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Abstract

Background

Aedes albopictus is a highly invasive mosquito and a competent vector of dengue,
chikungunya, and Zika viruses. Since its introduction into Europe in 1979, it has expanded
across large parts of the continent, increasing the risk of arboviral transmission. Its spread is
driven by the interplay of human mobility, trade, and climatic conditions that are increasingly
favorable to its establishment and persistence. However, these drivers are often modelled
separately, limiting coherent uncertainty propagation.

Methods

We developed a unified mathematical model that jointly infers human-mediated
introductions, dispersal, and biologically grounded climatic suitability from three decades of
invasion data across over 1200 European spatial units. Unlike previous approaches that
treat these processes independently, our model integrates them simultaneously, enabling
consistent uncertainty propagation and projections under multiple greenhouse gas emission
scenarios.

Findings
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Median and minimum temperatures, relative humidity, solar radiation, and precipitation
emerge as key climatic determinants, while long-range mobility, short-range diffusion, and
national borders structure spatial spread. Projections indicate that the proportion of the
European population exposed to Aedes albopictus could rise from 49% today to over 90%
by 2049 under multiple climate scenarios. Country-level analyses identify four distinct risk
trajectories of Aedes albopictus presence: already fully at risk, with increasing risk,
persistently low-risk, and currently uninvaded but projected to face rising risk.

Interpretation

The identification of different national risk trajectories provide actionable guidance for
surveillance, vector control, and public health preparedness. This framework delivers openly
accessible projections of Aedes albopictus presence which provide a basis for future studies

assessing potential arboviral risk under multiple climate scenarios.

Funding
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Research in context

Evidence before this study

We searched PubMed using the terms (Aedes albopictus) AND (Europe OR European) AND
(expansion OR spread OR dispersal) AND (climate OR climatic OR environment) AND
(model OR modeling) for studies published from data inception to February 17, 2026.

We included all research articles in all languages.

To date, modeling studies of Aedes albopictus expansion in Europe have primarily focused
on estimating climatic and environmental suitability using correlative species distribution or
ecological niche models. These approaches identify areas environmentally compatible with
establishment and project potential future range shifts under climate change scenarios.
Other studies have adopted mechanistic or process-based models that explicitly represent
mosquito life-cycle dynamics and temperature-dependent development, offering detailed
biological realism, although often restricted to regional or local scales. Few studies have
incorporated human-mediated dispersal, acknowledging the importance of transportation
networks and introduction pressure in shaping invasion dynamics.

While these approaches have deepened our understanding of vector expansion, most
frameworks consider climatic suitability, biological constraints, and introduction processes
separately or sequentially. Integrating these drivers within a single mathematical structure
remains methodologically challenging at continental scale and therefore limited.

Added value of this study

We developed a spatially explicit invasion model that jointly integrates human-mediated
introduction pressure and climatic suitability shaped by mosquito biological characteristics
within a single unified likelihood across more than 1,200 European spatial units over three
decades. By integrating these processes simultaneously, our approach ensures coherent
uncertainty propagation and maintains mechanistic interpretability when extrapolating to
novel climatic conditions.



Our model reconstructs past expansion with high predictive accuracy and quantifies the
relative contributions of gravity-based human mobility, short-range spatial diffusion, national
borders, and five biologically grounded climatic variables. Beyond historical reconstruction,
we project expansion under three contrasting greenhouse gas emission scenarios over the
next 25 years. We estimate that the proportion of the European population living in areas
where Aedes albopictus is present could increase from approximately 49% today to more
than 90% by 2049. Our framework also classifies countries into four distinct risk trajectories,
generating openly accessible projections directly usable for surveillance planning and public
health preparedness.

Implications of all the available evidence

Arboviral outbreaks often follow mosquito establishment within a decade. By identifying
areas where invasion is imminent, our results highlight critical windows for intensified
surveillance and targeted vector control. Quantifying future expansion and population
exposure over the next 25 years provides directly actionable information for anticipatory
planning of dengue, chikungunya, and Zika prevention in Europe. Integrating mobility,
biology, and climate this unified framework offers a realistic basis for preparedness
strategies in a warming and increasingly connected continent.

Introduction

Vector-borne diseases represent a growing threat to global public health, with more than four
billion people currently living in areas at risk (1). Among the vectors driving this expansion,
Aedes albopictus stands out as one of the most invasive mosquito species worldwide (2)
and a competent vector for major arboviruses, including dengue, chikungunya, and Zika
(3-8). Originally native to Southeast Asia, Aedes albopictus has colonized all continents
except Antarctica (9) and is now firmly established across large parts of Europe, where
recent and recurrent dengue and chikungunya reported cases underscore its growing public
health importance (10,11).

