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Abstract
Winter energy management in small passerines living year-round in boreal or alpine areas
presumably results in strong selective pressure since they need to find food, at a time when natural
resources diminish and become less available, and energy requirements increase dramatically.

In this thesis energy management during the non-breeding season was studied in three species of
tits (Parus spp.) from three different populations: Coll de Pal (Spanish Pyrenees), Lund (Southern
Sweden) and Oulu (Northern Finland).

Energy management strategies vary significantly between species and among populations and
individuals of the same species. Such differences may depend on several environmental factors, food
predictability and individual characteristics. Birds from the studied populations appear to react to
energetic challenges on a short-term basis and in a highly flexible way.

The coal tit (Parus ater) in Coll de Pal and the willow tit (Parus montanus) in Oulu, both hoarding
species, relied mostly on short-term management of energy for winter survival. Social and residence
status appeared to be the most important factors in determining the level of energy reserves,
underlining the importance of food predictability for energy management in wintering tits.

Further studies were carried out on two distinct populations of great tit (Parus major) exposed to
different winter hardiness. Birds from both populations increased their resting metabolic rate (MR)
with experimentally decreasing ambient temperatures. Birds from Oulu maintained higher
expenditures than birds from Lund in all cases, but also experienced higher energetic cost of
thermoregulation at the lowest temperatures. The differences probably did not arise from a
differential insulation capacity between populations, despite the differences in plumage structure
found, but from a differential metabolic acclimatization. Birds from Lund probably became
hypothermic at the lowest temperatures, which may have exceeded the levels they were acclimatized
for.

The observed differences in basal MR in laboratory conditions were consistent in wild birds
throughout the non-breeding season. Birds from both populations experienced similar patterns of
variation in basal MR, with expenditures increasing with mass but decreasing with day length, size
and age.

Great tits modulate their energy expenditure in a flexible way as a means for surviving the non-
breeding season. Further, despite such flexibility, populations appear to be locally adapted for such
metabolic acclimatization. These results may have important implications on their life-history and
distribution.

Winter acclimatization appears to be a complex set of entangled strategies that are based on a
metabolic adjustment to cope with changing energy requirements. Other mechanisms that apparently
play a secondary role, for example the long term management of reserves through fattening or
hoarding, or conserving heat through hypothermia and by developing a better insulative plumage, are
certainly important emergency strategies that in natural conditions may explain how some
populations can endure winter conditions.

Keywords: avian energetics, ecological physiology, energy reserves, metabolic rate, 
winter acclimatization
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1 Introduction 

Homeotherms in winter face the double jeopardy of higher energetic demands (cold and 
long nights) and reduced food supply (non-renewable resources decrease in quantity and 
quality). These conditions are especially harsh for year-round resident passerine birds as 
compared to other homeotherms. First, many of these birds are small and thus loose heat 
at a relatively higher rate than larger species due to their high surface/volume ratio 
(Peters 1983). Second, flight requirements prevent them on one hand from storing large 
amounts of internal reserves, to the extent that internal energy stores can only last for a 
few days at the most. On the other hand, due to their small size they show a limited 
ability for seasonal changes in the amount of plumage insulation in order to meet 
aerodynamic requirements. Third, the activity of birds is restricted to above the snow 
layer, unlike small mammals which enjoy much milder conditions in the subniveal niche. 
Finally, due to their diurnal habits, and especially in populations living at high latitudes, 
the time available for feeding decreases as day length shortens. In this way, small 
passerines wintering in the north represent a classic study subject known as the “small-
bird-in-winter dilemma”. 

To survive this stressful period small birds undergo a process of winter acclimatization 
that facilitates maintenance of thermoregulatory homeostasis, which is mainly achieved 
through enhanced regulatory thermogenesis and increased accumulation of energy 
reserves to fuel it. Further, birds develop a complex set of behavioral and physiological 
strategies to manage energy acquisition and expenditure in order to cope with the 
situation. 

So far, the study of this has been approached from three main perspectives that 
correspond largely to the type of measurements being used i.e. level of reserves, energy 
expenditure and energy loss. 

1.1  Energy acquisition and storage 

The study of body mass regulation in wintering passerines has been a popular research 
subject during the last decades for behavioral ecologists (King 1972, Brooks 1968, Evans 
1969, Pinowski & Myrcha 1970, see Pravosudov & Grubb Jr. 1997, Blem 1990, Biebach 
1996 for later reviews). 
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Day-feeding birds acquire food during the day and store it internally in order to fuel 
thermoregulatory and other metabolic needs. Fat constitutes the major source of 
metabolic fuel during winter fasts such as sudden harsh conditions and long cold nights 
(Blem 1990). From an ecological perspective, energy acquisition and storage has been 
studied in relation to a trade-off between risks of starvation and predation (Lima 1986, 
Houston et al. 1993). In order to minimize starvation risk birds should carry the 
maximum amount of fat that prevailing conditions allow. The fact that they rarely do so 
implies some costs in carrying fat reserves. Instead they seem to actively manage their 
reserve levels taking into account food predictability i.e. variance in supply, food 
availability i.e. average supply, energy requirements due to environmental conditions, 
predation risk and other factors (see Witter & Cuthill 1993, Pravosudov & Grubb Jr. 1997 
for reviews). 

1.1.1  Environmental factors 

A number of environmental factors are involved in the regulation of winter 
acclimatization and thus in the management of reserves. Birds are able to respond to local 
conditions and adjust their reserves accordingly (Nolan & Jr. Ketterson 1983, Rogers et 
al. 1993). Photoperiod is a direct measure of the time available for feeding and 
consequently the night length, which is a forced fasting period for birds. Some studies 
have shown that changes in photoperiod are used as a proximate cue to manage energy 
reserves (King 1972, Hitchcock & Houston 1994, Meijer et al. 1994, Rogers et al. 1994, 
Pilastro et al. 1995, Rogers & Reed, 2003) but see (King & Mewaldt 1981, Gosler 1996). 
Further, ambient temperature, which is highly correlated to changes in day length, is a 
well-known proximate factor regulating body mass in small birds, and is apparently more 
important than photoperiod (King 1972, Dawson & Marsh 1986, Jenni & Jenni-Eiermann 
1987, Rogers et al. 1994, Rogers 1995, Gosler 1996, Lilliendahl et al. 1996, Pravosudov 
& Grubb Jr. 1998a, Gosler 2002, Rogers & Reed 2003). Overall, birds tend to accumulate 
more reserves as day length shortens and temperatures drop, but despite the number of 
studies on this subject, it has proven difficult to partition the independent effects of 
seasonal changes in temperature, and other environmental variables i.e. snow fall, from 
photoperiod that are commonly associated with winter (see Biebach 1996, Pravosudov & 
Grubb Jr. 1997, Carey & Dawson 1999 for reviews). 

1.1.2  Food predictability 

Since food availability changes almost continuously in time and space, individuals have 
to track these changes in order to predict future resource availability and adjust their 
reserves accordingly (Carey & Dawson 1999). Food predictability can vary due to several 
factors which may interact with each other. First, food supply may be limited or changing 
with time. Second, food accessibility may also be restricted due to other factors than the 
supply itself such as environmental stochasticity. During winter at high altitudes or 
latitudes, sudden weather changes, snowfall and frost disturb and even prevent birds from 
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reaching their usual feeding substrates (Brotons 1997). In these situations, when food 
abundance and/or availability decreases, birds tend to accumulate larger internal reserves, 
if they have the opportunity (Rogers 1987, Brittingham & Temple 1988, Rogers & Smith 
1993, Bednekoff & Krebs 1995, Hake 1995, Witter et al. 1995, Gosler 1996, Cuthill et al. 
2000, Karpouzos et al. 2005, but see Koivula et al. 2002, Rogers & Heath-Coss 2003). 

