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MAIN TEXT 42 

Abstract 43 

Species interactions can be altered by climate change but can also mediate its effects. A predator-prey 44 

couple reflecting the dynamics of boreal and alpine ecosystems is the gyrfalcon (Falco rusticolus) and 45 

the ptarmigan (Lagopus spp.). To determine how climate change may impact the alpine food web, we 46 

investigated how ptarmigan abundance and local weather impacts gyrfalcon diet and feeding 47 

behaviour, territory occupancy and reproductive success. Using wildlife cameras, we monitored 48 

gyrfalcon nests throughout the nesting period to collect data on diet and feeding behaviour. We 49 

quantified the gyrfalcon’s functional response by describing how ptarmigan kill rates relate to 50 

ptarmigan density. The gyrfalcon’s numerical demographic and aggregative response were quantified 51 

by describing how gyrfalcon reproductive success and territory occupancy, respectively, were related 52 

to ptarmigan density, using data from large scale monitoring projects. Ptarmigan were the dominant 53 

prey species, occupying 98% of the diet. The proportion of ptarmigan in the gyrfalcon diet, gyrfalcon 54 

breeding success, and gyrfalcon territory occupancy increased when spring arrived later, but 55 

reproductive success decreased with more snow during the nesting period. Gyrfalcon reproductive 56 

success was positively related to ptarmigan density, i.e., a positive numerical demographic response, 57 

but gyrfalcon territory occupancy or the ptarmigan kill rate were not related to ptarmigan density. 58 

These results indicate that the effect of climate change is not straightforward, and investigating how 59 

(a)biotic factors impact both prey and predator is relevant in predicting how a predator will respond 60 

to climate change. Following current climate predictions, onset of spring will become earlier, which 61 

will change the food web structure through prey availability and diversity, and through interactions 62 

with other species. This requires adaptations from gyrfalcons and other predators. We emphasize that 63 

the impact of climate change on predators and other species can be more accurately evaluated on a 64 

multi-species level, rather than individually. 65 

Keywords: Falco rusticolus, Lagopus spp., predator-prey dynamics, functional response, numerical 66 

response, climate change.    67 
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Introduction 68 

Species interactions are at the foundation of ecosystem functioning, and they can play a role in 69 

mediating the impact of climate change on biodiversity (Åkesson et al., 2021; Alexander et al., 2015). 70 

Increasing temperature and changes in weather and precipitation patterns due to climate change 71 

(IPCC, 2023), pose a threat to biodiversity and functioning of ecosystems (Scheffers et al., 2016; Trew 72 

& Maclean, 2021; Zhang et al., 2013). Several studies have reported that environmental change can 73 

significantly alter food web dynamics and predator-prey interactions (Bestion et al., 2019; Petchey et 74 

al., 1999). Predators may be forced to adjust their diet and switch to alternative prey when a certain 75 

prey species declines throughout their distribution (Winfield et al., 2012). A local decline of top-76 

predators can cause a so-called trophic cascade, leading to a shift in food-web dynamics and increased 77 

population growth of species in the trophic levels below. Therefore, studies have argued that species 78 

interactions should be included in the framework for climate change predictions, rather than solely 79 

focusing on the direct effect of climate on a single species (Araújo & Rozenfeld, 2014; Cahill et al., 2013; 80 

Gilman et al., 2010). Predator-prey interactions can occur across multiple trophic levels, which makes 81 

them highly relevant to study in the context of environmental change (Allesina & Pascual, 2008; Laws, 82 

2017).  83 

Higher trophic levels are affected by climate change disproportionally, since they are also indirectly 84 

affected by changes in lower trophic levels (Voigt et al., 2003). Specialist predators face particular 85 

vulnerability, because they rely mainly on a single prey species. Their preferred prey species can 86 

decline in numbers due to a changing environment, but availability of this prey can also decline, e.g. 87 

due to changed habitat structure impacting camouflage or shelter from vegetation (Morin et al., 2021; 88 

Zimova et al., 2020). Unlike generalist predators, specialists cannot easily switch to other prey species 89 

when availability of their prey species declines. Therefore, assessing the resilience of a specialist 90 

predator species to a changing climate involves understanding how their hunting rates and 91 

productivity are impacted by fluctuations in the prey population (Peers et al., 2014; Terraube et al., 92 

2015). Evaluating their resilience will also contribute to our ability to anticipate future changes in the 93 

food web, given the crucial role predators play in this process. 94 

At higher latitudes or altitudes climate warming is more pronounced (Brunetti et al., 2009; IPCC, 2023), 95 

and food webs tend to be relatively simple due to lower species diversity (Gibert, 2019; Paine, 1966). 96 

In this study we focus on the bottom-up effect and aim to investigate how diet and demographics of a 97 

specialist top predator in an alpine ecosystem are affected by fluctuating prey abundances and climate 98 

variables. The focal predator-prey couple is the gyrfalcon (Falco rusticolus) and the ptarmigan (Lagopus 99 

spp.: willow ptarmigan Lagopus lagopus or rock ptarmigan Lagopus muta, hereafter collectively 100 
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referred to as ‘ptarmigan’), which live and breed in alpine and sub-alpine areas in central Norway. Both 101 

species have a circumpolar breeding distribution, and the entire breeding range of the gyrfalcon 102 

overlaps with at least one of the ptarmigan species (Nielsen & Cade, 2017). In several studies, the 103 

importance of ptarmigan abundance for gyrfalcon populations has been demonstrated (Barichello & 104 

Mossop, 2011; Hagen, 1952a; Nielsen, 1999). Almost all studies on gyrfalcon diet and feeding 105 

behaviour show that ptarmigan are the dominant prey species and constitute 50-100% of the diet, 106 

suggesting that the gyrfalcon behaves as a specialist predator to a large extent (Booms & Fuller, 2003a; 107 

Koskimies & Sulkava, 2011; Robinson et al., 2019), but see Muir and Bird (1984). Though ptarmigan 108 

remain the dominant prey throughout the year, the same studies also show that alternative prey, such 109 

as migratory birds and small rodents, generally become more evident in the gyrfalcon diet later in the 110 

season.  111 

In most strongly linked predator-prey couples, predator behaviour and population dynamics respond 112 

to changes in prey abundance and availability. A common method to quantify this relationship is to 113 

analyse the functional and numerical response (Solomon, 1949). The functional response describes 114 

how prey density affects a predators’ kill rates or consumption rates of a specific prey species (Abrams, 115 

2022), and following Holling (1966), can resemble one of four curve types. The shape of the curve is 116 

primarily influenced by kill rate and prey density, with kill rate itself depending on the time spent 117 

searching for, handling, and processing prey. For a specialist predator a type II response is typical 118 

(Abrams, 1990; O'Donoghue et al., 1998), which describes that kill rate increases with prey density at 119 

a decelerating rate, and the predator is limited by its prey processing capacity. The numerical response 120 

can be divided into two parts, i.e. the numerical demographic response and the numerical aggregative 121 

response. The numerical demographic response describes the relationship between prey density and 122 

predator reproductive success, whereas the aggregative response describes the relationship between 123 

prey density and territory occupancy of the predator (Bayliss & Choquenot, 2002; Oksanen et al., 124 

2001). For predators that depend on a specific prey species, one would expect a positive relationship 125 

in both cases. For species that do not reach their reproductive age in their first year of life, such as the 126 

gyrfalcon, the numerical aggregative response may be delayed (Nielsen, 1999).  127 

Compared to other raptors, the breeding density of gyrfalcons in Scandinavia is low, but the population 128 

is considered stable (Artsdatabanken, 2021; Franke et al., 2020). Studies show contrasting patterns 129 

about the effect of a phenological shift towards warmer springs on ptarmigan and gyrfalcon 130 

reproductive success. Some show that advanced snow melt is beneficial, because it leads to earlier 131 

availability of nesting sites for both species (Eriksen et al., 2023; Nielsen, 2011; Wann et al., 2016; 132 

Wilson & Martin, 2010). More snow-free vegetation is also associated with higher food availability for 133 

ptarmigan, and alternative prey for gyrfalcons such as migratory bird species, can arrive to their 134 
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breeding grounds earlier. But, not all studies agree (Melin et al., 2020) and increased precipitation in 135 

spring could also have a negative effect on reproduction in both species (Clarke & Johnson, 1992; 136 

Robinson et al., 2017). Such changes in weather can have a direct effect on gyrfalcon reproductive 137 

success by affecting nestling survival, but it may also have an indirect effect through changed hunting 138 

success and thus feeding behaviour (Kämpfer et al., 2022; Sergio, 2003). Feeding behaviour and 139 

feeding rates play a crucial role in determining fledging success and therefore reproductive success 140 

(Grames et al., 2023; Olsen et al., 1998).  141 

To this end, we analysed gyrfalcon diet and feeding behaviour during the breeding season and 142 

calculated the functional and numerical response of the gyrfalcons in fluctuating ptarmigan 143 

abundances. Comparing this to local weather variables should inform us about the potential effect of 144 

climate change on this predator-prey couple. Based on previous studies on this matter we formulated 145 

the following main predictions: 146 

1. Ptarmigans are the dominant prey species throughout the breeding season, and the proportion of 147 

alternative prey will increase towards the end of this period.  148 

2. Gyrfalcons will show a type II functional response, a positive numerical demographic response, and 149 

a positive numerical aggregative response with a time lag of 1-3 years. 150 

3. In years with early snow melt, overall amount of prey delivered will be higher, which will result in 151 

higher breeding success and territory occupancy. 152 
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Materials & methods 153 

The aims and hypotheses for this study were preregistered and are available online at the Open Science 154 

Framework (https://osf.io/jwxqz/?view_only=cf09db96bf6044d0aab53b73db49debb).  155 

Study area 156 

The study was conducted in the northeastern part of central Norway. Gyrfalcon territories are found 157 

in alpine and sub-alpine mountain regions with a mean elevation of 667 meters above sea level. The 158 

habitat is dominated by heathlands and open woodlands covered by scattered patches of mountain 159 

birch (Betula pubescens), willow (Salix spp.), Norway spruce (Picea abies), and Scots pine (Pinus 160 

sylvestris). The patchy vegetation provides food and shelter for herbivores like ptarmigan, hares (Lepus 161 

timidus) reindeer (Rangifer tarandus) and small rodents. In this area, gyrfalcons generally nest in rocky 162 

cliffs, almost solely in nests built by common ravens (Corvus corax). Variation of the local weather 163 

conditions throughout the gyrfalcon breeding seasons during the study period is shown in figure 1.  164 

