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Abstract 

This thesis concerns the predator-prey interactions of three raptor species in 
a Swedish arctic community: the gyrfalcon (Falco rusticolus), the rough-
legged buzzard (Buteo lagopus) and the golden eagle (Aquila chrysaetos). 

The gyrfalcon behaved like a highly specialised ptarmigan (Lagopus spp.) preda-
tor. Gyrfalcon’s functional response to ptarmigan was close to density inde-
pendent, and ptarmigan remained the dominating prey even in areas with the 
lowest ptarmigan density. The gyrfalcon did not respond functionally to 
microtine rodents (i.e. lemmings and voles) and it was clear that the gyrfal-
con did not use microtines as an alternative prey category to ptarmigan. As 
the gyrfalcons did not switch to any alternative prey when ptarmigan was 
scarce, their reproductive success seemed to be directly dependent on the 
amount of ptarmigan available in the breeding territories. Of the two ptarmi-
gan species in the study area, rock ptarmigan (L. mutus) dominated gyrfal-
con’s diet. Locally, the proportion of rock ptarmigan in gyrfalcons’ diets 
showed a positive relationship to the expected availability of rock ptarmigan 
in the breeding territories, indicating a density dependent utilisation.  

The rough-legged buzzard behaved like a highly specialised microtine ro-
dent predator and Norwegian lemming (Lemmus lemmus) was its preferred 
microtine species. The buzzards showed a type 2 functional response to 
lemmings. Surprisingly though, they also had a type 3 functional response to 
grey-sided voles (Clethrionomus rufocanus). We present an optimal diet 
model where a central place forager, during good food conditions, benefits 
from partial prey preference, which renders separate functional responses to 
each prey category. We discuss how the double functional responses of the 
buzzard affect the population dynamics of sympatric vole species, on both 
temporal and spatial scales. 

The golden eagle behaved like a generalist predator, and it preyed on all 
major prey categories in the study area: microtines, ptarmigan, mountain 
hare, (Lepus timidus) and reindeer (Rangifer tarandus). It seemed to respond 
functionally to microtine rodent fluctuations with an increased consumption 
of lemmings during a peak year in the microtine rodent cycle. The golden 
eagle showed a numerical response to its main prey, the ptarmigan.  

Ptarmigan, microtine rodents and hares seemed to have synchronized 
population fluctuations in the study area. Such synchronized population fluc-
tuations are believed to be generated by predation. Although the three rap-
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tors are the main predators of their community, their predation patterns fail 
to explain the observed prey population dynamics in the study area. 
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-Our understanding on any basic eco-
logical problem depends on the choice 
of an easy animal to study. No one who 
was interested solely in the general 
principles of population regulation 
would choose to work on diurnal birds 
of prey. Compared to most other birds, 
raptors usually nest at low densities, of-
ten in inaccessible and remote places; 
and in many areas they are also liable 
to be shot or interfered with by our fel-
low man. All this helps to make for sam-
ples that to the statistician seems hope-
lessly small and hard to evaluate 
(Newton 1979). 
 

  -Tell me about it! (Nyström 2004) 
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Introduction 
What is a predator-prey relationship? 
In what way and to what extent, prey population dynamics is affected by 
predation is a central question in ecology. Researchers have drawn different 
conclusions depending on what species and communities they have studied. 
Some have claimed that predators have little effect on their prey (Errington 
1946), whereas others have concluded that predation leads to stable equilib-
riums of both predator and prey populations (Erlinge et al. 1984; Reid et al. 
1997). A prey population can also have two stable states, where one state is 
controlled by predation and the other by resources (Sinclair et al. 1990; Pech 
et al. 1992). In some cases the predation pressure can be strong enough to 
create chaotic population fluctuations (Hanski et al. 1993), or dynamic 
enough to create continuous prey population cycles (Korpimäki & Krebs 
1996; Hanski et al. 2001). Predators can thus affect the dynamics of the prey 
population in different ways, but the opposite is also true, namely that prey 
availability will affect the growth rate of the predator population. This dy-
namic interaction between the growth rates of predator and prey populations 
are commonly referred to as a predator-prey relationship.  

The components of a predator-prey relationship 
A predator-prey relationship is defined by its functional and numerical re-
sponse (Solomon 1949). The functional response describes the relationship 
between per-capita kill rate and prey density. The number of prey killed per 
unit time is a function of “search time”, i.e. the time required to locate a suit-
able prey and “handling time”, the time associated with capture and feeding 
activities. These time components are in conflict, with handling time forcing 
the functional response to level out at high prey densities and search time 
determining the rate of approach to that level (Messier 1995). Holling (1959) 
categorised the functional response as being of three general types: 

A type 1 functional response shows a linear relationship between predator 
attack rate and prey density up to a certain threshold, and then it levels out 
abruptly (figure 1) The type 1 functional response is unusual among verte-
brate predators (Solomon 1949), but it does occur (e.g. Fuller 1989; Kor-
pimäki & Norrdahl 1991b; Nielsen 1999). A type 2 functional response 
curve shows a concave shape (type 2a, figure 1). Under some circumstances 
the type 2 functional response can produce an inverse density dependent 
predation pressure with a greater proportion of the prey population killed at 
lower densities (type 2b, figure 1). This can have a destabilising effect on the 
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prey population (Andersson & Erlinge 1977; Fryxell & Lundberg 1994). The 
type 2 functional response is common among vertebrate predators (e.g. Dale 
et al. 1994; Messier 1995; O'Donoghue et al. 1998; Angerbjörn et al. 1999; 
Redpath & Thirgood 1999). The type 3 functional response curve has a sig-
moid shape (figure 1). This specific shape has been given different explana-
tions, such as prey switching in generalist predators (Murdoch 1969), a 
gradually increase in predator efficiency (Tinbergen 1960) or the presence of 
a prey refuge (Taylor 1984). Regardless of what mechanism causing this 
specific shape, the type 3 functional response offers a density-dependent 
force with the capacity to regulate and stabilise the prey population (Oaten & 
Murdoch 1975; Hassel & Comins 1978; Nunney 1980).  