The rapid global expansion of Aedes albopictus is directly linked to globalization (12).
International travel and trade have facilitated repeated introductions into new regions,
notably through container habitats for the aquatic stages such as used tires and potted
plants (13—15). These pathways are reinforced by the species’ remarkable ecological and
physiological plasticity. Aedes albopictus has adapted from primarily zoophilic to
anthropophilic behavior (16,17), and exploits artificial containers in domestic and urban
environments. Crucially, its desiccation-resistant eggs (18) and capacity for
photoperiod-induced diapause (19) allow survival during transport and overwintering in
temperate climates (20,21), enabling establishment far beyond its native range.

In Europe, Aedes albopictus was first introduced in the late 1970s in Albania (22), followed
by subsequent establishments in Italy and a rapid expansion across the continent, especially
the Mediterranean countries (23,24). Since then, the expansion of Aedes albopictus has
accelerated, driven by the combined influence of climatic suitability, urbanization,
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socioeconomic factors, and human mobility (25,26). Ongoing climate change (23) is
expected to further facilitate northward expansion by transforming currently unsuitable areas
into climatically suitable environments for mosquito survival and reproduction, increasing the
likelihood of establishment and persistence in regions previously considered unsuitable.
However, climatic suitability alone is not sufficient to explain observed invasion patterns, as
establishment requires repeated introductions into suitable areas. International travel and
trade therefore play a critical role by shaping where and when Aedes albopictus is
introduced, directly conditioning whether climatically suitable regions are actually colonized.
At the same time, the growing presence of competent vectors in Europe increases the risk
that imported arboviruses lead to local transmission.

Despite extensive modeling efforts, the relative contribution of environmental suitability,
mosquito biology and human-mediated introduction processes to successful colonization
remains incompletely understood. Correlative niche models identify statistical associations
between mosquito presence and climatic variables but typically ignore dispersal, introduction
pressures and biological characteristics (27,28). As a result, they may overestimate risk in
areas that are suitable but rarely exposed to introductions, and underestimate risk in
marginal environments subject to frequent introductions. In contrast, mechanistic or
process-based models describe the mosquito life cycle and movements but are often
restricted to local scales (29-36) and do not capture large-scale heterogeneity in climate and
human mobility. At the European scale, only a few studies have explicitly integrated climatic
suitability with explicit introduction, spread processes and mosquito’s biology within a unified
framework (37,38). However, existing unified frameworks integrate these processes only
partially or sequentially, conditioning invasion dynamics on pre-trained suitability maps or
independently fitted life-cycle variables within multi-stage approaches. Their application to
large-scale projections of future species expansion has remained limited.

Here, we develop a spatially explicit invasion model to assess the year-to-year colonization
potential of Aedes albopictus across Europe, conditional on its current distribution. The
model jointly integrates human-mediated introduction pressure and climatic suitability
shaped by mosquito biological characteristics within a single framework. Using harmonized
surveillance and environmental data, we reconstruct the historical spread, project future
distributions under multiple climate change scenarios and time horizons, using several
realizations per scenario to capture climatic uncertainty, and quantify how alternative climatic
pathways may shape the future distribution of Aedes albopictus. Beyond reconstruction and
projections, the framework allows classification of geographic regions into four distinct types
of projected regional trajectories, reflecting variation in potential population exposure over
time. By integrating the main ecological, biological, and human-related drivers of invasion
without requiring computationally intensive multi-stage simulations, the approach provides
an efficient tool for anticipating the future spread of Aedes albopictus in Europe. It is readily
transferable to other regions or spatial scales, and generates openly accessible projections
for the scientific community.

Material and Methods

Mosquito spatial spread data
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We assembled a dataset describing the spatial spread and occurrence of Aedes albopictus
in Europe from 1992 to 2024. Data for the period 1992-2017 were sourced from (27), which
synthesizes published reports and expert surveillance data, and were extended up to 2024
using records from (39), coordinated by the European Centre for Disease Prevention and
Control (ECDC) and the European Food Safety Authority (EFSA) (65).

Occurrence was aggregated to harmonised subnational administrative units using NUTS
classifications for EU countries and GAUL classifications elsewhere. To ensure comparability
across countries, spatial resolution was adjusted where necessary to reduce heterogeneity
in unit area (appendix pp 3-6). Each unit was considered invaded from the first detection of
any mosquito stage (introduced or established) and remained classified as invaded until the
end of the study period. Prior to this first detection, the unit was considered uninvaded. In
rare cases (<1% of observations), a recorded presence was followed by a verified absence.
In these instances, the presence records were discarded, and the unit was considered
uninvaded throughout the study period (appendix pp 3-6).

