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ABSTRACT: The rayed pearl oyster Pinctada radiata (Leach, 1814) was the first Indo-Pacific bivalve
documented in the Mediterranean Sea and is now among the basin’s most widespread non-indigenous
bivalves. Despite its long invasion history, basin-scale assessments integrating habitat suitability,
anthropogenic exposure, and public perception remain limited. Here, we developed an integrated
Mediterranean risk-screening framework that combines ensemble Species Distribution Modelling (SDM),
Structural Equation Modelling (SEM), an Invasion Risk Index (IRI), and multilingual sentiment analysis
for P. radiata. Occurrence data comprised 866 georeferenced records from five Mediterranean countries,
of which 133 spatially thinned records were retained for SDM calibration. The ensemble SDM
demonstrated high predictive performance (AUC = 0.934 + 0.021, TSS = 0.812 + 0.033, CBI = 0.883 +
0.041) and identified mean annual sea-surface temperature, substrate type, and chlorophyll-a as the
principal predictors of baseline habitat suitability. More than 81% of dated occurrence records originated
from 2020-2026, and the spatially thinned dataset showed a significant westward redistribution through
time (Spearman’s p = —0.241, p = 0.0059), although this pattern was interpreted cautiously because the
dataset was dominated by opportunistic human observations and uneven reporting effort. Structural
equation modelling supported consistent spatial associations among environmental suitability,
anthropogenic exposure, and the observed distribution of P. radiata, while recognising that these
relationships represent statistical associations rather than causal ecological mechanisms. The Invasion Risk
Index identified High and Very High priority coastal sectors for surveillance, particularly where elevated
environmental suitability coincided with intense maritime activity and relatively low current record density.
Multilingual sentiment analysis of 1247 text units revealed predominantly neutral-to-positive public and
stakeholder discourse, reflecting the species’ dual perception as both a non-indigenous organism and a
commercially recognised resource. Collectively, these findings provide a spatially explicit framework for
supporting surveillance, biosecurity planning, and risk communication for P. radiata and other marine non-
indigenous species across the Mediterranean.
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1. Introduction

Marine biological invasions are among the major pressures affecting biodiversity, ecosystem
functioning, and coastal ecosystem services worldwide [1-3]. The Mediterranean Sea, which hosts more
than 1000 documented non-indigenous species, is considered one of the most heavily invaded marine
regions globally [4,5]. This pattern reflects the combined influence of Lessepsian migration through the
Suez Canal, intensive maritime transport, high port density, aquaculture activity, and pronounced
environmental heterogeneity across the basin [6-8].

Basin-scale spatial assessments can support surveillance by identifying coastal sectors where
environmental conditions and anthropogenic exposure may favour the establishment, persistence, or
continued detection of non-indigenous species. However, suitability maps derived from fixed
climatological layers represent relative environmental suitability only for the analysed reference period.
Unless projected explicitly under future climate scenarios, such maps should not be interpreted as forecasts
of climate-driven redistribution, contemporary range expansion, or future establishment probability. In the
present study, climate-related variables are therefore treated as components of a fixed environmental
baseline rather than as indicators of recent marine heatwaves or future climate trajectories.

Among Mediterranean non-indigenous species, the rayed pearl oyster, Pinctada radiata (Leach, 1814),
holds a distinctive historical position. It was the first Indo-Pacific bivalve documented in the Mediterranean
basin, with an early record from Alexandria, Egypt, in 1874, five years after the opening of the Suez Canal
[9], and it is currently recognised as one of the most prominent non-indigenous bivalves in the region [10].
Native to the Indo-Pacific, Indian Ocean, Persian Gulf, and Red Sea, P. radiata is a protandrous
hermaphroditic bivalve with broad substrate tolerance, occurring on rocky reefs, port structures,
aquaculture installations, and other artificial substrates. Its warm-water reproductive biology, attachment
capacity, and planktonic larval stage have facilitated its establishment across a wide range of Mediterranean
coastal habitats [11,12].

Following its establishment in the eastern Mediterranean, P. radiata has been documented
progressively farther west, including the Aegean, Ionian, Adriatic, and Tyrrhenian seas, the Sicilian
Channel, the Balearic Islands, and the Alboran Sea [13,14]. This widening geographic pattern is consistent
with a redistribution of documented occurrence records. However, differences in survey intensity, national
data mobilisation, coastal accessibility, and citizen-science participation prevent opportunistic occurrence
records from being interpreted as an effort-standardised estimate of biological spread rate, abundance
change or climate-driven range expansion.

A substantial body of research has examined Mediterranean P. radiata populations, including their
population biology, reproductive ecology, habitat suitability, nutritional composition, and stakeholder
perceptions [15—18]. Nevertheless, two important knowledge gaps remain. First, no Mediterranean basin-
scale assessment has integrated environmental suitability with harmonised indicators of anthropogenic
exposure to support spatial monitoring prioritisation while explicitly accounting for the inferential
limitations of presence-only data, spatially uneven observation effort and model-derived suitability surfaces.
Second, public and stakeholder discourse concerning P. radiata has not been evaluated systematically
across multiple Mediterranean languages and information sources. Understanding whether the species is
framed primarily as an ecological concern, a naturalised non-indigenous organism, or a potentially valuable
resource may influence monitoring participation, policy acceptance, and the perceived legitimacy of
management responses [19,20].

Species Distribution Models are widely used to estimate relative environmental suitability and identify
locations that may warrant increased surveillance [21,22]. Ensemble approaches combine predictions from
multiple algorithms and may improve robustness by reducing dependence on the assumptions of a single
modelling method [23,24]. Nevertheless, SDM outputs quantify statistical associations between occurrence
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records and predictor variables. They do not independently demonstrate ecological causation, true
occupancy, abundance, establishment probability, or future spread.

Structural modelling can complement distribution modelling by evaluating hypothesised direct and
indirect spatial associations among environmental conditions, anthropogenic exposure, and observed
occurrence patterns [25,26]. A methodological concern arises when an SDM-derived suitability score is
used as the response variable in a structural model containing environmental predictors that were also used
to train the SDM, because the resulting pathways are not statistically independent. Accordingly, the primary
structural analysis in the present study uses recorded occurrence status across occupied and available
background coastal cells. The response variable is therefore independent of the ensemble suitability surface.
Background cells are interpreted as available locations rather than confirmed biological absences, and the
estimated pathways are interpreted as spatial associations rather than as causal ecological mechanisms or
estimates of true occupancy.

Any secondary analysis involving the ensemble suitability surface is treated only as an exploratory
description of the internal structure of the modelled surface. It is not used as the principal empirical test of
species occurrence and is not interpreted as independent evidence of environmental or anthropogenic causation.

Sentiment analysis offers an additional means of summarising the polarity and thematic structure of
public and stakeholder discourse. However, automated multilingual classification may be sensitive to
linguistic context, negation, idiomatic expressions, class imbalance, and domain-specific terminology. Its
reliability should therefore be assessed through comparison with an independently coded human-consensus
reference set and the reporting of an appropriate quantitative agreement indicator. Substantive interpretation
of the sentiment outputs should consequently depend on the demonstrated level of agreement between the
adapted classifier and the independent human labels.

The objectives of this study were to: (i) compile and curate a Mediterranean occurrence dataset for P.
radiata from GBIF and published field studies; (ii) estimate relative habitat suitability under a fixed 2000—
2020 climatological baseline using an ensemble SDM; (iii) evaluate the spatial associations of
environmental conditions, anthropogenic exposure and depth with recorded occurrence status using an
occurrence-based structural model; (iv) develop and sensitivity-test a scenario-based spatial surveillance
prioritisation index integrating baseline habitat suitability and anthropogenic exposure; and (v) assess
multilingual public and stakeholder discourse concerning P. radiata and quantify the reliability of the
adapted sentiment-classification procedure against independent human-consensus labels.

Based on these objectives, we expected the modelled baseline suitability of P. radiata to be most
strongly associated with sea-surface temperature, substrate type, and chlorophyll-a. We further expected
recorded occurrences to be more frequent in available coastal cells characterised by favourable
environmental conditions, greater port proximity, and higher vessel-traffic intensity. Because the
occurrence dataset consisted of presence-background records collected under spatially uneven observation
effort, these expectations concerned relative recorded-occurrence patterns rather than true occupancy,
abundance, or causal invasion mechanisms. We also expected the most robust surveillance priorities to
occur where elevated baseline suitability and anthropogenic exposure remained consistently high across
alternative weighting scenarios. Finally, we anticipated that public and stakeholder discourse would be
predominantly neutral to positive, reflecting the species’ dual perception as both a non-indigenous organism
and a resource of potential commercial value, provided that the multilingual classifier demonstrated
acceptable agreement with the independent human-consensus reference labels.
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2. Materials and Methods
2.1. Study Area

The study area encompasses the entire Mediterranean Sea basin (~2.5 x 10° km?), including the western,
central, and eastern sub-basins and their principal semi-enclosed seas: the Adriatic, lonian, Aegean, and
Levantine seas, together with the Tyrrhenian and Ligurian seas, the Sicilian Channel, the Gulf of Gabes,
and the Alboran Sea (Figure 1). This geographic extent captures a strong longitudinal gradient in mean
annual SST (approximately 13-27 °C), salinity (36.5-39.5 PSU), and surface primary productivity, as well
as marked contrasts in maritime traffic density, port infrastructure, and aquaculture activity. Progressive
Mediterranean warming, including an estimated SST increase of approximately +0.43 °C per decade since
1982 [6,7] and recent marine heatwaves in 2023-2025 [8], provides ecological context for interpreting the
contemporary distribution of warm-affinity non-indigenous species. However, the present model
characterises habitat suitability under a 2000-2020 environmental baseline and should not be interpreted
as a projection of future warming trajectories. Spatial analysis was conducted on a 0.05° grid (~5.5 km
resolution), consistent with the Bio-ORACLE v3.0 environmental data resolution [27]. The analysis was
restricted to coastal cells within the 0—150 m bathymetric range, corresponding to the documented depth
distribution of P. radiata in Mediterranean waters [10,15].
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Panel A: Mediterranean overview. Panel B: Greek coastal study area.

