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“The only thing that makes life possible is 
permanent, intolerable uncertainty:  

not knowing what comes next.” 
 

 
Faxe the Weaver 

Ursula K. Le Guin — The Left Hand of Darkness (1969) 
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A. Introduction 

Ecology and evolution are intrinsically linked 

through an inevitable struggle for existence 

(Malthus, 1798; Wallace, 1858; Darwin, 1859). 

That is, populations have the potential to grow 

exponentially, but in reality, their growth is 

limited by resources, and natural selection 

consequently favours individuals who 

compete best for those limited resources 

(Kokko & López-Sepulcre, 2007).  

Since the birth of both disciplines, the 

interaction between ecology and evolution 

over very long timescales has been undisputed 

(Post & Palkovacs, 2009; Hendry, 2017), with 

examples as the coevolution among predators 

and prey, or competitors, or more generally, 

the adaptation of organisms to the diverse 

environments across the globe. Yet, over very 

short timescales, the intertwined relationship 

between ecology and evolution has been 

mostly ignored or overlooked (Post & 

Palkovacs, 2009; Govaert et al., 2019), with 

few exceptions (e.g., genetic feedback, 

Pimentel, 1961; r- & K-selection, MacArthur, 

1962; evolutionary ecology, Orians, 1962). 

Indeed, adaptation has mostly been 

considered a mere response to changes in the 

environment (Kokko & López-Sepulcre, 2007), 

and evolution has often been ignored when 

studying ecological dynamics because 

evolution was considered to occur too slowly 

(Slobodkin, 1961; Schoener, 2011). In the last 

decades, however, the feedback between 

ecology and evolution on shorter time scales 

received increased attention as a result of the 

growing evidence that evolution can act on 

contemporary timescales (Thompson, 1998; 

Hendry & Kinnison, 1999). 

Contemporary or “rapid” evolution has 

been observed, both experimentally and 

naturally, across a wide range of taxa and 

biological contexts (Reznick & Ghalambor, 

2001; Carroll et al., 2007). This notion of a 

“convergence of ecological and evolutionary 

time” (Hairston et al., 2005) instigated the 

synthesis of ecology and evolution into a single 

framework: eco-evolutionary dynamics. 

 

Eco-evolutionary dynamics: interactions and 

feedbacks 

 

Eco-evolutionary dynamics can be defined as 

“interactions between ecology and evolution 

that play out on contemporary time scales” 

(Hendry, 2017). In the broad sense, eco-

evolutionary dynamics include the classic 

unidirectional effects of ecology on evolution, 

such as the adaptation of medium ground 

finches (Geospiza fortis) to drought-induced 

changes in the seed distribution on the 

Galápagos island of Daphne Major (Grant & 

Grant, 1995), or vice versa, the effects of 

evolution on ecology, such as the effect of the 
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selection and distribution of body sizes on the 

population dynamics of Soay sheep (Ovis aries) 

on Hirta, St. Kilda (Pelletier et al., 2007). 

In addition, eco-evolutionary dynamics 

include reciprocal interactions referred to as 

“eco-evolutionary feedbacks” (Post & 

Palkovacs, 2009) or “ecogenetic feedbacks” 

(Kokko & López-Sepulcre, 2007). These 

interactions can be considered loops or cycles 

of ecological processes that drive evolutionary 

change in traits that, in turn, drive changes in 

ecological processes (Post & Palkovacs, 2009). 

For example, camouflage maladaptation in the 

stick insect Timema cristinae resulted 

subsequently in increased predation, 

decreased population size, and increased 

selection against the non-cryptic (i.e., 

maladapted) morph (Farkas & Montejo-

Kovacevich, 2014). As another example, cyclic 

population size fluctuations in side-blotched 

lizards (Uta stansburiana)  resulted in an 

evolutionary stable state maintaining both 

throat-colour morphs (Sinervo et al., 2000). 

High-density years, in which yellow-throated 

females with few, large offspring are favoured, 

alternated with low-density years, in which 

orange-throated females with many, small 

offspring are favoured, resulting in an two-

year oscillation between the two morphs 

(Sinervo et al., 2000). The common 

denominator of these two examples is the key 

role of density in linking ecology and evolution.  

 

Density dependence 

 

Density dependence is the process that limits 

populations at high density by decreasing 

population growth rate and its components, 

survival and reproduction (Lande et al., 2002). 

It formed the root of the “struggle for 

existence” and the resulting theory of 

evolution by natural selection (Wallace, 1858; 

Darwin, 1859) and consequently has been the 

focus of attention in many studies in both 

ecology and evolution. On the one hand, 

population ecologists attempt to identify and 

understand the density-dependent and 

density-independent factors that together 

drive population size fluctuations (Lack, 1954), 

whilst community ecologists study the role of 

density dependence in the coexistence of 

competing species or, more generally, the 

maintenance of biodiversity (Chesson, 2000). 

For evolutionary biologists, on the other hand, 

density dependence is an agent of natural 

selection, and provides important insights for 

life history evolution and trade-offs (Bassar et 

al., 2010). Density dependence has also been 

assigned a central role in many of the models 

of eco-evolutionary feedbacks. For example, 

MacArthur (1962) laid the foundation for 

density-dependent selection, which results 

from the assertion that different genotypes 

have higher fitness values at different levels of 

population density. In a multi-species or 

community context, Pimentel described a 
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“genetic feedback” between density and 

genetic change, such that a change in the 

density of a competitor or parasite population 

would change the selection and resulting 

genotypic proportions of the focal or host 

population (Pimentel, 1961). Despite that 

density dependence is ubiquitous in nature, 

both within and between species (Newton, 

1998; Brook & Bradshaw, 2006), empirical 

evidence for density-dependent selection in 

natural populations is scarce (but see Sæther 

et al., 2016; Gamelon et al., 2018; Hunter et al., 

2018). The detection of density dependence 

and estimation of its strength and direction are 

also complicated because the negative effects 

of high density on demographic rates might be 

delayed (e.g., due to interactions with other 

species in the community; Royama, 1992) and 

because individuals’ competitive abilities 

might change throughout their lives (e.g., by 

age; Charlesworth, 1972; Gamelon et al., 

2016). The strength of density dependence 

may also vary with habitat characteristics 

(Dhondt, 2010) or climate conditions (Stenseth 

et al., 2015). In addition, competition between 

individuals of different species and the 

resulting interspecific density dependence is 

often asymmetric (i.e., the effect of one 

species on the other is stronger than vice 

versa), though the prevailing species in one 

situation may be the worse competitor in 

another (Dhondt, 1989), or apparent, if both 

are affected by a shared natural enemy, like a 

predator or parasite (Newton, 1998). 

Resolving these challenges will be an 

important move forward in exploring the role 

of density dependence as a facilitator of eco-

evolutionary feedbacks. 

 

Environmental fluctuations and 

stochasticity in time and space 

 

In their struggle for existence, individuals face 

more challenges than competition with others; 

they also brave their environments. The 

environment is ever-changing, stochastic, and 

hence, a continuous influence on populations 

and individuals in all natural systems across 

the globe. The challenges that individuals living 

in today’s world are confronted with are 

exacerbated by human-induced threats as 

climate change, habitat degradation, and 

overexploitation (Brook et al., 2008). When 

individuals face challenges with predictable 

fitness consequences, they may acclimate 

through phenotypic plasticity (i.e., the ability of 

individuals with a given genotype to adjust 

their phenotype in response to environmental 

variation; Ghalambor et al., 2007). In 

fluctuating or stochastic environments, when 

temporal variation in the environment is 

unpredictable or its consequences uncertain, 

individuals are at an advantage when they 

“hedge their bets” (Slatkin, 1974). By reducing 

the variance in their fitness (i.e., conservative 

bet-hedging) or between-individual 
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correlation in fitness (i.e., diversified bet-

hedging), individuals effectively become less 

vulnerable to years with severe weather or 

environmental catastrophes (e.g., flooding, 

droughts), at the cost of reduced mean fitness 

(Starrfelt & Kokko, 2012). Environmental 

stochasticity is a universal feature of natural 

ecosystems and often assumed to affect the 

vital rates of individuals (within an age or stage 

class) similarly (Lande, 1993). Yet, there is 

increasing evidence that stochastic 

environmental fluctuations and environmental 

perturbations affect individuals differently 

depending on their phenotypes (Marrot et al., 

2018; Acker et al., 2021), possibly generating a 

feedback between ecology and evolution 

(Lande, 2007; Engen et al., 2020). 

Temporal fluctuations of environmental 

conditions are often correlated, or 

synchronized, over large spatial extents, 

sometimes spanning entire continents 

(Koenig, 2002). This environmental synchrony 

is, besides dispersal and species interactions,  

one of the known drivers of spatial population 

synchrony, i.e., correlated temporal 

fluctuations of population sizes among 

spatially distinct populations (Liebhold et al., 

2004). Spatial population synchrony has been 

observed in a wide range of taxa (Elton, 1924; 

Moran, 1953; Hansen et al., 2020). Recently, 

environmentally driven spatial synchrony has 

also been observed in other vital rates, such as 

survival (Olmos et al., 2020) and breeding 

success (Olin et al., 2020), and fitness-related 

traits, such as body size (Herfindal et al., 2020). 

Understanding spatial and temporal variation 

in trait values (Berven & Gill, 1983; Jetz et al., 

2008), particularly traits that have a direct link 

to fitness, and identifying the environmental 

variables that underlie this variation have been 

central to ecological and evolutionary 

research. However, aside from a few 

exceptions (e.g., Herfindal et al., 2020; Olin et 

al., 2020), little is known about spatial 

synchrony in trait values and to what degree 

that is driven by environmental variation. 

Especially those traits that follow distinct 

spatial patterns and have close links  to 

environmental variables, such as phenology 

(Bailey et al., 2020; Samplonius et al., 2021), 

are likely to display synchronous fluctuations 

across large spatial scales. 
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B. Thesis objectives 

In this thesis, I aim to improve our 

understanding of how density dependence 

and environmental fluctuations shape 

ecological and evolutionary processes, and the 

intertwined relationships between them. I 

explore these relationships across different 

levels of organisation: within single 

populations, across multiple populations of the 

same species, and across multiple populations 

of competing species. Comparative analyses 

across multiple populations of the same or 

closely related species are a powerful tool to 

examine the variation in ecological and 

evolutionary processes as well as capture 

potential general patterns that are otherwise 

unobservable. 

Fundamental to this work are the long-

term, individual-based data from an extensive 

collection of secondary hole-nesting bird 

populations across Europe. Throughout the 

thesis, I use data from different sets of 

populations and species to address four 

questions concerning the impact of density 

dependence (i.e., intraspecific and interspecific 

competition) on phenotypic selection and 

population dynamics, and of environmental 

variability on phenotypic selection and spatial 

trait synchrony (Figure 1):  

 

1.  How does intraspecific density dependence 

affect phenotypic selection of fitness-

related traits? (Papers I-II) 

2.  What are the relative contributions of intra- 

and interspecific competition to phenotypic 

selection of fitness-related traits, and the 

population dynamics of competitors? 

(Paper III-IV) 

3.  How are the fitnesses of individuals and the 

phenotypic selection on their fitness-

related traits affected by stochastic 

environmental fluctuations? (Paper II) 

4. To what degree do spatiotemporal 

fluctuations in the environment contribute 

to the spatial synchrony of fitness-related 

traits? (Paper V) 

 

In paper I, we studied how density dependence 

affected the adaptive topography of four 

fitness-related traits (i.e., timing of egg laying, 

clutch size, fledgling number, and mean tarsus 

length of chicks) in an island population of 

collared flycatchers (Ficedula albicollis 

Temminck). Here, the adaptive topography 

refers to Simpson’s (1944) phenotypic 

equivalent of Wright’s (1932) adaptive 

topography for allele frequencies. This 

“phenotype landscape” visualizes the 

relationship between mean phenotype and the 

mean fitness in the population, and 

consequently, how natural selection may lead 
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 Figure 1. Thesis overview. Roman numerals refer to the focus of each paper included in this thesis.  

 

to the evolution phenotypic trait. In addition to 

density-dependent selection analyses on each 

of the four traits separately, we examine how 

density dependence influences correlated 

selection on pairs of traits. That is, selection on 

a particular trait will affect its own distribution 

in the population as well as the distributions of 

correlated traits (Lande & Arnold, 1983). 

Classic models of natural selection in 

temporally fluctuating environments assume 

that all individuals are similarly affected by 

stochastic fluctuations in the environment 

(Engen et al., 2013). However, individuals may 

vary in the impact that the environment has on 

their fitnesses, depending on their phenotypes 

(Lande, 2007) or the population density (Engen 

et al., 2020), and this may generate stochastic 

variation in selection. In paper II, using the 

same data as in paper I, we examined how 

stochastic environmental fluctuations, the 

mean phenotype (i.e., causing frequency 

dependence) and the population size (i.e., 

causing density dependence) affected the 

fitness of individuals and the selection on 

three fitness-related traits (i.e., timing of egg 

laying, clutch size, and fledgling number). 

While papers I and II dealt with 

intraspecific density dependence within a 

single population, papers III and IV covered 

both intra- and interspecific density 

dependence across multiple study sites. 

Species co-occur in ecological communities. 

Particularly species that interact directly with 

each other, like species that compete for 

shared resources, may influence each other’s 

evolutionary (Johansson, 2008) and ecological 
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dynamics (Keddy, 1989). At the same time, the 

strength of intraspecific competition may vary 

with age (Gamelon et al., 2016). Yet, empirical 

studies of the consequences of interspecific 

competition for population growth in natural 

systems have so far discerned no age 

differences. In paper III, we therefore 

examined how age-specific competition 

affected the population growth of two 

competitors. Using the model system of blue 

tits (Cyanistes caeruleus Linnaeus) and great 

tits (Parus major Linnaeus), who compete for 

food and nest sites, we quantified the relative 

contribution of age-specific intra- and 

interspecific competition to the population 

growth rates of each species across several 

study sites in Europe. In paper IV, we used an 

extended set of study sites at which blue tits 

and great tits were sympatric to study the 

effects of intra- and interspecific competition 

on fitness and the selection on three fitness-

related traits (i.e., timing of egg laying, clutch 

size, and fledgling number). 

Lastly, timing of egg laying, clutch size, 

and fledgling number in birds are among the 

best studied traits in ecology and evolution. 

Besides their contributions to studies of 

natural selection and evolution, as 

demonstrated in papers I, II, and IV, the striking 

spatial and temporal patterns in the values of 

these traits, like the increase in clutch size and 

fledgling number (Moreau, 1944), and the 

delay in timing of egg laying (Slagsvold, 1976) 

with increasing latitudes, and the 

environmental drivers of this variation have 

fascinated researchers for long. In paper V, we 

examined the spatiotemporal variation in the 

values of these three traits and identified the 

environmental factors driving this variation 

using an extensive dataset of in total 86 

populations of blue tits, great tits, and pied 

flycatchers (Ficedula hypoleuca Pallas). 

Particularly, we quantified how the spatial 

correlation in temporal trait fluctuations (i.e., 

spatial trait synchrony) changed with distance 

and the extent to which variation in local spring 

temperature and precipitation contributed to 

these spatial synchrony patterns. 

The objective of this thesis is relevant for 

three reasons. First, density dependence and 

environmental fluctuations are omnipresent; 

virtually all populations in the natural world 

are, to varying degrees, limited by density-

dependent factors and subject to 

environmental fluctuations. Second, as 

species are part of communities in which they 

directly or indirectly interact with other 

species, including interactions between 

species in models of population dynamics and 

natural selection will improve our 

understanding of eco-evolutionary dynamics 

in communities. Third, understanding the 

mechanisms through which ecology and 

evolution feedback into one another may help 

us predict how species and communities 

respond in the context of global change. 
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C. Methods 

Study system: individual-based data from 

nestbox schemes in time and space 

 

Blue tits, great tits, collared flycatchers, and 

pied flycatchers are small secondary hole-

nesting (or cavity-nesting) passerine bird 

species that breed in natural cavities or 

artificial nestboxes. The two tits, or parids, are 

mostly year-round residents or partial 

migrants (Smallegange et al., 2010), whilst the 

two flycatchers are obligate migrants that 

travel to sub-Saharan Africa in fall and return 

in spring. They occupy a range of woodland 

habitats, from rural woodlands and mixed 

forests to parks and gardens in (semi-)urban 

areas, where they primarily feed on insects 

and other arthropods during the breeding 

season. Great tits, and seldomly blue tits, are 

facultative multiple breeders and may 

occasionally have two successful broods in a 

single breeding season (Perrins, 1970, 1979), 

whilst the two flycatchers are single brooded. 

Birds that breed in nestboxes can be 

marked, identified and monitored 

systematically throughout their lives 

(Lambrechts et al., 2010). Starting with the 

pioneering works by Kluijver (1951) and Lack 

(1954), long-term, individual-based studies 

involving nestbox schemes have been model 

systems for ecology and evolutionary biology 

(Clutton-Brock & Sheldon, 2010) for at least 

two reasons. First, long-term, individual-

based nestbox studies allowed researchers to 

study ecological and evolutionary processes 

over long periods of time. They have proven 

pivotal in our understanding of, among others, 

phenotypic selection (Chevin et al., 2015; Cao 

et al., 2019) and evolution (Merilä et al., 2001; 

Garant et al., 2004) in fluctuating 

environments, and individual- and population-

level responses to environmental and climate 

change (Charmantier et al., 2008; Reed et al., 

2013; Evans & Gustafsson, 2017). Second, 

combining multiple long-term, individual-

based datasets from spatially distinct study 

sites enabled the study of the same ecological 

and evolutionary processes in a spatial context 

and across different ecological systems (Both 

et al., 2004; Stenseth et al., 2015; Burgess et 

al., 2018; Samplonius et al., 2018; Culina et al., 

2021). 

The work in this thesis is based on 

individual-based data from in total 87 

populations of blue tits (n = 31), great tits (n = 

35), collared flycatchers (n = 1), and pied 

flycatchers (n = 20) that had been monitored 

for at least 9 years. These populations came 

from nestbox schemes at 44 different study 

sites throughout Europe (Figure 2), ranging 

latitudinally from Sicily, Italy (37°35' N) to 

Kevo, Finland (69°45' N) and longitudinally 

from Okehampton, United Kingdom (3° 59' W) 
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 Figure 2. Map of the 87 populations of blue tits (B, n = 31), collared flycatchers (C, n = 1), great tits (G, n = 35), 

and pied flycatchers (P, n = 20) included in this thesis, originating from 44 different study sites in Europe (a), 
with insets of the United Kingdom (b), and the Netherlands and Belgium (c). *Data from the Wytham Woods, a 
woodland characterised by high heterogeneity, were also analyzed at the sub-population level (see Figure 3). 
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to Zvenigorod, Russia (36°51' E). The studied 

populations occupied various woodland 

habitats, dominated by deciduous, evergreen, 

or mixed forests. Meta-data for most of these  

populations are available through the Studies 

on Populations of Individual Birds (SPI-Birds, 

www.spibirds.org; Culina et al., 2021). 

Papers I and II concentrated on the 

isolated population of collared flycatchers in 

the southern parts of Gotland, a Swedish 

island in the Baltic Sea. The nestboxes were 

located in seven study plots, six of which 

occurred in deciduous forests and one in a 

coniferous forest (Pärt & Gustafsson, 1989).  

Papers III and IV used data from several 

study sites at which both blue tit and great tit 

were monitored. For Paper III, we included 

data from Boshoek, Ghent, and Peerdsbos in 

Belgium, and Wytham Woods in the United 

Kingdom. For Paper IV, we included the same 

study sites, expanded by Hoge Veluwe and 

Vlieland in the Netherlands, and Oulu in 

Finland. Wytham Woods is a heterogeneous 

woodland divided into nine sectors (Figure 3) 

that differ in vegetation characteristics, 

physical geography, and nestbox density 

(Minot & Perrins, 1986; Garant et al., 2005). In 

both papers, analyses involving data from the 

Wytham Woods were carried out for the entire 

population (i.e., all sectors pooled) as well as 

for eight out of nine sectors for which sample 

sizes were sufficient. 

Paper V used data from all 86 populations 

of blue tits, great tits, and pied flycatchers that 

were collated for this thesis. Only the 

population of collared flycatchers on Gotland 

was not part of this paper. 

 

 

 Figure 3. Map of the Wytham Woods, United 

Kingdom, and eight out of nine sectors for which 

additional analyses were carried out. Three-letter 

codes refer to sector names. 

Data collection 

 

Breeding, individual, and demographic data 

For all nestbox schemes, the general 

procedure of data collection involved regular 

(at least weekly) visits to all nestboxes 

throughout the breeding season. If nestboxes 

were occupied, information on laying date (i.e., 

the day on which the first egg was laid, where 

1 = 1st of April; note that smaller numbers are 

earlier in the year), clutch size (i.e., the 

http://www.spibirds.org/
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maximum number of eggs) and fledgling 

number (i.e., the number of nestlings that 

successfully fledged from the nest) and/or 

tarsus lengths of fledglings were collected.  

In the nestbox schemes included in 

papers I-IV, individuals were marked with 

uniquely numbered leg rings when first 

captured, allowing them to be easily tracked 

throughout their lives, which made the data 

suitable for the analyses planned in these four 

papers. Nestlings were captured on the nest, 

and adults were mostly captured when 

incubating or when providing nestlings with 

food. From these capture-recapture data we 

derived individual-level information on 

apparent survival, recruitment, and age.  

Throughout this thesis, two different 

measures of recruitment were used. In paper 

III, locally ringed nestlings recruited into the 

breeding population if they were observed 

breeding in their first year. In papers I, II and 

IV, locally ringed nestlings recruited into the 

breeding population if they were observed 

breeding in any future breeding season. 

