
Chapter 6

Biological Corridors

6.1 Introduction
As we have pointed out in previous chapters, landscape fragmentation is an
important cause of biodiversity loss. This fragmentation is mainly due to urban-
ization, agriculture and forestry. It prevents species from moving as they should
because they would have to cross often inhospitable zones. These zones may, for
example, lack food resources or may host many predators. The viability of the
species concerned by this fragmentation then depends strongly on how the frag-
ments can be connected. This connectivity between habitat zones within a landscape
has become an essential element for biodiversity conservation. One of the options
commonly used to establish – or restore – this connectivity is the establishment of
corridors. Thus, the “trame verte et bleue” is a key measure of the Grenelle Envi-
ronnement (set of political meetings organised in France in 2007 concerning actions
to be undertaken in favour of the environment and in particular biodiversity) aimed
at halting the decline of biodiversity through the preservation and restoration of
ecological continuities or biological corridors. In the biological conservation litera-
ture, corridors have multiple definitions – and functions. They are natural spaces,
generally linear, i.e., longer than wide, allowing species to move through a frag-
mented set of zones that are natural habitats for them. These are therefore routes
used by species to move, reproduce, flee, migrate, etc. They are highly dependent on
the species of interest. They do not necessarily imply the notion of contiguous
spaces. In other words, some routes can be easily used by some species – and thus be
considered as corridors for these species – but not by others. For example, it will be
difficult for some species to overcome obstacles such as transport infrastructure or
zones treated with pesticides, which will not be the case for species capable of flying.
However, it should be noted that the latter may face hunting when they move from
one protected site to another. Another example is lighting, which can be a real
obstacle, but only for certain nocturnal species (black corridors). The fact that
species can move between the different zones without too many difficulties is an
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essential element for their survival. Indeed, these corridors allow, for example, the
increase in population sizes, the resettlement of certain species in certain zones, the
maintenance of genetic diversity, the access to different habitats and the increase in
places for food. Corridors can also be used as a refuge for species when their usual
habitat zones are threatened. In addition, some authors have also highlighted the
value of corridors in the context of climate change, since it will force many species to
migrate in order to conserve favourable habitats. The creation – or restoration – of
these corridors is, therefore, one of the major strategies for protecting species
threatened by habitat fragmentation. These corridors must themselves be zones
favourable to the life of the species concerned, to enable them to feed, rest and
protect themselves from predators during their movements. They can be of very
different form and nature. Some studies clearly distinguish between habitat and
travel functions in the characteristics of a corridor. Corridors or fractions of corri-
dors can exist naturally. This is the case, for example, for agricultural hedges,
riversides or old railway lines. They can be implemented through the protection of
certain zones of the landscape. They may also include completely artificial elements
such as wildlife crossings built above or below transport infrastructure. To fulfil their
functions, these corridors must be made up of zones that benefit from some pro-
tection. It should be noted that the fact that biodiversity reservoirs are linked by a
network of corridors may have certain disadvantages. Indeed, this network facilitates
the movement between the reservoirs and is also an entry point to these reservoirs. It
can therefore facilitate the spread of diseases, parasites, invasive species and
predators from one reservoir to another, but also facilitate their introduction into
the reservoirs. In addition, these corridors, which are often very long, are more
difficult to control than reservoirs, which are generally more compact zones. This
control concerns the threats we have just mentioned, but also, for example, hunting,
poaching, and tourism. Also because of the ease of movement provided by the
corridors, wildlife species that are present in reservoirs can become pests in other
habitats such as agricultural or livestock zones. These species can also transmit
diseases to non-wild species such as livestock and vice versa. It should also be noted
that efforts to maintain the effectiveness of a corridor network consume significant
human and financial resources. These could possibly be better used to protect other
habitat zones, for example zones where the ratio expressing the area of the zone,
divided by the length of its edge, is more important (see chapter 4). Finally, if the
corridors are not well designed, they can present a high risk of mortality for the
species that use them and thus contribute to their extinction. This mortality risk can
come from predators encountered during the use of these corridors or from accidents
occurring in crossing dangerous zones such as roads. It should be noted that the
movements of certain species in certain corridors can take several years and even
several generations. The reader can consult the many references cited at the end of
this chapter for an in-depth discussion on corridor design and evaluation, a careful
examination of the balance between ecological benefits and economic costs associ-
ated with maintaining or implementing corridors, and a presentation of the software
available to assist in the design of these corridors. In this chapter, we present two
optimization problems that we believe are representative of the design of a new
corridor network or the restoration of an existing corridor network.
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6.2 Least Cost Design of Corridor Networks

6.2.1 The Problem

We are interested in a landscape with a set of well-identified biodiversity reservoirs
BR1;BR2;:::;BRN . These reservoirs are protected zones that provide habitat for a
given set of species. To simplify the presentation, it is assumed here that any route
that can be considered as a corridor for one of the species concerned can also be
considered as a corridor for all the species concerned. Each reservoir is in one piece,
meaning that all the species considered can fully traverse it without leaving it. In
other words, these reservoirs can be considered as connected reserves (see chapter 3).
Outside these reservoirs, the landscape has two types of zones to consider: zones
already protected and providing habitat favourable to the species under consider-
ation, and unprotected zones that can become protected zones and provide habitat
favourable to the species under consideration.

Both types of zones can, therefore, contribute to the constitution of corridors. The
second type corresponds either to completely new zones – from the protection point of
view – or to old zones to be restored. A cost is associated with this second type of
zones (figure 6.1). This cost can cover many aspects: monetary costs (rental or
acquisition, possible restoration, management of the zones), ecological costs (travel
facilities for species through the zone, mortality risk, distance travelled) and also social
costs (negative or positive social impact generated by the selection of the zone to
constitute a corridor). The consideration of monetary costs is obviously a key issue
since financial resources are of course limited. In the following, we consider that the
cost associated with the first type of zones is zero, but it would be very easy to
consider a non-zero cost corresponding, for example, to the management of the zone.

The aim is to determine type 2 zones to be protected in order to connect,
possibly using type 1 zones, all the biodiversity reservoirs. Two reservoirs are said to
be connected if the species can move from one to the other only through either type
1 zones, type 2 zones that have been decided to be protected, or through one of the
reservoirs. The selected type 2 zones, possibly with the addition of type 1 zones, form
a network of corridors that link all the reservoirs. The problem we are studying here
is to build this network of corridors at the lowest cost (figure 6.2). To simplify the
presentation of the general problem of developing a network of corridors linking a set
of biodiversity reservoirs, it is considered that the landscape is represented by a grid
of nr� nc square and identical zones. Each zone of this landscape is denoted by zij
where i denotes its row index and j, its column index. This landscape includes
N biodiversity reservoirs, BR1;BR2;:::;BRN , each reservoir being formed by a con-
nected subset of zones. These reservoirs are disjoint. It should be noted that the
method we are going to propose would easily adapt to any other set of zones and
reservoirs. As mentioned above, some of the zones that do not belong to the
reservoirs are already protected and can provide habitat favourable to the species
under consideration, while others can be protected and possibly restored to also
provide habitat favourable to the species under consideration. The cost of protecting
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zone zij is denoted by cij. In the case where zij is an already protected zone – not part
of a reservoir – and provides habitat favourable to the species under consideration,
this cost is zero. There are also zones in the considered landscape that, for different
reasons, cannot be protected and, therefore, cannot contribute to the development
of corridors (figure 6.3).
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FIG. 6.1 – A hypothetical landscape with 3 biodiversity reservoirs, BR1, BR2, and BR3, an
already protected zone, z1, which provides habitat favourable to the species under consider-
ation, and 4 zones, z2, z3, z4, and z5, which can be protected and thus provide habitat
favourable to the species under consideration, after possible restoration, with the associated
costs indicated in brackets.
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FIG. 6.2 – Zones z1, z2, z4, and z5 were selected. The corresponding cost is 18. The corridor
connecting BR1 to BR2 consists of z2, BR3, z4, z1, and z5, the corridor connecting BR1 to BR3

