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Abstract

Predation can act as a selective agent on the phenotypic and genotypic distribution of
traits in the prey, the demographic structure and spatiotemporal variation in mortality.
This study investigates the effect of predation by sparrowhawks (Accipiter nisus) on mor-
tality, demography and phenotypes over eight years in three insular house sparrow (Passer
domesticus) populations in northern Norway. The effect of increasing sparrowhawk den-
sity on the probability of mortality differed spatially, with decreasing probability of mor-
tality in two of the populations and increasing probability of mortality in one population.
The effect of sparrowhawk density on mortality probability varied among juveniles and
adults. There was evidence for predator density induced selection on body size and body
mass, where lighter and smaller individuals suffer a high mortality probability with low
sparrowhawk densities, while heavier and larger individuals have an increased mortality
probability with high sparrowhawk densities. The mortality-induced selection on phe-
notypes could act balancing on intermediate body sizes and body mass. There were no
signs of a difference in predator-induced mortality between sexes, in different population
densities or between individuals with different wing length or wing load. These results
increase our understanding of how predator-prey dynamics can be heterogeneous among
populations, and how predator-induced mortality can be selective and influence adaptive
evolution in the prey species. Disparity in predator-prey relationships provides oppor-
tunities to study anti-predatory behaviours, adaptive evolution, food webs and potential
phenological mismatches.
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Sammendrag

Predasjon kan påvirke fenotypisk og genotypisk distribuering av trekk i byttedyret, samt
ha en innflytelse på demografisk struktur og variasjon i mortalitet ved tid og rom. Denne
studien undersøker hvordan predasjon av spurvehauken (Accipiter nisus) induserer mor-
talitet i gråspurvpopulasjoner (Passer domesticus) demografisk og fenotypisk gjennom
åtte år i tre insulære gråspurvpopulasjoner i Nord-Norge. Effekten av spurvehauktet-
thet på gråspurvens mortalitetssannsynlighet varierte mellom øyene, der sannsynligheten
ble redusert hos to av øyene med økt spurvehauktetthet, mens for én økte mortal-
itetssannsynlighet med økt spurvehauktetthet. Spurvehauktettheten påvirket juvenile
og adult gråspurv ulikt. Det var seleksjon på fenotypene kroppsstørrelse og kroppsmasse
i løpet av studien. Ved lave spurvehauktettheter hadde små og lettere individer en større
sannsynlighet for mortalitet, mens ved høye spurvehauktettheter hadde store og tyngre
individer en større mortalitetssannsynlighet. Denne mortalitets-induserte seleksjonen på
fenotypene kan ha virket balansere på intermediære kroppsstørrelser og kroppsmasse. Det
var ingen klare tegn til differensiert mortalitetssaynnsynlighet mellom kjønn, populasjon-
stettheter, vingelengde og vingebelastning. Disse resultatene kan øke forståelsen for hvor-
dan predator-byttedyr dynamikk kan være heterogen mellom populasjoner, og hvordan
mortalitet grunnet til predasjon kan påvirke adaptiv evolusjon hos byttedyret. Ulikheter
i predator-byttedyr relasjoner gir grunnlag og muligheter for å studere antipredatorisk
adferd, adaptiv evolusjon, næringsnett og potensielle fenologiske ”mismatches”.
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1 Introduction

Predation is a key ecological process that may affect the ecology and evolution of prey
species (Buxton and Sperry, 2017; Kolb et al., 2007; Wilson, 1990). In prey species, pre-
dation may act as a selective agent influencing the phenotypic and genotypic distribution
of traits, and may generally affect the abundance, vital rates and the age structure of pop-
ulations (Lees and Creed, 1977; Roos et al., 2018; Sinclair and Krebs, 2002; Urban, 2007;
Young, 1970). The presence of predators may also induce predator avoidance behaviour
in the prey populations, as a means to reduce predation risk and mortality (Gotmark
and Post, 1996; San-Jose et al., 2019; Suhonen, 1993). However, because predator-prey
interactions are notoriously challenging to study in wild populations there is a need for
more empirical studies estimating the effects of spatial and temporal variation in preda-
tor densities on life history traits in prey species. As the dynamic between predator and
prey can vary temporally and spatially due to habitat heterogeneity and variance in the
demography of the prey population (Ciechanowski et al., 2007; Palmer et al., 2017), it is
important to study how predator-prey dynamics may vary over time in a larger geograph-
ical scale. Obtaining this knowledge will give more in-depth knowledge of interspecific
dynamics and their role in the ecology such as food webs, niches, adaptive evolution and
potential phenological mismatches.

The realized niche for a prey population gives insight into biotic factors that limit the
population abundance (Hutchinson, 1957). Accordingly, predators are being one of the
biotic limitations on the abundance of prey species, and influence their spatial and tem-
poral variation in abundance (Roos et al., 2018). A number of theories aim to explain
the fluctations in prey populations abundance as a response to the abundance of predator
popoulations (Arditi and Ginzburg, 1989) such as Lotka-Volterra predator-prey model
(Volterra, 1928) and the Rosensweig-MacArthur predator prey model (Rosenzweig and
MacArthur, 1963). One classical empirical example of such synchronized fluctations be-
tween predator and prey is between snowshoe hare (Lepus americanus) and Canadian
lynx (Lynx canadensis) (MacLulich, 1937). However, later experimental studies have
revealed the significance of several other factors that contribute to the population dy-
namics in the hare (L. americanus) populations such as habitat quality (Krebs, 1996),
food availability (Krebs et al., 1995) and demography (Oli et al., 2020). As there can be
numerous factors influencing prey populations dynamics, the impact of a predator on the
prey population can therefor be difficult to unravel.

Lindström et al. (1994) have shown the impact of predators on prey population size in
the relationship between red fox (Vulpes vulpes) and mountain hares (Lepus timidus) in
Sweden. In this example, the population sizes of red fox were severely reduced in the
period 1973-1992 due to the parasite mange mite (Sacroptes scabiei). This resulted in a
numerical response where population size of mountain hares increased. It has also been
found that impact of predators can have both negative and positive influence on preys’
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population sizes (Chamberlain et al., 2009). For instance, Chamberlain et al. (2009)
showed that increase in sparrowhawk abundance had both positive and negative impacts
on the abundance and survival rates of different prey species’ populations. Great tit
(Parus major), blue tit (Cyanistes caeruleus) and collared dove (Stretopelia decaocto)
responded positively to increased sparrowhawk abundance, while starling (Sturnus vul-
garis), chaffinch (Fringilla coelebs) and greenfinch (Carduelis chloris) declined in abun-
dance. The difference between species was attributed to dissimilarity in post-breeding
population sizes, and disparity in behavioural responses to increased risk of predation
(Chamberlain et al., 2009).

The probability of predation can be affected by the density of the prey species (Holling,
1959a, 1959b). For instance, risk of predation can decrease as prey population density
increases as handling time and predator saturation may reduce the hunting efficiency of
the predator (Götmark and Andersson, 2005; Gotmark and Post, 1996). Götmark and
Andersson (2005) conducted an experiment where the nest box density for great tit (P.
major) were increased within sparrowhawk (Accipiter nisus) territories. Sparrowhawk
did not regulate the great tit population density during summer, and it was suggested
that dilution could explain the observed inverse density-dependent pattern. For instance,
Holling (1959a) showed that the percentage of European pine sawfly (Neodiprion ser-
tifer) consumed by the masked shrew Sorex cinereus cineieus, the short-tail shrew Blar-
inabreaicatrda tolpoides and deer mouse Peromyscus maniculatts bairdii declined with
their increased cocoon density. Theory predicts that prey density should increase the
predators feeding rate proportionally when the ratio of prey and predator abundance
are taken into account (Arditi and Ginzburg, 1989). Holling (1959a) outlined 3 different
functional responses where the relationship between predators feeding rate is positive in
response to prey density. Predators feeding rate can be linear, curvilinear and sigmoid.
These functional responses could further explain preys mortality rates as different dome-
shaped responses with increased prey population density (Arditi and Ginzburg, 1989;
Holling, 1959b; Jeschke et al., 2004). Moreover, theory predicts an individual decline in
predation risk with increased prey densities (Holling, 1959a, 1959b).

The impact a predator can have on preys’ populations can be common (Donázar and
Ceballos, 1989) or vary across separate populations (Durant, 1998; Ripple and Beschta,
2004, 2007; Thaker et al., 2011; Valeix et al., 2009). Spatial heterogeneity among popu-
lations can alter variability in behavioural responses to predation (Ripple and Beschta,
2004) such as selection on habitat (Creel et al., 2005; Lima, 1998; Wirsing et al., 2007)
and success of antipredator strategies (Andruskiw et al., 2008). For instance, in the bri-
dled goby (Coryphopterus glaucofraenum), Forrester and Steele (2004) showed with the
presence of predators that spatial variation in refuge and prey population density affected
mortality rates. The antipredator strategy to seek refuge was successful with high den-
sities of refuges, compared to sites with low refuge densities, showing spatial variation
in predation risk. Dissimilarity in predator-induced mortality among populations is not
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always seen. Two different biographical populations of rabbits (Oryctolagus cuniculus) in
northern Spain showed the same predator-prey relationship with eagle owl (Bubo bubo),
a case in point (Donázar and Ceballos, 1989). This study exemplifies that there can be
a general predator-prey relationship spatiotemporally as the young were selected on and
predator-induced mortality fluctuated synchronous among the populations. As preda-
tion risk can vary through time (Lima and Bednekoff, 1999; Lima and Dill, 1990; Palmer
et al., 2017) and space (Durant, 1998; Ripple and Beschta, 2004, 2007; Thaker et al.,
2011; Valeix et al., 2009), subpopulations may be affected differently by predation.

Individual vulnerability to predation can be age-dependent, affected by the behaviour
or antipredator strategies at the given age (Lingle et al., 2008). Juveniles often suffer
a higher risk of predation than adults (Hammill and Smith, 1991; Hoy et al., 2015).
Immature individuals may lack the experience or be ineffective at escaping predators
when compared to older individuals (Fitzgibbon, 1990). Andreasson et al. (2019) found
that juvenile and adult great tit (P. major) and blue tits (C. caeruleus) were prone
to use different behavioural responses with increased perceived predation risk. However,
predation can also be higher for older individuals due to senescence (Dhondt et al., 1998).
Generally, differences between age classes in their susceptibility to predation will depend
on the size and hunting tactics of the predator (Downes, 2002; Kunkel et al., 1999; Paquet,
1992).