Human population sizes dataset

Annual population counts (1992-2024) were compiled from gridded population datasets
extracted from SEDAC (40) (1992-2000), WorldPop (41) (2001-2020) and Eurostat (42)
(2021-2024) and aggregated to administrative units using a consistent spatial framework.
Missing recent values (2021-2024) were extrapolated by applying the median annual growth
rate calculated over the period 1992-2020 to each affected unit (appendix p 13).

Future projections (2025-2049) were derived from gridded SSP-based datasets (43)
aggregated to the same units. Continuity between historical data (up to 2024) and
projections (2025-2049) was ensured by computing annual growth rates from the projected
series and applying them to historical population sizes (appendix p 8).

Environmental data

Environmental covariates were selected from the variables routinely available in climate
monitoring data to reflect key physiological and ecological constraints governing mosquito
survival and development (66—72). The choice of variables was informed by experimental
laboratory studies. Historical climate variables (1992-2024) were derived from ERA5 monthly
land reanalysis data (44) and spatially aggregated to administrative units. Annual covariates
include (appendix pp 14-18, appendix p 7):

e minimum temperature (minT), in Kelvin (K), representing lower thermal thresholds
associated with overwintering survival,

e median dry-season (April-October) air temperature (medT), in Kelvin (K), capturing the
optimal thermal range for mosquito survival and development,

e median dry-season relative humidity (medRh), expressed as a percentage, reflecting
atmospheric moisture conditions associated with the presence of aquatic breeding
habitats and egg viability,

e median dry-season solar radiation (medSol), in megajoules per square meter (MJ.m?),
used as a proxy for photoperiodic conditions influencing egg hatching,

e total dry-season precipitation (TotPrec), in millimetres (mm), representing water
availability for larval habitats and oviposition sites, jointly with relative humidity.
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Climate projections (2025-2049) were obtained from the IPSL-CM6A-LR (45,46) global
climate model (endorsed by CMIP6 (47)) under SSP1-2.6, SSP2-4.5, and SSP5-8.5. Five
climate model realizations per SSP were used to account for internal model variability.
Projections were bias-adjusted relative to ERA5-Land using an anomaly-based method
(48-54) (appendix pp 9-10).

Adjacency matrices

To capture local spatial diffusion, we constructed adjacency matrices describing connections
between neighbouring administrative units.

First-order adjacency A" identified units sharing a common boundary.
Second-order adjacency A® identified units separated by one intermediate
neighbour.

e Third-order adjacency A® dentified units separated by two intermediate
neighbours.

Propagation model

The spatiotemporal propagation of Aedes albopictus was modeled using an invasion
framework, inspired by (55,56). The model predicts yearly invasion probabilities for spatial
units that are not yet invaded. The transition of a unit from uninvaded to invaded is
irreversible.

For each uninvaded unit j, the force of invasion Aissjit (FOI) in year t, defined as the
instantaneous risk that it becomes invaded from an invaded unit i during year t combines two
distinct mechanisms:

(i) @ mobility-driven introduction pressure from unit /, Mij¢ and

(ii) the local climatic suitability in unit j Sit

Nisjit = Mi 1S

The total yearly FOI on unit j is expressed as the sum of the contributions Ai~jt of each of
the spatial units j already invaded.

Climatic suitability component

Two alternative suitability formulations were tested. Both relied on climatic variables selected
from known mosquito biological characteristics, and the second formulation additionally
incorporated biologically informed functional responses derived from laboratory studies.

MO: polynomial dependence on the five climatic variables
Sir = (minT;,) (medT;,)° (medRh;,)™ (medSol;, )’ (Tot Prec;,)®

where all the parameters ¢; 9,7,0, 9 are unknown and estimated from the data.
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M1-M5: Gaussian response to median temperature (reflecting experimentally established

thermal optima (57)) combined with polynomial effects for the remaining variables:

—(medT};; —
2 2

f( mp

2
Sir = (minT} ) exp( Hiemp) )(medRhN)T(medSoljyt)e(TotPrech,)(z’

with € 70, @, tiemp and Ttemp fitted to the data.

Mobility component
MO-M1: gravity model

The baseline mobility formulation (M0-M1) follows a gravity model and is expressed as:
v DM

Pib

MZ'J"t — /8 9’)/ Js
iﬂj

where Pit and Pjt are the population sizes in units i and j at time step £, dij is the Euclidean

distance (in km) between the centroids of i and j, and B, y, ~ and 7 are estimated.

