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Abstract

Background: When assessing connectivity, it is crucial to rely on accurate modeling frameworks that consider
species movement preferences and patterns. One important aspect is the level of randomness or unpredictability in
the route selection. In this respect, traditional approaches (based on least-cost path or circuit theory) consider
species movements unrealistically as totally deterministic or as totally random. A recent approach (randomized
shortest path) advocates for choosing intermediate levels of randomness through a single parameter. This
parameter may be optimized by validating connectivity surfaces developed from different levels of randomness
against observed movement data. However, connectivity models are seldom validated, and it is still unclear how to
approach this task. To address this knowledge gap, this paper aims at comparing different validation methods to
infer the optimal randomness level in connectivity studies. Additionally, we aimed to disentangle the practical
consequences of applying traditional connectivity approaches versus using an optimized level of movement
randomness when delineating corridors.

Methods: These objectives were accomplished through the study case of the Iberian lynx, an endangered species
whose maintenance and recovery depend on the current connectivity among its population nuclei. We firstly
determined a conductance surface based on point selection functions accounting for the behavioral state (territorial
or exploratory) of individuals. Secondly, we identified the level of randomness that better fits lynxes’ movements
with independent GPS locations and different validation techniques. Lastly, we delineated corridors between lynx
population nuclei through a) the randomized shortest path approach and the extreme and optimal levels of
randomness of each validation method, and b) the traditional connectivity approaches.

Results: According to all used validation methodologies, models with intermediate levels of randomness outperformed
those with extreme randomness levels representing totally deterministic or random movements. We found differences in
the optimal randomness level among validation methods but similar results in the delineation of corridors. Our results also
revealed that models with extreme randomness levels (deterministic and random walk) of the randomized path approach
provided equivalent corridor networks to those from traditional approaches. Moreover, these corridor networks calculated
with traditional approaches showed notable differences in patterns from the corridor network calculated with an optimized
randomness level.
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Conclusions: Here we presented a connectivity model with a solid biological basis that calibrates the level of movement
randomness and is supported by comprehensive validation methods. It is thus a step forward in the search and evaluation
of connectivity approaches that lead to improved, efficient, and successful management actions.

Keywords: Connectivity validation, Ecological connectivity, Ecological corridors, Iberian lynx, Lynx pardinus, Movement
ecology, Point selection functions, Randomized shortest path, Corridors

Background

Biodiversity planning is increasingly focused on enhan-
cing ecological connectivity, i.e., the degree to which the
landscape facilitates or impedes movement among habi-
tat patches [1], as it has been shown to counteract frag-
mentation and soften its detrimental effects [2-4].
Connectivity analyses contribute to the identification of
priority areas and measures to preserve and enhance
biodiversity [5, 6]. However, there is still no consensus
about which is the best methodology to follow when
studying connectivity, as it may vary with the species
and objective of the study [7, 8].

Connectivity modeling is generally based on a resistance
surface or its inverse, a conductance surface [9] that reflects
the influence of landscape factors and habitat selection in
species movements. One of the most advocated ways to ob-
tain them is through Resource Selection Functions trained
with telemetry data [10]. Resource Selection Functions en-
compass several models that predict the likelihood of select-
ing each landscape cell by comparing the habitat attributes
of the used cells by the studied individuals with the attributes
of the unused but available cells. Among Resource Selection
Functions, Point Selection Functions (PSF) are one of the
most common ways to estimate resistance surfaces [9, 11—
15]. However, habitat selection for animal movement does
not only depend on the focal species and the habitat around
the location of individuals [16], as it can also be influenced
by the demographic factors [17] and the behavioral state of
individuals [14, 18]. Acknowledging these additional condi-
tions in PSF contributes to a more thorough understanding
of the relationship between species and environmental fac-
tors [19] and promotes the attainment of more realistic re-
sistance or conductance surfaces as input for connectivity
analyses.

Many methods based on resistance models are available to
characterize the possibilities for species movement [20].
Among the existing techniques, least-cost path (LCP) [21,
22] is one of the most used approaches to evaluate the pref-
erential movement pathways. It identifies the pathway with
the minimum accumulated cost of movement or effective
distance between the source and destination points. Even
though this approach is broadly accepted and used, it is also
deterministic, as it considers that animals have a perfect
knowledge of the landscape and can determine and follow
the optimal path [23] in terms of effective distance. In order
to relax this optimum single path assumption, many

connectivity analyses started to focus on an approach based
on the circuit theory [24]. This framework considers all pos-
sible pathways between each pair of nodes in terms of a
weighted random walk, assuming only knowledge of the im-
mediate surrounding landscape (i.e., only knowledge of the
underlying resistance/conductance values of the immediate
neighbor cells).