A hunting tactic not resulting in an additive effect on the mortality rate of the prey pop-
ulation is called compensatory predation. Compensatory predation means that predators
are more likely to kill prey individuals that typically may be in poor condition, do not
contribute to population growth by non-reproducing, or was likely to die within a short
time period due to diseases or starvation (Bender and Rosas-Rosas, 2016; Caughley et al.,
1980; Errington, 1946). In such cases, presence of predators would not reduce the prey’s
population size. Rather, a decline in prey population mortality could be due to other
causes and predation would be purely compensatory (Bartmann et al., 1992; Boyce et al.,
1999; Errington, 1967). This is suggested to be the case for reindeer (Rangifer tarandus)
in northern Norway, with predators such as the lynx (Lynx lynx), wolverine (Gulo gulo)
and golden eagle (Aquila chrysaetos) (Tveraa et al., 2003).

Predation-induced mortality may cause evolutionary changes in phenotypic traits in the
prey population (Lees and Creed, 1977). This occurs when a predator has a preference
towards a particular range of the phenotypic distribution in the prey population. The
peppered moth (Biston betularia) population in Great Britain during 1850 until 1950
is a classic example of such an influence on phenotype by the predator. There where
a shift in high frequency from the salt-and-pepper phenotype to the melanic black as
changes in the environment transpose camouflage opportunities from birds (Cook, 2003;
Lees and Creed, 1977; as cited in Grant et al., 1996). Phenotypical traits such as body
mass can affect the predation risk (Green and Côté, 2014; Lafferty, 1993; Selås, 1993;
Werner et al., 1983 but see Gosler et al., 1995). The phenotypical trait body mass could
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affect the ability to escape an attack by predators in birds, as a lower body mass may
increase maneuverability (Gosler et al., 1995; Lima, 1986). For instance, Witter et al.
(1994) found that elevated body mass in fat reserves decreased aerial maneuverability
in the European starling (Sturnus vulgaris), and could increase the risk of predation.
Several avian studies have shown corresponding results for other phenotypic traits. For
instance, individuals being killed can be selected on due to poor condition (Green, 2001;
Vedder et al., 2014) or the heaviest individuals due to reduced flight maneuvering (Witter
and Cuthill, 1993; Gotmark and Post, 1996). The flying ability could be reduced with
increased fat reserves giving a higher wing load (Hedenström, 1992; Norberg, 1995).
However, wing load is often found not to influence on the predation risk (Kullberg, 1998;
Kullberg et al., 1998; MacLeod et al., 2006 van der Veen and Lindström, 2000; Veasey
et al., 1998).

Phenotypical differences can often be found between sexes (Clutton-Brock, 2007; Dar-
win, 1871; Lloyd and Webb, 1977). Traits such as colors (Endler, 1995), ornaments
(Hernandez-Jimenez and Rios-Cardenas, 2012) and size (Ercit, 2014) can make individ-
uals easier to detect or catch for a predator (Endler, 1995; but see Bókony et al. (2008)).
For instance, the sexually size-dimorphic grasshopper Tetrix japonica with body-color
marking variations differ in predation risk among the sexes. Predator-induced mortal-
ity is seen in spotted females and not in males, as being both larger and spotted are
more conspicuous for predators (Tsurui et al., 2013). In the bird species barn swal-
lows (Hirundo rustica), males have sexually exaggerated tail feathers, making them more
prone to predation by sparrowhawk (A. nisus) as male barn swallows were easier to catch
(Møller and Nielsen, 1997). These examples show that predator-induced mortality can
differ between sexes and phenotypes. Differences between sexes are not only found to be
phenotypical, but can be behavioural such as investment in breeding (Gray and Hamer,
2001; Ringsby et al., 2009) and foraging (Götmark et al., 1997; Lewis et al., 2002). For
instance, female chaffinches (Fringilla coeleb) with cryptic plumage have suffered higher
predator-induced mortality rate than males’ bright plumage due to difference in foraging
time (Götmark et al., 1997). Also female house sparrows (Passer domesticus) are found
to forage more, as they feed offspring at an higher frequency than males (Ringsby et al.,
2009). The sexes could then differ in predator-induced mortality due to phenotypical and
behavioural differences.

In an insular metapopulation of house sparrows in northern Norway, individuals in 18
populations have been closely monitored using capture-mark recapture methods since
1993 (Ranke et al., 2021). Individuals were captured and banded with unique combina-
tions of plastic colour rings, and measured for phenotypic traits at the juvenile and adult
life stage. On three of the island-populations, the daily presence of sparrowhawks during
winter (January - April) has been monitored in the period 2011-2018. This provided a
unique opportunity to study temporal and spatial variation in the relationship between
predator abundance and its effects on prey dynamics. In particular, the present study
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will investigate the following objectives. First, I investigate if the annual mortality rate
of house sparrows were influenced by the density of observed sparrowhawks during winter
period. In these analyses I also test whether the mortality rate of house sparrows could
be explained by among-island differences along with demographical factors such as their
individual variation in sex, age classes and the annual house sparrow population density.
Second, I investigate to which degree these factors (i.e. age, sex, island and population
density) influenced house sparrow mortality through interaction with sparrowhawk den-
sity. Thirdly, I investigated to which degree the sparrowhawk acted as a selective agent
on the phenotype of the house sparrow populations.
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2 Method

2.1 Study species

2.1.1 House sparrow

House sparrows (Passer domesticus) are passerine birds, found on every continent except
Antartica (Cramp et al., 1994). Their total body length is in the range 14-16 cm, and
their weights are in the range 25-35 gram (Anderson, 2006). As a sedentary and urban
species the house sparrow find food and shelter in and near human settlements (Anderson,
2006; Lowther, 1977). Seeds are the primarily food source for adults, but they also use
other available food items to supplement the diet (Anderson, 2006). The house sparrow
is socially monogamous, with biparental care (Ringsby et al., 2009). Sexual maturity
is reached after one year (Anderson, 2006), and each female can lay up to three broods
within a season where each brood consist on average of 4.6 eggs (Anderson, 2006; Ringsby
et al., 1998). The breeding season in the study area lasts from early May to mid-August
(Jensen et al., 2003). The eggs are incubated at median of 11 days, and nestlings fledge at
around 14 days of age (Anderson, 2006; Kvalnes et al., 2013). House sparrows have many
natural predators worldwide. These includes reptiles, mammals and raptors (McLeod and
Thompson, 2002; Paralkar, 1995; Storer, 1966). In Norway one of the most numerous
predators is the Eurasian sparrowhawk (Accipiter nisus) (Shimmings and Øien, 2015).

2.1.2 Sparrowhawk

The sparrowhawk Accipiter nisus is commonly found in woodlands and cultivated areas
(Gotmark and Post, 1996). It is a generalist raptor with many different prey species
depending on the habitat and availability (Kramer, 1973; Opdam, 1978). Passerine birds
within the weight class 51-120 grams constitute the main diet of sparrow hawks (Selås,
1993). However, when it comes to number of preys, passerine birds within the weight
class 21-50 gram cover 30% of the number of preys (Selås, 1993). The house sparrow is
an important food source during winter season (September - March), covering up to 1/3

of the winter diet in some studies (Glutz et al., 1973; Kramer, 1973; Opdam, 1978, as
cited in Newton, 1986).

2.2 Study area

The study area consists of the insular house sparrow populations on Selvær, Lovund
and Træna located in an archipelago along the coast of Helgeland in northern Norway
(66°N13E’). The populations are part of a larger metapopulation, where house sparrows
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have been monitored on a total of 18 islands since 1993. The islands consist of land with
agriculture, gardens, heathland and mountains with oceanic climate, usually snow-free
despite being in the Arctic Circle (Sæther et al., 1999). The fish industry is dominant on
the islands along with aquaculture and sheep farming. The breeding of house sparrows
primarily takes place in artificial nest boxes, but also in cavities found on houses and
sometimes in trees. On these islands the weather fluctuates substantially and supple-
mentary feeding in gardens are common.

2.3 Data collection

The study period lasted from 2010 until 2019. Daily observations of sparrowhawks have
been collected since winter 2010-2011 until winter 2018-2019 by experienced local inhab-
itants during the winter period (defined as 1st of January till 1st of April, i.e. 13 weeks in
total). Fieldwork has been conducted annually during the breeding season of house spar-
rows lasting from early May until mid August (Ringsby et al., 1998) as well as for one or
two weeks during the autumn (September - October). In the house sparrow populations,
each individual was marked with a numbered metal ring and a unique combination of
three plastic color rings. Phenotypic traits were measured, such as body mass (± 0.05
gram with spring weight), wing length (± 0.05 mm with wing ruler) and tars length (±
0.005 mm with Vernier slide calliper) as well as the gender for each individual based on
molecular genetic analysis (Jensen et al., 2003; Jensen et al., 2008). Measurements of left
and right wing and tarsus length were averaged for each record.

House sparrows were marked either as fledglings in the nest (7-13 days of age) or captured
as full grown juvenile or adult individuals using mist nets. Marked individuals were
recaptured using mist nets and resighted using binoculars. Age was categorized as 0, 1
and 2, where age category 0 represents juveniles, category 1 first time breeders being 1
year old. Age category 2 represent individuals being 2 years or older. If an individual was
not recaptured or observed the following year between 1st of April till 31st of December
it was assumed dead and mortality recorded as 1 (otherwise 0 if it was observed alive in
the same period). The 1747 individuals that were captured or resighted outside the nest
(Table 1) were included in the study, this excludes the high mortality rate of fledglings
that is less likely to be related to sparrowhawk predation.

2.3.1 Estimating annual variation in sparrowhawk density

The annual sparrowhawk density index was estimated for each island during the 13 weeks
winter period (see above) as the number of weeks with at least one observation of a
sparrowhawk, divided by 13 weeks (from 1st January to 1st April). The annual index was
then standardized to a mean of 0 and variance of 1 within each island. This was done

7



as it was not possible to know the number of individuals observed, just their presence.
The islands were seen as independent, since the mortality rate was assumed to be island-
specific depending on habitat heterogeneity between the islands. In addition, the local
observers differed among the 3 islands. At Lovund, there was one observer recording
dates when sparrowhawks were seen. Whereas at Træna and Selvær, one and one till two
observers contributed with data through the winter period respectively. Additionally a
fieldworker observed annually for short periods.