M2: gravity model and adjacency
To capture local diffusion, model M2 adds adjacency-based transmission terms:

PLPl &
Mg = B3 13 A
0] k=1 :

where adjacency coefficients @« are also fitted. The combination of direct and second-order
adjacency matrices performed best and was retained in adjacency-based models (see
Sensitivity analysis1).

M3-M5: gravity model, adjacency and country borders
Models M3-MS5 incorporate border effects to account for reduced cross-border connectivity:

e Ma3: border effect applied to adjacency only:

zt t (k
Mi,j,t J E g A )6 pBorders; ;

where P is an estimated friction parameter and the matrix entry Borders,, is equal to
1 if i and j are not in the same country and O otherwise.
e M4: shared border effect applied to gravity and adjacency terms:

z t t -
Mi,j,t J § OékA 6 —pBorders; ;

e MS5: separate border effects for gravity and adjacency:
o 2

P P
M. 4Lt" gt —pyBord E : k —pa2Borders;_ ;
iy B 'y e~ P1Borders; ; 314:141(,3'))6 p2Borders; ;

All covariates from suitability and mobility components were normalized prior to inference.
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Statistical inference and model comparison

Parameters were estimated within a Bayesian framework using a Metropolis—Hastings
Markov chain Monte Carlo (MCMC) algorithm with lognormal proposal distributions. Broad
uniform priors with biologically and epidemiologically plausible bounds were assigned to all
parameters (appendix p 19). Model comparison was based on the Deviance Information
Criterion (DIC) (58). We used the median posterior parameter estimates to simulate 100
datasets for each fitted model. In all simulations, the initial invasion sources were set to the
first 10 invaded spatial units from the real dataset. Predictive performance was assessed
using Brier scores (59) and Area Under the Curve (AUC) values under fixed-window
cross-validation procedures (appendix pp 11-12).

Projections of mosquito spread

Using posterior median estimates from our best model, we generated 100 projected
trajectories for 2025-2049 under SSP1-2.6, SSP2-4.5, and SSP5-8.5. Scenario-specific
climate and population projections were incorporated to estimate yearly local invasion
probabilities. Therefore, separate sets of simulations were performed for each
greenhouse-gas emission pathway: SSP1-2.6 (low emissions), SSP2-4.5 (medium
emissions), and SSP5-8.5 (high emissions); and for each of five climate model realizations
(r1i1p1f1, r2i1p1f1, r3i1p1f1, rdi1p1f1, and r6i1p1f1).

Role of the funder : The funder had no role in study design, data collection, data analysis,
data interpretation, writing of the report, or decision to submit.

Results

Aedes albopictus was largely confined to Italy until 2000, after which its invasion expanded
into southeastern France. By 2005, the species had become established in northern Spain
and along the eastern Spanish coast, and had begun to invade the Netherlands. By 2015,
Aedes albopictus was present in Germany, and by 2020 it had reached the United Kingdom.
Scandinavian countries, which had remained largely unaffected by the species’ expansion
throughout most of the study period, reported their first detection in Sweden in 2023 (Figure
1).

Model performance, assessed using DIC, improved substantially with the progressive
inclusion of additional mechanistic components (appendix p 21). Introducing a Gaussian
relationship between suitability and median temperature significantly improved fit relative to
the baseline (M0O-M1: ADIC =10).

The inclusion of first and second orders adjacency-based transmission terms further
enhanced performance (M1-M2: ADIC = 104), highlighting the importance of local neighbor
influence. Adding a third order component did not improve fit (appendix p 22). Including a
border effect within the adjacency term provided additional improvement (M2-M3: ADIC =
11).
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Extending this border effect to the gravity-based human mobility component yielded further
improvement (M3-M4: ADIC = 7), indicating that border effects influenced both short- and
long-distance dispersal. Allowing separate border effects for adjacency and gravity terms
reduced performance (M4- M5: ADIC = -6).

Model M4 was therefore selected as the best-performing model. Regarding spatial
dynamics, all models except MO reproduced the overall proportion of invaded areas (43%)
across the 28 reconstructed years (1996-2024): MO (54% 95%CI [46%, 61%]), M1 (47%
95%ClI [39%, 53%]), M2 (38% 95%CI [28%, 46%]), M3 (41% 95%CI [31%, 50%]), M4 (41%
95%CI [30%, 52%]) and M5 (41% 95%CI [31%, 50%]) (appendix p 28).

