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ABSTRACT

We propose here some refinements of the ecological-niche factor analysis (ENFA) to describe
precisely one organism’s habitat selection. The ENFA is based on the concept of the ecolog-
ical niche, and provides a measure of the realised niche within the available space from
the computation of two parameters, the marginality and the specialization. By measuring
the departure of the ecological niche from the average available habitat, the marginality
identifies the preference of the individual, population, or species for specific conditions of
the environment among the whole set of possibilities. The specialization appears as a con-
sequence of the narrowness of the niche on some environmental variables. The ENFA is a
factorial analysis that extracts one axis of marginality and several axes of specialization.
We present here the use of biplots (i.e., the projection of both the pixels of the map and
the environmental variables in the subspace extracted by the ENFA) as a way to identify the
key-variables for management, assessing which habitat features are of prime importance
and should be preserved or reinforced. With the help of this tool, we are now able to describe
much more precisely the habitat selection of the organism under focus. In our application
to the lynx in the Vosges mountains, based on sightings as well as other indices of lynx
presence, we thus underlined a strong avoidance of agricultural areas by the lynx. We also
highlighted the relative indifference of the lynx to the proximity of artificial areas and at the
opposite, the sensitivity to the proximity of highways. The ENFA provides a suitable way to
measure habitat use/selection under a large range of ecological contexts and should be used
to define precisely the ecological niche and therefore identify the characteristics searched
for by the organism under study.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction studies, both from a theoretical and a management viewpoint.

In particular the habitat use and the intensity of habitat selec-
Assessing the relationships between individuals in a popu- tion displayed by individuals are likely to influence markedly
lation and their environment is required in most ecological the response of organisms to density dependence and envi-

* Corresponding author. Tel.: +33 472448437; fax: +33 478431388.
E-mail address: basille@biomserv.univ-lyon1.fr (M. Basille).
0304-3800/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.ecolmodel.2007.09.006


mailto:basille@biomserv.univ-lyon1.fr
dx.doi.org/10.1016/j.ecolmodel.2007.09.006

234 ECOLOGIGAL MODELLING 211 (2008) 233-240

ronmental variation (Gilpin and Hanski, 1991; Tilman and
Kareiva, 1997). The increasing availability of advanced tools
such as geographic information system (GIS), and the ever
increasing power of computers offer the possibility to include
much more biological information in the analyses. This allows
habitat use/selection to be assessed in a much more precise
way (Guisan and Zimmermann, 2000). Consequently, work has
been performed to develop new multivariate statistics in order
to account for the complexity of the environment.

The lack of absence data in most sampling designs so far
applied to study habitat use or selection, is one of the major
problems ecologists have to solve (Hirzel et al., 2002a; Soberdn
and Peterson, 2005). While collecting reliable data on animal
presence is straightforward in most case studies, it is difficult
to assess the true absence of an animal in a given habitat.
Are the animals really absent because the environment is
not suitable for the species? Or because the animals did not
yet colonize their whole suitable habitat (hunting, history of
colonization, demographic stochasticity)? Or do we face an
apparent absence because the animals are present, but not
detected during the sampling, or temporarily absent (Martin et
al., 2005)? For all these reasons, the absence of observation ata
given location cannot be reliably interpreted as a true absence,
thus we have to rely on the presence data only. The well-
known concept of ecological niche (Hutchinson, 1957) provides
a suitable way to analyse presence-only data. It is defined as
the n-dimensional hypervolume, in which every point corre-
sponds to a state of the environment which would permit
the species to exist indefinitely. Each environmental variable
then corresponds to a dimension in the so-called ecologi-
cal space which defines the available habitat for the animals
under study. The observed presences are used to assess the
utilization of the space by the animals, i.e., the ecological niche
(Fig. 1). Although originally developed to describe the ecologi-
cal requirements of a species, the concept of ecological niche
can easily be applied to other scales of biological organisation
(community for larger scale, see e.g., Doledec et al., 2000, indi-
vidual for finer scale, see e.g., Calenge et al., 2005). Here, we
will focus on the analyses of the distribution of populations of
a given species, i.e., corresponding to a second-order selection

Fig. 1 - Representation of the ecological niche. The arrows
identify the environmental variables defining the ecological
space. The dark grey cloud stands for the available habitat
and the light grey cloud stands for the used habitat, i.e., the
ecological niche.

study according to Johnson’s selection order (Johnson, 1980).
However, the concept of ecological niche as defined above
could be used for the study of habitat selection at all levels
(e.g., the selection of the distribution range by a species, the
selection of the home range of an animal within a region, the
selection of patches within home range, etc.).

