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A B S T R A C T

A keystone species is one that is crucial in maintaining the organization and diversity of

their ecological communities. We tested the idea that rabbits act as a keystone species in

southern Europe by exploring relationships between rabbit abundance and the abundance

and diversity of raptor species. At 20 sites in southern Spain we assessed rabbit abundance

through counts of animals along transects and assessed the number of raptor individuals

and species through watches from vantage points. In a further 120 locations we also

derived an index of rabbit abundance, from pellets and compared this to the presence or

absence of the critically endangered Spanish imperial eagle. Rabbit abundance was posi-

tively associated with the number of observations of raptors, the number of raptor species

and the number of species of conservation concern. Sites with the most rabbits had higher

conservation value. Moreover, the presence of Spanish imperial eagle was strongly associ-

ated with sites where rabbits were at high density. We conclude that rabbits do act as a key-

stone species and we suggest that conservation efforts should focus on improving the

status of this small-game species in southern Europe.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of keystone species has been widely employed in

community ecology and conservation biology (Simberloff,

1998). Keystone species are those considered exceptional, rel-

ative to the rest of the community, in maintaining the organi-

zation and diversity of their ecological communities (Paine,

1969; Holt, 1984; Mills et al., 1993). In this paper, we explore

the idea that the European Rabbit Oryctolagus cuniculus acts

as a keystone species in Mediterranean ecosystems. We test

our ideas by comparing the abundance and diversity of avian

predators in relation to the abundance of rabbits across
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southern Spain, the area where the rabbit was thought to

have originated (Monnerot et al., 1994).

The Iberian Peninsula is home to 33 species of birds of prey,

representing more than 60% of the total number of raptor spe-

cies of Europe (i.e. Bruun and Singer, 1980). Many of these spe-

cies are of conservation concern, being threatened by a variety

of factors including changing land use and illegal killing (Vil-

lafuerte et al., 1998; Madroño et al., 2004). Of particular con-

cern to raptor conservation in southern Europe is the decline

in the populations of the European rabbit. According with Del-

ibes and Hiraldo (1981), at least 29 different predators in this

region, including 17 raptors and 9 carnivores capture rabbits
.
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with variable frequency. Yet, despite the dependency of many

raptor species on rabbits (Jaksic and Soriguer, 1981; Jaksic and

Delibes, 1987), relationships between rabbit and raptor abun-

dance in southern Europe have not been quantified.

Over the last 50 years, rabbit populations have undergone

a sharp decline in the Iberian peninsula, mainly as a result of

the arrival of two viral diseases, Myxomatosis in the 1950s

(Ratcliffe et al., 1952) and Rabbit Haemorrhagic Disease

(RHD) at the end of the 1980s (Villafuerte et al., 1995). The

additive effect of both diseases has reduced rabbit numbers

in most of its historical range, especially in ecologically less-

favorable areas (Villafuerte et al., 1995). In Spain, where more

than 30,000 private hunting estates cover more than 70% of

the country (Villafuerte et al., 1998), rabbits are an important

resource, and the decline in rabbit abundance is reflected in

the number shot, from 10 million in the late 1980s to four mil-

lion during recent years (INE, 2006). This decline poses poten-

tially profound consequences for the Mediterranean predator

community with repercussions for the associated ecosys-

tems. Indeed, some rabbit-specialist predators such as the

Iberian Lynx (Lynx pardinus) and the Spanish imperial eagle

(Aquila adalberti) are now considered as the most endangered

cat and raptor of the world and Europe, respectively (Nowell

and Jackson, 1996; Ferrer and Negro, 2004). It has been argued

that declines in these species are, at least in part, due to de-

clines in rabbit abundance (Moreno et al., 2004). Many other

predators are also reported to have suffered because of the

rabbit decline (Fernández, 1993; Real and Mañosa, 1997).

A further potential consequence of disease outbreaks and

declining rabbit populations is that many of the generalist

predators that fed largely on rabbits may have switched to

feeding on red-legged partridges (Alectoris rufa) once rabbits

became scarce (Ontiveros et al., 2005). This in turn may have

contributed to the conflict between hunters and the conser-

vation of predators in Spain. For instance, illegal killing of

red kites, Milvus milvus, increased after the appearance of

RHD and the species’ range was reduced, particularly in high

rabbit density areas (Villafuerte et al., 1998).

