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Climate change has become a major challenge which organisms need to cope 
with to survive. However, it is challenging to measure how and to what extent 
climate change affects organisms and what characteristics make an organism 
vulnerable to these changes. An option to study the effects of climate change 
on animals is to do research in colour polymorphic species. Species that 
display two or more genetically determined discrete colour morphs within a 
population are considered colour polymorphic. Different colour morphs are 
often documented to have different characteristics considering behavioural-, 
physiological- and life history traits. Thus, by observing colouration shifts in 
space and time, it is possible to study the environment-specific adaptive values 
of different traits in addition to colouration itself. 

In this thesis, I use the colour polymorphic tawny owl (Strix aluco) as a 
study organism to investigate colour-associated adaptation to climate change. 
The tawny owl has two colour morphs: pale grey (grey) and reddish-brown 
(brown). In the species northernmost range margin in southern Finland, the 
brown morph suffers from higher mortality during cold and snowy winters 
compared to the grey morph. However, the selection pressure against the 
brown morph is absent during milder winters and the frequency of the brown 
morph has increased in the area over the decades. To gain a more 
comprehensive view on the associations between colouration and climatic 
variables, I conduct a large spatiotemporal scale study on the occurrence of the 
morphs across the species range in Europe. I also aim to find out the reasons 
behind the differential winter survival of the tawny owl colour morphs in the 
north by investigating potential adaptive traits. In particular, I study if the 
colour morphs differ in their plumage insulation capacity, camouflage or 
foraging strategy. 

Regarding the spatiotemporal occurrence of tawny owl colour morphs, we 
found in chapter I that in general the colouration seems to follow Gloger’s rule, 
i.e. the brown morph dominates in warm and humid environments and the 
grey morph in cold and dry environments. We also discovered that different 
climate zones have different temporal trends in colour morph frequencies in 
line with climate trends, and that in some cases regional weather affects these 
patterns. In chapter II we found that the brown morph has poorer plumage 
insulation capacity than the grey morph, suggesting that the grey morph is 
more resistant to cold temperatures than the brown morph. In chapter III we 
found that plumage colour affects detectability depending on the background 
as the brown morph was more conspicuous than the grey one in snowy 
landscapes, but less so in snowless landscapes. In chapter IV we used diet data 
to show that albeit the tawny owl is a generalist predator, the grey morph is 
more specialised in small mammal prey than the more generalistic brown 
morph. 
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These results indicate that the higher mortality of the brown morph during 
harsh winters results from its poorer plumage insulation capacity together 
with poorer camouflage in a snowy landscape compared to the grey morph. In 
addition, the specialised foraging strategy on small mammals of the grey 
morph might be more beneficial than a broader foraging strategy of the brown 
morphs in years when winters are harsh. The mammalian prey is available all 
year round, whereas most of the alternative prey that the brown morph is more 
prone to use is unavailable as most birds migrate and amphibians hibernate 
during winter. The spatiotemporal patterns further indicate differential 
adaptive abilities of the morphs on a broader scale. The differential lifestyles 
and adaptive strategies of the colour morphs may buffer the tawny owl against 
climate change induced extinction risk. 
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Climate change has become an increasing challenge for organisms which they 
need to face and cope with to persist and survive, and the situation is expected 
to escalate in the future. However, it is challenging to measure how and to what 
extent climate change affects organisms and what characteristics make an 
organism especially vulnerable to these changes. Climate-driven 
environmental change can cause shifts in species distribution ranges, as 
species are pushed to move towards more suitable habitats (Parmesan 2006). 
The expected and already documented directions of these shifts in various taxa 
are mainly polewards and upwards in montane areas (Parmesan 2006, Chen 
et al. 2011). Extension in the growing season (Aalto et al. 2022) and advanced 
spring- and delayed fall events can cause mismatching in species interactions 
(Parmesan 2006, Renner and Zohner 2018). For example, marmots 
(Marmota flaviventris) have advanced their emergence from hibernation and 
robins (Turdus migratorius) migrate earlier in Colorado, USA, but no 
concordant shift in the timing of snowmelt has occurred (Inouye et al. 2000). 
This has led to a situation where these species must cope with snow-covered 
ground before the actual spring begins. 

If organisms are unable to disperse to suitable habitats and climate 
conditions, they may go extinct if not able to adapt to the changing 
environment via genetic changes (enabling evolution), or via phenotypic 
plasticity (no changes in genotype) (Parmesan 2006, Gienapp et al. 2008, 
Hoffman and Sgrò 2011). Genetic changes have been documented e.g. in a fruit 
fly (Drosophila subobscura) as an adaptation to increasing ambient 
temperature (Balanya et al. 2006). Plastic responses to temperature have been 
documented in red deer (Cervus elaphus) and Soay sheep (Ovis aries) as their 
body size respond to winter temperatures (Post et al. 1999, Ozgul et al. 2009). 
It is crucial to find ways to study the responses of organisms to climate change, 
to draw scenarios and be prepared for future outcomes. 

One way to study climate driven changes in organisms is to do research on 
colour polymorphic species (Galeotti et al. 2009, Cook et al. 2012, Roulin 
2014). Species is considered colour polymorphic if the individuals within a 
population display two or more discrete colour morphs in phenotype (Ford 
1945, Buckley 1987). The colouration is independent of the environment and 
it is thought that the rarest morph cannot be maintained by recurrent 
mutation (Ford 1945). Colour polymorphism is thus a genetic trait, often 
following Mendelian inheritance (Roulin 2004). It is thought that different 
colour morphs are adapted to different environmental conditions (Galeotti et 
al. 2003, Roulin 2004, Gray and McKinnon 2007, Cook et al. 2012), thus 
making colour polymorphic species an ideal target to study the effects of 
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climate change. As the genetics behind colouration seem to be simple in many 
cases (Rosenblum et al. 2004, Roulin 2004, Morosinotto et al. 2020, 
Nokelainen et al. 2022), it is possible to track genetic changes in populations 
by observing phenotypes. This approach provides a more straightforward 
alternative to a direct study of allele frequencies of candidate genes in relation 
to climate in space or time (Balanya et al. 2006). 

Colour polymorphism is in general a rather rare but taxonomically widespread 
phenomenon in the animal kingdom (Hugall and Stuart-Fox 2012). It is widely 
represented in cryptic prey species e.g. in molluscs (Whiteley et al. 1997, Cook 
1998), spiders (Oxford and Gillespie 1998), crustaceans (Jormalainen et al. 
1995, Devin et al. 2004) and vertebrates (Wente and Phillips 2003, Olendorf 
et al. 2006). In birds, colour polymorphism is quite rare. Overall, it has been 
discovered to occur in 334 species, meaning 3.5 % of all bird species. It is most 
common among Strigiformes, Ciconiiformes, Cuculiformes and Galliformes. 
It is especially common among Strigiformes, as 33 % of species are colour 
polymorphic (Galeotti et al. 2003). 

Colour polymorphism can evolve in allopatry (i.e. populations become 
geographically isolated), sympatry (i.e. no geographical barrier occurs) or as a 
result of hybridization (Medina et al. 2013) as colour morphs are considered 
to have different fitness depending on the environment (Roulin 2004). In 
some cases, colour polymorphism occurs due to chromosomal inversions 
(Lamichhaney et al. 2016, Tuttle et al. 2016). There must be enough genetic 
variability in a population for colour polymorphism to evolve (Roulin 2004). 
Selection can also play a role in generating colour polymorphism when 
favouring extreme morphs, leading to disruptive selection (Roulin 2004, Gray 
and McKinnon 2007). Colour polymorphism can be maintained in a 
population via frequency dependent selection (Gray and McKinnon 2007). 
Apostatic selection (i.e. negative frequency-dependent selection) can maintain 
colour polymorphism e.g. in situation where predator always hunts the most 
common morph (Olendorf et al. 2006, Punzalan et al. 2005). Also, colour 
polymorphic cryptic prey populations can be favoured over monomorphic 
ones due to confused search image formation in predators (Karpestam et al. 
2016). A unique cyclic frequency-dependent selection has been documented in 
three colour morphs of male side-blotched lizards (Uta stansburiana) 
(Sinervo and Lively 1996). Selection may also depend on time or space, 
possibly leading to a situation where the morphs adapt to different ecological 
niches (Roulin 2004). Heterosis (i.e. the advantage of heterozygotes over 
homozygotes of a certain trait) can also maintain colour variability in 
populations (Krüger et al. 2001, Vercken et al. 2007). In some occasions 
morphs persist because of immigration and gene flow (Merilaita 2001, Roulin 
2004). Although not consistent with the fundamental concept of colour 
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polymorphism introduced by Ford (1945), it is since thought that in some 
occasions it is possible for colour polymorphism to occur due to high mutation 
rates in large populations (Roulin 2004).  

In many colour polymorphic species, the morphs are not distributed 
randomly in the environment, and their behaviour, reproduction and survival 
differ from each other. Even though the morphs were temporary as targets of 
directional selection, they must have equal fitness in the long run to persist in 
a population if the environment remains constant (Roulin 2004). In a long 
term, the environment and climate may change to such extent that it leads to 
speciation of different colour morphs via disruptive selection (Hugall and 
Stuart-Fox 2012). Colour polymorphism is indeed linked to accelerated 
speciation (Hugall and Stuart-Fox 2012). 

In many cases, genetic colour polymorphism is based on melanin 
pigmentation. Other pigments can cause integument colouration as well, but 
they are mainly dependent on environmental factors with no genetic basis 
(Roulin and Ducrest 2013). Melanins are one of the most common pigments 
in the animal kingdom (Emaresi et al. 2011), producing black, grey and brown 
related colours. They can be further classified to eumelanins and 
pheomelanins, of which eumelanins produce dark brown, grey and black, and 
pheomelanins produce rufous and yellow colours (Gill 1989).  

Melanin production (i.e. melanogenesis) is a process regulated by many 
different genes with many different receptors involved (Ducrest et al. 2008, 
Emaresi et al. 2011). The variety of receptors enable other traits to be 
associated with melanogenesis (Ducrest et al. 2008). Thus, not surprisingly, 
melanin-based colour polymorphism is linked to other traits in many cases of 
vertebrates. These traits may be morphological, physiological, behavioural, 
reproduction- or survival related (Roulin 2004). The offspring of dark 
coloured barn owl (Tyto alba) parents show better immune response than 
those of lighter coloured parents (Roulin et al. 2000). In lions (Panthera leo), 
males with dark mane are more aggressive and sexually active than lions with 
lighter mane (West and Packer 2002). Ducrest et al. (2008) reviewed 
pleiotropic effects associated with melanism and discussed that darker 
coloured individuals tolerate better stressful factors than lighter coloured 
individuals. They found that in some studies darker individuals maintained 
higher metabolic rate compared to paler ones. Among some species, darker 
and lighter coloured individuals were of different size. Also, testosterone level 
varied with colouration, as in some species darker males had higher 
testosterone levels than paler males (reviewed in Ducrest et al. 2008). In cases 
of pleiotropy, selection operates indirectly on colouration, as it only functions 
as an indicator of another genetically linked trait, which is the true target of 
selection. 

Colouration itself can also be directly the target of selection if related to 
crypsis, thermoregulation or social signalling (White and Kemp 2016). For 
example, varying light conditions are speculated to be the most important 
selective agent maintaining colour polymorphism in birds (Galeotti et al. 
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2003, Passarotto et al. 2018). Many studies have pointed out that colour 
polymorphism is maintained in populations indeed due to crypsis and that 
different colour morphs are adapted differently in space or time in terms of 
camouflage (Bond and Kamil 2006, Cook et al. 2012, Tate et al. 2016, San-Jose 
et al. 2019). Regarding thermoregulation, a darker integument may be 
beneficial in absorbing solar radiation and can thus enhance the animal to 
reach a thermal equilibrium in cold environments (Clusella-Trullas et al. 2007, 
Martínez-Freiría et al. 2020). In colour polymorphic common lizards (Lacerta 
vivipara) it was shown that the females used the colour of their opponent as a 
signal to adjust their own behaviour (Vercken and Clobert 2008). As colour 
polymorphism is linked to various environmental variables, environmental 
fluctuations can alter the occurrence of different colour morphs. 