Figure 1. Spatial distribution of P. radiata occurrence records across the Mediterranean Sea and Greek coastal waters. Panel (A)
shows the Mediterranean-wide distribution of georeferenced occurrence records, while Panel (B) provides a Greece-focused
view of the main study area, including the Aegean Sea, lonian Sea, Cretan Sea, Cyclades, Dodecanese, Saronikos Gulf, South
Evoikos Gulf, Pagasitikos Gulf, and Thermaikos Gulf. Orange circles indicate validated coastal/marine occurrence records.
Records plotting on land because of shoreline coordinate imprecision were excluded from the map display or adjusted to the
nearest valid coastal marine position for visualisation.
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2.2. Occurrence Data: Compilation and Curation

Occurrence records for P. radiata were downloaded from the Global Biodiversity Information Facility
(GBIF; dataset key: 0063413-260519110011954; taxon key: 4374764; June 2026; CC BY-NC 4.0) [28].
The download, filtered to the European/Mediterranean geographic extent, yielded 866 fully georeferenced
records spanning 1961-2026 from five countries: Greece (n = 398, 45.9%), Spain (n = 349, 40.3%), Italy
(n =68, 7.8%), Turkey (n =27, 3.1%) and Cyprus (n = 24, 2.8%). These records were supplemented with
georeferenced records from peer-reviewed field studies in Greek coastal waters [15,16] and published
Mediterranean literature [11-14].

Records were sourced primarily from iNaturalist citizen-science observations (basis of record:
HUMAN_ OBSERVATION; 94%), supplemented by museum specimens and structured field surveys.
Because citizen-science observations may be spatially biased toward accessible coastlines, tourist areas,
urbanised coastal zones, and regions with higher observer effort, this source composition was explicitly
considered during data curation and interpretation. Spatial thinning at 0.5° was applied to reduce clustering
and over-representation of highly sampled coastal sectors. However, thinning and spatial block cross-
validation cannot fully correct observer-effort bias. Target-group background sampling or explicit bias
layers were considered but not implemented because comparable Mediterranean-wide observer-effort
layers for marine bivalves were not available. Consequently, SDM and IRI outputs are interpreted as risk-
screening products rather than definitive maps of realised abundance or true distribution.

Data curation followed five sequential steps: (1) coordinate verification against EMODnet Bathymetry
2022 and the Global Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG)
coastline layer. Records plotting on land were inspected individually and excluded from map display and
model calibration when their position could not be reconciled with a valid marine/coastal location within
the documented 0—150 m depth range of the species; (2) taxonomic standardisation retaining only records
assigned to P. radiata or the synonym P. imbricata radiata; (3) removal of 48 duplicate records with
identical taxon, coordinates and date; (4) temporal filtering retaining records from 1982 onwards because
1982 marks the beginning of the continuous satellite SST era commonly used in Mediterranean warming
assessments, while Bio-ORACLE v3.0 predictors represent the 2000-2020 climatological baseline [27].
This creates a temporal mismatch for records collected during 1982—-1999; these records were retained
because they improve spatial coverage of the species’ historical Mediterranean range, and the potential
mismatch is considered in the interpretation of model outputs; and (5) spatial thinning at 0.5° using the
spThin R package [29], yielding a final SDM-calibration dataset of 133 records at 128 unique 0.5° grid
cells (Table 1). Spatial thinning retained 133 occurrence records representing 128 unique 0.5° grid cells.
For cell-based occurrence modelling, duplicate records within the same 0.05° analysis cell were collapsed
to a single occupied-cell observation.

Spatial thinning at 0.5° was used as a conservative correction for spatial clustering in citizen-science
occurrence records at the Mediterranean-basin scale. This distance was not intended to represent the
dispersal distance or ecological movement scale of P. radiata, which is sessile after settlement. Instead, it
was selected to reduce the dominance of heavily sampled coastal sectors in the calibration dataset and to
improve spatial independence among occurrence records. We recognise that this thinning distance is coarse
for a coastal bivalve, and this choice is therefore treated as a methodological limitation.

To maximise transparency and reproducibility, all occurrence records underwent a predefined quality-
control workflow before analysis. The workflow included duplicate removal, taxonomic verification,
temporal filtering, coordinate validation, correction or exclusion of records located on land because of
shoreline georeferencing imprecision, and spatial thinning to minimise spatial sampling bias and
autocorrelation. Only records passing all quality-control steps were retained for the SDM and occurrence-
based analyses. The complete filtering workflow is illustrated in Supplementary Figure S1.
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Table 1. P. radiata occurrence dataset for the Mediterranean Sea. N_raw: raw GBIF records; N_SDM: records retained after
spatial thinning (0.5°) for SDM calibration.

N_SDM Year

Sub-Basin Countries N_raw %) Range Invasion Status
Alboran Sea/southern Spain ES 243 32 (24.1%) 2013-2026 Stablished, err i::ard expansion
Aegean Sea GR, TR 220 28 (21.1%) 1961-2026 Core range
Eastern Mediterranean (Crete, Dodecanese) GR, CY 154 20 (15.0%) 1970-2026 Core range
Western Medlterrar.lean (Catalonia, ES 106 14 (10.5%) 2021-2026 Recent expansion spread front
Balearics)
Ionian Sea GR, IT 78 11 (8.3%) 1995-2026 Established
Eastern Levantine Sea TR 28 8 (6.0%) 1999-2026 Core range (1874 origin)
Adriatic Sea IT 18 7(5.3%) 2019-2025 Active spread front (est. 2019)
Tyrrhenian Sea IT 10 7(5.3%) 2021-2025 Established
Central Mediterranean (Sicily) IT 9 6 (4.5%) 2003-2025 Established
TOTAL GR, E%;T 1R, 866 133 (100%) 1961-2026 —

Source: GBIF dataset key 0063413-260519110011954 (June 2026). Spatial thinning at 0.5° applied after duplicate removal and
temporal filtering (>1982). Field survey records from Pafras et al. [15,16] are included in sub-basin totals.

Temporal and Geographic Structure of Occurrence Reporting

To examine the temporal and geographic structure of the available occurrence data, we conducted an
additional analysis using both the raw curated records and the spatially thinned dataset. Records with a
valid observation year were summarised annually, and mean annual reporting intensity was compared
between 2010-2019 and 2020-2026. The year 2020 was used as a descriptive breakpoint because the
dataset showed a pronounced increase in record availability after that year.

The association between observation year and longitude was evaluated using Spearman’s rank
correlation. This analysis was first conducted on all records with a valid year and subsequently repeated
using the spatially thinned and geographically quality-controlled dataset to reduce the influence of clustered
observations. Geographic quality assurance excluded records outside the predefined Mediterranean extent
and records located more than 25 km from the reference coastline.

Median longitude was compared between records dated before 2020 and those dated during 2020-2026
using the Mann—Whitney U test. The difference in median longitude was accompanied by a non-parametric
bootstrap 95% confidence interval. Changes in the distribution of records among Mediterranean sub-basins
were evaluated using a permutation test applied to the period-by-sub-basin contingency table, and effect
size was quantified using Cramer’s V.

These analyses were intended to characterise changes in the spatial and temporal composition of
available reports. Because observation effort was not standardised, the results were not interpreted as direct
estimates of biological spread rate or abundance change.

2.3. Environmental and Anthropogenic Predictor Variables

Sixteen candidate predictor variables were initially assembled and screened for collinearity using
Pearson correlation coefficients (|r] < 0.70) and the Variance Inflation Factor (VIF < 5). Nine non-collinear
predictors were retained for SDM and SEM calibration (Table 2). Oceanographic and climatic variables
were extracted from Bio-ORACLE v3.0 [27] at 0.05° resolution for the 2000-2020 reference period: mean
annual SST (SST mean, °C), minimum SST of the coldest month (SST_min, °C), mean sea-surface salinity
(SAL, PSU), mean chlorophyll-a concentration (CHL, mg-m ) and mean dissolved oxygen (DO, ml-L ™).
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Dissolved oxygen was retained in the unit convention provided by Bio-ORACLE v3.0 to maintain
consistency with the original environmental layer.

Habitat variables from the EMODnet Bathymetry, Geology, and Seabed Habitats portals included
depth derived from the GEBCO 2023, and substrate type, represented by four categories: hard/rocky, coarse
sediment, sandy/mixed, and muddy sediment. Substrate type was treated as a categorical predictor. For
GLM, substrate categories were encoded using dummy variables, whereas RF and GBM handled substrate
as a factor variable. For MaxEnt, substrate was included as a categorical environmental layer to avoid
imposing an artificial ordinal structure among substrate classes.

Anthropogenic variables were used as harmonised basin-wide proxies for propagule pressure rather
than as exhaustive representations of all introduction and secondary-spread pathways. These variables
comprised distance to the nearest commercial or fishing port (DIST PORT, km; World Port Index 2023)
and AIS maritime traffic intensity (vessel-hours km2-yr '; EMODnet Human Activities 2022). They were
selected because they are spatially explicit and consistently available across the Mediterranean basin.
However, they do not capture all relevant vectors. Important omitted pathways include aquaculture facilities,
shellfish translocations, marina density, recreational boating, hull fouling, ballast-water discharge intensity,
and local seafood trade. The AP construct should therefore be interpreted as a conservative proxy for basin-
scale anthropogenic exposure rather than as a complete representation of all invasion pathways.

Variables excluded due to VIF > 5 or |r| > 0.70 are documented in Table 2. SST annual range and
seafloor slope were excluded due to high VIF values, while current velocity was excluded because it was
strongly correlated with chlorophyll-a (|r] = 0.81). Chlorophyll-a was retained because it provides a direct
proxy for productivity and food availability for a suspension-feeding bivalve. Nevertheless, current velocity
is mechanistically relevant for larval transport, settlement, and hydrodynamic exposure. Its exclusion
should therefore be interpreted as a pragmatic collinearity decision rather than evidence that hydrodynamics
are unimportant for P. radiata distribution. Spatial maps of the retained environmental, habitat, and
anthropogenic predictor layers are provided in Supplementary Figure S2.

Table 2. Predictor variable set for ensemble SDM and SEM calibration after collinearity screening (Pearson |r| < 0.70; VIF <5).
Retained variables are used in both SDM and SEM. Excluded variables are listed for transparency.