Several statistical analyses have been recently developed
to assess habitat selection using presence-only data (Elith
et al,, 2006). These methods can be classified into two com-
plementary approaches (see a review in Pearce and Boyce,
2006): exploratory analyses, which aim at extracting the char-
acteristics of the environment used by a given organism (e.g.,
Calenge et al., 2005; Doledec et al., 2000) and modelling anal-
yses (Manly et al., 2002). Exploratory analyses can be seen as
a required preliminary for modelling analyses as they lead to
select the variables of interest to model the habitat. Among
these, the ENFA (ecological-niche factor analysis, Hirzel et al.,
2002a) searches for directions in the ecological space so that (i)
the difference between the conditions used in average by the
species and the conditions available on the study area (i.e.,
the marginality) is maximised, and (ii) the ratio between the
variance of available conditions on the variance of conditions
used by the species (specialisation) is maximised. According
to the structure of Austin (2007), the ENFA belongs to the the-
ory of the ecological niche, relies on presence-only data and
takes place in the well-studied family of multivariate anal-
yses. Up to now, biologists have used the ENFA in order to
build habitat suitability maps. Such maps rely on the assump-
tion that habitat suitability in a given pixel of a map can be
estimated by the probability of presence of the individual, pop-
ulation, or species under study. Several algorithms have been
proposed and compared to assess the reliability of the maps
(Hirzel and Arlettaz, 2003b, a). The ENFA has then been used
to predict the potential habitat in a large range of animal tax-
ons (insects: e.g., Gallego et al., 2004; cetaceans: e.g., Compton,
2004; birds: e.g., Hirzel et al., 2004; mammals: e.g., Dettki et al.,
2003; Zimmermann, 2004), in some plants (e.g., Zaniewski et
al., 2002) and rare or endangered species (e.g., Reutter et al.,
2003).

However, the usefulness of the ENFA in other ecological
contexts have been overlooked. In addition of providing an
answer to the where-question (“Where can the organisms
establish?”), the ENFA can be used to answer the what-
question (“What do the organisms search for?”).

The ENFA is indeed suitable to assess the habitat features
that are preferred by the individual, population or species
under study. Therefore, while valuable, the construction of
habitat suitability maps appears to us as a secondary task
after having identified the processes behind the habitat use
or selection by a given individual, population, or species.

In this paper, we develop the required refinements of the
ENFA to reach such a goal, and we show how the use of biplots
(i.e., the projection of both the ecological niche and the envi-
ronmental variables on the subspace defined by the axes of the
ENFA) is an essential step in that direction. As an illustration
of the usefulness of our approach, we use these extensions
of the ENFA in the study of the habitat selection by the lynx
(Lynx lynx) in the Vosges mountains (France). The data used
corresponds to sightings as well as other indices (scats, hairs,
carcasses, etc.) of lynx presence, the kind of presence-only
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data that perfectly fulfills the requirements of the ENFA. All
the statistical procedures are implemented in the R-software
(R Development Core Team, 2005) within the R-package “ade-
habitat” (Calenge, 2006).

2. The ecological-niche factor analysis

2.1.  Description of the design

The available habitat is described by a set of raster maps of the
study area, giving the values of P environmental variables in N
pixels. Let Z be the N x P matrix with the values of the P vari-
ables in the N pixels; Z defines a cloud of points (the available
space) in the P-dimensional ecological space (Fig. 2A). The Z
matrix is column-centered and scaled so that its variance is
equal to 1 and the centroid (barycenter) of the scatterpoint
corresponds to the origin O of the ecological space and rep-
resents the average available habitat. To each available pixel
is associated an “availability weight” describing the availabil-
ity of the pixel to the species, population or individual (with
weights summing to 1; defaulting to 1/N for all pixels). Let D
be the N x N matrix containing these weights on the diagonal
(defaulting to D = Diag(1/N)).

The locations of the individual, population, or species sam-
pled define the used habitat. The vector p of length N provides
the proportion of locations in each pixel and defines the uti-
lization weights (with weights summing to 1). Let Dy be the
N x N matrix containing these utilisation weights p on the
diagonal: D, = Diag(p).

The points in the available space for which the correspond-
ing utilization weights are upper than zero define the used

(A)

space, i.e., the ecological niche. Therefore the centroid G of
the niche corresponds to the average used habitat (Fig. 2A).

