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1. Introduction: Overview of the problem

Wildfire is one of the most pressing environmental threats in Mediterranean regions,
including Portugal, Greece, and Spain. Increasing fire frequency and severity, driven by
climate change, prolonged droughts, and fuel accumulation, place unprecedented stress
on these landscapes (San-Miguel-Ayanz et al.,, 2024). At the same time, society
increasingly expects forests to provide multiple ecosystem services (ES), e.g. timber and
carbon storage, biodiversity conservation, and cultural services such as recreation and
aesthetics. Reconciling these often-competing objectives, while ensuring fire-resilient
landscapes, remains a central challenge in sustainable forest planning.

This Innovation Action- Ecosystem Service Trade-off Assessment for Fire-Resilient
Landscapes- addresses this challenge by integrating ecosystem-service trade-off analysis
with spatial optimization techniques. In particular, the component integrates patch-
based constraints as planning levers that reflect treatment intensity (e.g., limits on
maximum patch size of the desired fuel treatment, minimum patch area, and number of
patches per period), applying a multiple objective optimization technique.

A large body of work has demonstrated the value of spatial optimization for forest
management. Foundational studies by many authors developed adjacency, green-up,
and area-restriction formulations that made possible to design spatially feasible
treatment and harvest schedules (Murray and Church, 1996; Murray, 1999; Murray et al.,
2022). These advances proved critical in operational forestry, but were often applied to
single objectives (e.g., timber or habitat conservation) and rarely incorporated a broad
set of ecosystem services in a multi-objective framework. More recently, research has
extended patch-based formulations to exact mixed-integer programming, improving
solution quality and explicitly handling patch contiguity and size restrictions (Murray et
al., 2022; Pludow et al., 2023). Still, such studies tend to focus on technical solvability and
spatial feasibility rather than the broader integration of relevant ecosystem service such
as cultural and regulating services into long-term planning.

In parallel, Pareto frontier methods have emerged as powerful tools for visualizing trade-
offs between ecosystem services. Applications in forestry have demonstrated how Pareto
frontiers reveal the consequences of prioritizing one service over another, such as carbon
versus timber (e.g. Borges et al., 2014; Marques et al., 2021; Abate et al., 2024). However,
most implementations either considered only a limited number of ecosystem services,
focused on continuous variables, rather than integer spatially explicit formulations, or did
not incorporate stakeholder-defined constraints on treatment intensity. Recent
advances, including decomposition-based approaches for building Pareto frontiers of
large-scale multi-objective integer problems (Marques et al., 2021; Abate et al., 2024),
highlight the potential of integrating these techniques into practical planning contexts,
but applications remain scarce.

The present work advances this field by integrating ecosystem service trade-off analysis
with treatment-patch spatial optimization in Mediterranean contexts, where fire
resilience is a dominant concern. It embeds stakeholder-defined parameters (e.g., patch
size, patch number) into optimization, ensuring that the solutions are not only
mathematically valid but also contextually meaningful. It applies Pareto frontier methods
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to produce transparent sets of alternative solutions that stakeholders can use to
understand the trade-offs between cultural, provisioning, and regulating services, while
considering fire-resilient planning objectives. Through this approach, the component
contributes to the ongoing development of decision-support systems that explicitly
combine spatial optimization, multi-objective analysis, and participatory design. In doing
so, it extends prior efforts on forest spatial optimization and Pareto frontier, addressing
gaps in the integration of multiple ecosystem services, stakeholder input, and
Mediterranean fire-resilient planning.

2.Methodology

2.1. General Framework

The methodological framework of this Innovation Action follows a structured sequence
of steps designed to assess ecosystem service trade-offs and support the development
of fire-resilient forest landscapes. The process begins with data collection and
preparation, where information on forest stands, management units, and environmental
characteristics is organized and harmonized for analysis. This step ensures comparability
across the three Mediterranean Living Labs and provides the foundation for subsequent
modelling activities.

Next, simulation tools are used to project forest dynamics under alternative management
prescriptions. These simulations generate essential inputs for the quantification of
multiple ecosystem services, including timber production, carbon storage, biodiversity
indicators, erosion control, fire resistance, and cultural services (i.e., recreation and
landscape aesthetics). The integration of ecological processes with service quantification
allows the methodology to capture both provisioning and regulating dimensions of forest
management.

The quantified ES values serve as the basis for the optimization formulation, which
explicitly incorporates spatial and temporal constraints. In particular, the models make
use of patch-based restrictions such as maximum patch size, minimum patch area, and
patch count per planning period. These constraints are critical for ensuring spatial
feasibility and for reflecting treatment intensity in ways that align with stakeholder
perspectives. While the models do not directly simulate fire behaviour, the patch
parameters act as proxies for the spatial distribution of fuel treatments and are grounded
in the preferences and recommendations of local stakeholders.

Stakeholder involvement is embedded throughout the process. Workshops and
consultations provided insights into locally acceptable treatment intensities and spatial
strategies, particularly regarding the number and size of treatment patches. This
participatory component ensures that optimization outcomes are not purely theoretical
but instead, reflect management realities and social expectations in each Living Lab.

Finally, the methodology integrates a Pareto frontier approach to explore trade-offs
among multiple objectives. By generating sets of non-dominated solutions, this approach
makes it possible to visualize the consequences of prioritizing one ecosystem service over
another. The Pareto frontier thus provides a transparent decision-support tool, enabling
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stakeholders and managers to compare alternatives and identify balanced strategies that
simultaneously promote ecosystem service provision and fire resilience.

