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Aedes albopictus is a vector of dengue and chikungunya viruses in the field, along with around 24
additional arboviruses under laboratory conditions. As an invasive mosquito species, Ae. albopictus has
been expanding in geographical range over the past 20 years, although the poleward extent of mosquito
populations is limited by winter temperatures. Nonetheless, population densities depend on environmental
conditions and since global climate change projections indicate increasing temperatures and altered
patterns of rainfall, geographic distributions of previously tropical mosquito species may change. Although
mathematical models can provide explanatory insight into observed patterns of disease prevalence in
terms of epidemiological and entomological processes, understanding how environmental variables affect
transmission is possible only with reliable model parameterisation, which, in turn, is obtained only through a
thorough understanding of the relationship between mosquito biology and environmental variables. Thus,
in order to assess the impact of climate change on mosquito population distribution and regions threatened
by vector-borne disease, a detailed understanding (through a synthesis of current knowledge) of the
relationship between climate, mosquito biology, and disease transmission is required, but this process has
not yet been undertaken for Ae. albopictus. In this review, the impact of temperature, rainfall, and relative
humidity on Ae. albopictus development and survival are considered. Existing Ae. albopictus populations
across Europe are mapped with current climatic conditions, considering whether estimates of climatic
cutoffs for Ae. albopictus are accurate, and suggesting that environmental thresholds must be calibrated
according to the scale and resolution of climate model outputs and mosquito presence data.
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Introduction

The alphaviruses are a genus of 30 enveloped RNA
viruses that cause disease in humans and domestic
animals. They are transmitted by mosquitoes or other
haematophagous insects.! The alphavirus genome con-
sists of +ssRINA, encoding four non-structural proteins
essential for genome replication, the capsid, and two
envelope glycoproteins.! Chikungunya virus (CHIKV)
is a member of the Semliki Forest (SF) antigenic

fever, including fever, headache, painful joints, vomit-
ing, and maculopapular rash.* Sporadic outbreaks
were reported during the 1960s-1980s throughout
much of Asia and countries in Southern and Central
Africa.” These outbreaks have been unpredictable,
with gaps of 7 to 20 years between epidemics.* The
primary vector was thought to be Aedes aegypti, while
Aedes albopictus (the Asian tiger mosquito) acted as a
secondary vector.®

complex of the alphavirus genus. Other viruses in the SF
group are Ross River virus (RRV), Semliki Forest virus
(SFV), and O’nyong-nyong virus (ONNYV).
Chikungunya virus was first isolated in the 1950s in
Tanzania, East Africa.”> The word ’chikungunya’
translates as ’that which bends up’, referring to the
contorted posture of patients caused by severe joint
pain.®> Symptoms of infection are similar to dengue
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A huge epidemic of CHIKYV occurred in the Indian
Ocean region from 2005 to 2006, with over three
million cases reported in India and the surrounding
islands.” In 2006, around 38% of the population of
the French island La Reunion was infected.’
Unusually, during this epidemic, few asymptomatic
infections and a relatively high mortality rate were
observed, most likely due to the lack of prior
population immunity.® Fears have grown for out-
breaks of CHIKV and other arboviral diseases in
North America and Europe following identification

Pathogens and Global Health 2013 voL. 107 NO. 5



Waldock et al.

of the Asian tiger mosquito as the major vector.’ The
Asian tiger mosquito has been spreading rapidly in
geographical range. First identified in America in
1983, it invaded 36 states and several South American
countries within 25 years, and is currently spreading
across parts of Africa and Europe.” A year after the
CHIKYV epidemic in Asia, around 200 cases were
reported in two small Italian towns on the Adriatic
coast, demonstrating the first instance of locally
transmitted CHIKV by Ae. albopictus in Europe.'*!!
This mosquito species entered Italy in 1990, probably
through the importation of used tyres and has
subsequently become endemic and widespread.'* An
important feature of the 2005-2006 epidemic was a
single amino acid substitution in the envelope protein
of CHIKYV that allows efficient transmission by both
Ae. aegypti and Ae. albopictus.® It was this variant
that was transmitted in Italy in 2007 and it is believed
that this strain could cause further outbreaks in
Europe and the Americas where Ae. albopictus is
becoming widespread.®

In addition to being an efficient vector of CHIKYV,
Ae. albopictus transmits DENV in the field, and a
further 24 arboviruses in the laboratory'® and thus
has the potential to transmit a variety of viruses in
the field, although its precise role in disease transmis-
sion remains uncertain for these diseases. Aedes
albopictus exhibits enormous ecological and physio-
logical plasticity'® and combined with the potential
effects of climate change, it is likely that its future
geographical range will alter. Rising global tempera-
tures and changing weather patterns suggested by
climate model projections may further promote the
spread of Ae. albopictus into temperate regions, although
cold winters and rainfall intensity and frequency are
likely to be limiting factors.

The global distribution of Ae. albopictus

Geographical spread of Ae. albopictus has mostly
occurred within the last three decades.'® Aedes albo-
pictus originated in tropical and temperate Asia'® where
it is likely to have been a tree-dwelling, zoophilic
mosquito. Over time, it has adapted to increasing
anthropogenic influences on its environment (such as
the introduction of cattle, change of human demo-
graphics, or the establishment of new man-made breed-
ing sites). This process of ’domestication’ has been
widely described for Ae. aegypti.'® Nevertheless, in its
native habitat, Ae. albopictus is not truly domesticated
and in densely-populated areas with little or no
vegetation it is rare or absent (although cities with
relatively large amounts of vegetation can sustain
Ae. albopictus)."* In sub-urban and rural areas where
humans are present, Ae. albopictus breeds in a wide
variety of man-made containers and this contributes to
its rapid adaptation to new environments. In addition
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to human activities and migration patterns, major
routes of expansion have also been through used tyre
and lucky bamboo importation from Asia.

The two main factors contributing to the success of
Ae. albopictus spread in the last 30 years are thought
to be its physiological and ecological plasticity.'?
Physiological plasticity is observed in both ancestral-
type strains in Asia and recently expanded strains across
the world. This plasticity is mostly conferred by the
ability to survive in both tropical and temperate
conditions by laying overwintering (diapausing) cold
and desiccation resistant eggs.'> Ecological plasticity
refers to the vast array of breeding habitats that Ae.
albopictus can utilise, ranging from tree-holes and cut
bamboo to a wide variety of man-made containers. In
addition, despite a preference for humans and mammals,
it can be zoophilic, feeding from a wide range of hosts if
required and making Ae. albopictus a potentially
important vector for zoonotic viruses. These factors
make Ae. albopictus a highly invasive species. Figure 1
shows the expansion of Ae. albopictus from its ancestral
Asian habitat to North America, South America, Africa,
and Europe over the past 30 years.