2.3.2 House sparrow phenotypes

The sample size for this analysis was 668 (See Table 2). For each year the mean of all
measured tarsus length was calculated independent of age, as it is fully grown at fledging
stage (Ringsby et al., 1998). For adults (age category 2) the annual means of all weight
and wing length recordings were bases on samples obtained during summer season (April
- August). Later measurements during the autumn were excluded due to seasonal changes
in traits. For the juveniles, last measurements of body mass and mean wing length during
their hatch year was used, as the last measurement was likely to be more closely related
to their adult phenotypic size during winter. For all individuals, an annual wing load
index was estimated as the residual deviance from the mean of a regression model. Body
mass was sat as response to wing length and estimated in separate models of both females
and males, for all age categories, as well for each island.

2.3.3 House sparrow population density

For each island the size of house sparrow population was estimated with a capture-mark-
recapture (CMR) (Ranke et al., 2021). Estimates were based on the recapture rate,
where an individual is assumed dead if not recaptured or observed. Differences in annual
recapture probability among islands were accounted for basing the model on ringed,
breeding adults. As the rate of unmarked individuals varied annually the population
estimates could potentially be biased. To account for such variations, resight rates below
0.60 were not included in the analysis. Due to variations in population sizes among the
islands, the population sizes were mean centered and scaled to a variance of 1 to provide
estimates of population density that was comparable between populations.

2.4 Statistical analysis

The Software R version 4.0.5 by R Core Team (2021) was used to analyse the data. Gen-
eralized linear mixed-models fitted with binomial error distribution and a complementary
clog-log function were used to analyse the data (Bates et al., 2015). All models estimated
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house sparrow mortality as a response variable and included the effect of year as a random
effect. A priori defined candidate models were ranked according to Akaike’s information
criterion corrected for small sample size (AICc) to identify the most parsimonious models
(Burnham and Anderson, 2002). The most parsimonious models were defined with low-
est AICc value and used for further statistical analyses. Models were considered equally
good if they fit the criteria of ∆AICc ≤ 2 compared to the model with lowest AICc value.
If so, the model having fewer parameters including 0 in their confidence estimates were
chosen. Aikaike weight (AICc Weight), a model’s relative likelihood, was used to evaluate
the probability of the best fit models (Burnham and Anderson, 2002).

In the statistical analyses I first investigated if annual mortality of house sparrows was
influenced by the sparrowhawk density by constructing four models. Since there were
theoretical reasons to believe that variation in house sparrow mortality potentially varied
among islands, sex and age classes, all the four candidate models in this section accounted
for these factors. In addition, the candidate models investigated the effects of house
sparrow population density and sparrowhawk density. The most parsimonious model was
used as baseline model for further analyses. Secondly, I investigated if variation in house
sparrow mortality was influenced by sex, age classes, population densities and islands in
interaction with sparrowhawk density. To investigate if such differences occurred, analyses
were conducted where the model fit of the baseline model was compared with a candidate
model including an interaction with a focal variable and sparrowhawk density. In total
8 models have been analyzed in this section. Thirdly, I investigated if the mortality
of house sparrows was influenced by selective sparrowhawk predation with respect to
house sparrow phenotypes. To investigate if there were selection in phenotypes, the best
fitted model explaining probability of mortality of house sparrows including the effect of
sparrowhawk densities were used. Along with this model, the different phenotypes were
added as explanatory factors individually and pairwise compared to a model including
an interaction between the given phenotype and sparrowhawk density. In all analyses the
explanatory variables such as house sparrow population density, sparrowhawk density,
tarsus, weight and wing length were centered by their grand mean prior the analysis
to improve model convergence. Estimated parameters are given with 95% confidence
estimates (CI = [lower, upper]). Pearson’s product moment correlation (rp) was estimated
between numeric explanatory variables to avoid multicollinearity due to highly correlated
explanatory variables (rp < 0.05) (Graham, 2003).
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3 Results

The sparrowhawk density fluctuated between years (Figure 1), and the mean spar-
rowhawk density over the 8 year study period was 0.373 on Træna (SD = 0.210, range =
[0.000, 0.615]), 0.243 on Selvær (SD = 0.110, range = [0.077, 0.385]) and 0.243 on Lovund
(SD = 0.165, range = [0.000, 0.462]). Lovund and Selvær showed a similar pattern in
the annual fluctuations, while Træna showed a different pattern. Træna had a mean of
100.1 individuals (SD = 28.6) over the 8 years study period, while Lovund and Selvær
had mean population sizes of 48.9 (SD = 22.3) and 56.9 (SD = 22.0), respectively (Figure
2).

The most parsimonious model out of the 4 candidate models explaining the variation in
annual mortality in house sparrows included a difference between age classes, a tendency
for an increase in mortality with increasing house sparrow population density and a
decrease in mortality with increasing sparrowhawk density (AICc Weight = 0.44, Tables
3 and 4). The confidence interval for the effect sparrowhawk density did not include
zero (Table 4), and was not present in the second highest ranked model (Table 3 and S1).
Thus, sparrowhawk density had a clear negative effect on the mortality of house sparrows
(See Table 3 and 4).

The second section of pairwise analyses provided no evidence of an interaction effect
between house sparrow population density and sparrowhawk density(βSD∗HD = 0.098,
CI = [-0.044, 0.240], ∆AICc = 0.19, AICc Weight = 0.48, Table S2). Thus, there was no
support for the mortality of house sparrows being dependent on the combined effect of
predator and prey density. In contrast, the pairwise model comparison revealed that the
effect of sparrowhawk density differed substantially between the three populations (Table
S3 and S4, AICc Weight = 0.98, Figure 3). At Lovund and Selvær, the probability of
mortality decreased with increasing sparrowhawk density (Table S4, Figure 3), while at
Træna there was an increase in house sparrow mortality with increasing sparrowhawk
density (Table S4, Figure 3).

There was no support in the data for a difference in mortality with increasing predator
density between sexes (∆AICc = 1.94, AICc Weight = 0.28, Table S5). However, there
was support for a difference in rates of predation between age classes (∆AICc = 0.00,
AICc Weight = 0.84, Table S6 and S7, Figure 4). There was a reduction in mortality
with increasing sparrowhawk density for juveniles and only weak tendencies of a similar
effect in the older individuals (Table S7, Figure 4).

The sparrowhawk was found to act as a selective mortality agent on both body mass
(βSD:Weight = 0.059, CI = [0.005, 0.113], ∆AICc = 0.00, AICc Weight = 0.84, Table S8
and S9, Figure 5) and tarsus length (βSD:Tarsus = 0.224, CI = [0.217, 0.231], ∆AICc =
0.00, AICc Weight = 0.93, Table S10 and S11, Figure 6). Thus, at low densities of spar-
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rowhawks, individuals with a low body mass (weight) or small body size (tarsus length)
had a higher probability of mortality. Correspondingly at high densities of sparrowhawks,
large house sparrow individuals with high body mass and long tars had a higher probabil-
ity of mortality (Figure 5 and 6). At intermediate sparrowhawk densities mortality was
approximately equal for all body mass and tarsus lengths (Figure 5 and 6, respectively).
There was no support in the data for a difference in the effect of sparrowhawk density
with increasing wing length (βSD:Wing = 0.033, CI = [-0.012, 0.079], ∆AICc = 0.04, AICc

Weight = 0.49, Table S12, Figure S1) or wing load (βSD:WL = 0.045, CI = [-0.015, 0.106],
∆AICc = 0.00, AICc Weight = 0.51, Table S13 and S14, Figure S2).
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4 Discussion

The present study revealed that increasing sparrowhawk density is related to both positive
and negative effects on the mortality rate among three house sparrow populations (Table
3, 4 and 5, Figure 3). Accordingly, the presence of sparrowhawks during winter period is
likely to affect the regional variance in metapopulation dynamics which a study in only one
population would not detect. This study also revealed that sparrowhawk density has an
effect on mortality on age classes (Table S6 and S7, Figure 4), where adult individuals are
less responsive to increased predator density than juveniles. The results further showed
a predator-induced selection on body size and mass (Table S8, S9, S10 and S11, Figure 5
and 6). Individuals with low body mass or small body size are prone to mortality at low
sparrowhawk densities, while individuals with high body mass and long tars has a higher
probability of mortality at high densities of sparrowhawks. This is seen in Figure 5 and
6.

The effect of sparrowhawk density on the mortality probability among islands was found
in the present study (Table 5, S3 and S4, Figure 3). The present study demonstrates a
heterogeneous pattern among the three local populations suggesting that the predator-
prey dynamic between sparrowhawks and house sparrow is more complex than a general
interspecific relationship, which may depend on local demography and habitat charac-
teristics. The spatial variation could result from differences in behavioural responses to
predation risk. At Lovund and Selvær the probability of mortality declined with increased
sparrowhawk density (Figure 3), indicating an increase in the avoidance of high-risk sit-
uations of predation. For instance, there could be more easily available hiding spots to
seek refuge for some populations and less need for exposure at high predator densities.
Change in distribution to predation risk is found to vary with habitat for passerine birds
in response to predation risk (Forsman et al., 2001; Møller et al., 2017). At Træna, the
probability of mortality increased with increasing sparrowhawk density (Figure 3). An
increase in mortality in the same predator-prey relationship is seen in Britain during the
years 1970 till 2004, where an increased sparrowhawk density occurred simultaneously as
house sparrow populations’ density decreased (Bell et al., 2010). The same pattern of
house sparrow density decline correlating to increased sparrowhawk density is found in
Paris over a 15 year period (2003-2017) (Mohring et al., 2021). However, the volume of
decline varied among the house sparrow populations. Accordingly, spatial variation in
refuges due to habitat heterogeneity could influence how sparrowhawks affect the mor-
tality probability in house sparrows. Interestingly, there has been found spatial variation
in mortality rates among island populations in the house sparrow metapopulation at
Helgeland (Ringsby et al., 1999).

