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Summary
1. Over a large part of its very restricted and fragmented range, Iberian lynx
Lynx pardinus occur in remote mountainous country at low density, where the
only information about the species comprises records of incidental sightings
obtained by inquiry. In this study we developed an approach for quantifying
lynx±habitat relationships and distribution patterns from sighting data, using
records from western Algarve (Portugal) in 1990±95.
2. Habitat was described in terms of land cover, topography, human disturbance
and rabbit abundance, in 25-km2 cells surrounding lynx sightings and at random
locations within the study area.
3. Lynx sightings were consistently associated with predictable habitat features.
Sighting probabilities estimated from a logistic regression model increased with
the abundance of rabbits and the proportion of land covered by tall
Mediterranean maquis, and declined with road density and the amount of developed land. This model identi®ed correctly 85´7% of lynx sightings; at the same
time only 20´7% of the random locations were misclassi®ed.
4. Indices of human presence were never associated positively with lynx sightings,
suggesting that observation patterns were not in¯uenced by the spatial distribution of potential observers.
5. Kriging was used to interpolate spatially between sighting probabilities derived
from the logistic model in order to produce a map of sighting potential for the
Iberian lynx in western Algarve. Jack-knife resampling assessed the accuracy of
this map. Three well-de®ned areas of high sighting potential were identi®ed, probably representing the lynx core areas in this region.
6. Our analysis of lynx sighting records suggests that these data may provide a
®rst approximation to lynx habitat and distribution when further information is
lacking. The application of this approach to other rare and reclusive species is discussed.
Key-words: conservation, geostatistics, logistic regression, Lynx pardinus, rabbits.
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Introduction
The Iberian lynx Lynx pardinus Temminck has
recently been considered the most endangered wildcat in the world (Nowel & Jackson 1996). This species only occurs in Portugal and Spain, with an
estimated population of about 350 breeding females
(RodrõÂ guez & Delibes 1992). The range of the
Iberian lynx is currently very fragmented, with only
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two populations larger than 200 individuals and
occupying more than 2000 km2 (RodrõÂ guez &
Delibes 1992). In the past, the lynx had a much
wider range within the Iberian Peninsula, but this
has decreased steadily since the 1950s (Delibes 1979;
Palma 1980). Several factors may have contributed
to this decline, but the main reasons are probably
the destruction of Mediterranean scrubland and
food scarcity (Delibes 1979). The Iberian lynx's staple prey is the rabbit Oryctolagus cuniculus L.
(Delibes et al. 1975; Delibes 1980; Palma 1980),
which has suered widespread decline due to myxo-
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matosis (Sumption & Flowerdew 1985). Recently,
outbreaks of viral haemorrhagic disease continue to
depress rabbit populations (Villafuerte et al. 1994),
reducing further the abundance of lynx food
resources (Castro & Palma 1996).
Details of the factors aecting lynx abundance
and distribution are poorly documented, except for
the well-studied DonÄana population in south-western Spain (Palomares et al. 1996 and references
therein). At DonÄana, rabbit density and human disturbance have been shown to in¯uence strongly the
local lynx population (Delibes 1980; Palomares et al.
1991, 1996; Ferreras et al. 1992), but this information may be of limited value for the conservation
management of the species elsewhere. DonÄana is
rather atypical in that lynx occur at high densities in
a ¯at and coastal sandy area, whereas most other
populations occupy mountainous country, where the
animals tend to live at low density, probably wander
widely and defy reliable observation. In these circumstances, the status of the species has been
inferred from incidental sightings, obtained by asking the local human populations (shepherds, gamekeepers, hunters and farmers), together with ®eld
surveys aimed at detecting signs of lynx presence,
such as scats and footprints (RodrõÂ guez & Delibes
1992; Oreja & VaÂzquez 1996; Palma 1996). Many
studies have provided rough accounts of lynx±habitat relationships in these areas, but these have generally been based on the subjective appreciation of
patterns of sighting and sign occurrence.
In Portugal, the most important lynx population
occurs in the remote mountainous areas of Algarve
(Castro & Palma 1996), where the animals are reclusive and probably live at low density (Palma 1996).
Here, attempts to capture lynx for radiotelemetry
have proved unsuccessful and little data can be
obtained from sign surveys. As in other areas in
Portugal, the main source of information for this
population is through inquiries with local residents,
which rarely yield more than a handful of incidental
sightings of lynx per year. Despite this paucity and
relatively poor quality of information available, conservation management measures for this population
need to be taken. Urgent action is necessary to
delineate boundaries for lynx conservation areas,
select targets for habitat improvement, and to assess
the environmental impact of new developments such
as forestry projects and the construction of infrastructures (dams, roads, etc.). Moreover, the
European Directive 92/43/EEC lists the Iberian lynx
as a priority species, thus national conservation
agencies are required to designate conservation
areas for the species and to assess the potential
negative impacts of human activities on their habitats and populations. This requires a good knowledge of lynx distribution patterns and habitat

