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1. General introduction
Wolves recolonized the Western Alps through dispersal from the Apennines (Fabbri et
al. 2007) after being extirpated throughout most of Western Europe and in the Alps during the
20th century. Effective management of this protected species relies on understanding
distribution, on the underlying dynamics of colonization of portions of the landscape, and on
the development of a spatial model that explains these patterns. This information can be used
to improve the understanding of the habitat connectivity required for the recolonization and
maintenance of a dynamic wolf population over the Alps.
Wolf populations, as well as other highly mobile and territorial animals, apparently
move across many unfavourable areas, but establishment success is restricted to higher quality
habitats (Mladenoff et al. 1995). Regional landscape analysis and prediction of favourable wolf
habitats has been conducted in North America (Mladenoff & Sickley, 1998; Mladenoff et al.,
1995; Mladenoff, Sickley & Wydeven, 1999) and in Europe (Corsi, Duprè & Boitani, 1999).
These researchers emphasized the importance of long-term monitoring data and large-scale
analysis to solve complex spatial questions in wolf resource management and conservation. In
particular in Europe, where intense anthropogenic habitat modification has occurred over
hundreds of years, a large-scale development of an Individual Based Spatially Explicit model
(IBSEM) is important to understand and manage fragmentation and connectivity issues,
bringing together pattern and processes.
A first regional analysis and prediction of wolf packs territories has been conducted in
the Alps developing a spatial explicit, individual-based model (SEIBM) model over the Italian
Alps by Marucco and McIntire (2010). In this study, one of the main goals was to further use
and adapt this model, integrating the new data and information collected within the LIFE
Wolfalps project, to spatially analyze the wolf population in an adaptive management and
conservation approach. The aim was to model the entire wolf alpine population and evaluate
the overall connectivity of the population. The outputs have been directly used in Action E.9. of
Project LIFE WolfAlps to define optimal guidelines for the wolf alpine population management
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on the long term and at the large scale. Moreover, spatial connectivity has been evaluated
taking into consideration the connection not only with the Apennine wolf population, but also
with the Dinaric one. In fact, the alpine wolf population was naturally generated 20 years ago
through natural dispersal from the south-western Apennines. The connection with the
Apennine population is constituted by an ecological corridor represented by the Ligurian
Apennines Mountains, which is fundamental to be maintained in order to guarantee enough
genetic diversity in the wolf alpine population. Moreover, an interesting first slight connection
has been documented with the Dinaric population from Slovenia. Therefore, through this
spatial analysis, it has been important to evaluate the potential connectivity of the Apennine
and Dinaric wolf populations to the Alpine one, the characterization of the barriers by their
origin, size, shape and degree of permeability with an assessment of possibilities to diminish
them. Wolves that arrive directly from either the Dinaric population from Slovenia or the
Apennine population of Italy will give genetic improvements to the overall alpine population;
hence, we estimated the need of certain level of connectivity for the maintenance of a good
genetic status of the alpine population on the long term, in order to give important indications
in the framework of the guidelines for the long term conservation of the species.

1.1. Overall objective:
The main goal of this work was defined in the framework of the “LIFE WolfAlps Project”, and
was to firstly update the IBSEM model of Marucco and McIntire (2010) with the new
information acquired on the wolf population over the Alps, incorporating dispersal processes
from the Dinaric and the Apennines to adequately and adaptively manage the wolf population
in the Alps, and in particular evaluate the connectivity of the Apennine and Dinaric wolf
populations to the Alpine one.

1.2. Detailed objectives:
1.Update the IBSEM model of Marucco and McIntire (2010) with the new data collected
on the wolf population status in the Alps in winter 2014-2015 and 2015-2016 (Marucco
et al. 2017), and with the new documented dispersal process occurring from the Dinaric
5
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wolf population, updating also the Apennine one. This analysis has been described in
Chapter 2.
2.Evaluate the potential connectivity of the Apennine and Dinaric wolf populations to
the Alpine one, and characterize the barriers by their origin, size, shape and degree of
permeability with an assessment of possibilities to diminish them. This analysis has been
described in Chapter 3.

1.3. Study area
The spatial extend of the study area is the Alps area as defined by the alpine convention, this
encompasses an area of approximately 190.000kmq. Wolf distribution in the Alps is concentrated in the
Western Alps and settled wolf packs are mainly present in the Western Alps of Italy and France (WAG
2014). In the Central-Eastern Alps the first packs have been documented since 2013 and now the
population is increasing also on this side of the Alps (Marucco et al. 2017). In the rest of the Alps,
dispersers might be detected occasionally, but based on definition, only a solitary individual that settle
the territory for at least two season can be considered stabilized and therefore drawn in the common
map (WAG 2014). The area occupied by wolves in the Alps is connected in the south-west to the
Apennines Mountains, the main source for the wolf population in the Alps (Fabbri et al. 2007). The
connection with the Apennine population is constituted by an ecological corridor represented by the
Ligurian Apennines mountains, and gene flow between the Apennines and the Alps is moderate
(corresponding to 1.25-2.50 wolves per generation) (Fabbri et al. 2007). Recently, an interesting
connection has been documented with the Dinaric population from Slovenia, with the first documented
disperser which formed a reproductive pack in Veneto (Marucco et al. 2017). In the future the
connection between the Italian-Western Alps population, Dinaric population, and Carpathian population
is a event of extreme interest that likely will intensify.

6

LIFE WOLFALPS – Action A10
Wolf Alpine Population Spatial Analysis

_____________________________________________________________________________

2. Adaptive modeling: model update in structure (immigration from the
Apennines and Dinaric populations) and parameters (from new data)

2.1.Introduction
Effective management of wolves to follow the natural full recolonization of the Alps
relies on understanding distribution, on the underlying wolf dynamics of colonization and
abandonment of portions of the landscape, and on the development of a habitat suitability
model that explains these patterns.