Living in groups can be beneficial because increased density enables individuals to seek
cover behind conspecifics and thereby reduce the probability of being killed (De Vos and
O’Riain, 2010; Hamilton, 1971; King et al., 2012; McClure and Despland, 2010). Another
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mechanism that has been suggested is that predators may be confused by prey moving in
flocks (Calvert et al., 1979; Foster and Treherne, 1981; Hamilton, 1971), making it difficult
to single out and track individual prey (Ioannou, Tosh, Neville, and Krause, 2008). For
instance, Jeschke and Tollrian (2005) showed that Daphnia magna and Daphnia obtusa
swarms confused their predator such that prey uptake decreased at high prey densities.
It is theorized that group living is beneficial by decreasing individual risk of predation
through improved vigilance (Bertram, 1980; Elgar, 1989), prompting expeditious alarm
calls (Cäsar et al., 2013; Zuberbühler et al., 1999). The present study revealed no support
for an interaction between house sparrow population density and sparrowhawk density on
mortality probability for the house sparrow (Table S2). Thus, there was no support for a
non-linear change in mortality probability of house sparrows depending on the combined
effect of predator and prey density. Other limiting factors to population growth such as
food availability (Ashmole, 1963; Krebs et al., 1995; Martin, 1987), diseases (Süld et al.,
2014) and density (Sibly and Hone, 2002) could explain the increase in mortality with
population density. Interestingly, a recent study found that limiting factors such as lack
in food availability were not the cause of mortality in insular house sparrow populations,
but annual environmental factors such as temperature strongly affected the populations
(Simons et al., 2019). The study is not yet peer reviewed, but holds interesting content.
Though, a study done by Peach et al. (2018) confirms that increased food abundance
does not affect winter survival nor the population size in house sparrows.

With the presence of predators, prey may adjust foraging efficiency as a anti-predator be-
havioural response (Cresswell, 2008), increase vigilance with higher predation risk (Lima,
1994), or increase predation avoidance behaviour (Bertleff et al., 2021; Clinchy et al.,
2013). As juveniles often suffer a higher risk of predation, anti-predator behaviour in
the juveniles could explain the decrease in juvenile mortality rate with increased spar-
rowhawk densities (Andreasson et al., 2019; Lingle et al., 2008, Figure 4). Sodhi (1992)
investigated differences in risk-taking behaviour between juvenile and adult house spar-
rows and found that juveniles where less exposed than adults during the breeding season.
Given that house sparrow were the most numerous prey for merlins (Falco columbarius)
in the study by Sodhi (1992), the results may not be directly transferable to the present
study. Since predators may have different hunting tactics within and among predator
species (Cresswell, 1996; Lima, 1993; Parrish, 1993; Rudebeck, 1950), anti-predator be-
haviour in house sparrows may therefor differ with specific predator-prey relationships.
The sparrowhawk has a hunting technique characterized by surprise attacks (Selås, 1993),
Cresswell and Quinn (2010) showed in their studies that increased sparrowhawk density
led to reduced attack success. Furthermore, the studies showed that increased prey den-
sity also led to reduced attack success (Cresswell and Quinn, 2010). An increase in
vigilance with higher population density can counteract the sparrowhawks’ surprise at-
tack. In addition, an increased rate of predators can alter less risk-taking (Cresswell,
2008) and increased vigilance (Lima, 1994; Xu et al., 2013) in the prey.
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There was evidence for predator-induced selection on mortality, with a higher mortality
probability for smaller house sparrows had low sparrowhawk densities and for larger house
sparrow at high sparrowhawk densities during the winter period (Table S8, S9, S10 and
S11, Figure 5 and 6). Interestingly, MacLeod et al. (2006) have demonstrated that
house sparrow respond to predation risk by adjusting their body mass, with a trade-off
between predation risk and starvation risk during winter period. At high predation risk,
MacLeod et al. (2006) found that house sparrows kept their mass low. This supports the
present study’s findings where lighter individuals have a lower probability of mortality
with high sparrowhawk density. In sociable weavers (Philetairus socius) Covas et al.
(2002) found that probability of survival was highest for individuals with intermediate
body mass, where lighter and heavier individuals suffered lower survival probabilities due
to predation and risk of starvation. There was a survival disadvantage for individuals
deviating from the mean in body mass in light of predation shown by (Covas et al., 2002).
Fluctuating temporal variation in sparrowhawk density (Figure 1) and predator-induced
mortality probabilities for phenotypes (Table S8, S9, S10 and S11, Figure 5 and 6) could
act as balancing selection of intermediate body sizes and body masses of house sparrows
over time.

There was no evidence for predator-induced selection in the present study on wing length
(Table S12) and wing load (Table S13 and S14). Theory predicts reduction in flight
maneuvering due to increased body mass relative to wing area, along with selection for
low wing loads in order to escape attacks from predators (Gotmark and Post, 1996;
Witter and Cuthill, 1993). This receives no support in the present study as there was
no selection on wing load. Wing load has earlier not been found to influence predation
risk (Kullberg, 1998; Kullberg et al., 1998; Veasey et al., 1998) as individuals compensate
their weight by modifying flight techniques (Kullberg et al., 1998).

House sparrows are sexually dimorphic (Anderson, 2006) and their difference in color
and behaviour could have influenced predation risk as males’ ornament could be more
conspicuous to predators (Kotiaho, 2001). However, the result in the present study did
not reveal any sex-specific selection related to sparrowhawk densities (Table S5). This is
in accordance with Bókony et al. (2008) where no difference in house sparrows’ risk-taking
with their ornament were found, and phenotypical traits such as larger throat patches or
ornamented wing-bars had no impact on probability of survival. Predation density was
measured during winter period in the present study, where difference in predator-induced
mortality may be indistinguishable since behavioural differences between sexes may not
be as distinct during the winter period as opposed to the breeding season (Summers-
Smith, 1956). For the house sparrows other studies has not found a clear difference in
mortality between the sexes (Anderson, 2006; Dobson, 1987; Ringsby et al., 1999).

Correlated environmental factors not included in the study could have potentially ex-
plained the variance in the observed relationship between sparrowhawk density and house
sparrow population density. For instance, in years of mild climate, both species could
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benefit with decline in annual probability of mortality of house sparrows (Ringsby et al.,
2002), and corresponding increase in winter sparrowhawk densities due to high repro-
ductive success and/or increased survival probability (Newton, 1988). House sparrow
juvenile survival rate during winter are strongly influenced by factors during breeding
season, such as body condition and body size (Ringsby et al., 1998). Accordingly, cli-
matic data could be included to investigate the synchronous influence on both species and
potentially enlighten how the annual variance influence this predator-prey relationship.

For house sparrows there has been shown annual fluctuations in breeding success as a
response to annual climatic change, and not due to biotic factors (Kavanagh, 2011). A
study conducted within the same metapopulation of house sparrows as the present study
suggests annual and temporal variation influences mortality rates (Ringsby et al., 1999).
Interestingly, as the different populations in the present study is influenced by the same
climatic changes, there is spatial variaton in mortality among the islands. Another study
conducted within the metapopulation along Helgeland tackles how large-scale regional
climate affects mortality among islands and populations (Ringsby et al., 2002), where
recruitment rates were significantly influenced by an interaction between island and year.
These mentioned studies, and the present one, support that mortality probability is
island specific. In addition to predation, environmental factors could be a predictor for
the observed mortality rates.

Being sensitive to environmental changes could be a potential threat to the population
when considering climate change. As supplementary food have earlier not been found to
conserve a decline in house sparrow populations (Peach et al., 2018), other conservation
initiatives may be needed if unfavourable climate prolongs in the populations. In contrast,
the sparrowhawk is found insensitive to changes in climate (Nielsen and Møller, 2006), but
can respond to changes in the prey community composition (Millon et al., 2009). Whether
the predator-prey relationship between sparrowhawk and house sparrow is influenced by
the environment, as well as their population dynamics, is yet unknown.

In the present study the mortality rates were overestimated, as resighting rates were not
accounted for in our analysis (Lebreton et al., 1992). However, using simpler models sim-
plifies the interpretation of the results on sparrowhawk density and demography on house
sparrow mortality. To account for the overestimating of house sparrow mortality rates,
CMR data could be applied in the mortality estimate as such models deals with survival
probabilities with recapture rates. However, while mortality rates are overestimated, the
relative magnitude of the effects of predation is not likely to be compromised as there is
not to be expected a difference in resighting rates for different densities of sparrowhawk.
In this data set, juveniles dominated (55,1%) the sample size. Incorporating CMR data
in the estimation of mortality would not have major influence, since the resight rates are
based on breeding adults as they reflect the population size.
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5 Conclusion

This study has shown that probability of mortality in house sparrows is affected by spar-
rowhawk density, where it varies between age classes and spatially. There is mortality-
induced selection on phenotypical traits in the house sparrow by the sparrowhawk.
Lighter and smaller individuals suffer a high mortality probability with low sparrowhawk
densities, while heavier and larger individuals have an increased mortality probability
with high sparrowhawk densities. The sparrowhawk seems to act balancing on interme-
diate body sizes and body mass due to temporal fluctuations in predator density and
predator-induced mortality probabilities for the phenotypes. Island specific temporal
variation in environmental factors could be a confounding effect on the house sparrow
mortality. In addition, age-specific differences in predation avoidance behaviour and po-
tential habitat heterogeneity could explain variability in mortality probabilites for the
house sparrow. The present study has given a deeper understanding of the interspe-
cific dynamic between sparrowhawks and house sparrows, predator-prey relationships,
and how predator-induced selection on phenotypes vary spatiotemporally. Disparity in
predator-prey relationships provides opportunities to study anti-predatory behaviours,
adaptive evolution, food webs and potential phenological mismatches.

16



References

Anderson, T. R. (2006). Biology of the Ubiquitous House Sparrow: From Genes to
Populations. New York: Oxford University Press.

Andreasson, F., A. Nord, and J. Å. Nilsson (2019). Age-dependent effects of predation
risk on night-time hypothermia in two wintering passerine species. Oecologia 189(2),
329–337.

Andruskiw, M., J. M. Fryxell, I. D. Thompson, and J. A. Baker (2008). Habitat-mediated
variation in predation risk by the american marten. Ecology 89(8), 2273–2280.

Arditi, R. and L. R. Ginzburg (1989). Coupling in predator-prey dynamics: Ratio-
Dependence. Journal of theoretical biology 139(3), 311–326.

Ashmole, N. P. (1963). The regulation of numbers of tropical oceanic birds. Ibis 103b(3),
458–473.

Bartmann, R. M., G. C. White, and L. H. Carpenter (1992). Compensatory Mortality in
a Colorado Mule Deer Population. Wildlife monographs 121(1), 3–39.

Bates, D., M. Mächler, B. Bolker, and S. Walker (2015). Fitting Linear Mixed-Effects
Models Using lme4. Journal of Statistical Software 67(1), 1–48.

Bell, C. P., S. W. Baker, N. G. Parkes, M. D. L. Brooke, and D. E. Chamberlain (2010).
The Role of the Eurasian Sparrowhawk (Accipiter nisus) in the Decline of the House
Sparrow (Passer domesticus) in Britain. The Auk 127(2), 411––420.

