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1 | INTRODUCTION

Habitat loss and fragmentation, mainly driven by human activities, have
become major challenges for biodiversity conservation worldwide (Bron-
dizio, Settele, Diaz, & Ngo}|2019). To address these challenges, systematic
conservation planning (SCP) has emerged as a pivotal approach, offering
efficient and reproducible strategies for designing spatial conservation
and restoration policies. At its core, an SCP optimization problem con-
sists of selecting a region of interest with features to be improved, and
identifying among several options which ones should be implemented
(Margules & Pressey, 2000). This process inherently involves solving a
combinatorial optimization problem, where numerous combinations of
planning options have to be evaluated to determine the most effective
set for conservation or restoration within a given budget. Given the vast
number of possible combinations and constraints to be satisfied, ad-
vanced algorithms and computational techniques are often employed
to find optimal or near-optimal solutions efficiently. Various software
tools have been developed to assist in solving specific SCP problems,
including Marxan (Ball, Possingham, & Watts, |2009), Zonation (Moila
nen et al.;)2005), C-Plan (Pressey, Watts, Barrett, & Ridges,|2009) and
PrioritizR (Hanson et al.;|2024), each of which can be used to find so-

lutions that optimize particular landscape features. Among these tools,
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1. Habitat fragmentation is a critical threat to biodiversity, as it creates isolated patches of habitat
and hinders species movement and survival. Systematic Conservation Planning (SCP) has
advanced to include landscape connectivity, often using graph-based models to assess and
enhance habitat networks.

2. We introduce GECOT, an open-source command line tool for solving budget-constrained multi-
species landscape connectivity optimization problems when measuring landscape connectivity
with the Probability of Connectivity (PC) indicator.

3. GECOT builds on a theoretical framework to model conservation and restoration planning as a
connectivity optimization problem where options impact the quantity or quality of available
habitat and the permeability of habitat and landscape matrix.

4. For a given case study, GECOT can be used to find the optimal solution using a mixed-integer
linear solver or heuristic solutions with different sub-optimal algorithms, when the optimal
solution is too expensive in computation time.

systematic conservation planning, ecological restoration, landscape connectivity, multispecies opti-

mization, mixed integer linear programming

only PrioritizR allows to find optimal solutions for the landscape fea-
tures it targets while other ones are using heuristic methods. Although
heuristic methods have been shown to return good solutions on aver-
age, they don't provide information on how far these solutions are from
the optimum (Schuster, Hanson, Strimas-Mackey, & Bennett}|2020; ivan
Mantgem, Hillebrand, Rose, & Klau}|2023). When landscape connectiv-
ity is a feature to be optimized, Marxan-Connect (Daigle et al.|[2020),
Zonation, C-Plan and PrioritizR use structural connectivity indicators,
like the number of habitat patches, the length of their boundaries or the
betweenness centrality, as opposed to functional connectivity (Taylor]
Fahrig, & With,|2006). In the meantime, tools for evaluating landscape
connectivity such as Conefor (Saura & Torne}|2009) and Graphab (Foltéte,
Clauzel, & Vuidel,|2012) have been developped and offer well established
connectivity indicators like the probability of connectivity indicator (PC)
(Saura & Pascual-Hortal,[2007) and the integral index of connectivity (IIC)
(Pascual-Hortal & Saura}|2006), which have respectively become the first
and second most commonly used measures for connectivity analyses
(Hashemi & Darabi}|2022) and received encouraging empirical support
(Pereira, Segurado, & Neves,|2011;|/Awade, Boscolo, & Metzger,2012).
However, these tools do not provide efficient methods for optimizing
landscape connectivity under budgetary constraints, other than rank-
ing landscape elements according to their relative contribution to the
indicator value (Urban & Keitt,|2001). Recently, progress has been made

in optimizing 1IC under budget constraints with the software RestoptR
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(Justeau-Allaire et al.,2023) and other studies investigated deep rein-
forcement learning methods (Equihua, Beckmann, & Seppelt,|2024). In
this article, we present GECOT, our open source software implementing
the latest methods for finding optimal solutions when maximizing the PC
indicator under budget constraints (Hamonic, Albert, Couétoux, & Vaxes,
2023), available at https://doi.org/10.5281/zenodo . 15295914/(Ha-
monic}|2025). We give more details on the PC indicator and the general
optimization problem that GECOT is aimed to tackle, allowing to capture
both restoration and conservation problems. Then, we show the primary
features of GECOT by describing its command line interface and the
format of input data. Finally, we show how to construct an instance of
the problem from spatial data and use GECOT to compute the optimal
solution for a given budget value.