In papers I, II and IV, we calculated 

breeding females’ individual fitnesses as their 

contribution to the next breeding season, i.e., 

an integrated measure of survival and 

recruitment. In papers I  and II, following 

Sæther et al. (2000), individual fitness was 

calculated as 𝑊𝑊 = 𝐼𝐼 + 𝐵𝐵 2⁄ , where 𝐼𝐼 is the 

apparent survival of the breeding female, and 

𝐵𝐵 2⁄  the number of female recruits (i.e., half of 

the number of recruits of both sexes, 

assuming equal sex ratio). In paper IV, 

individual fitness was calculated as 𝑊𝑊 =  𝐼𝐼 +

 𝐹𝐹, where 𝐹𝐹 is the number of female recruits. 

In papers I-IV, the annual number of 

occupied nestboxes was used as a proxy of the 

total number of breeding pairs or the total 

number of breeding females in the population. 

This is proxy is adequate because recapture 

rates of breeding females in these populations 

are high (range: 73-97%; Karvonen et al., 2012; 

Choquet et al., 2013) and most females start 

to breed at one year of age (Dhondt et al., 

1990). 

For all analyses, we excluded broods that 

were subjected to any experiments that could 

have affected the viability of parents or 

nestlings (e.g., clutch size manipulation or 

supplemental feeding). For papers III and IV, 

we summed the number of fledglings and 

number of recruits if individuals had multiple 

successful clutches in a single breeding 

season, whereas for paper V, we only used 

first clutches.  

 

Climatic data 

For paper V, we used data from two local 

(mean temperature and precipitation) climatic 

variable. Mean temperature and precipitation 

have been widely associated with variation in 

bird breeding parameters (Bowers et al., 2016; 

Bailey et al., 2020) and identified as drivers of 

spatiotemporal variation in fitness-related 
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traits (Herfindal et al., 2020). For each study 

site, we extracted daily mean temperatures 

(ºC) and daily precipitation (mm) from the E-

OBS gridded dataset version 20.0e (Cornes et 

al., 2018), or in the case of the study site 

located on the island of Vlieland, from the 

Royal Dutch Meteorological Institute.  

 

Phenotypic selection  

 

Density-dependent phenotypic selection in 

fluctuating environments 

The foundation for how evolution operates in 

constant environments was laid by Fisher’s 

fundamental theorem of natural selection 

(1930) and Wright’s adaptive topography 

(1932). They showed that the mean 

Malthusian fitness, or intrinsic population 

growth rate, equals the additive genetic 

variance in fitness (Fisher, 1930), and that 

evolution maximizes the mean fitness of 

individuals in a population (Wright, 1932). This 

theory, however, ignored two important 

processes that affect the ecological and 

evolutionary dynamics of populations in 

natural, fluctuating environments: density 

dependence and environmental stochasticity 

(Engen et al., 2013; Sæther & Engen, 2015). 

Incorporating more ecological realism in 

models of selection led to the finding that the 

long-run growth rate is the relevant measure 

of fitness in a fluctuating but density-

independent environment (Lewontin & Cohen, 

1969; Tuljapurkar, 1982), whilst MacArthur 

(1962) showed that fitness decreases with 

increasing population size in a constant but 

density-dependent environment. In paper I, 

following Lande et al. (2009) and Engen et al. 

(2013), we modelled the expected fitness of an 

individual with phenotype 𝒛𝒛 in a fluctuating 

environment 𝜀𝜀 with density dependence as 

 

𝑚𝑚(𝒛𝒛,𝑁𝑁) = ln𝐸𝐸𝐸𝐸(𝒛𝒛,𝑁𝑁, 𝜀𝜀) 
= 𝑟𝑟0(𝒛𝒛) −  𝜎𝜎𝑒𝑒2 2⁄ − 𝛾𝛾(𝒛𝒛)𝑁𝑁, (1) 

 

where 𝑚𝑚(𝒛𝒛,𝑁𝑁) is the fluctuating 

Malthusian fitness, 𝑟𝑟0(𝒛𝒛) −  𝜎𝜎𝑒𝑒2 2⁄  the density-

independent long-run growth rate with 𝑟𝑟0(𝒛𝒛) 

being the deterministic growth rate at small 

population sizes and 𝜎𝜎𝑒𝑒2 the environmental 

variance (i.e., the average variance in the 

Malthusian fitness through time), and 𝛾𝛾(𝒛𝒛)𝑁𝑁 

captures the strength of density regulation 

and density-dependent selection. 

In paper I, density-dependent phenotypic 

selection was modelled on four fitness-related 

traits (i.e., laying date, clutch size, fledgling 

number, and mean fledgling tarsus length) 

separately as well as on pairs of traits. The 

density-independent component of the 

expected fitness (i.e., 𝑟𝑟0(𝒛𝒛)) was modelled as a 

second-degree approximation, including both 

directional and stabilizing selection on each 

trait, and correlated selection on the pair of 

traits in the two-trait (i.e., bivariate) models. 

The density-dependent component of the 
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expected fitness (i.e., 𝛾𝛾(𝒛𝒛)𝑁𝑁) was of the 

exponential form, ensuring negative density 

dependence and allowing for density-

dependent selection. 

Lande et al. (2009) and Engen et al. (2013) 

also showed that the expected evolution of the 

mean phenotype 𝒛𝒛� in density-regulated 

populations subject to environmental 

stochasticity tends to maximize 

 

𝑄𝑄(𝒛𝒛�) =  𝑠̅𝑠(𝒛𝒛�) 𝛾̅𝛾(𝒛𝒛�),⁄ (2) 
 

which is an adaptive topography in terms 

of expected population size and balances the 

long-run growth rate of the population (𝑠̅𝑠(𝒛𝒛�)) 

and the average strength of density regulation 

in the population (𝛾̅𝛾(𝒛𝒛�)). In paper I, we 

quantified the optimal values for each trait and 

pair of traits, maximizing 𝑄𝑄(𝒛𝒛�). 

 

Individual variation in the impact of 

environmental stochasticity on fitness 

Additional ecological realism in phenotypic 

selection and evolution theory was provided 

by Lande (2007), who developed a model in 

which the fitnesses of individuals are 

differently affected by stochastic fluctuations 

in the environment, generating stochastic 

fluctuations in selection other than the 

stochasticity generated by fluctuations in 

population size. Engen et al. (2020) expanded 

this model by including frequency-dependent 

and density-dependent selection.  

Consequently, in paper II, we modelled the 

expected fitness of an individual with 

phenotype 𝒛𝒛 as 

 
𝑚𝑚(𝒛𝒛,𝑁𝑁) = 𝑟𝑟0(𝒛𝒛) − 𝑐𝑐̅(𝒛𝒛, 𝒛𝒛�,𝑁𝑁) − 𝜓𝜓(𝒛𝒛)𝑁𝑁, (3) 

 

where 𝑐𝑐̅(𝒛𝒛, 𝒛𝒛�,𝑁𝑁) is the environmental 

covariance between the growth rate of an 

individual with phenotype 𝒛𝒛 and that of the 

population with mean phenotype 𝒛𝒛�, and 

captures the differential individual effects of 

environmental stochasticity, and 𝜓𝜓(𝒛𝒛)𝑁𝑁 is 

identical to 𝛾𝛾(𝒛𝒛)𝑁𝑁 in eq. 1 but with different 

notation. If all individuals are similarly affected 

by stochastic fluctuations in the environment, 

the environmental covariance equals the 

constant environmental variance 𝜎𝜎𝑒𝑒2, the 

model in eq. 3 becomes identical to the model 

in eq. 1. 

In paper II, we quantified density-

dependent selection on the multivariate 

phenotype of laying date, clutch size, and 

fledgling number, and examined the 

differential effects of environmental 

stochasticity on individuals dependent on their 

(multivariate) phenotype 𝒛𝒛, the mean 

phenotype in the population 𝒛𝒛�, and the size of 

the population 𝑁𝑁. The density-independent 

component of the expected fitness included 

directional selection, and the density-

dependent component was of the same form 

as in paper I. The environmental covariance 

between two individuals, with phenotypes 𝒚𝒚 



|14 
 

 

and 𝒛𝒛 respectively, was of the form: 

𝑐𝑐(𝒛𝒛,𝒚𝒚,𝑁𝑁) = 𝜎𝜎(𝒚𝒚,𝑁𝑁)𝜎𝜎(𝒛𝒛,𝑁𝑁)𝜌𝜌(𝒚𝒚, 𝒛𝒛). Here 

𝜎𝜎(𝒚𝒚,𝑁𝑁) and 𝜎𝜎(𝒛𝒛,𝑁𝑁) are the standard 

deviations of 𝑟𝑟0(𝒚𝒚) and 𝑟𝑟0(𝒛𝒛), and capture the 

magnitude of environmental stochasticity, or 

the sensitivity of individual growth rates to 

environmental fluctuations as a function of 

their phenotypes and the population size. 

𝜌𝜌(𝒚𝒚, 𝒛𝒛) is the correlation between 𝑟𝑟0(𝒚𝒚) and 

𝑟𝑟0(𝒛𝒛), which is expressed in terms of the 

difference in phenotypes 𝒗𝒗 =  𝒛𝒛 − 𝒚𝒚, such 

that two individuals with identical phenotypes 

have correlation 1, and the two individuals 

with the biggest difference in phenotypes have 

correlation 0. 

 

Density-dependent phenotypic selection between 

competitors in fluctuating environments 

In ecological communities species often 

compete for resources, and in doing so, 

affecting each other’s ecological and 

evolutionary dynamics, leading to phenomena 

such as character displacement (Grant & 

Grant, 2006) and competitive exclusion (Vallin 

et al., 2012). In paper IV, we extended the 

model of density-dependent selection used in 

paper I to include both intra- and interspecific 

density-dependent selection. We modelled 

the expected fitness of an individual with 

phenotype 𝒛𝒛 as 

 

𝑚𝑚(𝒛𝒛,𝑁𝑁) = 𝑟𝑟0(𝒛𝒛) −  𝜎𝜎𝑒𝑒2 2⁄ − 𝛾𝛾(𝒛𝒛)𝑁𝑁 − 𝛾𝛾(𝒛𝒛)𝑀𝑀, (4) 
 

where 𝛾𝛾(𝒛𝒛)𝑁𝑁 describes the strength of 

intraspecific density regulation and 

intraspecific density-dependent selection, and 

𝛾𝛾(𝒛𝒛)𝑀𝑀 the strength of interspecific density 

regulation and interspecific density-

dependent selection. 

In paper IV, similar to paper II, we 

quantified selection on the multivariate 

phenotype of laying date, clutch size, and 

fledgling number. The density-independent 

component of the expected fitness was of the 

same form as in paper I, including both 

directional and stabilizing selection. The 

density-dependent component was of the 

logistic form, including intra- and interspecific 

density dependence and intra- and 

interspecific density-dependent selection. 

 

Population dynamics 

 

In age-structured populations subject to 

density-dependent feedbacks, the “critical age 

class” (sensu Charlesworth, 1972) is the age 

class in which the variation in the number of 

individuals contributes most to the density 

regulation. Gamelon et al. (2016) showed that 

in a Dutch population of great tits, the 

youngest breeding females (i.e., age 1) out of 

four age classes were the critical age class. In 

paper III, we extended the age-specific model 

of density dependence to the blue tit and great 

tit model system and examined how age-

specific competitive effects influence the 
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1: In paper III, 𝛾𝛾𝜆𝜆𝐴𝐴  and 𝛾𝛾𝜆𝜆𝐵𝐵  are the notations used for the intercepts. I changed the notation here to distinguish them from the 
density-dependent components in the models of phenotypic selection (eqs. 1, 2, 4). 
 

population growth rates of sympatric species 

using the model 

 

ln 𝜆𝜆𝐴𝐴,𝑡𝑡 = 𝛼𝛼𝐴𝐴 +𝛽𝛽1𝐴𝐴�𝑁𝑁1𝐴𝐴,𝑡𝑡 + 𝜔𝜔𝐴𝐴𝑁𝑁1𝐵𝐵,𝑡𝑡� 
+𝛽𝛽2𝐴𝐴�𝑁𝑁2𝐴𝐴,𝑡𝑡 + 𝜔𝜔𝐴𝐴𝑁𝑁2𝐵𝐵,𝑡𝑡� 
+𝛽𝛽3𝐴𝐴�𝑁𝑁3𝐴𝐴,𝑡𝑡 + 𝜔𝜔𝐴𝐴𝑁𝑁3𝐵𝐵,𝑡𝑡� 
+𝛽𝛽4𝐴𝐴�𝑁𝑁4𝐴𝐴,𝑡𝑡 + 𝜔𝜔𝐴𝐴𝑁𝑁4𝐵𝐵,𝑡𝑡� + 𝜀𝜀𝑡𝑡 , (5) 

 

where ln 𝜆𝜆𝐴𝐴,𝑡𝑡 = 𝑁𝑁𝐴𝐴,𝑡𝑡+1 𝑁𝑁𝐴𝐴,𝑡𝑡⁄  is the total 

population growth of species A from year 𝑡𝑡 to 

𝑡𝑡 + 1, 𝛼𝛼𝐴𝐴 the intercept1, 𝛽𝛽𝑖𝑖𝑖𝑖 the strength of 

density regulation of age class 𝑖𝑖 on species A, 

𝑁𝑁𝑖𝑖𝑖𝑖,𝑡𝑡 and 𝑁𝑁𝑖𝑖𝑖𝑖,𝑡𝑡 the number of breeding females 

in age class 𝑖𝑖 of species A and B, respectively. 

𝜔𝜔𝐴𝐴 is the relative importance of intra- versus 

interspecific competition on the total density 

regulation in species A, where 0 indicates no 

effect of interspecific competition and 1 an 

equal effect of intra- and interspecific 

competition. 𝜀𝜀𝑡𝑡 are the residuals of the 

regression and correspond to variation in 

ln 𝜆𝜆𝐴𝐴,𝑡𝑡 not explained by variation in population 

size. The model in eq. 5 describes the density 

dependence for species A only; for species B, 

the model is similar except that the indices A 

and B are swapped. 

Instead of using annual age-specific count 

data directly, more accurate age-specific 

numbers were retrieved by jointly analysing 

count data, capture-mark-recapture data, and 

recruitment data in an integrated population 

model. This framework allowed us to account 

for observation error commonly associated 

with population censuses, incomplete 

information on the age of breeding females, 

and demographic stochasticity (Schaub & 

Abadi, 2011). 

 

Spatial synchrony in trait values 

 

Environmental fluctuations and population 

dynamics are linked in such a way that 

spatially synchronous environmental 

fluctuations may induce spatial synchronous 

population size fluctuations (Hansen et al., 

2020). Traits also have strong links to the 

environment; yet, whether synchronous 

fluctuations in environmental conditions can  

generate spatial synchrony in the values of 

traits is not well understood. In paper V, we 

examined whether temperature and 

precipitation in spring (i.e., average of 

February-May, which corresponds to the 

period before and during breeding; Both et al., 

2004) can drive spatial synchrony in laying 

dates, clutch sizes, and fledgling numbers 

across a large number of European 

populations of secondary hole-nesting 

passerines. For each year in each population, 

we calculated median laying date, mean clutch 

size, and mean fledgling number. These values 

were linearly detrended to remove common 

climatic trends and normalized to explore the 

temporal fluctuations in traits relative to long-

term population averages. Following Engen et
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 al. (2005), we quantified the spatial synchrony 

in trait values as function of the distance 𝑑𝑑 

between populations 

 

𝜌𝜌(𝑑𝑑) = 𝜌𝜌∞ + (𝜌𝜌0 − 𝜌𝜌∞)𝑒𝑒−𝑑𝑑2 2𝑙𝑙2⁄ , (6) 

 

where 𝜌𝜌0 and 𝜌𝜌∞ are the correlation as 

distance approaches zero and infinity, 

respectively, and 𝑒𝑒−𝑑𝑑2 2𝑙𝑙2⁄  is a Gaussian 

positive definite spatial autocorrelation 

function, where 𝑙𝑙 is the standard deviation of 

the Gaussian probability distribution, 

representing the spatial scale of synchrony. In 

contrast to non-parametric models of spatial 

synchrony, the three parameters of this 

parametric model can be compared across 

different species and ecological contexts in a 

standardized way. 
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D. Results and discussion 

1.  How does intraspecific density dependence 

affect the phenotypic selection on fitness-

related traits? (Papers I-II) 

 

Our analyses in papers I and II revealed 

evidence for density-dependent selection on 

fitness-related traits in the collared flycatcher 

population on Gotland, Sweden. Density-

dependent selection occurs when variation in 

population sizes (or densities) have differential 

effects on individual fitnesses dependent on 

their phenotypes. In the univariate model from 

paper I and the multivariate model from paper 

II, we found that earlier laying dates and larger 

fledgling numbers were favoured at smaller 

population sizes than at larger population 

sizes. This stronger selection for more 

fledglings at small population sizes is in line 

with the low occurrences of complete brood 

failure and high recruitment rates at small 

population sizes in this population, resulting in 

increased population growth. The stronger 

selection for earlier laying at small population 

sizes might result from an increased 

availability of nesting locations of better 

quality (Doligez et al., 2004) or improved 

timing of breeding irrespective of spring 

temperature (Ahola et al., 2012). In the model 

of correlated selection on these two traits 

(paper I), the density-dependent selection on 

fledgling number found in the univariate case 

was no longer evident, likely because of the 

decrease in fledgling number with later laying 

(Perrins, 1970), such that selection for more 

fledglings results indirectly from selection for 

earlier laying. We found no evidence for 

density-dependent selection on clutch size, 

which has previously been shown to be only 

affected through indirect selection in this 

population (Sheldon et al., 2003). This is 

interesting because in other secondary hole-

nesting passerines, clutch size has been 

shown to be under direct density-dependent 

selection (Both et al., 2000; Ahola et al., 2012; 

Engen & Sæther, 2016). 

Density-dependent selection can be 

considered the simplest form of an eco-

evolutionary feedback loop (Kokko & López-

Sepulcre, 2007; Travis et al., 2013). That is, 

individuals favoured at small population sizes 

have trait values (e.g., more fledglings) that 

lead to an increase in population size, which 

will, in turn, select for individuals that deal well 

with high population densities. This ongoing 

loop is represented by an adaptive peak (i.e., 

𝑄𝑄(𝒛𝒛�) in paper I), often at intermediate trait 

values, at which fluctuations in population size 

due to fluctuations in the environment will 

cause the mean phenotype to move away 

from its optimum value (Engen et al., 2013). 
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2.  What are the relative contributions of intra- and 

interspecific competition to phenotypic 

selection of fitness-related traits, and the 

population dynamics of competitors? (Papers 

III-IV) 

 

Density-dependent interactions between 

competing species are another example of an 

eco-evolutionary feedback loop. Competition-

induced selection pressures might change the 

distribution of trait values, which, in turn, 

might alter the strength of competition 

between the competitors (Govaert et al., 

2019). A classic example of intra- and 

interspecific competition is the interaction 

between the smaller blue tit and the larger 

great tit. They compete both directly for 

nesting sites during the breeding season 

(Minot & Perrins, 1986) and roosting sites in 

winter (Dhondt & Eyckerman, 1980), as well as 

indirectly for food throughout the year (Lack, 

1954; Dhondt, 1977). Our analyses in papers 

III and IV showed that the relative 

contributions of intra- and interspecific 

competition to the population growth rate and 

density-dependent selection of the two 

species vary considerably across the different 

study sites. In both papers, we found that 

interspecific competition had a stronger 

negative effect on the population growth or 

fitness of blue tits than of great tits. This 

asymmetry in competition has been 

demonstrated earlier in these two species 

(Dhondt, 2012; Stenseth et al., 2015). Yet, this 

finding was not consistent across all study 

sites, potentially because of within-population 

habitat heterogeneity (Dhondt et al., 1992), or 

the double asymmetry in competition due to 

blue tits exploitation competitor (i.e., due to a 

more variable diet; Török & Tóth, 1999) and 

great tits being the better inference 

competitor (Dhondt, 2012). In addition, the 

differential contributions of the age classes to 

density regulation varied also between the 

study sites (paper III), including sites with the 

largest contribution from the youngest age 

class and sites with the largest contribution 

from age class 3 or 4. 

In paper IV, we found no clear evidence of 

intra- and interspecific density-dependent 

selection on any of the traits studied, with a 

few exceptions such as the negative 

relationship between blue tit densities and the 

selection on great tit clutch sizes in Hoge 

Veluwe. The lack of a consistent pattern across 

study sites might be attributed to the variation 

in the ecological contexts of each study site, 

such that a site’s specific environmental 

conditions determine the evolutionary 

consequences of competition. Sector-level 

analyses of the heterogeneous Wytham 

Woods indeed showed within-population 

variation in the density effects on fitness and 

phenotypic selection, possibly generating a 

mosaic of competition strengths (Blondel et 

al., 1993). 
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3.  How are the fitnesses of individuals and the 

phenotypic selection on their fitness-related 

traits affected by stochastic environmental 

fluctuations? (Paper II) 

 

Stochastic fluctuations in the environment are 

commonly assumed to affect all individuals or 

groups of individuals (e.g., within age or stage 

classes) in the population equally (Lande, 

1993). In paper II, however, we showed that 

environmental stochasticity may impact the 

fitnesses of individuals differently depending 

on their phenotypes, the mean phenotype, and 

the size of the population. Individuals with 

large clutches or few fledglings experienced 

the strongest negative fitness consequences 

of environmental stochasticity, whereas their 

laying date had little contribution to these 

stochastic effects. This is the result of the 

magnitude of environmental stochasticity 

𝜎𝜎(𝒛𝒛,𝑁𝑁) being the most sensitive to changes in 

clutch size, and the environmental correlation 

between individuals 𝜌𝜌(𝒚𝒚, 𝒛𝒛) to changes in 

fledgling number. All of these traits have 

strong, but often complicated, links to 

environmental variation and perturbations 

(Boyce & Perrins, 1987; Siikamäki, 1996; Eeva 

& Lehikoinen, 2010). The finding that negative 

impacts of environmental stochasticity on 

individual fitnesses were irrespective of laying 

date might indicate that laying date in this 

population is plastic, so that individuals 

experience little to no fitness consequences 

when adjusting their laying dates, or that 

environmental stochasticity primarily acts at 

the later stages in the breeding season. 

