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�!� -���!
��	��/!� �	�	� ��!�����>	�� �	�-��$�
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�� �	� H�!
	� �Z�	�!���
��� 	��� ]�f^��� L	$� ��-�	���!�$� ��
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Chapter 1
Bonelli’s Eagle nestling diet inferred from 

 stable isotope analyses

  
* Using stable isotopes to determine dietary patterns in 

Bonelli’s Eagle Aquila fasciata nestlings
 

* Comparing pellet and stable isotope analyses of nestling 
Bonelli’s Eagle Aquila fasciata diet
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1Equip de Biologia de la Conservació, Departament de Biologia Animal, Universitat de Barcelona,  
Av. Diagonal 643, 08028 Barcelona, Catalonia, Spain
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TERR CSP         OC          OB        AR         SV ������ZL �����L# OM
1 ^^�^ ^^�^ f^�^        0 ]��f       0        0        0
2 ]��_ ^^�^ ]��� ��� ��� ]�_        0 ]�_
^ ���� f��� ]^�� f��~ 0       0        0 ]�_
4 ^�~ ^��] _�^ ]_�_ 0 f��f f]�� _�^
5 ���� ~�_ ^f�^ ]�q ~�_ ]�q       0        0
_ __�� ^^�^          0        0 0       0       0        0
7      29 ^~�� _�� ]��~ 0       0       0        0
8 ���q f^�� q�~ ��~ ff�~       0       0        2
9      29 ^~�~ f_�f f_�f 0       0       0        0
10 ^��� ^��� f��� ��f ��f       0       0        0
11 f^�_ f~�] ^f�~ ]]�� ��_ q�f       0        0
12 ]^�_ ]��_ ^��^ ��q ~�~ ]�q       0 ]�q
f^ ^��f ���� f��~ ^�� 0       0       0        0
14 ]_�� ]��_ ]^�� ff�~ ~�~ ]�q ��q        0
15 ^f�� ^��] ���      20 ���       0       0        0
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Oryctolagus cuniculus 511 857 494 ]�]�^� ]]'_� ^^'^�
Sciurus vulgaris f�^ 241 208 ^�q~� �'_~ 4,75
Mustela nivalis _ 100 100 _�� 0,27 0,08
Apodemus sylvaticus 1 25 25 25 0,04 < 0,01
Undetermined mammal _� 500 295 fq�_� 2,97 ]'_f
@����	%������ pj_ 2`__`_ 22�h2 3`�py
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Ardea cinerea ^ 1555 1258 ^��� �'f^ 0,50
Anas platyrhynchos f_ ff]_ 911 f���_ 0,71 f'q^
Pernis apivorus _ 705 571 ^�]_ 0,27 0,45
Accipiter gentilis 7 _~� 550 ^~�� �'^f 0,51
Falco tinnunculus 7 170 148 f�^_ �'^f 0,14
Alectoris rufa 218 425 252 ��q^_ q'_� �']_
Phasianus colchicus 2 970 575 1150 0,09 0,15
Gallus gallus 1 2000 ff~_ ff~_ 0,04 �'f_
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Columba livia�
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@����	����� 022p 30_1p2 jy�21 jj�13
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Timon lepidus 159 228 189 ^���f 7,05 ^'q�

@+@,? 11j3 pjp021 0`` 0``
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Rabbits � � * � � * � * * � * � �
Partridges � � � �
|��
������!$ � � � � � * *
����������!$ � � �
Passerines � � � � � *
Diet diversity � � * � � * � * * � * *
Brood size
Nestling age � * *
6�$���!��$�) � * � �
Altitude nesting area *
Circadian rhythm *
X���!�����
��!��$���! * * *
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Chapter ^
The isotopic niche and productivity of 

Bonelli’s Eagle populations

  
* Multi-scale effects of nestling diet on breeding  

performance in a terrestrial top predator  
inferred from stable isotope analysis
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Chapter 4
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�������
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� 

parameters of Bonelli’s Eagle  
in Western Europe

  
* Large-scale spatial patterns in demographic rates in  

relation to diet in Bonelli’s Eagle Aquila fasciata,  
a long-lived territorial predator
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USING STABLE ISOTOPES TO DETERMINE DIETARY PATTERNS IN
BONELLI’S EAGLE (AQUILA FASCIATA) NESTLINGS

JAIME RESANO,1 ANTONIO HERNÁNDEZ-MATÍAS, JOAN REAL AND FRANCESC PARÉS
Conservation Biology Group, Departament de Biologia Animal, Facultat de Biologia, Universitat de Barcelona,

Avd. Diagonal 645, 08028 Barcelona, Catalunya, Spain

ABSTRACT.—Bonelli’s Eagle (Aquila fasciata) is one of the most endangered raptor species in Europe due to
high adult and subadult mortality rates, habitat loss, and a decrease in populations of its most important
prey, European rabbits (Oryctolagus cuniculus) and Red-legged Partridges (Alectoris rufa). During the breed-
ing season of 2008, we studied the diet of Bonelli’s Eagles at 15 breeding territories in Catalonia, north-
eastern Iberian Peninsula, through a conventional pellet analysis and stable isotope analyses (SIA) of
nestlings’ feathers. Our objectives were to investigate the diet of Bonelli’s Eagle nestlings and to determine
whether SIA allowed accurate representation of their dietary patterns. The pellet analysis revealed a broad
diet including pigeons (Columba spp.; 31.1%), European rabbits (27.9%), ‘‘other birds’’ (16.2%), Red-
legged Partridges (13.1%), Eurasian red squirrels (Sciurus vulgaris; 5.2%), ocellated lizards (Timon lepidus;
2.6%), Yellow-legged Gulls (Larus michahellis; 2.2%) and ‘‘other mammals’’ (1.7%). Diet composition was
heterogeneous and varied markedly among nestlings from different breeding territories. We found a
significant positive correlation between d13C and the frequency of Eurasian red squirrels in the diet, and
a significant negative correlation between d13C and the frequency of Red-legged Partridges, which are
species that occur in forested and open habitats, respectively. The values of d15N were not correlated with
the consumption of any prey category. However, its wide range of values suggested a global diet with a
broad diversity of prey species from at least two different trophic levels. Finally, d34S were higher for those
nestlings that fed on Yellow-legged Gulls. Our study provided the first isotopic approach to the trophic
ecology of Bonelli’s Eagle nestlings, and we concluded that d13C, d15N, and d34S may be useful for assessing
nestlings’ dietary patterns in terms of main prey consumption and prey trophic level.

KEY WORDS: Bonelli’s Eagle; Aquila fasciata; Hieraaetus fasciatus; diet; pellet analysis; raptor; stable isotopes.

USO DE ISÓTOPOS ESTABLES PARA DETERMINAR TENDENCIAS TRÓFICAS EN POLLOS DE
AQUILA FASCIATA

RESUMEN.—El águila Aquila fasciata es una de las rapaces más amenazadas de Europa debido a la elevada
tasa de mortalidad adulta y preadulta, la degradación y pérdida del hábitat, ası́ como una disminución de
sus principales presas como el conejo europeo (Oryctolagus cuniculus) o la perdiz roja (Alectoris rufa).
Durante la temporada de crı́a de 2008 se estudió la dieta de 15 parejas reproductoras de A. fasciata en
Catalunya, noreste de la Penı́nsula Ibérica, a través del análisis convencional de egagrópilas y el análisis de
isótopos estables (AIE) en las plumas de los pollos. Nuestros objetivos fueron investigar la dieta de los
pollos de A. fasciata, ası́ como determinar si el AIE permite representar con exactitud sus patrones tróficos.
El análisis de egagrópilas reveló una dieta variada que incluyó palomas (Columba spp.; 31.1%), conejo
europeo (27.9%), ‘‘otras aves’’ (16.2%), perdiz roja (13.1%), la ardilla Sciurus vulgaris (5.2%), el lagarto
Timon lepidus (2.6%), la gaviota Larus michahellis (2.2%) y ‘‘otros mamı́feros’’ (1.7%) como principales
categorı́as de presas. Sin embargo, la composición de la dieta fue heterogénea y se hallaron diversos
patrones tróficos entre pollos pertenecientes a diferentes territorios de crı́a. Asimismo, se halló correlación
positiva entre d13C y la frecuencia de ardilla roja en la dieta, y negativa entre d13C y la frecuencia de perdiz
roja, especies presentes en hábitats boscosos y abiertos, respectivamente. No hubo correlación entre d15N y
el consumo de presas. Sin embargo, su amplio rango de valores sugirió una dieta con diversidad de presas
pertenecientes, al menos, a dos niveles tróficos diferentes. Finalmente, d34S fue mayor en aquellos pollos
que consumieron la gaviota L. michahellis. Este estudio aborda por vez primera la ecologı́a trófica en pollos
de A. fascista a partir del AIE, concluyendo que d13C, d15N y d34S son útiles para la evaluación de sus
patrones tróficos en términos de consumo de las principales presas y niveles tróficos de las mismas.
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The study of raptors’ feeding habits provides
meaningful information that can aid the under-
standing of species’ dietary ecology and their tro-
phic relationships at the community level (Jaksic
and Delibes 1987, Newton 1998, Marti et al. 2007).
The assessment of raptors’ dietary patterns may also
provide information about distribution, abundance,
behavior and the vulnerability of prey species (del
Hoyo et al. 1994, Johnsgard 2002). Traditionally,
the diets of raptors are described using convention-
al methodologies that include the analysis of regur-
gitated pellets, food remains from nests, and stom-
ach contents, as well as the direct observation of
prey delivered to nestlings at the nests (Korpimäki
and Norrdahl 1991, Salamolard et al. 2000, Katzner
et al. 2006, Marti et al. 2007). Of these methods,
pellet analysis is the most common approach in
the study of raptors’ dietary habits, both quantita-
tively and qualitatively, and has been shown to be an
efficient and suitable method for monitoring the
diet of several raptor species (Real 1996, Marti et
al. 2007). The main advantage of conventional
methods is that they frequently enable prey to be
identified at the species or taxonomic group level.
However, differences in prey sizes, digestion, and
consumption patterns may lead to biases such as
the over- or underestimation of the proportions of
prey items in a predator’s diet (Real 1996, Votier et
al. 2003, Marti et al. 2007, Sánchez et al. 2008).
Moreover, due to the logistical difficulty in sampling
regularly over an extended period of time, conven-
tional methods may in fact reflect only short-term
dietary habits (Inger and Bearhop 2008).
Over the last two decades, stable isotope analysis

(SIA) has become increasingly common in avian
trophic ecology as a means of studying foraging
strategies and dietary specialization at both individ-
ual and population levels (Kelly 2000, Bolnick et al.
2002, Rubenstein and Hobson 2004, Araújo et al.
2009). The use of SIA in dietary studies relies on
the fact that different dietary items often have dif-
ferent isotopic values, which are reflected in the
tissue of the consumers (Pearson et al. 2003, Becker
et al. 2007, Inger and Bearhop 2008). For example,
metabolically inert tissues such as feathers preserve
the isotopic composition of resources incorporated
while growing (Hobson 1999, Bearhop et al. 2002),
and the use of SIA in avian trophic ecology has been
shown as a powerful means of integrating temporal
dietary information, particularly when combined
with conventional methods (Inger and Bearhop
2008).

Stable carbon (13C/12C, d13C) and nitrogen
(15N/14N, d15N) isotopes are the most frequently
used isotopes in the study of trophic relationships
and food-web structures at community level (Kelly
2000). The carbon-isotope composition of a con-
sumer enables the carbon sources of the primary
production within a food web to be determined
(Krouse and Herbert 1988, Crawford et al. 2008).
Nitrogen isotopes are useful for diagnosing the spe-
cies’ trophic level position since consumers are typ-
ically enriched in 15N by 3–5% in proportion to the
food they consume (Post 2002, Vanderklift and Pon-
sard 2003). This finding has been used to provide
insights into community-level phenomena such as
trophic cascades, the length of food chains, and
resource partitioning (Post 2002, Roemer et al.
2002). In addition, the analysis of stable sulphur
isotopes (34S/32S, d34S) has been recommended in
dietary studies as a means of discriminating between
prey from marine and terrestrial ecosystems (Peter-
son et al. 1985, Peterson and Fry 1987). However,
despite the wide applicability of SIA in avian forag-
ing ecology, few isotopic studies have focused on
terrestrial top predators such as raptor species
(but see Roemer et al. 2002, Dominguez et al.
2003, Caut et al. 2006).
Bonelli’s Eagle (Aquila fasciata) is a medium-sized

raptor distributed from Southeast Asia and the Mid-
dle East to the western Mediterranean (del Hoyo et
al. 1994). Its European population has declined
markedly from the 1970s to the early 1990s (Roca-
mora 1994, Real 2004) and this raptor is now listed
as an endangered species (BirdLife International
2004). In Europe, Bonelli’s Eagle occupies Mediter-
ranean mountain ranges and lowlands, and forages
mainly in scrublands and dry fields where it pre-
dates on a wide variety of species ranging from me-
dium-sized to small mammals (Lagomorpha and
Rodentia), birds (Galliformes, Columbiformes,
Charadriiformes, Passeriformes, and others) and oc-
casionally reptiles (mainly lizards; Real 1991, Martı́-
nez et al. 1994, Iezekiel et al. 2004, Ontiveros et al.
2005, Palma et al. 2006, Moleón et al. 2009a,
2009b). Furthermore, marked dietary differences
may exist among territories due to heterogeneity
in ecological features such as habitat coverage, prey
abundance and distribution, and human pressure
(Real et al. 2004). Therefore, Bonelli’s Eagle is a
suitable model for assessing whether territorial die-
tary patterns inferred by conventional techniques
can also be described using isotopic data. Moreover,
the ecological features of some territories have un-
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dergone great changes in recent decades (i.e., the
expansion of forests as a consequence of land aban-
donment, an increase in human pressure that re-
sults from sprawl, and greater demands for leisure
activities), and the number and availability of prey
species has been greatly modified. Thus, the ongo-
ing monitoring of diet of Bonelli’s Eagle may con-
stitute a good tool to assess the prey on which this
species depends during the nestling period, and
also help illuminate how habitat changes may affect
eagles’ foraging habits.
The focus of our study was an analysis of Bonelli’s

Eagle diet during the breeding season via conven-
tional pellet analysis and an evaluation of the use-
fulness of SIA for assessing nestlings’ dietary pat-
terns. The specific aims of this study were: (1) to
assess the diet of Bonelli’s Eagle nestlings from dif-
ferent breeding territories using conventional pellet
analysis; (2) to describe stable isotope values (d13C,
d15N and d34S) in nestlings’ feathers; (3) to assess
isotopic data in siblings as indicators of diet similar-
ity; and (4) to test whether isotopic data from nest-
lings were related to their prey consumption as de-
scribed by the pellet analysis.

