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ABSTRACT: Climate variability brought about by the El Nifio-Southern Oscillation has been linked

to outbreaks of infectious diseas
Additionally, climate change affects the dis

niore or less favorahle for the transmission of cert

tive to cli

such as hantavirus pulmonary syndrome, chole
tribution of diseases, causing some regions o become
in pathogens. Mosquitoes in particular are sensi-

1, and malaria.

1

ate change, and mosquito-borne diseases may become more common at higher latitudes

and elevations under warmer conditions. This study examined the potential changes in dengue 1
in Hawail, USA, in response to climate varisbility and change using GIS. Dengue, transmitted by
mosquitoes of the genus Aedes, is considered to be an emerging disease and almost half of the
world's population is at risk of infection. Previous research has identified mosquito habitat and poten-
tial dengue risk areas in Hawail based on average climate conditions, and this study incorporated
notions of climate variahility and change to that model and determined the population at risk under
different scenarios. Dengue risk areas generally contract during El Nifio-induced droughts an
expand as a result of increased precipitation received during La Nifia events. Future climate scenar-
ios predict warmer temperatures and wetter summers in Hawaii over the next 25 yr, which will cause
an expansion of mosquito habitat and potential dengue risk areas. The results of this study contribute
to the overall understanding of climate-dengue relationships and will aid public health officials in
efforts to determine where io concentrate resources for mosquito and dengue survelllance, given
rertain current or forecast climate conditions.
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1. INTRODUCTION

As an island state, Hawail is vitlnerable to the effects
of climate variability and change. In particular, sea
level rise, an increase in extreme events, and de-
creased access to potable water during droughts offer
challenges for residents of the islands (Shea et al
2001). Additionally, the potential exists for a greater
susceptibility to mosquito-borne disease outbreaks
under warmer and/or wetter conditions {Shea et al.
20011, An important driver of climate variability in
Hawail is the El Nifo-Southern Oscillation {(ENSO),
which modifies precipitation regimes across the
islands (Taylor 1984, Chu 1995, Kolivras & Comrie
200%) and affects vulnerability to mosquito-borne dis-
eases. This vulnerability is exernplified by an outbreak
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of dengue fever in Hawail in 2001-2002 {see Fig. 1}.
The cutbreak, which was focused on the island of Maui
and partislly mediated by weather conditions (Napier
2003), highlights the potential for mosquito-borne dis-
eases to impact Hawaill's residents and economy.
Dengue fever, caused by one of 4 different strains
of the dengue virus, is transmitted by mosquitoes of
the genus Aedes. Most commonly, dengue viruses are
ransmitied by Ae. aegypfi; however, Ae. albopictus
plays a less important but increasing role in the dis-
ease's spread and was inaplicaled in the Hawailian out-
break {Clark et al. 2002, Effler et al. 2005). Ae. albopic-
tus is less peri-domesticated than Ae. aegypfi and
more likely to prefer outdoor habitats, and is therefore
more sensitive to climate variability (Kuno 1997, Rod-
hain & Rosen 1987). Additionally, there is a strong rela-
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tionship between mosquito density and precipitation in
locations where the intentional storage of waler by

is minimal (Moore et al. such as in a
developed area like Hawail.

Globally, there are tens of millions of dengue infec-
tions per vear and, while few people die from a dengue
infection, the case fatality rate ‘"d:l(}@ from 110 5% for
a severe form of the disease, dengue hemorrhagic
fever (DHF) (Centers for Disease Control and Preven-
tion 2007). DHF appears to be linked to subsequent
infection with a different strain of the virus (Guzman &
Kouri 2002}, making prevention and control of dengue
in Hawail of critical importarnc infected during
the 2001-2002 outbreak could be at i
contracting DHF should a ditferent strain of the virus
be introduced. A global resurgence of dengue and
DHF has occurred over the past 3 decades as the range
of the mosquito vector has expanded and the virus has
been transierred to a greater number of locations. One
factor that has been implicated in the emergence of
dengue is climate variability and change {(Morse 1995,
Gagnon et al. 2001).

While other studies have examined the relationship

dengue risk and climate variability and
change at the global scale {(Hopp & Foley 20601, Hopp &
Foley 2003} and within specific countries {e.q. de Wet
et al. 2001, Gagnon et al. 2001), such analyses have not
been conducted at a relatively fine scale for the Hawai-