Further, in species that spend the non-breeding season in social groups as most tits 
(Paridae) do (Ekman 1989), food predictability may also be dependent on the relations of 
dominance within their group and with other groups (Lahti 1997, Krams 1998, Barluenga 
et al. 2001). In this case, by definition, dominant birds have priority of access to 
resources. The argument is that priority of access to food should increase food 
predictability and thus allow dominants to decrease their internal reserves (Verhulst & 
Hogstad 1996). However, the relationship between the social hierarchy and the 
management of reserves remains controversial; in some studies dominant birds carry 
smaller reserves than subdominants (Rogers 1987, Piper & Wiley 1990, Ekman & 
Lilliendahl 1993, Witter & Swaddle 1995, Gosler 1996, Hake 1996, Krams 1998, 
Pravosudov et al. 1999, Haftorn 2000, Pravosudov & Lucas 2000b), while in some others 
it is not so clear or even opposite (Koivula et al. 1995, Gosler & Carruthers 1999, 
Pravosudov & Lucas, 2000b, Koivula et al. 2002, Polo & Bautista 2002), see (Clark & 
Ekman 1995, Verhulst & Hogstad 1996, Lundborg & Brodin 2003) for discussion. 

1.1.3  Starvation vs. predation trade-off 

Predation risk, either through increased time exposed to predators or through impaired 
ability to escape them, is believed to influence the strategic regulation of body mass. The 
patterns of acquisition and maintenance of body reserves have been modeled according to 
a trade-off between the risk of starvation and predation (Lima 1986, McNamara & 
Houston 1987, McNamara & Houston 1990, Houston et al. 1993, Houston & McNamara 
1993). The general assumption is that remaining lean entails lower predation risk, and 
some empirical data gives support to this view (Gosler et al. 1995, Lilliendahl 1997, Van 
der Veen & Sivars 2000, Rands & Cuthill 2001, Gentle & Gosler 2001), but see 
(Pravosudov & Grubb Jr. 1998c, Lilliendahl 1998, Carrascal & Polo 1999, Lilliendahl 
2000). The reason behind such controversial results appears to be related to different 
experimental approaches, and the intrinsic difficulty in splitting the effects of feeding 
interruption from predator encounter on body mass (see Rands & Cuthill, 2001 for 
discussion). 

Further, the supposed mass-dependent costs of predation risk through impaired take-
off or flight maneuverability also remains a controversial issue (Metcalfe & Ure 1995, 
Kullberg 1998, Veasey et al. 1998, Lind et al. 1999, Van der Veen 1999b, Lind 2001, 
Veasey et al. 2001, Krams 2002, Burns & Ydenberg 2002, Kullberg et al. 2002a, 
Kullberg et al. 2002b, Kullberg et al. 2005). Furthermore, assuming that exposure to 
predators entails a higher risk of predation than the flight costs per se, yields different 
predictions than the “lean-is-safe” assumption (Brodin 2001). On the other hand, 
behavioral modulation of such strategic response depends on the rates of food acquisition 
and on the length of the daily activity period. Birds are able to increase their feeding rates 
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at the expense of vigilance tasks (Morrison et al. 1988), and expand their working days 
by starting their feeding bouts earlier or finishing them later, with the consequent increase 
in the risk of predation due to dim-light conditions (Lahti et al. 1997, Haftorn 1999, 
Krams, 2000). 

So far, studies dealing with the effects of predation on energy management have 
focused on daytime and airborne predation. Only a few studies have considered other 
types of predation, e.g. night-time or mammalian predation risk, despite these being 
common risks during winter at high latitudes (Carrascal & Polo 1999, Bautista & Lane, 
2000). 

1.1.4  Food hoarding 

Some species, including most tits except the blue Parus caeruleus and great tit Parus 
major, may hoard food as an external energy storage that ensures or at least enhances 
local food availability during future energy-demanding periods (Vander Wall 1990, 
Brodin & Ekman 1994). Among tits, food is normally stored as small scattered caches 
within the winter territory (Sherry 1989). Although hoarding is performed most actively 
while food supply is plentiful, i.e. during autumn, hoarding birds devote considerable 
time and energy to this activity (Sherry 1989). Food hoarding is supposed to increase 
local food predictability for the hoarder, and in that sense several studies have focused on 
the relationship between hoarding behavior and the management of internal energy 
reserves. Since time available for feeding or hoarding is limited, especially during the 
non-breeding season, it has been proposed that there should be a trade-off between 
feeding and hoarding in order to optimize reserves throughout the day (McNamara et al. 
1990, Pravosudov & Lucas, 2001a, Pravosudov & Lucas 2001b) and winter (Grubb Jr. & 
Pravosudov 1994, Brodin & Clark 1997, Brodin 2000). But so far, empirical support 
remains, at best, weak (Hurly 1992, Lucas 1994, Lucas & Zielinski 1998, Pravosudov & 
Grubb Jr. 1998b, Karpouzos et al. 2005). Further, the effects of factors affecting food 
predictability, such as social dominance, predation risk or environmental conditions on 
hoarding and internal energy management have also been intensively studied (Lahti et al. 
1998a, Pravosudov & Lucas 2000b, Brotons 2000a, Brodin et al. 2001, Pravosudov & 
Lucas 2001b, Brodin & Lundborg 2003). Nevertheless, despite the obvious fact that 
hoarding plays an important role in energy management, the precise nature of its 
relationship with internal reserve management remains obscure. 

As a result of this combination of factors, birds not only show differences in instant 
level of reserves, but also different patterns of seasonal and daily accumulation of 
reserves. Such patterns have been intensively studied both theoretically (McNamara et al. 
1994, Bednekoff & Houston 1994a, Bednekoff & Houston 1994b, Grubb Jr. & Pravo-
sudov 1994, Houston et al. 1997) and empirically (Lehikoinen 1987, Rogers & Rogers 
1990, Haftorn 1992, Polo & Carrascal 1997), focusing on the effects of dominance 
(Haftorn 1989, Pravosudov & Lucas 2000b, Polo & Bautista 2002), hoarding behavior 
(Brotons 2000a, Brodin 2000, Pravosudov & Lucas 2000b, Lilliendahl 2002), food 
availability (Rands & Cuthill 2001, Koivula et al. 2002, Polo & Bautista 2002), 
environmental conditions (Blem & Shelor 1986, Waite 1992, Meijer et al. 1994, 
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Lilliendahl et al. 1996) and predation risk (Lilliendahl 1998, Van der Veen 1999a, Van der 
Veen & Sivars 2000, Lilliendahl 2000, Rands & Cuthill 2001, Pravosudov & Lucas 
2001b). 

1.2  Energy expenditure 

As winter progresses and the temperatures drop, birds need to compensate for their heat 
loss into the environment to maintain a constant body temperature. Most heat in birds is 
produced by shivering, primarily in the flight muscles (Hohtola & Stevens 1986). Besides 
voluntary thermogenesis, birds may generate heat as a by-product of other daily activities 
such as normal movement (McNamara et al. 2004), or digestion (Rashotte et al. 1999, 
Laurila et al. 2003), which may reduce daytime thermogenic requirements as compared 
to night-time. 

1.2.1  Metabolic rate 

Seasonal metabolic adjustments generally include increases in cold tolerance, 
thermogenic endurance and maximum thermogenic capacity or summit metabolism in 
winter-acclimatized birds relative to summer birds. In situations where an increased 
sustained work rate is needed, increased energy expenditure is, in most cases, 
accompanied by a concomitant increment in the basal metabolic rate (MR), e.g. cold 
endurance by shivering thermogenesis (Liknes et al. 2002, Swanson, in press), but see 
(Dawson et al. 1983), migratory disposition (Lindström 1997) and breeding (Nilsson 
2002). To be able to process large amounts of food and produce more heat, birds need to 
enlarge their “physiological machinery” i.e. digestive and cardiovascular systems, which 
in turn raises their basal cost of maintenance (i.e. basal metabolic rate) (Alexander 1999, 
Dutenhoffer & Swanson 1996). Whether the increases in basal rates of metabolism are a 
contributing factor to these improvements, a byproduct of them or a separate response is 
still unclear. Some studies have, however, found a negative relationship between high 
rates of energy expenditure and basal MR. Such a reduction in basal MR has probably 
come at the expense of other functions that may reduce the overall metabolic cost of 
living (Bautista et al. 1998, Deerenberg et al. 1998, Nudds & Bryant 2001). 

