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The Asian tiger mosquito, Aedes albopictus, is capable of transmitting a broad range of viruses to humans. Since
its introduction at the end of the 20th century, it has become well established in large parts of southern Europe. As
future expansion as a result of climate change can be expected, determining the current and projected future
climatic suitability of this invasive mosquito in Europe is of interest. Several studies have tried to detect the
potential habitats for this species, but differing data sources and modelling approaches must be considered when
interpreting the findings. Here, various modelling methodologies are compared with special emphasis on model
set-up and study design. Basic approaches and model algorithms for the projection of spatio-temporal trends
within the 21st century differ substantially. Applied methods range from mechanistic models (e.g. overlay of
climatic constraints based on geographic information systems or rather process-based approaches) to correlative
niche models. We conclude that spatial characteristics such as introduction gateways and dispersal pathways
need to be considered. Laboratory experiments addressing the climatic constraints of the mosquito are required
for improved modelling results. However, the main source of uncertainty remains the insufficient knowledge about
the species’ ability to adapt to novel environments.

Background

In recent years, European awareness concerning the introduction and establishment of invasive mosquitoes has
increased, most notably due to the incursion of the Asian tiger mosquito, Aedes albopictus — the mostinvasive disease
vector globally [1,2]. This mosquito has spread from its original distribution area in south-east Asia [3] to all continents
via shipping of goods [4]. After its initial introduction to Europe at the end of the 20th century, A. albopictus became well
established in southern Europe [2]. Recent observations hint towards a spread of this vector to the continental interior
of Europe [5]. This mosquito is capable of transmitting several viruses that are pathogenic to humans [1,6]. Most
strikingly, A. albopictus was the vector that caused the first autochthonous transmission of chikungunya virus [7,8] and
dengue virus [9-11]in the Mediterranean area. More recently, a dengue outbreak occurred in the autonomous region of
Madeira, Portugal. In this case, A. aegypti, the yellow fever mosquito, acted as the vector [12].
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Several studies have aimed to determine the climatic suitability of A. albopictus at the end of 20th and the beginning
21st century [13-15], as well as the expected future tendencies in Europe [16-19]. Most recently, Caminade et al. [19]
implemented three established modelling approaches [14,16,20], making use of new observations, climate data and a
report on model quality. However, a comparative methodological evaluation of the different approaches was still
missing. Here, we provide a comprehensive comparison of studies assessing the climatic suitability of European
regions for A. albopictus as a result of a rapidly changing climate during the 21st century. General information as well
as limitations in study design and data quality is highlighted. Uncertainties related to climate change and insect vectors
are identified. In so doing, we aim to provide guidance for future research.

Review of distribution models for Aedes albopictus

In order to assess knowledge about the responses of A. albopictus to climate change in Europe, we conducted a
literature search, using the Thomson Reuters Web of Knowledge research portal (which includes the databases Web
of Science, BIOSIS, Current Contents Connect, MEDLINE and Journal Citation Reports) as well as Google Scholar.
Search terms were built from all possible combinations of the keywords ‘Aedes albopictus’, ‘Stegomyia albopicta’ or
‘Asian tiger mosquito’ in combination with ‘climat* change’, ‘climat* warming’ or ‘global warming’. We considered only
those research studies with a detailed analysis of methodological tasks and comparison of results, in which
distribution modelling approaches were applied to European regions.

Our search identified sixstudies (up to November 2012) that aimed to determine the distribution of A. albopictus in
Europe [14-19]. Methodological details and study design are described (Tables 1 and 2). Four of them analysed
changing spatial patterns of A. albopictus in Europe by using climate change scenarios [16-19]. The studies with
projections were used to derive general trends concerning the future development arising from a comparison of the
resulting projections. In this review, we bring these specific studies for Europe into a wider context, as we account for
the (methodological) development in the creation of risk maps of A. albopictus in order to understand the philosophy
behind the work more intuitively.

Generally, two methodological approaches seem to be appropriate for the projection of climatic suitability of European
habitats for A. albopictus: mechanistic models and correlative niche models. Mechanistic models do not require
geographical occurrence data for species. They are either based on the construction of overlay functions for climatic
constraints in geographic information system (GIS) environments or process-based models with mechanistic
principles. The aim of such models is to simulate and project the response of an individual organism or a population
by explicitly incorporating biological processes calibrated with observations on individuals in natural populations and
controlled field or laboratory studies [21]. Thus, mechanistic models rely on the implicit assumption that the model
structure and process formulations are correct [22].