METHODS

Study Area. During 2008, we studied 15 territorial
breeding pairs of Bonelli’s Eagle in Catalonia
(northeastern Spain; 01u329E, 41u209N). Sampled
territories were a subset of known territories for
the species in Catalonia. All sampled nests were lo-
cated on cliffs, and environmental features in breed-
ing territories varied but were representative of
Mediterranean habitats, and included scrublands
(Quercus coccifera, Thymus vulgaris, Pistacia lentiscus
and Rosmarinus officinalis), woodland patches
(mainly Quercus ilex and Pinus spp.), nonirrigated
cropland and built-up areas (Bosch et al. 2010).
The mean altitude of nesting areas ranged from
176 to 753 m asl, with mean annual rainfall ranging
from 450 to 800 mm.
Data Collection. Each breeding territory was

monitored between January and July. We checked
each territory using a spotting scope (20–603) be-
tween January and early March to assess territorial
occupancy and breeding activity (i.e., displays, nest
material transfer, copulation, and incubation behav-
ior). In late March and April, we checked nests
again, using a spotting scope, to detect the pres-
ence, number, and approximate age of nestlings.
The age of nestlings was estimated by the develop-
ment of feathers and by calculating from the laying

date (Real 1991, Gil-Sánchez 2000). After nestlings
were approximately 37 d old, climbers accessed
nests to collect 3–4 feathers from the back of each
nestling for the SIA, assuming that isotopic data
from nestlings’ feathers were representative of the
whole nestling period. At the same time, pellets
were collected from the nest for the conventional
diet analysis. Finally, approximately 2 wk after the
nestlings had fledged, nests were visited again for a
second retrieval of pellets. Therefore, we assumed
that our conventional diet study based on pellet
analysis was representative of nestlings’ diet during
their entire nestling period.
Conventional Diet Study and Statistical Proce-

dures. The conventional diet study was based on
pellet analysis. Pellets were individually analyzed
and each prey species identified in a pellet was
counted as one individual (Real 1996, Gil-Sánchez
et al. 2004). Pellets were visually examined and their
contents (i.e., feathers, bones, hair, nails, and
scales) were compared with prey items from our
own reference collection. For some remains, such
as feathers, we also used a 43 magnifying glass and
consulted specialized guides for the identification
of macro- and microscopic remains (Brom 1986).
Prey were identified to species level whenever pos-
sible.
Prey items were grouped into eight different tax-

onomic categories: European rabbits (Oryctolagus cu-
niculus), Eurasian red squirrels (Sciurus vulgaris),
‘‘other mammals,’’ pigeons (Columba spp.), Red-
legged Partridges (Alectoris rufa), Yellow-legged
Gulls (Larus michahellis), ‘‘other birds’’ (mainly Cor-
vidae and Turdidae) and ocellated lizards (Timon
lepidus). Diet data were analyzed at the territory level
by comparing the frequency (%) of items in each
taxonomic group relative to the total number of
prey items (Palma et al. 2006, Moleón et al.
2009b). To assess the dietary patterns of nestlings
at the territory level, we performed a principal com-
ponent analysis (PCA) of prey frequency consump-
tion using the varimax rotation, which keeps the
rotated components orthogonal to or uncorrelated
with each other after rotation (Quinn and Keough
2002). Additionally, we performed Spearman rank
correlation tests (rs) for all taxonomic prey con-
sumption at the territory level.
Stable Isotope Analysis and Statistical Procedures.

Nestling feathers were frozen until they were
cleaned in a solution of NaOH (0.25 M; Bearhop
et al. 2002, Ramos et al. 2009) and oven-dried at
40uC for 24 hr. Lipids were not washed off the feath-
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ers as they were shown to have negligible effects on
the isotope ratios (Mizutani et al. 1992). To homog-
enize samples, feathers were ground into an ex-
tremely fine powder using an impactor mill (6750
Freezer/Mill, Spex Certiprep, Metuchen, New Jer-
sey, U.S.A.) operating at the temperature of liquid
nitrogen. Subsamples of 0.35 mg (for d13C and
d15N) and 3.7 mg (for d34S) were loaded in tin re-
cipients and crimped for combustion. Isotopic anal-
yses were conducted using elemental analysis-iso-
tope ratio mass spectrometry (EA-IRMS) using a
Flash 1112 (for C and N)/1108 (for S) elemental
analyzer coupled to a Delta C isotope ratio mass
spectrometer via a CONFLOIII interface (Thermo
Fisher Scientific, Bremen, Germany). Analyses were
performed at the Scientific Technical Services of
the University of Barcelona.
Stable isotope ratios are expressed conventionally

as parts per thousand (%), according to the follow-
ing equation: dX 5 [(Rsample/Rstandard) 2 1] 3
1000, where X is 13C, 15N, or 34S, and R is the cor-
responding ratio 13C/12C, 15N/14N, or 34S/32S.
Samples were referenced against international
standards: Pee Dee Belemnite (VPDB) for 13C,
atmospheric nitrogen (AIR) for 15N and Canyon
Diablo Troilite (CDT) for 34S. The measurement
precisions for d13C, d15N, and d34S were #0.15%,
#0.25% and #0.4%, respectively.
Arithmetic mean values (6SD) for d13C, d15N,

and d34S were calculated for all nestlings. Because
we expected Bonelli’s Eagle nestlings raised in the
same nest to have similar prey intake, we tested
whether the isotopic values from siblings hatched
in the same nest were more similar to each other
than to isotopic values from a random sample of
nestlings from the studied population. First, we ap-
plied a Spearman rank correlation test that only
considered those territories where two nestlings
were born (n 5 9), and we then performed a ran-
domization test to assess whether isotopic similari-
ties between siblings differed from the expected
random distribution. To do so, we obtained two
samples of nine individuals extracted at random
from the pool of the studied population (n 5 24
nestlings) and compared their isotopic values with a
Spearman rank correlation. This step was repeated
10 000 times and the resulting correlation coeffi-
cients were recorded. Next, we calculated the pro-
portion of randomized coefficients that were re-
corded as equal to or larger than the observed
correlation coefficient in siblings. This proportion,
our estimated P-value (P), was then used to accept

or reject the assertion that isotopic values were
more similar between siblings than the expected
random distribution.
Finally, we analyzed whether isotopic data from

nestlings were related to their diet as estimated by
the pellet analysis. To do so, we performed a Spear-
man rank correlation test between d13C, d15N, and
d34S from nestlings from each breeding pair and
nestlings’ prey consumption as described by the pel-
let analysis. Nestlings from the same nest/territory
were considered a single statistical observation and
the isotopic values (d13C, d15N, and d34S) for each
breeding territory were estimated using the means
of the two siblings.
Statistical analyses were conducted using R soft-

ware (R Development Core Team 2007) and SPSS
15.0 (SPSS, Chicago, Illinois, U.S.A.).

RESULTS

Conventional Diet. We identified 542 prey items
in the 241 pellets analyzed (Table 1). In all, 62.6%
of prey items were birds, 34.8% were mammals, and
2.6% were reptiles. The main prey items consumed
were pigeons (31.1%), a category that included
Rock Pigeon (Columba livia), Common Wood-pi-
geon (Columba palumbus), and Stock Dove (Columba
oenas), followed by European rabbits (27.9%), ‘‘oth-
er birds’’ (16.2%), Red-legged Partridges (13.1%),
Eurasian red squirrels (5.2%), ocellated lizards
(2.6%), Yellow-legged Gulls (2.2%), and ‘‘other
mammals’’ (1.7%; Fig. 1).
The PCA revealed marked dietary patterns be-

tween nestlings from different territories (Table 2
and Fig. 2). The first two components accounted
for 64.6% of total diet variance. The first component,
which accounted for 40.3% of diet variance, discrim-
inated between nestlings with a high consumption of
pigeons as opposed to others whose diet included
more Red-legged Partridges, ocellated lizards, Yel-
low-legged Gulls and ‘‘other mammals.’’ The second
component explained an additional 24.3% of diet
variance and discriminated between greater amounts
of European rabbits as opposed to ‘‘other birds.’’
Indeed, Spearman rank correlations between taxo-
nomic prey consumption of nestlings at the territory
level showed that intake of pigeons was negatively
correlated with that of Red-legged Partridges (rs 5
20.547, P, 0.05), ocellated lizards (rs520.685, P,

0.005), and Yellow-legged Gulls (rs 5 20.465, P ,

0.1). Accordingly, there was also a significant nega-
tive correlation between consumption of European
rabbits and ‘‘other birds’’ (rs 5 20.526, P , 0.05).
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Stable Isotopes. The arithmetic mean isotopic val-
ues (6SD) for the 24 nestlings were 222.10%
(61.03) for d13C, 6.44% (61.27) for d15N, and
4.30% (61.43) for d34S. Isotopic values of individu-
als from all the different territories showed broad
ranges for the three elements (Fig. 3). However, we
found that those nestlings hatched and reared in
the same nest/territory had significant positive cor-
relations for d13C (rs 5 0.93, P , 0.001), d15N (rs 5
0.98, P , 0.001), and d34S (rs 5 0.95, P , 0.001),
and that these correlation values were in all cases
significantly higher than expected by a random dis-
tribution (P , 0.001).
Conventional Diet vs. Stable Isotopes.We found a

significant positive correlation between d13C in nest-
lings and the frequency of Eurasian red squirrels in
their diet (rs 5 0.565, P , 0.05), as well as a signif-
icant negative correlation between d13C and the fre-
quency of Red-legged Partridges (rs 5 20.688, P #

0.005) (Table 3). Despite not correlating with any
particular prey item, high levels of d34S were found
in the nestlings hatched in the two territories where
Yellow-legged Gulls were consumed.

DISCUSSION

The diet of Bonelli’s Eagle in Catalonia during
the nestling period primarily included medium-
sized birds such as pigeons and Red-legged Partridg-
es, mammals including European rabbits and Eur-
asian red squirrels, as well as a variety of less fre-
quently consumed birds (Yellow-legged Gulls,
Corvidae, and Turdidae) and a single reptile (ocel-
lated lizard). This diet composition agreed with the
general patterns found in other western European
populations, where, overall, rabbits, pigeons, par-
tridges, and corvids were the most frequently eaten
prey (Real 1991, Martı́nez et al. 1994, Iezekiel et al.
2004, Ontiveros et al. 2005, Palma et al. 2006, Mo-

Table 1. Diet of Bonelli’s Eagle nestlings during the breeding season, shown as the number of prey items and their
frequencies (%), based on pellet analyses.

PREY SPECIES NUMBER OF ITEMS FREQUENCY (%)

Mammals

European rabbit (Oryctolagus cuniculus) 151 27.9
Eurasian red squirrel (Sciurus vulgaris) 28 5.2
Undetermined mammal 9 1.7

Total mammals 188 34.8

Birds

Northern Goshawk (Accipiter gentilis) 4 0.7
European Honey-buzzard (Pernis apivorus) 1 0.2
Red-legged Partridge (Alectoris rufa) 71 13.1
Common Pheasant (Phasianus colchicus) 1 0.2
Galliforms (Galliform spp.) 6 1.1
Rock Pigeon (Columba livia) 12 2.2
Common Wood-pigeon (Columba palumbus) 62 11.3
Stock Dove (Columba oenas) 3 0.6
Pigeons (Columba spp.) 92 17.0
Eurasian Jay (Garrulus glandarius) 12 2.2
Black-billed Magpie (Pica pica) 3 0.6
Eurasian Blackbird (Turdus merula) 7 1.3
Turdus sp. 1 0.2
Yellow-legged Gull (Larus michahellis) 12 2.2
Common Cuckoo (Cuculus canorus) 2 0.4
Eurasian Green Woodpecker (Picus viridis) 1 0.2
Amazona sp. 4 0.7
Anas sp. 1 0.2
Undetermined bird 45 8.2

Total birds 340 62.6

Reptiles

Ocellated lizard (Timon lepidus) 14 2.6
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león et al. 2009b), and was particularly similar to
diets described for the Mediterranean coastal strip
of Spain and France, where rabbits are more scarce
and the consumption of pigeons and ‘‘other birds’’
is greater (Moleón et al. 2009b).

In our study, the PCA suggested that the con-
sumption of the two dominant prey types (pigeons
and rabbits) determined the intake of other prey
species. For example, those territories with low con-
sumption of pigeons had greater intake of alterna-

Figure 1. Prey consumption (%) by Bonelli’s Eagle nestlings, Catalonia, Spain, as determined by pellet analysis.
Taxonomic categories are ordered from greatest to lowest importance in diet: CSP (pigeon [Columba spp.]), OC (Euro-
pean rabbit [O. cuniculus]), OB (‘‘other birds’’), AR (Red-legged Partridge [A. rufa]), SV (Eurasian red squirrel [S.
vulgaris]), TL (ocellated lizard [T. lepidus]), LM (Yellow-legged Gull [L. michahellis]) and OM (‘‘other mammals’’).

Table 2. Prey category consumption (%) of nestlings at the territory level, based on pellet analyses. CSP (pigeon
[Columba spp.]), OC (European rabbit [O. cuniculus]), OB (‘‘other birds’’), AR (Red-legged Partridge [A. rufa]), SV
(Eurasian red squirrel [S. vulgaris]), TL (ocellated lizard [T. lepidus]), LM (Yellow-legged Gull [L. michahellis]) and OM
(‘‘other mammals’’).