Basal MR has been widely used as a standard measurement of the cost of living and 
has acted as a baseline for multiple comparisons (Ricklefs et al. 1996, McNab 1997, 
Frappell & Butler 2004, White & Seymour 2004). Considerable information is available 
on basal rates of metabolism among species, that has led to a profusion of allometric 
equations linking basal MR to body mass and aspects of the species biology (see McNab 
1988, Read 1988, Gavrilov 1999, Lovegrove 2000, Gillooly et al. 2001, Johnson et al. 
2001, Mueller & Diamond 2001, Rezende et al. 2004, for examples). 

Recent evidence suggests that intraspecific variation in basal MR has a strong genetic 
component (Wikelski et al. 2003, Ksiazek et al. 2004). Nevertheless, resting metabolic 
rate is also an extremely plastic character that not only varies among populations, but also 
at an individual level (Bech et al. 1999, Horak et al. 2002, Tieleman et al. 2003, Labocha 
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et al. 2004, Speakman et al. 2004, Vézina & Williams 2005, Rønning et al. 2005). On the 
other hand, other measurements of metabolism, such as maximum cold induced MR or 
daily energy expenditure, suffer from even higher rates of variation (Frappell & Butler 
2004, White & Seymour 2004). 

1.2.2  Sources of variation in metabolic rate and physiological costs 

Despite the long tradition of the study of avian energetics, most studies from an 
evolutionary perspective have dealt with the allocation of energy between competing 
activities or life history episodes, but little effort has been dedicated to study the sources 
of variation in patterns of energy expenditure (see Ricklefs 1996, for review). 

So far, most studies have focused on the seasonal changes in MR and especially in the 
role of winter temperature in regulating metabolism (Swanson & Olmstead 1999). In 
free-living, as well as in laboratory-acclimated small birds, mass-specific basal MR is 
normally higher in winter than in summer (see Swanson, in press for a review). Further, 
widespread bird populations wintering in temperate climates show a negative relation 
between basal MR and temperature (Dawson & O'Connor 1996, Swanson, in press). 
Other environmental or ecological aspects potentially explaining the variation in MR 
(e.g. predictability, diet quality, or predation) have rarely been studied, especially not in 
populations of wild animals (but see McNab 1988, Geluso & Hayes 1999, Mueller & 
Diamond 2001, Cruz-Neto & Bozinovic 2004, Laurila & Hohtola 2005). 

Many species live, at least part of their lives, in social groups that are normally 
organized in dominance hierarchies (Matthysen 1990). A large amount of studies have 
explored the underlying mechanisms determining such dominance hierarchies (Koivula 
1994). Behavioral dominance is understood as priority of access to resources, and in 
order for the system to be stable, hierarchies should be based on condition-dependent 
characters that would prevent potential cheaters from achieving high status. Basal MR 
has been claimed to be one of these characters underlying dominance status, dominant 
birds having higher rates of expenditure than subdominants (Røskaft et al. 1986, Hogstad 
1987, Bryant & Newton 1994, Metcalfe et al. 1995). On the other hand some other 
studies have found no relationship between dominance and basal MR or even negative 
relationships (Hammond et al. 2000, Senar et al. 2000, Vézina & Thomas, 2000). 
Overall, it is still not clear whether dominance determines the individuals’ expenditure or 
if the individuals’ expenditure determines their dominance status. 

On a short-term basis, birds may reduce certain energetically expensive activities 
(Piersma et al. 2004) as a way to manage reserves instead of investing time and energy in 
searching for food, and incurring higher predation risk (Bednekoff & Krebs 1995, Dall & 
Witter 1998). Facultative nocturnal hypothermia is another way to lower the energetic 
costs of maintenance by reducing expenditure on thermogenesis by decreasing the 
thermal gradient between the body-core and the environment (see 1.3.1). 

Finally, there may be costs involved with increasing the rates of energy expenditure. 
Besides the potential physical damage, because of accidents or predation due to increased 
activity, there may also be physiological costs of high MR’s. Metabolic processes that 
continuously consume oxygen generate reactive oxidative substances which damage 
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DNA, proteins and lipids (Von Schantz et al. 1999). Accumulating such oxidative stress 
is thought to be one of the key mechanisms in causing cellular senescence and death 
(Beckman & Ames 1998). Thus, it may be possible that increased rates of energy 
expenditure increase oxidative stress resulting in an accelerated senescence, but see 
(Speakman et al. 2002, Speakman 2005). 

1.3  Energy conservation 

Birds operate most effectively at relatively high constant body temperatures (diurnal body 
temperature = 42 °C) that are normally above the surrounding thermal environment. They 
lose heat mostly by conduction, convection and also radiation to the surroundings as long 
as they maintain surface temperatures higher than ambient temperatures (Walsberg 1988, 
Wolf & Walsberg 2000). Heat loss can be reduced actively by behavioral and 
physiological adjustments such as the choice of appropriate microhabitats (Carrascal et 
al. 2001, Wolf & Walsberg 1996), special roosting places (Walsberg 1986, Geiser & Ruf 
1995, Cooper 1999, Ferguson et al. 2002), the optimization of body posture (Lustick et 
al. 1980; Lustick et al. 1978), the habit of huddling together with other individuals for 
roosting (Buttemer et al. 1987, Calf et al., 2002), vasoconstriction of the peripheral 
tissues to decrease the thermal gradient (McNab 2002), or the decrease in whole body 
temperature, i.e. facultative nocturnal hypothermia, to minimize the temperature gradient 
between the core body and ambient temperatures while resting (Reinertsen 1983, 
McKechnie & Lovegrove 2002). 

1.3.1  Facultative nocturnal hypothermia 

Facultative nocturnal hypothermia (FNH) is considered to be a strategic decrease in body 
temperature (down to 30°-38°C) during resting hours (see Reinertsen 1996 for review). 
Further, it has been suggested to be more usual than previously thought (McKechnie & 
Lovegrove 2002), but the difficulties involved in the measurement of core body 
temperature have prevented empiricists to obtain the necessary information to fully 
understand its importance (Hill et al. 1980, Reinertsen 1982). The few empirical studies 
have shown that FNH is a plastic strategy (Reinertsen 1984) mostly triggered by food 
shortage and low temperatures (Haftorn 1972, Chaplin 1976, Hohtola et al. 1991, Waite 
1991, Downs & Brown 2002, Lovegrove & Smith 2003, Dolby et al. 2004, Cooper & 
Gessaman 2005, Laurila et al. 2005). Nevertheless, these studies suggest that birds are 
reluctant to engage in FNH, suggesting that there are some costs involved. Presumably, 
such costs are related to an increased predation risk, since birds are less responsive while 
in hypothermia and thus less likely to escape predators (Reinertsen 1996). In fact, birds 
under increased predation risk are more reluctant to become hypothermic (Bautista & 
Lane 2000, Laurila & Hohtola 2005). However, physiological costs associated with the 
deprivation of restorative sleep or increased metabolism while arousing from 
hypothermia need to be considered (Hohtola et al. 1994). For example, in small species 
such as the goldcrest, Regulus regulus, the energy savings from being hypothermic at 
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very low ambient temperatures may not compensate for the costs of rewarming 
(Reinertsen et al. 1988). 

Still, for species over a certain body mass and at certain ranges of ambient 
temperatures, energy savings would be important (Reinertsen 1983), and thus the effect 
of such behavior on energy management should be considerable (Grubb Jr. & Pravosudov 
1994, Pravosudov & Lucas 2000a, Welton et al. 2002). Overall, the ecological and 
physiological circumstances that influence the use of FNH in small birds remain largely 
unknown. 

