Robust strategies for forest wildfire mitigation under uncertainty

Moritz Hildemann®", Amelia B. Pludow?, Alan T. Murray?, Edzer Pebesma® and Judith A. Verstegen?

YInstitute for Geoinformatics, University of Miinster, Germany
2 Department of Geography, University of California Santa Barbara, United States.
3 Human Geography and Spatial Planning, Utrecht University, The Netherlands.

Abstract

Modern forest management is often focused on minimizing wildfire risk by regaining fire-resiliency from historical
conditions. This process is labor and resource intensive and it is usually infeasible to treat entire forests.
Therefore, forest treatment allocation optimization is applied to help identify the best mitigation plan, with a key
objective being the minimization of departure from historical landscape conditions. However, the vagueness and
imprecision of historical landscape condition models and their corresponding departure indicators due to data
limitations often necessitate the use of simulated substitutes. Since spatial optimization, integral for identifying
optimal mitigation plans, relies on simulation outputs, addressing uncertainty becomes a crucial concern. We
analyze optimization outputs for different historical condition scenarios and propose strategies to identify robust
alternatives in two steps. First, we conduct a series of spatial optimizations using a weighted-sum method,
systematically varying the importance assigned to different objectives for each scenario of historical conditions.
This process helps us understand how changes in the assumptions about past forest conditions and the relative
weights assigned to each assumption affect the optimal management plans. Second, we analyze the resulting
solutions to identify patterns and overlaps among the optimal spatial configurations across scenarios. By focusing
on the identification of common patterns, we develop a strategy to select solutions that are robust to uncertainty
in historical condition models. We find that the strategy based on identifying commonalities among optimal
solutions yields management plans that are, on average, 8.9% more robust compared to plans derived without
explicit consideration of robustness. We conclude that the commonality seeking strategy in solution space
alleviates risk in decision making. These insights highlight the importance of developing strategies for applying
robust strategies in spatially explicit optimization problems.
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1. Introduction

Spatial optimization models often utilize simulation outputs to evaluate solutions. Simulation model outputs
exhibit uncertainties that can influence optimization results via uncertainty propagation. If the uncertainties of
the simulation models are known and can be quantified, then the propagated uncertainty can be assessed
(zhang, 2021). However, uncertainties are not always quantifiable. Simulated events in the far future or past,
for example, can often neither be validated nor can the uncertainty be quantified (Maier et al., 2016). In case of
unquantifiable uncertainties, one option is to neglect uncertainty and use a single scenario that is constructed
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with the available information. The alternative is to simulate and utilize multiple equally plausible scenarios for
the future or the past (Lempert et al., 2003).

One spatial optimization application that depends on simulated events of the past due to scarce data is forest
treatment allocation to mitigate wildfires. A modern strategy in wildfire mitigation is to regain historical
landscape conditions, which are reported to have been fire resilient (Keane et al., 2009). The fact that historical
conditions have not been documented imposes a challenge. Murray et al. (2022) overcome the problem by
utilizing the most plausible scenario of past conditions to achieve the goal to optimally allocate forest treatment
activities. Given the absence of evidence against the departure indicator, we accept the plausibility of the single
scenario. What justification is there for not assuming its plausibility and working with it?

The main reason is that a single scenario or a single realization of modeled uncertainties does not allow
guantification of robustness associated with solutions. In robust optimisation, a solution is considered robust if
it maintains acceptable performance across all scenarios, particularly under worst-case conditions, rather than
being optimal in any specific scenario (Gabrel et al., 2014). Another way of identifying robust solutions is to
quantify sensitivity of objective values to small changes in various model parameters and select the least
sensitive solution from a range of solutions (Deb & Gupta, 2005). In a research stream called deep uncertainty,
solutions that are generally insensitive to uncertainty are considered robust (Lempert et al., 2003). All these
approaches require a set of realizations or a set of scenarios to assess robustness of solutions.

Various strategies to identify robust solutions exist, with strategies tailored to the given problem (Shavazipour
et al., 2021). Robust optimization, for example, relies solely on the objective values, i.e. the worst-case objective
value from a distribution of uncertainties. Well-defined uncertainties, mostly aleatory uncertainties that follow
a known distribution (Hassani et al., 2023), are required for robust optimization. This prerequisite is not given in
historical landscape condition simulation models. In fact, it remains unresolved which variables are most
appropriate for describing historical conditions (Keane et al., 2009). Alternative to the described robust
optimization approach, other strategies focus on similarities between solutions and evaluate robustness based
on design configurations, rather than solely on the objective space. In spatial optimization, leveraging spatial
relations such as proximity, overlap, containment, and distribution patterns has been instrumental in identifying
robust solutions. Studies by Dong et al. (2019), Christiansen et al. (2015) have successfully utilized these relations
within design variables to produce robust outcomes, while Hildemann & Verstegen (2021) demonstrated that
identified patterns within solutions serve as indicators of robustness.

This paper identifies two gaps in the current literature. First, research regarding strategies that extend solely
objective value-based robustness quantification is still limited in spatial optimization. Second, robust decision-
making strategies are lacking for spatially explicit allocation optimization models that rely on simulation model
outputs that cannot be validated.