2.2. Concept of marginality

The marginality is measured as the squared distance from the
mean available space to the mean used space. It is geometri-
cally defined as the squared norm of the vector from the origin
O of the ecological space to the centroid G of the niche (Fig. 2A).
Let m be this vector:

m = Z'Dply

(1)

where Z! is the transpose of Z, 1y is a N-vector of 1.
The marginality is then the squared norm of the vector m:

M=m'm 2

The vector of marginality is normed for further analyses:

m

(3)

mim

The marginality measures a position and expresses the
magnitude of the deviation of the niche relative to the avail-
able space (Fig. 2A). The higher the marginality, the more the
niche deviates from the average conditions of the available
habitat. When marginality is high, the individual, population,
or species are present in areas displaying quite different habi-
tat features compared to what is available.

Fig. 2 - Construction of the biplot built from the ENFA. (A) The ecological space is defined here by three environmental
variables 2, zj and z,. The marginality vector m connects the centroid of the available space O to the centroid of the used
space G. The vector q corresponds to the marginality vector normed to 1. The vector u; corresponds to the first vector of
specialization. (B) The vectors q and u; are orthogonal and define the plane on which the points are projected. (C) The
variables are projected in the same plane. (D) The simultaneous representation of coordinates of the points and the
variables on the same plot leads to the best representation of the ecological niche, and an easy interpretation of it.
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2.3. Concept of specialization

The specialization measures the narrowness of the niche. The
specialization corresponds to the axes on which the ratio of
variance of the available habitat to the used habitatis the high-
est. We are thus looking for the P — 1 vectors orthogonal to
the vector of marginality that lead to extract most of the spe-
cialization. Such a procedure is equivalent to find a vector u
matching the following conditions:

uu=1 (@)

u'm=0 (5)
y'Dy

R= Max 6
y'Dpy ©

where Zu =y.

In other words, the vector uis of length 1, and is orthogonal
to the marginality vector m. Because the vector u is normed,
the vector y is the projection of the rows of Z on the vector u.
The vector y contains the scores of the pixels projected on u.
The condition (6) therefore implies that the specialization is
maximized on the vector u.

We compute the covariance matrices S = Z'DpZ and G =
Z!DZ and define x = S~?m, b = x/vxfx and W = S~ 2GS~ /2,
Let the matrix H:

H = (I, — bb")W(I, — bb!) 7)

If H is of rank v, then this matrix has v non-null eigenval-
ues, associated to v eigenvectors v;. Hirzel et al. (2002a) have
shown that the eigenvectors v; of the matrix H are related to
the vectors u; by the equation:

~1/2,.
w= o Vi (®)

Vsl

The vector u; is the ith vector of the analysis. The eigen-
values %; are the values of the specialization on the vectors
u;.

Note that:

ta—1s,.
VI.S Vj

VISl JvisThy;
i Vi

The axes of specialization are therefore not orthogonal.

The specialization measures the dispersion of the ecologi-
cal niche and expresses the restriction of the ecological niche
on some particular directions (Fig. 2A). The higher the spe-
cialization, the more restricted is the niche in that dimension.
A high specialization on a given dimension indicates that
the individual, population, or species does not tolerate large
variation of the habitat features that mostly determine that
dimension.

ufy; = #0 ©)

2.4.  Identifying the ecological niche

The vectors q and u; provide the scores of the environmental
variables on, respectively, the marginality axis and the special-

ization axes (Fig. 2B). The coordinates of the pixels are defined
with f = Zq on the marginality axis, and y; = Zu; on the spe-
cialization axes since the vectors q and u; are of length 1. Since
the vectors of specialization u; are orthogonal to the vector of
marginality m (or q), the plot of f and y; displays the projec-
tion of the rows of Z on the plane q — u;, which exactly (i.e., not
altered, Fig. 2C) corresponds to the best possible ‘photograph’
of the ecological niche sensu Hutchinson (1957).

We can project the used and available points in the eco-
logical space on the plane defined by the marginality axis
and one specialisation axis to obtain a biplot (Fig. 2D) in the
sense of Gabriel (1971). This biplot is of primary help to assess
the habitat selection, with respect to the marginality and the
specialization. On the biplot, the environmental variables are
represented by an arrow with two components of importance:
the length and the direction. The length of the arrow iden-
tifies the contribution of a given environmental variable to
the definition of the axes of the ENFA, i.e., their influence
on the position and volume of the ecological niche within
the available habitat. The direction measures how this con-
tribution is decomposed on the marginality or specialization
axes. The first step is then to identify the variables which
correspond to the longest arrows. These are the critical vari-
ables in terms of habitat selection. In the second place, the
relative contribution of the marginality or specialization is
assessed by the coordinates of the arrow on the corresponding
axis.