In this paper, we evaluate the application of the concept of

keystone species to rabbits. For this purpose, we explore the

relationships between rabbit abundance and birds of prey at

two distinct levels. First, we evaluate relationships at a pred-

ator community level. We hypothesized that higher rabbit

densities would be associated with higher predator numbers

and species diversity. Second, we investigated the relation-

ship between rabbit numbers and the critically endangered

Spanish imperial eagle. Again, we expected to find a higher

likelihood of eagle presence in areas of high rabbit abun-

dances. We finally discuss the importance of rabbits for the

conservation of birds of prey in this biodiversity hotspot

(Myers et al., 2000).

2. Methods

2.1. Community level

Data were collected from 20 hunting estates in southern

Spain during 1997 and 1998 (Fig. 1). To estimate rabbit abun-

dance on each study area, a driven-transect (min. 8.6 km;

max. 18 km) was selected to count rabbits at dusk each month
from April 1997 to October 1998. From this transect we de-

rived the number of rabbits seen per kilometre (Crawford,

1991). All avian predators were counted monthly for approxi-

mately two consecutive hours 2 h after dawn from May 1997

to June 1998, by one observer from an elevated vantage

point over the area where rabbit abundance was estimated

(Bibby et al., 2000). The average size of area watched was

212 ± 10.45 ha (mean ± SE).

Raptor data were analysed as the number of species seen

and the total number of individuals counted per unit area.

We considered all species of diurnal raptor, owl and Corvidae

as predator species. Using information from Cramp and Sim-

mons (1980), Delibes and Hiraldo (1981), and Jaksic and Sori-

guer (1981), we divided these predators into three broad

groups: species that regularly killed rabbits, species that prin-

cipally scavenged on dead or dying rabbits and other species

that rarely fed on rabbits (Table 1). In total, six categories of

avian predator abundance were estimated: the number of

species of rabbit killers, scavengers and others, and the num-

ber of observations of predators in these three categories.

Finally, we estimated an index of conservation value using

information from the Spanish red data list (Madroño et al.,

2004). Each species was scored according to the following cat-

egories: in critically endangered (5), endangered (4), vulnera-

ble, (3) near threatened (2) and not threatened (1). For each

site we estimated the number of species of conservation

interest (categories 2+) and a conservation index by summing

the indices for those species observed in each site over the

study period.

2.2. Single species level

To examine the relationship between Spanish imperial eagle

and rabbits we used data from 120 surveys, completed during

the summers of 2002 and 2003 in central southern Spain

(Fig. 1). These survey sites were selected according to previous

studies on rabbit abundances. Thus, most of these sites (80)

had been part of a more comprehensive survey performed

in 1993, when over 300 sites were surveyed throughout the

entire country (Villafuerte et al., 1995, 1998). The remaining

40 sites had been part of two rabbit studies in Andalucia

and Castilla la Mancha regions (Angulo, 2003; M. Delibes-Mat-

eos, unpublished data). Along each transect, two observers

walked 4 km counting the number of rabbit pellets within a

0.47 m2 circular plot at 100 m intervals, avoiding counts on

or near a latrine (Palomares, 2001). The number of pellets

counted in the 40 plots along each transect provide a pellet

abundance index (pellets/m2; PAI).

The range and abundance of imperial eagles is well-known

(Ferrer, 2001; Madroño et al., 2004). However, to corroborate

eagle presence or absence on each study site, we also asked

members of the ‘‘Spanish imperial eagle working group’’, a

group consisting of researchers, Non Governmental Organisa-

tions (NGO), regional governments and hunting managers.

2.3. Statistical methods

We were interested in whether more raptors were seen on

those sites where rabbits were more abundant. For each site

we had information on raptors and rabbits from repeat sam-



Fig. 1 – Localities in which the relationship between rabbits and avian predators was surveyed (Black triangles represent

study plots at the community level and grey dots at the single species level; see Section 2 for details).
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ples collected during 14 and 18 consecutive months, respec-

tively. We used Generalised Linear Mixed Models (GLIMMIX)

in Littell et al. (1996) with a log link function and Poisson error

structure to analyse these data. Denominator degrees of free-

dom were calculated using Satterthwaite’s formula (Littell

et al., 1996). Over dispersion was corrected for by dividing

the deviance by the residual degrees of freedom. In these

models we used a count of observations of avian predators

as the response variable with an offset of the area and time
watched. The explanatory variable was average rabbit abun-