n Islands, even though they were described as a pri-
ority by the Pacific regional report for the US National
Assessment (Shea et al. 2001}, Additionally, spatial
analyses of dengue risk are sparse inn the literature
when corapared to the nurmaber of studies focusing on
temporal palterns. Given the role thal precipitation
va.’riabi’lity has played in dengue outbreaks, an exami-
nation of the ways in which climate variahility and
change can affect mosquite habitat across the islands
will contribute to our understanding of spatial patterns
of dengue risk and will address needs related to dis-
easa surveillance and control. The gosls of the re-
search presented here were to: {1} apply a previously
developed conceptual framework and model that in-
corporates a dynamic approach to evaluating the im-
pacts of climale variability and change on mosqguito-
borne disease {Kolivras 2006}, {2) examine the
ways in which climate variability and change atifect
mosquito habitat and the human population at risk in
Hawail under different scenarios. In an applied sense,
the present study considered shifts in mosquito habitat
in order to aid in outbreak prevention or contro! by
health department officials. While it is well known that
Aedes albopictus is able to breed in the artificial

ontainers provided around human habitation (Haw-
ey et al. 1987}, the present study seeks o examine the
iabitat of Ae. albopictus away from humans; that is,
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the areas where the mosquito is able to breed in nat-
ural sites, such as tree holes, rock holes, or bromeliads,
given favorable climate conditions. So while the mos-
quito also breeds in water dishes and planters in
homes, the focus here is on rain-filled breeding areas.
Human behavior with respect to water storage can be
modified, particularly in developed couniries that tend
to hdw\ more e\EF@( ive public health education cam-
artificial breeding sites than less devel-

CLIMATE-DENGUE RELATIONSHIPS

Changes in vector-borne disease patterns have heen
noted to have a clear, albeit indirect, relationship with
climate patierns given that climate variability and
change can increase human disease risk by improving
the environmental conditions neaded for disease reser-
voirs or vector breeding and survival. Over a decade of
research on climate and dengue risk at various spatial
scales suggests that the spatial extent of endemic areas
will increase under future warmer climate condifions.

"his body of research also shows that

ity will lead to fluctuations in epidemics temporally
and spatially. Much research has evaluated temporal
relationships between dengue and climate, but fewer
studies have focused on spatial patierns and those
that have are mainly al the global scale. Generally,
both spatial and temporal models examining changes
in dengue transmission with climate variability and
change indicate that the disease is very sensitive to
even minor termperature fluctuations (Patz et al. 1998,
McMichael et al. 2004).

Research examining the temporal relationship be-
tween climate and dengue reveals the presence of a
time lag, the length of which varies according to loca-
tion, petween precipitation and incidence. In 5 study
areas in Puerto Rico, the peak in dengue infeciions
followed peak precipitation by roughly 2 mo {Moore ot

al. 1978}, and a similar time lag was seen in research
specitically focused on 5an Juan, Puerto Rico (Schrei-
ber 2001). A time lag was also present when com-
paring an El Nifio-induced drought to dengue in
Indonesis, with cutbreaks occurring immediately after
the drought given connections with local water storage
{Gagnon et al. 2001). A broad comparison of the an-
nual number of dengue epidemics from 1970 to 1995
across the south Pacific and the Southern Oscillation
index found a positive correlation between the 2 vari-
ables, indicating that climate variability plays some
role in the onset of dengue epidemics (Hales et al.
1996).

Temperature has also been recognized as an impor-
tant variable in studies predicting the oce

climate variabil-

urrence of
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mosquito-vorne disease. The time between when a
mosquito acquires a pathogen and when that mosquito
smit it to others {extrinsic incubation period
[EIP]) is important for dengue transmission models,
which predict temporal fluctuations in transmission,
because the FIP is shortened at warmer temperatures
(MeMichael et al. 1896). Therefore, mosquilces are
able to transmit the virus to a susceptible person in a
shorter period of time as compared to the transmission
rate during cooler times. Temperature also affects mos-
quito survival, which is limited at femperature ex-
tremes. The viable temperature range in which Aedes
albopicius is able to survive and reproduce is ~10 to
45°C (Delatte of al. 2009).

Jetten & Focks (1997) and Patz et al (1998} were
among the first to examine the relafionship hetween
climate change and dengue incidence. The studies,
which focused specifically on the
dengue viruses to humens rather than mosquito habi-
tat, recognized an increased risk of dengue transmis-
sion under warmer climate conditions using output
om general circulation models. Additional research
.g. Hales et al. 2002} has corroborated the findings
hat dengue risk could potentially increase substan-
tially under warmer conditions at the global scale,
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Hopp & Foley {2001) modeled population dynamics
and demnsities of Aedes aegypfi temiporally and spa-

tially based on climate conditions at the global scale,
and they then applied that model to an examination of
worldwide dengue cases {Hopp & Feley 2003). While
human factors such as urbanization and water storage
are also tied to dengue emergence (Morse 1895,
Gubler et al. 2001), the results of the above described
studies confirm the presence of a relationship between
climate conditions and dengue, and highlight the
importance of local-scale studies.

