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Abstract
Understanding the mechanisms that shape animal population dynamics is of
fundamental interest in ecology, evolution and conservation biology. Food supply is an
important limiting factor in most animal populations and may have demographic
consequences. Optimal foraging theory predicts greater consumption of preferred prey
and less diet diversity when food is abundant, which may benefit key fitness parameters
such as productivity and survival. Nevertheless, the correspondence between individual
resource use and demographic processes in populations of avian predators inhabiting
large geographic areas remains largely unexplored, particularly in complex ecosystems
such as those of the Mediterranean basin. Based on a long-term monitoring program of
the diet and demography of Bonelli’s eagle Aquila fasciata in western Europe, here we
test the hypothesis that a predator’s diet is correlated to its breeding productivity and
survival at both the territorial and population levels, and ultimately to its population
growth rate. At the territorial level, we found that productivity increased with greater
consumption of European rabbits Oryctolagus cuniculus, the Bonelli’s eagle’s preferred
prey, and pigeons, an important alternative prey for this predator. The survival of
territorial pairs was negatively affected by higher diet diversity, which probably
reflected the inability to find sufficient high quality prey. Diet effects at the population
level were similar but more noticeable than at the territorial level, i.e. a greater
consumption of rabbits, together with lesser consumption of small-to-medium avian
species (‘other birds’; non-preferred prey), increased productivity, while greater diet
diversity and lower consumption of rabbits was associated with reduced survival and
population growth rate. Overall, our study illustrates how the diet of a predator species
can be closely related to key individual vital rates, which, in turn, leave a measurable
fingerprint on population dynamics within and among populations across large spatial
scales.
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Introduction
Understanding the mechanisms that shape animal population dynamics is of
fundamental interest in ecology, evolution and conservation biology (Begon et al.
2005). On a simple level, births, movements and deaths are the main demographic
parameters conditioning animal population dynamics (Krebs et al. 2001) and, in turn,
several abiotic and biotic factors potentially affect these parameters (Dempster 1975). A
universal property of life is that organisms need energy and resources for survival and
reproduction so food availability and consumption are expected to affect individual vital
rates and hence are an important limiting factor in animal populations (Stephens and
Krebs 1986, White 2008). In addition, the way resource consumption by individuals
ultimately affects population demographic trends is closely related to the characteristics
of species’ life histories. In animal populations, fecundity has an important impact on
population growth rates in short-lived species, while survival rates are more relevant to
population dynamics in long-lived species (Sæther and Bakke 2000). Thus, the effects
of diet on individual vital rates within a population, along with the species’ life-history
traits, will determine how individual resource consumption ultimately affects the
population growth rate.
Avian predators have been well studied as a way of assessing how prey

consumption influences consumers’ key demographic parameters such as breeding
success and survival (Korpimäki and Norrdahl 1991, Millon and Bretagnolle 2008). In
the case of territorial species whose populations range over large geographic areas,
habitat heterogeneity is expected to influence prey abundance and availability, which
will ultimately affect individual diet variation within a population (Whitfield et al.
2009) since organisms prefer environments in which their reproductive success and
survival is good (Orians and Wittenberger 1991). Foraging theory predicts that animals
will feed most efficiently by consuming a narrow range of preferred prey items when
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they are abundant, but will expand their range of food and consume less-preferred prey
items when food becomes scarce (Emlen 1966, Futuyma and Moreno 1988). In this
sense, species will prefer prey that benefits their individual fitness and key vital rates
(Schoener 1971, Pyke et al. 1977), a choice that will seriously shape predator
population dynamics (Vucetich and Peterson 2004, Millon and Bretagnolle 2008). For
instance, high preferred prey abundance may increase its consumption and enhance
predator breeding success and survival (Korpimäki and Norrdahl 1991, Millon and
Bretagnolle 2008). By contrast, the scarcity of the preferred prey will force predators to
expand their diet and to consume alternative prey (Schoener 1971, Pyke et al. 1977),
which might constrain reproductive success and survival (Arroyo and Garcia 2006,
White 2008).
Numerous studies have assessed the relationship between temporal variations in

diet and demographic parameters in populations of avian predators, particularly in
boreal and other northern ecosystems. These systems are characterized by cyclical prey
regimes and both coupled and lagged variations in predator–prey population dynamics
have been reported (Korpimäki and Krebs 1996, Krebs et al. 2001). By contrast, studies
assessing the relationship between spatial variation in prey consumption patterns and
demographic parameters of avian predators are comparatively scarce, particularly in
temperate Mediterranean ecosystems that are more complex since they do not have
clearly marked cyclical prey regimes (but see Salamolard et al. 2000, Fargallo et al.
2009). In such systems, the correspondence between individual resource use and
demographic processes in populations (e.g. growth rates) remains largely unexplored, in
part due to the scarcity of long-term monitoring data of resource consumption and
demography over large spatio-temporal scales for most avian predator species.
Based on a long-term monitoring program in France, Spain and Portugal of

