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Abstract: Land-use change, a major constituent of global environmental change, potentially has significant
consequences for human health in relation to mosquito-borne diseases. Land-use change can influence
mosquito habitat, and therefore the distribution and abundance of vectors, and land use mediates human—
mosquito interactions, including biting rate. Based on a conceptual model linking the landscape, people, and
mosquitoes, this interdisciplinary study focused on the impacts of changes in land use on dengue and malaria
vectors and dengue transmission in northern Thailand. Extensive data on mosquito presence and abundance,
land-use change, and infection risk determinants were collected over 3 years. The results of the different
components of the study were then integrated through a set of equations linking land use to disease via
mosquito abundance. The impacts of a number of plausible scenarios for future land-use changes in the region,
and of concomitant behavioral change were assessed. Results indicated that land-use changes have a detectable
impact on mosquito populations and on infection. This impact varies according to the local environment but

can be counteracted by adoption of preventive measures.
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INTRODUCTION

Large areas of the earth’s surface are being modified by
human activities, constituting an important component of
global environmental change. The associated land-use
changes have been related to emerging and reemerging
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diseases (Patz et al., 2004), among multiple, complex fac-
tors operating at a range of temporal and spatial scales
(Wilcox and Colwell, 2005). Environmental factors are of
prime importance to the transmission of vector-borne
diseases and include those associated with the host or the
vector. The objective of this interdisciplinary study was to
investigate empirically the impact of land-use change on
populations of mosquito vectors of dengue and malaria,
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and on transmission of dengue in northern Thailand. A
conceptual model linking landscape, people, and mosqui-
toes was first elaborated. Results of a series of empirical
studies based on extensive data collection were integrated
by a set of equations. Scenarios were then developed based
on possible future changes in land use and/or human
behavior, and quantified using the integrated model.

The complexity of vector-borne disease transmission
has long been recognized and, with it, the need for inte-
grating various factors in models to improve understanding
of the system. The most widely known models of disease
transmission by mosquitoes to humans are based on the
Basic Reproductive Rate (Ry) and the Entomological
Inoculation Rate (Rogers, 1988; Anderson and May, 1991;
Snow and Gilles, 2002). A key variable in these models is
the density of vectors (all vector species included) in rela-
tion to humans. Abundance and diversity of vector habi-
tats, as provided by the local environment, and particularly
for the immature stages, will promote high vector densities.
The behavior and spatial and temporal distributions of
human and vector populations are heterogeneous. Even
though remote sensing allows describing landscape heter-
ogeneity at a scale that is relevant for insect vectors (Tran
and Rafty, 2006), many models do not represent the effects
of land cover on vectors, nor do they represent land use as
an indicator of human activities and hence of human
presence near vector habitats. Most environmental factors
currently included in models relate to meteorological or
climatic conditions (Focks et al., 1993, 1995).

CONCEPTUAL MODEL

We first developed a conceptual model representing
interactions between people (as agents of land-use change
and disease hosts), the landscape (as being used by people
for their livelihood as well as providing habitats for mos-
quitoes), and mosquitoes (as disease vectors) (Fig. 1).

People and Landscape

The natural, cultural, and economic environments combine
to create conditions to which people in general, and land
users in particular, respond and adapt by modifying their
land use, e.g., their farming practice (Lambin et al., 2001,
2003). Land use also determines the location and move-
ments of people in the landscape at certain times of the day
and of the year. The location of certain activities such as
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Figure 1. Conceptual model linking people, mosquitoes, and the
landscape.

farming may be close to areas with high densities of mos-
quito breeding sites, at times of day or during seasons that
could correspond with mosquito biting peaks.

Landscape and Mosquitoes

The spatial distribution of vector-borne diseases is re-
stricted typically by the geographical range of the vector or
reservoir host and by their habitat preferences (Kitron,
1998). The immature stages of mosquitoes depend on
freestanding water habitats for their survival and develop-
ment (Service and Townson, 2002). These habitats include
a variety of natural and artificial containers and bodies of
surface water. Land-use change could allow the coloniza-
tion of new habitats or the extension or reduction of a
vector’s range, but could also modify the composition of
the mosquito vector community, because vector species
differ in their habitat preferences for the immature stages
(Patz and Norris, 2004).

Mosquitoes and People

The exposure to mosquito-borne diseases depends on the
prevalence of infection and on the exposure of people to
biting mosquitoes. Any factor contributing to increased
mosquito populations, mosquito longevity, and closer
contact between humans and mosquito vectors can influ-
ence transmission dynamics. Conversely, most preventive
and control measures related to the vector aim to reduce
the mosquito population, the number of contacts between
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Figure 2. Location of study sites.

mosquitoes and humans, or the period when humans are
infective, for example by rapid detection and treatment of
disease. Social and behavioral patterns of humans have thus
a significant impact on the epidemiology of mosquito-
borne diseases (Fungladda and Butraporn, 1992; WHO,
1985).

