


(a) 0.05-quantile 2021 (b) median 2021 (c) 0.95-quantile 2021

(d) 0.05-quantile 2024 (e) median 2024 (f) 0.95-quantile 2024

(g) 0.05-quantile 2030 (h) median 2030 (i) 0.95-quantile 2030

Figure 6: Predicted adult density in August over the period 2021-2030. At
each position (x; y) we show the 0.05-quantile, the median value and the 0.95-quantile
of the average adult population density in August (left, central and right columns,
respectively). The distribution and the quantiles are computed from 100 replicate
simulations with random climatic data (selected from the 2008− 2019 data, full year).
The predictions for 2027 are available as Supplementary Fig. S3.

4 Discussion

We computed the current distribution of A. albopictus and its future distribution over
the next few years, under various climate scenarios. The DISTIGRI model not only
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takes the climatic suitability into account but also integrates a mechanistic description
of the developmental cycle and of the dispersal process. At a global scale, it predicts
an expansion from about 38% of the territory in 2019 to 56% in 2030, with important
variations depending on future climate trends (90%-IC: 41%-74%). At a local scale, it
gives estimations of the date of first emergence and of the length of the period with
significant adult presence. The corresponding outputs of the model, including the maps
that are provided in this work, may constitute a valuable asset for designing control and
avoidance strategies, and to anticipate the biting nuisance with a high spatio-temporal
resolution.

More generally, our results show the importance of taking the dispersal and life
cycle into account to obtain accurate descriptions of ongoing invasion processes. With
correlative niche models such as species distribution models, or mechanistic approaches
that do not consider these processes (e.g. the models discussed in Fischer et al., 2014),
the population would remain stable under constant climate conditions. Climate-based
predictive models rely on straightforward assumptions when the link between species
distribution and climate is well known, but their examination require caution in most
cases as non-climatic drivers of species distributions may be important and make pre-
diction challenging (Guo, 2003; Sexton et al., 2009). In a few exceptions, correlative
models used non-climatic predictors such as land cover (Thuiller et al., 2004; Ay et al.,
2017), biotic interactions (Heikkinen et al., 2007; Palacio and Girini, 2018) and disper-
sal (Boulangeat et al., 2012). Thus, it remains crucial for invasion models to decipher
the relative influence of climate and other ecological factors on species expansion. Here,
the model predicts an expansion towards North even in the absence of climatic changes
(median ‘temperate’ climatic scenario). This shows that dispersal is still a key limiting
factor for invasions as all potentially suitable areas may not be colonizable, and in our
case the entire climatic niche is not yet colonized. Conversely, at the intra-annual scale,
adults can be present by dispersal in regions outside of the climate niche. This cannot
be directly predicted by correlative models, but likely reflects the real situation: theory
on the relationship between niche and distribution admits that a species may be absent
in some suitable regions and present in unsuitable regions (Pulliam, 2000). This is es-
pecially the case during invasions, as invasive species are not in equilibrium with their
environment (Gallien et al., 2012), leading to misinterpretation of the realized climatic
niche. Regarding that aspect, our consideration of dispersal and of the intra-annual
life cycle can greatly improve projections. Correlative niche models thus give a first
approximation of the potential presence of the species at a lower computational cost,
where process-based approaches that explicitly describe the dispersal and reproduction
of the individuals (and possibly interactions with other species) are able to predict the
realized occurrence of the species.

On the other hand, climate remains an important driver of the expansion of A.
albopictus , as a shift toward higher temperatures would lead to an important change in
the proportion of the territory with a significant presence of adult mosquitoes. Although
current climate projections predict warmer conditions in Europe (Meehl et al., 2007),
the observations in 2017 (Fig. 5) show that one may also expect strong fluctuations of
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the overwintering area, that could lead to transient range retractions even with a global
tendency to increasing temperatures at the annual scale.

We observed that the high risk parameter values gives more accurate results. In the
literature, the lethal mean January temperature is generally between 0 and 2°C. These
values are based on observations in Japan (Medlock et al., 2006). The threshold growing
degree days (GDD) value also corresponds to observations in Japan (Komagata et al.,
2017). Generally speaking, invaded climatic niches may however differ from native
climatic ones so that the species realized niche is not conserved over space (Early and
Sax, 2014; Barbet-Massin et al., 2018). Regarding A. albopictus , Medley (2010) showed
a niche shift from its native state during invasion of both America and Europe. This
suggests that niche conservatism doesn’t apply to the spread of invasive A. albopictus
populations, and that parameter values inferred from the native regions should be
updated. Our study leads to such updated values, in a European country. We did not
try however to test the model with even lower thresholds (corresponding to higher risk).
There is a possibility that the overwintering threshold is strictly below 0°C, as some
observations in China and South Korea indicate (Nawrocki et al., 1987). With the same
framework, we could use the Brier Score to obtain a more accurate estimation of the
parameters, although this optimization procedure would be computationally costly.