consists of the single zone z2, and the corridor connecting BR2 to BR3 consists of z5, z1, and z4.
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The problem is to determine the zones to be protected, and possibly restored, in
order to connect all the reservoirs at the lowest cost. Two reservoirs BRi and BRj are
considered to be connected if it is possible, for the species under consideration, to
move from BRi to BRj only through protected zones or zones belonging to a
reservoir, and gradually moving from one zone to an adjacent one. Two zones are
considered as adjacent if they share a common side. Figure 6.4 shows two different
corridor networks to connect the 4 biodiversity reservoirs in figure 6.3.

BR1     BR2     
       
       
          
BR4        

       
       

      BR3       

FIG. 6.3 – A hypothetical landscape represented by a grid of 10� 10 square and identical
zones. It includes 4 biodiversity reservoirs, BR1, BR2, BR3, and BR4, and 6 already protected
zones that can contribute to the development of a corridor for the species under consideration,
z26, z36, z46, z69, z6,10, and z75. The cost of protecting each zone – not yet protected – is equal
to one unit; the cost associated with already protected zones is equal to 0; and finally, zones
z41, z88, z89, z10,2, z10,3, and z10,4 cannot contribute to the development of a corridor.
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FIG. 6.4 – (a) The 12 black zones form a network of corridors linking the 4 biodiversity
reservoirs BR1, BR2, BR3, and BR4. The associated cost is equal to 10 since, among these 12
zones, 2 were already protected. The length of the corridor connecting BR3 and BR4 is equal
to 18. (b) The 13 black zones form a network of corridors linking the 4 reservoirs. The
associated cost is 11 since, among these 13 zones, 2 were already protected. The length of the
corridor connecting BR3 and BR4 is equal to 6.
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The problem of connecting biodiversity reservoirs through a network of corridors
has similarities to the problem of designing a connected reserve discussed in
chapter 3. In both cases, the ultimate goal is to obtain a connected set of zones, i.e.,
a set of zones in which species can move without leaving it. In chapter 3, the set of
zones to be protected is determined in such a way as to ensure the best possible
survival of certain species, taking into account protection costs. In this chapter, the
set of zones to be protected is chosen in such a way as to link a set of already
protected zones, at the lowest cost, and possibly taking into account certain con-
straints. Expressed in terms of graphs, both problems consist in determining, in a
given graph, a subset of vertices inducing a connected sub-graph that checks certain
constraints and takes into account certain costs.

6.2.2 Graph Optimization Formulation

Let us now look at how to state the problem as a graph optimization problem (see
appendix at the end of the book). Let us associate to the grid of the nr� nc zones a
graph, G ¼ ðZ ;U Þ, where the set of vertices, Z, corresponds to the pairs of indices
associated with a zone and where ðði; jÞ; ðk; lÞÞ is an arc of U if and only if zones zij
and zkl are adjacent – share a common side. For each biodiversity reservoir BRk, let
us choose one of its zones to represent it and denote by ziðkÞ;jðkÞ this zone.
The problem can be formulated as follows: determine a partial sub-graph of
G ¼ ðZ ;U Þ, G 0 ¼ ðẐ ;AÞ, checking the following properties: all the vertices associ-
ated with a zone representing a reservoir belong to Ẑ and, for all r 2 f1;:::;N � 1g,
there is in this graph a path from the vertex associated with the zone representing
reservoir BRr to the vertex associated with the zone representing reservoir BRN.
This problem is similar to the Steiner tree problem which, in a general way, can be
expressed as follows: given a graph whose edges are assigned with a weight, and a
subset S of vertices of this graph, find a subset of edges of minimal weight that
induces a connected sub-graph containing all the vertices of S (see appendix at the
end of the book).

6.2.3 Mathematical Programming Formulation

We give below a flow type formulation of this problem (see appendix at the end of
the book). Let /ijkl be the Boolean variable which is equal to 1 if and only if at least
one of the N−1 paths, from the vertex representing reservoir BRr, r = 1,…, N−1, to
the vertex representing reservoir BRN, follows the arc ðði; jÞ; ðk; lÞÞ and let lrijkl be the
Boolean variable which is equal to 1 if and only if, among these paths, the one from
BRr to BRN follows the arc ðði; jÞ; ðk; lÞÞ. Denote by Adjij the set of index pairs
associated with the zones adjacent to zone zij and define constant dr

ij , ði; jÞ 2 Z ,
r ¼ 1;:::;N � 1, as follows: dr

ij ¼ 1 if zone zij represents reservoir BRr, dr
ij ¼ �1 if

zone zij represents reservoir BRN, and dr
ij ¼ 0 in all the other cases. The problem can

then be formulated as the 0–1 linear program P6.1.
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P6:1 :

min
P

ði;jÞ 2Z
cij

P
ðk;lÞ 2Adjij

/ijkl

s.t:

/ijkl � lrijkl ðði; jÞ; ðk; lÞÞ 2 U ; r ¼ 1;. . .;N � 1 ð6:1:1Þ
P

ðk;lÞ2Adjij

lrijkl �
P

ðk;lÞ2Adjij

lrklij ¼ dr
ij ði; jÞ 2 Z ; r ¼ 1;. . .;N � 1 ð6:1:2Þ

/ijkl 2 0; 1f g ðði; jÞ; ðk; lÞÞ 2 U ð6:1:3Þ
lrijkl 2 0; 1f g ðði; jÞ; ðk; lÞÞ 2 U ; r ¼ 1;. . .;N � 1 ð6:1:4Þ

�������������

8>>>>>>>>>>><
>>>>>>>>>>>:

In this formulation cij = 0 if zone zij is already protected or belongs to a reser-
voir. We give below some indications to justify the formulation P6.1. First of all, it
can be shown that the optimal solution to the problem has a tree structure. More
precisely, the selected arcs, i.e., the arcs ((i, j), (k, l)) such that /ijkl ¼ 1 and the
corresponding vertices satisfy the following property: any vertex (i, j) selected and
different from the vertex (i(N), j(N)) is the initial end of one and only one selected
arc. Thus