2.2. Data Collection, Preparation, Simulation and

Ecosystem Services

The three Living Labs (Vale do Sousa in Portugal, Kassandra in Greece, and Soriguera in
Catalonia) served as the case studies for the assessment of ecosystem service trade-offs
in fire-resilient forest landscapes. The analysis conducted in IA 2.8 directly builds upon
the datasets compiled in IA 2.7 for the three Living Labs. The ecological, socio-economic,
and institutional information collected in IA 2.7, including forest inventory data, land
cover maps, and baseline indicators of ecosystem services, provided the foundation for
the simulations developed here. No additional data collection was carried out for 1A 2.8;
instead, the same datasets were reused to ensure consistency across Innovation Actions.
A detailed description of the ecological, socio-economic, and institutional contexts of
these Living Labs has already been provided in previous Innovation Actions of the FIRE-
RES project (I.A. 2.7). Readers are therefore referred to those reports for comprehensive
background information. In this report, the focus is placed on the methodological aspects
of data handling, simulation, and ecosystem service estimation specific to the trade-off
assessment.

For each Living Lab, stand-level data were collected and harmonized, including forest
inventory information, species composition, stand age, and management prescriptions.
Additional spatial data such as topography, soils, and accessibility, were also incorporated
to ensure consistency in modelling assumptions across the sites. This information was
prepared and structured into databases suitable for simulation and optimization
analysis.

Using these inputs, simulation models were employed to project forest growth, yield, and
stand dynamics over multiple planning periods under alternative management options.
The simulations generated the quantitative basis for estimating ecosystem services.

The following subsections present details on forest structure and species composition of
each Living Lab, data collection, preparation, and ecosystem service estimation

2.2.1. Vale do Sousa Living Lab (Portugal)

The Vale do Sousa Living Lab was characterized using a combination of GIS layers, LiDAR
data, national land cover datasets, and detailed field inventory, resulting in the
delineation of 3205 units. These include 1,642 eucalyptus units covering approximately
15,000 hectares, 169 maritime pine units (around 1,200 hectares), 358 hardwood units,
and 111 riparian vegetation units totalling close to 768 hectares. From the 3205 units, the
633 with an area of 7650 ha are agriculture, impervious surface and water bodies. The
spatial distribution of these management units is illustrated in Figure 1.

Stand growth and yield were simulated with the SIMFLOR platform using species-specific
models: Globulus 3.0 for Eucalyptus globulus, Pinaster for Pinus pinaster, SUBER v5.0 for
Quercus suber, SimGaliza for Quercus robur, and yield tables for Castanea sativa.
Management alternatives were developed with the assistance of Associa¢ao Florestal do
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Vale do Sousa (AFVS) to reflect local silvicultural practices. These included coppicing
systems for eucalyptus, thinning and harvesting periods for pine, chestnut and
pedunculate oak, and thinning with cork extraction for cork oak. Beyond conventional
prescriptions, options for species conversion and reforestation were also defined,
allowing transitions from homogeneous eucalyptus and pine to native species such as
oak (Q. robur), chestnut (C. sativa), cork oak (Q. suber), or strawberry tree. All alternatives
were validated with stakeholder input, ensuring their ecological relevance and alignment
with local management traditions. Growth simulations were conducted with the SIMFLOR
platform alongside other models for key native species, including Quercus suber, Quercus
robur and Castanea sativa.
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Figure 1 Distribution of management units in the Vale do Sousa Living Lab

For each management unit and prescription, simulations generated biophysical and
economic outputs, including stand structure (height, diameter, basal area, density,
biomass), wood volume, product yields, carbon stock, and in some cases non-timber
products such as cork (Quercus suber) and resin (Pinus pinaster). Operating costs and
economic returns were also estimated, allowing ecological and financial aspects of
management to be jointly assessed. These outputs formed the basis for ecosystem
service indicators at stand and landscape levels. Biodiversity, for example, was quantified
using species composition, stand age, and understory coverage, following the scoring
framework of Botequim et al. (2021), which ranges from 1 (low biodiversity) to 8 (high
biodiversity). A newly developed cultural service index (RAFL), which captures recreation
and aesthetic values, was also incorporated in the ES estimation and further analysis.
Besides, stakeholder consultations undertaken through online surveys and in-person
interviews, provided valuable information regarding acceptable patch sizes, number of
patches, and their spatial layout.

10
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2.2.2. Soriguera Living Lab (Catalonia)
For the Soriguera Living Lab in Catalonia, stand-level data were compiled from the
Spanish National Forest Inventory and the 1:25,000 forest map, complemented by LiDAR-
derived structural variables. A clustering approach was applied to assign representative
stand identifiers to simulation polygons, ensuring consistency and ecological relevance
across the 5,261 management units (Figure 2).

10 km

Figure 2. Forest management units in the Soriguera Living Lab.

Forest dynamics were projected using a modular growth simulator developed for the case
study, for a total of twenty five different species of pines (Pinus spp.), firs (Abies spp.), oaks
(Quercus spp.), beeches (Fagus spp.), and chestnuts (Castanea spp.). This simulator
integrates growth models (tree diameter, height, mortality), fuel models (canopy cover,
base height, bulk density, understory shrubs), and ecosystem service models. The latter
quantified provisioning services (biomass, timber, mushrooms), regulating services
(carbon sequestration, wildfire damage probability), and cultural services (scenic beauty).

Management alternatives included thinning, pre-commercial thinning, final harvests,
pruning, and brush clearing, each defined by parameters of initiation, intensity, and
strategy. These prescriptions reflect local silvicultural practices while also incorporating
fuel reduction treatments to enhance resilience. The resulting dataset captures both
ecological processes and management variability, providing a robust foundation for
ecosystem service assessment.