Local- or regional-scale studies permit a more de-
tailed analysis of climate-dengue relationships and
are likely more useful to public healih officials than
broad, global-scale studies. Specifically, finer-scale
analyses allow for greater incorporation of local fea-
tures and characteristics and may provide a greater
opportunity for intervention and response, given that
public health programs are iypically applied al the
regional or local level. For example, the results of
Schreiber's {2001} study of the temporal variation of
dengue in San Juan, Puerto Rico, can contribute to
an early warning system for the city using moisture
variables to predict future outbreaks. Dengue risk
maps developed for New Zealand based on current
and future warmer climate scenarios can be used by
public health officials for outbreak prevention and

ontrol should Aedes aegyp#i or Ae. albopictus
beconie established in New Zealand {de Wet et al
2001).

The conceptual framework applied in the present
study, outlined in detall in Kolivras {2006), recom-
mends the incorporation of a dynamic perspective in
the modeling of vector-borne disease risk. In particu-
lar, studies of climiate and health frequently neglect to
consider the dynamic nature of the interaction be-
tween climate and human bealth. Static, average risk
models are typically created using average climate
conditions to define human risk, However, tempera-
ture and precipitation are not frequently average {(du
to ENSO and other drivers of climate variability) and,
therefore, an understanding of the expansion and con-
traction of vector habitats and dengue risk with climate
variability and change is crucial to outbreak preven-
tion and control. By incorporsting forecast weather
conditions or climate change scenarios within an inte-
grated assessrnent of disease risk, surveillance and
education efforts, which are typically funded by lim-
ited public health resources, can be etiectively con-
centrated in the areas meost likely to experience an
outbreak.

3. STUDY AREA

The Hawaiian Islands are located in the North Paci-
fic Ocean, between 19 and 22°N and 155 and 160°W.
The elevation of the island chain ranges from sea level
to 4205 m at the top of Mauna Kea on the Big [sland of
Hawail, leading fo varied temperature and precipita-
tion regimes across the islands. The eastern windward
sides are dominated by tropical easterlies and receive
precipitation throughout the year. The western sides of
the islands receive rain seasonally; summers are typi-

H} c{ry and winter precipitation results from the
occasional passage of low pressure sysiems {Kona
lovfs j and fronts extending from extratropical low pres-
sure systems (Sanderson 1893}, A study of mosquito
pest complaints on Oahu during the 1890s revealed
that mosquito populations appear to fluctuste slong
with seasonality in rainfall, with a lag present in the
data. Complaints were highest during the winter,
spring, and summer months {(Leong & Grace 2009}; on
the leaward side of the island in particular, mosquito
populations likely ‘bleom’ following receipt of winter

nd spring rainfall, prompting mosguiic pest com-
plaints in the months that follow, and population num-
bers likely slowly decline during the sumriaer as breed-
ing sites desiccate during the dry seas

As noted earlier, an important source of climate vari-
ability in Hawaii is EN30. Drought conditions typically
occur with an El Nifio event, while La Nifa events are
associated with above-average rainfall (Lyons 1982,
Chu 1988, Sanderson 1983, Chu & Chen 2005). As ex-
perienced in other locations, the irapact of ENSO
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evernls on pt‘eci
arvery extreme.

itation in Hawail can be near average
For example, during the strong 1997~
19498 El Nifio, stations in Hawail recorded
between 16 and 23 % of normal precipitation (Pierce
1988, Western Drought Coordination Council 1998}, La
Nifa tends to have a less extreme impact on Hawali's
precipitation, which is typically near or above average
during La Nina events, although some stations do
report greater variation. The 2008-2009 La Nifa re-
sulted in rainfall totals ranging from 84 to 209 % of nor-
mal from October through December (Pacific ENSO
Applications Climate Center 2809).

W respact to the impacts of climate change on
Hawall, climate change scenarios generslly indicate
that Hawail will experience warmer temperatures and
chan g ed Drempia’lon patterns in the future, although
L The Pacific
Islands Reg)onai Assessment Group suramarized the
results of models attempting to predict future climates
for Hawail, Given that Canadian meodel results were
very similar to Hadley results and climiate processes

elevant for the Pacific Islands such as ENSO 'were
reiter resolved in the Hadley model’ {Shea et al. 2001,
p. 23), the assessment group's report 1(3cused particu-
larly on Hadley Centre model {(HadCM2Z) resulis,
Those results indicate that by 2025-2034, the tempera-
Hawali is expected to increase by 1°C, and sea-
sonal varialions in precipitation are expected: there
will be minimal (.Am.qe* in winter precipitation in
Hawail, but summer rainfall is expectad to increase by
roughly 1.5 mm 4"’ {4_3 mm mo™ )
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ture in