Gloger’s rule (Gloger 1833) states that animals are lighter coloured the further 
away from the equator they live, and nowadays more detailed links between 
animal colouration and climatic variables have received attention (Roulin 
2014, Delhey 2019). In simplicity, warm and wet climate are associated with 
dark colouration, and cold and dry climate with light colouration, but there are 
also mixtures and even conflicting results about these links with other climate 
variables included as well (Delhey 2019). According to Delhey (2017, 2019), 
eumelanin deposition increases with humidity and temperature, whereas 
pheomelanin deposition also increases with temperature but decreases with 
humidity. Specifically, in owl species with melanin-based plumage 
colouration, it has been documented that plumage darkness is more frequent 
near than away from the equator (Roulin et al. 2011) and that interspecific 
variation in colouration in owls (Strigiformes) in general seem to follow 
Gloger’s rule (Passarotto et al. 2021). The effect of humidity on dark 
colouration is mainly documented within species, as populations of some 
vertebrates appear darker in more humid areas. The effects of temperature are 
more unclear, and studies often measure it indirectly using e.g. latitude as the 
indicator of temperature (Delhey 2017). In contrast to Gloger’s rule, the 
thermal melanism hypothesis predicts that animals are darker in colder 
environments, as darker integument heats faster than a paler one and gives 
advance in reaching a thermal equilibrium. The thermal melanism hypothesis 
mainly applies to ectotherms (Clusella-Trullas et al. 2007, Martínez-Freiría et 
al. 2020). 

Delhey (2017) discussed the potential explanations for Gloger’s rule to 
occur. First, humid and warm environments usually host lots of vegetation, 
thus making the landscape dark. Therefore, darker colouration might be of 
better camouflage in these environments. Second, darker colouration may be 
associated with photoprotection. As UV radiation increases toward the 
equator, organisms could benefit from darker coloured integument. Third, 
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dark colouration may offer better protection against parasites. Not only humid 
areas host more parasites in general, but there is also evidence of keratinolytic 
bacteria degrading paler feathers more quickly than dark feathers (Gunderson 
et al. 2008). Fourth, the observed patterns in colouration may be due to 
pleiotropy, i.e. colouration may be simply a side-effect of another trait truly 
being the target of selection.  

Climate change will most probably alter, at least spatially, all these features 
and thus also colour morph frequencies in the future. Temperature and 
humidity are expected to increase, but on the other hand, some areas are 
predicted to face desertification. Darker coloured individuals are expected to 
be favoured in areas facing increase in temperature and humidity, as predicted 
by Gloger’s rule. These areas will probably also host more vegetation in the 
future, giving further advantage to darker coloured individuals by the means 
of camouflage. The opposite is true for areas facing desertification (EEA 2017), 
as paler individuals are predicted to be favoured there. Increase in UV 
radiation is also expected in the future, possibly favouring melanistic 
individuals in terms of photoprotection. Parasites and diseases are expected 
to increase together with temperature and humidity (Harvell et al. 2002). 
Darker coloured individuals may probably be favoured in ecosystems with 
these characteristics. Changing environments will stress organisms in various 
ways. As melanistic individuals are predicted to tolerate some stressful factors 
(e.g. parasites and intruders) better than their paler counterparts (Ducrest et 
al. 2008), the darker individuals may cope better in changing environments. 
Melanin associated aggressive behaviour may also be beneficial as 
interspecific competition is predicted to increase in changing environments 
because of invasive species (Roulin 2014). 

There are few documented cases of colour polymorphic species responding 
to climate change (Clusella-Trullas and Nielsen 2020, Hantak et al. 2021), of 
which some deals with changing frequencies of colour morphs over time in 
owls. In Italy, scops owls (Otus scops) displaying two melanin-based colour 
morphs, show change in colour morph frequencies over time (1870–2007). 
The frequency of the darker pheomelanic morph increased along with 
temperature and rainfall over the study period (Galeotti et al. 2009). In the 
tawny owl (Strix aluco), which is the study object of this thesis, there is a 
documented difference in survival of the two melanin-based colour morphs 
during harsh winters in Finland. The paler grey morph survives better during 
cold and snowy winters than the darker brown morph, but in mild winters 
there is no survival difference. As winters have become milder over the last 
decades, the brown morph has increased in frequency (Karell et al. 2011a).  
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The tawny owl is a medium sized owl distributed across Europe up to the 
southern parts of the Nordic countries. Thus, in southern Finland, the tawny 
owl lives in its northernmost range margin. Its northern distribution is limited 
by harsh winter conditions (Francis and Saurola 2004). The species is also 
quite a newcomer in Finland, as the first known individuals to breed there was 
in the late 19th century (Saurola 1995). The usual habitat of tawny owls consists 
of mixed forests and cultural landscapes. Small mammal abundance has a 
great effect on the nesting of tawny owls, as they mainly prey on voles (Karell 
et al. 2009), but eat also e.g. birds and frogs (Petty 1999). Tawny owls come in 
two melanin-based colour morphs, pale grey (hereafter grey) and reddish-
brown (hereafter brown). The colouration follows a bimodal distribution with 
most individuals being grey or brown, whereas individuals with intermediate 
colour are rarer (Brommer et al. 2005, Karell et al. 2011a). Most of the colour 
variation is due to pheomelanins, but also eumelanins play a role (Gasparini 
et al. 2009). The colour is highly heritable (h2 = 72–93, depending on the 
study) and seems to follow a one locus two alleles Mendelian inheritance with 
brown dominance (Brommer et al. 2005, Karell et al. 2011a, Morosinotto et al. 
2020). The colour morphs mate at random with respect to colour (Brommer 
et al. 2005) and both morphs are equally represented in both sexes (Galeotti 
and Cesaris 1996). The tawny owl is highly territorial all year around with high 
mate fidelity (Saurola 1987, 1995).  

Several studies on tawny owl colour polymorphism have been conducted in 
several European countries. Both morphs appear in every studied population, 
but their relative abundance varies according to location. A local study from 
Italy documented, that the brown morph does better in warm and moist 
environments, whereas the grey morph prefers dry and cool environments 
(Galeotti and Cesaris 1996). A similar pattern has also been detected among 
brown and grey screech owl (Megascops asio) colour morphs (Gehlbach 
1994).  

A plethora of studies have shown differences between tawny owl colour 
morphs based on pleiotropic effects. Studies conducted in different European 
populations have shown differences in immunity against parasites. It seems 
that the brown tawny owl females maintain higher and longer-lasting immune 
response against blood parasites compared to grey females (Gasparini et al. 
2009, Karell et al. 2011b). The brown females most likely also spend more 
energy than the grey females to maintain such immune response (Gasparini et 
al. 2009). In an Italian tawny owl population, it was detected that the brown 
morph hosts more blood parasites than the grey morph, probably because the 
brown morph also preferred denser woods hosting more parasites (Galeotti 
and Sacchi 2003). Reproduction related differences in tawny owl colour 
morphs have also been documented in several studies. In a Swiss population, 
the grey females were found to skip breeding in poor years, when the overall 
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amount of breeding pairs is low. Also, the number of breeding grey females 
were higher in years with colder temperatures during the breeding season 
(Roulin et al. 2003). Another Swiss study shows that the reproductive effort of 
brown males were independent of environmental factors (manipulated brood 
size), whereas the grey males’ reproductive effort was dependent on those, i.e. 
in enlarged broods the grey males produced more fledglings than brown 
males, but no difference was found in reduced brood size (Emaresi et al. 2014). 
The study also detected lower survival of adult grey males over the brown ones. 
Also, brown pairs are shown to produce heavier offspring compared to the 
ones produced by grey- or mixed morph parents (Morosinotto et al. 2020). 
Differences in the moult of flight feathers have been detected in a population 
in Southern Finland (Karell et al. 2013). The brown tawny owl morph moulted 
flight feathers more often than the grey one. This may be because of different 
resource allocation of the morphs and brown morph’s more active and feather 
consuming lifestyle and probably higher metabolic rate in general. 

So far, there is a lack of studies focusing on direct selection on colouration 
(e.g. in terms of camouflage) considering tawny owl colour morphs. In screech 
owl, it was suggested that the colour morphs may have different camouflage 
properties under different environments (Gehlbach 1994). However, direct 
and indirect (pleiotropic) effects of colouration on selection do not need to be 
mutually exclusive. The selection based on a particular trait is not straight 
forward, as the environment has a great role in determining which trait has 
the most pronounced effect on selection in a specific environment. 

This thesis mainly aroused from the finding of difference in winter survival 
of the two tawny owl colour morphs. As mentioned earlier, the brown morph 
suffers higher mortality in harsh winters, especially when the snow cover is 
deep, but there is no difference in survival between morphs in mild winters 
(Karell et al. 2011a). The brown morph was rather rare in the 1960s in Finland 
but has steadily increased in frequency during the past decades in concert with 
warmer and less snowy winters (Karell et al. 2011a). However, the mechanisms 
behind this different winter survival of the morphs remains unknown.  

This thesis aims to dig deeper into the adaptive abilities of the two tawny owl 
colour morphs in changing environments. The main focus is to explain the 
superior survival of the grey morph in snowy winter conditions compared to 
the brown morph, and the consequence of it in a large geographical context. 
In this thesis, I approach these issues from several perspectives, including 
physiological, visual and behaviour-related aspects. 

The first chapter is a large-scale study of geographical distribution of the 
colour morphs in Europe. The aim is to link spatial and temporal colour morph 
distribution to climate zone characteristics and weather conditions. We 
further aim to gain large spatiotemporal scale support for the previously 
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observed local patterns of the grey morph being favoured in dry and cool 
(northern) habitats, whereas the brown morph being favoured in warm and 
moist (southern) habitats. Shifts in colour morph frequencies in time is also 
expected to occur in this large-scale study because of regional changes in 
climate over time. We hypothesize that the brown morph is more dominant in 
humid oceanic climates and in lower latitudes (western temperate and 
Mediterranean zones), whereas the grey morph is dominant in colder and 
drier continental parts of Northern and Eastern Europe (boreal zone). A 
temporal increase in the frequency of brown is expected in the boreal zone, 
whereas no clear temporal trend in the frequency of morphs is expected in the 
temperate zone. The patterns in the Mediterranean zone are expected to be 
more variable on a regional scale, as drought and high temperatures may have 
opposing effects on colouration. The second chapter deals with plumage 
insulation capacity, hypothesizing that the grey tawny owl morph has better 
insulation capacity via more fluffy and dense plumage compared to the brown 
one. More insulative plumage may be beneficial in harsh winters, thus 
explaining the difference in survival. Camouflage of the two morphs in 
different winter landscapes was studied in the third chapter. The hypothesis 
was that the grey morph has a better camouflage in snowy landscapes than the 
brown morph, but no or little difference is observed in snowless landscapes. 
Better camouflage protects the owl from predators and mobbing birds. The 
fourth chapter is about predatory behaviour of the colour morphs. Difference 
in predatory behaviour may reflect the abilities of morphs to adapt to changing 
environments and survive winter. We hypothesized that the grey morph is 
more specialized in small mammals as prey, whereas the brown morph is more 
generalist. This could explain the higher fitness of the mammal-specialized 
grey morph during harsh winter conditions, as most alternative prey (e.g. 
small birds or amphibians) migrate to warmer latitudes or hibernate during 
winter and are thus unavailable as prey. Possible dietary differences between 
morphs would also indicate wider differences between morphs, e.g. related to 
habitat use or nesting behaviour. The thesis concept is illustrated in Figure 1. 
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In the literature, there are several different methods of identifying tawny owl 
colour variation, e.g. continuous colouration (Gasparini et al. 2009), five 
distinct morphs (Da Silva et al. 2013, Emaresi et al. 2014), three distinct 
morphs (Galeotti and Cesaris 1996, Grasyte et al. 2017) and two distinct 
morphs (Galeotti and Sacchi 2003, Brommer et al. 2005, Karell et al. 2011a). 
In this thesis, I aim to be consistent in my definition of tawny owl colour 
polymorphism. As the colouration of tawny owls follow a bimodal distribution 
with most individuals being pale grey or reddish-brown (Brommer et al. 2005, 
Karell et al. 2011a), I use the dichotomous approach and determine the 
individuals as grey or brown. 