11
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2.2.3. Kassandra Living Lab (Greece)

In the Kassandra Living Lab, forest growth and yield simulations were completed for a
landscape consisting of 393 management units (Figure 3-A). Management prescriptions
reflected local silvicultural practices and were evaluated with respect to timber
production, mushroom yield, carbon storage, scenic quality, and probability of dead
trees. Growth and yield models as well as ecosystem service estimation for this LL follows
the same approach, software and equations as that used for the LL in Catalonia,
particularly for Pinus halepensis which dominates the forested landscape of Kassandra.Of
the 393 management units, the 268 are covered by Pinus halepensis (Figure 3-C), with the
remaining being either impervious surface or agricultural areas. For the forested
management units, there are some that have shrub codominance, mostly with Quercus
coccifera, Arbutus unedo, Pistacia lentiscus, Rosa sempervirens, Smilax aspera, Rubia
peregrine, Erica manipuliflora, and Myrtus communis. Less common are the plant
communities of mixed pines with Quercus ilex, Fraxinus ornus, Phillyrea latifolia, and
Quercus pubescens. Finally, due to a major fire incident in 2006 that burned 70 km?
(approximately the 20% of the peninsula), management unis there are comprised by
Pinus halepensis sappings, mixed in several locations with shrubs and scrub with grasses
(Figure 3-B). Management alternatives included thinning, pruning and brush clearing.
Thinning is planned to be applied in various intervals and timeframes in the generated
management units, while thinning is targeted to be applied in mature forested stands,
especially those close to tourism development areas. Finally, a number of management
units in areas prone to fast fire spread or high intensity, are prioritized to receive fuel
breaks (clearcuts on predefined zones). Commercial thinning or clearcuts are not applied,
since the commercial value of the retrieved timber is low with no market interest.

12
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Figure 3 A) satellite image of Kassandra with management units (white outline) and its
locations over Greece (red square); B) Burned areas from wildfire incidents for the period
1980 - 2024; C) Map of the forested vs. non-forested lands (agricultural or impervious
surface) of the study area.

2.3. Formulation of the Spatial Optimization Problem

The overall aim of the optimization framework is to integrate spatially explicit fuel
treatment planning with Pareto frontier-based trade-off analysis among multiple
ecosystem services. In this context, fuel treatment is represented as the formation of
contiguous treatment stands (patches) within each planning period.

Treatment intensity is expressed through the design of patches, which are groups of
contiguous stands designated for intervention within a period. The interventions we
tested include thinning, harvesting, and, in the case of Portugal, understory shrub
cleaning. Rather than prescribing an arbitrary treatment percentage, the model enforces
patch-based rules that define how much area may be treated, how patches are spatially
structured, and how many patches may occur in a period. This approach links operational
feasibility with stakeholder expectations, since patch size and number were directly
informed by consultations in the Living Labs.

The spatial optimization builds on a flow-based patch formulation, a class of models
recently developed and tested in the forest planning literature (Murray et al., 2022;
Pludow et al., 2023). This approach treats each treatment patch as an arborescence, or
rooted tree, constructed from stand adjacency relationships. Binary and continuous flow
variables ensure that patches are contiguous, while additional constraints regulate patch

13
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area, size limits, and the number of patches per period. Compared to heuristic or area-
based adjacency methods, this mechanism guarantees mathematically valid patches,
while remaining compatible with mixed-integer programming solvers.

The formulation adopted here follows a multiple-flow/sink structure, where each patch is
anchored at a sink node (root) and connected through directed arcs that represent
adjacency links. Treatment feasibility is governed by patch-count constraints, upper and
lower limits on patch size. Our work draws on Murray’s recommendation (Murray et al.,
2023) to use flow-based models for spatial planning under fire risk conditions, while
extending them to integrate directly into multi-objective trade-off analysis frameworks.

2.3.1. Equations and Model Description
The following equations build upon the flow- and sink-based patch formulations
proposed by Murray and colleagues. These formulations have been tested and
recommended for spatial forest planning, particularly in fire-prone contexts. Important
terminologies used in the formulation include:

e Sink: A special node in the network that represents the point where all flows
terminate. In the context of our model, the sink ensures that each connected
patch of stands has a defined “exit” node, which makes the flow formulation
feasible and enforces connectivity.

e Arc:Adirected link between two nodes (stands) that indicates potential adjacency
or connectivity. If two stands are neighbors, an arc is created between them in the
network.

e Arc Capacity: The maximum amount of flow that can pass through an arc. In our
case, this capacity is set to match the area of the stand or the allowed contribution
of a stand to a patch. Arc capacities prevent flows from exceeding realistic stand-
level limits.

e Flow: The quantity that moves along arcs from one node to another. In our
formulation, flows represent the way stands are “linked” together into a
continuous patch.

e Flow Balance: A conservation rule that ensures flows entering and leaving each
stand (node) are consistent. This condition guarantees that if a stand is included
in a patch, the flows passing through it are balanced, thereby connecting it to the
rest of the patch and ultimately to the sink.

In this study, the equations (of Murray et al., 2022) were refined to improve numerical
stability and interpretability, for example by tightening arc capacities, enforcing minimum
patch areas in Portugal to avoid micro-patches, and balancing feasibility through careful
parameterization of maximum patch size and patch count. Together, these refinements
allow the patch-based approach to be directly integrated into multi-objective Pareto
frontier analysis.

14



D2.9 Trade-off ES assessment of fire-resilient landscape design

Table 1 Lists of symbol and notation used in the formulation and respective description

Symbol Description

aj Area of stand j.
F_{ji,t} Continuous flow from stand j to stand i in period t, representing transfer of
treated area along adjacency arcs.

