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Abstract Based on 1,053 signs of presence collected between
2002 and 2006 by a network of well-trained observers, we
modelled the occurrence of the Eurasian lynx (Lynx lynx) in
France using two methods. The Mahalanobis distance factor
analysis (MADIFA) provided a measure of habitat suitability
based on environmental covariates, and site-occupancy
modelling provided estimates of both presence and detection
probabilities over time. Environmental covariates included in
the site-occupancy modelling markedly improved the fit of the
lynx presence model. We found a strong correlation between
habitat suitability scores estimated from the MADIFA and
probabilities of presence estimated from the site-occupancy
modelling, indicating that both methods provided a conver-
gent assessment of lynx potential occurrence.
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Introduction

Elusive species, and among them large carnivores, are
usually monitored based on the collection of indirect
signs of presence (Linnell et al. 1998). “Profile methods”
(sensu Pearce and Boyce 2006) were developed to explore
presence-only designs without the need of generating
“pseudo-absences” and aim at extracting the character-
istics of the environment used by a given organism
(Calenge et al. 2005). Among them, the ecological-niche
factor analysis (ENFA, Hirzel et al., 2002) gained a high
popularity due to its easy application. However, Calenge
et al. (2008) demonstrated that the ENFA was not
statistically appropriate for computing habitat suitability
maps (HSM). They proposed instead the Mahalanobis
distance factor analysis (MADIFA, Calenge et al. 2008) to
this very purpose, a method built upon the same statistical
framework as the ENFA (Calenge and Basille 2008).
Studying the detection of presence using site-occupancy
modelling (MacKenzie et al. 2006) offers an alternative to
tackle presence-only designs. Following a framework
similar to mark—recapture methods (e.g., Chao 1987),
site-occupancy modelling provides the estimates of both
presence and detection probabilities of signs from sites
sampled over time (MacKenzie et al. 2006). Both profile
techniques and site-occupancy modelling may be helpful
when assessing a species’ range by relying on presence-
only data (Austin 2007).

In the present paper, we compared the results obtained
from both methods applied to occurrences of Eurasian lynx
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(Lynx lynx) in the French Jura Mountains. After their
disappearance from France in the 1920s, lynx re-colonized
the French Jura in the 1970s after reintroductions in
neighbouring Switzerland (Vandel et al. 2006). Lynx are
cryptic large carnivores for which problems of variable
detection have already been identified (e.g. Marboutin et al.
2006). We aimed here at assessing whether profile methods
and modelling approaches provided similar patterns of lynx
occurrence in the Jura Mountains.

Material and methods
Study area and data collection

Within the French species range, the Jura Mountains
(~16,000 km?, including the French departments of Doubs,
Jura and Ain, see also Fig. 1) have been re-colonized early
so that most of the suitable habitat is now occupied. A
network of ca. 1,200 specifically trained volunteers (mostly
state employees like game wardens, park rangers and
foresters), set up by the French National Game And
Wildlife Agency, collected signs of lynx presence in the
field, later checked and validated by a lynx specialist
(Vandel and Stahl 2005). Although particular landscape
features (e.g. steep slopes in forested areas) might have led
to some spatial heterogeneity in the detection probability of
lynx signs, the high level of experience and training of
observers are likely to have kept such heterogeneities at a
minimum. As our analysis averages over any variation in p
over time, we thus assumed a constant detection probability
throughout the lynx distribution area in French Jura.

During the study period (2002-2006), 1,053 presence
signs (i.e. faeces, hair, tracks, visual observations, wild and
domestic preys, camera traps) have been validated in the
Jura Mountains, which represent 65% of the signs validated
over the entire country. This selection of presence indices
mostly excludes possible false positives. A grid of fixed
resolution (81 km?, i.e. cells of 9x9 km, which corresponds
to half an average female lynx home range, Vandel and
Stahl 2005) was first superimposed on the sign distribution.
The study period was then split into five 1-year periods, for
which each cell was assumed to have been visited at least
once. The presence of lynx was finally defined as the
occurrence of at least one lynx sign in a cell during that
period, while an absence of sign corresponded to no detection.
On the same grid, we used the Corine Land Cover 2006
database (European Environment Agency 2006) to define a
set of environmental variables (including railway density, road
density, river density, distance to highway, distance to railway,
distance to river and proportion of forest cover) that could
potentially influence lynx distribution based on previous
analyses (Basille et al. 2008).

Methods

The MADIFA is based on a decomposition of Mahalanobis
distances, i.e. the distance from each grid cell to the species’
optimum given the correlation structure of the niche (Calenge
et al. 2008) into successive uncorrelated axes. Based on the
associated eigenvalues, the first few axes are then selected to
compute a score of habitat suitability for each cell leading to
an estimated HSM. These scores are in fact Mahalanobis
distances; the greater the score, the farther the cell is from the

Fig. 1 Occupancy map estimated
using the best site-occupancy
model (leff), i.e. i(forest)
p(forest + PC1) and HSM drawn
from the MADIFA (right). Both
maps represent an estimation of
the probability of presence of the
lynx for each cell. To improve

clarity, both maps were e
normalised and HSM scores were
multiplied by —1; in both cases,

darker colours correspond to a
higher suitability. Each
pixel is 9x9 km?
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species’ optimum. All lynx signs (2002-2006) were used to
build the HSM.