Figure 1. (a) The study area and the municipalities included in the study. Northernmost area A consists 165 

of municipalities Namsskogan and Røyrvik, B of Grong and Lierne, C is Snåsa, and the southernmost 166 

https://osf.io/jwxqz/?view_only=cf09db96bf6044d0aab53b73db49debb
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area D is Meråker. (b) Estimated ptarmigan densities per area as number of individuals per square 167 

kilometre (solid lines), with 95% confidence intervals (shaded ribbons). (c) The total number of gyrfalcon 168 

nestlings produced per area, i.e. combined productivity, (d) The number of occupied gyrfalcon 169 

territories per area. (e) Estimated relationships between day of the year during the nesting period and 170 

predicted snow depth, (f) temperature, and (g) precipitation. Averages shown in solid lines with 95% 171 

confidence intervals (shaded ribbons).  172 

Data collection procedures 173 

Our analyses were based on four main data sets: i) data from wildlife cameras on gyrfalcon nests, ii) 174 

monitoring data of gyrfalcon territory occupancy and reproductive success, iii) ptarmigan abundance 175 

data, and iv) gridded weather data, which are each described in more detail below. 176 

Gyrfalcon diet and feeding behaviour 177 

We collected data on diet and feeding behaviour in Lierne municipality from 2018 until 2023. Here, 22 178 

nest sites are monitored for breeding activity annually. We installed two Minox DTC 550 wildlife 179 

cameras on a subset of active gyrfalcon nests when the nestlings were between 10 and 20 days old, in 180 

late May to early June, and uninstalled them after the nestlings fledged. The cameras recorded activity 181 

of the adults and the nestlings from two angles and when the motion sensor was triggered, the 182 

cameras were programmed to take pictures with either a 15 or 30 second interval. In 2018 only one 183 

camera was installed per nest, set to a 30 second interval. Throughout the study period, we monitored 184 

a total of 12 breeding attempts at eight different nests. From the pictures we extracted the following 185 

variables about feeding behaviour and diet of the gyrfalcons during the nesting period, every time a 186 

prey item was delivered to the nest: i) brood size, i.e. number of nestlings ii) prey species, iii) timing of 187 

prey delivery, iv) time spent feeding nestlings v) sex of the parent delivering the prey or feeding the 188 

nestlings vi) whether the prey item was a fresh delivery, or a cached item from a previous delivery, 189 

which is a common behaviour in gyrfalcons (Booms & Fuller, 2003b). We determined the species of a 190 

prey item based on external features, which could be challenging when the prey was plucked and 191 

processed before delivery to the nest. Therefore, our dataset contained a significant number of 192 

unknown prey items. To address this, we imputed the prey type for missing data cases by estimating 193 

the probability that a prey is a ptarmigan for each missing value, using a logistic regression model. The 194 

model included sex of the parent delivering the prey, nestling age, precipitation, snow depth and 195 

temperature as covariates (see below for a detailed description of the weather variables). Based on 196 

these probabilities we drew values from a binomial distribution, 1 for ptarmigan and 0 for alternative 197 

prey, to replace missing observations. Throughout the analyses, willow and rock ptarmigan were 198 

collectively classified as ptarmigan, as they were virtually impossible to distinguish in the pictures. We 199 



9 
 

assigned an average biomass to each prey species using the AVONET dataset (Tobias et al., 2022) and 200 

panTHERIA archives (Jones et al., 2009), for avian and mammalian prey species, respectively. For prey 201 

that was classified as a group of species, we used the average biomass of several common species in 202 

that category (Table S1). Biomass for unknown prey imputed as ptarmigan was assigned the average 203 

biomass for ptarmigan, i.e. rock ptarmigan and willow ptarmigan, and unknown prey imputed as 204 

alternative prey was assigned the weighted mean biomass of all alternative prey present in our 205 

dataset. 206 

Gyrfalcon population monitoring 207 

We used long term data on gyrfalcon reproductive success and territory occupancy from 2012 until 208 

2023 in four areas (Gjershaug et al., 2008), which consist of six municipalities in total. The areas 209 

represent a north-south gradient within the northern part of the county Trøndelag, with A being the 210 

northernmost area, and D the southernmost (Fig. 1). In total, 64 nest locations of gyrfalcons are known 211 

in all areas combined, which were surveyed nearly every year. The monitoring was done late in the 212 

nesting period in June, mostly using helicopters, which is an effective method to survey large areas for 213 

raptor activity (Olson et al., 2015). The helicopter flew at a safe distance from nests and could hover, 214 

so it was possible to count nestlings with binoculars while disturbance is limited (Grubb et al., 2010). 215 

Digital photos of the occupied nests were taken to post-check for errors when counting chicks from 216 

the air. Territory occupancy was determined by observing the presence of nestlings in nests or near 217 

the nesting site, or by identifying other clear signs of a breeding attempt, such as fresh prey remains, 218 

guano stains, and the presence of territorial adults. Gyrfalcon reproductive success was measured as 219 

the number of nestlings per nest close to fledging, i.e. nestlings around 42 days old, and territory 220 

occupancy was represented by a binary variable being either occupied, or unoccupied. 221 

Ptarmigan abundance  222 

Ptarmigan populations in various regions of Norway are surveyed annually in August using line 223 

transects, as part of a monitoring program led by the Norwegian Institute for Nature Research (NINA). 224 

Data from the surveys are stored and managed in Hønsefuglportalen, which coordinates grouse line 225 

transect surveys across Norway. More detailed information about these surveys can be found in 226 

Bowler et al. (2020) and Kvasnes et al. (2018). Data can be accessed through the data portal of Living 227 

Norway Ecological Data Network (Nilsen et al., 2022) or via GBIF, and ingested to R using the 228 

LivingNorwayR package (Chipperfield et al., 2022). Using the line transect data and the distance 229 

sampling method, we estimated abundance and density of ptarmigan in the four areas shown in figure 230 

1. We set up a distance sampling model using the R package Distance (Miller et al., 2019) to estimate 231 

annual ptarmigan densities between 2009 and 2023 for each area. In the detection model we used the 232 
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half-normal key function, a truncation distance of 200 meters and cluster size, i.e. the total number of 233 

ptarmigan counted per observation, as a detection covariate. Both rock ptarmigan and willow 234 

ptarmigan were included in the ptarmigan density estimates. For all but three municipalities ptarmigan 235 

survey data were available for the years between 2009 and 2023. In Grong municipality, ptarmigan 236 

line transect surveys were not conducted annually. Lierne is a neighbouring municipality to Grong and 237 

since ptarmigan densities tend to be spatially autocorrelated, we used ptarmigan densities from Lierne 238 

to extrapolate for area B (Kvasnes et al., 2014). In Meråker the line transect survey data were available 239 

from 2013, and for Røyrvik from 2018.  240 

Weather data 241 

Data on weather variables were obtained via the Norwegian Meteorological Institute, using the 242 

SeNorge model with the GridTimeSeries API request (Lussana et al., 2018), which provides gridded 243 

weather data with a resolution of 1 x 1 kilometre. For each of the nest coordinates in our dataset we 244 

extracted daily mean values for temperature (°C), snow depth (cm) and precipitation (mm). For the 245 

numerical demographic response analysis, we calculated annual means for each of these variables over 246 

the period between 15 May and 1 July, which approximately represents the nestling period. For the 247 

numerical aggregative response analysis, we calculated the annual average values for February, as this 248 

is approximately when territory establishment occurs in our region (B.C. Moen, pers. comm.). As a 249 

proxy for the timing of spring, we used the yearly snow depth on 20 May (SD20), for each of the nest 250 

locations. Because the presence of snow is important for the onset of activity of the flora and fauna in 251 

spring (Cooper, 2014), we assumed that more snow on the 20 May implies a late onset of spring, and 252 

vice versa.  253 

Statistical analyses 254 

All statistical analyses were done using R in R Studio version 2023.09.1, (R Core Team, 2023). An 255 

overview of all the models and their structure is shown in Table 1. Rather than pursuing the minimal 256 

adequate model, all relevant predictor variables were included in the models following Mundry and 257 

Nunn (2009). Interpretation and reporting of the model results were done following Muff et al. (2022), 258 

using a combination of p-values and ‘language of evidence’. Model assumptions were evaluated 259 

through visual inspection of plots from the DHARMa package (Hartig, 2022), to check over- or under 260 

dispersion, uniform distribution of the residuals, limit heteroscedasticity and outliers in the model 261 

simulations for the linear mixed models, and normally distributed random effects for the generalized 262 

linear mixed models. We did not detect multicollinearity in any of the models, which was checked by 263 

calculating variance inflation factors (VIF) using the car package (Fox & Weissberg, 2019) in R for each 264 

of the response variables, with a threshold value of 5. 265 



11 
 

Diet and feeding behaviour 266 

We analysed diet and feeding behaviour of gyrfalcons based on the nest picture data using linear mixed 267 

models and generalized linear mixed models. We set up five models with different response variables 268 

that each included the same predictor variables. In our modelling approach AIC selection was used for 269 

determining which of two closely related measures for time gave a better model fit, i.e. comparing 270 

‘nestling age’ with ‘Julian day’. An overview of the models and descriptions of each of the response 271 

variables used for this part of the analysis are shown as models 1-5 in Table 1. In each of the models, 272 

nestID is included as a random effect. This variable indicates the nest location and the year of the 273 

breeding attempt, for example ‘A_23’ for nest location A in 2023, so including this as random effect 274 

ensures we consider the variation between individual breeding attempts. In model 1 and 2 deliveries 275 

of cached prey are excluded from the analysis. For model 2 the modelling assumptions were not met, 276 

and this could not be improved by changing model structure. We detected deviations from uniformity 277 

of residuals, presence of influential outliers in model predictions and heteroscedasticity.  Therefore, 278 

interpretation of results based on this model should be approached with caution, as estimates and 279 

confidence intervals may be biased and may not fully reflect underlying relationships in the data.   280 
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Table 1. Overview of all the models used throughout the analysis. Models are divided up into the 281 

different components of the statistical analysis. In two cases the response variable was transformed 282 

to adhere to the modelling assumptions. Model numbers are used for reference in the main text. 283 