These information can be used to improve the

understanding of the habitat connectivity required for the full recolonization of the Alps and
maintenance of a dynamic wolf population over the Alps.
Wolf populations, as well as other highly mobile and territorial animals, apparently
move across many unfavourable areas, but establishment success is restricted to higher quality
habitats (Mladenoff et al. 1995). To study wolf connectivity, movement, and wolf potential
habitat needs, it is fundamental to distinguish between wolf pack requirements and wolf
dispersals patterns. For wolves, a highly social and territorial species structured in packs with a
single breeding pair, this behavioural aspect affects density, home-range configurations, and
movements (Mech and Boitani 2003). For these reason a spatially explicit individual-based
model (IBM) was developed (Marucco and McIntire 2009), as a way to link social system
complexity, such as wolf pack presence, to spatial dynamics and movement regulations (Grimm
and Railsback 2005). In fact, for wolves it is fundamental to analyse pack requirements for
territorial establishment, and distinguish between potential presence of wandering solitary
wolves and established packs in habitat suitability analysis. At the same time spatial saturation
and connectivity needs to be interpreted within the strict regulations of wolf sociality and
dispersal movement patters, very different than for the other solitary large carnivores. Here,
we spatially incorporated these elements to effectively account for the major barriers for wolf
movement, which generally are from anthropogenic or landscape origin. Hence, we conducted
the analysis on the habitat suitability required by wolf packs, which are the main reproductive
units in wolf social dynamics.
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Spatial analysis of current and potential habitats, and the development of a habitat
suitability model for wolves over the Alps, were developed following the work published by
Marucco and McIntire (2010). This first model was developed based on data collected by the
“Wolf Piemonte Project”, where accurate wolf data was collected on a large scale over 10 years
from 1999 to 2010 (Marucco et al. 2010). However, the model developed by Marucco and
McIntire (2010) was applied to the Italian Alps only and immigration from the nearby
populations was not taken into account. Moreover, the important stochastic event that
occurred in the central Alps where a female wolf from the Western Alps population joined one
male wolf from the Dinaric population was not modeled yet.
Therefore, in the framework of the LIFE WolfAlps project, the spatially explicit,
individual-based model (SE-IBM) developed by Marucco and McIntire (2010) was extended,
adapted, and recalibrated to produce a habitat suitability map of wolf packs over the entire
alpine range, which was based on demographic processes such as dispersal, social structure,
and habitat selection of wolves determined with the updated datasets collected in the
framework of the project (Marucco et al. 2017). The main goal was to take into account directly
in the model structure the process of immigration from the Apennine and Dinaric populations,
in order to better model the real recolonization process occurring in the Alps since 2014-2015.
Therefore, the objective of this first part of the study was to adapt the original model Marucco
and McIntire (2010) to the entire Alps, taking into account the structure (including immigration
from the Apenninie and Dinaric populations), the new available data, and also by translating the
original Seles code into the R code (the most shared open source language). R is an open source
language and environment for statistical computing. R is a mid- to high level language which
means that it provides abstractions from the computer (e.g., functions) that makes the usage
easier to learn compared to low-level programming languages such as C or C++. On the other
hand, R is still flexible enough to serve a large range of purposes and be improved. R is largely
used by ecologists as analyses and models are easy to build, run, edit and share. This, and the
fact that R is open source, led to create a very large community of R users (beyond ecologists),
providing tremendous help and improvements to the software.
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Science benefits from sharing knowledge and the same goes for management. In an era
where biodiversity is declining at worrisome rates (Ceballos et al., 2015), there is a need for
global actions, highly scientific and collaborative work. Management strategies gain in
effectiveness by being revised, improved, and applied in the landscape by more than one group
of research. When sharing research projects, a larger community can be reached if the methods
used are commonly used among the targeted audience. Studies using complicated software are
less likely to attract the interests of researchers and managers as they would not feel they can
understand well and make good use, improvement or adaptation of the original work to their
own needs. In this framework we worked to improve in an adaptive manner the Individual
based Spatially Explicit model of Wolf in the Alps and made it public on the web, because it is
emergent the need for a robust model to make predictions about the population and which
allows the development of good management scenarios which might allow better management
decisions in a collaborative manner.

2.2.

Material and methods

Converting the SELES model to R
Marucco and McIntire (2010) built a spatially explicit individual-based model to simulate wolf
movement in the Italian Alps. They used it to predict the spatio-temporal recolonization of the
wolf and the associated risk of predation on livestock. Their model was built using the Spatially
Explicit Landscape Event Simulator (SELES) (Fall and Fall, 2001). We used the SELES script of
Marucco and McIntire (2010) model as a template to build a similar spatially explicit individualbased model on R.
We did an exact translation of the model, from the SELES language to R. We mainly used
two R packages to write the model on R: SpaDES (http://spades.predictiveecology.org/) and
NetLogoR (https://github.com/PredictiveEcology/NetLogoR). SpaDES provided a discrete event
simulation framework to define the structure of the model and organize the timing of the
different events in it. NetLogoR provided structures for the elements in the model (e.g., a class
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to define the wolves) and functions to act on these elements (e.g., a function to move the
wolves).
The R model has a similar structure as the SELES model. The first event happening is the
demography process. In the demography event, all wolves age and then some die according to
their mortality rate. If an alpha wolf died, an adult of the same sex in the pack takes over its
place and become the new alpha. Finally, if the pack has too many individuals in it, some
juveniles leave the pack and become dispersing wolves. The second event is the reproduction
with pups that are born in packs where there is an alpha pair. Demography and reproduction
happen on a yearly time step. Then, there are two events, the dispersal and the establishment,
and these events can happen as most as a hundred times in a row within a yearly time step.
During the dispersal event, dispersing wolves move across the landscape and during the
establishment event, they try to either join an existing pack or to create a pack of their own.
Joining a pack is constrained by the structure of the pack encountered, whereas creating a new
pack depends on the habitat quality of the surroundings. After all the dispersing wolves
established somewhere or died during these events, the model goes to the next yearly time
step and starts again with the demography event.
After translating the SELES model into R, we ran 100 replicates of both models during 14
years and compared their outputs. We compared the number of wolves and the number of
packs generated at each time step by each model. These are important outcomes of the model
that we wanted to reproduce reliably in the version written in R.