Bonelli’s eagle Aquila fasciata, a long-lived territorial raptor, here we test the
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hypothesis that a predator’s diet is correlated to its breeding productivity and survival at
both territorial and population levels, which ultimately influence its population growth
rate. In western Europe, Bonelli’s eagle predates on a wide range of prey that includes
small-to-medium sized mammals (Lagomorpha and Rodentia), birds (Columbiformes,
Galliformes, Passeriformes, Ardeiformes, Charadriiformes and others) and reptiles
(mainly lizards) (Real 1991, Moleón et al. 2009). In this geographical area, marked
differences in dietary patterns between territories have been described within single
populations (Real 1991, Palma et al. 2006, Resano-Mayor et al. 2014a), a trend that
increased after the outbreak of the Rabbit haemorrhagic disease in the late 1980s
(Moleón et al. 2012a). Yet, despite the dietary differences between territories, European
rabbits Oryctolagus cuniculus and, to a lesser extent, red-legged partridges Alectoris
rufa, are thought to be Bonelli’s eagle’s preferred prey item, as they are positively
selected and high consumption of these prey species leads to a decrease in this eagle’s
diet diversity (Real 1991, Moleón et al. 2009, 2012b). On the other hand, this raptor
also shows marked intra- and inter-population demographic variations throughout its
western European populations (Real and Mañosa 1997, Hernández-Matías et al. 2013).
These variations are evident in terms of survival and reproduction both between
territories and local populations, as well as in the contrasting demographic trends
occurring among local populations (Hernández-Matías et al. 2011a, 2013).
Nevertheless, the potential effects of diet on the vital rates (e.g. breeding productivity
and survival) of territorial pairs and whether dietary effects occurring at territorial scale
also modulate local populations’ growth rates are unanswered questions on a large
spatial scale.
The main objective of this study was to test the effect of diet heterogeneity on

vital and growth rates in Bonelli’s eagle at territorial and local scale within its western
European population. We assumed that the higher consumption of preferred prey
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reflects its greater availability while greater diet diversity is expected to occur when
preferred prey availability is lower (Moleón et al. 2012b). Based on these assumptions,
we predict that the consumption of preferred prey, e.g. rabbits, and greater diet diversity
should positively and negatively correlate, respectively, with the productivity and
survival of Bonelli’s eagle at both the territorial and local population levels, and
ultimately to its population growth rate. Given the life history traits of this species, we
also predict that the dietary factors affecting survival will have a strongest effect on
population growth rates.

Methods
Study period and area
In the period 1989–2006, we monitored both diet and demographic rates in 67 Bonelli’s
eagle breeding territories of five local populations within the species’ western European
range: Provence and Languedoc-Roussillon (southeast France; n = 8 territories), Burgos
(north central Spain; n = 6), Catalonia (northeast Spain; n = 17), Granada (southeast
Spain; n = 17) and southern Portugal (n = 19) (Fig. 1).

Diet analysis
The study of Bonelli’s eagle diet was based on pellet analysis, with a total of 6908
identified items. Pellets were collected from breeding nests and perches. Pellet
collection in each local population was conducted as follows: 1989–1995 in Provence
and Languedoc-Roussillon, 1993–1996 in Burgos, 1990–2005 in Catalonia, 1993–2006
in Granada and 1992–2001 in southern Portugal (see Supplementary material Appendix
1 Table A1 for details at the territory level). Pellets were individually analysed and each
prey item identified was counted as one item (Real 1996). Pellet contents (i.e. feathers,
bones, hair, nails and scales) were identified using a 4× magnifying glass, reference
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collections and specialized guides. Prey items were identified to species level whenever
possible.
Following Moleón et al. (2009), all items from pellets collected in the same

breeding territory were pooled together even if they originated from different years.
Therefore, our dietary estimates at the territorial level were representative of the whole
monitored period for each local population. Prey items were then grouped into seven
different taxonomic prey categories: European rabbits, ‘other mammals’, red-legged
partridges, pigeons Columba spp., corvids, ‘other birds’ and reptiles (mainly Ocellated
lizard Timon lepidus) to calculate the consumption percentage of each prey category at
the territorial level. These percentages were then used to estimate diet diversity by
means of the Shannon–Weaver index (H’) (Shannon and Weaver 1949).

Estimation of demographic parameters
We based our estimates of survival and breeding performance on basic monitoring
information. To record this information, known breeding areas were visited several
times per year from January to June. Between January and March we recorded breeding
activity (i.e. flight displays, nest material transfers, copulation and incubation) as well
as the combined information of plumage-age and the sex of territorial birds, which is
required to obtain our estimate of survival. In late March and April, nests were checked
to detect the presence, number and age of nestlings, which were estimated by feather
development and backdating from the laying date. Between May and June, all breeding
pairs were checked to record the number of chicks fledged (nestlings at an age of ≥ 50
days were assumed to have fledged successfully; Gil-Sánchez et al. 2004). Observations
were always carried out away from nests using 10× binoculars and 20–60× spotting
scopes.
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At the territorial level, we first estimated yearly productivity and survival. Yearly

