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indicates that in relatively homogeneous landscapes, there 
exist subtle patterns of habitat partitioning over small-
scale gradients of habitat determinants as a function of the 
degree of specialism of carnivore species within a guild. 
Our results also suggest that coexistence between general-
ist species may be permitted by fine-scale spatial–temporal 
segregation of activity patterns or trophic resource con-
sumption, but not fine-scale habitat use differentiation.

Keywords  Carnivore guilds · Community ecology · Fine-
scale habitat use · Life history traits · Niche segregation

Introduction

The competitive exclusion principle states that two eco-
logically similar species cannot coexist unless they exhibit 
niche separation (Gause 1934; Hardin 1960). Thus, some 
degree of partitioning must occur in the realised niche of 
coexisting species, which can occur at the temporal, trophic 
and/or habitat selection level. This is particularly obvious 
in heterogeneous landscapes where spatial heterogeneity 
foments coexistence between similar species (i.e. within 
the same trophic level), with the selection of different habi-
tats being one of the main processes promoting sympatry 
(Levin 1974; Rosenzweig et al. 1984). Nevertheless, in rel-
atively homogeneous landscapes, where a general habitat 
type dominates, similar species may use different patches 
that support a set of resources sufficient to fulfil their 
requirements.

We define a relatively homogeneous landscape as an 
area largely covered by one single land cover class with 
interspersed patches of different vegetation types. This 
definition implies low spatial variation, both in terms of 
composition (i.e. diversity) and configuration (i.e. patch 
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of fine-scale habitat use segregation in the functioning of 
guild communities in relatively homogeneous landscapes 
where opportunities for coexistence are likely to be the 
most restrictive. We investigate how the process of habi-
tat use differentiation at the home range level according 
to the degree of specialism/generalism of species can lead 
to coexistence between guild species. We examine dif-
ferences in fine-scale habitat use and niche separation as 
potential mechanisms explaining the coexistence of five 
sympatric carnivore species that differ in life history traits 
(Iberian lynx, Eurasian badger, Egyptian mongoose, com-
mon genet and red fox) by collecting data from systematic 
track censuses in a relatively homogeneous Mediterranean 
landscape. We found that a higher degree of specialism 
determines the segregation of species among the fine-scale 
ecological niche dimensions defined using quantitative ele-
ments associated with vegetation, landscape, prey avail-
ability and human disturbance. The species with the lowest 
total performance over the set of variables did not exhibit 
segregation in the use of habitat at this level. Our study 

Communicated by Andreas Zedrosser.

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00442-015-3311-9) contains supplementary 
material, which is available to authorized users.

 *	 Carolina Soto 
	 sotonavarrocarolina@gmail.com

1	 Departamento de Biología de la Conservación, Estación 
Biológica de Doñana CSIC, C/Américo Vespucio, s/n, 41092, 
Isla de la Cartuja, Seville, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-015-3311-9&domain=pdf
http://dx.doi.org/10.1007/s00442-015-3311-9


224	 Oecologia (2015) 179:223–235

1 3

density) and takes into account body size and the spatial 
scale of movements of small- to medium-sized mammal 
carnivores. The body size of larger species may influence 
their scale of perception. Hence, larger mammals such as 
carnivores with large home ranges perceive a more homo-
geneous landscape (Lidicker and Koening 1996) composed 
of fewer isolated patches than smaller species (Addicott el 
al. 1987; Gehring and Swihart 2003).

Although fine-scale habitat use differentiation can also 
occur in heterogeneous landscapes, it may appear as a key 
mechanism, apart from trophic and/or activity pattern seg-
regation, allowing the coexistence of species, particularly 
in these relatively homogeneous landscapes. The analyses 
of fine-scale habitat use segregation between species, until 
now poorly explored, requires more detailed landscape 
information for a more accurate discrimination and quality 
assessment of suitable habitats and the detection of crucial 
habitat features not obvious at broader scales (Fernández 
et al. 2003; Martin et al. 2010).

Additionally, life history trait differences between 
coexisting species in relatively homogeneous landscapes 
can help us understand the way species exploit resources. 
Hence, besides fine-scale habitat use segregation, coexist-
ence is therefore possible if species exhibit differences in 
their life history traits that allow niche differences in space 
(Brown and Wilson 1956; Hutchinson 1959; Chesson 
2000). In other words, cohabitation may be privileged when 
species with different degrees of habitat and/or trophic spe-
cialisation are present.

To test the hypothesis of fine-scale spatial partitioning as 
a function of the species’ degree of specialisation, we com-
pared the habitat use of five sympatric carnivore species 
(Iberian lynx Lynx pardinus, Eurasian badger Meles meles, 
Egyptian mongoose Herpestes ichneumon, common genet 
Genetta genetta and red fox Vulpes vulpes) within a Medi-
terranean protected area in south-western Spain. The study 
is focused on the main habitat type used by the target spe-
cies within the protected area, the Mediterranean woodland. 
We hypothesised that in an area with a main habitat type or 
land cover class, fine-scale habitat use differences may allow 
sympatry of species within the same trophic level but that 
differ in their degree of specialisation. If we graph the eco-
logical space filled by each species within an n-dimensional 
hypervolume representing environmental variability, spa-
tial segregation in their realised niches as a function of their 
degrees of specialisation may be revealed. We first developed 
habitat models at fine spatial scales to assess the environ-
mental features that best describe the relationship between 
each species and its environment. Secondly, we used an 
ordination method to illustrate the ecological space filled by 
each species in a multidimensional space. We fitted a set of 
fine-scale habitat models by taking into consideration prior 
knowledge of species ecology to test five hypotheses:

1.	 Vegetation and landscape structure are the best explan-
atory factors of species’ habitat use.

2.	 Since habitat used by carnivores in our study area has 
a relatively homogeneous vegetation, we hypothesised 
that prey availability is the single explanatory factor of 
habitat use.