dance for each site, estimated as the mean value of the num-

ber seen (+1) per km of transect. As months represented an

annual cycle we converted to radians by converting to four

variables using sine (month), sine (month * 2), cosine (month)

and cosine (month * 2). Month, year and site were included in

all models as random effects and the subsequent influence of

rabbit abundance on raptor numbers estimated. When com-

paring the total number of species seen and the index of



Table 1 – List of predator species and number seen during 512 h of observation on 20 sites in Andalucia

Species Rabbit predators Scavengers Other spp. Conservation status No sites Total no observations

Accipiter nisus * 1 2 2

Aegypius monachus * 3 4 44

Aquila adalberti * 4 3 14

Aquila chrysaetos * 2 11 40

Bubo bubo * 1 1 6

Buteo buteo * 1 14 113

Circaetus gallicus * 1 10 186

Circus aeruginosus * 1 5 50

Circus cyaneus * 1 4 21

Circus pygargus * 2 1 1

Corvus corone * 1 14 223

Corvus monedula * 1 13 2374

Cyanopica cyanus * 1 10 384

Elanus caeruleus * 2 3 4

Falco columbarius * 1 1 1

Falco peregrinus * 1 2 2

Falco tinnunculus * 1 5 12

Garrulus glandarius * 1 8 36

Gyps fulvus * 1 11 657

Hieraaetus fasciatus * 4 4 16

Hieraaetus pennatus * 1 10 65

Milvus migrans * 3 9 669

Milvus milvus * 2 7 129

Neophon percnopterus * 4 1 4

Pernis apivorus * 1 1 1

Pica pica * 1 10 320

Pyrrhocorax pyrrhocorax * 2 2 19

Total identified 5393

Unidentified raptor spp. 189

Total observations 5582

Predators were placed into one of three categories, based on whether they were considered mainly rabbit predators, scavengers or species that

rarely ate rabbits (i.e. Cramp and Simmons, 1980; Delibes and Hiraldo, 1981; Jaksic and Soriguer, 1981). Each species was allocated a conser-

vation index, based on its inclusion in the red data list (Madroño et al., 2004).
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conservation value for each site, we controlled for area

watched and used Spearman Rank in Proc Corr in SAS to

compare with average rabbit abundance.

To evaluate the relationship between rabbit abundance in

2002 (PAI) and the occurrence of Spanish imperial eagle, we

employed a Generalised Linear Model (GLIMMIX) in Littell

et al. (1996) with a logit link function and a binomial distribu-

tion. Site and year were included in the model as random

effects.

All tests are 2-tailed and average values are given ±1SE.

3. Results

3.1. Community level

In total, 512 h were spent censusing raptors, with an average

of 25.6 ± 3.0 h per site. Overall, 5582 observations of 27 species

of avian predator were made (Table 1). There was consider-

able variation between sites in rabbit abundance (range of

average values: 0.0–26.1 km�1) and the number of raptor spe-

cies seen (range 1–15 species). The number of species of both

rabbit predators and scavengers seen on each site was posi-

tively correlated with average rabbit abundance (Fig. 2a). Sim-

ilarly, the number of observations of these two predator types

was highest on sites where rabbits were most abundant

(Fig. 2b). Relationships between other predator species and
rabbit abundance were also positive, but not significant

(Fig. 2).

There was also a positive relationship between rabbit

abundance and both the number of species of conservation

concern and the index of conservation value. According to

our criteria, sites with the most rabbits were of higher conser-

vation value (Fig. 3).

3.2. Single species level

In the wider sample of sites, rabbit abundance (PAI) ranged

from 0 to 302 pellets/m2 (Fig. 4). The Spanish imperial eagle

was present in approximately 25% (n = 31) of the localities

where rabbit abundance was surveyed. Eagles were more

likely to occur in sites with high rabbit abundance (Fig. 4).

PAI average of those localities with imperial eagles averaged

101.33 pellets/m2 (range = 2.97–302.87; SE = 14.88), compared

to 13.96 pellets/m2 in sites without eagles (range = 0–108.88;

SE = 2.04).