Model structure update
After making sure the R model reproduced well the wolf movement behavior coded in the
SELES model, we modified the R model to adapt it to our new needs and the new data
available. First, we extended the study area, secondly we used more recent input data, then we
added a new event representing immigration, and finally we speeded up the model.
Marucco and McIntire (2010) defined the model over the Italian Alps. We extended the
model study area over the entire Alps (Fig. 2.4 and 2.5). Besides the Italian wolf packs located in
the Alps, the model now includes wolf packs from the Alps located in France, Switzerland,
10
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Liechtenstein, Germany, Austria and Slovenia. The habitat suitability layer was defined over the
entire new study area using xxx. The habitat suitability raster layer defined the extent and
resolution for all the other raster layers used in the model, and therefore the extent of the
study area.
We had recent data about wolf packs in the entire Alps for 2011-2012, therefore we
decided to start the model simulations at time step 2011. The first event in the model is the
demography event. The 2011-2012 data already included the demographic (aging and
mortality) and reproduction processes from 2011, as pups born in 2011 were already recorded.
Therefore, we did not apply aging, mortality and reproduction for the first time step. However,
we still had to start the model in 2011 and let the demography event happen because we
needed to define the dispersing wolves as we did not have any data about them.
We converted the map of pack locations from 2011-2012 into a raster layer with the
same extent and resolution as the habitat suitability one. This layer was the pack initial
locations in the simulation. We did not have a precise location for the wolves in the packs but
we had data about the number of wolves inside each pack. To create wolf initial locations, we
randomly sampled for each wolf, a location inside their pack territory. There was no social
structure available for the packs but the model requires, as input data, the status (alpha wolf or
not), the gender (male or female) and the age of the initial wolves. Therefore, we defined rules
to apply to each pack, accordingly to the number of wolves in the pack, to define the status,
gender and age of the wolves. Packs were divided into three categories: “singles” which were
packs composed of one wolf, “pairs” which were packs composed of two wolves, and “packs”
which were packs of more than two wolves. Wolves in “singles” were always alpha individuals
of age 4. Their gender was assigned randomly with a 0.5 probability. Wolves in “pairs” were
always alpha individuals of age 4, with one male and one female per pack. In each “pack”, two
individuals were considered the alpha pair (one alpha male and one alpha female, both of age
4). The remaining wolves were all considered as juveniles (i.e., not adults). The first three
juveniles were considered as pups of the year. They were of age 0 and their gender was
assigned randomly. If there were more than three juveniles in the “packs”, the remaining ones
after the first three were considered either pups of the year or youngs from previous years with
11
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a 0.5 probability. If a juvenile was defined as a young from a previous year, its age was either 1
or 2 with a probability 75:25 and its gender was randomly assigned. The pack initial locations
from the data 2011-2012 and the created wolf initial locations and pack social structure were
used as input data in the model, starting the simulation in 2011.
We had more recent data of pack locations for 2014-2015 but only for Italy and
Slovenia. As we wanted to simulate wolf movements over the entire Alps, it would not have
been possible to start the model in 2014 as we were missing input data for packs in France,
Switzerland, Liechtenstein, Germany and Austria. However, we wanted to make use of these
more recent data for Italy and Slovenia. We decided to still start the model in 2011 but
overwrite the simulated packs in Italy and Slovenia in 2014 with the data. We converted the
map of pack locations from 2014-2015 into a raster and we derived wolf locations and social
structure the same way as for the data of 2011-2012. Some social structure was available for
some packs in 2014-2015 (e.g., age or gender of some individuals). We overwrote the made-up
social structure with the data for the individuals for which we had data. Similarly as the 20112012 data, the 2014-2015 data already included the demographic and reproduction processes
of 2014. This time, we had the dispersing wolves already defined for the time step 2014 from
the model simulation. Therefore, we overwrote the simulation with the 2014-2015 data at the
time step 2014 but after the demography and reproduction events and before the dispersal and
establishment events. We replaced all the packs generated by the model simulation located in
Italy and Slovenia and the wolves belonging to them by the 2014-2015 data.
There are at least two known immigration sources of wolves coming into the Alps. There
is an arrival of wolves from the Apennines Mountains, which connect to the western Alps wolf
populations in Italy, in the Piemonte and Liguria regions (Fabbri et al., 2007). And in the eastern
Alps, there is an arrival of wolves coming from the Dinaric populations through Slovenia. These
wolves entering the Alps population need to be accounted for in the model. We created a new
event in the model to represent these two immigrations. We added an immigration event once
per year, just before the dispersal event (after the reproduction event and the overwriting of
the data in 2014). We defined by hand two regions at the edge of the study area where it
connects with the Apennines and with the Dinaric populations. Using a Poisson distribution,
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immigrants are creating in these two areas as dispersing wolves. Their age is either 1 or 2 with a
probability 75:25 and their gender is assigned randomly. Once they are created, they become
part of the Alps wolf population. The immigrant wolves behave like any other dispersing wolves
of the Alps population and they will undergo the same dispersal and establishment events.
A few final changes were made to the model to increase simulation speed. In the SELES
model, each individual wolf went through the events demography, reproduction, dispersal and
establishment, one at the time. In the SELES model, a wolf had to complete the whole event
(e.g., for demography: aging, mortality, replacing alpha, defining dispersing wolves) before the
next wolf went through the event. It was not possible to do otherwise in SELES. However, in R
we can do what is called “vectorizing” the event which means making all the wolves going
through all the stages of an event simultaneously. For example, in the demography vectorized
event, all the wolves age at the same time, then all the ones that must die die, then all the
adults replace the missing alphas and finally, all the juveniles that must disperse become
dispersing wolves. This greatly increase the simulation speed. We vectorized the demography
and establishment events.