3.	 Human disturbance is the most important variable 
describing habitat selection.

4.	 Vegetation and landscape structure and prey availabil-
ity interact to explain habitat use.

5.	 All landscape descriptors, prey availability and human 
disturbance are relevant.

The study of the carnivore guild considered here is par-
ticularly interesting because it allows a comparison of dif-
ferent species within a continuum of specialisation ranging 
from complete specialisation (i.e. the Iberian lynx) to full 
generalisation (i.e. the red fox).

The Eurasian badger and the red fox are generalists in 
their habitat use and diet (Amores 1975; Kruuk and Par-
ish 1985; Cavallini and Lovari 1991; Roper and Lups 
1995; Carvalho and Gomes 2001; Balestrieri et  al. 2005; 
Rosalino et al. 2005; Delibes-Mateos et al. 2008), although 
a certain degree of local feeding specialisation has been 
reported for several badger populations and for different 
resources (Kruuk and De Kock 1981; Kruuk and Parish 
1981; Martín et  al. 1995) as well as negative responses 
to certain types of landscape fragmentation patterns (Vir-
gós 2002). The Egyptian mongoose is a trophic general-
ist (Delibes and Palomares 1991a; Zapata et al. 2007), but 
they are habitat specialists in Mediterranean areas (Palo-
mares and Delibes 1993a). Mongooses actively avoid open 
areas and select those with dense vegetation (thickets) for 
foraging and resting (Palomares and Delibes 1993b). The 
Iberian lynx is the most specialised in terms of habitat use 
and trophic niche in this carnivore guild (Palomares et al. 
1991; Ferreras et  al. 1997; Delibes et  al. 2000, 2007a, 
2007b; Palomares et al. 2001). Lynxes feed almost exclu-
sively upon European wild rabbits (Oryctolagus cunicu‑
lus) and need shrub vegetation patches to rest and breed. 
Habitats sustaining stable lynx populations should ide-
ally include 40  % cover of understorey vegetation, half 
of which should be bushes (Delibes et  al. 2000, 2007a, 
2007b; Palomares 2001). Moreover, the density of eco-
tones between shrubland and pastureland is also a robust 
predictor of territory occurrence (Fernández et  al. 2003, 
2007). The common genet is considered to be intermediate 
between a typical generalist and a typical specialist species 
(Virgós et al. 1999). Genets need bushes and hollow trees 
as sites for nocturnal and diurnal resting and feed mainly 
on small mammals such as the long-tailed field mouse 
(Apodemus sylvaticus) (Palomares 1986; Delibes and Pal-
omares 1988, 1991b).



225Oecologia (2015) 179:223–235	

1 3

We predicted that habitat use in lynxes and genets would 
be explained by multiple variables due to their higher 
degree of habitat and trophic specialisation, whereas badg-
ers and foxes should have fewer requirements and respond 
to single explanatory factors, such as prey availability or 
vegetation and landscape structure, because of their omniv-
orous diets and habitat generalism. For mongooses, as hab-
itat specialists but trophic generalists, vegetation and land-
scape structure should explain their pattern of habitat use. 
Therefore, genets and lynxes should show the most mar-
ginal (i.e. located in extreme values of variable gradients) 
and narrowest realised niches, whereas foxes and badgers 
should have the most widespread and widest niches along 
the small-scale gradients of habitat determinants. Mean-
while, mongooses may show a non-marginal niche, wider 
than those of lynxes and genets but narrower than those of 
foxes and badgers.

Materials and methods

Study area

This study was located in Doñana National Park (DNP), 
a fully protected 550-km2 area in south-western Spain 
(37°9′N, 6°26′W). DNP is a flat sandy area at sea level 
bordered to the south and west by the Atlantic Ocean and 
to the east by the Guadalquivir River mouth. The climate 
is Mediterranean subhumid (i.e. characterised by mild wet 
winters and hot dry summers), with an average annual rain-
fall of approximately 550 mm. Approximately half of the 
surface of DNP is covered by Mediterranean scrubland, 
and the other half by marshland whose clay soils make it 
unsuitable for track censuses. There is a dune system in the 
southern part of the scrubland area. Track censuses were 
restricted to the scrubland biotope, as it comprises the most 
frequently used environmental unit by our study species.

Mediterranean scrubland is dominated by hygrophytic 
species consisting of very dense clumps of heather Erica 
sp. up to 3 m high [Erica scoparidae—Ullicetum australis 
and Erica ciliaris—Ullicetum (minaris) lusitanici associa-
tions] and xerophytic species of up to 1.5 m high, mainly 
consisting of Halimium sp. and others such as Cistus sp., 
gorses Ulex sp. and rosemary Rosmarinus officinalis (Hali‑
mio halimifolii—Stauracanthetum genistoidis association). 
More mature shrubland areas with Pistacia lentiscus and 
Myrtus communis can be found mainly in the north and in 
the valleys of the dune system. Interspersed between purely 
scrubland areas are a few, small patches of Eucalyptus 
camaldulensis and pine Pinis pinea plantations. Most of 
the dune valleys are also colonised by pines P. pinea.

Human access to the park is regulated, but some low-
impact traditional uses are maintained under control 

including cattle raising, apiculture, and fishing with tra-
ditional methods. The northern and western edges of the 
protected area are in close contact with human settlements, 
crop fields and an intensively used paved road.

Study design

The study area was divided into sixty-nine 2 × 2-km quad-
rants following Universal Transverse Mercator (UTM) grid 
coordinates. Each quadrant was sampled twice (2007–
2008 and 2008–2009) throughout the wet season (Octo-
ber–April). A 3-km-long survey route was slowly walked 
to search for carnivore and prey tracks within each quad-
rant. We counted the total number of tracks for each carni-
vore species within each sampling unit. The survey routes 
were located along sandy paths (firebreaks and car roads) 
between 2 and 12  m wide. Once a continuous track that 
crossed from one side to the other across the pathway was 
detected, we georeferenced it using a global positioning 
system. We always carried out surveys at least 3 days after 
any rainfall. We also sampled by track censuses potential 
target prey species of the carnivores studied.