4. Discussion

The correlative evidence presented in this study strongly sug-

gests that rabbits are critically important to the conservation

of the predator community in the Mediterranean. Of the 17

raptor species we saw during our surveys that are known to
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Fig. 2 – Relationships between predator numbers and rabbit abundance. Figures shown for the number of species seen at

each site (a), and the number of observations of avian predators (b). Predators divided into rabbit predators, scavengers and

others. Statistics given in (a) are Spearman Rank correlations between species per unit area and rabbit abundance, and in (b)

are F values from Mixed Models controlling for year, site and month.
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kill rabbits or scavenge on rabbit carcasses, both the number

of species and the number of individuals seen were correlated

with rabbit abundance. Moreover, those species of highest

conservation concern, including the critically endangered

Spanish imperial eagle, were more likely to be seen in areas

with more rabbits.

There are two hallmarks of keystone species; their pres-

ence is crucial in maintaining the organization and diversity

of their ecological communities and second, it is implicit that

these species are exceptional, relative to the rest of the com-

munity, in their importance (Paine, 1969; Holt, 1984; Mills

et al., 1993). Our analysis is the first to show the relationship

between rabbit abundance and raptor diversity and supports

the idea that rabbits are indeed a keystone species in the Ibe-

rian ecosystem, as suggested by Valverde (1967). Rabbits are

able to maintain their abundance in the face of predation,

via a high reproductive rate (Gibb, 1990) and therefore they

can affect community structure by sustaining the density of

predators and scavengers (Fig. 2). Removing rabbits would de-

crease overall species diversity in the predator community
(Mills et al., 1993). A similar role of keystone species has been

observed in other lagomorphs such as plateau pikas (Ochotona

curzoniae; Lai and Smith, 2003).

The Spanish imperial eagle was mainly present in areas

with high rabbit density (Fig. 4). There are, however, some

exceptions where birds occur despite the fact that rabbits

are scarce. For instance, in Doñana National Park rabbit num-

bers are very low (15.64 pellets/m2), but a recent estimate sug-

gests that seven pairs still remained there at the turn of the

century (Ferrer et al., 2003). This may be because there are

many other prey species there that can support the birds at

least temporarily (Delibes, 1978). However, given the impor-

tance of rabbits to these eagles we suspect that ultimately

these birds will decline unless rabbit populations recover (Fer-

rer et al., 2003). In several other areas with low rabbit density,

the NGO WWW/ADENA supplies rabbits to feed endangered

predators, and this may be sufficient to support imperial ea-

gles (González et al., 2006).

After the outbreak of RHD, the conflict between hunters

and predators increased in Spain (Villafuerte et al., 1998).



0
1
2
3
4
5
6
7

-1 0 1 2
Average rabbit abundance (log)

N
um

be
r o

f s
pe

ci
es

 o
f 

co
ns

er
va

tio
n 

in
te

re
st

0

5

10

15

20

25

30

-1 0 1 2
Average rabbit abundance (log)

C
on

se
rv

at
io

n 
in

de
x

r = 0.54 
p = 0.01

r = 0.46 
p = 0.04

Fig. 3 – Relationships between the conservation index per

site and the average rabbit abundance (a), and the number

of species of conservation concern and rabbit abundance (b).

The analyses control for area watched.

154 B I O L O G I C A L C O N S E R V A T I O N 1 3 7 ( 2 0 0 7 ) 1 4 9 – 1 5 6
Virgós and Travaini (2005) observed that carnivore species

richness in central Spain was significantly lower in hunting

estates (where rabbits are abundant) than in non-hunting

areas. In contrast, we have found higher raptor species rich-

ness in areas where rabbits are abundant (Fig. 2). On hunting

estates, many techniques such as traps, snares or burying

poisoned bait are frequently used to control terrestrial preda-

tors, so carnivores could be more affected by predator control

than the avian predator community. Reduced predation by

carnivores may benefit raptors in some areas, leading to high-

er than expected numbers. In contrast, in other areas, illegal

management techniques affect raptors (Villafuerte et al.,

1998). It seems plausible that these factors may in part ex-
0

50

100

150

200

250

300

350

Pe
lle

ts
/m

2

F1,124 = 26.41 
p < 0.0001 

Fig. 4 – Rabbit abundance as the Pellet Abundance Index (PAI) i

imperial eagle was surveyed. The dotted line separates areas oc

Statistic given is F value from Mixed Model controlling for site
plain some of the remaining variation around our relation-

ships between rabbits and raptor abundance.