The global distribution of CHIKV

The historical transmission, movements, and biology
of CHIKV have been reviewed recently.®'>!® In
brief, possible historic outbreaks of CHIKV occurred
in Indonesia, Africa, the Caribbean, the West Indies,
and India in the 16th-19th Centuries. The first
confirmed outbreak was recorded in 1952 in East
Africa, followed by outbreaks in Asia in 1958 and
India in 1963. There are presently three genotypes of
CHIKYV; the East/Central African, West African, and
Asian genotypes. Between the 1960s and 2000,
sporadic cases were reported across Africa and
localised outbreaks occurred in South Asia.'”

The recent outbreak of CHIKYV started in Africa in
2004 and was caused by the East/Central African
genotype. The disease spread throughout the Indian
Ocean and Indian sub-continent in 2005-2007,
infecting millions of people and facilitated by a
mutation that allowed CHIKYV to be transmitted by
both Ae. aegypti and Ae. albopictus. Interestingly, this
mutation allowing efficient transmission by Ae.
albopictus appears to have evolved independently in
La Reunion, India, and Cameroon/Gabon, an
example of convergent selection at different locations
rarely observed in nature.'” An additional mutation
has subsequently been identified in India that further
enhances transmission by Ae. albopictus."® The
current distribution of CHIKYV is depicted in Fig. 2.

The mutations that have led to efficient transmis-
sion in Ae. albopictus have significantly expanded the
geographic regions susceptible to CHIKV transmis-
sion, in particular to Europe and the Americas where
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Native habitat of Ae. albopictus is depicted in dark blue and the subsequent invasions into North America, South
America, Europe, and Africa in light blue (1985-1990), green (1991-1995), yellow (1996-2000), orange (2001-2005), and
pink (2006-present).®s 111-117

Figure 1 Recent invasion and current global distribution of Ae. albopictus.

populations are not immune to CHIKV and could  Europe (reviewed in Ref. 19) include more than 200

potentially sustain explosive outbreaks of the disease. cases of CHIKYV in Italy in 2007 and two local cases
Recent local outbreaks of CHIKV and DENV in of CHIKYV in Southern France in 2010. The first local

D Recorded cases CHIKV }

. Endemic or Epidemic CHIKV

The distribution of endemic or epidemic cases of CHIKV (in blue) and imported recorded cases of CHIKV (in pink) are
shown as of 2010 (adapted from Ref. 3).
Figure 2 Distribution of CHIKV in 2010.
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cases of DENYV since 1928 were reported in Nice in
2010, where two cases of autochthonous Dengue
occurred, and later in 2010 in Croatia where local
transmission of DENV was reported. In 2012, an
outbreak of DENV occurred in Madeira, with more
than 2000 cases reported,'® demonstrating the vulner-
ability of European populations to previously ‘tropi-
cal’ arboviral disease. Thus, methods for establishing
the risk of disease transmission and early warning
systems could help to prevent an epidemic similar in
scale to that in 2006-2007 in the Indian sub-continent.

Modelling Climatic and Environmental
Influences on CHIKV Transmission and Ae.
albopictus Population Dynamics

Modelling studies seeking to better understand (and
quantify) the link between environmental variables,
human CHIKYV infection, and vector/parasite biology
may take one of two forms. Statistical models develop
empirical relationships between historical environ-
mental data and, for example, CHIKV incidence (or
prevalence), enabling predictions of future disease
scenarios to be made in the given climate forecasts and
the assumption that these relationships remain sta-
tionary over time. Statistical models do not explicitly
represent CHIK'V natural history or the ecological or
biological processes underpinning vector population
dynamics. Nonetheless, several such models have been
developed for CHIKV - Geographic Information
System (GIS) models based on temperature, annual
rainfall, and other factors have been used to predict
the distribution of Ae. albopictus and the resultant
risk of CHIKYV outbreaks; examples include assess-
ment of whether Ae. albopictus could settle in the
UK? and the Netherlands®' (due to unintentional
vector imports). Geographic Information System has
been similarly used to establish the speed and route of
CHIKYV and DENYV spread in Thailand using rainfall
and temperature.”? Generalised logistic models have
also been developed to investigate the distribution and
characteristics of suitable breeding sites for vector
development and two such studies have focussed on
Ae. albopictus in La Réunion® and Ae. aegypti, Ae.
albopictus, and Aedes lili in Mayotte,”* while the
distribution of Ae. albopictus in Northern and North
Eastern Italy using Land Surface Temperature (LST)
maps has also been recently considered.”>¢

In contrast to statistical models, mathematical
models adopt a process-based approach by incorpor-
ating relevant ecological, epidemiological, entomolo-
gical, and environmental processes (consistent with a
set of assumptions) into a mechanistic mathematical
framework. By incorporating the known effects of
environmental variables on CHIKYV infection and Ae.
albopictus populations, such models provide a valu-
able quantitative framework for a better under-
standing of observed patterns of human CHIKV
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prevalence in terms of underlying processes, thus
offering explanatory power that statistical models
cannot provide. Despite this, CHIKV modelling has
received relatively little attention to date; although
the first known model was a computer simulation
developed in 1970,%” existing knowledge on (and
future directions for) CHIKV mathematical model-
ling was not synthesised until 2008,%® with the need
for more modelling studies, better entomological
knowledge of the disease vector and wider assessment
(using models) of the impact of interventions re-
presenting key recommendations. Since then model-
ling has markedly increased, with several studies
developing methods and models to use outbreak
data to estimate the CHIKV basic reproduction
number R, (the number of secondary cases generated
per infectious individual in a wholly susceptible
population),”®? the effect of seasonal fluctuations in
Ae. albopictus populations,’®*' and the sensitivity of
CHIKYV vector populations to climatic conditions*
(with similar studies elsewhere on the response of Aedes
africanus and Aedes furcifer populations, vectors of
yellow fever, to climatic and environmental condi-
tions*}). Other studies have considered the role of
temperature and rainfall on CHIKV transmission,>*>°
as well as the risk of CHIKV infection in DENV-
endemic regions.’’ Using mathematical models to
assess the impact of interventions against CHIKV
has also attracted increasing attention, with the need to
explicitly account for the role of climatic variables
highlighted*® and important policy-decisions, such as
whether the early combination of chemical imagicide
spraying and active reduction of the number of
breeding sites may have controlled the 2006 La
Réunion epidemic,® considered. These studies have
been further extended to consider the use of the sterile
insect technique (SIT) to reduce transmission,*’
demonstrating that pulsed SIT with small and frequent
releases may be used as an alternative to chemical
control, and this is also consistent with other modelling
findings elsewhere for Ae. aegypti.*!