An individual’s colour was determined by scoring the facial disc, chest, back 
and the overall impression by the amount of reddish brown in it (Brommer et 
al. 2005). These scores were added together, leading to a total score of 4–14, 
where 4 is the most grey (pale) possible and 14 is the most brown (melanistic) 
possible. An individual was considered as grey, if the total score was 4–9 and 
brown if the total score was 10–14. This colour scoring method is documented 
to be highly repeatable (Brommer et al. 2005, Karell et al. 2011a), but we also 
wanted to ensure this in chapter I among the people involved in colour scoring. 
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The repeatability for a randomly selected sample of 33 museum specimens was 
R = 0.864 ± 0.097 SE (CI 0.623, 0.987; p<0.001). In all conducted analyses, 
the colour morphs were handled as categorical variable (brown / grey). In 
chapter II, we also conducted analyses using an ordinal variable of colour 
scores (4–14) showing qualitatively the same results.  

To study the large-scale spatiotemporal occurrence of tawny owl colour 
morphs across Europe (chapter I), colour morph data were gathered from 18 
different institutes hosting tawny owl museum specimens. The specimens 
were colour scored directly at the institute, or pictures were taken from 
different angles of the owl and colour scoring was done later based on the 
pictures. Altogether, data on 783 adult tawny owls were gathered from 1900–
2016. In addition to colour morph, the finding year and location of each 
specimen was documented as exact as possible.  

In addition to a longitudinal and latitudinal gradient, the effects of different 
climate zones and annual weather conditions on colour morph frequencies 
were considered. A Köppen-Geiger climate classification (Rubel and Kottek 
2010) 1951–1975 was used to divide the owl specimens according to their 
finding locations in three climate zones: boreal zone, temperate zone and the 
Mediterranean zone. This division resulted in sample sizes of 394 owls in the 
boreal zone, 284 owls in the temperate zone and 105 owls in the 
Mediterranean zone (Figure 2). We studied if the probability of an owl being 
brown (P(brown)) depended on the climate zone, latitude, longitude and the 
year the owl specimen was found.  
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To consider weather conditions in explaining the colour morph frequencies in 
the climate zones, we used annual winter and summer temperature and 
precipitation which we obtained from European Climate Assessment & 
Dataset (www.ecad.eu/download/ensembles/download.php). A five-year 
mean of these weather variables (summer temperature, summer precipitation, 
winter temperature, winter precipitation) prior to the year an owl specimen 
was found was calculated to study if temporal changes in weather conditions 
are associated with the regional frequency of colour morphs. As the weather 
data starts from 1950, only owl specimens from 1955–2016 were included in 
the analyses. This resulted in sample sizes of 317 owl specimens for the boreal 
zone, 155 for the temperate zone and 73 for the Mediterranean zone. We aimed 
to present clearly hypothesis-based predictive models for every climate zone 
by minding their individual characteristics (Rubel and Kottek 2010, EEA 
2017). Thus, unique models for every climate zone were used to analyse if the 
weather conditions prior to observation explained the colour morph 
frequencies. Winter temperature and winter precipitation were explanatory 
climatic variables included when modelling the occurrence of colour morphs 
in the boreal zone. This is because the boreal zone has faced the strongest 
increases in winter temperature and precipitation in Europe (EEA 2017) and 
there is a documented winter condition related difference in survival selection 
among the tawny owl colour morphs (Karell et al. 2011a). Summer 
precipitation and winter precipitation were included in the model explaining 



 

19 

colour morph occurrence in the temperate zone. Temperate zone has not faced 
as strong climate change as boreal- or the Mediterranean zone so far, but its 
humidity throughout the year is a characteristic feature. Also, humidity is 
speculated to be the main driver for Gloger’s rule (Delhey et al. 2019). Summer 
temperature and summer precipitation were included in the model of the 
Mediterranean zone, because this zone has faced the strongest summer 
warming and drought in Europe (EEA 2017).  

In chapters II and IV, data were collected from breeding tawny owls in 
southern Finland (60°15′N, 24°15′E) in a ca. 250 km2 study area. The study 
area was established in 1978 by Kimpari Bird Projects (a group of enthusiastic 
bird ringers) by setting up nest boxes which were monitored annually. There 
are 100–125 nest boxes available each year for breeding tawny owls of which 
owls are actively breeding in 5–40 nest boxes annually. The study area consists 
mostly of mixed forest, cultural landscape and agricultural land with lakes and 
streams.  

To study the plumage insulation capacity (chapter II), contour feathers 
were gathered from tawny owl adults breeding in years 2006–2013. Females 
were caught at the nest after the nestlings were hatched and males were caught 
with a swing door trap attached to the opening of a nest box. Two feathers from 
the chest and two feathers from the back were gathered from each individual. 
Altogether 227 ventral- and 227 dorsal feathers were gathered from 120 
individuals, of which 72 were grey and 48 were brown. 

A contour feather can be divided in the upper pennaceous part that is 
pigmented and wear resistant and the downy plumulaceous part that is fluffy 
and function in thermal insulation (Stettenheim 2000). A feather consists of 
barbs that branch from the rachis, and barbules that further branch from the 
barbs. The properties of these microstructures located in the downy 
plumulaceous part of a feather determines the insulatory air trapping capacity 
of a plumage (Stettenheim 2000). I measured four different traits of the 
dorsal- and ventral feathers of tawny owls in order to study the plumage 
insulation capacity between different colour morphs: 1) length of the feather, 
2) density of plumulaceous barbs, 3) density of plumulaceous barbules and 4) 
proportion of plumulaceous barbs. We tested if these traits were dependent on 
the colour morph. Repeatability of the measurements were also verified within 
a feather and between two different feathers from the same part of the 
plumage. 

To study the prey choice of tawny owl colour morphs (chapter IV), the 
offspring food provisioning were monitored during 2013–2018 in 38 nests in 
the same Kimpari Bird Projects study area. Males are responsible for the 
nestling food provisioning, while the females incubate and defend the nest 
(Mikkola 1983, Sasvári et al. 2000, Sunde et al. 2003). As the owls regurgitate 
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the undigested parts of the prey in the nest box, the nest materials were 
gathered in autumn after the breeding season and the bones of prey were 
collected, sorted and identified (Brommer et al. 2003, Kekkonen et al. 2008). 
Nests were also visited during the breeding season, and the male and female 
were trapped and colour scored. Of the prey, mammals were identified on 
species or genus level and birds were sorted in four groups according to their 
size: large birds, thrush-sized birds, finch-sized birds and smaller warbler-
sized birds (Juutilainen 1998, Siivonen and Sulkava 2002, Bjärvall and 
Ullström 2010). The number of prey individuals was counted from the most 
numerous bones. To estimate the prey mass of different prey types, the 
number of individuals of each prey type counted were multiplied by an average 
mass of respective prey type.  

As small mammal density has been shown to affect the reproductive 
decision in tawny owls in this population (Karell et al. 2009), the small 
mammal density was monitored annually in late autumn by snap trapping in 
two sites within the study area. Small mammal prey index was calculated as 
the number of captures / 100 trap nights (Karell et al. 2009). It has been 
documented that the small mammal index in late autumn predicts the 
reproductive output and diet of tawny owls and Ural owls (Strix uralensis) 
during the upcoming breeding season (Brommer et al. 2002, Kekkonen et al. 
2008, Karell et al. 2009). The small mammals that were trapped mainly 
consisted of bank voles (Myodes glareolus), field voles (Microtus agrestis) 
and shrews (Sorex spp.). 

Simpson’s diversity index (SDI) (Simpson 1949) was calculated based on 
the prey items. The index takes into account the number, abundance and 
evenness of prey types. The prey types identified consisted of 13 mammalian-
, 4 bird-, one lizard- and one frog prey types. The inverse SDI was used to 
present the diversity of prey types in nests. As the inverse SDI does not reveal 
the prey type per se, the mass of birds and mammals were separated from the 
total prey mass to estimate the proportions of these two main prey types. We 
tested if the inverse SDI or mammalian prey mass delivered to the nest were 
colour morph dependent. As the male is the main provider of food to the 
offspring, we considered the association between male colouration and prey. 

A citizen science approach was used to study the camouflage of tawny owl 
colour morphs in boreal winter landscapes (chapter III). The study was 
conducted in southern Finland (60°13′N, 25°00′E), in a typical tawny owl 
habitat, during winter 2017–2018. I got a permission to use a grey and a brown 
mounted tawny owl individual from the Finnish Museum of Natural History. 
These mounts were placed and photographed one at a time sitting on the same 
tree branch in 16 different spots inside the study area. The trees that were 
chosen for perching were Norway spruce (Picea abies) and Scots pine (Pinus 
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sylvestris), resembling sites that tawny owls use in nature to roost and avoid 
encounters with predators and mobbers. The same set of photographs were 
taken during a snowless period in December and again during a snowy period 
in January (Figure 3). This resulted in 64 photographs altogether, consisting 
of both colour morphs sitting in the same tree branches in snowless and snowy 
landscapes. These photographs were divided in eight different picture series 
consisting of randomly chosen pictures of both morphs and landscapes. 

An online site was established, where volunteers were able to participate the 
survey. The survey was advertised in social media and local newspapers. Each 
participant was provided with one of the picture series (eight pictures) and 
were asked to find an owl from each picture as fast as possible. For every 
picture, there was 60 seconds of time given to find the owl and click it with a 
mouse. The system registered the finding time and continued to the next 
picture. If the owl was not clicked during the 60 seconds, the system 
considered the owl as “not found” and continued to the next picture. 
Participants were instructed to do the survey alone and only once. The online 
site was open for two months for survey attempts and in total 5362 usable 
attempts were registered.

An additional survey was conducted to validate the use of only one 
individual of each colour morphs in the study. The aim was to ensure, that the 
two mounts used in the main study are representative samples of their 



Summary 

22 

morphs. Ten tawny owl mounts (of which two were the ones used in the main 
study) were photographed from three different angles. These photographs 
were randomly divided in three different picture series. Volunteers (n=39) 
were provided with one of the picture series and asked to define the colour 
morph of the tawny owl individual in each picture. They had the chance to 
compare the survey pictures to a photograph of the two mounted owls used in 
the main study and define which of the mounts do the survey owls represent 
more (grey or brown).  

As birds’ vision differs from that of humans, for example, birds are able to 
sense the ultraviolet spectrum of light (Cuthill 2006), an avian vision model 
(Troscianko and Stevens 2015, Koski et al. 2017) was used to validate the 
method of using human perceivers in the study. The aim was to confirm that 
the visibility of human observers is similar to that of a blue tit (Cyanistes 
caeruleus), a potential mobbing bird species (Bergeron and Fuller 2018). 