The power coefficient associated with destination population sizes (0.133 95%CI [1.27e-02,
3.16e-01]) was more than eight times larger than the one associated with origin population
sizes (1.61e-02 [5.31e-04, 8.38e-02]). Increasing the destination population size from 10,000
to 25,000 resulted in a 25% augmentation of the FOI, whereas an equivalent increase in the
origin population size produced only marginal changes in the overall FOI (Figure 2.A-B).

The distance separating invaded and susceptible units strongly constrained the invasion risk.
The power coefficient for normalized distances was estimated at 1.70 (95% CI: [1.52, 1.87]).
As a result, increasing the inter-centroid distance between two spatial units from a reference
distance of 100km to 500km resulted in an approximately eight-fold reduction of the force of
invasion (Figure 2.H), underscoring the impact of the spatial structure on the mosquito’s
propagation. Direct adjacency further increased the invasion probability by roughly 7% per
year, while secondary adjacency exerted a weaker but measurable effect, translating into an
increase of approximately 1% in invasion probability per year. Crossing a country border
reduced the FOI by nearly one-third, with an estimated border effect of p=0.985 (95%ClI
[0.50, 1.55]).

The power coefficient associated with minimum temperature was estimated at 5.38 (95% Cl
[0.33, 14.30]). Increasing the minimum temperatures from the median 0 °C (273K) to 7 °C
(280K) resulted in an approximately 15% increase in the FOI (Figure 2.C, appendix pp
30-31). Median temperature during the dry season was a major driver of invasion dynamics,
with FOI doubling as median temperatures rose from the median 15 °C (288K) to 22 °C
(295K) (Figure 2.G). Relative humidity during the dry season exerted a strong influence,
with an estimated power coefficient of 5.67 (95%CI [1.47, 10.10]). A 5% increase in relative
humidity (from the median 90% to 95%) increases local suitability by 36% (Figure 2.D). The
power coefficient of the total precipitation during the dry season was estimated at 0.107
(95%CI [4.90e-03, 3.48e-01]) (Figure 2.E). Finally, for surface solar radiation, the power
parameter was estimated at 1.03 (95%CI [0.462, 1.71]), with the invasion pressure
increasing by 40% as solar radiation increased from the median 18 to 25 MJ m™ (Figure
2.F). A sensitivity analysis showed that the full model accounting for the effects of mobility
and climatic suitability outperformed a mobility-only formulation in terms of model fit (DIC)
and overall historical predictive performance (appendix p 24).

Our expansion model accurately reproduced the historical spread of Aedes albopictus in
Europe. Performance was first evaluated qualitatively by visually comparing observed
invasion maps with predicted probabilities over time, showing that the initial spread in Italy
and subsequent expansion in France, Spain and the Balkans were well captured (Figure 3).



Quantitatively, the model demonstrated strong discriminatory ability, with fixed-window AUC
values of 0.84 (training 1992-2012; testing 2013—-2017) and 0.78 (training 1992-2018;
testing 2019-2023) (appendix p 29, appendix p 36). Brier scores further confirmed the
model's predictive accuracy, with mean values across European countries remaining below
0.05 throughout the study period. Only four years (2015, 2016, 2022, 2023) exceeded this
threshold, yet all remained below 0.1, underscoring overall model reliability (appendix pp
32-35).

Mean invasion probabilities indicate a rapid expansion across Europe (Figure 4.A). Invasion
probabilities are reported only for spatial units uninvaded at the end of 2024, allowing
assessment of future risk of mosquito presence in currently unaffected areas. For all
emission scenarios (SSP1-2.6, SSP2—4.5, SSP5-8.5), projected invasion trajectories were
highly consistent across the five realizations of the climate model with identical forcing,
indicating limited sensitivity to internal climate variability (appendix pp 37-38). Consequently,
results for each of the three scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5) were obtained by
averaging projections across realizations and reporting the associated 95% prediction
intervals derived from the full ensemble of simulations (n = 500)..

Across all three climate scenarios, the model projects a marked increase in the proportion of
the European population at risk of coming into contact with Aedes albopictus. The reported
percentages correspond to the proportion of the population in the study area that is exposed,
averaged across 500 simulated invasion trajectories. Specifically, the population at risk is
predicted to rise from 49% in 2024 to 64% by 2030 under the scenario SSP2-4.5 (SSP1-2.6:
62%, SSP5-8.5: 63%). This increase accelerates over the following decade, reaching 84%
by 2040 under scenario SSP2-4.5 (SSP1-2.6: 82%, SSP5-8.5: 81%). By the end of the
projection period (2049), the proportion of the population at risk exceeds 90% under all
scenarios, (SSP1-2.6: 90%, SSP2-4.5: 92%, SSP5-8.5: 91%) (Figures 4.A and 4-B).