1.3.2  Plumage 

Plumage is the main insulation layer in birds preventing body heat from escaping to the 
environment. Although plumage provides limited insulation, presumably reflecting a 
compromise between thermal and flight requirements, it serves as a critical buffer against 
low ambient temperatures with a thermal gradient sometimes over 60°C across 3 cm. 
Plumage structure and quantity are crucial in regulating such heat transfer processes 
(Wolf & Walsberg 2000). Plumage characteristics are defined and fixed at the time of 
moulting and after that, modulation of the insulation capacity of the plumage can only be 
achieved by means of ptiloerection i.e. feather fluffing (Hill et al. 1980, Hohtola et al. 
1980, Saarela et al. 1984). Although ptiloerection can greatly decrease heat loss, it is fully 
utilized only during sleep (Hohtola et al. 1980). Populations of the same species, 
differing in winter conditions, have been found to possess plumages varying in thermal 
conductance (Swanson 1993). Likewise, the mass of contour feathers has been found to 
vary between populations from different origins, and also within populations as part of a 
seasonal acclimatization process ( Dawson & Carey 1976, Dawson et al. 1983, Middleton 
1986, Swanson 1991, Saarela et al. 1995, Cooper 2002). Furthermore, it has been 
suggested that reductions in thermal conductance could not depend only on an increased 
amount of feathers but probably also on improvements in feather quality (Dawson & 
Carey 1976, Middleton 1986, Root et al. 1991, Novoa et al. 1994). However, studies 
linking the effects of plumage structure and composition on winter energetics of small 
passerines are still missing. 

1.4  The aim of the study 

Winter survival is a crucial aspect in the life history of small resident passerines living in 
high altitudes or at high latitudes (Lahti et al. 1998b, Lampila et al. 2006). Since winter 
mortality is high, strategies to endure it are probably under strong selective pressure. 
However, characters presumably being optimized by selective forces may in some cases 
change due to other correlated characters under stronger selection. Furthermore, optimal 
strategies are probably dependent on the state and characteristics of the individual, 
resulting in between-individual variation in the choice of strategies (Speakman et al. 
2004). 
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Studying how organisms use energy provides little insight into why they use energy 
the way they do. Birds from different populations face different conditions, and in order 
to survive, need to change their strategies accordingly. So far, most studies have been 
concerned with within-population variation in these traits, but to study how species 
spread and adapt to new or changing environmental conditions it is important to make 
interpopulational comparisons. In that way the study of differences in energy 
management between populations can yield an extremely valuable insight into trait 
variation in different natural conditions (King & Mewaldt 1981, Nolan Jr. & Ketterson 
1983, Rogers et al. 1991, Rogers et al. 1993, Wikelski et al. 2003). 

Different approaches were combined in order to enlarge the empirical knowledge on 
how some of these traits vary under natural conditions within and between populations. 
By doing so, winter energy management can be understood on a broader scale, not only 
from and ecobehavioral perspective but also in relation to the life history and evolution of 
such strategies. 

Specifically, the daily and seasonal patterns of accumulation of reserves in different 
social classes of two hoarding species were investigated (I, II). Then the differences in 
energy expenditure in great tits from two populations differing in latitude exposed to 
different night temperatures (III), and the sources of variation in the cost of living i.e. 
basal MR, among individuals from these two populations during winter and across years 
(V) were studied. In addition the feather structure of the individuals from these two 
populations (IV) was further studied. Finally, the mechanisms underlying the inter-
population differences found previously were investigated (III) by performing a 
“common garden” experiment to test whether these differences were genetically based 
(VI). 

 



2 Materials and methods 

2.1  Study species 

All three species studied are small passerine birds belonging to the Parus genus. They are 
all forest dwelling species that differ slightly in morphology, feeding habits and 
distribution. The populations under study are year-round residents and show different 
degrees of territoriality. During most of the year they are insectivorous and switch to a 
seed-based diet during the winter months. Coal and willow tits also store food within 
their winter territories to buffer future episodes of food scarcity (Ekman 1989, Harrap & 
Quinn 1996). Because of their sedentary nature, and propensity to use nestboxes to nest 
and roost as well as human provided feeders, they are an ideal bird genus for 
experimental studies. 

The coal tit (Parus ater) is a small forest passerine (9-10g) typically inhabiting 
coniferous forests. It is widely distributed throughout Europe and in large areas of central 
and north Asia. Although it is a sedentary species in large areas of its distribution, it also 
sometimes makes irruptive movements. Winter social organization can be characterized 
by one of two states: territorial or floater. Territorial individuals constitute a portion of the 
population that remains sedentary in breeding territories throughout their lives in socially 
stable groups. Floaters range over wide areas in big flocks of loose composition 
(Matthysen 1990, Brotons 2000b). Resident individuals are dominant within their 
territory, where they claim priority of access to resources over any floaters visiting 
(Brotons, 2000b). 

The willow tit (Parus montanus) is a small (10-12g) species, widely distributed 
throughout the Palearctic region, inhabiting mostly boreal and arctic coniferous and taiga 
forests. The winter social organization can be considered as stable territorial, as adults 
remain sedentary in their breeding territory throughout their lives, while the proportion of 
floater individuals is relatively small as compared with other species (Lahti 1998). Such 
stable flocks, as in the coal tit, comprise the breeding adults and normally a couple of 
juvenile individuals that are dominant over any intruders (Matthysen 1990). 

The great tit is relatively big (18-20g) and the most widely distributed member of the 
genus, ranging throughout the Palearctic from Portugal to Singapore and from Morocco 
to northern Norway. It is one of the few non-hoarding species in the genus and during the 
winter months they show a loose social organization. In western Europe they are closely 
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associated with man from whom they obtain winter food, that probably allows the species 
to persist in areas otherwise unsuitable (Jansson et al. 1981, Orell 1989). The great tit is 
one of the most intensively studied species of bird. 

2.2  Study areas 

Coll de Pal: The study area consists of a 150 ha plot located in the eastern Pyrenees 
(north-eastern Iberian Peninsula) (42°30’N 1°89’E) at an elevation between 1800 and 
2100 m. Mountain pine (Pinus uncinata) dominates the study area with scots pine (Pinus 
sylvestris) predominant on southern slopes and at lower elevations. Snow covers the 
ground from December to April, and during this period average temperatures regularly 
fall below 0°C. 

Oulu: The study area lies in Oulu, northern Finland (65°N 25°30'E). The area is a 
mosaic of mixed forests of different ages, dominated by scots pine, spruce (Picea abies) 
and birch (Betula sp.). During six winter months, ambient mean temperatures are below 
0°C and regularly fall below -20°C. On average, permanent snow cover remains for five 
months. Great tits in northern Finland breed in mixed deciduous-coniferous forest, and 
winter close to human settlements. During the non-breeding season they feed on human-
provided food that they are probably highly dependent upon for their winter survival 
(Orell 1989). 

Lund: The study area lies near Lund, southern Sweden (55° 40'N, 13°25'E). The area 
consists of mixed deciduous and pine forests fragmented by agricultural landscapes. 
Average winter temperatures range from –3°C to 7°C and snow cover rarely remains for 
more than a couple of weeks. Great tits are year round residents in the study area and do 
not rely on feeders for winter survival. 

2.3  Capturing and processing of birds  

All birds were trapped during the non-breeding season, except for the ones used in paper 
VI (see 2.7). Birds in Lund were trapped soon after dusk, while roosting in nestboxes. 
Birds in Oulu were captured by means of funnel traps that were permanently installed in 
the study area and worked as feeders except when trapping (Senar et al. 1997). To control 
for possible bias when comparing birds from the two populations due to the trapping 
method, a sample of birds were trapped at permanent feeders in Lund, which did not 
differ from the ones captured while roosting (III). 