2.5.  The relationship between the marginality axis
and the specialization axis

It is noteworthy that the specialization is constrained by the
marginality: all the specialization axes are orthogonal to the
marginality axis, but not to each other. To conserve the dis-
tances and angles of the projection of both variables and pixels
in the biplot, the use of an orthogonal base is required. There-
fore, we can only use the plan formed by the marginality axis
and any specialization axis to compute the biplot with a rep-
resentation of the niche not altered, i.e., the distances and
angles between points are exact. Conversely, the specializa-
tion axes are not necessarily orthogonal so that the projection
of the niche in the plan formed by two specialization axes
will be twisted because of the straightening of the special-
ization axes in the biplot. Note that the marginality axis in
itself expresses some specialization (the higher the marginal-
ity, the higher is the specialization, due to the departure of
the ecological niche from the centroid of the ecological space).
If the ecological niche is most narrow in the dimension of
the marginality axis, the main part of the specialization will
already be taken on this axis. The first axis of specialization
which is next extracted is constrained to be orthogonal to the
marginality axis and will not explain the main part of spe-
cialization but the remaining part of it, thus resulting in a
meaningless analysis of specialization. However, it is possible
to estimate the specialization accounted for in the dimension
of the marginality axis: it is given by the ratio of variances
projected on the marginality axis of the available habitat to
the used habitat. This ratio is computed in the same way
as the eigenvalues of specialization and can be compared to
them.
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Fig. 3 - Results of the illustration. (A) The study area is situated in the eastern part of France, in the southern part of the
Vosges mountains. The lines represent the highways and the dots are the locations of lynx used in the analysis. The
elevation is represented in the background. (B) Biplot of the ENFA, in the plane formed by the marginality axis (X-axis) and
the first specialization axis (Y-axis). The light and dark areas correspond to the minimum convex polygon enclosing all the
projections of the available and used points, respectively. The white dot G corresponds to the centroid of the used habitat.
The arrows are the projections of the environmental variables. The insert gives the eigenvalues of specialization. One axis
of specialization explains most of the specialization and is kept for the analysis.

3. Application to a case study: the lynx in
the Vosges mountains (France)

3.1 Study area

From 1983 to 1993, 21 lynx have been reintroduced to the
Vosges mountains (Vandel et al., 2006). The issuing popula-
tion later colonized the whole southern part of the massif.
The study area is about 16,500 km?(Fig. 3A) and is bor-
dered by an intensive human-used area on the eastern part
(along the Strasbourg-Mulhouse connection) connected by
highways to the northern and southern directions. The lynx
mainly colonized the central part of the area that includes
a large patch of high-elevation deciduous forests (from 500
to 1 400 m a.s.l), with almost no agriculture and urban-
ized areas. The surrounding area has lower elevation (less
than 500m a.s.l.) and is more used for agriculture and human
activities.

3.2. Data

The French Lynx network organised the collection of all signs
of presence of the lynx, including sightings, carcasses (of
both lynx and preys), hairs, tracks, and scats (Vandel and
Stahl, 2005). During the study period (1998-2002), 292 indices
were collected. A minimum convex polygon was drawn from
these locations, and a buffer of 5km was added to define the
available habitat for the lynx. The choice of a 5km buffer cor-
responded to the average radius of a female lynx home-range
in the area (around 80km?, see Vandel et al., 2006). We selected
some environmental variables that could a priori affect the use
of space by the lynx within the available habitat. We included
characteristics of the physical environment and the vegeta-
tion, as well as the influence of humans (Table 1).

3.3.  Assessing the ecological niche of the lynx: results
and interpretation

We first normalized through a square root transformation
all the environmental variables that deviated from normality.
Indeed, although the ENFA is quite robust to departure from
normality, it is optimal when the environmental variables are
unimodal and roughly symmetric. We then performed the first
step of the ENFA that involves the selection of the number of
specialization axes to retain. The diagram of the eigenvalues
clearly indicated that only one axis accounted for the main
part of specialization (Fig. 3B). Thus, in the present case, only
two axes (i.e., the axis of marginality and the first axis of spe-
cialization) accounted for most of the information.