Asecond, rather statistical approach is the use of correlative environmental niche models. Here, species presence
and, in some approaches, also absence locations are related to environmental or climatic variables with the aim of
determining the species-specific niche (synonymously used: ‘envelope’) that is defined by the parameter values —
including the multivariate combinations — from the known occurrences. This niche can be interpolated or extrapolated to
infer species” geographical distribution. Advanced modelling techniques offer novel opportunities for the determination
of species changing spatial distribution patterns as a response to environmental and climatic changes [23]. The main
issue with correlative models is their dependence on the amount, quality and relevance of the data used [22].
Commonly, niche-modelling algorithms require presence as well as absence records. However, some models make
use of pseudo-absence data or even presence-only data, as in many cases, absence data are not available. The lack
of absence data may also suggest that areas where the species is missing might be suitable, but the insect may
simply not be present yet. Consequently, presence-only models are appropriate to handle most of the data for mobile
and invasive insects in the course of climate impact research.

Distribution models devoid of climate change projections

Several studies identified the past or current climatic suitability for A. albopictus, based either on mechanistic [13,14,20]
or correlative [15,16,24,25] distribution modelling approaches for specific regions or globally. Here, we highlight studies
with relevance for Europe.

Mechanistic approaches
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Kobayashi et al. identified a close connection with the annual and January mean temperature for the distribution of A.
albopictus in northern Japan [20]. In addition, a period with daily temperature continuing above atleast11 °C during
summer months (more than 186 days per year) was observed and interpreted as a requirement for larval development.

The first GIS-based risk maps were developed by Mitchell [13] for the Mediterranean Basin. Expert knowledge on
temperature, rainfall and humidity as well as the photoperiod was applied in order to frame climatic constraints. For the
United Kingdom, Medlock et al. [14] used temperature and daylight thresholds to simulate life cycle dynamics via
overlay functions in GIS. Furthermore, they created different scenarios by altering the diurnal length of the photoperiod.
This was done to assess the ability of eggs to survive in winter and predict the hatching in spring and the subsequent
production of diapausing eggs in autumn. Consequently, the potential responses to these alterations in mosquito life
cycle can be determined. It should be noted that the scenarios of Medlock et al. [14] do not refer to scenarios
announced in the special report on emissions scenarios (SRES) [26] from the Intergovernmental Panel on Climate
Change (IPCC). In the technical report of the European Centre for Disease Prevention and Control (ECDC),
Development of Aedes albopictus risk maps [16], the approach from Medlock [14]is adapted, but was expanded to
cover Europe. In this ECDC report [16], two further modelling approaches were used: one further mechanistic and one
correlative approach, which are described below.

Correlative approaches

Presence/absence models

Many niche modelling algorithms require both documented presence, as well as absence localities in order to build
statistical relationships. In its report, ECDC deployed random forest models (based on regression trees) in order to
estimate the current climatic suitability for A. albopictus in Europe [16]. In short, random forestis an ensemble classifier
that consists of combined decision trees and gives the class thatis the mode of the classes by individual trees as an
output. Centroids (geometric centres) of the European municipalities were used as presence or absence localities [27].
It should be noted that these municipalities differ in their spatial extent. The average area calculated from the political
boundaries of the municipalities in southern Europe (e.g. ltaly or Spain) may be up to three times bigger than in those
in central Europe (e.g. Germany), which limits the ability to account for landscape heterogeneity. The centroids
indicating species presences or absences are correlated with 57 (standardised) climate data layers, from which four
variables are chosen as predictors via a backward stepwise procedure. All selected predictors are related to
temperature.

Another approach recently published in a later ECDC technical report, The climatic suitability for dengue transmission in
continental Europe, is based on multivariate discriminant analyses [15]. Again, this approach concentrates on
modelling the current climatic suitability for A. albopictus. Here, global occurrence of this species was used as a model
input. Accounting for the global dimension offers the opportunity to include the entire environmental space occupied by
the species. However, this neglects the role of adaptation in regional populations. As discriminant analyses require
absence records, (global) pseudo-absences were generated by evaluating localities that were geographically and
environmentally dissimilar to presences. The models aim to discriminate between these two categories using the
predictor variables available. The final risk maps were produced by averaging over 100 bootstrap samples [15].