We sampled tracks of small mammals (most of which 
probably belonged to the long-tailed field mouse Apode‑
mus sylvaticus according to Kufner and Moreno (1989), 
but likely included the Western Mediterranean mouse Mus 
spretus, white-toothed shrew Crocidura russula, and gar-
den dormouse Eliomys quercinus, European rabbit Oryc‑
tolagus cuniculus, red partridge Alectoris rufa, domestic 
cow Bos taurus and horse Equus caballus; and wild ungu-
lates such as the fallow deer Dama dama, the red deer 
Cervus elaphus and the wild boar Sus scrofa. Wild and 
domestic ungulates are rarely preyed upon by any of the 
carnivore species studied here, but we sampled them since 
they may occasionally provide an important food source 
as carrion for some of them. We concentrated prey sam-
pling in a 1-month period to avoid particularly apparent 
inter-monthly variations in abundance for some species 
(i.e. small mammals and European rabbits) (Kufner 1986; 
Palomares et al. 2001). Thus, we carried out the sampling 
of prey tracks in April (corresponding to the intra-annual 
abundance peak in both species) along transects in every 
quadrant sampled for carnivore tracks. These transects for 
prey species were sandy paths, 25 m in length and approxi-
mately 1.7 m wide (i.e. the area of a four-wheel-drive car), 
separated by at least 300 m and located on the same routes 
walked for carnivore tracks. Thus, between seven and ten 
prey censuses were carried out per quadrant. Due to the 
ephemeral character of tracks, these surveys may be linked 
to a certain underestimation of particularly small species 
such as small mammals. Nevertheless, the sandy substrate 
of our study area is highly appropriate for this type of sur-
vey due to the visibility of tracks. Additionally, we always 
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conducted prey surveys under favourable tracking condi-
tions. Hence, transects were located on sandy paths close 
to the nearest vegetation border, as this likely exerts a pro-
tective effect against wind and maintains a higher level of 
moisture in the sand, thereby increasing substrate quality 
for the detection of tracks (Soto et  al. 2012). We consid-
ered unsuitable for prey counts transects in which grassy 
groundcover was more than 30 % in some part of the tran-
sect, and we improved reliability by suspending searches 
of tracks for ≥78 h after precipitation or periods of high 
winds (≥24  km/h) and by making only early morning 
observations.

We also recorded habitat structure at each quadrant in 
circles of 25-m diameter around sampling points located 
every 300 m along the survey transects where we censused 
prey species. Here, we visually estimated the percentage 
of three categories of vegetation: short shrubs (xerophytic 
species such as Halimium sp. and Cistus sp.), tall shrubs 
(species such as Erica sp., Juniperus phoenica and Pista‑
cia lentiscus), and trees. In addition, we measured other 
variables related to habitat structure, i.e. average tree 
height as well as average height of tall shrub and short 
shrub species.

Fine‑scale habitat modelling design

We selected 14 variables to study habitat selection patterns 
for each species (see Table 1 for model definitions; see next 
section for arguments on variable selection).

Each quadrant was associated with values of abundance 
for different prey and percentages of coverage of different 
vegetation types. We averaged the value obtained at the 
sampling points both for prey (abundance index of different 
preys per kilometre) and vegetation indexes (percentage of 
coverage).

In addition to the distance from the centre of each grid 
to water, we calculated distance to the ecotone between 
marshland and scrubland and distance to the anthropo-
genic edge (see Table 1) from digitised roads, urban set-
tlements, and water source cover layers in DNP using a 
Euclidean distance-based approach (Perkins and Conner 
2004; Benson and Chamberlain 2007). Urban settlements 
included towns and villages surrounding the national 
park. Water sources included natural and artificial ponds 
(i.e. dug for the cattle in zones where the water table is 
higher) that were permanently flooded. Traffic index (T) 
per quadrant was derived from data in a previous study 

Table 1   Explanatory variables used to model relative abundance of Egyptian mongoose, Eurasian badger, and red fox and the probability of 
Iberian lynx and common genet presence

Variable Abbreviation Definition Units

Vegetation

 Tall shrub %B Mean cover of bushes per quadrant %

 Short shrub + tall shrub %SB Mean cover of short shrub and bushes per quadrant %

 Trees %T Mean cover of trees per quadrant %

Landscape

 Edges between tall shrub  
and pastureland

eBP Linear measure of the density of the ecotone between patches with  
bush cover >50 % and patches with pasture cover >50 %

m/ha

 Distance to water DW Measured in metres from the quadrant centre to the nearest  
permanent flooded natural or artificial pond

m

 Distance to ecotone DE Measured in metres from the quadrant centre to the ecotone  
between the marshland and the Mediterranean scrubland

m

Prey availability

 Rabbits Ra Kilometric abundance index of rabbits per quadrant calculated  
as the mean of censuses per quadrant

Tracks/km

 Small mammals SM Kilometric abundance index of small mammals per quadrant  
calculated as the mean of censuses per quadrant

Tracks/km

 Total prey Tot Kilometric abundance index of rabbits + partridges + small  
mammals + ungulates per quadrant calculated as the mean  
of censuses per quadrant

Tracks/km

 Distance to anthropic edge DH Measured in metres from the quadrant centre to the nearest protected area 
border influenced by humans (excluding the beach and marshland edges)

m

Human disturbance

 Traffic index T Mean daily traffic (MDT), adjusted for road length (m) and type  
of road (i) in the quadrant [=∑(MDTi × mi)]

Car/m

 Humidity Hum Environmental humidity on census day %

 Observer Obs Observer who carried out censuses No units
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on the effect of traffic on biodiversity in DNP (Román 
et al. 2010).

