, we have
recorded natal dispersal of up to 23 km in the Oulu area (Orell et al., unpublished
data). The great tit population in southern Finland has increased in the beginning
of the 21st century (Väisänen, 2006) and it may be that the southern areas generate
immigrants towards the north. This movement asymmetry could reflect variation
in habitat and population specific characteristics between marginal habitat and core
habitats.
3.1.3 Population growth rate and demographic contributions to λ
Both data showed temporal variation in λ. Average population growth rates
indicated stable or slightly growing populations (initial period: 1.008 ± 0.109 SE;
latter period λ 1.033 ± 0.093). In both periods, however, the 95% confidence
interval for the mean growth rate extended below unity (Table 4 in I).
In the initial period, there was no temporal variation in transition parameter (ψ)
(Table 1a in I), which most likely resulted from sparse data, i.e. the low total
number of recruits. Thus, temporal variation in relative contributions to λ was not
detectable. In the latter period, there was temporal variation in all estimated
parameters. Contributions of different parameters varied largely (Table 3 in I). On
average, 44.3% of the great tits in the population were adults surviving from the
previous year, 17.2% were local recruits and 38.5% were immigrants entering the
population from outside the study area. In the initial period, the proportions were
about the same (Table 3 in I).
With the observed adult survival and local recruitment rates the study
population would not be sustainable. Thus, given the stable λ (1.033), immigration
seems to have an important role in the dynamics of the present great tit population.
It had roughly equal contribution with adult survival. The contribution of local
recruitment exceeded that of immigration only in one year. In a willow tit
population studied at the same study area, immigration made a contribution of 0.22
whereas the contribution of adult survival was 0.64 (Lampila et al., 2006).
Proportional contributions to vital rates could be affected by capturing bias, as
pointed out by Nichols et al. (2000), since some local individuals may have been
considered as immigrants. However, I am confident that this potential bias does not
undermine the picture described above. In reality, the amount of immigration may
be slightly smaller than my estimates.
Thus, the high contribution of immigrants to the dynamics of the population is
in agreement with the postulation that asymmetric migration characterises marginal
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populations. The importance of immigration in this population is congruent with
genetic data implying intensive gene flow to northern populations (Kvist, Arbabi,
Päckert, Orell, & Martens, 2007). It is possible that gene flow is responsible for
poor breeding success leading to too large clutch sizes for the northern areas
(Rytkönen & Orell, 2001; Postma & van Noordwijk, 2005).
3.2

Wintering population

3.2.1 Site fidelity
Under high food availability (maintained by supplemental feeding), both
within-winter and between-winter site fidelities were high in a group-living
passerine, the great tit. The relatively strong site fidelity both within and between
winters suggest that great tits benefit from wintering in familiar areas or close to
the former or forthcoming breeding site. While previous studies on between-winter
site fidelity are lacking, the high within-winter fidelity is consistent with previous
feeding site studies from more southern latitudes (de Laet, 1984; Krištín & Kaňuch,
2016) and ringing recovery data (Lehikoinen, 2014). Nevertheless, I found both
temporal and individual variation in within-winter site fidelity, indicating that the
benefits from site fidelity are not the same for all individuals in all environmental
conditions.
Winter conditions and site fidelity
Great tit movement was the most common in autumn and spring but markedly
reduced in mid-winter (January to February) in the first, milder, winter (II). A
similar temporal pattern was described for the occurrence of floaters (transient birds)
during the non-breeding season in a Hungarian population of great tits (Báldi &
Csörgő, 1991), so this pattern may be partly linked to movement to and from
breeding sites. While mid-winter is the coldest period of the year at our study site,
movement was reduced by decreasing mean temperature only during the second
winter, which was colder than the first winter (II). Foraging rates have been shown
to be temperature dependent among passerines (Grubb, 1978; Hogstad, 2015a)
including the great tit (Pakanen et al., 2018) and cold weather may induce obligate
within-winter movement of some species (e.g. Sauter, Korner-Nievergelt, & Jenni,
2010). However, previous studies have not shown cold weather to reduce within39

winter movement of birds. These results thus contrast with studies on great tits
wintering in areas of milder weather (Mérő & Žuljević, 2014). Clearly, winter
conditions with temperatures commonly declining below –20 C° are more
challenging for great tits in northern latitudes despite possible local adaptations to
these conditions (Orell & Ojanen, 1983b; Orell, 1989; Spurgin et al., 2019). Daily
routines of wintering tits are dictated by the need to safely attain sufficient fat
deposits in order to survive the long, cold nights (e.g. Koivula, Orell, & Lahti, 2002;
Krams, 2000; Krams et al., 2010). Because movement significantly increases
energy expenditure (Tatner & Bryant, 1986; Masman & Klaassen, 1987), reduced
movement is probably a strategy for saving energy during energetically demanding
cold periods (Broggi et al., 2004; 2007). It is mportant to note, however, that the
heat generated from the movement can substitute the need for shivering
thermogenesis needed to maintain body temperature (Hohtola, 2004). Thus, other
factors may be important. During cold periods, short day length (3–5 h in winter in
Oulu) allows less time for foraging. While this obviously means that individuals
may have less time to invest in movement, day length itself was not found to affect
movement. Despite the fact that constant movement and flocking are strategies for
escaping predation (de Laet, 1985; Ekman, 1989; Cresswell, 1994), individuals
may be more willing to take risks during these demanding periods, as predator
vigilance becomes costly and difficult (Elgar, 1989). Finally, aggression may be
suppressed during cold periods due to the increased costs of energetic stress, which
would reduce the need to change sites (Hogstad, 1989, 2015b).