2 | THEPROBABILITY OF CONNECTIVITY
INDICATOR

In the last decades, graph theory has become a popular tool for modeling
ecological landscapes (Bunn, Urban, & Keitt,2000; |Urban & Keitt}|2001)
and assess their structural or functional traits with the help of indicators.
Indeed, a landscape can be viewed as a directed graph G = (V,A,w, 7)
whose vertices represent the habitat patches, i.e., contiguous regions of
habitat, and arcs, a.k.a directed edges, represent the connections that
individuals of a given species can use to travel from one patch to another.
More formally, each habitat patch is represented by a vertex u € V with
a weight w, that models its ecological quality (e.g. habitat area for the
species) and each route that individuals can take from a patch u to a
patch v is represented by an arc (u, v) € A and a probability 7,y modeling
the success rate for making the corresponding journey. Instead of habitat
patches, vertices can also represent cells in a raster map modeling the
landscape, where cells without habitat would be associated with a zero
quality weight. Usually, the probability of each arc (u,v) € A of being
used is calculated with a negative exponential of the distance such that

Ty = e , (1)

where Iy, is the distance between the patchesuand vand o = - In(0.5)/6
is a constant adjusted such that m,, = 0.5 when l,, = 0, 6 being the
median dispersal distance of the considered species. The Probability of
Connectivity (PC) indicator (Saura & Pascual-Hortal,|2007) is a measure
of both habitat amount and connectivity and in this way characterize
the amount of reachable habitat (Martensen, Saura, & Fortin} |2017),
calculated as:

Dsev ey (Ws - we - 1I(s, 1))
A2 ’
where I1(s, t) denotes the probability of the most reliable path from s

PC =

to t, that is, the st-path whose product of the probabilities of its arcs is
the highest,

II(s,t) = max Ta,
P:st-path
acP

and A is the area of the study region containing the landscape being
analyzed, used to normalize the result, enabling to compare the PC values
of very different landscapes. Thus, the numerator of the PC formula, de-
noted PCpyn is sufficient for comparing PC values of different scenarios
on the same landscape. Another frequently used measure is the Equiva-
lent Connected Area (ECA) (Saura, Estreguil, Mouton, & Rodriguez-Freire}
2011) which is expressed as ECA = v/PCpum.

21 | Ourinterpretation

We consider a stochastic process where we randomly select a habitat
point p from the landscape. When a point p is randomly selected, the
probability it belongs to any specific patch s is % ,where W = Zuev wy
is the total habitat amount in the landscape. Using linearity of expectation,
we can calculate the expected amount of habitat of a given patch t € V

that can be reached from a randomly selected point of habitat as

R(t) = w; - (Z % -H(s,t)) ,

seV
Extending this to the entire landscape, the expected amount of
reachable habitat from any randomly selected habitat point becomes
Ztev R(t) . Thus, PChum can be reformulated as:

PCoum =W - Y R(t).

tev
This formulation clearly shows that the PC indicator is proportional to
the product of the total habitat amount (W) and the expected amount
of reachable habitat from a randomly selected point of habitat within

the landscape.

3 | EXPRESSING CONSERVATION AND
RESTORATION PROBLEMS

Ultimately, GECOT is a solver, i.e. it takes an instance of an optimization
problem as input and outputs a solution to it. In the following, we de-
scribe the Max-PC problem that GECOT solves when optimizing the PC
for a single species. Let G = (V, A, w, ) be a directed graph representing
a landscape, ® be a set of options for improving the landscape and 3 be
the available budget. Each option i € ® has a cost ¢; and can improve
the quality (resp. probability) of one or many vertices (resp. arcs) of the
graph. To model these improvements, there is a weight wi, > 0 for each
vertex u € V representing the quality increase of vertex u if option i is
implemented, w/, being 0 if vertex u is not affected by option i, and a prob-
ability m},, > m,, for each arc (u,v) € A representing the improvement
in permeability of the arc (u, v) achieved by option i, 7i,, being myy if arc
(u,v) is not affected by option i. The Max-PC problem consists in finding
the set of options S C ® whose total cost remains below the budget 3
and which maximizes the PC value of the landscape improved by these
options, i.e. PChum (G’ = (V,A,w/,7")). The improved weight of a patch

uis calculated as wj, = wy + ;s Wi, , i.e. the improvements of different
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FIGURE 1
degraded if no conservation options are taken, i.e. the budget 3 is null.