Category Variable Symbol Source Resolution VIF  Retained
Oceanographic Mean annual SST (°C) SST mean Bio-ORACLE v3.0 0.05° 193 Yes
Oceanographic Min. SST coldest month (°C)  SST min Bio-ORACLE v3.0 0.05°  2.14 Yes
Oceanographic Mean salinity (PSU) SAL Bio-ORACLE v3.0 0.05° 2.87 Yes
Oceanographic Chlorophyll-a (mg-m ) CHL Bio-ORACLE v3.0 0.05°  3.12 Yes
Oceanographic  Dissolved oxygen (ml-L ™) DO Bio-ORACLE v3.0 0.05° 241 Yes

Habitat Depth/bathymetry (m) DEPTH GEBCO 2023/EMODnet 15 arc-sec 2.63 Yes
Habitat Substrate type (4 categories) SUB EMODnet Geology 0.05° 144 Yes
Anthropogenic _ Distance to nearest port (km) DIST PORT World Port Index 2023 0.05°  1.71 Yes
Anthropogenic  AIS vessel traffic density AIS EMODnet Human Activities 0.10°  2.05 Yes

Excluded SST annual range (°C) SST range Bio-ORACLE v3.0 0.05°  6.74 No (VIF >5)

Excluded Current velocity (m's™!) VEL Bio-ORACLE v3.0 0.05° — No (1] =0.81)

Excluded Seafloor slope (°) SLOPE GEBCO 2023 — 5.38 No (VIF >5)

2.4. Ensemble Species Distribution Modelling

An ensemble SDM was implemented using four algorithms in the biomod2 R package (v. 4.2.5; [30]):
Maximum Entropy Modelling (MaxEnt; [31]), Random Forest (RF; [32]), Gradient Boosting Machine
(GBM; [33]), and Generalized Linear Model (GLM). MaxEnt regularisation settings were tuned using
ENMeval [34]. Candidate models were fitted by testing regularisation multipliers from 0.5 to 4.0, in 0.5
increments, together with combinations of linear, quadratic, hinge, and product feature classes. The final
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MaxEnt configuration was selected by balancing model parsimony and predictive performance, resulting
in an optimal regularisation multiplier of 1.5 with hinge and product features. For MaxEnt, 10,000
background points were sampled within an ecologically accessible area (M) defined as a 200 km coastal
buffer around validated occurrence points, restricted to the 0—150 m bathymetric range and clipped to the
Mediterranean Sea boundary. For RF, GBM, and GLM, pseudo-absences were generated within the same
accessible area M to ensure spatial consistency among algorithms. A total of 10,000 pseudo-absence points
were used for each presence—absence algorithm, corresponding to an approximately 75:1 pseudo-absence
ratio based on the 133 spatially thinned presence records retained for SDM calibration. Pseudo-absences
were sampled outside occupied grid cells and were restricted to the same bathymetric and coastal
accessibility constraints used for the MaxEnt background sample.

Although this pseudo-absence-to-presence ratio is high, it was used to provide stable background
characterisation across the accessible coastal area; the retained ensemble showed robust cross-algorithm
performance, including acceptable GLM discrimination and calibration, indicating that no single algorithm
dominated the consensus prediction. Because pseudo-absence/background sampling was conducted within
the accessible coastal area rather than using an explicit observer-effort surface, the SDM should be
interpreted as a habitat-suitability and risk-screening model rather than as an effort-corrected estimate of
realised occupancy.

Model evaluation followed a five-fold spatial block cross-validation design implemented with the
blockCV package [35]. Spatial blocks of 200 km were selected based on the estimated spatial
autocorrelation range of the occurrence data using Moran’s I. This approach minimises data leakage caused
by spatial autocorrelation, a major source of inflated performance estimates in random cross-validation
designs [24]. Model performance was assessed using the Area Under the Receiver Operating Characteristic
Curve (AUC), the True Skill Statistic (TSS = sensitivity + specificity — 1), and the continuous Boyce Index
(CBI; [36]). Variable importance was quantified using permutation-based methods and averaged across
algorithms and cross-validation folds. Individual algorithm predictions were generated as continuous
suitability surfaces ranging from 0 to 1 and combined into a TSS-weighted ensemble. Ensemble uncertainty
was expressed as the coefficient of variation (CV) across algorithm-specific predictions. The robustness of
the selected thinning distance was further evaluated through sensitivity analyses using alternative thinning
thresholds (0.25°, 0.5°, and 1°), confirming that the principal spatial suitability patterns remained stable.

2.5. Occurrence-Based Structural Analysis

To avoid the statistical circularity associated with using an SDM-derived suitability surface as the
primary response variable, the main structural analysis was reformulated using observed occurrence status
across Mediterranean coastal grid cells. Grid cells were coded as occupied when they contained at least one
validated, spatially thinned P. radiata record and as available background cells when they occurred within
the same accessible coastal area used for SDM calibration but contained no validated occurrence record.
Background cells were therefore treated as available locations rather than as confirmed biological absences.

The occurrence-based analysis was restricted to the same geographic extent, 0.05° spatial resolution
and 0—150 Environmental Conditions Index bathymetric range used in the SDM. Environmental conditions
were represented by an Environmental Conditions Index derived independently from the ensemble SDM
output. The index combined standardised mean annual sea-surface temperature, chlorophyll-a
concentration, and substrate-category information. No values from the ensemble suitability surface were
used to construct this predictor. Because substrate type was categorical, it was represented using category-
specific dummy variables rather than an artificial continuous gradient. Anthropogenic Pressure was
represented by a standardised composite of port proximity and AIS vessel density. Port proximity was
derived from the inverse distance to the nearest port, so that larger values represented greater proximity to
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maritime infrastructure. Depth was included as an additional ecological covariate because P. radiata is
predominantly associated with shallow coastal habitats.

The primary empirical model was fitted using binomial logistic regression with a logit link. Binary recorded-
occurrence status was the response variable, with occupied coastal grid cells coded as 1 and available background
cells coded as 0. The Environmental Conditions Index, Anthropogenic Pressure Index, and depth were entered
as predictors. Odds ratios and 95% confidence intervals were calculated from the model coefficients. Model
performance was evaluated using McFadden’s pseudo-R®. Because the response represented presence versus
available background rather than confirmed presence—absence data, the fitted probabilities were interpreted as
relative probabilities of recorded occurrence rather than estimates of true occupancy.

The occurrence-based model was treated as the primary empirical analysis because its response
variable was independent of the ensemble suitability surface. Nevertheless, the model was based on
observational presence—background data and spatially uneven recording effort. Its coefficients were
therefore interpreted as statistical spatial associations rather than as causal effects, mechanistic pathways,
or direct estimates of establishment probability.

A secondary Structural Equation Model was retained to describe the internal association structure of
the continuous ensemble SDM-derived suitability surface. In this exploratory model, Environmental
Suitability was specified as a latent construct represented by mean annual sea-surface temperature,
chlorophyll-a, and substrate type, whereas Anthropogenic Pressure was represented by port proximity and
AIS vessel density. The structural pathways comprise Environmental Suitability SDM-derived suitability,
Anthropogenic Pressure — SDM-derived suitability, and Environmental Suitability — Anthropogenic
Pressure, together with the indirect pathway Environmental Suitability — Anthropogenic Pressure —
SDM-derived suitability.

The conceptual framework illustrating the occurrence-based analytical approach, including the
Environmental Conditions Index, Anthropogenic Pressure Index, and their hypothesised relationships with
recorded occurrence, is presented in Figure 2.

The secondary model was fitted using full-information maximum likelihood estimation in the lavaan
R package (version 0.6-18) [37]. Model fit was assessed using x*/df, the Comparative Fit Index, the Root
Mean Square Error of Approximation, and the Standardised Root Mean Square Residual [38,39]. Bias-
corrected 95% confidence intervals for the indirect association were estimated using 5000 bootstrap
resamples, and standardised pathway coefficients were reported. Because the response surface was
generated using environmental predictors overlapping with those included in the structural model, this
analysis was interpreted exclusively as an exploratory decomposition of modelled suitability and not as
independent evidence of species occurrence, establishment or causal invasion processes.
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Figure 2. Conceptual framework for the primary occurrence-based analysis of P. radiata across Mediterranean coastal grid cells.
Recorded occurrence status was coded as occupied (1) for cells containing at least one validated spatially thinned record and as
available background (0) for cells within the accessible coastal area without a validated record. The Environmental Conditions
Index was constructed independently of the ensemble SDM output using mean annual sea-surface temperature (SST mean),
chlorophyll-a concentration (CHL), and substrate-category information (SUB). The Anthropogenic Pressure Index combined
port proximity (1/DIST_PORT) and AIS vessel density (AIS), while depth was included as an additional ecological covariate.
Thin arrows indicate the construction of the composite indices, and thick arrows indicate the hypothesised statistical associations
with recorded occurrence. Background cells represent available locations rather than confirmed biological absences; therefore,
the pathways should not be interpreted as causal ecological effects or estimates of true occupancy.

2.6. Mediterranean Invasion Risk Index (IRI)

A composite Mediterranean Invasion Risk Index (IRI) was calculated for each 0.05° coastal grid cell
as a spatial prioritisation tool rather than as a definitive estimate of establishment probability. Before index
construction, all component variables were rescaled to the 0—1 range using min—max normalisation.

The Anthropogenic Pressure Index (AP) was calculated as the equally weighted mean of normalised
port proximity and normalised AIS vessel density:

AP = 0.50 X PORT + 0.50 x AIS )

where PORT represents normalised inverse distance to the nearest port (1/DIST_PORT), and AIS
represents normalised vessel density. Equal a priori weighting was adopted because no independent empirical
evidence was available to justify assigning greater importance to either anthropogenic-pressure proxy.

The primary IRI was then calculated by combining the normalised ensemble SDM suitability score
(.§ ) and the normalised Anthropogenic Pressure Index (1@) using equal a priori weights:

IRI = 0.50 X S + 0.50 x AP Q)

where $ is the normalised ensemble suitability score and AP is the normalised Anthropogenic Pressure
Index. Equal weighting was selected because the purpose of the IRI was spatial prioritisation for
surveillance rather than estimating causal effect sizes. This approach also ensured that the index was
independent of coefficients derived from the structural equation model, thereby avoiding potential
circularity between the explanatory analysis and the subsequent prioritisation framework.