productivity was calculated as the number of fledged chicks. Individual survival
probability in a given territory was calculated from annual turnover rates of territorial
birds, based on age classes but corrected for the proportion of non-detected
replacements (i.e. the replacement of individuals of the same sex and age class). While
this is an indirect measurement of survival it allows obtaining unbiased accurate
estimates of this vital rate in our study species (Hernández-Matías et al. 2011a, 2013).
In the analyses, we used as response variables the average values of yearly productivity
and survival data over a period of at least 10 years. In those territories in which pellet
collection was conducted for ten or more years, productivity and survival were
estimated for the same period as the pellet collection. If pellet collection had lasted for
less than ten years, we still used a period of ten consecutive years to estimate both vital
rates by placing the pellet sampling years in the middle of the ten-year interval.
Considering a ten-year period allowed us to buffer variations of these vital rates caused
by stochastic events in a given year (Resano-Mayor et al. unpubl.).
Beyond the territorial scale, estimates of productivity, survival and population

growth rate (λp) for each monitored local population (n = 5) were obtained from a recent
published study that estimated those demographic parameters for the same monitored
populations during the period 1990–2009 (Hernández-Matías et al. 2013).

Statistical analysis
We used linear models to test the influence of diet on productivity at the territorial level
(n = 67), and on productivity, survival and growth rate at the local population level (n =
5). To test the influence of diet on survival at the territorial level we used generalised
linear models (GLMs) by considering a binomial family and a logit link function. In all
these analyses, each demographic parameter was modelled as a response variable; the
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explanatory dietary variables were the four most consumed prey categories: rabbits and
partridges (i.e. preferred prey), pigeons (i.e. important secondary prey) and ‘other birds’
(i.e. non-preferred prey), and diet diversity (H’). In order to control for the nonindependence of territories within each local population, the categorical variable
‘population’ was considered as a fixed factor in all the models performed at the territory
level. Moreover, when modelling productivity as the response variable, we also
considered a model with the probability of survival as the only explanatory variable
(Carrete et al. 2006, Hernández-Matías et al. 2011b) to assess its potential effect on
productivity compared with the dietary variables. Model selection was based on
Akaike’s information criterion adjusted for sample size (AICc); the Akaike weights
(AICcw) were computed to assess the probability that each candidate model was the best
for the proposed set (Burnham and Anderson 2002). To estimate the proportion of
variance in the response variable explained by each linear model we calculated the
coefficient of determination (R2) (Draper and Smith 1998). For GLMs, the variation
explained by each model was calculated using the Nagelkerke pseudo R2 (Nagelkerke
1991). Linear and generalised linear models were fit using the ‘lm’ and ‘glm’ functions
in R (ver. 2.14.0), respectively.

Results
Effects of diet on territorial demographic parameters
In the productivity analysis at the territorial level, the best supported model included the
consumption of rabbits and pigeons as explanatory variables (Table 1, 2). This model
had also the best explanatory power in terms of R2 (Table 1). Productivity increased
with greater consumption of rabbits and with the combined consumption of rabbits and
pigeons. Moreover, those breeding pairs with low rabbit consumption but remarkably
high consumption of pigeons tended to increase productivity (Fig. 2). Survival alone
‘This article is protected by copyright. All rights reserved.’
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had considerably less effect on productivity than the best supported dietary models
(Table 1).
In the survival analysis at the territorial level, the best-supported model included

diet diversity (Table 1, 2), so there was greater survival wherever the diet diversity was
lower (Fig. 3). The best-supported model had also the highest explanatory power in
terms of the Nagelkerke pseudo R2 (Table 1).

Effects of diet on population demographic parameters
The best-supported models of productivity at the population level included either the
consumption of ‘other birds’ or the consumption of rabbits (Table 3, 4). These prey
categories, however, had contrasting effects on productivity: greater consumption of
‘other birds’ decreased productivity, while greater consumption of rabbits increased it
(Fig. 4). These models had the highest R2. We did not detect any effect of adult survival
on productivity (Table 3).
Adult survival analysis at the population level showed that the model including

diet diversity was the best supported by the data (Table 3, 4). As at the territorial level,
but with higher model support, adult survival increased with lower diet diversity (Fig.
5). Moreover, the model including diet diversity showed the highest R2 compared with
all other models (Table 3).
Finally, the analysis of the population growth rate (λp) indicated that the models

including diet diversity and rabbit consumption were the best supported by the data
(Table 3, 4). Diet diversity had the same effect as previously reported for adult survival;
those populations with greater growth rates had less diet diversity. Rabbit consumption
had a positive effect on the population growth rate (Fig. 6). The models including diet
diversity and rabbit consumption also had the highest explanatory power in terms of R2
(Table 3).
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Discussion
Our study shows how the diet of a long-lived predator is closely related to its
demographic parameters at different spatial scales in complex ecosystems such as those
in the Mediterranean basin. By using a large data set, we found that several key
demographic parameters of an endangered raptor such as Bonelli’s eagle in western
Europe are dependent on the consumption of preferred and alternative prey species and
on diet diversity. This, in turn, leaves a measurable fingerprint on the population
dynamics within and between populations, which may lead to different ecological,
evolutionary and conservation implications.
Food supply is a typical limiting factor in animal populations and so an efficient