The numerical response describes how prey availability affects the growth 
rate of a predator population. Prey availability in a given area affects the 
predator’s emigration and immigration rates, to -or from that specific area. 
These processes can be relatively rapid and allow certain predators to track 
changes in prey densities with little time delays (Korpimäki & Norrdahl 
1991a). Prey availability is also likely to affect the natality and mortality 
rates in the predator population. In general, this numerical response shows a 
time lag in relation to the fluctuations of the prey population (Murdoch & 
Oaten 1975; Taylor 1984).  
 

Figure 1.Functional response curves 
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Animals are expected to forage in an optimal manner and thereby increase 

their fitness relative to conspecifics. Optimal diet theory states that, “a preda-
tor should always prefer the most profitable prey” (Krebs & Clutton-Brock 
1990; Smith & Smith 2001). Preference for a certain prey category means 
that the prey category is utilised to a greater extent than expected from its 
abundance compared to other potential prey species (Taylor 1984). An opti-
mal forager is expected to show such preference for the prey that yields the 
highest net energy gain (Charnov 1976; Lucas 1983). Preference can alter 
the shape of a functional response curve. This is illustrated in figure 1 where 
the curves 2a and 2b could represent the response to the same prey category, 
with the difference that 2b describes the attack rate by the predator with the 
greatest prey preference. In general, a predator with a strong prey preference 
is more likely to show a type 2 functional response than a type 3. This de-
pends on the fact that the attack rate on the main prey is expected to be inde-
pendent on the density of the alternative prey (Krebs & Clutton-Brock 
1990). Therefore, prey switching and subsequently an s-shaped functional 
response curve should occur only at the lowest densities of the main prey. 

 

Some characteristic predators and their predator-prey 
relationships 
The combined effect of a predator’s functional and numerical response is 
referred to as the total response. Combining all different functional and nu-
merical responses produces a large set of total responses, with a range of 
different effects on the prey population (e.g. Messier 1995). However, some 
total responses have received special attention as they predict specific prey 
population patterns that have been observed in the wild. In an insightful pa-
per Andersson & Erlinge (1977) used the total response to classify common 
predators into three major categories: resident specialists, nomadic special-
ists and resident generalists.  

A resident specialist predator is expected to have a destabilising effect on 
a prey population. Its total response comprises a one-sided diet expected to 
result in a type 2 functional response, and a numerical response dominated 
by changes in natality/mortality rates causing a time lag between the growth 
rates of prey and predator populations. This combination can produce a dis-
proportionately high predation pressure when prey is scarce, accelerating the 
decrease rate of the prey population. As specialist predators are expected to 
be reluctant to switch to alternative prey as their main prey species decline, 
they are bound to decrease in numbers some time after their prey population 
declines. This can produce Lotka-Volterra like dynamics of predators and 
prey.  
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 Some raptor and owl species are classified as nomadic specialist preda-
tors (Korpimäki & Norrdahl 1991a; Korpimäki 1994; Wiklund et al. 1999). 
Their total response is characterised by a fast numerical response. Local prey 
density triggers the emigration and immigration rates of these birds 
(Andersson & Erlinge 1977), resulting in a density dependent distribution of 
the predators. This can have a stabilising effect on the local prey popula-
tions, but also synchronise prey populations on a larger scale (Ims & Andre-
assen 2000). 

Resident generalist predators have a stabilising effect on prey populations 
(Erlinge et al. 1984). The total response is dominated by a density dependent func-
tional response, often described as a type 3. As the predators are resident, the prey 
population experience this stabilising predation pressure throughout the year. A 
stable prey population also means a stable predator population, and thus their nu-
merical response is expected to be relatively weak.  

Predator-prey relationships in the arctic environment 
One of the striking features of the arctic community is the cyclic population 
fluctuations of some of its most important herbivore species. Well known is 
the “lemming cycle”, i.e. the population cycle of microtine rodents with a 
periodicity of three to four years (Laine & Henttonen 1983; Norrdahl 1995; 
Chitty 1996; Angerbjörn et al. 2001). In northern Fennoscandia these cycles 
also include some bird species of Tetraonidae, as sympatric bird and mi-
crotine populations show synchronised population fluctuations (Hörnfeldt 
1978; Hörnfeldt et al. 1986; Lindström et al. 1987; Moss & Watson 2001). 
Several different theories have been put forward to explain the microtine 
rodent cycle. It has been suggested that intraspecific interactions concerning 
competition and social behaviour cause the cycles (Watson & Moss 1979; 
Charnov & Finerty 1980; Chitty 1996; Oli & Dobson 2001). It has also been 
proposed that food quality or quantity could generate the cycles (Lack 1954; 
Laine & Henttonen 1983; Seldal et al. 1994; Hansen et al. 1999). However,  
the majority of papers concerning prey population cycles as well as synchro-
nised population fluctuations of sympatric small herbivore species, regard 
them as consequences of  dynamic predator-prey relationships (Andersson & 
Erlinge 1977; Finerty 1980; Angelstam et al. 1984; Angelstam et al. 1985; 
Henttonen et al. 1987; Lindström et al. 1987; Marcström et al. 1988; Ims & 
Steen 1990; Hanski et al. 1991; Akcakaya 1992; Small et al. 1993; Boutin 
1995; Hanski & Korpimäki 1995; Norrdahl 1995; Korpimäki & Krebs 1996; 
Krebs 1996; Hanski et al. 2001).  

For boreal communities of Fennoscandia, many researchers claim that the 
main predator causing the four-year population cycle of microtine rodents is 
the least weasel, Mustela nivalis (Hanski et al. 1993; Korpimäki 1993; Sun-
dell et al. 2000; Hanski et al. 2001). On the open tundra region, the arctic 
fox (Alopex lagopus) is another important vole specialist predator 
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(Angerbjörn et al. 1999). In general, the ratio between specialist and general-
ist predators increases with increasing latitudes in Northern Europe (Hanski 
et al. 1991). From this follows that the northern communities are expected to 
be dominated by specialist predator species, and their total effect should thus 
be destabilising and generate prey population cycles 

The aim with this study  
This thesis concerns three raptor species in a Swedish arctic community: the 
gyrfalcon, the rough-legged buzzard and the golden eagle. I have studied 
their diet choice and their functional and numerical responses to their main 
prey species. Further I have investigated to what extent their predator-prey 
relationships overlap, and how their predation patterns interact with the main 
community processes in the study area.  
 