LCP and circuit theory methods have been widely
adopted [3, 6, 20, 25-27], although they might be based
on unrealistic assumptions as animals generally follow
an intermediate strategy between totally deterministic
and random movements [28]. To surmount this issue, a
novel approach has been proposed, the Randomized
Shortest Path (RSP) [29-32]. This method allows consid-
ering deterministic and random movements as well as
all intermediate states between them, by calibrating the
level of randomness (parameter 6). A weighted random
walk is assumed (comparable to circuit theory ap-
proaches) when 6 is set to 0. However, increasing 0
values imply more deterministic movements (compar-
able to LCP). This and other model parameters should
be adapted to each study case and species movement
traits to assess functional connectivity [16, 33, 34]. Trad-
itional connectivity models only take into account spe-
cies’ habitat preferences and dispersal abilities (i.e.,
dispersal distances) to model functional connectivity,
while RSP models additionally consider the specific level
of movement randomness.

How to identify the level of randomness that best rep-
resents each species movements is still fairly unknown.
Most studies performing RSP [29, 35-38] addressed this
issue by validating connectivity models deriving from a
range of different 6 values with an independent set of
movement data. The model with the best validation re-
sults represented to a larger extent the actual move-
ments of the organisms and established the optimal 6.
However, most connectivity studies do not validate their
results [3, 14], and so far, scientists have not concluded
which is the best validation approach. There are many
validation techniques [8, 11, 14, 39-44], and using sev-
eral methods might be desirable [7, 13] as they can be
complementary and inform about different aspects. To
our knowledge, studies applying RSP identified the opti-
mal 0 through a similar validation technique [29, 35, 36]
and so far none have compared the practical results (i.e.,
identification of conservation corridors) from different
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validation methods. However, applying other validation
methods to optimize 6 might produce different and
complementary results. Therefore, further research in
this direction is still necessary due to the far-reaching
consequences for conservation and management.

The main aims of this work were a) to conduct a com-
parative research on different validation methods and as-
sumptions when inferring the randomness level in
animals’ movements; and b) comparing the performance
of connectivity modeling approaches (particularly RSP,
LCP, and circuit theory). We also produced an improved
landscape connectivity model accounting for the species
movement characteristics: i) behavioral state (territorial
or exploratory states); ii) preference of habitat for move-
ment (with PSF); and iii) inferred level of randomness.
Lastly, we defined the species network of corridors based
on the most reliable information. We used the Iberian
lynx (Lynx pardinus) as the focal species due to the
availability of extensive and high-quality monitored data
(GPS records) and the importance of the connectivity of
this endangered species for its long-term conservation.
Together, these analyses provided sound information to
support practical guidance on Iberian lynx conservation
and fill the gaps in the general knowledge around con-
nectivity modeling.

Materials and methodology

Study data and species

Iberian lynx is an endangered species from the Iberian
Peninsula [45] whose population was at its minimum in
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2002 [46]. Habitat loss and fragmentation, landscape
change, hunting, and lack of prey were the main threats
that led to the steep decline of the Iberian lynx popula-
tions [47]. However, this decreasing trend was reversed
thanks to intensive monitoring, conservation, and breed-
ing efforts [46], which have succeeded in increasing lynx
numbers in their historical and new population nuclei.
Nonetheless, the connectivity between those nuclei is
critical to ensure long-term maintenance and recovery
of their still fragile populations (Fig. 1).

The study was carried out in the southeast of Spain
(Fig. 1) and occupies an area of 67,673 km? It covers
most of the known Iberian lynx distribution in Spain.
The species is distributed in the study area around 20
nuclei (Fig. 1). There are only two more known lynx nu-
clei in Portugal and Spain outside the study area.

For the forthcoming analysis, we used 64,242 lynx lo-
cations obtained from 2008 to 2015 and provided by the
project Life+IBERLINCE [48]. They were obtained from
67 individuals’ GPS collars every 4 h. Habitat selection
by the Iberian lynx is known to depend on the behav-
ioral state of the individual [49, 50], therefore lynx loca-
tions were classified into a) territorial, regular use of
habitat within home ranges; and b) exploratory, corre-
sponding to movements outside territorial areas [19, 51]
(Fig. 2). To separate territorial and exploratory locations,
we used local convex hulls of adaptive radius (a-LoCoH)
[52-54] for each lynx independently. This method delin-
eates the home ranges as the union of the minimum
convex polygons of each location (root point) and its
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Fig. 1 Study area location in the Iberian Peninsula, known lynx nuclei, and GPS locations
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Fig. 2 Example of the classification of the GPS locations into territorial
(inside home ranges) and exploratory (outside home ranges) of one lynx