In chapter I, we studied the probability of finding a brown tawny owl 
(P(brown)) across Europe with a temporal perspective included. We used 
museum specimens hosted by different European museums and institutes 
from a time period of 1900–2016. The geographical range was divided in three 
climate zones (boreal, temperate and the Mediterranean) following the 
classification of Köppen-Geiger (Rubel and Kottek 2010). As predicted, the 
P(brown) decreased towards east as there was a significant negative 
correlation between P(brown) and longitude within climate zones. There were 
also differences in P(brown) between different climate zones. In the boreal 
zone, it was overall more likely to find a grey tawny owl, but interaction with 
time showed a trend where brown owls were more likely observed in more 
recent years. This temporal trend suggests that the P(brown) has remained 
rather constant in the boreal zone since the early 1900s (ca. 30 %). The 
situation turned out to be significantly different in temperate zone and the 
Mediterranean zone, where there has been a significant decrease in P(brown) 
in time. In the temperate zone, the P(brown) was ca. 75 % in the early 1900s 
as the estimated situation in 2016 was ca. 45 %. In the Mediterranean zone, 
the P(brown) was ca. 55 % in the early 1900s and predicted to be ca. 25 % in 
2016. Predicted probabilities for P(brown) in each climate zone according to 
the model are presented in Figure 4.  
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We further aimed to explain these climate zone specific patters with weather 
conditions characteristic to each zone from data 1955–2016. In contrast to our 
predictions, we found no connection of winter temperature nor winter 
precipitation on P(brown) in the boreal zone. However, there was a significant 
increase in P(brown) over time in this latter time series, which indicates a non-
linear trend over the whole study period since the early 1900s. In the 
temperate zone, the decrease in P(brown) in time was not found in this shorter 
time series, nor any connection of winter- or summer precipitation on 
P(brown). Also, no temporal trend in P(brown) was observed in the 
Mediterranean zone, but summer temperature had a positive connection to 
P(brown), i.e. the probability of finding a brown owl in the Mediterranean zone 
increased with increasing summer temperature. Summer precipitation had 
also a weak negative connection to P(brown), i.e. the probability of finding a 
brown owl in the Mediterranean zone decreases with increasing summer 
precipitation. To summarize the results, temporal trends were found within 
the climate zones, but the specific effects of weather on colouration seemed to 
be weak. 

As there is the documented difference in winter survival of tawny owl 
colour morphs in the north (Karell et al. 2011a), we expected to find 
connections between winter temperature and/or winter precipitation and 
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P(brown). However, this was not the case. The finding that the P(brown) has 
increased over time in the boreal zone is in line with Karell et al. (2011a), who 
showed with ringing data of breeding owls that the frequency of brown morph 
has increased in Finland within the same time period. They further showed 
that the observed trend is in concert with increasing winter temperatures and 
decreasing snow depth. Since the 1960s, the boreal zone has faced the 
strongest increase in winter temperatures and precipitation in Europe, and the 
trend is predicted to continue with increasing intensity (EEA 2017). Still, the 
boreal zone is relatively large area hosting different microclimates that may 
have even opposite effects on the frequency of tawny owl colour morphs. A 
possible explanation for the absence of a connection of P(brown) with winter 
precipitation in this study could be that in many parts of the boreal zone, the 
precipitation comes as rain instead of snow. If the higher fitness of grey morph 
in winters with deep snow cover (Karell et al. 2011a) is because of camouflage 
(see chapter III), the selection pressure is obviously absent if the precipitation 
comes as rain. How the frequency of the brown morph fluctuates in the future 
depends on the mechanisms underlying the survival selection in winter.   

There was a significant decrease in P(brown) in the temperate zone in 
1900–2016, but not when considering the years 1955–2016. Also, no 
connection was found between P(brown) and winter- or summer 
precipitation. The temperate zone has not faced as strong climate change as 
many other parts in Europe (EEA 2017) and the zone is humid by definition. 
Thus, the absence of temporal trend in P(brown) in the more recent dataset is 
not a surprise, at least when considering weather related effects on colour 
morphs. However, some other drivers may have more pronounced effects on 
the occurrence of colour morphs in the temperate zone. In the context of this 
study, it remains open what is behind the decrease in P(brown) in temperate 
zone in the longer time series, 1900–2016. 

The Mediterranean zone showed similar patterns to the temperate zone 
considering P(brown) and time, as there was a decrease in P(brown) in 1900–
2016 but not in 1955–2016. The Mediterranean zone was also the only zone 
where significant connections between weather variables and P(brown) were 
found. Higher summer temperature was associated with higher probability to 
find a brown owl, which is in line with our predictions and the simple version 
of Gloger’s rule. However, summer precipitation was slightly negatively 
associated with P(brown). This finding is in contrast with our expectations but 
is in line with the complex version of Gloger’s rule (Delhey 2019) stating that 
pheomelanin deposition increases only with temperature but decreases with 
humidity (Delhey 2019). The sample size for Mediterranean zone was rather 
small in this study and the zone is rather heterogenous regarding humidity, 
which can complicate some colouration related associations with it. As the 
Mediterranean zone has experienced the strongest summer warming and 
drought in Europe, and the trend is projected to continue (EEA 2017), it is 
remains open how the colour morphs frequencies are expected to change in 
the future. 
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In general, our results indicate that the tawny owl colouration follows the 
simple version of Gloger’s rule, i.e. that plumage darkness is related to warm 
temperature and humidity, as documented also in other owls (Passarotto et al. 
2021, Galeotti et al. 2009, Gehlbach 1994). There is a humid – continental 
west - east gradient in Europe also within the climatic zones (EEA 2017), and 
although we did not find specific correlations between zones and weather 
variables, the P(brown) has obviously increased along with increasing 
temperatures and precipitation in the boreal zone and decreased along with 
increasing drought in the Mediterranean zone (EEA 2017). However, the 
observed decline in P(brown) in the temperate zone is harder to explain in the 
context of this study as the zone has not faced as strong climate change yet.  

To further discuss the observed abundancies of tawny owl colour morphs 
in Europe, it is worth mentioning that the genetic patterns and thus the 
potential for regional maintenance of colour polymorphism are historically 
determined. It seems that the genetic patterns (based on mitochondrial DNA) 
of tawny owl populations in Europe are originally shaped by three Pleistocene 
glacial refugia located in Balkans, Italy and Iberia (Brito 2005). The studied 
populations in northern Europe show low nucleotide diversity and are thus 
genetically rather homogenous (but see Brito 2007). The genetic diversity was 
found to be greatest in populations located in France, Austria and Spain, as 
these populations had genetic components from each of the three glacial 
refugia. Populations in Iberian Peninsula showed unique genetic components 
not present in any other European populations, suggesting that the Alps and 
Pyrenees act as barriers for gene flow (Brito 2005). Thus, the populations from 
northern Europe (roughly the boreal zone) are genetically most distinct from 
populations in the Iberian Peninsula (roughly the Mediterranean zone). These 
phylogeographic patterns create the basis for regional compositions in 
colouration, which are further maintained and shaped by environmental 
fluctuations.  

To my knowledge, chapter I in this is the first relatively large spatiotemporal 
scale study on the occurrence of different morphs in a colour polymorphic 
species. Romano et al. (2018) have studied the global occurrence of barn owl 
colour morphs but lack the temporal perspective. Galeotti et al. (2009) have 
studied the change in scops owl colouration over a century, but on a relatively 
narrow spatial scale. Galeotti and Cesaris (1996) studied the frequencies of 
tawny owl colour morphs in several West, Central and South European 
countries, showing roughly that the brown morph dominates in western 
Europe and the grey dominates in central- and southern Europe. Their 
samples consisted of museum specimens, living birds and road kills. They also 
showed that the annual frequencies of the colour morphs in Italy differed in 
relation to weather, as the brown morph did better in warm and wet years, 
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whereas the grey morph was advantageous in cool and dry years. A crucial 
methodological difference between our study (chapter I) and the study of 
Galeotti and Cesaris (1996) is that we assumed that the museum specimens 
represented a sample of a given population living in a particular area in a 
particular year, whereas Galeotti and Cesaris (1996) assumed that the morph 
dominating in museum samples in certain years results from its increased 
natural mortality. 

It is possible that one or the other colour morph is overrepresented in the 
museum collections due to a bias in sampling (Wehi et al. 2012, Holmes et al. 
2016). However, it is unlikely that one of the morphs would appear more 
attractive to collectors and thus be gathered more eagerly as a museum 
specimen, but the effect of e.g. weather on the starvation of owls could result 
in a higher proportion of the non-predicted morph among the samples, as 
assumed by Galeotti and Cesaris (1996). They reported that 73 % of the 
museum specimens used in the study had died for unknown reasons or 
starvation, whereas 27 % were shot (Galeotti and Cesaris 1996). Karell et al. 
(2011a) and Galeotti et al. (2009) reported that the majority of museum 
specimens (of those that the information was provided) used in their studies 
had died for traffic accidents or were shot. Both studies investigated the 
association between weather and colouration of polymorphic owl species. It 
would be important to consider the causes of death of the specimens of interest 
when setting hypotheses, but the information is not always provided. Despite 
these uncertainties, there is a concensus that museum collections enable 
valuable studies of variation in traits over long time periods, even on 
evolutionary relevant timescales (Holmes et al. 2016).  

The sampling protocols of museums may also change over time among 
curators and sample sizes of museum skins can therefore vary remarkably 
among years (Schroeder et al. 2009). Here, our dataset is relatively large from 
various museums, and we have no reason to believe that any sampling bias 
would be biased to either morph. As we are interested in the relative 
proportions of the morphs, we feel our analyses are robust to this variation.  

The datapoints in chapter I were divided into three climate zones (boreal, 
temperate and the Mediterranean) based on the Köppen-Geiger climate 
classification (Rubel and Kottek 2010). These zones host many subcategories 
that were pooled together to represent broader zones. Thus, there is inevitably 
different microclimates within these zones that may have even conflicting 
effects on the occurrence of the colour morphs. We also studied only the effect 
of weather variables which we considered to have the most relevant biological 
meaning in shaping tawny owl colouration in each climate zone. We justify this 
with the characteristic of the climate zones (Rubel and Kottek 2010, EEA 2017) 
and the objective to present clearly hypothesis-based predictive models.  

From a geographical point of view, the data on owl specimens are not 
evenly distributed inside the climate zones (Figure 2). In the boreal zone, the 
vast majority of data are located in southern Finland and in northern Italy 
around the Alps. In the temperate zone, the data are mostly located in the 
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United Kingdom, northern Italy and southern Sweden. In the Mediterranean 
zone, the data are more scattered. Maybe not surprisingly, these hot spots are 
located around the museums where the data were gathered from. By using the 
method of studying museum specimens, the uneven distribution of data seems 
inevitable. However, the overrepresented areas are distributed well inside the 
climate zones and include both longitudinal and latitudinal variation. We 
therefore believe that our data are well representative of the geographical 
occurrence of the morphs.  

Southern Finland is the northernmost range margin of tawny owls and it is 
thought that harsh winter conditions limit the species from spreading further 
north (Francis and Saurola 2004). Thus, the possible adaptations and 
limitations of colour morphs to extreme conditions are probably the clearest 
and most visible in this area, providing excellent circumstances to study the 
effects of the environment on colouration.  