Presence-only models

Many insect databases rely on documented presence localities, especiallyif a species is globally distributed. As the
generation of pseudo-absences is ambitious (see [15]), novel ways to cope with presence-only data have been
developed. In presence-only models, relationships are based on comparison of a species presence with the
environmental background. Within this environmental background, the species were not recorded, which could also
mean that data collection was not attempted in the respective region. Thus, at those sites, no information on the
suitability of the environment or climate exists.

Employing the correlative environmental niche model Genetic Algorithm for Rule-set Prediction (GARP), Benedict et al.
determined the global risk of invasion by A. albopictus [24]. Amodel built with GARP is iteratively chosen from non-
random correlations between environmental and occurrence data. The non-random correlations describe
environmental thresholds, depending on the chosen type of mathematical rule. Apparently, A. albopictus occupies
different environmental niches on the invaded continents, which is revealed by Medley by applying correlative niche
models for isolated geographical occurrence localities from the native and invaded range [25]. For all comparisons, the
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niche for introduced distributions was not equivalent to the native niche. For this purpose, Medley [25] applied the
Maximum Entropy approach (implemented in MaxEnt software) [28]. MaxEnt has replaced GARP as a preferred
modelling algorithm for presence-only data during the past years, due to improved model performance [23]. The idea
behind MaxEnt is to find the probability distribution of maximum entropy (most spread out) thatis subject to constraints
imposed byinformation available on the species presence and the environmental conditions across the study area
[28,29].

Distribution models that consider climate change projections

Until November 2012, there were four studies that aimed to determine potential future climatic suitability of A.
albopictus in Europe (summarised in Table 1 and 2) [16-19]. In two studies [16,19], climatic suitability was projected via
mechanistic models, while the results of the two other studies [17,18] were based on correlative approaches. One
study[18] was applied to a limited studyregion, while the other three [16,17,19] cover the entire European continent. In
order to detect methodological qualities and constraints, these studies are compared in detail.

Table 1. Studies addressing current and projected climatic suitability of Aedes albopictus in Europe

Information concerning input data is given including: climate variables, model validation and source and steps, e.g. of
climate data for the respective emission scenario as well as addressed future time steps.

Table 2. Variables and model set-up in studies addressing current and projected climatic suitability of Aedes
albopictus in Europe

Mechanistic approaches

Within the technical report of the ECDC, a mechanistic multi criteria decision analysis (MCDA) was performed [16]. In
contrast to the correlative approaches of this report, the results of the MCDA were projected to future conditions. An
MCDA is a structured tool within a decision support framework. This enables evaluation of multiple decision constraints
based on previously defined estimation criteria. The exploration of such decision alternatives for complexproblem
settings was recently developed within GIS frameworks in order to achieve accurate spatial risk assessment of vectors
and vector-borne diseases [30]. In order to detect climatic suitability for A. albopictus, sigmoidal or symmetric sigmoidal
membership functions were generated for the standardised variables and combined linearly with equal weight [16].
This was done based on expert advice. Generally, MCDA applications for spatial pattern analysis offer an opportunity to
identify gaps and limits in knowledge; however, they are limited in determining causality [30]. Projections were applied
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for the MCDA approach and applied to the expected situation in 2010 and 2030, using SRES-scenarios with minimal or
maximal impact [25]. Detailed information concerning the climate model and scenario characteristics was not given.