\

nearest neighboring points using a non-parametric local
convex-hull [55]. The nearest neighbor points are the
GPS locations within an adaptive sphere of influence
around the root point with a radius dependent on the
number of neighboring points and their distance to the
root point [52]. We computed lynxes’ home ranges with
the LoCoH.a function of the adehabitatHR R package.
The objective of this paper was to assess the connectivity
between lynxes’ nuclei, therefore we only worked with
the exploratory data, consisting of 16,595 GPS locations
(25.83% of the lynx locations), from the 67 individuals.
Finally, these data were classified into two independent
datasets (see Fig. 3) i) one used in the Habitat selection
during dispersal section, to train and internally test
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model predictive performance (12,370 GPS locations
from 57 lynxes, 74.5% of the exploratory data); and ii)
another dataset used in the RSP calibration section, to
evaluate the connectivity models (4225 GPS locations
from the remaining ten lynxes, 25.5% of the exploratory
data). As the goal was to determine the randomness
level of dispersal movements, the validation dataset con-
sisted of the 10 lynxes with the longest inter-nuclei
movements.

Habitat selection during dispersal

Habitat selection during exploratory movements was es-
timated through PSF (step 1 in Fig. 3) [8, 11] following
the methodology of 10,13,17, and using the subset of ex-
ploratory lynx locations intended for modeling habitat
selection. Seventeen explanatory variables (Table 1) were
used as predictors of lynxes’ movements. Predictors were
derived from the combination of a high-resolution land
cover map (LCM, developed in collaboration with
Agresta Soc. Coop. using Sentinel 2 satellite imagery);
with vegetation structure features derived from LiDAR
[56]; with the slope from a digital elevation model
(DEM); with the Dominant Leaf Type from Copernicus
Land Cover Services (CLCS); and with roads from
OpenStreetMap data. The resulting raster layer of each
explanatory variable had a spatial resolution of 25 m.

We then compared the used (selected by the lynxes)
and the available (reachable but presumably not se-
lected) habitat. Habitat was characterized as the propor-
tion of each land cover type covering the used and
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Fig. 3 Methodological workflow scheme. Thin arrows represent inputs, whereas thick arrows outputs. We followed three steps: 1. Habitat selection modeling
through PSF; 2. RSP calibration, creating 11 RSP connectivity surfaces and validating them to obtain the optimal 6. We used four different validation methods
and obtained different optimal Bs; 3. RSP between population nuclei. We lastly delineated corridors from the resulting internuclei connectivity surface of step 3.
We compared the internuclei connectivity surfaces and corridors obtained through (a) RSP and the optimal 6 obtained from every validation methodology
considered, (b) RSP and the two extreme 6's (0 and 0.01), and (c) the two traditional connectivity approaches (least-cost path and circuit theory)
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Table 1 Explanatory variables included in the habitat preference model derived from the combination of a land cover map (LCM),
LIDAR, a digital elevation model (DEM), Copernicus Land Cover Services (CLCS), and OpenStreetMap data. Coniferous trees and
Broadleaved trees covers were split into four variables according to the percentage of tree canopy cover (TCC) to differentiate forest
closures. The Unsuitable areas variable is composed of three land cover classes (urban areas, water bodies, and bare soil) with very

few lynx GPS locations

Variables Land cover class TCC Shrub canopy Slope Dominant Leaf Dataset
(regional LCM) (LiDAR) cover (LiDAR) (DEM)  type (CLCS)
Unsuitable areas Urban areas, water bodies, - - - Regional Land Cover Map
and bare soil
Intensive crops Irrigated herbaceous - - -
crops
Extensive crops Dry herbaceous crops - - -
Agroforestry Agroforestry areas >25% > 25% - Regional Land Cover
Map, LIDAR
Lowland olive groves Permanent woody crops - - <20% - Regional Land Cover
Mountain olive groves - - >20% - Map, DEM
Grasslands and Pastures Forest and Pastures < 5% < 5% - Regional Land Cover
Shrublands < 5% > 5% - Map, LIDAR
Coniferous  Low TCC 5-25% - Coniferous Regional Land Cover
trees Low- 2%6-50% - Map, LIDAR, CLCS
intermediate
TCC
Intermediate- 51-75% -
high TCC
High TCC > 75% -
Broadleaved Low TCC 5-25% - Broadleaved
trees Low- 26-50% -
intermediate
TCC
Intermediate- 51-75% -
high TCC
High TCC > 75% -