P
ðk;lÞ 2Adjij

/ijkl ¼ 1 for any vertex (i, j) selected and different from (i(N),

j(N)), and
P

ðk;lÞ 2Adjij
/ijkl ¼ 0 for any vertex (i, j) not selected or when (i, j) =

(i(N), j(N)). We deduce from this that the vertex (i, j), different from (i(N), j(N)), is
selected if and only if

P
ðk;lÞ 2Adjij

/ijkl ¼ 1. It should also be noted that, for all

r 2 1;:::;N � 1, any vertex (i, j) is the initial end of at most one arc of the path from
the vertex representing reservoir BRr to the vertex representing reservoir BRN, and
also the terminal end of at most one arc of the same path. Thus, for any vertex (i, j),P

ðk;lÞ2Adjij
lrijkl � 1 and

P
ðk;lÞ2Adjij l

r
klij � 1. Constraints 6.1.1 force variable /ijkl to

take the value 1 if at least one of variables lrijkl , r ¼ 1;:::;N � 1, takes the value 1.
Consider constraints 6.1.2 for the 3 types of zones. If zone zij represents reservoir
BRN – dr

ij ¼ �1 for all r 2 1;:::;N � 1 – these constraints express, taking into
account the above remarks, that for all r 2 1;:::;N � 1,

P
ðk;lÞ2Adjij l

r
klij ¼ 1 andP

ðk;lÞ2Adjij
lrijkl ¼ 0. If zone zij represents reservoir BRr, – dr

ij ¼ 1 – these constraints

express that for all ði; jÞ 2 Z and for all r 2 1;:::;N � 1 such that zij represents
reservoir BRr,

P
ðk;lÞ2Aij

lrklij ¼ 0 and
P

ðk;lÞ2Aij
lrijkl ¼ 1. Finally, if zone zij does not

represent any of reservoirs – dr
ij ¼ 0 for all r 2 1;:::;N � 1 – these constraints express

that, for all ði; jÞ 2 Z and for all r 2 1;:::;N � 1, if (i, j) is the terminal end of an arc
of the path from the vertex representing reservoir BRr to the vertex representing
reservoir BRN, then (i, j) is also the initial end of an arc of the same path.

This type of formulation has been used to define a network of corridors suitable
for grizzly bear movement in the northern Rocky Mountains of the United States.
A disadvantage of this formulation is that the lengths of the corridors connecting
two reservoirs cannot be controlled in the searched solution except for the pairs of
reservoirs ðBRr ;BRN Þ, r ¼ 1;:::;N � 1. In this case, it is sufficient to add
the constraint

P
ði;j;k;lÞ2Ir ;N lrijkl �LrN

max, where Ir;N ¼ fðði; jÞ; ðk; lÞÞ 2 U ; zij 62
BRr [BRNg and LrN

max indicates the maximal authorised length for the corridor
connecting BRr to BRN. In other words, Ir,N refers to the set of arcs for which the
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zone associated with their initial end does not belong to either reservoir BRr or
reservoir BRN.

We propose below a slightly different formulation of the corridor design problem
that does not have this disadvantage. We keep variables lrijkl with their same
meaning and replace variables /ijkl by variables xij that are equal to 1 if and only if at
least one of the N−1 paths from, BRr, r = 1,…, N−1, to BRN passes through the
vertex ði; jÞ. The result is program P6.2, which has fewer variables and fewer con-
straints than P6.1, and allows a limit to be imposed on the length of the corridor
connecting any two reservoirs.

P6:2 :

min
P

ði;jÞ2Z
cijxij

s.t:

xij �
P

ðk;lÞ2Adjij
lrijkl ði; jÞ 2 Z ; r ¼ 1;. . .;N � 1 ð6:2:1Þ

P
ðk;lÞ2Adjij

lrijkl �
P

ðk;lÞ2Adjij
lrklij ¼ dr

ij ði; jÞ 2 Z ; r ¼ 1;. . .;N � 1 ð6:2:2Þ

xij 2 f0; 1g ði; jÞ 2 Z ð6:2:3Þ
lrijkl 2 f0; 1g ðði; jÞ; ðk; lÞÞ 2 U ; r ¼ 1;. . .;N � 1 ð6:2:4Þ

�������������

8>>>>>>>>>>><
>>>>>>>>>>>:

Constraints 6.2.1 express that, if at least one of the N−1 paths from the vertex
representing reservoir BRr to the vertex representing reservoir BRN passes through
an arc of initial end (i, j), then zone zij is retained. Constraints 6.2.2 are identical to
constraints 6.1.2.

As in the previous formulation, a constraint can be introduced limiting the
length of the corridor connecting BRr and BRN. To limit to Lst

max the length of the
corridor connecting any two reservoirs, BRs and BRt, a new Boolean variable wst

ijkl is
defined, which is equal to 1 if and only the path from the vertex representing BRs to
the vertex representing BRt follows the arc ðði; jÞ; ðk; lÞÞ and the set of constraints
C6.1 is added where dstij ¼ 1 if zij represents BRs, d

st
ij ¼ �1 if zij represents BRt, and

dstij ¼ 0 in the other cases.

C6:1 :

P
ðði;jÞ;ðk;lÞÞ2U ;zij 62BRs [BRt

wst
ijkl �Lst

max

xij �
P

ðk;lÞ2Adjij
wst
ijkl ði; jÞ 2 Z

P
ðk;lÞ2Adjij

wst
ijkl �

P
ðk;lÞ2Adjij

wst
klij ¼ dstij ði; jÞ 2 Z

8>>>>><
>>>>>:

6.2.4 Example

The hypothetical landscape studied is represented by a grid of 20� 20 square and
identical zones and includes 7 biodiversity reservoirs, BR1, BR2,…, BR7. Among the
zones that do not belong to the reservoirs, some are already protected and provide
habitat favourable to the species under consideration, others can be protected and
possibly restored to also provide habitat favourable to the species under
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FIG. 6.5 – A hypothetical landscape represented by a grid of 20� 20 square and identical
zones. It includes 7 biodiversity reservoirs, BR1, BR2, BR3 BR4, BR5, BR6, and BR7, and 11
zones already protected and providing habitat favourable to the species concerned, z45,
z6,15, z73, z74, z9,17, z9,18, z11,8, z15,10, z19,13, and z20,13. The cost associated with the not already
protected zones is equal to one unit and the cost associated with the already protected zones is
equal to 0. Finally, zones z18, z19, z1,10, z4,11, z4,12, z13,18, z14,18, z15,1, z15,2, z16,1, z16,2, z16,7,
z16,8, z17,7, and z17,8 cannot be protected.

FIG. 6.6 – Optimal solution associated with the instance of figure 6.5. The corridors are
shown in black. The protection and possible restoration of a total of 28 zones allows all the
reservoirs to be connected. The cost associated with each black zone is equal to 1 except for
the zones that were already protected. For these zones, the cost is 0 and is shown in the figure.
The total cost of the corridor network is equal to 25 units. The length of the corridor con-
necting BR4 and BR5 is equal to 18.
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FIG. 6.7 – Optimal solution associated with the instance described in figure 6.5 when the
length of the corridor connecting reservoirs BR4 and BR5 is required to be less than or equal to
9. The cost of this solution is equal to 26 units. The zones constituting the corridor linking
BR4 and BR5 are marked with a cross. The length of this corridor is equal to 5.