Ecotones between pastureland and scrubland were 
defined using a 1:10,000 fine-scale vegetation map for 
1996–2006 obtained from the Sistema de Información 
Ambiental de Andalucía for the Doñana area. We reclassi-
fied vegetation units or polygons based on four vegetation 
attributes of physiognomy, species composition and density 
of each vegetation layer within the polygon: (a) trees (P. 
pinea, Quercus suber and Eucaliptus spp.); (b) tall shrubs 
(subsequently referred to as ‘bushes’) of mature Mediter-
ranean shrubland (e.g. P. lentiscus, M. communis) and tall 
thicket Erica spp.; (c) short shrubs (H. halimifolium, Ulex 
spp., Stauracanthus genistoides); and (d) pastures. The 
result was a reclassified vegetation digital map with 316 
polygons and four vegetation attributes per polygon. The 
projection for all geographic information system (GIS) 
layers and data were UTM 30S, datum European 1950. 
Hawth’s tools and geoprocessing extension in ArcInfo 9.3 
(ESRI, Redlands, CA) were used to calculate distance-
based variables, to identify ecotones, and to calculate their 
density (Table 1).

Statistical analysis

Fine‑scale habitat modelling

We based our analyses on information-theoretic methods 
guided by the view that ecological inference can best be 
approached by weighing evidence for multiple working 
hypotheses simultaneously (Hilborn and Mangel 1997; 
Burnham and Anderson 1998; Johnson and Omland 2004). 
These methods consist of identifying a priori the alterna-
tive hypotheses for habitat selection and their mathematical 
formulation, and then testing their support by fitting the rel-
evant equations to species distribution data and examining 
penalised maximum-likelihood estimates (e.g. Fernández 
et al. 2003; Johnson et al. 2004).

We first specified a set of 16 candidate models that could 
potentially predict species habitat use and distribution in 
DNP, therefore restricting the model selection process to 
a few meaningful combinations of predictors of the spe-
cies. For selecting predictor variables and formulating the 
candidate models, we considered five working hypotheses 
addressing the critical points of the different species’ life 
history traits and requirements: (a) vegetation and land-
scape structure, (b) prey availability, (c) human distur-
bance, (d) vegetation and landscape structure  plus  prey 
availability, and (e) global.

Considering previous knowledge of the ecology of 
the species under study in the Doñana area, we designed 
fine-scale habitat models aimed to offer insight into the 
mechanisms that structure the carnivore guild at the DNP. 

Fine-scale habitat models developed based on fine-scale 
habitat data are particularly useful for an understanding of 
relevant ecological factors for habitat selection of the spe-
cies under study along small-scale gradients.

We also hypothesised that distance to permanent water 
resources may be an important factor for all species, par-
ticularly during the hottest months when many surface 
water sources dry out in the area. Additionally, proximity 
to humans and infrastructure derived from their activity as 
well as the T inside the protected area may be detrimen-
tal to all the species because they produce higher mortality, 
degrade the original Mediterranean ecosystems and involve 
a higher risk of predation or competition with non-native 
carnivores (i.e. domestic dogs).

Pearson’s correlation coefficients among the variables 
and predictors were computed. Predictors with r > 0.6 were 
never included in the same model. In addition, we fitted an 
intercept-only equation to test improvement over the null 
model of no effect. Fitted models were compared using 
the second-order Akaike information criterion (AICc) and 
model weights (Burnham and Anderson 2002). We ranked 
models by their AICc values and determined the model-
averaged parameter estimates (Burnham and Anderson 
2002). The relative variable importance of predictor vari-
able j(wj) was determined as the sum of the wi across all 
models where j occurs. Larger wj values indicate a higher 
relative importance of variable j compared to other vari-
ables (Burnham and Anderson 2002).

Candidate model equations were fitted using generalised 
linear mixed models (GLMM) in SAS 9.2 with logit-link 
and binomial (for lynxes and genets) or negative binomial 
(for badgers, mongooses and foxes) error structure (McCul-
lagh and Nelder 1989). Observer and quadrants were mod-
elled as random effects, humidity as a covariate (Soto et al. 
2012), and the distance covered per quadrant during track 
censuses as an offset in all models.

Additionally, although we selected 4-km2 grids for sam-
pling in order to diminish the possibility of the same indi-
viduals being sampled in neighbouring grids [several of the 
carnivore species sampled may have home ranges of this 
size (Palomares 1994; Delibes and Palomares 1994)], track 
counts at neighbouring grids can be expected to show spa-
tial autocorrelation. Therefore, we checked for autocorrela-
tion in our data through inspection of semi-variograms and 
Moran’s I correlograms of non-spatial negative binomial 
and logistic generalised model residuals. We performed 
analyses using an autocovariate (AC) method in the GLIM-
MIX procedure (SAS 9.2, Littell et al. 1996) when spatial 
autocorrelation in non-spatial generalised model residuals 
was detected (Hosmer and Lemeshow 2000). The auto-
covariate method accounts for fine-scale spatial variation 
in the data by estimating how much the response at each 
location reflects response values at surrounding locations 
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(Dormann et  al. 2007). This extra parameter is intended 
to capture spatial autocorrelation originating from endog-
enous processes such as movement of censused individu-
als between sampling sites (Smith 1994; Keitt et al. 2002; 
Yamaguchi et  al. 2003). For every quadrant in our study 
area, we calculated the ACi in ArcGIS 9.3 (ESRI) as:

where yj is the number of tracks at quadrant j and wj is 
the inverse Euclidean distance between locations i and 
j. Hence, an autocovariate at location i is defined as a 
weighted sum of observation records y at locations j in a 
neighbourhood determined by Ni (Miller 2005).