exploitation of available food is a vital requirement for all animals (Emlen 1966, White
2008). According to optimal foraging theory, a greater consumption of preferred prey
should maximize net energy and hence increase fitness parameters (Emlen 1966,
Schoener 1971, Pyke et al. 1977). In our study, we found that Bonelli’s eagle
productivity at the territorial level was mainly determined by the consumption of rabbits
and, to a lesser extent, the consumption of pigeons as an alternative prey (Table 1). As
predicted, a greater consumption of rabbits, a preferred prey of Bonelli’s eagle in
western Europe (Real 1991, Moleón et al. 2009, 2012b), increased the mean
productivity of territorial pairs (Fig. 2; see also Cheylan 1981, Real 1987, 1991). A
positive association between preferred prey consumption and productivity has
previously been found in several other avian predators (Steenhof et al. 1997, Catry et al.
2012). On the other hand, pigeons exerted a positive influence on productivity in those
territories where their consumption was considerably high or combined with a moderate
consumption of rabbits. Therefore, our results at the territorial level suggest that
Bonelli’s eagles may benefit in terms of productivity either from high consumption of
‘This article is protected by copyright. All rights reserved.’
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preferred prey like rabbits, but also from moderate intake of preferred prey provided
that they are abundantly complemented by certain alternative prey species, such as
pigeons (Resano-Mayor et al. 2014b).
At the population level, the best-supported models indicated that lower

consumption of ‘other birds’ and greater rabbit consumption increases eagles’
productivity (Fig. 4). The prey category ‘other birds’ mainly included small-to-medium
avian species (e.g. Passeriformes, Charadriiformes, Accipitriformes, Ardeiformes or
Anseriformes), presumably more consumed when the preferred prey was scarce
(Penteriani et al. 2002, Moleón et al. 2008, 2009). Supporting this idea, we detected
both a negative correlation between the consumption of ‘other birds’ and rabbits and a
positive correlation between ‘other birds’ consumption and diet diversity at the territory
level. Our interpretation is also supported by the fact that the consumption of ‘other
birds’ in the most northern populations of our study area increases considerably in the
season when rabbits are scarcer (Real 1991, Moleón et al. 2007). On the other hand, the
positive association between rabbit consumption and productivity showed that similar
dietary parameters influencing the productivity of territorial pairs also modulate the
diet–demography relationship at the population level (Sutherland 1996). Previous
studies have revealed that rabbits are the main prey driving spatio-temporal patterns in
the diet of Bonelli’s eagles in the study area (Moleón et al. 2009). In this regard, rabbits,
which are native to the Iberian Peninsula, are regarded as a keystone species for a large
number of avian predators in southern Europe (Delibes-Mateos et al. 2007). Based on
comprehensive dietary and demographic information, our study illustrates that the
consumption of preferred prey (i.e. rabbits) may determine Bonelli’s eagle breeding
performance both in territories within populations and in local populations over a large
geographical area.
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Energy maximization when foraging allows for a better fulfilment of energetic

demands, enhances body condition, and hence is expected to improve individual
survival (Orians and Pearson 1979, White 2008). In our study, we found that the eagles’
survival rates increased with lower diet diversity at the territorial (Table 1, Fig. 3) and
the population levels (Table 3, Fig. 5). In general, lower diet diversity of breeding pairs
was linked to greater consumption of the preferred prey (i.e. rabbits) (see also Moleón et
al. 2012b). In some territories, however, breeding pairs were also highly specialized (i.e.
had less diet diversity) on secondary prey items such as domestic pigeons, which may
be consumed in abundance where they are common and predictable (Emlen 1966,
Palma et al. 2006). Greater consumption of preferred or predictable prey may imply a
quicker fulfilment of energetic demands and less investment in foraging activities, what
probably imply lower exposure to human-induced mortality risks such as electrocution,
collision and persecution, the main causes of death in Bonelli’s eagle (Real et al. 2001,
Moleón et al. 2007). On the other hand, increases in diet diversity due to lower preferred
prey consumption possibly reflects greater individual investment in foraging activities
(e.g. both in terms of the time invested in moving around the territory and in the areas
surveyed for hunting; Orians and Pearson 1979) that may lead to greater exposure to the
main mortality risks. This would indicate an indirect effect of food scarcity on predator
survival via a change in foraging behaviour (see also Martínez-Abraín et al. 2012).
Drivers of population dynamics depend on the life history characteristics of the

species in question. In long-lived birds such as Bonelli’s eagle, the population growth
rate (i.e. lambda) is particularly sensitive to changes in adult survival (Sæther and
Bakke 2000, Hernández-Matías et al. 2013). In this study, we found that diet diversity,
which was the main dietary parameter determining survival, but also rabbit
consumption, the main dietary parameter determining productivity, had the highest
influence on population growth rates. Thus, populations with the lowest diet diversity
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(i.e. higher survival) and greatest rabbit consumption (i.e. higher productivity) had the
highest growth rates and vice versa (Fig. 6). In our study system, the abundance of key
Bonelli’s eagle prey items such as rabbits are mainly related to habitat characteristics,
disease outbreaks and hunting practices (Delibes-Mateos et al. 2007, Moleón et al.
2009). Therefore, according to our results, Bonelli’s eagle populations seem to be
regulated by bottom-up processes where predators respond to prey dynamics (Moleón et
al. 2012b, White 2013).
Population demographic parameters can be viewed as an emergent property of