relationships, which need to be inferred from the
available sighting data.
Previous research has shown that, despite several
shortcomings, sighting data are a valuable source of
information for rare and endangered wildlife species
(Agee et al. 1989; Stoms et al. 1993). We sought to
develop a quantitative approach for analysing the
existing database of lynx observations in western
Algarve in order to aid identi®cation of the main
habitat requirements and distribution centres. The
speci®c objectives of this study were to determine if
lynx sightings are associated with prey abundance,
human activities and land cover characteristics in
the surrounding area, and, if so, to model sighting
potential as a function of habitat attributes. One
aim of this modelling exercise was to derive a map
of lynx sighting potential, from the spatial interpolation of sighting probabilities between locations
where habitat attributes had been estimated. The
results of the study were used to infer the most
likely factors limiting the small Iberian lynx population inhabiting the uplands of Algarve, and to put
forward some management and land-use recommendations regarding the conservation of this population. From a case study perspective, we also discuss
the applicability of our approach to other animal
populations in parts of their range where they are
very rare.

Study area
The study was carried out in the rugged coastal and
mountain regions of western Algarve (south-west
Portugal), in an area of about 1500 km2 encompassing a cluster of lynx sightings (Fig. 1) separated
from other clusters in eastern Algarve and southwest Alentejo by seemingly unsuitable habitat.
Elevation ranges from approximately 0 m to
900 m a.s.l. The climate is of Mediterranean type;
mean annual temperatures vary from 12´2  C to
17´4  C; and rainfall is concentrated between
November and March, ranging from about 400 mm
near the coast to over 1000 mm on the mountaintops. The natural vegetation of the area is primarily
evergreen sclerophyllous scrubland (Rivas-MartõÂ nez
et al. 1990), dominated at most locations by Cistus
ladanifer L., and occupying abandoned farmland
formerly devoted to extensive cereal cropping. In
remote areas and on the steepest slopes there are
patches of more mature Mediterranean vegetation,
including cork oak Quercus suber L. woodlands and
a tall and dense maquis dominated by Arbutus
unedo L. and Erica arborea L. During the 1970s and
1980s large-scale aorestation with Eucalyptus globulus Labill. occurred in the uplands, replacing
many abandoned agricultural ®elds and areas with
natural vegetation that had been spared from past
human activities. In rugged terrain agricultural
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Fig. 1. Map of western Algarve (Portugal) showing the limits of the study area and the location of the 29 Iberian lynx sightings in 1990±95 analysed (black dots). The main villages are indicated by circled dots. The river network is also shown.

activities are now extremely reduced and human
occupation is restricted to small villages and some
cultivated valleys. The pattern changes at the coast,
where there are wider agricultural areas, scattered
habitation and some tourist centres.

Methods
LYNX SIGHTING DATA
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Lynx sightings analysed in this study are included in
a database compiled by the Portuguese conservation
agency (Instituto da ConservacËaÄo da Natureza),
which incorporates records for all the country dating chie¯y from the past three decades. Here we
used a set of 29 lynx sightings from the region of
western Algarve in the period between February
1990 and May 1995 (Fig. 1). Sighting locations were
assigned to 1-km2 Universal Transverse Mercator
(UTM) grid cells to account for the maximum geographical uncertainty associated with a lynx observation. However, most locations were far more
accurate than this, and indeed for many sightings
the exact geographical position could be determined
with virtually no error, with the help of the observer
involved.
Most data were obtained during a survey carried
out in Algarve and western Alentejo by one of us
(L. Palma), from 1992 to 1994, which included more
than 200 interviews with shepherds, farmers and
hunters, among others. During the survey particular
care was taken to ascertain sighting reliability from
accurate descriptions of lynx aspect and behaviour.
Only ®rst-hand observations were accepted as reliable, and whenever possible the exact ®eld locations

where observations had occurred were checked with
the observers. Most observation areas were searched
for lynx signs (e.g. faeces and tracks), but the paucity of information obtained by this method made it
unsuitable for use on a systematic basis. Results of
the survey are reported in detail elsewhere (Palma
1996).
Although 29 sightings may be considered a rather
small data set for inferring lynx habitat and distribution over an area of 1500 km2 in western Algarve,
increasing the sample size by extending the study
period would have been inadequate. This is because
lynx sightings are reported at a very slow annual
rate, and a long time would be needed for any signi®cant increase in the data set. Studies based on
past sightings of target species have to rely on the
assumption that habitat conditions remain fairly
constant over the period for which the observations
were gathered (Agee et al. 1989; Stoms et al. 1993).
This assumption could not be met in western
Algarve had a period much longer than 5 years been
selected, because of fairly rapid landscape changes
(e.g. wild®res, forestry and desertion of agriculture).
The study period (1990±95) thus represents a compromise between the needs for a data set as large as
possible, and the requirement for stable habitat conditions.

