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Email: pablocisneros.araujo@upm.es 1. Wildlife conservation requires a comprehensive understanding of habitat and
Handling Editor: Catherine L. Parr landscape conditions supporting viable and well-connected populations, es-

pecially for reintroduction efforts. Habitat selection depends on different life
processes and behavioural states driving animal movements. However, habitat
modelling often considers all species records together or distinguishes only be-
tween locations within and outside home ranges.

2. We considered a more detailed characterization of movements, focusing on five
distinct movement phases: home ranges, transient residences, excursions, post-
release dispersals and dispersals. Utilizing GPS telemetry data from 124 Iberian
lynxes (Lynx pardinus), mainly tracked during a reintroduction programme, we ex-
amined their habitat selection and adaptation to heterogeneous, human-modified
and fragmented landscapes.

3. We developed context-specific mixed-effects habitat selection models for each
phase, incorporating two hierarchical selection scales: resident range and path
selection functions at the landscape scale, and step selection functions at the
local scale.

4. All lynxes consistently avoided intensive non-tree cropland and selected mosa-

ics of natural vegetation, including tree, shrubland and grassland cover. Resident

lynxes selected areas with low road and human infrastructure densities locally,
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but no such pattern emerged at the landscape scale, likely due to constraints on
establishing large home ranges where infrastructures are widespread and inter-
twined with natural cover.

. We observed significant differences in habitat selection among non-residential
phases. During excursions, lynxes avoided areas with high human infrastructure,
whereas during dispersals, this avoidance was less pronounced, indicating high
behavioural plasticity. The post-release dispersal phase mirrored dispersals but
showed infrastructure avoidance and a higher selection for sheltering features
like rugged terrain and shrub cover.

. Our findings emphasize the importance of distinguishing specific movement
phases, and particularly different movement phases outside home ranges, when
assessing habitat selection, especially for translocated animals settling in the
landscape. This differentiation is essential to (i) identify suitable reintroduction
areas with habitat features supporting post-release movements and settlement;
(ii) evaluate habitat conditions of temporary stopovers facilitating long-distance
dispersals, and (iii) achieve accurate connectivity estimates among populations.
True dispersal events, as the primary movements facilitating gene flow and range
expansion, should be treated separately in landscape permeability studies to ef-

fectively guide related conservation efforts.

KEYWORDS

1 | INTRODUCTION

A thorough understanding of the habitat features that animals se-
lect in heterogeneous and dynamic landscapes is highly valuable
for effective wildlife conservation. For species requiring popula-
tion reinforcements to persist or broaden their distribution range,
the study of species-habitat relationships is paramount to identify
suitable areas for translocations and/or reintroductions (Northrup
et al., 2022; Osborne & Seddon, 2012). To maximize the success
of reintroduction projects, it is especially relevant to determine
landscape features that facilitate connectivity among populations
(Zeller et al., 2012). More generally, understanding animals' rela-
tionships with anthropogenic land cover features that may hamper
their dispersal or pose a risk for their survival (e.g. transport infra-
structure and human settlements) is crucial for identifying animal
adaptation strategies and improving conservation efforts (Berger-
Tal & Saltz, 2014; Thorsen, Hansen, et al., 2022). Habitat selection
analyses have hence been widely applied in animal ecology and are
continually evolving to address the complexities of habitat-species
relationships, considering factors, such as individual-specific re-
sponses (Muff et al., 2020), selection scales (DeCesare et al., 2012;
Mateo Sanchez et al., 2014) and movement behaviours (Klappstein
et al,, 2023).

Numerous studies have delved into the variations in habitat se-
lection between residential and non-residential movements (Elliot

connectivity, dispersal, habitat selection, Iberian lynx, landscape permeability, movement
ecology, reintroduction, rewilding

et al.,, 2014; Gaston et al,, 2016; Palomares et al., 2000; Thorsen,
Hansen, et al.,, 2022; Van Den Bosch et al., 2023), motivated by
the need of accurately modelling landscape permeability and con-
nectivity (Blazquez-Cabrera et al., 2016; Goicolea et al., 2021).
Resident animals tend to select high-quality habitats to optimize
fitness, favouring areas with conditions that best support their
survival and reproductive success (Elliot et al., 2014; Palomares
et al., 2000). Conversely, non-residential movements require tra-
versing unfamiliar landscapes, often involving more plastic habitat
selection—behavioural adjustments to better suit the conditions
of their immediate environment—to tolerate less permeable, lower
quality habitats (Elliot et al., 2014; Gaston et al., 2016; Palomares
etal.,, 2000; Thorsen, Hansen, et al., 2022; Wong & Candolin, 2015).
Exposure to lower quality habitats may increase mortality risks, in-
cluding conspecific aggression, road mortality or human persecution
(Bonte et al., 2012; Stamps, 2001).