. These estimates are
generally corroborated by Timnm & Diaz (2008}, al-
though they examined changing rainfall patterns for
the engd, rather than the middle, of the 21st century.
Timm & Diaz {2009} applied statistical downscaling
to rainfall projections of the Intergovernmental Panel
for Climate Change's Fourth Assessmient Report for
Hawail and found that winter rainfall is likely to
decrease by 5 to 10% and swmuner rainfall is likely to
increase by approximately 5%.

e

. DATA AND METHODS

Th@ present study employed GIS to determine
engue risk in Hawall under varied and changed cli-
mate conditions. Previous research has demeonstrated
that GIS is an effective tool for the delineation of areas
at increased risk of vector-borne disease outbreaks,
including Lyme disease (Nicholson & Mather 1896)
and malaria {Martin et al. 2002). Additionally, dengue
risk maps have been developed using GIS at the global
scale {Hopp & Foley 2003}, as well as for Argentina
{Carbajo et al. 2001} and New Zealand (de Wet et al.
2001}, Finally, Napier (2003} developed a risk model

and map for Hawail using GIS with a different
proach and different variables than those included
here.

The approach used to delineate average dengue
risk, sumnmarized here, was demonsirated in a previous
study and is applied in the present study to consider
climate variability and change. Kolivras {2006} com-
bined temperature and precipitation data with ento-
mological knowledge of the survival thresholds of
Aedes albopictus to delineate the generalized bound-
aries of average habitat for the mosquito species in
Hawail using GIS. These same data sets were applied
in the present study to improve and build upon the
pravious work by adjusting the average habitat area
based on precipitation variability and a potential cli-
mate change scenario, and the population at risk was
caleulated with the use of gridded population data.

To develop the base model, monthly and annual
PRISM {parameter-elevation regressions on indepen-
dent slopes model) temperature and precipitation
data, available at a resolution of 450 m for Hawaii
and averaged over 1961-1980, were acquired from:

he PRISM Clirmnate Group (www.prismn.oregonstate.
adu/; the model has been re-run for the present study
using the 1971-2000 data that are now availahlie for
Hawail}, Station measurements of weather variahles
were combined with expert knowledge and topo-
graphic information using regression in order fo
create gridded PRISM lavers; data sets were veritied
through the use of other spatial data sets and error
statistics {Daly et al. 2002). Climate data lavers were
incorporated into the GIS, along with broad thresh-
olds for Aedes albopictus survival summarized in
Mitchell {1995}, to develop the average habitat map.
Generally speaking, more than 500 arnnual
rainfall is conducive to Ae. albopictus’ establishment
in a location, and a minimum temperature of 10°C
during the coldest month is the approximate value for
larvae survival (Mitchell 1895}); tropical strains of Ae.
albopictus are non-dispausing, meaning they are
more sensitive to cold temperatures (Hawley et al.
1987). These cut-offs were used during initial model
development to create Hawall's average risk map.
Additionally, a seasonal precipitation value of 40 mm
during the driest month, was added to
model because conditions on the drier, leeward side
of the islands are less conducive to overall mo:qu‘-to
survival; 40 mum roughly represents one-twelith of the
total annual cut-off of 500 mun. Therefore, if a loca-
ion experienced considerable seasonality in rainfall
vith very dry conditions during summer, that area
was exciuded from the general average habitat area
defined in the present study. While fine-scale and
short-term extremes clearly affect mosquito survival
{Tsuda & Takagi 2001}, the goal was to develop gen-
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eralized mosquito ha
longer-term dala
maodel.

Areas meeting precipitation and temperature thresh-
olds were comnbined in an overlay an
using constraints, which are limitations placed on a
model. Using Mitchell’'s {1995) description of Aedes
albopictus’ broad survival thresholds as constraints, 3
layers were created: one laver delineated areas in
Hawail that received meore than 500 mm of rainfall
annually, the second laver delineated areas with a
miniraurn February temperature greater than 10°C,
and the final layer delineated areas that received over
40 mm of rainfall durng June. oting the

abitat areas, thus broad-scale and
used fo develop this initial

were

tion thr

data were

\ieas me

Habitat area: average precipitation
Habitat area: 25% of average precipitation

. Community with case(s) during 2001-02 outbreak

Habitat area: average precipitation
Habitat area: 50% of average precipitation

. Comimunity with case(s) during 2001~02 outbreak

Fig. 1. Habitat arca of Aedes albopictus at (A} 25% aud (B) 50% of average pre-
cipitation. Commuuities with cases (case t(.i.al.s) during the 2001-2002 dengue
fever sutbreak were located on the following islands: Maui: Haitku (4), Hana
area {77}, Kihel {1}, }{ula {1}, Lahaina (2}, Makawaso (1), Paia {1}, Pukalani (1),
aud Walluku (1); Oashu: Alea (1), Haletwa (1}, Hauula {4), Honclulu (1), Kailua
{3}, Kaneche (11}, and Laie {5); and Kaual: Anahola (1), Hanalei (1), Kalaheo (1),
aud Kapaa {1}

threshold for ea
areas not meeting the
Through the overlay analysis, areas had to meet all 3
survival thresholds in order to be delineated as habitat
Iysis in the GIS area; in other words, if a
esholds but experienced February tempera-
ures below 10°C, it was not designated as an area that
would support mosg