F_{ij,t} Continuous flow from stand i to stand j in period t (reverse direction).

Fhat_{ji,t} | Binary variable equal to 1 if the directed arc (j—i) is selected in period t; 0

otherwise.
Y {.t} Binary variable equal to 1 if stand j is treated in period t; O otherwise.
Vit Binary variable equal to 1 if stand j is chosen as a sink (root of a patch) in

period t; 0 otherwise.

p Patch count parameter controlling the number of patches per period

A_max Maximum allowable patch area in a period.

A_min Minimum allowable patch area in a period (optional, used only in Portugal
to avoid micro-patches).

N_out(j) | Set of stands adjacent to stand j in the outward (sending) direction.

N_in(j) Set of stands adjacent to stand j in the inward (receiving) direction.
u_{ji} Arc capacity for flow from stand j to stand i, defined as u_{ji} = a_j.
T Set of planning periods considered in the problem.

J Set of all stands in the landscape.

The problem under consideration is a Mixed Integer problem, with an integer decision
variable Xj» (which takes the value 1 if prescription m (1, 2, ..., M) is assigned to stand j (1,2,
....J) and 0 otherwise), and described with the following equations:

Ymem ij =1 vj (M
2m eMZteTZje] equt * Xjm = E® (2)

Equation (1) ensures that only one prescription should be assigned to a stand. Equation
(2) is used to calculate the ecosystem service values which will then be maximized or
minimized.

Let's then introduce a variable Y which takes a value 1 if a fuel treatment option (i.e.
either thinning, clear cut or understory shrub cleaning in the case of Portuguese LL) is
applied to stand j in period t and O otherwise, expressed as a function of the original
decision variable as follows:

15
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Yie = Ymem fime Xjm Vj€e]J Vt €T (3)

Where, fim: is @ parameter that defines if a fuel treatment option is applied to stand j in
period t.

As described earlier, the multi land allocation approach (Murray et al., 2022) to formulate
the constraint is based on the concept of a sink. Sink is a single unit in each patch which
is used to ensure contiguity by requiring a flow initiated in all units of the patch to end up
at the sink, and the problem constitutes the following equations:

F_{ji,t} <a_j * Fhat_{ji,t} (4)

Arc capacity: A flow on arc (j—i) in period t is allowed only if the arc is selected (Fhat_{ji,t}
= 1), and its magnitude cannot exceed the area of the sending stand j. This prevents
unrealistic amounts of area being assigned through a single connection.

Fhat_{ji,t} <Y_{j,t} (5)

Arc-to-endpoint consistency: An arc can only be active if both of its endpoints are treated
in the same period. This ensures that no phantom arcs are included between stands that
are not part of the treatment patch.

2_{i EN_out(j)} Fhat_{ji,t} =Y_{j,t} - V_{j,t} (6)

Outgoing arc rule: Every treated stand that is not a sink must have exactly one outgoing
arc, while a sink has none. This condition organizes patches into arborescence rooted at
sink stands.

Vg th <Y {jt} (7)
Sink activity: A stand can only be designated as a sink if it is treated. This prevents the
model from assigning sink status to inactive stands.
F{itt+aj*V{ti<aj (8)

Sink blocking: If a stand is chosen as a sink in period t, it cannot send flow outward. This
condition ensures that sinks only receive flow and accumulate area, reinforcing their role
as patch roots.

S {i EN_out()} Egjit}<aj * Y {jt} (9)

Outflow capacity: The total outflow from a treated stand is limited by its own area,
preventing the assignment of flows that exceed what the stand can represent in terms of
treatment area.

J_{i eN_out(j)} F_{ji,t} - 2_{i EN_in(j)} F_{ij,t}+a_j *V {jt}-aj*Y {jt}>0 (10)

Flow balance: For each active stand, incoming flow must cover its area unless it is a sink.
Sinks receive their area allowance directly, while non-sinks require flow from upstream
neighbours. This condition makes flows a proxy for contiguous patch area.

Fhat_{ji,t} + Fhat _{ij,t} <1 (11)
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Anti-parallel restriction: For each pair of adjacent stands, only one directional arc may be
active. This prevents cycles and reinforces the tree-like structure of treatment patches.

2 {j €]}V Lt} <=p_upper, 2_{j €/} V_{jt} >=p_lower (12)

Patch count: This equation controls the number of patches per period. It has an upper
and lower bound.

S {i ENLin()} ELij,t}+a_j * Y {,t} - A min *V.{t} 20 (13)

Minimum patch size: This was mainly relevant for Portuguese LL given the presence of
many small stands. So, Eq. 13 implies that if a stand is designated as a sink, the total
accumulated area (inflow plus its own area) must reach a minimum threshold A_min.

Overall, our improvements relative to earlier formulations (Murrray et al., 2022) focus on
tightening and stability. First, per-arc capacities are defined as u;=a;, which directly ties
the allowable flow on an arc to the area of the sending stand. This specification simplifies
the model structure, avoids unrealistic allocations of treatment area through single
connections, and improves numerical stability. Second, the optional minimum patch size
constraint forces multi-stand aggregation in Portugal, where individual stands are small,
thereby ensuring that treatment patches reflect ecologically meaningful units. Third,
feasibility diagnostics were introduced to balance the interaction between A_max and
A_min, and patch count, reducing infeasibility caused by heterogeneity in stand sizes and
adjacency. Together, these refinements enhance both computational efficiency and the
interpretability of patch structures for decision makers.