FIG. 6.8 – Optimal solution associated with the instance described in figure 6.5 when the length
of the corridor connecting reservoirs BR4 and BR5 is required to be less than or equal to 9, and
the length of the corridor connecting reservoirs BR6 and BR7 is required to be less than or equal
to 11. The cost of this solution is equal to 30 units. The zones constituting the corridors
connecting BR4 to BR5 and BR6 to BR7 are marked with a cross. The corresponding lengths are
6 and 9, respectively. On the other hand, the length of the corridor connecting reservoirs BR5

and BR7 increases significantly, compared to the previous solution, from 4 to 28.
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consideration. In addition, some zones cannot be protected and will, therefore, not
be able to contribute to the constitution of corridors (figure 6.5).

Figure 6.6 shows the low-cost corridor network linking the 7 reservoirs.
Figure 6.7 shows the least-cost network when the length of the corridor connecting
BR4 and BR5 is limited to 9 and figure 6.8 presents the least-cost network when, in
addition, the length of the corridor connecting BR6 and BR7 is limited to 11.

6.3 Optimizing the Permeability of an Existing Corridor
Network Under a Budgetary Constraint

6.3.1 The Problem

This problem consists in improving and/or restoring an existing network of corridors
with the best cost-effectiveness ratio. In other words, there is a certain budget
available to carry out developments to improve the permeability of the network and
the aim is to carry out these developments in such a way as to increase this per-
meability as much as possible, while respecting the financial constraint. Some
authors have considered this type of problem but have proposed – approximate –

resolutions based on simulation methods. We present here an – exact – resolution
based on mixed-integer linear programming. We consider a network of corridors and
a set of species all having the same behaviour in this network. The network is
represented by a graph, G ¼ ðBR;C Þ, where BR is the set of indices associated with
the set of the N biodiversity reservoirs, BR1, BR2,…, BRN, corresponding to habi-
tats favourable to the species under consideration, and where C is the set of arcs. For
any couple, ði; jÞ 2 f1;:::;Ng2; i 6¼ j, (i, j) is an arc of the graph if there is a corridor
between BRi and BRj. Note that G ¼ ðBR;C Þ is a symmetric graph. For various
reasons – road and rail infrastructure, urbanization, agriculture, etc. – the condition
of these corridors is more or less deteriorated. The problem is to restore this network
of corridors as efficiently as possible, i.e., to optimize its permeability, under a
budgetary constraint. This permeability is measured by the mathematical expec-
tation of the distance travelled in the network by the species under consideration. It
is assumed that when an animal is in reservoir BRi, it randomly and equiprobably
chooses one of the corridors leading to this reservoir – and thus also leaving this
reservoir. It thus chooses the corridor [BRi, BRj] with the probability 1=di where di
indicates the degree of the vertex associated with reservoir BRi, and then tries,
eventually, to use this corridor. A certain probability is associated with this possi-
bility. If it decides to use the corridor, it is assumed that it succeeds in reaching the
other end, i.e., reservoir BRj, also with a certain probability and that it does not
succeed in reaching it, being killed beforehand, with the complementary probability.
Restoring a corridor [BRi, BRj] increases the last two probabilities – trying to follow
the corridor and succeeding in its course. The more resources are devoted to
restoration, the higher the values of these probabilities. For a given corridor, several
levels of investment are possible. The set of these levels, for the corridor connecting
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reservoirs BRi and BRj, is designated by Hij ¼ f0; 1;:::; hijg with hij = hji. It is
assumed that for each corridor, the possible values of the different probabilities
mentioned above and the associated costs are known. The level 0 investment consists
in doing nothing – the corridor remains in its current state – and costs 0. Denote by
r1ijh; ði; jÞ 2 C ; h 2 Hij , the probability for an animal, located in BRi, to try to use the
corridor [BRi, BRj] if level h investment is made in this corridor and
r2ijh; ði; jÞ 2 C ; h 2 Hij , the probability, having chosen to use the corridor, to reach

BRj. These probabilities are not necessarily symmetric. Thus, probability r1ijh may be

different fromprobability r1jih and probability r
2
ijh maybe different fromprobability r2jih.

6.3.2 Associated Markov Chain

With the corridor network is associated a Markov chain (see appendix at the end of
the book) whose set of states is made up of N transient states corresponding to the
N reservoirs and a (N + 1)th, absorbing, state corresponding to the death of the
animal. These states are denoted by 1, 2,…, N, N + 1. We denote by prij,
i ¼ 1;:::;N þ 1; j ¼ 1;:::;N þ 1, the transition probability from state i to state j. The
probability prN+1,N+1 is equal to 1 and, for all j 2 f1;:::;Ng, the probability prN+1,j

is equal to 0. The probability prij, i ¼ 1;:::;N ; j ¼ 1;:::;N , corresponds to the
probability that an animal present in reservoir BRi at time t is present in reservoir
BRj at time t + 1. Note that the probability prii, i = 1,…, N, is to be considered. It
corresponds to the fact that an animal, present in reservoir BRi at time t, can give up
using one of the corridors leaving BRi and thus be again in BRi at time t + 1. The
probability pri;N þ 1, i ¼ 1;:::;N , corresponds to the probability that an animal in
reservoir BRi at time t is dead at time t + 1. It is assumed that at the initial moment
there is an animal in each of the N transient states, i.e., in each of the reservoirs. The
duration of a transition will depend on the context of the study and in particular on
the type of corridor networks and the type of species considered.

Let us consider the transition probability matrix, P ¼ Z D
0 1

� �
, Z corresponding

to the transition probabilities between transient states and D, to the transition
probabilities from transient states to the absorbing state. Let us denote by N the
N � N –matrix whose general term, nij , represents the expected number of passages
through transient state j for an animal starting from transient state i, before being
absorbed, i.e., before being in the state N + 1. According to Markov’s chain theory,
N ¼ ðI � ZÞ�1 where I denotes the N �N identity matrix. Let wi ¼

PN
j¼1 nji,

i ¼ 1;:::;N . The quantity wi thus represents the expected total number of passages
through state i, before being absorbed. We deduce that the expected total number of
routes in the corridor [BRi, BRj], from BRi to BRj, is equal to wiprij. We can show
that the only solution of the system of equations wi �

PN
j¼1 wjprji ¼ 1, i ¼ 1;:::;N , in

which the quantities wi, i = 1,…, N, are the unknowns, checks wi ¼
PN

j¼1 nji.
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6.3.3 Mathematical Programming Formulation

The problem of choosing the investments to be made in each corridor in order to
maximize the expected value of the total distance travelled by N animals, one animal
being initially located in each of the N reservoirs, can therefore be formulated as the
mathematical program P6.3.