A similar trend is observed for the spatial extent of invasion. Starting from 43% of European
spatial units classified as invaded in 2024, the invaded area is projected to expand to 57%
by 2030 under scenario SSP2-4.5 (SSP1-2.6: 55%, SSP5-8.5: 56%), increase to 75% by
2040 under the middle scenario (SSP1-2.6: 72%, SSP5-8.5: 72%), and exceed 80% by 2049
across all three scenarios, (SSP1-2.6: 80%, SSP2-4.5: 82%, SSP5-8.5: 81%) (Figures 4.A
and 4.C).

At the country level, projections show strong consistency among scenarios in both the
proportion of the population at risk of exposure to the mosquito and the percentage of
invaded spatial units by 2049. Scenario SSP2-4.5 consistently yields slightly higher values,
reflecting a modestly faster rate of spread, a pattern also evident in the overall dynamics of
invasion (appendix pp 39-40, appendix pp 41-50). Based on the projected risk trajectories,
countries can be classified into four distinct risk categories: countries already fully at risk,
countries where risk is already present and continues to increase, countries currently free of
invasion but projected to experience rising risk, and countries where risk remains
persistently low (appendix p 51).

Discussion




In this study, we developed a unified mathematical framework to model the expansion of
Aedes albopictus in Europe, by jointly inferring human-mediated introduction pressure and
climatic suitability shaped by biological characteristics within a single likelihood. Unlike
previous sequential or partially decoupled approaches, our joint inference propagates
uncertainty consistently across processes, reduces overfitting to historical correlations, and
preserves mechanistic interpretability when extrapolating beyond observed conditions.
Among multiple tested formulations, a model combining gravity-based human mobility,
short-range spatial diffusion, national border effects and five climatic variables informed by
field and laboratory studies best explained the invasion dynamics over the past three
decades.

Two complementary modelling approaches can be considered. First, a mathematical model
that describes with great detail all the stages of mosquito life cycle may be calibrated to
available experimental data on mosquito biology (76-78). It is then interesting to explore
whether such a model can explain observed patterns of mosquito invasion. Such analysis is
important to ascertain whether there is good adequacy between experimental and field data.
However, even minor differences between experimental and field conditions might generate
subtle differences in parameter regimes that could be sufficient to cause discrepancies
between observed and expected invasion trajectories and suboptimal forecasts. In addition,
these fully mechanistic models are computationally intensive, making their use very difficult
for a study area as vast as the European continent. To tackle these challenges, we
considered an alternative modelling strategy that identifies the parameter regime that best
explains observed patterns of mosquito invasion and that can be applicable to a broad study
area. The key philosophical difference is that we use experimental understanding of
mosquito biology to identify which environmental variables are expected to affect the
invasion process (and in some cases, the shape of the association), but parameters driving
the impact are directly estimated by calibrating our model to the rich invasion dataset. By
comparing our estimates of key parameters to those obtained from experimental data, we
can also assess consistency between experimental and field data.

Our best model reproduced past expansion patterns with high accuracy (AUC 0.84 for
1992-2012 training / 2013-2017 testing; AUC 0.78 for 1992—2018 training / 2019-2023
testing), matching or exceeding previous studies (e.g.,(37): 0.73—-0.86; (27): 0.82-0.91).
Unlike (27), which relied on larger U.S. datasets before transfer to Europe, our model was
trained and applied directly to European dataset while simultaneously integrating
introduction and establishment processes rather than modelling them separately. Additional
comparison to other approaches based on correlative habitat suitability or species
distribution models (73-75) is limited, as their evaluation metrics (AUC) primarily measure
discriminatory power between presence and background rather than predictive performance
of temporal invasion dynamics, and are therefore not directly comparable to our framework.
Nevertheless, these studies broadly agree qualitatively on the predicted climatic suitability of
southern and central Europe and the potential for northward expansion.

Human-mediated dispersal was key for the spatial expansion of Aedes albopictus in Europe.
Human mobility, modeled through a gravity-based formulation, emerged as a major driver of
spread, in agreement with previous studies (27,36,38,60). At shorter distances, spatial
adjacency played a critical role. These values confirm that short-range diffusion is a key
mechanism of Aedes albopictus spread, in line with (27,37,61). A strong border effect


https://www.zotero.org/google-docs/?LD8x0s
https://www.zotero.org/google-docs/?Zbn3yG
https://www.zotero.org/google-docs/?6zYfNP
https://paperpile.com/c/TpL9YW/TaEj+eNSs+LoRZ
https://www.zotero.org/google-docs/?Tsd64z
https://www.zotero.org/google-docs/?tabinv

between countries was also identified, indicating that national borders significantly constrain
dispersal through their impact on human movement. This contrasts with the findings of (27),
who did not detect such an effect, likely due to their US-calibrated framework.