STUDY DESIGN AND HABITAT VARIABLES

Sighting a lynx is to a large extent a random and
rare event, thus it is likely that the precise location
of an observation is mainly determined by the availability of observers, and not directly by the characteristics of the habitat at the site. However,
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provided lynx are occurring within areas of suitable
habitat, and not randomly within the study area,
lynx sightings should re¯ect habitat attributes in a
broader area surrounding the sighting location. This
hypothesis was investigated in this study, by determining habitat characteristics in 25-km2 cells surrounding the 29 lynx sightings, and comparing these
with the conditions surrounding an equal number of
random locations within the study area. The 25-km2
buer was selected considering the size of annual
home ranges occupied by male Iberian lynx in poor
habitats (Ferreras et al. 1997). A relatively large area
was selected compared with that used by animals
living in optimal habitat (Ferreras et al. 1997), for
Lynx species tend to show much enlarged home
ranges at low density (Ward & Krebs 1985; Knick
1990; Poole 1994). Random 1-km2 UTM cells were
located in a truly random manner, following the
grid technique (Hays, Summers & Seitz 1981). When
random points fell within 25-km2 cells surrounding
lynx sightings, these locations were ignored and new
ones selected.
For each 25-km2 cell, 12 habitat variables were
recorded as measures of land cover, physiognomy,
human disturbance and prey abundance (Table 1).
Land-cover data were derived from the interpretation of aerial photography (approximate scale
1 : 10000) from August 1995, using the point grid
technique (Hays, Summers & Seitz 1981).
Vegetation cover was categorized in ®ve broad
structural types, assuming that details of ¯oristic
composition should be irrelevant to lynx.
Classi®cation of types on the aerial photography
was straightforward, because of a previous detailed
ground survey and characteristic texture and colour

of the dierent categories. Landscape diversity was
calculated by Shannon±Wiener's equation (Krebs
1989), using the proportions of dierent cover types.
Indices of land ruggedness, drainage density and
road density were derived from 1 : 25000 maps. The
index of land ruggedness was calculated by counting
the number of times the lines on an overlay intercepted every ®fth contour line (50 m, 100 m, . . . ) on
the topographic map. The overlay was a square
representing an area of 25-km2, where four radial
lines running north±south, east±west, north-west±
south-east and north-east±south-west, had been
drawn. Likewise, the indices of drainage density and
road density were calculated by counting the number of interceptions with, respectively, the streams
and paved roads represented on the map. Distance
to the nearest village was calculated from the central
point of the 25-km2 cells, also on 1 : 25000 maps.
In relation to prey abundance only the rabbit was
considered, for this is the staple food for the Iberian
lynx (Delibes et al. 1975; Delibes 1980; Palma 1980).
A single observer sampled rabbit availability in
49 days, between 28 April and 8 July 1996. For each
25-km2 cell, the presence and relative abundance of
rabbits were surveyed along 250-m transects, one
for each of 10 randomly selected 1-km2 UTM grid
cells. Transects were made along dirt roads following hill ridges, where preliminary observations had
suggested that the presence of rabbits was most predictable. At each transect signs of rabbit activity
(warrens, tracks, faecal pellets, scratches and observation of animals) were recorded and latrines were
counted in a strip including 2 m beyond each side of
the road. Latrines are special communal sites where
rabbits deposit faecal pellets, in addition to deposit-

Table 1. Habitat variables used in the analysis of factors aecting the likelihood of Iberian lynx observation in western
Algarve. See the study area section for a more detailed description of land cover types
Range of values
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Variables

Abbreviation

Minimum

Mean

Maximum

Land cover
% of area with oak woodlands
% of area with tall maquis
% of area with evergreen sclerophylous scrubland
% of area aorested
% of area with farmland
% of area with developed land
Landscape diversity

% oak
% maquis
% scrub
% aorested
% farmland
% developed
Diversity

0
7
7
0
1
0
0´40

5
12
36
29
17
2
0´55

25
39
71
69
74
11
0´71

Physiognomy
Index of drainage density
Index of land ruggedness

Drainage
Ruggedness

0´65
0´90

3´60
3´70

5´60
6´00

Human disturbance
Index of road density
Distance to the nearest village, km

Roads
Distance

0´00
0´05

0´16
1´83

0´70
4´20

Prey abundance
Average number of latrines per transect

Rabbit

0´00

2´50

9´20
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ing faeces apparently at random throughout their
range (Sneddon 1991). Counts of faecal pellets have
been widely used for estimating rabbit distribution
and relative abundance (Rogers & Myers 1979), this
method being particularly appropriate for areas
where the actual observation of individuals is dicult and the soil is generally unsuitable for recording
tracks and scratches. However, in this case the dense
and tall scrub precluded the counting of scattered
pellets, hence only latrines were considered. An
index of rabbit abundance was computed by considering the average number of latrines per transect.