2.3.2. Parameter selection

A key step in the spatial optimization problem concerns the specification of parameters
governing the number and size of treatment patches. The selection of values was
informed by stakeholder consultations conducted in the Portugal and Greece Living Labs,
through a combination of workshops and online surveys. Brief description of the
consultations is presented below:

Stakeholder consultation for this IA 2.8 was conducted in the Portugal and Greece Living
Labs through structured questionnaires and complementary discussions. In Portugal, a
total of 19 participants were consulted, and in Greece, 15 participants, all representing
CWI. The questionnaires were administered either in person or via email, depending on
local logistics and participant availability. The purpose of the consultation was to gather
stakeholder perspectives on fuel-treatment intensity and spatial configuration
specifically, how the number and size of treatment patches should be designed to
balance operational feasibility and effectiveness in reducing fire risk. Participants were
asked to indicate what configurations they considered both realistic and desirable in their
local context. Two principal viewpoints emerged: one group favored a higher number of
smaller patches, emphasizing the benefits of flexibility, spatial dispersion, and fine-scale
fuel disruption; while another group preferred a smaller number of larger patches,
highlighting operational efficiency, cost-effectiveness, and ease of implementation.

Although the optimization model used in IA 2.8 is complex and computationally
demanding, these stakeholder insights directly informed the demonstration setup of the
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analysis. Rather than fixing a single patch number, the modelling exercise explored a
range of patch numbers, representing the diversity of stakeholder preferences identified
through the consultations. Accordingly, for demonstration purposes, the total treated
area in a period was limited to a maximum of 15% of the landscape. This threshold was
applied in combination with the distribution of stand sizes and the identification of
treatable areas, defined as the set of stands with at least one management prescription
that includes fuel treatment (thinning, harvesting, or shrub clearing). On this basis, the
testing phase adopted maximum patch area (A_max) values of 350 hectares for Greece
and Catalonia, reflecting the presence of large stands and the need to accommodate their
size within patches. For Portugal, where stands are considerably smaller, a tighter limit of
100 hectares was applied. In addition, the Portugal case required the use of a minimum
patch size (A_min) to prevent the formation of patches that were too small to be
ecologically meaningful or operationally viable. This constraint ensured that treatment
units aggregated multiple stands, rather than isolating very small fragments of the
landscape.

Together, these parameter settings balanced ecological considerations, operational
efficiency, and stakeholder expectations, while providing the flexibility needed to explore
contrasting strategies for fuel treatment intensity within the Pareto frontier framework.
Nonetheless, it is important to stress that the selected values represent a first
operationalization based on current knowledge and data availability. The relaxation of
these parameters, and systematic sensitivity analyses of A_max, A_min, and patch count,
remain valuable avenues for future research, offering insights into how parameterization
choices influence both computational outcomes and the ecological and social impacts of
fuel treatment planning.

2.4. Trade off analysis- Pareto Frontier Approach

The Pareto frontier approach provides a robust means of exploring trade-offs among
ecosystem services without requiring decision-makers to define service targets a priori.
Instead of assuming prior knowledge about potential supply values or trade-offs, the
method reveals the production possibilities of the landscape (i.e., its potential to provide
ecosystem services) and the extent to which gains in one service necessitate reductions
in others (Borges et al., 2017). In this way, decision-makers are equipped with the
necessary information to balance competing objectives and set ecosystem service targets
that align with their preferences.

The methodology integrates mathematical programming with interactive decision map
techniques to compute and visualize the Pareto frontier for the optimized objectives
(Borges et al., 2014). The feasible set in the criteria space is generated using the
estimation-refinement method, which iteratively identifies non-dominated solutions
until the trade-off surface is sufficiently approximated.

The analysis is grounded in the concept of the Edgeworth-Pareto Hull (EPH), which
represents the set of non-dominated solutions that cannot be simultaneously improved
in all objectives. In mixed-integer optimization problems, however, the EPH is typically
non-convex, meaning that the exact frontier cannot be represented by a simple convex
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hull. To address this challenge, we approximate the EPH using a convex surrogate
Edgeworth-Pareto Hull (cEPH, see the visual illustration in Figure 4), which provides a
tractable representation of the trade-off surface (Marques et al., 2021).

Obijective I

+
Objective I1

Figure 4 Visual illustration of the actual Pareto frontier (EPH), indicated in solid line, and the
approximated surrogate frontier (cEPH), indicated in dashed line when two objectives are
being optimized. The points (Z1-Z5) represent Pareto optimal integer solutions (Modified from
Marques S, et al., 2021).

In the case of Portuguese Living Lab, the computational burden of generating full Pareto
frontiers was particularly significant due to the large number of management units and
prescriptions. To ensure tractability, the study area was divided into two subareas, north
and south of the Doro River, a natural division that also avoided spatial connectivity
between the two zones. This adjustment preserved the integrity of the patch-based
optimization formulation while making the problem solvable within available
computational resources.

2.5. Overall Summary of the optimization problem and

optimized ecosystem services

Table 2 provides an overview of the optimization problems formulated for each Living
Lab. The table reports the number of management units, prescriptions, planning horizon,
and the number of constraints included in each model, along with the ecosystem services
considered. In all cases, the problems were formulated as large-scale mixed-integer
programming models that integrate patch-based spatial fuel treatment planning with
multi-objective trade-off analysis. The Vale do Sousa Living Lab in Portugal was
represented by two subareas (North and South), each solved independently to ensure
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tractability. Both subareas incorporated more than 1,000 management units and over
100,000 prescriptions. The Kassandra Living Lab in Greece and the Soriguera Living Lab
in Catalonia were modelled in their entirety, with distinct scales of problem size reflected
in the number of management units and constraints. Ecosystem services optimized
across the Living Labs included provisioning services (timber, mushrooms), regulating
and maintenance services (carbon sequestration, wildfire resistance, soil erosion), and
cultural services (RAFL in Portugal, and Scenic value in the other two LLs).