Climatic suitability constitutes a major determinant of expansion. Our best model identified
five variables, minimum and median temperature, relative humidity, total precipitation, and
median solar radiation, which together maximized predictive performance. While prior
studies identified overlapping predictors (median and minimum temperatures, humidity in
(37), minimum and maximum temperatures, precipitation, humidity in (27)), our sensitivity
analyses showed that including precipitation and minimum temperature improved
performance (appendix p 23), consistent with (61-63). Together, these covariates capture
key biological constraints on survival, development, and persistence of the mosquitoes.
Overall, the estimated climatic responses were consistent with laboratory-based evidence,
including an optimal median temperature for mosquito development close to 32°C (68), as
well as well-established physiological constraints governing its life cycle (66-72). In
particular, the model reproduced key experimentally documented effects: the influence of
minimum temperature on processes such as egg diapause and overwintering survival, the
role of humidity and precipitation in shaping larval habitat availability, and the impact of solar
radiation on egg hatching (Figure 2). Taken together, these agreements support the
biological plausibility of the inferred relationships and highlight consistency between
field-based calibration and experimental findings. Although we did not explicitly include a
seasonality metric, minimum temperature partly captures winter constraints on survival and
overwintering, while median temperature reflects overall thermal suitability, thereby indirectly
accounting for key seasonal limitations on mosquito persistence.

Projections under multiple climate scenarios indicate rapid and widespread expansion: the
population at risk of being exposed to Aedes albopictus increases from 49% currently to over
90% within 25 years, and invaded spatial units increase from 43% to more than 80% by
2049. These projections are broader than those made by Kraemer et al. (27). Several
reasons could explain the faster and more extensive invasion projected here. Contrary to
Kraemer et al., in our model, expansion results from the interaction of the two components
climatic suitability and human mediated dispersal, instead of each of them acting
independently, which is more aligned with real invasion dynamics. Also, Kraemer et al. used
a model trained on US data to project future European expansion. However, dispersal ability
as well as suitable climatic conditions for expansion may differ between the two mosquito
populations. The similarity of invasion trajectories across different emission scenarios
reflects the relative similarity of the projected climatic conditions over the next 25 years, and
not a limited role of climate, as confirmed by the superior performance of the full model over
the mobility-only formulation (appendix p 24).

Projected dynamics are spatially heterogeneous. Countries fall into four categories: already
fully at risk of mosquito presence, increasing risk, emerging risk, and persistently low risk.
Uncertainty is substantially higher at the country level, especially in countries not yet invaded
today, as projections depend on stochastic introduction events whose occurrence and timing
determine whether and how rapidly spread unfolds. This classification captures temporal and
spatial heterogeneity and provides actionable guidance for surveillance, vector control, and
preparedness, particularly given epidemiological evidence that arboviral outbreaks typically
follow mosquito invasion within a decade.
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Our work has several limitations. First, some environmental factors known to influence
Aedes albopictus establishment were not included. Some studies explored the role of wind in
mosquito dispersal. Wind-driven movement is more appropriate for modelling local dispersal
processes at fine spatial scales and was therefore not included in our large-scale expansion
model. Similarly, land use, vegetation cover, and elevation have been shown to affect the
mosquito presence and abundance. However the NUTS level is too coarse to represent local
habitat heterogeneity or barriers to movement. The spatial resolution of the data also limits
the identification of local heterogeneities in mosquito invasion, which tend to be concentrated
around urban centers within spatial units (79), thereby potentially overestimating the
population at risk within each spatial unit. Second, our framework models the timing of
invasion events and cannot capture post-establishment dynamics. In this setting, invaded
spatial units become the drivers of further spread to neighbouring areas, and it is this
temporal sequence of invasion and the resulting propagation structure, rather than local
declines or reversals in suitability under changing climate conditions, that is central to the
dynamics and captured by our model. We also do not distinguish between transient
introductions and long-term establishment. Once a spatial unit is recorded as invaded, it is
assumed to remain so until the end of the study period. Consequently, some transient
occurrences may be classified as invasions despite not leading to sustained establishment.
However, such cases appear rare, as explicitly recorded transitions from invaded to
uninvaded status represented less than 1% of surveillance records that were removed from
the data. This suggests a negligible impact on the large-scale spatiotemporal patterns
described here. Additionally, the model does not account for potential additional
introductions from outside of Europe or the circulation of genetically distinct Aedes
albopictus subpopulations, which may influence regional invasion dynamics. Fourth, in our
model, pseudo-absences were treated as true absences, an assumption that could be
leveraged by drawing latent dates of invasion in some areas, within a Bayesian
reversible-jump MCMC framework (64). Moreover, our analysis does not explicitly model
sampling effort or detection bias. As shown by (27,38), variation in surveillance intensity can
influence presence—absence records. Incorporating an observation process or a
sampling-effort model represents a promising extension of our framework. Sixth, although
the first European record of Aedes albopictus is widely recognized to be from Albania in
1979, this introduction was not represented in the occurrence datasets used for model
initialization, which instead identified Italy as the earliest source region. Given Albania's
marked isolation under the dictatorial communist regime at the time, this introduction was
unlikely to have played a major role in the species' subsequent spread across Europe and
was therefore not added manually. However, its omission may have contributed to the lower
accuracy of the model in reproducing invasion dynamics in parts of the Balkans. Finally, in
our study, we relied on a single climate model (IPSL-CM6A-LR) to ensure structural
consistency across projections, while using multiple realizations to explicitly capture internal
variability within a physically coherent climate modelling framework. Future work could apply
our approach to project Aedes albopictus expansion using alternative climate models, in
order to assess uncertainties arising from inter-model differences (80).

