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The biodiversity of the Azores Archipelago faces a significant threat due to
the introduction and proliferation of invasive species [4]. In response to this chal-
lenge, data science has emerged as a powerful tool in the field of conservation, in
particular through the application of species distribution modeling (SDM) [9].
SDMs create predictions of the suitability of habitats for a species by analyzing
the relationship between an occurrence of the species and a set of environmental
variables that describe their location [9]. SDMs can inform monitoring and con-
tainment strategies for invasive species. However, developing a data preparation
and modeling pipeline for predicting invasive species distribution in the Azores
presents several challenges, including variable selection, multicollinearity, and
limited sample sizes [14]. Uncertainty is a major concern in this modeling task,
especially due to the objective of projecting the generated models onto future
climate scenarios [2]. To address this, a common strategy is ensemble forecasting
[14], which combines predictions from various models using consensus methods.

The project described in the article aims to develop a robust data preparation
and modeling pipeline to predict the habitat suitability of invasive species in the
Azores Archipelago under current and future climate scenarios. Initial findings
suggest that ensemble modeling is a useful tool for reducing uncertainty, and
also the prospect for a more automated predictor selection. We performed test
cases for two species: Gunnera tinctoria (Molina) Mirb. and Paspalum vagina-
tum (Sw.) P.Fourn. In this summary, we will present our results for Paspalum
vaginatum.

The considered study area is the Azores Archipelago, a group of nine vol-
canic islands situated in the North Atlantic Ocean. The species occurrence data is
sourced from the Azores Biodiversity Platform (http://azoresbioportal.uac.pt/)
[3] and focuses on the top 100 invasive species in the region [17]. The dataset pre-
dominantly comprises species from the Plantae Kingdom, followed by Animalia.
Paspalum vaginatum, a perennial grass, has registered occurrences in Faial.

In this study, climate predictors were obtained from the CIELO model, a
widely used model for downscaling global circulation models and climate change
scenarios in small oceanic islands [7,8,16]. Two scenarios were considered: RCP
4.5, a baseline with greenhouse emissions peaking around 2040 and gradually
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decreasing, and RCP 8.5, a worst-case scenario with emissions continuing to rise
until 2100. The climate models included 19 climate predictors. In both statistical
learning and machine learning methods, it is essential to avoid training models
with highly collinear predictors. Multicollinearity can lead to poor model per-
formance, particularly in multiple regression models, where important variables
may be considered insignificant due to the correlation with other predictors [9].
Moreover, including unnecessary predictors in machine learning can lead to the
curse of dimensionality. To address multicollinearity among climate predictors,
the study utilized the Variance Inflation Factor (VIF). Predictors with a VIF
exceeding the threshold of 10 were removed. This process is repeated until no
predictor has a VIF exceeding the threshold, ensuring the final set of predictors
used is free from significant multicollinearity [12].

When training species distribution models that need presence-background
data, it is necessary to sample background locations to capture the environ-
mental range of the study area where the species has not been sampled [13].
Various techniques exist for background sampling, including random and disk-
based selection. In this study, we used a model called SRE. The SRE model,
an Environmental Envelope Method, defines the potential species range by es-
tablishing bounds based on environmental predictors at occurrence locations.
Background locations were sampled outside the predicted suitable occurrence
area determined by the SRE model [5].

Ensemble forecasting is used to predict the current and future distributions
of the considered invasive species, incorporating both statistical and machine
learning models. The statistical modeling includes Generalized Linear Models
(GLM) and Generalized Additive Models (GAM), while the machine learning
methods consist of artificial neural networks (ANN), gradient boost machines
(GBM), and Maxent. To evaluate the performance of the models, k-fold cross-
validation is used considering 5 folds, meaning that a model is trained on 4
folds and evaluated on the remaining one. The process is repeated 5 times,
then the resulting performance measures are aggregated using the average of
the values. To generate habitat suitability maps, each cell’s suitability value
(0-1000) is calculated using a consensus method over the values of the models
outputs given the current or future climate predictor values for that cell. The
consensus methods used include the mean, median, and committee averaging.
The implementation of both the modeling technique and the data preparation
pipeline was performed using R [15], specifically utilizing the biomod2 package
[18].

The performance of the models is evaluated using a combination of threshold-
dependent and threshold-independent measures. For threshold-independent eval-
uation, the area under the receiver operating characteristic curve (AUC) is used
to assess the model’s ability to distinguish between random presence and random
background sites. AUC values above 0.9 are excellent [6]. The Boyce Index is
also used, its values ranging from -1 to 1, where 0 indicates performance equal to
a random model [11]. For threshold-dependent evaluation, the true skill statis-
tic (TSS) is employed, with values ranging from -1 to 1. TSS values above 0.8
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indicate good to excellent performance [1]. Models exceeding a TSS value of 0.7
are considered suitable for inclusion in the ensemble. To convert the continuous
habitat suitability index into binary presences and absences, a threshold value is
required. The chosen approach for this study utilizes a sensitivity and specificity-
combined approach, selecting the point on the ROC curve closest to the top-left
corner, the perfect model.