To assess the sensitivity of the spatial prioritisation to the weighting assumptions, four alternative
weighting scenarios were also examined: 0.60/0.40, 0.40/0.60, 0.70/0.30, and 0.30/0.70 for environmental
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suitability and anthropogenic pressure, respectively. Coastal cells that remained classified as High or Very
High priority across the alternative scenarios were considered robust surveillance priorities.

The continuous primary IRI surface was classified into four priority categories using fixed interpretive
thresholds: Low (IRl < 0.25), Moderate (0.25 < IRI < 0.50), High (0.50 < IRI < 0.75), and Very High
(IRI = 0.75). Priority monitoring areas were identified as grid cells classified as High or Very High and
characterised by a current occurrence density of fewer than one validated record per 0.25° cell. The same
classification thresholds were applied to all alternative weighting scenarios to enable direct comparison.

2.7. Multilingual Sentiment Analysis

A multilingual sentiment analysis was conducted to assess public and stakeholder discourse
surrounding P. radiata across Mediterranean contexts. Textual data were compiled from three sources: (1)
iNaturalist observation comments attached to Mediterranean occurrence records (7 = 214 comments, 2019—
2026); (2) multilingual news articles and press content retrieved via Google News and press databases in
Greek, Spanish and Italian (n = 87 text units, 2018-2026); and (3) stakeholder open-ended responses from
the published HGPS study of Pafras et al. [26] (N = 80 participants, eastern Mediterranean). Search terms
included the scientific name P. radiata, the synonym P. imbricata radiata, and Mediterranean vernacular
names in Greek, Spanish, and Italian.

All textual material was cleaned prior to analysis. Duplicate entries, automated or bot-generated
content, non-relevant mentions, and purely taxonomic or location-only records were removed. Stakeholder
responses from Pafras et al. [26] were segmented into sentence-level or thematically coherent text units,
depending on response structure. This procedure yielded 946 stakeholder-derived text units from 80
participants. Because multiple text units could originate from the same participant, text-unit-level sentiment
results were treated as descriptive for corpus-level discourse, whereas inferential comparisons among
stakeholder profiles were conducted only after aggregating sentiment scores at the participant level.

Sentiment classification was performed using the VADER framework [40], adapted for multilingual
Mediterranean content through a trilingual lexicon extension incorporating Greek, Spanish, and Italian
emotional terms, fisheries-related terminology, and invasion-governance vocabulary. Each text unit
received a compound sentiment score ranging from —1, indicating strongly negative sentiment, to +1,
indicating strongly positive sentiment. Scores were classified into five polarity categories using the
conventional VADER thresholds: Very Positive (>0.5), Positive (0.05 to 0.5), Neutral (—0.05 to 0.05),
Negative (—0.5 to —0.05), and Very Negative (<—0.5).

To assess the reliability of the multilingual VADER adaptation, we conducted an expert-assisted lexicon
calibration and qualitative reliability screening procedure. A stratified subset of text units covering Greek,
Spanish, and Italian material and the three source categories was independently reviewed by three coders with
knowledge of Mediterranean fisheries, non-indigenous species terminology, and local socio-ecological
context. The purpose of this step was not to produce a balanced classifier-performance benchmark, but to
identify systematic misclassifications, ambiguous polarity assignments, negation errors, fisheries-specific
idioms, and terms whose sentiment depended on ecological or commercial context. Disagreements between
human-coded polarity labels and VADER-derived labels were reviewed jointly and used to refine the
trilingual lexicon before the final corpus-level sentiment classification. Because the reviewed subset was
designed primarily for lexicon calibration rather than for balanced classifier benchmarking, a basic overall
agreement statistic was calculated as the percentage of validation text units receiving identical polarity
classifications from the adapted VADER classifier and the human-consensus reference labels. Overall,
VADER-human agreement was 85.0%. Language-specific accuracy, macro-averaged F1-score, precision,
and recall were not calculated. The sentiment outputs are therefore interpreted as exploratory corpus-level
discourse indicators rather than as fully validated supervised classification results.
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Thematic analysis of dominant discourse themes followed Braun and Clarke [41]. Three independent
coders assigned text units to recurrent themes, and inter-rater reliability was assessed using Cohen’s k. The
thematic coding was used to characterise the main interpretive frames through which P. radiata was
discussed, including economic opportunity, ecological concern, regulatory ambiguity, naturalisation
narratives and citizen-science engagement.

For comparison among the three cognitive stakeholder profiles identified by Pafras et al. [26],
Ecological Pragmatists, Institutional Collaborators, and Adaptive Stewards, compound sentiment scores
were first averaged at the participant level. A one-way ANOVA was used to test for differences in
participant-level mean sentiment scores among the three stakeholder profiles, followed by Tukey’s
Honestly Significant Difference (HSD) post-hoc test for pairwise comparisons when the omnibus ANOVA
was significant [42]. This aggregation avoided pseudo-replication that would have arisen from segmenting
individual stakeholder responses into multiple text units. Corpus-level sentiment distributions are therefore
presented as descriptive summaries of multilingual discourse, whereas statistical inference is restricted to
participant-level comparisons of stakeholders. Sentiment analyses were performed in Python 3.11 using
pandas, vaderSentiment, scipy, and nltk.

2.8. Statistical Software and Reproducibility

All SDM and SEM analyses were performed in R version 4.4.2 (R Core Team, 2024). Sentiment
analyses were performed in Python 3.11. Key R packages used were sf (v. 1.0-16), terra (v. 1.7-71),
biomod2 (v. 4.2.5), blockCV (v. 2.1.4), ENMeval (v. 2.0.4), spThin (v. 0.2.0), lavaan (v. 0.6-18), usdm (v.
2.1-7), and tmap (v. 3.3-4). All R scripts, the curated occurrence dataset, and the Python sentiment-analysis
code will be deposited in Zenodo before final publication; a private review link can be provided upon
editorial request.

3. Results
3.1. Occurrence Dataset Overview

The curated Mediterranean dataset comprised 866 georeferenced GBIF records from five countries,
extending from Almeria, Spain, in the Alboran Sea (westernmost record: 2.46° W) to Iskenderun, Tiirkiye,
in the eastern Levantine Sea (easternmost record: 36.17° E). Following the sequential data-curation
procedure, 805 records met the post-1982 temporal criterion, and 133 spatially thinned records were
retained for SDM calibration at a minimum separation distance of 0.5° (Table 1).

The temporal distribution of records was strongly concentrated in the most recent years. Mean annual
reporting increased from 10.8 records yr ! during 20102019 to 94.0 records yr ! during 20202026, with the
highest annual totals recorded in 2025 (n =250) and 2024 (n = 142). Of the 809 records with a valid observation
year, 658 (81.3%) were dated between 2020 and 2026. Because the dataset was dominated by citizen-science
observations, this increase cannot be interpreted solely as evidence of population growth or geographic
expansion. It is more likely to reflect a combination of biological redistribution, increased observer participation,
wider use of digital biodiversity platforms, and improved mobilisation of occurrence data.

Recent records from previously sparsely documented sectors, including the Adriatic Sea, the western
Mediterranean mainland coast, and the northern Tyrrhenian Sea, are consistent with an ongoing broadening
of the documented distribution of P. radiata. Nevertheless, the timing and magnitude of this apparent
redistribution remain uncertain because sampling effort was neither spatially nor temporally standardised.
The monthly distribution also showed a pronounced seasonal reporting pattern, with the highest number of
records occurring in August (n = 102; 16.0% of records with month information). This summer peak may
partly reflect increased coastal activity and observer effort rather than seasonal variation in the species’
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abundance or detectability. Distinguishing biological spread from changes in recording intensity will
require repeated, effort-standardised monitoring across Mediterranean coastal sectors.

3.2. Temporal and Longitudinal Redistribution of Occurrence Records

Observation year was negatively associated with longitude in the raw occurrence dataset (Spearman’s
p=—0.452, p <0.001), indicating that more recent reports were generally located farther west. Because the
raw dataset was strongly affected by clustered citizen-science observations, the relationship was re-
evaluated after spatial thinning and geographic quality assurance.

Of the 133 spatially thinned records, 129 were retained following geographic quality control. One
record occurred outside the predefined Mediterranean extent, and three records were located more than 25
km from the reference coastline. Within the quality-controlled thinned dataset, the negative association
between year and longitude remained statistically significant (Spearman’s p = —0.241, p = 0.0059).

Median longitude shifted from 24.47° E among records collected before 2020 to 17.88° E among
records collected during 2020-2026. The difference of —6.59° longitude was supported by a bootstrap 95%
confidence interval of —10.00° to —2.37°. The longitude distributions also differed significantly between
periods according to the Mann—Whitney U test (p < 0.001).

The sub-basin composition of records differed significantly between the two periods (permutation p =
0.0034), with a Cramer’s V of 0.419, indicating a moderate-to-strong association between reporting period
and sub-basin. Collectively, these findings demonstrate a recent westward redistribution in the geographic
composition of available records. However, they do not distinguish biological range expansion from
changes in observer density, platform use, or national data mobilisation.

3.3. SDM Performance and Variable Importance

All four individual algorithms achieved performance well above the selected discrimination thresholds
(AUC>0.85; TSS > 0.70; Table 3). The TSS-weighted ensemble attained AUC =0.934 £ 0.021, TSS=0.812
+0.033 and CBI =0.883 + 0.041. Ensemble uncertainty was consistently low in high-suitability zones (mean
CV =0.09 + 0.03), indicating high inter-algorithm consensus in areas predicted as highly suitable.

Although RF achieved the highest individual AUC, the TSS-weighted ensemble was retained because
it prioritises cross-algorithm robustness and spatial consensus rather than maximising a single
discrimination metric.

Table 3. SDM performance metrics for P. radiata across the Mediterranean Sea per algorithm and for the TSS-weighted
ensemble. Values are means = SD across five spatial block cross-validation folds (block size: 200 km). Ensemble weight: TSS-
based weighting used in weighted consensus prediction (sum = 1.000).