Random factor Nest ID is a combination of the nest location and the year of the breeding attempt. 284 
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Functional response 285 

The functional response was analysed by fitting the data to a type II, a type I and an intercept only 286 

model. The model for the type II functional response curve was based on Hollings disc equation 287 

(Holling, 1959), but the interpretation of the parameters followed the methods described by Nilsen et 288 

al. (2009). The formula is as follows: 289 

𝑦 =  
𝑎𝑥

ℎ + 𝑥
 290 

Y is the kill rate as a function of prey density x, a is the asymptotic kill rate (i.e. the maximum kill rate) 291 

and h is the half saturation density (i.e. the ptarmigan density where 0.5a is reached). We calculated 292 

kill rate as the number of ptarmigan brought into each individual nest, sensu Nyström et al. (2005), for 293 

each week in the dataset (n=55). Deliveries of prey remains that were cached after the initial prey 294 

delivery were excluded in this part of the analysis. For incomplete weeks that only consisted of one to 295 

six days, we removed those that spanned fewer than five days (n=14), and weeks with at least five days 296 

were adjusted by extrapolating the missing days to obtain a weekly kill rate (n=12). We assigned the 297 

corresponding yearly ptarmigan density in Lierne to each of the weeks in our dataset and estimated 298 

the nonlinear least-square estimates for a and h. To test for a type I functional response, i.e. a linear 299 

relationship in the data, we fitted a linear mixed model with weekly kill rate as response variable, 300 

ptarmigan density as the predictor variable and year as random variable (model 8, Table 1). We 301 

calculated AIC and R2 for both models and for an intercept only model to assess their fit to our data. 302 

Due to the relatively low sample size and therefore lack of variation in the data we did not have 303 

sufficient statistical power to estimate the effects of weather on the functional response or kill rate. 304 

Numerical response 305 

The numerical response was divided into two distinct components: the numerical demographic 306 

response relating to breeding success, and the numerical aggregative response relating to territory 307 

occupancy, both calculated for the period between 2012 and 2023. For the numerical demographic 308 

response, we considered two generalized linear mixed models with the same structure but a different 309 

response variable. The first is termed combined productivity, which is the sum of nestlings produced 310 

in each area (see Fig. 1) per year, i.e. the combined effect of territory occupancy and reproductive 311 

success for each area. When combined productivity is higher, this means the total number of nestlings 312 

is higher, which is related to more occupied nests in this area. The second is individual reproductive 313 

success, as the number of nestlings produced per nest. We related these two response variables to 314 

ptarmigan density and weather, as shown in model 7 and 8 (Table 1). Observations were only included 315 

when we were confident about the number of nestlings that was produced at a nest (n=221). For the 316 
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numerical aggregative response, we included all observations where territory occupancy was assessed 317 

(n=319). To account for a potential time lag in the response of the gyrfalcons in territory occupancy, 318 

we calculated a ‘time-lagged’ ptarmigan density for each observation for the same location the year 319 

before (t-1), two years before (t-2) and three years before (t-3). Since ptarmigan transect data was not 320 

available before 2013 for Meråker, and before 2018 for Røyrvik, a time lag could not be considered for 321 

these years and locations. We set up four generalized linear mixed models where territory occupancy 322 

is always the response variable, and ptarmigan density with 1-3 year time lags are response variables, 323 

together with weather variables for the month February, see models 9 to 12 (Table 1). To correct for 324 

temporal autocorrelation in territory occupancy, we incorporated an autoregressive correlation 325 

structure into these models using the ar1 function from the glmmTMB package (Brooks et al., 2017).  326 

Results 327 

Diet 328 

By monitoring 12 gyrfalcon nests during the nestling period from 2018 to 2023, we documented 1075 329 

prey deliveries (when excluding 51 cached deliveries, Table S2). After imputation of all unknown prey, 330 

including deliveries of cached prey, 1103 prey items were identified as ptarmigan (97,8 %). A complete 331 

overview of the model results related to diet and feeding behaviour can be found in Table S3. The 332 

proportion of ptarmigan in the diet decreased later in the season (odds ratio (OR) = 0.92, CI: 0.87-0.99, 333 

p=0.017). When spring arrived later, indexed by SD20, the proportion of ptarmigan in the diet was 334 

greater (OR = 1.05, CI: 1.01-1.09, p=0.010, Fig. 2b). There was no relationship between the proportion 335 

ptarmigan in the diet and daily snow depth (p=0.196), temperature (p=0.334) or precipitation 336 

(p=0.212). We found weak evidence that males brought in a lower proportion of ptarmigan than 337 

females (OR=0.33, CI: 0.01-1.12, p=0.074). The model describing prey biomass did not meet 338 

assumptions for valid inference, so the following results should be interpreted with caution. We found 339 

evidence for a decrease in prey biomass as the breeding season progresses (β=-0.50, CI: -0.91-0.09, 340 

p=0.016), and for an increase in prey biomass when spring arrived later (β=0.25, CI: 0.11-0.39, 341 

p=0.001). We found weak evidence that prey biomass decreases with daily snow depth (β=-0.20, CI: -342 

0.31-0.002, p=0.054), but no evidence for a relationship with temperature (p=0.121) or precipitation 343 

(p=0.259). Furthermore, there was no difference in prey biomass between prey delivered by males or 344 

females (p=0.105).  345 

Feeding behaviour 346 

We recorded a total of 318 feeding events, with a mean feeding time of 40.6 (SE: ± 1.84) minutes per 347 

nest per day. When the nestlings became older, the parents spent less time feeding them per day (β=-348 

0.21, CI: -0.25 - -0.18, p<0.001), the average length of a feeding event decreased (β=-0.07, CI: -0.09 - -349 



15 
 

0.06, p<0.001), and the number of prey deliveries decreased (IRR=0.98, CI: 0.97-0.99, p<0.001). Males 350 

spent less time feeding nestlings per day than females (β=-2.56, CI: -3.05 - -2.07, p<0.001), and brought 351 

prey to the nest less frequently (IRR=0.51, CI: 0.42-0.61, p<0.001). We found weak evidence that the 352 

mean length of the males’ feeding event is shorter than those of females (β=-0.26, CI: -0.51-0.00, 353 

p=0.054). The rate of prey delivery increased when brood size was bigger (IRR=1.12, CI: 1.01-1.26, 354 

p=0.033), and the time spent feeding per day increased with brood size (β=0.97, CI: 0.49-1.45, 355 

p<0.001). Brood size did not affect the mean length of a feeding event (p=0.183). We did not find 356 

evidence for a relationship between weather variables and time spent feeding per day (snow depth: 357 

p=0.608, temperature: p=0.461, precipitation: p=0.860, SD20: p=0.973), mean feeding time and 358 

weather variables (snow depth: p=0.839, temperature: p=0.060, precipitation: p=0.810, SD20: 359 

p=0.602) or the prey delivery rate and weather variables (snow depth: p=0.096, temperature: p=0.290, 360 

precipitation: p=0.271, SD20: p=0.286). 361 

Figure 2. Model predictions (solid line) and their 95% confidence intervals (shaded ribbons). Left: the 362 

relationship between ptarmigan density and reproductive success measured as number of nestlings 363 

produced per area, i.e. combined productivity (a). Right: the relationship between spring timing, 364 

measured as snow depth on the 20th of May, and the proportion ptarmigan in the diet (b) and the 365 

number of nestlings produced per area (c). For combined productivity, raw data points are shown in 366 

different colours for the areas A, B, C and D, which is the random factor in these models.  367 
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Functional response  368 

Mean weekly kill rate of ptarmigan fluctuated between 11.0 and 37.0 individuals per nest, with an 369 

overall mean of 22.53 (SE: ± 0.95). However, across the range of ptarmigan densities observed in our 370 

study [range: 17.1 to 30.4 ptarmigan per km2], we did not find any clear evidence that the kill rates 371 

increased with increasing ptarmigan density, as the intercept-only model (AIC: 274.50) was equally 372 

supported by the data as both a type I (AIC: 274.76) and type II functional response (AIC: 274.64). The 373 

estimated parameters for the type II functional response were 31.31 (SE: ± 9.31) and 9.47 (SE: ± 10.12) 374 

for a and h, respectively. For the type I functional response the slope was estimated at β=0.30 (CI: -375 

0.26-0.86, p=0.38).  376 

Numerical response 377 

Between 2012 and 2023, we recorded 55 successful gyrfalcon nesting attempts. We found moderate 378 

evidence that the combined productivity, i.e. total reproductive success per area, was positively 379 

related to ptarmigan density (IRR=1.03, CI: 1.00-1.05, p=0.043, Fig. 2a) and strong evidence that there 380 

was a positive correlation with snow depth in mid-May, i.e. SD20 (IRR=1.02, CI: 1.00-1.04, p=0.002, Fig. 381 

2c). We found moderate evidence that combined productivity was negatively related to average snow 382 

depth during the breeding period (IRR=0.99, CI: 0.98-1.00, p=0.015). Annual reproductive success per 383 

nest showed a positive relationship with SD20 (IRR=1.02, CI: 1.01-1.03, p=0.001), and a negative 384 

relationship with average snow depth during the breeding period (IRR=0.99, CI: 0.98-1.00, p=0.003). 385 

There was little to no evidence for a positive relationship between ptarmigan density and reproductive 386 

success per nest, per year (IRR=1.02, CI: 0.99-1.04, p=0.156).  387 

Of the 319 nest sites surveyed between 2012 and 2023, 84 nest sites were occupied. Our findings did 388 

not reveal any correlation between the occupancy of territories and ptarmigan density, regardless of 389 

whether we considered a time lag of one-to-three-years (same year: p=0.904, t-1: p=0.722, t-2: 390 

p=0.748, t-3: p=0.953, Table S4). Territory occupancy was not influenced by temperature and 391 

precipitation (p>0.1, Table S4), but for each considered time lag there was weak evidence for a positive 392 

relationship between territory occupancy and snow depth (all: β=0.004 same year: p=0.073, t-1: 393 

p=0.087, t-2: p=0.091, t-3: p=0.090) 394 

Discussion 395 

Gyrfalcons as ptarmigan specialists 396 

In accordance with previous studies on gyrfalcon diet in central (Hagen, 1952a; Langvatn & Moksnes, 397 