In chapter II, we studied the plumage insulation capacity of tawny owl 
colour morphs. The hypothesis was, that the grey morph would have more 
insulative plumage compared to the brown morph, enabling it to survive cold 
winters better (Karell et al. 2011a). This indeed seems to be the case, as the 
insulative plumulaceous part of the dorsal contour feathers was larger and the 
density of barbules were higher in feathers of the grey morph compared to 
those of the brown morph (Figure 5). There were no differences in ventral 
feather structure between colour morphs. 
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If the different survival selection of colour morphs during harsh winters 
(Karell et al. 2011a) is related to higher energetic requirements of the brown 
morph, as suggested by several studies (Gasparini et al. 2009, Piault et al. 
2009, Karell et al. 2011b, 2013), the less dense plumage will further push the 
selection against the brown morph in harsh winters as the energy demand is 
even higher in terms of thermoregulation. Also, hunting is demanding in cold 
and snow-rich conditions as the voles, main prey of tawny owls during winter 
(Petty 1999, Kekkonen et al. 2008, Karell et al. 2009), hide under the snow 
cover. Thus, the grey morph would have a survival advantage in harsh winters 
with lower energy demands, as they are thermally better insulated. This could 
therefore explain the increased frequency of brown morph over the last 
decades in a population located in the species northernmost range margin in 
Finland (Karell et al. 2011a). As the winters have gotten milder, the brown 
morph no more suffers from the thermal disadvantage. 

Previous studies have indeed shown that there is a link between plumage 
structure and thermoregulation. For example, year around resident American 
goldfinches (Carduelis tristis) have denser plumage and larger proportion of 
plumulaceous barbs than migrating ones (Middleton 1986). Also, great tits 
(Parus major) in northern Finland have denser feather structures than great 
tits in southern Sweden (Broggi et al. 2011). However, a common garden 
experiment showed, that the feather structures of great tits are environmental 
determined (Broggi et al. 2011). We are quite confident, that the within-
population variation in dorsal feather structure of tawny owls is linked to 
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melanism and is thus genetically based. The colouration and the amount of 
melanins are most intense indeed in the dorsal side of the tawny owl plumage, 
where the colour morph dependent structures were found. Also accordingly, it 
is documented that in barn owls, the barb density in flight feathers is denser 
in pale morphs compared to dark pheomelanistic morphs (Roulin et al. 2013). 
Although flight feathers have no insulation related functions, the study 
provides support for the assumption that feather structures in tawny owls are 
related to melanism and thus have a genetic basis.  

In chapter III we studied if the tawny owl colour morphs differ in terms of 
camouflage. The hypothesis was that the grey morph is better camouflaged in 
snowy landscapes compared to the brown morph, but that there is little or no 
difference in camouflage in snowless landscapes. The brown morph was in 
general easier to detect than the grey morph irrespective of the landscape, but 
the difference was even stronger in snowy landscapes, as the brown morph was 
significantly more often detected from the pictures than the grey morph, and 
the detection time was also shorter for the brown morph (Figure 6). The 
additional survey revealed that people can tell the colour morphs apart and 
that the two owl mounts used in this study are representative samples from 
the range of colour scored mounts. The angle of the picture had more effect on 
the probability to score the mounts incorrect than the mount itself.  
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The avian vision modelling showed that, similar to human perceivers, the 
brown morph is more conspicuous for a blue tit (a potential mobber), and this 
was because of chromatic contrast (i.e. ability to see the contrast between 
colours). Still, there is some debate on the accuracy about using human 
observers when studying the visual perception of other organisms (Bennett et 
al. 1994, Bergeron and Fuller 2018, Endler 1990, Kemp et al. 2015). In the case 
of tawny owls in southern Finland, the main predators for the species are 
goshawk (Accipiter gentilis) and eagle owl (Bubo bubo). Still, the mobbing 
passerines and corvids may have even more pronounced effect on harassing 
roosting tawny owls during the day. With previous documentation (Götmark, 
1996, 1997, Götmark and Hohifalt 1995) and the avian vision modelling, we 
are confident that the approach of using human observers is justified in this 
study.  

Our results indicate that the grey tawny owl morph has better camouflage 
than the brown morph in a snowy boreal forest landscape. This may be one of 
the reasons for the different survival selection of the morphs in snowy winters 
(Karell et al. 2011a). The longer detection time of the grey morph in snowy 
landscapes may allow them more time to prepare themselves for potential 
encounter with a predator and give them time to escape. Consequently, if the 
brown morph is more conspicuous to mobbers and predators in a snowy 
landscape, it is forced to move more and be more alert. This is costly, as 
fulfilling the increased energy demands is hard when prey is scarce or difficult 
to hunt and temperatures are low during harsh winters. The poorer 
camouflage together with poorer plumage insulation capacity of brown 
morphs can increase their mortality during cold and snowy winters. 

In chapter IV, we studied the prey choice of tawny owl colour morphs 
during the breeding season. Our hypothesis was that the grey morph is 
specialized in mammalian prey, whereas the brown morph is more of a 
generalist. Our results show that the brown males delivered on average a 
higher diversity of prey to the nests. Prey type diversity was positively 
correlated with small mammal abundance in nests sired by grey males but less 
so in those sired by brown males (Figure 7). Grey males delivered larger 
proportions of mammalian prey mass to their nests compared to brown males. 
This effect was dependent on the small mammal abundance, as the proportion 
of small mammals delivered by brown males was the lowest in low small 
mammal density and reached the level of the grey males in high small mammal 
densities (Figure 8). As expected, female colour morph had no effect on the 
prey compositions, since prey is delivered to the nest mainly by the males. 
These results support our hypothesis and suggest that the grey morph is 
mainly specialized in small mammalian prey, whereas the brown morph is 
more flexible with a more complex foraging strategy. Considering the winter 
survival (Karell et al. 2011a), specialization in small mammals can be beneficial 
in harsh winter conditions, as the availability of alternative prey is scarce. Most 
of the bird prey migrate to lower latitudes and amphibians hibernate during 
the winter. In addition to this, small mammals are hard to catch when the snow 
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cover is deep, as they tend to hide under it. Thus, the grey morph may have an 
advantage due to its specialization in small mammals.  
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We have discovered several potential mechanisms, which could underlie the 
difference in winter survival selection of tawny owl colour morphs observed by 
Karell et al. (2011a). Better plumage insulation capacity, camouflage and 
dietary manners of the grey morph can enable its overwintering survival in 
harsh winter conditions in the species northernmost range margin. The 
existing and projected effect of climate change on boreal environments will 
probably alter the frequencies of tawny owl colour morphs. It is already 
documented in Finland that the frequency of the brown morph has increased 
from 1960 onwards together with winters getting milder (Karell et al. 2011a). 
Increasing winter temperatures probably eliminate the selection against the 
brown morph, as the plumage insulation capacity no more has an important 
function. In addition, a thinner snow cover or the absence of snow (or shorter 
winter period with snow) will probably neutralize the selection pressure 
considering camouflage in snowy landscapes. Simultaneously, normally cyclic 
vole abundances with high density peaks occurring in 3-4-year intervals have 
also become irregular in the boreal zone (Hörnfeldt et al. 2005, Brommer et 
al. 2010, Cornulier et al. 2013). These irregularities can be disadvantageous for 
the mammal-specialised grey morph as it appears to be more dependent on 
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recurring cyclic vole peaks for reproduction than the more generalist brown 
morph.  

In the context of the study conducted by Karell et al. (2011a), snow depth 
had the most pronounced effect on the winter survival of tawny owl colour 
morphs in Finland: increasing snow depth leads to decreased survival of the 
brown morph. We showed in chapter I, that there is a temporal trend in the 
boreal zone considering tawny owl colour morphs as the brown morph has 
increased in frequency. However, we did not detect connections between 
P(brown) and winter temperature nor winter precipitation. This leads to the 
interpretation, that camouflage could work as a main driver for survival 
selection in harsh winter conditions in this species in the north. If the 
precipitation falls as rain instead of snow in many parts of the boreal zone, it 
will reduce any camouflage related association with winter precipitation. It is 
indeed showed in many studies that colour polymorphism is maintained in 
populations because of differential spatiotemporal adaptation patters of the 
morphs in terms of camouflage (Bond and Kamil 2006, Cook et al. 2012, Tate 
et al. 2016, San-Jose et al. 2019). In addition, it has been suggested that 
varying light conditions is the most important selective agent maintaining 
colour polymorphism in birds (Galeotti et al. 2003, Passarotto et al. 2018). 

In the case of tawny owls, the cryptic colouration would work on landscape 
level (during winter the landscape is overall grey) as the colour does not match 
the substrate directly (tawny owls are not white like the snow itself). This is 
likely the case also in the forest-dwelling red squirrel (Sciurus vulgaris) that 
change coat colour from reddish-brown in summer to grey in winter. Grey 
colour might make these animals more cryptic in the changed light conditions 
and visual backgrounds in the forest landscape in winter. However, both 
brown and grey colouration might be concealing in a heterogenous landscape, 
if the individuals adjust their behaviour accordingly (e.g. choose roosting sites 
that matches the colouration of the plumage). Thus, it is expected that the 
choice of microhabitat is colour morph dependent in order to match the 
background and enhance camouflage. Examining if the colour morphs differ 
in choosing their roosting sites (e.g. different tree species) offers an interesting 
avenue for further research. Previous studies have found morph-specific 
fitness effects of variation in light conditions in the diurnal black sparrowhawk 
(Accipiter melanoleucus) (Tate et al. 2016) and in moonlight conditions in the 
nocturnal barn owl (San-Jose et al. 2019).  

In general, it is thought that light colouration may provide better 
camouflage in cold and dry environments in northern higher latitudes whereas 
darker colouration is likely to be more cryptic in warm and humid 
environments in lower latitudes (Merilaita and Stevens 2011). There is plenty 
of studies already showing that climate change may alter the selection for 
cryptic colouration via drastic changes in the landscape and thus visual 
environment by creating a camouflage mismatch (Atmeh et al. 2018, Mills et 
al. 2018, Zimova et al.2014, 2016). Although the effect is stronger in snowy 
landscapes, it seems that the brown tawny owl morph is more conspicuous 
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than the grey morph regardless of the snow conditions (Chapter III). This may 
indicate that selection resulting from camouflage alone is not sufficient 
enough to create such a strong survival difference between morphs in winters 
(Karell et al. 2011a). Thus, the effect of poorer insulation capacity could 
underpin this selection. 

The finding that tawny owl colour morphs have differential dietary 
manners may result from differences in utilizing microhabitats, either in terms 
of space use or daily activity rhythm (Galeotti and Rubolini 2003). In this 
“niche divergence hypothesis” the morphs would not necessarily be directly 
specialized in a certain diet but in the use of ecological niches. For example, 
bird prey that the brown morph is more prone to use compared to the grey 
morph, may be more active during the day than the small mammalian prey. 
Also, bird prey are mainly perching or flying as the small mammals are found 
on the ground. Thus, rather than having specifically different diets, the 
differential selection between morphs may result from this utilization of 
different niches and use of different search images. Also, we cannot be certain 
that the observed difference in dietary manners between morphs during the 
breeding season also applies during the winter. Further studies focusing on 
the behaviour of colour morphs outside the breeding season, e.g. with the help 
of GPS trackers, are needed to further understand the foraging and habitat use 
in different seasons. Nevertheless, these results together with previous studies 
on the reproductive strategies (Roulin et al. 2003, Emaresi et al. 2014, 
Morosinotto et al. 2020) and energy allocation (Piault et al. 2009, Gasparini 
et al. 2009, Karell et al. 2013) of colour morphs suggest that the grey morph is 
better adapted to harsh environments with limited resources, whereas the 
brown morph performs better in more productive environments with lasting 
resources.  