Considering the previously described data preparation and modeling ap-
proach, we achieved promising results for Paspalum vaginatum. A total of 26
occurrences of the species were recorded in Faial. Two datasets were generated
through two runs of background sampling, each containing 104 background loca-
tions. Then we performed environmental predictor selection using iterative VIF
elimination, removing 13 highly collinear predictors, followed by PCA to identify
the five variables that made the most significant contributions to the first two
dimensions (which explained 66.5% of dataset variance) while not being highly
correlated. A total of 50 different models were obtained through cross-validation,
each technique producing five models, over two runs, one for each of the different
background datasets. These models exhibited excellent performance in AUC and
in TSS metrics on validation, indicating their high predictive capability. How-
ever, GAM appears to suffer from overfitting, since it has considerably degraded
performance when assessed against the validation data.

Table 1. Paspalum vaginatum single and ensemble model performance

Model Metric Calibration Validation

ANN AUC 0.973 ±0.0293 0.981±0.0210

ANN TSS 0.940±0.0452 0.953±0.0457

GAM AUC 0.956±0.0587 0.847±0.137

GAM TSS 0.910±0.121 0.703±0.278

GBM AUC 0.999±0.0223 0.986±0.0244

GBM TSS 0.994±0.0162 0.960±0.0724

GLM AUC 0.984±0.0376 0.968±0.0313

GLM TSS 0.958±0.0727 0.938±0.0611

MAXENT AUC 0.985±0.0066 0.976±0.0332

MAXENT TSS 0.927±0.0311 0.9204±0.0774

RF AUC 0.999±0.0007 0.983±0.0196

RF TSS 0.989±0.0135 0.957±0.0444

Model/Consensus Method Metric Value

Ensemble/Committee Averaging AUC 0.999

Ensemble/Committee Averaging TSS 0.986

Ensemble/Mean AUC 0.997

Ensemble/Mean TSS 0.981

Ensemble/Median AUC 0.996

Ensemble/Median TSS 0.981

The ensemble models produced in this study showed outstanding perfor-
mance, with nearly perfect TSS and AUC scores. The Boyce Index analysis con-
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firmed that all ensemble models outperformed a random model, with the mean
consensus method demonstrating the best performance. However, the median
and committee averaging approach exhibited significantly poorer performance.
The projections for Paspalum vaginatum in Faial under future climate scenarios
show an expansion in the suitable area in 2040-2069 and 2070-2099. Compared
to current conditions, the models predict an average increase of approximately
17% in the suitable area under RCP 4.5 for 2040-2069 and around 40% under
RCP 8.5. In the timeframe 2070-2099, compared to 2040-2069, the models esti-
mate an average increase of approximately 23% under RCP 4.5 and 35% under
RCP 8.5.

Table 1. Paspalum vaginatum Ensemble model performance – Boyce Index

Model/Consensus Method Calibration Validation

Ensemble/Mean 0.997 0.784

Ensemble/Median 0.996 0.242

Ensemble/Committee Averaging 0.999 0.382

The performance of the generated models provides validation for the pro-
posed pipeline, showing favorable results when evaluated through statistical
measures. However, caution is necessary due to certain limitations. One limi-
tation is the lack of independent data to validate the models, the other is that
the testing was limited to two specific species, therefore not being representa-
tive of the effectiveness of the pipeline for the diverse set of invasive species in
the Azores Archipelago. The currently utilized approach also has inherent limi-
tations, such as considering only climate predictors as determinants of species’
potential distribution, disregarding the importance of biotic factors [2]. Addition-
ally, uncertainty arises from the diversity of global circulation models available,
and small sample sizes [10]. An approach for solving the latter is to use occur-
rence data from the species’ native range, but this comes with its own potential
challenges.

In summary, the results demonstrate the ability to generate models that ac-
curately capture habitat suitability in the current environment, as verified by
statistical measures. The proposal has significant practical implications, reducing
reliance on expert knowledge and increasing efficiency. However, two limitations
require consideration: small sample sizes may lead to underestimation of suitable
areas, and inherent uncertainty persists even with ensemble models. This pro-
posal serves as a foundation for future research, towards establishing a potential
standard for modeling invasive species under future climate scenarios in small
oceanic islands. It uses an innovative background sampling technique, which
utilizes simple presence-only models to inform the selection of background loca-
tions. It represents a contribution to the field while offering avenues for further
exploration and refinement of SDM methodologies.
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