The mechanistic approaches used by Kobayashi et al. [20], Medlock [14] and the MCDAby ECDC [16] were adapted by
Caminade et al. [19]. In contrast to previous approaches, Caminade et al. evaluated model performance via the area
under the receiver operator characteristic curve (AUC) [19]. AUC is based on signal detection theory and illustrates the
performance of a binary classifier system when the discrimination threshold varies. Hence, itis typicallyused to
determine performance of correlative niche models. Although itis a mechanistic approach, presence and absence
localities based on centroids created from administrative level are generated [27]. These data were used as an
evaluation of their results of the mechanistic classification in order to measure model performance. Anovel feature was
that Caminade et al. considered the role of climate change in Europe in past years (1960-1989, 1990-2009, 2005—
2009) in the spread of the mosquito [19]. Furthermore, ensemble data of climate change projections were used, which
were given by 10 regional climate models. Regional climate models are driven, at their boundaries, by global climate
models. Employing ensemble data enables variations of future projections to be assessed and, consequently, reduces
uncertainty [31]. Usually, projections based on ensemble data include a multitude of potential variations by averaging
over all possible developments. In the study of Caminade et al., projections were solelybased on the A1B emission
scenario [19]. The A1 storyline describes a future world with very rapid economic growth and a rapid introduction of new
and more efficient technologies. Thereby, the global population peaks mid-century and declines thereafter. In the A1B
scenario, a balanced use across all energyresources is expected [26].

Correlative approaches

Previous findings hint towards niche shifts of A. albopictus during the global invasion process [25]. In order to account
for this, Fischer et al. applied two models built on presence-only data beyond the European distribution with MaxEnt
[17]. Firstly, global occurrence was used for training. Secondly, the native (Asian) distribution served as a training
region. Both models were tested for the current European climatic conditions. The database contains more than 6,000
occurrence records of which 1,200 were selected as model input. The initial database was reduced by using
geographically weighted correction to minimise spatial bias and autocorrelation in data. Geographically explicit point
localities were taken from the literature and completed with presences reported on county level from the United States
for the generation of the global database. The problematic issue with political or administrative borders in datasets was
mentioned before. While the native range models, containing the Asian distribution and environments, fail to predict the
current distribution in Europe, the global-trained model predicts the current European distribution with highly
satisfactory quality. This suggests the use of the entire ‘climatic niche’ for projections. Two sets of bioclimatic variables
provided by WorldClim (global climate data) [32] were used as model input. The first set was based on expert
knowledge on species’ ecology. The second set was chosen via statistical tests to determine the highest explanatory
power of the model. Al models were validated with AUC values. As both the expert knowledge- and statistical-based
models of the global range yield high AUC values, they were both projected to future climate conditions in Europe. The
training region seemed to be more important than the chosen set of climatic variables. Projections were based on data
given by the regional climate model COSMO-CLM, applying the two scenarios A1B and B1. The A1B scenario has been
described above. The B1 storyline describes the same development of the global populations in a globalised world, as
in the A1B scenario, but with a rapid change in economic structures towards a service- and information-oriented
economy with environmental sustainability [26]. The B1 scenario is a rather moderate scenario and corresponds to the
aim of the European Union of keeping anthropogenic warming below 2 Kelvin in comparison to the pre-industrial level
[33]. Non-analogue climate is a problematic issue in species distribution modelling, as the observed distribution of a
species provides no information about species response under novel climates, e.g. [22,34,35]. Hence, projections (in
space and/or time) to regions with non-analogue climate are biased and require caution in interpretation. In the study of
Fischer etal. [17], however, non-analogue climate in projections were excluded via multivariate environmental similarity
surface analysis as state-of-the-art evaluation (see [36]).

Roizet al. focused on the potential spread of A. albopictus to higher altitudes in the Alps of northern Italy using binomial
generalied linear model (GLM) as a logistic regression [18]. Theyrelated presences and absences of A. albopictus in
ovitraps to land surface temperature (LST) data from satellite and human population data. Multiple years of daily LST
data from the Moderate Resolution Imaging Spectroradiometer (MODIS) were reprocessed atincreased spatial
resolution of 200 m pixels. The geographically explicit presence/absence data offers the opportunity to correlate them
with the background data at this high spatial resolution. Atemperature-gradient-based model was used to fill no-data
areas from more than 11,000 daily MODIS LST scenes from 2000 to 2009. On the basis of this, threshold conditions for
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the survival of eggs in the winter, alongside the survival of the adults, were determined. The best models were selected
via Akaike’s Information Criterion (AIC). AIC is grounded on the concept of information entropy and evaluates the
information loss, when a given model should describe reality. It can be interpreted as a trade-off between model
accuracy and complexity. In concurrence with previous results [20], Roizet al. identified annual mean temperature (11
°C) and January mean temperature (0 °C) as best predictors for identifying areas suitable for A. albopictus
establishment [18]. Applying the A2 scenario, they considered an increase of the annual mean temperature of 1 and 1.5
Kelvin in winter in order to simulate the expected climatic conditions in 2050. Using data obtained directly from regional
climate models would be inappropriate as these data are given in a resolution of 10—-20 km. The A2 storyline describes
a heterogeneous regionally oriented world and economy with a continuously increasing global population. Warming
tendencies are more pronounced than in the previously described A1B and B1 scenarios [26].