Algorithm AUC (Mean £ SD) TSS (Mean = SD) CBI (Mean = SD) Ensemble Weight
MaxEnt 0.942 £0.018 0.831 +0.029 0.901 + 0.037 0.312
Random Forest (RF) 0.951 £ 0.016 0.847 £ 0.024 0.913 £ 0.031 0.328
GBM/BRT 0.921 +0.024 0.798 +0.038 0.861 + 0.044 0.213
GLM 0.882 +0.033 0.743 £ 0.051 0.831 +0.059 0.147
Ensemble (TSS-weighted) 0.934 + 0.021 0.812 +0.033 0.883 +0.041 —

AUC = Area Under the ROC Curve; TSS = True Skill Statistic; CBI = Continuous Boyce Index.

Variable importance analysis identified SST mean as the single most influential predictor (mean
permutation importance: 32.4 + 4.1%), followed by substrate type (21.7 + 3.8%), chlorophyll-a (14.3 +
2.9%), dissolved oxygen (9.8 £ 2.2%), and distance to nearest port (8.1 £ 1.9%). Depth (5.6 £ 1.4%),
SST min (4.7 = 1.3%), salinity (2.1 + 0.8%), and AIS vessel density (1.3 £ 0.5%) completed the ranking.
Together, the two anthropogenic predictors accounted for 9.4% of total variable importance, comparable to
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dissolved oxygen (9.8%) and substantially above salinity (Figure 3). The SDM response curve for
SST mean peaked between 21 and 26 °C and declined sharply below 16 °C.

Mean annual SST

3 o
(SST_mean) 324 +4.1%
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(SUB) :
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Figure 3. Variable importance ranking for the ensemble SDM of P. radiata across the Mediterranean Sea. Bars show mean
permutation importance (%) £ SD across four algorithms and five spatial cross-validation folds. Colours indicate predictor
category: dark blue = oceanographic/climatic; teal = habitat; orange = anthropogenic. Predictors are ranked in descending order
of mean importance.

3.4. Predicted Habitat Suitability Across the Mediterranean

The ensemble SDM predicted a spatially heterogeneous habitat suitability surface across the
Mediterranean basin (Figure 4). Cells with Very High suitability (>0.75) covered approximately 8.3% of
Mediterranean coastal waters (<150 m depth) and were concentrated in: (i) the southeastern Levantine coast
(Israeli, Lebanese and Turkish coasts; SST mean 22-26 °C); (ii) the eastern and central Aegean Sea (Greek
island arcs; SST mean 20-24 °C); (iii) the Gulf of Gabes (Tunisia) and Sicilian Channel (SST mean 21—
25 °C); (iv) specific coastal sectors of Libya and Egypt; and (v) the Alboran Sea (southern Spain;
SST mean 19-22 °C).

Moderate suitability (0.45-0.75) was predicted across much of the Tyrrhenian coast of Italy, the
northern Adriatic Sea, the Ionian coast of Greece and Italy, and the western Mediterranean coastal sectors.
Several areas of the northern Adriatic (Croatia, Slovenia), the Ligurian Sea, and the Gulf of Lion displayed
moderate suitability (0.35-0.60) despite currently sparse documented occurrence records, flagging these
areas as potential spread fronts (see also Section 3.5). Low suitability (<0.45) predominated in deeper
offshore areas, high-latitude sectors (northern Adriatic, northern Aegean in winter months), and areas
dominated by soft, muddy sediments lacking hard-bottom attachment sites. Ensemble uncertainty was low
throughout (mean CV = 0.08 £ 0.03 in high-suitability zones).
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Figure 4. Evidence-informed habitat suitability surface for P. radiata across the Mediterranean Sea.

3.5. Primary Occurrence-Based Analysis and Secondary Decomposition of SDM-Derived Suitability

The primary occurrence-based logistic model showed that recorded occurrence status was positively
associated with the Environmental Conditions Index (B = 1.189, odds ratio = 3.28, p < 0.001) and the
Anthropogenic Pressure Index (f = 0.650, odds ratio = 1.92, p < 0.001), and negatively associated with
depth (B = —0.038, odds ratio = 0.963, p < 0.001; Table 4). McFadden’s pseudo-R? was 0.091, indicating
modest explanatory performance. Because the response consisted of occupied and available-background
cells, these coefficients represent statistical associations with recorded occurrence rather than causal effects
or estimates of true occupancy. As a secondary exploratory analysis, the SEM was used to describe the
internal association structure of the SDM-derived suitability surface.

The SEM explained 58.4% of the variance in the SDM-derived habitat suitability surface and showed
acceptable model fit (y*/df = 1.74, CFI = 0.971, RMSEA = 0.043, 90% CI: 0.021-0.063, SRMR = 0.052;
Table 4). Because the SEM response variable was generated from the ensemble SDM, these results are
interpreted as a pathway-based decomposition of the predicted suitability surface rather than as an
independent causal model of raw P. radiata occurrence.

ES was positively associated with SDM-derived suitability (B = 0.447, SE = 0.048, 95% CI: 0.353—
0.541, p < 0.001), and AP was also positively associated with SDM-derived suitability (B = 0.408, SE =
0.055,95% CI: 0.300-0.516, p <0.001). ES was positively associated with AP (3 =0.438, SE=0.061, 95%
CI: 0.318-0.558, p < 0.001), indicating spatial co-occurrence between environmentally favourable coastal
sectors and anthropogenic exposure proxies such as port proximity and maritime traffic intensity.
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Table 4. Associations between environmental suitability, anthropogenic pressure, depth, and the occurrence status of P. radiata
across Mediterranean coastal grid cells.

Predictor/Model Component B Odds Ratio (expp) p-Value Interpretation
Environmental Conditions Index 1.189 3.28 <0.001 ***  Positive association with recorded occurrence
Anthropogenic Pressure Index  0.650 1.92 <0.001 ***  Positive association with recorded occurrence
Depth —0.038 0.963 <0.001 *** Negative association with recorded occurrence
Intercept —0.162 0.85 0.435 Not statistically significant

Model performance

McFadden’s pseudo-R? 0.091 — — Indicates modest explanatory performance

**% p <0.001. Odds ratios represent the change in the odds of recorded occurrence associated with a one-unit increase in each
standardised predictor. The model is based on presence—background data; therefore, coefficients describe statistical associations
with recorded occurrence rather than estimates of true occupancy or causal effects.

Occurrence was coded as 1 for occupied coastal cells and 0 for background cells. Positive coefficients
indicate increasing occurrence probability with increasing predictor values. Coefficients are unstandardised
logit-scale estimates unless the original model output explicitly identifies them as standardised coefficients.
The reported relationships represent statistical associations and not causal effects. The structural
associations among Environmental Suitability, Anthropogenic Pressure, and SDM-derived habitat
suitability are illustrated in Figure 5.
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Figure 5. Structural association model linking Environmental Suitability (ES), Anthropogenic Pressure (AP), and SDM-derived
habitat suitability of P. radiata. Values indicate standardised pathway associations. The indirect association is represented as ES
— AP — SDM-derived habitat suitability. Because the response variable is derived from the ensemble SDM, the model is
interpreted as a decomposition of the SDM-derived suitability surface rather than as an independent causal test of raw occurrence
probability. All structural associations were significant at p < 0.001.

The indirect pathway ES — AP — SDM-derived suitability was significant (B = 0.179, SE = 0.047,
95% CI: 0.092-0.271, p < 0.001). The total ES association with SDM-derived suitability was § = 0.626.
These pathways indicate that environmentally favourable coastal cells, anthropogenic exposure proxies and



Ecol. Divers. 2026, 3(3), 10011. doi:10.70322/ecoldivers.2026.10011 17 of 30

high SDM-derived suitability are spatially structured in a consistent way. However, this pattern should not
be interpreted as evidence of a compounding environmental-anthropogenic invasion mechanism, because
the SEM outcome is itself derived from the SDM surface.

These findings are consistent with the hypothesised relationships between environmental suitability,
anthropogenic pressure, and the SDM-derived habitat suitability surface. However, they should be
interpreted only at the level of modelled habitat suitability and spatial prioritisation. The SEM does not
provide independent evidence that Environmental Suitability (ES) and Anthropogenic Pressure (AP)
causally determine raw occurrence probability. Rather, it quantifies the structured associations among
environmental indicators, anthropogenic proxies, and the SDM-derived habitat suitability surface.

3.6. Mediterranean Invasion Risk Index and Priority Monitoring Areas

The composite Mediterranean IRI identified 31.8% of coastal grid cells as High or Very High priority
cells (Table 5; Figure 6). Very High priority values (IRI > 0.75; 10.5% of all cells) were most extensive in
the southeastern Levantine coast, the Aegean Sea, and the Gulf of Gabes—Sicilian Channel system. These
sectors combine high modelled suitability, SST mean >21 °C, suitable hard/rocky substrate, and elevated
maritime exposure, including major port infrastructure and AIS vessel density. This pattern indicates spatial
overlap between environmental suitability and anthropogenic exposure, consistent with the SEM
decomposition, but should not be interpreted as evidence of a causal mechanism of invasion.

Table 5. Mediterranean Invasion Risk Index (IRI) by sub-basin: percentage of coastal grid cells (0—150 m depth) per IRI priority
category and priority spread-front classification. IRI categories are interpreted as spatial monitoring priorities rather than as
absolute probabilities of establishment or future invasion.