Bender, L. C. and O. C. Rosas-Rosas (2016). Compensatory puma predation on adult
female mule deer in New Mexico. Journal of Mammalogy 97(5), 1399–1405.

Bertleff, D., J. Diekmann, S. Brand, A. G. Ünlü, and R. Bucher (2021). Predation and
avoidance behaviour in aphid-ladybird interactions of native and invasive ladybirds
in Europe. Ecological Entomology 46(1), 41–47.

Bertram, B. C. R. (1980). Vigilance and group size in ostriches. Animal Behaviour 28(1),
278–286.

Bókony, V., A. Liker, A. Z. Lendvai, and A. Kulcsar (2008). Risk-taking and survival in
the House Sparrow Passer domesticus: are plumage ornaments costly? Ibis 150(1),
139–151.

Boyce, M. S., A. Sinclair, and G. C. White (1999). Seasonal Compensation of Predation
and Harvesting. Oikos 87(3), 419–426.

Burnham, K. P. and D. R. Anderson (2002). Model Selection and Multimodel Inference:
A Practical Information-Theoretic Approach. New York, NY: Spinger.

Buxton, V. L. and J. H. Sperry (2017). Reproductive Decisions in Anurans: A Review
of How Predation and Competition Affects the Deposition of Eggs and Tadpoles.
BioScience 67(1), 26–38.

Calvert, W. H., L. E. Hedrick, and L. P. Brower (1979). Mortality of the Monarch
Butterfly (Danaus plexippus L.): Avian Predation at Five Overwintering Sites in
Mexico. Science 204(4395), 847–851.

Cäsar, C., K. Zuberbühler, R. J. Young, and R. W. Byrne (2013). Titi monkey call

17



sequences vary with predator location and type. Biology letters 9(5), 20130535–
20130535.

Caughley, G., G. C. Grigg, J. Caughley, and G. J. E. Hill (1980). Does dingo predation
control the densities of kangaroos and emus? Wildlife Research 7(1), 1–12.

Chamberlain, D. E., D. E. Glue, and M. P. Toms (2009). Sparrowhawk Accipiter nisus
presence and winter bird abundance. Journal of Ornithology 150(1), 247–254.

Ciechanowski, M., T. Zając, A. Biłas, and R. Dunajski (2007). Spatiotemporal variation
in activity of bat species differing in hunting tactics: effects of weather, moonlight,
food abundance, and structural clutter. Canadian Journal of Zoology 85(12), 1249–
1263.

Clinchy, M., M. J. Sheriff, and L. Y. Zanette (2013). Predator-induced stress and the
ecology of fear. Functional Ecology 27(1), 56–65.

Clutton-Brock, T. (2007). Sexual Selection in Males and Females. Science 318(5858),
1882–1885.

Cook, L. M. (2003). The Rise and Fall of the Carbonaria Form of the Peppered Moth.
The Quarterly Review of Biology 78(4), 399–417.

Covas, R., C. R. Brown, M. D. Anderson, and M. B. Brown (2002). Stabilizing selection
on body mass in the sociable weaver Philetairus socius. Proceedings of the Royal
Society of London. Series B: Biological Sciences 269(1503), 1905–1909.

Cramp, S., C. M. Perrins, and D. J. Brooks (1994). Handbook of the Birds of Europe, the
Middle East, and North Africa: The Birds of the Western Palearctic Volume VIII:
Crows to Finches. Oxford: Oxford University Press.

Creel, S., J. Winnie Jr, B. Maxwell, K. Hamlin, and M. Creel (2005). Elk alter habitat
selection as an antipredator response to wolves. Ecology 86(12), 3387–3397.

Cresswell, W. (1996). Surprise as a winter hunting strategy in Sparrowhawks Accipiter
nisus, Peregrines Falco peregrinus and Merlins F. columbarius. Ibis 138(4), 684–692.

Cresswell, W. (2008). Non-lethal effects of predation in birds. Ibis 150(1), 3–17.
Cresswell, W. and J. L. Quinn (2010). Attack frequency, attack success and choice

of prey group size for two predators with contrasting hunting strategies. Animal
Behaviour 80(4), 643–648.

Darwin, C. (1871). The Descent of Man, and Selection in Relation to Sex. London: John
Murray.

De Vos, A. and M. J. O’Riain (2010). Sharks shape the geometry of a selfish seal herd:
experimental evidence from seal decoys. Biology Letters 6(1), 48–50.

Dhondt, A. A., B. Kempenaers, and J. Clobert (1998). Sparrowhawk Accipiter nisus
predation and Blue Tit Parus caeruleus adult annual survival rate. Ibis 140(4),
580–584.

Dobson, A. P. (1987). A Comparison of Seasonal and Annual Mortality for Both Sexes
of Fifteen Species of Common British Birds. Ornis Scandinavica 18(2), 122–128.

Donázar, J. and O. Ceballos (1989). Selective predation by Eagle Owls Bubo bubo on
rabbits Oryctolagus cuniculus: Age and sex preferences. Ornis Scandinavica 20(2),
117–122.

18



Downes, S. J. (2002). Size-dependent predation by snakes: selective foraging or differential
prey vulnerability? Behavioral Ecology 13(4), 551–560.

Durant, S. M. (1998). Competition refuges and coexistence: an example from Serengeti
carnivores. Journal of Animal ecology 67(3), 370–386.

Elgar, M. A. (1989). Predator vigilance and group size in mammals and birds: a critical
review of the empirical evidence. Biological Reviews 64(1), 13–33.

Endler, J. A. (1995). Multiple-trait coevolution and environmental gradients in guppies.
Trends in ecology & evolution 10(1), 22–29.

Ercit, K. (2014). Size and sex of cricket prey predict capture by a sphecid wasp. Ecological
Entomology 39(2), 195–202.

Errington, P. L. (1946). Predation and Vertebrate Populations. The Quarterly Review of
Biology 21(2), 144––177.

Errington, P. L. (1967). Of predation and life. Iowa State University Press.
Fitzgibbon, C. D. (1990). Anti-predator strategies of immature Thomson’s gazelles:

hiding and the prone response. Animal Behaviour 40(5), 846–855.
Forrester, G. E. and M. A. Steele (2004). Predators, prey refuges, and the spatial scaling

of density-dependent prey mortality. Ecology 85(5), 1332–1342.
Forsman, J. T., M. Mönkkönen, and M. Hukkanen (2001). Effects of predation on com-

munity assembly and spatial dispersion of breeding forest birds. Ecology 82(1),
232–244.

Foster, W. and J. Treherne (1981). Evidence for the dilution effect in the selfish herd
from fish predation on a marine insect. Nature 293(5832), 466–467.

Glutz, U. N., K. M. Bauer, and E. Bezzel (1973). Handbuch Der Vögel Mitteleuropas.
Vol. 5. Frankfurt, Germany: Akademische Verlagsgesellschaft.

Gosler, A. G., J. J. Greenwood, and C. Perrins (1995). Predation risk and the cost of
being fat. Nature 377(6550), 621–623.

Götmark, F. and M. Andersson (2005). Predation by sparrowhawks decreases with in-
creased breeding density in a songbird, the great tit. Oecologia 142(2), 177–183.

Gotmark, F. and P. Post (1996). Prey Selection by Sparrowhawks, Accipiter nisus:
Relative Predation Risk for Breeding. Passerine Birds in Relation to their Size,
Ecology and Behaviour. Philosophical transactions. Biological sciences 351(1347),
1559–1577.

Götmark, F., P. Post, J. Olsson, and D. Himmelmann (1997). Natural Selection and
Sexual Dimorphism: Sex-Biased Sparrowhawk Predation Favours Crypsis in Female
Chaffinches. Oikos 80(3), 540–548.

Graham, M. H. (2003). Confronting multicollinearity in ecological multiple regression.
Ecology 84(11), 2809–2815.

Grant, B. S., D. F. Owen, and C. A. Clarke (1996). Parallel Rise and Fall of Melanic
Peppered Moths in America and Britain. The Journal of Heredity 87(5), 351––357.

Gray, C. M. and K. C. Hamer (2001). Food-provisioning behaviour of male and female
Manx shearwaters, Puffinus puffinus. Animal behaviour 62(1), 117–121.

Green, A. J. (2001). Mass/length residuals: measures of body condition or generators of

19



spurious results? Ecology 82(5), 1473–1483.
Green, S. J. and I. M. Côté (2014). Trait-based diet selection: prey behaviour and

morphology predict vulnerability to predation in reef fish communities. Journal of
Animal Ecology 83(6), 1451–1460.

Hamilton, W. D. (1971). Geometry for the selfish herd. Journal of theoretical Biol-
ogy 31(2), 295–311.

Hammill, M. and T. Smith (1991). The role of predation in the ecology of the ringed seal
in Barrow Strait, Northwest Territories, Canada. Marine Mammal Science 7(2),
123–135.

Hedenström, A. (1992). Flight performance in relation to fuel load in birds. Journal of
Theoretical Biology 158(4), 535–537.

Hernandez-Jimenez, A. and O. Rios-Cardenas (2012). Natural versus sexual selection:
predation risk in relation to body size and sexual ornaments in the green swordtail.
Animal Behaviour 84(4), 1051–1059.

Holling, C. S. (1959a). The Components of Predation as Revealed by a Study of
Small-Mammal Predation of the European Pine Sawfly1. The Canadian Ento-
mologist 91(5), 293–320.

Holling, C. S. (1959b). Some Characteristics of Simple Types of Predation and Para-
sitism1. The canadian entomologist 91(7), 385–398.

Hoy, S. R., S. J. Petty, A. Millon, D. P. Whitfield, M. Marquiss, M. Davison, and
X. Lambin (2015). Age and sex-selective predation moderate the overall impact of
predators. Journal of Animal Ecology 84(3), 692–701.

Hutchinson, G. E. (1957). Concluding remarks. Cold Spring Harbor Symp Quant
Biol 22(1), 415–427.

Ioannou, C. C., C. R. Tosh, L. Neville, and J. Krause (2008). The confusion effect—from
neural networks to reduced predation risk. Behavioral Ecology 19(1), 126–130.

Jensen, H., B.-E. Sæther, T. H. Ringsby, J. Tufto, S. C. Griffith, and H. Ellegren (2003).
Sexual variation in heritability and genetic correlations of morphological traits in
house sparrow (Passer domesticus). Journal of evolutionary biology 16(6), 1296–
1307.