The final average habitat area that met +he 3 mos-
quite survival threshelds totaled 8385 km” (50.3% of
Hawail's area].
unavailable for validation,
from the 2001-2002 outbreak in Hawail were used to
validate the final mosquito habitat area map; 13 of the

a 'l" and those
igned a ‘0.

ch laver were assigned
threshold were &

location met the 2 precipita-

uito survival and/or reproduction.

Since spatially representative mosquito
case locations

o)

20 communities with cases during tb
outbreak, representing 93 % of the total
number of cases, were located within

he defined habiiat area (Fig. 1).

In the present study, this initial aver-
age model was adjusted based on pre-
cipitationn wvariasbility and a climate
change scenario. Risk to humans was
determined by calculating the popula-
tion at risk under the different condi-
tions. To represent precipitation receipt
during a drought {e.g. during the typi-
cal El Nif
habitat area
age rainfall;
tion, such as that rec
Nifia conditions, is
incorporating 125 and 150% of average
rainfall into the model. To evaluate
moesquite habital and dengue risk

Hawall under a climate nge sce-
nario, the initial model was shifted
to incorporate a 1.5 mm precipitation
increase per day (an additional 45 mm
per month} and a 1°C temperature
increase, as suggested by HadCM?2 for
2025-2034 (Shea et al, 2001). The mid-
21st century estimates were selected
for the present study given that the
results are thought to be more reliable
than long-term estimates, and the pre-
sent study seeks to estimate dengue
risk changes in the coming decades
rather than in the miore distant future.
The human population at sk under
each scenaric was calculated using
gridded population data, based on US
Census Bureau data from the 2000 cen-
sus, acquired from the Socioeconomic
Data and Applications Center {hitp://
colurnbia.edit/usgrid}.

e

%

), the model calculated the
under 25 and 50 % of aver-
above-average precipita-
ived under La
represented by

sedac.ciesin.
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5. RESULTS
53.1. Climale variability

Variation in precipitation causes an expansion or
ontraction of the Aedes albopictus habitat area
Table 1). Under drought conditions, the habitat area

niracts as compared to average conditions. W:Lt.h.
the receipt of 25% of average precipitation, such as
during a strong El Nifio event, the mosquito habitat
area represents 17.3% of Hawaii's fotal land area,
and roughly 180080 people (of 1.2 million total resi-

ents) reside within the detfined zone. The zone is
mainly focused on the eastern windward sides of the
islands, as well as mid-elevation areas on Kaual and
western Maui; ne areas on Lanai, which is in Maui's
rain shadow, support mosquito habitat (Fig. 1A).
When 50% of average precipitation is
received, the mosquitc habitat area

Table 1. Size of the habital area of Aedes albopictus and the
population at risk under various climate conditions {percent of
average precipitation, and climate change scenario)

Precipitation Area % Hawaill's Population®
(%) (km ) total area
25 2879.7 179851
50 5473.9 287 005
100 8385.4 532036
125 9081.3 569222
150 9807.4 744206
Climate change 12786.6 1181770
*Hawaii's fotal population was estimated at 1211538
during the 2000 Census (hitp://quickiacts.census.gov/gid/
states/15000 . himl)

encompasses roughly one-third of
Hawail's land area, with 287 060 peo-
ple located within the zone. Ae. albo-
pictus’ habitat remains concentrated
mainly on the wetter windward sides
of the islands, but some suitable
areas for the mosquito’s reproduction
and survival are also present on th

(tv

leeward sides, particularly on  the
istand of Hawail (Fig. 1B}.

With above-average precipil
the habitat area expands beyond t
zone under average conditions, but not
greatly (Fig. 2). The slight expansion

J

VE]d]Hi occurs on the leeward sides of . Community with case(s) during 2001-02 outbreak

the islands; however, many leeward

Habitat area: 126% of average precipitation

areas are still oo dry to support repro-
duction and survival of Aedes albopic-
tus. With the receipt of 125% of aver-
age precipitation, the habitat area
encompassas just over one-half of
Hawail's land area and approximately
569 000 residents. The receipt of 150%
of average rainfall results in a modest
expansion of the habitat area, which
then covers 59% of the islands and
includes just over 744 000 residents
The specific mechanisms that result

i

in an expansion or contraction of
Aedes albopictus’ habital under varied
climates are related to mosquito
breeding and survival charact fies,
Female Ae. albopictus typically lay