1979) and northern Scandinavia (Dementiev & Gortchakovskaya, 1945; Huhtala et al., 1996; Koskimies 398 

& Sulkava, 2011; Lindberg, 1984; Nyström et al., 2006), we found that ptarmigan is the main prey 399 
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species of gyrfalcons in central Norway in the breeding season. During the breeding period, migratory 400 

bird species increase in abundance in gyrfalcon territories, and rodents become more readily available. 401 

Accordingly, some studies have shown an increase in alternative prey in the diet later in the breeding 402 

season (Potapov, 2011; Robinson et al., 2019). Despite a substantial increase in prey diversity (Mellard 403 

et al., 2019), we only observed a minor increase of alternative prey in the diet as the breeding season 404 

progressed, indicating that adult gyrfalcons in central Norway specialize on ptarmigan throughout the 405 

breeding season. 406 

We also investigated gyrfalcon feeding behaviour, and our findings align well with results from 407 

previous studies. Female birds invest more time in feeding their nestlings and delivery and feeding 408 

rates increase with increasing brood size (Booms & Fuller, 2003b; Sonerud et al., 2014). A decline in 409 

feeding rates as nestlings get older may be explained by a reduced energetic need, as they have already 410 

passed their peak in energetic requirements before our monitoring period (Konarzewski et al., 1998). 411 

We observed no impact of weather variables on feeding behaviour, which suggests that weather 412 

primarily influences reproductive success by affecting prey availability or hunting success, rather than 413 

through feeding behaviour.  414 

For specialist predators a type II functional response is expected (Holling, 1966). Nyström et al. (2005) 415 

revealed a type II functional response of gyrfalcons to ptarmigan density in Sweden, and Nielsen (1999) 416 

found evidence for both a type I and type II functional response in Iceland. In our study we found no 417 

clear evidence that our data fit a type I or type II functional response. Since kill rates are challenging to 418 

calculate for wild populations, sample sizes are often low for such studies (Dale et al., 1994; Nilsen et 419 

al., 2009). It is likely that ptarmigan densities differ slightly between gyrfalcon territories, depending 420 

on the landscape and vegetation. But, in our analysis we calculated the same yearly ptarmigan 421 

densities for all nests within an area, as the line transect data did not allow for more specific density 422 

estimates. Besides, the fluctuations in ptarmigan density in our dataset were relatively moderate. A 423 

lack of variation in ptarmigan densities may explain why we did not observe a functional response.  424 

Corresponding to our expectations and previous studies (Barichello & Mossop, 2011; Falkdalen et al., 425 

2011; Hörnell-Willebrand, 2008; Nyström et al., 2005), we found a positive numerical demographic 426 

response. This relationship is most pronounced when examining combined productivity per area but 427 

becomes much weaker, to non-existent, when considering individual nesting success. The numerical 428 

aggregative response has not reached consensus in prior studies (Hörnell-Willebrand, 2008; Nielsen, 429 

1999; Nyström et al., 2005; Selas & Kalas, 2007). Our findings could potentially provide clarity to this 430 

unresolved issue. ‘Combined productivity’ is a measure that combines territory occupancy and 431 

individual reproductive success. It appears that territory occupancy and reproductive success 432 
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individually do not show sufficient variation to respond to fluctuating ptarmigan density. However, 433 

when combined they do show a correlation with ptarmigan density (Fig. 2a), suggesting that bottom-434 

up control can be an important factor in gyrfalcon population dynamics. 435 

Late springs benefit gyrfalcon reproductive success 436 

In accordance with a study from Iceland (Nielsen, 2011), we found evidence that average snow depth 437 

during the breeding period is negatively correlated to both combined productivity and individual 438 

reproductive success. This may be attributed to increased nestling survival rates in mild weather and 439 

reduced hunting success during poor weather conditions (Fairhurst & Bechard, 2005; Fisher et al., 440 

2015), which is further supported by the indication we found for a negative relationship between prey 441 

biomass and daily snow depth. In contrast to these findings, our study revealed that gyrfalcon breeding 442 

is more successful the more spring is delayed (i.e. more snow in early spring), that both prey biomass 443 

and the proportion of ptarmigan in their diet is higher in later springs, and that territory occupancy 444 

seems positively related to snow depth during territory establishment in February. These findings can 445 

be complemented by another study from our study area that revealed that ptarmigan mortality is 446 

higher in late springs (Eriksen et al., 2024). We propose a few potential interpretations for these 447 

findings. Firstly, we speculate that the camouflage mismatch theory could play a role when the 448 

transition from white to brown plumage of ptarmigan does not align with the timing of snow melt 449 

(Otte et al., 2024; Zimova et al., 2020). This makes ptarmigan more conspicuous and an easy target for 450 

predators such as the gyrfalcon, but the same could also happen in very early springs. Secondly, in late 451 

springs ptarmigan may be forced to feed on the few snow-free patches where the vegetation is 452 

accessible, but they are more exposed to predation. Additionally, due to higher energetic requirements 453 

during nesting but lower diet quality with much snow cover (García-González et al., 2016), ptarmigan 454 

may also need to spend more time feeding on these few patches when further snow melt is delayed. 455 

Finally, in years with late springs, alternative prey species such as migratory birds and rodents are 456 

expected to become available later in gyrfalcon territories. With fewer alternative prey available, 457 

gyrfalcons are forced to rely even more heavily on ptarmigan, resulting in higher ptarmigan 458 

proportions in the gyrfalcon diet and higher mortality rates for ptarmigan. This is likely related to 459 

increased gyrfalcon breeding success and territory occupancy, since ptarmigan seem to be their 460 

favoured and optimal prey species (Nielsen & Cade, 1990). 461 

Predators in a changing world 462 

In many areas onset of spring is advancing due to the warming climate (Inouye, 2022; Parmesan & 463 

Yohe, 2003). Across natural ecosystems mismatches in food availability can have significant 464 

consequences, especially at high latitudes. Migratory raptors are forced to advance their arrival to their 465 



19 
 

breeding grounds to synchronize reproduction with the peak of food availability. Successful adaptation 466 

has been associated with higher breeding success, while an unsuccessful advancement may result in a 467 

phenological mismatch, reducing breeding success (Martinez-Ruiz et al., 2023). The same applies to 468 

range shifts in mammalian predators such as the lynx (van Hassel & Bovenkerk, 2023) and wolverine 469 

(McKelvey et al., 2011) that need to adapt to maximize the potential for successfully hunting prey. Our 470 

study demonstrates that delayed springs are associated with increased gyrfalcon breeding 471 

performance, which probably relies on the changing availability of ptarmigan in varying snow 472 

conditions. In this context, ‘availability’ can simply mean abundance, but also visibility and other 473 

factors relating to the gyrfalcon’s hunting success, which also vary with environmental conditions. 474 

Since this change in prey availability due to shifting phenology will result in decreased breeding success 475 

under the current climate predictions, this will require adaptations from the gyrfalcon in the future.   476 

Short term effects of climate warming can benefit small herbivores such as ptarmigan, which are 477 

important prey of several top predators in high-latitude food webs. In early springs, food and nest 478 

availability is higher, there is more shelter from vegetation cover and offspring survival is higher in 479 

milder temperatures (Eriksen et al., 2023; Findlay-Robinson et al., 2023; Ingvaldsen et al., 2024; Layton-480 

Matthews et al., 2020; Morrissette et al., 2010). Conversely, there are also long-term processes that 481 

could impact small herbivores negatively in the future (Fuglei et al., 2020; Ims & Fuglei, 2005). An 482 

example of such a process is the northward or upslope shift of generalist predators such as the red fox 483 

(Vulpes vulpes) due to ameliorating conditions in higher altitudes and latitudes (Selås & Vik, 2006). This 484 

can alter food web structure by increasing predation pressure on small herbivores and competition 485 

with local (specialist) predators. In addition, interconnected population cycling of mammalian 486 

populations is more prevalent in higher latitudes (Kendall et al., 2002), and has been observed for the 487 

ptarmigan and gyrfalcon populations in Iceland (Barraquand & Nielsen, 2018). The food web in 488 

Scandinavia is more complex and previous research has shown that ptarmigan population cycles are 489 

also closely linked to the rodent cycle (Hagen, 1952b). The alternative prey hypothesis states that in 490 

years of high rodent abundance predation pressure is relieved for the ptarmigan. It has been suggested 491 

that the attenuation of rodent cycles has led to an increase in predation pressure on ptarmigan, 492 

causing a decrease in their population size (Fuglei et al., 2020; Hjeljord & Loe, 2022). This mechanism 493 

is also relevant for non-cyclic prey, where the presence or absence of alternative prey can alleviate or 494 

enhance predation pressure for certain species, respectively (Kjellander & Nordström, 2003).  495 

These examples illustrate that the impact of climate change is not always straightforward, and simply 496 

examining a single species is insufficient (Bowler et al., 2020; Gilman et al., 2010). Even specialist 497 

predators such as the gyrfalcon are not only directly connected to their main prey species, but also 498 

indirectly to other species, since the ptarmigan is a key player in the dynamics of many other species 499 
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in the food web as well. This study provides the insight that climate change will likely require 500 

adaptations from gyrfalcons and predators alike in alpine areas. Indirect effects of climate change that 501 

act through the species predators interact with, are of high importance in assessing their resilience to 502 

a changing environment. Contrasting impacts of climate change in the short- and long-term can further 503 

complicate these predictions. However, they demonstrate that the influence of climate change almost 504 

invariably depends on the local food web context.  505 



21 
 

References 506 

Abrams, P. A. (1990). The effects of adaptive behaviour on the type-II functiona response. Ecology, 507 

71(3), 877-885. https://doi.org/10.2307/1937359  508 

Abrams, P. A. A. (2022). Food web functional responses. Frontiers in Ecology and Evolution, 10, Article 509 

984384. https://doi.org/10.3389/fevo.2022.984384  510 

Åkesson, A., Curtsdotter, A., Eklöf, A., Ebenman, B., Norberg, J., & Barabás, G. (2021). The importance 511 

of species interactions in eco-evolutionary community dynamics under climate change. Nature 512 