DATA ANALYSIS

# 1999 British
Ecological Society
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Logistic multiple regression (Hosmer & Lemeshow
1989) was conducted using EGRET (SERC 1991) to
predict the probability of lynx observation as a
function of habitat conditions at 25-km2 cells.
However, some of the variables used for describing
lynx habitat were intrinsically interdependent (multicollinearity), thus a substantial part of the information in one or more of these variables may be
redundant and the conclusions drawn from the
regression analysis may be ambiguous (Glantz &
Slinker 1990). Principal components regression
(Glantz & Slinker 1990) was used to compensate for
unavoidable multicollinearity among the data. This
method uses as independent variables the axis
obtained from an ordinary principal components
analysis (PCA). The principal components contain
the same information as the original variables and
have the bene®t of being de®ned in a way so that
they are mutually uncorrelated and that there is no
redundant information between them. To improve
the analysis further and to obtain simpler and more
interpretable components, the PCA axes were
rotated using the varimax criteria (Kim & Mueller
1978).
The model building strategy included a preliminary analysis of the isolate eect of each rotated PCA
component, using univariate logistic regression analysis (Hosmer & Lemeshow 1989). Both Wald and
likelihood ratio tests (w2) were computed, for they
frequently provide dierent results. Because we
sought to identify even tenuous correlates of lynx
occurrence, all descriptors with P-values < 0´25 in
either test were retained for multivariate logistic
regression analysis. To detect possible outliers in the
data, in¯uential observations were estimated from
the delta-betas computed for each univariate regression model. A delta-beta is an approximation of the
amount that an estimated regression parameter
would change if a given observation was omitted
from the regression ®t, large changes indicating that
the observation may fall o the pattern evident
from the rest of the data (Glantz & Slinker 1990;
SERC 1991).

The variables retained in the preliminary scrutiny
were then subjected to a forward stepwise procedure, in order to generate more parsimonious multivariate logistic models. All the variables for which
the score test had P-values smaller than 0´1 were
entered into the model, following the procedure
available in EGRET (SERC 1991). The models
developed were checked for biological plausibility,
and variables were then entered into, or removed
from, the models, in order to improve their goodness-of-®t. We also tested for the presence of nonlinearity and interactions between variables, following the procedures suggested by Hosmer &
Lemeshow (1989).
The signi®cance of logistic models was ascertained
from the likelihood ratio statistics, by comparing
the deviance for the models of interest against the
deviance for the model ®tted only to the intercept bo
(Hosmer & Lemeshow 1989). Classi®cation tables
were also used for assessing the goodness-of-®t
(Hosmer & Lemeshow 1989). For this, the estimated
probabilities obtained from the regression models
were converted to dichotomous 0±1 data through
speci®cation of a cut-o point. Moving the cut-o
points by increments of 0´1 along the [0,1] probability interval allows estimates of optimal cut-o points
to be made by identifying the values for which most
successes are correctly classi®ed, while minimizing
the number of failures (Pereira & Itami 1991).
Classi®cation accuracy of the model was then compared with that attainable by chance using Cohen's
k (Siegel & Castellan 1988; Brown & Litvaitis 1995).
Independent validation of the models by calculating
classi®cation error rates for data not used in the
model building was not possible, because of the
small sample sizes.

MAPPING OF SIGHTING PROBABILITIES

A map of sighting potential for the Iberian lynx in
western Algarve was derived from the spatial interpolation between sighting probabilities estimated
from the logistic model. Among the dierent interpolation methods available, kriging was used
because this is probably the most adequate for constructing maps describing quantitative trends in a
species abundance, as it takes into account the
mathematical characteristics of the general structure
of the spatial phenomenon studied (Maurer 1994;
Villard & Maurer 1996). Kriging is a weighed moving average technique, with weights depending on
the spatial patterns of covariance between sampling
points (Burroughs 1987). These patterns are
obtained by ®tting a theoretical mathematical model
to an experimental variogram (Burroughs 1987;
Maurer 1994), which represents the average degree
of similarity between sampling locations as a function of geographical distance between them (Rossi
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et al. 1992). This model is the source of information
about the average distance within which the samples
remain correlated spatially (interpolation window),
and the weights that must be used in the interpolation (Burroughs 1987). The variogram also contains
information on the `nugget variance', that is the spatial variability at distances smaller than the smallest
sampling distance (Rossi et al. 1992). Variograms
were produced with the program VARIOWIN 2.2
(Pannatier 1996), and interpolation was carried out
using SURFER 5.01 (Golden Software 1994).
Interpolation was only computed for locations
where there were at least three data points occupying a minimum of two quadrants within the interpolation window.
Errors in mapping sighting probabilities through
interpolation were assessed by jack-knife resampling
(North & Reynolds 1996). One observation was
removed from the data, the remaining data were
spatially interpolated, and the new map derived was
used to estimate the probability of sighting lynx at
the location of the observation omitted. This process
was repeated for each observation in the data set,
and the probabilities thus obtained were used to
construct a new classi®cation table, considering the
same cut-o point as before. Cohen's k was used to
assess classi®cation accuracy of the interpolated estimates. We also regressed the sighting probabilities
derived from the jack-knife approach on those estimated directly from the logistic model, to detect any
signi®cant departure from the expected relationship,
x = y.

Results
INTERRELATIONS AMONG HABITAT
VARIABLES

Principal components analysis of the habitat variables con®rmed the presence of serious multicolli-

nearity, the condition number for the ®rst
eigenvalue (f = lmax/lmin = 174´3) being far above
the threshold for concern (100). Loadings of the
habitat variables on the rotated PCA axis are shown
in Table 2. The varimax rotation was very successful
in minimizing the loadings of each variable on all
but one axis. The exceptions were the variables
%scrub and %aorested, which were both ascribed
to axis I. The strong relationship between these two
variables was probably because the areas of dry cereal farmland abandoned in the last decades either
reverted to Cistus ladanifer L. scrubland, or were
aorested with eucalyptus. Each axis from II to XI
showed high loadings (> 0´70) for a single habitat
variable, and was almost not related to any other
variable (loadings < 0´4). Therefore, each of these
axes may be thought to represent the portion of
variability of a given habitat variable that is independent of the remaining variables. Axis XII did
not show high loadings for any habitat variable,
thus it was discarded from further analysis.