While dispersal is the main process driving movements be-
tween meta-populations, facilitating gene flow and long-term
viability (Clobert et al., 2012; Elliot et al., 2014), non-residential
movements also respond to a spectrum of ecological needs. For
instance, individuals may establish temporary residences while
dispersing through the landscape (Beier, 1995; Zimmermann
et al., 2005) or may embark on excursions beyond their home
ranges for various purposes, such as finding mates, exploring
or foraging (Kelly et al., 2020; Zimmermann et al., 2005), with
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different habitat selection patterns during these processes
(Hooven et al., 2023). Additionally, translocated individuals in re-
introduction areas may undergo behavioural modification, includ-
ing a greater diversity or prominence of certain movement phases
(Cisneros-Araujo et al., 2024), and select different habitat features
during their post-release exploratory movements before settling
in a residence area (Berger-Tal & Saltz, 2014; Picardi et al., 2022).
Despite the diverse processes underlying various non-residential
movements, they are often grouped together in ecological re-
search (Gaston et al., 2016; Goicolea et al., 2021; Rio-Maior
etal, 2019; Rueda et al., 2021; Vanbianchi et al., 2018) and seldom
distinguished in habitat selection analyses (Hooven et al., 2023).
This lack of distinction may imply significant biases with yet un-
assessed implications for our understanding of habitat selection
processes and for accurately informing subsequent management
and conservation measures (Roever et al., 2014).

To provide novel insights into habitat selection, we investi-
gated this process across five movement phases for a threatened
carnivore, the Iberian lynx, Lynx pardinus (Temminck, 1827). This
medium-sized solitary feline is native to the Iberian Peninsula
and specializes in preying on the European rabbit Oryctolagus cu-
niculus. A sharp decline in rabbit numbers, together with poach-
ing, habitat loss and fragmentation (Garrote, Fernadndez-Lopez,
et al., 2020; Guzman, 2004), resulted in less than a 100 Iberian
lynxes remaining in 2 isolated populations (Dofana-Aljarafe and
Andujar-Cardefa). In response to this critical scenario, significant
conservation efforts were implemented, including active habi-
tat management, mortality mitigation and an extensive captive
breeding, translocation and reintroduction programme (Rodriguez
& Calzada, 2015; Simén et al., 2012). These measures have yielded
substantial success, leading to an exponential recovery of the spe-
cies, which currently surpasses 2000 individuals (year 2023 data)
in 9 populations, 7 of which are reintroduced. Despite this prog-
ress, the species still faces challenges arising from habitat frag-
mentation in highly heterogeneous landscapes with a large share
of agricultural and anthropogenic land uses (Gaston et al., 2016).
This is particularly important when facing the longer term aim
of recovering most of the species historical range in the Iberian
Peninsula. Consequently, the primary objective of the ongoing
species conservation efforts was to improve the connectivity
among Iberian lynx populations and establish a self-sustainable
and expanding meta-population (LIFE LYNXCONNECT, 2020).

The identification of suitable reintroduction areas for the
Iberian lynx was informed by multiple studies that assessed its hab-
itat requirements within the two populations (Dofiana-Aljarafe and
Andujar-Cardefa) that persisted over time (Fernandez et al., 2003,
2006; Garrote, Fernandez-Lopez, et al., 2020; Palomares, 2001;
Palomares et al., 2000). Nevertheless, habitat selection depends
on availability and habitat use estimates obtained in one area may
lead to poor predictions in other areas with different features
(Aarts et al., 2013; Osborne & Seddon, 2012). Thus, the analysis
of GPS data from multiple Iberian lynx populations revealed that
individuals may positively select a wider range of habitats than
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previously thought, including heterogeneous agricultural areas
like non-intensive olive groves with natural vegetation remnants
(Gaston et al., 2016). This GPS database was obtained following
the first reintroductions and primarily consisted of translocated
Iberian lynxes tracked to assess their habituation to reintroduc-
tion areas, along with several individuals monitored within their
native populations, providing extensive data on their movements
and habitat selection (Cisneros-Araujo et al., 2024). These also
allowed Gastén et al. (2016) to explore differences in habitat
selection within and outside home ranges, demonstrating that
during the latter, lynxes were more tolerant to anthropogenic fea-
tures, which resulted in higher connectivity estimates in subse-
quent analyses using these improved habitat selection estimates
(Blazquez-Cabrera et al., 2016).

Despite these advancements, no study has yet undertaken a
comprehensive analysis of GPS movement data for the Iberian lynx
that leverages the identification of various types of movements
outside home ranges (Cisneros-Araujo et al., 2024). Such an anal-
ysis would allow to separately assess the species-habitat selection
patterns during each of these movement phases. Among these, it is
particularly important to specifically and separately focus on true
dispersal events, which are the primary movements contributing to
population connectivity and gene flow (Elliot et al., 2014), avoiding
potential confusion with the species' habitat selection during other
movement phases. Likewise, it is crucial to assess the habitat con-
ditions of temporary stopovers that facilitate long dispersal events
among populations. In summary, it remains unexplored how dif-
ferent processes driving Iberian lynx movements (e.g. excursions,
dispersals and post-release dispersals) affect the species-habitat
relationships and connectivity among populations.