The neighbourhood size (Ni) is often chosen arbitrarily 
and optimised (by trial and error) to best capture spatial 
autocorrelation (Augustin et al. 1996). Nevertheless, it may 
be informed as well by biological parameters, such as spe-
cies’ movements or dispersal capacity (Knapp et al. 2003) 
if the cause of spatial autocorrelation is known (or at least 
suspected). Hence, we hypothesised that autocorrelation 
in our data may partially originate from movement of cen-
sused individuals between sampling sites. We therefore set 
the neighbourhood size to two quadrants from each quad-
rant border to capture the average home range for all spe-
cies. We incorporated each autocovariate as an additional 
explanatory variable in the GLMM models to account for 
the variation explained by space while maintaining the 
same variable selection procedures as for spatially invari-
ant models. Finally, we tested autocovariate models for 
autocorrelation in the Pearson residuals, using Moran’s I 
correlograms and semivariograms of the most parsimoni-
ous model. We used the variogram procedure in SAS 9.2 to 
conduct these tests.

Outlying mean index analysis

To separate the ecological space filled by each species within 
an n-dimensional hypervolume representing environmental 
variability at DNP, we used the outlying mean index analy-
sis (OMI) ordination method (Dolédec et  al. 2000). This 
method measures the marginality of a species’ habitat distri-
bution (niche position), i.e. the distance between the mean 
habitat conditions used by a species (species centroid) and 
the mean habitat conditions across the study area (origin of 
the niche hyperspace) as well as the species tolerance (niche 
breadth), i.e. the amplitude in the distribution of each species 
along the sampled environmental gradients (Hurlbert 1978). 
The OMI index measures the niche position of each spe-
cies. Species with high values of OMI have marginal niches 
and are assumed to be influenced by a subset of the meas-
ured environmental variables (they occur in atypical habitats 

ACi =

j∈Ni∑

j �=i

wjyj, with wj = d−1
ij

in a region), and those with low values have non-marginal 
niches and indicate no specific response to the environmen-
tal variables (they occur in typical habitats in a region); such 
species tend to be more common throughout the study area. 
The niche breadth or species tolerance is measured by an 
additional variance term provided by this method. Low val-
ues of species tolerance mean that a species is distributed 
across habitats with a limited range of conditions (specialist 
species), while high values imply that a species is distributed 
across habitats with widely varying environmental conditions 
(generalist species). Residual tolerance is the variation in spe-
cies occurrence not accounted for by the main gradient. Out-
lying mean index is robust to unimodal, linear, or a mixture of 
species response curves and is not biased against species-poor 
or low-abundance sites on the synthetic gradient. Its interpre-
tations are also robust to multicollinearity among the explana-
tory variables (Dolédec et al. 2000). We determined signifi-
cance of the outlying mean index analysis at α = 0.05 based 
upon a Monte Carlo simulation (Metropolis and Ulam 1949), 
in which observed marginalities were statistically compared 
to 10,000 random permutation values of species marginalities 
or the null hypothesis that species are distributed equivalently 
in relation to the environmental variables. The OMI analy-
sis was performed with the ADE4 library (Thioulouse et al. 
1997) in the R software (Ihaka and Gentleman 1996).

Results

We surveyed 471  km and 8,373 carnivore tracks were 
found, with foxes, badgers and mongooses being the most 
frequent species (Online Resource 1). For prey, 5000 tracks 
were detected over the 11.6  km sampled. The most com-
mon prey species were wild ungulates and rabbits. The 
variables kilometric abundance index of rabbits per quad-
rant (Ra) and kilometric abundance index of rabbits,  par-
tridges,  small mammals  and  ungulates per quadrant (Tot) 
were correlated (r = 0.669, P < 0.001).

Based on the P-value of Moran’s I (P  >  0.05) and the 
semivariograms of residuals, habitat use models for badg-
ers, mongooses and foxes showed spatial autocorrelation, 
while this was not detected for lynxes and genets. We 
therefore fitted spatial negative binomial generalised mod-
els (i.e. using an autocovariate) for badgers, mongooses 
and foxes and non-spatial logistic generalised models for 
lynxes and genets.

The best approximating models (∆AICc < 2) for mon-
gooses, badgers and foxes belonged to the set of candi-
dates designed with the hypothesis of vegetation and land-
scape structure  plus  prey availability, as well as with the 
hypothesis of prey availability (Table  2). For mongooses, 
top models included distance to ecotone (DE), distance 
to water (DW), Tot, Ra,   mean cover of short shrub and 
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bushes per quadrant (%SB),   mean cover of bushes per 
quadrant (%B) and edges (linear) between tall shrub and 
pastureland (eBP) as predictors of their relative abundance. 
Variables DW and DE had the highest weights and were 
positively associated with the number of mongoose tracks 
(Table 4). Variables Tot and  %B were also positive and had 
relatively high weights (wj  > 0.4) (Table 4). For badgers, 
models included as predictors Ra, SM,  %SB,  %B,  mean 
cover of trees per quadrant (%T), DW, DE and eBP. All of 
these predictors were positive except for the distance to 
the ecotone between marshland and scrubland. Ra was the 
variable with the highest weight (wj = 0.577) (Table 4) and 
was positively associated with the number of badger tracks. 
For the red fox, only one model was supported by the data 
(Table  2). This model included as predictors   %B,   %T, 
DW and SM, and were all positively associated with the 
number of fox tracks. Only two variables showed high 
weights:  %B (wj = 0.809) and DW (wj = 0.871) (Table 4).

The best approximating models for lynxes and gen-
ets belonged to the set of candidates designed with the 

hypothesis of vegetation and landscape structure, veg-
etation and landscape structure  plus  prey availability as 
well as with the global hypothesis (Table  3). For gen-
ets, top models included as predictors   %B,   %T, DW, 
SM, DH and T. Four variables included in top mod-
els (%B,   %T, DW and SM) had high weights (>0.812; 
Table  4).   %B,   %T and SM were positively associated 
with the presence of genet tracks while DW was nega-
tively associated. Finally, for lynxes, top models included 
as predictors   %SB,   %B, DW, eBP, T and Ra. Vari-
ables included in the best models showed high weights 
(wj > 0.8) (Table 4).  %SB,  %B, DW, eBP and Ra were 
positively associated with the presence of lynx tracks 
while DE was negatively associated.

