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Abstract

Context Restoring or establishing corridors between
residual forest patches is one of the most adopted
strategies for the conservation of animal populations
and ecosystem processes in fragmented landscapes.
Objectives This study aimed to assess whether it is
more effective to focus restoration actions on existing
corridors or to establish habitats in other strategic
areas that can create new dispersal pathways to
enhance connectivity.

Methods We considered a real agroecosystem in
northern Italy, based our analyses on graph-theory and
habitat availability metrics, and focused on the Hazel
Dormouse as the target species. We compared the
connectivity increase resulting from (i) the simulated
restoration of existing priority corridors, i.e., those
with significant presence of forest but in which
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restoration actions would still result in considerable
connectivity gains, or (ii) the simulated plantation of
30 hedgerows along new priority pathways, i.e., those
areas with no current forest cover in which habitat
creation would be more beneficial for connectivity.
Results Implementing new priority pathways
resulted in substantially larger connectivity gains
(+ 38%) than when restoration efforts were concen-
trated in improving already existing corridors
(+ 11%).

Conclusions Establishing hedgerows along new
pathways allowed enhancing the complementary and
functionality of the full set of landscape corridors and
proved more efficient than just strengthening the areas
where dispersal flows were already concentrated. We
demonstrated the importance of analytical procedures
able to compare the effectiveness of different man-
agement strategies for enhancing connectivity. Our
approach may be applied to multiple species sensitive
to fragmentation in other heterogeneous landscapes
and geographical contexts.

Keywords Ecological networks - Forest

fragmentation - Habitat availability metrics - Hazel
Dormouse - Hedgerows - Wildlife corridors
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Introduction

The long-term conservation of animal species in
fragmented landscapes considerably depends on the
existence of functional connectivity between the
spatially separated populations (Bennett 2003; Fahrig
2003; Fischer and Lindenmayer 2007). Conservation
studies generally focus on safeguarding or increasing
connectivity by conserving or restoring existing
minimum resistance paths between habitat patches
(e.g., Carranza et al. 2012; Belote et al. 2016; de la
Torre et al. 2017; Moganaki and Cushman 2017;
Santos et al. 2018). These paths are usually identified
by mapping the matrix surrounding the habitat patches
in the form of a resistance map, in which each cell has
a value corresponding to the difficulty of species
movement through the land cover type present in that
area. Subsequently, paths of minimum cumulative
resistance, which correspond to the routes across the
landscape matrix where individuals’ movements are
likely concentrated, i.e., existing corridors, are iden-
tified between each pair of patches. This identification
can be done using different approaches (Correa Ayram
et al. 2016), such as least-cost corridor modeling
(Adriaensen et al. 2003; Beier et al. 2009), circuit
theory (McRae et al. 2008) or a randomized shortest
path algorithm (Panzacchi et al. 2016).

In highly modified landscapes, species particularly
sensitive to fragmentation, generally characterized by
high degrees of habitat specialization (Mortelliti et al.
2009; Bani et al. 2015; Dondina et al. 2017), may
hardly move among remnants even along minimum
resistance paths. For this reason, some authors have
suggested that, in these cases, the conservation of
these species may be better promoted by increasing the
amount and quality of habitats inside remnant patches,
rather than focusing on promoting dispersal processes
(e.g., Saura and Rubio 2010). However, isolated
patches in highly modified landscapes may be unable
to compensate for detrimental fluctuations of popula-
tion size due to genetic (inbreeding and genetic drift)
and stochastic demographic factors, which may lead
populations to local extinction. Management measures
for the conservation of these species are generally
represented by habitat restoration actions that should
be located in strategic positions, identified through
analyses of effort optimization, in order to increase
landscape connectivity (e.g., Clauzel et al. 2015a, b).
Practically, one important conservation strategy is the
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restoration of priority existing corridors, increasing
the amount of optimal or permeable habitat along
them.

Considering that habitat should ideally be restored
along the entire corridor trajectory, and that existing
corridors are often characterized by tortuous patterns,
we wondered if it is more efficient to restore existing
minimum resistance paths or to locate new habitat in
other strategic areas to originate other new movement
pathways through the landscape.

Our aim in this study was to explore the relative
connectivity benefits of strengthening the quality of
existing corridors versus investing efforts in estab-
lishing new movement pathways, an issue with
important consequences for landscape management.
For this purpose, we carried out a comparative study in
a real agroecosystem in northern Italy and compared
the increase in landscape connectivity for a small
forest-dwelling species, the Hazel Dormouse Mus-
cardinus avellanarius, obtained by (i) simulating the
restoration of existing corridors increasing vegetation
quality and filling vegetation gaps or by (ii) planting
new hedgerows in alternative areas to create new
dispersal routes.