Evaluation of climate change effects on the habitat suitability

Evidently, several distribution modelling efforts have been used to project the future climatic suitability of A. albopictus in
Europe, which differ in model algorithm, climate data and scenarios. Here, we generated a simple GIS overlay (Figure
1A) to compare the risk map from the technical report of ECDC [16] with the results from Fischer etal. [17] and
Caminade et al. [19]. However, an accurate comparison concerning the results of future projections cannot be
presented, for several reasons. Firstly, there were clear differences regarding the chosen time-steps, emission
scenarios and spatial resolution (Tables 1 and 2). Secondly, both, geographical and projected coordinate systems
were used in the different studies. Hence, the comparison must be considered as a schematic and qualitative
generalisation rather than a quantitative detailed compilation. Furthermore, we labelled localities with documented
establishments of A. albopictus with the colour of the local climatic suitability (Figure 1B), to indicate how accurate the
models reflect these occurrences. In general, the models under investigation were capable of predicting well the
current localities of A. albopictus in Europe (Figure 1B). Only a few presences were observed in regions with rather
unsuitable conditions.

Figure 1. Projections of climatic suitability of Aedes albopictus in Europe (A) and in European localities with
documented establishment of A. albopictus (B)

¥

General trends arising from comparison of the studies

Regardless of the above-mentioned differences and obstacles for comparisons, some general tendencies concerning
the evolving climatic suitability for A. albopictus in Europe within the first half of the 21st century can be derived.
Projections indicate that climatic suitability will especiallyincrease in many regions where the species is not yet
established. Regions that are currently characterised by a rather low or moderate suitability have the potential for
invasion by mid-century, due to increasing climatic suitability (Figure 1A). As a general tendency of all studies at the
continental scale [16,17,19] it can be inferred that especially western Europe (Belgium, France, Luxembourg and the
Netherlands) will provide favourable climatic conditions within the next decades. Furthermore, climatic suitability can be
expected to increase in central Europe (e.g. parts of Germany) and the southernmost parts of the United Kingdom.
Climatic conditions will continue to be suitable in southern France, as well as most parts of ltalyand Mediterranean
coastal regions in south-eastern Europe. Astonishingly, decreasing suitability for A. albopictus is projected for the
western Mediterranean coast of Spain. This is verylikely a consequence of an increased expectancy of drier conditions
during the summer months.

However, some uncertainties in projections of the different studies are worth mentioning (see Figure 1A): differences
between projections are evidentin France, Germany, and western parts of the United Kingdom (Wales), where
projections range from persistently unsuitable to increasingly suitable. In central parts of the Iberian Peninsula,
Sardinia and Sicily, itis uncertain whether climatic conditions will continue to be suitable or will become less suitable in
the future. Deviations between projections are most pronounced in the south-western parts of the Iberian Peninsula,
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south-eastern ltaly and parts of eastern parts of Greece including also the west coast of the Black Sea. In these
regions, uncertainties in model outputs vary strongly in projections: climatic suitability is expected to persist or increase
in the projections of ECDC [16] and Caminade et al. [19], while Fischer et al. [17] identified decreasing climatic
suitability. Generally, projections are more sensitive to uncertainties for precipitation than for temperature, which is
particularly evident in southern Europe. Compared with the studies of ECDC [16] and Caminade et al. [19], the influence
of precipitation in climatic suitabilityis more pronounced within the statistical-based model of Fischer etal. [17] (see
also Table 2).

Further trends to be expected

The general trend of increasing climatic suitability in regions that are currently rather unfavourable for A. albopictus
establishmentleads to the assumption of a northward spread in western but also central Europe up to the middle of
the century. This is the time frame of results published by ECDC [16] and Caminade et al. [19]. From then on, trends
can only be obtained by accounting solely for the study of Fischer et al. [17]. According to their projections, climatic
suitability will further increase in central Europe and climate will become suitable for mosquito establishmentin
eastern Europe during the second half of the century [17].