To illustrate niche separation between species, we used 
the first two axes of the outlying mean index analysis, 
which accounted for 99.95 % of the total explained envi-
ronmental variability (Online Resource 2). The overall out-
lying mean index analysis (i.e. sensitivity of carnivores to 
environmental variables) was significant (P < 0.0001).

Table 2   Summary of spatial negative binomial predictive models for Egyptian mongoose, Eurasian badger and red fox abundance and model 
selection estimators

Top models [second-order Akaike information criterion (∆AICc) ≤2] are shown in italic

−2 log(L) −2 Log-likelihood estimates, ∆i (AICc)i−(AICc)min, wi Akaike weights; see Table 1 for model definitions and other abbreviations

Model Herpestes ichneumon Meles meles Vulpes vulpes

AICc ∆i wi Ranking AICc ∆i wi Ranking AICc ∆i wii Ranking

Null model

 1. Intercept only 918.52 65.55 0.00 17 910.64 51.67 0.00 17 1277.53 60.47 0.00 17

Vegetation and landscape structure

 2.  %SB, %B, DW, eBP, DE 880.35 27.38 0.00 14 885.97 27.00 0.00 11 1252.19 35.13 0.00 13

 3.  %B, %T, DW 884.54 31.57 0.00 15 886.03 27.06 0.00 12 1248.20 31.14 0.00 11

 4.  %SB, %B, DW, DE 878.34 25.37 0.00 12 888.92 29.95 0.00 13 1250.28 33.22 0.00 12

 5. DW, DE 875.03 22.06 0.00 11 890.03 31.06 0.00 15 1252.62 35.56 0.00 14

Prey availability

 6. Ra 858.83 5.86 0.03 5 858.97 0.00 0.33 1 1221.22 4.16 0.05 6

 7. SM 859.79 6.82 0.02 8 861.61 2.64 0.09 5 1221.77 4.71 0.04 8

 8. Tot 862.91 9.94 0.00 9 861.13 2.16 0.11 4 1222.05 4.99 0.03 9

Human disturbance

 9. DH, T 885.97 33.00 0.00 16 889.94 30.97 0.00 14 1253.69 36.63 0.00 16

Vegetation and landscape structure + prey availability

 10.  %SB, %B, DW, eBP, DE, Ra 854.30 1.33 0.25 2 859.94 0.97 0.21 2 1220.92 3.86 0.06 4

 11.  %B,  %T, DW, SM 858.92 5.95 0.02 6 860.64 1.67 0.14 3 1217.06 0.00 0.42 1

 12.  %SB,  %B, DW, DE, Tot 855.37 2.40 0.14 3 863.36 4.39 0.04 7 1219.11 2.05 0.15 2

 13. DW, DE, Tot 852.97 0.00 0.48 1 865.11 6.14 0.02 9 1220.92 3.86 0.06 5

Global models

 14.  %SB,  %B, DW, eBP, DE, Ra, DH,  
T

857.58 4.61 0.05 4 863.31 4.34 0.04 6 1223.07 6.01 0.02 10

 15.  %B,  %T, DW, SM, DH, T 863.78 10.81 0.00 10 864.74 5.77 0.02 8 1221.39 4.33 0.05 7

 16.  %SB,  %B, DW, DE, Tot, DH, T 859.56 6.59 0.02 7 867.54 8.57 0.00 10 1219.92 2.86 0.10 3

 17. DW, DE, Tot, DH, T 879.28 26.31 0.00 13 894.15 35.18 0.00 16 1253.63 36.57 0.00 15
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Table 3   Summary of non-spatial logistic predictive models for common genet and Iberian lynx occurrence, and model selection estimators

Top models (∆AICc ≤2) are shown in italic. See Table 1 for model definitions; see Tables 1 and  2 for other abbreviations

Model Genetta genetta Lynx pardinus

AICc ∆i Wi Ranking AICc ∆i Wi Ranking

Null model

 1. Intercept only 175.23 18.59 0.00 17 151.89 44.15 0.00 15

Vegetation and landscape structure

 2.  %SB,  %B, DW, eBP, DE 168.97 12.33 0.00 12 107.74 0.00 0.52 1

 3.  %B,  %T, DW 163.47 6.83 0.02 8 141.70 33.96 0.00 10

 4.  %SB,  %B, DW, DE 170.63 13.99 0.00 13 121.26 13.52 0.00 5

 5. DW, DE 172.75 16.11 0.00 14 125.16 17.42 0.00 9

Prey availability

 6. Ra 173.89 17.25 0.00 16 151.71 43.97 0.00 14

 7. SM 173.62 16.98 0.00 15 152.87 45.13 0.00 16

 8. Tot 163.08 6.44 0.02 7 148.24 40.50 0.00 13

Human pressure

 9. DH, T 166.58 9.94 0.00 11 155.17 47.43 0.00 17

Vegetation and landscape structure + prey availability

 10.  %SB,  %B, DW, eBP, DE, Ra 164.69 8.05 0.01 9 109.53 1.79 0.21 2

 11.  %B,  %T, DW, SM 157.25 0.61 0.34 2 142.21 34.47 0.00 11

 12.  %SB,  %B, DW, DE, Tot 162.11 5.47 0.03 4 122.23 14.49 0.00 6

 13. DW, DE, Tot 162.67 6.03 0.02 6 110.99 3.25 0.10 4

Global models

 14.  %SB,  %B, DW, eBP, DE, Ra, DH, T 162.32 5.68 0.03 5 110.02 2.28 0.17 3

 15.  %B,  %T, DW, SM, DH, T 156.64 0.00 0.47 1 146.19 38.45 0.00 12

 16.  %SB,  %B, DW, DE, Tot, DH, T 161.11 4.47 0.05 3 122.93 15.19 0.00 8

 17. DW, DE, Tot, DH, T 164.91 8.27  0.01 10 122.72 14.98 0.00 7

Table 4   Variable weight (wj), average model coefficient (β) with average SE [SE(β)] for variables included in top models