Communications, 12(1), Article 4759. https://doi.org/10.1038/s41467-021-24977-x  513 

Alexander, J. M., Diez, J. M., & Levine, J. M. (2015). Novel competitors shape species' responses to 514 

climate change. Nature, 525(7570), 515-+. https://doi.org/10.1038/nature14952  515 

Allesina, S., & Pascual, M. (2008). Network structure, predator-prey modules, and stability in large food 516 

webs. Theoretical Ecology, 1(1), 55-64. https://doi.org/10.1007/s12080-007-0007-8  517 

Araújo, M. B., & Rozenfeld, A. (2014). The geographic scaling of biotic interactions. Ecography, 37(5), 518 

406-415. https://doi.org/10.1111/j.1600-0587.2013.00643.x  519 

Artsdatabanken. (2021). Norsk rødliste for arter 2021.  520 

Barichello, N., & Mossop, D. (2011). The Overwhelming Influence of Ptarmigan Abundance on 521 

Gyrfalcon Reproductive Success in the Central Yukon, Canada. In R. T. Watson, T. J. Cade, M. 522 

R. Fuller, G. Hunt, & E. Potapov (Eds.), Gyrfalcons and Ptarmigan in a Changing World, Volume 523 

I (pp. 307-322). The Peregrine Fund. https://doi.org/10.4080/gpcw.2011.0205  524 

Barraquand, F., & Nielsen, O. K. (2018). Predator-prey feedback in a gyrfalcon-ptarmigan system? 525 

Ecology and Evolution, 8(24), 12425-12434. https://doi.org/10.1002/ece3.4563  526 

Bayliss, P., & Choquenot, D. (2002). The numerical response: rate of increase and food limitation in 527 

herbivores and predators. Philosophical Transactions of the Royal Society of London Series B-528 

Biological Sciences, 357(1425), 1233-1248. https://doi.org/10.1098/rstb.2002.1124  529 

Bestion, E., Soriano-Redondo, A., Cucherousset, J., Jacob, S., White, J., Zinger, L., Fourtune, L., Di Gesu, 530 

L., Teyssier, A., & Cote, J. (2019). Altered trophic interactions in warming climates: 531 

consequences for predator diet breadth and fitness. Proceedings of the Royal Society B-532 

Biological Sciences, 286(1914), Article 20192227. https://doi.org/10.1098/rspb.2019.2227  533 

Booms, T. L., & Fuller, M. R. (2003a). Gyrfalcon diet in central West Greenland during the nesting 534 

period. The Condor, 105(3), 528-537. https://doi.org/10.1650/7147  535 

Booms, T. L., & Fuller, M. R. (2003b). Gyrfalcon feeding behaviour during the nestling period in central 536 

West Greenland. Arctic, 56(4), 341-348. https://doi.org/10.14430/arctic631  537 

Bowler, D. E., Kvasnes, M. A. J., Pedersen, H. C., Sandercock, B. K., & Nilsen, E. B. (2020). Impacts of 538 

predator-mediated interactions along a climatic gradient on the population dynamics of an 539 

https://doi.org/10.2307/1937359
https://doi.org/10.3389/fevo.2022.984384
https://doi.org/10.1038/s41467-021-24977-x
https://doi.org/10.1038/nature14952
https://doi.org/10.1007/s12080-007-0007-8
https://doi.org/10.1111/j.1600-0587.2013.00643.x
https://doi.org/10.4080/gpcw.2011.0205
https://doi.org/10.1002/ece3.4563
https://doi.org/10.1098/rstb.2002.1124
https://doi.org/10.1098/rspb.2019.2227
https://doi.org/10.1650/7147
https://doi.org/10.14430/arctic631


22 
 

alpine bird. Proceedings of the Royal Society B: Biological Sciences, 287(1941), 20202653. 540 

https://doi.org/10.1098/rspb.2020.2653  541 

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, A., Skaug, H. J., 542 

Mächler, M., & Bolker, B. M. (2017). glmmTMB Balances Speed and Flexibility Among Packages 543 

for Zero-inflated Generalized Linear Mixed Modeling. R Journal, 9(2), 378-400. 544 

https://doi.org/10.32614/rj-2017-066  545 

Brunetti, M., Lentini, G., Maugeri, M., Nanni, T., Auer, I., Böhm, R., & Schöner, W. (2009). Climate 546 

variability and change in the Greater Alpine Region over the last two centuries based on multi-547 

variable analysis. International Journal of Climatology, 29(15), 2197-2225. 548 

https://doi.org/10.1002/joc.1857  549 

Cahill, A. E., Aiello-Lammens, M. E., Fisher-Reid, M. C., Hua, X., Karanewsky, C. J., Ryu, H. Y., Sbeglia, G. 550 

C., Spagnolo, F., Waldron, J. B., Warsi, O., & Wiens, J. J. (2013). How does climate change cause 551 

extinction? Proceedings of the Royal Society B-Biological Sciences, 280(1750), Article 552 

20121890. https://doi.org/10.1098/rspb.2012.1890  553 

Chipperfield, J., Grainger, M., & Nilsen, E. B. (2022). LivingNorwayR: Creates a Darwin Core Standard 554 

Compliant Data Archive ("a Data Package") for Biodiversity Data. In (Version v1.0.0) 555 

https://github.com/LivingNorway/LivingNorwayR 556 

Clarke, J. A., & Johnson, R. E. (1992). The influence of spring snow depth on white-tailed ptarmigan 557 

breeding success in the Sierra-Nevada. Condor, 94(3), 622-627. 558 

https://doi.org/10.2307/1369247  559 

Cooper, E. J. (2014). Warmer Shorter Winters Disrupt Arctic Terrestrial Ecosystems. In D. J. Futuyma 560 

(Ed.), Annual Review of Ecology, Evolution, and Systematics, Vol 45 (Vol. 45, pp. 271-+). 561 

https://doi.org/10.1146/annurev-ecolsys-120213-091620  562 

Dale, B. W., Adams, L. G., & Bowyer, R. T. (1994). FUNCTIONAL-RESPONSE OF WOLVES PREYING ON 563 

BARREN-GROUND CARIBOU IN A MULTIPLE-PREY ECOSYSTEM. Journal of Animal Ecology, 564 

63(3), 644-652. https://doi.org/10.2307/5230  565 

Dementiev, G. P., & Gortchakovskaya, N. N. (1945). On the Biology of the Norwegian Gyrfalcon. Ibis, 566 

87(4), 559-565. https://doi.org/https://doi.org/10.1111/j.1474-919X.1945.tb01387.x  567 

Eriksen, L. F., Ringsby, T. H., Israelsen, M. F., Moa, P. F., Grøtan, V., & Nilsen, E. B. (2024). Climatic 568 

variation affects seasonal survival of an alpine bird species [Manuscript in preparation].  569 

Eriksen, L. F., Ringsby, T. H., Pedersen, H. C., & Nilsen, E. B. (2023). Climatic forcing and individual 570 

heterogeneity in a resident mountain bird: legacy data reveal effects on reproductive 571 

strategies. Royal Society Open Science, 10(5), Article 221427. 572 

https://doi.org/10.1098/rsos.221427  573 

https://doi.org/10.1098/rspb.2020.2653
https://doi.org/10.32614/rj-2017-066
https://doi.org/10.1002/joc.1857
https://doi.org/10.1098/rspb.2012.1890
https://github.com/LivingNorway/LivingNorwayR
https://doi.org/10.2307/1369247
https://doi.org/10.1146/annurev-ecolsys-120213-091620
https://doi.org/10.2307/5230
https://doi.org/https:/doi.org/10.1111/j.1474-919X.1945.tb01387.x
https://doi.org/10.1098/rsos.221427


23 
 

Fairhurst, G. D., & Bechard, M. J. (2005). Relationships between winter and spring weather and 574 

Northern Goshawk (Accipiter gentilis) reproduction in Northern Nevada. Journal of Raptor 575 

Research, 39(3), 229-236. <Go to ISI>://WOS:000233403500006  576 

Falkdalen, U., Hörnell-Willebrand, M., Nygård, T., Bergström, T., Lind, G., Nordin, A., & Warensjö, B. 577 

(2011). Relations between willow ptarmigan (Lagopus lagopus) density and gyrfalcon (Falco 578 

rusticolus) breeding performance in Sweden. In R. T. Watson, T. J. Cade, M. R. Fuller, G. Hunt, 579 

& E. Potapov (Eds.), Gyrfalcons and ptarmigan in a changing world, Volume II (pp. 171-176). 580 

https://doi.org/10.4080/gpcw.2011.0217  581 

Findlay-Robinson, R., Deecke, V. B., Weatherall, A., & Hill, D. L. (2023). Effects of climate change on 582 

life-history traits in hibernating mammals. Mammal Review, 53(2), 84-98. 583 

https://doi.org/10.1111/mam.12308  584 

Fisher, R. J., Wellicome, T. I., Bayne, E. M., Poulin, R. G., Todd, L. D., & Ford, A. T. (2015). Extreme 585 

precipitation reduces reproductive output of an endangered raptor. Journal of Applied 586 

Ecology, 52(6), 1500-1508. https://doi.org/10.1111/1365-2664.12510  587 

Fox, J., & Weissberg, S. (2019). An R Companion to Applied Regression. In Sage.  588 

Franke, A., Falk, K., Hawkshaw, K., Ambrose, S., Anderson, D. L., Bente, P. J., Booms, T., Burnham, K. K., 589 

Ekenstedt, J., Fufachev, I., Ganusevich, S., Johansen, K., Johnson, J. A., Kharitonov, S., 590 

Koskimies, P., Kulikova, O., Lindberg, P., Lindstrom, B. O., Mattox, W. G.,…Vorkamp, K. (2020). 591 

Status and trends of circumpolar peregrine falcon and gyrfalcon populations. Ambio, 49(3), 592 

762-783. https://doi.org/10.1007/s13280-019-01300-z  593 

Fuglei, E., Henden, J. A., Callahan, C. T., Gilg, O., Hansen, J., Ims, R. A., Isaev, A. P., Lang, J., McIntyre, C. 594 

L., Merizon, R. A., Mineev, O. Y., Mineev, Y. N., Mossop, D., Nielsen, O. K., Nilsen, E. B., 595 