 
 
 

it-
Figure 2. Map over the main study area and the area where rough-legged buzzards were studied (R
 13
sem). Park borders, greater water bodies and altitude curves of 1000 and 1500 masl are shown 



Description of the community 
The study area 
The field work was performed in a study area situated in three adjacent na-
tional parks: Padjelanta, Sarek and Stora Sjöfallet (Norrbotten county 66°N, 
17°E, figure 2). The main area is approximately 5200 km2. The western part 
of the area comprises the highland plateau of Padjelanta which surrounds the 
lakes Virihaure and Vastenjaure. Although some parts are known for its un-
usually rich flora, the main vegetation is dry heath with an increasing ele-
ment of willow brushes (Salix sp.) in more moist areas. The central part of 
the study area has more of an alpine character, as it is dominated by the 
mountain massif of Sarek. It extends up to 2000masl and is transacted by 
deep river valleys, of which Rapadalen is the greatest. The great lake Akka-
jaure in Stora Sjöfallet constitutes the eastern border of the study area. The 
study area lacks infrastructure other than hiking trails, small tourist cabins 
and some Saami settlements with few inhabitants. Tourist activities are 
mostly confined to the summer period. Snow mobiles are forbidden as is 
small game hunting. The study area is part of traditional reindeer herding 
grounds. The yearly mean temperature is 0°C and the area is snow-covered 
225 days per year.  

The predators 
The gyrfalcon is an arctic species with an almost circumpolar distribution 
(Cade 1960). For Nordic, inland populations, ptarmigan species are the most 
important prey category (Hagen 1952; Pulliainen 1975; Langvatn 1977; 
Langvatn & Moksnes 1979; Lindberg 1983; Huhtala et al. 1996; Nielsen 
1999). Adult gyrfalcons are resident and stay in their territories all year. 
Breeding activities start in February and the eggs are laid in April. The 
chicks hatch after 29-35 days of incubation and are fledged at the end of 
June. They are fully self supportive one month later (Cade 1960; Cramp & 
Simmons 1980; Danielsson & Bondestad 1999). The gyrfalcon breeding 
population in the study area was small. Usually less than 10 pairs tried to 
breed each year, with an average success of six pairs. The gyrfalcons rarely 
established new territories and the most frequently used territories were situ-
ated in Padjelanta, though Sarek held some relatively successful pairs.  

 The rough-legged buzzard breeds in mountain regions, boreal taiga and 
on arctic tundra (Cramp & Simmons 1980). Globally it is not a threatened 
species and the Swedish population was estimated to 7000 in the early 
1980’s (Nilsson 1981). The rough-legged buzzard is migratory and arrives 
from its temperate winter habitats in May. The eggs are laid in June and 
hatch after 31 days. The chicks are fledged 40-43 days later (Cramp & Sim-
mons 1980). The rough-legged buzzards main prey consists of small mam-
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mals in most parts of its range (Cramp & Simmons 1980). During a peak 
year in the microtine rodent cycle (2001) the rough-legged buzzards bred in 
relatively high densities in their traditional territories in the north-eastern 
part of the study area (Ritsem in Stora Sjöfallet, figure 2). After that peak 
they have been virtually absent. As I write this, however, we approach a new 
peak and I expect the buzzards to respond accordingly.  

The golden eagle breeds in boreal to warm temperate zones of North 
America, Europe, Asia and northern Africa (Cramp & Simmons 1980). In 
Sweden, it inhabits mainly the mountains and taiga forests from 61° N to 
69°N. The Swedish population was estimated to 400 pairs during the eight-
ies, and established pairs are mostly resident (Tjernberg 1983a). The golden 
eagle has a big food niche. In the Nordic countries it preys to a large extent 
on tetraonid birds. Other important preys are mountain hare (Lepus timidus) 
and reindeer (Rangifer tarandus). In addition to these main prey categories, 
at least 30 bird species appear in smaller amounts in the diet. The golden 
eagle also preys on several other predatory species such as mustelids (Mus-
telidae), owls, raptors and foxes (Tjernberg 1981; Hogstrom & Wiss 1992 
and references therein; Sulkava et al. 1999). In Sweden, egg-laying starts in 
late March or early April (Tjernberg 1983a), and the fledgling period is 60-
80 days (Cramp & Simmons 1980). There were 12-18 occupied golden eagle 
territories in the study area each year. The majority contained single eagles, 
and thus the breeding frequency was very low (1-5 pairs each year). The 
most frequently used territories were situated in the southern parts of the 
study area, with some additional good territories in the centre of Sarek.  

The prey 
The major prey species of the community in the study area are microtine 
rodents, ptarmigan birds, mountain hares and to some extent reindeer. The 
most common microtine rodent species are the grey-sided vole, the Norwe-
gian lemming and the field vole (Microtus agrestis). There are two ptarmi-
gan species in the study area, willow ptarmigan (L. lagopus) and rock ptar-
migan. They are the only members of the Tetraonidae family, as the bigger 
species such as capercaillie (Tetrao urogallus) and black grouse (T. tetrix) 
do not occur in an open tundra environment such as the study area. Mountain 
hares are rarely seen in the study area, though dropping densities indicate 
that they are present in most areas.  
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Study design 
Predator populations 
The populations of gyrfalcon and golden eagle in the main study area (figure 
1) were surveyed by Projekt Jaktfalk Norrbotten 
(http://w1.907.telia.com/~u90703421/falk/) from 1996 to 2003. During the 
period March to May, the study area was thoroughly searched for occupied 
territories. Occupied territories were closely monitored to see if they con-
tained breeding pairs. During June to July the occupied territories were re-
visited to check the outcome of the breeding attempts.  In case of a success-
ful breeding attempt, the number of chicks was counted. The rough-legged 
buzzards were mainly studied during 2001. Their traditional breeding sites 
around Ritsem in Stora Sjöfallet (Broo & Lindberg 1981, figure 2) were 
searched through, and breeding pairs were monitored during the entire 
breeding season.  