This work develops problem-specific strategies for robust decision-making in spatially explicit allocation
optimization to overcome the identified gaps. We propose two strategies to identify robust solutions using three
different simulation models to quantify departure from historical landscape condition. The first strategy utilizes
existing multi-criteria decision-making approaches based on the objective space. The second strategy identifies
relations within realizations of optimal spatial configurations under uncertainty.

We aim to answer the following research question: What insights for robust decision making can be gained with
an objective space-oriented strategy and a solution space-based strategy in spatially explicit allocation
optimization under uncertainty?

2. Background

2.1 Robust solutions

The term robust solution has been used in various contexts in optimization and decision making. In robust (or
stochastic) optimization, robustness is generally achieved by considering the worst-case scenario realization for
the evaluation (Gabrel et al., 2014). The evaluation is based upon the worst-case scenario in objective space, i.e.
how favorable the objective value is if the worst case occurred. In other studies, a robust solution is defined
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differently, e.g. as the least sensitive solution to small changes in model parameters that can be quantified by
the distribution of the objective values (Deb & Gupta, 2005). Moreover, Labbé et al. (1991), analyzed the
sensitivity of a network-based location-allocation optimization to various input parameters by characterizing a
tradeoff curve between the magnitude of perturbation of the input parameters and the optimality of solutions.
A different yet underrepresented principle is to analyze decision variables (or design configurations) within
solutions to determine robustness, not solely relying on the objective values to assess robustness. This approach
has been, among other contexts, applied in network optimization. Dong et al. (2019) identified and removed
network edges that have a higher probability to fail in earthquake scenarios. In the domain of Computer Science,
the Hamming distance has been applied to identify robust patterns within uncertain scenarios (Griine, 2024),
which is a measure that quantifies the number of positions of equal length that differ between two strings.

It is assumed, that similar measures can be utilized to assess robust patterns in solutions to spatial optimization
problems by measuring either the attributes or spatial relations of spatial objects. Based on such a similarity
measure, emerging spatial relations within solutions from various realizations of modeled uncertain parameters
can be identified. Such patterns can either be robust or highly varying components of solutions when compared
to other solutions of similar quality. Hildemann and Verstegen (2021), for example, analyzed frequency patterns
of land uses in optimal solutions and concluded that quantifying the emergence of patterns within multiple
optimal solutions could serve as indicator for robustness in solutions or subset of solutions. In the
methodologically related location-allocation spatial optimization under various data aggregation levels, the
notion of stable solutions has been discussed detached from the context of uncertainty (Fotheringham et al.,
1995). Here, a solution is considered stable if its quality is within a specified percentage deviation from the
optimal solution of the disaggregate data (Murray & Gottsegen, 1997).

2.2 Historical forest conditions

The historical range of variability (HRV) aims to represent historical forest conditions before human
interventions. These are then compared with current conditions for estimating the departure from historical
conditions, which characterizes the capability of forests to persist wildfires and other short-time destructive
forces (Albrich et al., 2020). The most common method to compute HRV is simulation (Keane et al., 2009) with
the simulation models being highly diverse: the selected modeled variables differ, as well as their spatial and
temporal scale and resolution (Keane et al., 2009). Moreover, the HRV differs per selected time frame due to
changing climate conditions, and the simulation models also differ in the description of the landscape simulation
outputs. For example, Nonaka and Spies (2005) describe the historical landscape with seven metrics (amount of
forest, tree patch sizes, edge abundance, patch shape, diversity of forest age, patch connectivity, and patch
contagion), whereas McGarigal and Marks (1995) use 59 metrics to describe the landscapes. Related to that,
departure indicator quantifications vary. One quantification metric is Sorensen’s Index, which measures aerial
differences for a set of binned metrics from simulation intervals to the same binned metrics of present
conditions (Keane et al., 2009). Different sets of metrics and different numbers of classes for binning the metrics
result in different indicator values. Another departure quantification method is a regression-correlation
significance measure (Steele et al., 2006). Bissonette and Storch (2007) propose using principal components
analysis for measuring the departure from historical conditions. The different departure quantifications also
result in different ranges of output departure values.

2.3 Strategies to identify robust solutions under uncertain historical landscape conditions

As described above, historical landscape condition simulation models are highly uncertain in many ways. Every
decision regarding the modeled variables, simulation parameters, spatial and temporal resolution, time frame,
and departure quantification may result in different departure indicator values.

Moreover, the probability distributions of the model parameters are unknown. The high number of possible
combinations for defining the model, the lack of known probability distributions that describe historical
landscape conditions, as well as the lack of ground truth data to validate or compare simulation models make it
impossible to determine the most appropriate model to quantify departure from historical conditions. In such
cases, Lempert et al. (2003) suggest using multiple plausible scenarios that are regarded as equally probable.
According to Lempert et al. (2003), an exploratory scenario-based analysis can then be performed to identify
robust solutions that perform adequately under multiple plausible scenarios (Maier et al., 2016). In the context
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of this study, it would help to answer the question “what allocation patterns minimize the departure from
historical conditions over a set of possible historical conditions irrespective of which of the pasts occurred?”