The forthcoming sections present the results of the optimization and Pareto frontier
analysis.

Table 2 Summary of optimization problem size and ecosystem services across the Living Labs

Planning Ecosystem
#hl!anagement #Prescriptions Periods G #Constraints Services
Units x parameters e
(Horizon) Optimized
. A_max=
Vale do i fpfo”c’ds 100ha, A-
Sousa - 1157 162,979 min=50 ha, | 167,529 Timber,
North years 5<=p<= Carbon,
each L .
10 Biodiversity,
5 periods A_max= Wildfire,
Vale do Ofp1 5 [100ha, A- Cultural,
Sousa - 1415 126,343 min=50 ha, | 134,479 Erosion.
South yea;;s 5<= p <=
eac 10
1
pgriods A_max=
Kassandra | 393 7,726 of 5 350ha, 89,134 Timber,
ears 10<=p <= Carbon,
y 20 Scenic Value,
each
10 Mushrooms,
periods A_max= tree
i
Soriguera |5,261 26,601 of 5 350ha, 1143599  |Mortaity
20<=p <= (probability)
years
40
each
3.Results

3.1. Tarde-off analysis and spatial optimization results

The analysis of Pareto frontiers across the three Living Labs demonstrates the potential
of integrating spatial fuel treatment planning with multi-objective ecosystem service
optimization. The decision maps, retrieved solutions, and patch-level distributions
provide both a quantitative and qualitative understanding of the trade-offs involved in
landscape-level forest management.
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3.1.1. Kassandra LL

The decision maps (Figure 5) illustrate the multi-dimensional trade-offs among timber,
biomass (carbon stock), mushroom productivity, and scenic beauty. Each vertical slice
corresponds to a specific scenic beauty level. The colour scale indicates mushroom
productivity, with red and yellow values showing lower yields and green to blue
representing higher yields. The results reveal a clear trade-off between timber and
biomass: as timber harvest increases, biomass declines sharply. At the same time,
mushroom productivity generally aligns positively with scenic beauty, as shown by the
greener and bluer shading in slices with higher scenic scores. Across the slices, as scenic
beauty increases from left to right, the timber-biomass trade-off becomes steeper,
meaning that landscapes managed for high scenic value are less able to sustain
simultaneous gains in timber yields and carbon storage. This highlights the value of the
decision maps in providing a visual and quantitative understanding of how different
ecosystem services interact under alternative management strategies.
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Figure 5 Pareto frontier for Kassandra showing relationships among biomass carbon (10° kg),
timber 10° m?), mushrooms (10° ton), and scenic beauty.

Analysing further with three ecosystem services, as shown in Figure 6, the three-
dimensional decision map clearly illustrates the magnitude of trade-offs. Quantitatively,
for example, when timber production is increased from 0.01 to 0.03 (10> m?3), biomass
carbon decreases from 0.29 to approximately 0.27 (10°), demonstrating the sensitivity of
carbon storage to timber extraction.
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Figure 6 Example trade-off curve between timber production and carbon storage with
different levels of mushroom production in Kassandra

This pattern emphasizes the cost of prioritizing provisioning services in fire-prone
Mediterranean landscapes, where even small increases in timber harvest may lead to
disproportionately large reductions in carbon stocks. At the same time, mushroom
productivity, depicted by the colour scale, remains relatively stable across this gradient,
underscoring that not all ecosystem services respond equally to changes in harvest
intensity. The contrasting outcomes between carbon and mushrooms highlight the need
for multi-service evaluation.

Two representative points along the frontier in Figure 6 were selected for solution
retrieval and comparison. As shown in Table 3, the analysis reveals further insights into
the spatial and service-level implications of alternative management strategies. Point ‘A’
is characterized by fewer but larger treatment patches, lower timber yield, and slightly
higher carbon storage. By contrast, Point ‘B’ involves a larger number of smaller patches,
which allows higher timber yields but at the expense of reduced carbon storage. These
contrasting patch structures highlight the importance of spatial design in shaping
ecosystem service outcomes: more fragmented treatments can enable greater timber
harvests but compromise the stability of carbon stocks. The comparison also underscores
additional trade-offs. While scenic beauty remains similar between the two solutions,
mushroom productivity and NPV are both higher at Point B, reflecting the economic and
cultural benefits associated with more fragmented patch configurations. At the same
time, Point B also exhibits a higher probability of mortality (P_dead), indicating reduced
resilience under fire-prone conditions. Collectively, Table 3 illustrates how multi-objective
optimization provides not only ranges of trade-offs, but also distinct spatially explicit
solutions that stakeholders can evaluate in light of their priorities.
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Table 3 Solution of two points selected from Figure 6

Unit Point A Point B
Scenic_Beauty Number 3.46217 3.47591
Mushroom_prodc 10° kg 0.74062 0.74867
NPV 10° Euros 0.14104 0.42618
P_dead Proportion 0.01998 0.02888
Tot_Timber 10°m3 0.01024 0.03284
Biomass_Carbon 10° kg 0.28935 0.27928
Number of patches Number 10 19
A_max ha 187 325
A_min ha 28 36

The corresponding maps (Figure 7) show treated units at the first and end of the planning
horizon for the two solution points.
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Figure 7 Fuel treatment patches at the first (Period 1) and last (Period 10) planning periods for
Kassandra: solution retrieved for Point A (upper) and Point B (Lower) of Figure 6.
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3.1.2. Soriguera LL

Similarly, the decision maps for the Soriguera LL (Figure 8) provide a clear visualization of
multi-service trade-offs. Each slice represents different level of scenic beauty, while the
vertical bars show biomass responses to timber harvest, with colours indicating
mushroom productivity.

