Unexplained neuroinvasive disease as an early-warning signal of West Nile virus transmission in Spain, 2016-2019
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[bookmark: _Toc233022554]Supplementary Table S1. ICD-10 Codes for VEUC Hospital Episodes Retrieval

	ICD-10
	Description

	A87.9
	Viral meningitis, unspecified

	G03.0
	Non pyogenic meningitis

	G03.9
	Meningitis, unspecified

	G04.90
	Encephalitis and encephalomyelitis, unspecified
Encephalitis and encephalomyelitis, unspecified

	G04.91
	

	G61.0
	Guillain-Barré Syndrome 

	A86
	Viral encephalitis, unspecified


ICD: international classification of diseases; VEUC: viral encephalitis, meningitis or acute flaccid paralysis of unknown cause
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Variables grouped by thematic block. Bioclimatic variables (bio.1–bio.19) follow the WorldClim convention. Vegetation indices and biotic and land-use covariates are derived from publicly available remote-sensing and ecological data sources at the municipal level. Abbreviations: WNV, West Nile virus.
	Variable
	Description

	Temperature

	bio.1
	Annual mean temperature (°C)

	bio.2
	Mean diurnal temperature range (°C)

	bio.3
	Isothermality (bio.2 / bio.7 × 100)

	bio.4
	Temperature seasonality (standard deviation × 100)

	bio.5
	Maximum temperature of the warmest month (°C)

	bio.6
	Minimum temperature of the coldest month (°C)

	bio.7
	Annual temperature range (bio.5 − bio.6, °C)

	bio.8
	Mean temperature of the wettest quarter (°C)

	bio.9
	Mean temperature of the driest quarter (°C)

	bio.10
	Mean temperature of the warmest quarter (°C)

	bio.11
	Mean temperature of the coldest quarter (°C)

	Precipitation

	bio.12
	Annual precipitation (mm)

	bio.13
	Precipitation of the wettest month (mm)

	bio.14
	Precipitation of the driest month (mm)

	bio.15
	Precipitation seasonality (coefficient of variation)

	bio.16
	Precipitation of the wettest quarter (mm)

	bio.17
	Precipitation of the driest quarter (mm)

	bio.18
	Precipitation of the warmest quarter (mm)

	bio.19
	Precipitation of the coldest quarter (mm)

	Water balance

	aet
	Actual evapotranspiration (mm)

	def
	Climatic water deficit (mm)

	pdsi
	Palmer Drought Severity Index

	Runoff
	Surface runoff (mm); water exceeding soil absorption capacity

	Soil
	Soil moisture (mm)

	VAP
	Mean water vapour pressure (hPa)

	VPD
	Vapour pressure deficit (hPa)

	Vegetation

	NPP.2010.2
	Net Primary Productivity (gC/m²/year)

	NDVI
	Normalised Difference Vegetation Index

	NDWI.Spring
	Normalised Difference Water Index — spring

	NDWI.Summer
	Normalised Difference Water Index — summer

	NDWI.Winter
	Normalised Difference Water Index — winter

	Biotic component

	C.pipiens
	Habitat suitability for Culex pipiens (probability 0–1, ensemble model)

	C.modestus
	Habitat suitability for Culex modestus (probability 0–1, ensemble model)

	C.perex
	Habitat suitability for Culex perexiguus (probability 0–1, ensemble model)

	BirdsRich
	Species richness of birds from five WNV-susceptible orders

	BirdsFav
	Species richness of bird species favourable for WNV (defined subset)

	Equine
	Equine population, 2010–2024 

	Land use

	Agricultur
	% of rainfed agricultural land (CORINE 2018)

	UrbanGreen
	% of urban green areas (CORINE 2018)

	Rice
	% of rice fields (CORINE 2018)

	IrrigatedL
	% of irrigated land (CORINE 2018)

	NaturalEco
	% of natural ecosystems — scrubland and forest (CORINE 2018)

	InlandWate
	% of inland water bodies (CORINE 2018)

	Anthropogenic pressure

	HumanFootP
	Human Footprint — cumulative pressure of human activities (2009, 1 km resolution)

	GPW
	Population density (inhabitants/km², Gridded Population of the World)
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Prior to model fitting, the original set of 47 ecological variables was explored using a mixed approach combining statistical and ecological criteria. The statistical criteria controls was based on using the Variance Inflation Factor (VIF) to detect collinearity between variables.
Instead of exploring all covariables together, we applied ecological criteria by grouping variables into seven thematic domains of temperature, precipitation, water balance, vegetation and productivity indices, biotic component, land use and anthropogenic pressure indices (Table S2). As a first step, within-domain VIF was calculated. Only the first three domains (temperature, precipitation and water balance) showed collinearity between its variables, with VIF values over 10. 
As these three domains represent primary atmospheric and climatic dimensions, a second step was taken with surviving variables. Temperature and precipitation variables were filtered together, and those surviving this filter were again checked against water balance variables in a final step. The variables retained after this multi-step process were bio-3, bio-9, bio-15, PDSI, Runoff, Soil, VAP, and VPD. These constitute a final thematic block of atmospheric and hydrological variables operating as primary environmental determinants.
Among the remaining four blocks (vegetation and productivity indices, biotic component, land use and anthropogenic pressure indices) no collinearity was observed. The variables bird’s richness and human population density were discarded in favour of birds’ favourability (better VIF score) and human footprint (more informative than just population density).
A final VIF checking between all remaining variables after filtering and selection was performed, with no variable discarded. The same process was repeated with a VIF threshold of 5, as a sensitivity test, with only one variable (Soil) that would be excluded under the stricter threshold. As this was the only difference, we decided not to exclude the soil variable.
Therefore, the final set of covariables for model fitting was: 
· Atmospheric and hydrological variables: bio-3, bio-9, bio-15, PDSI, Runoff, Soil, VAP, and VPD
· Ecological variables: thematic blocks of vegetation and productivity indices, biotic component, land use and anthropogenic pressure indices, except for bird’s richness and population density