options on the same patch accumulate, and the improved probability
of an arc (u,v) is calculated as 7/, = max(7uy, max;es 7, ) , i.e. only the
best allowed probability of the arc is taken. This problem captures both
restoration and conservation problems. In the case of restoration, G is
the current landscape, @ is the set of restoration options, w, represents
the amount by which the habitat area of the patch u is increased and
l, represents the improved probability of the arc (u, v) if the option i
is chosen. In the case of conservation, G represents the landscape as it
would be if no conservation action is taken, @ is the set of conservation
options, wj, represents the amount of habitat area of the patch u that
would disappear if the option i is not chosen, and 7, is a lower bound
on the probability of the arc (u, v) guaranteed by the choice of i. In both
cases (Figure , the Max-PC problem is to find a set of options S of total
cost at most 3 that maximizes the PC of the improved (resp. protected)

landscape G’ .

4 | GECOTASATOOL

The main functionality of GECOT is solving instances of Max-PC which is
done using a command-line with the following structure:

gecot_optimize <algo> <instance> <budget> [<params>]

<algo> The optimization algorithm to use, see Section

<instance>  The path to a JSON file that defines the problem
instance, see Section

<budget> The available financial budget 3, limiting the total
cost of selected improvement options.

[<params>]  Additional parameters that control the behavior

of the tool, e.g. printing the solution in a file, see

Section@

lllustration of the equivalence between restoration and conservation problems, assuming that all of the landscape elements will be

41 | Supported algorithms

GECOT is particulary designed for finding the optimal set of options
S C & that maximizes the PC value of a landscape using the method
introduced in (Hamonic, Albert, et al.,|2023). This methods, referred in
GECOT by the name "prep_mip”, relies on a Mixed Integer Programming
(MIP) formulation whose size may vary depending on the instance land-
scape properties but can typically solve instances with up to 300 vertices
representing habitat (more details are given in the supplementary mate-
rials). GECOT provides also four other heuristic algorithms (Table that
offer sub-optimal solutions but can run on much bigger instances. These
algorithms, whose list may be extended in the future, are "static_incr”,
"static_decr”, "greedy_incr” and "greedy_decr”. They build a solution S by
iteratively adding or removing options until no option fits into S such
that the cost > 7, ¢; is below the budget 3. Incremental algorithms start
with S = 0 and add options to S while decremental algorithms start with
S = ® and remove options until the budget is met. To select which op-
tion is added or removed from S, these algorithms compute the potential
6; for each option i which is the amount by which the PC value varies by
implementing optioniifi € S, or removing it if i € S. Incremental algo-
rithms then consider adding options whose increase in PC relative to cost,
ie. Jis/c; , is greatest, while decremental algorithms consider removing
options whose decrease in PC relative to cost is smallest. Static algo-
rithms only compute these potential once, with S = () for the "static_incr”
or S = & for the "static_decr”, while greedy algorithms recompute the
potentials every time the most influential option is added to or removed
from S. The main limitation of these heuristic algorithms is that they as-
sess the potential effects of options independently and therefore do not
take into account the potential interactions of multiple options selected
together, i.e. their cumulative effects. These interactions can be: syner-
gies when potential changes are in series and only their combination
might improve the connectivity, redundancies when potential changes
are in parallel and choosing only one might be sufficient, or antagonisms



4 |

HAMONIC et al.

TABLE 1 The available algorithms, their descriptions and the order of magnitude of the computation time obtained on a 151 habitat patches

landscape described in supplementary materials (Aix/instance_70x70) on a computer with a 5Ghz CPU and limiting the number of threads to one.

Cumulative Computation

Algorithm Description Effects Time

static_incr From the base landscape, add the options with the greatest gain/cost that None ~ 3 seconds
meet the budget.

static_decr From the improved landscape, remove the options with the worst gain/cost None ~ 4 seconds
ratio to fit the budget.

greedy_incr From the base landscape, iteratively add the option with the greatest Some ~ 2 minutes
gain/cost ratio until no more fit in the budget.

greedy_decr From the improved landscape, iteratively remove the option with the worst Some ~ 2 minutes
gain/cost ratio until the budget is met.

mip MIP formulation without preprocessing. All cancelled (>10 hours)

prep_mip MIP formulation with preprocessing. All ~ 40 minutes

when a potential change might make no sense without additional actions
(Hamonic, Couétoux, Vaxes, & Albert,|2023). Static algorithms compute
the potentials of options only separately, meaning they don’t take cumu-
lative effects into account at all. Greedy algorithms test the interactive
effects of individual options and those already in S, and by doing so they
can account for some of the possible cumulative effects. Conversely,
"mip” and "prep_mip” algorithms both compute the optimal solution, and

by doing so they consider all possible cumulative effects.