New model calibration
The model including all the structural changes stated above now includes 20 parameters (Table
2.1). With the new data available, new estimates were available for some parameters of the
model. Parameters linked with the habitat quality (MinPixelQuality, MeanPixelQuality,
MinPackQuality, MeanPackQuality, and SdPackQuality, see Table 2.1) also had to be updated
according to the new extended habitat suitability layer. For some other parameters, we could
not have direct estimates of them so we had to calibrate them using model simulations.
Similarly to Marucco and McIntire (2010), we used a pattern-oriented modeling (POM) strategy
to

estimate

eight

parameters.

Five

of

these

parameters

(JuvMortalityRate,

DispMortRatePerMove, MoveStep, sigma, and PhaseTransitionLower, see Table 2.1) were
estimated this way by Marucco and McIntire (2010) in the SELES model. One parameter
(MeanNpups see Table 2.1) had to be re-estimated after not-satisfying preliminary analyses.
And two parameters (MeanImmSlo and MeanImmAp, see Table 2.1) were new because of the
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immigration event we added. We used the “POM” function from the SpaDES package to
estimate these parameters. The “POM” function compares pattern values extracted from the
simulation outputs to data values and find the best parameter estimates for the model to best
reproduce the data. To calibrate our mode, we used eight patterns. Similarly to Marucco and
McIntire (2010), we used five wolf dispersal distances quantiles. We also used the pack data for
2014-2015 to derive as a pattern the number of “packs/pairs” (packs with two wolves or more).
Finally, we added the successful immigration rate for the Apennines immigration (Fabbri et al.,
2007) and the recorded successful immigrations from the Dinaric populations as patterns. The
POM function ran the model from 2011 to the end of 2014 and compared these patterns to the
data to find the best estimates for the seven parameters. The output of the POM function gave
us a sample of best estimates for each parameter. We used kernel density estimators to
estimate the mode of the distribution for each parameter values sample. The modes
represented the values close to the ones most commonly selected as the best parameter
estimates. We estimated 95% confidence intervals of the parameter estimates (i.e., modes)
with an Efron bootstrapping method. We re-sampled with replacement the parameter values
from the sample given by the POM output and defined new modes for each parameter. We
iterated this step 1000 times. The 2.5th and 97.5th percentiles of the mode distributions
obtained by bootstrap defined the confidence intervals of the parameters. We updated the
model with the new parameter estimates obtained.
We had recent data about packs for 2015-2016 in the Alps, for all countries except
France. We used these data to perform a validation of the model with the new parameter
estimates. We ran 293 replicates of the model from 2011 to the end of 2015. Similarly to 20112012 and 2014-2015, these data already included the demography and reproduction of 2015.
We chose to extract the state of the simulation (i.e., the structure of the wolf packs and their
locations) at the same time in the model when we overwrote the data in 2014, but one year
after. Therefore, we extracted the state of the simulation at the time step 2015, after the
demography and reproduction events, but before the dispersal and establishment events. We
derived two “patterns” from the data 2015-2016 to perform the validation: the number of
“packs/pairs” (i.e., packs with two wolves or more) in all countries of the study area except in
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France, and their locations. We extracted these same information from all simulation replicates.
For the pack locations, we averaged the simulated pack presences and absences across all
replicates to create a map of location probability in 2015 from the model simulations. For that
we included all packs, which means “singles” (i.e., one-wolf packs) were also included, both
from the simulation and the data. We then extracted the estimated probabilities overlapping
the real packs.

Parameter

Description

MeanNpups

Mean number of pups per female per year

SdNpups

Standard deviation for the number of pups per female per year

AdultMortalityRate

Mortality rate per year for all wolves, except the 1 year old

JuvMortalityRate

Mortality rate per year for 1 year old wolves

MeanPackSize

Mean number of wolves in a pack

SdPackSize

Standard deviation for the number of wolves in a pack

EndDispersal

Dispersal time allowed to find a new territory otherwise all
remaining dispersers die

DispMortRatePerMo

Mortality rate per dispersal time step for dispersers

ve
CellWidth

Cell size in km

MoveStep

Step size for dispersal events in cell unit

sigma

Standard deviation (in degrees) of the Normal distribution to
calculate angle probabilities for the correlated movement

MeanPixelQuality

Threshold of the cell suitability value to make the cell available as a
potential next location for dispersing wolves

PhaseTransitionLow

Minimum amount of time within a year before a dispersing wolf

er

starts trying to establish its own new territory

MinPixelQuality

Minimum suitability value for a cell to be incorporated in a
territory
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MinPackQuality

Minimum total suitability for a territory to be established

MeanPackQuality

Mean total suitability to reach when creating territories

SdPackQuality

Standard deviation for the total suitability when creating territories

PackArea

Maximum number of cells for a territory to be established

MeanImmSlo

Mean number of immigrating wolves coming into the Alps by
Slovenia

MeanImmAp

Mean number of immigrating wolves coming into the Alps by the
Apennines

Table 2.1: Model parameters.

Predictions for 2021
We ran the model to predict the evolution of the Alps wolf population for the following 10
years. We ran 293 replicates of the model from 2011 to the end of 2021. We extracted the total
population size, the total number of packs (i.e., “packs”, “pairs” and “singles”), the total
number of packs with an alpha pair and the map of pack locations at the end of the simulations.
We turned each map into pack presences and absences and averaged them across the 293
replicates to produce a map of pack location probabilities for the year 2021.