Negative impacts of the environment on 

the population may either be amplified 

(Jaatinen et al., 2021) or mitigated (Reed et al., 

2013) when population densities are high.  In 

paper II, we found that the magnitude of 

environmental stochasticity decreased with 

increasing population size, thus behaving like 

demographic stochasticity (i.e., chance events 

of births and deaths), which diminishes with 

increasing population size.  

Through the differential effects on the 

fitnesses of individuals with different 

phenotype stochastic environmental 

fluctuations induce frequency-dependent 

selection (Engen et al., 2020), illustrating a 

third route through which ecology and 

evolution may feedback into each other 

(Smallegange et al., 2018; Govaert et al., 

2019).  

  

4.  To what degree do spatiotemporal fluctuations 

in the environment contribute to the spatial 

synchrony of fitness-related traits? (Paper V) 

 

In paper V, we showed that temporal 

fluctuations in the values of fitness-related 

traits may be spatially synchronous over large 

spatial extents. We found a high degree of 

spatial synchrony in laying date and lower 

degree of in clutch size and fledgling number, a 
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pattern that was consistent across all three 

secondary hole nesters. We further showed 

that a large degree of the spatial synchrony in 

laying dates of blue tits and great tits could be 

attributed to variation in local spring 

temperatures. This comes as no surprise 

because their timing of laying is strongly 

influenced by the onset of spring, and 

consequently the food availability for their 

offspring (Perrins, 1970). The smaller 

contribution of temperature to the spatial 

synchrony in laying dates of pied flycatchers 

might be attributed to the greater range of 

environmental conditions that they experience 

to time their spring arrival and the start 

breeding (Rushing et al., 2017). 

Local precipitation in spring did not 

contribute to spatial synchrony in any species-

trait combination, possibly because it can have 

opposing effects on individuals throughout the 

breeding season (Radford et al., 2001; Eeva et 

al., 2020). After accounting for variation in 

temperature and precipitation, spatial 

synchrony in laying date remained high at 

shorter distances, and spatial synchrony in 

clutch size and fledgling number was 

unaffected. This indicates that other local 

ecological factors play an important role in 

driving the spatiotemporal dynamics of these 

traits, including but not limited to the spatial 

heterogeneity of habitat quality (Blondel et al., 

1993) and density dependence (Walter et al., 

2017), the incidence of double brooding in 

great tits (Husby et al., 2009), the spatial 

synchrony of food supplies, such as beech 

mast in winter (Grøtan et al., 2009). 

The spatial scale of synchrony in laying 

date and clutch size surpassed that of 

population abundances in blue tits and great 

tits (Sæther et al., 2007). As the pattern of 

spatial synchrony is consistent across the 

three species, it is likely that spatial trait 

synchrony is common for other traits that 

show such consistent responses to specific 

environmental variables as laying date, or 

phenology in general, does to temperature. 
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E. Conclusions and perspectives 

This thesis illustrates that intraspecific density 

dependence, interspecific density dependence, 

and environmental stochasticity constitute 

three processes through which ecology and 

evolution are impacted and intertwined. 

Density dependence, within and between 

species, may affect the fitness of individuals 

and populations, and is an agent of natural 

selection on fitness-related traits. Overall, 

density-dependent effects on fitness and 

population growth are mainly negative as 

competition for resources increases, and 

phenotypic selection may consequently act 

towards increased reproduction or avoiding 

competition. Yet, the large heterogeneity in 

the strength and direction of density effects 

among populations and study sites suggests 

that the evolutionary outcome or 

consequences of intra- and interspecific 

competition may be dependent on the trait, 

population, species, and system under study.  

Stochastic environmental fluctuations are 

a continuous impact on individuals and 

populations in natural systems. These impacts 

are similar when individuals are similar, or 

populations are near. As an inevitable 

consequence, the effects of the environment 

vary considerably when individuals vary in 

terms of phenotypes, or populations are 

distant. Variation or heterogeneity at the 

essence of both evolutionary biology and 

population and community ecology (Vindenes 

et al., 2008; Bolnick et al., 2011), and may 

provide the means to link the two. Ignoring 

individual heterogeneity (Vindenes & 

Langangen, 2015) or spatial heterogeneity 

(Senner et al., 2018) may mask the strength 

and presence of eco-evolutionary processes, 

and hence bias predictions of population 

response to current and future global threats.  

Environmental stochasticity and density 

dependence may also interact. On the one 

hand, density dependence may buffer against 

the detrimental effects of environmental 

perturbations (Reed et al., 2013; Hansen et al., 

2019). On the other hand, environmental 

fluctuations may impact small populations 

more strongly (Jaatinen et al., 2021) or 

increase competition between species 

(Wittwer et al., 2015). The consequences for 

organisms vary greatly between the two 

interactions, underlining the importance of 

including both environmental stochasticity 

and density dependence when studying and 

predicting eco-evolutionary dynamics. 

 

Like all scientific studies, irrespective of the 

field, this thesis has yielded more questions 

than answers. As both density dependence 

and environmental fluctuations are virtually 

everywhere, and the availability of 

meticulously collected long-term, individual-
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based data is increasing, there are plenty of 

opportunities left to study the intricacies of 

eco-evolutionary dynamics in natural systems. 

Species co-occur in ecological 

communities, in which they are often part of 

diverse competitive networks that are more 

than just the sum of pairwise interactions. 

Blue tits and great tits, for example, also 

compete with other secondary hole-nesting 

passerines, such as other parids and Ficedula 

flycatchers (Dhondt, 2012). In addition, 

competition is not constant through time; the 

winner in one situation may be the loser in the 

next. Incorporating these competitive loops in 

which no single species outcompetes all 

others (i.e., competitive intransitivity; Laird & 

Schamp, 2006) into a models of density-

dependent selection may help us improve our 

understanding of the eco-evolutionary 

dynamics of each species involved in the 

network as well as the dynamics of the whole 

community. 

One way forward in elucidating the 

influence of environmental stochasticity on 

phenotypic selection is through improving our 

understanding of its ecological causes of 

phenotypic selection (MacColl, 2011). This 

requires the development of models that 

directly incorporate environmental variation in 

models of phenotypic selection (e.g., adding an 

environmental dimension to the adaptive 

landscape; Chevin et al., 2010) because simply 

relating selection coefficients to variation in 

environmental variables might misrepresent 

the complex relationship of traits, fitness, and 

the environment (Hunter et al., 2018). 

There are multiple pathways through 

which environmental variation may impact 

populations. This may happen directly, such as 

the spatiotemporal variation in environmental 

conditions synchronizing the temporal 

dynamics of populations across a region or 

continent. However, this may also happen 

indirectly through variation in traits and vital 

rates (McLean et al., 2016), for instance when 

environmentally driven spatial synchrony of 

traits and vital rates would lead to spatial 

synchrony in population size fluctuations. 

Spatial population synchrony tends to increase 

the risk of extinction (Heino et al., 1997) 

because there is a greater chance that 

environmental perturbations will negatively 

affect all or most populations the region 

simultaneously (Koenig & Liebhold, 2016). A 

crucial next step is, therefore, to examine the 

extent to which traits and/or vital rates 

mitigate or intensify the synchronizing effect 

of the environment on population dynamics. 

Environmentally driven spatial trait synchrony 

may also contribute to our understanding of 

spatial variation in phenotypic selection 

(Siepielski et al., 2013), which is likely to have 

notable consequences for ecological and 

evolutionary processes alike (Jetz et al., 2009; 

Hadfield, 2016; Engen & Sæther, 2019).
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abstract: Adaptive topography is a central concept in evolution-
ary biology, describing how the mean fitness of a population changes
with gene frequencies or mean phenotypes. We use expected popula-
tion size as a quantity to be maximized by natural selection to show
that selection on pairwise combinations of reproductive traits of col-
lared flycatchers caused by fluctuations in population size generated
an adaptive topography with distinct peaks often located at inter-
mediate phenotypes. This occurred because r- and K-selection made
phenotypes favored at small densities different from those with higher
fitness at population sizes close to the carrying capacityK. Fitness de-
creased rapidly with a delay in the timing of egg laying, with a density-
dependent effect especially occurring among early-laying females. The
number of fledglings maximizing fitness was larger at small popula-
tion sizes than when close to K. Finally, there was directional selec-
tion for large fledglings independent of population size. We suggest
that these patterns can be explained by increased competition for
some limiting resources or access to favorable nest sites at high pop-
ulation densities. Thus, r- and K-selection based on expected popu-
lation size as an evolutionary maximization criterion may influence
life-history evolution and constrain the selective responses to changes
in the environment.

Keywords: collared flycatcher, density dependence, eco-evolutionary
dynamics, fitness variation, life-history evolution, r- and K-selection.

Introduction

Wright (1932) introduced the concept of adaptive topog-
raphy in evolutionary biology by demonstrating that evo-
lution of gene frequencies in a constant environment will

maximize the mean fitness of the individuals in the pop-
ulation, assuming constant genotypic fitnesses over time,
randommating, and no linkage disequilibrium among loci.
Natural selection will then cause gene frequencies to change
so that the population moves upward on the adaptive to-
pography, resulting in an increase in the mean fitness of
the population. Wright’s shifting balance theory of evolu-
tion showed that this process could, by introducing the ef-
fects of random genetic drift, lead tomultiple fitness peaks.
The formation of such an adaptive topography has provided
a theoretical foundation for analyses of many problems in
evolutionary biology (Gavrilets 2004; Svensson and Cal-
sbeek 2012).
Lande (1976, 1979, 1982) and Lande and Arnold (1983)

provided an important conceptual advancement by devel-
oping a quantitative genetic theory for selection of the
mean phenotype that showed that the adaptive topography
for a normally distributed character is the mean Malthu-
sian fitness as a function of the mean phenotype. Stochas-
ticity was introduced by random genetic drift, causing var-
iance in stochastic changes to be proportional to the inverse
of the population sizeN (Lande 1976). This theory was later
expanded by Lande (2007) to include a fluctuating envi-
ronment, showing that the adaptive topography for the
expected selection was the gradient of the long-run pop-
ulation growth rate (Lande et al. 2003) expressed as a
function of themean phenotype. In this model, individuals
with different phenotypes are differently affected by envi-
ronmental fluctuations but are similarly affected by density
dependence.
Numerous studies covering a wide range of taxa have

documented a decrease in mean individual fitness with
increasing population density (e.g., Royama 1992; Fowler
et al. 2006; Bassar et al. 2010; Travis et al. 2013; Sæther
et al. 2016a). However, despite the presence of such a gen-
eral pattern, empirical evidence for density-dependent
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selection in natural populations is still rare (Mueller 1997;
Coltman et al. 1999; Sinervo et al. 2007; Svanbäck and
Persson 2009). A major reason for this is that it can be
challenging to show that genotypes or phenotypes fa-
vored at small population sizes differ from those that
have higher fitness at large population densities, which
is a prerequisite for density-dependent selection to occur
(Reznick et al. 2002; Travis et al. 2013). Fortunately, an in-
creasing number of experimental manipulations of popu-
lation density have now revealed that density-dependent
selection is an important selective agent on fitness-related
characters in many natural populations (Sinervo et al.
2000; Svensson and Sinervo 2000; Reznick et al. 2012;
Bassar et al. 2013; Travis et al. 2014; Hayward et al. 2018;
Handelsman et al. 2019). As all natural populations fluc-
tuate in size, this introduces a general mechanism of
how the mean fitness of individuals in the population will
change through time and ultimately influence the rate of
evolutionary responses to changes in the environment
(Sæther and Engen 2015). Density-dependent selection
also represents the simplest form for feedback between
ecology, described by the patterns in population dynamics,
and evolution, characterized by the selective response to
these population fluctuations (Kokko and Lopez-Sepulcre
2007; Travis et al. 2013; Govaert et al. 2019; Handelsman
et al. 2019). This eco-evolutionary interactionmay, in turn,
influence trophic interactions and ecosystem processes
(Svanbäck and Persson 2004; Reznick and Travis 2019).
The aim of the present study is to quantify how fluctua-
tions in population size may affect phenotypic selection
in a small passerine bird.
An influential concept of density-dependent selection

was the dichotomy between r- andK-selection introduced
by MacArthur and Wilson (1967). They suggested, on
the basis of a theory originally developed by MacArthur
(1962), that phenotypes favored at small densities were
selected against when population size approaches the car-
rying capacity because of competitive inferiority or poorer
ability to utilize sparse resources (Bell 2008; Engen and
Sæther 2017a). Another important implication of Mac-
Arthur’s (1962) classical result is that in a stable environ-
ment evolution tends to maximize the carrying capacity
K, a result that was later generalized to age-structured pop-
ulations by Charlesworth (1994 and references therein).
Thus, the adaptive topography in this deterministic model
is simply described by the carrying capacityK as a function
of the mean phenotype.
Lande et al. (2009) generalized, for a haploid popula-

tion, MacArthur’s (1962) classical result for deterministic
models to include environmental stochasticity. They showed
that in a fluctuating environment, evolution tends to maxi-
mize the expected population size Q p g(N)[12 j2

e=2r0)],
where g(N) is an increasing function of population size

N that describes the form of the density regulation (e.g.,
g(N) p Nv for the theta logistic model, where v is a
parameter determining the form of density regulation
[Gilpin et al. 1976], and g(N) p N for the logistic model
of density regulation), j2

e is the environmental variance,
and r0 is the population growth rate at low densities. Evo-
lution of the mean phenotype �z under density-dependent
selection will always be toward the value z* maximiz-
ing Q(�z). This maximum is never reached because envi-
ronmental stochasticity always perturbs it toward values
smaller than the maximum, but the mean phenotype
still has some stationary fluctuations around the opti-
mal phenotypic value z* (Engen et al. 2013a). Thus, Q(�z)
is the adaptive topography of the population, describing
how expected selectionwill depend on themean phenotype.
One of the major challenges in analyses of density-

dependent selection is to account for the effects of envi-
ronmental variables that often strongly affect individual
fitness. For example, clutch size of small hole-nesting pas-
serine birds is affected by variation in climate variables
that influences the timing of egg laying and the amount
of food available to nestlings (Visser et al. 2004). Varia-
tion in climate explains a large proportion of annual var-
iation in the number of recruits produced per female and
hence is an important determinant of individual fitness
(Reed et al. 2013b). In addition, intermediate clutch sizes
often produce a larger number of recruits than both small
and large clutches (Lack 1966; Pettifor et al. 1988). These
effects result in stabilizing selection toward an optimal in-
termediate clutch size (Boyce and Perrins 1987), which
also affects the within-population distribution of clutch
sizes (Haukioja 1970). Experimental evidence indicates
that this optimum is strongly affected by fluctuations in
population density (Both et al. 2000). Accordingly, strong
directional selection on optimal seasonal timing of repro-
duction can therefore be counteracted by demographic
buffering through increased juvenile survival in years
with low fledging rates (Reed et al. 2013a). However, statis-
tical analyses of annual variation in selection have revealed
that the total number of eggs produced per breeding season
can be subject to r- and K-selection (Sæther et al. 2016b):
females producing a large number of eggs have higher fit-
ness at low population densities but have lower fitness close
to the carrying capacity K than those females producing
a small clutch when the population size is small. In this
study, we will apply the long-run growth rate as a measure
of fitness, defined as the mean of the fluctuating Malthu-
sian fitness (Sæther and Engen 2015). This measure has
the advantage that it includes density-dependent selection
as well as environmental stochasticity, which both may
strongly affect evolutionary processes in density-regulated
populations (Roughgarden 1971; Travis et al. 2013; Engen
and Sæther 2016).
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A challenge in analyses of natural selection is that selec-
tion on one trait can be affected by correlated selection on
other traits (Lande and Arnold 1983). In temperate pas-
serine birds, there are strong interactions between differ-
ent reproductive traits. For example, Lack (1947, 1954)
indicated that the optimal clutch size of small passerines,
maximizing the number of offspring surviving to the
next breeding season, was less than the maximum num-
ber of eggs that could be laid because of reduced survival
of fledglings or adults (Williams 1966) from the larger
broods. Such indirect selection can even induce opposing
selection on correlated characters. However, Kingsolver
and Diamond (2011) found that opposing selection on
different components of fitness rarely was so strong that
it resulted in no net directional selection. Still, indirect se-
lection has the potential for influencing the strength of se-
lection acting on a character, affecting the evolution of
life-history differences.
Here, we apply the evolutionary maximum principle of

Lande et al. (2009) and Engen et al. (2013a) to calculate
the adaptive topography of four different reproductive
traits (timing of egg laying, clutch size, number of fledg-
lings, and mean tarsus length) in the collared flycatcher
Ficedula albicollis as well as functions of pairwise combi-
nations of them. This enables us to explore the influence
of directional and stabilizing selection acting on these re-
productive traits. In particular, we focus on the effects of
density-dependent selection, that is, whether those phe-
notypes with the lower fitness at small population sizes
are superior close to the carrying capacity K, compared
with those with higher fitness at small population densi-
ties. This will generate r- and K-selection toward an opti-
mal reproductive strategy (Ricklefs 2000) at intermediate
trait values. By comparing the actual values of different
life-history traits with the location of these maxima, we
will be able to evaluate the influence of r- and K-selection
on different reproductive traits in this species.

Methods

Study Species

The collared flycatcher is a small (∼13 g), insectivorous,
hole-nesting passerine breeding mainly in deciduous for-
ests in eastern parts of central Europe. It is a long-distance
migrant, returning from the overwintering areas in sub-
Saharan Africa in April and May. Collared flycatchers
are sexually dimorphic. The distribution in the popula-
tion of several male characters is influenced by sexual
selection (Gustafsson et al. 1995; Ellegren et al. 1996; Pärt
and Qvarnström 1997; Sheldon et al. 1997) as well as fluc-
tuating selection caused by environmental variation
(Evans and Gustafsson 2017).

Study Population and Field Procedures

The collared flycatcher has been studied in the southern
part of the island of Gotland in the Baltic Sea between
1980 and 2018 (57.27N, 18.27E). The individuals included
in this study breed in nest boxes in a set of plots within
the core study area, which was continuously monitored be-
tween 1986 and 2010. Most of the study plots were located
in deciduous woodlands dominated by oak (Quercus rubur
L.) and ash (Fraxinus excelsior L.) with a dense understory
of hazel (Carylus avallana L.), whereas one study plot was
also located in a pine forest (Pinus sylvestris L). In this
study, we pooled the data from all of these plots using the
total number of occupied nest boxes as an estimate of pop-
ulation size. In total, the plots contained approximately
955 nest boxes throughout the study period, of which 35%–
40% were occupied by collared flycatchers (Pärt and Gust-
afsson 1989; Doligez et al. 1999; Doncaster and Gustafsson
1999). The population size in these plots (i.e., the number of
nest boxes occupied) fluctuated between 320 nesting pairs
in 2008 and 494 pairs in 2009 (fig. 1a). A large proportion
of breeding females remained in the same study plots when
they were recorded breeding more than 1 year, resulting in
amedianbreeding dispersal distance of less than 200m(Pärt
and Gustafsson 1989). In this study area, the ratio between
the number of immigrants and emigrants in a study plot
was close to 1, independent of fluctuations in population
size (Doncaster et al. 1997).
A detailed description of the field procedures is found

in Pärt and Gustafsson (1989). All nestlings were fitted
with a uniquely numbered leg ring. Breeders were caught
during the breeding season at their nest boxes and marked
with a uniquely numbered ring if unringed. This provides
the data for calculating survival rates, considering thewhole
study system as a single population. The probability that an
actual female present in the population was recorded was
very high (10.97; Choquet et al. 2013). By regularly visit-
ing the nest boxes throughout the breeding season, data
were obtained on several reproductive traits: egg-laying
date was defined as the date of laying of the first egg in
April days (where the first of April is 1), clutch size equals
the total number of eggs laid, and the number of fledglings
is the number of nestlings at the end of nesting season
(usually between day 15 and day 18 after hatching). As a
phenotypic characteristic of the nestlings we used themean
tarsus length at 13 days of age (mean fledgling tarsus length).
Annual variation in the reproductive traits is shown in
figure 1b–1e. The estimates of heritability h2 of these traits
ranges from 0.19 for clutch size (Sheldon et al. 2003) to 0.35
for timing of egg laying (Sheldon et al. 2003) and tarsus
length (Husby et al. 2013), whereas Gustafsson (1986)
found no heritability in the number of fledglings produced
(h2 p 20:016).
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In some years, this population has been subject to
experimental manipulations of clutch size, brood size,
or hatching date (e.g., Gustafsson and Sutherland 1988;
Wiggins et al. 1994b; Gustafsson et al. 1995). In this
study we excluded all broods (n p 1,596) that included
experiments affecting reproductive output or the size of
the nestlings. For the numbers included in the analyses,
see figure 1.

