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Abstract

This study investigates wildfire susceptibility in Cyprus, defined as the spatial probability
of fire occurrence influenced by environmental factors and historical fire incidents. We
integrated topographic variables, indicators of anthropogenic ignition (such as popula-
tion density and proximity to infrastructure), and spectral vegetation indices (including
NDVI, LAI, NDWI, and NDMI) using eight machine learning models trained on a historical
wildfire dataset. Advanced ensemble models (XGBoost, Random Forest, and LightGBM)
showed superior performance, achieving an accuracy of 0.82 and an AUC of 0.87. These
non-linear classifiers successfully capture complex human–environmental interactions, de-
livering a high-fidelity spatial tool for targeted wildfire mitigation and forest management.
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1. Introduction
Wildfires are one of the most significant environmental threats in the Mediterranean

basin, especially in Cyprus [1]. Recently, Cyprus has consistently ranked high among
European countries regarding the area burned relative to its land mass [2]. The combination
of a warming climate, land abandonment, and increasing human presence in the wildland–
urban interface (WUI) has resulted in a high-risk environment [3]. Current fire management
practices often depend on single-factor indices, which do not adequately capture the
complex, non-linear interactions between environmental and human-caused factors [4].

This study tackles the challenges of wildfire management by developing a high-fidelity
wildfire susceptibility map for Cyprus using a robust machine learning framework. We
integrate historical wildfire data with various geospatial drivers and apply eight distinct
machine learning algorithms. These range from traditional linear classifiers, such as
logistic regression, to advanced ensemble algorithms such as Random Forest, XGBoost,
and LightGBM. This approach establishes a clear performance hierarchy for regional
risk modeling. The primary aim is to define wildfire susceptibility as a precise spatial
probability of fire occurrence, explicitly illustrating how human infrastructure interacts
with landscape vulnerability.
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2. Materials and Methods
In this study, wildfire susceptibility is defined as the localized spatial probability of

fire occurrence, which includes both the initial eruption and establishment of fires. This
probability is influenced by both static biophysical conditions and anthropogenic factors.
Topographic parameters such as elevation, slope, aspect, plan curvature, and geomorphic
landform classes are derived from the EU Digital Elevation Model. These factors illustrate
how terrain influences the likelihood of fire spread. Additionally, anthropogenic factors
including population density and the Euclidean distances to various features, such as roads,
picnic areas, built-up regions, transmitter stations, and power lines, are also considered
in this study. The input vector layers are sourced from the Cyprus Land and Survey
Department. These characteristics help evaluate the likelihood of anthropogenic ignitions
and identify critical infrastructure associated with ignition sources.

Moreover, vegetation and fuel predictors consist of various categorical vegetation
types and indices that assess vegetation health and moisture levels. These indices are
obtained from Landsat 8 and 9 satellite datasets [5], including the normalized difference
vegetation index (NDVI), enhanced vegetation index (EVI), normalized difference water
index (NDWI), and normalized difference moisture index (NDMI). Together, these factors
indicate the availability of fuel and its potential flammability. The predictors were compiled
into static geospatial rasters and sampled to create a binary classification dataset that
differentiated between fire and non-fire locations. Historical fire points from the VIIRS
dataset, spanning the years 2015 to 2024, were acquired from the NASA FIRMS website [6]
and utilized as the target variable.

A rigorous comparative modeling framework was established, employing eight dis-
tinct supervised machine learning classifiers that represented a variety of mathematical
architectures. The ensemble and gradient-boosting models include Random Forest, ex-
treme gradient boosting, and light gradient boosting machine. Additionally, statistical,
instance-based, and tree-based classifiers are represented by support vector machines with
a radial basis function kernel, logistic regression, K-nearest neighbors, and standard de-
cision trees. Furthermore, deep learning capabilities were assessed using a multi-layer
perceptron artificial neural network, which was optimized through backpropagation. The
unified binary dataset was randomly divided into a 70% training subset for model cali-
bration and hyperparameter tuning and a 30% independent testing subset for validation.
Hyperparameters for each of the eight algorithms were fine-tuned using a grid search
cross-validation strategy conducted solely on the training partition.

3. Results and Discussion
The predictive performance, discriminative capacity, and generalization ability of

the static-feature machine learning models were thoroughly evaluated using two primary
benchmark metrics derived from the confusion matrix of the independent testing dataset.
The overall classification accuracy was calculated to determine the global proportion of
correctly classified pixels, including both the presence and absence of fire, in relation to
the total size of the validation sample. the area under the receiver operating characteristic
curve (ROC-AUC) was employed to evaluate each model’s ability to distinguish between
high-susceptibility and low-susceptibility zones across all classification thresholds.