P6.3 :

max
P

ði;jÞ2C ; i\j
lijðwiprij þwjprjiÞ

s.t:
wi �

PN
j¼1

wjprji ¼ 1 i ¼ 1;:::;N ð6:3:1Þ
P 2 ~P ð6:3:2Þ

������

8>>>><
>>>>:

where C ¼ fði; jÞ : ½BRi;BRj � is a corridorg, lij is the length of the corridor

½BRi;BRj �, wi is a real variable that represents the expression
PN

j¼1 nji and ~P is a set
of stochastic matrices, of dimension ðN þ 1Þ � ðN þ 1Þ, of general term prij and
admissible for the problem. It should be recalled that the set of possible investment
levels in the corridor ½BRi;BRj � is Hij ¼ f1; 2;:::; hijg with hij = hji. Let xijh,
ði; jÞ 2 C ; h 2 Hij , be the Boolean variable which is equal to 1 if and only if the level
h investment is made in the corridor ½BRi;BRj � and cijh, be the cost of this invest-
ment. This cost is defined for i < j. Remember that for all ði; jÞ 2 C ; i\j, cij0 = 0.
We put xijh = xjih. Let enij, ði; jÞ 2 C , be the positive or zero variable that represents
the expected total number of routes in the corridor ½BRi;BRj �, from BRi to BRj, i.e.,
the quantity wiprij. The problem considered can then be formulated as program P6.4.

P6:4 :

max
P

ði;jÞ2C ;i\j
lijðenij þ enjiÞ

s.t:

P
ði;jÞ2C ;i\j;h2Hij

cijhxijh �B ð6:4:1Þ
P

h2Hij

xijh ¼ 1 ði; jÞ 2 C ; i\j ð6:4:2Þ
enij ¼ wi

di

P
h2Hij

r1ijh r
2
ijh xijh ði; jÞ 2 C ð6:4:3Þ

wi
di

P
j:ði;jÞ2C ;h2Hij

r1ijh xijh

¼ 1þ P
j: ði;jÞ2C

enji i ¼ 1;. . .;N ð6:4:4Þ

xijh ¼ xjih ði; jÞ 2 C ; i\j; h 2 Hij ð6:4:5Þ
xijh 2 f0; 1g ði; jÞ 2 C ; h 2 Hij ð6:4:6Þ
wi � 0 i ¼ 1;. . .;N ð6:4:7Þ
enij � 0 ði; jÞ 2 C ð6:4:8Þ

��������������������������������

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

The economic function of P6.4 expresses the expected total distance travelled in
the corridors. Constraint 6.4.1 expresses the financial constraint. Constraints 6.4.2
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and 6.4.5 express that, for each corridor, only one level of investment must be
selected. Constraints 6.4.3 express the expected number of routes in the corridor
[BRi, BRj], from BRi to BRj. Constraints 6.4.4 reflect constraints 6.3.1. Indeed, these
last constraints can be written as wi ¼ 1þ P

j¼1;:::;N ;j 6¼i wjprji þwiprii or alterna-
tively wið1� priiÞ ¼ 1þ P

j¼1;:::;N ;j 6¼i enji. Let us express probability prii, i.e., the
probability, for an animal present at time t in reservoir BRi, of being present again in
this reservoir at time t + 1. This occurs when the animal chooses any corridor
leaving from BRi and renounces trying to travel that corridor. Remember that an
animal present in BRi chooses the corridor [BRi, BRj] with probability 1/di. More-
over, when it has chosen the corridor [BRi, BRj], it tries to use it with probability r1ijh
if level h investment has been made in this corridor. So we have prii ¼P

j:ði;jÞ2C ð1�P
h2Hij

r1ijhxijhÞ=di and constraints 6.3.1 can therefore be written

wið1�
P

j: ði;jÞ2C ð1�P
h2Hij

r1ijhxijhÞ=di Þ ¼ 1þ P
j¼1;:::;N ;j 6¼i enji or alternatively

wi
di

P
j:ði;jÞ2C ;h2Hij

r1ijh xijh ¼ 1þ P
j¼1;:::;N ;j 6¼i enji. P6.4 can be transformed into a

mixed-integer linear program by linearizing the quadratic expressions wixijh, which
are products of the real, non-negative variable wi by the Boolean variable xijh (see
appendix at the end of this book). To do this, we replace each product wixijh with
variable vijh and add the set of linear constraints C6.2 below to force vijh to be equal
to wixijh , ði; jÞ 2 C ; h 2 Hij .

C6:2 :

vijh �UBi xijh ði; jÞ 2 C ; h 2 HijP
h2Hij

vijh ¼ wi ði; jÞ 2 C

vijh � 0 ði; jÞ 2 C ; h 2 Hij

8><
>:

UBi is a constant greater than or equal to the optimal value of wi in program
P6.4. By examining successively the two possible values of xijh, while taking into
account constraints 6.4.2 and 6.4.5, we see that vijh ¼ wixijh if and only if the con-
straints of C6.2 are satisfied. Finally, the problem can be solved by program P6.5.

P6:5 :

max
P

ði;jÞ2C ; i\j
lij enij þ enji
� �

s.t:

ð6:4:1Þ; ð6:4:2Þ; ð6:4:5Þ; ð6:4:6Þ; ð6:4:7Þ; ð6:4:8Þ
enij ¼ 1

di

P
h2Hij

r1ijh r
2
ijh vijh ði; jÞ 2 C ð6:5:1Þ

1
di

P
j : ði; jÞ 2 C
h 2 Hij

r1ijh vijh ¼ 1þ P
j:ði;jÞ2C

enji i ¼ 1;:::;N ð6:5:2Þ

vijh �UBi xijh ði; jÞ 2 C ; h 2 Hij ð6:5:3Þ
P

h2Hij

vijh ¼ wi ði; jÞ 2 C ð6:5:4Þ

vijh � 0 ði; jÞ 2 C ; h 2 Hij ð6:5:5Þ

����������������������

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:
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6.3.4 Example 1

Consider the example described in figure 6.9 and table 6.1.
In this example, we assume that there are 4 possible types of restoration for each

corridor to reduce the barrier effect – reflected by the probabilities r1ijh and r1jih – and

mortality risk – reflected by the probabilities r2ijh and r2jih. Table 6.1 gives, for each

corridor ½BRi;BRj �, its length, lij , the probabilities r1ijh, r1jih , r2ijh, and r2jih, for h = 0, 1,
…, 4, and the associated costs, cijh, for h = 0, 1,…, 4. By definition, cij0 is equal to
0. In this example, the effects of the possible restorations for each corridor are not
symmetric, neither with regard to the barrier effect since r1ijh may be different from

r1jih, nor with regard to the mortality risk since r2ijh may be different from r2jih. Note

that, in this example, r1ijh , r
1
jih, r

2
ijh, r

2
jih, and cijh are increasing as a function of h.

The computational experiments were conducted with different values of the
available budget, B. The results are presented in table 6.2. Remember that, in this
example, the effects of corridor restoration are not symmetric, neither in terms of
barrier effect nor in terms of mortality risk. In order to obtain, among the equivalent
solutions of P6.5, a minimal cost solution, we subtract from the objective function
the quantity e

P
ði;jÞ2C ;i\j;h2Hij

cijhxijh, where e is a sufficiently small constant.