2.3.

Results

Converting the SELES model to R
The number of wolves and packs simulated by the SELES model and by the first version of the R
model (i.e., exact translation before any changes) were very similar (Fig. 2.1 and 2.2). The small
differences were due to model stochasticity. These results showed that the model written in R
reproduced well the wolf movement behavior coded in the SELES model.
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Figure 2.1: Boxplot of the total population size (i.e., total number of wolves) at each time step
of the simulations across the 100 replicates for the SELES model (pink) and R model (blue).

Figure 2.2: Boxplot of the total number of packs at each time step of the simulations across the
100 replicates for the SELES model (pink) and R model (blue).
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New model calibration
The new values for the parameters estimated directly from the field data and from calibration
are reported in Table 2.2. After preliminary analyses, we decided to not include the previous
estimate (i.e., parameter value in the SELES model) in the range of values tested for some
parameters estimated by patter-oriented modeling as their new estimate was going to be vastly
different (e.g., MoveStep, see Table 2.2).
Parameter

Previous

Unit

estimate

Range

of New

tested values

estimate

interval

[2-12]

8.688

3.822;10.248

MeanNpups*

3.387

wolf

SdNpups

1.210

wolf

1.612

MeanPackSize

4.405

wolf

4.548

SdPackSize

1.251

wolf

1.410

MeanPixelQuality

0.840

0.798

MinPixelQuality

0.376

0.206

MinPackQuality

89.288

79.484

MeanPackQuality

98.129

SdPackQuality

14.277

PackArea

256

JuvMortalityRate*

0.449

cell

DispMortRatePerMove* 0.0353

95% confidence

0.791;7.110

70.146;126.112

258.56
[0.1;0.9]

0.2725

0.2350;0.7705

[0.001;0.12]

0.0097

0.0069;0.0213

MoveStep*

10.929

cell

[1;4]

3.558

3.490;3.643

sigma*

21.802

degree

[5;40]

19.50

16.79;21.35

PhaseTransitionLower*

0.198

[0.01;0.25]

0.1675

0.0817;0.1966

MeanImmAp*

wolf

[0.7;4]

3.317

1.978;3.543

MeanImmSlo*

wolf

[0.7;4]

1.175

1.064;1.328

Table 2.2. New parameter estimates for the R model. The parameters for which there are no
previous estimates are new parameters that were not present in the SELES version of the
model. Parameter names with an asterisk (*) represent the parameters estimated by patteroriented modeling strategy. The other ones were estimated using field data.
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With these new parameter estimates, the model simulated on average 39.5
“packs/pairs” in 2015 (sd = 3.4) in the whole study area, excluding France. The pack data 20152016 had 41 “packs/pairs” recorded, which is included in the 95 % confidence interval of
[32.7;46.2] for the 250 simulations. The map of pack location probabilities shows a good
overlap with the actual pack locations of 2015-2016 (Fig. 2.3 and 2.4). The packs from the data
overlap a 0.73 pack location probability on average (sd = 0.41).

Figure 2.3.: Validation for pack locations. The color scale represents the pack location
probabilities in 2015 derived from the map of packs simulated in 2015 across the 250
replicates. The packs located in France have been removed. The open circles represent the
actual packs from the data 2015-2016. Coordinates are UTM coordinates (zone 32).
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Figure 2.4.: Validation for pack locations. The color scale represents the pack location
probabilities in 2015 derived from the map of packs simulated in 2015 across the 250
replicates. The open circles represent the actual packs from the data 2015-2016. The packs
probabilities in the south west of the study area represent packs located in France for which
there is no data of actual packs recorded in 2015-2016.

Predictions for 2021
Across the 250 replicates, the model predicted on average 307.3 packs (sd = 28.4) in the Alps in
2021, among which 262.2 on average (sd = 24.4) had two alpha wolves in it. There should be on
average 2675.3 wolves (sd = 204.1) by that time. In 2021 packs were mainly located in the
south west part of the Alps (i.e., in France and Italy) and in the eastern part, in Slovenia and in
Italy near the Slovenian border (Fig. 2.5).
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Figure 2.5. Predictions of pack locations in 2021. The color scale represent the pack locations
probability estimated across 293 model replicates. Coordinates are UTM coordinates (zone 32).