Variables are described in Table 1; see Tables 1 and  2 for abbreviations 

Variables H. ichneumon M. meles V. vulpes G. genetta L. pardinus

β SE(β) wj β SE(β) wj β SE(β) wj β SE(β) wj β SE(β) wj

%B 0.17 0.12 0.48 0.33 0.26 0.45 0.35 0.25 0.81 0.10 0.06 0.95 0.32 0.12 0.90

%SB −0.27 0.24 0.44 0.14 0.10 0.29 1.69 1.2 0.90

%T 0.05 0.01 0.83

eBP −0.10 0.08 0.29 0.42 0.14 0.24 1.85 0.69 0.90

DW 0.08 0.04 0.96 0.25 0.19 0.46 0.29 0.22 0.87 −0.12 0.07 0.98 0.48 0.37 1.00

DE 0.61 0.22 0.93 −0.01 0.00 0.26 −2.56 0.70 1.00

Ra 0.16 0.07 0.32 0.05 0.03 0.58 0.02 0.00 0.38

SM 0.02 0.00 0.25 0.00 0.01 0.51 0.60 0.18 0.47

Tot 0.21 0.17 0.64

DH 0.01 0.04 0.56

T 0.01 0.01 0.21 0.00 0.00 0.47 −0.16 0.14 0.56

HUM 0.02 0.01 1.00 0.02 0.01 1.00 0.01 0.02 1.00 0.02 0.02 1.00 0.02 0.02 1.00

Autocov 8.08 2.96 1.00 9.71 3.27 1.00 1.91 0.00 1.00
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The position of the species along the first two OMI axes 
is presented in Fig.  1. Genets and lynxes were separated 
from mongooses, badgers and foxes. Genets and lynxes 
had the highest marginality values and the lowest toler-
ance to average habitat conditions of the synthetic gradi-
ents (Online Resource 3). Badgers and foxes had the low-
est marginality and the highest tolerance values, whereas 
mongooses exhibited relatively low marginality and high 
tolerance. Although the overall response of mongooses 
was non-significant, their marginality and tolerance levels 
were between those of genets/lynxes and badgers/foxes, as 
predicted.

Ordination diagrams on the first two axes of the OMI 
describe the environmental gradients that best discrimi-
nated the occurrences of the five carnivore species in DNP 
(Fig.  2). The first OMI axis was most influenced by prey 
availability and shrub cover far from human nuclei and the 
proportion of tall shrubs and trees at the opposing end of 
the gradient. The second OMI axis was most influenced 
by distance to the main ecotone between marshland and 
scrubland and prey availability and percentage of ecotones 
between pastureland and scrubland at the opposite end of 

the gradient (Online Resource 2). The presence of genet 
tracks was negatively associated with axis 1 (Fig.  1), and 
thus was positively related to patches distant from human 
nuclei and with high tree and tall shrub coverage (Fig. 2). 
Lynxes were positively associated with axis 1 and nega-
tively with axis 2 and thus positively related to patches with 
high prey availability (mainly rabbits) close to the ecotone 
between marshland and scrubland. Conversely, mongooses, 
badgers and foxes were more likely to be found across a 
wide range of habitat types with varying environmental 
conditions.

Discussion

Heterogeneous landscapes offer many choices in habitat 
selection (i.e. different axes over which species can differ), 
thus broadening opportunities for coexistence. However, 
in more homogeneous landscapes where a general habitat 
type dominates, the distribution of the resources available 
for species is limited and opportunities for coexistence 
are likely to be most restrictive. Hence, subtle patterns of 

(a) (b) (c)

(d) (e)

Fig. 1   Outlying mean index (OMI) analysis of carnivore track cen-
suses. Weighted positions of the species along the first two axes of 
the OMI analysis. The figure presents the ecological position of the 
five carnivore species in the n-dimensional hypervolume representing 
fine-scale environmental variability in Doñana National Park. a Ibe-
rian lynx, b common genet, c Egyptian mongoose, d Eurasian badger, 
and e red fox. The set of N resource units available to the species 

of the study defines a cloud of N points in the P-dimensional space 
defined by the P variables (‘ecological space’). For each species, a set 
of utilisation weights (indicated by circles with diameter proportional 
to the weights) allows us to define its niche, which are the available 
points that are actually used. Species that had low marginality were 
located near the origin and those that had high marginality were 
located far from the origin
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habitat partitioning as well as coexistence between species 
with different degrees of specialisation may promote eco-
logical separation and thus community functioning under 
this scenario. A parsimony-based strategy for confronting 
different model hypotheses allowed us to assess fine-scale 
landscape attributes linked to five carnivore species in a 
protected area where species coexist in a largely similar 
habitat type, the Mediterranean scrubland. These species 
exhibited spatial storage or separate niches along a gradient 
of environmental variability according to their degrees of 
specialisation.