Modeling Eco-Evolutionary Dynamics

We model variation in females’ individual fitness W p
I 1 B=2, where I is an indicator for survival and B is
the number of recruits of both sexes, which are distrib-
uted dependent on phenotype z (Sæther and Engen 2015).
Here, I has a value of 1 if the female survives from one
breeding season to the next and 0 otherwise and B is the to-
tal number of recruits entering the population the next or
a later breeding season, so that B=2 is the expected num-
ber of new female recruits provided an equal sex ratio.
Thus,W is a female’s total contribution, in terms of indi-
viduals for the next breeding season, produced in a given
year. This approach does not distinguish between perma-
nent emigration and mortality and includes the first-year
survival of the offspring in the mother’s fitness. This means
that we consider only individuals that contribute genetically
to the local population. Furthermore, we also include only
the female segment of the population, assuming that a
sufficient number of males is present to mate with all avail-
able females, which is a common approach in demographic
analyses (Caswell 2001).
Individual fitness W is a stochastic variable dependent

on z, including both demographic and environmental sto-
chasticity (Engen and Sæther 2014) as well as population
size and other aspects of the environment (Sæther and
Engen 2015). The expected fitness of an individual with
phenotype z at population size N in an environment de-
fined by the vector ε can be written as E(Wjz,N , ε) p
eM(z,N ,ε), which is the expectation E with respect to demo-
graphic noise in I and B. In a large population, the mean
fitness �W (z,N , ε) equals this theoretical expectation, and
the functionM(z,N , ε) p ln �W (z,N , ε) is the Malthusian
parameter of a hypothetical population of individuals with
phenotype �z at population size N in a constant environ-
ment ε. Thus, the relevantmeasure of fitness in a stochastic
environment with expectation denoted Eε is the mean of
the fluctuating Malthusian fitness defined as m(z,N) p
EεM(z,N , ε) p Eε ln �W (z,N , ε), which in the absence of
density regulation is equal to the long-run growth rate of

the population (Sæther and Engen 2015). The environ-
mental variance, which is the variance of the Malthusian
fitness, is in general a function of z and N. If we approxi-
mate this by its mean value through time—say, j2

e—then
the first-order approximation of the meanMalthusian fit-
ness is

m(z,N) ≈ r(z,N)2
1
2
j2
e , ð1Þ

where r(z,N) p ln E �W (z,N , ε). This ignores temporal
autocorrelations in the environmental noise, which in gen-
eral are small, even in long-lived species (Morris et al.
2011; Engen et al. 2013b). Assuming that selection is weak,
so that population size N changes much faster than the
mean phenotype �z , and that r(z,N) p r0(z)2 g(z)N , the
infinitesimalmean and variance of the diffusion approxima-
tion for lnN for a given �z are the mean Malthusian fitness
�m(�z ,N) p �s(�z )2 �g(�z )N and the environmental variance
j2
e , respectively, where �s(�z ) p �r 0(�z )2j2

e=2 is the long-run
growth rate for densities close to zero and �g(�z ) is the aver-
age strength of density regulation acting on the popula-
tion growth rate. Then the selection differential, accord-
ing to Lande and Arnold (1983) and Lande et al. (2009), is
P∇�m(�z ,N), where P is the phenotypic variance-covariance
matrix.
Lande et al. (2009) and Engen et al. (2013a) showed

that the expected evolution of the mean phenotype in
density-regulated populations subject to a fluctuating
environment always tends to increase the function

Q(�z ) p
�s(�z )
�g(�z )

p 12
j2
e

2�r(�z )

� �
g(K(�z )): ð2Þ

Here, �s(�z ) p �r(�z )2 (1=2)j2
e is the long-run growth rate

of the population in the absence of density regulation, where
�r(�z ), the mean of r(z) in the population, is the determin-
istic growth rate of the mean phenotype �z in the average
environment, K(�z ) is the carrying capacity for a given
mean phenotype �z , and j2

e is the environmental variance,
assumed to be independent of phenotype. The expected
evolution of the mean phenotype will thus be directed to-
ward the value z* maximizing Q(�z ), but it will be moved
away from this value by stochastic fluctuations in the en-
vironment (Engen et al. 2013a).
We modeled selection on four reproductive traits (egg-

laying date, clutch size, number of fledglings, and mean
tarsus length of the brood) of the collared flycatcher sep-
arately as well as for pairs of traits. All of these traits are
associated with variation in individual fitness W in the
collared flycatcher (Gustafsson 1986; Brommer et al. 2004,

Figure 1: Annual variation in the number of breeding pairs of collared flycatcher (a) and in the mean values of egg-laying date
(b; n p 7,937), clutch size (c; n p 7,990), number of fledglings (d; n p 7,406), and mean fledgling tarsus length (e; n p 4,551). Bars show
standard deviations, and numbers indicate annual sample sizes.
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2007).Many studies have even used variation in these traits
as indices for individual differences in fitness (Wilson and
Nussey 2010). Here, we use an alternative measure of fit-
nessm(z,N), which relates directly to ecological and evolu-
tionary dynamics (Sæther and Engen 2015). In the first
step, following Engen et al. (2013a) and Sæther et al.
(2016b), we modeled the density-dependent dynamics of
the deterministic growth rates r(z,N) p r0(z)2 g(z)N
for individuals considering each trait separately, so that
z p z. For the deterministic growth rate at small popula-
tion sizes, we used the second-degree approximation
r0(z) p b1 1 b2z 1 b3z2, allowing for variation in the de-
terministic growth rate with variation in trait z. If b3 ! 0,
this indicates that the deterministic growth rate has a max-
imum. The strength of density regulation was modeled as
g(z) p ea1bz , ensuring strictly negative density depen-
dence, where b expresses how g(z) changes with trait z.
If b ( 0, the effects of fluctuations in population size
are phenotype specific, indicating the presence of r- and
K-selection.
In the second step, in accordance with the model for a

single trait, we extended the model of the dynamics of
the deterministic growth rate to include a function of a
pair of traits z p (z1, z2) as r(z1, z2,N) p r0(z1, z2)2
g(z1, z2)N , where r0(z1, z2) is the deterministic growth rate
at small population sizes and g(z1, z2) is the strength of
density regulation. We also included stabilizing selection
as a second-degree approximation and correlated selection
among traits at low densities as r0(z1, z2) p b1 1 b2z11
b3z21 1 b4z2 1 b5z22 1 b6z1z2.We described how the strength
of density regulation depends on z1 and z2 by the function
g(z1, z2) p ea1b1z11b2z2 ensuring that g(z1, z2) 1 0, where
b1 and b2 express how g(z1, z2) changes with increasing
values of z1 and z2. If b1 ( 0 or b2 ( 0, the effects of
fluctuations in population size are phenotype specific,
indicating the presence of r- and K-selection. Thus, this
approach enabled us to account for density-dependent var-
iation in fitness, which provides an important extension of
Lande and Arnold (1983), who assumed density-independent
population growth only.

Estimation Procedures

We assumed that the dependent variable 2W p 2I 1 B,
taking integer values 0, 1, 2, ::: , follows a Poisson distri-
bution with log link function, so that

ln E(2Wjz,N , ε) p b0
1 1 b2z 1 b3z2 2 Nea1bz 1 ε ð3aÞ

for the univariate model and

ln E(2Wjz1, z2,N , ε) p b0
1 1 b2z1 1 b3z21

1b4z2 1 b5z22 1 b6z1z2
2Nea1b1z11b2z2 1 ε

ð3bÞ

for the bivariate model, where b0
1 p b1 1 ln 22 (1=2)j2

e

and environmental variance j2
e is the temporal variation

in the random effects ε. For a description of estimation
procedures, see the supplemental PDF (available online).
Todeterminewhether density-dependent selection acted

through the survival component of W, we estimated the
phenotype-specific effects of N on juvenile and adult sur-
vival. Juvenile survival wasmeasured as the probability that
a fledgling was recorded in a later breeding season, and
adult survival wasmeasured as the probability that a breed-
ing female was recorded in a subsequent breeding season.
In collared flycatchers the probability of breeding dis-
persal is independent of whether the female was a suc-
cessful breeder (Pärt and Gustafsson 1989). Similarly,
natal dispersal in this population is not associated with
population density and is independent of the laying date
and the size of the clutch from which they hatched (Pärt
1990).
In accordance with most capture-mark-recapture data,

it was not possible to separate between mortality and
emigration. Emigrants were implicitly treated as dead in-
dividuals, and estimates of adult survival and number of
recruits (which includes first-year survival) are biased low.
This means that we consider the contribution of individ-
uals and alleles only to the local population. Accordingly,
estimates of �s(�z ) will be too low (and even negative) if
immigration is not accounted for. In many populations
of small temperate passerines, the proportion of immi-
grants is quite high (Grøtan et al. 2009; Gamelon et al.
2017). To obtain a stationary process for the population
fluctuations, we therefore included an immigration com-
ponent in the expression for Q(�z ) (see the supplemental
PDF for details). Uncertainty in z* values was based on all
posterior samples (see the supplemental PDF for details).
All analyses were performed in R version 3.5.1 (R Core
Team 2019).

Results

The Pattern of Selection

The Malthusian fitness decreased with increasing popu-
lation size for all reproductive traits examined (fig. 2; ta-
ble 1). The slopes of the relationships between the Mal-
thusian fitness indicated that fitness increased with early
laying of the first egg (b2 ! 0) and with increasing clutch
size, number of fledglings, and mean fledgling tarsus
length. In addition, significant stabilizing selection (b3 !

0) also occurred in two traits (clutch size and number
of fledglings), indicating that an intermediate value of
the phenotype exists that maximizes the Malthusian fit-
ness (table 1; fig. 2b, 2c). However, uncertainties in the
estimates were large.
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At all population levels, there was significant directional
selection for early egg laying (fig. 2a) and large mean fledg-
ling tarsus lengths (fig. 2d). The strength of directional se-
lection on egg-laying date was dependent on population
size, being stronger at smaller population sizes.
The presence of r- andK-selection requires that pheno-

types with high fitness at low densities have smaller fitness
close to the carrying capacity than those with inferior fit-
ness at low population densities (Sæther et al. 2016b). Such
a statistically significant interaction was present for number
of fledglings. This implies that a larger reduction inMalthu-
sian fitness with increasingN occurred among those females

producing the largest number of fledglings at low population
densities (fig. 2c, b significantly larger than zero; table 1). Sim-
ilarly, increased population size had a stronger fitness effect
on early-laying compared with late-laying females, but there
was still directional selection for early laying of eggs at every
level of population size (table 1). In addition, no significant
(P 1 :1) interaction withNwas present for survival of either
juveniles or adult females. Thus, density-dependent selection
in this population of collaredflycatcher operates through the
breeding component of theMalthusian fitness (i.e., the repro-
ductive output) because there were no phenotypic-specific
effects of N on the survival components of W.

Number of fledglings Mean fledgling tarsus length
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Figure 2: Malthusian fitness for mean values of egg-laying date (a), clutch size (b), number of fledglings (c), and mean fledgling tarsus
length (d ) at different population sizes N for 4,500 posterior samples. Thick lines show posterior means.
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Our next step was to examine how density-dependent
selection depended on the interaction between different
traits (table 2). There was no significant correlated selec-
tion (b6 not significantly different from zero) on any but
one pair of traits (i.e., egg-laying date and clutch size). All
reproductive traits were subject to density-dependent se-
lection, as in the univariate case (a ! 0). The interaction
between phenotype and population density was signifi-
cant for egg-laying date both with clutch size and number
of fledglings (table 2). Egg-laying date was still subject to
directional selection, as in the one-dimensional case. Fi-
nally, no directional or stabilizing selection on clutch size
was present when including correlated selection on one of
the other three traits (table 2). This suggests that selection
acting on the clutch size of collared flycatchers is strongly
affected by indirect selection on other reproductive traits.

The Adaptive Topography

These relationships were used to calculate the adaptive to-
pography Q(�z) in terms of expected population size as
function of the mean of each of the reproductive traits
(eq. [2]). The stochastic population growth rate �s(�z) in-
creased with the mean of clutch size, number of fledg-
lings, and fledgling tarsus length, whereas it decreased
with mean egg-laying date (fig. 3). Similar trends were
present for the relationship between the strength of den-
sity dependence and mean phenotype �z (fig. 3): the effects
of population size fluctuations on the Malthusian fitness

were stronger with early egg laying, large clutch size
and number of fledglings, and long fledgling tarsi. Conse-
quently, for egg-laying date, clutch size, and number of
fledglings, an intermediate mean value that maximized
fitness under the influence of r- and K-selection was pres-
ent (figs. 3, S1a–S1c; figs. S1–S3 are available online). For
fledgling tarsus length, the value that maximized fitness
was estimated at the upper limit of possible values, in-
dicating directional selection (fig. S1d). Comparisons of
these maxima (z*) with the mean value of the trait in
the population (�z; fig. 3) indicate univariate selection for
an advance of egg laying (�z p 23:34 [mean]57.10 [SD]
vs. z* p 13:11 [mode];21.12 to 18.62 [95% credible inter-
val]), increased number of fledglings (�z p 3:6952:39 vs.
z* p 6:47; 5.69 to 7.92), and larger fledglings (mean fledg-
ling tarsus length �z p 19:2050:71 vs. z* p 22:2; 20.2 to
22.21), whereas the mean value of clutch size (�z p 6:105
0:79 vs. z* p 6:76; 6.43 to 7.76) was close to the valuemax-
imizing Q(�z).
Analyses of the two-dimensional fitness adaptive to-

pography revealed that for three of the six pairwise com-
binations of traits, the expected Malthusian fitness was
maximized at intermediate values (fig. 4). For example,
laying 7.09 eggs on day 8 was the combination of mean
phenotypes maximizing Q(�z1,�z2). This shows that corre-
lated density-dependent selection can induce stabilizing
selection even on reproductive traits subject to univari-
ate directional selection (fig. 2a). Finally, it is notable
that including correlated selection had only a minor

Table 1: Analyses of variation in fitness Wz of breeding females of collared flycatcher as a function
of different phenotypic characters z and population size N

Parameter Egg-laying date Clutch size No. fledglings Mean fledgling tarsus length

b1 .205*** .244*** .281*** .362***

(.116 to .293) (.192 to .296) (.227 to .334) (.302 to .420)
b2 2.198*** .047*** .278*** .150***

(2.228 to 2.168) (.026 to .068) (.254 to .303) (.119 to .181)
b3 .011 2.024*** 2.089*** .001

(2.005 to .028) (2.037 to 2.012) (2.116 to 2.062) (2.013 to .015)
a 22.430*** 22.254*** 22.634*** 22.380***

(24.170 to 21.703) (22.926 to 21.852) (23.626 to 22.118) (23.336 to 21.890)
b 2.689** .126 .392* .175

(21.574 to 2.327) (2.057 to .363) (.091 to .982) (2.125 to .577)
j2 .206*** .114*** .103*** .126***

(.153 to .286) (.083 to .161) (.073 to .147) (.088 to .181)

Note: The effects of z are approximated by a second-order polynomial b1 1 b2z 1 b3z2, representing stabilizing selection if b3 ! 0. The strength of density
dependence on z is assumed to be linear, so the mixed model takes the form ln E(2W) p b1 1 b2z 1 b3z2 2 Nea1bz 1 ε, where ε is the residual variation, year is
entered as a random effect to account for environmental stochasticity (j2), and a and b express how g(z) changes with increasing value of z. If a ( 0 and
b ( 0, the effects of fluctuations in population size are phenotype specific, indicating the presence of r- and K-selection. Shown in parentheses are the
95% confidence intervals of the parameter estimates. Traits were standardized (mean p 0, SD p 1) prior to estimating parameters.

* P ! .05.
** P ! .01.
*** P ! .001.
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impact on the strong directional selection (fig. 2d) for
increased mean nestling tarsus length.

Discussion

Our results revealed that density-dependent selection in
collared flycatchers acts on egg-laying date and number
of fledglings (fig. 2; table 1). This generates an adaptive
topography influenced by changing population size; phe-
notypes favored at low densities were different from those
with higher fitness at population sizes close to carrying

capacity K (figs. 2, 3; table 1). In addition, fluctuations
in population size induced correlated selection among
different reproductive traits (fig. 4; table 2). Consequently,
intermediate phenotypes are often those that maximize
the Malthusian fitness (fig. 4), suggesting that r- and
K-selection may affect the evolution of reproductive strat-
egies of small temperate passerines such as the collared
flycatcher.
These analyses are based on several simplifying as-

sumptions. First, we exclude age-specific effects on Mal-
thusian fitness, although age has been found to be related
to variation in reproduction and survival in the collared

Figure 3: Components of the adaptive topography due to the long-run population growth rate �s(�z) and the strength of density dependence
�g(�z) using expected population size Q(�z) as evolutionary maximum criteria for single reproductive traits z, including egg-laying date (a–c),
clutch size (d–f ), number of fledglings (g–i), and mean fledgling tarsus length ( j–l) for 4,500 posterior samples. Solid red lines show posterior
medians, and dashed red lines show 95% credible intervals. Stars show the posterior mode of z*—that is, the phenotype value maximizing
Q(�z)—whereas circles show the mean value of the reproductive traits in the population.

a b c

d e f

Figure 4: Bivariate adaptive topography for mean value pairs of reproductive traits (�z1, �z2) described by expected population size Q(�z 1,�z 2)
as evolutionary maximum criteria. Lines show combinations of traits with equal fitness, with values indicated by the small numbers. Stars
show combinations of mean values of the phenotypic traits maximizing Q(�z1,�z2) (i.e., z*1 for the trait on the X-axis and z*2 for the trait on the
Y-axis), whereas circles show the mean value of the pairs of the reproductive traits in the population. In the analyses involving clutch and
brood size, the number of fledglings was constrained to be equal to or less than the number of eggs. For c, e, and f, estimates z*1 and z*2 were outside
the data range (i.e., for c, z*1 p 4:52#103 and z*2 p 108; for e, z*1 p 2:69 and z*2 p 25:05; for f, z*1 p 1:15#104 and z*2 p 25:98#103).

Adaptive Topography in a Small Passerine 103

|43



flycatcher (Gustafsson and Pärt 1990) as well as in small
passerines in general (Sæther 1990; Forslund and Pärt
1995). Second, we assume that the distribution of 2W fol-
lows a Poisson distribution. A common problem encoun-
tered in life-history studies is that such data can show both
overdispersion and underdispersion (Lynch et al. 2014). In
the present study, the mean ratio of the variance to the
mean in the annual distributions of 2W is 1.282, indicating
only a slight overdispersion relative to the Poisson distribu-
tion (fig. S2). This facilitates analyses of selection (eq. [3])
by quite standard statistical models in which the param-
eters can be interpreted on the basis of a specified theoret-
ical framework (Morrissey and Sakrejda 2013). Third, we
assume that the environment shows stationary fluctuations
around a constant mean value. However, this ignores the
effects of trends in the environment, which has been found
to affect the strength of phenotypic and genotypic selec-
tion in this species (Evans and Gustafsson 2017). Fourth,
fluctuations in the environment are assumed to affect all
phenotypes similarly, so selection is determined only by
fluctuations in N (Engen et al. 2013a). Fifth, no density-
dependent phenotypic plasticity is included, whichmay af-
fect estimates of the response to selection. Despite these
simplifying assumptions, the number of parameters in the
model still becomes large, especially in those analyses of
correlated selection (table 2).
Our analyses revealed directional selection on all re-

productive traits examined in the present study (ta-
bles 1, 2). Furthermore, our univariate analyses showed that
stabilizing selection acted on clutch size and number of
fledglings, which previously has been found in this popu-
lation (Sheldon et al. 2003) as well as in other small
passerines, such as the great tit Parus major (Boyce and
Perrins 1987; Liou et al. 1993; Both et al. 2000; Pettifor
et al. 2001) and the blue tit Cyanistes caeruleus (Svensson
1997). This can be caused by a larger proportion of pairs
being forced to occupy suboptimal habitats at high popu-
lation densities (Sutherland 1996; Both and Visser 2003),
which is a pattern frequently recorded in small passerine
species (Doncaster and Gustafsson 1999; Both and Visser
2003; Forsman et al. 2008). Accordingly, the proportion
of nests that fail to produce any fledglings in this popu-
lation increases with N (slope p 0:0011, SE p 0:0003,
P p :0022, n p 25; fig. S3a), whereas the mean number
fledglings produced per successful (≥1 fledgling) nest was
independent of N (slope p 0:0004, SE p 0:0012, P p
:977, n p 25; fig. S3b). Other studies of small passerines
have also revealed that complete losses of clutches or
broods are an important determinant of individual differ-
ences in reproductive success (see Perrins 1979; Santema
and Kempenaers 2018). However, the density-dependent
increase in the proportion of unsuccessful nests may also
be influenced by higher reproductive costs for the fe-

males (Gustafsson and Sutherland 1988; Schluter and
Gustafsson 1993; Cichon et al. 1998; Doligez et al. 2002;
Sendecka et al. 2007) at high population densities, result-
ing in more females abandoning their brood.
The strength of selection was strongly affected by fluc-

tuations in population size (fig. 2; tables 1, 2). This implies
that variation in population size is an important selective
agent in collared flycatchers, as in other passerines (Both
1998; Both et al. 2000; Sæther et al. 2016b), affecting the
evolution of the reproductive strategy of this species. At
large population sizes, a delay in the timing of egg laying
and a smaller clutch size were favored, which were associ-
ated by selection for a smaller number of fledglings with
small tarsi (tables 1, 2). Accordingly, in collared flycatchers
the timing of reproduction affects variation in several com-
ponents of individualfitness (Wiggins et al. 1994b; Brommer
et al. 2005; Evans and Gustafsson 2017). The timing of egg
laying is, in turn, dependent on the weather during spring,
being early in warm springs (Brommer et al. 2008; Evans
and Gustafsson 2017).
As in many other small temperate passerines (Reed