2.4. Discussion
In this study we extended, adapted, and recalibrated the first model developed by Marucco
and McIntire (2010) to produce a habitat suitability map of wolf packs over the entire alpine
range, which was based on demographic processes such as dispersal, social structure, and
habitat selection of wolves determined with the updated datasets collected in the framework
of the LIFE WolfAlps project (Marucco et al. 2017). We could take into account directly in the
model structure the process of immigration from the Apennine and Dinaric populations, to
better model the real recolonization process occurring in the Alps since 2014-2015. The
adapted SE-IBM has been based on a high quantity of information collected over the Italian
Alps (Marucco et al. 2017), recalibrated with part of the dataset not used in the model, and
developed by translating the original Seles code into the R code (the most shared open source
language). R is largely used by ecologists as analyses and models are easy to build, run, edit and
share. This, and the fact that R is open source, led to create a very large community of R users
(beyond ecologists), providing tremendous help and improvements to the software. Therefore,
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we could improve in an adaptive manner the Individual based Spatially Explicit model of Wolf in
the Alps and made it public on the web, in particular the entire code can be view at
https://htmlpreview.github.io/?https://github.com/PredictiveEcology/SpaDESmodules/blob/master/modules/wolfAlps/wolfAlps.html. Both research and management
strategies gain in effectiveness by being revised, improved, and applied in the landscape by a
collaborative work. When sharing research projects, a larger community can be reached if the
methods used are commonly used among the targeted audience.
The final model is robust, also if it can be further improved over time by additional data
on wolves collected over the central and eastern Alps, if the recolonization process will develop
in these areas. This robust model allows to make predictions about the population, and it is a
tool for the development of good management scenarios which might permit better
management decisions in a collaborative manner. Wolf pack needs to be considered the main
unit of the analysis, because they represents the main reproductive units in wolf social
dynamics (Mech and Boitani 2003) and the SE-IB modelling approach allowed this. For wolf
habitat and connectivity analysis, it is fundamental to analyse pack requirements for territorial
establishment (which have been accounted for in this spatial analysis), and distinguish between
potential presence of wandering solitary wolves and established packs. Following these
requirements, we further worked with this model and defined in the following chapter the
potential wolf source areas over the Alps and evaluated their connectivity. In fact the IBSEM
was used for the connectivity analysis and for the prediction of important source and
connectivity areas for wolves over the entire Alps range in the following analysis of chapter 3.
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3. Landscape connectivity
3.1. Introduction
The updated SE-IBM developed in Chapter 2 was fundamental to conduct the analysis
on the habitat suitability required by wolf packs, which are the main reproductive units in wolf
social dynamics. To study wolf connectivity, movement, and wolf potential habitat needs, it is
fundamental to distinguish between wolf pack requirements and wolf dispersals patterns. For
wolves, a highly social and territorial species structured in packs with a single breeding pair, this
behavioural aspect affects density, home-range configurations, and movements (Mech and
Boitani 2003). Territorial wolf packs established in an area are one of the main causes of
mortality for dispersal wolves in natural ecosystems (Mech and Boitani 2003). For these reason
an individual-based model (IBM) was developed (chapter 2), as a way to link social system
complexity, such as wolf pack presence, to spatial dynamics and movement regulations (Grimm
and Railsback 2005). In fact, for wolves it is fundamental to analyse pack requirements for
territorial establishment (which have been accounted for in this spatial analysis), and
distinguish between potential presence of wandering solitary wolves and established packs in
habitat suitability analysis. At the same time connectivity needs to be interpreted within the
strict regulations of wolf sociality and dispersal movement patters, very different than for the
other solitary large carnivores. This analysis will incorporate these elements in the final spatial
evaluation to effectively account for the major barriers for wolf movement, which generally are
from anthropogenic or landscape origin.
The use of movement simulation models to define landscape connectivity takes into
account the access to the landscape given the current locations of the individuals and the
intrinsic movement behavior of the population. The connectivity analysis resulting will be more
reliably tight to the actual studied area and population. With the use of more static models to
define landscape connectivity, a movement can be assumed between two landscape patches
because no barriers seem to be in the way. However, using movement simulations, such as with
a spatially explicit individual-based model, the movement between two patches will be defined
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by the physical landscape in between, but also by the current locations and the movement
behavior of the studied population which can prevent the individuals to move across these two
patches.

3.1.

Material and methods

3.1.1. Movement model
We used the updated version of the wolf movement model calibrated in Chapter 1 to study
landscape connectivity. Preliminary runs of the model showed that the number of packs
increased through time, until reaching a plateau. At this time, the landscape was mostly
saturated and the total number of packs did not increase much with the simulation running
longer. Preliminary analyses showed that the plateau was reached around 750 packs. After the
number of packs reached 700, we started comparing the number of packs recorded at the
beginning of the yearly time step with the one from the previous time step. If the current
number was lower or equal to the previous, it meant that the landscape reached pack
saturation and that (most likely) no new pack could be created. We defined the previous time
step which had the highest number of packs in the landscape as the saturation point and
stopped the simulation. Around that time, the number of packs producing juveniles was very
high. We assumed that in one yearly time step (i.e., a hundred time steps for dispersing wolves
to disperse and try to join a pack or create a new one), dispersing wolves should find all the
empty places in the study area to establish a new territory. Therefore, if the number of packs
started to decrease as this point, we were confident the landscape was full and we reached
saturation.
We ran 293 replicates of the model to reach pack saturation. For each simulation, we
extracted the total number of packs in the study area and in each country. When a pack was
overlapping more than one country, it was assigned to the country in which it was covering the
most area. If a pack was overlapping more than one country with the exact same extent, it was
assigned randomly to one of the countries. Then, we calculated the mean number of packs in
the study area and per country, at the saturation point, across the 250 replicates. We also
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extracted the map of pack locations at the saturation point for each replicate. We turned these
maps into pack presences and absences and we averaged them to obtain a map of pack
location probability when reaching saturation in the landscape.