Within-winter site fidelity
During the winter of 2008–2009, juveniles moved between feeding sites more
frequently than adults (II). These results were reiterated by the site fidelity index
SFI that was close to one suggesting that most of the birds used only one site (II).
The index was lower for juveniles than for adults in the winter 2008–2009 (males:
W = 2066.5, p = 0.002, n = 150; females: W = 1317, p = 0.043, n = 115), but not in
the winter of 2009–2010 (II). Age dependent movement is consistent with the
dominance of adults over juveniles that is partly linked to previous territory
ownership for individuals (Ekman, 1989; Hogstad, 1989; Sandell & Smith, 1991;
Krams, 1998). As juveniles are subordinate and consequently in a poorer position
in terms of safe foraging (Ekman, 1989), they may benefit more from moving
between sites to escape predation or to find sites with better access to safe foraging.
Juveniles may also be collecting information about the relative quality of different
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wintering areas and finding their position in the flocks during their first winter.
While males dominate females (Ekman, 1989; Hogstad, 1989; Sandell & Smith,
1991), no sex differences in site fidelity were found (II). This may reflect the fact
that great tit pairs affect each other’s foraging decisions (Firth, Voelkl, Farine, &
Sheldon, 2015). Males often protect their mates and therefore females paired with
alpha males receive less aggression from other flock members (Ekman, 1990;
Hogstad, 2015b).
Between-winter site fidelity
Great tits were site faithful to the wintering sites between winters with only 28.6%
of the individuals changing sites between winters (II). This is the minimum estimate,
because some birds may have left the study area to winter.. The probability of
changing sites between the winters negatively correlated with the number of
observations in the first winter (II). For the mean number of observations (9.5) the
probability of changing sites was 35.8% for juvenile males and 20.8% for adult
males (II). There was no support for age or sex differences in between-winter site
fidelity. Return rates between winters also suggest high site fidelity. On average,
49% returned in the winter of 2009–2010 from individuals resighted during the
winter of 2008–2009 (II). Return rates were not linked to sex or age, and were
higher when the last resighting of an individual occurred late in the season (II).
Birds that showed strong site tenacity during the first winter (were seen on each
occasion) had a very high probability of returning the following winter (72%).
Because this estimate includes mortality from late March to the second winter, site
fidelity to the study area was apparently very high. These results are consistent with
national ring recovery data, which shows that 95% of great tits ringed during the
winter are found within one kilometre from their ringing site in subsequent winters
(Valkama et al., 2014). Clearly, the cost–benefit association between juveniles and
adults is different for within- and between-winter fidelity. Juveniles probably gather
information on resources and build relationships with flock mates in their first
winter, and therefore, gain the same benefits as adults from returning the next
winter
The proportion of birds that returned the next winter was over 50% for birds
that were present in the autumn (November–December, II). This value is much
higher than the average annual adult survival estimated from a breeding population
in the same region (0.38; I), and closer to that estimated from the southern parts of
the species distribution (Payevsky, 2006). This means that either survival was very
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high during that year (autumn 2008–autumn 2009) and/or great tits are more site
tenacious to their wintering areas than breeding areas in the north. The proportion
of individuals (74%) that were observed during the first two encounters and were
still alive on the last two encounters, plus high annual apparent survival (54%)
estimated from capture-recapture data from the breeding population (Pakanen et al.,
unpublished data), suggest that survival was also high during that winter.