4.2 | Instance file structure
The problem instance is defined in a JSON file that references multiple
CSV files describing various aspects of the landscape graph and improve-

ment options. An example structure for the instance file is shown in
Listing [T}

Listing 1 instance.json
{
"options": {
"csv_file": "options.csv"
} 2
"cases": {
"squirrel": {
"vertices": {
"csv_file": "vertices.csv"
} 2
"arcs": {
"csv_file": "arcs.csv"
} 2
"vertices_improvements": {
"csv_file":
— "vertices_improvements.csv"
} b
"arcs_improvements": {
"csv_file":
<~ "arcs_improvements.csv"
}
}
} s
"criterion": "squirrel"
¥

The "criterion" field specifies the objective function to be opti-
mized, which aggregates the PCpym values of all cases. In the example of
Listing the optimization only concerns the species squirrel. For multi-
species optimization, numerous cases can be specified, in addition to
the squirrel one, describing landscape graphs for species representative
of different dispersal abilities and environmental niches (Albert, Rayfield,
Dumitru, & Gonzalez,|2017;|Prima et al.}|2024). GECOT allows specify-
ing a custom criterion function as an arbitrary combination of weighted
sums and minimums of the PCp,m values of all graphs, as soon as all coeffi-
cients are positive. For example with squirrel and hedgehog, whose PCpym
values of the graphs are respectively denoted S and #,, Listings[2]shows
a criterion for optimizing the weighted sum S + %7—[ and Listingsshow
a more sophisticated criterion using the minimum function to nudge
the optimization in finding a solution where the PC value for squirrel is
twice the one for hedgehog and prevent solutions where improving the
landscape benefits to only one species.

Listing 2 Criterion for S + %?—l

"criterion": {
"operation": "sum",
n "n.
values": [

[1,"squirrel"],
[0.5,"hedgehog"]

Listing 3 Criterion for S + LH + min(S + 1H)

The relationships between these CSV files are summarized in Figure

"criterion": {
"operation": "sum",
"values": [

[0.2,"squirrel"],
[0.1,"hedgehog"],

{
"operation": "min",
"values": [
[1,"squirrel"],
[0.5,"hedgehog"]
]
}
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Instance case -

JRREE Landscape model ----.

: ( vertices_improvements.csv )
vertices.csv vertex id
S dwev) kA o :
: option_id b~
quality (w,) : _ :
- quality_increase (wy,) : | options.csv
A J :
( arcs.csv ] —— id (i € D)
id (a € A) <—\_‘( arcs_improvements.csv : cost (¢;)
s from arc.id
to option_id b/
probability () .
- - improved_probability (77,)

FIGURE 2 Diagram representing the structure of the input files used to define an instance of Max-PC. Each CSV file is represented as a box

containing the list of its column names. Underlined column names correspond to unique identifiers for the rows of the corresponding file. The

mathematical notation associated with each column is provided in parentheses. Arrows show how files are linked, pointing from a referencing

column to the corresponding identifier of another file.

43 | Optional parameters
Global parameters, can be added to the command line to modify the
general behavior of GECOT, like specifying the output format of the
solution, enabling the trace of algorithms execution. The most common
parameters are described in Table[2}

Furthermore, each algorithm provides its own specific parameters
that can be added to the command line to modify its behaviour. The list
of these parameters can be obtained with :

gecot_optimize <algorithm> --list-params

For example, an important parameter for the "mip” and "prep_mip”
algorithms is the ability to specify the path to a commercial MIP solver,
like Gurobi (Gurobi Optimization| 2022), with the parameter ”-gurobi-
path=<path>". Indeed, by default, GECOT includes the binaries of the
open source COIN-OR Branch and Cut solver (CBC)

for solving the MIP formulations, which can be greatly outperformed

by commercial solvers, in terms of computation time, on large instances

(examples are provided in the supplementary materials).