Jensen, H., I. Steinsland, T. H. Ringsby, and B.-E. Sæther (2008). Evolutionary dynamics
of a sexual ornament in the house sparrow (Passer domesticus): the role of indirect
selection within and between sexes. Evolution: International Journal of Organic
Evolution 62(6), 1275–1293.

Jeschke, J. M., M. Kopp, and R. Tollrian (2004). Consumer-food systems: why type I
functional responses are exclusive to filter feeders. Biological Reviews 79(2), 337–
349.

Jeschke, J. M. and R. Tollrian (2005). Effects of predator confusion on functional re-
sponses. Oikos 111(3), 547–555.

Kavanagh, B. (2011). Misapplied Ecology: Investigations of Population Decline In The
House Sparrow. International studies on Sparrows 35(1), 24–34.

King, A. J., A. M. Wilson, S. D. Wilshin, J. Lowe, H. Haddadi, S. Hailes, and A. J. Morton

20



(2012). Selfish-herd behaviour of sheep under threat. Current Biology 22(14), R561–
R562.

Kolb, A., J. Ehrlén, and O. Eriksson (2007). Ecological and evolutionary consequences
of spatial and temporal variation in pre-dispersal seed predation. Perspectives in
Plant Ecology, Evolution and Systematics 9(2), 79–100.

Kotiaho, J. S. (2001). Costs of sexual traits: a mismatch between theoretical considera-
tions and empirical evidence. Biological Reviews 76(3), 365–376.

Kramer, K. (1973). Habicht und Sperber. Die Neue Brehm-Bücherei. Wittenberg Luther-
stadt: Ziemsen Verlag.

Krebs, C. J. (1996). Population Cycles Revisited. Journal of Mammalogy 77(1), 8–24.
Krebs, C. J., S. Boutin, R. Boonstra, A. R. E. Sinclair, J. N. M. Smith, M. R. T.

Dale, K. Martin, and R. Turkington (1995). Impact of Food and Predation on the
Snowshoe Hare Cycle. Science 269(5227), 1112–1115.

Kullberg, C. (1998). Does diurnal variation in body mass affect take-off ability in win-
tering willow tits? Animal Behaviour 56(1), 227–233.

Kullberg, C., S. Jakobsson, and T. Fransson (1998). Predator–induced take–off strategy
in great tits (Parus major). Proceedings of the Royal Society of London. Series B:
Biological Sciences 265(1406), 1659–1664.

Kunkel, K. E., T. K. Ruth, D. H. Pletscher, and M. G. Hornocker (1999). Winter Prey
Selection by Wolves and Cougars in and Near Glacier National Park Montana. The
Journal of Wildlife Management 63(3), 901–910.

Kvalnes, T., T. H. Ringsby, H. Jensen, and B.-E. Sæther (2013). Correlates of egg size
variation in a population of house sparrow Passer domesticus. Oecologia 171(2),
391–402.

Lafferty, K. D. (1993). The Marine Snail, Cerithidea californica, Matures at Smaller Sizes
Where Parasitism Is High. Oikos 68(1), 3–11.

Lebreton, J.-D., K. P. Burnham, J. Clobert, and D. R. Anderson (1992). Modeling
Survival and Testing Biological Hypotheses Using Marked Animals: A Unified Ap-
proach with Case Studies. Ecological Monographs 62(1), 67–118.

Lees, D. R. and E. R. Creed (1977). The genetics of the Insularia forms of the peppered
moth, Biston betularia. Heredity 39(1), 67––73.

Lewis, S., S. Benvenuti, L. Dall-Antonia, R. Griffiths, L. Money, T. Sherratt, S. Wanless,
and K. Hamer (2002). Sex-specific foraging behaviour in a monomorphic seabird.
Proceedings of the Royal Society of London. Series B: Biological Sciences 269(1501),
1687–1693.

Lima, S. L. (1986). Predation Risk and Unpredictable Feeding Conditions: Determinants
of Body Mass in Birds. Ecology 67(2), 377–385.

Lima, S. L. (1993). Ecological and Evolutionary Perspectives on Escape from Predatory
Attack: A Survey of North American Birds. The Wilson Bulletin 105(1), 1–47.

Lima, S. L. (1994). On the personal benefits of anti-predatory vigilance. Animal Be-
haviour 48(3), 734–736.

Lima, S. L. (1998). Stress and Decision Making under the Risk of Predation: Re-

21



cent Developments from Behavioral, Reproductive, and Ecological Perspectives. In
P. Slater, A. Møller, and M. Manfred (Eds.), Advances in the Study of Behaviour:
Stress and Behaviour, pp. 215–290. Academic Press.

Lima, S. L. and P. A. Bednekoff (1999). Temporal Variation in Danger Drives An-
tipredator Behavior: The Predation Risk Allocation Hypothesis. The American
Naturalist 153(6), 649–659.

Lima, S. L. and L. M. Dill (1990). Behavioral decisions made under the risk of predation:
a review and prospectus. Canadian journal of zoology 68(4), 619–640.

Lindström, E. R., H. Andrén, P. Angelstam, G. Cederlund, B. Hörnfeldt, L. Jäderberg,
P. Lemnell, B. Martinsson, K. Sköld, and J. E. Swenson (1994). Disease Reveals
the Predator: Sarcoptic Mange, Red Fox Predation, and Prey Populations. Ecol-
ogy 75(4), 1042–1049.

Lingle, S., A. Feldman, M. S. Boyce, and W. F. Wilson (2008). Prey Behavior,
Age‐Dependent Vulnerability, and Predation Rates. The American Natural-
ist 172(5), 712–725.

Lloyd, D. G. and C. J. Webb (1977). Secondary sex characters in plants. The botanical
review 43(2), 177–216.

Lowther, P. E. (1977). Selection Intensity in North American House Sparrows (Passer
domesticus). Evolution 31(3), 649–656.

MacLeod, R., P. Barnett, J. Clark, and W. Cresswell (2006). Mass-dependent predation
risk as a mechanism for house sparrow declines? Biology Letters 2(1), 43–46.

MacLulich, D. A. (1937). Fluctuations in the numbers of varying hare (Lepus americanus).
University of Toronto studies: Biological series. The University of Toronto press.

Martin, T. E. (1987). Food as a limit on breeding birds: a life-history perspective. Annual
review of ecology and systematics 18(1), 453–487.

McClure, M. and E. Despland (2010). Collective foraging patterns of field colonies of
Malacosoma disstria caterpillars. The Canadian Entomologist 142(5), 473–480.

McLeod, B. J. and E. G. Thompson (2002). Predation on house sparrows (Passer domes-
ticus) and hedge sparrows (Prunella modularis) by brushtail possums (Trichosurus
vulpecula) in captivity. Notornis 49(2), 95––99.

Millon, A., J. T. Nielsen, V. Bretagnolle, and A. P. Møller (2009). Predator–prey rela-
tionships in a changing environment: the case of the sparrowhawk and its avian
prey community in a rural area. Journal of Animal Ecology 78(5), 1086–1095.

Mohring, B., P.-Y. Henry, F. Jiguet, F. Malher, and F. Angelier (2021). Investigating
temporal and spatial correlates of the sharp decline of an urban exploiter bird in a
large European city. Urban Ecosystems 24(3), 501–513.

Møller, A. and J. Nielsen (1997). Differential predation cost of a secondary sexual charac-
ter: sparrowhawk predation on barn swallows. Animal Behaviour 54(6), 1545–1551.

Møller, A. P., Z. Kwiecinski, and P. Tryjanowski (2017). Prey reduce risk-taking and
abundance in the proximity of predators. Current Zoology 63(6), 591–598.

Newton, I. (1986). The sparrowhawk. Calton: T. & A. D. Poyser.
Newton, I. (1988). A key factor analysis of a sparrowhawk population. Oecologia 76(4),

22



588–596.
Nielsen, J. T. and A. P. Møller (2006). Effects of food abundance, density and climate

change on reproduction in the sparrowhawk Accipiter nisus. Oecologia 149(3),
505–518.

Norberg, U. (1995). How a Long Tail and Changes in Mass and Wing Shape Affect the
Cost for Flight in Animals. Functional Ecology 9(1), 48–54.

Oli, M. K., C. J. Krebs, A. J. Kenney, R. Boonstra, S. Boutin, and J. E. Hines (2020).
Demography of snowshoe hare population cycles. Ecology 101(3), e02969.

Opdam, P. (1978). Feeding ecology of a sparrowhawk population (Accipiter nisus).
Ardea 66(4), 137–155.

Palmer, M. S., J. Fieberg, A. Swanson, M. Kosmala, and C. Packer (2017). A ‘dynamic’
landscape of fear: prey responses to spatiotemporal variations in predation risk
across the lunar cycle. Ecology letters 20(11), 1364–1373.

Paquet, P. C. (1992). Prey Use Strategies of Sympatric Wolves and Coyotes in Riding
Mountain National Park, Manitoba. Journal of Mammalogy 73(2), 337–343.

Paralkar, V. K. (1995). A common garden lizard (Calotes versicolor) killing an adult house
sparrow (Passer domesticus). Journal of the Bombay Natural History Societ 92, 426.

Parrish, J. K. (1993). Comparison of the Hunting Behavior of Four Piscine Predators
Attacking Schooling Prey. Ethology 95(3), 233–246.

Peach, W. J., J. W. Mallord, N. Ockendon, C. J. Orsman, and W. G. Haines (2018).
Depleted suburban house sparrow Passer domesticus population not limited by
food availability. Urban ecosystems 21(6), 1053–1065.

R Core Team (2021). R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing.

Ranke, P. S., Y. G. Araya-Ajoy, T. H. Ringsby, H. Pärn, B. Rønning, H. Jensen, J. Wright,
and B.-E. Sæther (2021). Spatial structure and dispersal dynamics in a house
sparrow metapopulation. Journal of Animal Ecology 90(12), 2767–2781.

Ringsby, T. H., T. Berge, B.-E. Sæther, and H. Jensen (2009). Reproductive success and
individual variation in feeding frequency of House Sparrows (Passer domesticus).
Journal of Ornithology 150(2), 469–481.

Ringsby, T. H., B.-E. Sæther, R. Altwegg, and E. J. Solberg (1999). Temporal and Spatial
Variation in Survival Rates of a House Sparrow, Passer domesticus, Metapopula-
tion. Oikos 85(3), 419–425.