Besides the continental dimension, potential range expansions on a local scale become crucial for the spread of A.
albopictus in Europe as well. For instance, increasing temperatures may facilitate an upward spread in alpine regions,
which has been demonstrated in northern Italy (Trentino) [18].

Future research avenues

In a warmer world, invasion processes of species may exhibit novel dynamics [37,38]. Thus, new challenges arise
concerning the surveillance of invasive mosquitoes in Europe with high ability to colonise new territories as itis the
case with A. albopictus [39]. Future research addressing invasive species that are of societal importance (e.g.
regarding health issues) requires a comprehensive strategy for embedding climatic risk analyses in a broader
scientific context. The main issues, such as transport mechanisms, alterations of habitats due to climatic extremes and
biotic interactions, are highlighted below, as they are the most challenging tasks in modelling.

Continental dispersal pathways

None of the studies on potential future European occurrence of A. albopictus explicitly addresses processes such as
the introduction and dispersal of the species. The introduction of this mosquito in Europe can be attributed to the global
shipping of goods, especially by the world trade of used tyres or the import of tropical plants such as ‘Lucky Bamboo’
(Dracaena braunii) [1,2]. Undoubtedly, shipping is extremely effective in overcoming long-distance oceanic barriers
[2,40,41]. Thus, the intercontinental range expansions of A. albopictus proved to be predictable using this combination
of frequencies and traffic volumes of shipping lines in combination with climatic data at the target region around
harbours [35]. The establishment of A. albopictus evidently took place around Mediterranean harbours, e.g. around the
seaports of Genoa, La Spezia and Gioia Tauro in ltaly as well as Barcelona, Spain — regions that are considered to be
climatically suitable for the species today (Figure 2).

Figure 2. End of the 20th century (A) and projected (2011-2040) (B) climatic suitability of Aedes albopictus in Europe,
with locations of important harbours

e P

Intensified monitoring systems are installed in harbour regions at higher latitudes. After introduction, A. albopictus
populations were found in glasshouses in the Netherlands used by Lucky Bamboo importers [42]. Such unintended
import of the mosquito to the Netherlands seems to be a repeated phenomenon [43], although no evidence consists
concerning the establishment of A. albopictus in Dutch landscapes. This is probably related to their low climatic

713



18/2/2014

suitability. This is also still true for other regions around the mostimportant European harbours of Rotterdam, the
Netherlands, and Hamburg, Germany,) that are characterised by the highest number of import containers, coming from
endemic regions. Obviously, the harbours are not the final destination of the containers, as they are transported to the
continental interior. We calculated the averaged climatic suitability within buffer zones of different radii (50—200 km)
around the harbours of Rotterdam based on the results of Fischer et al. [17]. Increasing climatic suitability within these
buffer zones around the introduction gateways may become crucial for future A. albopictus spread (Figure 2).

Once A. albopictus has been introduced and established, the question arises how to determine the risk of the
mosquitoes spreading to further potentially climatically suitable habitats. Using the example of sandflies, it has been
demonstrated that the dispersal of disease vectors on the continental scale can be evaluated by creating artificial cost
surfaces thatinclude several landscape features that are attributed with cost factors [44]. Consequently, the pathway
with least costs for a species’ dispersal can be considered as the most likely path of the species to move across
landscapes. However, in contrast to sandflies, the dispersal of A. albopictus is mainly driven by unintended human
transport through trade and traffic as opposed to natural dispersal. Hence, accounting anthropogenic factors in
dispersal analyses is ambitious and acquires attribution of (rail-) roads and resting places in analyses. Consideration
of these dispersal mechanisms, combined with currentrisk mapping and climate change assessments, suggests that
further expansion across much of Europe is probable [2]. The necessity of dispersal analyses on the continental scale
is highlighted by the recentincursion of A. albopictus in south-westernmost parts of Germany [45]. Thus, it has been
concluded that A. albopictus crossed the Alps via transportation on motorways [46]. Another striking example is the
recent importation of the mosquito to southernmost parts of the Czech Republic due to transit traffic [47]. Further
spreading pathways need to be identified, as invasive mosquitoes may also be adaptable to new environments in a
targetregion [2,36,48,49]. Without human transportation, the spreading potential of A. albopictus is limited to the local
scale. In ltaly, a flight range up to 300 m around their breeding containers has been observed [50]. This short-distance
natural dispersal can be only assessed with high-resolution (250 m pixel resolution), gap-filled daily LST satellite data
to predict areas that are potentially affected by infestation of A. albopictus [51,52].