COVARIATES OF LYNX SIGHTINGS

The univariate logistic regression analysis (Table 3)
showed a clear negative association between lynx
sightings and road density (axis VIII), and a strong
positive association with the abundance of rabbits
(XI) and less so with tall maquis (IV). Vegetation
diversity (II), land ruggedness (IX) and developed
land (X) showed weak (P < 0´25) negative associations with lynx observations, but they were retained
for further analysis.
The inspection of delta-betas for the detection of
in¯uential data points revealed that there was only
one lynx sighting clearly falling o the pattern for
the remaining data, at least for the axis related to
the percentage cover by developed land. This observation was made close to a village, in an area with a

Table 2. Principal component loadings and explained variance (% Var.) for varimax rotated PC axes I±XII describing the
relationships between variables used to analyse lynx habitat in western Algarve. For each axis only the three variables with
the highest loadings are given
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Axis

% Var.

Factor loadings

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII

15´5
8´2
8´7
9´4
10´4
8´8
8´9
8´3
5´5
7´0
9´0
0´3

% scrub
Diversity
Rabbit
% maquis
% farmland
Distance
Drainage
Roads
Ruggedness
% developed
% oak
% aorested

(0´94)
(0´88)
(0´98)
(0´93)
(0´92)
(0´95)
(0´90)
(0´87)
(0´72)
(0´77)
(0´91)
(0´15)

% aorested
% oak
Roads
Ruggedness
% developed
Roads
% aorested
% developed
% aorested
% aorested
Diversity
% scrub

(±0´82)
(0´34)
(±0´17)
(0´31)
(0´37)
(±0´21)
(0´25)
(0´29)
(0´19)
(±0´25)
(0´38)
(0´09)

Ruggedness
% scrub
% developed
% developed
% aorested
% developed
Ruggedness
% oak
% developed
% farmland
Roads
% oak

(±0´42)
(±0´17)
(±0´14)
(±0´19)
(±0´32)
(±0´18)
(0´23)
(0´17)
(±0´16)
(0´20)
(0´21)
(±0´004)
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Table 3. Eects of each habitat variable on the likelihood of lynx sighting in western Algarve, as assessed from the results of
®tting a logistic univariate model to the varimax rotated principal components. Statistical signi®cance of the habitat associations was obtained from the Wald test and the likelihood ratio test (w2; d.f. = 1). b = logistic regression coecients. SE (b)
= standard errors of b
Wald test
Axis

Related variables

I

% scrub(+)
% aorested (±)
Diversity
Rabbit
% maquis
% farmland
Distance
Drainage
Roads
Ruggedness
% developed
% oak

II
III
IV
V
VI
VII
VIII
IX
X
XI

Coecient (b)

b/SE (b)

Likelihood ratio test
P

w2

P

0´178

0´666

0´505

0´447

0´504

±0´394
0´745
0´534
0´010
±0´025
0´056
±0´527
±0´413
±0´483
±0´200

±0´434
2´250
1´778
0´038
±0´096
0´212
±1´799
±1´467
±1´491
±0´736

0´159
0´024
0´075
0´969
0´923
0´832
0´072
0´142
0´136
0´462

2´094
6´279
3´570
0´002
0´009
0´045
3´572
2´288
2´682
0´554

0´148
0´012
0´059
0´969
0´923
0´832
0´059
0´130
0´101
0´457

much stronger human occupation than other sites
where the species was sighted. When this observation was removed from the univariate analysis, a
strong negative association between lynx and developed land emerged (b = ±1´206; b/SE (b) = ±2´461;
P = 0´014), indicating that this data point may be
an outlier. Because of this, the observation was discarded from further analysis.
The multivariate logistic model converged on a
formulation including the axis related to rabbit
abundance (III), cover by tall maquis (IV), road
density (VIII) and cover by developed land (X) as
the statistically signi®cant variables (P < 0´1;
Table 4). Clearly, sighting of a lynx is more likely in
areas where food resources (rabbits) and cover (tall
maquis) are abundant, and where human disturbance (roads and developed land) is reduced. This
selection of variables would have remained identical,
had we relaxed the inclusion criteria to consider
variables with a score test P < 0´2. The model was
satisfactory, because at the cut-o level yielding the
largest percentage of correct classi®cations (0´5) it

identi®ed correctly 85´7% of lynx cells; at the same
time only 20´7% of the random cells were misclassi®ed. Classi®cation accuracy was greater than
expected by chance (k = 0´65, P < 0´001).