TERR CSP OC OB AR SV TL LM OM

1 33.3 33.3 13.3 0 20.1 0 0 0
2 25.6 33.3 20.5 7.7 7.7 2.6 0 2.6
3 47.4 10.5 23.7 15.8 0 0 0 2.6
4 3.8 34.2 6.3 26.6 0 10.1 12.7 6.3
5 45.7 8.6 31.3 2.9 8.6 2.9 0 0
6 66.7 33.3 0 0 0 0 0 0
7 29 38.7 6.5 25.8 0 0 0 0
8 54.9 13.7 9.8 7.8 11.8 0 0 2
9 29 38.8 16.1 16.1 0 0 0 0
10 35.7 35.7 14.4 7.1 7.1 0 0 0
11 13.6 18.2 31.8 22.7 4.6 9.1 0 0
12 23.6 20.6 35.3 5.9 8.8 2.9 0 2.9
13 37.1 44.4 14.8 3.7 0 0 0 0
14 26.5 20.6 23.5 11.8 8.8 2.9 5.9 0
15 31.4 37.2 5.7 20 5.7 0 0 0
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tive prey species such as partridges or, less frequent-
ly, Yellow-legged Gulls, ocellated lizard, and small
mammals. Similarly, in those territories where rab-
bits were not frequently consumed, other medium-
sized bird species were more important. Variations
in diet of Bonelli’s Eagle in western Europe seem to
be a function of spatio-temporal variation in the
abundance of rabbits and the presence of alterna-
tive prey species, in conjunction with territorial en-
vironmental features (Moleón et al. 2009b). Conse-
quently, the different dietary patterns found in our
study at the territory level were likely influenced by
the high heterogeneity in ecological features within
territories, including habitat, and prey density and
distribution.
Stable isotope signatures from nestlings exhibited

broad ranges for the three elements we measured
(d13C, d15N, and d34S), a finding that agreed with
the high diversity of taxonomic prey items revealed
by the conventional pellet analysis. Consumers in-
corporate carbon into their tissues with an increase
of around 1% in 13C relative to their food (Kelly
2000) and so the wide range of d13C observed in
our study (3.76%) is probably due to a heteroge-
neous intake of prey species with different carbon

Figure 2. Principal component analysis of taxonomic
prey category consumption at territory level. Components
1 and 2 (X-axis and Y-axis, respectively) provide informa-
tion regarding the rotated and dimensionally reduced diet
data. CSP (pigeon [Columba spp.]), OC (European rabbit
[O. cuniculus]), OB (‘‘other birds’’), AR (Red-legged Par-
tridge [A. rufa]), SV (Eurasian red squirrel [S. vulgaris]),
TL (ocellated lizard [T. lepidus]), LM (Yellow-legged Gull
[L. michahellis]) and OM (‘‘other mammals’’). Solid black
squares represent frequently consumed prey and solid
black circles represent less frequently consumed prey.

Figure 3. Isotopic values (d13C, d15N and d34S) of Bone-
lli’s Eagle nestlings. Different symbols are associated with
different territories (n 5 15); nine territories had two nest-
lings. (a) d15N vs. d13C, (b) d15N vs. d34S and (c) d34S
vs. d13C.
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isotopic signatures (Gu et al. 1997). Additionally, we
found a significant positive correlation between
d13C and the frequency of Eurasian red squirrels
in nestlings’ diet, as well as a significant negative
correlation between d13C and the frequency of
Red-legged Partridges. Interestingly, abundances
of these two prey species at territory level are depen-
dent on habitat types, with squirrels more common
in forested territories and partridges more abun-
dant in open habitats in our study area (Real et al.
1995, Mañosa 2004); these associations suggest that
the analysis of d13C may be a good indicator of prey
consumption and habitat features at the territory
level. In the case of nitrogen, consumers are typical-
ly enriched in 15N by 3–5% relative to their prey
(Post 2002, Vanderklift and Ponsard 2003), a fact
that allows the trophic level position of the prey
species to be assessed (Kelly 2000). In our study,
d15N ranged from 3.57 to 8.21%, which suggested
that the total diet within our study sample included
prey species from at least two different trophic lev-
els. This was supported by the wide range of prey
species detected by the conventional pellet analysis,
including herbivores (rabbits), granivores (pi-
geons), secondary consumers (thrushes and Corvi-
dae), and even potential scavengers (Yellow-legged
Gulls). Finally, the use of d34S in dietary studies has
been recommended as a means of distinguishing
between terrestrial and marine prey species (Peter-
son et al. 1985, Moreno et al. 2009). In our study,
higher signatures of d34S were found at two territo-
ries where Yellow-legged Gulls were consumed, and
that species was the only marine prey species iden-
tified in the pellet analysis. Accordingly, d34S signa-
tures of this gull species from the same study area
(Ramos et al. 2009) showed similar signatures to
those found in Bonelli’s Eagle nestlings that con-

sumed it. The lack of significant correlation be-
tween d34S and the consumption of Yellow-legged
Gulls probably resulted from the fact that it was
consumed at only 2 of 15 territories.
Our interpretation of the SIA based on the diet

composition of Bonelli’s Eagle nestlings may be po-
tentially constrained by a number of biases. A basic
assumption when using SIA in the assessment of
animal diets is that the main prey species have dif-
ferent isotopic composition (Bearhop et al. 2004,
Matthews and Mazumder 2004). However, we did
not analyze isotopic composition of prey species
and instead used indirect evidence to evaluate the
suitability of SIA as a means of inferring diet. First,
the d13C, d15N, and d34S of nestlings hatched and
raised in the same nest were more similar than
would be randomly expected. Given that Bonelli’s
Eagle nestlings share prey items (Real 1996), our
results indicated that the isotopic signatures of nest-
lings were related to the prey consumed (see also
Angerbjörn et al. 1994, Gu et al. 1997, Araújo et al.
2009). Second, we tested whether d13C, d15N, and
d34S were correlated with prey consumption. In fact,
we found significant correlations between d13C and
two prey species, as well as other dietary patterns for
d15N and d34S (above).
In recent decades, the use of stable isotopes in

avian foraging studies has been increasingly used
as a robust tool for providing long-term information
on birds’ foraging habits and degree of dietary spe-
cialization at both the individual and population
level (Kelly 2000, Bolnick et al. 2002, Rubenstein
and Hobson 2004, Inger and Bearhop 2008, Araú-
jo et al. 2009). However, few isotopic studies have
focused on raptors’ dietary habits (but see Roemer
et al. 2002, Dominguez et al. 2003, Caut et al.
2006), so the advantages of SIA in studies of rap-

Table 3. Spearman correlation values (rs) for correlations between diet of nestlings as determined by pellet analysis at
the territory level and nestlings’ isotopic values. CSP (pigeon [Columba spp.]), OC (European rabbit [O. cuniculus]), OB
(‘‘other birds’’), AR (Red-legged Partridge [A. rufa]), SV (Eurasian red squirrel [S. vulgaris]), TL (ocellated lizard [T.
lepidus]), LM (Yellow-legged Gull [L. michahellis]) and OM (‘‘other mammals’’). Significant correlations (P , 0.05) are
shown in bold type.

CSP OC OB AR SV TL LM OM

d13C 0.411 20.197 0.057 20.688 0.565 20.258 20.199 20.183
P-value 0.128 0.480 0.840 0.005 0.028 0.353 0.477 0.514
d15N 0.025 20.228 0.350 0.091 0.347 20.036 20.042 20.441
P-value 0.930 0.414 0.201 0.747 0.205 0.898 0.881 0.100
d34S 0.021 0.196 0.057 0.039 20.338 0.060 0.157 20.460
P-value 0.940 0.485 0.840 0.889 0.218 0.831 0.576 0.085
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tors’ trophic ecology are sometimes underestimat-
ed. Our study provided the first reference values
for isotopic signatures in Bonelli’s Eagle nestlings.
One advantage of isotopic analyses is that they may
overcome some of the biases traditionally associat-
ed with conventional procedures. For example, iso-
topic data from nestlings’ feathers are representa-
tive of the nestlings’ diet over the entire period of
tissue development (Inger and Bearhop 2008),
whereas pellets may be representative of a shorter
period if they are not collected regularly. More-
over, isotopic data inform about prey digested
and absorbed, and may overcome the over- or un-
derrepresentation of certain prey items associated
with conventional diet analyses (Inger and Bear-
hop 2008). In terms of effort, the pellet analysis
is more time-consuming than isotopic analysis. SIA
may also allow assessment of individual’s diets, as,
for example, when comparing the diet between
siblings or between parents and nestlings. Finally,
temporal changes or spatial heterogeneity in diet
composition can be addressed with SIA (Bearhop
et al. 2001, Rubenstein and Hobson 2004, Chiara-
dia et al. 2010); by analyzing the isotopic compo-
sition of nestlings’ feathers, we may be able to
monitor temporal variations in prey abundance at
the territory level. The major disadvantage of SIA
in dietary studies where we do not know the isoto-
pic prey signatures is that we cannot distinguish
individual prey species in the predators’ diet.
Mediterranean landscapes have undergone im-

portant changes in terms of human activity and
the extent of different types of land use (Meeus
1993, Butet et al. 2010), and such changes have
influenced the distribution and abundance of Bon-
elli’s Eagle prey and hence the conservation of this
raptor species (Ontiveros et al. 2005, Moleón et al.
2009b). In our study, SIA proved useful for moni-
toring nestling Bonelli’s Eagles’ diets, which may
reflect the abundance and distribution of prey at
the territory level. Thus, the implementation of
SIA on a regular basis at the territory level may be
a valuable tool for monitoring not only the biolog-
ical relationship between Bonelli’s Eagle and its
prey, but also temporal changes in Mediterranean
habitats and ecosystems. Future isotopic analyses
will provide further insights and a deeper under-
standing of the trophic ecology of Bonelli’s Eagles.
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perdicera (Hieraaetus fasciatus) en la provincia de Gran-
ada (SE de España). Ardeola 47:1–8.
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J.M. GIL-SÁNCHEZ, L. PALMA, J. BAUTISTA, AND P. BAYLE.
2009b. Large-scale spatio-temporal shifts in the diet of
a predator mediated by an emerging infectious disease
of its main prey. Journal of Biogeography 36:1502–1515.

MORENO, R., L. JOVER, I. MUNILLA, A. VELANDO, AND C.
SANPERA. 2009. A three-isotope approach to disentan-
gling the diet of a generalist consumer: the Yellow-
legged Gull in northwest Spain. Marine Biology 157:
545–553.

NEWTON, I. 1998. Population limitation in birds. Academic
Press, San Diego, CA U.S.A.

DECEMBER 2011 STABLE ISOTOPES IN BONELLI’S EAGLES 351



190     
 

Resano et al. (2011) J. Raptor Res., 45, 342-352       

ONTIVEROS, D., J.M. PLEGUEZUELOS, AND J. CARO. 2005. Prey
density, prey detectability and food habits: the case of
Bonelli’s Eagle and the conservation measures. Biologi-
cal Conservation 123:19–25.

PALMA, L., P. BEJA, M. PAIS, AND L. CANCELA DA FONSECA.
2006. Why do raptors take domestic prey? The case of
Bonelli’s Eagle and pigeons. Journal of Applied Ecology
43:1075–1086.

PEARSON, S.F., D.J. LEVEY, C.H. GREENBERG, AND C. MARTÍ-
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2004. Àliga perdiguera Hieraaetus fasciatus. Pages
182–183 in J. Estrada, V. Pedrocchi, L. Brotons, and
S. Herrando [EDS.], Atles dels ocells nidificants de Cat-
alunya (1999–2002). Institut Català d’Ornitologia
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Comparing pellet and stable isotope analyses of
nestling Bonelli’s Eagle Aquila fasciata diet
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Diet analyses are central to the study of avian trophic ecology, and stable isotope analy-
ses have made an increasing contribution in the last two decades. Few isotopic studies
have assessed the diet of raptor species, which are more frequently analysed by conven-
tional diet methods such as pellet analysis. In this study, we compare prey consumption
estimates of nestling Bonelli’s Eagles Aquila fasciata from conventional pellet analysis (in
terms of items and biomass) and stable isotopic mixing models (SIAR) using d13C, d15N
and d34S of feathers. The pellet analysis showed that European Rabbits Oryctolagus cuni-
culus, pigeons (mainly Common Wood Pigeons Columba palumbus and Domestic
Pigeons Columba livia dom.), Red-legged Partridges Alectoris rufa, passerines, Yellow-
legged Gulls Larus michahellis and Eurasian Red Squirrels Sciurus vulgaris were the main
prey, so they were selected for diet reconstructions in SIAR. At the population level,
mean prey consumption estimates were similar for pellets (both items and biomass) and
SIAR. At the territory level, the weighted kappa statistic showed good ordinal scale
agreement in main prey consumption between items or biomass and SIAR. Although the
intraclass correlation coefficient showed poor method agreement when considering all
prey in the same analysis, the intraclass correlation coefficients for each prey category
showed significant agreement between pellets and SIAR when estimating the consump-
tion of Rabbits, pigeons and Gulls, with lower agreement for passerines and Squirrels.
Lastly, there was poor method agreement for estimates of Partridges. Our results suggest
an overall agreement between the pellet analysis and SIAR when estimating nestling
Bonelli’s Eagle diet at both the population and, to a lesser extent, the territory level, sup-
porting the usefulness of isotopic mixing models when identifying the terrestrial and
marine components of raptor diets.

Keywords: carbon isotopes, conventional diet analysis, foraging ecology, isotopic mixing models,
nitrogen isotopes, predators, raptors, sulphur isotopes.

Animal foraging ecology explains much of the
observed variation among individual fitness corre-
lates such as body condition, survival and breeding
success (Schoener 1971, Pyke 1984, Inger et al.
2008, Terraube et al. 2012). As such, it can also
explain population dynamics, prey–predator rela-
tionships and species distributions (Newton 1998,

Mole�on et al. 2009, Cort�es-Avizanda et al. 2011).
Nevertheless, measuring diet is often challenging
due to the difficulty of making direct observations
of feeding events over long periods, with conse-
quent reliance on indirect methods and their
potential biases (Real 1996, Votier et al. 2003,
Huang et al. 2006).

The most common methods of diet assessment
in birds are direct observations of feeding habits
and analyses of nest food remains, individual
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stomach contents, faecal droppings and regurgi-
tated pellets (Marti et al. 2007, Maziarz & Weso-
lowski 2010, Michalski et al. 2011, Bourass et al.
2012), although these methods have a number of
limitations (Real 1996, Votier et al. 2003). For
instance, they usually involve a great effort in
terms of data collection and analysis. Moreover,
they often reflect only a snapshot of a consumer’s
diet (Inger & Bearhop 2008) and present potential
biases linked to prey sizes or digestibility (Brown
& Ewins 1996, Real 1996, Votier et al. 2003,
Marti et al. 2007).

Over the last two decades, the use of stable iso-
tope analysis (SIA) to study avian trophic ecology
has increased considerably (Kelly 2000, Inger &
Bearhop 2008, Hobson 2011). The isotopic ratios
in bird tissue reflect its diet at the time of tissue
synthesis in a predictable manner. The shift in
isotope ratio between diet and consumer tissue is
known as the trophic enrichment factor (TEF) and
can be used in isotopic mixing models to quantify
the relative contributions of isotopically distinct
sources to the diet of individuals or populations
(Inger et al. 2006, Moreno et al. 2010). More
recently, Bayesian isotopic mixing models have
been developed to account for uncertainty and
variation in model estimates, allow for multiple
dietary sources, and generate potential dietary
solutions as true probability distributions (Moore
& Semmens 2008, Jackson et al. 2009, Parnell
et al. 2010). Nevertheless, the use of isotopic mix-
ing models requires accurate prior information
regarding the trophic ecology of the studied spe-
cies, and dietary estimates from mixing models
would be only as good as the assumptions and
parameters on which they depend (Bond & Dia-
mond 2011, Hobson 2011).

