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Abstract We investigate the feeding responses of the red
fox (Vulpes vulpes) at a regional scale to different densities
of European wild rabbit (Oryctolagus cuniculus) in central–
southern Spain. Rabbit abundance indices were obtained
in 86 localities during summer 2002. The diet of the fox
was studied by analysis of 114 scats collected in 47 of
these localities. The feeding response of the fox was
examined by a representation of the dry weight percent of
rabbit in the diet as a function of the abundance of
rabbits; this used data only from those localities where at
least 3 scats were collected (70 fox scats from 18
localities). We evaluated the relationship between rabbit
abundance and the diversity of the diet of the fox. The
feeding patterns of red foxes approximated to Holling’s
type III functional response, typical of opportunistic
predators. There was a negative relationship between the
diversity of the fox’s diet and the abundance of rabbits.
Therefore, the fox apparently behaves as a facultative
predator, feeding on rabbits when they are abundant and
shifting to other prey (and hence a more diverse diet)

when rabbits are scarce. These findings are the first step
towards understanding the potential role of red foxes in
regulating rabbit populations in central–southern Spain.
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Introduction

The European wild rabbit (Oryctolagus cuniculus) is
considered a keystone species in Iberian Mediterranean
ecosystems (Delibes-Mateos et al. 2007) because it is the
most important prey for vertebrate predators (Delibes and
Hiraldo 1981) and because it also exerts a strong influence
on the habitats of other species through consumption of
vegetation, seed dispersal and burrowing (Soriguer 1986;
Gómez-Sal et al. 1999; Dellafiore et al. 2006). Over the
past 50 years, rabbit populations have suffered a dramatic
reduction on the Iberian Peninsula, mainly as a result of the
arrival of two viral diseases: myxomatosis in the 1950s
(Muñoz 1960) and rabbit haemorrhagic disease (RHD) at
the end of the 1980s (Villafuerte et al. 1995).

Rabbit specialist predators such as the Iberian lynx (Lynx
pardinus) or the Spanish imperial eagle (Aquila adalberti)
have become seriously endangered mainly as a conse-
quence of habitat fragmentation and the decline in rabbit
numbers (Ferrer 2001; Palomares et al. 2001). The
diminution of abundance of top predators together with
habitat fragmentation have been cited as two of the factors
that have led to an alarming increase in generalist species
(Palomares et al. 1995; Storch et al. 2005; respectively).
The red fox (Vulpes vulpes) is the most widespread
generalist predator on the Iberian Peninsula (Blanco 1998)
where, as in other Mediterranean areas, rabbits are the most
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consumed prey species when they are available (Amores
1975; Reynolds 1979; Blanco 1988). Despite several
studies of the feeding patterns of the red fox in Spain
(e.g. Amores 1975; Fedriani 1996; Calzada 2000), little is
known of the role of rabbits in the diet of red foxes at a
regional scale with varying rabbit abundance.

The overall response of predators to changing prey
populations has been divided into two components: the
numerical and the functional responses (Solomon 1949).
The numerical response describes how the whole predator
population responds to changes in prey density, whilst the
functional response describes the response of individual
predators in terms of the number of prey eaten at different
prey densities (Solomon 1949; Pech et al. 1992). Holling
(1959) described three basic forms of functional response.
Originally, Holling (1959) showed type I to increase
linearly with prey density up to a threshold, above which
the rate is constant. However, most authors refer to type I as
linear without the asymptote (Turchin 2003; Fig. 1a). Type
II responses describe prey consumption increasing at a
monotonically decreasing rate with prey density (i.e. a
convex curve approaching an asymptote; Fig. 1b) and type
III responses are sigmoid in shape (Fig. 1c).

The aim of this paper is to analyse the feeding
patterns of red foxes after the RHD outbreak in Spain by
means of scat analysis and to use this information to
explore the feeding responses of this carnivore to
different rabbit densities. We estimate the percentage of
rabbits in the diet of red foxes at several localities with
different rabbit densities. We hypothesise that feeding
patterns of red foxes approximate to Holling’s type III

functional response, typical of generalist predators (Keith
et al. 1977; Pech et al. 1992). Thus, it is expected that red
foxes consume few rabbits at low rabbit densities, that
they increase the consumption of rabbits at intermediate
densities (density-dependent response) and that this con-
sumption approaches an asymptote at high rabbit densi-
ties (Fig. 1). In addition, we evaluate the relationship
between the diversity of the red fox diet and rabbit
abundance. We expect the diet of the red fox to be more
diverse in areas where rabbits are low in number because in
these areas no single food is as profitable as rabbits, and
foxes should replace them with several food items (Amores
1975; Blanco 1988).