Finding optimal solutions under uncertainty that are robust over a set of possible scenarios requires an
appropriate robustness metric for the given problem (Shavazipour et al., 2021). Marchau et al. (2019) claim that
no robustness criterion is best in all circumstances and that the metric must facilitate the framed problem. No
such metric exists for the problem addressed in this study.

3. Methods overview

This study utilizes a scenario-based optimization approach in two phases to identify robust forest management
solutions that perform well under a range of plausible historical conditions (see Fig. 1).

Phase 1: Generate set of optimal solutions for a set of scenarios

BLANDFIRE

BForSys BLandClim

Ranks priority for landscape
treatment; departure based on forest

Quantifies the deviation from historical
conditions based on vegetation class
distributions simulated with LANDSUM

Quantifies departure from historical
conditions based on LandClim forest
succession simulation

structure difference
model

A 4

Optimization

Multi-objective spatial knapsack optimization
with max. area and contiguity constraint and
weighted composite objective function with
one output each from BForSys, BLANDFIRE, and
BLandClim

Iterate through different set
of weights for weighted composite
objective function

Pareto Front

Set of optimal trade-off solutions from all
optimizations

[

l Phase 2: Identify robust solutions l

Commonality Analysis
in Solution Space

Trade-off Analysis
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Figure 1: General flow of methods used in this paper to identify robust solutions to a deeply uncertain spatial optimization
problem.

In the first phase, we define three distinct scenarios of historical forest conditions, each represented by a specific
departure indicator: Brorsys, Branorire, and Brandcim. Branorire €Xpresses percent deviation of current vegetation from
historical conditions, Brorsys assigns a rank based on the departure of the forest structure, and B.andcim measures
similarity to simulated historical conditions using a statistical index. These indicators derive from different data
sources and modeling approaches but share the common objective of quantifying departures from historical
forest conditions.

Each indicator feeds into a composite objective function within a multi-objective spatial optimization problem.
This problem is addressed using a spatial knapsack model with a contiguity constraint, ensuring that the selected
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management areas are contiguous. By systematically varying the weights of each indicator in the composite
objective function, we generate a set of Pareto-optimal solutions. The deliberate simplification of using one
scenario per modelling approach simplifies the identification of common patterns and trade-offs within the set
of Pareto-optimal solutions.

In the second phase, we analyse the generated set of Pareto-optimal solutions to evaluate how consistently
these strategies perform across different scenarios to assess robustness. We employ two complementary
strategies: trade-off analysis in the objective space to assess solution performance and clarify trade-offs under
each scenario, and commonality analysis in solution space to identify areas consistently prioritized across
scenario weightings. Importantly, this analysis ensures that robust solutions are not just frequent combinations
of individual units, but also satisfy the contiguity constraint, producing management areas that are operationally
feasible to implement in practice.

4. Identify Pareto optimal solutions for set of equally probable metrics

41 Forest treatment allocation optimization model

Forest treatment allocation optimization is based on the spatial knapsack problem formulated by Church and
Murray (2009) with a contiguity constraint after Shirabe (2005). The spatial knapsack optimization including the
contiguity constraint has been formalized in Murray et al. (2022) as follows:

1) Maximize Y; B;X;
2) Subjectto Y, a;X; <T
3) Xjen;Yij — Xjen, Vi = Xi — MV;Vi

4) LiVi=1

5 Xjen Yy < (M —1)X;Vvi
6) X, =01Vi

7) V,=01vi

8) Y =0Vij
where

i index of land management units,

Bi: the benefit of treating unit j,

a;: the area of unit ,

T: the maximum treatment area,

Xi: the decision variable indicating treatment (Xi= 1) or no treatment (X;= 0) for unit X;,
Ni: spatial neighbors of unit i (here based on adjacency),

M : number of management units,

Vi: the decision variable indicating whether or not unit i is a sink,

Y;i: decision variable indicating flow between units i and j.

The optimization model is used to identify the best contiguous patch with M (one or several) treatment areas
for maximizing the benefit 8 when treating the units belonging to the patch. In this case, 8 is the departure from
historical conditions. Three departure indicators are used, referred to as Brorsys, BLanorire, and Brandcim.  BForsys
guantifies how much current vegetation conditions deviate from historical norms (HRV), ranging from 0% (no
departure) to 100% (complete departure). Brorsys is a unitless indicator (0—6.5) that ranks spatial units by their
prioritization for fuel treatments for fire risk mitigation based on the departure of current to historical forest
structure. Brandcim quantifies the similarity between simulated historical-range-of-variability (HRV) vegetation
structure and current conditions using the Sgrensen’s index, ranging from 0 (maximum departure) to 1 (no
departure).