Despite the applicability of both conventional
diet analyses and isotopic mixing models to deter-
mine avian diets, and the caveats and potential
biases associated with each, few studies have
compared these methods (but see Doucette et al.
2011, Steenweg et al. 2011, Weiser & Powell
2011). Moreover, although conventional methods
have been used traditionally to assess raptor food
habits (Real 1996, Marti et al. 2007, S�anchez et al.
2008, Bakaloudis et al. 2012), to date few isotopic
studies have focused on assessing the diets of avian
terrestrial predators, including most raptor species
(but see Roemer et al. 2002, Caut et al. 2006).
Consequently, the potential applicability of isoto-
pic mixing models to assess raptor foraging ecology

is still poorly understood. The fact that isotopic data
inform about assimilated rather than just ingested
prey is a major advantage of using isotopic analysis
to study raptor diet. Moreover, isotopic mixing
models provide a powerful tool to estimate the for-
aging ecology of individuals to test the incidence
and implications of individual resource use (Bolnick
et al. 2003). Finally, isotopic analysis may constitute
a homogeneous sampling procedure to monitor
temporal or spatial variation in raptor diets.

Bonelli’s Eagle Aquila fasciata is distributed
from the western Mediterranean to southeast Asia
(del Hoyo et al. 1994). The European population
is now classified as endangered after a marked
decline in number and range in recent decades
(BirdLife International 2004), related to unnatu-
rally high mortality rates, habitat degradation and
decline of their main prey species (Real 2004,
Hern�andez-Mat�ıas et al. 2011). The diet of Bonel-
li’s Eagle in the Mediterranean has been widely
studied by conventional methods, showing that
the species mainly predates European Rabbits
Oryctolagus cuniculus, partridges Alectoris spp.,
pigeons Columba spp., passerines (mainly corvids
and thrushes) and lizards (Real 1991, Mole�on
et al. 2009). More recently, an isotopic approach
showed that d13C, d15N and d34S are useful to
assess both terrestrial and marine prey consump-
tion of Bonelli’s Eagle nestlings (Resano et al.
2011). Consequently, this species is a suitable
model to test whether conventional diet analysis
and isotopic mixing models provide similar infor-
mation when assessing the diet of avian predators.

The aim of this study was to compare prey con-
sumption estimates of nestling Bonelli’s Eagles
using conventional pellet analysis and Bayesian
isotopic mixing models by (1) performing a com-
prehensive pellet analysis in terms of prey item
consumption and prey assimilated biomass, (2)
characterizing the isotopic composition of main
prey types and (3) comparing main prey consump-
tion estimates obtained from the pellet analysis
and the isotopic mixing models.

METHODS

Study area and data collection

From 2008 to 2010 we monitored 43 successful
breeding attempts of 28 territorial pairs of Bonel-
li’s Eagle in Catalonia (41°20′N, 01°32′E). Habitat
characteristics differed between territories but all
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showed Mediterranean landscape features (Carras-
cal & Seoane 2009, Bosch et al. 2010), with an
average annual rainfall ranging from 425 to
664 mm. All sampled nests were located on cliffs,
and the altitude of nesting areas ranged from 30 to
776 m asl.

From January to early March, we monitored
breeding territories to assess occupancy and breed-
ing activity. In late March and April, occupied
nests were checked to detect the number of nes-
tlings and their age, which was estimated by
feather development and laying date (Real 1991,
Gil-S�anchez 2000). To minimize the risk of distur-
bance, observations were always carried out from
long distances using 109 binoculars and 20–609
spotting scopes. Once nestlings were approxi-
mately 37 days old, we caught them with the
assistance of experienced climbers and sampled
three to four mantle feathers from each individual
for SIA. Pellets were collected from the nests after
the breeding season and analysed to determine
nestling diet by conventional methods (Real
1996).

To characterize isotopically the main prey of
Bonelli’s Eagle, we collected muscle samples from
215 individuals of the following species or species
groups during 2008–2011: European Rabbits
(n = 42), Red-legged Partridges Alectoris rufa
(n = 38), Common Wood Pigeons Columba
palumbus (n = 39), Domestic Pigeons Columba
livia dom. (n = 45), passerines (Corvidae, Sturni-
dae and Turdidae; n = 40), Yellow-legged Gulls
Larus michahellis (n = 4) and Eurasian Red Squir-
rels Sciurus vulgaris (n = 7). All individuals were
obtained from the studied Eagles’ breeding territo-
ries, either in the nests or their surroundings,
except most passerines and some Squirrels,
which came from rehabilitation centres located in
the study area.

Pellet analysis

Each prey item identified in each pellet was
counted as one item (Real 1996, Gil-S�anchez et al.
2004). Pellet contents (i.e. feathers, bones, hair,
nails and scales) were identified with the help of a
reference collection, a 49 magnifying glass and
consulting specialized guides (Brom 1986, Brown
et al. 2003). Prey items were identified to species
level whenever possible.

Prey consumption was estimated for any given
territory and year (hereafter referred to as territory

level; n = 43) as percentages of total items and
total biomass, as is common in raptor diet studies
(Real 1996, S�anchez-Zapata & Calvo 1998). To
calculate the biomass of each prey type we used
the weights of each prey species, corrected for the
degree of consumption by adults at the nest before
delivering prey to the chicks. Mean weights of
prey species were obtained from the literature
(Brom 1986, Real 1991, del Hoyo et al. 1997),
most estimates being from measurements of indi-
viduals from the study area (see Supporting Infor-
mation Table S1). Consumption of each prey type
was estimated on the basis of field observations of
feeding events from a hide (n = 182 prey items;
J. Real unpubl. data). Therefore our final prey net
biomass estimates (Table S1) were representative
of the nestlings’ ingested biomass rather than total
prey biomass. More than 20 prey items in each
territory and year were included to ensure reliabil-
ity in the pellet analysis (Ontiveros et al. 2005).

Based on the results of pellet analysis, the most-
consumed prey categories in terms of items or
biomass (hereafter main prey categories) were
selected for comparison using the two diet assess-
ment methods: European Rabbits, pigeons (mostly
Common Wood Pigeons and Domestic Pigeons),
Red-legged Partridges, passerines, Yellow-legged
Gulls and Eurasian Red Squirrels. Main prey
consumption values from either the items or the
biomass approaches were re-scaled relative to their
global percentage in each territory to ensure that
main prey categories accounted for the 100% of
the diet in each territory. These re-scaled values
were used for comparison with estimates obtained
from the isotopic mixing models.

Prey isotopic characterization

Isotopic signatures of species may be influenced by
their local environment (Connolly et al. 2004,
Choi et al. 2007) and hence isotopic values of
main prey categories may differ between Bonelli’s
Eagle territories. To test this, prey samples of the
most widely consumed prey (Rabbits, pigeons and
Partridges) were characterized as a function of
proximity to the sea and to habitat in the Eagle
territory from which they came. Territories located
on coastal cliffs or in coastal mountain ranges were
classified as marine, and those farther inland as
terrestrial. Territory habitat was measured in a
3.3-km radius around the nest to represent the
home-range used by Bonelli’s Eagles (Bosch et al.
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2010), and each territory was classified according
to its predominant habitat as either forest, scrub-
land or agricultural. Habitat predominance was
estimated using MIRAMON v6.4 software (Pons
2002) from land cover data available at a scale of
1 : 3000 and updated in December 2009.

Stable isotope analysis

A 3-cm3 piece of muscle from the chest or leg of
each sampled prey animal was lyophilized for
48 h. Samples were lipid-extracted using several
chloroform–methanol (2 : 1) rinses following
Folch et al. (1957). Muscle was ground into fine
powder using an impactor mill (Freezer/mill 6750
Spex Certiprep) and subsamples of approximately
0.32 mg (for d13C and d15N) and 5.6 mg (for
d34S) were loaded in tin receptacles and crimped
for combustion. Nestling feathers were first
cleaned in a solution of NaOH (0.25 M) and oven-
dried at 40 °C for 24 h. Feathers were ground into
fine powder and subsamples of 0.35 mg (for d13C
and d15N) and 3.7 mg (for d34S) were loaded in
tin receptacles before combustion. Isotopic mea-
surements of both prey and nestlings were per-
formed at the Scientific and Technological Centres
of the University of Barcelona using the methods
of Resano et al. (2011).

Stable isotope ratios are reported as d values and
expressed in &, according to the following equa-
tion: dX = [(Rsample/Rstandard) – 1] 9 1000,
where X is 13C, 15N or 34S and R is the correspond-
ing ratio 13C/12C, 15N/14N or 34S/32S. Rstandard is
the ratio of the international standards: Pee Dee
Belemnite (PDB) for 13C, atmospheric nitrogen
(AIR) for 15N and Canyon Diablo Troilite (CDT)
for 34S. Measurement precisions for d13C, d15N and
d34S were ≤ 0.15&, ≤ 0.25& and ≤ 0.40&, respec-
tively.

Bayesian isotopic mixing models

We used the SIAR package for R (Parnell et al.
2010) to estimate the relative contribution of main
prey categories to the diet of Bonelli’s Eagle nes-
tlings at the territory level. d13C, d15N and d34S
from nestlings and prey were included in the
models. Each nest and year was considered a single
statistical observation by estimating the mean iso-
topic values of sampled siblings. Prey isotopic
values were selected for each territory: either
the overall mean prey values when no effect of

environmental features on prey signature was
detected, or different values for a single prey when
their isotopic values were affected by environmen-
tal features (see below). The TEFs for d13C
(2.1& � 0.08 sd) and d15N (2.7& � 0.5 sd) were
those obtained for feathers of Peregrine Falcons
Falco peregrinus fed on muscle of Japanese Quail
Coturnix japonica (Hobson & Clark 1992). We
selected those values because the consumer in that
experiment was taxonomically related to our con-
sumer species, and the tissues analysed from both
consumers and prey also matched those we stud-
ied. The TEF for d34S (0& � 0.5 sd) was also
obtained from the literature (Michener & Lajtha
2007), where it is commonly assumed that there is
no enrichment in 34S in animal diets. Common
Wood Pigeon and Domestic Pigeon were included
as separate sources within the models, and their
consumption estimates from SIAR were summed a
posteriori to allow for direct comparison with the
pellet data.

Statistical analyses

Prey isotopic data were checked for departures
from normality using the Kolmogorov–Smirnov
test and Q–Q plots. We performed a multivariate
analysis of variance (MANOVA) to assess whether
prey isotopic values (d13C, d15N and d34S as the
dependent variables) differed by species (fitted as
a single factor with Rabbits, Common Wood
Pigeons, Domestic Pigeons, Partridges, passerines,
Gulls and Squirrels as the group categories;
n = 215). Additionally, we performed a second
MANOVA to assess the effect of species, sea
proximity and habitat (fitted as fixed effects) on
prey isotopic values, but only including the
most widely consumed prey (Rabbits, Common
Wood Pigeons, Domestic Pigeons and Partridges;
n = 164). Passerines, Gulls and Squirrels were
excluded from this analysis because they were rare
in some territory categories. Those factors with a
significant effect in the MANOVAs were subjected to
one-way analysis of variance (ANOVA) to test the
factor effect on each dependent variable (d13C,
d15N and d34S) separately (Quinn & Keough
2002). Levene’s test was used to detect heterosce-
dasticity and Welch’s correction was applied
accordingly. Post-hoc pairwise analysis included
Tukey’s procedure or the Tamhane test when vari-
ances were heterogeneous. Prey isotopic values are
reported as means � sd.
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To estimate prey consumption at the population
level by the pellet analysis, we first calculated mean
diet for each territory (n = 28), and then a mean
was calculated across all territories. Re-scaled val-
ues of the main prey categories (for both items and
biomass) and SIAR estimates were used for method
comparisons (n = 43 territory-years) both at the
population and the territory levels. These prey con-
sumption percentages were arcsine-transformed
and checked for normality using the Kolmogorov–
Smirnov test and Q–Q plots. At the population
level, a two-way ANOVA was used to assess whether
prey consumption estimates differed by prey cate-
gory and dietary method, with prey consumption
estimates from all territories as the dependent vari-
able and both prey category and dietary method
as fixed factors. Additionally, separate one-way
ANOVAs were used to test the method effect on
each prey category. At the territory level, the
weighted kappa statistic (Kw) was used to assess
agreement between methods on an ordinal scale by
ordering main prey categories from higher to lower
rates of consumption, and the intraclass correlation
coefficient (ICC) was used to test for the agree-
ment of two methods in their quantitative prey
consumption estimates. In this regard, we first cal-
culated the ICCs using a three-way mixed effects
model (Zhou et al. 2011) with prey consumption
values as the dependent variable, territory and
method as random effects, and prey category as a
fixed factor. Bland–Altman plots (Bland & Altman
1986) were created to represent the method’s
repeatability in prey estimates. Secondly, ICCs
were calculated by a two-way mixed effects model
(McGraw & Wong 1996) for each prey category.

Statistical analyses were conducted using SPSS

15.0 (SPSS, Chicago, IL, USA) and MEDCALC

12.3.0 (MedCalc Software, Mariakerke, Belgium).
SIAR was run using R software (R Development
Core Team 2007).

RESULTS

Pellet analysis

We identified 2254 prey items in the 979 pellets
analysed, corresponding to at least 31 prey species
(Table S1). Birds accounted for 59.3%, mammals
for 33.6% and reptiles for 7.1% of prey items, and
55.2%, 40.8% and 4% of biomass, respectively. At
the population level, the most frequently consumed
prey were pigeons (26.3%), Rabbits (21.1%), passe-

rines (10.7%) and Red-legged Partridges (10.6%),
which together accounted for 68.7% of dietary
items. In terms of biomass, Rabbits were the main
prey item (30.9%), followed by pigeons (26.9%),
Yellow-legged Gulls (8.7%), Partridges (8.1%) and
Squirrels (4.9%), together accounting for 79.5% of
total biomass ingested.

Prey isotopic characterization

There was a significant difference between main
prey items in isotopic values (MANOVA: Wilks’
lambda, F18,583 = 17.56, P < 0.001). There were
overall differences between prey categories in d13C
(one-way ANOVA: FWelch 6,30 = 48.63, P < 0.001),
but Red-legged Partridges, Common Wood
Pigeons and passerines, and Domestic Pigeons,
Eurasian Red Squirrels and Yellow-legged Gulls
formed two sub-groups of prey within which pair-
wise differences were not significant. Overall
significant differences in d15N (one-way ANOVA:
F8,206 = 22.20, P < 0.001) were related to prey
trophic level. For instance, d15N in rabbits was
significantly lower than in other prey except Squir-
rels, and Yellow-legged Gulls had significantly
higher d15N than most prey. Fewer pairwise differ-
ences in d15N were found between Squirrels, Par-
tridges, pigeons or passerines. Yellow-legged Gulls
showed the highest d34S values, and most of the
significant differences in d34S (one-way ANOVA:
F8,36 = 7.45, P < 0.001) seemed to be related to a
marine influence (see below). Mean prey isotopic
values included in the isotopic mixing models are
summarized in Table 1. Isotope biplots (d13C,
d15N, d34S) showed that Bonelli’s Eagle nestlings
lay within the space delineated by main prey cate-
gories previously corrected by TEFs (Fig. 1).