Birds in Coll de Pal were attracted with tape lures and then mist-netted. 
The sex and age of the birds was determined using standard methods (Jenni & Winkel 

1994) and the corresponding discriminant functions with birds of known sex were used in 
the willow and coal tits (Koivula & Orell 1988, Brotons & Broggi, 2003) (I). 
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2.4  Measuring fat and body mass 

Subcutaneous fat was estimated according to an index with three classes (Class 1, from 
no visible fat to a wide wedge of fat, covering less than half of the furcular 
(intraclavicular) depression and with small patchy traces or stripes of fat not wider than 1 
mm in the abdominal area; Class 2, from a wide wedge to the complete covering of the 
furcular depression, its shape strongly concave, the abdomen presenting bands of fat, and 
the area between intestinal loops completely filled; Class 3, from a completely covered 
furcular depression and a small pad in the abdomen, with still two or three visible 
intestinal loops, to the connection of both areas and the complete covering of flight 
muscles (Rogers 1991, Kaiser 1993) (I). 

Willow tits in Oulu were weighed without being captured and body masses were 
measured by visual readings from an electronic balance Sartorius 1002 MP9, 
(Goettingen, Germany) with an accuracy of 0.1g. The balance was used as a feeding tray 
where a small piece of solid porcine fat was placed over the weighing plate. 

Birds were previously color-marked and trained to respond to a specific signal so that 
whenever birds heard it and were motivated to feed, they came to the observer in all parts 
of their territory (for a detailed description of the training procedure see Koivula et al. 
1995) (II). 

In all other studies, body mass of captured birds was measured by means of electric 
balances or Pesola (Baar, Switzerland) spring-scales (to the closest 0.05g) (I,III,V,VI). 

2.5  Measuring Metabolic Rate 

Resting MR was measured in open-circuit respirometers as the average minimal oxygen 
consumption under post absorptive digestive conditions during the night on resting, non-
growing, non-reproductive animals. Basal MR was considered to be the resting MR at 
thermoneutrality (25°C) and measured in ml of oxygen per minute (McNab 1997). The 
energetic cost of thermoregulation (ECT) was measured as the difference between resting 
MR at a temperature below thermoneutrality and basal MR and represents the additional 
MR necessary for thermoregulation (III). 

The respirometer in Lund consisted of a four-channel set with a flow of 200 ml/min, 
and is described in (Lindström et al. 1999, Nilsson & Råberg 2001) (III,V,VI). The Oulu 
respirometer consisted of a two-channel set, and one oxygen analyzer Servomex 1440 
(U.K.) that received air samples of 600 ml/min through a valve system. Dried outdoor air 
was pumped to both metabolic chambers through mass-flow controllers Bronkhorst Hi-
Tec F201C (Netherlands) and then dried again before analysis. The valve system 
switched between channels and outdoor air in periods of 30 min. Readings were recorded 
every minute, and later on minimum night averages were extracted over three-hour 
periods between 23:00 and 04:00 h for every bird (III). 

From 2002 onwards, the respirometer in Oulu was rebuilt into a four channel set up 
following the same principles as before. The valve system was changed accordingly 
switching in periods of 12 min between channels and outdoor air. Further, flow was 
reduced from 600ml/min to 300ml/min and the oxygen analyzer and flow controllers 
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were changed to S-3A Ametek (USA) and FMA-A2407, Omega Engineering, Inc. (USA) 
respectively. Appropriate calibrations were performed and readings from 2002 onwards 
were comparable to previous ones (V,VI). 

The closest outdoor-air reading was used as a reference in order to control for any 
possible analyzer drift. In Lund, CO2 was measured, whereas in Oulu it was removed 
from inlet and outlet air, as CO2 was not measured. Appropriate equations for each of 
these conditions were used according to (Hill 1972). 

Appropriate calibrations were performed in order to make sure that measurements 
were comparable between respirometers. In order to calibrate both respirometer set-ups, 
100 ml/min of N2, measured by exactly the same mass-flow controller Bronkhorst Hi-Tec 
F201C (Netherlands), was injected to both systems between the respective mass-flow 
controller and the oxygen analyzer of each respirometer. The calculated consumption of 
oxygen differed by 2.18 %, Lund readings being higher than in Oulu. Such a difference 
was minimal as compared to the observed difference, and in any case opposite to the 
resulting trends in all papers (III,V) thus making our results conservative. All procedures 
were conducted in agreement with the local ethical committees. 

2.6  Measuring feather structure 

A few feathers from the side of the breast of great tits (between the shoulder and the 
black breast stripe) were plucked from each individual (IV). From each feather, the 
division between the plumulaceous and non-plumulaceous sections of the feather was 
determined and both types of barbs counted (2X); the total length of the feather not 
including the calamus and the length of the plumulaceous barb zone were measured at 
(0.6X). The amount of barbules on one barb of each different section (plumulaceous and 
non-plumulaceous) was counted in a 30 mm section of the barb, starting 9 mm from the 
rachis (7X). All the feather measurements were done by means of a stereoscopic 
microscope with an ocular grid following (Middleton 1986). Further, we repeated 
measurements on different feathers to test for within individual repeatability. 

2.7  Aviaries and the “common garden” experiment 

The outdoor aviaries consisted of 12,8 m2 surface and 2,2 m high cages made of metallic 
mesh. Several nestboxes placed inside were available for roosting, and food during winter 
months consisted of a mixture of peanuts, sunflower seeds and animal fat provided ad 
libitum both in Lund and Oulu. Freshly cut spruce, pine and birch branches were 
provided regularly and placed inside each aviary. Snow accumulated on the floor assured 
water availability during winter, while fresh water was supplied daily during the rest of 
the season (III,VI). 

For the “common garden” experiment (VI) we collected eggs from Oulu and Lund. 
The eggs from Lund were brought to Oulu, so that environmental conditions during 
growth would be equal for eggs from both origins (see Soler et al. 2003, Wikelski et al. 
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2003, Aday et al. 2003, de Neve et al. 2004, Kawecki & Ebert 2004 for similar ap-
proaches). 

Great tit eggs from Lund were removed from different nests (two eggs per nest) before 
the clutch was complete and stored at +4°C and then brought to Oulu by plane. Another 
30 eggs were gathered from nests in the study area in Oulu (65°N, 25°30'E) and stored 
under same conditions. All eggs were then distributed to foster females, replacing their 
original clutches, two days after the start of incubation. Thus, foster females incubated 
homogeneous clutches either from Oulu or Lund. Alive larvae of the fly Calliphora sp. 
and mealworms Tenebrio molitor were supplied to the parents beside the nests, so they 
got used to this food. 

Just before fledging, nestboxes with the chicks were moved inside aviaries together 
with one of the parents. Parents continued to feed the chicks during the first weeks after 
fledging inside the aviaries, and after a few weeks chicks were able to feed themselves. 
Fly larvae and mealworms were provided ad libitum as well as fresh water with dissolved 
commercial vitamin-complex for the whole experiment. Ant pupae Formica rufa s.l. and 
moth caterpillars Orthosia gothica, O. incerta and Cerastis rubricosa were collected and 
grown during the summer months and provided once a week. In late summer a food 
mixture (tuna fish, baked cereals, beans and eggs, carrots and apples) was included in the 
diet, together with sunflower seeds, peanuts, and pork fat. 



3 Results 

3.1  Management of internal energy reserves in hoarding species 

Daily reserve acquisition patterns were studied in two species of hoarding tits from two 
different locations, but with similar climate. Special emphasis was put on the study of the 
effects of social dominance and residence status on short- and long-term internal reserve 
acquisition. 

In paper I we found coal tits in Coll de Pal to modulate their level of fat reserves 
according to the time of the day, residence status and ambient temperature. All residence 
classes increased fat levels throughout the day and with decreasing temperatures. No 
seasonal differences were detected. Transients showed a higher level of reserves over 
juvenile residents and adult residents, which were the leanest throughout the day. 