Very High IRI  High IRI Moderate IRI Low IRI

Sub-Basin (%) (%) %) %) Priority Spread Front?
Eastern Levantine Sea 38.4 21.7 28.1 11.8 No established core range
Aegean Sea 22.1 24.3 32.6 21.0 Partial (northern Aegean)
Gulf of Gabes/Sicilian Channel 14.7 23.1 34.8 274 No established
Ionian Sea 11.2 19.8 38.4 30.6 Partial (western Ionian)
Alboran Sea (Spain/Morocco) 8.7 18.4 37.6 353 Partial
Western Mediterranean 5.2 14.1 40.3 40.4 YES—spread fronts #3, #4, #5
Adriatic Sea 4.3 16.7 41.2 37.8 YES—spread front #1
Tyrrhenian/Ligurian seas 3.9 13.8 42.4 39.9 YES—spread fronts #2, #4
TOTAL Mediterranean 10.5 21.3 34.2 34.0 —

Priority monitoring areas were defined at the grid-cell level as High or Very High IRI cells with current
occurrence density <1 validated record per 0.25° cell. Six broader priority spread-front sectors spanning
approximately 7400 km of the Mediterranean coastline were then delineated from clusters of these priority
cells. Because sector summaries include neighbouring Moderate-priority cells as well as High/Very High
cells, some reported sector-level IRI ranges extend below the 0.50 High-priority threshold. The priority
designation, therefore, refers to the High/Very High cells embedded within each sector, not to every cell in
the sector.
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Figure 6. Mediterranean Invasion Risk Index (IRI) map for P. radiata at 0.05° resolution. Risk categories were classified using
fixed interpretive thresholds: Low (light blue, IRI < 0.25), Moderate (yellow, 0.25-0.50), High (orange, 0.50-0.75), and Very
High (dark red, IRI > 0.75). Priority spread-front sectors are outlined with dashed borders and labelled 1-6 (see Section 3.6 for
full descriptions). These sectors were delineated from clusters of High and Very High IRI cells with low current occurrence
density, although the broader sector boundaries may also include neighbouring Moderate-risk cells. Major commercial ports
within priority sectors are shown as black triangles. Cells outside the 0—150 m coastal zone are shown in white.

3.7. Sentiment Analysis: Public and Stakeholder Perception

The multilingual sentiment corpus comprised 1247 text units: iNaturalist observation comments (n =214,
17.2%), news and media articles (n =87, 7.0%), and stakeholder open-ended responses from Pafras et al. [26]
(n = 946, 75.9%). The stakeholder-derived component originated from 80 participants and was segmented
into sentence-level or thematically coherent text units before sentiment scoring. Because multiple text units
could originate from the same respondent, corpus-level polarity distributions are interpreted as descriptive
indicators of discourse composition rather than as statistically independent observations.

Sentiment classification using the multilingual VADER extension [40] indicated a predominantly
neutral-to-positive discourse surrounding P. radiata in Mediterranean contexts. Overall sentiment
distribution was as follows: Very Positive 8.2% (n = 102), Positive 30.2% (n = 377), Neutral 41.2% (n =
514), Negative 17.3% (n = 216), and Very Negative 3.1% (n = 38) (Figure 7A). Taken together, neutral
and positive categories accounted for 79.6% of the corpus, whereas negative and very negative categories
accounted for 20.4%. These descriptive results indicate that Mediterranean discourse surrounding P.
radiata is not dominated by negative invasion framing but is instead distributed across neutral, positive,
and negative interpretations.

The expert-assisted review of the multilingual VADER adaptation identified several recurrent sources
of ambiguity, including negation, fisheries-specific idioms, commercial-use terminology, and terms whose
polarity depended on whether P. radiata was framed as a non-indigenous organism, a food item, or a
resource. These cases were used to refine the trilingual lexicon before final classification. This step was
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designed as a lexicon calibration and qualitative reliability screening rather than as a balanced classifier-
performance experiment. The final adapted VADER classifications agreed with the human-consensus
polarity labels for 85.0% of the validation text units. This value is reported as a basic post-calibration
agreement statistic. Because the validation subset was designed primarily for lexicon refinement rather than
as a balanced classifier-performance experiment, language-specific accuracy, macro-F1, precision and
recall were not calculated. Accordingly, corpus-level sentiment distributions are interpreted descriptively,
while inferential testing is restricted to participant-level stakeholder scores.

Thematic analysis following Braun and Clarke [41] identified five dominant discourse themes. The
first theme, Economic opportunity, included references to commercial harvesting, culinary value, pearl-
oyster use, and market potential, and accounted for 38.1% of positive sentiment text units. The second
theme, Ecological concern, included references to biodiversity impacts, competition with native species,
habitat alteration, and ecosystem disruption, and accounted for 62.4% of negative sentiment text units. The
third theme, Regulatory ambivalence, included references to unclear legislation, inconsistent national
management frameworks, and policy gaps across Mediterranean countries, and accounted for 28.7% of
neutral text units. The fourth theme, Naturalisation narrative, framed P. radiata as an established or familiar
Mediterranean organism rather than as a recent invader, and it appeared in 19.3% of all text units. The fifth
theme, Citizen-science engagement, reflected positive reporting language, aesthetic appreciation, and
curiosity in iNaturalist comments, representing 48.2% of iNaturalist-derived comments.

Inter-rater reliability for thematic coding was substantial, with Cohen’s k = 0.78, indicating acceptable
agreement among coders. Theme percentages are reported descriptively because text units were unevenly
distributed among sources and, in the stakeholder component, multiple units could originate from the same
participant. The strong representation of stakeholder-derived text units from Pafras et al. [26] should
therefore be considered when interpreting the overall sentiment distribution.

Comparison across the three cognitive stakeholder profiles identified by Pafras et al. [26] was
conducted using participant-level mean compound sentiment scores rather than text-unit-level scores. Mean
sentiment differed significantly among profiles (one-way ANOVA: F(2, 77) = 14.32, p < 0.001) (Figure
7B). Ecological Pragmatists showed the most positive mean sentiment (compound = +0.31 + 0.18),
Institutional Collaborators were closer to neutral (compound = +0.06 £ 0.14), and Adaptive Stewards
showed the most cautious or negative sentiment (compound = —0.08 £+ 0.21). Tukey’s HSD post-hoc
comparisons indicated significant pairwise differences among all three groups (p < 0.05). Because the
ANOVA was performed at the participant level, the degrees of freedom reflect N = 80 stakeholders rather
than the full number of segmented text units, thereby avoiding pseudo-replication arising from multiple
responses per participant.

A summary of the human-coded validation procedure, its lexicon-refinement role, and its implications
for interpretation is provided in Table 6.

Table 6. Human-coded validation summary for the multilingual VADER adaptation. The table summarises the validation
procedure used to check the trilingual VADER lexicon across Greek, Spanish, and Italian text units and across the three corpus
sources: stakeholder responses, citizen-science comments and media text. The validation was used primarily for reliability
checking and lexicon calibration rather than as a standalone balanced classifier-performance experiment; therefore, only a basic
overall post-calibration VADER-human agreement statistic is reported.

Validati
alidation Implementation in This Study Interpretive Role
Component
Reliability checking and lexicon calibration of the trilingual Supports exploratory multilingual
Purpose . . . .
VADER extension. sentiment classification.

Validation material was drawn from Greek, Spanish, and Italian
Corpus coveragetext units across stakeholder responses, citizen-science comments,
and media text.

Ensures coverage of the main languages
and source types analysed.
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Three independent coders reviewed validation material using the
Human coding same five-category polarity scheme as VADER: Very Positive,
Positive, Neutral, Negative, and Very Negative.

Allows comparison between expert
interpretation and VADER-derived
categories.

Disagreement . . .. Identified ambiguous or context-
. Disagreements were reviewed jointly by the coders. .
review dependent sentiment cases.
. Refinements focused on negation handling, fisheries-specific . .
Lexicon 1 . . & . & P Improved the trilingual lexicon for
idioms, invasion-governance terminology, and . . . .
refinement . . . . Mediterranean invasion discourse.
ecological/commercial terms with context-dependent meaning.
Quantitati Overall and language-specific VADER—human agreement Validation was used for reliability
uantitative i . . o
agreement percentages were not reported as standalone classifier-performance checking and lexicon calibration rather

metrics.

than formal model benchmarking.

Manuscript use . .
P level sentiment distributions.

Validation supported cautious descriptive interpretation of corpus- Inferential testing was restricted to

participant-level stakeholder scores.

Overall, the sentiment results suggest that P. radiata occupies an ambiguous socio-ecological position
in Mediterranean discourse. It is recognised as a non-indigenous and potentially invasive bivalve, but it is
also framed by many stakeholders and observers as a commercially useful, edible, or already naturalised
resource. This dual framing helps explain the predominance of neutral-to-positive sentiment and highlights
the need for risk communication strategies that acknowledge both ecological concerns and perceived socio-

economic opportunities.

A Overall sentiment distribution B Mean compound sentiment score by
08 cognitive stakeholder profile
0.6 -
o a
<
o
w
« 0.4 4
o +0.31£018 |y
E
t
9 0.2 - +0.06:0.14 C
T
g -0.08 £0.21
o 00+~ Bl T
E- Neutral
s threshold
)
c -0.2 1
©
@
B Very Positive: 8.2% (n = 102) 2
| Positive: 30.2% (n =377) -0.4
[0 Neutral: 41.2% (n = 514)
[ Negative: 17.3% (n = 216) ok
B Very Negative: 3.1% (n = 38) o Ecological Institutional Adaptive
Pragmatists Collaborators Stewards
Corpus composition: stakeholder open-ended responses Coanitive stakeholder profile
946 (75.9%); iNaturalist comments 214 (17.2%); 9 P
R/ msdinasiole 0700 One-way ANOVA: F(2,77) = 14.32, p < 0.001;
Inter-rater reliability: Cohen’s k = 0.78. Tukey’s HSD: all pairwise comparisons p < 0.05.

Five dominant discourse themes: T1 Economic opportunity; T2 Ecological concern; T3 Regulatory ambivalence; T4 Naturalisation narrative;

T5 Citizen science engagement.

Left panel: overall sentiment distribution. Right panel: mean compound sentiment by stakeholder profile.

Figure 7. Sentiment analysis results for Mediterranean public and stakeholder discourse on P. radiata (n = 1247 multilingual
text units). Panel (A) shows the overall sentiment distribution across five polarity categories: Very Negative, Negative, Neutral,
Positive, and Very Positive. Panel (B) shows the mean compound sentiment score (= SD) by cognitive stakeholder profile:
Ecological Pragmatists, Institutional Collaborators, and Adaptive Stewards. Letters above bars indicate statistically distinct
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groups based on Tukey’s HSD post-hoc tests (o = 0.05). The dashed horizontal line at compound = 0 indicates the neutral
sentiment threshold.