Ringsby, T. H., B.-E. Sæther, and E. J. Solberg (1998). Factors Affecting Juvenile Survival
in House Sparrow Passer domesticus. Journal of Avian Biology 29(3), 241–247.

Ringsby, T. H., B.-E. Sæther, J. Tufto, H. Jensen, and E. J. Solberg (2002). Asynchronous
spatiotemporal demography of a house sparrow metapopulation in a correlated
environment. Ecology 83(2), 561–569.

Ripple, W. J. and R. L. Beschta (2004). Wolves and the Ecology of Fear: Can Predation
Risk Structure Ecosystems? BioScience 54(8), 755–766.

Ripple, W. J. and R. L. Beschta (2007). Restoring Yellowstone’s aspen with wolves.
Biological Conservation 138(3-4), 514–519.

23



Roos, S., J. Smart, D. W. Gibbons, and J. D. Wilson (2018). A review of predation as a
limiting factor for bird populations in mesopredator-rich landscapes: a case study
of the uk. Biological Reviews 93(4), 1915–1937.

Rosenzweig, M. L. and R. H. MacArthur (1963). Graphical Representation and Stability
Conditions of Predator-Prey Interactions. The American Naturalist 97(895), 209–
223.

Rudebeck, G. (1950). The Choice of Prey and Modes of Hunting of Predatory Birds with
Special Reference to Their Selective Effect. Oikos 2(1), 65–88.

Sæther, B.-E., T. H. Ringsby, Ø. Bakke, and E. J. Solberg (1999). Spatial and temporal
variation in demography of a house sparrow metapopulation. Journal of Animal
Ecology 68(3), 628–637.

San-Jose, L. M., R. Séchaud, K. Schalcher, C. Judes, A. Questiaux, A. Oliveira-Xavier,
C. Gémard, B. Almasi, P. Béziers, A. Kelber, et al. (2019). Differential fitness
effects of moonlight on plumage colour morphs in barn owls. Nature ecology &
evolution 3(9), 1331–1340.

Selås, V. (1993). Selection of avian prey by breeding Sparrowhawks Accipiter nisus in
southern Norway: the importance of size and foraging behaviour of prey. Ornis
fenn 70, 144–154.

Shimmings, P. and I. Øien (2015). Bestandsestimater for norske hekkefugler. NOF-rapport
2015 2015(2), 268.

Sibly, R. M. and J. Hone (2002). Population growth rate and its determinants: an
overview. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 357(1425), 1153–1170.

Simons, M. J., I. Winney, A. Girndt, M. Rees, S. Nakagawa, J. Schroeder, and T. Burke
(2019). Ageing in house sparrows is insensitive to environmental effects. BioRxiv,
598284.

Sinclair, A. and C. J. Krebs (2002). Complex numerical responses to top–down and
bottom–up processes in vertebrate populations. Philosophical Transactions of the
Royal Society of London. Series B: Biological Sciences 357(1425), 1221–1231.

Sodhi, N. S. (1992). Sex and age differences in risk-taking behavior in house sparrows.
The Condor 94(1), 293–294.

Storer, R. W. (1966). Sexual Dimorphism and Food Habits in Three North American
Accipiters. The Auk 83(3), 423––436.

Suhonen, J. (1993). Predation Risk Influences the Use of Foraging Sites by Tits. Ecol-
ogy 74(4), 1197–1203.

Süld, K., H. Valdmann, L. Laurimaa, E. Soe, J. Davison, and U. Saarma (2014). An
Invasive vector of Zoonotic Disease Sustained by Anthropogenic Resources: The
Raccoon Dog in Northern Europe. PLOS One 9(5), e96358.

Summers-Smith, D. (1956). Mortality of the House Sparrow. Bird Study 3(4), 265–270.
Thaker, M., A. T. Vanak, C. R. Owen, M. B. Ogden, S. M. Niemann, and R. Slotow

(2011). Minimizing predation risk in a landscape of multiple predators: effects on
the spatial distribution of African ungulates. Ecology 92(2), 398–407.

24



Tsurui, K., A. Honma, and T. Nishida (2013). Size-dependent predation risk partly ex-
plains the sex-related marking polymorphism in the sexually size-dimorphic pygmy
grasshopper Tetrix japonica. Entomological science 16(2), 136–144.

Tveraa, T., P. Fauchald, C. Henaug, and N. G. Yoccoz (2003). An examination of a
compensatory relationship between food limitation and predation in semi-domestic
reindeer. Oecologia 137(3), 370–376.

Urban, M. C. (2007). The Growth-Predation Risk Trade-Off under a Growing Gape-
Limited Predation Threat. Ecology 88(10), 2587––2597.

Valeix, M., A. Loveridge, S. Chamaillé-Jammes, Z. Davidson, F. Murindagomo, H. Fritz,
and D. Macdonald (2009). Behavioral adjustments of African herbivores to preda-
tion risk by lions: Spatiotemporal variations influence habitat use. Ecology 90(1),
23–30.

van der Veen, I. T. and K. M. Lindström (2000). Escape flights of yellowhammers and
greenfinches: more than just physics. Animal Behaviour 59(3), 593–601.

Veasey, J. S., N. B. Metcalge, and D. C. Houston (1998). A reassessment of the effect of
body mass upon flight speed and predation risk in birds. Animal Behaviour 56(4),
883–889.

Vedder, O., S. Bouwhuis, and B. C. Sheldon (2014). The contribution of an avian top
predator to selection in prey species. Journal of Animal Ecology 83(1), 99–106.

Volterra, V. (1928). Variations and Fluctuations of the Number of Individuals in Animal
Species living together. ICES Journal of Marine Science 3(1), 3–51.

Werner, E. E., J. F. Gilliam, D. J. Hall, and G. G. Mittelbach (1983). An Experimental
Test of the Effects of Predation Risk on Habitat Use in Fish. Ecology 64(6), 1540–
1548.

Wilson, W. H. (1990). Competition and predation in marine soft-sediment communities.
Annual Review of Ecology and Systematics 21(1), 221–241.

Wirsing, A. J., M. R. Heithaus, and L. M. Dill (2007). Living on the edge: dugongs
prefer to forage in microhabitats that allow escape from rather than avoidance of
predators. Animal Behaviour 74(1), 93–101.

Witter, M. S. and I. C. Cuthill (1993). The Ecological Costs of Avian Fat Storage.
Philosophical Transactions. Philosophical Transactions of the Royal Society B:
Biological Sciences 340(1291), 73–92.

Witter, M. S., I. C. Cuthill, and R. H. Bonser (1994). Experimental investigations of
mass-dependent predation risk in the European starling, Sturnus vulgaris. Animal
Behaviour 48(1), 201–222.

Xu, F., M. Ming, W. Yang, D. Blank, P. Ding, and T. Zhang (2013). Vigilance in Black-
Necked Cranes: Effects of Predation Vulnerability and Flock Size. The Wilson
Journal of Ornithology 125(1), 208–212.

Young, A. M. (1970). Predation and Abundance in Populations of Flour Beetles. Ecol-
ogy 51(4), 602–619.

Zuberbühler, K., D. Jenny, and R. Bshary (1999). The Predator Deterrence Function of
Primate Alarm Calls. Ethology 105(6), 477–490.

25



Figures

Figure 1: Sparrowhawk (Accipiter nisus) densities in islands Lovund, Selvær and Træna
during the years of 2011-2018.
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Figure 2: Population sizes of house sparrow (Passer domesticus) in islands Lovund,
Selvær and Træna during the years of 2011-2018.
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Figure 3: Mortality rate of house sparrows (Passer domesticus) in islands Lovund, Selvær
and Træna as a response to sparrowhawk (Accipiter nisus) rate during the years of 2011-
2018. Confidence intervals are represented as the gray areas around each linear functional
response.
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Figure 4: Mortality rate of house sparrow (Passer domesticus) for different age categories
0 (juveniles), 1 (1 CY) and 2 (2+ CY) as a response to sparrowhawk (Accipiter nisus)
density during the years of 2011-2018. Confidence intervals are represented as the gray
areas around each linear functional response.
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Figure 5: Probability of mortality of house sparrow (Passer domesticus) as a response
to the interaction between body mass in weight (g) in house sparrow and z-scored spar-
rowhawk (Accipiter nisus) density during the years of 2011-2018.
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Figure 6: Probability of mortality of house sparrow (Passer domesticus) as a response
to the interaction between tarsus length in house sparrow and z-scored sparrowhawk
(Accipiter nisus) density during the years of 2011-2018.
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Tables

Table 1: Overview of sample sizes n for the statistical analysis of mortality on house
sparrow (Passer domesticus) in three islands located in northern Norway.

Age Category Lovund Selvær Træna Total

0 158 279 625 960
1 129 108 265 467
2 79 106 149 314

Total 322 442 997 1741
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Table 2: Overview of sample sizes n for the statistical analysis of mortality on house
sparrow (Passer domesticus) with sparrowhawk (Accipiter nisus) density and phenological
measurements as explanatory factor in three islands located in northern Norway.

Age Category Lovund Selvær Træna Total

0 82 140 30 527
1 21 26 67 114
2 3 5 19 27

Total 106 171 391 668
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Table 3: Ranking of models explaining mortality in house sparrow (Passer domesticus)
population in northern Norway in light of sparrowhawk (Accipiter nisus) density. Models
are binomial generalized linear mixed-effect models fitted with year as random intercept.
The difference in AICc values from top ranked model is ∆AICc, and the Akaike weight
is noted as AICc Weight.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + Island + Age + SD + HD 0.00 0.44
2 Sex + Island + Age + SD 0.85 0.29
3 Sex + Island + Age 1.70 0.16
4 Sex + Island + Age + HD 3.49 0.08
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Table 4: Paramter estimates and their 95% confidence intervals of explanatory effects in
the most parsimonious model (Table 3) describing variation in the probability of mortality
in house sparrow (Passer domesticus) populations in light of sparrowhawk (Accipiter
nisus) density in northern Norway. The random effect is presented with variance and
standard deviation (SD). Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.376 -0.047 0.799
Sex male -0.168 -0.295 -0.042
Age1 0.019 -0.130 0.169
Age2 0.203 0.029 0.377
Island Selvær 0.235 0.038 0.431
Island Træna 0.264 0.093 0.434
SD -0.161 -0.297 -0.025
HD 0.092 -0.014 0.199

Random effect

Variance SD

Year 0.295 ± 0.544
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Table 5: Parameter estimates of the model best fitted to the data set and their 95%
confidence intervals of explanatory effects without interactions as age and population
size, and with interaction as sparrowhawk density with island and sparrowhawk density
with age category. The model describes variation in the probability of mortality in
house sparrow (Passer domesticus) populations in light of sparrowhawk (Accipiter nisus)
density. The random effect is presented with variance and standard deviation (SD).
Interactions are presented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.350 -0.158 0.860
Sex male -0.170 -0.298 -0.042
HD 0.217 0.079 0.356
SD -0.397 -0.637 -0.157
Island Selvær 0.303 0.097 0.510
Island Træna 0.257 0.080 0.433
Age1 0.042 -0.110 0.196
Age2 0.232 0.055 0.410
SD*Island Selvær 0.415 0.144 0.686
SD*Island Træna -0.049 -0.276 0.177
SD*Age1 0.210 0.040 0.380
SD*Age2 0.183 -0.012 0.380

Random effect

Variance SD

Year 0.459 ± 0.677
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Supplementary materials

Figure S1: Probability of mortality of house sparrow (Passer domesticus) as a response to
the interaction between wing length (mm) in house sparrow and sparrowhawk (Accipiter
nisus) density during the years of 2011-2018.