Materials and methods

Rabbit abundances

Rabbit abundance indices were obtained in 86 localities in
central–southern Spain (Fig. 2) during a survey performed
in the summer of 2002. Fox scats were found in only 47 of
these localities (Fig. 2), which were consequently consid-
ered for the study of predator–prey interactions. These
localities were part of a more comprehensive survey
performed in 1993 when over 300 plots were surveyed
throughout the entire country (see for details Villafuerte et al.
1995, 1998). At each surveyed locality, 2 observers walked
a 4 km transect, counting rabbit pellets within 0.47 m2

circular plots at 100 m intervals, avoiding counts on or near
latrines. The densities of pellets counted in the 40 plots
along each transect provide a pellet abundance index
(pellets/m2). Pellet counts have been widely used to
estimate rabbit abundance in Mediterranean environments
and are adequate for broad-scale studies (Fa et al. 1999;
Palomares 2001).

Diet analysis

Scat analysis was chosen because it is a non-invasive
method and also because it is cheaper than stomach and
gut analyses. All carnivore scats found along each transect
were collected, stored in separate labelled paper bags,
oven dried at 60°C for 48 h, weighed to the nearest
0.001 g with a precision scale and kept in plastic
containers with naphthalene for later analysis. Of 150
carnivore scats collected during the rabbit abundance
transects, 114 from 47 localities (Fig. 2) had been
produced by red fox and were included in the analyses.
The predator producing each scat was identified by scent,
shape, size, thickness, fresh weight and dry weight, andPrey density 
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also by identification of predator hairs (Teerink 1991); these
usually appear in scats because of grooming.

Scats were analysed according to Reynolds and
Aebischer (1991). In summary, scats were soaked in water
and detergent for 24 h and then teased apart over a 0.5 mm
sieve. The remains from each scat were spread in a Petri
dish; this enabled quantification by percentage volume in a
comparison of the different sizes of remains. Because of the
special importance of rabbits in the study, we used keys to
identify mammalian remains by their bones, teeth and hair
(Day 1966; Gallego and Alemany 1985; Teerink 1991;
Blanco 1998). We also quantified (% v/v, percent volume of
un-digested remains for each food class regarding the total
scat volume) the remains that could not be separated out.
Information from separated and un-separated remains was
used for a final quantification (% v/v see above for details)
for each food class.

We considered the following diet items for the analysis:
rabbit, hare, small mammals, ungulates, other mammals,

birds, reptiles, arthropods, fruits and seeds and others. Those
diet items that rarely occurred in the scats (for instance eggs,
fungi or mollusks) and un-determined remains were includ-
ed in the ‘others’ category.

The incidence of each food class was expressed in two
ways (Table 1 of the Appendix): (1) % dry weight,
considering the dry weight of each prey item as the product
of the percent volume of each prey item and the scat dry
weight and (2) % occurrence, considering the occurrence of
each prey item as the proportion of scats that contains this
prey item.

Analysis

Feeding patterns of the red fox

The feeding patterns of the red fox were examined by a
representation of the percent dry weight of rabbit in the diet

Fig. 2 Localities in which rab-
bit abundances were surveyed
and red fox scats were collected
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as a function of the abundance index of rabbit (Gil-Sánchez
et al. 1999), the pellet abundance index (pellets/m2; see
“Rabbit abundances” section for details). The feeding
patterns of the red fox were fitted to different types of
functional response (Holling 1959) by using the Table-
Curve 2D v5.01 software (AISN Software 1996). Hence,
we calculated which of the three types of functional
response best fitted the relationship between rabbit in the
fox diet and variation in rabbit abundance.

To obtain the fit of the different types of the functional
response, we used only those localities where at least 3
scats were collected (3 scats were collected in 9 localities, 4

scats in 5 localities and ≥5 scats in 4 localities). Hence, we
used 70 scats of red foxes from 18 localities (Fig. 2). In
each locality, we calculated the percent dry weight of rabbit
remains in fox scats.