3.1.2. Landscape connectivity and Morphological Spatial Pattern Analysis (MSPA)

All GIS analyses were done either with QGIS or ArcGIS 9.2. The SE-IBM was constructed using R
(Chapter 1). The morphological spatial pattern analysis was done with GUIDOS (Vogt 2008).
Graph theory related terms are used and explained hereafter. For a general introduction to
graph theory in ecology see Minor and Urban (2008). Following Signer (2010), a brief
description of graph theory and related terms is provided to clarify the meaning in an ecological
context: “A graph consist of nodes or vertexes and edges. Edges may connect any two nodes. In
ecological terms nodes are habitat patches. Any two connected patches have an edge between
them. A graph is considered as a full graph if all edges are connected with each other. The
degree of an edge or vertex gives information about the number of adjacent edges.” (Signer
2010).
The wolf packs habitat suitability map based on the SE-IBM model (Figure 3.1a e 3.1b) was used
and processed for the MSPA analysis using GUIDOS, which is an implementation of the MSPA
algorithm. As suggested by Signer (2009), a threshold value of 0.5 was chosen arbitrarily, to be
consistent with previous analysis on Lynx connectivity (Signer 2010). However, for further
investigations, a threshold value of 0.8 and 0.9 were also chosen to detect the more important
wolves core areas and define the connectivity between those. All cells with an occurrence
probability above 0.5 in the first analysis, and 0.8 and 0.9 in the second and third analysis, were
classified as 2, cells with an occurrence probability below these threshold values were classified
as 1, and no data cells where classified as 0. GUIDOS processed the binary input image using the
mathematical morphology algorithm described and outlined in the MSPA Guide (Vogt 2008).
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The different GUIDOS categories are described following Vogt et al. (2007 a,b):
Background (grey): Pixel that are classified as unsuitable for wolf packs (i.e. predicted SE-IBM
occurrence probability is below the given threshold).
Core (green): Pixels that are classified as suitable wolf pack habitat (i.e. predicted SE-IBM
occurrence probability is above the given threshold) and pixels are surrounded by habitat.
Branch (orange): Branches of 1 pixel width that originate in core area and terminate in
background (i.e. pixels that are unsuitable in the habitat matrix).
Edge (black): Edges have on one side core area and on the other side background.
Islet (brown): Suitable pixels that are surrounded by background.
Bridge (red): Corridors that connect core areas.
Perforation (blue): Pixels that are edges in forest wholes.
Loop (yellow): One pixel wide corridor that originate in a core area and terminates in
the same pixel.

3.2.

Results

3.2.1. Pack-saturated landscape
Across the 293 replicates, , the landscape became essentially saturated by around 2070, with a very
slow increase in numbers after that (likely to an asymptote) (Graph 3.1.). The mean and standard

deviation for the number of packs in the whole study area and in each country is available in
Table 3.1. When saturated by packs, the landscape is almost full, with only a few spots of the
study area remaining empty (Figg.3. 1a e 3.1b).
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Area concerned

Mean

95 % confidence interval

Study area (i.e, whole Alps)

781.1

[751.6;810.7]

Austria

251.5

[240.1;262.9]

Germany

36.1

[31.3;40.8]

Switzerland

83.9

[70.2;97.6]

Liechtenstein

0.4

[0;1.3]

Italy

218.5

[208.8;228.2]

Slovenia

32.3

[29.1;35.5]

France

158.5

[149.7;167.3]

Table 3.1.: Mean number of packs and 95 % confidence interval in the whole study area (i.e.
Alps) and in each country when the landscape was saturated by packs. Values were estimated
across 293 model simulations.

Graph 3.1. Prediction of the number of packs (with two alphas) over time. Across the 293
replicates, the landscape became essentially saturated by around 2070, with a very slow
increase in numbers after that (likely to an asymptote).
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The probability of pack presence near saturation point based on 293 replicates is shown in
Figures 3.1a (starting from real locations of 2014) and Figure 3.1b (starting from random
locations.). The maps are drawn from the average of the 293 pack presence maps, i.e., if a pack
is present in the pixel, that pixel is given the value of 1. Thus, the average is a probability that
that pixel will be occupied in the year 2097.

Figure 3.1a: Pack saturated landscape starting from real locations of 2014. The color scale
represents the pack location probabilities estimated across 293 replicates when the landscape
reached pack saturation.
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Figure 3.1b: Pack saturated landscape starting from random locations. The color scale
represents the pack location probabilities estimated across 293replicates when the landscape
reached pack saturation.

3.2.2. Landscape connectivity analyzed and Morphological Spatial Pattern Analysis (MSPA)

The results of the morphological spatial pattern analysis are shown in the following
Figures 3.2a, 3.2b and 3.2c. In particular, a different threshold was used for the three analysis:
in Figure 3.2a and 3.2b, where a threshold of 0.5 and 0.8 were used, bigger core areas are
present and connectivity is higher; in Figure 3.2c, where a threshold of 0.9 was used, smaller
and more fragmented core areas are present, which indicate the key patches for the
settlements of wolf packs (i.e. the most important units for wolf recolonization and expansion).
Results are summarised in Table 2. It would be desirable to have core areas and bridges
protected to a higher degree.
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0.9 threshold

0.8 threshold

0.5 threshold

%

Frequency

%

Frequency

%

Frequency

CORE-green

26.87

124

63.07

4

79.32

4

ISLET-brown

0.11

77

0.00

0

0.01

2

PERF-blue

0.44

45

2.97

99

1.78

46

EDGE-black

13.49

726

4.20

60

2.39

79

LOOP-Yellow

1.15

224

0.17

53

0.06

28

BRIDGE-Red

1.80

189

0.00

3

0.02

2

BRANCH-Orange

1.50

1134

0.18

178

0.09

78

Table 3.2. Percentages of the different GUIDOS categories over the study area and pixel
frequency, considering a 0.9, 0.8 and 0.5 threshold. Categories and colours are explained
above.

Figure 3.2a. This map represents the results of a morphological spatial pattern analysis based on the
wolf packs habitat suitability map in the Alps, where the threshold value was set at 0.5.
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Figure 3.2b. This map represents the results of a morphological spatial pattern analysis based on the
wolf packs habitat suitability map in the Alps, where the threshold value was set at 0.8.

Figure 3.2c. This map represents the results of a morphological spatial pattern analysis based on the
wolf packs habitat suitability map in the Alps, where the threshold value was set at 0.9.
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3.2.3. Habitat Connectivity for wolves in the Alps and barriers
The MSPA analysis was converted into a Network (Figure 3.3) for further connectivity
analysis in a graph-theory framework (Vogt 2008). A Network is composed of Nodes (i.e. MSPA
class: Core) and Links (i.e. MSPA class: Bridge, which are connectors between different Cores)
and the remaining MSPA classes are neglected. A connected set of nodes and links is called a
Component. Here, we conducted a Component analysis (Figure 3.3a, 3.3b and 3.3c), where
individual components of the network are displayed in alternating colors. The color black is
used for node-only components having no links. We conducted the analysis both with a
threshold of 0.5, 08 and 0.9.