To address these knowledge gaps, we analysed the largest
Iberian lynx tracking dataset to date, encompassing GPS locations
from 124 individuals across the Iberian Peninsula. Many of these
lynxes were tracked during the translocation programme, providing
a unique opportunity to study their habitat selection across several
movement behaviours that are not commonly captured in stable
populations. Instead, these behaviours are more frequently found
in reintroduced populations that are not at equilibrium and show a
higher diversity of movement tactics (Cisneros-Araujo et al., 2024).
We modelled habitat selection and landscape permeability during
five distinct movement phases: two residential phases (home ranges
and transient residences) and three non-residential phases (excur-
sions, dispersals and post-release dispersals). We accounted for in-
dividual variability in habitat responses and incorporated fine and
broad habitat selection scales to capture habitat selection at two
hierarchical levels, namely second- and fourth-order. We hypothe-
sized that the Iberian lynx's habitat selection patterns would vary
across movement phases (Gaston et al., 2016), even among different
types of non-residential phases, as they respond to distinct life pro-
cesses. Specifically, we expected that differences in tolerance and
adaptations to anthropogenic features would be observed across
movement phases, allowing for the navigation of the fragmented
landscape and the settlement in safe and resource-rich areas.
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2 | MATERIALS AND METHODS

2.1 | GPS telemetry dataset

We analysed a GPS telemetry dataset from 124 Iberian lynxes, com-
prising a total of 137,970 locations. The lynxes were collared between
2010 and 2023, with 19 individuals from native populations and 106
individuals following translocation. Of the translocated lynxes, 20
were wild individuals translocated from other populations (1 was also
monitored in its natal range), and 86 were from captive breeding pro-
grammes. These captive-born individuals had no previous experience
in the wild and were mostly subadults (< 2 years old; Cisneros-Araujo
et al., 2024). Before their release, captive-born lynxes underwent
preparatory measures to facilitate their adaptation to life in the wild,
including being raised in enclosures with natural vegetation, fed
live prey (e.g. rabbits) and kept without human contact to encour-
age natural behaviour (Life+IBERLINCE, 2016). These measures have
been shown to enable captive-born lynxes adopting similar space use
and habitat selection patterns to those of free-ranging individuals
(Cisneros-Araujo et al., 2024; Gaston et al., 2016). The dataset main-
tained a balanced sex ratio (62 males and 62 females). The GPS data-
set had a sampling rate of 4h. Methods for pre-processing GPS data
are described in Cisneros-Araujo et al. (2024) and in the Supporting
Information S1. To conduct subsequent analyses, we followed the
methodological schema in Figure 1.

All capture and collaring procedures were conducted by cer-
tified technicians and veterinarians authorized by the compe-
tent environmental authorities of the regions involved (Junta de
Andalucia, Junta de Comunidades de Castilla-La Mancha, Junta de
Extremadura in Spain and Instituto da Conservacao da Natureza
e das Florestas in Portugal). These activities were carried out
within the framework of authorized conservation and monitoring
programs, specifically LIFEO6NAT/E/000209, LIFELONAT/ES/570
(IBERLINCE) and LIFE1I9NAT/ES/001055 (LYNXCONNECT), and in
compliance with national and regional legal mandates. All captur-
ing and animal handling procedures followed the sanitary and tech-
nical guidelines established by the Iberian Lynx Sanitary Advisory
Panel (Grupo de Manejo Sanitario del Lince Iberico, 2014) to en-

sure animal welfare.

2.2 | Classification of movement phases

We separately considered five movement phases for our habitat se-
lection analyses (Table 1; Figure 1). Methods for classifying move-
ment phases are fully described in Cisneros-Araujo et al. (2024) and
in the Supporting Information S2. We did not test for sex differ-
ences as previous studies have shown that habitat selection in the
Iberian lynx is not significantly influenced by sex (Palomares, 2001;
Palomares et al., 2000), but rather by the behavioural state of individ-
uals (Gaston et al., 2016; Palomares, 2001; Palomares et al., 2000),
highlighting the importance of movement phases in shaping habitat
selection.

2.3 | Environmental variables

We considered seven environmental variables that may influence
the habitat selection of the Iberian lynx (Fernandez et al., 2006;
Gastoén et al., 2016, 2019; Palomares, 2001; Palomares et al., 2000).
The species predominantly inhabits natural vegetation mosaics,
which provide both refuge and prey availability, as rabbits find shel-
ter in bushes and forage in grasslands. We characterized mosaics
using the (1) tree cover density (2018; 10 m; European Environment
Agency, 2020c); (2) shrubland cover (2018; 10m) obtained from
CLC+ Backbone 2018 (European Environment Agency, 2023); and
(3) grassland cover density (2018; 10m; European Environment
Agency, 2020a). We also included (4) terrain ruggedness (1 arc-
second, ~30m), obtained according to Riley et al. (1999) from the
SRTM digital elevation model (EROS, 2017), as a proxy for refuge
(e.g. outcrops). As constraints on the species' presence, we consid-
ered (5) cropland cover density, excluding tree crops (2018; 100m,
Copernicus Global Land Service; Buchhorn et al., 2020); (6) roads
(OpenStreetMap contributors, 2017); and (7) imperviousness den-
sity (European Environment Agency, 2020b). The imperviousness
density layer works as a proxy of large human infrastructure and al-
ready includes highway density data. Thus, to avoid potential partial
redundancy and a high correlation with the imperviousness layer,
highways were not included in the roads layer.