Delhey et al. (2020) discussed that animal colouration is predicted to 
become lighter in areas facing increased temperature and drought. They also 
discussed the complex situation of areas facing increased temperature and 
increased humidity creating opposing selection pressures on colouration. 
Which effect prevails probably depends on the underlying mechanism, e.g. 
thermoregulation or camouflage (Delhey et al. 2020). In chapter I we found 
that in the Mediterranean zone, which has faced increased summer 
temperature and drought (EEA 2017), the frequency of the grey morph has 
indeed increased in 1900–2016. However, our results show the opposite 
effects of summer temperature and summer precipitation (weak effect) on 
tawny owl colouration to what were expected by Delhey et al. (2020). If higher 
summer temperatures favour the brown morph (chapter I), it could be at least 
partly due to the plumage structure. The more insulative plumage might 
increase the risk of heat stress of grey owls in the Mediterranean zone during 
hot summer periods.  

Finally, the differential lifestyles of the tawny owl colour morphs may 
enhance the species existence. It has been shown that colour polymorphic 
species are at lower extinction risk compared to monomorphic species, 
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probably due to their higher genetic diversity and potential for alternative 
strategies (Ducatez et al. 2017, Takahashi and Noriyuki 2019). Thus, the tawny 
owl might be able to adapt to the ongoing climate change and persist.  

The overwintering survival of tawny owl colour morphs is probably a 
combined result of many factors differing between the morphs, e.g. 
camouflage, thermal insulation, energy allocation and metabolism together 
with behavioural patterns. These factors may act simultaneously and probably 
have combined (or conflicting) effects on driving selection pressures on the 
morphs. What has the most pronounced and dominating effect in the end 
probably varies in time and space. Environmental fluctuations enable the 
maintenance of different colour morphs via changing selection pressures. 

In the tawny owls’ northernmost range margin in Finland, winters are 
characterized with snow. This is probably the key element in shaping the 
winter survival selection of tawny owls. The brown morph has disadvantage 
during snowy periods in terms of camouflage and dietary manners. Although 
not directly connected to snow, but as snowy winters are also in general colder, 
plumage insulation capacity plays a role. As winters are getting milder (EEA 
2017), all these factors creating selection pressure against the brown morph 
are invalidated. Thus, the frequency of the brown morph is expected to 
increase in the north (Karell et al. 2011a) and the distribution range of the 
species will probably spread northwards. In a case where there would be no 
colour morph dependent selection, the brown morph would eventually 
dominate in populations due to the inheritance patterns with brown 
dominance (Brommer et al. 2005, Gasparini et al. 2009, Karell et al. 2011a, 
Morosinotto et al. 2020). As the environment is never stable and there is 
plenty of evidence showing that melanin-based colour polymorphism is linked 
to differential adaptations, the frequency of the morphs will perhaps never 
reach an equilibrium. However, the fluctuations in the environment and thus 
colour morph frequencies may vary in relatively small spatial and temporal 
scales. 

As discussed in Delhey et al. (2020), the predicted effects of climate change 
on animal colouration are complex. Gloger’s rule and the thermal melanism 
hypothesis propose even conflicting scenarios on how animal colouration 
should respond to climate change. Moreover, the mechanisms behind Gloger’s 
rule remain somewhat unknown. The investigation of intraspecific colour 
polymorphism can help in distinguishing these underlying mechanisms, 
which are crucial to understand as it seems clear that no comprehensive 
predictions on colouration can be made to cover all taxa. Thus, colour 
polymorphism can be considered as a good proxy for adaptation to climate 
change. 



 

37 

This thesis would not have been possible to complete without several people. 
Patte and Aksu, the moment it was settled that you would be my supervisors, 
I knew I couldn’t be in better hands. Patte, you gave a talk in the Ecology of 
Owls course at the University of Helsinki over ten years ago and were 
searching for a field assistant for your tawny owl project. That was it. Suddenly 
I was conducting a Master’s thesis on tawny owl colour polymorphism and 
now I have apparently expanded it into a doctoral thesis. None of this would 
have happened without your lead, support and advice. You have offered me 
countless opportunities during these years and have an amazing talent to 
communicate science and explain things in an understandable way. Aksu, I 
admired your work and the insane amount of knowledge you have on birds 
already during my basic biology studies. It has been a real honor to have you 
as a supervisor. Whatever problem I have approached you with, you have 
always had an answer and a way to proceed. Despite the unimaginable amount 
of work you must have, you always have time to help. You are an efficient and 
caring group leader.  

Hannu and Jari, thank you for looking after my PhD project as the 
members of my thesis advisory committee. It has been really easy to approach 
you and discuss any issues related to this project. Hannu, you have initially 
introduced me to the ecology of owls and showed the principles of field work 
with Ural owls. You have been sort of a “backup” supervisor for me and a 
trusted mentor. Anna Qvarnström and Sami Merilaita, thank you for reading 
this thesis as pre-examiners. Your valuable feedback not only gave me new 
insights and perspectives, but also encouraged me to consider this thesis 
noteworthy and unique.  

The Functional Ecology and Applications team was established during 
conducting this thesis. Chiara and Ruslan, with you I got to spend some nice 
and not so nice days in the field. The long days weren’t at all that bad with your 
company. Because of covid-19 and my maternity leave, I have unfortunately 
not seen most of the group members in person. Still, you have offered your 
help and insightful discussions via Teams. I am truly happy that the tawny owl 
system has generated so many new questions to be tackled by ambitious 
researchers like you! The base of the HelLo group is located at one of my 
favourite childhood places, the Finnish Museum of Natural History. I was 
lucky to share an office there with two amazing guys, Diego and Andrea. 
Nowadays there are lots of people also in this group that I have never met in 
person. Still, via Zoom and at the fruitful writing retreat at Tvärminne, it is 
evident that the incredibly warm atmosphere in the group has remained the 
same. 

I want to thank my co-authors and people outside the research groups who 
have contributed this work. Kari, Teuvo and the KBP, much of this research 



Acknowledgements 

38 

wouldn’t have been possible to conduct without your valuable and precise 
long-term monitoring of tawny owls. Carita, thank you for your thorough 
guidance in conducting an avian vision model. Thank you LUOMUS 
employees for helping with conducting the citizen science study. Kati and Kio, 
it was a pleasure to follow your Master’s thesis processes and spend days in 
the field with you.  

Thank you to the Jenny and Antti Wihuri Foundation, Societas pro Fauna 
et Flora Fennica and Oskar Öflunds Stiftelse for funding this project. 

I want to thank my friends who have helped me through this project. 
Mainiot, “the gang of biology course 2007”, I am truly happy that we have 
stuck together all these years. You offer the best discussions and laughs 
regardless of the topic. Special thanks to Anniina for calming me down during 
tricky periods, and Elina for helping with coding and practicalities considering 
a PhD project. Thanks to two of my oldest friends, Laura and Tuomas. It has 
been nice to occasionally finish a board game while blabbering about work. 
Laura, it has been insightful to discuss PhD projects with you as our fields 
couldn’t be more different, and Tuomas, thank you for having kept company 
to my husband by discussing air condition ducts in the meanwhile. Mirka and 
Raipe, having burgers and playing with the kids is the best therapy one can 
have in between working. 

Piko, thank you for your flexible hours babysitting. We were really 
privileged to have you making our everyday life so much easier. You were also 
always eager to hear how the owls are doing in the forest. 

Mom, dad and Pekka, the environment and lifestyle at home created the 
basis for me to become interested in biology. Hobbies, games and books were 
often related to nature. Thank you for your support during this period. Dad, 
your doctoral thesis defence was the first of its kind that I attended at the age 
of 13. I didn’t understand much of it, but it seemed fancy. You also convinced 
me that I could do the same. Mom, you have offered help in various ways 
during this project and mentioned numerous times how admirable it is to a 
conduct a doctoral thesis. I couldn’t have finalized this thesis without you 
taking care of the kids. Pekka, in addition of being great company as a brother, 
you have also taught me about scientific thinking. Thanks for helping with 
some mathematical issues and photographing the owls in Kuopio! 

Krisu, Niki and Satu, you remind me of what is important. Krisu, you 
patiently gave me the space and time to conduct this project. You understood 
the indefinite timetables during field seasons and now in the end urged me to 
write at times I was just wandering around, but also told me to stop before 
getting exhausted. The dearest Niki and Satu, these years with you have been 
priceless. I am incredibly happy I had the courage to make the decision of 
having proper maternity leaves at the expense of postponing this project. Any 
setbacks considering this thesis didn’t feel all that bad with you around. You 
set healthy limits for my working hours and offered the best time off. Niki 
couldn’t have made me prouder one day by asking “Mom, you are a biologist. 
Shouldn’t you know everything about life?”. 



 

39 

Aalto, J., Pirinen, P., Kauppi, P.E., Rantanen, M, Lussana, C, Lyytikäinen-
Saarenmaa, P. & Gregow, H. 2022. High-resolution analysis of observed 
thermal growing season variability over northern Europe. Climate 
Dynamics, 58: 1477–1493. 

Atmeh, K., Andruszkiewicz, A., & Zub, K. 2018. Climate change is affecting 
mortality of weasels due to camouflage mismatch. Scientific Reports, 8: 
7648.  

Balanyá, J., Oller, J.M., Huey, R.B., Gilchrist, G.W. & Serra, L. 2006. Global 
genetic change tracks global climate warming in Drosophila subobscura. 
Science. 2006. 313: 1773–1775. 

Bennett, A.T.D., Cuthill, I.C. & Norris, K.J. 1994. Sexual selection and the 
mismeasure of color. The American Naturalist, 144: 848–860. 

Bergeron, Z.T. & Fuller, R.C. 2018. Using human vision to detect variation in 
avian coloration: How bad is it? The American Naturalist, 191: 269–276.  

Bond, A.B. & Kamil, A.C. 2006. Spatial heterogeneity, predator cognition, and 
the evolution of colour polymorphism in virtual prey. Proceedings of the 
National Academy of Sciences of the United States of America, 103: 3214–
3219. 

Bjärvall, A. & Ullström, S. 2010. Suomen nisäkkäät. Helsinki, Otava. 
Brito, P.H. 2005. The influence of Pleistocene glacial refugia on tawny owl 

genetic diversity and phylogeography in western Europe. Molecular 
Ecology, 14: 3077–3094. 

Brito, P.H. 2007. Contrasting patterns of mitochondrial and microsatellite 
genetic structure among Western European populations of tawny owls 
(Strix aluco). Molecular Ecology, 16: 3423–3437. 

Broggi, J., Gamero, A., Hohtola, E., Orell, M. & Nilsson, J.Å. 2011. 
Interpopulation variation in contour feather structure is environmentally 
determined in great tits. PLoS One 6: e24942. 

Brommer, J.E., Pietiäinen, H. & Kolunen, H. 2002. Reproduction and survival 
in a variable environment: Ural owls (Strix uralensis) and the threeyear 
vole cycle. The Auk 119: 544–550. 

Brommer, J.E., Karell, P., Pihlaja, T., Painter, J., Primmer, C. & Pietiäinen, H. 
2003. Ural owl sex allocation and parental investment under poor food 
conditions. Oecologia 137: 140–147. 

Brommer, J.E., Ahola, K. & Karstinen, T. 2005: The colour of fitness: plumage 
coloration and lifetime reproductive success in the tawny owl. Proceedings 
of the Royal Society B, 272: 935—940. 

Brommer, J.E., Pietiäinen, H., Ahola, K., Karell, P., Karstinen, T. & Kolunen, 
H. 2010. The return of the vole cycle in southern Finland refutes the 
generality of the loss of cycles through “climatic forcing”. Global Change 
Biology, 78 :577–586. 

Buckley, P.A. 1987. Mendelian genes. In F. Cooke & P.A. Buckley (Eds.), Avian 
genetics: a population and ecological approach (pp.1—44). Orlando, FL: 
Academic Press. 

Chen, I.C., Hill, J.K., Ohlemüller, R., Roy, D.B. & Thomas, C.D. 2011. Rapid 
range shifts of species associated with high levels of climate warming. 
Science, 333: 1024–1026.  