Biomascs
47 475 R 485 415 L85 g

Figure 8 Four dimensional Decision Map Soriguera showing relationships among biomass
carbon (10° kg), timber 10° m3), mushroom production (10° ton), and scenic beauty.

Scenic_Basuty

Total_Timber

A strong trade-off emerges between timber and biomass: as timber increases, biomass
carbon declines sharply across all slices. Across slices, the timber-biomass trade-off
steepens with higher scenic beauty, meaning that landscapes optimized for aesthetic
value are less able to sustain simultaneous gains in timber and carbon. This highlights
how the decision maps allow both trade-offs and synergies to be identified, providing
stakeholders with an intuitive means of evaluating the implications of alternative
management strategies.

The three-dimensional decision map for Soriguera (Figure 9) and two points selected
along the Pareto frontier further illustrates the nature of ecosystem service trade-offs.
The frontier clearly separates solutions that favor carbon conservation from those that
prioritize timber and mushroom production.

Point A represents a conservative strategy, characterized by high biomass carbon and
lower timber harvest, while Point B reflects a production-oriented strategy, with greater
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timber and mushroom yields but reduced carbon storage (Table 4). Mushroom
productivity tends to increase along with timber harvest, whereas carbon storage
declines, highlighting the contrasting trajectories of provisioning versus regulating
services. Scenic beauty remains relatively stable across the frontier, reinforcing its role as
a complementary service that can be maintained under diverse management strategies.
Together, these alternative solutions underscore how the Pareto frontier offers
stakeholders a spectrum of viable choices, each balancing ecosystem services in distinct
ways according to different priorities.
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Figure 9 Example trade-off curve between timber production and carbon storage with
different levels of mushroom production in Soriguera.

Two important observations emerge from the retrieval of solutions along the Pareto
frontier. First, the number of patches did not vary between solutions, with both Point A
and Point B involving forty patches. However, the model consistently selected relatively
small patches, suggesting that the optimization was driven by the need to satisfy strong
constraints. This outcome highlights a limitation of the current formulation: in the
absence of a minimum patch size, the model can converge to configurations with many
small patches. As shown in the Portuguese LL, introducing a minimum patch size
constraint may provide more realistic and operationally meaningful solutions. Second,
the solutions indicate that there may be limited incentives in the model structure to
reduce patch numbers, as the resulting ecosystem service values can be obtained without
altering the degree of fragmentation. This points to the need for further refinement of
parameterization and potentially stronger incentives to link spatial structure with service
outcomes.

Despite these similarities in patch number, Points A and B differ in their ecosystem
service outcomes (Table 4). Point A is characterized by higher carbon storage and slightly
higher NPV, while Point B provides higher timber yields and mushroom productivity,
though at the cost of reduced biomass carbon and greater mortality risk. Scenic beauty
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values are relatively close, indicating that cultural services are less sensitive to the
contrasting strategies.

The comparison underscores how different configurations along the Pareto frontier can
yield distinct bundles of ecosystem services, even when patch-level structures remain
superficially similar. The corresponding maps showing treated units at the first (Period 1)
and end of the planning horizon (Period 10) for the two solution points is shown in Figure
10.

Table 4 Solution of two points selected from Figure 9.

. . Point B

Unit Point A (Upper) Lmar)
Scenic_Beauty Number 4.75055 4.79199
Mushroom_produc 10° kg 6.0102 6.3481
NPV 10° Euros 2.17242 1.82686
P_dead Proportion 0.08226 0.10699
Total_Timber 10°m3 0.81356 0.997300
Biomass Carbon 10° kg 5.7212 5.15687
Number of patches Number 40 40
A_max ha 349 346
A_min ha 11.9 11.9
A Period 1

L )
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Figure 10 Fuel treatment patches (p= 40) at the first (Period 1) and last (Period 10) planning
periods for Soriguera LL: solution retrieved from Point A (upper) and Point B (Lower) of Figure
9.

3.1.3. Vale do Sousa LL

The Pareto frontier for the Vale do Sousa Living Lab was generated separately for the
northern and southern sub-areas, divided by the Douro River. The resulting decision
maps (Figure 11A, North on the left; 11B, South on the right) display consistent patterns
across both sub-regions, confirming the robustness of the optimization results. These
maps illustrate the trade-offs among four key ecosystem services: wildfire resistance
(RAIT), biodiversity, erosion, and carbon storage (Cstock).

The vertical slices show how increasing one service, such as carbon stock, can be achieved
only at the expense of others. In both sub-areas, stronger wildfire resistance (higher RAIT
values along the x-axis) is generally associated with reduced biodiversity and higher
erosion risks, as indicated by the shift from green/blue to yellow and red color shading.
Conversely, maximizing carbon storage tends to favor biodiversity, reflecting the role of
structurally diverse, less intensively managed stands in providing both regulating and
supporting services. The patterns are particularly evident in the South, where erosion
increases sharply under scenarios prioritizing high fire resistance, while biodiversity
scores remain low.
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Figure 11 Four dimensional decision map illustrating trade-off among wildfire resistance
(RAIT), Biodiversity, Erosion (10° ton), and carbon stock 10 ton (Cstock) for Vale do Sousa areas
(Left- North subarea, Right- South subarea).