StuDY AREA

People-mosquito—landscape interactions were analyzed
through extensive data collection over 3 years in seven
villages.

In northern Thailand, natural forests are dominated by
dry dipterocarp forests and, on moister sites, mixed
deciduous forests (Schmidt-Vogt, 1999). Montane forests
are found at high altitudes. Lowland farmers usually cul-
tivate irrigated plots in the fertile valley bottoms (from one
to three crops a year, including a dry-season crop other
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than rice) and upland plots of field or tree crops. Upland
swidden (slash-and-burn) farmers grow upland rice as well
as a variety of vegetables. Three study villages were located
in Mae Hong Son province (Fig. 2): Ban Nong Khao Klang,
a highland village with rotational swiddening; Ban Huai
Pong Kha Nai, and Ban Huai Chang Kham, with irrigated
farming and some upland fields. Three villages were in-
cluded in Chiang Mai province: Ban Pa Nai, located in a
wide irrigated valley with intensive irrigated farming sup-
plemented by orchards; Ban Hueng Ngu, located in a
narrower irrigated valley surrounded by large areas of fruit
orchards; and Pong Bua Baan, a recently created village on
the hill slope near Ban Hueng Ngu. Ban Pang, in Lamphun
province, is in a narrow lowland valley surrounded by hill
slopes where large areas were cleared for longan orchards. A
peri-urban village near Chiang Mai, where agriculture is
disappearing due to urban development, was also included
in the entomological and epidemiological surveys.

The landscape is varied and heterogeneous but land-
scape units (human settlements, fields, orchards, forests)
are larger than the Landsat pixel or are spatially clustered
(Fig. 3). Landsat data, in combination with field observa-
tions, are thus appropriate to describe the relationship
between landscape attributes, the presence of larval habi-
tats, and human exposure to infection.

MATERIALS AND METHODS

Data Collection

Land cover and land-cover change maps were derived from
two Landsat images (Path 131, Row 047: 3 February 1989,
TMS5, 30 m resolution; and 5 March 2000, ETM+, 30 m;
Eros Data Center, Sioux Falls). The images were coregis-
tred, and radiometrically corrected using the invariant
features method (Schott et al., 1988; Séguis and Puech,
1997). Image subsets corresponding to the study villages
were georeferenced using the 1:50,000 topographic map of
Thailand (Royal Thai Survey Department, 1992). Except
for one subset where ground control points were scarce, all
image subsets had root mean square errors lower than one
pixel. Land cover and land-cover change were analyzed
using, respectively, supervised maximum likelihood classi-
fication and change detection techniques. The accuracy
assessment used aerial photographs from 1995 and field
observations. Estimated Kappa classification accuracy sta-
tistics (KHAT) (Congalton, 1991) ranged between 0.75 and
0.86 for all subsets for both years. The villages were selected
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based on preliminary land-cover change analysis to cover a
range of typical northern Thailand landscapes, and on
epidemiological records obtained from local or provincial
governmental agencies.

A survey of 223 farming households in seven villages
allowed the identification of the most important changes in
farming systems (Vanwambeke et al., 2006a). A close-ended
questionnaire collected household information (occupa-
tions, composition, migrant status), agricultural inputs,
cultivated areas and creation of new fields, crops grown and
production sold, land tenure, forest products gathered,
fishing, and fuel consumption. The questionnaire asked
detailed information for 2001 and comparative information
was collected for two preceding periods.

Mosquito larvae were collected in and around the
study villages, up to 5 km from the village center, on eight
occasions between May 2003 and April 2004, including the
dry season (November—April) and wet season (May—
October). A 5 km distance allows covering areas used by
the villagers daily (based on village administrative bound-
aries and as confirmed by interviews) and potential sources
of mosquitoes, considering maximum flight distance. Each
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Figure 3. Land cover in three sites.

of the 790 collections was associated with a description of
larval habitat, date, and geographic coordinates collected
with a Global Positioning System (GPS) with an average
positional accuracy smaller than 10 m. Larval habitats were
sampled by walking transects (over 900) that were on
average 144-m long. Transects were located in each land-
cover type detected by remote sensing around each village,
well within the land-cover type (at more than 30 m from
the edge). All larval habitats were surveyed except in land-
cover types where they were very abundant, such as irri-
gated fields. In this case, a representative random sample
was selected independently of the presence or absence of
mosquito larvae. Habitats were searched for larvae by
emptying the water from containers or by dipping with an
enamel pan in larger water bodies. Measures of larvae
numbers were recorded in categories of numbers. A sample
of mosquito larvae was preserved in ethanol for identifi-
cation. Morphological identification to species for Aedes or
to species group for Anopheles was conducted by Ralph E.
Harbach (National History Museum, London). Outdoor
evening landing collections of adult females were con-
ducted at 5-11 stations in each village, 11 times (two eve-



nings each) between May 2001 and February 2003. In the
analyses presented here, Aedes albopictus and Ae. aegypti, (=
Stegomyia albopicta and St. aegypti, respectively, of Reinert
et al. [2004]), and the An. minimus and An. maculatus
groups were included. Anopheles dirus s.l., a complex of
primary malaria vector species, was excluded from the
study since very few were found in the study area. Adult
data for species groups of Anopheles will be presented
elsewhere.