References 

40 

Clusella-Trullas, S., van Wyk, J.H. & Spotila, J.R. 2007. Termal melanism in 
ectotherms. Journal of Termal Biology, 32: 235–245. 

Clusella-Trullas, S. & Nielsen, M. 2020. The evolution of insect body 
coloration under changing climates. Current Opinion in Insect Science, 41: 
25–32. 

Cook, L.M. 1998. A two-stage model for Cepaea polymorphism. Philosophical 
Transactions of the Royal Society B, 353: 1577–1593. 

Cook, L.M., Grant, B.S., Saccheri, I.J. & Mallet, J. 2012. Selective bird 
predation on the peppered moth: the last experiment of Michael Majerus. 
Biology Letters, 8: 609–612. 

Cornulier, T., Yoccoz, N.G., Bretagnolle, V., Brommer, J.E., Butet, A., Ecke, F., 
Elston, D.A. et al. 2013. Europe-wide dampening of population cycles in 
keystone herbivores. Science, 340: 63–66. 

Cuthill, I.C. 2006. Mechanisms and measurements. In G. E. Hill & K. J. 
McGraw (Eds.), Bird colouration (Vol. 1, pp. 3–40). Cambridge, MA: 
Harvard University Press. 

Da Silva, A., van den Brink, V., Emaresi, G., Luzio, E., Bize, P., Dreiss, A.N. & 
Roulin, A. 2013. Melanin-based colour polymorphism signals aggressive 
personality in nest and territory defence in the tawny owl (Strix aluco). 
Behavioral Ecology and Sociobiology, 67: 1041–1052. 

Delhey, K. 2017. Gloger’s rule. Current Biology, 27: R689–R691. 
Delhey, K. 2019. A review of Gloger’s rule, an ecogeographical rule of colour: 

definitions, interpretations and evidence. Biological Reviews, 94: 1294–
1316. 

Delhey, K., Dale, J., Valcu, M. & Kempenaers, B. 2019. Reconciling 
ecogeographical rules: rainfall and temperature predict global colour 
variation in the largest bird radiation. Ecology Letters, 22: 726—736. 

Delhey, K., Dale, J., Valcu, M., & Kempenaers, B. 2020. Why climate change 
should generally lead to lighter coloured animals. Current Biology, 30: 
R1406–R1407. 

Devin, S., Bollache, L., Beisle, J.N., Moreteau, J.C. & Perrot-Minnot, M.J. 
2004. Pigmentation polymorphism in the invasive amphipod 
Dikerogammarus villosus: some insights into its maintenance. Journal of 
Zoology, 264: 391–397. 

Ducatez, S., Giraudeau, M., Thébaud, C. & Jacquin, L. 2017. Colour 
polymorphism is associated with lower extinction risk in birds. Global 
Change Biology, 23: 3030–3039.  

Ducrest, A.L., Keller, L. & Roulin, A. 2008: Pleiotropy in the melanocortin 
system, coloration and behavioural syndromes. Trends in Ecology & 
Evolution, 23: 502–510. 

EEA Report No 1/2017: Climate change, impacts and vulnerability in Europe 
2016 – An indicator-based report. 

Emaresi, G., Bize, P., Gasparini, J., Piault, R. & Roulin, A. 2011. Plumage 
polymorphism in melanin-based coloration: a case study in the tawny owl 
Strix aluco. In Zuberogoitia, I. & Martinez, J.E. (Eds.), Ecology and 
conservation of European forest-dwelling raptors and owls (pp. 252–
253). Diputación Foral de Bizkaia. 

Emaresi, G., Bize, P., Altwegg, R., Henry, I., van den Brink, V., Gasparini, J. & 
Roulin, A. 2014. Melanin-specific life-history strategies. Melanin-specific 
life-history strategies. The American Naturalist, 183: 269–280. 



 

41 

Endler, J.A. 1990. On the measurement and classification of color in studies 
of animal color patterns. Biological Journal of the Linnean Society, 41: 
315–352. 

Ford, E.B. 1945. Polymorphism. Biological Reviews, 20: 73–88. 
Francis, C.M. & Saurola, P. 2004. Estimating components of variance in 

demographic parameters of tawny owls, Strix aluco. Animal Biodiversity 
and Conservation, 27: 489–502. 

Galeotti, P. & Cesaris, C. 1996. Rufous and grey colour morphs in the Italian 
tawny owl: geographical and environmental influences. Journal of Avian 
Biology, 27: 15–20. 

Galeotti, P., Rubolini, D., Dunn, P.O. & Fasola, M. 2003. Colour polymorphism 
in birds: causes and functions. Journal of Evolutionary Biology, 16: 635–
646. 

Galeotti, P. & Sacchi, R. 2003. Differential parasitaemia in tawny owl (Strix 
aluco): effects of colour morph and habitat. Journal of Zoology, 261: 91–
99. 

Galeotti, P. & Rubolini, D. 2003. The niche variation hypothesis and the 
evolution of colour polymorphism in birds: a comparative study of owls. 
nightjars and raptors. Biological Journal of the Linnean Society, 82: 237–
248. 

Galeotti, P., Rubolini, D., Sacchi, R. & Fasola, M. 2009. Global changes and 
animal phenotypic responses: melanin-based plumage redness of scops 
owls increase with temperature and rainfall during the last century. 
Biology Letters, 5: 532–534. 

Gasparini, J., Bize, P., Piault, R., Wakamatsu, K., Blount, J.D., Ducrest, A.L. & 
Roulin, A. 2009. Strength and cost of an induced immune response are 
associated with heritable melanin-based colour trait in female tawny owls. 
Journal of Animal Ecology, 78: 608–616. 

Gehlbach, F.R. 1994. The Eastern Screech-Owl: Life history, ecology and 
behaviour in the suburbs and countryside. Texas A. and M. University 
Press, College Station. 

Gill, F.B. 1989. Ornithology, WH Freeman & Co. 660 p. 
Gienapp, P., Teplitsky, C., Alho, S., Mills, J.A. & Merilä, J. 2008. Climate 

change and evolution: disentangling environmental and genetic responses. 
Molecular Ecology, 17: 167–178. 

Gloger, C.W.L. 1833. Abänderungsweise der einzelnen, einer Veränderung 
durch das Klima unterworfenen Farben. In August Scultz (Eds.), Das 
Abändern der Vögel durch Einfluss des Klima’s (pp. 11–24). Breslau. 

Grasyte, G., Rumbutis, S., Dagys, M., Vaitkuviene, D. & Treinys, R. 2017. 
Tawny owl females of intermediate colour morph reproduce better and 
increase in a local polymorphic population. Ornis Fennica, 94: 33–44. 

Gray, S.M. & McKinnon, J.S. 2007. Linking color polymorphism maintenance 
and speciation. Trends in Ecology and Evolution, 22: 71–79. 

Gunderson, A., Frame, A., Swaddle, J. & Forsyth, M. 2008. Resistance of 
melanized feathers to bacterial degradation: is it really so black and white. 
Journal of Avian Biology, 39: 539–545. 

Götmark, F. & Hohlfält, A. 1995. Bright male plumage and predation risk in 
passerine birds: Are males easier to detect than females? Oikos, 74: 475–
484. 

Götmark, F. 1996. Simulating a colour mutation: Conspicuous red wings in the 
European Blackbird reduce the risk of attacks by Sparrowhawks. 
Functional Ecology, 10: 355–359.  



References 

42 

Götmark, F. 1997. Bright plumage in the magpie: Does it increase or reduce 
the risk of predation? Behavioral Ecology and Sociobiology, 40: 1–49. 

Hantak, M.M., Federico, N.A., Blackburn, D.C. & Guralnick, R.P. 2021. Rapid 
phenotypic change in a polymorphic salamander over 43 years. Scientific 
Reports, 11: 22681. 

Harvell, C.D., Mitchell, C.E., Ward, J.R., Altizer, S., Dobson, A.P., Ostfeld, R.S. 
& Samuel, M.D. 2002. Climate warming and disease risks for terrestrial 
and marine biota. Science, 296 :2158–2162.  

Holmes, M.W., Hammond, T.T., Wogan, G.O.U., Walsh, R.E., LaBarbera, K., 
Wommack, E.A., Martins, F.M. et al. 2016. Natural history collections as 
windows on evolutionary processes. Molecular Ecology, 25: 864–881. 

Hoffmann, A. & Sgrò, C. 2011. Climate change and evolutionary 
adaptation. Nature, 470: 479–485. 

Hugall, A.F. & Stuart-Fox, D. 2012. Accelerated speciation in colour-
polymorphic birds. Nature, 485: 631–634. 

Hörnfeldt, B., Hipkiss, T. & Eklund, U. 2005. Fading out of vole and predator 
cycles? Proceedings of the Royal Society B, 272: 2045–2049. 

Inouye, D.W., Barr, B., Armitage, K.B. & Inouye, B.D. 2000. Climate change is 
affecting altitudinal migrants and hibernating species. Proceedings of the 
National Academy of Sciences of the United States of America, 97: 1630–
1633. 

Jormalainen, V., Merilaita, S. & Tuomi, J. 1995. Differential predation on sexes 
affects colour polymorphism of the isopod Idotea baltica (Pallas). 
Biological Journal of the Linnean Society, 55: 45–68. 

Juutilainen, T. 1998. Alueellisten erojen, poikasmäärän ja pesinnän 
ajankohdan vaikutus viirupöllön pesäpoikasajan ravintoon. MSc thesis, 
University of Helsinki. 

Karell, P., Ahola, K., Karstinen, T., Zolei, A. & Brommer, J.E. 2009. Population 
dynamics in a cyclic environment: consequences of cyclic food abundance 
on tawny owl reproduction and survival. Journal of Animal Ecology, 78: 
150–162. 

Karell, P., Ahola, K., Karstinen, T., Valkama, J., Brommer, J.E. 2011a. Climate 
change drives microevolution in a wild bird. Nature Communications, 2: 
208. 

Karell, P., Ahola, K., Karstinen, T., Kolunen, H., Siitari, H. & Brommer, J.E. 
2011b. Blood parasites mediate morph-specific maintenance costs in a 
colour polymorphic wild bird. Journal of Evolutionary Biology, 24: 1783–
1792. 

Karell, P., Brommer, J.E., Ahola, K. & Karstinen, T. 2013. Brown tawny owls 
moult more flight feathers than grey ones. Journal of Avian Biology, 43: 
1–10. 

Karpestam, E., Merilaita, S. & Forsman, A. 2016. Colour polymorphism 
protects prey individuals and populations against predation. Scientific 
Reports, 6: 22122. 

Kekkonen, J., Kolunen, H., Pietiäinen, H., Karell, P. & Brommer, J.E. 2008. 
Tawny owl reproduction and offspring sex ratios under variable food 
conditions. Journal of Ornithology, 149: 59–66. 

Kemp, D.J., Herberstein, M.E., Fleishman, L.J., Endler, J.A., Bennett, A.T.D., 
Dyer, A.G., Hart, N.S. et al. 2015. An integrative framework for the 
appraisal of coloration in nature. The American Naturalist, 185: 705–724. 

Koski, T. M., Lindstedt, C., Klemola, T., Troscianko, J., Mäntylä, E., Tyystjärvi, 
E., Stevens, M. et al. 2017. Insect herbivory may cause changes in the visual 



 

43 

properties of leaves and affect the camouflage of herbivores to avian 
predators. Behavioral Ecology and Sociobiology, 71: 97. 

Krüger, O., Lindström, J. & Amos, W. 2001. Maladaptive mate choice 
maintained by heterozygote advantage. Evolution, 55: 1207–1214. 