Pedersen, A. O., Schmidt, N. M., Sittler, B., Willebrand, M. H., & Martin, K. (2020). Circumpolar 596 

status of Arctic ptarmigan: Population dynamics and trends. Ambio, 49(3), 749-761. 597 

https://doi.org/10.1007/s13280-019-01191-0  598 

García-González, R., Aldezabal, A., Laskurain, N. A., Margalida, A., & Novoa, C. (2016). Influence of 599 

Snowmelt Timing on the Diet Quality of Pyrenean Rock Ptarmigan (<i>Lagopus muta 600 

pyrenaica</i>): Implications for Reproductive Success. PLoS One, 11(2), Article e0148632. 601 

https://doi.org/10.1371/journal.pone.0148632  602 

Gibert, J. P. (2019). Temperature directly and indirectly influences food web structure. Scientific 603 

Reports, 9, Article 5312. https://doi.org/10.1038/s41598-019-41783-0  604 

Gilman, S. E., Urban, M. C., Tewksbury, J., Gilchrist, G. W., & Holt, R. D. (2010). A framework for 605 

community interactions under climate change. Trends in Ecology & Evolution, 25(6), 325-331. 606 

https://doi.org/10.1016/j.tree.2010.03.002  607 

https://doi.org/10.4080/gpcw.2011.0217
https://doi.org/10.1111/mam.12308
https://doi.org/10.1111/1365-2664.12510
https://doi.org/10.1007/s13280-019-01300-z
https://doi.org/10.1007/s13280-019-01191-0
https://doi.org/10.1371/journal.pone.0148632
https://doi.org/10.1038/s41598-019-41783-0
https://doi.org/10.1016/j.tree.2010.03.002


24 
 

Gjershaug, J. O., Kålås, J. A., Nygård, T., Herzke, D., & Folkestad, A. O. (2008). Monitoring of raptors 608 

and their contamination levels in Norway. Ambio, 37(6), 420-424. 609 

https://doi.org/10.1579/0044-7447(2008)37[423:Moratc]2.0.Co;2  610 

Grames, E. M., Montgomery, G. A., Youngflesh, C., Tingley, M. W., & Elphick, C. S. (2023). The effect of 611 

insect food availability on songbird reproductive success and chick body condition: Evidence 612 

from a systematic review and meta-analysis. Ecology Letters, 26(4), 658-673. 613 

https://doi.org/10.1111/ele.14178  614 

Grubb, T. G., Delaney, D. K., Bowerman, W. W., & Wierda, M. R. (2010). Golden Eagle Indifference to 615 

Heli-Skiing and Military Helicopters in Northern Utah. Journal of Wildlife Management, 74(6), 616 

1275-1285. https://doi.org/10.2193/2009-337  617 

Hagen, Y. (1952a). The Gyr-Falcon (Falco R. rusticolus L.) in Dovre, Norway. Skrifter utgitt av det Norske 618 

Vitenskaps-Akademi i Oslo I Matematisk-Naturvitenskapelig Klasse(4), 1-37.  619 

Hagen, Y. (1952b). Rovfuglene og viltpleien (2 ed.). Gyldendal.  620 

Hartig, F. (2022). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression 621 

Models. In  622 

Hjeljord, O., & Loe, L. E. (2022). The roles of climate and alternative prey in explaining 142 years of 623 

declining willow ptarmigan hunting yield. Wildlife Biology, 2022(6). 624 

https://doi.org/10.1002/wlb3.01058  625 

Holling, C. S. (1959). Some Characteristics of Simple Types of Predation and Parasitism. The Canadian 626 

Entomologist, 91(7), 385-398. https://doi.org/10.4039/Ent91385-7  627 

Holling, C. S. (1966). The Functional Response of Invertebrate Predators to Prey Density. The Memoirs 628 

of the Entomological Society of Canada, 98(S48), 5-86. https://doi.org/10.4039/entm9848fv  629 

Hörnell-Willebrand, M. (2008). Dalripa och Jaktfalk: Korrelation mellan dalripa (Lagopus lagopus) och 630 

jaktfalk (Falco rusticolus) [Project report]. Naturvårdsverkets.  631 

Huhtala, K., Pulliainen, E., Jussila, P., & Tunkkari, P. S. (1996). Food niche of the Gyrfalcon Falco 632 

rusticolus nesting in the far north of Finland as compared with other choices of the species. 633 

Ornis Fennica, 73(2), 78-87. https://doi.org/10.4080/gpcw.2011.0400  634 

Ims, R. A., & Fuglei, E. (2005). Trophic interaction cycles in tundra ecosystems and the impact of climate 635 

change. Bioscience, 55(4), 311-322. https://doi.org/10.1641/0006-636 

3568(2005)055[0311:Ticite]2.0.Co;2  637 

Ingvaldsen, E. W., Ostnes, J. E., Kleven, O., Davey, M., Fossoy, F., & Nilsen, E. B. (2024). Fecal DNA 638 

metabarcoding reveals seasonal and annual variation in willow ptarmigan diet. Royal Society 639 

Open Science, 11(2), Article 231518. https://doi.org/10.1098/rsos.231518  640 

Inouye, D. W. (2022). Climate change and phenology. Wiley Interdisciplinary Reviews-Climate Change, 641 

13(3), Article e764. https://doi.org/10.1002/wcc.764  642 

https://doi.org/10.1579/0044-7447(2008)37%5b423:Moratc%5d2.0.Co;2
https://doi.org/10.1111/ele.14178
https://doi.org/10.2193/2009-337
https://doi.org/10.1002/wlb3.01058
https://doi.org/10.4039/Ent91385-7
https://doi.org/10.4039/entm9848fv
https://doi.org/10.4080/gpcw.2011.0400
https://doi.org/10.1641/0006-3568(2005)055%5b0311:Ticite%5d2.0.Co;2
https://doi.org/10.1641/0006-3568(2005)055%5b0311:Ticite%5d2.0.Co;2
https://doi.org/10.1098/rsos.231518
https://doi.org/10.1002/wcc.764


25 
 

IPCC. (2023). Climate Change 2023: Synthesis Report (Sixth Assessment Report of the 643 

Intergovernmental  Panel on Climate Change, Issue.  644 

Jones, K. E., Bielby, J., Cardillo, M., Fritz, S. A., O'Dell, J., Orme, C. D. L., Safi, K., Sechrest, W., Boakes, E. 645 

H., Carbone, C., Connolly, C., Cutts, M. J., Foster, J. K., Grenyer, R., Habib, M., Plaster, C. A., 646 

Price, S. A., Rigby, E. A., Rist, J.,…Purvis, A. (2009). PanTHERIA: a species-level database of life 647 

history, ecology, and geography of extant and recently extinct mammals. Ecology, 90(9), 2648-648 

2648. https://doi.org/https://doi.org/10.1890/08-1494.1  649 

Kämpfer, S., Engel, E., & Fartmann, T. (2022). Weather conditions determine reproductive success of a 650 

ground-nesting bird of prey in natural dune grasslands. Journal of Ornithology, 163(4), 855-651 

865. https://doi.org/10.1007/s10336-022-01999-w  652 

Kendall, B. E., Prendergast, J., & Bjornstad, O. N. (2002). The macroecology of population dynamics: 653 

taxonomic and biogeographic patterns in population cycles. Ecology Letters, 1(3), 160-164. 654 

https://doi.org/10.1046/j.1461-0248.1998.00037.x  655 

Kjellander, P., & Nordström, J. (2003). Cyclic voles, prey switching in red fox, and roe deer dynamics: a 656 

test of the alternative prey hypothesis. Oikos, 101(2), 338-344. 657 

https://doi.org/10.1034/j.1600-0706.2003.11986.x  658 

Konarzewski, M., Kooijman, S. A. L. M., & Ricklefs, R. E. (1998). Models for Avian Growth and 659 

Development. In J. M. Starck & R. E. Ricklefs (Eds.), Avian Growth and Development (pp. 0). 660 

Oxford University Press. https://doi.org/10.1093/oso/9780195106084.003.0015  661 

Koskimies, P., & Sulkava, S. (2011). Diet of the Gyrfalcon (Falco rusticolus ) in Northern Fennoscandia. 662 

In R. T. Watson, T. J. Cade, M. R. Fuller, G. Hunt, & E. Potapov (Eds.), Gyrfalcons and Ptarmigan 663 

in a Changing World, Volume II (pp. 177-190). The Peregrine Fund. 664 

https://doi.org/10.4080/gpcw.2011.0400  665 

Kvasnes, M. A. J., Pedersen, H. C., & Nilsen, E. B. (2018). Quantifying suitable late summer brood 666 

habitats for willow ptarmigan in Norway. BMC Ecol, 18(1), 41. 667 

https://doi.org/10.1186/s12898-018-0196-6  668 

Kvasnes, M. A. J., Pedersen, H. C., Storaas, T., & Nilsen, E. B. (2014). Large-scale climate variability and 669 

rodent abundance modulates recruitment rates in Willow Ptarmigan (Lagopus lagopus). 670 

Journal of Ornithology, 155(4), 891-903. https://doi.org/10.1007/s10336-014-1072-6  671 

Langvatn, R., & Moksnes, A. (1979). On the breeding ecology of the gyrfalcon Falco rusticolus in Central 672 

Norway 1968-1974. Fauna Norvegica Series C, Cinclus 2, 27-39.  673 

Laws, A. N. (2017). Climate change effects on predator-prey interactions. Current Opinion in Insect 674 

Science, 23, 28-34. https://doi.org/10.1016/j.cois.2017.06.010  675 

Layton-Matthews, K., Hansen, B. B., Grotan, V., Fuglei, E., & Loonen, M. (2020). Contrasting 676 

consequences of climate change for migratory geese: Predation, density dependence and 677 

https://doi.org/https:/doi.org/10.1890/08-1494.1
https://doi.org/10.1007/s10336-022-01999-w
https://doi.org/10.1046/j.1461-0248.1998.00037.x
https://doi.org/10.1034/j.1600-0706.2003.11986.x
https://doi.org/10.1093/oso/9780195106084.003.0015
https://doi.org/10.4080/gpcw.2011.0400
https://doi.org/10.1186/s12898-018-0196-6
https://doi.org/10.1007/s10336-014-1072-6
https://doi.org/10.1016/j.cois.2017.06.010