The threshold T defines the maximum area treated (Eq. 2). The contiguity constraint ensures that selected land
units inhibit “the quality of a single region being connected” (Shirabe, 2005). Selected land units (Xi) are
represented as a connected fluid network with sinks (V;), where each patch has a sink. The contiguous region is
represented by the patch, where one unit serves as sink. The linear equations Eq. 3 - Eq. 8 define the conditions
that need to be fulfilled for a region to be contiguous; the details of the network contiguity constraint are



Hildemann, M. et al. (2025) Socio-Environmental Systems Modelling, 7, 18725, doi:10.18174/sesmo0.18725

described in Shirabe (2005), and a pseudo-code for finding the contiguous regions can be found in
Supplementary Material A.

The optimization problem is an Integer Linear Programming (IP) problem with linear constraints and objective
functions (Nayak, 2020) for which exact solutions can be obtained.

4.2 Three indicators to quantify departure from historical conditions

The three different departure indicators serve as optimization coefficients to approximate the benefits Brorsys,
Buanorire, and Brandcim associated with different treatment configurations. The output from the departure
simulation models is one departure indicator value per model per land unit; the ranges of values differ per
indicator. The different ranges stem from multiple possibilities to quantify the departure from historical
conditions (Section 2).

The LANDFIRE (2016) Vegetation Departure Indicator quantifies the deviation of current vegetation class
distributions from the historical range of variability (HRV) for each area, as simulated with the LANDSUM model
(Keane et al., 2006). HRV is defined following the Fire Regime Condition Class (FRCC) protocols by Hann et al.
(2004). The indicator compares the relative proportions of different vegetation classes and structural stages
observed today to those expected historically, as modeled by combining knowledge of fire regime influences,
successional dynamics, and disturbance regimes. The result is Bianprire, quantified as a percentage value (0-
100%), with higher values indicating greater departure from historical conditions.

The ForSys departure indicator Brorsys is @ quantitative metric used in spatial forest scenario planning, which was
developed by the Social and Ecological Resilience Across the Landscape (SERAL) project. ForSys (Ager et al., 2019)
ranks the priority for landscape fuel treatment interventions based on how much current forest structure
derived from LiDAR data (McGaughey & Carson, 2003) deviates from reference ecological conditions. These
reference conditions were simulated using forest landscape models that represent the expected range of
structural variability under natural disturbance regimes and historical management. Higher values indicate high
difference from reference conditions. Input metrics to quantify the deviation are the mean tree clump size, trees
per acre and the proportion of gaps between trees.

A third departure indicator Biandcim is introduced based on HRV simulations using the forest succession
simulation LandClim (Schumacher et al., 2004). This simulation applies the methods described in Bugmann
(1996) but with study area-specific forest species and parameters. It is a landscape simulation model that is
sensitive to various soil and climate conditions and includes disturbances from fire, wind throw, bark beetle
outbreaks, and browsing. The inputs of the simulation are the elevation, aspect, slope, soil available water
capacity, monthly climate, management activities, and land type specific parameters with different fire ignition
coefficients, maximum vegetation biomass, browsing intensities etc. The key variables to describe the landscape
conditions are the biomass in (t/ha), tree density (stems/ha), species composition, as well as additional sub-
module specific outputs like burned area, areas affected by droughts, bark beetles, or wind throw. The following
metrics are used to describe landscapes to compute the departure indicator: the simulated mean vegetation
height and dominant vegetation class per cell and time interval are compared with the current vegetation height
and the vegetation classes using the Sorensen’s index (Keane et al., 2009) to quantify departure. The simulation
is set up with random initial vegetation, a simulated time frame of 1000 years as used in Keane (2012) and Snell
et al. (2017), and default values for fire, wind throw, bark beetle, and browsing parameters. The departure
indicator ranges from 0 to 1. The details are described in Supplementary Material B.

4.3 Trade-off solutions from the weighted-sum method

A deterministic optimization is performed with the weighted sum method (Marler & Arora, 2010) for analyzing
the scenario trade-offs with the different B8-values. This method performs optimization with a composite
objective function from multiple objectives. The composite objective function computes a composite benefit 8
with the three weighted (min-max-normalized) departure indicators serving as optimization coefficients that
quantify benefits Brorsys, Branorire, and BLrandcim. All weight combinations must sum up to 1, the weights can range
from 0 to 1, and the weight increment by 0.01. By repeatedly assigning different combinations of weights for
each of the objective functions and performing the optimization, we obtain multiple optimal objective function
weight combinations (Marler & Arora, 2010). The advantage is that the composite objective function remains
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linear, just as its component objective functions. The drawback associated with this method is that it only
guarantees finding all optimal solutions when the Pareto front has a convex shape (Boyer et al., 2013), which is
assumed in the given problem.

From all solutions obtained with the weighted sum method, those weight combinations are identified that lead
to optimal trade-off objective values of the single objectives. The solutions associated with optimal weight
constellations are then used for the trade-off analysis between the different departure indicators to identify
robust solutions.