High-traffic roads - - -

Low-traffic roads - _ _

- Open Street Map

available areas around each GPS location: The used
habitat corresponded to the proportion of each cover
type in each lynx location and its eight neighboring
pixels (to deal with GPS accuracy); The available habitat
was estimated as the distance-weighted average of each
cover type in a reachable circumference around the GPS
location. The radius of this circumference (5.72 km) was
selected from the 99th percentile of the straight-line dis-
tances between each pair of consecutive points. This
available radius represented the maximum reachable dis-
tance in a 4-h step, omitting outliers. Weights were ob-
tained from a generalized Pareto distribution [57] fitted
to the empirical distribution of 4-h displacement dis-
tances [12], i.e., pixels closer to the GPS point had a lar-
ger weight than distant pixels. Using the used-available
matched data, we fitted a conditional logistic regression
model [58] with glm R function to estimate the probabil-
ity of habitat selection with grasslands as the reference

land cover class. To test the model performance, we
conducted i) 10-fold cross-validation [59], and ii) spatial
cross-validation [60]. The predictive performance of the
model was assessed using the area under the receiver
operating characteristic curve (AUC).

Model predictions were calculated for the entire study
area, generating a raster surface with the suitability of
each pixel for being used by exploratory lynxes. This
surface was aggregated to a spatial resolution of 125 m
to ease the forthcoming connectivity analysis. The
resulting surface was used as a conductance surface,
quantifying the matrix permeability, ie., lynxes’ willing-
ness to use each landscape unit for moving depending
on the land cover [9].

RSP calibration
We calibrated the randomness parameter to obtain a
connectivity model with the adjusted level of
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randomness (step 2 in Fig. 3). For this purpose, we used
the second dataset of exploratory locations that
comprises the locations of ten lynxes that undertook
long inter-nuclei movements. These locations were split
into trajectories whenever they crossed a population nu-
cleus, changed to territorial behavior, or turned abruptly
(almost 360°) their general direction. A number of 34
trajectories were generated, with lengths ranging from
15 to 431 km (mean of 64km and median of 41km),
and time lapses from 1 to 83 days (mean of 11 days and
median of 4days). RSP calibration consisted of two
steps: a) Running a range of RSP models with different 6
values; and b) 6 optimization. The former step only re-
quired the source and destination points of the lynx tra-
jectories, whereas the second step used all intermediate
fixes in between the source and destination.

a) Range of RSP models

We firstly run several RSP models with different
values of 8 to reflect the whole range of movement
types; from random (equivalent to circuit theory ap-
proach and 6=0) to deterministic movements (similar
to LCP approach and 6 — o). However, a total deter-
ministic movement is very unlikely and thus 8 < e was
used to represent the deterministic extreme. Addition-
ally, the upper limit of 6 depends on the size of the
graph and the values of the conductance surface [29].
Given this study case, the maximum 6 was set to 0.01,
which represents a smoothed LCP. Eleven RSP models
were run, each one with a different value of 6: 0,
51077, 1107 5107° 1.107° 5.107° 1.107% 5.107%
0.001, 0.005, and 0.01, with increasing values corre-
sponding to more deterministic movements. We per-
formed RSP analyses with the passage function in
gdistance R package [61]. Each trajectory was individu-
ally processed running RSP between its source and des-
tination points, and the results were subsequently
summed to obtain an overall current surface for all tra-
jectories. This surface estimated the probability that an
exploratory lynx traversed each cell of the study area
given the source and destination points, the landscape
conductance, and the level of randomness.

b) 6 optimization

Afterward, we assessed the level of randomness that
optimized the agreement between each derived RSP con-
nectivity surface and the observed lynx movements. To
do so, we used the in-between fixes of the 34 lynx trajec-
tories and four different validation methods: (1) Brown-
ian bridge; (2) Representation in corridors; (3) Logistic
regression; and (4) Ranking. Although other validation
methodologies have been used and adopted in previous
connectivity studies [8, 14, 39, 41, 42, 44], here we only
selected the most usually adopted methods that fitted
our input information. Every validation methodology
was conducted with the R software.
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The first method (Brownian bridge) is the approach
followed in most of the previous papers running RSP
analysis [29, 35]. Brownian bridge models [62] were used
to estimate the probability of using each cell in the
movement between all consecutive GPS points assuming
total randomization. We used the BBMM R package to
calculate Brownian bridge surfaces. The resulting
Brownian bridge surface was constrained to all the mon-
itored in-between fixes, and therefore, we considered it
represented the observed movement. The RSP surface
that minimizes the mean square error (MSE) with the
Brownian bridge surface would correspond to the
optimum 6.