All variables with pixels finer than 100m were aggregated to a
100m pixel size using the average of pixel values. Tree cover, grass-
land and imperviousness density layers were averaged to maintain
a continuous 0-100 scale, while shrubland, originally a presence/
absence binary variable, reflects its percentage cover at 100m. As a
result, all layers (except the roads and terrain ruggedness layer) had
values ranging between 0 and 100, indicating the density of each
land cover per pixel. Roads were rasterized as a binary variable at
100m pixel resolution (see Section 2.4.2 for the obtention of road
density values using focal means). All pairs of environmental layers
had a correlation of <0.45 (Spearman's pz; Spearman, 1961). A sum-
mary of the characteristics of environmental variables across move-

ment phases is provided in Table S4.

2.4 | Habitat selection analyses

We adopted a matched used-available sampling design to study
how the habitat selection by the Iberian lynx varied depend-
ing on the movement phase at two scales of analysis. First, we
conducted analyses at the ‘landscape scale’ to evaluate the en-
vironmental characteristics of resident ranges (resident range
selection analysis) and non-residential movement paths (path se-
lection analysis) relative to those that were available in their sur-
rounding landscape. We used the term ‘landscape scale’ to refer
to habitat selection where availability is defined by the broader
surrounding landscape relative to each observed movement path
(cf. second-order habitat selection; Johnson, 1980). Second, we
analysed habitat selection at the ‘local scale’ to evaluate how the
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Classification of Movement Phases

-

P : Post-Release Dispersal
=== TR : Transient Residence Area
=== D : Dispersal r
=== HR : Home range

E : Excursion

Classified
GPS tracks

Road Density
Imperviousness Density
Cropland Cover Density

» Tree Cover Density :
» Shrubland Cover Density *
» Grassland Cover Density *
» Terrain Ruggedness

I

v
Landscape Scale
Continuous—Ti+me Stochastic
Processes (CTSP)
Utilization I;istributions l
Resident Range ;election Analysis

| Matched Sampling Design:
1 Used vs 20 Available

v
Multivariate Models
for each phase

Habitat Selection Analyses
for each movement phase

Mixed-Effects
Conditional Logistic Regression

v
Local Scale

v
Step Selection Analysis

For each spatial
grain of each variable
A

One Operational Grain
for each variable
v

Multivariate Models
for each phase
(Relative Selection Strength)

FIGURE 1 Schema of the workflow of methods, which included the classification of movement phases, the estimation of environmental
variables and the habitat selection analyses at landscape and local scales. See Figure S1 for an illustrative example of a classified movement path.

lynxes responded to their environment by comparing the habitat
characteristics of locations that were selected by the animal with
available locations that were reachable but not selected (step se-
lection analysis). Therefore, we refer to habitat selection at the
‘local scale’ when availability is defined over shorter distances that
lynxes can travel between consecutive locations (cf. fourth-order
habitat selection; Johnson, 1980). For subsequent movement
analyses, we used R software (version 4.2.0; R Core Team, 2022),

and a list of references of R packages utilized in the analyses is
provided in Supporting Information S3.

2.4.1 | Habitat selection at the landscape scale

For habitat selection analysis at the landscape scale, we used two
types of selection analyses according to the space-use characteristics
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TABLE 1 Summary and description of movement phases.

Movement phases

Residence areas (clusters of GPS Home range

locations) Transient residence

Non-residential movements Excursion

Description
Residence areas lasting at least 105 days (see Cisneros-Araujo et al., 2024)
Abandoned residence areas after being used at least 10days and <105 days

Movements away from a residence area but that eventually return to the same

residence area

Post-release dispersal

Movements from the release point to the first residence area or to the end of the

monitoring period

Dispersal

Movements between two residence areas, or lasting at least 10days and not

ending in a residence area before the monitoring ended

of movement phases. For movement phases that showed restricted
space use and range residency (i.e. home ranges and transient resi-
dences), we used a resident range selection analysis (similar to a
path selection analysis but adapted for resident areas; Cushman
& Huettmann, 2010). Conversely, for non-residential movement
phases showing no restricted space use and directional persistence
(i.e. excursions, transitions and post-release dispersals) we used a
path selection analysis (Cushman & Huettmann, 2010).

In both cases, we fitted continuous-time stochastic processes
(CTSP) to the location series of every individual's movement phase
to estimate their utilization distributions (UD), which were consid-
ered as ‘used’ samples in our matched sampling design. We used
the ctmm R package to fit CTSP, accounting for the autocorrelation
among observations in the GPS dataset (Calabrese et al., 2016;
Fleming et al., 2018; Noonan et al., 2019). We obtained starting pa-
rameter values from semi-variance functions to fit a set of candidate
models that varied according to the movement phase.