26 
 

carryover effects offset benefits of high-arctic warming. Global Change Biology, 26(2), 642-678 

657. https://doi.org/10.1111/gcb.14773  679 

Lindberg, P. (1984). Mercury in feathers of Swedish gyrfalcons, Falco rusticolus, in relation to diet. 680 

Bulletin of Environmental Contamination and Toxicology, 32(4), 453-459. 681 

https://doi.org/10.1007/bf01607522  682 

Lussana, C., Saloranta, T., Skaugen, T., Magnusson, J., Tveito, O. E., & Andersen, J. (2018). seNorge2 683 

daily precipitation, an observational gridded dataset over Norway from 1957 to the present 684 

day. Earth System Science Data, 10(1), 235-249. https://doi.org/https://doi.org/10.5194/essd-685 

10-235-2018  686 

Martinez-Ruiz, M., Dykstra, C. R., Booms, T. L., & Henderson, M. T. (2023). Conservation letter: effects 687 

of global climate change on raptors. Journal of Raptor Research, 57(1), 92-105. 688 

https://doi.org/10.3356/jrr-22-75  689 

McKelvey, K. S., Copeland, J. P., Schwartz, M. K., Littell, J. S., Aubry, K. B., Squires, J. R., Parks, S. A., 690 

Elsner, M. M., & Mauger, G. S. (2011). Climate change predicted to shift wolverine 691 

distributions, connectivity, and dispersal corridors. Ecological Applications, 21(8), 2882-2897. 692 

https://doi.org/10.1890/10-2206.1  693 

Melin, M., Mehtatalo, L., Helle, P., Ikonen, K., & Packalen, T. (2020). Decline of the boreal willow grouse 694 

(Lagopus lagopus) has been accelerated by more frequent snow-free springs. Sci Rep, 10(1), 695 

6987. https://doi.org/10.1038/s41598-020-63993-7  696 

Mellard, J. P., Audoye, P., & Loreau, M. (2019). Seasonal patterns in species diversity across biomes. 697 

Ecology, 100(4), Article e02627. https://doi.org/10.1002/ecy.2627  698 

Miller, D. L., Rexstad, E., Thomas, L., Marshall, L., & Laake, J. L. (2019). Distance Sampling in R. Journal 699 

of Statistical Software, 89(1), 1-28. https://doi.org/10.18637/jss.v089.i01  700 

Morin, A., Chamaillé-Jammes, S., & Valeix, M. (2021). Climate Effects on Prey Vulnerability Modify 701 

Expectations of Predator Responses to Short- and Long-Term Climate Fluctuations. Frontiers 702 

in Ecology and Evolution, 8. https://doi.org/10.3389/fevo.2020.601202  703 

Morrissette, M., Bêty, J., Gauthier, G., Reed, A., & Lefebvre, J. (2010). Climate, trophic interactions, 704 

density dependence and carry-over effects on the population productivity of a migratory Arctic 705 

herbivorous bird. Oikos, 119(7), 1181-1191. https://doi.org/10.1111/j.1600-706 

0706.2009.18079.x  707 

Muff, S., Nilsen, E. B., O'Hara, R. B., & Nater, C. R. (2022). Rewriting results sections in the language of 708 

evidence. Trends in Ecology & Evolution, 37(3), 203-210. 709 

https://doi.org/10.1016/j.tree.2021.10.009  710 

Muir, D., & Bird, D. M. (1984). Food of gyrfalcons at a nest on Ellesmere Island. Wilson Bulletin, 96(3), 711 

464-467. https://www.jstor.org/stable/4161963  712 

https://doi.org/10.1111/gcb.14773
https://doi.org/10.1007/bf01607522
https://doi.org/https:/doi.org/10.5194/essd-10-235-2018
https://doi.org/https:/doi.org/10.5194/essd-10-235-2018
https://doi.org/10.3356/jrr-22-75
https://doi.org/10.1890/10-2206.1
https://doi.org/10.1038/s41598-020-63993-7
https://doi.org/10.1002/ecy.2627
https://doi.org/10.18637/jss.v089.i01
https://doi.org/10.3389/fevo.2020.601202
https://doi.org/10.1111/j.1600-0706.2009.18079.x
https://doi.org/10.1111/j.1600-0706.2009.18079.x
https://doi.org/10.1016/j.tree.2021.10.009
https://www.jstor.org/stable/4161963


27 
 

Mundry, R., & Nunn, C. L. (2009). Stepwise Model Fitting and Statistical Inference: Turning Noise into 713 

Signal Pollution. American Naturalist, 173(1), 119-123. https://doi.org/10.1086/593303  714 

Nielsen, O. K. (1999). Gyrfalcon predation on ptarmigan: numerical and functional responses. Journal 715 

of Animal Ecology, 68(5), 1034-1050. https://doi.org/10.1046/j.1365-2656.1999.00351.x  716 

Nielsen, O. K. (2011). Gyrfalcon Population and Reproduction in Relation to Rock Ptarmigan Numbers 717 

in Iceland. In R. T. Watson, T. J. Cade, M. R. Fuller, G. Hunt, & E. Potapov (Eds.), Gyrfalcons and 718 

Ptarmigan in a Changing World, Volume II (pp. 21-48). The Peregrine Fund. 719 

https://doi.org/10.4080/gpcw.2011.0210  720 

Nielsen, O. K., & Cade, T. J. (1990). Seasonal changes in food habits of gyrfalcons in NE Iceland. Ornis 721 

Scandinavica, 21(3), 202-211. https://doi.org/10.2307/3676780  722 

Nielsen, Ó. K., & Cade, T. J. (2017). Gyrfalcon and ptarmigan predator-prey relationship. In Applied 723 

Raptor Ecology: Essentials from Gyrfalcon Research (pp. 43-74). 724 

https://doi.org/10.4080/are.2017/003  725 

Nilsen, E. B., Linnell, J. D. C., Odden, J., & Andersen, R. (2009). Climate, season, and social status 726 

modulate the functional response of an efficient stalking predator: the Eurasian lynx. Journal 727 

of Animal Ecology, 78(4), 741-751. https://doi.org/10.1111/j.1365-2656.2009.01547.x  728 

Nilsen, E. B., Vang, R., Kjønsberg, M., & Kvasnes, M. A. J. (2022). Tetraonid line transect surveys from 729 

Norway: Data from Fjellstyrene (Version 1.7). https://doi.org/https://doi.org/10.15468/975ski 730 

Nyström, J., Dalén, L., Hellström, P., Ekenstedt, J., Angleby, H., & Angerbjörn, A. (2006). Effect of local 731 

prey availability on gyrfalcon diet: DNA analysis on ptarmigan remains at nest sites. Journal of 732 

Zoology, 269(1), 57-64. https://doi.org/10.1111/j.1469-7998.2006.00050.x  733 

Nyström, J., Ekenstedt, J., Engström, J., & Angerbjörn, A. (2005). Gyr Falcons, ptarmigan and microtine 734 

rodents in northern Sweden. Ibis, 147(3), 587-597. https://doi.org/10.1111/j.1474-735 

919x.2005.00436.x  736 

O'Donoghue, M., Boutin, S., Krebs, C. J., Zuleta, G., Murray, D. L., & Hofer, E. J. (1998). Functional 737 

responses of coyotes and lynx to the snowshoe hare cycle. Ecology, 79(4), 1193-1208. 738 

https://doi.org/10.2307/176736  739 

Oksanen, T., Oksanen, L., Schneider, M., & Aunapuu, M. (2001). Regulation, cycles and stability in 740 

northern carnivore‑herbivore systems: back to first principles. Oikos, 94, 101-117. 741 

https://doi.org/10.1034/j.1600-0706.2001.11315.x  742 

Olsen, P., Doyle, V., & Boulet, M. (1998). Variation in male provisioning in relation to brood size of 743 

Peregrine Falcons Falco peregrinus. Emu-Austral Ornithology, 98, 297-304. 744 

https://doi.org/10.1071/mu98041  745 

Olson, L. E., Oakleaf, R. J., Squires, J. R., Wallace, Z. P., & Kennedy, P. L. (2015). NESTING PAIR DENSITY 746 

AND ABUNDANCE OF FERRUGINOUS HAWKS (BUTEO REGALIS) AND GOLDEN EAGLES (AQUILA 747 

https://doi.org/10.1086/593303
https://doi.org/10.1046/j.1365-2656.1999.00351.x
https://doi.org/10.4080/gpcw.2011.0210
https://doi.org/10.2307/3676780
https://doi.org/10.4080/are.2017/003
https://doi.org/10.1111/j.1365-2656.2009.01547.x
https://doi.org/https:/doi.org/10.15468/975ski
https://doi.org/10.1111/j.1469-7998.2006.00050.x
https://doi.org/10.1111/j.1474-919x.2005.00436.x
https://doi.org/10.1111/j.1474-919x.2005.00436.x
https://doi.org/10.2307/176736
https://doi.org/10.1034/j.1600-0706.2001.11315.x
https://doi.org/10.1071/mu98041


28 
 

CHRYSAETOS) FROM AERIAL SURVEYS IN WYOMING. Journal of Raptor Research, 49(4), 400-748 

412. https://doi.org/10.3356/rapt-49-04-400-412.1  749 

Otte, P. J., Cromsigt, J., Smit, C., & Hofmeester, T. R. (2024). Snow cover-related camouflage mismatch 750 

increases detection by predators. Journal of Experimental Zoology Part a-Ecological and 751 

Integrative Physiology. https://doi.org/10.1002/jez.2784  752 

Paine, R. T. (1966). Food web complexity and species diversity. American Naturalist, 100(910), 65-+. 753 

https://doi.org/10.1086/282400  754 

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of climate change impacts across 755 

natural systems. Nature, 421(6918), 37-42. https://doi.org/10.1038/nature01286  756 

Peers, M. J. L., Wehtje, M., Thornton, D. H., & Murray, D. L. (2014). Prey switching as a means of 757 

enhancing persistence in predators at the trailing southern edge. Global Change Biology, 20(4), 758 

1126-1135. https://doi.org/10.1111/gcb.12469  759 

Petchey, O. L., McPhearson, P. T., Casey, T. M., & Morin, P. J. (1999). Environmental warming alters 760 

food-web structure and ecosystem function. Nature, 402(6757), 69-72. 761 

https://doi.org/10.1038/47023  762 

Potapov, E. (2011). Gyrfalcon Diet: Spatial and Temporal Variation. In R. T. Watson, T. J. Cade, M. R. 763 