In paper II we found willow tits in Oulu to increase their morning mass according to 
their sex and age, and also their wing length and snow depth. Dominance rank, which is 
largely determined by sex and age, was the most important predictor of both morning 
mass variation and daily mass increase, with most dominant classes showing higher body 
masses overall. Only adult males, i.e. most dominant, increased their morning body mass 
with winter progression. Further, both juvenile and adult females, the most subordinate 
classes, were affected by interannual variations, in addition to snow depth and wing 
length. 

3.2  Interpopulation differences in winter energy management 

The metabolic response to experimentally varying temperatures, and to natural conditions 
throughout the non-breeding season, in two populations of great tit i.e. Oulu (northern 
Finland) and Lund (southern Sweden) were studied. The possible mechanisms underlying 
the differences observed were further studied. 

In paper III we found that great tits from the two studied populations increased their 
resting MR with decreasing experimental temperatures. Birds from Oulu maintained 
higher levels of expenditure at all treatments but also experienced higher costs of 
thermoregulation, i.e. resting MR- basal MR, at the lowest temperature (-10 °C). 
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In paper IV we found great tits from both populations studied (III) to differ in plumage 
structure. Feathers from Oulu birds were denser, shorter and had a lower proportion of 
plumulaceous barbs than their counterparts in Lund. 

In paper V we found Oulu birds maintained a higher basal MR than in Lund, despite 
responding to sources of variation in a similar way. Basal MR from Oulu great tits was 
negatively affected by temperature and date but otherwise showed the same pattern as in 
Lund, with increasing basal MR with mass and decreasing with day length, size and age. 
Further, Lund birds showed an interannual variation in basal MR. 

In paper VI we found birds that originated from Oulu and Lund, but hatched and grew 
under the same conditions in Oulu, to still differ in their basal MR in the following non-
breeding season. Basal MR was higher in birds originating from Lund compared to the 
ones from Oulu, contrary to previous results (III,V). The results suggest that birds from 
both of these populations are locally adapted to react differently to different 
environmental conditions. Additionally, we found an age decline in basal MR, in 
agreement with the “rate of living theory” on aging and senescence 



4 Discussion and concluding remarks  

4.1  Long-term vs. short-term winter energy management. 

Long-term energy management can be considered to be a strategic response to anticipate 
the worsening of conditions that come with winter, and to prevent situations when 
immediate responses would be impossible, either due to a lack of resources or the time 
available to develop a response. For small birds living at high altitudes or latitudes, long-
term energy management has been claimed to be essential for winter survival (Grubb Jr. 
& Pravosudov 1994, Pravosudov & Grubb Jr. 1997). 

As a general response, birds increased the level of their reserves with winter 
progression (II, V), although this should not be considered a long-term strategy but rather 
a seasonal change in daily energy management, since storing internally for future use 
over long periods of time is not an option for small passerines (see 1.1). “True winter 
fattening”, understood as an increase in morning and daily mass increase (Lehikoinen 
1987) was not detected in the studied willow tit population. The result that only the most 
dominant birds had a slight increase in morning mass with season implies that energy is 
managed on a daily basis rather than seasonally (II). Further, in the coal tit population 
studied, fat reserves did not change from autumn to winter when time of day, residence 
status and environmental temperature was controlled for (I), indicating that reserves are 
managed on a short-term basis. Since body mass was not analyzed in this study, but only 
the level of fat reserves, it is difficult to compare results from the two studies (see 4.5.1). 
Beside the reasons discussed earlier (see introduction in paper II), the fact that both tit 
species hoard suggests that, in contrast to small granivorous birds, external food hoards 
may decrease the need for winter fattening (see 4.3). 

On the other hand, although we did not specifically test for the seasonality in body 
mass variation (V), great tits most probably increased the level of reserves, together with 
basal MR as shown by a positive and strong partial correlation, between both variables 
(V). Several lines of evidence have shown that the great tit currently engages in winter 
fattening (Halttunen et al. 1974, Gosler 1996, Gosler & Carruthers 1999, Gosler 2002). 
Nevertheless, the fact that body mass varies seasonally together with basal MR (V) could 
be because they are part of the same response, namely the need for increased 
thermogenesis and consequently bigger physiological machinery that requires more 
energy resources as conditions deteriorate (Dawson & Marsh 1988). Thus, rather than a 
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strategic increase in energy reserves to cope with unpredictable food resources, winter 
fattening could be understood as part of a wider energetic strategy where thermogenic 
capacity and endurance is increased (Swanson, in press), and so are the energy reserves to 
fuel such changes (Pravosudov & Grubb Jr. 1997). 

As energy expenditure can be modulated relatively fast (III), and large changes 
involving adjustments in basal MR can be achieved as quickly as in a few days (Swanson 
& Olmstead 1999), long-term management of energy expenditure would seem 
unnecessary. However, we do not know whether such differences in speed during 
adjustments in basal MR imply different costs. Nevertheless, birds change their basal MR 
strategically, when responding to long-term environmental cues such as changes in 
photoperiod as well as more immediate clues such as previous days’ temperatures (see 
4.2) (V). 

Since plumage in tits is only moulted once a year, before the non-breeding season 
(Jenni & Winkel 1994), long-term modulation of energy conservation is thus fixed by the 
plumage characteristics. Further, short-term regulation of heat loss is limited, as plumage 
ptiloerection is usually at its maximum insulating capacity when birds start producing 
heat for thermoregulation (Hohtola et al. 1980). Thus, modulation can only occur 
behaviorally through the choice of an appropriate microhabitat or by means of reduced 
body temperature i.e. FNH. 

In paper (III) we obtained indirect evidence of the possible use of facultative nocturnal 
hypothermia in great tits. Similarly, in paper (II), willow tits appeared to maintain a 
steady morning body mass throughout the season despite changing environmental 
conditions, probably due to saving energy through FNH. 

However, in both cases birds appeared reluctant to use FNH and probably became 
hypothermic when other mechanisms were not suficient for coping with the situation. 
This suggests, in line with previous studies, that there may be costs associated with using 
such a strategy, see 1.3.1 (Grubb Jr. & Pravosudov 1994, Reinertsen 1996, McKechnie & 
Lovegrove, 2002). Altogether it appears that more empirical evidence is needed, both 
from laboratory and field studies, to fully understand the role played by FNH in overall 
energy management in wintering small passerines (McKechnie & Lovegrove 2002). 

Nevertheless, regulation of energy management through changes in the conservation 
of heat seems to either be regulated on a long-term basis, as fixed by the plumage 
characteristics, or as a short-term emergency solution like FNH, when other mechanisms 
fail to fulfill energetic needs. 

The development of highly plastic strategies in both acquisition and storage of energy 
(Koivula et al., 2002) allows these species to respond to energetic challenges by 
regulating acquisition and expenditure in daily cycles rather than seasonally. Overall, 
birds seem to be highly adapted to endure winter conditions by managing energy reserves 
mostly on a short-term rather than on a long-term basis (I, II, III) (see 4.3). 

4.2  Environmental effects on winter energy management. 

Environmental conditions dictate the energetic needs for survival, e.g. the lower the 
temperature, the more energy is required to stay homeothermic. Likewise, short days and 
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thick snow cover reduce food predictability for small passerines like tits (see 4.3). Birds 
from all three species studied appeared to respond to environmental variables (I, II, III, 
V), although the different species and populations differed in their sensitiveness to these 
variables. The two hoarding species studied appeared to be affected mostly by immediate 
environmental cues e.g. minimum temperature or snow cover (I, II). Whereas in the great 
tit, long-term variables e.g. day length and calendar date had a stronger effect than short-
term environmental conditions (V). Although it is possible that such a relationship is seen 
partly because the measured parameters, basal MR vs. internal reserves, differ in their 
sensitivity to environmental variables. 

Some studies have shown that environmental cues can be used to anticipate future 
changes in weather conditions and develop the appropriate strategies (Carey & Dawson 
1999). But the same environmental conditions could also constrain the development of 
such strategies, when certain limits are exceeded or changes are too sudden (Gosler 
2002). Great tits from the two populations reacted similarly to environmental variables 
(V), the only difference being with temperature (see 4.5.2). Lund birds appeared to be 
constrained by minimum temperature, although this result should be considered with 
caution, as the sample distribution may be biased by two few measurements at low 
temperatures (V). 