5. Post optimization robustness evaluation strategies

The challenge is to determine a scenario-based analysis approach and a robustness metric that facilitate the
framed problem (Marchau et al., 2019). The primary goal is to provide decision-makers with insights about the
robustness of solutions despite the lack of knowledge of what departure indicator best captures the departure
from historical conditions. Here, two strategies are proposed to a problem specific scenario-based analysis. In
the first strategy, trade-offs in the objective space are identified where each objective represents one of the
simulation models (Section 4.3) and only the optimal trade-off solutions from the weighted sum method (Section
4.4) are presented. The second strategy identifies commonalities in solution space and objectively presents a
single robust solution. Both strategies are forest treatment allocation-specific metrics but could also be applied
with minor adaptations to identify robust solutions in other spatially explicit combinatorial allocation
optimizations.

5.1 Identification of robust solutions using trade-offs in objective space

The optimal trade-off solutions obtained using the weighted sum method represent a Pareto set of alternatives,
from which decision-makers must select a preferred option, which is a common task in multi-criteria decision
analysis (Jankowski, 1995). To explore these trade-offs in objective space, a trade-off hyperplane is used to
visualize the relationships between the optimal solutions (Sakawa & Yano, 1990). One effective method for
visualizing these trade-offs is RadViz, a projection-based multivariate technique that arranges the values of the
weighted composite departure indicators in a radial layout (Deb, 2001; Tusar & Filipic, 2015). The solution
nearest the center of the RadViz plot can be interpreted as the most balanced or compromise solution across all
models.

Hence it becomes possible to select a solution using weights that are reflect the trust towards the different
departure simulation models, which a common approach in multi-criteria decision making (Ramesh & Zionts,
2013). Factors that can influence the weight determination may be data availability or model assumptions
among others. Even though the forest management goal shifts away from fire suppression at all costs,
information about the possible extent and locations of forest loss due to burning in the near future is of mutual
interest to forest management (Finney, 2001) and is assumed to be an additional factor for decision making.
Therefore, the total burned area from occurred wildfires in landscape simulations as additional decision criterion
is incorporated in the analysis.

Hereto, the LandClim simulation model is set up in line with the simulation of historical conditions
(Supplementary Material B), apart from specific different parameter settings. The changes relate to replacing
the focus on vegetation conditions with the focus on forest fires: the current vegetation conditions are used as
initial vegetation instead of random initial vegetation. The simulation time frame is 50 years from the year 2022
instead of 1000 years in the past (as used in Keane (2012) and Snell et al. (2017)). The fire ignition probability is
uniform to ensure that every part of the study area has a similar potential to have been confronted with burning
neighbor cells (Finney, 2005) within the short time frame. The forest vegetation is thinned to 60% of the
vegetation density in the identified management areas every decade to simulate treatment. Finally, the output
of burned cells is computed. The additional selection criterion is the summed-up burned area over 50 years of
simulation time.
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5.2 Identification of robust solutions using commonalities in solution space

The second strategy combines objective space analysis with solution space analysis by identifying similarities
within optimal trade-off solutions. With the underlying forest treatment optimization model and solutions being
represented as patches of treatment areas, the obvious similarity metric is the frequency of land units that
constitute the optimal contiguous patches derived with the weighted sum method. From here on, this similarity
metric is referred to as unit-frequency. Every forest unit gets assigned a new property that quantifies the
frequency. The new property could be used without further steps to support decision making by visual
inspection of the frequencies. However, in the context of a treatment allocation optimization with a threshold
and a contiguity constraint (Section 4.2), the selected solution must meet the constraints, too. Therefore, a
second optimization is performed with a new benefit metric: Bfrequency. Bfrequency is the number of occurrences per
land unit in all optimal trade-off solutions obtained with the weighted-sum-method. This consecutive
optimization maximizes Bfrequency While satisfying the maximum treatment area and the contiguity constraint
(Section 4.2).

One main advantage of this second optimization in the scenario-based analysis of optimal trade-offs is that a
single solution is produced, objectively. The second desired yet unproven advantage is that a high unit-frequency
may lead to a robust solution.

5.3 Design of simulation experiment

The first step is to apply the weighted sum method with the defined optimization model (Section 4.2), a
maximum treatment area T of 100 hectares on the three study areas. The weights increment per step by 0.01
(minimum = 0, maximum = 1). This approach includes the single-objective optima per scenario (weight
combinations (1,0,0), (0,1,0) and (0,0,1).

The resulting set of optimal solutions is used for the scenario-based objective and solution space analysis
(Section 5.2). This analysis includes the burned area derived from wildfire simulations on every optimal solution
with applied management activities. First, the departure indicator distributions and the optimal solutions are
explored. The spatial distribution of the departure indicator variables and the optimal solutions per scenario are
inspected. The exploratory analysis includes a cross-evaluation of each model’s optimal configuration to the
other two optimal map configurations, e.g. compute the ForSys and LANDFIRE objective value for the optimal
LandClim solution. Then, robust solutions are identified using the two strategies (Section 5.2). Following the first
strategy, all optimal trade-offs are shown on the trade-off hyperplane with information on how much area was
burned in the wildfire simulations. Since this strategy requires a subjective weight preference setting, we chose
not to select a single solution that is robust in our subjective perception. For identifying a single robust solution,
the objective second strategy is used by maximizing Bfrequency. The robustness is evaluated using the total
deviation of a solution to the optimal solutions per scenario.