Predator diets 
For gyrfalcons and golden eagles, prey remains for dietary analyses were 
collected at the last visit to the nest sites. The prey remains were collected 
from the nest and the nest shelve, and from perches and roosts in the vicinity 
of the nest shelve. For the rough-legged buzzards, prey remains were col-
lected infrequently from May and onwards. In Late September after the 
breeding season, all buzzard breeding territories were revisited and thor-
oughly searched for prey remains. Prey remains from golden eagles and 
rough-legged were dominated by regurgitated pellets, whereas prey remains 
from gyrfalcons were dominated by skeletal parts.  

The batches of prey remains from the different breeding events were ana-
lysed separately, allowing diet comparisons between different raptor fami-
lies. We used mostly teeth morphology to identify the species of small ro-
dents. Feathers could be identified to species in most cases, and skeletal re-
mains were identified to order or genus level. We calculated the minimum 
number of specimens for each prey category. These figures were divided 
with the total prey number in order to yield the proportions of different prey 
in the diets. When convenient, these proportions were multiplied with the 
weight of the prey species, yielding proportions of prey biomass. 

Skeletal remains from ptarmigan birds are difficult to identify to species 
level. The best cues come from the metatarsus that significantly differs in 
length between rock and willow ptarmigan (Myrberget 1977). However, 
these are fragile bones and few intact metatarsi are found in the prey re-
mains. Therefore we developed a PCR protocol for species identification, 
based on DNA from the ptarmigan bones. This method utilises two species-
specific primers in combination with one general primer. The species-
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specific primers were designed to anneal at different distances from the gen-
eral primer, and thus resulting in PCR products of different size depending 
on which species the DNA extract originated from. The PCR products are 
then run in an agarose gel, where the travel speed determines whether they 
originated from rock ptarmigan or willow ptarmigan (for details, see Dalén 
et al. 2004 and paper II and IV).  

Prey populations 
Ptarmigan and hare densities in the main study area (figure 2) were esti-

mated from dropping counts. The dropping counts were performed during 
walked transects with a fixed strip width of one meter in each direction, and 
thus the strip was two meters wide (for details, see paper I). In order to esti-
mate prey availability for separate gyrfalcon and eagle families, dropping 
counts were performed in separate breeding territories. Three to eight tran-
sects were performed inside each breeding territory, with an effort of 10-25 
km per territory. The strip transects extended from the nest site and outwards 
and were distributed in order to cover all major habitats within the breeding 
territory. In order to follow the prey population fluctuations in the study area 
over the entire period (1998-2003), we needed yearly estimates of the prey 
populations. This was achieved by pooling all results from dropping counts 
in the territories with additional counts from other parts of the study area. 
This gave more representative estimates of the yearly prey population sizes. 
During all transects, we also recorded observations on ptarmigan and hares. 
The results from the dropping counts were presented as number of droppings 
per km and were used only as relative measures of prey availability. Thus 
the actual sizes of the ptarmigan and hare populations in the territories, and 
in the study area as a whole, were unknown.  

We used some different methods for estimating microtine rodent densi-
ties. In paper I and IV (trapping events performed in the main study area, 
figure 2) we used trapping protocols for microtine rodents in accordance to 
Myllymäki  (1971a; 1971b). Common snap traps were placed in squares 
with a side of 15 m. At each corner, three snap traps were placed within a 
distance of two meters from the corner. Five such squares were aligned 35 m 
apart yielding 60 traps within one trap line. The traps were baited with rai-
sins and each trapping event lasted for 48 hours. The trap lines were placed 
in habitats that offered a protected environment of rock cavities, as well as a 
rich food supply of grasses and herbs for the microtine rodents. All trapping 
events were performed in July. We used this trapping protocol to estimate 
microtine rodent densities in gyrfalcon and golden eagle breeding territories. 
We placed two -to three trap lines (240-360 trap nights) in each territory. As 
we also wanted to estimate the size of the yearly microtine population, all 
trapping events from the breeding territories were pooled together with addi-
tional trapping events from the study area each year.  
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In paper III we estimated microtine rodent densities inside separate rough-
legged buzzard territories. Here we used a trapping protocol designed by 
Krebs et al. (2003). We used two parallel trap lines, 100 m apart, placed less 
than 500 m from the nest. Each trap line had 20 stations placed at 15 m in-
tervals. We placed three traps at each station within a radius of three meters, 
preferably near burrows or on runways. A trapping session lasted for 48 
hours per territory (240 trap nights). We checked the trap lines twice a day, 
once in the morning and once in the evening. All trapping events were per-
formed in mid-July.  

Functional response 
We investigated the functional responses of gyrfalcon and rough-legged 
buzzard to their main prey categories. We used the diet of separate breeding 
raptor families (i.e. prey proportions based on the total number of prey re-
mains found after one breeding event) as unit for the functional response 
analyses. This means that one data point in a functional response curve rep-
resented the diet proportion of a certain prey category, plotted against that 
prey category’s density in the breeding territory of the raptor family in ques-
tion. We analysed if the variance in the data set could be explained by func-
tions representing functional response curves (i.e. type 1, type 2, and type 3, 
paper I and III). The function explaining most of the observed variation in 
the data set determined what functional response the raptor had to the prey 
category in question.  

Numerical response 
We investigated the numerical responses of gyrfalcons and golden eagles to 
their main prey categories. For gyrfalcon, the densities of ptarmigan and 
microtine rodents in a set of breeding territories were compared to the num-
ber of chicks fledged in the same set of territories. This is referred to as the 
reproductive response. Further, the number of occupied territories and the 
number of successful breeding attempts each year were compared to the 
yearly prey densities of microtines and ptarmigan in the study area. This is 
referred to as the gyrfalcons aggregative response. 

For golden eagles, the number of occupied territories and the number of 
successful breeding attempts each year were compared to the yearly prey 
densities of microtines, hares and ptarmigan.  
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Brief summary of papers 

Paper I 
This paper deals with the predation pattern of the breeding population of 
gyrfalcon in the study area. We wanted to investigate the gyrfalcons general 
diet, and how availability of the main prey species affected its functional and 
the numerical responses. We also investigated how the gyrfalcon responded 
to a peak in the microtine rodent cycle (2001) when lemmings were present 
throughout the study area.  