However, in order to more rigorously understand
and assess the impact of climatic variables (and
climate change) on CHIKV transmission dynamics,
developing realistic process-based models of how Ae.
albopictus population dynamics (and abundance) in
different CHIKV-affected regions depend on local
environmental factors is essential; indeed, this pre-
requisite has already been recognised elsewhere in
the context of malaria eradication.*? In turn, how-
ever, key to developing more reliable Ae. albopictus
population models is the need for reliable parameter-
isation that can only be obtained through a thorough
understanding of the relationship between mosquito
biology (as characterised by key life history parameters)
and environmental variables; these relationships may
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then be incorporated into mathematical models of the
vector population dynamics and this process has been
recently illustrated for An. gambiae s.s. mosquitoes that
transmit malaria,* while reviewing current knowledge
on these dependencies also aids identification of where
future experimental (and field) work is needed to
further improve model parameterisation. To the best
of our knowledge, this process has not yet been
rigorously undertaken for Ae. albopictus, despite its
importance in understanding CHIKV (and DENYV)
transmission; to this end, this paper therefore aims to
undertake a literature review to synthesise current
knowledge on the role of climatic and environmental
variables on Ae. albopictus life history parameters
in order to provide the parameterisation basis of
analogous modelling studies to that undertaken for
An. gambiae s.5.* and Ae. albopictus (and, subsequent-
ly, CHIKV and DENYV transmission dynamics) and
these will follow in the forthcoming articles. In the
approach of Ref. 43, a parsimonious An. gambiae s.s.
model was developed that required knowledge of how
different climatic and environmental variables (includ-
ing density-dependence) affect (a) the daily survival
probability of the three immature (aquatic) stages (eggs,
larvae, and pupae) and adult mosquitoes, (b) the
development rate of vectors between life cycle states,
and (c¢) adult fecundity (influenced, in turn, by the
dependence of the gonotrophic cycle on temperature),
together with threshold values of climatic variables
above or below which processes reach limiting values,
as well as knowledge of preferred breeding habitats.
This article undertakes an analogous literature review
for Ae. albopictus that aims to provide the basis for
future Ae. albopictus population models and vector-
borne diseases mediated by this mosquito.

Aedes albopictus Biology and its Response to
Environmental Variables

Mosquitoes, like many invertebrates, are directly
affected by changes in weather to a greater extent than
warm-blooded animals and external temperatures are
therefore required to be above critical thresholds for
adult activity or immature stage development. Since
immature vector stages are entirely aquatic, many
species also rely on regular rainfall to provide suitable
breeding sites, while relative humidity (RH) (affecting
water loss and adult survival) and, to a lesser extent,
wind patterns (affecting mosquito dispersal and hydro-
logical processes) are also likely to affect vector
population dynamics. In this review, current Euro-
pean Ae. albopictus populations are overlayed with
maps of meteorological conditions. The corresponding
climate data used to produce the relevant maps have
been generated by the EMAC general global circulation
model, a global numerical chemistry and climate simu-
lation system comprising of sub-models that describe
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tropospheric, middle atmosphere processes and their
interactions with land, oceans, and human influences.*
The EMAC system consists of two major components:
(a) the base/core atmospheric model (ECHAMS5)* and
(b) the interface, Modular Earth Sub-Model System
(MESSy), which includes sub-models, mainly con-
cerned with atmospheric chemistry processes, coupled
to the base system. For these particular maps, we have
utilised EMAC version 1.9 based on ECHAM version
5.3 and MESSy version 1.9. The simulations are
performed on the T85L19 resolution, namely with a
spherical spectral truncation of TS5, corresponding to a
quadratic Gaussian grid of approximately 1.4 by
1.4 degrees in longitude and latitude, with 19 vertical
hybrid pressure levels up to 10 hPa. The AMIP II
simulations*® for sea-surface temperature and sea-ice
distribution between the years 2000-2009 are imposed
as boundary conditions to the model.

Aedes albopictus presence is defined at the NUTS2
level (www.vbornet.org) as of December 2011, giving
relatively low resolution data, but allowing for large
regions to be studied. The resolution of this data
must be taken into consideration when drawing
conclusions about environmental thresholds, and as
will be discussed, it must be stressed that these results
are appropriate only when using relatively coarse-
scale modelling and are unlikely to reflect the true
conditions within microclimates on the ground. As
modelling of microclimates across large regions is not
reasonably possible at present, appropriate environ-
mental conditions at the scale or resolution of models
used to generate maps are still needed.

Temperature

Several studies have reported temperature thresholds
for Ae. albopictus survival and activity, and these
include winter minimum and summer maximum
temperatures. In this review, we will consider the
impact of temperature on each stage of the mosquito
life cycle from egg to adult.

Eggs and overwintering

Of key importance when considering suitable habitats
for invasive mosquito species such as Ae. albopictus
are winter minimum temperatures, as these define
whether populations in the form of diapausing eggs
can overwinter. Winter minimum temperatures in the
northern hemisphere are often characterised by the
average January temperature (JanTm). A range of
JanTm values have been reported as cutoffs for the
overwintering of Ae. albopictus: >—3°C for popula-
tions in China and South Korea;*’ >—5°C for North
Western China (with seasonal expansions reaching
areas with JanTm around —10°C);*® 0°C to —2°C in
Japan;* and >0°C to —5°C for temperate popula-
tions in North America.*” A recent study using a
statistical model and Ae. albopictus presence data in
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The horizontal bar represents degrees Celsius. Aedes albopictus data were taken from the ECDC Vbornet (www.vbornet.org).
Dark hatched areas show regions where Ae. albopictus have been recorded as present as of December 2011.
Figure 3 Current Aedes albopictus distribution and average annual temperature (AnnTm) and January temperature (JanTm)

across Europe for the reference period 2000-2009.