The other three 6 optimization methodologies were
calculated at the point level. Each GPS location was con-
sidered independently of the lynx or trajectory it
belonged to, and only the point and its surroundings
were examined. Used points were the cells where GPS
fixes fell. For each used point, we selected a set of avail-
able points that could be chosen by individuals instead
of the observed ones. These available points were the
pixels inside a circumference centered in the GPS loca-
tion and a radius of 6.68 km. This radius corresponded
to the maximum distance traversed in 4h by the ten
lynxes (99th percentile of the straight-line distances be-
tween each pair of consecutive points). Available pixels
were weighted by their distance to the GPS point ac-
cording to a generalized Pareto distribution [57]. We
only used the available points for the Logistic regression
and Ranking methods.

The second considered validation methodology
(Representation in corridors) quantifies how well cor-
ridors capture the real movement of the species [7,
13, 14, 40]. Corridors were derived from each con-
nectivity surface as the areas with the highest likeli-
hood of being used in the movement of the species.
Corridors were delineated as percentiles 99, 95, 90,
and 85 of the connectivity surface values. To measure
the performance of corridors, we measured the per-
centage of used GPS points falling within the corri-
dors for each connectivity surface (from each 6). We
then selected the connectivity surface (and its associ-
ated 6) with the greatest percentage of observed
points falling within its corridors.

The third method (Logistic regression) was based on
PSF. We fitted a conditional logistic regression with glm
R function to model point selection probability depend-
ing on the flux current for each connectivity surface
(each 6). We hypothesized that pixels with a higher flux
current would be more used than those pixels with low
current values. Therefore, the used cells should have
higher mean connectivity values than the available
points. We then selected the 6 with the best model using
Akaike’s information criterion (AIC).
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Lastly, we used the ramking method. It also assumes
that the most suitable connectivity surface corresponds
to higher differences between the flux current values at
the used and available points. However, this method
additionally considers the percentile position of the used
cells compared to the available ones, instead of compar-
ing mean values. This approach has been similarly used
to validate connectivity models [7, 43]. We calculated
the rank position of the used point in relation to the
available ones for each connectivity surface. The 8 whose
associated used points were in a better ranking position
was chosen as the optimal level of randomness.

Corridors between population nuclei

Once identified the optimal 8 values, we defined corri-
dors between the population nuclei centroids (step 3 in
Fig. 3). For this purpose, firstly we calculated the flux
density between all possible combinations of starting
and ending nuclei through (a) RSP and the optimal 6 ob-
tained from each validation methodology, (b) RSP and
the two extreme 6s (0 and 0.01), and (c) the two trad-
itional approaches (LCP and circuit theory). RSP flux
densities were calculated with the passage function of
gdistance R package [61]. The LCP approach was con-
ducted with Unicor software [63], which calculated the
cumulative density of LCP between all nuclei buffered
by a kernel density following a Gaussian bell curve. We
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used Circuitscape software [64] for the circuit theory ap-
proach to predict the net flux intensity [24]. RSP models
were based on the conductance surface, while LCP and
circuit theory approaches used a resistance surface (re-
ciprocal of the conductance). Secondly, we delineated
the corridor network for all methodologies and 8s as the
10% of pixels (percentile 90) of the connectivity surfaces
with higher predicted flux density excluding the nucleus
areas. We compared the resulting corridors to those de-
lineated with the optimal 6 from the Representation in
Corridors validation method (optimized corridors) using
the percentage of shared corridor area. We assumed that
these optimized corridors captured better the inter-
nuclei movements than those calculated with the opti-
mal 6s from other validation methods.

Results

The habitat selection model performed well discriminat-
ing used from available habitat for exploratory move-
ments (estimated AUC values of 0.89 and 0.87 when
performing 10-fold and spatial cross-validation, respect-
ively). Table 2 shows the regression coefficients for
selecting each land cover class. Shrublands, open wood-
lands, and mountain olive groves were the preferred land
cover classes during movement. On the other hand,
urban areas, herbaceous croplands, and roads were
mostly avoided by exploratory lynxes. The conductance

Table 2 Estimated the variable coefficients with standard errors and the proportion of the study area covered by each variable.
Grasslands and pastures is the reference land cover class and thus it does not have an estimated coefficient nor standard error

Variables Canopy cover Estimate Standard error Proportion of area
Unsuitable areas - —6.13 042 3.85%
Intensive crops - -2.70 0.39 542%
Extensive crops - -393 0.31 13.48%
Lowland olive groves - 1.21 0.19 14.80%
Mountain olive groves - 2.35 0.19 4.16%
Grasslands and Pastures - - - 13.31%
Shrublands - 298 0.28 5.00%
Coniferous trees < 5% 264 0.35 1.71%
5-25% 1.60 032 1.79%
26-50% 0.56 0.31 1.44%
51-75% -0.10 042 0.84%
Broadleaved trees < 5% 1.89 0.21 16.50%
5-25% 1.97 0.21 10.85%
26-50% 1.74 0.28 4.01%
51-75% 020 047 1.09%
High-traffic roads - -29.68 2.79 0.49%
Low-traffic roads - —48.90 2.55 1.27%
AUC normal cross-validation 0.89
AUC spatial cross-validation 0.87
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Fig. 4 Connectivity surfaces calculated with four different 8s: 0 (random), 1-10~ ° 0001, and 0.01 (deterministic). The values of all connectivity

map derived from the habitat selection model is shown
in supplementary material, Fig. S1.