The three-dimensional decision maps for the Vale do Sousa Living Lab (Figure 12)
illustrate consistent trade-offs among wildfire resistance (RAIT), erosion, and biodiversity
in both the northern and southern sub-areas. In both regions, increasing fire resistance
is associated with higher erosion and lower biodiversity, confirming the existence of a
common trade-off structure.
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Figure 12 Three-dimensional decision maps illustrating trade-off between for wildfire
resistance (RAIT) and Erosion at different levels of Biodiversity for Vale do Sousa (Left- North
subarea, Right- South subarea).

However, the magnitude of these trade-offs differs between sub-areas. The northern sub-
area displays a broader range of biodiversity values and more gradual declines as RAIT
increases, suggesting greater flexibility in balancing fire resistance with ecological
indicators. By contrast, the southern sub-area is more constrained, with biodiversity
values consistently lower and sharp transitions in erosion and biodiversity occurring even
under modest increases in RAIT. These differences highlight that while the overall trade-
off direction is the same across the landscape, the degree of flexibility to balance services
varies locally, reflecting differences in biophysical conditions and management histories.

3.1.4. Overall interpretation of the result
Across all three Living Labs, the integration of spatial fuel treatment optimization with
Pareto frontier analysis enables transparent exploration of trade-offs. The decision maps
provide not only a visualization of multi-dimensional relationships but also quantitative
estimates of marginal trade-offs (e.g., timber-carbon slopes). Importantly, the retrieval of
solutions along the frontier demonstrates that very different spatial configurations can
achieve similar levels of ecosystem service provision, giving decision-makers flexibility.

Moreover, the results highlight recurring themes: (i) timber production generally conflicts
with carbon storage, (ii) scenic beauty and mushrooms tend to align positively with
carbon but conflict with timber, and (iii) patch design, particularly the number and size of
patches, plays a central role in mediating these trade-offs. The stakeholder-informed
constraints, such as maximum treated area and patch limits, further anchor these results
in operational feasibility.

These findings underscore the need for participatory, multi-objective planning
frameworks. By embedding spatial feasibility within Pareto analysis, the approach
provides stakeholders with a richer understanding of potential futures and their
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implications. The ability to visualize trade-offs and retrieve concrete management plans
strengthens decision-making capacity for creating fire-resilient, multifunctional
landscapes.

4. Discussion: Potential, Limitations, and
Implications

This research has attempted to integrate spatial optimization with Pareto frontier
approach for assessing trade-offs among multiple ecosystem services. This represents an
important milestone in forest decision-support modelling, as it combines mathematically
rigorous patch-based fuel treatment planning with multi-objective analysis in ways that
are directly usable by stakeholders. By embedding patch contiguity constraints into a
Pareto frontier framework, the approach ensures that every non-dominated solution is
not only optimal in terms of ecosystem services but also spatially feasible in terms of
treatment design.

The formulation’s main strength lies in its ability to enforce contiguity rigorously while
remaining compatible with standard Linear Programming/Mixed Integer Problem solvers.
Unlike heuristic clustering or adjacency-penalty methods, the flow/sink mechanism
guarantees valid patch structures rooted at designated sinks. Because the patch logic is
decoupled from the objective functions, any management goal like timber production,
carbon storage, biodiversity, wildfire resistance, and cultural services such as
Recreational and Aesthetic Values of Forest Landscape RAFL (Abate et al., 2025), can be
integrated without altering the spatial feasibility layer. In addition, the formulation is
flexible enough to support multi-period planning. However, incorporating dynamic
patches across time remains a challenge: it proved difficult to model truly shifting patch
origins, and in practice the solver often selected similar stands as patch roots across
multiple periods.

Despite these strengths, challenges remain. Computational scaling is the most significant.
The binary arc-selection variables, combined with patch and sink variables, cause rapid
growth in problem size as stands and planning periods increase. This can result in weak
LP relaxations and wide optimality gaps, especially when maximum patch size is large
relative to stand sizes. Feasibility is also highly sensitive to parameterization. Choices for
A_max, A_min, patch count, and adjacency structure interact in ways that can easily
produce infeasibility, requiring pre-testing and careful calibration. Communicating these
complexities to stakeholders, who may expect specific patch sizes or numbers, can be a
practical challenge.

Pareto frontier generation also introduces issues. In mixed-integer problems, the
Edgeworth-Pareto hull (EPH) is typically non-convex, so the computed frontier is an
approximation (cEPH). This means frontier coverage depends on the estimation-
refinement procedure, the solver budget, and sampling strategy. As more objectives are
considered simultaneously, visualizing and interpreting trade-offs becomes harder, and
sparse coverage of extreme points can obscure local curvature. Additionally, results may
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be sensitive to objective scaling and normalization. Recognizing and communicating
these limitations is crucial for transparent use of Pareto frontiers in practice.

At the same time, the approach provides important opportunities for applied decision
support. It enables planners to explore contrasting policies such as “many small” versus
“few large” patches, quantify trade-offs among competing objectives, and evaluate the
feasibility of stakeholder expectations within realistic spatial and temporal constraints.
The transparency of the constraints and their clear interpretation (e.g., capacity,
coverage, sink logic) will facilitate communication with technical and policy audiences.

Looking forward, several directions are promising. First, systematic sensitivity analysis
and parameter relaxation of A_max, A_min, and patch count should be pursued to
evaluate robustness and provide guidance for practical implementation. Second,
computational improvements are needed- decomposition by subareas, hybridization
with heuristics, and tightening inequalities all hold potential to scale the approach to even
larger landscapes. Finally, tighter coupling with ecological process models (e.g., fire
spread or erosion simulators) would enhance the realism of trade-off analysis and
support broader adoption of this methodology in operational planning.
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