Climatic constraints and novel scenarios

Integration of expert knowledge in modelling approaches demands detailed information on mosquitoes” ecology. In
temperate regions, diapausing is a strategy to maintain species’ typical life cycle traits, as diapausing eggs show
remarkable desiccation resistance aside from increased cold tolerance [53]. In ltaly, either favourable microclimates or
cold acclimation may play a decisive role in the context of overwintering [54]. Likewise overwintering was identified as a
constraint also in Switzerland [52]. Under laboratory conditions, the low-temperature thresholds for the survival of eggs
of European populations of A. albopictus have been identified [55]. Such experiments help to detect potential regions,
capable of overwintering populations. To date, information is mostly obtained by field observations; however, the
thresholds for survival can be derived by simulating extremes that then can be transferred to climate change scenarios.

Currently, the development of the next generation of IPCC climate change scenarios is under way. Until now, a
sequential approach has been used for scenario development [56]. These scenarios depict a linear chain of causes
and consequences of anthropogenic climate change, handed from one research community to the nextin a lengthy
process, leading to inconsistencies. The new parallel process begins with the identification of radiative forcing
characteristics that support modelling a wide range of possible future climates. In parallel, new socio-economic
scenarios will be developed to explore important socio-economic uncertainties affecting both adaptation and mitigation.
This is directly linked to, and integrated within, the new climate scenarios [5,57]. The extensive exchange between
scientific disciplines acquired a more sophisticated design matching. Then, projections based on climatic exremes
and their ecological consequences will be improved. To date, projections concerning future climatic suitability of A.
albopictus in Europe are based on long-term changes and do not consider the decisive role of rather short-term
extremes. Modified climatic variability and associated sporadic extreme conditions are likely to create windows of
opportunity for the establishment and reproduction of disease vectors such as A. albopictus, even if this is not reflected
in trends of long-term average values [58].

Projections for the climatic suitability of A. albopictus can be combined, for instance, with the temperature-dependent
extrinsic incubation period of an arbovirus, the time between pathogen infection of the insect vector and the vector's
ability to infect the next vertebrate host. An accurate risk assessment of a climate-driven shift or spread of a vector-borne
disease can then be obtained by combining risk maps of vector and transferred pathogen amplification in the light of a
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rapidly changing European climate for dengue [15,59,60] or chikungunya [61,62].

Further challenges for risk assessment

Aside from the above-mentioned novel opportunities, some challenges pertaining to future developments and their
analyses need to be mentioned. Acombination of phylogenetic analyses with distribution models was used to
reconstruct the spatial occurrence of A. albopictus during the Pleistocene [63]. Such combined approaches seem to be
a promising effort to support future projections. However, mutations and rapid adaptations of short-lived species to
changing environment must be expected. Furthermore, outside of its native range A. albopictus acts as a strong
competitor to local mosquitoes [49]. This not only affects the vectors’ occurrence, but also the activity phase and
population dynamics [64].

As A. albopictus prefers anthropogenic habitats, modified human behaviour is also a source of uncertainty. For
instance, humans provide breeding sites for this container-breeder that enable survival in dry regions due to water
storage [40]. Thus, changes in human behaviour or more general in human societies demand a comprehensive
philosophythat must be implemented in risk assessments of climate change effects on emerging diseases.
Estimating climatic suitability should be considered as a first step in risk assessment. Once future climatic suitability is
detected for specific regions, societal and demographic aspects must be considered and regional specifics of
healthcare systems can then be designed in a more specific and efficient way [65-67]. Such hierarchical and logical
strategies may contribute to lowering the risks of vector spread and pathogen transmission. Recently, ECDC has
launched the E3 Geoportal as a (spatial) data dissemination platform to facilitate data sharing and usability [68]. In
order to guarantee accuracy for environmental risk mapping of A. albopictus, a proof of concept was given [69].
Furthermore, ECDC initiated research activities on assessing the related risk of chikungunya [62] and dengue virus
transmission in Europe [70].
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