The biplot of the ENFA provided us much information. The
distance between the centroid of the ecological niche and the
centroid of the available habitat was quite high, resulting in a
pronounced marginality (X-axis, Fig. 3B), i.e., the optimum of
the species was rather different from the mean available con-
ditions. On the other hand the specialization (Y-axis, Fig. 3B)

Table 1 - Environmental variables used in the analysis

Name Description

agri Proportion of agricultural areas within a radius of 5km
artif Distance to artificial areas

dem Digital Elevation Model: altitude

forest Proportion of forests within a radius of 5km

highway Distance to highways

quickway Distance to main roads (without highways)

railway Distance to railways

rivers Distance to rivers

roads Density of all kind of roads within a radius of 5km
slope Slope
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corresponded to an eigenvalue of 8, which means that the
variance of the available habitat was eight times higher than
the variance of the ecological niche in this dimension, thus
the ecological niche was much narrower than the available
habitat. The significance of both the marginality and the first
eigenvalue of specialization was assessed with a Monte-Carlo
test. One thousand sets of 292 localizations were randomly
distributed over the area. For each one, the marginality and
the specialization were computed, and the actual values were
compared with these random distributions. Both statistics
were highly significant (P < 0.001). The most relevant infor-
mation was provided by the projection of the environmental
variables in this new space (Fig. 3B). Five variables were of
prime importance for the analysis: the elevation, the slope,
the proportion of deciduous forest, the distance to highways
and the proportion of agricultural areas. The elevation and
the slope contributed the most to the marginality, followed by
the proportion of agricultural areas, the proportion of decid-
uous forest, and to a lesser extent the distance to highways.
The lynx searched for high values of both elevation and slope,
for low use of agricultural area, for high proportions of forest,
and avoided highways. The proportion of deciduous forest, the
distance to highways and the proportion of agricultural areas
contributed the most to the specialization axis. However, the
proportions of deciduous forest and agricultural areas were
strongly negatively correlated (correlation of —0.95) so that
their contribution at the same level on the specialization axis
vanishes. The lynx was thus not tolerant to the variation of
distance to highways (i.e., the lynx was restricted on a lim-
ited range on this variable), with a mean shifted toward high
distances.

The lynx was reintroduced to the central part of the study
area characterized by a high elevation, a dense forest cover,
and a low human use, however, later colonizing the whole
central part, but avoiding the proximity of the surrounding
area and particularly the eastern part, characterized by the
Strasbourg-Mulhouse highway. Based on the interpretation
of the marginality using the biplot, we can assess that the
lynx was actually searching for a high elevation (and therefore
high slopes), a dense forest cover and was avoiding highways
and high agricultural use. Even more interestingly, the ENFA
allowed us to assess the high specialization (i.e., low tolerance
of variations) on the distance from highways. We thus found
that the lynx was restricted to areas with low values of agri-
cultural use, far from highways, and with a high proportion
of forest, and was really sensitive to departure from a high
distance to highways.

Another important result highlighted by the ENFA was
the weak influence of artificial areas on lynx habitat use.
While apparently counter-intuitive, such a result is actually
not really surprising. The lynx can be seen really close to
houses (Bunnefeld et al., 2006); additionally, Sunde et al. (1998)
already showed that the lynx could endure a high human
activity, provided that there is a high density of forested plots.
From a human point of view, the lynx was just restricted to
low agricultural-use areas far from the highways, thus, the
eastern part was avoided due to a high proportion of agricul-
tural areas and the presence of a highway, but not because
of the presence of two big cities. Finally, the critical habitat
features for the lynx included the proportion of forest and

agricultural areas, and the distance from highways. The appar-
ent selection for a high elevation and steep slopes could just
be a byproduct of the proportion of forest, agricultural areas,
and highways in the area. High elevation and steep slopes
indeed occur in areas which are not suitable for agriculture
and highways.

4, Discussion

In habitat selection studies, the where-question (“Where can
the organisms establish?”) has been under focus for many
years. With the assumption that this probability of occurrence
is proportional to the quality of habitat, many methods have
been developed to compute habitat suitability maps (Clark et
al., 1993; Guisan and Zimmermann, 2000). Computing habi-
tat suitability maps allows the identification of suitable areas
not yet, or not anymore colonized, and critical areas that
need to be preserved, such as faunistic corridors (Gibson et
al., 2004; Chefaoui et al., 2005). It can also be used to assess
the habitat loss and fragmentation (Ciarniello et al., 2003),
to estimate the population size, and to simulate spatial pop-
ulation dynamics (Mladenoff et al., 1995; Fielding and Bell,
1997).