We developed eleven RSP models with different 6
values ranging from 0 (random movements) to 0.01 (de-
terministic movements). The resulting maps calculated
with the extreme and two intermediate 6s are shown in
Fig. 4, whereas the rest of the maps can be found in the
supplementary material (Fig. S2). The values of all the
resulting connectivity surfaces ranged from 0 to 2.

The optimal 6 that maximized the agreement between
observed and predicted movements fluctuated with the
methodology followed (Table 3). In every considered
case, the optimal 6 was an intermediate value between
the lower and upper limits. All methodologies presented
better results for the lower limit of 8 (0) than for the

Table 3 Optimal theta according to each optimization method

Optimization method Best 6
1. Brownian Bridge 11074
2. Representation in corridors Percentile 85 5107°
Percentile 90 5107°
Percentile 95 5107°
Percentile 99 5107°
3. Logistic regression 1107
4. Ranking 110°°

upper limit (0.01). Moreover, the optimal Os tended to
be very low (random) except for the Brownian bridge
methodology. Details on the results of each optimization
method can be found in supplementary material, Tables
S3 to S6.

We focused on the Ranking and Representation in cor-
ridors methods and calculated the mean validation index
for the points belonging to each path to appreciate the
relevance of paths’ length in the results (Tables S7 and
S8 in supplementary material). We observed that points
of long paths yielded worse results than those of shorter
paths across all 6 values. We obtained a Pearson’s correl-
ation coefficient between path length and the validation
result of —0.20 for the Ranking method and - 0.88, -
0.75, - 0.52, and — 0.30 for the Representation in corri-
dors (percentiles 85, 90, 95, and 99 respectively).
Additionally, the results of Ranking suggest that points
of long paths had a better ranking position for small 6s,
while points of short paths were better fitted with large
Os. The percentage of GPS points within the corridors
was small for all percentiles and 6Os (Table S4 in supple-
mentary material). However, all connectivity surfaces
had a ranking percentile over 50 of the used points as
compared to the random available points for all 6s
(Table S6 in supplementary material), which indicates
that every connectivity surface predicted the observed
lynx movements better than a random surface.
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We assessed inter-nuclei connectivity and delineated
corridors within the two traditional (LCP and circuit
theory) and RSP frameworks. The optimized flux density
surface (calculated with RSP and 8 =5-10°, the optimal
0 from the Representation in corridors validation
method) can be found in Fig. 5. The corridor networks
(i.e. 10% of pixels with higher flux density) correspond-
ing to the other optimal s were very similar and shared
a large amount of area with the optimized corridor net-
work (Table 4). Brownian bridge was the validation
method whose corridors shared less area with the opti-
mized corridors. The corridor networks corresponding
to the two extreme randomness levels (8=0 and 0.01)
matched to a lesser degree with the optimized corridors.

The inter-nuclei flux density for the extreme 6s and
the two traditional approaches are shown in Fig. 6. The
connectivity surfaces from the circuit theory approach
and from RSP with 6 =0 were visually very similar and
highly correlated (Pearson’s correlation coefficient =
0.83). There was also a high similarity between the con-
nectivity surfaces calculated with LCP and the determin-
istic extreme of RSP (6 =0.01). However, LCP produced
more and narrower areas of movement concentration
(high flux density). These two surfaces (LCP and RSP
with 8=0.01) had a Pearson’s correlation coefficient of
0.5. The subsequent delineation of corridors noticeably
varied between the optimized RSP and the traditional
approaches (Fig. 7). A percentage of 35 and 58% of the
corridors corresponding to #=5-10"° did not match
with corridors delineated with circuit theory and LCP
respectively (Table 4). Deterministic movements (LCP)
generated thinner corridors, while random movements
(circuit theory) produced fewer and broader corridors,
leaving some pairs of nuclei with weak connections or
completely disconnected.