MAPPING OF SIGHTING PROBABILITIES

The variogram (Fig. 2) calculated from the spatial
distribution of lynx sighting probabilities in western
Algarve indicated that the maximum semi-variance
occurs at lags of about 12 km, and that points
further apart than this tend to ¯uctuate in a pseudoperiodic manner. This result may derive from the
spatial pattern of a species showing one or a few
core areas, its abundance decreasing away from
these areas. For lags smaller than 12 km the variogram was best represented by a Gaussian model,
with a sill of 0´118 and a range of 9´2 km, beyond
which the observations may be treated as statistically independent. Therefore, the interpolation window was set equal to the range. The nugget eect
obtained was small (0´012) but it was considered for

Table 4. Best multivariate logistic regression model describing the relationship between habitat conditions and lynx sighting
probability in western Algarve (likelihood ratio w2 = 27´115; P < 0´001; d.f. = 4). b = logistic regression coecients. SE (b)
= standard errors of b. c = odds ratio
Wald test
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Odds ratio

Axis

Related variables

Coecient (b)

b/SE (b)

P

c

95% CI

III
IV
VIII
X

bo
Rabbit
Maquis
Roads
% developed

±0´263
1´161
0´735
±0´607
±1´934

±0´704
2´524
2´093
±1´711
±2´653

0´482
0´012
0´036
0´087
0´008

±
3´193
2´085
0´545
0´145

±
(1´498,6´806)
(1´170,3´714)
(0´304,0´976)
(0´043,0´479)

819

L. Palma,
P. Beja &
M. Rodrigues

Fig. 2. Experimental variogram of lynx sighting probabilities derived from the logistic regression model in Table 4.
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spatial interpolation because matrix instability problems in kriging are often encountered when using a
Gaussian model without a nugget eect (Pannatier
1996).
The sighting likelihood map generated by kriging
was overlaid with sighting locations to facilitate
comparisons between observed spatial patterns of
lynx occurrence and the interpolated probabilities
(Fig. 3). Another 57 interpolation maps were produced by jack-knife resampling, but in ®ve cases the
minimum number of data points necessary to carry
out estimations was not available within the interpolation window of the observation removed from the
data set. There was a signi®cant linear relationship
between the probabilities derived from the jackknife procedure and directly from the logistic model
(r2 = 0´40, F1,50 = 34´066, P < 0´001), but the slope
was signi®cantly dierent from one (b1 = 0´318,
t(50) = ±12´510, P < 0´001) and the intercept dierent from zero (b0 = 0´225, t(50) = 7´255, P < 0´001).
This was because kriging produced a smoothed
trend surface, and thus small probability values
were consistently overestimated and large values
underestimated. Care should thus be taken when
interpreting the map of sighting potential, for only
the general spatial trends of high and low probability, but not the actual probability values, may be
meaningful. In spite of this, the jack-knife probabilities classi®ed correctly 80´8% of the observations as
lynx sightings or random points, considering a cuto point of 0´5. This classi®cation accuracy is
greater than expected by chance (k = 0´62,
P < 0´001)
Given the limitations presented above, the map
indicated the presence of three core areas (sighting
probability > 0´5), where most observations were
carried out: (i) a south-western area, roughly corresponding to the hills of EspinhacËo de CaÄo and the
adjoining coastal gullies; (ii) a northern area, includ-

ing essentially the river Seixe watershed; (iii) and a
south-eastern area, encompassing the basin of the
river Odelouca. The two southern areas seemed to
be connected by a thin corridor with sighting probabilities from 0´4 to 0´5, along the southern slopes
of the Monchique mountain, where some lynx
observations were made, but they are separated
from the northern area by a low-probability gap
(0´2 < P < 0´4). However, within this apparent gap
there were some lynx observations close to the village of Aljezur.

Discussion
LIMITATIONS OF DATA AND SOME
ASSUMPTIONS

The results presented here show a close agreement
between the predicted distribution of lynx observations based on habitat criteria and their actual sightings. However, the study did not address directly
the question of habitat selection by the lynx, any
ecological inferences resting on the assumption that
sightings should re¯ect an underlying habitat pattern. The main problems with this assumption are
the uncertainty and error contained in sighting data,
and the tendency for observations of rare species to
be located in places most accessible to observers
(Stoms et al. 1993). The ®rst of these problems was
probably eliminated in this study by considering
only ®rst-hand observations and carefully checking
for consistency all sighting reports. The second problem was potentially more serious, for many sightings were clearly associated with human activities:
observations from vehicles at night, during wild
boar Sus scrofa L. hunts, or by shepherds guarding
their ¯ocks (Palma 1996). Considering this, it was
accepted that sightings do not re¯ect habitat conditions in their immediate vicinity, but that they may
be related to the landscape characteristics in a rela-
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Fig. 3. Predicted distribution of lynx sighting probabilities in western Algarve (Portugal). The study area is mapped on a 1km2 UTM grid cell basis. Actual sightings of lynx in 1990±95 are indicated by a black dot.
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tively large area (25 km2) surrounding the point of
observation. It was assumed that this approach
should reduce the bias associated with the uneven
distribution of potential observers across the study
area.
Circumstantial evidence suggests that the abovementioned potential errors probably did not aect
the analysis greatly. First, sightings by dierent
observers tended to occur within well-de®ned areas,
suggesting that there was a consistent spatial pattern
in lynx observations. This spatial pattern is not
likely to have been caused by accessibility to observers for lynx sightings were negatively associated
with habitat descriptors related to human presence
(cover by developed land, road density and distance
to the nearest village). Secondly, lynx observations
displayed a consistent positive association with habitat variables that have been shown elsewhere to
in¯uence the species' distribution and abundance,
namely the abundance of rabbits, reduced human
presence and suitable vegetation cover (Palomares
et al. 1991). These results give strength to the contention that lynx are generally occurring in areas of
suitable habitat, and not randomly within the
region. Thirdly, mapping of sighting probabilities
was able to pinpoint clearly lynx core areas, where
most observations were recorded, further emphasizing the inherent consistency of the data.
Results in the present study also indicate possible
sources of error when interpreting lynx observa-