6. Case studies

The study areas for this project are 302, 709, and 1327 ha subsets of the Stanislaus Forest that are divided into
57,130 and 315 treatment units (Figure 2, yellow), respectively. These subsets were also used in previous studies
in the context of minimizing departure from historical conditions (Murray et al., 2022). The subsets are part of
the total dataset that represents the Stanislaus National Forest (Figure 2, dark green) and extends over 47686
ha. The precipitation is highly variable, with yearly precipitation between 13 mm and 74 mm from 1951 to 2017
and with increasing minimum temperatures of 2.63°C (Estes & Gross, 2020. The overall tree density is high and
significantly higher compared to the density 100 years ago (Dolanc et al., 2014; Estes & Gross, 2020), however
the density of large trees has decreased due to climate- and water stress (Estes & Gross, 2020). The area is an
ideal study case since the Stanislaus National Forest has been affected by multiple severe fires in the past
decades.
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Figure 2: Stanislaus national park study area. Location in California (a), subset indications of the total National Forest (b), and
study cases with 315 (c), 57 (d) and 130 (e) forest units.

7. Results

The results were obtained using a Windows computer with 16 GB RAM, i79850H Intel Processor with 6 cores
and 12 logical processors. The Gurobi solver (Gurobi Optimization, LLC, 2023) was used to solve the optimization
model described in Section 4.3, the remainder of the implementation is based on Python.

The three departure indicator distributions (Figure 3, upper rows per chart) show little similarity with each other.
As a consequence, the optimal solutions per scenario (Figure 3, bottom rows per chart) seem highly contrary at
first glance for all three study areas with mostly no overlap at all. However, as Murray and Gottsegen (1997)
point out, visually dissimilar location configurations and the absence of spatial clusters should not be the only
criteria to evaluate the actual similarity of solutions.

The cross-evaluation with the spatial configurations of each single objective optima with the other two objective
functions (Table 1) underlines the statement: the completely different optimal spatial configurations for the
LANDFIRE and LandClim scenarios yield highly similar objective values.

The optimal LANDFIRE solution is within 2.9% of the optimal solution for LandClim, and 9.9% vice versa, averaged
over all study cases. The optimal solution with the ForSys scenario cross-evaluated with the LandClim only
deviates by 3.3%. The optimal LANDFIRE and LandClim solutions are, however, 56.5% and 58.8% lower when
evaluated with the ForSys departure indicator.

The trade-off hyperplanes (Figure 4, a, upper row) underline the observation that LANDFIRE and LandClim
scenarios conflict less in comparison to the ForSys scenario: the trade-offs almost follow a linear relationship
from the centre to the left on the trade-off hyperplane. That indicates a constant low trade-off between the
LANDFIRE and LandClim scenarios and a constant high trade-off with the ForSys scenario.

When re-evaluating the optimal solutions with the wildfire simulation, the largest burned area is constantly
approximately a third higher than the burned minimum area over the three study cases. However, there is no
clear trend between the position of the trade-off hyperplane and the burned area in the wildfire simulation.
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Figure 3: Departure indicator distributions (upper rows) and optima (bottom rows) for ForSys(a), LANDFIRE (b), and LandClim
(c) departure indicators.

The results revealed that even though similarities between the optimal spatial configurations of the scenarios
were absent, there were clear frequency patterns within optimal solutions. The frequency distributions of units
that constitute optimal trade-off solutions (Figure 4, b) show consistent spatial patterns. This consistency helped
to identify units that were constantly represented in optimal solutions. In all three study cases, 15-25% of the
units are part of the most optimal solution per study area, with up to 70% for the 57 and 130 units study cases
and up to 35% in the 315 units study case. A spatial autocorrelation analysis using Moran’s | analysis (Moran,
1950) shows a significant clustering of the spatial distribution of the frequency for all three study cases.

The significant spatial clustering of frequencies indicates the presence of many commonalities in optimal
solutions. Due to the presence of singular clusters in the study cases with 57 and 130 units, it is not surprising
that the resulting optimal solutions that maximize Bfrequency (Section 5.2) (Figure 4, c) include all units with the
highest unit-frequency. With two spatial clusters being present in the study case with 315 units in combination
with the contiguity constraint, some of the most frequently selected units in the north are not included.
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Table 1: Deviation from optima per scenario.

ForSys 57 units 130 units 315 units

Optima 312.9 131.2 206.5

Difference Abs. Rel. Abs. Rel. Abs. Rel. Mean
LANDFIRE -239.1 -76.4% -21.6 -16.5% -158.5 -76.7% -56.5%
LandClim -180.5 -57.7% -87.8 -60.0% -121.2 -58.7% -58.8%
Robust 0 0% -7.3 -5.5% -55.34 -26.8% -10.8%
LANDFIRE 57 units 130 units 315 units

Optima 3948 7221 7681

Difference Abs. Rel. Abs. Rel. Abs. Rel. Mean
ForSys -698.5 -17.7% -897.5 -12.4% -3454 -45.0% -25.0%
LandClim -171.1 -4.3% -407.9 -5.7% -1524 -19.8% -9.9%
Robust -698.5 -17.7% -302.3 -4.2% -837.7 -10.9% -10.9%
LandClim 57 units 130 units 315 units