To estimate the UD for true locations in the resident range selec-
tion analysis, we considered the following models: the independent
identically distributed (IID) process, which assumes no correlation
in positions and velocities; the Ornstein-Uhlenbeck (OU) process,
which features correlated positions and restricted space use; the
Ornstein-Uhlenbeck Foraging (OUF) process, which, as the OU
process, considers range-residency but also takes into account
correlated velocities; and a special case of the OUF model (OUf) in
which the position and velocity autocorrelation timescales are iden-
tical (Calabrese et al., 2016). Among candidate models, we selected
the most parsimonious one to estimate the UD by applying optimally
weighted and area-corrected autocorrelated kernel density estima-
tors (WAKDE) (Fleming et al., 2018). We repeated this procedure
individually for each residence area. From each wAKDE, we used
the probability mass function (PMF) to get a raster layer of relative
frequencies of use. Next, we artificially generated ‘available’ UDs for
each used distribution, which represent alternative range areas that
were available to the animal in the landscape but that were not se-
lected as residence. For this purpose, we placed generated distribu-
tions at a distance equal to two times the radius of the 99% wAKDE
and rotated them around the actual residence area with a constant
angle increment of 18° to get 20 available UDs (see illustration in

Figure 1).

To estimate the UD for true locations in the path selection
analysis, we considered two candidate models: the Brownian
motion (BM) process, which features autocorrelated positions,
and the Integrated OU (IOU) process that includes autocor-
related positions and velocities (Calabrese et al., 2016). We only
considered paths lasting more than 24 h to facilitate parameter
estimation. For each path, we used the CTSP model (BM or 10U,
see below) and the Kriging method to obtain the UD, which was
derived from all possible trajectories conditioned on the GPS lo-
cations that compose each movement path (Fleming et al., 2015).
For each path, we prioritized the use of the continuous-velocity
IOU process for estimating UDs due to its higher precision
(Fleming et al., 2015). We used the BM process for trajectories
which could not estimate continuous velocities. From each UD,
we again estimated raster layers through the PMF. We matched
each path UD with 20 available distributions. The estimation of
available samples slightly depended on the movement phase and
aimed to represent alternative movement paths that were avail-
able to the animal in the landscape. We rotated each path UD
by applying a constant angular increment of 17.14° and pivoting
around the centroid of the corresponding residence area (excur-
sions) or the start of the path (dispersal and post-release dis-
persal; see illustration in Figure 1). We report the results on the
CTSP used to estimate UD at the landscape scale in Supporting
Information S4.

Once used and available UDs were estimated, we multiplied the
pixel utilization probabilities of each distribution by each environ-
mental raster layer and summed the returned values. To standardize
each environmental variable, we subtracted their mean and divided
it by their standard deviation.

We then analysed habitat selection in each movement phase fol-
lowing the approach of Muff et al. (2020). We fitted mixed-effects
conditional logistic regression models to the matched used and avail-
able set for each phase. In all models, we included all previously men-
tioned environmental variables as covariates and individual-specific
random slopes for each covariate to account for individual variation
in habitat selection. To this end, we used the gimmTMB R package to
fit a Poisson model—with equivalent likelihood to a conditional logis-
tic regression—in which intercepts are modelled as random effects
with a fixed variance of 10° (Muff et al., 2020).
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2.4.2 | Habitat selection at the local scale

We analysed habitat selection at the local scale using step selection
functions, which offer a robust framework for assessing fine-scale
species interactions with their environment (Fieberg et al., 2021; Muff
et al., 2020; Thurfjell et al., 2014; Figure 1). For each observed step,
we matched 20 available random steps. To generate random steps, we
fitted a Gamma distribution of observed step lengths and a Von Mises
distribution of observed turning angles, both based on each move-
ment phase. We only retained steps having a regular 4-h sampling rate
for the step selection analyses. The procedures described herein were
carried out using the functions in the amt R package.

Then, we assessed the spatial grain at which each environmen-
tal variable best matched Iberian lynx selection at the local scale.
For this purpose, we considered a gradient of spatial grains for each
environmental variable, obtaining spatial layers using focal means
with six radii (100, 200, 500, 1000, 2000 and 5000m), each rep-
resenting a specific Iberian lynx grain of interaction with its envi-
ronment. We extracted the values of each variable's spatial grain at
the end location of each step for both used and available locations.
We standardized extracted values by subtracting the mean and di-
viding by the standard deviation of each variable. Then, we used
mixed-effects conditional logistic regression (Muff et al., 2020) with
individual-specific random slopes to fit univariate models for every
spatial grain. Among each variable's univariate models, we selected
the model with the lowest AlCc score, from which we designated the
variable's operational spatial grain—that is the grain that best repre-
sented the Iberian lynx habitat selection.