In the second MANOVA we found a significant
overall effect of species (MANOVA: Wilks’ lambda,
F9,355 = 16.11, P < 0.001), sea proximity (MANOVA:
Wilks’ lambda, F3,146 = 9.92, P < 0.001) and habi-
tat (MANOVA: Wilks’ lambda, F6,292 = 7.90,
P < 0.001) on isotopic prey values, with a signifi-
cant interaction between species and both sea prox-
imity (MANOVA: Wilks’ lambda, F9,355 = 3.97,
P < 0.001) and habitat (MANOVA: Wilks’ lambda,
F18,413 = 1.78, P < 0.05). European Rabbits and
Domestic Pigeons from marine territories had
higher d34S than those from terrestrial territories
(one-way ANOVA: F1,40 = 21.12, P < 0.001 and
F1,43 = 19.28, P < 0.001, respectively; Fig. 2).
Moreover, Domestic Pigeons from agricultural terri-
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tories had higher d15N than those from scrubland
territories (one-way ANOVA: FWelch 2,27 = 4.60,
P < 0.05; Fig. 2). On the other hand, isotopic
values of Rabbits were not influenced by habitat,
and neither sea proximity nor habitat features influ-
enced isotopic values of Common Wood Pigeons or
Red-legged Partridges.

Comparison of pellet analysis and SIAR

At the population level, mean consumption esti-
mates differed by prey category (two-way ANOVA:
F5,756 = 145.76, P < 0.001) and dietary method
(two-way ANOVA: F2,756 = 8.01, P < 0.001).
Although there was a significant interaction
between prey category and the dietary method
effects (two-way ANOVA: F10,756 = 4.38,
P < 0.001), all methods estimated a similar dietary
pattern of higher consumption of Rabbits and
pigeons, and lower consumption of Partridges,
passerines, Gulls and Squirrels (Fig. 3, Supporting
Information Table S2). When comparing methods
for each prey category (i.e. prey item counts from
pellets vs. biomass estimation from pellets vs.
SIAR), there were significant differences between

Table 1. d13C, d15N and d34S (mean � sd; &) in main prey
types of Bonelli’s Eagle in Catalonia: European Rabbits (OC),
Common Wood Pigeons (CP), Red-legged Partridges (AR),
Domestic Pigeons (CL), passerines (PAS), Yellow-legged
Gulls (LM) and Eurasian Red Squirrels (SV). Within prey
types, significant values differing either by sea proximity, habi-
tat or both, are shown in bold type. Samples from marine or
terrestrial territories are shown as (m) or (t), respectively. Sam-
ples from different habitat types are shown as forest (1), scrub-
land (2) or agricultural (3). Mean prey values were considered
when there was no significant influence of environmental fea-
tures. Prey d13C, d15N and d34S values listed in this table were
those included in the SIAR, accordingly selected for each terri-
tory depending on their sea proximity or habitat type.

Prey d13C d15N d34S

OCm –25.33 � 1.02 3.17 � 2.50 8.81 � 2.62
OCt –25.33 � 1.02 3.17 � 2.50 5.22 � 2.07
CP –23.98 � 0.88 5.54 � 1.75 5.33 � 1.68
AR –23.32 � 1.30 5.81 � 1.77 6.10 � 2.59
CLm1 –21.28 � 3.88 7.15 � 2.03 6.38 � 0.73
CLt1 –21.28 � 3.88 7.15 � 2.03 4.74 � 1.34
CLm2 –21.28 � 3.88 6.85 � 0.77 6.38 � 0.73
CLt2 –21.28 � 3.88 6.85 � 0.77 4.74 � 1.34
CLm3 –21.28 � 3.88 8.06 � 1.37 6.38 � 0.73
CLt3 –21.28 � 3.88 8.06 � 1.37 4.74 � 1.34
PAS –23.36 � 0.72 7.25 � 1.24 6.51 � 0.90
LM –20.50 � 0.55 9.35 � 0.55 11.97 � 3.88
SV –19.36 � 1.60 3.23 � 1.99 5.47 � 2.08

Figure 1. Isotopic values (d13C, d15N and d34S) of Bonelli’s
Eagle nestlings and main prey types (mean � 95% CI) in
Catalonia. Open symbols represent main prey types: European
Rabbits (open circle), Common Wood Pigeons (open square),
Red-legged Partridges (open triangle), Domestic Pigeons
(open hexagon), passerines (open rhombus), Yellow-legged
Gulls (crossed square) and Eurasian Red Squirrels (crossed
circle). Closed dots represent Bonelli’s Eagle nestlings. Prey
isotopic values are corrected by TEFs (2.1& for d13C, 2.7&
for d15N and 0& for d34S).
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prey item counts and biomass estimation in
Rabbits (one-way ANOVA: F2,126 = 4.47, P < 0.05),
between biomass estimation and SIAR in Par-
tridges (one-way ANOVA: FWelch 2,64 = 9.09,
P < 0.001), between biomass estimation and both
prey item counts and SIAR in passerines (one-way
ANOVA: FWelch 2,64 = 22.06, P < 0.001), between
prey item counts and SIAR in Gulls (one-way
ANOVA: FWelch 2,67 = 12.80, P < 0.001), and
between biomass estimation and SIAR in Squirrels
(one-way ANOVA: FWelch 2,68 = 3.87, P < 0.05).

At the territory level, we found good agreement
when ordering main prey categories from higher to
lower levels of consumption between both prey
item counts and SIAR (Kw = 0.47, 95%
CI = 0.40–0.54) and between biomass estimation
and SIAR (Kw = 0.53, 95% CI = 0.46–0.59). In
both comparisons, the highest agreement was
found when estimating the most- or least-
consumed prey categories (1 or 6), with lower
agreement for the other prey categories (Fig. 4).

The overall ICC showed low agreement among
prey estimates when comparing prey item counts
and SIAR (ICC = 0.30, P = 0.13) or biomass esti-
mation and SIAR (ICC = 0.29, P = 0.14; Table 2).
Bland–Altman plots illustrated a significant positive
correlation between the difference in prey estimates
between methods (items – SIAR or biomass –
SIAR) and the mean prey consumption values
obtained from both methods (rs = 0.35, P < 0.001
for prey item counts vs. SIAR and rs = 0.47,
P < 0.001 for biomass estimation vs. SIAR; Fig. 5).
In other words, the pellet analysis (in terms of both
items and biomass) estimated lower consumption
rates than SIAR for less-consumed prey, whereas
the opposite was true for more-consumed prey.

When assessing agreement between methods for
each prey category, we found agreement between
prey item counts and SIAR estimates for Rabbits
(ICC = 0.42, P < 0.05), pigeons (ICC = 0.44,
P < 0.05) and Gulls (ICC = 0.55, P < 0.01), but
no significant agreement between methods for
passerines (ICC = 0.21, P = 0.22) or Squirrels

(a)

(b)

Figure 2. Influence of territorial environmental features on
prey isotopic values. (a) Significant differences for d34S in
European Rabbits (OC) and Domestic Pigeons (CL) from mar-
ine and terrestrial territories. (b) Significant differences for d15N
in Domestic Pigeons (CL) from territories with scrubland and
agricultural predominance. Domestic Pigeons from territories
with forest predominance are shown, although they were not
significantly different from any other habitat category. Prey iso-
topic values are represented as mean � 95% CI.

Figure 3. Boxplot with the consumption of main prey catego-
ries estimated by ITEMS (dark grey), BIOMASS (light grey)
and SIAR (white) at the population level.
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(ICC = 0.27, P = 0.16). Similarly, the biomass
estimation and SIAR approaches showed a sig-
nificant agreement for pigeons (ICC = 0.43,
P < 0.05) and Gulls (ICC = 0.43, P < 0.05), but
not for Rabbits (ICC = 0.31, P = 0.11), passerines
(ICC = 0.29, P = 0.14) or Squirrels (ICC = 0.29,
P = 0.14). Lastly, there was poor agreement for
estimates of Partridges, both between prey item
counts and SIAR (ICC = –0.32, P = 0.81) and
between biomass estimation and SIAR (ICC = –
0.18, P = 0.71; Table 2).

DISCUSSION

We assessed the diet of Bonelli’s Eagle nestlings in
Catalonia, which included both marine and terres-

trial prey, using conventional pellet analysis and
Bayesian isotopic mixing models based on d13C,
d15N and d34S. The pellet analysis revealed that
European Rabbits, pigeons, Red-legged Partridges,
passerines, Yellow-legged Gulls and Eurasian Red
Squirrels were the main prey items, and these
were sampled for SIA. Our prey isotopic charac-
terization accounted for the effect of environmen-
tal features (Table 1), and allowed reliable use of
SIAR to estimate prey consumption at the terri-
tory level. Our results show an overall agreement
in main prey consumption estimates between the
pellet analysis and SIAR both at the population
level and, to a lesser extent, at the territory level,
where prey consumption was nonetheless similarly
ranked by both methods (pellets vs. SIAR), espe-
cially in terms of the most- and least-consumed
prey. Method comparisons through intraclass cor-
relation for each prey category showed reasonable
similarities, except in the case of Partridges. Over-
all, our results suggest that a combination of pellet
analysis and SIA can be a useful way to assess the
diet of predator species, and can add important

(a)

(b)

Figure 4. Agreement between ITEMS and SIAR (a) or BIO-
MASS and SIAR (b) in main prey consumption estimates
when these are ranked in an ordinal scale (from higher to
lower consumption) at the territory–year level. For the ITEMS
and BIOMASS approaches, main prey categories are scaled
from higher (1) to lower (6) consumption. According to SIAR,
prey categories are scaled from higher (black) to lower (white)
consumption. The x-axis shows all the rank combinations
between methods (i.e. colours and numbers). The y-axis
shows the number of territories (frequency) in which any of the
colour–number combinations occurred.

Table 2. Intraclass correlation coefficients (ICCs) and
P-values (P) when comparing prey consumption estimates at
the territory level between ITEMS and SIAR, or between BIO-
MASS and SIAR. Results include both the overall intraclass
correlation (n = 516), and the intraclass correlation done by
prey (n = 43). Prey categories are European Rabbits (OC),
pigeons (CSP), Red-legged Partridges (AR), passerines
(PAS), Yellow-legged Gulls (LM) and Eurasian Red Squirrels
(SV). Significant P-values (< 0.05) are shown in bold type.

ICCs P

Overall intraclass correlation
ITEMS vs. SIAR 0.301 0.125
BIOMASS vs. SIAR 0.286 0.139

ICCs P

Intraclass correlation by prey
OC – ITEMS vs. SIAR 0.418 0.042
CSP – ITEMS vs. SIAR 0.437 0.033
AR – ITEMS vs. SIAR �0.316 0.812
PAS – ITEMS vs. SIAR 0.210 0.224
LM – ITEMS vs. SIAR 0.549 0.006
SV – ITEMS vs. SIAR 0.267 0.159
OC – BIOMASS vs. SIAR 0.314 0.113
CSP – BIOMASS vs. SIAR 0.430 0.036
AR – BIOMASS vs. SIAR �0.183 0.706
PAS – BIOMASS vs. SIAR 0.286 0.140
LM – BIOMASS vs. SIAR 0.432 0.035
SV – BIOMASS vs. SIAR 0.289 0.137
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insights with the application of isotopic analysis to
study raptor food habits.

Conventional and isotopic methods each have
advantages and disadvantages. Pellet analysis is
non-invasive and allows detailed prey identification.
However, it has potential biases related to prey size
or digestibility (Votier et al. 2003, Marti et al.
2007), and may involve great effort in terms of
both data collection and analysis of pellet contents.
In contrast, SIA generates data about assimilated
rather than ingested prey. Furthermore, isotopic
analysis has the advantage that it provides diet esti-

mates from the sampled individuals, which is fre-
quently unachievable through conventional dietary
methods, for example when several chicks are
raised in the same nest. However, the use of isoto-
pic mixing models to estimate prey consumption
requires accurate prior information of the species’
feeding ecology to select the right prey for tissue
analysis, as well as suitable. Moreover, tissue collec-
tion for isotopic analysis requires handling of both
consumer and prey, and laboratory analyses are
more expensive than for conventional diet analyses.
Therefore, conventional pellet and isotopic analyses
can be considered complementary methods to
monitor dietary patterns in territorial birds.

Our dietary results accord with other studies of
Bonelli’s Eagle in northeast Iberia, where the spe-
cies takes more pigeons and fewer Rabbits and
Partridges than populations in the southern Iberian
Peninsula (Mole�on et al. 2009). Moreover, in our
study area, near the northern limit of the species’
distribution in western Europe, local environmen-
tal conditions are more heterogeneous among terri-
tories than in southern populations, and this
probably translates into greater dietary differences
between territories, with some territorial pairs
preying disproportionately on prey species that
may be considered secondary or suboptimal else-
where. For example, we show that Yellow-legged
Gulls may constitute an important prey for some
territorial pairs located in coastal areas, probably
due the high abundance of Gulls in those territo-
ries (see also Resano et al. 2012).