The diet of the gyrfalcon showed that it was a highly specialised ptarmi-
gan predator. The gyrfalcons showed a weak functional response to ptarmi-
gan densities in the breeding territories, as a 21- fold variation in ptarmigan 
densities only caused a 10% shift in the diets (paper I, figure 1). It was clear 
that no prey switches to alternative prey could be detected, and ptarmigan 
remained the main prey even in territories with the lowest ptarmigan abun-
dance. Further, the gyrfalcon did not respond functionally to the peak year in 
the microtine population cycle, and the microtine diet proportion remained 
low over the entire period. The gyrfalcon population showed no aggregative 
response to ptarmigan population fluctuations, but they showed a reproduc-
tive response to ptarmigan densities in the breeding territories, as territories 
with low ptarmigan densities produced significantly lower numbers of off-
spring (paper I, Fig 2). For a specialist predator, which does not utilise alter-
native prey when the main prey species decline, a direct effect on the breed-
ing success seems as the logical result. The total response of the gyrfalcon 
could generate ptarmigan population cycles, however, the observed prey 
population dynamics in the study area do not confirm this.  

Paper II 
The diet analysis from paper I showed that ptarmigan was the most impor-
tant prey category for the gyrfalcon. However, there are two different ptar-
migan species in the study area, and in this paper we wanted to investigate 
the relative importance of rock and willow ptarmigan as prey.  With the help 
of DNA analyses, we could identify the ptarmigan species of any bone in our 
large prey collection (paper I, table 2). This allowed us to establish the ratio 
of rock and willow ptarmigan in the diets originating from separate gyrfal-
con breeding events. We found that breeding events originating from the 
same territory showed predictable diet proportions of rock and willow ptar-
migan during successive years (paper II, table 2). We hypothesized that this 
depended on the fact that the territories contained predictable amounts of 
rock and willow ptarmigan, and accordingly, the gyrfalcons utilized the two 
ptarmigan species in a density dependent manner. However, we could not 
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test this as we did not know the densities of the two prey species in the 
breeding territories. Instead, we calculated the proportions of rock and wil-
low ptarmigan habitat in the territories with help of a GIS analysis. The pro-
portion of rock ptarmigan habitat in the territories was compared to the pro-
portion of rock ptarmigan in the diets, in order to investigate whether gyrfal-
cons utilization of ptarmigan species was density dependent or not.  

The DNA analysis showed that rock ptarmigan held a much greater pro-
portion in gyrfalcon’s diet than willow ptarmigan did (paper II, table 2). The 
GIS analysis revealed that the study area as a whole held a much greater 
proportion of rock ptarmigan habitat than willow ptarmigan habitat (paper II, 
figure 2), which explained the dominance of rock ptarmigan in gyrfalcon’s 
diet. We found a positive relationship between the proportion of rock ptar-
migan in the diets and the proportion of rock ptarmigan habitat in the territo-
ries, which confirmed that gyrfalcons preyed on ptarmigan species in a den-
sity dependent manner (paper II, figure 2). We use this result to discuss gyr-
falcons vulnerability to game hunting, which affects the two ptarmigan spe-
cies unevenly. 

Paper III 
The peak in the microtine rodent cycle during 2001 resulted in a relatively 

dense population of breeding rough-legged buzzards in the north-eastern part 
of the study area (figure 2). This gave us the opportunity to study the preda-
tion pattern of a microtine rodent predator during exceptionally good food 
conditions. We investigated the general diet and the prey preference of the 
rough-legged buzzard. We also investigated its functional response to differ-
ent microtine rodent species.  

Rough-legged buzzards strongly preferred Norwegian lemmings to other 
vole species and showed a steep type 2 functional response to lemming den-
sity (paper III, figure 1). The same rough-legged buzzards showed a different 
functional response to grey-sided voles, best described by a type 3 function 
(paper III, figure 1). Double functional responses could be explained by high 
prey density, and the fact that breeding raptors behave like central place 
foragers (Stephens & Krebs 1986). During these circumstances, the buzzards 
can maximise the energy gain from foraging by showing partial prey prefer-
ences (Stephens & Krebs 1986), yielding different functional responses to 
different prey categories. The sharp rise of the functional response curve to 
lemmings was probably an effect of the preference for lemmings. The pref-
erence in turn, was probably due to the fact that lemmings are conspicuous 
and slow compared to other voles, and therefore easier to detect and catch. 
The rough-legged buzzard is often described as a nomadic specialist preda-
tor, which due to a fast numerical response can synchronise microtine rodent 
populations on a large spatial scale. Our study indicates that similar preda-

 20



tion patterns may operate on a more fine-grained spatial scale generated by 
functional responses. 

Paper IV 
Golden eagles in the boreal region of Fennoscandia are often characterized 
as generalist predators, incorporating a variety of birds and mammals in their 
diet. However, golden eagles in the arctic environment have to cope with 
low prey diversity and a fluctuating prey base. How these conditions affect 
its predator-prey relationships are poorly studied. We analyzed the diet of 
the breeding population in the study area. We also analyzed how the popula-
tion fluctuations of the main prey species in the study area affected the nu-
merical response of the golden eagle.  

The diet analysis of the golden eagle showed that it has a wider food 
niche than gyrfalcons and rough-legged buzzards. It preyed on ptarmigan, 
hares, reindeer, birds and also on other predatory species (paper IV, table 1). 
In contrast to the gyrfalcons, it seemed like the golden eagle responded func-
tionally to the microtine rodent cycle, as more microtines were found in the 
diet during the peak year in the microtine population cycle. Ptarmigan, hare 
and microtine rodents showed synchronized population fluctuations (paper 
IV, figure 1). The number of breeding golden eagle pairs showed a signifi-
cant relationship to the ptarmigan population fluctuations in the study area 
(paper IV, figure 2), whereas the number of occupied territories was unaf-
fected.  

Discussion 

Study design 
The arctic environment is a good place for studying natural predator-prey 
relationships, as the prey population cycles provide opportunities for explor-
ing how predators respond to a wide range of prey densities (Boutin 1995). 
Further, due to low species diversity, the main community processes are 
relatively easy to identify. However, there are several factors that complicate 
field studies in such an environment. One factor is the logistics, which pre-
cludes field studies requiring bulky or large amounts of equipment. Further, 
in a protected environment such as the study area, manipulative experiments 
are prohibited, and thus descriptive studies are usually the only option avail-
able. And when it comes to raptors as model animals, I refer to the citation 
of Ian Newton (1979) on paper 3 in this thesis.  