Fuller, G. Hunt, & E. Potapov (Eds.), Gyrfalcons and Ptarmigan in a Changing World, Volume I 764 

(pp. 55-64). The Peregrine Fund. https://doi.org/10.4080/gpcw.2011.0106  765 

R Core Team. (2023). R: A Language and Environment for Statistical Computing. In R Foundation for 766 

Statistical Computing. https://www.R-project.org/ 767 

Robinson, B. G., Franke, A., & Derocher, A. E. (2017). Weather-mediated decline in prey delivery rates 768 

causes food-limitation in a top avian predator. Journal of Avian Biology, 48(5), 748-758. 769 

https://doi.org/10.1111/jav.01130  770 

Robinson, B. W., Booms, T. L., Bechard, M. J., & Anderson, D. L. (2019). Dietary Plasticity in a Specialist 771 

Predator, the Gyrfalcon (Falco rusticolus): New Insights into Diet During Brood Rearing. Journal 772 

of Raptor Research, 53(2). https://doi.org/10.3356/jrr-15-58  773 

Scheffers, B. R., De Meester, L., Bridge, T. C. L., Hoffmann, A. A., Pandolfi, J. M., Corlett, R. T., Butchart, 774 

S. H. M., Pearce-Kelly, P., Kovacs, K. M., Dudgeon, D., Pacifici, M., Rondinini, C., Foden, W. B., 775 

Martin, T. G., Mora, C., Bickford, D., & Watson, J. E. M. (2016). The broad footprint of climate 776 

change from genes to biomes to people. Science, 354(6313), Article aaf7671. 777 

https://doi.org/10.1126/science.aaf7671  778 

Selas, V., & Kalas, J. A. (2007). Territory occupancy rate of goshawk and gyrfalcon: no evidence of 779 

delayed numerical response to grouse numbers. Oecologia, 153(3), 555-561. 780 

https://doi.org/10.1007/s00442-007-0767-2  781 

https://doi.org/10.3356/rapt-49-04-400-412.1
https://doi.org/10.1002/jez.2784
https://doi.org/10.1086/282400
https://doi.org/10.1038/nature01286
https://doi.org/10.1111/gcb.12469
https://doi.org/10.1038/47023
https://doi.org/10.4080/gpcw.2011.0106
https://www.r-project.org/
https://doi.org/10.1111/jav.01130
https://doi.org/10.3356/jrr-15-58
https://doi.org/10.1126/science.aaf7671
https://doi.org/10.1007/s00442-007-0767-2


29 
 

Selås, V., & Vik, J. O. (2006). Possible impact of snow depth and ungulate carcasses on red fox (Vulpes 782 

vulpes) populations in Norway, 1897-1976. Journal of Zoology, 269(3), 299-308. 783 

https://doi.org/10.1111/j.1469-7998.2006.00048.x  784 

Sergio, F. (2003). From individual behaviour to population pattern: weather-dependent foraging and 785 

breeding performance in black kites. Animal Behaviour, 66, 1109-1117. 786 

https://doi.org/10.1006/anbe.2003.2303  787 

Solomon, M. E. (1949). The Natural Control of Animal Populations. Journal of Animal Ecology, 18(1), 1-788 

35. https://doi.org/10.2307/1578  789 

Sonerud, G. A., Steen, R., Selås, V., Aanonsen, O. M., Aasen, G. H., Fagerland, K. L., Fosså, A., Kristiansen, 790 

L., Low, L. M., Ronning, M. E., Skouen, S. K., Asakskogen, E., Johansen, H. M., Johnsen, J. T., 791 

Karlsen, L. I., Nyhus, G. C., Roed, L. T., Skar, K., Sveen, B. A.,…Slagsvold, T. (2014). Evolution of 792 

parental roles in provisioning birds: diet determines role asymmetry in raptors. Behavioral 793 

Ecology, 25(4), 762-772. https://doi.org/10.1093/beheco/aru053  794 

Terraube, J., Villers, A., Ruffino, L., Iso-Iivari, L., Henttonen, H., Oksanen, T., & Korpimäki, E. (2015). 795 

Coping with fast climate change in northern ecosystems: mechanisms underlying the 796 

population-level response of a specialist avian predator. Ecography, 38(7), 690-699. 797 

https://doi.org/10.1111/ecog.01024  798 

Tobias, J. A., Sheard, C., Pigot, A. L., Devenish, A. J. M., Yang, J. Y., Sayol, F., Neate-Clegg, M. H. C., 799 

Alioravainen, N., Weeks, T. L., Barber, R. A., Walkden, P. A., MacGregor, H. E. A., Jones, S. E. I., 800 

Vincent, C., Phillips, A. G., Marples, N. M., Montaño-Centellas, F. A., Leandro-Silva, V., 801 

Claramunt, S.,…Schleuning, M. (2022). AVONET: morphological, ecological and geographical 802 

data for all birds. Ecology Letters, 25(3), 581-597. https://doi.org/10.1111/ele.13898  803 

Trew, B. T., & Maclean, I. M. D. (2021). Vulnerability of global biodiversity hotspots to climate change. 804 

Global Ecology and Biogeography, 30(4), 768-783. https://doi.org/10.1111/geb.13272  805 

van Hassel, F., & Bovenkerk, B. (2023). How Should We Help Wild Animals Cope with Climate Change? 806 

The Case of the Iberian Lynx. Animals, 13(3), Article 453. https://doi.org/10.3390/ani13030453  807 

Voigt, W., Perner, J., Davis, A. J., Eggers, T., Schumacher, J., Bährmann, R., Fabian, B., Heinrich, W., 808 

Köhler, G., Lichter, D., Marstaller, R., & Sander, F. W. (2003). Trophic levels are differentially 809 

sensitive to climate. Ecology, 84(9), 2444-2453. https://doi.org/10.1890/02-0266  810 

Wann, G. T., Aldridge, C. L., & Braun, C. E. (2016). Effects of Seasonal Weather on Breeding Phenology 811 

and Reproductive Success of Alpine Ptarmigan in Colorado. PLoS One, 11(7), e0158913. 812 

https://doi.org/10.1371/journal.pone.0158913  813 

Wilson, S., & Martin, K. (2010). Variable reproductive effort for two ptarmigan species in response to 814 

spring weather in a northern alpine ecosystem. Journal of Avian Biology, 41(3), 319-326. 815 

https://doi.org/10.1111/j.1600-048X.2009.04945.x  816 

https://doi.org/10.1111/j.1469-7998.2006.00048.x
https://doi.org/10.1006/anbe.2003.2303
https://doi.org/10.2307/1578
https://doi.org/10.1093/beheco/aru053
https://doi.org/10.1111/ecog.01024
https://doi.org/10.1111/ele.13898
https://doi.org/10.1111/geb.13272
https://doi.org/10.3390/ani13030453
https://doi.org/10.1890/02-0266
https://doi.org/10.1371/journal.pone.0158913
https://doi.org/10.1111/j.1600-048X.2009.04945.x


30 
 

Winfield, I. J., Fletcher, J. M., & Ben James, J. (2012). Long-term changes in the diet of pike (Esox lucius), 817 

the top aquatic predator in a changing Windermere. Freshwater Biology, 57(2), 373-383. 818 

https://doi.org/10.1111/j.1365-2427.2011.02607.x  819 

Zhang, Y. G., Moran, M. S., Nearing, M. A., Campos, G. E. P., Huete, A. R., Buda, A. R., Bosch, D. D., 820 

Gunter, S. A., Kitchen, S. G., McNab, W. H., Morgan, J. A., McClaran, M. P., Montoya, D. S., 821 

Peters, D. P. C., & Starks, P. J. (2013). Extreme precipitation patterns and reductions of 822 

terrestrial ecosystem production across biomes. Journal of Geophysical Research-823 

Biogeosciences, 118(1), 148-157. https://doi.org/10.1029/2012jg002136  824 

Zimova, M., Sirén, A. P. K., Nowak, J. J., Bryan, A. M., Ivan, J. S., Morelli, T. L., Suhrer, S. L., Whittington, 825 

J., & Mills, L. S. (2020). Local climate determines vulnerability to camouflage mismatch in 826 

snowshoe hares. Global Ecology and Biogeography, 29(3), 503-515. 827 

https://doi.org/10.1111/geb.13049  828 

 829 

  830 

https://doi.org/10.1111/j.1365-2427.2011.02607.x
https://doi.org/10.1029/2012jg002136
https://doi.org/10.1111/geb.13049


31 
 

SUPPLEMENTARY MATERIAL 831 

Table S1: Reported biomass of species used to calculate prey biomass classified as a grouped type of 832 

prey. Bird biomass is extracted from the AVONET dataset (Tobias et al., 2022) and mammal biomass 833 

from the panTHERIA archives (Jones et al., 2009)  834 
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Table S2: Prey items delivered to the nest in Lierne municipality between 2018 and 2023 in all nests 835 

combined.   836 
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Table S3: Results from (generalized) linear (mixed) models describing gyrfalcon diet and feeding 837 

behaviour in Lierne municipality between 2018 and 2023. Depending on the type of family, odds ratio, 838 

estimates or incidence rate ratios are provided, together with corresponding confidence intervals and 839 

p-values. P-values in bold are below the 0.05 threshold.  840 

  841 
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Table S4: Results from generalized linear mixed models describing the numerical aggregative 842 

response of gyrfalcons in six municipalities in central Norway between 2012 and 2023. Odds ratios 843 

are provided with corresponding confidence intervals and p-values.   844 

  845 
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Figure S1: The type II functional response curve, describing how kill rate is related to prey density, 846 

fitted to data from Lierne municipality from the breeding season covering the years 2018 to 2023. 847 

Each open circle represents a weekly kill rate, whereas filled circles represent the mean kill rate per 848 

year. Kill rate represents the number of ptarmigan brought into the nest, excluding potential cached 849 

prey. Prey density is mean ptarmigan density as number of individuals per square kilometre across 850 

the municipality. The fitted curve follows a simplified version of Hollings disc equation, with the 851 

formula y = (31.3*x)/(9.4+x), with best fitting estimates filled in.  852 