individual fitness (Sutherland 1996); however, the assessment of these links requires
long-term, individual-based studies. In this regard, our study provides strong evidence
of how diet can modulate individual (i.e. territorial) life history attributes such as
productivity and survival and how it can eventually affect a predator’s population
growth rate. Our results highlight the fact that the processes relating diet and
demographic parameters at individual level are also detectable at population level. That
is, the main dietary parameters affecting productivity and survival were detected at both
the territory and population levels. Overall, our study highlights the need for large
spatio-temporal monitoring programs recording dietary and demographic data of
territorial predator species if we are to improve our knowledge of the processes driving
population trends.
In the case of endangered predator species such as Bonelli’s eagle in Europe

(BirdLife International 2004), the relationships we found between diet and the main
demographic traits have important implications on species conservation. In this sense,
our results may guide conservation managers on how to improve the productivity of
territorial pairs by, for example, undertaking habitat management practices that will
increase abundances of preferred prey as the European rabbit near territorial breeding
areas. Simultaneously, conservation actions should be applied in order to minimize
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human-related mortality risks of territorial birds since population growth rates have the
highest sensitivity to this demographic trait. In this regard, an increase in preferred prey
abundances in eagles’ territories could reduce both their foraging effort and their
exposure to potential mortality risks. All these practices must be given priority in
populations with a negative demographic trend such as those in the northern part of the
study area. Finally, we emphasize the importance of including comprehensive and
coordinated dietary analyses in long-term multi-scaled monitoring programs of predator
species. By doing so, we will be able to track how temporal and spatial variations in
environmental characteristics affect the foraging habits of target species and to
understand how these changes manifest themselves subsequently in observed population
trends.

Acknowledgements – We are indebted to a vast number of naturalists and/or scientists
who coordinated and participated in pellet collection, diet analysis and/or field
demographic data collection, particularly: G. Cheylan, P. Bayle, N. Vincent-Martin, A.
Ravayrol, J. M. Cugnasse, N. Pierre and M. Mure (France); S. Mañosa, A. Tintó, R.
Bosch, F. Parés, G. Rocamora, J. M Baqués, M. Cirera and R. del Amo (Catalonia); J.
Román, F. Román and R. Ventosa (Burgos), C. Noivo, F. Faria, J. Ferreira, J. Raiado, P.
Cabrita, P. Portela, R. Alcazar and R. Inácio (Portugal); J. M. Gil-Sánchez, J. Bautista,
M. Otero, J. Martín-Jaramillo, E. Ávila, J. F. Sánchez-Clemot, G. Valenzuela and F.
Molino (Granada). Monitoring was supported by the agencies of local governments and
private companies: Ministère de l’Ecologie, de l’Energie, du Développement durable et
de la Mer (MEEDDM) through ‘‘Plan National d’Action de l’Aigle Bonelli’’, and with
the collaboration of the Espaces Naturels de Provence (CEEP), CORA and
Conservatoire des Espaces Naturels du Languedoc-Roussillon (France); Spanish
Ministerio de Educación y Ciencia through projects CGL2007-64805/BOS, CGL2010-

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

17056. We are also indebted to C. Castell from Oficina Tècnica de Planificació i Anàlisi
Territorial – OTPAT (Diputació de Barcelona) and Fundació Miquel Torres (Bodegas
Miquel Torres; Catalonia); A. Balmori from Consejería de Medio Ambiente from Junta
de Castilla y León, Patrimonio Natural de Castilla y León, and L. Robles and J. García
from Fundación Tierra Ibérica through Plan de Conservación del Águila Perdicera en
Castilla y León (Arribes del Duero y Burgos) for their support. JRM was supported by a
predoctoral grant from the ‘Departamento de Educación, Gobierno de Navarra; Plan de
Formación y de I+D 2008-2009’, and MM and JASZ were partly supported by the
Spanish Ministry of Science and Innovation through project CGL2012-40013-C02-02
and FEDER funds. M. Lockwood kindly improved the English. Permission to monitor
eagles in Catalonia was granted by the Servei de Biodiversitat i Protecció dels Animals
from the Generalitat de Catalunya and in France from the Centre de Recherches par le
Baguage des Populations d’Oiseaux.

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

References
Arroyo, B. E. and Garcia, J. T. 2006. Diet composition influences annual breeding
success of Montagu's harriers Circus pygargus feeding on diverse prey. – Bird
Study 53: 73–78.

Begon, M. et al. 2005. Ecology: from individuals to ecosystems, 4th edn. – Blackwell.
BirdLife International 2004. Birds in Europe. Population estimates, trends and
conservation status. – In: BirdLife conservation series No. 12. Cambridge:
BirdLife International, p. 374.

Burnham, K. P. and Anderson, D. R. 2002. Model selection and multimodel inference: a
practical information-theoretic approach, 2nd edn. – Springer.

Carrete, M. et al. 2006. Components of breeding performance in two competing species:
habitat heterogeneity, individual quality and density-dependence. – Oikos 112:
680–690.