3 Lynx nuclei
3 Study area
Flux density

W High: 21
Low: 0

200
i

Fig. 5 Map of flux between population nuclei for § = 5107°
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Discussion

Lynx habitat selection for movement: the importance of
the behavioral state

To assess habitat selection while moving, we considered
not only the habitat selected and available by individuals
but also the behavioral state of lynxes. Obtaining and
modeling this information may require an additional ef-
fort compared to the most common means to obtain re-
sistance to movement surfaces [3, 9, 65]. However, this
additional effort may lead to more realistic models and
thus, a thorough understanding of the relationship be-
tween the species and the environmental variables. Habi-
tat modeling results were generally in accordance with
previous studies [15, 19] about the effect of the different
land cover classes on lynx habitat selection. The most
preferred habitat for movement was shrublands [49, 66].
Additionally, our results showed the plasticity in habitat
selection by lynxes [15, 66] for exploratory movements
[19] as they select a great variety of land uses and covers
for moving, including some extensive agricultural lands
(i.e. olive groves). This exploratory plasticity is not exclu-
sive to lynxes as it has been observed in other species
(14, 17, 26, 67).

Deterministic, random, or in between?

This study shows the relevance of the randomness level of
species movements to wildlife connectivity studies [29, 35,
36]. Our results indicated that, for lynxes, intermediate
values of 6 outperformed the extreme values (totally ran-
dom and deterministic movements) according to every
validation methodology here considered (Table 3). Thus,
it seems that lynxes might have some previous knowledge
of the surrounding landscape and the best routes to their
destinations, although they move with a certain degree of
randomness, sacrificing route optimization for exploring
the environment [29]. Additionally, we presented a com-
parative research to assess the differences and similarities
between RSP and traditional approaches. RSP with ex-
treme 6 values produced very similar connectivity surfaces
to those from the traditional frameworks (LCP and circuit
theory, see Fig. 6). This similarity was especially strong for
the random extreme. The other extreme of RSP represents
a smoothed LCP that loosens the assumption of individ-
uals’ selection of a unique and optimal path. This may ex-
plain the differences found with the LCP approach.
Besides these differences, we can assume that RSP ex-
tremes are equivalent to the traditional approaches, and
therefore, that RSP with intermediate values of 6 generates
more realistic predictions than traditional frameworks.
However, both traditional methods are still being widely
used, without a general consensus on which one repre-
sents better species movements [11, 18, 25, 27, 44]. In fact,
it seems that the primacy of one or another methodology
depends on the considered species and study area. In this
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Table 4 Percentage of shared area between the corridor network delineated from the optimal randomness level (6) indicated by
the Representation in corridors validation method (5-10~ ), and that from every other optimal 8 and connectivity modeling approach

considered

Connectivity approach Validation method 0 Shared area (%)
RSP - 0.01 56.04

RSP Brownian bridge 1107 7866

RSP Resource selection function 1107° 94.54

RSP Representation in corridors 5107° 100

RSP Ranking 110°° 91.22

RSP - 0 77.24

Circuit theory - - 65.15

LCP - - 42.08

study, the circuit theory approach outperformed the LCP
approach as the results of the random extreme of 6
matched better the observed movements (Tables S3 to S6
in supplementary material). Moreover, the amount of
shared area with the optimized corridor network was
higher for the circuit theory than for the LCP model
(Table 4). However, the most suitable connectivity ap-
proach might change for different species or study areas,
or when considering different factors such as path length
or the age and gender of individuals. It is important to se-
lect the most suitable approach, as shown by the

noticeable different corridor networks predicted through
the different approaches (Fig. 7). For example, the corridor
detected through RSP connecting the central-west and
central-east group of nuclei, was not spotted through cir-
cuit theory. Conservation initiatives based on circuit the-
ory approach may thus leave critical connectors without
their necessary protection. On the other hand, the central-
east to central-west corridor was spotted through LCP but
in a narrower width than RSP. Meanwhile, other LCP cor-
ridors were not considered as especially important by RSP
for lynx connectivity. Consequently, following traditional

3 Lynx nuclei
3 Study area
Flux density
W High

Low

approaches: circuit theory and least-cost path (LCP)

Fig. 6 Inter-nuclei flux density calculated with Randomized Shortest Path (RSP) for the extreme s (0 and 0.01) and with the two traditional
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3 Lynx nuclei

7z Corridors LCP
Corridors RSP
S5e-6
Corridors
circuit theory

Fig. 7 Corridors delineated from LCP (least-cost path), RSP
(Randomized Shortest Path for 6 = 5:107°), and circuit theory

connectivity approaches may prompt the protection of
suboptimal and seldom used areas or neglect important
connectivity areas.

Different validation methods: different results?