We focused on an agroecosystem because the
phenomenon of fragmentation is particularly severe in
agricultural landscapes, both in Europe and in other
continents, due to the usual spread of intensively
cultivated areas, which has dramatically decreased the
extent of the original forests, reducing them to small
fragments scattered in human-dominated lands (Darby
1956; Williams 2003). In these contexts, semi-natural
habitats such as hedgerows, reforestations and tree
plantations, play an important ecological role by
increasing landscape permeability for multiple spe-
cies. In particular, hedgerows, that are continuous or
closely spaced lines of shrubs and trees, have been
proved to be crucial for the long-term survival of
different species, acting both as corridors and as
additional reproductive habitat (Laurance and Lau-
rance 1999; Hinsley and Bellamy 2000; Hilty and
Merenlender 2004; Gelling et al. 2007; Silva and
Prince 2008; Wolton 2009; Dondina et al. 2016;
Chiatante et al. 2017). For this reason, and given that
hedgerows only subtract a small amount of productive
crop areas, they are an ideal target for management
actions designed to increase connectivity for animal
species in heterogeneous landscapes. The plantation of
new hedgerows in the agroecosystems of the European
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Union is also encouraged by the Common Agricultural
Policy (CAP). In particular, specific subsidies issued
under the Rural Development Regulation are aimed to
fund farmers to implement environmentally beneficial
management regimes, such as habitat restoration and
management, including rows and hedgerows planta-
tion (Donald et al. 2002).

The focal species in our case study, the Hazel
Dormouse, is included in the Annex IV of the Habitats
Directive (Council Directive 92/43/EEC), and its
major conservation concern largely lies on its sensi-
tivity to fragmentation (Mortelliti et al. 2014; Bani
et al. 2017). The optimum habitats for the species are
broadleaved forests with a well-developed and diver-
sified shrub layer, which can offer route-ways through
branches, suitable sites for building nests and shelter
from predators (Panchetti et al. 2007). In highly
modified lowland areas of Italy, where broadleaved
forests are fragmented in small residual patches, the
survival of the Hazel Dormouse also depends on well-
structured networks of hedgerows, which are per-
ceived by the species not only as permeable features
for movement but also as suitable habitats (Dondina
et al. 2016, 2018).

Methods
Study area

The investigated landscape is an area of about
140 km? located in the western part of the lowland
area of Lombardy region (northern Italy, 45°25'N
8°98'E). To consider a realistic area for management
interventions, the study area was designed to include
the entire surface of the municipalities present on the
territory (Borgo San Siro, Garlasco, Zerbolo, Bere-
guardo, Groppello Cairoli and Villanova d’ Ardenghi).
The elevation of the area rages between 0 and
100 m a.s.l. and the climate is continental and
temperate, with rainfalls (700 mm/year on average)
mainly concentrated in spring and autumn.

Itis a typical agroecosystem dominated (63% of the
area) by intensive field crops, mainly paddies and
other annual crops such as wheat, maize, and alfalfa.
The remaining surface of the study area is composed
of broadleaved forests (14%), human settlements
(with three main villages in terms of extension:
Bereguardo to the north-east, Garlasco to the west

and Groppello Cairoli to the south-west) and road
infrastructures (8%), poplar cultivations (6%), hedge-
rows (4%), rivers, streams and wetlands (3%), plan-
tations for biomass production (1%) and shrublands
(1%) (ERSAF 2014).

Most of the broadleaved forests within the study
area are located along the Ticino River and fall within
the boundaries of the protected area of the Ticino
Natural Park, of which 20% of the total surface is
included within the study area. The remaining forest
surface is distributed in patches of different size,
connected to each other, to some degree, by hedge-
rows (Fig. 1). Forests are primarily composed of
Pedunculate Oak (Quercus robur), Common Horn-
beam (Carpinus betulus), Field Maple (Acer cam-
pestre), Field Elm (Ulmus minor), and Common Ash
(Fraxinus excelsior), while close to rivers and streams
riparian vegetation mainly includes the Common
Alder (Alnus glutinosa), poplars (Populus alba, P.
nigra and P. canadensis cultivar), and willows (Salix
sp.).

Hedgerows, that are both residuals of native
woodlands and new plantations, have a mean length
of about 150 m, a mean width of 7 m and are typically
composed of trees (mainly oaks, poplars, alders,
willows and Locust Tree Robinia pseudoacacia) and
a more or less developed shrub layer (generally
composed by Common Hazel Corylus avellana,
Hawthorn Crataegus monogyna, Bramble Rubus
ulmifolius and European Elderberry Sambucus nigra)
(Dondina et al. 2016).

Outside the boundaries of the study area, both
moving westward and eastward, the landscape is
increasingly dominated by intensive farming and
forest patches are virtually absent, apart from few
tiny streaks of edging along irrigation canals.

The Hazel Dormouse is relatively widespread
within the study area (see Dondina et al. 2018 for
information regarding the species distribution in a
larger territory including the study area considered in
this research). Specifically, it occurs and reproduces in
the continuous forests of the Ticino Natural Park as
well as in very small forest patches (< 0.1 ha)
scattered in the agricultural matrix. It also occurs
and reproduces in hedgerows, whether they originate
from residuals strip of native woodlands or from new
plantations, showing a significant preference for
continuous hedgerows with a not so closed arboreal
layer and a well-developed shrub layer characterized
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Fig. 1 Study area in northern Italy

by a complex physical structure and composed of
native species (Dondina et al. 2016).