Figure S2: Probability of mortality of house sparrow (Passer domesticus)as a response to
the interaction between wing load in house sparrow and sparrowhawk (Accipiter nisus)
density during the years of 2011-2018.
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Table S1: Paramter estimates and their 95% confidence intervals of explanatory effects
in the models ranked 2nd, 3rd and 4th (Table 3) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in northern Norway. Param-
eter estimates are represented with the 95% confidence interval [lower limit, upper limit].
The random effect is also presented with variance explained and standard deviation [±
SD]. Variables with significance p < 0.05 are bolded.

Fixed effects Models

Variable Rank 2 Rank 3 Rank 4

Intercept 0.386[-0.032, 0.806] 0.406[-0.008, 0.820] 0.406[-0.006, 0.819]
Sex male -0.165[-0.292, -0.039] -0.167[-0.294,-0.041] -0.168[-0.295, -0.042]
Age1 0.029[-0.120, 0.178] 0.023[-0.126, 0.171] 0.020[-0.130, 0.169]
Age2 0.202[0.028, 0.376] 0.197[0.024,0.371] 0.197[0.023, 0.370]
Island Selvær 0.247[0.051, 0.442] 0.231[0.038,0.425] 0.226[0.031, 0.421]
Island Træna 0.263[0.093, 0.433] 0.263[0.094,0.432] 0.263[0.093, 0.432]
SD -0.096[-0.208, 0.015] - -
HD - - 0.021[-0.067, 0.111]

Random effect

Year 0.293[± 0.541] 0.287[± 0.536] 0.284[± 0.533]
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Table S2: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
selection. Models are binomial generalized linear mixed-effect models fitted with year as
random intercept. The difference in AICc values from top ranked model is ∆AICc, and
the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + Age + Island + SD + HD 0.00 0.52
2 Sex + Age + Island + SD*HD 0.19 0.48
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Table S3: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
spatial influence. Models are binomial generalized linear mixed-effect models fitted with
year as random intercept. The difference in AICc values from top ranked model is ∆AICc,
and the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + Age + HD + SD*Island 0.00 0.98
2 Sex + Age + Island + SD + HD 7.81 0.02
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Table S4: Parameter estimates and their 95% confidence intervals of explanatory effects
in the most parsimonious model (Table S3) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in light of spatial difference
by sparrowhawk (Accipiter nisus) density in northern Norway. The random effect is
also presented with variance explained and standard deviation (SD). Interactions are
represented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.326 -0.156 0.857
Sex male -0.168 -0.295 -0.040
Age1 0.014 -0.136 0.165
Age2 0.215 0.040 0.391
HD 0.227 -0.089 0.364
SD -0.275 -0.494 -0.055
Island Selvær 0.294 0.089 0.498
Island Træna 0.264 0.089 0.440
SD*Island Selvær 0.374 0.108 0.640
SD*Island Træna -0.103 -0.325 0.117

Random effect

Variance SD

Year 0.443 ± 0.665
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Table S5: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
selection on sexes. Models are binomial generalized linear mixed-effect models fitted with
year as random intercept. The difference in AICc values from top ranked model is ∆AICc,
and the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + Age + Island + SD + HD 0.00 0.72
2 Age + Island + HD + SD*Sex 1.94 0.28
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Table S6: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
selection on age classes. Models are binomial generalized linear mixed-effect models fitted
with year as random intercept. The difference in AICc values from top ranked model is
∆AICc, and the Akaike weight is noted as AICc Weight. Interactions are represented
with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + Island + HD + SD*Age 0.00 0.84
2 Sex + Age + Island + SD + HD 3.26 0.16
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Table S7: Paramter estimates and their 95% confidence intervals of explanatory effects
in the most parsimonious model (Table S6) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in light of selection on age
categories by sparrowhawk (Accipiter nisus) density in northern Norway. The random
effect is also presented with variance explained and standard deviation (SD). Interactions
are represented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.376 -0.058 0.812
Sex male -0.170 -0.297 -0.043
Island Selvær 0.236 0.038 0.433
Island Træna 0.250 0.078 0.421
HD 0.089 -0.017 0.197
SD -0.242 -0.392 -0.092
Age1 0.046 -0.106 0.198
Age2 0.220 0.044 0.395
SD*Age1 0.205 0.038 0.372
SD*Age2 0.175 -0.018 0.369

Random effect

Variance SD

Year 0.321 ± 0.566
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Table S8: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
weight of P. domesticus. Binomial generalized linear mixed-effect models fitted with year
as random intercept. The difference in AICc values from top ranked model is ∆AICc,
and the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + HD + SD*Island + SD*Age + SD*Weight 0.00 0.80
2 Sex + HD + SD*Island + SD*Age + Weight 2.76 0.20
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Table S9: Paramter estimates and their 95% confidence intervals of explanatory effects
in the most parsimonious model (Table S8) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in light of sparrowhawk
(Accipiter nisus) density and selection on P. domesticus weight in northern Norway. The
random effect is also presented with variance explained and standard deviation (SD).
Interactions are presented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.176 -0.369 0.723
Sex male -0.050 -0.274 0.172
HD 0.118 -0.146 0.383
SD -0.569 -1.031 -0.107
Island Selvær 0.243 -0.158 0.644
Island Træna 0.382 0.040 0.725
Age1 0.131 -0.166 0.429
Age2 0.904 -0.532 2.340
Weight -0.013 -0.062 0.036
SD*Island Selvær 0.424 -0.113 0.962
SD*Island Træna 0.172 -0.297 0.643
SD*Age1 0.221 -0.136 0.578
SD*Age2 -0.690 -2.564 1.184
SD*Weight 0.059 0.005 0.113

Random effect

Variance SD

Year 0.353 ± 0.594
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Table S10: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
tarsus length of P. domesticus. Binomial generalized linear mixed-effect models fitted
with year as random intercept. The difference in AICc values from top ranked model is
∆AICc, and the Akaike weight is noted as AICc Weight. Interactions are represented
with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + HD + SD*Island + SD*Age + SD*Tarsus 0.00 0.93
2 Sex + HD + SD*Island + SD*Age + Tarsus 5.19 0.07
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Table S11: Paramter estimates and their 95% confidence intervals of explanatory effects
in the most parsimonious model (Table S10) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in light of sparrowhawk
(Accipiter nisus) density and selection on P. domesticus tarsus length in northern Norway.
The random effect is also presented with variance explained and standard deviation (SD).
Interactions are presented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.178 -0.359 0.721
Sex male -0.064 -0.272 0.198
HD 0.103 -0.149 0.376
SD -0.538 -1.000 -0.078
Island Selvær 0.242 -0.164 0.639
Island Træna 0.347 0.015 0.702
Age1 0.142 -0.172 0.455
Age2 0.917 -0.500 2.357
Tars 0.100 -0.063 0.032
SD*Island Selvær 0.360 -0.124 0.953
SD*Island Træna 0.168 -0.251 0.688
SD*Age1 0.268 -0.188 0.545
SD*Age2 -0.693 -2.646 1.054
SD*Tarsus 0.224 -0.012 0.080

Random effect

Variance SD

Year 0.355 ± 0.596
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Table S12: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
wing length of P. domesticus. Binomial generalized linear mixed-effect models fitted with
year as random intercept. The difference in AICc values from top ranked model is ∆AICc,
and the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + HD + SD*Island + SD*Age + Wing 0.00 0.51
2 Sex + HD + SD*Island + SD*Age + SD*Wing 0.04 0.49
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Table S13: Ranking of models explaining mortality in house sparrow (Passer domesticus)
populations in northern Norway in light of sparrowhawk (Accipiter nisus) density and
wing load of P. domesticus. Binomial generalized linear mixed-effect models fitted with
year as random intercept. The difference in AICc values from top ranked model is ∆AICc,
and the Akaike weight is noted as AICc Weight. Interactions are represented with ”*”.

Rank Model Parameters ∆ AICc AICc Weight

1 Sex + HD + SD*Island + SD*Age + SD*WL 0.00 0.51
2 Sex + HD + SD*Island + SD*Age + WL 0.05 0.49
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Table S14: Paramter estimates and their 95% confidence intervals of explanatory effects
in the most parsimonious model (Table S13) describing variation in the probability of
mortality in house sparrow (Passer domesticus) populations in light of sparrowhawk
(Accipiter nisus) density and selection on P. domesticus wing load in northern Norway.
The random effect is also presented with variance explained and standard deviation (SD).
Interactions are presented with ”*”. Variables with significance p < 0.05 are bolded.

Fixed effects

95 % Confidence Interval

Variable Estimate Lower limit Upper limit

Intercept 0.187 -0.355 0.730
Sex male -0.075 -0.296 0.144
HD 0.112 -0.151 0.376
SD -0.558 -1.021 -0.095
Island Selvær 0.254 -0.146 0.654
Island Træna 0.386 0.044 0.727
Age1 0.125 -0.172 0.422
Age2 0.902 -0.562 2.367
WL -0.013 -0.070 0.044
SD*Island Selvær 0.407 -0.130 0.945
SD*Island Træna 0.191 -0.275 0.658
SD*Age1 0.237 -0.120 0.595
SD*Age2 -0.694 -2.614 1.225
SD*WL 0.045 -0.015 0.106

Random effect

Variance SD

Year 0.347 ± 0.589
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