Several validation methodologies have been proposed [7,
11, 13, 14, 39-44], however, scientists have not reached
a consensus regarding the most practical validation
method. The alternative validation methodologies here
considered showed different optimal levels of random-
ness, probably because of their different intrinsic as-
sumptions. This emphasizes the importance of choosing
the validation methods that better match our objectives.
However, the subsequent delineation of corridors did
not show big differences among the studied validation
methods. This result revealed that the identification of
conservation corridors might not be drastically affected
by the chosen validation method to optimize the level of
randomness. However, further research for other species
or conservation areas would be necessary to assert this
statement.

Here we considered Representation in corridors as the
most practical method for management if the intention
is to delineate, protect, or restore corridors, assuming
that it allows the selection of the connectivity surface
whose corridors would host more movements. By con-
trast, the other validation methods might be preferable
to predict the general movement of the species and to
understand how the species uses the landscape. Brown-
ian bridge, Logistic regression, and Ranking methods in-
form about how much the connectivity model agrees
with the observed data, assuming that the species would
be most likely to use landscape units with the highest
connectivity value. Particularly, Logistic regression is a re-
finement of other methodologies that only count the
amount of connectivity in the used landscape [42].
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Nevertheless, this method also compares the used with
the available or attainable landscape. Likewise, the Rank-
ing method quantifies how much each connectivity sur-
face represents the observed movements as compared to
the randomly expected. Moreover, it considers the per-
centile position of used points among random available
ones. This aspect makes this methodology especially
suitable when comparing different connectivity surfaces
and areas with varying distributions of values and skew-
ness. Additionally, we found the Ranking method par-
ticularly convenient, as it is more intuitive and easier to
calculate than the Logistic regression method. Finally, the
Brownian bridge validation method examines each point
but also the route between fixes. This method is the
most widely followed in previous studies inferring the
optimal 6, however, the resulting model calculated with
Brownian bridge (optimal 8 = 1-107*) presented the low-
est percentage of observed GPS points inside its corri-
dors when compared to the models calculated with the
other validation methods (Table S4 in supplementary
material). Additionally, Brownian bridge was the valid-
ation method whose corresponding corridors shared less
area with the optimized corridors (Table 4).

Importance of paths length

We found a larger agreement between the observed and
predicted movements for short trajectories. In fact, in
the Representation in corridors validation method we
found a low overall percentage of points falling within
corridors (Table S4 in supplementary material) but espe-
cially for long paths (Table S7 in supplementary mater-
ial). Long paths comprised more GPS points than short
paths and therefore had a larger impact on and reduced
the overall results of the Representation in corridors val-
idation method. Additionally, short tracks were better
represented by larger 6s (more deterministic move-
ments) than longer paths. This might suggest that lynxes
move with different levels of randomness depending on
the distance to the destination point. Concretely, indi-
viduals may be more habituated to the landscape in
short movements and therefore, could identify more eas-
ily the best route. On the other hand, in long move-
ments, individuals could be unfamiliar with the
landscape, leading to more exploratory and random
movements. However, further research is needed to
understand the effects of different path lengths and time
lapses on individuals’ movements. Additionally, the ef-
fect of other factors (e.g., seasonality, age, sex) on the
level of randomness may be worthy of study.

Conclusions

Assessing animal connectivity is a complex and challen-
ging process that carries important implications when
guiding decisions for landscape management. It involves
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multiple factors such as the location and behavioral state
of individuals, habitat preference while moving, dispersal
capacities, and randomness level of the species move-
ments. This paper has sought to cast some light on the
consideration of these factors to generate improved, reli-
able, and functional connectivity models. The proper
consideration of these issues may contribute to success-
ful conservation and restoration actions based on stead-
ily improving ecological understanding of animal
movements.

Additionally, the empirical validation here conducted
has contributed to examine uncertainties and fill the gap
of comparative research in connectivity assessments. We
showed that the alternative validation methodologies
here considered are based on different assumptions that
led to different optimal randomness levels. Therefore, it
is important to choose the validation method (or a com-
bination of them) that better matches the objectives of
the case study. However, these differences among valid-
ation methods might not affect noticeably the identifica-
tion of corridors, as every validation method led to very
similar corridor networks. Additionally, every validation
methodology agreed about the better performance of
intermediate levels of randomness (from the RSP frame-
work) than extreme values (from traditional connectivity
approaches), proving that lynxes move neither in a to-
tally random nor deterministic way.

Finally, our results showed that the distribution of cor-
ridors between lynx population nuclei varied according
to the level of randomness. Following traditional con-
nectivity approaches may thus lead to the protection and
allocation of resources in suboptimal areas. On the other
hand, selecting the most suitable level of randomness
advances towards more reliable and functional models.
In this way, applying these insights when modeling con-
nectivity would lead to making sound and operational
decisions and thus more effective and efficient manage-
ment actions. The reported findings are of major im-
portance for this particular focal species, but also have a
broader impact to guide conceptually related studies.
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