The habitat network: patches, landscape resistance
and least-cost paths

We defined a graph (network) for the study area and
target species as a set of nodes (i.e., habitat areas) and
links (i.e., functional connections) between them. In
the investigated landscape, patches of broadleaved
forest and continuous hedgerows are the habitat areas
for the Hazel Dormouse (Dondina et al. 2016, 2018).
Based on the digital land-use cartography DUSAF 4 (a
1:10,000 vectorial map update to 2012; ERSAF 2014),
a total of 1035 habitat nodes, composed of 599 patches
of broadleaved forests (ranging in size from 0.04 to
388 ha) and 436 continuous hedgerows (i.e., hedge-
rows not presenting extended visible gaps in the tree
canopy classified as continuous in the DUSAF 4),
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were found in the study area. To define connections,
we identified the least cost paths (LCPs) connecting
every pair of nodes (Adriaensen et al. 2003; Beier et al.
2008). Specifically, by using the ArcGis extension
Linkage Mapper 1.0.2 (McRae and Kavanagh 2011),
we identified all the LCPs between every pair of
adjacent nodes and calculated their cumulative resis-
tance (i.e., the effective distance between adjacent
nodes). Adjacent nodes were defined as the nearest
nodes in terms of cost-weighted distance, creating an
allocation zone for each node. If a path from one node
to another must pass through the allocation zone of a
third node, the two nodes are considered non-adjacent
(McRae and Kavanagh 2011).

The resistance map used for the LCPs identification
was built up using ArcGis 10.0 (ESRI 2011) by
rasterizing the DUSAF 4 cartography (Fig. 2b). We
adopted a cell size of 20 m because the smallest linear
dimension of polygons in the original cartography is
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20 m, and because it is an adequate size considering
the movement ability of the target species (see below).
The cell values were assigned with an expert-based
approach considering the Hazel Dormouse’s percep-
tion of the different land cover types in the investi-
gated landscape. Lowest resistance values (1) were
assigned to habitat nodes (i.e., broadleaved forests and
continuous hedgerows) and largest values (1000) to
human settlements, road infrastructures and rivers.
Within this range, we assigned lower values (8) to
discontinuous hedgerows (Dondina et al. 2016) and to
poplar cultivations and plantations for biomass pro-
duction, which can provide permeability for the
species movements (Dondina et al. 2018). A slightly
higher value (50) was assigned to shrublands (Bright
et al. 1994; Juskaitis and gioiinyté 2008; Ramakers
et al. 2014) and to forest patches in first stages of
development, because of the lack of sufficiently
mature tree cover, which is an important element for
the Hazel Dormouse, characterizing these two cate-
gories. Higher values (500) were assigned to field
crops (Mortelliti et al. 2013).

Management strategies comparison

Identifying priority areas for existing corridor
restoration or for new path implementation

Once the nodes and resistance map were defined, and
the LCPs along each pairs of adjacent nodes were
identified, we evaluated which of the following two
strategies would result in larger gains in functional
connectivity for the Hazel Dormouse (Fig. 2):

1. Increasing vegetation quality and filling vegeta-
tion gaps along the existing paths of minimum
resistance that would result in a greater increase in
connectivity if they were restored, i.e., prioritiza-
tion of the already existing corridors for restora-
tion (strategy 1);

2. Establishing new hedgerows along the new paths
that would provide a greater increase in connec-
tivity if they were deployed, i.e., creation of new
paths in key areas different from those of the
already existing corridors (strategy 2).

Both management strategies were evaluated by
simulating habitat restoration or creation along the
whole length of the existing or new paths. To allow a
proper comparison between the two strategies, we

simulated the restoration/creation of 30 completely
permeable corridors/new hedgerows in each scenario.
We chose 30 as number of management interventions,
since it would imply a limited and hence feasible
management effort (with less than a 1% increase in the
total habitat area in the study area) and, at the same
time, we hypothesized it probably corresponds to a
sufficient level of interventions as to determine
significant variations in landscape connectivity.

For strategy 1, we prioritized the existing corridors
(i.e., all the identified LCPs and their respective
effective distances) according to the increase of
connectivity that they would provide if they were
restored. To define restoration, we assumed a total
permeabilization of the LCP, i.e., the increase of
vegetation quality and the plantation of new vegeta-
tion to fill all the gaps along the whole length of the
LCP. We used the Probability of Connectivity (PC)
index, which is a robust index to detect changes in
landscape connectivity after corridor restoration
(Saura and Pascual-Hortal 2007) (Fig. 2c). PC is a
probabilistic habitat availability (reachability) metric,
which considers that a node is connected to itself
(intranode connectivity) and combines nodes’ attri-
bute (such as patch size, quality-weighted patch size,
habitat suitability) and their connections (links) in a
single index (Pascual-Hortal and Saura 2006). Using
this index, and the effective distance as the distance
measure, the connectivity of the landscape for the
analysed species is affected by both the attributes of
the source and destination nodes (in our case the size
of the patches) and on the effective distance of the
LCP connecting the two nodes (Carranza et al. 2012).
Specifically, PC is given by:

i1 2 44y
- 2

PC
AL

where a; and g;, in our case, correspond to the area of
nodes i and j, respectively; n is the total number of
nodes in the investigated landscape; A; is the total
landscape area (considering both nodes and matrix);
and p;; is the probability of direct dispersal between
each pair of nodes (for more detail see Saura and
Pascual-Hortal 2007). p;* corresponds to the maxi-
mum product probability of all possible combinations
of LCPs that can be crossed to reach the node j starting
from the node i, passing through other nodes if
necessary (where the product probability of a
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combination of LCPs is obtained by multiplying the p;;
values associated to each single LCP pertaining to the
considered combination).