North America predicted almost zero probability of
Ae. albopictus presence at —2°C, and the highest
probability of presence at 0-1°C.>°

Studies of egg mortality in response to cold
temperatures demonstrate remarkable cold-resistance.
Experiments have shown that 78-99% of eggs from US
and Asian temperate strains may survive —10°C for
24 hours."* A comparison of European temperate
strains of Ae. albopictus with tropical strains of Ae.
albopictus and Ae. aegypti demonstrated that minimum
survival temperatures for temperate diapausing eggs
were —10°C for long-term exposure (12-24 hours) and
—12°C for short-term exposure (1 h), while tropical
Ae. albopictus and Ae. aegypti both survived long-term
temperatures of —2°C and short-term temperatures of
—7°C.5" This study confirms that temperate, diapaus-
ing Ae. albopictus eggs are cold-adapted and able to
survive winter nights down to —10°C (although only
around 10% of eggs hatched after exposure to this
temperature). The major limitation of this study is the
short timescale of exposure, as eggs would presumably
be repeatedly exposed to such low temperatures
throughout the winter. In order to really answer the
question of whether Ae. albopictus eggs can overwinter
in these conditions, field studies would need to be
carried out to observe survival in field conditions over a
whole winter.

A JanTm of >0°C has been generally accepted as
delineating overwintering populations for modelling
climatic suitability for Ae. albopictus.**->*>>* Whilst
this may be biologically true at the ground level,
using climate models at the regional or global scale,
with resolutions of hundreds of kilometres, a thresh-
old of 0°C can exclude large regions where Ae.

albopictus are present. For example, overlaying the
current distribution of Ae. albopictus (as of December
2011) in Europe with JanTm from the EMAC GMC
with 1.4 degree (approx 150 km) resolution suggests
that a cut-off of —4°C may be more accurate
(Fig. 3A). There are two factors that can explain this
disparity. Firstly, any given 150 km square region
will contain a large number of microclimate zones.
This is especially true, for example, at the northern
limits of Ae. albopictus in Italy, in the Alpes, where
valleys and lakes can provide dramatically different
microclimates to close by mountain peaks. In this
grid square, JanTms might range from —10°C to 0°C,
and Ae. albopictus might likely only overwinter where
warmer temperatures prevail. This grid square,
however, might be modelled as having a JanTm of
—4°C and being present for Ae. albopictus. Although
it is incorrect to say Ae. albopictus should not be
present in this grid square because (according to the
model) JanTm<0°C, it may also be incorrect to say
that Ae. albopictus overwinter at JanTms of —4°C.
The reality is likely to be somewhere in-between. A
second factor that explains this disparity could be re-
invasion of neighbouring regions on a yearly basis. In
this instance, populations do not actually overwinter
in the form of eggs, but are recorded during the
summer months as present for Ae. albopictus when
nearby populations from warmer regions spread
during the spring/summer months. In reality, a
combination of microclimate zones and annual re-
invasions will exist in the field. What is important
from the perspective of using models to predict Ae.
albopictus populations is the scale or resolution of
both the climate data and the recorded Ae. albopictus
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data, as these will influence the appropriate thresh-
olds of environmental conditions. Using a GCM at
the 150 km resolution, we suggest that a JanTm of
—4°C currently reflects Ae. albopictus distribution at
the NUTS2 level. This illustrates the necessity to
calibrate any biological thresholds used in conjunc-
tion with climate models with Ae. albopictus presence
data, as GCMs and RCMs cannot yet accurately
model microclimate (i.e. true biological) conditions.

In Ref. 51, the air surface temperature in Europe is
plotted on one of the coldest winter nights in the
unusually cold winter of 2011. Regions reaching
below —10°C overlap very closely with regions with
JanTm<—4°C from the EMAC GCM. These maps
indicate that the majority of Europe and large parts
of North America would support overwintering
populations of Ae. albopictus.

Temperature and the immature stages
Although overwintering through diapausing eggs
may occur at JanTm<0°C, the larval and pupal
stages cannot develop, and adults will not survive, at
these temperatures. Figure 4 illustrates the survival
rate of Ae. albopictus eggs (Fig. 4A), larvae (Fig. 4B),
pupae (Fig. 4C), and adults (Fig. 4D) with tempera-
ture from several studies. In general, mortality rates
of immature stages greatly increase at temperature
extremes. Survival of larvae and pupae at different
temperatures is fairly consistent across studies, with
optimal survival at 25-30°C and high mortality at
<15°C and >36°C. Temperatures above 40°C are
generally accepted as the limit for immature survival
and laboratory studies have shown that eggs fail to
hatch above this.>>>* Large variability in egg survival
is observed between studies, possibly reflecting
differences in physiology between diapausing and
non-diapausing eggs. Fitting quadratic curves to egg
(Fig. 4E), larval (Fig. 4F), and pupal (Fig. 4G)
survival allows us to estimate upper and lower
mortality thresholds. For larval stages, survival is
estimated to cease at 10 and 40°C, while for pupae,
survival is estimated to cease at 10 and 37°C. Curve
fitting for egg survival is complicated by the fact that
at low temperatures, diapausing eggs are laid. Data
from the two studies presented here also differ
significantly, making clear conclusions hard to infer.
The data presented by Delatte er al.,” however,
support 40°C as an upper threshold for egg survival.
In addition to survival, temperature also signifi-
cantly affects mosquito development rates, with the
general trend of increased temperatures causing
decreased development times. Several studies have
gathered data from field and laboratory studies
investigating this relationship in Ae. albopictus and
these are shown in Fig. 5 (data from Refs. 14, 54-65).
Large differences in embryonic development time
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(here, the time between laying and hatching) at lower
temperatures are observed between tropical and tem-
perate strains (Fig. SA). Very long embryonation times
are observed at lower temperatures for tropical strains,
whereas those with shorter embryonation times at
lower temperatures are a mixture of temperate and
tropical strains. This is likely due to cold-adaptation of
temperate strains, where eggs can withstand low
temperatures and desiccation. Tropical strain embry-
onation ranges from 42 to 2 days between 15 and 36°C.
Temperate strain embryonation ranges from 7.5 to
2 days between 15 and 36°C.

Larval growth is also dependent on temperature
(Fig. 5B), with a commonly accepted lower threshold
(below which development ceases) of around 11°C.'*>>
Temperatures of 35°C and above have been shown to
adversely affect larval development.*>> No difference
in tropical and temperate strains have been reported.
Larval development ranges from 27 to 5.5 days between
15 and 36°C. Pupac are a distinct and remarkable stage
of mosquito development. They are relatively short-
lived, but have a distinct morphology, their own
mechanism of movement and undergo the transition
from aquatic swimming immatures to flying adults.®®
The duration of this transition also depends on
temperature (Fig. 5C), with pupal development times
ranging from 8.5 to 1.7 days between 15 and 36°C. No
difference between tropical and temperate strains has
been observed.