On the basis of an OMI analysis, lynxes and genets are 
marked specialists and showed the narrowest and most 
marginal niches throughout DNP’s environmental con-
ditions (Fig.  1). Additionally, lynxes and genets showed 
niche segregation as a result of their differences in ecologi-
cal preferences (Online Resource 3), which is supported by 
the fine-scale habitat use results. Results of fine-scale habi-
tat use models for lynxes and genets were probably related 
to the availability of prime resources for the two species 
such as refuges and prey. Lynxes and genets showed the 
most restricted habitat use pattern depending on vegetation, 
landscape, prey and human-related variables. Lynxes were 
associated with zones with a high density of bushes likely 
representing areas of late-successional Mediterranean 
communities, an uncommon microhabitat in the area due 

to the human transformation of the autochthonous vegeta-
tion (García-Novo and Martín-Cabrera 2005). The density 
of ecotones between bushes and pastureland, which in turn 
favour abundance of the main prey of lynx, the European 
rabbit (Fernández et al. 2006, 2007), was also a robust pre-
dictor of the presence of lynx tracks. This was also true of 
the distance to the ecotone band between the Mediterra-
nean scrubland, where refuge and grass availability favour 
a high rabbit density in Doñana (Moreno and Villafuerte 
1997; Fernández and Palomares 2000). As expected, genets 
showed associations with areas with high small mammal 
abundance (a community mostly composed of the long-
tailed field mouse), important prey items for the species 
in Mediterranean areas (Delibes and Palomares 1991b), as 
well as preferences for pine forest areas with undergrowth 
bushes. These results agree with previous findings for the 
radio-tracked population of the Iberian lynx (Palomares 
et al. 2000; Palomares 2001; Fernández et al. 2003) and the 
common genet (Delibes and Palomares 1988, 1991b, 1994; 
Palomares et  al. 1996) in the protected area. Genets and 
lynxes showed low abundance and a clearly spatially struc-
tured distribution in DNP (Online Resource 4) that could 
therefore be explained by the fact that genets and lynxes 
may be limited in their home ranges to areas of simulta-
neous convergence of high small mammal or rabbit avail-
ability, as well as a high percentage of tall shrub cover 
and overall understorey or a high percentage of tree cover, 
respectively.

Foxes and badgers showed a non-specific habitat use 
pattern and a wide distribution across the environmen-
tal conditions sampled in our study area as shown by the 
low weights of predictors in the fine-scale habitat models 
(Table 4) and the OMI analysis (Fig. 1). Rabbits, as well as 
bush density and distance to water sources, were the most 
important predictors associated with numbers of badger 
and red fox tracks, respectively. Badgers are trophic gen-
eralists but in Mediterranean areas rabbits may constitute 
an important prey for the species (Palomares and Revilla 
2002).

Foxes exhibited higher relative abundances in areas with 
dense bush cover, a microhabitat that could potentially 
offer higher protection.

Mongooses were positively associated with dense bush 
cover and high availability of different prey items as a 
whole (i.e. rabbits, small mammals and partridges) as well 
as with high availability of rabbits. This could be explained 
by the fact that in spite of the trophic generalism of the spe-
cies (Santos et al. 2007), wild rabbits constitute an impor-
tant prey item for the species in Mediterranean areas (Palo-
mares and Delibes 1991b).

Foxes, badgers and mongooses overlapped in niche 
position, but foxes and badgers showed broader niches than 
mongooses (Fig. 1; Online Resource 3). In fact, mongooses 

 d = 0.2 

 SB

 B

 T 

 DH

 Traf

 eBP

 DW

 D E

 CON

 SM

 Tot

Axis 1

Axis 2

Fig. 2   Canonical weights of environmental variables. Contribution 
of environmental, human and prey variables to the definition of the 
niche parameters of species in the OMI analysis. The length of the 
arrow describes the relative importance of each variable in the analy-
sis, and the direction of the arrow indicates among-variable correla-
tions. For abbreviations, see Table 1)
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exhibited an intermediate niche position and niche breadth 
between that of genets/lynxes and badgers/foxes (Online 
Resource 3). These results suggest that mongooses exhibit 
a certain degree of habitat specialisation.

The wider spatial niches exhibited by mongooses, foxes 
and badgers may be a response to fluctuations in resource 
availability, characteristic of Mediterranean environments. 
Mediterraneity (Virgós and Casanovas 1999) may result 
in an opportunistic behaviour in food gathering and habi-
tat use broadening realised niches of species and allowing 
coexistence between species with similar requirements by 
the switch to other temporarily available resources.

In summary, sympatry of carnivore species in DNP 
appears to be mediated by fine-scale habitat selection only 
for the most specialist species (lynxes and genets). Badgers 
and foxes meanwhile did not show any clear pattern of spe-
cialisation at a fine scale as expected due to their high lev-
els of habitat and trophic generalism. Although mongooses 
were more specialised in habitat selection than badgers and 
foxes, for areas such as that studied here, the three species 
can coexist with no apparent differences in habitat use and/
or realised niche segregation. Differences in activity pat-
terns of these three species may help to explain the coexist-
ence among them. Mongooses are almost exclusively diur-
nal in the study area (Palomares and Delibes 1993b), while 
badgers are exclusively nocturnal (Palomares and Revilla 
2002) and foxes nocturnal and crepuscular. Therefore, the 
carnivore community structure in DNP does not seem to be 
defined only by habitat use partitioning.

Interspecific interactions among predators are another 
aspect that should be explored and can also greatly shape 
the community structure. Mongooses, for example, were 
strongly negatively associated with distance to the ecotone 
between marshland and scrubland, which may be related to 
the high use that lynxes made of this area (Palomares et al. 
1996; Viota et al. 2012).

Under a landscape analysis scheme that we have defined 
as coarse scaled, where Mediterranean scrubland can be 
considered as a homogeneous landscape, we have been 
able to detect differences in suitability for carnivores in 
DNP after examining fine-scale habitat variables. Differ-
ences in fine-scale habitat use and ecological separation 
through segregation along the ecological niche dimensions 
have been shown as key mechanisms for the most special-
ised species allowing coexistence, as for lynxes and genets. 
Hence, the study of spatial heterogeneity at small scales, 
particularly in largely homogeneous areas, is essential to 
understanding the community structure and functioning of 
similar, coexisting species. To manage conservation areas 
that protect coexisting carnivore species, we must under-
stand guild community functioning and species-specific 
habitat use patterns and evaluate the role that competitors 
play in determining these patterns.
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