In this study, we assessed the potential expansion of A. albopictus at a relatively
short temporal horizon (10 years). Hence, we applied a simple resampling technique
to generate future annual climates from observed annual climates (stochastic weather
generators could be used as well, to generate completely new annual climates statis-
tically distributed like observed climates; Allard et al., 2015). For longer temporal
horizons, we should account for global-warming in our forecast by using climatic pro-
jections grounded on different representative pathways of CO2 concentration (e.g., ob-
tained from the DRIAS platform; http://www.drias-climat.fr/). Since immature
stages are aquatic, one could also expect that the species relies on regular rainfalls for
breeding. However, in modern urbanised countries such as France, A. albopictus has
the ability to breed in places that are independent of rainfall, such as urban gardens,
barrels, rainwater gulley catch basins and drinking troughs (Gatt et al., 2009). As
underlined by Waldock et al. (2013), the effect of rainfall is limited in such permanent
water sources, and rainfall mostly affects the creation of additional breeding sites, with
overall a variable effect of rainfall on observed population densities. This makes the
effect of precipitation one of the most difficult to model. The usual criterion for sur-
vival is that the annual rainfall is above 500mm (Medlock et al., 2006), a value which is
reached in all regions of mainland France according to the French official meteorological
and climatological service (Météo France). The presence of A. albopictus has even been
reported in regions of Spain with less than 300mm (Eritja et al., 2005). For the sake
of simplicity, as the driest regions of Southeastern France (with annual rainfall close to
500mm) are already colonized by A. albopictus since 2010 (see Supplementary Fig. S2)
we did not take rainfall into account in this study. As proposed by Waldock et al.
(2013), a possible way to tackle the precipitation issue, would be to model two distinct
breeding populations, that are respectively rainfall-dependent and rainfall-independent,
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and to use a measure of urbanisation as a proxy of the rainfall-independent breeding
sites.

Regarding the management of invasive populations, the reduction of their size and
the limitation of the epidemic risk of arbovirus transmission have to be envisioned in
a space-time framework that can be grounded on the DISTIGRI model, which offers
high spatio-temporal resolution and allows anticipation. Previous approaches involving
ODE models aimed at describing A. albopictus abundance in South-East France based
on climatic variables (Tran et al., 2013), or at designing efficient mosquito population
control strategies, with sterile insect release techniques (Strugarek et al., 2019; Haram-
boure et al., 2020; Tran et al., 2020), but over limited geographical areas (e.g., Reunion
island). The DISTRIGI model provides updated predictions by taking into account real
weather data and large-scale realistic landscapes, on which efficient release strategies of
sterile or Wolbachia-infected mosquitoes in a much realistic context could be designed
(Dufourd and Dumont, 2012, 2013; Strugarek et al., 2018; Nadin and Toledo Marrero,
2020). Another challenging extension would be to use the DISTIGRI model to target
zones and periods with high epidemiological risks, i.e., zones and periods corresponding
to a high risk of outbreaks of diseases vectored by A. albopictus . In this case, a realistic
assessment of the risk of outbreaks could be achieved by coupling the DISTIGRI model
with a spatio-temporal SIR (susceptible-infected-removed) compartmental model (e.g.
Pandey et al., 2013) formulated for the mosquito and human populations, which takes
into account the spatial human density, the spatio-temporal variations in A. albopic-
tus density and disease introduction potential (e.g., using worldwide disease patterns
and airline transportation data). The high resolution of DISTIGRI and its anticipa-
tion capacity would allow to finely identify space-time windows where epidemiological
surveillance and control measures should be applied.
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Statistique 156, 101–113.

Aranda, C., R. Eritja, and D. Roiz (2006). First record and establishment of the
mosquito aedes albopictus in spain. Medical and veterinary entomology 20 (1), 150–
152.