Catry, I. et al. 2012. Landscape and weather determinants of prey availability:
implications for the Lesser Kestrel Falco naumanni. – Ibis 154: 111–123.

Cheylan, G. 1981. Sur le rôle déterminant de l’abondance des ressouces dans le succês
de reproduction de l’Aigle de Bonelli (Hieraaetus fasciatus) en Provence. – In:
Rapaces Mediterranéens. PNRC et Annales du CROP 1: 95–99.

Delibes-Mateos, M. et al. 2007. Rabbits as a keystone species in southern Europe. –
Biol. Conserv. 137: 149–156.

Dempster, J. P. 1975. Animal population ecology. – Academic Press.
Draper, N. R. and Smith, H. 1998. Applied regression analysis, 3rd edn. – Wiley.
Emlen, J. M. 1966. The role of time and energy in food preference. – Am. Nat. 100:
611–617.

Fargallo, J. A. et al. 2009. Kestrel–prey dynamic in a Mediterranean region: the effect
of generalist predation and climatic factors. – PLoS ONE 4: e4311.
‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

Futuyma, D. J. and Moreno, G. 1988. The evolution of ecological specialization. –
Annu. Rev. Ecol. Syst. 19: 207–233.

Gil-Sánchez, J. M. et al. 2004. A nine-year study of successful breeding in a Bonelli’s
eagle population in southeast Spain: a basis for conservation. – Biol. Conserv.
118: 685–694.

Hernández-Matías, A. et al. 2011a. Quick methods for evaluating survival of
age‐characterizable long‐lived territorial birds. – J. Wildl. Manage. 75: 856–866.

Hernández-Matías, A. et al. 2011b. Effects of age, territoriality and breeding on survival
of Bonelli’s Eagle Aquila fasciata. – Ibis 153: 846–857.

Hernández-Matías, A. et al. 2013. From local monitoring to a broad-scale viability
assessment: a case study for the Bonelli’s eagle in western Europe. – Ecol.
Monogr. 83: 239–261.

Korpimäki, E. and Norrdahl, K. 1991. Numerical and functional responses of kestrels,
short-eared owls, and long-eared owls to vole densities. – Ecology 72: 814–826.

Korpimäki, E. and Krebs, C. J. 1996. Predation and population cycles of small
mammals. – BioScience 46: 754–764.

Krebs, C. J. et al. 2001. Ecosystem dynamics of the boreal forest: the Kluane project. –
Oxford Univ. Press.

Martínez-Abraín, A. et al. 2012. Effects of wind farms and food scarcity on a large
scavenging bird species following an epidemic of bovine spongiform
encephalopathy. – J. Appl. Ecol. 49: 109–117.

Millon, A. and Bretagnolle, V. 2008. Predator population dynamics under a cyclic prey
regime: numerical responses, demographic parameters and growth rates. – Oikos
117: 1500–1510.

Moleón, M. et al. 2007. Non-breeding feeding ecology of territorial Bonelli’s eagles
Hieraaetus fasciatus in the Iberian Peninsula. – Ardeola 54: 135–143.
‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

Moleón, M. et al. 2008. An emerging infectious disease triggering large-scale
hyperpredation. – PLoS ONE 3: e2307.

Moleón, M. et al. 2009. Large-scale spatio-temporal shifts in the diet of a predator
mediated by an emerging infectious disease of its main prey. – J. Biogeogr. 36:
1502–1515.

Moleón, M. et al. 2012a. Changes in intrapopulation resource use patterns of an
endangered raptor in response to a disease-mediated crash in prey abundance. – J.
Anim. Ecol. 81: 1154–1160.

Moleón, M. et al. 2012b. Predator–prey relationships in a Mediterranean vertebrate
system: Bonelli’s eagles, rabbits and partridges. – Oecologia 168: 679–689.

Nagelkerke N. J. D. 1991. A note on a general definition of the coefficient of
determination. – Biometrika 78: 691–692.

Orians, G. H. and Pearson, N. E. 1979. On the theory of central place foraging. – In:
Horn, D. J. et al. (eds), Analysis of ecological systems. Ohio State Univ. Press,
pp. 155–177.

Orians, G. H. and Wittenberger, J. F. 1991. Spatial and temporal scales in habitat
selection. – Am. Nat. 137: S29–S49.

Palma, L. et al. 2006. Why do raptors take domestic prey? The case of Bonelli's eagles
and pigeons. – J. Appl. Ecol. 43: 1075–1086.

Penteriani, V. et al. 2002. Landscape structure and food supply affect eagle owl (Bubo
bubo) density and breeding performance: a case of intra-population heterogeneity.
– J. Zool. 257: 365–372.

Pyke, G. H. et al. 1977. Optimal foraging: a selective review of theory and tests. – Q.
Rev. Biol. 52: 137–154.

Real, J. 1987. Evolución cronológica del régimen alimenticio de una población de
Hieraaetus fasciatus en Catalunya: factores causantes, adaptación y efectos. –

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

Suppl. Ricerca Biol. Selvaggina 12: 185–205.

Real, J. 1991. L´àliga perdiguera Hieraaetus fasciatus a Catalunya: status, ecología
tròfica, biología reproductora i demografía. – PhD thesis, Univ. of Barcelona,
Barcelona.