Best-fit curves are fitted to embryonation (Fig. 5D),
larval (Fig. 5SE), and pupal (Fig. 5F) development
data and the resulting curves can be used to estimate
temperature-dependent development times for each
immature life stage. The sensitivity of immature
development times to temperature is illustrated by an
approximate doubling in time from egg to hatching
between 15 and 20°C (from 5.4 to 3.1 weeks). Qua-
dratic curves fitted to development rates as a function
of temperature (Fig. 5G) provide an estimate of
developmental thresholds from the collated data.
Lower thresholds are estimated as 15°C (embryona-
tion in tropical strain eggs), 12.8°C (embryonation in
temperate strain eggs), 12.5°C (larval development),
9.6°C (pupal development), and these values compare
well with values given in other studies.’*>**° For
upper thresholds, the only stage where development
rates are estimated to fall to zero below 40°C are
temperate strain eggs, with an estimated upper thresh-
old of 37°C. Values above 40°C can be considered
irrelevant as all immature and adult stages die above
40°C.

Temperature and adults

Adult mortality has been reported as approximately
age-independent in laboratory survival assays.®’
Females are generally reported to survive longer than
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Three independent laboratory studies investigated the effect of temperature on survival of immature Ae. albopictus.
Temperature effects on (a) egg survival, (b) larval survival, and (c) pupal survival were established for laboratory colonies
in Refs. 55 (squares), 54 (circles), and 65 (triangles). (d) Laboratory adult life expectancy for females was additionally esti-
mated in Refs. 55 and 65 over a range of temperatures. Median female survival in days from multiple studies (conducted
at 25°C) have been added to the graph (black symbols with the mean plotted as pink bar). Red lines indicate temperate
strains and black lines indicate tropical strains. Second or third-order polynomials were fitted to (e) egg survival, (f) larval

survival, and (g) pupal survival.

Figure 4 The effect of temperature on Aedes albopictus survival.
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males,'#>>61% although similar life expectancies

have also been observed and it has been suggested
that longevity for males and females is more similar
below 20°C. Figure 4D shows the relationship
between adult survival and temperature from two
independent studies. Both studies used temperate
strains of Ae. albopictus from La Reunion®® and
Louisiana.®® Despite a large difference in the life
expectancy at lower temperatures (with the North
American strain demonstrating much longer life
expectancy than the La Reunion strain), both data
sets highlight the same trend of longevity increasing
at lower temperatures. Although a further study
reported no effect of temperature on adult survival
between 22 and 26°C,* this is consistent with the La
Reunion strain,” where a very small difference in life
expectancy is observed between 20 and 25°C.
Figure 4D also shows laboratory female Ae. albopic-
tus median survival at 25°C from a number of other
studies. These data demonstrate the variability in life
expectancy from strain to strain, ranging from 24 to
67 days. No significant difference in median survival
is observed between temperate and tropical strains
(data not shown).

The increase in longevity at lower temperatures may
be explained by the rate at which mosquitoes acquire,
store, and use energy supplies. The cold-blooded
nature of mosquitoes has a direct effect on their
metabolism, which, in turn, affects their ability to
acquire and store energy for hatching, metamorphosis,
flying, and oviposition. Studies investigating the effect
of temperature on protein, lipid, and glycogen content
of Ae. albopictus show that at lower temperatures, the
larval stages have a longer phagoperiod since develop-
ment is slower, during which the immature stages are
able to consume and store increased nutrients com-
pared to faster-growing counterparts.®> At lower
temperatures (17°C), mosquitoes may have larger body
sizes, consume more blood, have higher levels of
protein, lipids, and glycogen in their ovaries, and
develop more eggs with higher lipid levels than
counterparts at higher temperatures (27-32°C).%> This
contributes to the longer life expectancy of adults at
lower temperatures (up to a threshold) and increased
desiccation resistance.”® Aedes albopictus thus appears
to adapt to cold conditions through increasing lipid
synthesis, resulting in increased desiccation tolerance,””
female longevity, and egg production.®® Increased
longevity at lower temperatures is important when
considering the seasonality of adult activity (and thus
potential disease transmission season), as longer-lived
adults have a greater chance of transmitting disease.

The threshold for the seasonal emergence of host-
seeking temperate females in the field (in Italy) has
been estimated as 13°C, with the lower threshold for
adult activity ceasing similarly estimated as 9°C.”!
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Summer maximum temperature thresholds for Ae.
albopictus are less well-documented, although tem-
peratures above 40°C are generally accepted as the
limit for adult survival and laboratory studies have
shown that eggs fail to hatch at this temperature.**>*
Although, in the field, it is possible that mosquitoes
seek shade or cooler conditions, whether mosquitoes
display temperature-regulated behaviour, actively
seeking out cooler or warmer microhabitats, is
controversial.

While average annual temperatures (AnnTm) of
11°C have been cited as a requirement for breeding
Ae. albopictus populations, overlaying maps of
existing populations in Europe with the EMAC
GCM indicate that AnnTm>8°C may better reflect
the current distribution, again illustrating the need to
consider the resolution of the climate models used to
generate maps in the assessment of environmental
thresholds (Fig. 3).

Egg laying and biting behaviour

The number of eggs per gonotrophic cycle has
been found to be independent of temperature® and
follows no consistent trend between studies that
have investigated eggs/gonotrophic cycle over a range
of temperatures.’”*> The number of eggs oviposited
per gonotrophic cycle commonly ranges from 30 to
80777 and declines with age.'*’*’” While large
numbers of eggs are laid in the laboratory, these are
typically from larger females derived from well-fed
immature stages. In the field, the number of eggs laid
is likely to be closer to the lower end of this range
due to more adverse conditions compared to the
laboratory."

The trigger for Ae. albopictus laying diapausing
eggs is partly photoperiodic, with exposure of pupae
and adults to short-day lengths causing females to
oviposit.”® Critical photoperiods (CPPs) for onset of
diapause have been given as (light:dark hours) 14:10
(Italy),” 13:11 (China, Japan and North America),*
and 12:12 (Japan).* Photoperiodic diapause is
common in insects and allows species to ‘anticipate’
the onset of unfavourable conditions. Hatching
stimuli for diapausing eggs include age, desiccation,
temperature changes, the oxygen tension of water,
flooding, and photoperiod.'*

Experimental data suggest that both the duration
of a single gonotrophic cycle (the time between taking
blood meals) and the time between adult emergence
and taking a first blood meal are dependent on
temperature. Reports on gonotrophic cycle duration
for Ae. albopictus range from 3.5 to 10 days depending
on the temperature (Fig. 6A),>>%%26481 while the
time between adult emergence and taking the first
blood meal is also important and depends on the
temperature (Fig. 6B), typically around 4.2-15 days.>
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The development in days of (a) eggs, (b) larvae, and (c) pupae in response to temperature from multiple studies in the lit-
erature. Best-fit curves (second-order or third-order polynomials) were plotted for (d) embryonation, (e) larvae develop-
ment, and () pupae development for calculating average development time of immature stages in response to
temperature (data from Ref. 14,54-65). Red lines indicate temperate strains of Ae. albopictus and black lines indicate tro-
pical strains of Ae. albopictus. The rate of development (g) was calculated for temperate strain eggs (red), tropical strain

eggs (black), larvae (blue), and pupae (green). Data were fitted to polynomial curves for estimating threshold tempera-
tures for development.