One problem often associated with diet quantification from prey remains 
is that pellets tend to overestimate small prey items, whereas skeletal re-
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mains typically overestimate larger prey categories (Langvatn 1977; Huhtala 
et al. 1996; Redpath et al. 2001). Gyrfalcons prey remains comprised few 
pellets, and thus possibly biased towards large prey items such as ptarmigan. 
Ptarmigan bones made up the bulk of skeletal parts found. However, ptarmi-
gan bone fragments also made up a substantial proportion of pellet contents. 
Therefore, the diet proportions were relatively unaffected by the number of 
pellets found in the total batch of prey remains. Pellets dominated the prey 
remains from the rough-legged buzzard. Since all major prey categories were 
microtine rodents of similar sizes, I feel relatively confident that this diet 
analysis was unbiased. Further, it was comparably easy to reach the buzzards 
nests, allowing a more careful search for prey remains. The golden eagle diet 
analysis caused the biggest problem. Despite a six-year effort, few prey re-
mains were found. At several occasions, I visited nest sites where golden 
eagles successfully had raised young without leaving any prey remains. This 
was probably due to the fact that golden eagles actively remove prey remains 
from their nest sites (Collopy 1983).  

DNA identification of prey remains is a useful tool in diet analyses, espe-
cially when prey remains are too fragmented to be identified correctly. DNA 
identification of prey is also useful when discriminating between species 
with similar morphological traits, such as closely related species.   

Boutin (1995) discussed the problems associated with functional response 
analyses based on relative diet measures. He concluded that predators could 
respond to high prey densities by eating only parts of the prey, or by prey 
caching. Therefore, even if a prey made up 100% of the diet, it does not nec-
essarily mean that the maximum attack rate is reached. However we found 
no indications of prey caching for any of the raptor species. Holling (1959b; 
1959a) defined the functional response as the consumption rate of an indi-
vidual predator over a short period of time. As such, it involves the full 
range of foraging behaviours, and has an immediate effect on prey mortality. 
Despite this, functional responses of large predators are usually studied on 
the same temporal scale as predator population dynamics (i.e. the numerical 
response) by pooling the diet of individual predators within a breeding inter-
val, thereby assuming that the diet of individuals do not differ from the 
population average (Korpimäki & Norrdahl 1991b; O'Donoghue et al. 1998; 
Nielsen 1999; Tome 2003). In comparison to this method, our approach with 
breeding territories as unit has several benefits. To start with, it allows for a 
detailed study of how individuals vary in their response to prey density, 
which is of importance for general foraging theories. Furthermore, our ap-
proach is less time consuming since data can be collected over a short time 
span. This in turn, reduces the effect of between-year variation in stochastic 
factors such as weather. Finally, for a species with chaotic dynamics charac-
terised by extremely low densities between peaks (such as the lemming) our 
approach is the only option for research programmes with a finite time pe-
riod (such as a PhD).  
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The method of line transect sampling of ptarmigan and hare droppings 
was developed by us, so there is no other study to make direct comparisons 
with. However, Pelliter and Krebs (1997) estimated densities of live ptarmi-
gan with a similar method and concluded that it was accurate. In general, 
line transect sampling is regarded as a robust method for bird density estima-
tions (Järvinen et al. 1978; Burnham et al. 1981). Further, Gibbons et al. 
(1997) pointed out that droppings from wildfowl are both persistent and 
recognisable and thus very suitable for estimating populations of these rather 
elusive birds.  

Snap trapping is a well-known method for estimating relative abundances 
of microtines. However, it should be considered, that capture success can 
vary between different microtine species. This could cause biases in calcula-
tions such as prey preferences and functional responses (such as in paper 
III).  

The gyrfalcon 
The diet of the gyrfalcon showed that it was a highly specialised ptarmigan 
predator. No other prey category seemed to be of any importance for the 
gyrfalcon breeding population.  

Ptarmigan density fluctuated both on a temporal and spatial scale; how-
ever, these fluctuations had little effect on the predation behaviour of the 
gyrfalcon. The functional response to ptarmigan was almost density inde-
pendent, as ptarmigan remained the dominating prey even in territories with 
the lowest ptarmigan density. Rock ptarmigan dominated over willow ptar-
migan in the general diet of the gyrfalcon breeding population. It was also 
the dominating prey species in the diets originating from separate breeding 
events. Furthermore, it seemed like all breeding events originating from the 
same territory showed predictable diet proportions of rock and willow ptar-
migan during successive years. This could be explained by the habitat com-
position in the breeding territories, as territories that produced diets contain-
ing larger proportions of rock ptarmigan also contained larger proportions of 
rock ptarmigan habitat. Thus it seemed as gyrfalcons utilization of the two 
prey species was density dependent, and the availability of the two prey spe-
cies depended on habitat composition. 

We had expected the gyrfalcon to compensate for low ptarmigan density 
by increasing the consumption of microtines, however no such prey switch 
could be detected. The gyrfalcon population did not respond functionally to 
the microtine rodent population cycle in the study area. Even during a peak 
in the microtine population cycle, the proportion of microtine in the diet 
remained low. As gyrfalcons breeding activities start in March, it must rely 
on resident prey species throughout the major part of its breeding period, and 
ptarmigan constitutes one of the few prey species available in the study area 
during this time of the year. This is probably the main reason to the narrow 
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food niche of the gyrfalcon. During a substantial part of the breeding period, 
a thick snow layer covers the study area, and the microtines spend this pe-
riod under the snow cover. This can explain why the gyrfalcons weak con-
sumption of microtines, they were, to a large extent, protected form gyrfal-
con predation.  

A predator that does not switch to alternative prey during declines in the 
main prey density is bound to show a numerical response to the main prey 
density fluctuations. This could be seen in the gyrfalcons breeding territo-
ries, as we found a positive relationship between the numbers of chicks 
fledged, and the ptarmigan density in the same territories. This reproductive 
response indicates that the growth rate of the gyrfalcon population lags be-
hind that of the ptarmigan population. The combination of a strong, almost 
density independent functional response, and a numerical response with a 
time lag (i.e. due to the reproductive response) suggests that the gyrfalcons 
total response should generate ptarmigan population fluctuations. This has 
been shown for Icelandic gyrfalcons (Nielsen 1999). However, In Fenno-
scandia, ptarmigan populations are believed to be linked to the microtine 
rodent cycle, possibly by predation (Hörnfeldt 1978; Angelstam et al. 1985; 
Hörnfeldt et al. 1986). As we found that the number of gyrfalcon breeding 
attempts tracked the microtine population fluctuations, it seems like the 
predator-prey relationship of gyrfalcon and ptarmigan is influenced by other 
community interactions in the study area. 