[bookmark: _Toc233022557]Supplementary Table S3. Results of the Atmospheric-hydrological model (M3) with all selected covariables: fixed effects and spatial random effects
Variables from the atmospheric-hydrological thematic block after the selection process. All variables were included in a first model, and only significant ones were retained for the final version of the model that is reported in the manuscript.
	Fixed effects (OR, 95% credible interval)

	Variable
	VEUC
	WNV

	PDSI
	0.736 [0.59–0.92]
	0.457 [0.17–1.15]

	Runoff
	1.458 [1.15–1.85]
	0.512 [0.11–2.38]

	Soil
	1.127 [0.86–1.47]
	0.805 [0.28–2.19]

	VAP
	2.471 [2.05–2.98]
	4.642 [1.99–11.49]

	VPD
	1.943 [1.52–2.49]
	2.809 [1.12–6.70]

	Bio-3
	1.056 [0.88–1.27]
	1.605 [0.91–2.87]

	Bio-9
	0.836 [0.61–1.15]
	0.175 [0.04–0.78]

	Bio-15
	0.852 [0.58–1.26]
	6.629 [1.36–31.61]

	Shared component loading (posterior mean, 95% credible interval)

	β
	15.79 [3.87–48.47]

	Spatial random effects — precision (posterior mean, 95% credible interval)

	Shared spatial component
	143.65 [5.56–841.56]

	VEUC-specific spatial effect
	1.45 [0.99–2.07]

	WNV-specific spatial effect
	173.88 [0.67–1,200.26]

	VEUC unstructured heterogeneity
	1,080.86 [4.41–7,345.81]

	WNV unstructured heterogeneity
	1,101.54 [1.26–6,678.35]


Bold values indicate posterior 95% credible intervals not crossing 1. PDSI: Palmer Drought Severity Index; VAP: vapour pressure; VPD: vapour pressure deficit; Bio-3: isothermality; Bio-9: mean temperature of the driest quarter; Bio-15: precipitation seasonality (coefficient of variation). Hyperparameter values are posterior means; higher precision values indicate lower spatial variability. β: shared component loading reflecting the relative contribution of the shared spatial field to WNV distribution.



[bookmark: _Toc233022558]Supplementary Table S4. Results of the Ecological model (M4) with all selected covariables: fixed effects and spatial random effects
Variables from the ecological thematic block after the selection process. All variables were included in a first model, and only significant ones were retained for the final version of the model that is reported in the manuscript.
NOTE: Inland Waters was retained because it showed a close-to-significant credible interval and its ecological relevance as one of the main water-related determinants in the literature. For Cx. pipiens, a similar decision was made, however models incorporating both Cx pipiens and Cx perexiguus displayed strong collinearity issues and poor identifiability in INLA. Because of the emergent importance of Cx perexiguus, it was the vector retained.
	Fixed effects (OR, 95% credible interval)

	Variable
	VEUC
	WNV

	C. pipiens
	1.140 [1.00–1.30]
	0.951 [0.61–1.48]

	C. modestus
	0.823 [0.70–0.96]
	1.307 [0.70–2.40]

	C. perex
	0.997 [0.86–1.15]
	2.296 [1.52–3.53]

	GPW
	0.948 [0.88–1.02]
	0.905 [0.62–1.31]

	Human Footprint
	2.096 [1.88–2.35]
	1.203 [0.77–1.87]

	NDVI
	0.919 [0.79–1.06]
	1.062 [0.62–1.82]

	NDWI (Spring)
	0.924 [0.78–1.09]
	1.004 [0.55–1.85]

	NDWI (Summer)
	1.072 [0.92–1.25]
	1.164 [0.77–1.76]

	NDWI (Winter)
	0.987 [0.82–1.19]
	0.808 [0.41–1.58]

	Agriculture
	0.976 [0.90–1.06]
	0.860 [0.65–1.14]

	Urban Green
	0.992 [0.94–1.04]
	0.831 [0.50–1.36]

	Rice
	0.950 [0.83–1.08]
	1.078 [0.84–1.38]

	Irrigated Land
	0.997 [0.94–1.06]
	0.994 [0.85–1.16]

	Natural Ecosystems
	0.965 [0.89–1.05]
	0.975 [0.75–1.27]

	Inland Waters
	1.039 [0.98–1.10]
	1.004 [0.85–1.19]

	Birds Favourability
	1.287 [1.17–1.42]
	1.481 [0.97–2.26]

	Equine Population
	1.146 [1.07–1.22]
	1.506 [1.28–1.85]

	Shared component loading (posterior mean, 95% credible interval)

	β
	6.58 [3.20–12.77]

	Spatial random effects — precision (posterior mean, 95% credible interval)

	Shared spatial component
	10.72 [2.65–32.50]

	VEUC-specific spatial effect
	1.49 [0.97–2.20]

	WNV-specific spatial effect
	80.26 [2.47–479.36]

	VEUC unstructured heterogeneity
	150.89 [8.77–787.89]

	WNV unstructured heterogeneity
	72.39 [2.91–377.04]


Bold values indicate posterior 95% credible intervals not crossing 1. C. pipiens, C. modestus, C. perex: Culex pipiens, Cx. modestus and Cx. perexiguus suitability indices, respectively. GPW: Gridded Population of the World; NDVI: Normalized Difference Vegetation Index; NDWI: Normalized Difference Water Index. Hyperparameter values are posterior means; higher precision values indicate lower spatial variability. β: shared component loading reflecting the relative contribution of the shared spatial field to WNV distribution.