Ay, J.-S., J. Guillemot, N. Martin-StPaul, L. Doyen, and P. Leadley (2017). The
economics of land use reveals a selection bias in tree species distribution models.
Global Ecology and Biogeography 26 (1), 65–77.

Barbet-Massin, M., Q. Rome, C. Villemant, and F. Courchamp (2018). Can species
distribution models really predict the expansion of invasive species? PloS one 13 (3),
e0193085.

Benedict, M. Q., R. S. Levine, W. A. Hawley, and L. P. Lounibos (2007). Spread of
the tiger: global risk of invasion by the mosquito Aedes albopictus. Vector-borne and
zoonotic Diseases 7 (1), 76–85.

Bonizzoni, M., G. Gasperi, X. Chen, and A. A. James (2013). The invasive mosquito
species Aedes albopictus: current knowledge and future perspectives. Trends in
parasitology 29 (9), 460–468.

Boulangeat, I., D. Gravel, and W. Thuiller (2012). Accounting for dispersal and biotic
interactions to disentangle the drivers of species distributions and their abundances.
Ecology letters 15 (6), 584–593.

18

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461645doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461645


Burgess, N. R. H. (1995). Aedes albopictus: a potential problem in the United Kingdom.
Parasitologia 37 (2-3), 121–122.

Caminade, C., J. M. Medlock, E. Ducheyne, K. M. McIntyre, S. Leach, M. Baylis, and
A. P. Morse (2012). Suitability of European climate for the Asian tiger mosquito
Aedes albopictus: recent trends and future scenarios. Journal of the Royal Society
Interface 9 (75), 2708–2717.

Darbro, J., Y. Halasa, B. Montgomery, M. Muller, D. Shepard, G. Devine, and P. Mwe-
baze (2017). An economic analysis of the threats posed by the establishment of Aedes
albopictus in Brisbane, Queensland. Ecological Economics 142, 203–213.

Delatte, H., G. Gimonneau, A. Triboire, and D. Fontenille (2009). Influence of tem-
perature on immature development, survival, longevity, fecundity, and gonotrophic
cycles of Aedes albopictus, vector of chikungunya and dengue in the Indian Ocean.
Journal of medical entomology 46 (1), 33–41.

Dufourd, C. and Y. Dumont (2012). Modeling and simulations of mosquito dispersal.
the case of Aedes albopictus. Biomath 1 (2), 1209262.

Dufourd, C. and Y. Dumont (2013). Impact of environmental factors on mosquito
dispersal in the prospect of sterile insect technique control. Computers & Mathematics
with Applications 66 (9), 1695–1715.

Durand, Y., G. Giraud, M. Laternser, P. Etchevers, L. Mérindol, and B. Lesaffre (2009).
Reanalysis of 47 years of climate in the French Alps (1958–2005): climatology and
trends for snow cover. Journal of applied meteorology and climatology 48 (12), 2487–
2512.

Early, R. and D. F. Sax (2014). Climatic niche shifts between species’ native and
naturalized ranges raise concern for ecological forecasts during invasions and climate
change. Global ecology and biogeography 23 (12), 1356–1365.

Enserink, M. (2008). A mosquito goes global. Science 320 (5878), 864–866.

Eritja, R., R. Escosa, J. Lucientes, E. Marques, D. Roiz, and S. Ruiz (2005). Worldwide
invasion of vector mosquitoes: present european distribution and challenges for spain.
Biological invasions 7 (1), 87–97.

European Centre for Disease Prevention and Control (2009). Development of Aedes
albopictus risk maps. https://www.ecdc.europa.eu/sites/default/files/

media/en/publications/Publications/0905_TER_Development_of_Aedes_

Albopictus_Risk_Maps.pdf. [Online; accessed 02-Feb-2020].

Fischer, D., S. Thomas, M. Neteler, N. Tjaden, and C. Beierkuhnlein (2014). Climatic
suitability of Aedes albopictus in Europe referring to climate change projections:

19

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461645doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461645


comparison of mechanistic and correlative niche modelling approaches. Eurosurveil-
lance 19 (6), 20696.

Gallien, L., R. Douzet, S. Pratte, N. E. Zimmermann, and W. Thuiller (2012). Invasive
species distribution models–how violating the equilibrium assumption can create new
insights. Global Ecology and Biogeography 21 (11), 1126–1136.