If no restoration is carried out in the corridors, the expected total distance
travelled is 60 km, and if the best possible restoration is carried out in view of the
pursued objective – which requires a budget of 133 units – this expected distance
becomes equal to 213 km. The results in table 6.2 show that, in some cases, it is not

FIG. 6.9 – A hypothetical network of corridors associated with 6 biodiversity reservoirs. The
corridors ½BR1;BR2�, ½BR1;BR3�, ½BR4;BR6�, and ½BR5;BR6� are long and narrow. Dwellings
are located near the corridors ½BR4;BR6� and ½BR5;BR6�. The corridors ½BR2;BR3� and
½BR4;BR5� are short and narrow. The corridors ½BR2;BR4�, ½BR3;BR4�, and ½BR3;BR5� are
relatively short and wide. These last 3 corridors are crossed by a main road and the corridors
½BR1;BR2� and ½BR1;BR3� are crossed by a small road.
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TAB. 6.1 – Each cell in columns 2 to 6 shows, for a corridor ½BRi;BRj � of the network in figure 6.9 and for a given value of the investment level
h 2 f0; 1; 2; 3; 4g, the probabilities r1ijh , r

1
jih , r

2
ijh , r

2
jih , and the associated costs, cijh , in this order. For example, in the cell located at the

intersection of row [3, 5] – associated with the corridor [BR3, BR5] – and column h = 3, r1353 ¼ 0:7, r1533 ¼ 0:7, r2353 ¼ 0:9, r2533 ¼ 0:8, and
c353 ¼ 12. The last column of the table shows the length of each corridor, lij , in kilometres. The total cost associated with the maximal
investments that can be made in each corridor is equal to 150.

[i, j] h = 0 h = 1 h = 2 h = 3 h = 4 lij
[1, 2] 0.2/0.2/0.7/0.7/0 0.5/0.6/0.8/0.8/3 0.7/0.8/0.9/0.9/8 0.8/0.8/0.9/0.9/11 0.9/0.9/0.8/0.9/15 10
[1, 3] 0.2/0.2/0.6/0.6/0 0.3/0.4/0.7/0.7/4 0.6/0.5/0.7/0.7/10 0.7/0.7/0.7/0.8/13 0.9/0.8/0.8/0.9/17 10
[2, 3] 0.2/0.2/0.5/0.5/0 0.5/0.6/0.6/0.6/2 0.5/0.7/0.7/0.6/7 0.7/0.8/0.7/0.7/11 0.8/0.9/0.8/0.9/17 2
[2, 4] 0.2/0.2/0.6/0.7/0 0.4/0.6/0.7/0.7/4 0.7/0.7/0.7/0.7/9 0.8/0.8/0.9/0.8/13 0.9/0.9/0.8/0.9/16 5
[3, 4] 0.2/0.2/0.6/0.6/0 0.4/0.4/0.6/0.6/3 0.7/0.7/0.8/0.6/8 0.8/0.8/0.8/0.8/15 0.9/0.9/0.8/0.9/19 6
[3, 5] 0.2/0.3/0.5/0.7/0 0.4/0.5/0.6/0.7/5 0.6/0.7/0.8/0.7/9 0.7/0.7/0.9/0.8/12 0.9/0.9/0.8/0.9/18 5
[4, 5] 0.2/0.2/0.7/0.7/0 0.4/0.4/0.7/0.7/2 0.5/0.5/0.8/0.7/6 0.8/0.8/0.8/0.8/11 0.9/0.9/0.9/0.9/16 2
[4, 6] 0.2/0.3/0.7/0.5/0 0.5/0.5/0.7/0.7/4 0.7/0.7/0.7/0.7/9 0.8/0.8/0.7/0.7/12 0.9/0.9/0.7/0.9/15 7
[5, 6] 0.2/0.2/0.6/0.6/0 0.5/0.5/0.7/0.7/5 0.7/0.8/0.8/0.8/10 0.8/0.8/0.9/0.8/13 0.9/0.9/0.8/0.9/17 7
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TAB. 6.2 – Results obtained, by solving program P6.5, for the example
described in figure 6.9 and table 6.1.

B Expected total
distance travelled

(km)

Actual
cost

enij þ enji
� �

CPU
time
(s)

Min Av Max

0 60 0 0.86 1.06 1.37 0.0
30 147 29 0.74 2.03 5.54 0.1
60 181 60 0.70 2.65 5.18 0.2
90 203 87 0.64 3.11 4.81 0.2
120 211 117 0.79 3.63 4.29 0.1
150 213 133 3.21 4.94 4.43 0.1

TAB. 6.3 – Detailed results corresponding to the optimal solution of the example described in
figure 6.9 and table 6.1 for a budget of 90 units.

 1 2 3 4 5 6   1 2 3 4 5 6 

1  11 17     1  0.8/0.9 0.9/0.8    
2   0 0    2 0.8/0.9  0.2/0.5 0.2/0.6   

3    19 12   3 0.8/0.9 0.2/0.5  0.9/0.8 0.7/0.9  

4     0 15  4  0.2/0.7 0.9/0.9  0.2/0.7 0.9/0.7 
5      13  5   0.7/0.8 0.2/0.7  0.8/0.9 

6        6    0.9/0.9 0.8/0.8  

 (a) ijhc , amount of investment  

in each corridor - a total of 87 units. 

  (b) 1 2/ijh ijhr r , probabilities associated with  

barrier effect, 
1
ijhr , and mortality risk, 

2
ijhr . 

 1 2 3 4 5 6 7   1 2 3 4 5 6 

1 0.15 0.36 0.36 0 0 0 0.13  1  4.81 4.52    
2 0.24 0.60 0.03 0.04 0 0 0.09  2   0.64 0.81   

3 0.18 0.02 0.35 0.18 0.16 0 0.11  3    4.49 3.58  

4 0 0.03 0.20 0.45 0.03 0.16 0.12  4     0.83 4.21 
5 0 0 0.19 0.05 0.43 0.24 0.09  5      4.08 

6 0 0 0 0.40 0.32 0.15 0.12  6       

7 0 0 0 0 0 0 1    

 (c) ijpr ,  transition  probabilities.    (d) ( )ij jien en , expected number  

of routes along each corridor; average value=3.11. 