Despite the importance of a comprehensive iso-
topic characterization of prey as the basis for SIA,
logistical difficulties generally constrain prey sam-
ple collection. Therefore, published studies often
present low prey sample sizes and rarely consider
spatial heterogeneity in prey isotopic values (but
see Hebert et al. 1999, Ramos et al. 2009, Moreno
et al. 2010). In our study, we obtained large sam-
ples of individuals in most prey categories and
achieved this across the whole study area, to assess
whether individuals differed in their isotopic
values due to environmental variation caused by
proximity to the sea or habitat variation. For Rab-
bits and Domestic Pigeons we found that individu-
als collected in Eagle territories close to the sea
showed higher d34S than individuals from inland
territories (Fig. 2), in accordance with the general
trend of higher d34S in species inhabiting marine
ecosystems (Thode 1991, Deegan & Garritt 1997,
Connolly et al. 2004). Moreover, Yellow-legged

(a)

(b)

Figure 5. Bland–Altman plots showing the agreement
between ITEMS and SIAR (a) or BIOMASS and SIAR (b) in
main prey consumption estimates (%) at the territory–year
level. The y-axis shows the difference in prey consumption
estimates between ITEMS and SIAR (a) or BIOMASS and
SIAR (b). The x-axis shows mean prey consumption estimates
from both methods: (ITEMS+SIAR)/2 (a) or (BIOMASS+SIAR)/
2 (b). Solid black lines at 0 indicate total method agreement
(i.e. both methods estimated the same prey consumption per-
centage), whereas dashed lines at � 50 indicate a disagree-
ment in the method’s prey estimates higher or lower than
50%. The linear trend between the variables plotted is shown.
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Gulls, the only marine prey species detected in
the diet of Bonelli’s Eagle in our study, showed
the highest d34S values of all analysed prey. This
supports the use of d34S in distinguishing among
the terrestrial and marine components in the diet
of predator species foraging in both marine and
terrestrial ecosystems (Moreno et al. 2010, Ramos
et al. 2013). Conversely, prey isotopic values did
not vary across habitat types, except in the case of
Domestic Pigeons from agricultural habitats,
which showed significantly higher d15N than those
from scrubland habitats (Fig. 2). This may be
related to the use of nitrate-based fertilizers in
agricultural areas (Choi et al. 2007) and the ten-
dency of Domestic Pigeons to forage on agricul-
tural crops in the study area (Authors pers. obs.).
Based on these results, prey isotopic values
included in SIAR for European Rabbits and
Domestic Pigeons were selected according to envi-
ronmental features (i.e. proximity to the sea and
habitat type) of Eagle territories (Table 1), thus
allowing consideration of spatial heterogeneity in
prey isotopic values and increasing model accuracy
when estimating Bonelli’s Eagle nestling diet. The
fact that the isotopic values of nestlings generally
lay within the d-space delineated by main prey
categories previously corrected by TEFs (Fig. 1)
suggested both that main prey categories were
representative of nestling diet, and that prey isoto-
pic values and TEFs were reasonable. Overall, our
isotopic characterization of prey highlights the
importance of an extensive prey sampling strategy
to avoid equivocal interpretations from isotopic
prey base values and to resolve mixing models
with higher reliability.

There was an overall agreement between pellet
analysis (in terms of both items and biomass) and
SIAR when estimating prey consumption by
Bonelli’s Eagles at the population level. Both meth-
ods estimated similar means and ranges for prey
consumption, and showed that Rabbits and pigeons
were consumed more than Partridges, passerines,
Gulls and Squirrels (Fig. 3). Our results therefore
suggest that both pellet analysis and SIAR are suit-
able methods to assess the diet of avian predators
at the population level (Real 1996, Resano et al.
2011). At the territory level, we also found
broad agreement in the relative rankings of prey
consumption rates; that is, the most-consumed
prey as assessed by pellet analysis was the same
prey category identified as most-consumed by
SIAR, and similarly for the least-consumed prey

category (Fig. 4). This result supports the applica-
bility of isotopic mixing models to infer main prey
consumption patterns in territorial raptor species.
In contrast, the intraclass correlation coefficient
showed poor agreement when comparing con-
sumption estimates of all prey categories in the
same analysis, probably due to differences in agree-
ment between methods for individual prey catego-
ries. For instance, the prey item counts and SIAR
showed agreement in their consumption estimates
of Rabbits, pigeons and Gulls, and biomass estima-
tion and SIAR did the same for pigeons and Gulls
(Table 2). We did not find significant agreement
between methods for passerines and Squirrels;
however, the ICCs showed certain similarities
between method for those prey, especially between
the biomass estimation and SIAR. The fact that
passerines and Squirrels were the main prey cate-
gories with the lowest biomass could make them
susceptible to be underestimated by the pellet
analysis. Finally, we found poor agreement
between methods in consumption estimates for
Partridges, although we could not identify any evi-
dence or possible causes to explain this.

Despite an overall agreement between the pellet
analysis and SIAR in terms of main prey estimates,
noticeable method discrepancies were found in the
estimated percentages of some prey, especially at
the territory level. This was not related to the ori-
gin of pellets (i.e. adults vs. nestlings) because
adults rarely leave pellets in the nest (J. Real pers.
obs.), but could be related to the fact that pellets
and nestling feathers were temporally mismatched.
Pellets represented nestling diet during the whole
rearing period, whereas the isotopic composition of
nestling feathers represented diet during feather
growth (i.e. approximately half of the whole
rearing period). Nevertheless, this would only
affect our results in those cases where nestling diet
changed during the second half of the rearing
period.

In conclusion, our results support the potential
of intrinsic biogeochemical markers (i.e. d13C,
d15N and d34S) to infer the main prey consump-
tion of raptor nestlings by analysing the isotopic
composition of their feathers. Moreover, and in
accordance with other isotopic studies of predator
species, the use of d34S could serve to assess the
marine prey components in those raptor species
foraging on both terrestrial and marine ecosystems
(see Chamberlain et al. 2005). The use of isotopic
mixing models to assess nestling diet would also
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allow individual diet estimates, thus offering a
valuable approach to investigate the foraging
ecology of individuals within a population, its eco-
logical causes and fitness or evolutionary conse-
quences. Nevertheless, the use of isotopic mixing
models requires previous information of the spe-
cies’ feeding ecology, usually assessed by conven-
tional diet analysis, a comprehensive prey isotopic
characterization and reliable TEF estimates, which
are usually available for some model species (e.g.
Peregrine Falcon) but may be difficult to obtain
for a particular species of interest. Future empirical
research will contribute to a deeper understanding
of the applicability and potential biases associated
with isotopic analyses in avian predators, and we
particularly encourage research to evaluate the
usefulness of isotopic approaches to study the for-
aging ecology and its ecological implications in rap-
tor species worldwide.
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Abstract

Inter-individual diet variation within populations is likely to have important ecological and evolutionary implications. The
diet-fitness relationships at the individual level and the emerging population processes are, however, poorly understood for
most avian predators inhabiting complex terrestrial ecosystems. In this study, we use an isotopic approach to assess the
trophic ecology of nestlings in a long-lived raptor, the Bonelli’s eagle Aquila fasciata, and investigate whether nestling
dietary breath and main prey consumption can affect the species’ reproductive performance at two spatial scales: territories
within populations and populations over a large geographic area. At the territory level, those breeding pairs whose
nestlings consumed similar diets to the overall population (i.e. moderate consumption of preferred prey, but
complemented by alternative prey categories) or those disproportionally consuming preferred prey were more likely to
fledge two chicks. An increase in the diet diversity, however, related negatively with productivity. The age and replacements
of breeding pair members had also an influence on productivity, with more fledglings associated to adult pairs with few
replacements, as expected in long-lived species. At the population level, mean productivity was higher in those population-
years with lower dietary breadth and higher diet similarity among territories, which was related to an overall higher
consumption of preferred prey. Thus, we revealed a correspondence in diet-fitness relationships at two spatial scales:
territories and populations. We suggest that stable isotope analyses may be a powerful tool to monitor the diet of terrestrial
avian predators on large spatio-temporal scales, which could serve to detect potential changes in the availability of those
prey on which predators depend for breeding. We encourage ecologists and evolutionary and conservation biologists
concerned with the multi-scale fitness consequences of inter-individual variation in resource use to employ similar stable
isotope-based approaches, which can be successfully applied to complex ecosystems such as the Mediterranean.
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Introduction

The trophic niche of a species refers to the range of food sources

it uses and is a key component of the n-dimensional hypervolume

niche concept [1]. Classical models based on the optimal foraging

theory assume that individuals within populations respond

similarly to spatial and temporal heterogeneity in resource

availability [2–4]. According to this theory, individual consumers

are expected to take preferred resources when food availability is

high, or expand their food range by adding suboptimal resources

when resource availability lowers [5–7]. More recently, variations

in trophic resource use among individuals within a population

have been highlighted to be a widespread phenomenon in nature,

what may result from a broad range of mechanisms [8]. Apart

from sex, age or individual’s phenotype, individual diet variation

may arise from their differences in dominance, experience or

foraging ability [8–12]. Consequently, both extrinsic ecological

factors and intrinsic organismal traits may generate a dietary

spectrum within the population.

Despite the increasing understanding of the causes of individual

diet variation within animal populations, its implications in terms

of individual fitness are still poorly understood. Differences in

trophic resource use among individuals are likely to affect their

energy income and, therefore, to have an impact on fitness [13–

15]. In this regard, individual diet variation has been shown to

differently influence breeding success in several avian species, an

issue particularly studied in seabirds [16–19]. For instance,
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individuals with lower diet diversity may increase their breeding

success provided that low trophic diversity is the result of

specialization on preferred prey [16,20]. The superior fitness of

individuals with specialized diets, however, is not a universal

pattern, and numerous studies have documented the fitness

benefits of a generalized diet [19,21]. Therefore, the fitness

consequences of individual dietary variation are not always easy to

predict as different feeding strategies may be advantageous for

different species and/or ecological scenarios, or even between

different individuals within a population, depending on multiple

factors like the nutritional quality of food, the physiology of the

consumer, or the spatial and temporal availability of prey [21–24].

Several important drivers of the structure and dynamics of

populations and communities, such as intraspecific competition,

predation risk or parasitism, are linked to individual’s resource use.

Consequently, theoretical studies have highlighted the importance

of intraspecific diet variation in shaping populations and

communities [25–27]. In this regard, several studies have linked

lower dietary diversity with higher breeding success at the

population level, what has been explained by a higher consump-

tion of preferred prey in those populations with lower diet diversity

[28–30]. Conversely, populations exposed to heterogeneous

landscapes or changing environmental conditions (e.g. food

availability) can perform better if individuals within the population

diversify in food resource use [8]. In fact, the correspondence

between both scales (i.e. intra-population resource use and

population processes) remains largely unknown in most natural

systems so further studies are required to investigate how the

relationship between diet and fitness at the individual level

translates to the population scale.

Stable isotope analyse (SIA) of carbon (d13C) and nitrogen

(d15N) has been increasingly used by animal ecologists to assess

individual resource use and intra-population niche partitioning

[31–33], as it provides insightful dietary information at the

individual level difficult to obtain by conventional procedures. In

particular, the isotopic composition in metabolically inert tissues

(e.g. feathers), represents consumer’s diet at the time of deposition

(e.g. feather growth), so SIA are a powerful tool to assess animal

(e.g. avian) temporal and spatial dietary information at both the

individual and population levels [34,35]. Consumer isotopic data

delineated in d-space (e.g. d13C-d15N bi-plot), has been termed the

‘‘isotopic niche’’ [32], and is thought to be closely aligned with the

true trophic niche. Recently developed metrics based on d-space
also allow for a species’ trophic structure and diet diversity to be

quantified not only at the individual, but also at the population

and community levels [36,37]. Complementarily, the use of

isotopic mixing models allow for individual diet reconstructions by

converting isotopic data of consumers and main food resources

into dietary proportions (p-space) [38–40], that can be translated

into niche-width metrics commonly used by ecologists [41].

Surprisingly, the use of SIA to assess the trophic ecology of

terrestrial avian top predators, either at the territory or the

population levels, has rarely been done (but see [24,42]).

In this study, we use an isotopic approach to assess the trophic

ecology of a long-lived raptor, the Bonelli’s eagle Aquila fasciata, to

explore the relationship between nestling diet and reproductive

performance at both the territorial and population scales. Bonelli’s

eagle is a suitable model species because it shows marked intra-

and inter-population demographic variations across its western

European distribution range [43]. Moreover, the marked popu-

lation decline occurred in this area in recent decades has been

partly related to habitat degradation and main prey scarcity [44].

Here, both European rabbits Oryctolagus cuniculus (mostly) and red-

legged partridges Alectoris rufa have been suggested to be optimal

prey for Bonelli’s eagle, so that they are preferentially consumed

wherever they are abundant, and their consumption reduces

eagle’s diet diversity [45–49]. The dietary variation among

territories is however substantial, and is thought to be influenced

by habitat heterogeneity linked to crashes in rabbit numbers

around two decades ago due to outbreaks of rabbit haemorrhagic

disease, which indirectly impacted on the abundance of partridges

and possibly other prey [46,48,50,51]. In the post-disease period,

the average consumption of rabbits and partridges has been

relatively low in most populations of western Europe, particularly

in those located in the north of the Iberian Peninsula and France

[48], what could reveal unprecedented effects of eagles’ diet on

fitness components such as breeding success (see [46]).

The specific objectives of this study were to i) describe the

isotopic niche width and structure (as a proxy of trophic niche) of

Bonelli’s eagle nestlings in three populations of western Europe, ii)

estimate nestling prey consumption at the intra-population (i.e.

territory) level using isotopic mixing models, and iii) test the

relationship between the dietary estimates and isotopic niche

metrics with breeding success at both the territory and population

levels. Our main prediction is that those territories and popula-

tions where nestlings have narrower trophic niches, what is

expected to occur where nestling diets largely rely on rabbits and/

or partridges, will perform better in terms of breeding success.

Materials and Methods

Ethics Statement
Both the monitoring of breeding pairs and sample collection of

Bonelli’s eagles were conducted to conform to the legal

requirements of competent organisms. Permission to monitor

breeding activity and to access nests in order to handle and sample

eagle’s nestlings and prey remains was granted by the CRBPO

(Centre de Recherches sur la Biologie des Populations d’Oiseaux)

that validates the banding program delegated by the Ministère de

l’Écologie, du Développement durable et de l’Énergie (French

Government) in France, by the ‘‘Servei de Biodiversitat i Protecció

dels Animals’’ (Generalitat de Catalunya) in Catalonia, and by

‘‘Consejerı́a de Medio Ambiente’’ (Junta de Andalucı́a) in

Andalusia. To avoid disturbance, breeding monitoring observa-

Figure 1. Distribution area (shaded polygons) of Bonelli’s eagle
in western Europe (modified from [43]). In darker grey we show
the monitored populations, north to south, southern France, Catalonia
and Andalusia (see legend).
doi:10.1371/journal.pone.0095320.g001
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tions were always carried out away from nests by using 10x

binoculars and 20–60x spotting scopes.

Study Area
From 2008 to 2011 we monitored the main vital rates in 131

territorial Bonelli’s eagle pairs located in three populations across

the species’ western European range, north to south, Provence and

Languedoc-Roussillon (43u589N, 03u209E; southeast France;

n=30 and 31 pairs in 2010 and 2011, respectively), Catalonia

(41u209N, 01u329E; northeast Spain; n=52, 40, 44 and 45 in

2008, 2009, 2010 and 2011, respectively) and Andalusia (37u769N,
03u859W; southeast Spain; n=45 in 2011) (Figure 1). The

population in France had a breeding density of 0.29 territorial

pairs/100 km2, it showed a mean productivity of 0.98 fledglings/

pair, an adult survival of 0.880, and the mean percentage of non-

adult birds in territorial pairs was 8.39. The population in

Catalonia had a breeding density of 0.64, it showed slightly higher

values of productivity (1.13) and adult survival (0.889), and the

mean percentage of non-adult birds was 10.81. The population in

Andalusia had a breeding density of 0.85, it showed the highest

values of productivity (1.23) and adult survival (0.926), and the

mean percentage of non-adult birds was 3.86 [43]. All breeding

nests were located on cliffs, and territories varied markedly with

respect to habitat features, prey abundances or human activity

[44].