The rough-legged buzzard 
The diet of the rough-legged buzzard showed that it behaved like a highly 
specialised microtine rodent predator. Three species of microtines made up 
the bulk of the general diet, lemming, grey-sided vole and field vole. Lem-
ming was the preferred prey and it was utilised to a much higher degree than 
expected from its abundance. The buzzards showed a steep type 2 functional 
response to lemming density, but the same rough-legged buzzards showed a 
different functional response to grey-sided voles, best described by a type 3 
function. The classic prediction from optimal foraging theory is that the in-
clusion of alternative prey in the diet solely depends on density of the pre-
ferred prey ("zero or one rule", see Stephens & Krebs 1986), and therefore, 
two simultaneous functional responses should not be possible. There are, 
however, many circumstances that can relax the zero to one rule and make 
way for a partial prey preference (Berec 2000; Berec & Krivan 2000). Wad-
dington & Holden (1978) claimed that a predator in an environment with 
abundant prey should encounter prey simultaneously rather than sequen-
tially. In a central place foraging situation (such as a breeding rough-legged 
buzzard, which has to deliver prey at the nest site), a predator that encounters 
different prey simultaneously can maximise energy gain by considering both 
prey profitability and the travel distance to the nest before an attack. Each 
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prey category should therefore be utilised in relation to its own benefits, 
resulting in separate functional responses for the different prey categories. 

There are some general characteristics of lemmings that can explain why 
they were the preferred prey species. Lemmings are more conspicuous than 
both grey-sided and field voles, making the easy to detect. They are also 
slow compared to other vole species, making the susceptible to predation 
when detected (Andersson 1976).   

The predation behaviour of the rough-legged buzzard is commonly dis-
cussed in the context of the regional synchrony theory. Nomadic predators 
such as the rough-legged buzzard respond to local prey densities by a fast 
numerical response and distribute themselves in accordance to prey density, 
creating a synchronising predation pressure on microtine populations on a 
regional scale (Ims & Steen 1990; Norrdahl & Korpimäki 1996; Ims & An-
dreassen 2000). Our study did not include a numerical response. However, it 
shows that a similar mechanism can operate on a more fine-grained scale, 
generated by functional responses. Or results show that a predator can gen-
erate different predation pressures on sympatric prey species. More specifi-
cally, the predation pattern of the buzzard implies that lemmings should ex-
perience a relatively density independent and destabilising predation pres-
sure, whereas grey-sided voles should experience a density dependent and 
stabilising predation pressure. This could explain why lemming population 
dynamics appear as chaotic in relation to the population dynamics of its 
sympatric vole species (e.g. Oksanen & Oksanen 1992).  

The golden eagle 
The diet of the golden eagle showed that it behaved like a generalist preda-
tor. It preyed on all major prey categories of the community: microtines, 
ptarmigan, hares and reindeer. For Nordic boreal populations of golden ea-
gles, tetraonid birds constitute one of the main prey categories (Tjernberg 
1981; Högström & Wiss 1992; Sulkava et al. 1999). The bigger species of 
the family, the black grouse and capercaillie, are not found in an arctic envi-
ronment, such as in the study area. Despite this fact, the eagles maintained 
their preference for tetraonid birds by relaying on the only two members of 
the prey category present, rock and willow ptarmigan. In contrast to the gyr-
falcons, willow ptarmigan held a greater part in the eagle’s diet than rock 
ptarmigan did. This was surprising as we expected rock ptarmigan to be the 
most common species in the study area (paper II, figure 2). This could indi-
cate a true preference for willow ptarmigan, however, it could also depend 
on the fact that prey remains from the southernmost part of the study area 
were somewhat over represented in the general diet. This part of the study 
area is probably more suitable for willow ptarmigan, as it contains birch 
forests and dense vegetation. The total number of prey remains was too 
small in order to detect any diet changes between years, with perhaps, an 
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exception for the proportion of microtine rodents. More than half of the total 
number of microtines identified came from 2001, the year when microtine 
populations peaked in the study area. The majority of these were lemmings, 
and thus it seemed as the golden eagles responded functionally to, at least, 
lemming peaks.  

The number of occupied territories was unaffected by prey fluctuations in 
the study area. This seems to be a common phenomena in golden eagle 
populations, and it is usually attributed to territoriality limiting population 
growth, even during good food conditions (Brown & Watson 1964; Newton 
1979; Tjernberg 1981; Steenhof et al. 1997). It has been shown that the 
breeding success of golden eagles in the boreal region of Sweden depends on 
a relatively large set of prey, including hares and tetraonid species 
(Tjernberg 1983b). In our study area were the prey base is less diverse, the 
number of breeding pairs depended solely on the density of the most impor-
tant prey category, the ptarmigan.  

Competition and community structure 
Though a predator-prey relationship typically concerns one predator species 
and its main prey species, it is not always possible to regard them as single, 
self-dependent entities. In an environment with a limited number of preys, 
the predators’ food niches will overlap, resulting in interspecific competition 
for prey. In order to investigate the competitive interactions between the 
three raptors, I recalculated their diets so that they contained comparable 
prey categories (table 1). After that, I measured their food niche overlaps 
with Shoeners overlap index (Krebs 1989, see appendix). The total diet over-
lap between the three raptors was 11.7%. This was mainly due to the mi-
crotines, which was the only prey category common in all three diets. Pair-
wise comparisons produced much higher measures. The greatest diet overlap 
was between golden eagle and gyrfalcon (59.3%). This depended on the fact 
that both species preyed to such large extent on ptarmigan (table 1). The 
rough-legged buzzard shared a smaller fraction of its diet with the other two, 
it had 14.0% overlap with gyrfalcons and 13.3% with the golden eagle. 
These results indicate that golden eagle and gyrfalcon compete for ptarmi-
gan. The number of breeding golden eagle pairs tracked the ptarmigan popu-
lation fluctuations in the study area. This was not the case for gyrfalcons, 
despite their dependence on ptarmigan as prey. 
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Table 1. The diets of gyrfalcon, rough-legged buzzard and golden eagle. Prey cate-
gories are expressed as percentage of the total number of prey items 