The comparative performance analysis of eight machine learning models reveals
a distinct architectural hierarchy for mapping wildfire susceptibility across Cyprus, as
illustrated in Table 1.
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Table 1. Overall accuracy and AUC values for machine learning models.

ML Model Overall Accuracy ROC-AUC

RF 0.82 0.89
ANN 0.77 0.85
KNN 0.80 0.86

DT 0.76 0.78
XGBoost 0.82 0.89
LGBM 0.82 0.89
SVM 0.80 0.85
LR 0.74 0.78

Advanced ensemble and gradient-boosting frameworks specifically XGBoost, LGBM,
and RF, demonstrated superior predictive capabilities, each achieving an overall classifica-
tion accuracy of 82% and an ROC-AUC score of 0.89. This top-tier performance emphasizes
the robustness of tree-based ensembles in handling multi-dimensional geospatial data, as
their internal boosting and bagging mechanisms effectively minimize variance and capture
complex, non-linear interactions among topographic variables, human ignition proxies,
and dynamic vegetative indices without overfitting.

In contrast, intermediate classifiers such as K-nearest neighbors (KNN) and support
vector machines (SVM) exhibited moderate predictive performance, achieving an accuracy
of 80% and AUC scores of 0.86 and 0.85, respectively. The artificial neural network (ANN)
followed closely behind, with a 77% accuracy and a 0.85 AUC. This indicates that instance-
based and deep learning architectures lack the precise feature-weighting flexibility needed
to handle sharp geospatial transitions, such as localized wildland–urban interface drop-offs.

The lowest predictive capabilities were recorded by simpler baseline models, namely
decision trees (DT) and logistic regression (LR), which yielded accuracies of 76% and 74%,
along with identical AUC scores of 0.78. This performance drop highlights the limitations
of linear boundaries and rigid, orthogonal decision structures in effectively capturing the
dynamics of Mediterranean wildfires. Complex, exponential environmental thresholds
fundamentally influence these dynamics, rather than linear gradients.

To leverage the collective predictive power of these superior models, the final wildfire
susceptibility map was generated using a soft-voting ensemble approach that averaged
the predicted probabilities of RF, XGBoost, and LGBM [7,8], which was subsequently
categorized into five distinct fire risk levels: very low (<0.2), low (0.2–0.4), moderate
(0.4–0.6), high (0.6–0.8), and very high (>0.8) (Figure 1).

Figure 1. Wildfire susceptibility map for the Cyprus.
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Ultimately, these findings demonstrate the clear advantages of advanced tree-based
ensemble frameworks over traditional parametric methods. They serve as a high-fidelity
spatial decision-support tool, crucial for targeted forest management and effective wildfire
mitigation in high-risk areas.

4. Conclusions
This study develops a high-resolution wildfire susceptibility map for Cyprus by in-

corporating various topographic, anthropogenic, and spectral vegetation factors within a
sophisticated machine learning model. A systematic comparative evaluation of eight classi-
fiers revealed that tree-based ensemble and gradient-boosting architectures, specifically
XGBoost, Random Forest, and LightGBM, exhibited a superior performance hierarchy, with
each achieving an overall accuracy of 82% and an AUC of 0.89.

By utilizing a soft-voting ensemble approach to average the predictive probabilities
from these top-performing models, the final susceptibility map successfully categorizes the
regional landscape into five standardized risk levels, ranging from very low to very high
risk. This methodology effectively captures the intricate, non-linear interactions between
humans and the environment, particularly emphasizing high-risk areas where critical
human infrastructure directly interacts with vulnerable, drought-stressed fuels.

In conclusion, this approach highlights the importance of moving away from tradi-
tional single-factor indices and embracing data-driven, soft-voting ensembles. This map is
essential for strategic resource allocation, zoning in wildland–urban interfaces, and targeted
wildfire mitigation in high-risk Mediterranean ecosystems.

5. Future Work
Future work will focus on transforming this static susceptibility framework into a

dynamic real-time forecasting system by integrating hourly meteorological data streams,
such as live wind velocity vectors, fluctuations in relative humidity, and anomalies in
ambient temperature, directly into the soft-voting ensemble architecture. Additionally,
incorporating physics-based algorithms for fire spread enables the model to extend beyond
initial ignition probabilities, actively simulating how a fire can grow, spread, and breach
containment barriers across various terrain features.
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