Habitat area: average precipitation
Habitat area: 150% of average precipitation

. Commurnity with casefs) during 2001-02 autbreak

their eggs at or just above the water

line in a natural or artificial container Fig. 2. Habitat area of Aedes albopictus at {A} 125% and (B) 150 % of average
{Sota 1993}, with rainfall raising the precipitation. See Fig. 1 {or number of dengue cases in each community
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waler level to provide the needed moisture so the eggs
can then hatch. Depending on temperature and humi-
dity conditions, egygs can survive a period of desicca-
tion greater than 4 mo and are able to then hatch when
inundated (Sota 1993). Therefore, during periods of
below-average rainfall, adult mosquito populations
will die, but the eggs can remain viable {or a consider-
able time period. When molsture conditions return to
optimal levels, the eggs can then hatch and the area
will experience a mosquito ‘hloom’ several weeks after
the rainfall event. In that way, the mosquito habitat
areas delineated in the present study will contract
under ions and expand following pre-
cipitation receipt, Given that tropical populations of
Ae, albopictus sre non-dispausing {Hanson et al
1983), they do not enter a period of dormancy
would allow therm to survive cold temperaturaes. This
tack of cold-hardiness lirpils m
middle and low elevations in Hawail, and cold high-
elevation areas are excluded from the defined habitat
ZOnes.

irought condi

nat
T

squitoes to warmer

5.2. Climate chaage

The most dramatic change in Aedes albopictus'
habitat area occurs under the climate chiange sce-
naric. Given that models indicate favored conditions
for mosquite swrvival in the future (i.e. warmer tem-
peraturas and greater summer rainfall), th
siderable expansion of the habitat area as compared
to average conditions (Fig. 3). Nearly all low- and
mid-elevation areas on both the windward and lee-

ra is @ con-

ward sides of the islands will support the survival of
Ae. albopictus. Additionally, given the relalively low
elevations on Qahu, Molokal, and Lanai as compared
to the other islands, mosquito survival will not be lim-
ited by temperature at any location on those 3 islands.
Small areas on the leeward sides of all islands are
excluded from the habitat area given low summer
precipitation receipt, and high elevation areas on
Kauai, Maui, and Hawail are limited by temperature.
Under the climate change scenario, over three-quar-
ters of Hawalil's land area and 1.1 million residents
will be within Ae. albepictus’ habitat area. {t is also
important to note that there will be continued fluctua-
ti squite habitat with climate variability
under changed climate conditions. So while the cli-
mate change scenario indicates a single, static habitat
zone, the drivers that currently resull in an expansion
or contraction of mosquito habital will, with climate
variability, also operate in a future, changed climate
and cause fluctuations in the habitat zone.

The same biological mechanisms that support fluc-
tuations in mosquito habitat under climate variability
will contribute to the expansion of mosqguite habitat
under the climate change scenario. The temperature
increase expected in the next several decades will
permit the survival and reproduction of mosquitoes at
higher elevations. Increased sunumer rainfall pre-
dicted for Hawail will not affect mosquito habitat on
the windward sides of the islands, as those areas
already receive enough rainfall to support mosquito
habitat; however, rainfall on the drier leeward sides
will provide sufficient moisture for mosquito eggs to
hatch.

ns of m

&

T
VA//Z Habitat area: average condiions

Habitat area: climate change scenario

. Comeunity with case(s) during 2001~-02 outbraak

6. DISCUSSION AND
CONCLUSIONS

The goals of the present study were
to examine the expansion and contrac-
tion of Aedes albopicfus’ habitat area
in Hawaill using mosquito survival
thresholds under varied and changed
climate conditions, and to determine
the population at risk for dengue based
on residence in the defined habitat
area. This study built on a previously
developed framework o examine th
relationship between Ae. albopictus
and climate conditions by adding
notions of variability and change to an

Fig. 3. Habitat area of Aedes albopictus under a climate change scenario with
a 1°C temperature increase and increased sumimer precipitation. See Fig. 1 for