As in other partial migrants, great tit individuals follow several different
strategies in non-breeding season movement (Newton, 2012). At high latitudes, the
great tit is essentially a facultative migrant, i.e. when conditions are poor, they
move to an area where they can survive the winter but also often remain in their
breeding territories (van Balen, 1980). This means that individuals breeding or born
in an area where birds are fed can be resident throughout the year, i.e. are highly
site faithful between winters. However, in northern conditions, great tits are forced
to move from their breeding areas if they breed outside the reach of winter feeding
(Orell, 1989). Therefore, many of them act like obligate migrants that are known
to have high site fidelity (Newton, 2012). The origin of the wintering birds in our
study is unknown. While some may be local breeders, the study area cannot carry
the sampled number of birds as territorial breeding pairs. Interestingly, one bird
was subsequently resighted about 170 km northeast in Posio during the breeding
season, which suggests that the city of Oulu and the study area draw wintering great
tits from a large area.
Individual variation
The return rates (resighted in the second winter) of individuals seen in the last
encounter occasion of the first winter ranged widely based on how many times they
were observed in the winter (41 – 72%, II). This may partly reflect the fact that
some of the individuals that were resighted in the last occasion had wintered
elsewhere, which would fit the higher movement rates during the autumn and
spring. In addition, individuals that were seen only few times in the first year had
a higher probability of changing sites between years. There may be a portion of
floaters that only visited the area (Hogstad, 2014). On the basis of capture-recapture
models, the proportion of transient individuals during the autumn months ranged
between 7.9% – 11.1% (III). However, as the individual variation (captured by the
block random term) was high, it is possible that individuals have consistently
different movement strategies, some being transient while others are resident
(Belda et al., 2007), that could be related to personalities and behavioural
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syndromes (Cote, Clobert, Brodin, Fogarty, & Sih, 2010; Dingemanse et al., 2012;
Aplin et al., 2013).
3.2.2 Winter survival
There was strong temporal variation in within-winter survival during the cold
winter (Fig. 1 in III), which was largely explained (73%) by a positive correlation
with mean daily minimum ambient temperatures (Fig. 2 in III). Temporal variation
in survival and the temperature effect were milder and present only in juveniles
during the warmer winter (Fig. 2 in III). These results suggest that the ambient
temperature could be an important abiotic determinant of winter distributions (Root,
1988; Zuckerberg et al., 2011) and that winter weather could be the main driver of
variation in the survival of resident birds (Sæther et al., 2004).
By examining within winter variation in survival, I was able to clearly show
how winter temperatures affected mortality. Two-week survival of the great tits
remained close or above 0.95 when mean daily minimum temperatures was above
–15 °C, but when temperatures declined further, survival started to decline reaching
ca. 0.83 at temperatures below –20 °C. Periods of extremely cold weather thus seem
to be fatal and cause temporal variation survival. Survival rates for the two-week
periods were higher in the warm winter (mean = 0.962, 0.009 SE) than in the cold
winter (mean 0.901, 0.027 SE), and hence survival across the winter months was
1.5 times more likely during the warm winter (0.76) than during the cold winter
(0.48). Thus, winter weather seems to be one of the main factors causing annual
variation in survival. Indeed, annual survival probabilities estimated from breeding
data from the same region were also higher for the warm winter (0.55) than for the
cold winter (0.44; Pakanen et al. unpublished data). While the within-winter
relationship with survival and weather is clear and based on more data, more years
would be needed to verify within-winter survival as a determinant of variation in
annual survival. Temporal variation in survival may also be caused by some
unconsidered factors, especially those that are correlated with temperature. One of
these is snow depth (van Balen, 1980). However, data were not available.
Ambient temperature affected survival despite readily available food. This is
interesting because birds can withstand cold by increasing metabolism if sufficient
food resources are available (Repasky, 1991; Canterbury, 2002). Resting great tits,
for example, are able to increase their metabolic rates by a factor of 3 at –20 °C
(Broggi et al., 2004, 2007). However, while winter feeding enables a sufficient
energy source for northern great tits, our results suggests that they may not be able
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to consume enough food in very cold conditions despite that great tits show a
general increase in mass during the winter (Lehikoinen, 1987; Broggi et al., 2019).
Successful wintering in northern conditions requires maintaining daily energy
reserves that enable survival through the long and cold nights (Krams et al., 2010).
Declining temperatures increase energy requirements during the day and night
(Scholander, Hock, Walters, Johnson, & Irving, 1950). At the same time, foraging
becomes more difficult. Foraging rates of great tits decline with decreasing
temperatures because they have to invest time into keeping warm and behaviour
that prevents heat loss e.g. covering legs (Pakanen et al., 2018). As a comparison,
willow tits, which are adapted to northern conditions, are better able to maintain
foraging rates in cold conditions (Pakanen et al., 2018). Thus, species that are not
adapted to cold conditions may suffer from starvation in cold conditions, which
affects body condition and causes stress (Krams, Cīrule, Krama, & Vrublevska,
2011; Cīrule et al., 2017). Cold nights may be fatal for birds with too low energy
reserves (Krams et al., 2013).