Optima 89.8 91.0 91.1

Difference Abs. Rel. Abs. Rel. Abs. Rel. Mean
ForSys -2.42 -2.7% -3.5 -3.9% -3.1 -3.4% -3.32%
LANDFIRE -0.78 -0.9% -2.4 -2.8% -4.5 -4.9% -2.9%
Robust -2.42 -2.7% -3.4 -3.7% -4.4 -4.7% -3.7%

's N
@)
LANDFIRE LANDFIRE LANDFIRE
ForSys ForSys ForSys
e, . ..,
Burned area Burned area Burned area
in hafyr in hafyr in ha/yr
34 ls.a ls.A
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. /
J

Figure 4: Trade-off hyperplane visualization of the weighted sum-method (A), percentage of optimal solutions with units being
managed after the weighted sum method (B), and robust solutions from second robust strategy based on optimization
maximizing the percentage shown in B (C).
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Using the robustness metric of deviation towards the scenario optima’s objective value, the unit-frequency
maximizing strategy (second robust strategy described in Section 5.2) delivered objective robust solutions in all
study cases. The objective values of the robust spatial configurations are within a percentage deviation of 11%
compared to the optimal solutions per scenario (Table 1). Averaged over all scenarios, the deviation is 8.5%,
which is much less than the other model deviations: The average deviation of the LandClim optima to the other
scenario optima is 34.3%, the average deviation of the LANDFIRE optima is 29.2%, and the average deviation of
the ForSys optima is 14.2%. On average over all scenarios, the deviation between all single scenarios is 25.9%,
17.4% higher compared to the robust solution.

The highest difference is present when evaluating the LANDFIRE and the LandClim optima under the ForSys
scenario. Here, the deviation of the robust solution to the ForSys optima is approximately 40% lower.

8. Discussion

The exploratory analysis of the optimal trade-off solutions revealed that the LandClim and LANDFIRE scenarios
show little conflict, whereas both scenarios conflict with the ForSys scenario. The high deviations of optimal
solutions when re-evaluated with the other scenarios reveal the conflict between the optima per scenario, and
the trade-off hyperplanes reveal the trade-offs between the compromise solutions, too. The conflict affirms the
need for robust strategies.

The trade-off hyperplane allows a selection of solutions based on trust towards the different scenarios by
defining sets of weights. The linear trade-offs on the hyperplanes, in combination with the low conflict between
the LANDFIRE and LandClim scenarios, show that it suffices to select a weight for the ForSys scenario. A high
weight expresses a high confidence that ForSys scenario alone depicts the departure from historical conditions
most adequately, and a solution on the right of the hyper-plane would be selected. In contrast, a lower weight
expresses the attitude that all three scenarios contain valuable information about uncertain historical
conditions. In this case, a solution towards the center or the left on the hyper-plane could be favorable for
selection. If multiple solutions can be associated with a selected set of weights (are close to each other on the
trade-off hyperplane), the expected total burned area by wildfires serves as an additional decision criterion.
With this additional criterion, the expected total burned area from wildfires (that is independent from the
scenarios) can be reduced by up to 30%. However, this strategy requires subjective decisions.

On the other hand, the second strategy of utilizing commonalities in the solution space from the optimal
solutions is objective and successfully lead to one robust solution per study case. The robust solutions are
insensitive towards the three different scenarios in all study cases: the deviations to the scenario optima are
constantly low, with an average deviation of 8.5%. The deviation of 26.8% for the 315 units study case is the
highest deviation. However, this highest deviation is still 32-50% lower deviation than the optimal solutions of
other scenarios. Also, the deviation between all single scenarios is 17.4% higher compared to the robust
solutions. This indicates insensitivity to all simulation models, or, in other words: it shows that utilizing
commonalities in the solution space enables identifying robust solutions.

Following up on this strategy, one can even identify robust alternative solutions with similar objective values
but variations in the spatial configurations (Figure 5), which is desirable for identifying alternative solutions
(Murray, 2003). Due to the high spatial auto-correlation of the frequency distributions in combination with the
contiguity constraint, the local variations in the spatial configurations are limited. Even though a high variation
in optimal spatial configurations does not mean that the solutions are sensitive to uncertainty (Murray, 2003),
the converse argument is not necessarily true. We propose that low variation among optimal spatial
configurations indicates robustness. This is a key outcome of our study and is illustrated with the following
example: suppose solution A represents the true optimum, but due to uncertainty, solution B with slightly better
objective values is selected as optimal instead. If solutions A and B share a large proportion of spatial units, then
much of the true optimal configuration (A) is still implemented despite the uncertainty. Therefore, high spatial
similarity among solutions can reduce the likelihood that uncertainty leads to the selection of entirely divergent
configurations. This reduction in risk is particularly relevant in forest treatment allocation, where treating each
unit demands significant effort and resources (Austin et al., 2020).
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Figure 5: Robust solutions and robust alternative spatial configurations with objective value deviation.