Figure 5 The effect of temperature on Aedes albopictus immature development.
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Other studies of the latter have given lower values
around 2-3 days at 25°C.®° Aedes albopictus have a
strong preferences for human feeding in host-choice
experiments, although they are able to take blood
meals from a wide variety of hosts and may even have
blood meals from multiple hosts within short dura-
tions.®? Field experiments studying host-seeking and
resting behaviour have found that the majority of
females are exophilic and engage in exophagy.® Biting
occurs with a bimodal activity peak, typically around
2 hours before sunset (largest peak of activity) and
8.30am (smaller peak), while night activity is minimal
or absent.'*3%3 Although several biting rates have
been reported for Ae. aegypti,** little data are available
for Ae. albopictus, although the biting rate of Ae.
albopictus in Southern China has been estimated as
0.31 blood meals per day under laboratory condi-
tions.®® Although temperature effects on feeding
behaviour have not been published to date for Ae.
albopictus (to the best of our knowledge), the biting
rate is likely to correlate with temperature, as a
minimum of one blood meal is taken per gonotrophic
cycle and gonotrophic cycles are shorter at higher
temperatures.

Precipitation

Precipitation is probably the most complex environ-
mental variable affecting Ae. albopictus popula-
tions, and one of the most difficult to model for
several reasons. The first is due to the ecology of the
species as container breeders; whilst the ancestral tree-
hole dwelling Ae. albopictus would have been depen-
dent on rainfall to provide breeding water sources,
modern, more urbanised, Ae. albopictus often breed in
water sources that are independent of rainfall, for
example through watering of plants in urban gardens,
or the provision of water in vases in cemeteries. A
second issue is the reliability of projected rainfall
through climate modelling. Future precipitation pat-
terns are generally recognised as containing greater
uncertainty in the output of global/regional climate
models (compared to temperature) as a result of
complex atmospheric chemistry and poor measure-
ment records in many regions of the world.
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Data from Refs. 55, 60, 62, 64, 81, and 118. A second-
order polynomial (quadratic) curve was fitted to each
data set.
Figure 6 The effect of temperature on Aedes albopictus (a)
gonotrophic cycle duration and (b) time between hatching
and taking a first blood meal.
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Studies investigating the link between rainfall and Ae.
albopictus have looked at population density responses
to rainfall in the field, and have investigated the effects
of rainfall flushing on immature stages. Changes in
population density in response to rainfall are variable,
reflecting the presence of rainfall-dependent and rain-
fall-independent breeding sites. Precipitation is often
correlated with increases in egg, larval, and/or adult
density in the field, with peaks in weekly mean rainfall
correlating with subsequent peaks in adult Ae. albo-
pictus abundance.®® Three studies in India found a
strong correlation between rainfall and seasonal
increases in larval density®®® and a study of egg
populations in Malaysia also reported a strong
correlation between rainfall and the number of collected
eggs.®® Conversely, no correlation between seasonal
variation in rainfall and Ae. albopictus collections was
found in the Dominican Republic,”® and larval densities
in permanent breeding sites in India were found to be
independent of rainfall %

These studies suggest that the response of Ae.
albopictus populations to rainfall is likely due to the
creation of new breeding sites and that breeding in
permanent water sources is independent of rainfall.
Populations can therefore be considered to be com-
prised of two components: those breeding in ‘perma-
nent’ sites unaffected by rainfall (for example in urban
garden environments) and populations breeding in sites
created by, and dependent on, rainfall.

For rainfall-dependent populations, it is the larval
and pupal stages that are vulnerable to desiccation.
The volume of water in breeding containers does not
appear to affect the development time of the
immature stages,”! however as larval and pupal
stages have little to no desiccation resistance,’> when
rainfall is insufficient to maintain water levels,
immature survival (and thus population sizes) will
decrease. Eggs, however, can survive once embryona-
tion is complete for extended periods of time after
desiccation; up to 243 days has been observed in the
laboratory.'* Studies indicate that desiccation does
not significantly decrease egg survival.”> Thus, egg
survival will be independent of rainfall regardless of
water source.

One negative factor associated with rainfall is the
flushing of immature stages from aquatic environ-
ments under heavy precipitation.”® It is difficult to
extrapolate losses from a single simulated rainfall
event in an experiment to monthly or annual rainfall
levels, since the number of rain falls per shower and
frequency of such events are generally unclear from
data on the latter. Nonetheless, simulated light rainfall
conditions corresponding to fairly typical rainfall
conditions in temperate countries demonstrate the
loss of 2-10% of Ae. albopictus immature stages
depending on container size.”> Flushing of larvae
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The horizontal bar represents (a) days and (b) annual precipitation in millimetres. Aedes albopictus data were taken from
the ECDC Vbornet (www.vbornet.org). Dark hatched areas show regions where Ae. albopictus have been recorded as

present as of December 2011.

Figure 7 Aedes albopictus distribution and annual rainfall across Europe for the reference period 2000-2009.

during rainfall has also been observed for An. gambiae
mosquitoes.”® For rainfall-independent breeding sites,
low precipitation may be advantageous through
reduced flushing of immature stages, further adding
to the complexity of rainfall effects on population
density.

Despite the uncertainty in how strongly precipita-
tion drives Ae. albopictus populations, a minimum
requirement of 500 mm of annual rainfall has been
reported previously,’ although the presence of Ae.
albopictus has been confirmed in regions of Spain
where annual rainfall is 292 mm.’> If lower thresholds
are to be used for predicting Ae. albopictus presence
using global or regional meteorological models, then
plotting the current European distribution of Ae.
albopictus against annual rainfall may give a better
indication of precipitation levels relevant to Ae.
albopictus ecology within the context of a climate
model. Figure 7, overlaying European distribution of
Ae. albopictus with precipitation, suggests that when
using the EMAC GCM with a resolution of
1.4 degrees (approx. 150 km), a threshold of 200-
250 mm per annum is more accurate. Thus, within the
limits of modelling at coarse resolutions (as already
discussed), thresholds should be lowered or adjusted to
reflect the resolution of the climate model used. In
addition, the complexity of breeding site origins
should be taken into consideration for modelling Ae.
albopictus populations. One possible way to reflect the
two distinct breeding populations (rainfall-dependent
and rainfall-independent) would be to use a measure
of land use or urbanisation to predict the likelihood of

rainfall-independent water sources existing for breed-
ing. This could be used to define areas where low
rainfall would have a significant or insignificant
impact on Ae. albopictus population density.