The effect of cold temperatures on great tit survival may be caused by
interactions between foraging, energy management and predation. Firstly, in cold
conditions, birds trade off safety for food by investing more time in foraging with
the expense of vigilance (Hogstad, 1988a; 2015a). Importantly, great tits have been
shown to be less vigilant in the cold compared to the willow tit, which is adapted
to northern conditions (Pakanen et al., 2018). Secondly, great tits reduce movement
in cold weather (II), which may make them more vulnerable to predation (de Laet,
1985, Ekman, 1989, Cresswell, 1994). Thirdly, cold temperatures warrant larger fat
reserves, but these increase predation risk due to reduced ability to escape attacks
(Morosinotto, Villers, Varjonen, & Korpimäki, 2016). There were several
observations of pygmy owls (Glaucidium passerinum) and sparrow hawks
(Accipiter nisus) in the study area during both winters (BirdLife Finland;
www.tiira.fi). Finally, if birds are not able to obtain sufficient energy reserves
during the day, they can save energy by spending the night in hypothermia
(Reinertsen & Haftorn, 1986; Nord, Nilsson, Sandell, & Nilsson, 2009), a behavior
which may be common in our northern study population as suggested by Broggi,
Koivula, Hohtola, & Orell, (2017). However, hypothermia can make birds
vulnerable to predation (Pravosudov & Lucas, 2000; Carr & Lima, 2012) and a
perceived predation risk may reduce energetic benefits by shortening the time spent
in hypothermia (Laurila & Hohtola, 2005; Andreasson, Nord, & Nilsson, 2019). As
the survival of great tits declines in low temperatures, phenotypic plasticity and
strategies for surviving in cold conditions seem insufficient.
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Survival of juveniles showed a stronger response to declining ambient
temperatures. Dominance hierarchy may explain this: subordinate individuals,
juveniles and females, suffer most from low temperatures (Krams et al., 2013;
Cīrule et al., 2017; Andreasson, Nord, & Nilsson, 2019). Subordinates have poorer
access to safe feeding sites, and they are forced to carry extra energy reserves in
order to be able to respond to changing weather conditions, which can increase
predation risk (Hogstad, 1988b; Ekman, 1989; Gosler, Greenwood, & Perrins,
1995). The fact that the difference in the effect of temperature between juveniles
and adults was stronger during the warm than in the cold winter suggests that
dominant individuals are able to avoid the mechanisms that increase mortality only
when temperatures are not too cold. An alternative explanation is that the lack of
experience affects the survival abilities of juveniles.
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4

Conclusions and future prospects

I found that the population of great tits breeding close to the northern range of their
distribution was stable or slightly increasing. However, immigration made a strong
contribution to population growth as adult survival was low and local recruitment
was insufficient to compensate the loss of adults. While emigration of juveniles
certainly reduces local recruitment and movement may be balanced across a wider
landscape, the low adult survival hardly reflects emigration. Therefore, this
population is likely to be a sink.
This population close to the species’ northern range margin showed lower
adult survival than the European core populations suggesting lack of adaptations to
the northern conditions. I provide clear evidence that this northward expanding
partial migrant suffers from winter severity even when fed with supplementary food.
Great tits reduced winter movements and showed increased mortality when
temperatures decreased during peaks of cold weather. Temperate species expanding
northwards may thus lack adaptations that enable successful wintering. Great tits,
for example, are adapted to the winter conditions prevailing in Central Europe but
seem to suffer from the cold conditions of northern Fennoscandia. The results from
this thesis support the hypothesis that ambient temperature is an important
determinant of wintering distributions (Root, 1988; Zuckerberg et al., 2011). I show
that partially migrant species benefit from warming winters (but see also Nilsson,
Lindström, Jonzén, Nilsson, & Karlsson, 2006), giving one potential reason for the
recent success of partial migrants (Gilroy, Gill, Butchart, Jones, & Franco, 2016).
I expect that survival, population growth and the range expansion of the northern
populations of partial migrants will increase as climate change continues to warm
winters especially by reducing the extent and occurrence of extremely cold periods
(Jylhä et al., 2009).
The strong immigration (and hence gene flow) of great tits to the study
population is consistent with genetic studies (Kvist et al., 1999). Importantly,
Lemoine et al., (2016) showed that large scale regional differences in the levels of
genetic differentiation and diversity of great tits were explained by winter severity.
The marginal northern populations were the least differentiated from other
populations. Lemoine et al., (2016) attributed this to partial migration that occurs
in cold environments (Nowakowski & Vähätalo, 2003). My results provide an
alternative explanation through higher mortality in cold conditions, which should
increase turnover and gene flow (Kvist et al., 1999; I).
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