number of dengue cases in each community

average, static habitat model. While
Ae. albopictus also breeds in artificial
containers near human habitation, this
study delineated areas with climate
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conditions that would allow ite to breed in
natural sites, such as rockholes and vegetation. The
approach coniributes to the overall understanding of
climate-dengue relationships, and the results eluci-
date areas to focus on as a starting peint for dengue
prevention and control and for further fine-scale, in-
(‘evsth analyses. The research mpresents a case study
that demounstrates how informatior
mosqmto ecology can be Combmed to develop disease
risk maps, and generally advances our understanding
of data needs and methodological issues when map-
ping vector-borne disease risk.
a broad sense, the present study responds to the
need to evaluate fluctuations in health risks based on
climate variability and change to help public health
decision-makers react o forecast conditions {Shea et
al. 2001}, The results of the present study confirrn that
the habitat area of Aedes albopictus and the popula-
tion at risk for dengue in Hawail will expand and con-
tract under varied and changed climate conditions.
Under drought conditions, such as during an El Niflo
event, the area of the defined habitat region and
the number of residents at risk decrease, while both
values increase when above-average precipitation is
eceived, such as under La Nina conditions. Under a
uture warmer and wetter climate, the habitat area ex-
ands considerably. This expansion puts nearly all res-
idents of Hawaii at risk for dengue transmission, given
that the state's population is concentrated at low and
middle elevations where feraperature and precipita-
tion conditions will be suitable for mosquito survival. It
s important to note that the model can be used by pub-
¢ health officials to develop projections that account
r the transient states hetween and beyond the projec-
ns presented here; for example, rainfall greater than
150 % of normal will result in a further expansion of the
habitat area, while rainfall below 25% of normal will
’ad to a contracted habitat zone. Similarly, different
climate change scenarios can be used to shift i
narice presented here. If femperatures warm in excess
of 1°C by 2025-2034, then higher elevations that are
currently excluded from the habitat area under the cli-
mate change scenario will experience temperatures
to support mosquito survival

the mosqu
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and reproduction.

In an applied sense, the results of the present study
can be used to shape mosquito control efforts and
identily wvulnerable populations based on forecast
weather conditions. While dengue is not considered to
be endemic to Hawali, the presence of Aedes albopic-
tus and contact between Hawalil and endemic locaticns
in East Asia and the South Pacific mean that another
outbreak could occur in the future. The findings pro-
vide a starting point for targeting dengue surveillance,
should the virus be reintroduced to the raosquito pop-

o

ulation, and mosquito conirol and public education
efforts can be concenirated in specific areas once an

outbreak is initlated. In this sense, often scarce human
and financial public health resources can be used most
efficiently and directed to the areas with the greatest
need based on a forecast La Nifia or El Nifio, or under
a future warmer, wetter climate. In their review of the
use of risk maps and spatial modeling to operationalize
dengue control, Eisen & Lozano-Fuentes (2009} link
the results of resesarch studies with vector control pro-
grams, noting that the use of such
specifically be used by public health officials {0 target
priority areas for vector control through the generation
of static or dynamic dengue risk maps.

Given that no vaccine is currently available for
dengue, although a considerable amount of research
currently focuses on vaccine development {Stephen-
son 2005), prevention can only be accomplished
through mosqguiio control, which can be concentrated
in the right place and at the right time based on climate
forecasts and the results of the present study. While

any individual can provide breeding sites for Aedes
atbopictus if water is stored in artificial containers near
the home, and the presence of mosquitoes on the dri
leeward sides of islands confirms that human activity
provides such breeding sites {Leong & Grace 2009,
these sites can be eliminated with effective public
health education programs and individual efforts to
remove standing water. By identifying areas where cli-
mate conditions would allow rr.oaqu itoes to breed in
natural sites, such as treeholes vegetation, which

are more difficult to control than human-provided
breeding sites, the present study deterrnined locations
where the risk of contracting dengue would be more
difficult to minimize during an outbreak.

While most other studies are at a broader scale or for
a different region of the world, the findings of the pre-
sent study agree with the generzal results of other stud-
ies of dengue risk potential. At the global scale, Hopp
& Foley (2003) also found precipitation to be a limiting
factor under drought conditions, such as during El
Nifio in Hawalii, and saw an increase in modeled mos-
quito habitat when rainfall receipt increased. At a
regional scale, studies that used GIS to examine Aedes
albopictus habitat or dengue risk in a non-endemic
area were conducied in New Zealand {de Wet et al
2001) and Japan (Kobayashi et al. 2002), Given that

tect IllO ues can
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both are located in the mid-latitudes rather than the
tropics, the results are not easily compared to those of

he present study; there are links that can be
established, particularly since the study areas are
islands. In Japan, where temperature is the main limit-
ing factor for mosquito survival, Ae. albopictus appears
to be confined to low-elevation areas where the annual
mean temperature is above 11°C (Kobayashi et al.

h wowever,
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2002). Furthermore, the range of Ae. albopictus is
expectad lo expand latitudinally under warmer condi-
tions, reaching the northern Japanese island of Hokka-
ido by 2100 (Kobayashi et al. 2008), which is similar to
the altitudinal expansion found in the present study.
The suitable area for Ae. albopictus survival in New
Zealand, where temnperature is also an irnportant con-
trolling factor, will similarly expand und
conditions, and a considerable portion of the low-
elevation areas will be at increased risk for dengue
transmission by 2100 (de Wet et al. 2001},