Relative humidity

While rainfall has impacts mostly on the aquatic
immature stages, RH affects mostly the egg and adult
stages of Ae. albopictus. The Asian tiger mosquito has
been reported to survive well at a range of RH
values,'* although little data studying the relationship
between RH and Ae. albopictus survival can be found
in the literature. A complicating factor of studies on
RH effects on survival is that temperature and RH
are not independent.

Aedes albopictus egg hatch rates have been shown
to be higher at higher RH.”® Additionally, RH has
been shown to affect egg survival in desiccation
experiments. A linear relationship between RH and
survival at 26°C (where mortality is highest at 25%
RH and lowest at 95% RH) was observed for a North
American strain.”” At 24°C, mortality also increased
nonlinearly with decreasing RH. At 22°C, mortality
was highest at 25% RH, but lowest at 55% RH,
demonstrating the complex relationship between
temperature, RH, and survival.

Adult survival data in response to RH are very
limited. Within an RH range of 60-90%, little difference
in adult survival is typically observed.?>¢!6>676 Tywo
studies report a decrease in adult longevity at lower RH:
adult survival decreased from 8 days (at 85% RH) to
6 days (at 35% RH),”® while adult survival decreased
from 2.1-4 days at 90% RH (for different Ae. albopictus
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Summer RH

The horizontal bar represents percentage relative humidity. Aedes albopictus data were taken from the ECDC Vbornet
(www.vbornet.org). Dark hatched areas show the regions where Ae. albopictus have been recorded as present as of

December 2011.

Figure 8 Aedes albopictus distribution and RH across Europe for the reference period of 2000-2009.

strains) to 1.4-1.8 days at 70% RH.” A later study
linked increased desiccation resistance with higher
glycogen and fatty acid content.”

Since evidence suggests that strains adapt to
environmental conditions, it is perhaps more appro-
priate to use current observations of Ae. albopictus
populations and map RH conditions to give a
reference range of RH (Fig. 8). European populations
of Ae. albopictus are found in regions with RH as low
as 35% in the summer, demonstrating the broad range
of RHs at which this species can survive.

Field Estimates of Survival Probabilities

Field estimates of survival probabilities are generally
considerably lower than estimates from laboratory
populations, predominantly due to predation and
other density-dependent processes. The immature
stages are a source of food for other mosquito and
copepod species, as well as being parasitised by a
number of fungi, yet quantitative assessments of the
impact of predation on survival have not been
undertaken.'® The density of immature stages also
affects development and survival, with higher den-
sities resulting in reduced development times'#¢>1%
and production of smaller adults,'**%!% although
density has not been observed to affect either adult
longevity”® or the susceptibility of adult Ae. albopic-
tus to SINV infection.'® Food availability also
affects survival, with limited food sources causing
increased mortality and immature development time.
Table 1 illustrates mortality rates from field estimates
for Ae. albopictus life stages from either parity
dissections or mark-release-recapture experiments in
various regions. Egg hatching rates for Ae. albopictus in

Pathogens and Global Health 2013 voL. 107 NO. 5

semi-field conditions have been reported as 0.5/day in
tree holes and 0.7/day in tyres.'®! Larval mortality and
adult survival estimates from field studies are collated
by Hawley,'* with estimates around 80% and a range of
0.71-0.89 for female adults respectively.'*'* A daily
survival probability of 0.95 has been ascertained from
capture-mark-release experiments in La Reunion,”
a value much higher than expected (and previous
observations), potentially suggesting experimental
error, although very high daily survival probabilities
for Ae. albopictus have also been reported based on
parity observations of field-caught mosquitoes in
Tennessee (0.96 at 24.9°C and 0.99 at 15.7°C).'%
Increased daily survival at lower temperatures have
also been observed in laboratory experiments.>

Response of Viral Transmission Dynamics to
Environmental Variables

A number of studies have demonstrated a relationship
between temperature and viral replication in several
mosquito genera, with higher temperatures generally
leading to shorter extrinsic incubation periods (EIPs),
increased infection rates and faster dissemination
rates, although these vary considerably in different
mosquito/virus combinations. Within the Flavivirus
genus, yellow fever (YF) infection of Ae. aegypti shows
a decreased EIP at higher temperatures, YF infection
of Haemagogus mosquitoes demonstrates lower infec-
tion rates at lower temperatures,'® and large daily
temperature fluctuations decrease midgut DENV in-
fection rates without affecting the EIP.'% DENV trans-
mission is also affected by temperature — transmission
from infected Ae. aegypti to monkeys has been shown
to occur only above temperatures of 30°C, with the
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EIP decreasing from 12 days at 30°C to 7 days at 32/
35°C."% Alphaviruses also demonstrate reduce EIPs at
higher temperatures, but display variation in the
effects on infection and transmission rates — EEEV
and WNYV infection rates in Aedes triseriatus and
Culex univittatus are independent of temperature,
while WEEYV infection rates in Culex tarsalis decrease
at higher temperatures (32°C) compared to moderate
temperatures (25°C).'* EEEV, WEEV, and WNV all
have reduced EIPs at higher temperatures.'®*!'°” The
variation in temperature effects on infection and
dissemination rates suggests that further experimental
evidence of temperature effects on CHIKV infection in
Ae. albopictus is needed for accurate modelling of
transmission response to climatic changes, but to the
best of our knowledge, such experiments have not been
published to date.