Real, J. 1996. Biases in diet study methods in the Bonelli's eagle. – J. Wildl. Manage.
60: 632–638.

Real, J. and Mañosa, S. 1997. Demography and conservation of western European
Bonelli's eagle Hieraaetus fasciatus populations. – Biol. Conserv. 79: 59–66.

Real, J. et al. 2001. Causes of death in different areas for Bonelli's Eagle Hieraaetus
fasciatus in Spain. – Bird Study 48: 221–228.

Resano-Mayor, J. et al. 2014a. Comparing pellet and stable isotope analyses of nestling
Bonelli's Eagle Aquila fasciata diet. – Ibis 156: 176–188.

Resano-Mayor, J. et al. 2014b. Multi-scale effects of nestling diet on breeding
performance in a terrestrial top predator inferred from stable isotope analysis. –
PLoS ONE 9: e95320.

Sæther, B. E. and Bakke, Ø. 2000. Avian life history variation and contribution of
demographic traits to the population growth rate. – Ecology 81: 642–653.

Salamolard, M. et al. 2000. Responses of an avian predator to variations in prey density
at a temperate latitude. – Ecology 81: 2428–2441.

Schoener, T. W. 1971. Theory of feeding strategies. – Annu. Rev. Ecol. Syst. 2: 369–
404.

Shannon, C. E. and Weaver, W. 1949. The mathematical theory of communication. –
Univ. of Illinois Press.

Steenhof, K. et al. 1997. Interactive effects of prey and weather on golden eagle
reproduction. – J. Anim. Ecol. 66: 350–362.

Stephens, D. W. and Krebs, J. R. 1986. Foraging theory. – Princeton Univ. Press.

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

Sutherland, W. J. 1996. From individual behaviour to population ecology. – Oxford
Univ. Press.

Vucetich, J. A. and Peterson, R. O. 2004. The influence of prey consumption and
demographic stochasticity on population growth rate of Isle Royale wolves Canis
lupus. – Oikos 107: 309–320.

White, T. C. R. 2008. The role of food, weather and climate in limiting the abundance
of animals. – Biol. Rev. 83: 227–248.

White, T. C. R. 2013. Experimental and observational evidence reveals that predators in
natural environments do not regulate their prey: they are passengers, not drivers. –
Acta Oecol. 53: 73–87.

Whitfield, D. P. et al. 2009. Diet specificity is not associated with increased
reproductive performance of golden eagles Aquila chrysaetos in western Scotland.
– Ibis 151: 255–264.

Supplementary material (available online as Appendix oik.02468 at
<www.oikosjournal.org/readers/appendix>). Appendix 1

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

FIGURE LEGENDS

Figure 1. Distribution map of Bonelli’s eagle in western Europe (modified from
Hernández-Matías et al. 2013). The studied populations are shown in dark grey: France,
Catalonia, Burgos, Granada and southern Portugal.
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Figure 2. Three-dimensional scatter plot showing the relationship between Bonelli’s
eagles mean productivity (number of fledglings/territorial pair, z-axis) and consumption
(%) of European rabbits (x-axis) and pigeons (y-axis) at the territorial level. Each black
dot represents data for each territory (n = 67).
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Figure 3. Relationship between the probability of survival (%) and diet diversity (H’) at
the territorial level (n = 67). Territories from the same population are denoted with the
same symbol.
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Figure 4. Relationship between adult productivity (number of fledglings/territorial pair)
and ‘other birds’ consumption (%) and rabbit consumption at the population level (n =
5; each population labelled). Linear regression lines are shown.
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Figure 5. Relationship between the probability of adult survival (%) and diet diversity
(H’) at the population level (n = 5; each population labelled). The linear regression line
is shown.
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Figure 6. Relationship between population growth rate (λp) and diet diversity (H’) and
rabbit consumption (%) at the population level (n = 5; each population labelled). Linear
regression lines are shown.
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TABLES
Table 1. Ranking of the linear (productivity) and generalised linear (survival) models
used at the territorial level. Dependent variables were productivity (i.e. mean number of
fledglings/territorial pair) and survival (i.e. successes versus failures). The explanatory
dietary variables considered were the consumptions of rabbits, partridges, pigeons,
‘other birds’, the combined sum of these prey categories and diet diversity (H’). For the
productivity models we also considered a model including only survival. Models are
ranked based on the parameter estimate AICc (i.e. the lowest AICc score, the best
model). ΔAICc refers to the difference in AICc between model i and the best model.
AICcw explains the probability that a given candidate model is the best of the proposed
set and so the sum of all models is 1.0. R2 indicates the coefficient of determination of
the models (i.e. explained variance of the dependent variable), which in the case of
survival refers to the Nagelkerke pseudo R2. Selected models with ΔAICc < 2 are shown
in bold type.