 1 2 3 4 5 6 

1 2.24 2.25 2.01 1.26 0.91 0.49 

2 1.49 4.05 1.64 1.23 0.79 0.45 
3 1.01 1.26 3.10 1.75 1.37 0.71 

4 0.66 1.00 1.81 3.30 1.25 0.96 

5 0.62 0.83 1.83 1.80 3.06 1.20 
6 0.55 0.79 1.55 2.25 1.75 2.09 

 (e) nij, general term of (I-Z)-1, expected number of passages through BR j  
for an individual starting from BR i - before its disappearance.  
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worthwhile to use all the financial resources to optimize the permeability of the
network. For example, when B = 90, the best solution – 203 km – is obtained by
investing only 87 units. If the entire budget is required to be used by transforming in
program P6.5 the inequality constraint

P
ði;jÞ2C ;i\j;h2Hij

cijhxijh �B into the equality

constraint
P

ði;jÞ2C ;i\j;h2Hij
cijhxijh ¼ B, the best solution obtained corresponds to an

expected distance of only 201 km. Table 6.3 gives detailed results when B ¼ 90.
We see in table 6.3d that the corridors ½BR2;BR3�, ½BR2;BR4�, and ½BR4;BR5�

are little used, compared to others. The mathematical programming approach
allows additional constraints to be easily taken into account. For example, the
expected number of routes along each corridor can be required to be greater than or
equal to 1.5. To do this, simply add the constraints enij þ enji � 1:5, ði; jÞ 2 C ; i\j,
to program P6.5. In this case, the expected total distance travelled along the corri-
dors becomes 165 km instead of 203 km. The detailed characteristics of this solution
are given in table 6.4.

TAB. 6.4 – Detailed results corresponding to the optimal solution of the example described in
figure 6.9 and table 6.1, in the case of a budget of 90 units and when the number of routes
along each corridor must be greater than or equal to 1.5.

 1 2 3 4 5 6   1 2 3 4 5 6 

1  8 17     1  0.7/0.9 0.9/0.8    

2   2 13    2 0.8/0.9  0.5/0.6 0.8/0.9   

3    15 12   3 0.8/0.9 0.6/0.6  0.8/0.8 0.7/0.9  
4     6 4  4  0.8/0.8 0.8/0.8  0.5/0.8 0.5/0.7 

5      13  5   0.7/0.8 0.5/0.7  0.8/0.9 

6        6    0.5/0.7 0.8/0.8  

 (a) ijhc , amount of investment  

in each corridor - a total of 90 units. 

  (b) 1 2/ijh ijhr r , probabilities associated with  

barrier effect, 
1
ijhr , and mortality risk, 

2
ijhr .  

 1 2 3 4 5 6 7   1 2 3 4 5 6 

1 0.20 0.32 0.36 0 0 0 0.12  1  3.46 3.63    

2 0.24 0.30 0.10 0.24 0 0 0.12  2   1.55 3.24   

3 0.18 0.09 0.28 0.16 0.16 0 0.14  3    2.97 2.90  

4 0 0.16 0.16 0.35 0.10 0.09 0.14  4     1.85 1.82 

5 0 0 0.19 0.12 0.33 0.24 0.12  5      3.69 

6 0 0 0 0.18 0.32 0.35 0.16  6       

7 0 0 0 0 0 0 1    

 (c) ijpr , transition probabilities.    (d) ( )ij jien en , expected number  

of routes along each corridor; average value=2.79. 

 1 2 3 4 5 6 

1 2.05 1.42 1.69 1.21 0.80 0.46 
2 1.04 2.42 1.39 1.51 0.79 0.50 

3 0.88 1.03 2.54 1.36 1.08 0.58 

4 0.60 1.04 1.30 2.63 1.06 0.75 
5 0.50 0.70 1.29 1.33 2.54 1.12 

6 0.41 0.62 0.99 1.36 1.54 2.29 

 (e) nij, general term of (I-Z)-1, expected number of passages through BR j  
for an individual starting from BR i - before its disappearance. 
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6.3.5 Example 2

From a theoretical point of view, there is no limit in the size of the instances –

number of reservoirs and number of corridors – that can be handled by program P6.5.
However, for large-sized instances, the computation time required to resolve them
can become very important. We tested an instance with 10 reservoirs and 15 cor-
ridors and considered that there could be 7 levels of restoration for each of these
corridors (figure 6.10). In this example, the landscape is represented by a grid of
28� 28 square and identical zones, each side of which measures 500 m, and includes
10 biodiversity reservoirs, BR1, BR2,…, BR10. As in the example in section 6.3.4, it
is assumed that the effects of corridor restoration are not symmetric – r1ijh may be

different from r1jih and r2ijh may be different from r2jih.
In figure 6.10, the length of the corridor connecting two reservoirs, BRi and BRj,

is proportional to the number of grid cells that must be traversed along this corridor

BR1 
         BR2 

      BR3 
   

                 
                 

                   

                   
                      

                            
               BR7           

                         
                         

                         

                            
         BR8                 

BR10 
                     
                        

                  BR4    

                     
                     

               BR6           
                         

        BR9               
                         

                         

                         
                      BR5    

                         
                         

                         

FIG. 6.10 – A hypothetical network with 10 reservoirs and 15 corridors.
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TAB. 6.5 – This table shows, for each corridor ½BRi;BRj � of the network in figure 6.10 and for each possible value of the investment level
h 2 {0, 1, 2, 3, 4, 5, 6, 7}, the probabilities r1ijh , r

1
jih, r

2
ijh, r

2
jih and the associated costs, cijh , in this order. For example, the cell located at the

intersection of row [3, 5] – associated with the corridor [BR3, BR5] – and column h = 6, r1356 ¼ 0:81, r1536 ¼ 0:81, r2356 ¼ 0:86, r2536 ¼ 0:86, and
c356 ¼ 31. The last column of the table shows the length of each corridor, lij , in kilometres – 16 for the corridor [BR3, BR5].