Besides the immediate or long-term effects that environmental conditions may have on 
adult birds, birds may use environmental cues during early development in order to 
develop certain capabilities that will allow them to later react to environmental conditions 
in an optimal way (VI). In that sense, phenotypic plasticity allows individuals to develop 
different capabilities depending on growth conditions, and also due to processes of 
acclimatization later in adulthood that ultimately allow individuals to persist in a wide 
range of environmental conditions (Via et al. 1995). Nevertheless, the nature of such 
clues triggering the expression of different phenotypes, such as characters involved in 
winter acclimatization, remain largely unknown. 

4.3  Effects of food predictability on winter energy management 

The general pattern that emerges (I,II,V) is that the level of internal reserves, and 
probably expenditure, vary a lot depending on food predictability. Since we only have 
indirect evidence of the effects of food predictability on the management of energy 
reserves, and proper tests or experimental data are missing, I can only address some 
general conclusions. 

In willow tits, dominant birds that probably enjoy higher food predictability than 
subordinates (see 4.4) kept overall higher levels of reserves and daily mass gain than 
subordinates. On the other hand, coal tits in Coll de Pal show the opposite trend as 
resident individuals maintain lower reserve levels than transients, which would 
presumably face lower food predictability due to inferior dominance status and 
knowledge of the environment. These results suggest that natural food conditions were 
plentiful, and allowed most subordinate individuals to increase their reserve levels over 
most dominant individuals, which in turn could avoid carrying extra weight. 
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Verhulst & Hogstad (1996) suggested a model to explain the effects of social 
dominance and predation risk on the level of internal reserves in order to explain some 
previous results (Ekman & Lilliendahl 1993, Koivula et al. 1995). According to their 
model, differences between populations could be explained by the relative importance of 
predation risk and food predictability. In our case, food predictability rather than 
predation could account for the different patterns observed between species, as it appears 
that forests in Coll de Pal may provide much higher food predictability than in Oulu. 
Again, comparisons between these studies may have to be treated cautiously, since 
reserve levels were estimated in different ways (see 4.5.1). 

Hoarding behavior is supposed to enhance local food predictability, either on a long-
term basis, buffering seasonal changes in food availability, or on a short-term basis by 
allowing birds to minimize predation risk by postponing reserve acquisition to the later 
part of the day. The relative importance of hoarding on winter energy management 
strategies is again hard to evaluate since direct information on hoarding and retrieval 
effort and reward is missing. In fact, hoarding does not appear to have any important 
effect on a long-term scale in neither coal nor willow tits, as there is little seasonal or 
daily variation in the levels of reserves between resident or social classes (I,II). On the 
other hand, as we compare hoarding with non-hoarding species, we found that the great 
tit most likely changes its body mass with season (see 4.1), suggesting that although 
hoarding may not be as important to show differences between social or resident classes 
within species, it may be important enough to buffer dramatic changes in food 
predictability that presumably happen with season. 

There is an important between-year variation in the internal reserve levels (I,II), which 
are even more accentuated between social classes, the lowest ranks suffering from the 
strongest fluctuations (II). The reasons behind such fluctuations are probably related to 
environmental conditions such as between-year climatic differences that may cause 
fluctuations in food supply and/or predation risk (see 4.3). Many small mammal species, 
e.g. small rodents and shrews, show cyclic fluctuations in numbers that are paralleled by 
their common predators. Such fluctuations are known to induce changes in predation risk 
for small birds, which is known as the “alternative prey hypothesis” (Dunn 1977, 
Norrdahl & Korpimäki 2000) since they are used as alternative prey during low 
population phases of the main prey species. Interestingly, subordinate willow tits, which 
are more exposed to predation than dominants (Koivula et al. 1994) and that presumably 
face lower food predictability, were most sensitive to interannual variations (II). 
Likewise, the great tits from the Lund population experienced stronger interannual 
fluctuations in the levels of basal MR than great tits from Oulu (V). Probably because 
Lund birds rely on natural food sources, unlike birds in Oulu, which spend the winter 
near human settlements with a much more stable food resource (Orell 1989, Gosler 
1993). 
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4.4  Effects of individual characteristics on winter 
energy management 

In social species such as tits, individuals organize themselves in a social hierarchy which 
is often stable and is based on dominance relationships. As a common rule, resident 
individuals within a territory dominate transients, males dominate females, older over 
young and bigger and in best condition over smaller and weaker individuals. Such 
dominance relationships imply, by definition, priority of access to resources such as food, 
and thus result in higher food predictability for higher ranked individuals (Koivula 1994). 
Social status can therefore be crucial for individual energy management (see 1.1.2). 

In both willow and coal tits, where non-breeding social hierarchies are known to be 
stable, dominance appeared to significantly influence the management of reserves (I,II). 
Morphology played a marginal role and was only important within social classes of the 
willow tit or within populations of the great tit (I,II,V). Such differences are probably due 
to an underlying dominance hierarchy. Likewise, gender was marginally significant, and 
the differences observed between sexes are most probably due to differences in size 
rather than gender per se (II). Further, age and sex, which are intimately linked to 
dominance rank, also played a role in explaining variation in internal reserves (see 4.3) (I, 
II). 

Interestingly, great tits decreased their basal MR with age (V). Two non-exclusive 
explanations could account for this finding. First, individuals could decrease their basal 
MR as they age. Second, birds with lower basal MR could live longer and thus become 
more common at older ages. Both possibilities are in line with the “rate of living theory”. 
The theory suggests that aging and lifespan are regulated by energy metabolism and 
predicts that basal MR should decrease with age (Hulbert & Else 2000, Barja 2002). In 
any case, the decreasing basal MR with age suggests an interesting scenario, since the 
energetic strategy of an individual may determine, at least partly, its lifespan and thus 
life-history (see 4.5.3). 

4.5  Integrated approach to winter energy management 

4.5.1  Integrated approach on an individual level 

The individual’s energy budget may be characterized in terms of energy inputs and 
outputs, the difference between these being the total energy content in the body (Ricklefs 
2005). To understand energetics in an evolutionary context, it is important to consider 
how changes in energy management affect an individual’s fitness. Therefore, research on 
the evolutionary significance of energy management requires an integrated approach. It is 
thus necessary to consider all aspects involved in the acquisition-storage, expenditure and 
conservation of energy in order to understand the ecological and evolutionary 
significance of such strategies. 

For example, dynamic optimization models provide an important tool for behavioral 
ecologists and rely on the assumption that the characters being managed e.g. internal 
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reserves, are under natural selection and thus should be optimized (Houston et al. 1988). 
The “small-bird-in-winter dilemma” has been a popular topic for dynamic optimization 
modeling (see Pravosudov & Grubb Jr. 1997 for a review). Nevertheless, such models 
have often failed to find empirical support for e.g. the “lean-is-safe” (see 1.1.3), or for the 
hoard vs. fat (see 1.1.4) models. One possibility for such mismatch between theoretical 
predictions and empirical data is that models are being built assuming that single 
characters, for example body mass, are uniquely optimized. In reality, other correlated 
characters may also play a role in the system and not necessarily in the same direction as 
the focal character. 

For example, although it is well-known that metabolic rate and body mass are strongly 
and positively correlated, most studies on body mass have not considered the possibility 
that patterns of variation in body mass might be partly due to the strategic regulation of 
metabolic rate. A small bird facing a predation-starvation risk dilemma would get leaner 
(and MR would decrease) under good food conditions, if body mass was the only 
character to be optimized. In that way, the bird would optimize maneuverability to escape 
and time exposed to predators. On the other hand, if MR was to be optimized, the bird 
should increase the MR (and body mass would increase) in order to be more reactive to 
external stimuli and have a higher potential for energy expenditure. We certainly need to 
integrate most important aspects of energy management in order to understand how birds 
cope with each particular situation. 