Productivity models
1
2
3
4
5
6
7
8
9
10
11
12
Survival models
1
2
3
4
5
6
7
8
9
10
11

Explanatory variables
population + rabbits + pigeons
population + pigeons
population + survival
population + other birds + pigeons
population + partridges + pigeons
population + other birds
population + rabbits + other birds
population + partridges + other birds
population + rabbits
population + diet diversity (H’)
population + partridges
population + rabbits + partridges
Explanatory variables
population + diet diversity (H’)
population + pigeons
population + rabbits + pigeons
population + other birds
population + partridges + pigeons
population + other birds + pigeons
population + rabbits
population + partridges
population + rabbits + other birds
population + partridges + other birds
population + rabbits + partridges

AICc
–143.31
–141.18
–139.65
–139.47
–139.44
–136.00
–133.89
–133.68
–132.27
–131.81
–131.77
–129.79
AICc
195.68
199.79
199.87
200.72
200.91
201.74
202.41
202.47
202.63
202.93
204.14

ΔAICc
0.00
2.14
3.66
3.85
3.88
7.31
9.42
9.64
11.05
11.51
11.54
13.52
ΔAICc
0.00
4.11
4.19
5.04
5.23
6.06
6.73
6.79
6.96
7.25
8.46
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AICcw
0.54
0.19
0.09
0.08
0.08
0.01
0.01
0.00
0.00
0.00
0.00
0.00
AICcw
0.63
0.08
0.08
0.05
0.04
0.03
0.02
0.02
0.02
0.02
0.01

R2
0.58
0.55
0.54
0.55
0.55
0.51
0.51
0.51
0.48
0.48
0.48
0.48
R2
0.33
0.27
0.30
0.26
0.29
0.28
0.23
0.23
0.27
0.26
0.25
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Table 2. Selected models showing the relationship between productivity and survival
with the dietary variables at the territorial level. The estimate of the parameters
(including the sign), the standard error of the parameters (SE) and the degrees of
freedom of the models (DF) are shown.

Best models
Explanatory variables
Productivity population + rabbits + pigeons

Survival

population + diet diversity (H’)

Parameter
intercept
population (France)
population (S. Portugal)
population (Granada)
population (Burgos)
rabbits
pigeons
intercept
population (France)
population (S. Portugal)
population (Granada)
population (Burgos)
diet diversity (H’)
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Estimate
0.682
0.310
–0.529
0.178
–0.689
0.009
0.015
6.190
0.155
0.389
0.909
0.686
–2.355

SE
0.194
0.164
0.111
0.115
0.174
0.004
0.004
1.512
0.363
0.379
0.393
0.502
0.899

DF
60

61
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Table 3. Ranking of the linear models used at the population level. Dependent variables
were productivity (i.e. mean number of fledglings/territorial adult pair), survival (i.e.
probability of adult survival) and population growth rate. The explanatory dietary
variables considered were the consumptions of rabbits, partridges, pigeons, ‘other
birds’, and diet diversity (H’). For the productivity models we also considered a model
including only survival. Models are ranked based on the parameter estimate AICc (i.e.
the lowest AICc score, the best model). ΔAICc refers to the difference in AICc between
model i and the best model. AICcw explains the probability that a given candidate model
is the best of the proposed set and so the sum of all models is 1.0. R2 indicates the
coefficient of determination of the models (i.e. explained variance of the dependent
variable). Selected models with ΔAICc < 2 are shown in bold type.

Productivity models
1
2
3
4
5
6
Survival models
1
2
3
4
5
Pop. growth rate models
1
2
3
4
5

Explanatory variables
other birds
rabbits
partridges
pigeons
diet diversity (H’)
survival
Explanatory variables
diet diversity (H’)
partridges
pigeons
rabbits
other birds
Explanatory variables
diet diversity (H’)
rabbits
other birds
partridges
pigeons

AICc
–13.20
–12.65
–6.71
–3.15
–3.00
–2.97
AICc
–36.33
–31.70
–31.38
–28.95
–28.76
AICc
–26.85
–26.20
–24.83
–24.72
–23.07

ΔAICc
0.00
0.54
6.49
10.04
10.20
10.23
ΔAICc
0.00
4.63
4.95
7.38
7.57
ΔAICc
0.00
0.65
2.02
2.13
3.78
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AICcw
0.55
0.42
0.02
0.01
0.00
0.00
AICcw
0.81
0.08
0.07
0.02
0.02
AICcw
0.39
0.28
0.14
0.13
0.06

R2
0.87
0.86
0.53
0.04
0.01
0.00
R2
0.79
0.47
0.43
0.08
0.04
R2
0.56
0.50
0.34
0.33
0.06
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Table 4. Selected models showing the relationship between productivity, survival and
population growth rate with the dietary variables at the population level. The estimate of
the parameters (including the sign), the standard error of the parameters (SE) and the
degrees of freedom of the models (DF) are shown.

Best models
Productivity

Explanatory variables
other birds
rabbits

Survival

diet diversity (H’)

Pop. growth rate

diet diversity (H’)
rabbits

Parameter
intercept
other birds
Intercept
rabbits
intercept
diet diversity (H’)
intercept
diet diversity (H’)
Intercept
rabbits

Estimate
1.558
–0.033
0.336
0.032
1.256
–0.223
1.517
–0.336
0.923
0.003
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SE
0.138
0.007
0.167
0.008
0.104
0.067
0.269
0.172
0.043
0.002

DF
3
3
3
3
3