Diet diversity

We calculated the diet diversity of red foxes within 4
different situations of rabbit density: (1) rabbits virtually
absent (0–2 rabbit pellets/m2, 31 fox scats); (2) low rabbit
density (2–15 rabbit pellets/m2, 35 fox scats); (3) interme-
diate rabbit density (15–50 rabbit pellets/m2, 24 fox scats)
and (4) high rabbit density (>50 rabbit pellets/m2, 25 fox
scats). To calculate diet diversity, we used the Shannon
diversity index (SDI; Weaver and Shannon 1949)

SDI ¼ �
X

pi � log pið Þ½ �

where pi is the proportion by dry weight of each prey item
in the diet as the total dry weight of each prey item in the
scats collected in one class of rabbit density/total dry
weight of the scats collected at this rabbit density. To
control for un-equal sample sizes and to provide a measure
of precision of the estimates, average values and 95%
confidence limits were derived from 1,000 random sub-
samples of 30 scats with replacement for each rabbit
density grouping (Reynolds and Aebischer 1991; Webbon
et al. 2006).
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Finally, we used Spearman’s rank correlation to test for a
correlation between the SDI and the abundance of rabbits
(see above).

Results

In total, 114 red fox scats were collected within the 86
rabbit abundance transects (average 1.32 scats/transect;
range 0–8; SE=0.17). The average index of rabbit
abundance was 25.32 pellets/m2 (range 0–259.41; SE=
4.87).

The feeding patterns of the red foxes best fitted to a
sigmoid curve of Holling’s type III (see Fig. 3; type I: R2=
0.38, adjusted R2=0.30, SE=29.88; type II: R2=0.71,
adjusted R2=0.67, SE=29.88; type III: R2=0.79, adjusted
R2=0.75, SE=17.79). In other words, the feeding patterns
approximated to a functional response of Holling’s type
III, consuming very few rabbits at low rabbit density,
increasing the consumption of rabbits at intermediate
rabbit densities (density-dependent response) and
approaching an asymptote at high rabbit densities
(Fig. 3c).

Regarding the diversity of the fox diet, we have
observed a negative relationship between the SDI and the
abundance of rabbits (Spearman’s R=−1; p<0.001). Thus,
the lowest value of the SDI was obtained in areas of high
rabbit density, whereas the highest diversity was observed
in areas of low rabbit density (Fig. 4).

Discussion

According to our results, the fox responded as an
opportunistic predator to changing densities of rabbits. In
other words, foxes feed upon rabbits according to their
availability with a strong tendency to feed on rabbits where
the species is more abundant.

There are several potential biases associated with scat
analysis that could affect functional response results:
sampling biases, the amount of diagnostic material a prey
species contributes to a scat (differential detectability)
and equating more than one prey item in a scat (Bartel
and Knowlton 2005 and references cited therein). Al-
though we acknowledge such biases, this study did not
specifically address most of them. One of the main
limitations of our work was that we did not know the
numbers of prey consumed and therefore could not fully
evaluate functional response. However, changes in diet

composition in conjunction with changes in prey availabil-
ity provide an accurate measure of the shape of the
functional response (Bartel and Knowlton 2005). Another
limitation of our study is the low number of scats
collected within some localities. Collecting too few scats
increases the likelihood of not finding a species in scat
that is consumed in low numbers (Trites and Joy 2005).
From this perspective, we could under-estimate the per-
centage of rabbits consumed by foxes in areas where this
prey is scarce. However, if this has occurred in some areas,
the percentage of rabbits in the fox’s diet would not be very
large because it is widely known that foxes rarely consume
rabbits under this scenario (e.g. Amores 1975). On the other
hand, although the sample size within each locality was
small, we sampled extensively (although not with an
intensive sampling effort) and simultaneously within the
whole range of rabbit densities, from very high to virtual
absence; this is not common in studies of functional
response.

Opportunistic carnivores generally show a type III
functional response sensu Holling because they can
capture alternative prey (Keith et al. 1977; Akre and
Johnson 1979; Markstrom et al. 1988; Pech et al. 1992;
Revilla and Palomares 2002; Bartel and Knowlton 2005).
According to our results, the best fit of feeding patterns
to Holling’s type III functional response (Fig. 3c) con-
firms the red fox as an opportunistic predator. For instance,
the Iberian lynx and other selective carnivores (e.g. the
predation of Lynx lynx on the snowshoe hare Lepus
americanus, Keith et al. 1977) show a type II functional
response because its diet is based mainly on only one prey,
even when prey abundance is low (Calzada 2000).
Therefore, it is not surprising that our results show that
the feeding pattern of the red fox is closer to a type III
response than to a convex curve characterising a type II
response (Figs. 3b,c). In addition, our findings suggest that
the feeding pattern of the fox is far from a type I linear
response (Fig. 3a), probably because this type of linear re-
sponse rarely occurs in nature and it has even been suggested
as being exclusive to filter feeders (Jeschke et al. 2004).