Next, we fitted phase-specific multivariable habitat models using
mixed-effects conditional logistic regression (Muff et al., 2020) to
account for variations in habitat selection among individuals. We
included standardized environmental variables at their operational
grain as covariates. For all environmental covariates, we added
a quadratic term to allow for non-linear relationships. After fit-
ting multivariable models, we used the relative selection strength
(Avgar et al., 2017; Fieberg et al., 2021) to quantify the magnitude
of selection of each environmental variable during each movement
phase. To achieve this, we used the phase-specific models to make
population-level predictions across the range of each covariate,
while keeping the remaining covariates fixed at their means. As a
reference for comparison, we used a hypothetical location repre-
sented by the means of each environmental variable calculated only

from the available locations of each model. Last, we compared the

TABLE 2 Summary of Iberian

lynx movement phases. No. and % of
individuals refer to the total number and
percentage of individuals that experienced
each phase.

Movement phase
Home ranges
Transient residences

Excursions

Post-release dispersals

Dispersals

EEE‘E@,M Journal of Animal Ecology

predictions of each covariate with the predictions at the reference
location to obtain relative selection strengths for each environmen-

tal variable and each movement phase.

3 | RESULTS

Iberian lynxes exhibited all five movement phases considered in
the classification (Table 2). Only 6% of all lynxes (n=7) did not es-
tablish any residence area during the monitoring period (256days,
SD=213).

3.1 | Habitat selection at the landscape scale

Analyses at the landscape scale revealed several differences in the
Iberian lynx habitat selection depending on the movement phase
(Figure 2; Table S1). Transient residences were established in areas
characterized by significantly lower road density than in the available
landscape, which was not found for home ranges. Despite this dif-
ference, transient residences and home ranges mostly shared habitat
choices at the landscape scale. For instance, both types of residences
showed a significant selection of areas with non-dominance of the
shrub cover, which was not observed during non-residential phases.

Considering movements outside residence areas, excursion paths
went through areas with fewer roads and human infrastructure density
than in the available landscape. Despite showing an overall negative
selection, dispersal paths did not show a significant avoidance of these
anthropogenic features. Post-release dispersal paths resembled disper-
sal events but showed significant avoidance of roads (90% confidence).
No substantial differences were found among non-residential phases
for terrain ruggedness and vegetation (tree, shrubland and grassland)
cover density variables, all showing non-significant habitat selection.
Nonetheless, low tree cover areas were preferred during excursions
(90% confidence). Additionally, non-tree croplands were consistently
avoided during both residential and non-residential movement phases,
highlighting a shared pattern in habitat avoidance.

3.2 | Habitat selection at the local scale

Univariate models supported a 100 m grain size for all environmental

variables except for the imperviousness and road density variables,

No. of No.of4-h  No. of No. of % of
locations steps events individuals individuals
85,752 57,033 77 72 58

10,822 6126 77 47 38

13,652 8978 539 91 73

9509 6809 73 71 70

4776 3051 56 43 35
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FIGURE 2 Coefficients (circles) of each environmental variable with 95% confidence intervals (horizontal brackets) for each movement
phase-specific model at the landscape scale. Codes for the levels of significance of coefficients are: p-values <0.001 (***'), <0.01 (**),

<0.05 (") and <0.01 ().

which were selected at 500 and 1000m, respectively (Figure 3;
Table S2). Empirical distributions of step lengths (Gamma) and turn-
ing angles (von Mises) are illustrated in Figure S2. Croplands and
anthropogenic variables exhibited linear negative responses while
natural vegetation and terrain ruggedness variables displayed quad-
ratic responses across movement phases (Figure 3). Model summa-
ries are reported in Table S3.

Models at the local scale showed notable differences and some
similarities in Iberian lynx habitat selection across movement phases
(Figure 3). For instance, lynxes consistently selected low-to-medium
tree cover densities across all movement phases but showed a signifi-
cantly stronger tendency towards higher tree densities within their
home ranges (Figure 3a). Resident lynxes also selected low-to-medium
shrubland cover, while non-residential lynxes tended to favour
higher shrubland densities, particularly during post-release dispersal
(Figure 3b). Likewise, grasslands were selected at low-to-medium cov-
ers, but dispersing lynxes preferred slightly higher densities (Figure 3c).
Importantly, dispersing lynxes selected terrain with medium rugged-
ness, while resident lynxes preferred flatter areas (Figure 3d).

Distinct patterns emerged in response to roads, differing sig-
nificantly between residential and non-residential phases. Non-
residential lynxes showed a non-significant gradual negative trend,
while residents exhibited a steep negative response (Figure 3e). The
response to imperviousness density was similar to roads, but residen-
tial lynxes avoided this cover more intensively. In contrast to roads,
lynxes significantly avoided areas with large human infrastructure
(including highways) while taking excursions. Lynxes dispersing after
being released significantly avoided this cover too but showed more
tolerance to higher densities. Conversely, dispersing individuals did
not show a significant avoidance of large infrastructures (Figure 3f).
Last, areas dominated by non-tree crops were consistently avoided
in all movement phases. Despite this strong avoidance, lynxes had

some tolerance for areas with a low cover of cropland, particularly
during excursions and residential phases (Figure 3g).