Data Collection
To assess the breeding success and productivity of monitored

territorial pairs, known breeding areas were yearly visited a

minimum of five days during the whole breeding period. Between

January and March we checked the presence of territorial birds

and breeding activity (i.e. incubation behaviour). In late March

and April, occupied nests were checked to detect the presence,

number, and age of nestlings, which was estimated by feather

development and backdating from laying date [52]. Nestlings at

the age of $50 days old were assumed to have fledged successfully

[53].

For each territorial pair, individual turnover events or

replacements (i.e. if the same individuals/pairs occupied the same

territories across years) were estimated by comparing the plumage-

ages of the male and the female in two consecutive years [54].

Each pair was classified as adult (both individuals with an adult

plumage) or non-adult (at least one individual with a non-adult

plumage) [55].

Once nestlings were on average 35–40 days old, we accessed

breeding nests with the assistance of experienced climbers to

sample four mantle feathers from each chick for SIA purposes.

Nestlings were sampled in a subset of the monitored territories,

involving 21 different breeding territories in France (n=20 and 12

in 2010 and 2011, respectively), 38 in Catalonia (n=20, 17, 25,

and 24 in 2008, 2009, 2010 and 2011, respectively) and 12 in

Andalusia 2011. The isotopic composition of sampled feathers

reflects nestling diet during tissue development and was used to

estimate both the isotopic niche metrics at the population level and

the proportional contribution of main prey categories to nestling

diets at the territory-year level (see below).

To characterize main prey isotopic values we obtained samples

from the three studied populations by collecting a small piece of

muscle from carcasses found at the nests at the same time as chick

feathers were sampled. Prey tissue collections were supplemented

Figure 2. Stable carbon (d13C) and nitrogen (d15N) isotope values (%) in Bonelli’s eagle nestlings and their main prey. Prey isotopic
values were corrected for trophic discrimination factors (i.e. 2.1 and 2.7% for d13C and d15N, respectively; [59]). Single data points represent nestlings
of each territory-year, with different symbols for France, Catalonia and Andalusia. Prey categories (mean 695% SD) included: European rabbits, red-
legged partridges, wood pigeons, domestic pigeons wildly foraging in crops (1), domestic pigeons from dovecotes and fed with corn (2), passerines,
Eurasian red squirrels, and ocellated lizards (see figure legend).
doi:10.1371/journal.pone.0095320.g002
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with dead individuals collected in the surroundings of eagles’

breeding territories in Catalonia (see [42]). We did not find any

evidence of prey isotopic differences among the three populations

when comparing the main prey categories, i.e. rabbits, partridges

and pigeons. Therefore, we combined all samples of each prey

group to calculate mean 6 SD prey isotopic values for the whole

study area.

Stable Isotope Analyses
The isotopic ratios of Carbon (13C:12C) and Nitrogen (15N:14N)

were measured for both nestling feathers and prey muscle samples

following the procedure described in [42]. Subsamples of

approximately 0.35 mg of feathers and 0.32 mg of muscle were

loaded in tin recipients and crimped for combustion. All isotopic

measurements were conducted at the ‘‘Centres Cientı́fics i

Tecnològics, Universitat de Barcelona’’.

Stable isotope values are reported following the conventional d
notation, where d13C or d15N= [(Rsample/Rstandard) –1]*1000 (%),

and R is the corresponding ratio 13C:12C or 15N:14N. International

Rstandards were Pee Dee Belemnite (PDB) for d13C and

atmospheric nitrogen (AIR) for d15N. The measurement precisions

were #0.15% and #0.25% for d13C and d15N, respectively.

Population Isotopic Niche Metrics
Our population approach was based on each population-year

sampled (n= 7; France 2010–2011, Catalonia 2008–2011 and

Andalusia 2011). To address Bonelli’s eagle nestling trophic

structure at the population-year level we used the isotopic metrics

originally proposed by Layman et al. [36], and recently extended

by Jackson et al. [37]. Each territory-year was a single observation;

in territories with two chicks, we calculated mean isotopic values of

siblings because they showed similar isotopic values (see [56]). The

following isotopic niche metrics were calculated based on the

d13C-d15N bi-plot (i.e. d-space) as described in [37]: d13C range

(CRb) and d15N range (NRb) to assess the total carbon and

nitrogen ranges in the consumed prey; mean distance to centroid

(CDb) as a measure of population trophic diversity; and standard

deviation of nearest neighbour distance (SDNNDb) to infer

population trophic evenness. All these metrics were bootstrapped

(‘b’; n=10000) based on the minimum number of territories

(n=12) in the data set of population-years, which allows

comparisons among population-years despite different territorial

sample sizes [57]. Finally, we calculated the corrected standard

ellipse area (SEAc) to estimate the isotopic niche width of each

population-year. The SEAc measures the core isotopic niche area

(ca. 40% of the data) and corrects for bias associated with small

sample sizes [37].

Nestling Prey Consumption Estimates
We used the Bayesian mixing model SIAR (Stable Isotope

Analysis in R; [40,58]) to estimate the relative contribution of

main prey categories to nestling diets at the territory-year level.

Main prey categories included into SIAR were European rabbits,

red-legged partridges, wood pigeons Columba palumbus, domestic

pigeons C. livia dom., passerines (Corvidae, Sturnidae and

Turdidae), Eurasian red squirrels Sciurus vulgaris, and ocellated

lizards Timon lepidus [48]. Based on d13C values, domestic pigeons

were divided in two categories to account for the marked isotopic

differences observed between individuals foraging on crops (i.e.

lower d13C) and those associated with dovecotes and fed with corn

Zea mays (i.e. higher d13C) (see Table S1 for prey isotopic values).

The d13C-d15N bi-plot with nestling and main prey isotopic values

corrected for trophic discrimination factors (TDFs) is shown in

Figure 2. We used TDFs values of 2.1%60.08 for d13C and 2.7%

Figure 3. Corrected standard ellipse areas (SEAc) estimated
from d13C and d15N values (%) in Bonelli’s eagle nestlings. A)
SEAc in Catalonia 2008–2011 (light to dark blue), B) SEAc in France

Effects of Nestling Diet on Breeding

PLOS ONE | www.plosone.org 4 April 2014 | Volume 9 | Issue 4 | e95320



210     
 

Resano-Mayor et al. (2014) PLoS ONE, 9, e95320       

60.5 for d15N, calculated from feathers of peregrine falcons Falco

peregrinus fed on muscle of Japanese quail Coturnix japonica [59].

Mean prey consumption estimates from SIAR were selected for

subsequent analyses. To investigate the sensitivity of prey

consumption estimates to inaccuracy in our TDFs, we varied

1% those values used for d13C (1.6–2.6%) and those used for d15N
(2.2–3.2%) by maintaining the SD of 0.08 and 0.5 for d13C and

d15N, respectively [59]. On average, main prey consumption

estimates varied less than 4% for the mean contributions to the

diet. Therefore, we were confident on our previous results based

on the TDFs obtained from the literature since even changes in

1% in the TDFs do not considerably affect our mean prey

consumption estimates from SIAR.

Data Analysis
Main prey consumption estimates from SIAR were used to

assess nestlings’ diet diversity and prey consumption specificity at

the territory-year level. The Shannon-Weaver index (H9) was used
to calculate the diet diversity [60]. To estimate nestlings’ prey

consumption specificity we used the proportional similarity index

(PSi) [41], which measures the diet overlap between an individual

(i.e. nestlings in a territory-year in our approach) and its

population (i.e. mean diet in the whole set of territory-years

sampled in the study area). PSi tends towards 1 in those territories

where nestling prey consumption is similar to the mean population

diet, and is increasingly lower when prey consumption differs from

the mean diet. In order to enhance the interpretation of our

results, we also assessed the relationship between H9 and PSi.

Moreover, we tested the existence of preferred prey in our study

area by relating mean consumption of each prey category and H9
at the territory level through Spearman rank correlation tests [49],

as higher consumption of preferred prey has been suggested to be

inversely related with predator’s H9 [6].
To test the diet-fitness relationship at the territory-year level we

applied Generalized Linear Mixed Models (GLMMs), which

allowed accounting for the potential non-independence of

clustered observations from the same territories, years and

populations. Due to limitations imposed by the isotopic analysis

(i.e. nestlings can only be sampled if breeding pairs are successful

in hatching and rearing chicks), our territorial diet estimates only

included successful breeding pairs. In our study area, spatial

autocorrelation in productivity is absent between populations [43]

and, therefore, we included territory and year nested by

population as random categorical factors. In this analysis,

productivity of breeding successful pairs (i.e. probability of

producing two chicks instead of one) was modeled as a binomial

response variable using a logit link function. Error distributions

were assumed to be binomially distributed. We evaluated a set of

models including the following explanatory variables: age of the

breeding pair and mate replacement (categorical factors);

consumption of rabbits, consumption of partridges, H9 and PSi
(continuous variables). We also included the interaction between

H9 and PSi, and the quadratic effect of these two variables to test

whether a parabolic trend fitted the model response (i.e. higher

and lower values of either H9 or PSi imply an advantage/

disadvantage in terms of productivity compared with intermediate

values of these variables) (see Table S2 for details on model

parameters and their interactions). Ages of the breeding pair and

mate replacements were included in all the models due to their

2010–2011 (light to dark orange), and C) SEAc in France, Catalonia and
Andalusia 2011 (dark orange, dark blue and green, respectively). Same
symbols represent nestlings from the same population-year.
doi:10.1371/journal.pone.0095320.g003
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potential influence on reproductive parameters [61,62]. GLMMs

were fitted using the lmer function from the lme4 package of R

[63]. Model selection was based on Akaike’s Information Criterion

adjusted for sample size (AICc), computing the Akaike weights

(AICcw) to assess the probability that each candidate model was

the best of the proposed set [64]. The goodness-of-fit of each

model was estimated from marginal (R2
GLMM(m)) and conditional

(R2
GLMM(c)) coefficients of determination, following [65]. The

R2
GLMM(m) value shows the proportion of the variance in the raw

data explained by the fixed effects only, while the R2
GLMM(c) value

shows the proportion of the variance explained by the full model,

including both fixed and random effects.

Regarding the diet-fitness relationship at the population-year

level, we used Spearman rank correlation tests to assess for any

relationship between mean productivity and either SEAc or

SDNNDb. Mean productivity for each population-year was

calculated either as the mean number of fledglings in the

successful breeding pairs or the mean productivity in all monitored

territorial pairs (i.e. successful breeders or not). In this second

analysis we assumed that the SEAc and the SDNNDb obtained

from successful breeders were representative of the trophic niche

structure in the whole population-year.

Statistical analyses were conducted using the R statistics

platform (CRAN 2009) and SPSS (PASW 18.0).

Results

Population Isotopic Niche Metrics
Overall, the isotopic values of Bonelli’s eagle nestlings ranged

from 224.85 to 219.26% for d13C (mean 6 SD: 2
22.5661.08%; n=130 nests), and from 2.34 to 11.03% for

d15N (6.6561.36%). France 2010 had the largest CRb, Catalonia

2009 the largest NRb, while Andalusia 2011 showed the lowest

values for both CRb and NRb. The CDb and SDNNDb in

Andalusia 2011 was substantially lower than all other population-

years, suggesting higher trophic diversity and lower even

distribution of nestling trophic niches in France and Catalonia if

compared with Andalusia. Accordingly, the SEAc in Andalusia

2011 was notably lower than any other population-year, being

four times lower than Catalonia 2009, the highest SEAc obtained

in our study (Table 1; Figure 3).

Prey Consumption Estimates
Rabbits and partridges were the prey categories that most

varied in terms of consumption among population-years, with

Andalusia 2011 showing the highest mean consumption of these

two prey, and Catalonia 2008 showing the lowest values (Table 2).

Considerable variation in prey consumption was found among

territories within the same population in a given year both in

France or Catalonia, especially in the consumption of rabbits,

partridges, domestic pigeons from dovecotes and squirrels. On the

other hand, territories in Andalusia showed more homogeneous

diets, with higher variation in the consumption of partridges than

rabbits (Table 2).

At the territory level, H9 was strongly negatively correlated with

the consumption of rabbits (rs=20.92, P,0.001) and partridges

(rs=20.82, P,0.001; Figure S1), but positively correlated with the

consumption of wood pigeons (rs=0.90, P,0.001), domestic

pigeons from dovecotes (rs=0.95, P,0.001), passerines (rs=0.89,

P,0.001), squirrels (rs=0.90, P,0.001), and ocellated lizards

(rs=0.81, P,0.001). We did not find a significant linear

correlation between H9 and PSi (rs=0.205, P.0.05). Nevertheless,

we found that the mean population diet (i.e. highest PSi) coincided

with intermediate H9 values, so either higher H9 (i.e. more
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generalized diets) or lower H9 (i.e. more specialized diets) reduced

PSi values (see Figure S2).

Influence of Nestling Diet on Productivity
The GLMMs showed that the productivity at the territory-year

level was best explained by the age of pair and mate replacement,

and by the age of pair and mate replacement together with the

quadratic effect of PSi or the negative effect of H9 (Table 3, Table
S3). That is, either adult breeding pairs feeding their chicks with

similar diets to the overall population (highest PSi values and

intermediate H9) or pairs disproportionally exploiting a single or

few preferred prey types (lowest values of both PSi and H9) were
more likely to fledge two chicks than pairs with nestling showing

intermediate PSi values and higher H9 (see Figures 4 and S2).

Nevertheless, the coefficient of determination of best fitted models

indicated that the models have in general rather low explanatory

power (see Table 3).

At the population-year level, mean productivity of successful

pairs were not correlated neither with SEAc (rs=20.54, P=0.215)

nor with SDNNDb (rs=20.40, P=0.379). We found, however, a

significant and negative correlation between mean productivity in

the whole population-year and the SEAc (rs=20.86, P=0.014),

and a marginally significant negative correlation between mean

productivity and the SDNNDb (rs=20.72, P=0.068), suggesting

that those population-years with more heterogeneous territories in

terms of diet were less productive than population-years with

territories showing more homogeneous prey consumption patterns

(Figure 5).

Discussion

Inter-individual diet variation is a widespread phenomenon

within animal populations, but traditionally underappreciated [8].