Another factor that should be accounted for is the precision of measurements and 
repeatability of the variables being measured. For example, despite the common 
knowledge of the high variability in basal MR (V), little effort has been dedicated to 
explore the sources of this variability and use standardized and corrected data to make 
different studies comparable. Further, problems in comparing studies may arise when fat 
reserves and body mass are used as estimates of internal energy reserves. In the first case 
precision if often reduced because estimates of fat are difficult to standardize due to 
certain subjectivity in the scales used (Rogers 1991). In the second case, the problems 
arise because the increases in fat reserves imply increases in body mass but the opposite 
is not necessarily true. As the increase in body mass may not only reflect increases in 
energy reserves (mostly fat) but also changes in other tissues like muscle or changes in 
organ sizes like the digestive tract (Rogers 2003). This highlights the importance of 
considering individual body composition when inferring MR from body mass or vice 
versa. Fat reserves have a relatively low mass specific metabolic rate compared to other 
tissues (Blem 1990). Thus, individuals with the same body mass, but different body 
composition, may have very different rates of metabolism (Piersma et al. 1996). 

Thus, to gain a complete picture of how energy is managed, the level of reserves, body 
temperature and energy expenditure should be measured or estimated at the same time. 

4.5.2  Differences between populations 

Populations of the same species that are distributed over wide geographical ranges and 
which are exposed to different conditions may develop different strategies that allow 
them to survive at different locations. Such differences may depend on local adaptations 
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but are normally reversible plastic modulations of the phenotype known as 
acclimatization (Ricklefs & Wikelski 2002). However, the reaction norm of this plasticity 
may also be locally adapted (Vl). 

The differences between the two populations of great tit in the length and the structure 
of the contour feathers (IV) do not seem to explain the observed contrast in the ECT (III). 
Plumage quality would require a deeper analysis, including not only plumage structure 
but also overall feather density and core body temperature measurements at varying 
temperatures. These, together with the overall energy expenditure, would allow a proper 
determination of the plumage insulation characteristics. Instead, the differences in ECT 
between populations were probably due to a lowered body temperature in Lund birds 
when exposed experimentally to -10 °C, since the increase in MR over basal MR is low 
as compared with other studies (see paper III for discussion). 

Nevertheless, both populations not only face contrasting winter energy requirements, 
but also may experience a different trade-off between breeding and moulting, which 
could explain the differences found in their plumage structure (VI). 

One interesting issue that remains poorly explored is the relationship between social 
dominance on one side and energy reserves and metabolism on the other. The level of 
energy reserves, and thus the relative differences in food predictability and predation risk, 
are known to vary between social classes depending on the population studied (see 4.4 
for discussion). Furthermore, MR is known to play a role (see 1.2.2) in determining the 
dominance hierarchies established in a social group. Thus, it would be very interesting to 
explore such a scenario by comparing the MR and body mass relationships between 
social classes from populations known to differ in their food predictability and /or 
predation risk (see 1.1.2). Considering the positive and linear relationship between body 
reserves and basal metabolism, I would predict differing relationships between rank and 
MR or between body mass and MR between the studied populations (see 4.5.1). 

Great tits appeared to be locally adapted to winter conditions, in a situation where 
previous studies from the breeding season suggested that gene flow from southern 
populations prevented local adaptations to arise in the north (Rytkönen & Orell 2001). 
Our findings suggest that characters involved in winter acclimatization may be selected 
for whereas others such as the clutch size may not be due to the overriding effect of the 
gene-flow (VI). Such a scenario has been termed adaptation-with-gene-flow ( Smith et al. 
1997, Blondel et al. 1999) and provides an interesting opportunity to study how 
microevolutionary processes are shaping populations at the limits of their distributions 
(Hoffmann & Blows 1994). 

Further, from a biogeographical perspective, the study of different populations can 
provide important insights on what determines the distributions of populations and how 
populations may react to changes in climate or respond to the colonization of new 
habitats. 

The distribution of species is ultimately determined by individuals’ ability to 
reproduce in an area, and specifically whether reproductive output compensates for 
mortality in a population. Therefore, the physiological link between the abiotic factors 
and mortality at the edge of these distributions is crucial to understanding how 
distributions may change. Further, from knowledge on these abiotic factors, one could 
predict physiological limits for the distributions that may not necessarily match the 
observed ones (Kanda & Fulle 2005). The study of differences in energy management 
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between populations at the limits of their distributions can provide important information 
on how these limits are shaped. The great tit is an especially interesting study object since 
it is rapidly expanding north (Koskimies 1989). Further, the fact that human provided-
food may be pushing the demographic distribution limit closer to the physiological limit 
provides a unique opportunity to study how both distribution limits are shaped. 

4.5.3  Implications on individual life-history 

Winter survival is known to be a crucial aspect shaping life histories of homeotherms 
remaining sedentary in temperate and boreal regions throughout the year. Nevertheless, 
studies on avian ecological energetics have traditionally considered the breeding period 
as the main energetic bottle-neck on the individual’s life history. Despite the knowledge 
that winter survival is a key factor in several boreal passerines species (Lahti 1997, Orell 
et al. 1999), little effort has been put into considering winter energy management in the 
context of the individual’s life history. 

In the studied great tit populations, it seems that the characters involved in winter 
acclimatization have probably been under stronger selective pressure than other 
characters directly related to fitness like clutch size (VI). This underlines the idea that 
winter survival is a key episode shaping the life history of boreal tits. 

Moreover, it is interesting to consider the implications that a given energetic strategy 
an individual has adopted to withstand the winter may have on the individual’s life 
history. Further, since winter conditions vary across the latitudinal distribution of the 
species, life history strategies may differ between populations depending on the distance 
to the edge of the distribution.  

On one hand there may be physiological costs that may impose trade-offs between 
life-history episodes i.e. winter vs. breeding energy management. Considering the fact 
that energy-demanding periods have long-term physiological costs for the individual in 
the form of oxidative stress (Wiersma et al. 2004), individuals that keep high levels of 
expenditure throughout the winter may thus accumulate higher levels of oxidative stress 
than others with a more restricted budget. In line with this, as changes in basal MR do 
occur with aging (V), individuals maintaining different levels of energy expenditure are 
expected to have different optimal life histories. 

On the other hand, the existing trade-off between breeding and moulting leads to the 
expectation that these traits are traded differently (IV). 

Comparisons on how energy is managed during the winter and how characters such as 
plumage quality change between populations exposed to different time and energy 
constraints may shed light on the evolution of life-histories, especially as a result of 
changes in climate or colonization of new areas. 



5 Final remarks and questions for further studies 

In this thesis I have shown that energy management strategies vary a lot between species, 
and among populations and individuals of the same species. Such differences may depend 
on several environmental factors, food predictability and individual characteristics. Birds 
from the studied populations appear to react on a short-term basis and in a highly flexible 
way to energetic challenges. In the great tit, despite such flexibility, populations appear to 
be locally adapted to endure winter conditions. Such results may have important 
implications on their life-history and distribution range. 

Several questions arise that, in my opinion, deserve further studies. In general, I think 
that some effort should be dedicated to the acquisition of empirical data from more 
species and populations, especially at their distribution limits, and approaching the 
subject by integrating all possible aspects involved in energy management (see 4.5.1).  

Further, most studies on energy management have focused on the daily regulation 
either of energy expenditure, acquisition or accumulation, whereas little effort has been 
placed on the study of night-time regulation of energy conservation. In that sense, it 
would be very interesting to acquire more information on the factors determining 
variation in nigh-time heat loss in small passerines. 

Finally, this thesis has highlighted the variability in energy expenditure found in the 
great tit. However evidence from other studies suggests that such results may be 
widespread among other sedentary passerines species living in temperate and boreal 
areas. In order to understand how these different energetic strategies affect individual 
life-histories and determine species distributions, it is crucial to relate such strategies to 
an individual’s fitness to be able to uncover the microevolutionary patterns that have 
shaped them. 
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