4 | DISCUSSION

Our findings supported our hypothesis that the Iberian lynx's hab-
itat selection patterns would vary across movement phases, even
among non-residential phases. Generally, lynxes favoured areas
with low-to-medium densities of trees, shrubs and grasslands,
though specific density choices varied by movement phase. For
instance, lynxes particularly favoured features providing refuge
during post-release dispersals compared with residential phases,
showing a shift in habitat selection. Moreover, lynxes avoided
human infrastructure more strongly during residential phases and
showed weaker avoidance during non-residential movements,
especially during dispersals, evidencing their remarkable disper-
sal plasticity. These differences were more apparent at the local
scale, while responses to habitat features at the landscape scale
were limited, possibly due to high interindividual variability and
the relatively fine-grained heterogeneity of the landscape. These
findings underscore the importance of considering specific move-
ment phases and selection scales in habitat selection, landscape
permeability and connectivity studies, especially for reintroduced

populations and translocated individuals.
4.1 | Selection of mosaiced and low-disturbance
habitats during residency

Residential habitat selection patterns were characterized by the
choice of low-to-medium densities of trees, shrublands and grasslands.
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This suggests a marked affinity for areas with intermixed natural veg-
etation covers (Gaston et al., 2016, 2019; Palomares, 2001) where
transitions between woody vegetation and grasslands are frequent.
Lynxes may be positively selecting these areas because of their asso-
ciation with high rabbit densities (Fernandez et al., 2003). Rabbits are
also benefitted by flatter terrain and tall vegetation covers in these
mosaiced habitats (Calvete et al., 2004; Palomares, 2001). Tall vege-
tation provides enough space for grass growth, and its roots facilitate
the excavation of rabbit warrens (Palomares, 2001, 2003). Therefore,
the lynx's preference for rabbit-abundant areas may mediate its posi-
tive selection of low rugged terrain and significant tree cover within
home and transient ranges.

Lynxes established home ranges in areas with infrastructure den-
sities similar to those of the available landscape. This tendency to
show lower infrastructure avoidance is probably a result of the highly
heterogeneous landscape where infrastructures are common and in-
tertwine natural cover, making it difficult to reveal habitat selection
patterns at broad scales of analysis. This pattern reflects the inher-
ent challenges associated with establishing large home ranges (av-
erage size: 11.6 km?, 95% CI: 9.1-14.6; Cisneros-Araujo et al., 2024)
in a landscape with extensive infrastructure. Conversely, during the
establishment of transient residences, roads were avoided, a pattern
potentially attributed to their smaller average size (4.0 km?, 95% Cl:
2.6-6.0; Cisneros-Araujo et al., 2024), allowing their establishment
in areas with minimal road overlap. Moreover, the avoidance of roads
can be attributable to the cautious behaviour observed in translo-
cated individuals post-release (Cisneros-Araujo et al., 2024), with
roads limiting their space use in transient residences.

Nevertheless, at the local scale, resident Iberian lynxes did ex-
hibit a strong aversion to infrastructure (Gaston et al., 2016). This
behaviour suggests that despite the challenges of establishing
home ranges in areas with minimal anthropogenic influence, lynxes
adapted to human-dominated landscapes by learning the locations
of infrastructure and actively avoiding them within their residence
areas (Bouyer et al., 2015; Thorsen, Bischof, et al., 2022). This result
underscores the essential role of spatial memory in shaping their
residential movements (Ranc et al., 2022), especially for individuals
settling in a novel environment, as the greatest majority of individual
lynxes here considered (Cagnacci, 2023).

Lynxes consistently avoided high densities of non-tree cover
croplands at both spatial scales, indicating a clear avoidance of such
environments when settling residence or navigating the landscape.
This pattern of avoidance aligns with previous habitat selection stud-
ies on the Iberian lynx (Gastén et al., 2016; Palomares et al., 2000).
However, it is necessary to emphasize that agricultural tree covers,
such as olive groves, may be positively selected by lynxes as long as
there is enough natural vegetation providing refuge (Garrote, Bueno,
et al., 2020; Gastén et al., 2016).

Generally, we observed common habitat selection patterns in
both types of residence areas (transient and permanent), suggest-
ing that prevailing habitat conditions may not be the primary fac-
tor leading to the abandonment of transient residences and that
lynxes do not settle for low-quality habitat when inhabiting an

area temporarily. Alternative factors, such as intraspecific competi-
tion (Ferreras et al., 1997, 2004) or absence of mating conspecifics
(Kanda et al., 2019; Vogt et al., 2014) could potentially be triggering
the abandonment of transient residences and should be carefully
evaluated in future research.