8.1 Limitations and future work

Presented are two alternatives for identifying robust solutions under uncertainty. However, there are many
options that we, as optimization modelers, had to decide upon, and each choice can alter the outcome.

First, three specific scenarios from the possible range of scenarios are used to quantify departure from historical
conditions. Yet, there are many different ways to compute departure from historical conditions by using key
variables other than the vegetation height and dominant vegetation class for comparing the HRV to current
conditions, e.g. using another index for quantifying the HRV (Keane et al., 2011) or using different simulation
models that use ecological resilience models (Cushman & McGarigal, 2019). Different sets of key variables,
parameters and approaches to quantify departure lead to different scenarios, most likely resulting in different
optimal solutions. Future work includes considering more scenarios, ideally as many as possible (Lempert, 2019).
This extension can be done following the same method; both strategies are applicable to more scenarios.

Second, single departure indicator outputs per model are used instead of a range of outputs per model. Tree
densities, tree heights, and drought levels are examples of variables that follow probability distributions in space
and time. The modeling of such aleatoric uncertainties allows the quantification of uncertainty propagation. The
output landscape description metrics can be assessed by repeatedly drawing samples from the probability
distributions of key variables. The scenarios could then be integrated to identify robust outcomes (Maier et al.,
2016). Epistemic uncertainty due to fuzzy and ambiguous data could also be addressed with the Dempster-
Shafer theory (Leitmann, 1996) or using fuzzy modeling (Tanaka & Sugeno, 1998). We identify the integration of
aleatoric and epistemic uncertainty modeling in scenario analysis as an important piece of future research in the
context of allocation optimization under uncertainty. Here, the challenge is to specify the uncertain
characteristics without having ground truth data to validate the assumptions.

Third, the changing climate affecting flora and fauna is an argument for not regaining historical conditions but
formulating other desired landscape conditions (Druckenbrod et al., 2006). If future climate conditions are too
different from past conditions, it is questionable that historical landscapes are the most suitable under changing
conditions (Brunckhorst & Trammell, 2023). This would require a redefinition of desired landscape conditions.
Following such a research direction would require dealing with the uncertain future instead of uncertain
historical landscape conditions.
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Fourth, the proposed unit-frequency approach is problem specific and needs adaption for other spatial
optimization problems. The strategy produced robust solutions to the forest treatment allocation problem, but
it cannot be applied to all location-allocation problems. One example in which the strategy cannot be applied is
the identification of ideal positions under uncertainty, such as allocating fire stations to fight fire outbreaks
(Bolouri et al., 2018). In such a continuous problem instance, the chance of having the same optimization output
is too low to use frequencies. Different metrics describing spatial relations, such as distance-based or clustering-
based metrics, are required to assess commonalities or similarities in solution space in continuous problems.
Therefore, we suggest addressing additional robustness metrics that utilize different commonalities in the
solution space.

8. Conclusion

In this work, we used three different departure indicators in a forest treatment optimization as scenarios to
identify robust solutions under uncertainty. For the trade-off analysis between the three scenarios, the weighted
sum method was used to identify the optimal weight configurations. On that basis, the trade-offs between the
three simulation models and two proposed robust strategies can be analyzed. One strategy follows displaying
all optimal trade-offs between the three scenarios on a trade-off hyperplane. The trade-off hyperplane, together
with information about the expected total burned area enables a subjective selection of a solution that
represents one’s trust in the different simulation models. The second strategy is objective; it uses commonalities
within optimal spatial configurations from the trade-off analysis.

The results showed that despite highly different departure indicator distributions and high trade-offs between
the scenarios, robust solutions could be identified with both strategies in the study area of the Stanislaus
National Park in California. The results revealed valuable insights for robust decision making by following
different strategies that analyze the objective space and the solution space. The first proposed strategy results
in a whole range of trade-off solutions to the three scenarios. The exploratory analysis revealed that despite
visually dissimilar variable distributions, it was possible to obtain robust solutions with highly similar objective
values between two of the three departure indicators.

The second robust strategy proved to identify solutions that are much more robust, over all study cases, when
compared to the optimal solutions per scenario. The deviations to the scenario optima are constantly low, with
an average deviation of 8.5%. Also, the deviation from all single scenarios is 17.4% higher compared to the robust
solutions. The highest deviation from the robust solutions was 26.8% for the ForSys scenario in the 315 units
study case. However, this highest deviation is still 32-50% lower than that of optimal solutions of other scenarios.

This study revealed one key insight for spatial explicit optimization under deep uncertainty: recognizing and
utilizing common patterns in the solution space, such as the frequency with which spatial objects are included
in optimal spatial configurations, facilitates the identification of robust solutions. By formalizing these
commonalities in our study, through an additional optimization step that maximizes the inclusion frequency of
units in optimal solutions, the risk inherent in the selection of treatment units is effectively reduced. This finding
suggests that similar approaches hold promise for a variety of spatially explicit optimization problems.

Supplementary Material

The Supplementary Material can be found online at: https://sesmo.org/article/view/18725/18337.
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