Gatt, P., J. C. Deeming, and F. Schaffner (2009). First record of Aedes (Stegomyia)
albopictus (Skuse)(Diptera: Culicidae) in Malta. European Mosquito Bulletin 27 (27),
56–64.

Global Invasive Species Database (2021).

Gneiting, T., F. Balabdaoui, and A. E. Raftery (2007). Probabilistic forecasts, cali-
bration and sharpness. Journal of the Royal Statistical Society: Series B (Statistical
Methodology) 69 (2), 243–268.

Gratz, N. (2004). Critical review of the vector status of Aedes albopictus. Medical and
veterinary entomology 18 (3), 215–227.

Guo, Q. (2003). Plant abundance: the measurement and relationship with seed size.
Oikos 101 (3), 639–642.

Haramboure, M., P. Labbé, T. Baldet, D. Damiens, L. C. Gouagna, J. Bouyer, and
A. Tran (2020). Modelling the control of Aedes albopictus mosquitoes based on
sterile males release techniques in a tropical environment. Ecological Modelling 424,
109002.

Hawley, W. A. (1988). The biology of Aedes albopictus. Journal of the American
Mosquito Control Association. Supplement 1, 1–39.

Hecht, F. (2012). New development in Freefem++. J Numer Math 20 (3-4), 251–265.

Heikkinen, R. K., M. Luoto, R. Virkkala, R. G. Pearson, and J.-H. Körber (2007).
Biotic interactions improve prediction of boreal bird distributions at macro-scales.
Global Ecology and Biogeography 16 (6), 754–763.

Imai, C. and O. Maeda (1976). Several factors effecting on hatching of Aedes albopictus
eggs. Japanese Journal of Sanitary Zoology 27, 363–372.

Kobayashi, M., N. Nihei, and T. Kurihara (2002). Analysis of northern distribution of
Aedes albopictus (Diptera: Culicidae) in Japan by geographical information system.
Journal of Medical Entomology 39 (1), 4–11.

Komagata, O., Y. Higa, A. Muto, K. Hirabayashi, M. Yoshida, T. Sato, T. Nihei,
K. Sawabe, and M. Kobayashi (2017). Predicting the Start of the Aedes albopictus
(Diptera: Culicidae) Female Adult Biting Season Using the Spring Temperature in
Japan. Journal of medical entomology 54 (6), 1519–1524.

20

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461645doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461645


Kraemer, M. U., R. C. Reiner, O. J. Brady, J. P. Messina, M. Gilbert, D. M. Pigott,
D. Yi, K. Johnson, L. Earl, L. B. Marczak, et al. (2019). Past and future spread of
the arbovirus vectors Aedes aegypti and Aedes albopictus. Nature microbiology 4 (5),
854–863.

Lindh, E., C. Argentini, M. E. Remoli, C. Fortuna, G. Faggioni, E. Benedetti, A. Amen-
dola, G. Marsili, F. Lista, G. Rezza, et al. (2019). The Italian 2017 outbreak Chikun-
gunya virus belongs to an emerging Aedes albopictus–adapted virus cluster intro-
duced from the Indian subcontinent. In Open forum infectious diseases, Volume 6,
pp. ofy321. Oxford University Press US.

Medley, K. A. (2010). Niche shifts during the global invasion of the Asian tiger mosquito,
Aedes albopictus Skuse (Culicidae), revealed by reciprocal distribution models. Global
ecology and biogeography 19 (1), 122–133.

Medlock, J. M., D. Avenell, I. Barrass, and S. Leach (2006). Analysis of the potential
for survival and seasonal activity of Aedes albopictus (Diptera: Culicidae) in the
United Kingdom. Journal of Vector Ecology 31 (2), 292–304.

Medlock, J. M., K. M. Hansford, F. Schaffner, V. Versteirt, G. Hendrickx, H. Zeller,
and W. V. Bortel (2012). A review of the invasive mosquitoes in Europe: ecology,
public health risks, and control options. Vector-borne and zoonotic diseases 12 (6),
435–447.

Meehl, G. A., T. F. Stocker, W. D. Collins, P. Friedlingstein, A. T. Gaye, J. M. Gregory,
A. Kitoh, R. Knutti, J. M. Murphy, A. Noda, et al. (2007). Climate Change 2007.
The Physical Science Basis, Chapter Global climate projections. Chapter 10, pp.
748–845. IPCC Working Group.