4.2 | Variabilities among non-residential
movements

Our results showed a significant avoidance of human infrastruc-
ture during excursions as well as post-release dispersals, although
to a lesser extent. However, no significant response to human in-
frastructure was observed during dispersals, highlighting the func-
tional disparity in the responses to environmental variables between
non-residential phases (Hooven et al., 2023). This dispersal plasticity
and tolerance to human features has been observed in multiple car-
nivores (Abrahms et al., 2017; Barry et al., 2020; Elliot et al., 2014;
Gaston et al., 2016) and may be due to several factors, such as dis-
persers moving through unfamiliar environments (e.g. lacking aware-
ness of corridor areas with higher quality habitats; Barry et al., 2020),
adopting higher risk behaviours (Barry et al., 2020; Cote et al., 2010;
Stamps, 2001) or selecting areas with higher human influence to
avoid intraspecific conflict and injury from other lynxes (Farhadinia
et al., 2020; Smith, 1993; Zimmermann et al., 2005), despite these
areas being less favourable on other factors.

Nevertheless, dispersers may have adapted to unfamiliar en-
vironments by prioritizing refuge availability (Bouyer et al., 2015).
This adaptation is evident in their increased selection of rugged
terrain, where there is typically an increased availability of resting
sites (Filla et al., 2017; Signer et al., 2019). This pattern is also con-
sistent with their marked selection of medium and high densities of
shrubland, another important source of refuge for lynxes (Palomares
et al., 2000). Prioritizing refuge during dispersal may also be linked
to energy management, with lynxes selecting resting sites to recover
before resuming their journey (Farhadinia et al., 2020). Interestingly,
their heightened selection of shrubland and rugged terrain was par-
ticularly pronounced during the post-release dispersal phase, possi-
bly indicating that they might act more cautiously by seeking more
shelter in response to the stress associated with the handling and
translocation process, or the exposure to an unknown environment.

4.3 | Implications for landscape permeability
modelling and conservation

Considering the higher behavioural plasticity of dispersers in re-
sponse to human infrastructure, most landscape permeability
models may underestimate the connectivity of the species even
if movements within and outside home ranges are considered
(Blazquez-Cabrera et al., 2016; Gaston et al., 2016). Consequently,
as dispersal represents one of the primary processes facilitating
connectivity (Clobert et al., 2012; Elliot et al., 2014), we advocate
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for their exclusive use in the estimation of landscape resistance
surfaces for modelling functional connectivity. Failing to classify
non-residential movements may result in biased conclusions on how
populations are effectively connected and thus may potentially lead
to unreliable connectivity planning (Elliot et al., 2014).

Besides differentiating movement phases, the incorporation
of other key factors in habitat selection—such as selection scales,
non-linear habitat responses, interindividual variability and environ-
mental heterogeneity across the species range—allowed our study
to provide detailed and robust habitat selection estimates that are
highly valuable for the effective management of Iberian lynx habitats.
Specifically, the identification of precise habitat selection thresholds
for each environmental variable and movement phase is instrumental
for developing habitat conservation and restoration measures within
stable populations, as well as for identifying suitable areas for future
reintroductions. In planning reintroductions, managers should con-
sider not only residential habitat selection patterns but also account
for lynx habitat requirements during the post-release dispersal phase.
For instance, selecting release sites in areas with abundant refuges
(e.g. shrub and rocky cover) may be essential to support the short-
term adaptation of translocated individuals. Additionally, outreach
programmes should be implemented in the surroundings of release
and reintroduction areas, as lynxes showed lower infrastructure
avoidance during non-residential movement phases.

Our findings underscore the importance of movement phase-
specific habitat selection models to disentangle species-habitat
relationships and develop targeted conservation and restoration mea-
sures for the Iberian lynx and other carnivores. These findings hold
particular relevance for ongoing conservation efforts (project LIFE
LYNXCONNECT), offering valuable guidance for enhancing popula-
tion connectivity and identifying suitable areas for future reintroduc-

tions aimed at expanding and recovering the species' historical range.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Table S1: Summaries of the mixed-effects conditional logistic models
fitted at the landscape scale for each movement phase, including the
estimated coefficients, standard errors and codes for the significance
levels p-values <0.001 (***'), <0.01 (**'), <0.05 (*'), <0.1 ().

Table S2: AlCc scores for univariate models at the local scale for each
environmental variable. The operational spatial grain, indicated by
the lowest AlICc score, is highlighted in bold. AlCc scores are colour-
coded from darker blue (lowest AICc) to lighter blue (highest AlCc).
Table S3: Summaries of the mixed-effects conditional logistic
models fitted at the local scale for each movement phase, including
the variable operational spatial grain (m), estimated coefficients,
standard errors and codes for the significance levels p-values:
<0.001 (**¥), <0.01 (**), <0.05 ("), and <0.1 (".).

Table S4: Mean and standard errors of environmental variables at
the end location of each used step for different movement phases.
Figure S1: lllustrative example of the movement phases along an
Iberian lynx movement path. Points represent GPS locations and
colours indicate the movement phase they belong to. Black solid
lines represent the 90% home range area estimate and dashed lines
indicate their respective 95% Cl (see Cisneros-Araujo et al. (2024)
for details on its estimation). The black star represents the first point
of the movement path.

Figure S2: Curves of the Gamma step length (A) and Von Mises
turning angle (B) distributions used to generate random steps for the

phase-specific habitat selection models (SSF) at the local scale.
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