et al. 2013a, 2013b), the timing of egg laying covaries with
several demographic traits in this population (Gustafsson
1986). Our analyses revealed that the Malthusian fitness
decreases with a delay in the timing of egg laying espe-
cially at small densities, whereas the density-dependent
fitness effects of variation in egg-laying date mainly oc-
curs early in the season (fig. 2a). At large population sizes,
variation in fitness is much less influenced by the timing
of egg laying. An interaction between spring tempera-
ture and density dependence has also previously been
assumed to affect the demography of small passerines
(Reed et al. 2015). This indicates that fluctuating selec-
tion caused by variation in the environment—for example,
due to climate fluctuations (Evans andGustafsson 2017)—
has stronger effects at smaller population sizes than at pop-
ulation densities closer to carrying capacity K. The larger
variation in the mean Malthusian fitness at large clutch
sizes and number of fledglings (fig. 2b, 2c) also indicates
that environmental stochasticity affects larger phenotypes
the most, which is expected according to a bad-year effect
caused by temporal variation in food availability (Boyce
and Perrins 1987). In addition, there was directional selec-
tion for fledglings with long tarsi (fig. 2d ). This is in accor-
dance with the results of Björklund and Gustafsson (2013,
2017), who showed consistent directional selection on
fledgling body size in this population. This was closely re-
lated to a lower probability of survival of small juveniles
(Linden et al. 1992).
In this study, we have calculated the adaptive topogra-

phy, which is equivalent to the adaptive landscape (Ar-
nold et al. 2008), for different reproductive traits (fig. 3)
and pairs of traits (fig. 4) based on expected population
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size as the quantity to be maximized by evolution, follow-
ing Lande et al. (2009) and Engen et al. (2013a). This
describes expected phenotypic selection over a long pe-
riod of time (Lande 2007; Engen et al. 2013a; Kopp
and Matuszewski 2014) as a function of population size
N, which has been found to be the major driver of a
genotype-environment interaction on selection of several
phenotypic traits in the Soay sheep Ovis aries (Hayward
et al. 2018). Applying such an approach is justified be-
cause density dependence has previously been found to
affect the dynamics of this population (Sæther et al.
2016a). This operates through a density-dependent de-
crease in the number of fledglings produced (slope p
20:0049, SE p 0:0021, P p :028; fig. S3b), which caused
a decrease in the recruitment rate with increasing popu-
lation size (slope p 20:0016, SE p 0:0005, P p :002;
fig. S3c). Annual variation in the date of egg laying (slope p
20:0263, SE p 0:0200, P p :201; fig. S3d ) and clutch size
(slope p 0:0010, SE p 0:0007, P p :136; fig. S3e) were
not associated with fluctuations inN. Similarly, mean nes-
tling tarsus length was not significantly affected by N
(slope p 0:0000, SE p 0:0016, P p:978; fig. S3f ), but
the mean tarsus length at larger brood sizes was more af-
fected by fluctuations in population size than in smaller
broods (interaction between number of fledglings and
N p 20:0007, SE p 0:0003, P p :0038; fig. S3f ),
which may affect the subsequent survival of fledglings in
the largest broods (Linden et al. 1992). In contrast, our
analyses revealed no effects of fluctuations in population
size on either juvenile or adult survival. This suggests that
r- and K-selection in this population mainly operates
through an effect on the recruitment rate, influenced by
a combination of larger losses of clutches and fledging of
smaller nestlings from large-sized broods at high popula-
tion sizes. Because the critical season for population regu-
lation in small passerines such as the collared flycatcher is
survival, especially during the nonbreeding season (Sæther
et al. 2004, 2016a), this indicates that the vital rates with the
highest contribution to this species’ population dynamics
are different from those most strongly affecting the pheno-
typic evolution.
Our study reveals a trade-off between the components

of Malthusian fitness due to high stochastic population
growth rate �s(�z ) at low densities and the effects on the
mean phenotype of changes in population size �g(�z )
(fig. 3), causing ongoing r- and K-selection in this popu-
lation. This forms an adaptive peak, often at an interme-
diate value of z at which the fitness function achieves a
maximum value (figs. 2c, 3, S1). Those females producing
a large number of fledglings with long tarsi early in the
season have lower fitness at high population sizes than
those delaying egg laying (fig. 2). Consequently, the egg-
laying date maximizing fitness expressed by Q(�z ) is later

at large population sizes than at low densities (figs. 2–4).
Similarly, smaller broods are also favored closer to the
carrying capacity than at small population sizes (fig. 2).
This corresponds to a previous study showing r- and K-
selection acting on the total number of eggs produced dur-
ing a breeding season in great tits (Sæther et al. 2016b).
One important challenge in evolutionary biology is to

identify characters covarying with fitness, thereby affecting
the change in mean values from one generation to the next
(Govaert et al. 2019). However, predicting such changes
in fitness-related traits has been difficult (e.g., Merilä et al.
2001), and indirect selection has been proposed as the
major sources for obtaining reliable estimates of selection
acting on single characters (Morrissey et al. 2010). In the
present analyses, bivariatefitness sets (fig. 4) producedmax-
imum values that were only to a small degree located closer
to the recorded mean values of the population than the
value maximizing the Q(�z ) function computed for single
traits alone (figs. 3, S1). Thus, the deviation of the recorded
mean values from this maximum value indicates selection
and potential for evolutionary changes in this population
on timing of egg laying, number of fledglings, and mean
nestling tarsus length. Such evolutionary responses will also
be facilitated by the presence of heritabilities significantly
larger than zero that have been recorded in three of the traits
(Gustafsson 1986; Sheldon et al. 2003; Björklund et al. 2013;
Husby et al. 2013) as well as additive genetic covariances
among them (Sheldon et al. 2003). In particular, there
should be strong directional selection for producing a large
number of large fledglings (fig. 4). Such an evolutionary re-
sponse may, however, be constrained by the timing of egg
laying through the negative additive genetic covariance
with clutch size (Sheldon et al. 2003). Furthermore, the
timing of egg laying is also correlated with spring temper-
atures in collared flycatchers (Brommer et al. 2005) as well
as in temperate small passerines in general (Both and Vis-
ser 2001; Visser et al. 2003; Both et al. 2004; Reed et al.
2013a), which will affect the response to density-dependent
selection. Similarly, the large difference between the num-
ber of fledglings maximizing the Q(�z ) function and the
recorded mean value in the population (figs. 3, 4) also in-
dicates strong selection to reduce nestling loss. The clutch
size maximizing the Q(�z ) function is also smaller than the
corresponding value of the number of fledglings (fig. 2),
which may indicate a constraint on the number of eggs
produced, for example, by a cost of incubation of large
clutches (e.g., Wiggins et al. 1994a).
In analyses of phenotypic selection in natural popula-

tions, several measures of fitness have been applied (Brom-
mer 2000). Here, we have used the number of new individ-
uals produced to the next or later breeding season as a
proxy, which ignores complicating effects of age struc-
ture (Engen et al. 2014; Lande et al. 2017). This includes
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offspring survival into the estimate of the mother’s fitness
(for an alternative approach, see Reid et al. 2019). One ad-
vantage of this approach is that this measure can be used
to calculate the adaptive topography based on the criteria
of maximizing the expected population size. This enables
us to identify whether there exists some intermediate mean
phenotype that has the highest mean fitness. Another ad-
vantage is that this maximization criterion includes several
other measures of fitness. For instance, in a population
with overlapping generations but no age structure, Engen
and Sæther (2017b) showed, in a model in which birth
and death rates depend on density through the same func-
tion, that this implies evolution maximizing a product of
two functions. The first factor is an increasing function
of r, and the other is an increasing function of lifetime
reproductive success (LRS). This means that the contin-
uum between r- and K-selection is equivalent to a contin-
uum between selection for increased deterministic growth
rate r0 and LRS, both measured at population sizes close
to zero. If the population is subject to r-selection, some
life-history traits may then have a larger contribution to
Q(�z ) than under K-selection, under which other traits
may be favored. In the present study, the population fluc-
tuates around such high numbers that meaningful extrapo-
lation down to very small population sizes is impossible, so
we cannot reliably estimate r0 and LRS at small popula-
tion sizes. However, within the range of recorded popula-
tion sizes, the mean phenotypes maximizing r, LRS, and
Q(�z ) are quite similar except that Q(�z ) is maximized by
a larger number of fledglings than the other two measures
of fitness.
Our analyses revealed that density-dependent selection

influenced variation in several reproductive traits of col-
lared flycatcher, resulting in adaptive topographies with
distinct peaks in mean fitness (fig. 2). This is in contrast
to previousmultivariate analyses of phenotypic selection on
morphological traits of adults of this species (Björklund
and Gustafsson 2017), for which the fitness surfaces were
relatively flat. Because of significant heritability in three
of the traits (the exception is number of fledglings pro-
duced) examined in this study (Gustafsson 1986; Merilä
and Sheldon 2000; Sheldon et al. 2003; Björklund et al.
2013), r- and K-selection is likely to result in phenotypic
evolution toward an intermediate mean value (Engen et al.
2013a), where fluctuations caused by environmental sto-
chasticity always tend tomove themean away from the value
that maximizes the expected population size (Roughgarden
1971). Thus, fluctuations in population size may be an im-
portant selective agent affecting the evolution of reproduc-
tive strategies and constrain the selective responses to
changes in the environment. This may operate by inducing
trade-offs between life-history traits that maximize fitness
at different population sizes.
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Calculation of the immigration rate necessary for obtaining stationarity of the population 

fluctuations 

Following Sæther et al. (2016b), the immigration rate to get a stationary distribution was 

estimated as 21ˆ ln
2 eWµ σ= − + , and ( )2 / 2 /

T

W I B T = + 
 
∑ , where T is the number of 

years. The function ( ) ( ) / ( )Q s γ=z z z  can then be calculated using 

2
2

1 2 1 3( ) ( )
2

es z P σ
β β β µ= + + + − +z z   and ( ) a beγ += − zz , where P is the phenotypic 

variance. Correspondingly, for a pair of phenotypic traits the function 

1 2 1 2 1 2( , z ) ( , z ) / ( , z )Q z s z zγ=  becomes 

2
2 2

1 2 1 3 1 1 4 2 5 2 2 6 1 2 12( ) ( ) ( ) ( ) ,
2

es z z P z z P z z C σ
β β β β β β µ= + + + + + + + + − +z  

where 1P  and  2P  are the variance of the two phenotypes, 12C  is the phenotypic covariance 

among the two traits, and 1 1 2 2
1 2( , ) a b z b zz z eγ + += − . 

Procedures for Estimation of Parameters 

We use generalized linear mixed models (GLMM) to estimate the parameters in equations 3a 

and 3b of the main text. The estimation procedure was implemented in Template Model 

Builder (Kristensen et al. 2016). Traits were normalized (mean = 0, sd = 1), and confidence 

intervals were calculated by profile likelihoods and may in some cases be more accurate than 

p-values based on quadratic approximations (Bolker 2008, p. 196). Phenotypic variances and

covariances were calculated among individuals within years and then averaged across years. 

A proper assessment of uncertainty of predicted relationships between the traits and 

( )m z , ( )s z , ( )γ z  and ( )Q z , respectively (see equations 1 and 2 in the main text), requires 
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possible correlated parameter uncertainty to be accounted for. To obtain estimates of joint 

parameter uncertainty, we fitted the univariate models within the Bayesian framework as 

well. Using the no-U-turn sampler (NUTS) Markov chain Monte Carlo (MCMC) algorithm 

(Monnahan and Kristensen 2018), we ran three independent chains with different starting 

values for 30,000 iterations, with a burn-in of 15,000 iterations, and thinning every 10th 

observation, resulting in 4500 posterior samples (Tables S1-S4). Calculations of derived 

quantities (equations 1 and 2 in the main text) were performed using sets of parameters from 

each of the 4500 posterior samples, and thereby accounting for joint parameter uncertainty. 

We used the Brooks and Gelman diagnostic R  to assess chain convergence (Brooks and 

Gelman 1998) and the effective sample size and number of post-burn-in divergences to 

evaluate model precision and bias (Gelman et al. 2013; Betancourt 2017).  

Uncertainty in z* values was quantified by numerical optimization of each posterior 

sample, generating a distribution of z* values, represented in the main text by the posterior 

mode and the 95% credible interval. The optimization interval included 1 standard deviation 

on either side of the observed phenotype values. For number of fledglings, the lower bound 

of the optimization interval was set to 0, as 1 standard deviation lower than the observed 

phenotype values resulted in negative values. All analyses were performed in R 3.5.1 (R Core 

Team 2019). 
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Table S1 Analyses of variation in fitness zW of breeding females of collared flycatcher as 

function of egg-laying date (z) and population size N. The effects of z are approximated by a 

second-order polynomial 2
1 2 3z zβ β β+ + , representing stabilizing selection if 3 0β < . The 

strength of density dependence on z is assumed linear so the mixed model takes the form 

2
1 2 3ln E(2 ) a bzW z z Neβ β β ε+= + + − + , where ε  is the residual variation, year is entered as a 

random effect to account for environmental stochasticity ( 2σ ), and a and b expresses how 

( )zγ  changes with increasing value of z . If 0a ≠  and 0b ≠  the effects of fluctuations in 

population size are phenotype-specific, indicating presence of r- and K-selection. To obtain 

estimates of joint parameter uncertainty, the model was fitted within the Bayesian framework 

using the no-U-turn sampler (NUTS) Markov Chain Monte Carlo (MCMC) algorithm, 

resulting in 4500 posterior samples. The Brooks and Gelman diagnostic R  was used to assess 

chain convergence, and the effective sample size effn  to assess model precision. Traits were 

standardized (mean = 0, sd = 1) prior to estimating parameters. 

Parameter Posterior 
mean 

95% credible 
interval 

R effn

1β  0.205 0.109, 0.298 1 2636 

2β -0.199 -0.230, -0.169 1 4500 

3β  0.011 -0.006, 0.028 1 4348 

a -2.688 -4.265, -1.766 1.001 3351 

b -0.807 -1.610, -0.357 1.001 3371 

2lnσ -1.498 -1.816, -1.163 1 4242 
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Table S2 Analyses of variation in fitness zW of breeding females of collared flycatcher as 

function of clutch size (z) and population size N. The effects of z are approximated by a 

second-order polynomial 2
1 2 3z zβ β β+ + , representing stabilizing selection if 3 0β < . The 

strength of density dependence on z is assumed linear so the mixed model takes the form 

2
1 2 3ln E(2 ) a bzW z z Neβ β β ε+= + + − + , where ε  is the residual variation, year is entered as a 

random effect to account for environmental stochasticity ( 2σ ), and a and b expresses how 

( )zγ changes with increasing value of z . If 0a ≠  and 0b ≠  the effects of fluctuations in 

population size are phenotype-specific, indicating presence of r- and K-selection. To obtain 

estimates of joint parameter uncertainty, the model was fitted within the Bayesian framework 

using the no-U-turn sampler (NUTS) Markov Chain Monte Carlo (MCMC) algorithm, 

resulting in 4500 posterior samples. The Brooks and Gelman diagnostic R  was used to assess 

chain convergence, and the effective sample size effn  to assess model precision. Traits were 

standardized (mean = 0, sd = 1) prior to estimating parameters. 

Parameter Posterior 
mean 

95% credible 
interval 

R effn

1β  0.245 0.189, 0.301 1.001 4094 

2β 0.047 0.026, 0.068 1 4181 

3β  -0.025 -0.037, -0.012 1.001 4500 

a -2.452 -3.450, -1.891 1 4213 

b 0.143 -0.085, 0.425 1 4386 

2lnσ -2.071 -2.407, -1.709 1.001 4226 
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Table S3 Analyses of variation in fitness zW of breeding females of collared flycatcher as 

function of number of fledglings (z) and population size N. The effects of z are approximated 

by a second-order polynomial 2
1 2 3z zβ β β+ + , representing stabilizing selection if 3 0β < . 

The strength of density dependence on z is assumed linear so the mixed model takes the form 

2
1 2 3ln E(2 ) a bzW z z Neβ β β ε+= + + − + , where ε  is the residual variation, year is entered as a 

random effect to account for environmental stochasticity  ( 2σ ), and a and b expresses how 

( )zγ changes with increasing value of z . If 0a ≠  and 0b ≠  the effects of fluctuations in 

population size are phenotype-specific, indicating presence of r- and K-selection. To obtain 

estimates of joint parameter uncertainty, the model was fitted within the Bayesian framework 

using the no-U-turn sampler (NUTS) Markov Chain Monte Carlo (MCMC) algorithm, 

resulting in 4500 posterior samples. The Brooks and Gelman diagnostic R  was used to assess 

chain convergence, and the effective sample size effn  to assess model precision. Traits were 

standardized (mean = 0, sd = 1) prior to estimating parameters. 

Parameter Posterior 
mean 

95% credible 
interval 

R effn

1β  0.281 0.225, 0.336 1 4500 

2β 0.278 0.254, 0.302 1 4414 

3β  -0.089 -0.115, -0.063 0.999 4376 

a -2.835 -3.930, -2.159 1 4209 

b 0.454 0.079, 1.038 1 4500 

2lnσ -2.189 -2.535, -1.814 1 4468 
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Table S4 Analyses of variation in fitness zW of breeding females of collared flycatcher as 

function of mean fledgling tarsus length (z) and population size N. The effects of z is 

approximated by a second-order polynomial 2
1 2 3z zβ β β+ + , representing stabilizing 

selection if 3 0β < . The strength of density dependence on z is assumed linear so the mixed 

model takes the form 2
1 2 3ln E(2 ) a bzW z z Neβ β β ε+= + + − + , where ε  is the residual 

variation, year is entered as a random effect to account for environmental stochasticity ( 2σ ), 

and a and b expresses how ( )zγ  changes with increasing value of z . If 0a ≠  and 0b ≠  the 

effects of fluctuations in population size are phenotype-specific, indicating presence of r- and 

K-selection. To obtain estimates of joint parameter uncertainty, the model was fitted within

the Bayesian framework using the no-U-turn sampler (NUTS) Markov Chain Monte Carlo 

(MCMC) algorithm, resulting in 4500 posterior samples. The Brooks and Gelman diagnostic

R  was used to assess chain convergence, and the effective sample size effn  to assess model 

precision. Traits were standardized (mean = 0, sd = 1) prior to estimating parameters. 

Parameter Posterior 
mean 

95% credible 
interval 

R effn

1β  0.362 0.297, 0.425 1.001 4416 

2β 0.151 0.120, 0.181 1 4255 

3β  0.001 -0.013, 0.015 1 4375 

a -2.708 -4.285, -1.975 1 4206 

b 0.197 -0.178, 0.665 0.999 4224 

2lnσ -1.971 -2.343, -1.593 1 4015 
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Figure S1. Kernel density estimates of z*, i.e. the mean phenotype that maximizes the 
adaptive topography ( )Q z , for egg-laying date (a), clutch size (b), number of fledglings (c) 
and mean fledgling tarsus length (d) based on 4500 posterior samples. Grey shaded areas 
indicate the z* values that are within the observed range of phenotype values. Stars indicate 
the mode of the distribution and the values for z* displayed in Figure 3 of the main text. The 
ranges of the x axes correspond to the optimization intervals. 
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Figure S2. Annual variation in the dispersion (i.e., the ratio of the variance to the mean) of 
the fitness measure 2W, which was modelled to follow a Poisson distribution. Values > 1 
indicate overdispersion; values < 1 indicate under-dispersion. Dashed line displays the mean 
ratio throughout the study period (1.282) and indicates that there is some degree of over-
dispersion. 
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Figure S3. Effect of population size N on proportion of zero recruit broods (a), mean number 
of fledglings for all broods (black dots) and broods with at least 1 fledgling (red dots) (b), 
mean number of recruits (c), mean egg-laying date (d), mean clutch size (e) and mean 
fledgling tarsus length for all broods (black line) and broods of different sizes (colored lines) 
(f). Slopes are estimated through linear regressions, and ribbons represent the 95% 
confidence interval. 
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Abstract

Understanding species coexistence has long been a major goal of ecology. Coexistence theory
for two competing species posits that intraspecific density dependence should be stronger than
interspecific density dependence. Great tits and blue tits are two bird species that compete for
food resources and nesting cavities. On the basis of long-term monitoring of these two com-
peting species at sites across Europe, combining observational and manipulative approaches,
we show that the strength of density regulation is similar for both species, and that individuals
have contrasting abilities to compete depending on their age. For great tits, density regulation
is driven mainly by intraspecific competition. In contrast, for blue tits, interspecific competition
contributes as much as intraspecific competition, consistent with asymmetric competition
between the two species. In addition, including age-specific effects of intra- and interspecific
competition in density-dependence models improves predictions of fluctuations in population
size by up to three times.
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Competitive interactions, Cyanistes caeruleus, density dependence, density regulation, Parus major,
population growth rate.
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INTRODUCTION