Messina, J. P., O. J. Brady, D. M. Pigott, N. Golding, M. U. Kraemer, T. W. Scott,
G. W. Wint, D. L. Smith, and S. I. Hay (2015). The many projected futures of
dengue. Nature Reviews Microbiology 13 (4), 230–239.

Mori, A., T. Oda, Y. Wada, et al. (1981). Studies on the egg diapause and overwintering
of Aedes albopictus in Nagasaki. Tropical Medicine 23 (2), 79–90.

Nadin, G. and A. I. Toledo Marrero (2020). On the maximization problem for solu-
tions of reaction–diffusion equations with respect to their initial data. Mathematical
Modelling of Natural Phenomena 15, 71.

Nawrocki, S., W. Hawley, et al. (1987). Estimation of the northern limits of distribution
of Aedes albopictus in North America. Journal of the American Mosquito Control
Association 3 (2), 314–317.

Ovaskainen, O., H. Rekola, E. Meyke, and E. Arjas (2008). Bayesian methods for
analyzing movements in heterogeneous landscapes from mark-recapture data. Ecol-
ogy 89 (2), 542–554.

21

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461645doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461645


Palacio, F. X. and J. M. Girini (2018). Biotic interactions in species distribution models
enhance model performance and shed light on natural history of rare birds: a case
study using the straight-billed reedhaunter Limnoctites rectirostris. Journal of Avian
Biology 49 (11), e01743.

Pandey, A., A. Mubayi, and J. Medlock (2013). Comparing vectorhost and sir models
for dengue transmission. Mathematical Biosciences 246 (2), 252–259.

Patz, J. A., W. Martens, D. A. Focks, and T. H. Jetten (1998). Dengue fever epi-
demic potential as projected by general circulation models of global climate change.
Environmental health perspectives 106 (3), 147–153.

Paupy, C., H. Delatte, L. Bagny, V. Corbel, and D. Fontenille (2009). Aedes albopictus,
an arbovirus vector: from the darkness to the light. Microbes and Infection 11 (14),
1177–1185.

Pulliam, H. R. (2000). On the relationship between niche and distribution. Ecology
letters 3 (4), 349–361.

Roques, L. and O. Bonnefon (2016). Modelling population dynamics in realistic land-
scapes with linear elements: A mechanistic-statistical reaction-diffusion approach.
PloS one 11 (3), e0151217.

Schaffner, F. and S. Karch (2000). Première observation d’Aedes albopictus (Skuse,
1894) en France metropolitaine. Comptes Rendus de l’Académie des Sciences-Series
III-Sciences de la Vie 323 (4), 373–375.

Scholte, E. and F. Schaffner (2007). Waiting for the tiger: establishment and spread of
the aedes albopictus mosquito in europe. In W. Takken and B. Knols (Eds.), Emerg-
ing pests and vector-borne diseases in Europe, pp. 241–260. Wageningen Academic
Publishers.

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice (2009). Evolution and
ecology of species range limits. Annu Rev Ecol Evol Syst 40, 415–436.

Soubeyrand, S., A.-L. Laine, I. Hanski, and A. Penttinen (2009, Sep). Spatiotemporal
structure of host-pathogen interactions in a metapopulation. American Natural-
ist 174 (3), 308–320.

Soubeyrand, S. and L. Roques (2014). Parameter estimation for reaction-diffusion
models of biological invasions. Population Ecology 56 (2), 427–434.

Strugarek, M., H. Bossin, and Y. Dumont (2019). On the use of the sterile insect
release technique to reduce or eliminate mosquito populations. Applied Mathematical
Modelling 68, 443–470.

22

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2021. ; https://doi.org/10.1101/2021.09.24.461645doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.24.461645


Strugarek, M., N. Vauchelet, and J. P. Zubelli (2018). Quantifying the survival uncer-
tainty of Wolbachia-infected mosquitoes in a spatial model. Mathematical Biosciences
& Engineering 15 (4), 961.

Thuiller, W., M. B. Araujo, and S. Lavorel (2004). Do we need land-cover data to
model species distributions in Europe? Journal of Biogeography 31 (3), 353–361.

Toma, L., F. Severini, M. Di Luca, A. Bella, and R. Romi (2003). Seasonal patterns of
oviposition and egg hatching rate of Aedes albopictus in Rome. J Am Mosq Control
Assoc 19 (1), 100.

Tran, A., G. l’Ambert, G. Lacour, R. Benôıt, M. Demarchi, M. Cros, P. Cailly,
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