Figure 3.3a. Network analysis where individual components of the network are displayed in alternating
colors. The analysis was conducted with a threshold of 0.5.
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Figure 3.3b. Network analysis where individual components of the network are displayed in alternating
colors. The analysis was conducted with a threshold of 0.8.
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Figure 3.3c. Network analysis where individual components of the network are displayed in alternating
colors. The analysis was conducted with a threshold of 0.9.

The individual components of the network based on the analysis with a threshold of 0.9
(Figure 3.3c) were considered the most important potential source areas for wolves in the Alps.
The 267 cells with highest SE-IBM values within these source areas were taken for the analysis.
These rules were established in order to make a selection on the suitable pixels that were
thought of particular suitability for wolves. Then, for each cell the least-accumulative cost
distance to the nearest source over a cost surface was calculated (Figure 3.4). The source raster
(267 cells) identified the cells to which the least accumulated cost distance for every cell was
calculated. The cost raster (or resistance raster) was based on the inverse values of the
occupancy model (Marucco 2009), where the value of each cell represented the cost per unit
distance for moving through the cell. This resistance raster considers, for potential barriers for
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wolves, a combination of roads, settlements, high altitude rock areas, low forest coverage, and
presence of lakes. The final wolf cost distance raster identified for each cell the least
accumulative cost distance over a cost surface to the identified source locations (Figure 3.4).
Therefore, this connectivity analysis identifies the areas which can be considered barriers in
between potential sources for wolves (i.e. High values areas in Figure 3.4). The areas that can
be considered as barriers for wolves are located mainly in the west-central Alps, and in
Switzerland. This could also explain why the wolf recolonization over the years expanded
constantly over the Western Alps and slowed down over the indicated barriers in the recent
decade.

Figure 3.4. The wolf cost distance raster which identified for each cell the least accumulative cost
distance over a cost surface to the identified source locations.
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3.3.

Discussion

The MSPA analysis was based on the SE-IBM wolf pack habitat suitability map to identify
core areas and bridges, which are the most important areas to protect to maintain wolf
connectivity over the Alps. However, there was a significant difference if we considered 0.5, 0.8
or 0.9 thresholds. If the threshold was set at 0.5, we documented a big connected area over the
Alps (Figure 3.2a and 3.3a). If the threshold was set at 0.8, we documented a less connected
area, especially in the Western-Central Alps (Figure 3.2b and 3.3b). If the threshold was set at
0.9, we documented a more fragmented area, especially in some areas of Western-Central Alps
(Figure 3.2c and 3.3c). In order to prioritize the most important core areas, we considered the
analysis with a threshold of 0.9, which is the most conservative approach that identified the
source areas for the connectivity analysis. The Alpi Marittime area contains the higher
percentages of core and bridge areas in the Western Alps. Therefore, they represent a key
source area for the current recolonization process which originates from the Apennines (Fabbri
et al. 2007). An additional key source area to protect should be identified in the Pennine and
Lepontine Alps. In these regions it could be useful to improve green bridges over highways and
railways, where the majority of alpine wolves have been found killed (Avanzinelli et al. 2007,
Marucco et al. 2017); as well as to enforce anti-poaching and anti-poison teams in order to
decrease the high levels of illegal killing, which are the major sources of mortality for wolves in
core areas (Marucco et al. 2017).
The further connectivity analysis was based on the potential wolf source areas identified
by the MSPA analysis. Wolves can easily cross roads and highways, as documented by many
studies (e.g. Boyd and Pletscher 1999, Ciucci et al. 2009); therefore, a single road is not usually
identified as a barrier for wolf dispersal. However, in Italy wolves are often killed by car
accidents (Lovari et al. 2007), especially if they settle a territory in a region with a high road
density (e.g. Avanzinelli et al. 2007). Therefore, road density is a major limitation to pack
settlement more than to wolf dispersal. We documented that not just road density is a variable
negatively related to wolf presence, but also human settlements, low forest cover and high rock
elevation presence (Marucco 2009). Hence, we considered a combination of these factors as
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the resistance raster to conduct the analysis on wolf connectivity. Connectivity results need also
to be interpreted within the strict regulations of wolf sociality and dispersal movement patters,
very different than for the other solitary large carnivores. Our analysis incorporated these
elements to effectively account for the major barriers for wolf connectivity, which were
identified as from anthropogenic and landscape origin. In particular, the reported results
(Figure 3.4) showed the lowest levels of connectivity between source areas in the Pennine and
Lepontine Alps, between Switzerland and Italy.
Another factor that can also affect connectivity is management fragmentation, which is
a type of fragmentation often overlooked (Linnell et al. 2007). The high level of management
fragmentation present over the Alps, due to the international alpine landscape divided within
several countries, is an important issue related to wolf conservation and connectivity. A shared
management program within the different alpine countries is a key step to maintain wolf
connectivity and conservation over the Alps, as advocated by the Guidelines for Population
Level Management Plans for Large Carnivores in Europe approved by the European Commission
in 2007 (Linnell et al. 2007).
Finally, wolf connectivity over the Alps needs to be analysed in a wider context, taking
into consideration that the alpine wolf population was naturally generated 20 years ago
through natural dispersal from the south-western Apennines (Fabbri et al. 2007). The
connection with the Apennine population is constituted by an ecological corridor represented
by the Ligurian Apennines Mountains, which is fundamental to be maintained in order to
guarantee enough genetic diversity in the wolf alpine population (Fabbri et al. 2007).
Moreover, an interesting slight connection has been now documented with the Dinaric
population from Slovenia, and the Carpatian wolf population. Spatial genetic analysis of
potential connectivity within these other areas and the Alps is fundamental to evaluate the
presence of a possible wolf metapopulation over the different mountain chains in WesternCentral Europe.
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