For the index calculation, we derived the dispersal
probability along the existing corridors from a nega-
tive exponential function of their effective distance.
We set the median dispersal distance of the species to
700 m, which corresponds to the median species
movement ability through suitable habitats (i.e.,
within woodlands or hedgerows, where resistance is
equal to 1), since, due to the limited dispersal ability of
the target species, dispersal mainly occurs through
permeable habitats. The median distance of 700 m
was derived according to the formula developed for
mammals by Bowman et al. (2002), that relates home
range and dispersal distance, from a known home
range size for the species in suitable habitat of 1 ha
(Mortelliti et al. 2013).

To identify the LCPs that would greater increase
landscape connectivity if they were restored, we
calculated the percentage of variation in the PC index
(dPC) caused by the restoration of each LCP, accord-
ing to the following expression:

Pcrestore - PCinitial

dPC =
PCiitial

where PCj,;;iqr 1S the value of the PC index in the
original landscape (before any restoration) and PC,..
siore 18 the value of the PC index that would result in the
same landscape after the restoration of a given LCP.
Specifically, we systematically recalculated the index
after changing the effective distance of each LCP to
the value that would correspond to the new restored
scenario affecting that particular LCP, when the
effective distance of all the other LCPs remain
unchanged. We simulated a complete restoration of
each LCP connecting two nodes, by reducing its
cumulative movement cost to the linear distance in
meters of the LCP (i.e., simulating that it only crosses
habitats with resistance equal to 1). The dPC values
for this analysis were calculated through the link
importance functionality using the link change modal-
ity in the Conefor software (command line version
1.0.21 of the software Conefor 2.7.1 Saura and Torné
2009; Torné and Saura 2013). The obtained dPC
values allowed us to rank the LCPs according to how
much they would increase landscape connectivity if
they were restored.
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We then simulated the restoration of the LCPs
associated to the highest values of dPC through the
design of 30 completely permeable corridors (assum-
ing to increase vegetation quality and to fill vegetation
gaps obtaining a resistance equal to 1 along the whole
length of the LCP), comparable to continuous hedge-
rows for functionality. To delineate the location of the
new permeable corridors, we used the software
ArcGis. We designed corridors following the LCPs
and maintaining a width comparable to that of existing
hedgerows. Moreover, to propose feasible interven-
tions, we designed the corridors along crop fields’
boundaries, avoiding unrealistic crossings of roads,
human settlements or rivers by using the most recent
digital orthophotos of the investigated area (available
at http://www.geoportale.regione.lombardia.it).
Finally, we checked that the minimum and maximum
length of the new created permeable corridors did not
exceed the length range (40-2000 m) of the existing
continuous hedgerows within the study area based on
DUSAF 4.

For the second management strategy (Fig. 2e), we
adopted a different habitat availability index, also
based on network analysis as PC: the Integral Index of
Connectivity (/IC). We used this index instead of PC
considering the effective distance of the LCPs
between nodes, because we wanted to identify which
currently not connected nodes would increase more
landscape connectivity if they were connected regard-
less the route and the effective distance of the existing
corridors connecting them. We did not even used PC
in a probabilistic model simply considering the
Euclidean (straight-line) distance between nodes,
because it affects the original pij of each link so that
dPC does not only reflect the final gain of connectivity
obtained when a new link is created, but also the
difference between the initial and final pij of the link.
IIC is thus more appropriate to develop strategy 2,
since it is essentially the version of PC for networks
with unweighted links, as it is based on a simple binary
connection model in which two habitat patches are
connected or not connected (Saura and Rubio 2010) if
they lie, respectively, within or beyond a threshold
distance defined by the user. Specifically, IIC is given
by:

2in X Ty

1c =
AL
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where nl;; is the number of links in the shortest path
(topological distance) between nodes i and j, and the
other terms are the same as defined for PC. Since /IC
requires the specification of a threshold distance above
which two nodes are treated as not connected, and
nodes are supposed to be separated by unsuitable habi-
tats (i.e., the inhospitable matrix), we set it to 200 m,
which is the estimated maximum dispersal ability of
the Hazel Dormouse through the matrix. We calcu-
lated this value of 200 m by averaging different values
of Hazel Dormouse dispersal ability in unsuitable open
habitats available from literature (100 m Bright 1998;
250 m Biichner 2008; 100-300 m Mortelliti et al.
2013).

Similarly to the first proposed management strat-
egy, to identify which new paths would provide a
larger increase in landscape connectivity, we calcu-
lated the percentage of variation in the /IC index
(dIIC) caused by the implementation of each new path,
according to the following expression:

dliC — IICnew - IICinitial
HCinisiar

where IIC;,,;;;; 1 the value of the IIC index in the
original landscape (before the implementation of any
new path) and /IC,,,,, is the value of the /IC index that
would result in the same landscape after the imple-
mentation of a given new path. The variation of the /IC
value before and after the addition of each path (dIIC)
was calculated through the link importance function-
ality using the link improvement modality in the
Conefor software. We set that the dIIC calculation was
performed only for the pairs of nodes not farther than
2000 m in order to not exceed the maximum length of
the original continuous hedgerows within the consid-
ered landscape. The analysis returned thus the list, and
the associated dIIC value, of every possible new path
between pairs of nodes separated by more than 200 m
(i.e., not already connected in the initial landscape) but
not more distant than 2000 m.