Lamichhaney, S., Fan, G., Widemo, F., Gunnarsson, U., Schwochow 
Thalmann, D., Hoeppner, M., Kerje, S. et al. 2016. Structural genomic 
changes underlie alternative reproductive strategies in the ruff 
(Philomachus pugnax). Nature Genetics, 48: 84–88. 

Martínez-Freiría, F., Toyama, K.S., Freitas, I. & Kaliontzopoulou, A. 
2020. Thermal melanism explains macroevolutionary variation of dorsal 
pigmentation in Eurasian vipers. Scientific Reports, 10: 16122. 

Medina, I., Wang, I.J., Salazar, C. & Amézquita, A. 2013. Hybridization 
promotes color polymorphism in the aposematic harlequin poison frog, 
Oophaga histrionica. Ecology and Evolution, 3: 4388–4400. 

Merilaita, S. 2001. Habitat heterogenity, predation and gene flow: colour 
polymorphism in the isopod, Idotea baltica. Evolutionary Ecology, 15: 
103–116. 

Merilaita, S. & Stevens, M. 2011. Crypsis through background matching. In M. 
Stevens, & S. Merilaita (Eds.), Animal camouflage: Mechanisms and 
function (pp. 17–33). New York, NY: Cambridge University Press. 

Middleton, A.L. 1986. Seasonal changes in plumage structure and body 
composition of the American goldfinch Carduelis tristis. Canadian Field-
Naturalist, 100: 545–549. 

Mikkola, H. 1983. Owls of Europe, T and AD Poyser, Calton. 
Mills, L.S., Bragina, E.V., Kumar, A.V., Zimova, M., Lafferty, D.J.R., Feltner, 

J., Davis, B.M. et al. 2018. Winter color polymorphisms identify global hot 
spots for evolutionary rescue from climate change. Science, 359: 1033–
1036. 

Morosinotto, C., Brommer, J.E., Lindqvist, A., Ahola, K., Aaltonen, E., 
Karstinen, T. & Karell, P. 2020. Fledging mass is color morph specific and 
affects local recruitment in a wild bird. The American Naturalist, 196: 
609–619. 

Nokelainen, O., Galarza J.A., Kirvesoja, J., Suisto, K. & Mappes, J. 2022. 
Genetic colour variation visible for predators and conspecifics is concealed 
from humans in a polymorphic moth. Journal of Evolutionary Biology, 35: 
467–478. 

Olendorf, R., Rodd, F.H., Punzalan, D., Houde, A.E., Hurt, C., Reznick, D.N. & 
Hughes, K.A. 2006. Frequency-dependent survival in natural guppy 
populations. Nature, 441: 633–636. 

Oxford, G.S. & Gillespie, R.G. 1998. Evolution and ecology of spider coloration. 
Annual Review of Entomology, 43: 619–643. 

Ozgul, A., Tuljapurkar, S., Benton, T.G., Pemberton, J.M., Clutton Brock, T.H. 
& Coulson, T. 2009. The dynamics of phenotypic change and the shrinking 
sheep of St. kilda. Science, 325: 464–467. 

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate 
change. Annual Review of Ecology, Evolution, and Systematics, 37: 637–
669. 

Passarotto, A., Parejo, D., Penteriani, V. & Avilés, J.M. 2018. Colour 
polymorphism in owls is linked to light variability. Oecologia, 187: 61–73. 

Passarotto, A., Rodríguez-Caballero, E., Cruz-Miralles, Á., & Avilés, J.M. 2021. 
Ecogeographical patterns in owl plumage colouration: Climate and 



References 

44 

vegetation cover predict global colour variation. Global Ecology and 
Biogeography, 00: 1– 16. 

Petty, S.J. 1999. Diet of tawny owls (Strix aluco) in relation to field vole 
(Microtus agrestis) abundance in a conifer forest in northern England. 
Journal of Zoology, 248: 451–465. 

Piault, R., Gasparini, J., Bize, P., Jenni-Eiermann, S. & Roulin, A. 2009. 
Pheomelanin-based coloration and the ability to cope with variation in food 
supply and parasitism. The American Naturalist, 174: 548–556. 

Post, E., Langvatn, R., Forchhammer, M.C. & Stenseth, N.C. 1999. 
Environmental variation shapes sexual dimorhism in red deer. 
Proceedings of the National Academy of Sciences of the United States of 
America, 96: 4467–4471. 

Punzalan, D., Rodd, F.H. & Hughes, K.A. 2005. Perceptual processes and the 
maintenance of polymorphism through frequency-dependent predation. 
Evolutionary Ecology, 19: 303–320. 

Renner, S.S. & Zohner, C.M. 2018. Climate Change and Phenological 
Mismatch in Trophic Interactions Among Plants, Insects, and Vertebrates. 
Annual Review of Ecology, Evolution, and Systematics, 49: 165–182. 

Romano, A., Séchaud, R., Hirzel, A.H. & Roulin, A. 2018. Climate-driven 
convergent evolution of plumage colour in a cosmopolitan bird. Global 
Ecology and Biogeography, 28: 496–507. 

Rosenblum, E.B., Hoekstra, H.E. & Nachman, M.W. 2004. Adaptive reptile 
color variation and the evolution of the Mc1r gene. Evolution, 58: 1794–
1808. 

Roulin, A., Jungi, T.W., Pfister, H. & Dijkstra, C. 2000. Female barn owls (Tyto 
alba) advertise good genes. Proceedings of the Royal Society B, 267: 937–
941. 

Roulin, A., Ducret, B., Ravussin, P.A. & Altwegg, R. 2003. Female colour 
polymorphism covaries with reproductive strategies in the tawny owl Strix 
aluco. Journal of Avian Biology, 34: 393–401. 

Roulin, A. 2004. The evolution, maintenance and adaptive functions of genetic 
colour polymorphism in birds. Biological Reviews, 79: 1–34. 

Roulin, A., Burri, R. & Antoniazza, S. 2011. Owl melanin-based plumage 
redness is more frequent near than away from the equator: implications on 
the effect of climate change on biodiversity. Biological Journal of the 
Linnean Society, 102: 573–582. 

Roulin, A. & Ducrest, A.L. 2013. Gentics of colouration in birds. Seminars in 
Cell & Developmental Biology, 24: 594–608. 

Roulin, A., Mangels, J., Wakamatsu, K. & Bachmann, T. 2013. Sexually 
dimorphic melanin-based colour polymorphism, feather melanin content, 
and wing feather structure in the barn owl (Tyto alba). Biological Journal 
of the Linnean Society, 109: 562–573. 

Roulin, A. 2014. Melanin-based colour polymorphism responding to climate 
change. Global Change Biology, 20: 3344–3350. 

Rubel, F. & Kottek, M. 2010. Observed and projected climate shifts 1901-2100 
depicted by world maps of the Köppen-Geiger climate classification. 
Meteorologische Zeitschrift, 19: 135–141. 

San-Jose, L.M., Séchaud, R., Schalcher, K., Judes, C., Questiaux, A., Oliveira- 
Xavier, A., Gemard, C. et al. 2019. Differential fitness effects of moonlight 
on plumage colour morphs in barn owls. Nature Ecology & Evolution, 3: 
1331–1340. 



 

45 

Sasvári, L., Hegyi, Z., Csörgõ, T. & Hah, I. 2000. Age-dependent diet change, 
parental care and reproductive cost in tawny owls Strix aluco. Acta 
Oecologica, 21: 267–275. 

Saurola, P. 1987. Mate and nest-site fidelity in Ural and Tawny owls. In R.W. 
Nero, R.J. Clark, R.J. Knapton& R.H. Hamre (Eds.), Biology and 
conservation of northern forest owls (pp. 81–86). U.S. Forestry Services 
General Technical Report No. RM-142. 

Saurola, P. 1995. Lehtopöllö. In P. Saurola (Eds.), Suomen pöllöt (pp. 146–
159). Porvoo: Kirjayhtymä Oy. 

Schroeder, J., Pedro, M.L., Hooijmeijer, J.C.E.W., Both, C. & Piersma, T. 
2009. A possible case of contemporary selection leading to a decrease in 
sexual plumage dimorphism in a grassland-breeding 
shorebird. Behavioral Ecology, 20: 797–807. 

Siivonen, L. & Sulkava, S. 2002. Pohjolan nisäkkäät. Helsinki, Otava. 
Simpson, E.H. 1949. Measurement of diversity. Nature, 163: 688. 
Sinervo, B. & Lively, C.M. 1996. The rock-paper-scissors game and the 

evolution of alternative male reproductive strategies. Nature, 380: 240–
243. 

Stettenheim, P.R. 2000. The integumentary morphology of modern birds – an 
overview. American Zoologist, 40: 461–477. 

Sunde, P., Bølstad, M.S. & Møller, J.D. 2003. Reversed sexual dimorphism in 
tawny owls, Strix aluco, correlates with duty division in breeding effort. 
Oikos 101: 265–278. 

Takahashi, Y. & Noriyuki, S. 2019. Colour polymorphism influences species’ 
range and extinction risk. Biology Letters, 15: 20190228. 

Tate, G.J., Bishop, J.M. & Amar, A. 2016. Differential foraging success across 
a light level spectrum explains the maintenance and spatial structure of 
colour morphs in a polymorphic bird. Ecology Letters, 19: 679–686. 

Troscianko, J. & Stevens, M. 2015. Image calibration and analysis toolbox – A 
free software suite for objectively measuring reflectance, colour and 
pattern. Methods in Ecology and Evolution, 6: 1320–1331. 

Tuttle, E.M., Bergland, A.O., Korody, M.L., Brewe, M.S., Newhouse, D.J., 
Minx, P., Stager, M. et al. 2016. Divergence and Functional Degradation of 
a Sex Chromosome-like Supergene. Current Biology, 26: 344–350. 

Vercken, E., Massot, M., Sinervo, B. & Clobert, J. 2007. Colour variation and 
alternative reproductive strategies in females of the common lizard Lacerta 
vivipara. Journal of Evolutionary Biology, 20: 221–232. 

Vercken, E. & Clobert, J. 2008. Ventral colour polymorphism correlates with 
alternative behavioural patterns in female common lizards (Lacerta 
vivipara). Herpetological Journal, 18: 223–230. 

Wehi, P.M., Whaanga, H. & Trewick, S.A. 2012. Artefacts, biology and bias in 
museum collection research. Molecular Ecology, 21: 3103–3109. 

Wente, W.H. & Phillips, J.B. 2003. Fixed green and brown color morphs and 
a novel color-changing morph of the Pacific tree frog Hyla regilla. The 
American Naturalist, 162: 462–473. 

West, P.M. & Packer, C. 2002. Sexual selection, temperature and the lion’s 
mane. Science, 297: 1339–1343. 

White, T.E. & Kemp, D.J. 2016. Colour polymorphism. Current Biology 26: 
PR517–R518. 

Whiteley, D.A.A., Owen, D.F. & Smith, D.A.S. 1997. Massive polymorphism 
and natural selection in Donacilla cornea (Poli, 1791) (Bivalvia: 
Mesodesmatidae). Biological Journal of the Linnean Society, 62: 475–494. 



References 

46 

Zimova, M., Mills, L.S., Lukacs, P.M. & Mitchell, M. S. 2014. Snowshoe hares 
display limited phenotypic plasticity to mismatch in seasonal camouflage. 
Proceedings of the Royal Society B: Biological Sciences, 281: 20140029.  

Zimova, M., Mills, L.S., & Nowak, J.J. 2016. High fitness costs of climate 
change-induced camouflage mismatch. Ecology Letters, 19: 299–307.


	ABSTRACT
	LIST OF ORIGINAL PUBLICATIONS
	CONTENTS
	SUMMARY
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS AND DISCUSSION
	4. CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES



