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ABSTRACT. Many studies have reported variation in bird diet composition related to spatial variation in
habitat quality and landscape heterogeneity. Most diet analyses involve collection of food items at a sub-sample of
available sites. Because individuals at different sites may vary in their diet composition, the description of the diet
of a population may depend on which sites are sampled. This potential bias associated with environmental hetero-
geneity has never been explicitly tested. We used dietary data from a long-term study of an owl population to
simulate various scenarios of diet assessment in which the investigator samples food items from various sites without
taking into account their variation in quality. The simulations showed that assessment of diet composition was
highly dependent on the number and type of sites sampled for food items and that such bias causéd by environ-
mental heterogeneity disappeared when food samples were randomly collected at more than 60% of the available
sites. Biases in diet description may affect a large number of studies, especially of territorial species in heterogeneous
landscapes. Similar biases may apply to the assessment of demographic parameters.

SINOPSIS. Sesgo en estudios sobre dietas a razéon de muestreo en ambientes heterogéneos: un es-
tudio de un caso en Bubo bubo

Muchos estudios han informado variaciones en la dieta relacionados con variaciones espaciales en la calidad del
habirtat y lo heterogéneo del medio ambiente. La mayoria de las dietas envuelven el coleccionar articulos alimentarios
y sub-muestras en armonfa con los sitios de muestreo disponibles. Dado el caso de que individuos en diferentes
localidades pueden variar su dieta, la descripcién de la dieta de una poblacién pudiera depender del tipo de localidad
muestreada. Este sesgo asociado a heterogeneidad nunca ha sido puesto apruebas. Utilizamos los datos tomados, en
un estudio de varios afios, sobre la dieta de Bubo bubo para simular varios escenarios de la evaluacién de la dieta
en donde el investigador hubiera tomado datos de diferentes localidades, sin tomar en consideracién la variacién
en la calidad del ambiente. Las simulaciones mostraron que la evaluacién de la composicién de una dieta depende
mayormente, del numero y tipos de lugares muestreados y que dicho sesgo, causado por la heterogeneidad del
medio ambiente, desaparecia cuando las muestras se tomaban al azar en mas del 60% de los lugares disponibles.
Sesgo en la descripcién de la dieta de un ave pudiera afectar muchos estudios que se han hecho, en particular con
especies que viven en ambientes heterogéneos. Sesgos similares pudieran aplicar a la evaluacién de parimetros
demogrificos.
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Variation in diet composition among indi-
viduals of a population is common and may
reflect individual specialization or differential
habitat availability (van Valen 1965) and hence
food availability. Because most landscapes are
spatially heterogeneous (Wiens 1976; Forman
1995), significant ecological and management
implications may arise from the relationship be-
tween habitat availability and individual varia-
tion in diet composition. In heterogeneous en-
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vironments, the spatial distribution of resources
around breeding sites may influence habitat se-
lection, density, demographic parameters, and
population dynamics (Holt 1985; Morris 1988;
Ferrer and Donizar 1996; Both 1998; Pente-
riani et al. 2001, 2002). In particular, territorial
and solitary-breeding species are usually consid-
ered as site-dependent (Rodenhouse et al.
1997,1999), as their life history is tightly linked
to the distribution of resources available inside
their territories. Under this scenario, if individ-
uals of a population occupy tetritories that dif-
fer in landscape structure and composition, and
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if they experience habitat-specific demographic
rates, then the landscape features become the
major determinants of population-level process-
es (Ostfeld et al. 1985; Pulliam 1988; McPeek
et al. 2001).

Although many authors have emphasized the
importance of habitat heterogeneity (Wiens
1976; Turner 1989; Ferrer and Donazar 1996),
its effect on population structure (Rosenzweig
and Abramsky 1980; Ostfeld et al. 1985; Dob-
son and Oli 2001; Ferrer and Penteriani 2003),
and individual variation in diet (Zerba and Col-
lins 1992; Stockhoff 1993; Hupp et al. 1996),
the potential impact of environmental hetero-
geneity on diet assessment has not been explic-
itly examined to our knowledge. To date, in-
vestigations of the biases potentially affecting
dietary studies have mainly focused on methods
of diet assessment (e.g., analysis of food remains
versus direct observation of food consumption;
Collopy 1983; Sheeley and Smith 1989; Rosen-
berg and Cooper 1990; Simmons et al. 1991;
Real 1996; Marchesi et al. 2002) and digestion
rates and digestibility of food items (Swanson
and Bartonek 1970; Custer and Pitelka 1975;
Lifjeld 1983; Orr and Harvey 2001). However,
concern has been expressed about the conse-
quences of individual variation in food exploi-
tation on diet assessment and on the need to
consider it in any study (Strauss 1982; Morse
1990; Garcia-Berthou 1999). Here, we employ
data from a long-term study of an owl species
to demonstrate such a bias. We show that,
when resources are unevenly distributed over
the landscape and/or unequally available to all
breeders, the emergent picture of population-
level diet composition is highly dependent on
which territories are sampled for diet assess-
ment.

METHODS

Study area. Diet composition of an Eagle
Owl (Bubo bubo) population was assessed on
the basis of material collected at 27 breeding
sites from 1971 to 1999 at a Mediterranean
mountain in southern France (Luberon, Pro-
vence region). Detailed information on the
methods employed to collect and analyze prey
items are available in Penteriani et al. (2002).
The study area is located. in the Humid Medi-
terranean climate region (Dondzar 1987). Ele-
vation ranged from 160 to 700 m. Along a ver-
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tical gradient within the study area, it was pos-
sible to identify two successive horizontal levels
spaced 2—4 km apart (i.e., the border and the
interior of the massif, with a difference in alti-
tude of only 300 m), with clear differences in
morphology, landscape structure, and land-use
patterns (Penteriani et al. 2001, 2002). The
border areas corresponded to the mountain
piedmont and the Durance river valley, which
are characterized by intense human activities.
The landscape mainly consisted of open areas
(i.e., croplands, pastures, and fallow lands)
along the riverside and, near the border of the
massif, of Mediterranean forests (Quercus ilex,
Q. pubescens, and Pinus halepensis) and some
shrubland patches, interspersed with several iso-
lated small cliffs. The interior areas were more
“natural” valleys with a mosaic structure of
large rocky canyons, overhanging shrublands
(mainly Quercus coccifera, Thymus vulgaris, and
Rosmarinus officinalis) and Mediterranean for-
ests. Decreasing grazing pressure combined
with abandonment of agricultural uplands fa-
vored the development of Mediterranean forests
with a corresponding reduction of open habi-
tats (main hunting habitat of Eagle Owls; Pen-
teriani 1996) and landscape diversity principal-
ly in the interior of the massif. Moreover, and
especially in the interior of the massif, the re-
duction of open landscapes took place at the
same time as a rapid decline in rabbits (Oryc-
tolagus cuniculus) due to myxomatosis (Pente-
riani et al. 2001).

Study species. The Eagle Owl, the largest
owl in the world (1500-3500 g), is widely dis-
tributed across Europe, Asia, and North Africa
(Mikkola 1994; Penteriani 1996). It occurs in
a variety of habitats, ranging from boreal forests
to Mediterranean scrubland and steppes, in-
cluding rocky and sandy deserts (Mikkola
1994; Penteriani 1996). Although it is one of
the most specialized rabbit predators among
large European raptors (Delibes and Hiraldo
1979), reaching its peak densities in those por-
tions of the Mediterranean region in which rab-
bits are homogeneously distributed at high den-
sities (Dondzar 1987), its diet includes many
differently sized prey species (Penteriani 1996).

Previous information on Eagle Owl diet
in the study area. During the study period,
all territories were sampled in all years to avoid
a bias associated with possible temporal varia-
tion in diet. Previous analyses showed spatial
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stability in the environmental conditions sur-
rounding nest sites (Penteriani et al. 2004) and
remarkable variation in diet composition
among Eagle Owl territories due to habitat het-
erogeneity (Penteriani et al. 2002).

We determined diet by repeated nest visits to
collect prey remains and pellets and by direct
observations at sunset and sunrise. The com-
bination of different methods to determine diet
may yield more accurate estimates of the overall
diet than using just one method (Rosenberg
and Cooper 1990; Simmons et al. 1991). Prey
remains and pellets were identified by macro-
scopic comparison with reference collections.
We estimated live biomass by using direct mea-
surements, mass data from the study area, and
bibliographic sources (Géroudet 1946-1957).
The contribution of each prey group to overall
biomass was calculated by multiplying the pro-
portion of each group by the mean body mass
of individuals in the group. We pooled pellets
from individual visits into a single sample for
analysis. The presence of different prey types in
the samples was recorded, but no attempt was
made to quantify the number of individuals. To
avoid duplication of prey, i.e., in remains and
pellets, items found in pellets were used only if
they had not been found as remains during the
same visit (Penteriani 1997). By analyzing the
total 2149 collected prey items, we previously
demonstrated (Table 1, Penteriani et al. 2001,
2002) that richness of prey taxa in the diet of
each pair (number of identified prey species;
Magurran 1988) was negatively correlated with
the distance to the massif border; the percent-
age occurrence of birds, mammals, and fish var-
ied significantly between border and interior (N
= 9) areas (Table 1); the Shannon index of diet
diversity was significantly higher for birds along
the border (H' = 2.325) than in interior re-
gions (A" = 1.935); and a predictive model
obtained through a discriminant function anal-
ysis could correctly classify all border and in-
terior nest-sites on the basis of diet composi-
tion. Such a model was based on seven explan-
atory variables: the Shannon index of diet di-
versity and the percentage occurrence by mass
of whole birds, corvids, mammals, rabbits, rats
(Rattus sp.), and fish. Further evidence of spa-
tial variation in diet was shown by the signifi-
cant effect of diet composition of individual
territories on nest spacing, laying date, and pro-
ductivity (Penteriani et al. 2002). These results
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demonstrated that the study population was
spatially structured and composed of two types
of territories: high- and low-quality ones, cor-
responding to border and interior nesting sites,
respectively (Penteriani et al. 2002).

Statistical analyses. We created several
different subsets of the entire data set to sim-
ulate different scenarios under which a hypo-
thetical researcher might have assessed the diet
composition of this population without taking
into consideration its spatial structure. In par-
ticular, we employed a sequential procedure of
progressive sub-sample re-arrangement and
analysis. At each successive step of the proce-
dure, we extracted 10 random combinations of
different percentages of the total sample of 27
territories (see examples below). Each of these
10 random samples, hereafter defined as “ex-
tracted samples,” represents one hypothetical
description of the diet composition of the pop-
ulation, based on an a priori arbitrarily defined
subset of the overall 27 territories. The simu-
lation represented a sampling for diet compo-
sition of only a random subset of the overall
territories in the population. If environmental
heterogeneity does not bias diet description,
then we would expect the diet composition of
the 10 extracted samples not to differ from each
other (null hypothesis).

In the first step of the procedure, we ran-
domly sampled 40% of the original 27 terri-
tories (i.e., 11 territories and their associated
batches of prey items) 10 different times. At
each successive step of the procedure, we ran-
domly added 10% of the overall territories, un-
til the difference among the diet descriptions
was not significant (consequently identifying
the threshold beyond which the habitat hetero-
geneity effect disappear). For example, in the
second step of the procedure we randomly sam-
pled 50% of the 27 territories 10 different
times; in the third step we randomly sampled
60% of the 27 territories 10 different times.

At each successive step, and for each of the
10 different samples, we described diet com-
position for the following 10 variables, follow-
ing Penteriani et al. (2002): diet richness, Shan-
non index of diet diversity, and percentage oc-
currence by mass of birds, mammals, fish, pi-
geons and doves, crows, hedgehogs (Erinaceus
europaeus), rabbits, and rats. At each step of the
procedure, we compared the mean values of
these variables among the 10 extracted samples.
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Diet of the Eagle Owl in southern France (Luberon massif), based on 2149 items collected at 27

nest sites and identified at the species or genus level, showing percentage occurrence of prey categories by
number (n%) and mass (m%) in border (18 nest sites, 1330 items) and interior (nine nest sites, 819 items)
territories. Taxonomic groups accounting for less than 1% of the total prey items are not shown.

Interior diet

Border diet

Prey n% m% n% m%
Birds 29.5 12.6 17.2 9.0
herons, egrets and bitterns 1.0 1.8 0.0 0.0
Red-legged Partridge (Alectoris rufa) 1.3 1.7 1.5 1.3
pheasants 2.1 4.3 L.5 1.3
Moorhen (Gallinula chloropus) 1.8 1.3 1.0 0.5
Columba spp. 1.6 1.9 1.0 0.8
pigeons and doves 2.9 3.5 1.5 1.3
owls 1.3 1.3 1.6 1.1
Common Swift (Apus apus) 2.7 0.2 0.2 0.02
Alpine Swift (Apus melba) 1.0 0.08 0.1 0.01
swifts 3.6 0.3 0.3 0.03
Song Thrush (Zicrdus philomelos) 0.6 0.8 0.0 0.0
Turdus spp. 0.6 0.3 2.1 0.4
thrushes 2.7 1.3 3.2 0.7
unidentified Passeriformes 1.8 0.0 0.0 0.0
Magpie (Pica pica) 3.1 1.9 2.2 1.0
Jay (Garrulus glandarius) 0.3 0.1 1.5 0.5
Jackdaw (Corvus monedula) 2.0 1.4 1.0 0.5
unidentified Corvidae 1.6 0.0 0.1 0.0
crows 7.6 4.6 5.6 3.2
Mammals 61.0 65.5 80.9 88.3
hedgehog (Erinaceus europaeus) 5.1 13.7 8.2 16.3
brown hare (Lepus capensis) 0.0 0.0 1.2 6.5
rabbit (Oryctolagus cuniculus) 5.1 14.6 13.5 29.3
red squirrel (Sciurus vulgaris) 1.0 0.8 2.6 1.6
edible dormouse (Glis glis) 4.2 1.4 5.8 1.5
water vole (Arvicola sapidus) 4.9 2.8 0.0 0.0
Mus spp. 5.6 0.2 2.6 0.05
brown rat (Rattus norvegicus) 17.4 19.8 29.4 25
black rat (Rattus rattus) 9.5 5.4 4.3 1.8
Rattus spp. 2.9 2.0 9.0 4.6
rats 29.8 27.1 427 31.4
coypu (Myocastor coypus) 0.5 1.1 0.0 0.0
Felis spp. . 0.5 2.2 0.4 1.2
Fish 7.6 9.9 1.7 1.2
Leuciscus spp. 0.9 2.9 0.0 0.0
Cyprinus spp. 6.2 6.2 1.6 1.1
Because most variables were not normally dis- RESULTS

tributed (even after data-transformation), dif-
ferences were tested using a Kruskal-Wallis test
(Hollander and Wolfe 1973). When multiple
comparisons were carried out on a set of values,
the sequential Bonferroni correction was used
to adjust the significance level (Rice 1989). Sta-
tistical significance was set at P < 0.05.

When comparing the 10 extracted samples,
each representing a random 40% of the whole
sample, we obtained significant differences
among territories for all 10 variables: percentage
by mass of birds (HZ = 31.9, P = 0.0001),
mammals (4 = 31.8, P = 0.0001), fish (H =
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24.5, P = 0.004), pigeons and doves (H =
25.6, P = 0.002), crows (H = 21.6, P =
0.010), hedgehogs (H = 26.4, P = 0.002), rab-
bits (H = 35.7, P = 0.0001), rats (H = 25.1,
P = 0.003), diet richness (H = 25.0, P =
0.003) and Shannon index of diet diversity (H
= 21.3, P = 0.011). At the second step of the
procedure, when comparing the 10 extracted
samples each representing a random 50% (N =
14) of the whole sample, we still obtained sig-
nificant differences for three of the 10 variables:
percentage by mass of mammals (H = 20.5, P
= 0.015), rabbits (A = 19.0, P = 0.025) and
rats (H = 22.4, P = 0.05). Furthermore, the
percentage by mass of birds neared the signifi-
cance level (H = 16.2, P = 0.06). Finally, when
the threshold of 60% (N = 16) of the whole
sample was reached at the third step of the pro-
cedure, we did not obtain significant differences
for any of the 10 variables.

DISCUSSION

Incorporating landscape heterogeneity in our
population analyses led to the recognition of
the existence of high- and low-quality territo-
ries, containing a differential amount of prey
species and biomass (Penteriani et al. 2002,
2004). This resulted in pronounced variation
in diet composition among territories. As a con-
sequence, diet description in this population
was highly context-sensitive and depended on
the type and number of territories at which
prey items were collected. Such results point
out habitat heterogeneity as a fundamental fac-
tor to be considered in dietary studies. To our
knowledge, this is the first evidence that the
heterogeneous distribution of trophic resources,
a consequence of habitat heterogeneity, can af-
fect diet description.

Our study was in an area with a highly het-
erogeneous environment, where the border and
interior areas had a fairly sharp delineation.
However, variation in the characteristics of ter-
ritories exists to some degrees in all natural an-
imal populations, and can be substantial (Ro-
denhouse et al. 1997, 1999). Therefore, we be-
lieve that our results may apply to studies in
habitats that are less obviously heterogeneous.
Our results also show that the potential bias
associated with habitat heterogeneity may be
controlled through adequate sampling. For ex-
ample, in our simulated samples, the hypothet-
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ical diet descriptions were not significantly dif-
ferent from each other after we reached a
threshold of 60% of territories. Therefore, in
our case study, collection of prey items at a ran-
domly chosen sub-sample equal to at least 60%
of the overall 27 territories would have been
sufficient to prevent the potential bias caused
by habitat heterogeneity.

Landscape heterogeneity is pronounced in
most Mediterranean habitats of Europe, due to
the long history of human alteration and to
changes in land-use practices that occurred in
the last century (Blondel et al. 1993; Naveh
and Liebermann 1994; Blondel and Aronson
1999). This could have exaggerated the patterns
observed in our study. However, we believe that
the bias reported here could affect dietary stud-
ies conducted in other areas and on other spe-
cies for three reasons. First, many regions of the
world show levels of landscape heterogeneity
comparable to that of the Mediterranean re-
gions of southern Europe (Forman 1995). Sec-
ond, the populations of many territorial species
are known to be regulated through site-depen-
dence, involving spatially structured popula-
tions with pronounced variation in territory
quality (Rodenhouse et al. 1997, 1999; McPeck
et al. 2001). In these conditions, individuals are
faced with an unequal availability of different
prey communities, with consequently marked
spatial variation in diet composition. Third,
many studies have reported an association be-
tween spatial variation in diet composition and
variation in breeding success (e.g., Vifiuela and
Veiga 1992; Arroyo 1998; Penteriani et al.
2002; Sergio et al. 2003a).

Because animal populations are complex sys-
tems composed of sub-units with high intrinsic
variance among them (Ferrer and Dondzar
1996; Penteriani et al. 2004), this spatial struc-
ture needs to be incorporated in analyses of diet
composition. Foraging behavior represents a
complex series of consecutive decisions and in-
teractions that will be affected by spatio-tem-
poral variation in resource availability (Stephens
and Krebs 1986; Johnson et al. 2001). As a
result, prey items are “a snapshot” of a com-
posite series of behavioral decisions, hunting at-
tempts, and interactions with biotic and abiotic
factors. Diet investigations should not be car-
ried out in isolation, but integrated into a wider
population study and supported by previous
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knowledge of the spatial structure and life his-
tory of the study population.

Assessing diet composition is often funda-
mental in wildlife management, such as when
assessing the impact of a predator on a conser-
vation-sensitive prey species (e.g. Sergio et al.
2003b) or on a species harvested by humans
(e.g., Redpath and Thirgood 1997). Our results
indicate that researchers should have knowledge
of the spatial structure of their study population
before planning an investigation of diet com-
position: “blind” sampling may lead to biased
diet descriptions. However, in most cases, in-
formation on the spatial structure of the study
population will not be available, as, for exam-
ple, in analyses of stomach contents of dead
individuals not associated with a population
study, or at the start of a study.

When information on spatial structure is or
is not available, in either case we recommend
(1) sampling food items either at all available
sites, or through random sampling at as many
sites as possible, ensuring that such sites are
randomly chosen and not opportunistically
sampled based, for example, on accessibility;
and (2) collecting or retaining for analysis an
equal number of food items at each site. When
information on spatial variation in site quality
is not available, the analysis of a similar as pos-
sible number of food items for each site may
reduce the effective sample size. We recognize,
however, that researchers may want to employ
all the available data, especially when working
on rare, or highly threatened species studied
during difficult field expeditions. In such cases,
we suggest reporting diet composition by pool-
ing data from all sampled sites and showing the
cumulative percentage for each food type, as in
Table 1, and by calculating the percentage oc-
currence of each food type within the sample
collected at each site and reporting the average
occurrence (* some measure of variation) of
each food type across sites.

In conclusion, in heterogeneous landscapes
the description of the diet of a population may
depend on which sites are sampled, leading to
subtle biases'in diet assessment. Such biases are
likely to be widespread and may apply not just
to dietary investigations but also to other stud-
ies in which the researcher samples a subset of
the available sites that vary spatially.
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