5 | WORKED EXAMPLE

Patch-based models are quite ubiquitous in landscape connectivity anal-
yses for modeling landscapes as graphs. Usually in these models, each
contiguous region of habitat is represented as a vertex and the connec-

tion between two patches u and v is modeled with reciprocating arcs

(u,v) and (v, u). There is a wide range of methods for designing patch-
based models, from the weights of vertices and arcs to the choice of
vertex pairs to be connected by arcs. There is, for example, minimum pla-
nar graphs (Fall, Fortin, Manseau, & O’Brien|[2007), link threshold graphs
and complete graphs (Galpern, Manseau, & Fall|[2017). In this section, in
order to provide an example that can easily be generalized, we introduce

a method for defining an instance of the Max-PC problem directly on
raster map data.

We take a raster with 30x30 cells of 100x100 meters representing a
road network surrounded by fields and forests on the outskirts of Aix-en-
Provence, France. For the sake of the example, we selected arbitrarily 12
groups of road cells that we will consider suitable for installing wildlife
crossings, e.g. squirrel bridges, and 6 groups of cells representing fields
that we will consider for land acquisitions in order to preserve them as

wilderness areas or restore them by replanting trees.

habitat

field

road

wildlife crossing
land acquisition

il

FIGURE 3 A 30x30 cell raster of a landscape on the outskirts of Aix-
en-Provence (France) with roads on which wildlife crossings can be built

and fields that can be acquired.
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TABLE 2 Common parameters for GECOT.

Parameter Description

-h or --help

Lists command line usages and parameters.

-v or —--verbose

Enables verbosity, printing details about the input instance and the steps of algorithms.

-0 or --output-json <path>

Specifies a file path for printing the solution in JSON format.

--output-csv <path>

Specifies a file path for printing the solution in CSV format.

-max-threads <num>

Limits the number of CPU cores to use.

TABLE 3 Cells properties depending on their type.

Quality Crossing Cell Improved Improved
Celltype Weight Probability Cost Quality Probability
Habitat 1 1.0 - - -
Field 0 0.98 - - -
Road 0 0.6 - - -
Ld. Acq. 0 0.98 0.2 1 0.995
W. Crss. 0 0.6 1 0 0.95

Ld. Acg.: Land Acquisition.
W. Crss.: Wildlife Crossing.

In our case, each raster cell is associated with one of the following cell
types: “habitat”, “field”, “road”, “wildlife crossing” and “land acquisition”
where “wildlife crossing” denotes cells of roads suitable for installing one
and “land acquisition” denotes cells of fields that can be acquired. Each
option i € ® is associated with a contiguous group cells of either type
"wildlife crossing” or "land acquisition”. The cost ¢; of option i is the sum
of the costs of its cells. Then, we associate each cell type with weights
representing the quality of the habitat within the cell, the probability of
an individual successfully crossing the cell in either directions and, if the
cell is part of a restoration option i € ®, the cost of the cell, contributing
to the total cost of the option i, and the improvements in quality and
probability that implementing the option achieves, c.f. TabIeEI We chose
a probability of 0.98 for cells representing fields based on a mean dispersal
distance for red squirrels of 3.6 km in rural areas (Hamalainen, Fey, &
Selonen, |2019) using the classical formula showed in Equation and
0.6 for cells of road.

A way to build a Max-PC instance from this case study consists in
converting the raster into a graph. Indeed, a square raster can be viewed
as a graph where each vertex corresponds to a cell and adjacent cells
are linked by an arc. Here, we consider 4-neighborhood, i.e. each cell is
connected to its top, left, bottom and right neighbors (Figure Eb Thus,
in this model, each cell of the raster corresponds to a vertex v € V of
the graph and is associated to a quality weight according to its cell type,
i.e. wy, = 1 for habitat cells and w, = 0 otherwise. A straightforward
modeling from that point would be to connect each pair of vertices
corresponding to adjacent cells with an arc, however, this would lead
to arcs whose probability depends on two cells since it represent the
travel from one cell center to its boundary and then to the center of
the other cell. We can add vertices to the borders of adjacent cells, so
that arcs can represent the travel between the border and the center

of each cell, in either direction (Figure @ In this way, each arc of the

[\
Vin
-~ ~.
™~ -
Vout
\ /

(@) (b)

FIGURE 4

represent the travel between one boundary and the center of the cell. If

(a) A graph model for a square raster cell where each arc

the probability for successfully crossing the cell is independent of the
direction, all arcs have the same probability of m (b) An equivalent
model when the probabilities of crossing the cell is the same in all four
directions. In this case the arcs from v;, to v and from v to vout have a
probability of \/7(v) and others arcs have a probability of 1.

graph can be associated with a single cell, making it easier to model the
probability improvements of a cell by increasing the probabilities of its
internal arcs. However, if the probability for crossing a cell is the same for
all directions, we can use only two arcs going in and out of v to represent
the travel from any boundary to the center and vice versa (Figure @
Arcs representing the travel from the border of a cell to its center should
have a probability of \/7(v), where 7(v) is the probability associated
to the cell represented by the vertex v, since two of these arcs must be
passed through to cross the cell.