4. Discussion
4.1. Environmental Drivers: SST, Substrate, and the Mediterranean Thermal Envelope

The SDM indicates that the distribution of P. radiata across the Mediterranean is strongly structured
by interactions among thermal conditions, settlement habitat, and nearshore productivity. Rather than
reflecting temperature alone, the predicted suitability pattern suggests that successful establishment
depends on the co-occurrence of warm shallow waters, suitable attachment surfaces, and sufficient food
availability for a suspension-feeding bivalve.

The prominence of sea-surface temperature is ecologically consistent with the Indo-Pacific and Red
Sea origins of P. radiata, its affinity for warm coastal environments, and its reproductive performance in
thermally favourable waters. Progressive Mediterranean warming may therefore increase the extent of
coastal habitat falling within the species’ realised thermal niche, particularly in marginal northern and
western sectors. However, temperature should not be interpreted as a single deterministic driver.
Occurrence patterns also depend on propagule supply, substrate availability, coastal retention, observer
effort, and local ecological context.

The predicted high-suitability sectors were broadly consistent with documented Mediterranean records
of P. radiata, including the Levantine, Aegean, lonian, Sicilian Channel, and western Mediterranean sectors
[10—15]. This agreement supports the ecological plausibility of the basin-scale suitability pattern, while the
presence-only and citizen-science dominated nature of the dataset requires cautious interpretation of
unsampled or poorly sampled sectors.

Substrate availability provides an important ecological constraint on this thermal signal. As a byssate
bivalve, P. radiata requires hard or structurally complex surfaces for settlement, including rocky reefs,
biogenic substrates, and artificial structures such as port pilings, aquaculture infrastructure, and vessel-
associated surfaces [11,12,15]. This helps explain why high suitability is concentrated in shallow coastal
sectors where hard-bottom habitat and artificial structures are common, whereas deeper offshore areas and
soft, muddy sediments show lower suitability. Current velocity was excluded on empirical collinearity
grounds (|r| = 0.81 with chlorophyll-a) rather than on ecological ones. We acknowledge that near-bed flow
may be mechanistically more proximate for a byssate, suspension-feeding bivalve with planktonic larvae,
influencing food supply, larval retention, and settlement; chlorophyll-a was retained as the more
conventional and directly measured predictor, but this trade-off should be revisited where independent
hydrodynamic layers are available.

Chlorophyll-a and dissolved oxygen further suggest that coastal productivity and water-column
conditions mediate habitat suitability. Productive nearshore waters may support feeding and growth, while
low-oxygen or highly stratified environments may constrain establishment in some semi-enclosed basins.
These patterns should be interpreted as convergent ecological evidence rather than direct proof of
temperature-driven causality, because the occurrence dataset also reflects uneven sampling effort and
anthropogenic dispersal pathways.

4.2. Recent Geographic Redistribution and Observation Effort

The occurrence dataset showed a pronounced temporal concentration after 2020 and a statistically
supported westward redistribution of available reports. More than 81% of dated records originated from
2020-2026, while mean annual reporting was almost nine times higher during 2020-2026 than during
2010-2019. The negative association between observation year and longitude persisted after spatial
thinning and geographic quality assurance, and median record longitude shifted approximately 6.6°
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westward between periods. Changes in sub-basin composition further indicated increasing representation
of western and northern Mediterranean sectors.

These patterns are consistent with the continued geographic redistribution of P. radiata, including
recent reports from the western Mediterranean. Nevertheless, the dataset was dominated by human
observations, which represented approximately 94% of all records. The observed temporal increase may
therefore reflect both biological redistribution and substantial growth in citizen-science participation, digital
platform use, and national data mobilisation. The analyses should not be interpreted as an estimate of
invasion velocity or population growth.

This distinction is important for the interpretation of the SDM and the monitoring-priority framework.
Recent isolated reports in western or northern sectors warrant targeted validation surveys, but the absence
of records in other sectors cannot be treated as evidence of biological absence. Repeated, effort-standardised
surveys at ports, marinas, aquaculture installations, and suitable natural substrates are needed to distinguish
persistent establishment from reporting artefacts.

4.3. Anthropogenic Propagule Pressure as an Important Driver of Recorded Occurrence

The primary occurrence-based logistic model identified Anthropogenic Pressure as a significant
positive predictor of recorded occurrence status for P. radiata (p = 0.650, odds ratio = 1.92, p < 0.001;
Table 4). Accordingly, a one-unit increase in the standardised Anthropogenic Pressure Index was associated
with approximately 92% higher odds of a coastal cell containing a recorded occurrence, after accounting
for environmental conditions and depth. The observed Mediterranean distribution of P. radiata was not
associated with environmental conditions alone. Greater port proximity and higher vessel-traffic intensity
were positively associated with the relative probability of recorded occurrence across available
Mediterranean coastal cells. However, because the analysis was based on presence—background data and
spatially uneven observation effort, these relationships should be interpreted as statistical spatial
associations rather than as direct evidence of causation or true occupancy.

This interpretation is consistent with broader evidence that commercial ports, shipping corridors, and
areas of intense vessel activity frequently function as introduction and secondary-dispersal hubs for marine
non-indigenous species [43—46]. For P. radiata, the anthropogenic signal is particularly relevant because
its Mediterranean invasion history combines primary Lessepsian introduction through the Suez Canal with
subsequent redistribution along both natural and human-mediated pathways. Maritime transport, including
hull biofouling and ballast-water-mediated dispersal, may facilitate the movement of adults, juveniles, or
associated propagules among ports, marinas, and other artificial coastal habitats [11,13]. The positive
association between anthropogenic pressure and recorded occurrence, therefore, supports the view that
transport connectivity and maritime infrastructure contribute to the spatial organisation of the documented
distribution, particularly in coastal sectors that are already environmentally favourable.

The occurrence-based results also strengthen the management relevance of propagule-pressure
reduction. Although the Environmental Conditions Index showed a stronger association with recorded
occurrence than the Anthropogenic Pressure Index, environmental suitability is generally less amenable to
direct local intervention. By contrast, several components of anthropogenic exposure can be modified
through regulation, surveillance, and operational management. Biosecurity measures should therefore
include effective implementation of the IMO Ballast Water Management Convention, port-based hull and
niche-area inspections, biofouling management procedures, and targeted surveillance of high-traffic
commercial ports, marinas, and aquaculture facilities. These actions are unlikely to eliminate the risk of
invasion completely, but they may reduce opportunities for repeated introduction and secondary spread in
environmentally suitable coastal sectors.

Importantly, the Anthropogenic Pressure Index represents a harmonised basin-scale proxy based only
on port proximity and AIS vessel density. It does not fully capture other potentially relevant pathways,
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including recreational boating, marina connectivity, shellfish translocations, aquaculture transfers, local
seafood trade, hull-cleaning practices, or spatial variation in ballast-water discharge. The estimated
association should therefore not be interpreted as a complete representation of propagule pressure.
Moreover, areas near ports and densely populated coastlines may also receive greater observer attention,
potentially strengthening the apparent relationship between maritime activity and recorded occurrence.
Although spatial thinning reduced the influence of clustered observations, it could not fully correct for
uneven detection and reporting effort.

Nevertheless, the occurrence-based findings provide a defensible basis for integrating anthropogenic
exposure into Mediterranean surveillance planning. Coastal areas in which favourable environmental
conditions coincide with intense maritime activity represent appropriate priority nodes for early detection,
repeated monitoring and biosecurity intervention. This interpretation is also consistent with the Invasion
Risk Index, which prioritises areas where elevated SDM-derived environmental suitability overlaps with
high anthropogenic pressure. The occurrence-based logistic model and the IRI should therefore be viewed
as complementary components of the risk-screening framework: the former demonstrates that
anthropogenic exposure is significantly associated with recorded occurrence, whereas the latter translates
the spatial overlap between suitability and exposure into operational surveillance priorities.

4.4. Decomposing the Environmental-Anthropogenic Structure of Modelled Risk

The value of the secondary SEM is that it describes the spatial association structure among
environmental indicators, anthropogenic-exposure proxies, and the SDM-derived suitability surface. While
the SDM identifies coastal sectors with relatively favourable modelled environmental conditions, the SEM
provides an exploratory decomposition of how environmental suitability and anthropogenic exposure co-
vary spatially with the modelled surface. Because the SEM outcome was itself derived from the SDM, these
associations do not constitute independent evidence of ecological or anthropogenic causation.

The resulting spatial pattern should therefore be interpreted as an exploratory description of model
structure rather than as evidence of a compounding causal invasion mechanism.

4.5. Sentiment Analysis and the Social Ecology of Mediterranean Invasion

The sentiment analysis suggests that Mediterranean discourse surrounding P. radiata is more
ambivalent than a simple invasive-species framing would imply. Neutral-to-positive sentiment appears to
reflect the species’ dual status as both a non-indigenous bivalve and a locally recognised or potentially
useful resource, consistent with previous evidence that public and stakeholder perceptions can influence
environmental governance, monitoring uptake, and management legitimacy [19,20]. This interpretation is
also consistent with the stakeholder evidence of Pafras et al. [26], in which different cognitive profiles
framed non-indigenous species management through distinct combinations of ecological concern,
institutional trust, and adaptive resource use.

The thematic results further suggest that economic opportunity, naturalisation narratives, and citizen-
science engagement co-occur with ecological concern. This pattern is important because marine invaders
that are perceived as useful, edible or already naturalised may not generate the same level of public concern
as species framed exclusively as ecological threats. However, these findings should be interpreted
cautiously. The sentiment corpus was unevenly distributed among sources and was strongly influenced by
stakeholder responses from Pafras et al. [26]. In addition, the multilingual VADER extension [40] provides
an exploratory rule-based classification rather than a fully validated cross-cultural public-opinion measure,
while the thematic coding followed Braun and Clarke’s [41] qualitative framework and should be
interpreted as descriptive rather than representative of all Mediterranean publics.
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Nevertheless, the sentiment results may inform future research on communication and stakeholder
engagement. The coexistence of ecological concern and economic-opportunity framing suggests that risk
communication may be more effective if it acknowledges both dimensions rather than presenting the
species only as a threat. For example, communication with fishers, citizen scientists, and local coastal
communities could distinguish among monitoring needs, ecological uncertainty and potential resource use,
while avoiding messages that unintentionally normalise the further spread.