Then, we simulated the implementation of the new
paths with the highest values of dIIC. Since one path
could be obtained by planting more than one hedgerow
(when the path connects two non-adjacent nodes and is
composed of more than one link), we simulated the
creation of a feasible number of paths through the
plantation of 30 hedgerows, with each hedgerow
representing a new link between adjacent nodes. The

design of the new hedgerows followed the same
criteria used for the design of the 30 completely
permeable corridors along the most important existing
LCPs described above.

To allow for a reasonable comparison, we checked
that the total surface affected by management actions
to simulate the two alternative management strategies,
i.e., the total amount of new suitable habitat added
throughout the two strategies, was similar (see “Re-
sults” section).

Evaluating how landscape connectivity changes
after the implementation of alternative management
Strategies

To compare the two simulated management strategies,
we created four new maps, i.e., two maps of habitat
patches (adding to the original nodes the 30 new
permeable corridors and hedgerows designed within
the strategy 1 and 2, respectively), and two resistance
maps (setting to 1 the resistance value associated to the
cells corresponding to the 30 new permeable corridors
and hedgerows designed within the strategy 1 and 2,
respectively), and we re-identified all the LPCs
between adjacent nodes for the two new simulated
landscapes.

To directly quantify the increase of connectivity
that would be obtained with the two strategies, and
subsequently select the one providing a larger con-
nectivity benefit, we calculated the overall landscape
connectivity using the PC index for the two simulated
management strategies separately and compared them
to the PC index calculated for the original landscape
before any intervention. In this quantification, we
expressed the value of the overall landscape connec-
tivity of the three considered landscapes by using the
Equivalent Connected Area (ECA) index (Saura et al.
2011), which corresponds to the square root of the
numerator of PC. Specifically, ECA is defined as the
size of a single habitat patch (maximally connected)
that would provide the same value of PC than the
actual habitat pattern. Compared to PC, ECA presents
the advantages of having area units and of allowing an
easier and straightforward interpretation by directly
comparing changes in habitat area and in connectivity
(amount of reachable habitat). Species dispersal
settings for the ECA calculation for both management
strategies were those previously specified when using
the probabilistic metric (PC).
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Additionally, to provide a snapshot of the changes
of the connectivity spatial pattern, we provided a
visual evaluation of how the areas sustaining animal
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dispersal flows would change after the adoption of the
two strategies (see Mateo-Sanchez et al. 2014, 2015).
For this purpose, we mapped the estimated



Landscape Ecol (2018) 33:1741-1756

1749

«Fig. 2 Flowchart synthesizing the procedure to evaluate the
connectivity gains through two alternative management strate-
gies in the original landscape (a). Management strategy 1:
restoring existing corridors. Starting from the map of nodes and
the resistance map (b) the least-cost paths (LCPs) between
adjacent nodes were identified and ranked by their importance
for connectivity as given by the dPC values (c). Finally, the
restoration of the top-ranked LCPs was simulated by designing
30 new completely permeable corridors along the whole length
of these LCPs (d). Management strategy 2: creating new
movement pathways. Starting from the map of nodes (e) the
dIIC value for every potential link connecting nodes (new
potential paths) was calculated, disregarding both the Euclidean
distance between the two nodes and the route and the effective
distance of the LCP connecting them. Finally, the implemen-
tation of the most important new paths was simulated by
designing 30 new hedgerows (f). The final connectivity benefits
of the two alternatives was then compared using the Equivalent
Connected Area (ECA) index

concentration of dispersal flux (estimated as density of
LCPs) using the UNICOR software (Landguth et al.
2012). By doing so, we obtained the total number of
LCPs crossing each cell of the investigated landscape
in the original landscape and in the two simulated
landscapes obtained after the implementation of the
two proposed management strategies. UNICOR
requires a threshold distance corresponding to the
maximum path length for the target species given its
dispersal ability. In this case, this distance should be
set to the maximum dispersal ability of the target
species (not the median as for the calculation of PC) in
suitable habitat (not through the matrix as for the
calculation of IIC). For this analysis, we thus used
4000 m as maximum distance following the relation-
ship between home range size and dispersal ability
proposed by Bowman et al. (2002) and based on a
recent study carried out in central Italy which found
4000 m as maximum extreme dispersal event of the
Hazel Dormouse within hedgerows, i.e., within suit-
able habitat, on the basis of genetic data (Bani et al.
2018).

Results

Management strategies comparison

Restoring existing corridors or creating new
movement pathways

Based on the map of habitat nodes and the resistance
map of the original landscape (Fig. 2b) we identified

3158 LPCs between adjacent nodes (strategy 1,
Fig. 2¢). The value of dPC associated to each LCP
ranged between 0 and 65.3%. The simulation of the
restoration of the most important LCPs through the
implementation of 30 completely permeable corridors
(strategy 1, Fig. 2d), led to a total addition of 15.7 ha
of new suitable habitat to the original landscape.

With regard to strategy 2 (Fig. 2e, f), the value of
dIIC associated to each new path ranged between 0
and 4.3%. The simulation of the implementation of the
most important new paths until 30 hedgerows were
designed, led to a total addition of 20.2 ha of new
suitable habitat to the original landscape.