[i, j] h = 0 h = 1 h = 2 h = 3 h = 4

[1, 2] 0.21/0.23/0.56/0.58/0 0.31/0.33/0.61/0.63/1 0.41/0.43/0.66/0.68/4 0.51/0.53/0.71/0.73/9 0.61/0.63/0.76/0.78/15
[1, 7] 0.22/0.22/0.57/0.57/0 0.32/0.32/0.62/0.62/1 0.42/0.42/0.67/0.67/4 0.52/0.52/0.72/0.72/9 0.62/0.62/0.77/0.77/15
[1, 8] 0.21/0.22/0.56/0.57/0 0.31/0.32/0.61/0.62/1 0.41/0.42/0.66/0.67/5 0.51/0.52/0.71/0.72/11 0.61/0.62/0.76/0.77/18
[1, 10] 0.22/0.23/0.57/0.58/0 0.32/0.33/0.62/0.63/1 0.42/0.43/0.67/0.68/5 0.52/0.53/0.72/0.73/11 0.62/0.63/0.77/0.78/18
[2, 3] 0.24/0.21/0.59/0.56/0 0.34/0.31/0.64/0.61/1 0.44/0.41/0.69/0.66/5 0.54/0.51/0.74/0.71/10 0.64/0.61/0.79/0.76/17
[3, 4] 0.22/0.23/0.57/0.58/0 0.32/0.33/0.62/0.63/1 0.42/0.43/0.67/0.68/5 0.52/0.53/0.72/0.73/10 0.62/0.63/0.77/0.78/17
[3, 5] 0.21/0.21/0.56/0.56/0 0.31/0.31/0.61/0.61/1 0.41/0.41/0.66/0.66/4 0.51/0.51/0.71/0.71/9 0.61/0.61/0.76/0.76/15
[3, 7] 0.21/0.21/0.56/0.56/0 0.31/0.31/0.61/0.61/1 0.41/0.41/0.66/0.66/4 0.51/0.51/0.71/0.71/8 0.61/0.61/0.76/0.76/13
[4, 5] 0.21/0.21/0.56/0.56/0 0.31/0.31/0.61/0.61/1 0.41/0.41/0.66/0.66/5 0.51/0.51/0.71/0.71/10 0.61/0.61/0.76/0.76/17
[5, 6] 0.22/0.23/0.57/0.58/0 0.32/0.33/0.62/0.63/1 0.42/0.43/0.67/0.68/4 0.52/0.53/0.72/0.73/9 0.62/0.63/0.77/0.78/15
[6, 7] 0.22/0.23/0.57/0.58/0 0.32/0.33/0.62/0.63/1 0.42/0.43/0.67/0.68/5 0.52/0.53/0.72/0.73/11 0.62/0.63/0.77/0.78/18
[6, 9] 0.24/0.22/0.59/0.57/0 0.34/0.32/0.64/0.62/1 0.44/0.42/0.69/0.67/4 0.54/0.52/0.74/0.72/9 0.64/0.62/0.79/0.77/15
[7, 8] 0.23/0.22/0.58/0.57/0 0.33/0.32/0.63/0.62/1 0.43/0.42/0.68/0.67/5 0.53/0.52/0.73/0.72/10 0.63/0.62/0.78/0.77/17
[8, 9] 0.21/0.23/0.56/0.58/0 0.31/0.33/0.61/0.63/1 0.41/0.43/0.66/0.68/4 0.51/0.53/0.71/0.73/7 0.61/0.63/0.76/0.78/12
[9, 10] 0.22/0.23/0.57/0.58/0 0.32/0.33/0.62/0.63/1 0.42/0.43/0.67/0.68/4 0.52/0.53/0.72/0.73/8 0.62/0.63/0.77/0.78/13
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[i, j] h = 5 h = 6 h = 7 lij
[1, 2] 0.71/0.73/0.81/0.83/23 0.81/0.83/0.86/0.88/32 0.91/0.93/0.91/0.93/42 10
[1, 7] 0.72/0.72/0.82/0.82/22 0.82/0.82/0.87/0.87/30 0.92/0.92/0.92/0.92/40 14
[1, 8] 0.71/0.72/0.81/0.82/27 0.81/0.82/0.86/0.87/38 0.91/0.92/0.91/0.92/50 12
[1, 10] 0.72/0.73/0.82/0.83/27 0.82/0.83/0.87/0.88/38 0.92/0.93/0.92/0.93/50 8
[2, 3] 0.74/0.71/0.84/0.81/25 0.84/0.81/0.89/0.86/35 0.94/0.91/0.94/0.91/47 8
[3, 4] 0.72/0.73/0.82/0.83/26 0.82/0.83/0.87/0.88/35 0.92/0.93/0.92/0.93/47 11
[3, 5] 0.71/0.71/0.81/0.81/22 0.81/0.81/0.86/0.86/31 0.91/0.91/0.91/0.91/41 16
[3, 7] 0.71/0.71/0.81/0.81/20 0.81/0.81/0.86/0.86/28 0.91/0.91/0.91/0.91/37 6
[4, 5] 0.71/0.71/0.81/0.81/26 0.81/0.81/0.86/0.86/36 0.91/0.91/0.91/0.91/47 10
[5, 6] 0.72/0.73/0.82/0.83/23 0.82/0.83/0.87/0.88/32 0.92/0.93/0.92/0.93/42 8
[6, 7] 0.72/0.73/0.82/0.83/27 0.82/0.83/0.87/0.88/37 0.92/0.93/0.92/0.93/49 12
[6, 9] 0.74/0.72/0.84/0.82/22 0.84/0.82/0.89/0.87/31 0.94/0.92/0.94/0.92/41 14
[7, 8] 0.73/0.72/0.83/0.82/26 0.83/0.82/0.88/0.87/36 0.93/0.92/0.93/0.92/47 6
[8, 9] 0.71/0.73/0.81/0.83/19 0.81/0.83/0.86/0.88/26 0.91/0.93/0.91/0.93/34 6
[9, 10] 0.72/0.73/0.82/0.83/19 0.82/0.83/0.87/0.88/27 0.92/0.93/0.92/0.93/36 10

B
iological

C
orridors

127



to get from BRi to BRj. For example, the length of the corridor connecting BR1 to
BR2 is equal to 5 km and the length of the corridor connecting BR6 to BR7 is equal
to 6 km. All data for this example are summarized in table 6.5.

We see in table 6.6 that the resolution of this instance is very fast for the six
B values considered. The case that requires the most computation time is when the
financial resources are limited to about 0.5 times the maximum potential invest-
ment,

P
ði;jÞ 2C ; i\j c

7
ij ¼ 650. We also see in this table that the difference between the

extreme values of ðenij þ enjiÞ is often significant. We solved the problem with
B = 450 and the additional constraints, enij þ enji � 2, ði; jÞ 2 C ; i\j. In this case,
the minimal number of routes along a corridor is equal to 2.33 and the maximal
number of routes along a corridor is equal to 6.15, but the expected total distance
travelled along the corridors is only equal to 765 km. It should be noted that taking
this constraint into account significantly increases the computation time, since it
increases from 2 to 49 s. We also solved the problem with the constraints prij � 0:1 –

without constraints on the number of routes in each corridor. In this case, the
minimal number of routes along a corridor is equal to 2.32, the maximal number of
routes along a corridor is equal to 6.09 and the expected total distance travelled
along the corridors is equal to 744 km (39 s of computation time). With the con-
straints prij � 0:15, ði; jÞ 2 C , the minimal number of routes along a corridor is equal
to 2.86, the maximal number of routes along a corridor is equal to 5.47 and the
expected total distance travelled along the corridors is equal to 676 km (1.12 s of
computation time). Finally, there is no feasible solution when prij � 0:2, ði; jÞ 2 C . In
this case, with the budgetary constraint corresponding to B = 450, it is impossible
to make investments in the corridors in such a way that prij � 0:2 for all the reservoir
pairs connected by a corridor. Remember that prij is the probability, for an animal
leaving reservoir BRi, of reaching the adjacent reservoir BRj in one transition. The
same applies to any available budget value less than or equal to 569. On the other
hand, for any available budget value greater than or equal to 570, there is a feasible
solution. For example, for the maximal potential investment – B = 650 – the min-
imal number of routes along a corridor is equal to 7.16, the maximal number of
routes along a corridor is equal to 7.62, and the expected total distance travelled
along the corridors is equal to 1,111 km (0.02 s of computation time).

TAB. 6.6 – Computational results for the example described in figure 6.10 and table 6.5.

B Expected total distance
travelled (km)

Actual
cost

ðenij þ enjiÞ CPU time
(s)Min Av Max

0 133 0 0.77 0.87 1.00 0
150 443 147 0.84 2.39 6.62 9
300 688 296 0.86 3.95 7.17 20
450 917 445 0.96 5.49 7.58 2
600 1,065 576 1.00 6.87 7.53 0.1
750 1,111 620 7.16 7.34 7.62 0.03
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