Now that we have defined the structure of the graph, the CSV files de-
scribing the instance can be classified according to the format explained
in Section For example, given a cell of type "land acquisition” repre-
sented by the vertex v € V and its associated option i € ®, the vertices
improvements CSV file will contain a line representing w/, = 1 and, for
each arc a € A incident to v, the arcs improvements CSV file will contain
a line representing 7rj, = 0.995. GECOT can then be used to solve the
instance with any budget value using the following command:

gecot_optimize prep_mip instance.json 4 -o sol.json

This command uses the prep_mip algorithm to find an optimal solution
for the Max-PC instance with a budget of 4 and outputs it to the sol.json
file. The computed solution allows to retrieve the set of options that are
part of the solution, and therefore the vertices and arcs of the graph
that should be improved to maximize PC with a 4 budget, c.f. Figure|§|
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(a) "greedy_decr” solution
PCpum = 95034

habitat

field

road

wildlife crossing
land acquisition
solution

(b) "prep_mip” solution
PCrum = 95704

FIGURE 5 Avisualization of the solutions obtained for a budget value of 4 with the "greedy_decr” (a) and "prep_mip” (b) algorithms.

In this simple case, we see that ht solution provided by the "prep_mip”
algorithms leads to a greater increase in PC than the one returned by the
"greedy_decr” algorithm. The "prep_mip” takes also more time, which is
still very reasonable here (see supplementary materials for more exam-
ples). Both solutions also differ by the type of options that are chosen
with more wildlife crossings selected with the greedy algorithm and more
land acquisition with the "prep_mip” algo because the greedy algorithm
does not see the improvements that will come by selecting all the land
acquisition cells simultaneously.

6 | DISCUSSION

Here, we aimed to provide a powerful and open-source tool to support
systematic conservation planning when optimizing landscape connec-
tivity under budget constraint using the Probability of Connectivity (PC)
or the Equivalent Connected Area (ECA) indicators (both problems are
identical). GECOT builds upon the Max-PC optimization problem that
generalizes many of the problematic encountered when planning for
conservation or restoration of landscapes. One of the key contributions
of GECOT is its ability to find optimal solutions for landscapes with hun-
dreds of habitat patches, a capability that, to our knowledge, has not
been available in previous tools. Furthermore, GECOT allows to find opti-
mal solutions when optimizing landscape connectivity for several species
simultaneously instead of one by one, which is rarely explored
and likely to provide more cost-effective solutions
2017).

A major motivation behind GECOT is to address the limitations of
existing approaches, particularly the shortcomings of simple algorithms
currently used in practice to optimize the PC indicator. Indeed, although
static and greedy algorithms often find solutions within 95% of the value
of the optimal one, they provide no theoretical guarantee on this per-
centage and can, in some cases, yield arbitrarily poor solutions when the
cumulative effects between habitat patches are significant
[Albert, et al][2023). This is particularly the case when the effectiveness

of many options depends on the selection of others, for example when

different options affect the same least-cost path in series, as is the case
for equipping all dams along a single river branch with fish ladders

[monic, Couétoux, et al}[2023). However, it is often necessary to make

trade-offs between guaranteed solution quality and computation time,

as the computational effort required to obtain the optimal solution still

grows exponentially with the number of options (Hamonic, Couétoux, et
2023). We give more information in the supplementary material on

how to make educated guesses about the running time of each algorithm

and thus on the size of solvable instances.

We foresee two use cases for GECOT. Firstly, with the help of its
command line interface, GECOT can easily be integrated in modelling
frameworks and within other softwares, taking advantage of the highly
efficient C++ implementations of both the optimal and the sub-optimal
algorithms. Finally, GECOT can serve as a baseline for future research.
The availability of a tool capable of computing optimal solutions makes
it possible to benchmark and compare new heuristic and exact methods
aimed at optimizing landscape connectivity through the PC indicator. We
hope that this contribution will help advance the field by encouraging
the development of more efficient and effective conservation planning

approaches.
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