Diurnal Temperature Cycles and Microclimate

Diurnal temperature range (DTR) has been shown to
affect Ae. aegypti adult survival and dengue virus
(DENYV) transmission potential, with large fluctua-
tions in temperature (20°C with a mean of 26°C)
causing significantly higher Ae. aegypti mortality
than under moderate temperature fluctuations (10°C)
or constant temperatures.105 At lower temperatures
(14°C), higher DTR increases disease transmission
probability (presumably through enhanced virus
ability to replicate and disseminate at higher tem-
peratures during the daily fluctuation), while at
higher temperatures (26°C), increased DTR reduces
transmission probability (possibly through the dele-
terious effects of very high temperatures on viral

Environment variables, Ae. albopictus biology and chikungunya epidemiology

infection and replication).'® The effect of fluctuating
temperatures on Anopheles stephensi (through survi-
val and development) and malaria transmission
(through parasite development) has been similarly
studied.'® DTR increases the rate of parasite
development at lower temperatures (and vice versa),
indicating that increases in temperature may not
necessarily result in increased disease transmission
since the relationship between them is nonlinear. This
is critical when modelling the effects of changing
climate on vector populations and disease transmis-
sion. The effect of DTR on immature and adult life
stages confirms the need for appropriate empirical
data to reliably capture vector—pathogen interactions
when modelling disease transmission. Nonetheless,
the complex relationship between temperature and
mosquito life cycle has been highlighted, 1%
although no studies of fluctuating temperatures on
Ae. albopictus dynamics have been carried out to
date.

Despite the complex ecology and biology of
mosquitoes, ambient air temperature is often used
in studies investigating the effect of temperature on
mosquito population dynamics and/or disease trans-
mission. Yet given the aquatic nature of the immature
stages, water temperatures in breeding sites should
ideally be considered (which tend to be consistently
higher than air temperatures by up to 6°C depending
on the size and location of the water pool'®), while
adult mosquitoes frequently rest indoors (at different
temperatures to those outdoors) after blood meals.
Studies investigating such ‘microclimate’ effects on

Table 1 Field survival estimates of immature and adult Ae. albopictus
Adults (Mark-
Eggs Larvae Adults (parity dissections) release-recapture)
Mortality
Mortality (%) Reference (%) Reference DSR Reference DSR Reference
50 (tree holes) Vitek and Livdahl 80 Hawley  0.72 Hawley (1988)'*  0.77 Hawley (1988)"
(2006)'°" (semi-field) (1988)'4 (unpublished data)
30 (tyres) Vitek and Livdahl 88 Hawley  0.75 Hawley (1988)' 0.89 Niebylski and Craig
(2006)'°" (semi-field) (1988)" (1994)102
73 Hawley  0.71 Hawley (1988)'
(1988)"
80 Hawley  0.78 Hawley (1988)'
(1988)"
70-80 Hawley  0.78 Hawley (1988)'
(1988)"
0.8 Hawley (1988)'
0.85 Hawley (1988)'
0.88 Hawley (1988)'
0.82 Hawley (1988)'
0.85 Hawley (1988)'
0.95 Lacroix et al.
(2009)°"
0.96-0.99 Gottfried et al.
(2002)'%3
0.948-0.966 Almeida et al
(2005)88
DSR: daily survival rate.
Pathogens and Global Health 2013 voL. 107 NO. 5

237



Waldock et al.

238

malaria risk have been reported elsewhere.'”''° The
relationship between air and water temperature is
generally nonlinear (1°C increases in the former
typically cause smaller increases in the latter) and
An. gambiae immature development times may be
shortened by 4-11 days when using water, rather
than air, temperatures. Thus, models considering air
temperatures alone may incorrectly estimate An.
gambiae response to increasing temperatures. How-
ever, the importance of differences in air and water
temperatures varies from species to species, as well as
depending on breeding site preferences — Ae. albopictus
often selects from a vast array of containers in which
to breed, ranging from used tyres and tin cans to
55 gallon drums, complicating consideration of air
and water temperature differences. Weekly water
temperatures at Ae. albopictus breeding sites may be
around 0-5°C higher than ambient air temperatures or
closely follow it depending on site type.”> Host-seeking
and post blood-feeding behaviour also affect the
temperatures to which adult mosquitoes are exposed
and the effect of indoor resting by An. gambiae
mosquitoes on malaria risk has been considered,''”
although Ae. albopictus blood-feeding and resting
behaviour is exophagic and, as such, microclimate is
unlikely to affect pathogen development or blood meal
digestion.

Conclusion

The global distribution of Ae. albopictus has changed
significantly over the last few decades and current
indications suggest that this is likely to continue
under future climate scenarios. It will be crucial to
our understanding of how the future burden of
mosquito-borne diseases may shift under climate
change to better understand how the ecology and
biology of disease-carrying vectors (such as Anopheles,
Aedes, and Culex mosquitoes, together with variability
between sub-species) depend on a range of biotic and
abiotic factors likely to influence their global distribu-
tion and local abundance. In this article, we have
reviewed the dependence of the lifecycle parameters of
Ae. albopictus (a key vector of CHIKV and DENV
transmission) on climatic variables and other environ-
mental factors to better understand the role of such
variables on disease risk and hence the implications for
future transmission (given knowledge of how viral
replication dynamics additionally depend on environ-
mental factors and the use of mathematical models).
Key heterogeneities between tropical and temperate
Ae. albopictus species exist. Including the complex
interactions between temperature, rainfall, desicca-
tion, RH, and density-dependent processes and main
vector lifecycle processes are discussed. Both statistical
and mathematical models have important roles to play
in assessing the likely global distribution of CHIKV
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transmission over the coming decades under different
scenarios, as well as country-specific disease risk (and,
if realised, the likely severity, intensity and conse-
quences of emergence or re-emergence). Given the
characteristic decadal timescales of climate change,
however, robust, validated process-based transmission
models arguably offer a more reliable basis for
developing projections of disease risk than those
derived from statistical models (which, by definition,
extrapolate current relationships between environ-
mental variables and indicators of transmission and
assume all other factors remain unchanged). However,
the reliability and hence usefulness of process-based
models relies heavily on accurate model parameterisa-
tion and it is hoped that this article provides a
thorough basis for future modelling efforts within
the field. Good mathematical modelling practice
additionally demands that model outcomes, projec-
tions, and implications (e.g. for CHIKV control and
the design of intervention programmes) are assessed
for sensitivity to uncertainty in model inputs, one
component of which is parameter uncertainty. Thus,
we have also highlighted where key uncertainties and
limitations in our current knowledge and understand-
ing of the relationships between Ae. albopictus biology/
ecology and environmental variables lie, and hence
where future experimental and modelling research
may be directed to further improve parameterisation
in vector and CHIKV transmission models. One
example is the need to better understand the role of
temporal fluctuations (on a range of timescales) in
climatic variables on Ae. albopictus population
dynamics, as well as the role of changes in mean
environmental conditions, a consideration that has
received little attention to date. This process of iden-
tifying, assessing, and quantifying such uncertainties
not only enables us to better exploit the explanatory
power of process-based mathematical models, but also,
ultimately, to produce more reliable projections of
future spatiotemporal patterns of CHIKV transmission
under different climate scenarios.
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