Understanding species coexistence has long been a major
goal in ecological studies (Ellner et al. 2019). Most species
live in guilds or communities alongside other ecologically
similar species, sometimes relying on common limiting
resources. A major principle of coexistence theory for two
competing species is that intraspecific density dependence
should be stronger than interspecific density dependence
(Chesson 2000). If interspecific competition is stronger than
intraspecific competition, one species will ultimately be
excluded (see e.g. Alatalo et al. 1985), which will change
the composition of the entire ecological community (Kokko-
ris et al. 1999; Chesson 2000). A recent review showed that,
in plant communities, intraspecific competition is indeed
four to five times stronger than interspecific competition,
providing the basis for the maintenance of diversity in natu-
ral communities (Adler et al. 2018). Assessing the relative
contribution of inter- and intraspecific competition to den-
sity regulation is crucial to determine the chances of species
persistence in a community.
Intraspecific density dependence causes a decrease in popu-

lation growth rate with increasing density of the focal popula-
tion (Royama 1992; Turchin 1995; Berryman et al. 2002;
Lande et al. 2002; Brook & Bradshaw 2006). Classical

analyses of density dependence are based on time series of
population fluctuations, assuming that all individuals in the
population have an equal competitive effect (Krebs 2002).
Evidence is accumulating, however, that in age-structured
populations, the strength of competitive effects vary along an
individual’s lifetime (see e.g. Coulson et al. 2001; Lande et al.
2002; de Roos & Persson 2013). For example in a great tit
(Parus major) population, the youngest birds have the stron-
gest density-dependent effect on other individuals of the same
age or older (Gamelon et al. 2016). Young birds constitute
the critical age classes for density dependence (sensu Charles-
worth 1972), in which the variation in the number of individu-
als most strongly affects density regulation. Until now,
however, no field study has examined how age-specific com-
petitive effects influence the population growth rates of sym-
patric species (see Cameron et al. 2007 for laboratory
settings). The question of how age-specific competitive effects
influence the growth rates of sympatric species has rarely been
addressed because the classical models of competition between
two species A and B use linear combinations of their two den-
sities. For instance, the well-known Lotka (1925) and Volterra
(1926) competition model in continuous time measures the
effect of species-specific densities NA and NB on species-speci-
fic population growth rates kA and kB, where KA and KB are
the species-specific carrying capacities:
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log kAð Þ ¼ rA � rA
KA

NA þ aABNBð Þ;

log kBð Þ ¼ rB � rB
KB

NB þ aBANAð Þ;

with aAB and aBA the competition coefficients corresponding
to the per capita reduction in growth caused by each addi-
tional individual of the other species. However, such models
are developed in the simple case of no age structure assuming
the same ability for all individuals to compete. In the real
world, this assumption is unrealistic, and it is thus important
to test whether age structure can improve models of inter-
specific competition.
Great tits and blue tits (Cyanistes caeruleus) are hole-nest-

ing bird species that compete for cavities and food. Compe-
tition intensity varies across Europe (Møller et al. 2018)
and between habitats (Dhondt 2011). Long-term, individual-
based monitoring of these two species have been performed
across Europe and two complementary approaches have
been adopted to understand how they compete. The first is
observational, meaning that vital rates (e.g. survival, fecun-
dity) and emergent population descriptors (e.g. population
size) are estimated for these two sympatric species without
changing the density of cavities (i.e. the number of nest
boxes remains constant throughout the study). The second
approach is manipulative and involves a change in the
number or type of nest boxes over time (T€or€ok & T�oth
1999; Dhondt 2011). Field experiments that manipulate den-
sity of one competitor and record the response of the other
species have provided significant insight into the role of
interspecific competition in the regulation of populations
(see Connell 1983; Schoener 1983 for reviews).
Long-term studies of nestbox-breeding tits in the UK

and in Belgium, consisting of both observational and
manipulative approaches, provide an opportunity to
explore how age classes of two competitive species affect
each species’ population growth rate. We adopted several
approaches to address these issues. First, using an inte-
grated population model (IPM) (see Schaub & Abadi 2011;
Zipkin & Saunders 2018 for reviews), we estimated the
age-specific numbers of the females of both species in all
sites. This approach allows us to account for observation
errors in population censuses, as well as uncertainty in the
age of some individuals, which is crucial while investigat-
ing density dependence (Dennis et al. 2006; Lilleg�ard et al.
2008; Abadi et al. 2012; Lebreton & Gimenez 2013;
Schaub et al. 2013). Second, we compared the relative
importance of intra- and interspecific competition for both
species in geographically spread sites. Third, we examined
how the number of individuals of both species in different
age classes contributed to the observed variation in popu-
lation growth rates of both species. One can hypothesise
that including interspecific competition and age-specific
contribution to density dependence in demographic analy-
ses would improve predictions of population growth. We
tested this hypothesis in all sites for both species by com-
paring predictions of population sizes from density-depen-
dence models accounting or ignoring age structure and
interspecific competition.

MATERIAL AND METHODS

Overview of different density-dependence models

Classical approach
The classical approach to studying density dependence con-
sists of assessing the extent to which population growth rate
decreases with population size. The Ricker model is a simple
and common way of representing density-dependent feedback
in the per-unit-abundance growth rate (Ricker 1954; Dennis &
Taper 1994). The Ricker model is the phenomenological rela-
tionship between population growth rate in year t (kt ¼ Ntþ1

Nt
)

and population size Nt. It takes the following form:

log ðktÞ ¼ ck0 þ bNNt þ reskt 0 ð1Þ
where ck0 is the intercept, bN is the regression coefficient pro-
viding a measure of the strength of the density regulation,
and reskt 0 are the residuals of the regression corresponding to
the variation in k not explained by population size.

Age-specific contribution to density dependence
To determine how the different age classes contributed to the
observed variation in population growth rate, the previous
phenomenological relationship (eqn 1) can be broken down
by age-specific numbers Ni,t (see Gamelon et al. 2016). In the
case where four age classes are considered, eqn 1 becomes:

logðktÞ ¼ ck þ bN1
N1;t þ bN2

N2;t þ bN3
N3;t þ bN4

N4;t þ reskt

ð2Þ
where bNi

are the age-specific regression coefficients.

Age-specific contribution to density dependence including
interspecific competition
To determine how the number of individuals in the different
age classes from species A and B contribute to the observed
variation in population growth rate of species A (kA,t) and B
(kB,t), we break down the previous phenomenological relation-
ship (eqn 2) by species-specific numbers NiA,t and NiB,t. In the
case where four age classes are considered, eqn 2 becomes:

logðkA;tÞ ¼ ckA þ bN1;A
N1A;t þ xA �N1B;t

� �
þ bN2;A

N2A;t þ xA �N2B;t

� �
þ bN3;A

N3A;t þ xA �N3B;t

� �
þ bN4;A

N4A;t þ xA �N4B;t

� �þ reskA;t ;

logðkB;tÞ ¼ ckB þ bN1;B
N1B;t þ xB �N1A;t

� �
þ bN2;B

N2B;t þ xB �N2A;t

� �
þ bN3;B

N3B;t þ xB �N3A;t

� �
þ bN4;B

N4B;t þ xB �N4A;t

� �þ reskB;t : ð3Þ
where bNi;A

and bNi;B
are the age-specific regression coeffi-

cients when interspecific competition is accounted for. In the
first part of the equation, an xA value of 0 indicates that
only the age-specific numbers of species A matter. In this
scenario, only intraspecific competition explains variations in
kA and interspecific competition has no impact on growth
rate (as in eqn 2). In contrast, an xA value of 1 indicates

© 2019 John Wiley & Sons Ltd/CNRS
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that an individual of species B has the same competitive
effect on the population growth rate of species A as an indi-
vidual of species A. Hence, xA (and xB) provides a measure
of the relative importance of inter- vs. intraspecific competi-
tion on the total density regulation acting on kA (and kB).
Noticeably, xA corresponds to aAB in the Lotka–Volterra
competition model and xB to aBA. However, our model is
more complex, since it includes density regulation acting
among age classes. The strength of density regulation is
given by the bNi;A coefficients (with high negative bNi;A indi-
cating strong density regulation). If the required high-quality
data are available, the above formula can easily be extended
to more than two competing species and the competition
coefficient xA can be made age-specific to relax the assump-
tion of similar age differences in competitive strength for
inter- and intraspecific competition.

Great tits and blue tits as a case study

Great tits and blue tits are two competing, short-lived birds
abundant in European gardens and woodlands as year-round
residents (Perrins & McCleery 1989). They are cavity-nesters
and readily accept nest boxes as nesting sites, making it possi-
ble to monitor the entire breeding population. Nest boxes with
a large entrance hole (32 mm) are suitable for both species,
whereas nest boxes with a small entrance hole (26 mm) almost
completely exclude great tits that are bigger than blue tits.
The data come from three long-term study sites near

Antwerp (Boshoek and Peerdsbos) and Ghent in Belgium,
and from eight sites (‘rounds’) within Wytham Woods,
near Oxford in the UK (Table 1, Supporting Information
1). In all sites, both great and blue tit populations were
monitored. In the case of Wytham Woods, substantial dif-
ferences (up to five fold) in nest box density between
rounds as well as differences in vegetation structure, physi-
cal geography, etc., coupled with the large sample size,
suggested that it would be appropriate to estimate effects
at the level of the round (see e.g. Garant et al. 2005).
Lumping the rounds into one single population would
neglect such heterogeneity and ignore differences in popu-
lation density as determined by nestbox density. Further-
more, one might expect competition for sites to be more
pronounced when boxes are at low density. Populations
are open to immigration and emigration. At all sites
except Peerdsbos, the number of nest boxes remained con-
stant during the study period (see Minot & Perrins 1986;
Dhondt et al. 1990; Nour et al. 1998; Visser et al. 2003;
Garant et al. 2005; Dhondt 2010; Matthysen et al. 2011
and Table 1 for further details on the study sites). In
Peerdsbos, 33% of both large-holed and small-holed nest
boxes were removed in 1997.

Demographic data

Nest boxes were visited during the breeding season and three
types of demographic data were recorded:

(1) For each species, the total number of breeding females
(Ct) was recorded. As most females start to breed at one
year of age, the breeding population size is a good proxy

for the total number of females in the population
(Dhondt et al. 1990).

(2) All nestlings and mothers were fitted with a uniquely
numbered leg-ring to allow identification. Additionally,
mothers were aged (first-years vs. adults [≥ 2 years]) based
on plumage characteristics. We assumed that previously
unringed mothers recruited into the population in the first
year in which they were recorded breeding; some of these
could not be aged due to left-census truncation (those
recruited as adults). The breeding females of known age
that are marked and monitored throughout their life pro-
vide capture-recapture (CR) data of known age females.
We grouped the breeding birds of known age into four
age classes: 1, corresponding to the first year of breeding
(i.e. second calendar year of life); 2, corresponding to the
second year of breeding; 3 corresponding to the third year
of breeding; and 4, which groups breeding females aged 4
or more.

(3) Females locally ringed as nestlings were recorded as
recruited to the breeding population if they were observed
breeding in a subsequent year. This gave the number of
females that successfully became a first-year breeding
female in year t + 1, termed the breeding recruitment for
year t (Jt). This recruitment could be broken down by the
age-class of the mother (see Dhondt 1989 for evidence of
age-specific recruitment): first year breeder, second year,
etc. This provided estimates of the number of recruits for
mothers of age class i in year t (Ji,t). Also, we recorded
the total number of breeding females of each age class i
in year t (Bi,t).

Annual age-specific numbers of females using an IPM

Our analyses were performed on each study site separately
(see Fig. 1 for a schematic of the different analytical steps).
For each species, we integrated the recorded number of breed-
ing females (Ct), CR data of females of known age and data
on reproductive success (i.e. Bi,t and Ji,t) into an integrated

Table 1 Eleven sites included in the study where intra- and interspecific

density dependence were investigated.

Study sites Study period Monitored females

1 Boshoek 1994–2016 NGT = 1634; NBT = 1348

2 Ghent 1994–2011 NGT = 399; NBT = 136

3/4 Peerdsbos 1980–1996/1997–2016 NGT = 805; NBT = 778

5 Bean Wood 2001–2016 NGT = 379; NBT = 372

6 Broad Oak 2003–2016 NGT = 636; NBT = 682

7 Common Piece 2003–2016 NGT = 357; NBT = 361

8 Extra 2008–2016 NGT = 930; NBT = 536

9 Great Wood 2008–2016 NGT = 597; NBT = 436

10 Marley 2001–2016 NGT = 553; NBT = 455

11 Marley Plantation 2001–2016 NGT = 479; NBT = 305

12 Singing Way 2001–2016 NGT = 514; NBT = 319

Displayed are the study sites (in Belgium and the UK), the study period

during which demographic data were collected on great tits and blue tits,

and the number of marked great tit (NGT) and blue tit (NBT) females as

part of capture-recapture programs. The number of nest boxes provided

to tits was reduced at Peerdsbos in 1997 and remained constant in the

other sites.

© 2019 John Wiley & Sons Ltd/CNRS
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population model (IPM) (Schaub & Abadi 2011). This frame-
work provides estimates of all the vital rates (survival, fecun-
dity), the true total number of females Nt and the true age-
specific numbers of females Ni,t for each year t with improved
precision and free of observation error (Besbeas et al. 2002;
Abadi et al. 2010, 2012; K�ery & Schaub 2012). The joint anal-
ysis of these three datasets thus allowed us to account for
observation error associated with the recorded number of
counted breeding females (Lebreton & Gimenez 2013). It also
allowed us to account for the incomplete information on age
structure in the monitoring data (e.g. some females are of
unknown age), for imperfect detection (e.g. recapture
probability is not 1) and for demographic stochasticity (Lande
et al. 2002).
Inference is based on the joint likelihood, corresponding to

the multiplication of the likelihoods from the single datasets
(CR data, data on reproductive success and population count)
(K�ery & Schaub 2012). The likelihoods of the different data-
sets were specified as follows. For CR data of breeding
females of known age, we used the Cormack–Jolly–Seber
model (Lebreton et al. 1992) which allows estimation of
annual survival between age class i and i + 1 (Si,t) and recap-
ture (Pt) probabilities. For data on reproductive success, the
observed number of daughters locally recruited per age class i
(Ji,t) is Poisson distributed with Ji;t �Poisson Bi;t � Fi;t

� �
,

where Fi;t is the recruitment rate of females of age class i at
year t. For the population count data, we used a state-space
model (de Valpine & Hastings 2002) that consisted of a

process model describing how the population size and struc-
ture changed over time as well as an observation model (Bes-
beas et al. 2002). We considered a pre-breeding age-structured
model with the four pre-defined age classes. The true age-spe-
cific numbers of females Ni,t corresponds to the sum of locally
born females and immigrants. Assuming independence among
the datasets, the likelihood of the IPM corresponds to the
product of the likelihoods of the three different datasets,
namely population counts, reproductive success data and CR
data (K�ery & Schaub 2012). The assumption of independence
is violated in our study because some of the breeding females
may be found in the different datasets but, as shown in a sim-
ulation study (Abadi et al. 2010), it is unlikely that it affects
our parameter estimates and their precision with the kind of
data we used here.
The model was fitted within a Bayesian framework. To

assess convergence, we ran four independent chains with dif-
ferent starting values for a minimum of 100 000 MCMC itera-
tions, with a burn-in of 50 000 iterations, thinning every
100th observation and resulting in 2000 posterior samples. We
used the Brooks and Gelman diagnostic to assess the conver-
gence of the simulations and used the rule to determine
whether convergence was reached (Brooks & Gelman 1998).
The analyses were implemented using JAGS version 3.4.0
(Plummer 2003) with package R2jags (Su & Yajima 2012).
For a full description of the IPM, the priors used and the R
code to fit the IPM, see an example on another great tit popu-
lation (Gamelon et al. 2016).

Demographic data GT
CR data, data on reproduc ve success, popula on counts

Integrated Popula on Model 
IPM published in Gamelon et al. 2016

Es mated parameters:  Si GT,t        Fi GT,t       NGT,t             GT,t         Ni GT,t

Integrated Popula on Model 
IPM published in Gamelon et al. 2016

Density-dependence model accoun ng for interspeci c compe on 

Eqn. 3

Es mated parameters:  Ni,GT      Ni,BT     T     BT

Demographic data BT 
CR data, data on reproduc ve success, popula on counts

Integrated Popula on Model 
IPM published in Gamelon et al. 2016

Density-dependence models ignoring 
interspeci c compe on

Eqn. 1
Eqn. 2

Density-dependence models ignoring 
interspeci c compe on 

Eqn. 1
Eqn. 2

Es mated parameters:  Si BT,t        Fi BT,t        NBT,t             BT,t         Ni BT,t

Figure 1 Schematic of the different analytical steps to investigate intra- and interspecific density dependence. In each study site, demographic data including

capture-recapture (CR) data are collected on great tits (GT, yellow) and blue tits (BT, blue). In each site, data are analysed within an Integrated

Population Model (IPM) and time series of population size (Nt), population growth rate kt, age-specific survival rates (Si,t), fecundity rates (Fi,t) and

numbers (Ni,t) are obtained for each species in each location. Outside the IPMs, these parameters then feed density-dependence models ignoring (eqns 1

and 2) or accounting (eqn 3) for interspecific competition. In this latter case, bNi
corresponding to the age-specific contribution to density dependence and

x, the relative importance of inter- vs. intraspecific competition, are estimated for both species at a given location.
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To ensure that the priors for initial population numbers did
not influence estimates of age-specific numbers during the first
year of the study, we considered estimates provided by our
IPM from the second year onwards (see Supporting
Information 2).

Age-specific contribution to density dependence including

interspecific competition

As a derived parameter from the IPM, we computed the ‘ob-
served’ population growth rate of great tits (GT) in year t as
kGT;t ¼ NGT;tþ1

NGT;t
for each posterior sample (2000 in total) and

recorded its posterior mean. To determine how the (posterior
means of the) age-specific numbers of great tit NiGT and blue
tit NiBT females contributed to the observed variation in kGT,
we applied eqn 3 with species A corresponding to great tit
and species B to blue tit (BT). As NGT,t, NiGT,t and NiBT,t were
estimated in the IPM model, sampling variance and observa-
tion errors were accounted for. This approach thus precludes
spurious detection of density dependence (see Freckleton et al.
2006; Schaub et al. 2013; Gamelon et al. 2016 for a similar
approach). To determine the value of xGT (i.e. the relative
importance of inter- and intraspecific competition in the
dynamics of great tits) that provides the best fit of eqn 3 to
the data, we calculated the Akaike Information Criterion
(AIC) (Burnham & Anderson 2002) of eqn 3 for xGT ranging
from 0 to 1 in increments of 0.005. The model with the lowest
AIC was considered as the best one, and its corresponding
value of xGT was recorded. We did not consider competitive
exclusion as a possible scenario and thus prevented interspeci-
fic competition from exceeding intraspecific competition in
our analyses by restricting the competition coefficients x to
values less than unity. By not allowing parameter values
above unity, the parameters are tested in a region in accor-
dance with biological a priori and the accuracy in the estima-
tion is improved. We reported the estimates of the regression
coefficients bNi;GT from the best model retained, which indi-
cate how the number of females of both species in age class
Ni contributed to the observed variations in kGT.
For each site, we applied the same approach on blue tits to

determine how the age-specific numbers of great tit (NiGT)
and blue tit (NiBT) females contributed to the observed varia-
tion in blue tit population growth rate, kBT,t.

Implications for the dynamics of age-structured populations

For each blue tit population, from the estimates of xBT,
bNi;BT and ck;BT and the true age-specific numbers of females
NiGT,t and NiBT,t during the study periods, we calculated the
expected population growth rate kBT,expected1 (from eqn 3). We
compared it to the observed annual growth rate kBT during
this period (i.e. estimated with the IPM) through a simple
linear regression.
Second, eqn 2 was fitted, meaning that interspecific compe-

tition was ignored. From these new estimates of bNi;BT and
ckand from true age-specific numbers of blue tit females NiBT,t

we calculated the expected growth rate kBT,expected2. This was
then compared to the observed growth rate kBT with a linear
regression.

Finally, eqn 1 was fitted, meaning that both interspecific
competition and age-specific contribution to density depen-
dence were ignored. From the estimates of bNBT

and ck,
and from true total number of blue tits NBT,t, we calculated
kBT,expected3 and compared it to the observed growth rate kBT.
We applied the same approach for each great tit population.

Analyses were performed with R software, version 3.4.3 (R
Development Core Team 2017).

RESULTS

IPM

Age-specific numbers of females NiGT,t and NiBT,t varied over
time, for both great tits and blue tits in all sites (Supporting
Information 2). Survival and fecundity rates also fluctuated
through years, and generally differed among age classes (Sup-
porting Information 3,4). The recapture probability varied
over years and was generally high in all sites for both species
(Supporting Information 5).

Relative importance of inter- vs. intraspecific competition

For each site and each species, we estimated the value of xGT

and xBT that provided the best fit of the model described in
eqn 3 (Fig. 2). At eight out of 10 sites (excluding the manipula-
tive experiment at Peerdsbos), xGT equals 0 (Fig. 2). This indi-
cates small contribution of interspecific competition to the
changes in population size of great tits, that is blue tits have lit-
tle effect on the growth rate of the great tit population, kGT. At
the two other sites, xGT equals 0.39, indicating that two to
three blue tits have the same competitive effect as one great tit.
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For blue tits, at seven out of 10 sites, accounting for inter-
specific competition (with xBT > 0) in eqn 3 better explains
variation in population growth rate kBT than ignoring inter-
specific competition (with xBT = 0). Thus, the number of great
tits present at a site affects kBT. The relative importance of
inter- vs. intraspecific competition xBT even reached unity for
some sites (Fig. 2), indicating that one great tit has the same
competitive effect as one blue tit. At the three other sites, xBT

equals 0, indicating that the number of great tits has no effect
on kBT.

Effects of age-class numbers on population growth rate

Negative bNi
values indicate that higher number of females in

age class Ni translates to lower population growth rate. The
bNi

values were negative, positive, or not significant depending
on the species, the study sites and the age class (Fig. 3). Thus,

the different age classes did not contribute equally to the
strength of density dependence. While in some sites, age 1 and
2 had the strongest negative effect on k (e.g. at Common
Piece, Fig. 3), older age classes contributed the most to den-
sity regulation in other areas (e.g. in the blue tit population at
Singing Way). The effects of age-class numbers on k have the
same order of magnitude for both species (Fig. 3) indicating
that they experience similar strength of density dependence.