tions. Probabilities obtained from the logistic regression model suggest that some sightings were carried
out in areas where the habitat was poor. Reasons
for this are unclear, but several non-exclusive
hypotheses may be put forward to explain this pattern. Habitat evaluation was carried out from aerial
photographs taken in August 1995 and ®eld sampling was carried out in spring and early summer
1996, whereas the lynx data derives from February
1990±May 1995. Therefore, some habitat changes
may have occurred, degrading habitat conditions in
relation to the past situation. This may be the case
in the region of Aljezur, where in July 1995 dramatic
®res destroyed large areas where lynx had been
observed, reducing suitable vegetation cover and
possibly rabbit populations. Observations outside
the core areas may be of juvenile dispersers seeking
new areas to settle. Finally, it is also possible that
there were some observations of old individuals that
have managed to survive within a context of progressively degrading habitats.
LYNX HABITAT IN MOUNTAINOUS AREAS

Given the assumptions and limitations of sighting
data discussed above, it is possible to draw some
inferences about the factors in¯uencing Iberian lynx
distribution in the uplands of Algarve. The analysis
in this study indicates that the presence of lynx is
positively related to the abundance of rabbits and
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cover by tall maquis, and negatively related to road
density and cover by developed land.
The close association between rabbits and the
Iberian lynx has been acknowledged by several
authors, leading to the suggestion that the decrease
in the abundance of rabbits is one of the main
causes for the widespread decline of the lynx
(RodrõÂ guez & Delibes 1992; Castro & Palma 1996).
Likewise, in several North American lynx populations specializing on lagomorphs, prey abundance is
a dominant factor determining population densities,
through eects on home range size, spatial organization and reproductive rates (Ward & Krebs 1985;
Knick 1990; Poole 1994). Hence, it is likely that rabbit abundance may play a similar role in limiting
lynx abundance and distribution within the study
area. Transect counts of rabbit latrines in the
uplands of Algarve showed a marked patchy distribution of the animals, with the areas of high sighting potential for lynx (Fig. 3) being roughly
coincident with those where rabbits were most abundant. However, even within the areas with most rabbits their colonies seem to be relatively rare and
sparsely distributed (M. Pais, L. Palma & P. Beja,
unpublished data). The low incidence of myxomatosis and the absence of viral haemorrhagic disease in
upland Algarve (SimoÄes 1995) suggests that the
complex spatial patterns observed are not shaped
primarily by disease outbreaks but may be related
to habitat suitability. Following the progressive
depopulation of rural uplands from the 1960s
onwards, the mountains of Algarve have been overtaken progressively by eucalyptus aorestation and
the recovery of natural vegetation. Rabbits show a
strong negative selection against eucalyptus plantations and tall maquis, and they tend to live primarily
at the edge of patches of early successional scrubland, where the right blend of food and cover may
presumably be found (M. Pais, L. Palma & P. Beja,
unpublished data). At present, it seems that rabbits
have diculty in meeting their requirements within
the upland landscape, being strongly dependent on
scarce and scattered habitats. Therefore, conservation management directed at improving the quantity
and quality of habitat for rabbits should have major
positive eects on this lynx population.
The presence of lynx was also positively associated with the area of tall maquis, presumably
because this vegetation type is the one oering the
most secure cover to the animals. There is little published information, however, about resting site
requirements of the Iberian lynx, although it is frequently assumed that the availability of these sites
may limit the density and distribution of the species.
Anderson (1990) found that bobcats Lynx rufus
select rest sites with a dense vegetation cover, probably to obtain protection from extreme temperatures