Although answering the where-question is of first impor-
tance, Rushton et al. (2004) pointed out the need to understand
the factors determining the distribution of the population
or species. This answer to the what-question (“What do the
organisms search for?”) is needed to know as well as pos-
sible the ecology of the individual, population or species
under study. Before a conservation plan is set, any decision
should be taken with a lot of care, based on the knowledge
of the processes that drive the species distribution. Soberén
and Peterson (2005) underlined the lack of effective tools
for exploring, analyzing, and visualizing ecological niches
in many-dimensional environmental space. We present here
such a tool with a new development of the ENFA (ecological-
niche factor analysis).

The ENFA is based on the concept of the ecological niche,
and provides a measure of the realised niche within the avail-
able space from the computation of two parameters with a
clear biological meaning, as first described by Perrin (1984).
By measuring the departure of the ecological niche from the
average available habitat, the marginality identifies the pref-
erence of the individual, population, or species for specific
conditions of the environment (e.g., high proportion of forests,
high altitude, etc. in our case study) among the whole set of
possibilities. When the niche is unimodal, the position of the
centroid of the niche defines the optimum of the individual,
population, or species, i.e., the conditions of the environment
associated to the highest probability of presence. The special-
ization appears as a consequence of the narrowness of the
ecological niche that involves the restriction of the occurrence
on some environmental variables. It can also be interpreted as
the sensitivity of the individual, population or species to vari-
ations around its optimum, highlighting limiting factors for
the use of the space.

The ENFA presents several advantages. First, being fun-
damentally a descriptive analysis, it does not rely on any
underlying hypothesis for the data, in particular autocorre-
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lation is not a problem as such. However, for the sake of
interpretation, the niche is supposed to be normal multivari-
ate. Second, the ENFA relies on the concept of ecological niche
and is therefore especially suited to a presence-only design
(Hirzel et al., 2002a). The ENFA was first implemented in the
Biomapper software (Hirzel et al., 2002b) which is aimed at
computing habitat suitability maps, i.e., answering the where-
question. The widespread use of this software resulted in
biologists computing such maps, without looking carefully at
the factors that are responsible for this map. Moreover, the
accuracy of such maps has been questioned (Calenge et al.,
in press) and as it depends on the ad hoc algorithm used
(Hirzel and Arlettaz, 2003b, a), it can be less accurate than clas-
sical linear modelling techniques in some cases (see Olivier
and Wotherspoon, 2006, for an example). The ENFA, however,
provides a way to identify precisely the ecological niche and
therefore to answer the what-question. For this task the biplot
we proposed here is probably one of the best tools (Gabriel,
1971). Marginality and specialization can be used to identify
key-variables for management, assessing which habitat fea-
tures are of prime importance and should be preserved or
reinforced. In our application to the lynx in the Vosges moun-
tains, we thus underlined the importance of the proportion of
agricultural areas, on which the lynx had a clear preference for
low values. Highlighting the relative indifference of the lynx
to the proximity of artificial areas and at the opposite, the sen-
sitivity to the proximity of highways, we got a precise picture
of the influence of the human use of land for the ecology of
the lynx. Thus, balancing the development of human activ-
ities and the conservation of viable lynx populations, such
information will be crucial.

The ENFA provides a suitable way to measure habitat
use/selection under a large range of ecological contexts. The
ENFA allows us to compute uncorrelated axes from correlated
variables. The method presented here uses the same core
procedure as in Hirzel et al. (2002a) but we incorporated the
utilization weights so that the method can handle the case
where several occurrences of the species fall in the same pixel.
Additionally, although we only used quantitative variables as
an illustration, Calenge (2005) generalized the theory to show
that qualitative variables can be included in the analysis as
well. Consequently, the ENFA is probably the only analysis
based on the concept of ecological niche that describes pre-
cisely the specialization, in addition to the marginality. As
the marginality and the specialization are two complemen-
tary measures of the niche with different status, future work
would need to tease apart the analyses of marginality and
specialization. By proceeding step by step we could have a
proper representation of the specialization of the organism
under study, in addition to its marginality.

Software availability

The ENFA is implemented in the R-package “adehabitat”
(Calenge, 2006), which collects many tools for the analysis
of habitat selection by animals and trajectories of individu-
als. The R-software itself (R Development Core Team, 2005)
is freely available on the Internet at the URL http://www.r-
project.org/.
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