Evaluating how landscape connectivity changes
after the implementation of the alternative
management strategies

The increase of habitat area compared to the habitat
area in original landscape was similar for both
strategies (strategy 1: 0.7%; strategy 2: 0.9%; see
Table 1). The connectivity estimates for the entire
landscape (i.e., the ECA index) showed that the
percentage increase in ECA is much larger than the
percentage increase in habitat area, and that such
increase was much higher for strategy 2. Indeed,
implementing the new pathways increased ECA by
38% while restoring the original LCPs increased ECA
by 11% (Table 1).

To exclude the possibility that the difference in the
percentage increase of the area covered by nodes
between the two strategies (0.7% vs 0.9%), although
very small, may have a significant influence on the
higher ECA increment obtained for strategy 2, we
repeated the analyses for strategy 2 using exactly the
same amount of new habitat as in strategy 1. This was
accomplished by excluding five hedgerows located
along the less important new paths among the 30
hedgerows designed through strategy 2. The compu-
tation of the ECA index showed that the increase of the
total connected area locating 25 new hedgerows along
the most important new paths (37%) is almost
identical to that obtained locating 30 hedgerows using
the same strategy (38%), and hence still much higher
than in strategy 1 (Table 1). This result also indicates
that among the 30 new hedgerows designed using the
strategy 2, there are a few ones that concentrate most
of the importance and some others that are compar-
atively much less important.
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Table 1 Comparison of the two different strategies to increase
landscape connectivity for the Hazel Dormouse in northern
Italy. Absolute and percentage increase of the total suit-
able habitat area and of the Equivalent Connected Area (ECA)

after simulating the restoration of 30 existing corridors (i.e.,
least cost path, LCPs) (strategy 1) or after simulating the
location of 30 and 25 new hedgerows along new potential paths
(strategy 2)

Management strategy Number Initial Initial Final Final Increase Increase in
of habitat connected habitat  connected in habitat  Equivalent
actions area (ha) area (ha) area area (ha) area (%) Connected Area
(ha) (%)
Strategy 1: restoring existing LCPs 30 2329 791 2344 878 0.7 11
Strategy 2: implementing new paths 30 2329 791 2350 1091 0.9 38
Strategy 2: implementing new paths 25 2329 791 2344 1082 0.7 37

(with exactly the same amount of
added habitat as in strategy 1)

The number of LCPs crossing each cell of the
original landscape, of the landscape simulating the
strategy 1, and of the landscape simulating the strategy
2 ranged between 0 and 301, 516 and 417, respec-
tively. The representation of the LCPs density for each
cell allowed identifying the areas where individuals’
movements are potentially concentrated and how they
changed after the implementation of the two manage-
ment strategies.

The movement flows in the landscape simulating
the restoration of existing corridors (Fig. 3b) resulted
characterized by higher densities of LCPs, both in
comparison with the initial landscape and with the
landscape simulating the implementation of new
paths, and show some new routes mainly concentrated
in the northern and north-eastern part of the ecological
network. However, despite these changes, the general
pattern of movement flows after the simulated restora-
tion of existing corridors appeared very similar to that
in the original landscape (Fig. 3a). Conversely, the
movement pattern in the landscape simulating the
implementation of new paths (Fig. 3c) was character-
ized by higher densities of LCPs and differed from the
original landscape mainly in the emergence of two
new principal dispersal routes in the central part of the
investigated landscape (black arrows in Fig. 3c).

Discussion

Restoring existing corridors or creating new
movement pathways

Conservationists and practitioners urgently need reli-
able methods to identify priority areas for habitat
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conservation and/or restoration that can guarantee the
long-term maintenance of functional connectivity.
Indeed, managing for connectivity conservation is
arduous without the support of maps to guide inter-
ventions (Beier et al. 2011). Mapping the degree of
landscape permeability (or resistance) to animal
dispersal flows, and focusing on the restoration of
existing corridors through the implementation of
appropriate actions along their extension, is usually
proposed as a major option for enhancing connectivity
in fragmented landscapes (Watson et al. 2017).

This study was aimed to assess if it may be actually
more efficient, in terms of connectivity gains, to
concentrate management efforts along existing corri-
dors or, on the contrary, to focus on new strategic areas
that provide new dispersal pathways in the landscape.
For this purpose, we simulated the implementation of
management actions in a case study to increase
connectivity for the Hazel Dormouse in an agroe-
cosystem in northern Italy.

European agroecosystems are one of the most
modified landscapes in the world because during the
period 1950-1990 the intensification and mechaniza-
tion of agriculture led to a radical structural change of
the agricultural landscape (Krebs et al. 1999; Weibull
et al. 2003). Many natural and semi-natural elements
typical of traditional agroecosystems, such as hedge-
rows, shelterbelts and small woodland patches, have
suffered large decreases in the more developed
countries (Burel and Baudry 1995). During the last
decades, there has been increasing awareness of the
need to conserve diversified landscapes that are
accompanied by increased degrees of connectivity.
This is reflected in the CAP in the European Union,
which provides financial assistance to farmers who
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Fig. 3 Least cost path density across the study area in the
original landscape (a) and after the implementation of the two
management strategies to increase connectivity for the Hazel
Dormouse: restoring existing corridors in strategy 1 (b) or