and wind, as well as for concealment and cover
from predators.
Both road density and cover by developed land
showed a strong negative association with the occurrence of lynx, thereby con®rming previous information suggesting that lynx are very susceptible to
human interference. In the DonÄana National Park,
lynx tend to be restricted to areas where human presence is reduced (Palomares et al. 1991, 1996), and
most mortality is directly or indirectly caused by
humans (Ferreras et al. 1992). Besides illegal trapping, road casualties have been indicated as the
most important mortality factor for DonÄana lynx
(Ferreras et al. 1992). The negative relationship
between roads and lynx is particularly interesting,
and suggests that unroaded habitats are valuable for
this species, as found elsewhere for other mammalian carnivores. Mladdeno et al. (1995) showed that
road density is one of the most important predictor
variables in logistic regression models of wolf Canis
lupus habitat in the Northern Great Lakes Region,
with core pack areas located where road densities
do not exceed 0´6 km km±2. Similar observations
have been made in other regions, indicating that
wolves are absent in higher road densities (Thiel
1985; Mech et al. 1988) or they occur in low numbers provided adjacent habitat is little roaded (Mech
1989). Strong negative responses to road densities
have also been found for grizzly bears Ursus arctos
horribilis by Mace et al. (1996) and for translocated
mountain lions Felis concolor by Belden &
Hagedorn (1993). Clearly, more data on the relationship between Iberian lynx and roads are needed.
In this study no relationship was found between
aorestation and lynx occurrence. This was rather
surprising, because eucalyptus forestry, by far the
dominant tree grown in this region, has been implicated in the decline of lynx populations (Castro &
Palma 1996). However, in the uplands of western
Algarve the areas aorested are interspersed with
patches of tall maquis and other natural vegetation.
Nevertheless, it is likely that eucalyptus reduces
habitat suitability for lynx, because rabbits tend to
be absent from eucalyptus plantations (L. Palma, P.
Beja & M. Rodrigues unpublished data).

USE OF SIGHTING DATA IN CONSERVATION
STUDIES

For many threatened, rare and reclusive species,
scienti®c information to inform conservation action
is often unavailable or restricted to little more than
a meagre data set of incidental sightings scattered
over large regions and long periods of time. Despite
this shortage of data, critical management decisions
are nearly always required for those species,
although they are frequently based on subjective
appreciation of whatever evidence is available.
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However, many conservation regulations have social
and economic costs, and are thus open to much dispute and contest, in particular when they are not
supported by hard scienti®c evidence. This is a case
in point for the Iberian lynx.
Records of lynx sightings have formed the basis
of extensive surveys (RodrõÂ guez & Delibes 1992;
Castro & Palma 1996), and over large areas little
more information than this is likely to be obtained
in the near future. However, this type of data has
been dismissed as unreliable by many developers
and decision makers, especially where there is con¯ict over the protection of lynx habitat and new
developments, such as aorestation projects or the
construction of infrastructures (dams, roads, etc.).
This was the case, for instance, when sighting data
were used for supporting the proposal of lynx conservation areas to the Natura 2000 network, created
by the European Directive 92/43/EEC. Also, much
public discussion has occurred recently over the
crossing of the mountains of Algarve by a highway,
and this was partly because the road was cutting
important lynx areas, judged on the basis of sightings. Eventually, the route proposed by the government was changed so that it crossed the mountain
in-between two clusters of lynx sightings (among
other nature conservation reasons).
In this study we have carried out a detailed
quantitative analysis of a typical data set of lynx
sightings, composed of a small number of observations (29), obtained over a large region
(1500 km2) and a long period (5 years). Despite
the identi®ed potential biases, including the disputable reliability of the observations, the analysis
did succeed in associating lynx sightings with a
predictable set of habitat conditions in the surrounding area. Furthermore, the in¯uential habitat
variables emerging from this research were those
found to determine lynx abundance and distribution in areas where the species has been studied
by more standard and powerful techniques (e.g.
telemetry), suggesting that the results re¯ect
underlying ecological processes and not mere
spurious correlations. This supports the view that
sightings may be used for supporting lynx conservation management, and that the approach
described here may serve as a model for an
expanded analysis of historical and continuing
observations of lynx over geographical areas larger than the current 1500-km2 study area. To
improve con®dence in the approach, however, it
is important to undertake a more comprehensive
validation of the procedure by applying it in
situations where the actual use of habitat by lynx
has been uncovered by more powerful techniques,
such as radiotelemetry.
Geostatistical methods of spatial interpolation
were used in this study to derive a map of sighting

potential for lynx, whereas most other studies have
relied on geographic information systems (GIS) for
this purpose (Agee et al. 1989; Stoms et al. 1993).
This was because some important variables in¯uencing lynx distribution could not be easily mapped,
such as rabbit abundance, and thus the necessary
layers of information to derive a GIS map of sighting potential were not available in our case. This circumstance, however, is likely to be widespread in
Iberian lynx studies, as well as in studies of other
rare species living in remote parts of the world.
Therefore, a geostatistical approach similar to ours
may provide a valuable and objective way to evaluate the potential suitability of areas to support
populations of endangered species, when more
detailed data are not available. In this study, the
lynx core areas identi®ed through interpolation were
roughly coincident with those identi®ed previously
from the subjective appreciation of sighting patterns
and habitat suitability (Palma 1996).
In summary, this study adds support to the contention that sightings may indeed provide a valuable
source of information about lynx distribution and
habitat associations, giving credit to conservation
recommendations and management decisions based
on this type of data. We are con®dent that our
approach may be used as a model to analyse similar
data for other rare and reclusive species, providing a
source of objective information on their habitat
requirements and distribution patterns when additional data are lacking. However, monitoring
schemes using more satisfactory techniques should
be designed and implemented (Kendall et al. 1992;
Zielinski & Stauer 1996) if adequate time and
scienti®c information are available. Otherwise, we
believe that thoroughly analysed observation
records obtained from inquiries may provide a useful background for habitat protection and management.
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