Change in the number of nest boxes over time

In Peerdsbos, the removal of some nest boxes during the
study period provides an opportunity to explore the effect of
a change in nest box number on the relative contribution of
inter- and intraspecific competition to the population dynam-
ics. Prior to the removal in 1997, the effects of interspecific
competition were close to intraspecific competition in both

Boshoek

βN1 βN2 βN3 βN4

Ghent

Peerdsbos
period 1

Peerdsbos
period 2

Bean
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Broad
Oak

Common
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Marley
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Singing
Way
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Figure 3 Columns show the effects of the number of breeding females Ni in age class i of both species on great tit population growth rates kGT (log-

transformed) (in yellow) and on blue tit population growth rates kBT (log-transformed) (in blue) in the eleven study sites (in rows). Displayed are the

means of the regression coefficients bNi
and their associated standard errors. Negative values indicate that higher number of females in the age class Ni

translates to lower population growth rate. The boxplots summarise the effects of the number of breeding females Ni in age class i of both species on kGT
and kBT across sites.
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species (xGT = 0.730 and xBT = 0.87, Fig. 2). One great tit
had almost the same competitive effect as one blue tit on kGT
and one blue tit had the same competitive effect as one great
tit on kBT. In the second period (i.e. after 1997), the relative
importance of interspecific competition dropped for great tits
(xGT = 0.055) and increased for blue tits (xBT = 1). Thus,
interspecific competition becomes negligible on kGT, whereas
on kBT, one blue tit tended to have the same competitive
effect as one great tit.
The removal of some nest boxes was associated with a two-

fold increase in the strength of density regulation for great tits
(Fig. 3). Together with a low xGT reported during the second
period, these results indicate that great tits play a major role
in their own regulation. However, the strength of density reg-
ulation was not stronger in the second period for blue tits
(Fig. 3). Together with a high xBT, this means that blue tits
were mainly limited by great tits in the second period,
although with the same intensity as in the first period.

Implications for the dynamics of age-structured populations

After the removal in 1997 in Peerdsbos, great tits contributed
greatly to the strong density dependence acting on the dynam-
ics of the blue tit population (xBT = 1). This population is a
relevant case study for exploring how including interspecific
competition in demographic analyses might help to predict
variations in population growth rate kBT. The posterior means
of kBT (on a log-scale) estimated through the IPM varied

between �0.56 and 0.48, indicating that the population
decreased and increased over time (Fig. 4, grey lines). These
fluctuations were caused by the combined effect of both den-
sity-dependent and -independent factors (such as climate vari-
ations). The expected growth kBT,expected1 predicted by our
density-dependent model accounting for age-specific contribu-
tion to density dependence and interspecific competition
(eqn 3) matched well with the observed variations in kBT
(Fig. 4a, blue line). This model explains 56% of the variance
in kBT. However, kBT,expected2 predicted by a density-depen-
dent model accounting for age-specific contribution to density
dependence but ignoring interspecific competition (eqn 2) pro-
vided a poorer fit (Fig. 4B, blue line), explaining only 36% of
the variance in observed kBT. The classical approach (eqn 1)
assuming equal contribution of all ages to density dependence
and ignoring interspecific competition provided an even
poorer fit (Fig. 4c, blue line), explaining only 24% of the vari-
ance in observed kBT.
The blue tit population at Peerdsbos is not an exception

with regards to improved predictions of fluctuations in popu-
lation size when both age structure and interspecific competi-
tion are accounted for. Accounting for age and interspecific
competition in demographic analyses substantially improves
our predictions of variations in growth rate for most of the
blue tit populations, by up to three times (Fig. 5). For great
tit populations, while accounting for age-specific contribution
to density dependence improves the model fit (Fig. 5, compar-
ison between eqn 1 and eqn 2), accounting for interspecific
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Figure 4 Blue tit population growth rate (kBT, on a log-scale) at Peerdsbos between 1997 and 2016. Grey lines correspond to the observed growth rate kBT
(i.e. estimated through the IPM) with its 95% confidence interval. Blue lines (and their 95% confidence intervals) correspond to (a) growth rate kBT,expected1
predicted by a density-dependent model accounting for age-specific contribution to density dependence and both intra- and interspecific competition

(eqn 3); (b) growth rate kBT,expected2 predicted by the same model as that in (a) but ignoring interspecific competition (eqn 2); (c) growth rate kBT,expected3
predicted by the same model as that in (b) but assuming equal contribution of all ages to density dependence (i.e. classical approach, eqn 1).
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competition has rather little effect on the predictive power of
the density-dependence model (Fig. 5, comparison between
eqn 2 and eqn 3).

DISCUSSION

Fluctuations in size of natural populations are due to tempo-
ral variation in climate (see e.g. Sæther et al. 2000, 2004;
Coulson et al. 2001; Stenseth et al. 2003; Berryman & Lima
2006) and density dependence (Royama 1992; Turchin 1995).
The relative importance of environmental stochastic and
deterministic (i.e. density-dependent) factors in affecting popu-
lation growth rates has long been debated (Andrewartha &
Birch 1954; Nicholson 1957; Turchin 1995; Coulson et al.
2004) but it is now accepted that both play an important role
(Leirs et al. 1997; Coulson et al. 2001; Boyce et al. 2006). Sev-
eral studies of tits have shown that both climate variation and
density dependence induce spatio-temporal variation in popu-
lation dynamics (Sæther et al. 2003; Grøtan et al. 2009).
Accordingly, in our study, density dependence was present in
all populations (negative b parameters, Fig. 3) and account
for up to 92% of the recorded variation in population growth
(see e.g. the blue tit population at Great Wood, Fig. 5).
Within a population, both intra- and interspecific competition
contributed to the density regulation. These contributions
were age-dependent. Our findings question the assumptions
commonly made when estimating the strength of density
dependence (Krebs 2002), that (1) interspecific competition is
negligible; and (2) all individuals in the population have an
equal competitive effect. Relaxing these assumptions greatly
improves predictions of fluctuations in population size in age-
structured populations. Variation in population growth rates
is better predicted when interspecific competition and age-spe-
cific contribution to density dependence are accounted for. In

populations limited by intra- and interspecific competition
such as blue tit populations, we strongly recommend the use
of a scalar function describing how several age classes of com-
petitive species affect the population growth rate negatively.

Contribution of inter- and intraspecific competition to changes in

population size

Classical models of competition between two species such as
Lotka (1925) and Volterra (1926) use linear combinations of the
two densities and ignore age structure. Here, we provide a
straightforward method to estimate the relative importance of
intra- vs. interspecific competition in age-structured populations.
When close to 0, the competition coefficient (here called x) indi-
cates that only intraspecific competition explains variations in
population growth rate k, whereas close to 1, it indicates a simi-
lar contribution of intra- and interspecific competition to
observed variations in k. A value above unity would indicate that
interspecific competition is higher than intraspecific competition,
and that the coexistence between the two species only results
from immigration. A proper evaluation of this hypothesis would
require a spatially-explicit competition model.
On the basis of long-term monitoring of two competing spe-

cies, we found that the relative contribution of interspecific
competition to density dependence (x values) is species-specific,
with interspecific competition being more important in blue tits
than in great tits. This indicates asymmetric competition, in
accordance with previous studies that have shown that when
great tit population density is high, great tits direct high levels
of aggression against blue tits during competition for food or
breeding sites (Dhondt 2011). The increased relative impor-
tance of interspecific competition xBT for the blue tit popula-
tion at Peerdsbos after the removal of some nest boxes
probably results from interspecific competition for roosting
sites in winter, as shown in multiple experiments (Dhondt
2011). Great tits can even exclude most blue tits if all nest
boxes are suitable for both species, through higher rates of dis-
persal in blue tits (Dhondt 2011). Conversely, great tit popula-
tion growth was only slightly sensitive to blue tit population
density and was mainly limited by intraspecific competition.
Intraspecific competition is common in great tits and well doc-
umented (Both et al. 1999). An experimental study showed that
competition among conspecifics in great tit could lead to higher
juvenile dispersal (Kluyver 1971). Similarly, there is compelling
evidence that at high density, great tits occupy lower quality
territories, leading to reduced clutch size (Perrins 1979; Dhondt
et al. 1992). In contrast to the situation for blue tits, our analy-
ses suggest that density regulation in great tit populations
mainly operates through intraspecific competition.

Age-specific contribution to density regulation

We found that the strength of density regulation (b param-
eters) is comparable for great and blue tits. However, indi-
viduals differ in their contribution to density dependence
dependent on their age. Previous work that focused on a
single great tit population (Gamelon et al. 2016) provided
support for the important role of the youngest age classes
in density regulation. Our current findings suggest that,
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even if young females consistently contribute to density
regulation, older individuals also play an important role,
in one-third of the populations. Although it is beyond the
scope of this study, the fact that some ages appear to be
important in driving density regulation at some sites but
not others is deserving of further study, and could be
attributable to variation in local environmental conditions.

CONCLUSION

We studied the population dynamics of two co-occurring and
ecologically competing bird species in the UK and Belgium.
The two species exhibit similar strength of density regulation,
and individuals of different ages play contrasting roles in that
regulation. While in blue tits, interspecific competition can be
as important as intraspecific competition in determining this
regulation, great tit populations show little sensitivity to the
local density of blue tits. Beyond the interspecific differences,
we detected among-site differences in the strength of density
regulation (b parameters) and the relative importance of inter-
specific competition (x values). Variation in ecological condi-
tions (e.g. availability of food resources, cavities) could explain
such discrepancies. While we focused on pairwise interactions,
more complex interactions with other competitors present in
some of the areas may affect the growth rates of great tit and
blue tit populations. Expanding our approach to more than two
competitor populations offers exciting avenues of research
(Levine et al. 2017).
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Supporting Information 

Supporting Information S1 Map showing the eleven study sites included in the study. 
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Supporting Information S2 Posterior means of the annual age-class numbers of breeding 

females Ni estimated from the IPM in the great tit (in yellow) and blue tit (in blue) 

populations in Belgium and the UK. 
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Supporting Information S3 Posterior means of the annual age-specific survival rates 

estimated from the IPM in the great tit (in yellow) and blue tit (in blue) populations in 

Belgium and the UK. 
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Supporting Information S4 Posterior means of the annual age-specific fecundity rates 

estimated from the IPM in the great tit (in yellow) and blue tit (in blue) populations in 

Belgium and the UK. 
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Supporting Information S5 Mean recapture probabilities P over the study period together 

with their 95% CRI estimated from the IPM in the great tit (GT) and blue tit (BT) populations 

in Belgium and the UK. 

Study sites Recapture probability GT   Recapture probability BT  

Boshoek 0.96 [0.94; 0.97]   0.87 [0.83; 0.90]  

Ghent 0.81 [0.72; 0.88]   0.49 [0.30; 0.68]  

Peerdsbos 0.86 [0.81; 0.91]   0.83 [0.74; 0.90]  

Bean Wood 0.88 [0.81; 0.94]   0.78 [0.60; 0.93]  

Broad Oak 0.81 [0.73; 0.88]   0.72 [0.57; 0.86]  

Common Piece 0.75 [0.61; 0.86]   0.70 [0.51; 0.85]  

Extra 0.74 [0.67; 0.81]   0.79 [0.61; 0.93]  

Great Wood 0.85 [0.77; 0.90]   0.59 [0.45; 0.74]  

Marley 0.80 [0.72; 0.88]   0.78 [0.65; 0.88]  

Marley Plantation 0.87 [0.79; 0.92]   0.83 [0.63; 0.97]  

Singing Way 0.88 [0.80; 0.95]   0.69 [0.44; 0.88]  
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1999 Ingrid Bysveen 
Mjølnerød 

Dr. scient 
Zoology 

Aspects of population genetics, behaviour and 
performance of wild and farmed Atlantic salmon (Salmo 
salar) revealed by molecular genetic techniques 

1999 Else Berit Skagen Dr. scient 
Botany 

The early regeneration process in protoplasts from 
Brassica napus hypocotyls cultivated under various g-
forces 

1999 Stein-Are Sæther Dr. philos 
Zoology 

Mate choice, competition for mates, and conflicts of 
interest in the Lekking Great Snipe 

1999 Katrine Wangen 
Rustad 

Dr. scient 
Zoology 

Modulation of glutamatergic neurotransmission related 
to cognitive dysfunctions and Alzheimer’s disease 

1999 Per Terje Smiseth Dr. scient 
Zoology 

Social evolution in monogamous families: 

1999 Gunnbjørn Bremset Dr. scient 
Zoology 

Young Atlantic salmon (Salmo salar L.) and Brown 
trout (Salmo trutta L.) inhabiting the deep pool habitat, 
with special reference to their habitat use, habitat 
preferences and competitive interactions 

1999 Frode Ødegaard Dr. scient 
Zoology 

Host specificity as a parameter in estimates of arthropod 
species richness 

1999 Sonja Andersen Dr. scient 
Zoology 

Expressional and functional analyses of human, 
secretory phospholipase A2 

2000 Ingrid Salvesen Dr. scient 
Botany 

Microbial ecology in early stages of marine fish: 
Development and evaluation of methods for microbial 
management in intensive larviculture 

2000 Ingar Jostein Øien Dr. scient 
Zoology 

The Cuckoo (Cuculus canorus) and its host: adaptions 
and counteradaptions in a coevolutionary arms race 

2000 Pavlos Makridis Dr. scient 
Botany 

Methods for the microbial control of live food used for 
the rearing of marine fish larvae 

2000 Sigbjørn Stokke Dr. scient 
Zoology 

Sexual segregation in the African elephant (Loxodonta 
africana) 

2000 Odd A. Gulseth Dr. philos 
Zoology 

Seawater tolerance, migratory behaviour and growth of 
Charr, (Salvelinus alpinus), with emphasis on the high 
Arctic Dieset charr on Spitsbergen, Svalbard 

2000 Pål A. Olsvik Dr. scient 
Zoology 

Biochemical impacts of Cd, Cu and Zn on brown trout 
(Salmo trutta) in two mining-contaminated rivers in 
Central Norway 

2000 Sigurd Einum Dr. scient 
Zoology 

Maternal effects in fish: Implications for the evolution 
of breeding time and egg size 

2001 Jan Ove Evjemo Dr. scient 
Zoology 

Production and nutritional adaptation of the brine 
shrimp Artemia sp. as live food organism for larvae of 
marine cold water fish species 
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2001 Olga Hilmo Dr. scient 
Botany 

Lichen response to environmental changes in the 
managed boreal forest systems 

2001 Ingebrigt Uglem Dr. scient 
Zoology 

Male dimorphism and reproductive biology in corkwing 
wrasse (Symphodus melops L.) 

2001 Bård Gunnar Stokke Dr. scient 
Zoology 

Coevolutionary adaptations in avian brood parasites and 
their hosts 

2002 Ronny Aanes Dr. scient 
Zoology 

Spatio-temporal dynamics in Svalbard reindeer 
(Rangifer tarandus platyrhynchus) 

2002 Mariann Sandsund Dr. scient 
Zoology 

Exercise- and cold-induced asthma. Respiratory and 
thermoregulatory responses 

2002 Dag-Inge Øien Dr. scient 
Botany 

Dynamics of plant communities and populations in 
boreal vegetation influenced by scything at Sølendet, 
Central Norway 

2002 Frank Rosell Dr. scient 
Zoology 

The function of scent marking in beaver (Castor fiber) 

2002 Janne Østvang Dr. scient 
Botany 

The Role and Regulation of Phospholipase A2 in 
Monocytes During Atherosclerosis Development 

2002 Terje Thun Dr. philos 
Biology 

Dendrochronological constructions of Norwegian 
conifer chronologies providing dating of historical 
material 

2002 Birgit Hafjeld Borgen Dr. scient 
Biology 

Functional analysis of plant idioblasts (Myrosin cells) 
and their role in defense, development and growth 

2002 Bård Øyvind Solberg Dr. scient 
Biology 

Effects of climatic change on the growth of dominating 
tree species along major environmental gradients 

2002 Per Winge Dr. scient 
Biology 

The evolution of small GTP binding proteins in cellular 
organisms. Studies of RAC GTPases in Arabidopsis 
thaliana and the Ral GTPase from Drosophila 
melanogaster 

2002 Henrik Jensen Dr. scient 
Biology 

Causes and consequences of individual variation in 
fitness-related traits in house sparrows 

2003 Jens Rohloff Dr. philos 
Biology 

Cultivation of herbs and medicinal plants in Norway – 
Essential oil production and quality control 

2003 Åsa Maria O. 
Espmark Wibe 

Dr. scient 
Biology 

Behavioural effects of environmental pollution in 
threespine stickleback Gasterosteus aculeatur L. 

2003 Dagmar Hagen Dr. scient 
Biology 

Assisted recovery of disturbed arctic and alpine 
vegetation – an integrated approach 

2003 Bjørn Dahle Dr. scient 
Biology 

Reproductive strategies in Scandinavian brown bears 

2003 Cyril Lebogang Taolo Dr. scient 
Biology 

Population ecology, seasonal movement and habitat use 
of the African buffalo (Syncerus caffer) in Chobe 
National Park, Botswana 

2003 Marit Stranden Dr. scient 
Biology 

Olfactory receptor neurones specified for the same 
odorants in three related Heliothine species 
(Helicoverpa armigera, Helicoverpa assulta and 
Heliothis virescens) 

2003 Kristian Hassel Dr. scient 
Biology 

Life history characteristics and genetic variation in an 
expanding species, Pogonatum dentatum 

2003 David Alexander Rae Dr. scient 
Biology 

Plant- and invertebrate-community responses to species 
interaction and microclimatic gradients in alpine and 
Artic environments 

2003 Åsa A Borg Dr. scient 
Biology 

Sex roles and reproductive behaviour in gobies and 
guppies: a female perspective 

2003 Eldar Åsgard 
Bendiksen 

Dr. scient 
Biology 

Environmental effects on lipid nutrition of farmed 
Atlantic salmon (Salmo salar L.) parr and smolt 

2004 Torkild Bakken Dr. scient 
Biology 

A revision of Nereidinae (Polychaeta, Nereididae) 
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2004 Ingar Pareliussen Dr. scient 
Biology 

Natural and Experimental Tree Establishment in a 
Fragmented Forest, Ambohitantely Forest Reserve, 
Madagascar 

2004 Tore Brembu Dr. scient 
Biology 

Genetic, molecular and functional studies of RAC 
GTPases and the WAVE-like regulatory protein 
complex in Arabidopsis thaliana 

2004 Liv S. Nilsen Dr. scient 
Biology 

Coastal heath vegetation on central Norway; recent past, 
present state and future possibilities 

2004 Hanne T. Skiri Dr. scient 
Biology 

Olfactory coding and olfactory learning of plant odours 
in heliothine moths. An anatomical, physiological and 
behavioural study of three related species (Heliothis 
virescens, Helicoverpa armigera and Helicoverpa 
assulta) 

2004 Lene Østby Dr. scient 
Biology 

Cytochrome P4501A (CYP1A) induction and DNA 
adducts as biomarkers for organic pollution in the 
natural environment 

2004 Emmanuel J. Gerreta Dr. philos 
Biology 

The Importance of Water Quality and Quantity in the 
Tropical Ecosystems, Tanzania 

2004 Linda Dalen Dr. scient 
Biology 

Dynamics of Mountain Birch Treelines in the Scandes 
Mountain Chain, and Effects of Climate Warming 

2004 Lisbeth Mehli Dr. scient 
Biology 

Polygalacturonase-inhibiting protein (PGIP) in 
cultivated strawberry (Fragaria x ananassa): 
characterisation and induction of the gene following 
fruit infection by Botrytis cinerea 

2004 Børge Moe Dr. scient 
Biology 

Energy-Allocation in Avian Nestlings Facing Short-
Term Food Shortage 

2005 Matilde Skogen 
Chauton 

Dr. scient 
Biology 

Metabolic profiling and species discrimination from 
High-Resolution Magic Angle Spinning NMR analysis 
of whole-cell samples 

2005 Sten Karlsson Dr. scient 
Biology 

Dynamics of Genetic Polymorphisms 

2005 Terje Bongard Dr. scient 
Biology 

Life History strategies, mate choice, and parental 
investment among Norwegians over a 300-year period 

2005 Tonette Røstelien PhD Biology Functional characterisation of olfactory receptor 
neurone types in heliothine moths 

2005 Erlend Kristiansen Dr. scient 
Biology 

Studies on antifreeze proteins 

2005 Eugen G. Sørmo Dr. scient 
Biology 

Organochlorine pollutants in grey seal (Halichoerus 
grypus) pups and their impact on plasma thyroid 
hormone and vitamin A concentrations 

2005 Christian Westad Dr. scient 
Biology 

Motor control of the upper trapezius 

2005 Lasse Mork Olsen PhD Biology Interactions between marine osmo- and phagotrophs in 
different physicochemical environments 

2005 Åslaug Viken PhD Biology Implications of mate choice for the management of 
small populations 

2005 Ariaya Hymete Sahle 
Dingle 

PhD Biology Investigation of the biological activities and chemical 
constituents of selected Echinops spp. growing in 
Ethiopia 

2005 Anders Gravbrøt 
Finstad 

PhD Biology Salmonid fishes in a changing climate: The winter 
challenge 

2005 Shimane Washington 
Makabu 

PhD Biology Interactions between woody plants, elephants and other 
browsers in the Chobe Riverfront, Botswana 

2005 Kjartan Østbye Dr. scient 
Biology 

The European whitefish Coregonus lavaretus (L.) 
species complex: historical contingency and adaptive 
radiation 
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2006 Kari Mette Murvoll PhD Biology Levels and effects of persistent organic pollutans 
-tocopherol – 

potential biomakers of POPs in birds? 
2006 Ivar Herfindal Dr. scient 

Biology 
Life history consequences of environmental variation 
along ecological gradients in northern ungulates 