A type III functional response can be caused by prey
switching at low prey densities (Taylor 1984). In other
words, opportunistic predators are able to find alternative
prey when the primary resource becomes scarce (Akre and
Johnson 1979; Markstrom et al. 1988; Pech et al. 1992;
Revilla and Palomares 2002; Bartel and Knowlton 2005).
In this study, we have observed that even when rabbits were
at high densities, they were the main prey; foxes rarely
consumed rabbits in areas where this prey was present at
low densities (Fig. 3). In those areas where rabbits are
scarce, red foxes replace rabbits by several other food items
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such as small mammals, birds, invertebrates, fruits or
carrion (Table 1; see also Amores 1975). As optimal
foraging theory predicts, the main reason for this
switching behaviour of predators is that they prefer those
prey that provide the greatest return on investment of
handling time (Rapport 1971). Similar findings regarding
prey switching have previously been reported for other
opportunistic predators, either invertebrates (Akre and
Johnson 1979) or vertebrates (Malo et al. 2004).

The type III curve is sigmoid, which means that the slope
increases over low prey densities; this implies that a larger
proportion of the population is taken per predator over low
to intermediate prey densities (Boutin 1995). Thus, prey
species are rarely consumed until their abundance reaches a
certain threshold. In the present study, the predation of
foxes on rabbits increased when rabbits reached a threshold
at moderate densities (Fig. 3). After the increasing slope at
intermediate prey densities, the curve approaches an
asymptote at high prey densities because both satiation
and handling time limit the number of prey eaten per
predator per unit time (Sinclair and Pech 1996). Thus,
although the food spectrum of the fox is very wide, its
predation is centred fundamentally on the rabbit when this
species is abundant (Fig. 3). Our results agree with previous
studies (Amores 1975; Newsome et al. 1989). In these
localities, foxes find an ideal prey in rabbits because of
their abundance and size, in contrast to other less abundant
prey with a lower energetic yield due to their smaller size or
the difficulty of their capture (Amores 1975).

Regarding the diversity of the diet of the fox, we
observed a negative relationship between the SDI and the
abundance of rabbits (Fig. 4). This negative relationship
between diet diversity and prey group has been interpreted as
a good indicator of trophic specialisation (Fedriani et al.
1998; but see Revilla and Palomares 2002). According to
this interpretation, foxes should be considered as rabbit
specialists, but optimal foraging principles suggest that if
foxes are rabbit specialists they should feed on rabbits
irrespective of the availability of alternative prey (Glasser
1982). The observed shift in our study from rabbits to
other prey when the former were scarce does not support
the rabbit specialisation hypothesis. Thus, foxes apparent-
ly behave as a facultative predator in their consumption of
rabbits with a specialisation in rabbits when they are
abundant and a shift to other prey (and hence a more
diverse diet) when rabbits are scarce (Fig. 3c). A similar
pattern has also been reported in other Mediterranean
predators such as the Eurasian badger (Meles meles, Revilla
and Palomares 2002) and the wildcat (Felis silvestris; Malo
et al. 2004).

The role of predators in regulating prey populations
has been debated over many years (Erlinge et al. 1984).
As regards rabbits, predator pressure can be a potential
regulating factor, especially at low rabbit densities (Trout
and Tittensor 1989; Banks 2000). After the outbreak of
RHD in central–southern Spain, some populations dropped
dramatically and even some cases of local extinction
occurred (Blanco and Villafuerte 1993). Therefore, under
certain levels of rabbit numbers, predator pressure could be
preventing rabbit population recovery—the “predator pit”
hypothesis (Trout and Tittensor 1989; Pech et al. 1992). In
a recent research, Williams et al. (2007) found that rabbit
population trends in north-eastern Spain were not correlated
with fox density. Therefore, they speculated that foxes are
probably not regulating rabbit populations in this region.
However, to understand to what extent predators regulate
their prey, it is necessary to study the total response
(numerical and functional) of predators to changing prey
populations. Consequently, exploring the functional re-
sponse of red foxes through the study of the relationship
between their diet and the abundance of rabbits is the
first step towards understanding the potential role of red
foxes in regulating rabbit populations. In this study,
predation by foxes on rabbit populations was density-
dependent over low prey densities (Fig. 3c). Therefore,
predation could be regulating the prey around a lower
equilibrium at moderate prey densities. However, further
work should be encouraged to study in depth the effects
of predation by foxes on rabbit populations. Experimental
studies are required to investigate the potential regulation
that foxes could exert on rabbit recovery after the RHD
outbreak in Spain. The numerical response of foxes to
different rabbit densities should also be studied to estimate
the total response and hence the likely role of red foxes in
the regulation of rabbit populations on the Iberian
Peninsula.
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