Prey categories Gyrfalcon Rough-legged 
buzzard Golden eagle

Rock ptarmigan 76.1 0.0 38.3
Willow ptarmigan 9.8 0.0 25.0
Ptamigan total 85.9 1.0 63.3
Duck 0.3 0.1 0.9
Wader 0.7 0.1 0.0
Raptor 0.0 0.0 0.3
Owl 0.0 0.1 0.6
Corvid 0.3 0.0 3.1
Passerine 0.1 0.5 0.3
Bird total 87.3 1.9 68.5

Lemming 9.6 35.4 10.8
Grey-sided vole 1.6 47.6 0.6
Field vole 1.6 14.9 0.3
Red-backed vole 0.0 0.2 0.0
Microtine total 12.7 98.1 11.7

Shrew 0.0 0.0 0.3
Reindeer 0.0 0.0 11.4
Mountain hare 0.0 0.0 5.9
Mustelid 0.0 0.0 1.9
Red fox 0.0 0.0 0.3
Other mammals total 0.0 0.0 19.8

Birds

Microtine rodents

Other mammals

 
 
 

As the diet overlap indicated food competition, I hypothesised that the ab-
sence of a gyrfalcon numerical response to ptarmigan was a result of compe-
tition with golden eagle, and thus, a negative relationship between the two 
species breeding successes could be expected. I tested this with a regression 
analysis. Figure 3 shows the number of yearly successful breeding pairs of 
golden eagles plotted against the yearly number of breeding gyrfalcon pairs. 
There seemed to be a negative trend (B=-0.62, r2=0.39, N=6, p=0.18), indi-
cating that the gyrfalcons breeding success is connected to the breeding suc-
cess of golden eagle. Competitive interactions between golden eagles and 
gyrfalcons could contain both interference competition and exploitive com-
petition. Exploitive competition affects both species, whereas the effect of 
interference competition should be more notable for the inferior competitor, 
the gyrfalcon. These interactions between gyrfalcons and golden eagles need 
further studying and it is something I consider for future studies. 
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Figure 3. The relationship between the number of successful breeding pairs of  
golden eagles and gyrfalcons (1998-2003). 

 
 
 
 

 
There are many studies discussing the synchronised population fluctua-

tions of microtine rodents, hares and small game species that occur in Fen-
noscandian communities (Hörnfeldt 1978; Lindström et al. 1987; Lindén 
1988; Small et al. 1993). Predation has been proposed as one explanation to 
this phenomenon. According to predation theories: predators use the mi-
crotines as their main prey, and when the density of the main prey decreases, 
the predators switches to alternative prey species such as tetraonid birds and 
mountain hares. As the alternative prey will experience a predation pressure 
depending on the density of the main prey, the population dynamics of the 
main and alternative prey will become linked to each other. If the predators 
have sufficient numbers of alternative prey, and a limited numerical re-
sponse, the result will be stable populations of both predators and prey 
(Erlinge et al. 1984; Erlinge 1987). However, if the predator community 
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comprise specialist predators with a delayed numerical response, the result 
will be population cycles with a four year period for both main and alterna-
tive prey, with predator and alternative prey populations showing a time lag 
to the main prey population (Angelstam et al. 1984; Angelstam et al. 1985). 
If the predators are less selective, there will be no time lag between main and 
alternative prey populations (Norrdahl & Korpimäki 2000).  

My results indicate that there exists a microtine rodent population cycle 
with a four year period in the study area, and that the populations of ptarmi-
gan and hares are synchronised to this cycle (paper IV, figure 1). If the pre-
dation hypotheses are to explain these patterns, the community of the study 
area must comprise a set of predators with predation strategies in accordance 
to this model. To start with, there must be sufficient numbers of microtine 
rodent specialist predators in order for the cycle to occur. The main candi-
date, the least weasel (see introduction) is however, expected to be rare in an 
alpine environment such as the study area (Oksanen et al. 1992), which our 
own observations confirm. The arctic and red fox are potential microtine 
specialists (Elmhagen et al. 2000; Elmhagen et al. 2002), but they occur in 
low numbers in the study area (<10 breeding pairs each year, Love Dalén 
pers. communication). 

The predation patterns of golden eagle and gyrfalcon do not fit the general 
predation hypothesis, as their main prey is ptarmigan. The rough-legged 
buzzard shows the correct main prey choice, however, it is a migrating spe-
cies and only present at high microtine densities. Thus in conclusion, the 
community seems to lack the resident specialist predator needed to support 
the general predation theory. There are studies that show that lemming cy-
cles in an open tundra environment is mediated by resource-consumer inter-
actions (Oksanen & Oksanen 1992; Turchin et al. 2000). This could very 
well apply to the study area, but it does not explain the synchrony between 
the three prey populations. In fact, synchronised population fluctuations of 
microtine rodents, ptarmigan and hare have not been shown for an arctic 
tundra community before, to my knowledge. To identify the processes caus-
ing these patterns is a challenging task. 
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Appendix  
 
Shoener’s overlap index 
 

Pjk= 100), minimum( ⎥
⎦

⎤
⎢
⎣

⎡
∑

n

PikPij  

 
Where  Pjk= Percentage overlap between species j and k, Pij,  
 Pij, Pik= Proportions resource i is of the total resources used by 

species j and k 
 n= Total number of resource states 

  
 



 

 39


	Abstract
	List of Papers
	Introduction
	What is a predator-prey relationship?
	The components of a predator-prey relationship
	Some characteristic predators and their predator-prey relati
	Predator-prey relationships in the arctic environment

	The aim with this study
	Description of the community
	The study area
	The predators
	The prey

	Study design
	Predator populations
	Predator diets
	Prey populations
	Functional response
	Numerical response

	Brief summary of papers
	Paper I
	Paper II
	Paper III
	Paper IV

	Discussion
	Study design
	The gyrfalcon
	The rough-legged buzzard
	The golden eagle
	Competition and community structure

	Acknowledgements, tack till!
	.References
	Appendix