2006 Nils Egil Tokle PhD Biology Are the ubiquitous marine copepods limited by food or 
predation? Experimental and field-based studies with 
main focus on Calanus finmarchicus 

2006 Jan Ove Gjershaug Dr. philos 
Biology 

Taxonomy and conservation status of some booted 
eagles in south-east Asia 

2006 Jon Kristian Skei Dr. scient 
Biology 

Conservation biology and acidification problems in the 
breeding habitat of amphibians in Norway 

2006 Johanna Järnegren PhD Biology Acesta oophaga and Acesta excavata – a study of 
hidden biodiversity 

2006 Bjørn Henrik Hansen PhD Biology Metal-mediated oxidative stress responses in brown 
trout (Salmo trutta) from mining contaminated rivers in 
Central Norway 

2006 Vidar Grøtan PhD Biology Temporal and spatial effects of climate fluctuations on 
population dynamics of vertebrates 

2006 Jafari R Kideghesho PhD Biology Wildlife conservation and local land use conflicts in 
Western Serengeti Corridor, Tanzania 

2006 Anna Maria Billing PhD Biology Reproductive decisions in the sex role reversed pipefish 
Syngnathus typhle: when and how to invest in 
reproduction 

2006 Henrik Pärn PhD Biology Female ornaments and reproductive biology in the 
bluethroat 

2006 Anders J. Fjellheim PhD Biology Selection and administration of probiotic bacteria to 
marine fish larvae 

2006 P. Andreas Svensson PhD Biology Female coloration, egg carotenoids and reproductive 
success: gobies as a model system 

2007 Sindre A. Pedersen PhD Biology Metal binding proteins and antifreeze proteins in the 
beetle Tenebrio molitor - a study on possible 
competition for the semi-essential amino acid cysteine 

2007 Kasper Hancke PhD Biology Photosynthetic responses as a function of light and 
temperature: Field and laboratory studies on marine 
microalgae 

2007 Tomas Holmern PhD Biology Bushmeat hunting in the western Serengeti: 
Implications for community-based conservation 

2007 Kari Jørgensen PhD Biology Functional tracing of gustatory receptor neurons in the 
CNS and chemosensory learning in the moth Heliothis 
virescens 

2007 Stig Ulland PhD Biology Functional Characterisation of Olfactory Receptor 
Neurons in the Cabbage Moth, (Mamestra brassicae L.) 
(Lepidoptera, Noctuidae). Gas Chromatography Linked 
to Single Cell Recordings and Mass Spectrometry 

2007 Snorre Henriksen PhD Biology Spatial and temporal variation in herbivore resources at 
northern latitudes 

2007 Roelof Frans May PhD Biology Spatial Ecology of Wolverines in Scandinavia 

2007 Vedasto Gabriel 
Ndibalema 

PhD Biology Demographic variation, distribution and habitat use 
between wildebeest sub-populations in the Serengeti 
National Park, Tanzania 

2007 Julius William 
Nyahongo 

PhD Biology Depredation of Livestock by wild Carnivores and Illegal 
Utilization of Natural Resources by Humans in the 
Western Serengeti, Tanzania 

|249



2007 Shombe Ntaraluka 
Hassan 

PhD Biology Effects of fire on large herbivores and their forage 
resources in Serengeti, Tanzania 

2007 Per-Arvid Wold PhD Biology Functional development and response to dietary 
treatment in larval Atlantic cod (Gadus morhua L.) 
Focus on formulated diets and early weaning 

2007 Anne Skjetne 
Mortensen 

PhD Biology Toxicogenomics of Aryl Hydrocarbon- and Estrogen 
Receptor Interactions in Fish: Mechanisms and 
Profiling of Gene Expression Patterns in Chemical 
Mixture Exposure Scenarios 

2008 Brage Bremset 
Hansen 

PhD Biology The Svalbard reindeer (Rangifer tarandus 
platyrhynchus) and its food base: plant-herbivore 
interactions in a high-arctic ecosystem 

2008 Jiska van Dijk PhD Biology Wolverine foraging strategies in a multiple-use 
landscape 

2008 Flora John Magige PhD Biology The ecology and behaviour of the Masai Ostrich 
(Struthio camelus massaicus) in the Serengeti 
Ecosystem, Tanzania 

2008 Bernt Rønning PhD Biology Sources of inter- and intra-individual variation in basal 
metabolic rate in the zebra finch, Taeniopygia guttata 

2008 Sølvi Wehn PhD Biology Biodiversity dynamics in semi-natural mountain 
landscapes - A study of consequences of changed 
agricultural practices in Eastern Jotunheimen 

2008 Trond Moxness 
Kortner 

PhD Biology The Role of Androgens on previtellogenic oocyte 
growth in Atlantic cod (Gadus morhua): Identification 
and patterns of differentially expressed genes in relation 
to Stereological Evaluations 

2008 Katarina Mariann 
Jørgensen 

Dr. scient 
Biology 

The role of platelet activating factor in activation of 
growth arrested keratinocytes and re-epithelialisation 

2008 Tommy Jørstad PhD Biology Statistical Modelling of Gene Expression Data 

2008 Anna Kusnierczyk PhD Biology Arabidopsis thaliana Responses to Aphid Infestation 

2008 Jussi Evertsen PhD Biology Herbivore sacoglossans with photosynthetic 
chloroplasts 

2008 John Eilif Hermansen PhD Biology Mediating ecological interests between locals and 
globals by means of indicators. A study attributed to the 
asymmetry between stakeholders of tropical forest at 
Mt. Kilimanjaro, Tanzania 

2008 Ragnhild Lyngved PhD Biology Somatic embryogenesis in Cyclamen persicum. 
Biological investigations and educational aspects of 
cloning 

2008 Line Elisabeth Sundt-
Hansen 

PhD Biology Cost of rapid growth in salmonid fishes 

2008 Line Johansen PhD Biology Exploring factors underlying fluctuations in white 
clover populations – clonal growth, population structure 
and spatial distribution 

2009 Astrid Jullumstrø 
Feuerherm 

PhD Biology Elucidation of molecular mechanisms for pro-
inflammatory phospholipase A2 in chronic disease 

2009 Pål Kvello PhD Biology Neurons forming the network involved in gustatory 
coding and learning in the moth Heliothis virescens: 
Physiological and morphological characterisation, and 
integration into a standard brain atlas 

2009 Trygve Devold 
Kjellsen 

PhD Biology Extreme Frost Tolerance in Boreal Conifers 

2009 Johan Reinert Vikan PhD Biology Coevolutionary interactions between common cuckoos 
Cuculus canorus and Fringilla finches 
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2009 Zsolt Volent PhD Biology Remote sensing of marine environment: Applied 
surveillance with focus on optical properties of 
phytoplankton, coloured organic matter and suspended 
matter 

2009 Lester Rocha PhD Biology Functional responses of perennial grasses to simulated 
grazing and resource availability 

2009 Dennis Ikanda PhD Biology Dimensions of a Human-lion conflict: Ecology of 
human predation and persecution of African lions 
(Panthera leo) in Tanzania 

2010 Huy Quang Nguyen PhD Biology Egg characteristics and development of larval digestive 
function of cobia (Rachycentron canadum) in response 
to dietary treatments - Focus on formulated diets 

2010 Eli Kvingedal PhD Biology Intraspecific competition in stream salmonids: the 
impact of environment and phenotype 

2010 Sverre Lundemo PhD Biology Molecular studies of genetic structuring and 
demography in Arabidopsis from Northern Europe 

2010 Iddi Mihijai Mfunda PhD Biology Wildlife Conservation and People’s livelihoods: 
Lessons Learnt and Considerations for Improvements. 
The Case of Serengeti Ecosystem, Tanzania 

2010 Anton Tinchov 
Antonov 

PhD Biology Why do cuckoos lay strong-shelled eggs? Tests of the 
puncture resistance hypothesis 

2010 Anders Lyngstad PhD Biology Population Ecology of Eriophorum latifolium, a Clonal 
Species in Rich Fen Vegetation 

2010 Hilde Færevik PhD Biology Impact of protective clothing on thermal and cognitive 
responses 

2010 Ingerid Brænne Arbo PhD Medical 
technology 

Nutritional lifestyle changes – effects of dietary 
carbohydrate restriction in healthy obese and 
overweight humans 

2010 Yngvild Vindenes PhD Biology Stochastic modeling of finite populations with 
individual heterogeneity in vital parameters 

2010 Hans-Richard 
Brattbakk 

PhD Medical 
technology 

The effect of macronutrient composition, insulin 
stimulation, and genetic variation on leukocyte gene 
expression and possible health benefits 

2011 Geir Hysing Bolstad PhD Biology Evolution of Signals: Genetic Architecture, Natural 
Selection and Adaptive Accuracy 

2011 Karen de Jong PhD Biology Operational sex ratio and reproductive behaviour in the 
two-spotted goby (Gobiusculus flavescens) 

2011 Ann-Iren Kittang PhD Biology Arabidopsis thaliana L. adaptation mechanisms to 
microgravity through the EMCS MULTIGEN-2 
experiment on the ISS: The science of space experiment 
integration and adaptation to simulated microgravity 

2011 Aline Magdalena Lee PhD Biology Stochastic modeling of mating systems and their effect 
on population dynamics and genetics 

2011 Christopher 
Gravningen Sørmo 

PhD Biology Rho GTPases in Plants: Structural analysis of ROP 
GTPases; genetic and functional studies of MIRO 
GTPases in Arabidopsis thaliana 

2011 Grethe Robertsen PhD Biology Relative performance of salmonid phenotypes across 
environments and competitive intensities 

2011 Line-Kristin Larsen PhD Biology Life-history trait dynamics in experimental populations 
of guppy (Poecilia reticulata): the role of breeding 
regime and captive environment 

2011 Maxim A. K. Teichert PhD Biology Regulation in Atlantic salmon (Salmo salar): The 
interaction between habitat and density 

2011 Torunn Beate Hancke PhD Biology Use of Pulse Amplitude Modulated (PAM) 
Fluorescence and Bio-optics for Assessing Microalgal 
Photosynthesis and Physiology 
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2011 Sajeda Begum PhD Biology Brood Parasitism in Asian Cuckoos: Different Aspects 
of Interactions between Cuckoos and their Hosts in 
Bangladesh 

2011 Kari J. K. Attramadal PhD Biology Water treatment as an approach to increase microbial 
control in the culture of cold water marine larvae 

2011 Camilla Kalvatn 
Egset 

PhD Biology The Evolvability of Static Allometry: A Case Study 

2011 AHM Raihan Sarker PhD Biology Conflict over the conservation of the Asian elephant 
(Elephas maximus) in Bangladesh 

2011 Gro Dehli Villanger PhD Biology Effects of complex organohalogen contaminant 
mixtures on thyroid hormone homeostasis in selected 
arctic marine mammals 

2011 Kari Bjørneraas PhD Biology Spatiotemporal variation in resource utilisation by a 
large herbivore, the moose 

2011 John Odden PhD Biology The ecology of a conflict: Eurasian lynx depredation on 
domestic sheep 

2011 Simen Pedersen PhD Biology Effects of native and introduced cervids on small 
mammals and birds 

2011 Mohsen Falahati-
Anbaran 

PhD Biology Evolutionary consequences of seed banks and seed 
dispersal in Arabidopsis 

2012 Jakob Hønborg 
Hansen 

PhD Biology Shift work in the offshore vessel fleet: circadian 
rhythms and cognitive performance 

2012 Elin Noreen PhD Biology Consequences of diet quality and age on life-history 
traits in a small passerine bird 

2012 Irja Ida Ratikainen PhD Biology Foraging in a variable world: adaptations to 
stochasticity 

2012 Aleksander Handå PhD Biology Cultivation of mussels (Mytilus edulis): Feed 
requirements, storage and integration with salmon 
(Salmo salar) farming 

2012 Morten Kraabøl PhD Biology Reproductive and migratory challenges inflicted on 
migrant brown trout (Salmo trutta L.) in a heavily 
modified river 

2012 Jisca Huisman PhD Biology Gene flow and natural selection in Atlantic salmon 

2012 Maria Bergvik PhD Biology Lipid and astaxanthin contents and biochemical post-
harvest stability in Calanus finmarchicus 

2012 Bjarte Bye Løfaldli PhD Biology Functional and morphological characterization of 
central olfactory neurons in the model insect Heliothis 
virescens. 

2012 Karen Marie Hammer PhD Biology Acid-base regulation and metabolite responses in 
shallow- and deep-living marine invertebrates during 
environmental hypercapnia 

2012 Øystein Nordrum 
Wiggen 

PhD Biology Optimal performance in the cold 

2012 Robert Dominikus 
Fyumagwa 

Dr. Philos 
Biology 

Anthropogenic and natural influence on disease 
prevalence at the human –livestock-wildlife interface in 
the Serengeti ecosystem, Tanzania 

2012 Jenny Bytingsvik PhD Biology Organohalogenated contaminants (OHCs) in polar bear 
mother-cub pairs from Svalbard, Norway. Maternal 
transfer, exposure assessment and thyroid hormone 
disruptive effects in polar bear cubs 

2012 Christer Moe 
Rolandsen 

PhD Biology The ecological significance of space use and movement 
patterns of moose in a variable environment 

2012 Erlend Kjeldsberg 
Hovland 

PhD Biology Bio-optics and Ecology in Emiliania huxleyi Blooms: 
Field and Remote Sensing Studies in Norwegian Waters 
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2012 Lise Cats Myhre PhD Biology Effects of the social and physical environment on 
mating behaviour in a marine fish 

2012 Tonje Aronsen PhD Biology Demographic, environmental and evolutionary aspects 
of sexual selection 

2012 Bin Liu PhD Biology Molecular genetic investigation of cell separation and 
cell death regulation in Arabidopsis thaliana 

2013 Jørgen Rosvold PhD Biology Ungulates in a dynamic and increasingly human 
dominated landscape – A millennia-scale perspective 

2013 Pankaj Barah PhD Biology Integrated Systems Approaches to Study Plant Stress 
Responses 

2013 Marit Linnerud PhD Biology Patterns in spatial and temporal variation in population 
abundances of vertebrates 

2013 Xinxin Wang PhD Biology Integrated multi-trophic aquaculture driven by nutrient 
wastes released from Atlantic salmon (Salmo salar) 
farming 

2013 Ingrid Ertshus 
Mathisen 

PhD Biology Structure, dynamics, and regeneration capacity at the 
sub-arctic forest-tundra ecotone of northern Norway and 
Kola Peninsula, NW Russia 

2013 Anders Foldvik PhD Biology Spatial distributions and productivity in salmonid 
populations 

2013 Anna Marie Holand PhD Biology Statistical methods for estimating intra- and inter-
population variation in genetic diversity 

2013 Anna Solvang Båtnes PhD Biology Light in the dark – the role of irradiance in the high 
Arctic marine ecosystem during polar night 

2013 Sebastian Wacker PhD Biology The dynamics of sexual selection: effects of OSR, 
density and resource competition in a fish 

2013 Cecilie Miljeteig PhD Biology Phototaxis in Calanus finmarchicus – light sensitivity 
and the influence of energy reserves and oil exposure 

2013 Ane Kjersti Vie PhD Biology Molecular and functional characterisation of the IDA 
family of signalling peptides in Arabidopsis thaliana 

2013 Marianne Nymark PhD Biology Light responses in the marine diatom Phaeodactylum 
tricornutum 

2014 Jannik Schultner PhD Biology Resource Allocation under Stress - Mechanisms and 
Strategies in a Long-Lived Bird 

2014 Craig Ryan Jackson PhD Biology Factors influencing African wild dog (Lycaon pictus) 
habitat selection and ranging behaviour: conservation 
and management implications 

2014 Aravind Venkatesan PhD Biology Application of Semantic Web Technology to establish 
knowledge management and discovery in the Life 
Sciences 

2014 Kristin Collier Valle PhD Biology Photoacclimation mechanisms and light responses in 
marine micro- and macroalgae 

2014 Michael Puffer PhD Biology Effects of rapidly fluctuating water levels on juvenile 
Atlantic salmon (Salmo salar L.) 

2014 Gundula S. Bartzke PhD Biology Effects of power lines on moose (Alces alces) habitat 
selection, movements and feeding activity 

2014 Eirin Marie Bjørkvoll PhD Biology Life-history variation and stochastic population 
dynamics in vertebrates 

2014 Håkon Holand PhD Biology The parasite Syngamus trachea in a metapopulation of 
house sparrows 

2014 Randi Magnus 
Sommerfelt 

PhD Biology Molecular mechanisms of inflammation – a central role 
for cytosolic phospholiphase A2 

2014 Espen Lie Dahl PhD Biology Population demographics in white-tailed eagle at an on-
shore wind farm area in coastal Norway 
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2014 Anders Øverby PhD Biology Functional analysis of the action of plant 
isothiocyanates: cellular mechanisms and in vivo role in 
plants, and anticancer activity 

2014 Kamal Prasad 
Acharya 

PhD Biology Invasive species: Genetics, characteristics and trait 
variation along a latitudinal gradient. 

2014 Ida Beathe Øverjordet PhD Biology Element accumulation and oxidative stress variables in 
Arctic pelagic food chains: Calanus, little auks (Alle 
alle) and black-legged kittiwakes (Rissa tridactyla) 

2014 Kristin Møller 
Gabrielsen 

PhD Biology Target tissue toxicity of the thyroid hormone system in 
two species of arctic mammals carrying high loads of 
organohalogen contaminants 

2015 Gine Roll Skjervø Dr. philos 
Biology 

Testing behavioral ecology models with historical 
individual-based human demographic data from 
Norway 

2015 Nils Erik Gustaf 
Forsberg 

PhD Biology Spatial and Temporal Genetic Structure in Landrace 
Cereals 

2015 Leila Alipanah PhD Biology Integrated analyses of nitrogen and phosphorus 
deprivation in the diatoms Phaeodactylum tricornutum 
and Seminavis robusta 

2015 Javad Najafi PhD Biology Molecular investigation of signaling components in 
sugar sensing and defense in Arabidopsis thaliana 

2015 Bjørnar Sporsheim PhD Biology Quantitative confocal laser scanning microscopy: 
optimization of in vivo and in vitro analysis of 
intracellular transport 

2015 Magni Olsen 
Kyrkjeeide 

PhD Biology Genetic variation and structure in peatmosses 
(Sphagnum) 

2015 Keshuai Li PhD Biology Phospholipids in Atlantic cod (Gadus morhua L.) larvae 
rearing: Incorporation of DHA in live feed and larval 
phospholipids and the metabolic capabilities of larvae 
for the de novo synthesis 

2015 Ingvild Fladvad 
Størdal 

PhD Biology The role of the copepod Calanus finmarchicus in 
affecting the fate of marine oil spills 

2016 Thomas Kvalnes PhD Biology Evolution by natural selection in age-structured 
populations in fluctuating environments 

2016 Øystein Leiknes PhD Biology The effect of nutrition on important life-history traits in 
the marine copepod Calanus finmarchicus 

2016 Johan Henrik 
Hårdensson Berntsen 

PhD Biology Individual variation in survival: The effect of incubation 
temperature on the rate of physiological ageing in a 
small passerine bird 

2016 Marianne Opsahl 
Olufsen 

PhD Biology Multiple environmental stressors: Biological 
interactions between parameters of climate change and 
perfluorinated alkyl substances in fish 

2016 Rebekka Varne PhD Biology Tracing the fate of escaped cod (Gadus morhua L.) in a 
Norwegian fjord system 

2016 Anette Antonsen 
Fenstad 

PhD Biology Pollutant Levels, Antioxidants and Potential Genotoxic 
Effects in Incubating Female Common Eiders 
(Somateria mollissima) 

2016 Wilfred Njama 
Marealle 

PhD Biology Ecology, Behaviour and Conservation Status of Masai 
Giraffe (Giraffa camelopardalis tippelskirchi) in 
Tanzania 

2016 Ingunn Nilssen PhD Biology Integrated Enviromental Mapping and Monitoring: A 
Methodological approach for end users. 

2017 
 

Konika Chawla PhD Biology Discovering, analysing and taking care of knowledge. 

2017 Øystein Hjorthol 
Opedal 

PhD Biology The Evolution of Herkogamy: Pollinator Reliability, 
Natural Selection, and Trait Evolvability. 
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2017 Ane Marlene Myhre PhD Biology Effective size of density dependent populations in 
fluctuating environments 

2017 Emmanuel Hosiana 
Masenga 

PhD Biology Behavioural Ecology of Free-ranging and Reintroduced 
African Wild Dog (Lycaon pictus) Packs in the 
Serengeti Ecosystem, Tanzania 

2017 
 

Xiaolong Lin PhD Biology Systematics and evolutionary history of Tanytarsus van 
der Wulp, 1874 (Diptera: Chironomidae) 

2017 Emmanuel Clamsen 
Mmassy 

PhD Biology Ecology and Conservation Challenges of the Kori 
bustard in the Serengeti National Park 

2017 Richard Daniel 
Lyamuya 

PhD Biology Depredation of Livestock by Wild Carnivores in the 
Eastern Serengeti Ecosystem, Tanzania 

2017 Katrin Hoydal PhD Biology Levels and endocrine disruptive effects of legacy POPs 
and their metabolites in long-finned pilot whales of the 
Faroe Islands 

2017 Berit Glomstad PhD Biology Adsorption of phenanthrene to carbon nanotubes and its 
influence on phenanthrene bioavailability/toxicity in 
aquatic organism 

2017 Øystein Nordeide 
Kielland 

PhD Biology Sources of variation in metabolism of an aquatic 
ectotherm 

2017 Narjes Yousefi PhD Biology Genetic divergence and speciation in northern 
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