promote set-aside fields or introduce hedgerows or
small woodland patches on their farms (Paoletti et al.
1997; Berger et al. 2006). These are all concrete
management actions that can be adopted to restore
existing corridors or to create new dispersal pathways
to enhance landscape connectivity in our study area.
Specifically, new hedgerows plantation is a good
and realistic strategy to simulate new pathways
implementation. Indeed, from an ecological point of
view, the study area is a typical European agroecosys-
tem characterized by a high degree of forest fragmen-
tation where the plantation of new hedgerows could be
particularly effective to enhance landscape connec-
tivity due to their importance for wildlife (Dondina

implementing new paths in strategy 2 (c¢). Darker cells represent
the areas of dispersal flows concentration. Black arrows indicate
the two new principal dispersal pathways created after the
implementation of the management strategy 2

et al. 2016; Chiatante et al. 2017; Dondina et al. 2018).
Moreover, from a practical and economic point of
view, planting new hedgerows represents a plausible
and widely used action that would subtract a very
small area for crop production and could be supported
by specific financial contributions foreseen in the CAP
rural development actions (see the rural development
actions 2014-2020 for Lombardy region available at
http://www.psr.regione.lombardia.it).

Our analyses showed that the percentage increase in
habitat reachability (ECA) is much larger than the
percentage increase in habitat area resulting from both
strategies. This finding supports the effectiveness of
both corridor restoration and new hedgerow plantation
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to enhance landscape connectivity with a modest
management effort in these agricultural landscapes.

Moreover, we found that locating hedgerows in
new strategic areas is considerably more beneficial for
connectivity than restoring already existing corridors
(LCPs). This is because through the restoration of
LCPs identified in the original landscape (strategy 1),
we are further strengthening areas where animal
dispersal flows are likely to be already happening or
concentrated in the original landscape and that,
therefore, may be already well functional to support
species movements. This phenomenon can be
observed in Fig. 3, where the simulated landscape
corresponding to strategy 1 (Fig. 3b), even if shows
some new paths in the northern and north-eastern part
of the network, is generally characterized by areas of
dispersal flow concentration that basically follow the
original corridors showed in Fig. 3a. Conversely, by
locating new hedgerows in other strategic areas
(strategy 2), we are creating new main movement
pathways able to support additional dispersal flows
through different areas and, possibly, from or to other
habitat sources and destinations that were much more
isolated before. The new main dispersal pathways in
the simulated landscape obtained by implementing
strategy 2 are evident in the central and northern part
of the study area (Fig. 2c¢).

While strategy 1 further reinforced already existing
and relatively dominant corridors, increasing the
maximum LCP density in the study area up to 516,
strategy 2 resulted in the distribution of the connecting
role among a larger number of pathways (Fig. 3c),
with maximum LCP density increasing only up to 417,
which seemed to enhance the complementary and
functionality of the full set of landscape corridors.

In particular, promoting new pathways (strategy 2)
increased connectivity more than threefold compared
to concentrating restoration efforts only in the existing
corridors (strategy 1). The importance to create new
corridors in high resistance areas, rather than strength-
ening existing permeable corridors, was already
highlighted by McRae et al. (2012). By creating new
dispersal pathways, we increased the overall con-
nected area within the landscape and simultaneously
created alternative routes along which dispersal may
occur among nodes. This is crucial because individ-
uals seldom follow a single optimal route (Pinto and
Keitt 2009), and because redundant corridors ensure
the maintenance of connectivity even in the face of
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future landscape changes (McRae et al. 2008),
strengthening the effectiveness and resilience of the
ecological network.

Interestingly, new dispersal routes were only gen-
erated when we focused directly on strategy 2, but it
was not obvious that some new pathways could not
have been identified in strategy 1 also. Indeed, through
the strategy 1, we considered all LCPs between every
pairs of adjacent nodes, including those not belonging
to the original areas with high LCPs density. Thus,
theoretically, the strategy 1 could have had selected
the LPCs that, if restored, originated new valuable
movements routes, which did not happen possibly due
to multiple issues.

A first methodological issue relies on the procedure
to identify LCPs, adopted in strategy 1 only, which
only considers adjacent nodes. Indeed, if the connec-
tion of two non-adjacent nodes would lead to a
consistent increase of connectivity, they will be surely
associated to a high value of dIIC in strategy 2 (if they
fall within the 2000 m maximum distance consid-
ered), but not necessarily to a high value of dPC in
strategy 1. This is because the LCPs among adjacent
nodes, which, if joined, would connect the two
considered non-adjacent nodes, will not necessarily
be associated to high values of dPC when considered
separately.

Another issue relies on the simulation of the
complete restoration of a LCP by making the effective
distance along the LCP equal to its linear distance in
meters (i.e., assumed that it was all covered by
suitable habitat). LCPs have a much more tortuous
pattern compared to hypothetical direct links between
two nodes, since the more permeable areas, sur-
rounded by high resistance ones, often do not follow a
straight line between two nodes. It is thus clear that the
linear distance in meters along the LCPs will be in
some cases much greater than the Euclidean (straight-
line) distances between nodes. Considering a species
with a very low mobility, the probability that it moves
from one node to another crossing this long and
tortuous path can be low, as also noted in other context
by Pérez-Hernandez et al. (2015). Consequently,
LCPs with these characteristics will not be associated
to a high dPC value and will not be selected as priority
LCPs to be restored through strategy 1.