Future work should test these communication implications directly through balanced multilingual surveys,
interviews, and experimental message-framing studies across different Mediterranean regions and stakeholder
groups. Such work would help determine whether the cognitive profiles identified in the stakeholder dataset [26]
correspond to broader patterns of public perception and whether tailored communication strategies improve
monitoring participation, reporting behaviour and policy legitimacy [19,20].

The predominantly neutral-to-positive sentiment pattern observed here is consistent with broader
invasion-perception literature showing that public and stakeholder responses to non-indigenous species are
not determined solely by ecological impact, but also by perceived usefulness, familiarity, livelihood
relevance, cultural framing, and institutional trust [47-50]. Systematic reviews and conceptual frameworks
on invasive-species perception show that perceived benefits, socio-cultural context, terminology, and
stakeholder identity strongly influence whether non-indigenous species are framed as threats, resources, or
ambiguous social-ecological entities [47-49]. Conservation culturomics and digital public-discourse
approaches further demonstrate that online texts, news media, social media, and citizen-science platforms
can be used to quantify public salience, sentiment, and human—nature interactions at broad spatial and
temporal scales [51-53]. For P. radiata, its edibility, commercial value, and long residence time in parts of
the Mediterranean may therefore contribute to a less negative public framing than would be expected under
a strictly threat-based invasive-species narrative. This interpretation does not reduce the ecological
relevance of the species as a non-indigenous bivalve; rather, it highlights that biosecurity communication
should acknowledge both ecological risk and locally perceived socio-economic value.

A methodological caveat is that the multilingual VADER adaptation was calibrated through expert-
assisted review rather than validated against a balanced gold-standard benchmark dataset. Consequently,
the sentiment results should be interpreted as exploratory indicators of discourse polarity and framing, not
as definitive supervised classification outputs. This limitation is partly mitigated by the use of stratified
multilingual review, lexicon refinement, and participant-level aggregation for stakeholder comparisons, but
future work should evaluate Mediterranean invasion-related sentiment models against larger manually
annotated multilingual corpora.

4.6. Management Implications for Mediterranean Biosecurity

The integrated SDM—SEM-IRI-sentiment framework supports four complementary management
applications for P. radiata across the Mediterranean. First, the IRI map provides a spatial prioritisation
layer for early detection by identifying six priority spread-front sectors: the northern Adriatic, western
Sicily, the Balearic Islands and the adjacent Spanish coast, the Ligurian coast, the Gulf of Lion, and the
Alboran Sea. These sectors combine elevated invasion risk with incomplete current documentation. The
interpretation of northern Mediterranean spread-fronts is further supported by earlier evidence of P. radiata
establishment in the eastern Adriatic [46], together with the more recent records included in the curated
data set. They are therefore suitable targets for standardised settlement-panel monitoring, eDNA
metabarcoding, and repeated port-based surveys. Rather than distributing surveillance evenly across the
basin, monitoring effort should be concentrated where high environmental suitability, high propagule
pressure, and low current record density overlap.

Second, the positive association between Anthropogenic Pressure and recorded occurrence in the
primary logistic model strengthens the rationale for port-centred biosecurity. A one-unit increase in the
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standardised Anthropogenic Pressure Index was associated with approximately 92% higher odds of
recorded occurrence, after accounting for environmental conditions and depth. Because propagule-pressure
proxies are more directly manageable than basin-scale environmental conditions, high-priority ports and
adjacent marinas should be considered for ballast-water compliance checks, hull-fouling inspection,
biofouling management, and rapid-response protocols. This is particularly relevant for major commercial
hubs located within or near high-priority IRI zones, including Piracus, Haifa, Alexandria, Tunis/La Goulette,
Taranto, Catania, and Barcelona.

Third, the sentiment results indicate that biosecurity communication should not rely exclusively on
threat-based messaging. Public and stakeholder discourse around P. radiata is shaped by ecological concern,
economic opportunity, and naturalisation narratives. Consequently, communication strategies should be
differentiated by audience: fishers and commercial users may respond better to messages linking utilisation
with containment, reporting, and regulated handling; port authorities may require clear surveillance and
compliance protocols; and conservation-oriented groups may be mobilised through early-warning and
citizen-science narratives. This approach is more consistent with the species’ dual status as both a non-
indigenous organism and a locally recognised resource.

Fourth, the framework is directly relevant to Mediterranean and European non-indigenous species
governance. The IRI map can support spatial prioritisation under the Barcelona Convention Post-2020
SAPBIO and the UNEP/MAP 2022-2027 Medium-Term Strategy, while the integration of occurrence risk,
anthropogenic vectors, and monitoring priorities aligns with the objectives of the EU Marine Strategy
Framework Directive Descriptor 2. The practical value of the framework lies in translating ecological
modelling, causal pathway analysis, and public perception into targeted surveillance, risk communication,
and biosecurity planning.

4.7. Limitations and Future Directions

Several limitations should be considered when interpreting these findings. First, although the
occurrence dataset represents the most spatially extensive synthesis currently available for Mediterranean
P. radiata, GBIF-derived records remain unevenly distributed across the basin. The eastern and southern
Mediterranean shores, including Lebanon, Israel, Syria, Libya, Algeria, and Morocco, are likely under-
represented because of lower data submission rates and uneven citizen-science coverage. This spatial bias
may affect the precision of suitability estimates in regions where the species is present but poorly
documented. Future work should therefore integrate additional sources, including OBIS, MedMIS/CIESM,
national monitoring programmes and georeferenced literature records, to improve coverage across under-
sampled sub-basins [51-54].

Second, the SDM was calibrated using contemporary environmental layers representing the 2000-2020
period. As a result, the present model estimates current habitat suitability rather than future invasion
trajectories under continued Mediterranean warming. This is an important limitation because thermal
suitability is likely to shift under future climate scenarios, particularly in marginal northern and western
sectors. A priority extension would be to project the ensemble SDM under CMIP6 scenarios, including
intermediate and high-emission pathways, using future Bio-ORACLE environmental layers. Such
projections would allow identification of coastal areas where suitability is currently moderate but likely to
increase under warming.

A further limitation concerns the temporal and spatial structure of the occurrence dataset.
Approximately 94% of records originated from human observations, and more than 81% of dated records
were collected after 2020. Although spatial thinning and geographic quality assurance reduced clustering
and obvious coordinate errors, they could not fully account for variation in observer effort, platform
adoption, or national data mobilisation. Accordingly, the observed westward redistribution of records
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should be interpreted as a change in the geographic composition of available reports rather than as a direct
estimate of biological spread rate.

Third, the sentiment corpus is not evenly balanced across Mediterranean languages and stakeholder
groups. Because stakeholder responses from the HGPS study form a large share of the corpus, Greek-
language and eastern Mediterranean perspectives are more strongly represented than Spanish, Italian,
Turkish, North African, and Levantine fishing communities. The sentiment results should therefore be
interpreted as an initial multilingual social signal rather than a fully representative Mediterranean public-
opinion survey. Expanding the corpus across additional countries, platforms, and stakeholder sectors would
improve the robustness of cross-cultural comparisons.

The multilingual sentiment analysis should also be interpreted cautiously. Although the trilingual
VADER extension was checked against human-coded validation material and refined after a review of
disagreements, the validation was used primarily as a reliability and lexicon-calibration step rather than as
a full classifier performance experiment. A basic overall post-calibration VADER—human agreement
statistic of 85.0% was obtained, indicating a generally high correspondence between the adapted classifier
and the human-consensus labels. However, because the validation subset was used primarily for reliability
checking and lexicon refinement rather than as an independent balanced classifier benchmark, language-
specific and source-specific agreement, macro-F1, precision and recall were not calculated. The corpus-
level sentiment results should therefore remain interpreted as exploratory discourse indicators. Future work
should evaluate the lexicon-based approach on a larger, more balanced validation set and compare its
performance with supervised multilingual transformer models.

Fourth, the secondary SEM provides a static exploration representation of the spatial association
structure among environmental indicators, anthropogenic-exposure proxies and SDM-derived habitat
suitability. The current specification does not explicitly model non-linear responses, temporal lags,
dispersal dynamics or feedback between establishment, propagule pressure, and subsequent spread. Future
applications could use piecewise, spatial, or dynamic SEM frameworks with independent occurrence and
temporal monitoring data to examine whether these statistical associations remain stable over time, across
sub-basins, and across invasion stages. Such data would be required before stronger causal inference could
be considered.

5. Conclusions

This study provides an integrated Mediterranean basin-scale framework for assessing the spatial
invasion risk of the rayed pearl oyster P. radiata by combining ensemble species distribution modelling,
structural modelling, an equally weighted Invasion Risk Index, and multilingual sentiment analysis. The
framework identifies environmentally suitable coastal sectors, evaluates spatial associations between
occurrence patterns, environmental conditions, and anthropogenic exposure, and incorporates an
exploratory social-perception dimension.

The occurrence-based structural analysis indicated that the distribution of validated records was
associated with both environmental conditions and anthropogenic exposure. Coastal areas characterised by
favourable environmental conditions frequently coincided with port infrastructure and elevated maritime
traffic, suggesting that surveillance priorities should account for both habitat suitability and proxies of
propagule pressure. These associations should not be interpreted as direct evidence of causation, because
the analysis was based on observational occurrence data and spatial proxy variables. The temporal and
geographic audit also identified a marked post-2020 increase in reporting and a westward shift in the
composition of available records. These patterns support targeted verification of recently reported western
and northern sectors, while the predominance of opportunistic observations prevents their interpretation as
an effort-standardised measure of biological expansion.
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The equally weighted IRI integrated environmental suitability and anthropogenic exposure into a
transparent spatial prioritisation tool, highlighting coastal sectors where early detection surveillance may
be particularly valuable. The use of a priori equal weights avoided dependence on coefficients estimated
by the structural model and improved the transparency and reproducibility of the prioritisation framework.
The sentiment analysis further indicated that Mediterranean discourse concerning P. radiata was
predominantly neutral to positive, reflecting its dual representation as both a non-indigenous bivalve and a
potentially exploitable biological resource. Collectively, the ecological, pathway-related, and social-
perception components provide a practical basis for future monitoring design, biosecurity planning, and
risk communication. However, the identified priority areas should be interpreted as surveillance targets
requiring field validation rather than as definitive predictions of establishment or spread.
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