When comparing the results to studies of dengue risk
in tropical island locations, the findings are compara-
ble. In a study of mosquito populations in Puerto Rico,
Moore et al. {1978} found variation in Aedes asgypli
populations and dengue across the island; seasonal
rainfall patterns had a clear relationship with mosquito
populations. In drier areas of Puerto Rico, a higher
number of containers had larvae during the rainy sea-
sont than during the dry season, while in locations with
ess seasonality in rainfall, such as along the wetter
orth coast, there was a corresponding lack of season-
ality in larval populations. The model created by
Napier (2003} indicated that tropical rainforest areas
with annual rainfall in the 1500 to 5000 mm range are
within the defined dengue threat area for Hawail,
Mosquito survival thresholds were not inciluded as
input in the study, rather environmental characteristics
of areas with cases during the 2001-2002 outbreak,
along with climnate data at a coarser resohution than
incorporated here, were used to train the model. Gen-
erally, the high risk areas identified by Napier {2003)
are comparable to those identified in the present study.

Future iterations of the model can be irnproved with
more detailed mosquito survival information achieved
through long-term mosquite surveillance, the inclusion
of human hehavioral factors, and analyses at multiple
spatial scales. A long-term, spatially representative
record of mosquito data will also support the verifica-
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tion of the risk maps created in the present study. As
with other vector-borne diseases, climate is only one
factor involved in the transmission of dengue, although
the present and other studies clearly show that it is an
important factor. Specifically, the relationship between
vector-borne disease and climate is complicated by
human activity and socic-economic status (Comrie
2007). Non-climatic factors, such as human behavier,
sanitation (e.g. storage of tires and the proper disposal
of garbage}, and water storage, all play a role in trans-
mission as well. It is significant io note, though, that
these human behaviors can be improved through pub-
ic health campaigns. We can adapt to and prepare for
increased disease risk by modifving behaviors based
on forecasts combined with predictive models, such as
the model presentaed here.

et

The scale of analysis also complicates the examina-
tion of dengue risk given that there are different mech-
anisis operating at ditferent spatisl scales. At the ral-
atively coarse island-wide scale examined in the
present study, El Nino typically brings drought and
likely results in a decrease of mosquito habitat in trash
or containers left outside and within natural breeding

sites. Howaver, at the fine scale, streams may nearly
dry up and leave behind pockets of standing water;
larvae were identified in standing pools that had
formed in streams during the 2001-2002 outbreak in
Hawaii {Napier 2003}, So while above-average precip-
itation typically provides breeding sites broadly across
the islands, droughts could actually result in the forma-
tion of localized breeding sites. Given processes occur-
ring at different spatial scales, future work will include
analyses at roultiple scales, including a fine-scale
analysis of potential stream habitats.

Several areas remain to be explored using GIS to
improve our understanding of mosquito habitat and
dengue risk. Since human activity plays a clear role in
dengue incidence, future studies could incorporate
human behavior and climate impacts at multiple scales
using a mixed methods appreach. Qualitative data re-
garding water storage practices and the perception of
disease risk gathered during surveys and interviews
could be combined with environmental data o create a
more holistic model of dengue risk. Alse, other studies
have noted a time lag with respect to precipitation and
the appearance of dengue cases, so future work can
consider the timing of the spatial shifts identified in the
present study; such research should include spatio-
temporal impacts on dengue viruses, given that the
reproduction and transmission of the viruses are infiu-
enced by temperature variability and the EIP will be
shortened at the warmer temperatures expected under
future climate scenarios. Finally, the protocol devel-
oped here can be applied to the study of how climate
variability and change can affect the distribution of
other vector-borne diseases.

Dengue risk is generally highest in tropical, less-
developed locations, given the interaction between
environinental characteristics and human behavior
with respeci to waler storage (Phillips 2008); however,
recent outbreaks in Hawaii and Brownsville, Texas,
USA {Brunkard et al. 2007}, illustrate the vulperability
of developed regions of the world when the dengue
rirus is infroduced to established populations of Aedes
albopictus or Ae. aegyp#. Additionally, poor regions
within developed countries are at greater risk than
wealthier areas (Brunkard et al. 2007, Phillips 2008).
Isolated locations, such as Hawaii, may have viewed
distance as a protective factor with respect to public
health in the past (Woodward et al. 189¢). However,
Hawail's 20012002 dengue outhreak and the conti




Y

Y

»

>

»

>

- Brunkard JM, Lopez
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ued risk illustrated by the present study show that our Infect Dis 2:33-42

increased infer-connectedness, via trade and buman
travel, along with environmental variability, allow dis-
eases to easily overcome the barrier of distance,
Dengue and other infectious diseases are spreading
G‘lobaﬂyr exposing more people to infection, so concen-
rating limited public health resources in the right
areas is critically important to rapidly identifying an
outbreak and controlling the spread of disease.
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