Using the site-occupancy modelling, we estimated the
occupancy 1 in each cell (i.e. the probability of presence,
given its history) and the detection probability p. The
presence of lynx was defined as the occurrence of at least
one lynx sign in a cell during 1 year. We fitted a model with
both ¢ and p constant (“y)(.)p(.)”) and a model with
constant and p varying over time (“y(.)p(¢)”) to take into
account the potential variation of detection probability over
time. We then tested for the effect of environmental
covariates on both detection and occupancy probabilities
at each cell using a logistic model as described in
MacKenzie (2005). As environmental variables were inter-
correlated, we computed a principal component analysis
(PCA) with the seven variables. We used the first axis
(PC1), which was mostly driven by river and road densities;
and the proportion of forest cover that was the main
variable involved in PC2 and thereby statistically indepen-
dent of PC1.We used an information—theoretic framework
based on Akaike information criterion (AIC, Burnham and
Anderson 2002) to rank all models and select the one with
the best compromise between deviance and complexity.

Finally, we calculated the correlation between MADIFA
scores and occupancy probabilities using a Pearson’s correlation
test based on paired values for each cell. The site-occupancy
modelling was computed using PRESENCE 2.0 (MacKenzie
2005); the MADIFA and all other statistical analyses were
conducted using R 2.10.0 (R Development Core Team 2010)
and the R package “adehabitat” (Calenge 2006).

Results
The first three axes of the MADIFA accounted for 67% of

the Mahalanobis distances and were kept for the computa-
tion of the HSM. Both high road and river densities led to

Table 1 Modelling site occupancy with environmental covariates

lower habitat suitability on the first two axes of the
analysis, while higher proportions of forest indicated higher
values of habitat suitability on the third axis.

The site-occupancy model with a constant detection
probability received more support than the model including
a time-dependent detection (Table 1), indicating that the
detection can be considered as constant over the entire
period. Models including covariates had also more support
than the reference models ¥(.)p(¢) and ¥(.)p(.), indicating that
environmental covariates markedly influenced occupancy.
Among them, two models had AIC values within 2 units,
the one including both PC1 and the proportion of forest cover,
and the one including only the proportion of forest cover.
Based on parsimony rules, the latter model should be selected.

Occupancy maps (i.e. estimation of ¥) from both models
were correlated with the HSM drawn using the MADIFA
(R*>0.25, all p<0.001, Table 1). Therefore, both analytical
approaches provided strongly convergent assessment of
lynx occurrence (Fig. 1).

Discussion

In the case of rare or elusive species, “profile methods”
(sensu Pearce and Boyce 2006) like the MADIFA allow
computing habitat suitability maps that are biologically
coherent with former knowledge of the species (e.g. Bryan
and Metaxas 2007). Occupancy modelling provides a
suitable alternative to the difficulties of estimating presence
by taking into account detection probability less than one
(MacKenzie 2005). The main factors structuring lynx
occurrence identified in that study (i.e. road and river
density, and proportion of forest) were consistent with
previous findings on lynx ecological requirements (Vandel et
al. 2006). The spatial patterns of lynx occurrence as assessed
from the MADIFA and site-occupancy modelling were
remarkably similar as illustrated in Fig. 1. In particular, the

Models AIC Delta AIC AIC weight Ranking of the R? correlation between
combination of covariates HSM and MADIFA

W(forest + PC1)p(forest + PC1) 1,015.10 0 0.531 1 0.280
Y(forest)p(forest + PC1) 1,014.41 0.31 0.454 2 0.500
(forest + PC1)p(forest) 1,022.90 7.80 0.0107 3 0.222
Y(forest)p(forest) 1,025.40 10.30 0.0031 4 0.500
Y(forest)p(PC1) 1,028.31 13.21 0.0007 5 0.502

P()p(.) 1,058.12 43.02 0

P 1,060.90 45.80 0

Models without any environmental covariate are bolded as references

Jforest proportion of forest, PCI first axis of the PCA (see text for further details), 4/C Akaike information criterion, HSM habitat suitability maps,

MADIFA Mahalanobis distance factor analysis
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probability of lynx occurrence was lower at the periphery of
the study area than in the centre, likely in relation with the
presence of high human presence (and particularly roads)
when we get closer to Lake Léman. The negative influence
of road density highlighted by both approaches supports a
negative effect of human presence on lynx occurrence. On
the other hand, the probability of lynx occurrence steadily
increases in the centre of the Jura Mountains, indicating that
the well-trained observers were able to maintain a high
detection probability even in remote areas.

Detection probabilities were also constant over time,
likely because of a constant sampling effort. Such a
constancy of detection probability confirmed that the study
period considered corresponds to a closure period well
suited for the use of the site-occupancy modelling. Our
results underlined that both analyses, based on the same
environmental covariates, yielded to convergent qualitative
conclusions about the probability of presence. Therefore,
our study provides the first empirical evidence that profile
and modelling approaches may give similar assessment of
the occurrence of an elusive species such as the lynx.

Profile methods provide a qualitative assessment of the most
structuring factors of species distribution and can be used as
explorative analyses. On the other hand, site-occupancy
modelling uses a quantitative measure (i.e. AIC) to select the
relevant environmental factors that shape the species distribu-
tion. Their concurrent use could lead to finer approaches which
are able to estimate the presence of an elusive species like lynx
with increased accuracy. We thus recommend performing first a
MADIFA to disentangle the structuring covariates before using
the site-occupancy approach for checking model robustness
given the factors included.
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