Theory and empirical evidence of its ecological causes and eco-

evolutionary consequences have been intensively addressed in

recent years [8,10,19,27]. In the case of terrestrial territorial

predators, spatial differences in the abundance and availability of

prey have been highlighted as an important factor influencing

individual (e.g. territorial) diet differences [21,24], but its fitness

consequences to avian predators inhabiting terrestrial complex

ecosystems like the Mediterranean region are poorly known. In

this study, we used an isotopic approach to assess inter-individual

(i.e. inter-territorial) diet variation within three Bonelli’s eagle

populations of western Europe, and how different prey consump-

tion patterns affected both the territory and the population

breeding performance.

The use of SIA to assess the trophic niche width and individual

resource partitioning within and among populations has proved a

powerful tool in recent years [31,32,34,35]. The sensitivity analysis

on the TDFs supported our dietary results at the territory level,

which, overall, highlighted diet variation among territories in the

French and Catalonian populations (the northernmost populations

of Bonelli’s eagle in Europe), while territories in the Andalusian

population showed more homogeneous diets (Table 2). Differences

in the intra-population diet variation could be explained by higher

heterogeneity in prey availability among French and Catalonian

territories compared with those in Andalusia, especially in terms of

rabbits, partridges, domestic pigeons from dovecotes or squirrels,

which were the most variable prey in the diet (Table 2). We also

found a significant negative correlation between territorial

consumption of rabbits or partridges and H9, suggesting these

prey are optimal for Bonelli’s eagle in the study area [3,6] as found

in previous studies that used traditional diet examination methods

[46,48,49]. Thus, rabbits and partridges could be positively

selected by Bonelli’s eagle when available, reducing the diet

diversity, while higher consumption of other prey like pigeons,

Table 3. Model selection to assess the effects of age, mate replacements and diet on the productivity of breeding successful pairs.

Model definition DAICc AICcw R2
GLMM(m) R2

GLMM(c)

1. Age+Replacement 0.000* 0.215 0.036 0.109

2. Age+Replacement+PSi+PSi
2 0.301 0.185 0.107 0.206

3 Age+Replacement+H9 1.774 0.088 0.042 0.114

4. Age+Replacement+(OC+AR) 2.074 0.076 0.038 0.111

5. Age+Replacement+OC 2.129 0.074 0.037 0.105

6. Age+Replacement+PSi 2.149 0.073 0.037 0.108

7. Age+Replacement+AR 2.173 0.072 0.037 0.119

8. Age+Replacement+H9+H92 3.331 0.041 0.058 0.118

9. Age+Replacement+(OC+AR)+H9 3.693 0.034 0.048 0.122

10. Age+Replacement+OC+H9 3.852 0.031 0.045 0.132

11. Age+Replacement+AR+H9 4.078 0.028 0.042 0.110

12. Age+Replacement+(OC+AR)+PSi 4.320 0.025 0.039 0.109

13. Age+Replacement+OC+PSi 4.362 0.024 0.038 0.104

14. Age+Replacement+AR+PSi 4.399 0.024 0.038 0.115

15. Age+Replacement+H9+PSi+(H9*PSi) 6.185 0.010 0.047 0.120

Model definition enumerates the fixed effects considered in the GLMMs. All models included territory and year nested by population as random effects.
*Best model AICc= 174.899.
Note: OC= rabbit consumption; AR =partridge consumption; H9=diet diversity; PSi = prey consumption specificity. Parameters’ interactions are denoted by (*), while (2)
indicates a quadratic effect. DAICc refers to the difference in the corrected Akaike Information Criteria (AICc) between model i and the model with the lowest (AICc) (i.e.
the best model). Models with DAICc ,2 are shown in bold type. The Akaike weights (AICcw) explains the probability that a given candidate model is the best of the
proposed set, so the sum of all the models is 1.0. R2GLMM(m) estimates model fit using fixed effects only, while R2GLMM(c) estimates model fit including both fixed and
random effects.
doi:10.1371/journal.pone.0095320.t003
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Figure 4. Responses of the second and third best models based
on the GLMM approach. The productivity of successful breeding
pairs (i.e. probability of producing two chicks instead of one) was the
response variable, and age of breeding pairs, individual replacement,
nestling prey consumption specificity (PSi) or diet diversity (H9) are the
explanatory variables. The graphic (A) represents the modeled
probability of fledging two chicks (y-axis, probabilities between 0.5
and 1.0) if only considering adult pairs with no individual replacement,
and using the range of observed PSi values (solid line and lower x-axis,
PSi between 0.62 and 0.97) or H9 values (dashed line and upper x-axis,
H9 between 1.23 and 2.08). The graphics (B and C) shows the real data
used in the GLMM, with the x-axis representing PSi (B) or H9 (C) values of
each territory, and the y-axis the proportion of territories fledging one
(light bars) or two (dark bars) chicks.
doi:10.1371/journal.pone.0095320.g004

Figure 5. Correlations between mean productivity and both
the SEAc and the SDNNDb at the population-year level. Mean
productivity refers to A) only successful pairs and B) the whole
monitored population (either successful or not successful breeding

Effects of Nestling Diet on Breeding

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e95320



214     
 

Resano-Mayor et al. (2014) PLoS ONE, 9, e95320       

other birds, squirrels or lizards could compensate a shortage of the

former prey, especially in some territories in France and Catalonia

(see [48,49,66]). The challenge then was to assess whether

differences in prey consumption at both the territory and

population levels could affect breeding performance.

The fitness consequences of individual diet variation are the

result of a complex interplay between individual foraging behavior

and abilities, variation in resource preferences, and heterogeneity

in resource availability. Thus, different feeding strategies may be

advantageous for different species and/or ecological scenarios, an

issue mostly addressed in some colonial seabirds [16,17,19].

Consumers may increase their breeding success by specializing

when capturing prey for their chicks, probably because they

become more efficient foragers [16]. Conversely, differences in

reproductive success between specialists and generalists not always

emerge, presumably because both foraging strategies can be

advantageous at different levels of prey abundance or predictabil-

ity [19]. Nevertheless, studies on terrestrial territorial avian

predators have been scarce (but see [20,21,24]), probably due to

the difficulty in monitoring predator’s main vital rates and their

dietary patterns on large spatial scales.

At the territory level, Bonelli’s eagle productivity was higher in

those territories showing few individual turnover rates, as expected

in long-lived species [61,62], and according with the fact that

among birds, reproductive success often increases with age [67].

The lower productivity we found in non-adult breeding pairs

could be related with their intrinsic lower quality (e.g. breeding

inexperience, lower foraging efficiency or competitive ability) (see

[61,68]). Diet had also an effect on the productivity of breeding

successful pairs, and both prey consumption specificity (PSi) and

diet diversity (H9) allowed predicting the number of chicks fledged

(Figure 4). Pairs disproportionally exploiting a single or few

preferred prey types (lowest values of PSi and H9) were more likely

to fledge two chicks. Nevertheless, there were few territories where

nestlings disproportionally consumed rabbits and/or partridges,

suggesting that the scenario of superabundance of preferred prey is

rare in the study area (see [48]). Furthermore, pairs whose

nestlings consumed prey in similar proportions than the overall

population (highest PSi values and intermediate H9) were also

more likely to fledge two chicks. In this case, mean population diet

included moderate consumption of rabbits, pigeons and partridg-

es, which possibly corresponds to the more common scenario in

suitable habitats for the Bonelli’s eagle in our study area. Our

results thus suggest that Bonelli’s eagles may benefit in terms of

productivity either from high consumption of preferred prey like

rabbits and/or partridges, but also from moderate intake of these

prey provided that they are abundantly complemented by some

key alternative prey, such as pigeons. High values of diet diversity,

however, had a negative effect on productivity, possibly as a

consequence of higher consumption of a variety of suboptimal

prey triggered by the scarcity of preferred prey (see [5]). It is worth

to mention that our best fitted models had low explanatory power.

This fact could be related to low variation in diet composition due

to the exclusion of data from unsuccessful pairs. Nevertheless,

other causes apart from diet may have great impact on

productivity (e.g. human disturbances, inter-specific competition,

etc.), which can difficult our ability to detect the diet effects on

productivity. Additionally, we do not discard that high turnover

rates may generate covariation between diet diversity and

productivity (see [69]).

At the population-year level, we found a negative correlation

between mean productivity and the SEAc (Figure 5), suggesting a

link between higher productivity and lower trophic niche width.

The productivity of successful pairs, however, was not correlated

with any isotopic niche metric, a finding that can be explained

because temporal variance in productivity of successful pairs is

very low in our study area (unpublished data). For instance, in

Catalonia there were poor environmental conditions (e.g. cold and

rainy days) in spring 2009 that negatively affected the productivity

of Bonelli’s eagle, which was remarkably low (0.85, n = 40), while

the productivity of successful pairs on that breeding season (1.71,

n = 17) was similar or even higher than in other years. Apparently,

pairs holding good territories are able to rear chicks even in bad

years [70], but this does not necessarily implies that the

environmental and food supply conditions that these pairs

experience are the same over years, as suggested by our results.

In particular, the population-year with the highest mean

productivity (i.e. Andalusia 2011) showed the lowest SEAc, while

the population-year with the lowest mean productivity (i.e.

Catalonia 2009) showed the highest SEAc. In the case of

Andalusia, lower SEAc was concordant with an overall higher

consumption of preferred prey, which ultimately could have

increased mean productivity [29,71]. Assuming that consumers’

diet diversity usually increase as food becomes limiting [5], our

results suggest higher heterogeneity in preferred prey availability

among territories in France or Catalonia compared with

Andalusia. In contrast, higher consumptions of preferred prey at

the population level increased diet homogeneity among territories,

as we found in the case of Andalusia that showed the lowest

SDNNDb value. Indeed, this population shows the highest values

of main vital rates over the western European range of Bonelli’s

eagle [43]. Differences in individual’s foraging abilities may also

influence diet variation [8]. Nonetheless, inter-individual differ-

ences in foraging behaviour were expected to be similar in the

three populations so we did not expect that this effect may explain

the suggested differences in main dietary patterns of France and

Catalonia compared with Andalusia, which are indeed inter-

connected each other through dispersal processes [43]. Therefore,

we concur with [21] that within population diet variation in our

case study could primarily be a consequence of variation in prey

availability among territories. However, variation in productivity

could also arise from differences in the percentage of non-adult

pairs among populations. In this regard, Andalusia holds the larger

mean percentage of adult pairs and Catalonia the lowest (see

‘‘Study area’’ in ‘‘Materials and Methods’’). Thus, age of breeders,

turnover rates and territory quality could simultaneously affect

reproductive output within a population (as suggested by our

previous results at the territory level), and ultimately drive

productivity at the population level (see [61,69,72,73]).

Our study has relevant conservation implications because

Bonelli’s eagle is a threatened raptor in Mediterranean countries,

and is listed as ‘‘endangered’’ in Europe [74]. We suggest that SIA

could be a useful tool to monitor the species’ diet on large spatio-

temporal scales to detect potential changes in the main prey on

which Bonelli’s eagle depends for breeding. In some Bonelli’s eagle

populations, the low productivity prevents an adequate demo-

graphic balance and recruitment of birds [43]. Thus, improving

the availability of optimal prey as European rabbit and red-legged

partridge in certain Bonelli’s eagle territories can be an important

conservation tool to enhance their viability. Increasing the

pairs). In both cases, the upper x-axis shows the SEAc (corrected
standard ellipse area; open symbols), and the lower x-axis shows the
SDNNDb (standard deviation of nearest neighbour distance boot-
strapped; filled symbols). Trend lines of the relationship between
productivity and either SEAc (solid line) or SDNNDb (dashed line) are
shown. Different symbol shapes represent France (triangles), Catalonia
(circles) and Andalusia (squares).
doi:10.1371/journal.pone.0095320.g005
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populations of alternative prey such as pigeons should be also

considered to compensate the potential shortage of preferred prey,

especially in highly degraded environments and where rabbit

haemorrhagic disease has drastically depleted rabbit abundances

(see [48,66]).

The rapid development of quantitative analytical approaches

for applying stable isotope data in studies of individual animal

foraging ecology offers a new perspective to test hypotheses under

the framework of the optimal foraging theory [2,3]. While dietary

information at the individual level is difficult to obtain for large

avian predator species by conventional diet analysis, isotopic

derived metrics based on both d- and p-space can be used to

address diet variation at the intra-population level, as well as its

eco-evolutionary consequences (see [8,25]). Nevertheless, the

application of stable isotope analyses to assess nestling trophic

ecology is obviously limited to successful breeding territories. A

solution to explore diet-fitness relationships at the territory level

could be to study the diet of parents instead of nestlings, but field

sampling effort (e.g. blood samples for isotopic analysis, pellet

collection, etc.) would notably increase. Another shortcoming of

using stable isotope analyses was that they do not provide

information on biomass consumed, which may also influence

productivity. In our case, however, it has been described a direct

correspondence in both the qualitative and quantitative represen-

tation of the different prey groups in the diet of the Bonelli’s eagle

(at least in part of our study area, [75]), which support our general

conclusions. Overall, in this study we have illustrated that, despite

limitations, monitoring diet and fitness of individuals and

populations distributed over large geographical ranges has indeed

a great potential to further understand the fitness consequences of

variation in resource use within- and between-populations. Also,

we have shown the success of this approach in complex terrestrial

ecosystems like the Mediterranean, where the number of potential

confounding factors is greater than in other predator-prey systems

[49]. Thus, we encourage the use of similar approaches to

ecologists as well as evolutionary and conservation biologists

concerned with the multi-scale fitness consequences (not only

breeding success, but also other indicators such as body condition

or survival) of inter-individual variation in resource use.

Supporting Information

Figure S1 Relationship between the diet diversity (H9)
and the consumption percentage (%) of rabbits (A) and
partridges (B) at the territory level (n=71).
(DOC)

Figure S2 Relationship between the diet diversity (H9)
and the prey consumption specificity (PSi) at the
territory level (n=71).

(DOC)

Table S1 Mean 6 SD (%) values of d13C and d15N in the

Bonelli’s eagle prey categories included in SIAR.

(DOC)

Table S2 Explanatory variables used in the GLMMs to assess

their potential effect on Bonelli’s eagle productivity, classified

either as spatiotemporal parameters, breeding pair parameters or

diet parameters.

(DOC)

Table S3 Summary of model parameter estimates and standard

error of parameter estimates for each model included in the

GLMMs. Models are showed following the same order as in

Table 3.

(DOC)

Acknowledgments

We thank the ‘‘Grup de Suport de Muntanya’’ from the ‘‘Cos d’Agents

Rurals’’ (Departament d’Agricultura, Generalitat de Catalunya), V. Garcı́a

from the ‘‘Ministerio de Agricultura, Alimentación y Medio Ambiente,

Gobierno de España’’, P. Lebreton from the school of paragliding and

climbing N’VOL ROC, N. Vincent-Martin, A. Ravayrol, J. Bautista, J.M.
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