The LCPs associated to high dPC values are
probably those that are not so long (as measured by
the linear distance in meters), belong to areas of high
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LCPs density in the original landscape, and still have
room for improving their conditions for conducting
additional species movements. Conversely, strategy 2
does not consider the movement probability of the
species among nodes, but just the possibility of some
movement being possible or not, regardless both their
Euclidean and effective distance. Therefore, strategy 2
does not rely on the longer and more tortuous
pathways in these heterogeneous landscapes but
highlights the most feasible and direct way of building
hedgerow linkages between two nodes, which often
involves the prioritization of new movement
pathways.

Applicability of analytical results to management

The comparative analysis revealed that, in our case,
the best strategy to enhance landscape connectivity is
implementing new movement pathways rather than
further improving existing corridors. The simulated
implementation of new pathways is feasible in our
case study, and comparable in the potential resources
required to the restoration of existing corridors, as the
effort for new hedgerows plantation is generally
moderate and economically sustained by financial
contributions foreseen in the CAP.

If we would increment landscape connectivity for
species with a larger size compared to the Hazel
Dormouse, we should certainly consider more intense
management actions to simulate the implementation
of new pathways, since such species is likely to have
wider spatial requirements and to require wider
corridors than just hedgerow networks to promote
their movement. In this case, when comparing this
strategy with the traditional restoration of existing
corridors, we should also consider the feasibility and
the higher economic cost of the simulated actions
(Torrubia et al. 2014; Correa Ayram et al. 2016).

Generally, in these cases, increasing habitat quality
along paths already characterized by a low resistance
may be a more realistic and cheaper strategy than
locating new habitat in new strategic areas to imple-
ment an equal number of new movement pathways
(Hobbs et al. 2009; Pardini et al. 2010). However, it
may be still the case that restoring existing corridors
has a much smaller effect in increasing connectivity
respect to creating new movement pathways. In this
case, the conversion to suitable habitat of small and
few priority areas in the landscape could have a greater

effect than restoring a higher number of existing low-
resistance routes.

Our results highlighted that it is crucial to develop
and apply analytical methods to compare the effec-
tiveness of all the plausible and applicable manage-
ment strategies in increasing connectivity within a
considered landscape (Bottrill et al. 2008; Chazdon
2008; Menz et al. 2013; Gippoliti and Battisti 2017).
Indeed, as shown by our findings, the implementation
of different management strategies could have a very
different potential effect on the degree of ecological
connectivity for a given landscape.

In this context, it must also be considered that
restoring existing corridors or creating new dispersal
pathways should not be necessary considered as
competing strategies. In environmental plans aimed
to enhancing connectivity in fragmented landscapes,
where the practical feasibility and costs associated
with each management strategy should be certainly
considered, a good approach could be the integration
of the two strategies. For instance, to enhance
connectivity for species with a larger size compared
to the Hazel Dormouse, an efficient management
strategy could be identifying which nodes will provide
a higher gain of connectivity if they were connected,
using a binary model and disregarding existing
corridors in the phase of paths prioritization (strategy
2), and then, where possible, enhancing habitat quality
along existing LCPs between the identified pairs of
priority nodes. In fact, from a practical point of view,
creating new corridors requires generally more efforts
and is likely more expensive than restoring existing
ones. Developing management actions along existing
corridors has indeed several advantages, such as
restoring areas already set aside from agricultural
production and where natural or semi-natural vegeta-
tion elements, even if discontinuous, represent a basic
infrastructure for a corridor.

Conclusions and implications

This study has demonstrated, through an illustrative
case study, that it is possible to go beyond the usual
approach of just identifying the areas that currently
best support connectivity, and of prioritizing those that
already exist in the landscape, to include a broader
array of management options including the identifica-
tion and prioritization of new complementary
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pathways that may be more efficient in reinforcing
functional connectivity in fragmented landscapes.

We considered a real landscape and concretely
simulated alternative management strategies by
proposing specific actions and by evaluating how they
would affect landscape connectivity. The maps repre-
senting the simulated management actions were
designed realistically, as regards both to the number
of interventions and to their size and position within
the landscape. This way, our results allowed high-
lighting that, to considerably enhance connectivity for
the Hazel Dormouse in an agroecosystem, it may be
sufficient to deploy a relatively modest number of
hedgerows in new strategic areas, not necessarily
corresponding to already existing corridors, adding a
comparatively small amount of new suitable habitat to
the original landscape.

This study contributed with information about the
effectiveness of different management strategies pro-
viding insights that could have important implications
concerning the conservation of species sensitive to
fragmentation in highly modified agroecosystems. In
addition, the procedure concerning the identification
of strategic areas and priority actions can be easily
integrated in landscape management plans for the
conservation not only of the Hazel Dormouse but also
of other mammals with similar ecological require-
ments (e.g., Red Squirrels Sciurus vulgaris, Mortelliti
et al. 2009).

The approach proposed in this study, from the
simulation of management strategies’ implementation
to the final maps of priority actions, may also be
applied to other species that are sensitive to fragmen-
tation in other geographical contexts, and for which
habitat connectivity may be an important concern for
their conservation in highly modified landscapes.
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