Keystone species typically function as predators, prey,

mutualists or habitat modifiers (Mills et al., 1993). Rabbits dif-

fer from most conventional keystone species because they ful-

fil more than one action. In this paper, we have focused only

on the relationship between rabbits and raptors. However, rab-

bits also exert a strong influence on the habitats of other spe-

cies through consumption of vegetation, dispersal of seeds,

scattering latrines and burrowing. For instance, Gómez-Sal

et al. (1999) demonstrated the essential role of rabbits in main-

taining a savanna-like pattern in Mediterranean Retama sph-

aerocarpa scrubland. Rabbits can also disperse the seeds of at

least 58 plant species in the Mediterranean region (M. Deli-

bes-Mateos, unpublished data). Moreover, rabbit latrines have

a demonstrable effect on soil chemical fertility and plant

growth (Willot et al., 2000) and also provide feeding areas to

a number of invertebrates (Galante and Cartagena, 1999). On

the other hand, rabbit warrens provide refuge areas for many

other Mediterranean species such as the Montpellier snake

Malpolon monspessulanus, the Eurasian badger Meles meles

(Blázquez and Villafuerte, 1990; Revilla et al., 2001, respec-

tively), or even the Iberian Lynx (P. Ferreras pers. comm.).

The role of rabbits as a keystone species in southern Europe

is akin to the role of functionally similar prairie dogs (Cynomys

spp.) in prairie systems of the United States, since both are so-

cial species and can occur at high densities. Similarly to rab-

bits in the Mediterranean region, prairie dogs can alter

prairie landscapes and provide foraging, shelter and nesting

habitat for a diverse array of species (reviewed in Kotliar

et al., 1999). Additionally, owing to their size and ability to

reach high abundance, both rabbits and prairie dogs serve as

prey for a number of predators, including highly endangered

predators. For instance, the black-footed ferret (Mustella nigri-

pes) is apparently so specialized on prairie dogs that it does not

persist where prairie dogs are eliminated (Kotliar et al., 1999).

This situation resembles the results obtained in this paper

regarding the distribution of the Spanish imperial eagle (Fig. 4).

In this study, we have recorded higher conservation index

values in areas where rabbits reach high densities (Fig. 3).
Spanish Imperial Eagle 

n the 126 localities where the occurrence of the Spanish

cupied by the eagle from those in which it does not appear.

and year.
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Although it is impossible to determine causality from our re-

sults, they strongly suggest that rabbit conservation confers

protection to a large number of naturally co-occurring spe-

cies. Consequently, preserving viable populations of rabbits

could protect other members of the natural community (Bifol-

chi and Lodé, 2005), including several predator species of

valuable conservation concern.

The number of endemic or endangered species has usually

been taken into account to select priority areas for conserva-

tion in the Iberian peninsula (Filipe et al., 2004), although

there is no biological justification for using them (Possingham

et al., 2002). In contrast, rabbits have not traditionally been

considered when designing areas of special conservation

interest in Spain (M. Delibes-Mateos, unpublished data). Only

in recent years has rabbit recovery has been included as a

strategy in several recovery plans for the restoration of rabbit

specialist predators. For instance, the recovery and mainte-

nance of viable populations of rabbits is among the main

objectives of the Iberian Lynx LIFE project in Andalusian re-

gion (http://www.juntadeandalucia.es/medioambiente/LIFE_-

lince/infogeneral/introduccion.html).

To summarise, we have observed that rabbits act as a

keystone species in the Iberian ecosystem. Based on our re-

sults, we suggest that rabbit abundance provides a valuable

measure for conservationists to pinpoint areas of current or

future interest for conservation. The relationship between

rabbits and conservation is, however, complicated by the

fact that rabbits are more abundant on hunting estates,

and hunters have been implicated in the decline of some

predators (e.g. Villafuerte et al., 1998). Clearly, it is in the

interests of nature conservation for conservationists to find

ways of working together with hunters to improve rabbit

numbers whilst conserving rare and protected predator

species.
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Gómez-Sal, A., Rey-Benayas, J.M., López-Pintor, A., Rebollo, S.,
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