Despite these limitations, the strengths of our study lie in the integration of biologically
grounded climatic covariates, the explicit modelling of both short- and long-range
human-mediated dispersal, and the identification of national borders as a significant
constraint on spread, within a computationally efficient model. It enables continent-scale
inference within hours and instantaneous projections once fitted. The model’s ability to


https://paperpile.com/c/TpL9YW/y7og
https://www.zotero.org/google-docs/?lOH8ov
https://www.zotero.org/google-docs/?q8Tblh
https://paperpile.com/c/TpL9YW/yUYw

predict future expansion and identify the population at risk of being in contact with Aedes
albopictus in the next 25 years makes it directly relevant for public health preparedness. This
model could be used to inform targeted surveillance, early intervention, vector control
prioritization and anticipatory planning for arbovirus prevention in Europe over the coming
decades.
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Invasion Status ™ Absent B Present

Figure 1. Maps of European spatiotemporal expansion of Aedes albopictus. Temporal
evolution of Aedes albopictus invasion across Europe from 1995 to 2025, illustrated at
5-year intervals. Areas shown in blue are free of the mosquito, while red areas correspond to
regions invaded by the species.
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Figure 2. Effects of population sizes, distance and climatic variables on the FOI.
Relative contributions of demographic, climatic, and distance variables to the force of
invasion. The black curve shows the relative impact of each variable on the FOI, with a
parameter equal to the median of its estimated posterior distribution. Blue curves correspond
to the same impact computed from random draws of the parameter value from the estimated
posterior distribution. All curves are normalized to a reference value, indicated by the vertical

red dashed line.

A. Destination population size, relative to a reference of 10,000 inhabitants. B. Origin
population size, relative to a reference of 10,000 inhabitants. C. Minimum temperature,
relative to a reference of 0 °C. D. Median relative humidity, relative to a reference of 90%. E.
Total precipitation, relative to a reference of 0.02 mm.m™=. F. Median surface solar radiation,
relative to a reference of 18 MJ.m™. G. Median temperature, relative to a reference of 15 °C.

H. Distance, relative to a reference of 100 km.
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Figure 3. Spatiotemporal patterns of the past expansion of Aedes albopictus in
Europe. For each year, observed invasion data are shown on the left, while the
corresponding maps on the right display mean invasion probabilities derived from model
simulations.
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Figure 4. Predicted expansion of Aedes albopictus across Europe under three climate
change scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). A. Maps representing the
predicted probability of invasion by year for each scenario, aggregated across all model
realizations. Black represents areas already invaded by the end of 2024. B. Increase in the
proportion of the European population at risk (orange dot indicates the baseline proportion)
for scenarios SSP1-2.6, SSP2-2.6 and SSP5-8.5 over time, aggregated across all model
realizations. C. Increase in the proportion of invaded spatial units (orange dot indicates the

baseline proportion) for scenarios SSP1-2.6, SSP2-2.6 and SSP5-8.5 over time, aggregated
across all model realizations.