Epidemiological data were collected in each village for
either malaria or dengue, in a prospective survey over 3
years. The Medical Ethical Committee of Chiang Mai
University approved the study, and local permission and
collaboration were obtained. Villagers were asked to par-
ticipate voluntarily in the study. After explaining the pur-
pose of the study, written informed consent was obtained.
Potential individual risk determinants were asked by formal
questionnaire and included: sex, age, profession, place of
birth, knowledge of dengue, daytime location, evening
location, housing condition, and use of preventive mea-
sures. The dengue survey included the collection of blood
samples to test for dengue antibodies (IgM). At the start of
the survey, it included 1928 participants, of more than 4
years old in three villages, who were followed-up four times
over 3 years (van Benthem et al., 2005; Vanwambeke et al.,
2006b). The follow-up rate after 3 years was 81% (fifth
survey). Surveys took place in September 2001, 2002, and
2003 (end of the rainy season) and in March 2002 and 2003
(end of the dry season). The participation rate varied from
25% in the peri-urban village to 78%-99% in the rural
villages. The malaria survey followed a similar protocol,
but, due to a very low incidence in the study villages, risk
determinants could not be identified and are thus not re-
ported here.

Methods

A multilevel logistic regression identified the characteristics
of households and villages favoring the adoption of farming
strategies. Epidemiological and entomological data were
integrated with the land-cover maps in a geographic
information system (GIS), which was then used to char-
acterize each collection point (larval habitat or house) in
terms of landscape structure and land use. Spatial and
temporal risk determinants for recent dengue infection
were analyzed using multiple logistic regression (van Ben-
them et al., 2005) and multilevel logistic regression (year,
individual, and household) (Vanwambeke et al., 2006b).
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This method allows consideration of nested data, such as
households in villages, or people within households, which
violate the assumption of data independence (Kreft and De
Leeuw, 1998). Multilevel methods combine within-group
and between-group relationships (Snijders and Boskers,
1999), and integrate variables at several levels, e.g., village/
household.

Integrated Model

The number of new infections for a disease d in a village v
caused by a mosquito taxon c (i.e., incidence per mosquito
species/species group) in a year y can be expressed as:

Disease.q,, = Potential Biting Rate,,
* Actual Biting Probability, (1)
s Infective Bite Probability,,

where Potential Biting Rate., is the number of bites for
mosquito taxon ¢ and year y, Actual Biting Probability, is
the probability for a potential bite to reach a person in
village v, and Infective Bite Probability,. is the probability
for a bite to be infective for disease d for mosquito taxon c.
This served as the general framework for constructing the
set of equations forming the model. Estimates of mosquito
populations based on landscape data were used. In the case
of dengue infection, transmission risk was then estimated
taking human risk behaviors and preventive measures into
account. The model thus included three steps: (i) pro-
duction of larvae according to the availability of habitat for
the immature stages (for malaria and dengue vectors), (ii)
development of larvae and infection of adult mosquitoes
(for malaria and dengue vectors), and (iii) for dengue only,
the number of infective bites received by people according
to risk behavior and use of preventive measures. The model
functioned at the village level and infections (for dengue)
were assumed to take place in or around houses (van
Benthem et al., 2005). The detailed formulation of each
step and their parameterization was based on the results of
the statistical analyses of the data collected in the field and
by remote sensing.

STATISTICAL RESULTS

Land-use Change

The main land-use changes observed between 1989 and
2000 in the rural study sites in northern Thailand were the
clearing of forest for swidden farming or for permanent
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Table 1. Percentage of Land Cover Change between 1989 and 2000 in Village Territories

NKK PKN HCK BPN BHG PBB BP
Intensification 0.3 0.3 7.7 0.5 0.2 0.0
Clearings 0.1 0.1 0.7 6.9 14.9 6.9
Growth of orchards 0.7 0.1 14 1.00
Swidden farming 1.6 0.4 1.6
Other changes® 0.7 0.4 1.7 0.3 4.6 3.4 1.7

NKK, Ban Nong Khao Klang; PKN, Ban Huai Pong Kha Nai; HCK, Ban Huai Chang Kham; BPN, Ban Pa Nai; BHG, Ban Hueng Ngu; PBB, Pong Bua
Baan; BP, Ban Pang.
*Other changes include forest thinning, forest regrowth, other field conversions, change in water bodies and land cover modification (without change of land

cover class).

Table 2. Summary of Multilevel Models of Adoption of New Land Use Strategies

Dependent variable Intra-class Significant explanatory variables Snijders and

correlation Bosker’s R
Intensification of 0.77 Household area of upland field, partial 0.80
irrigated areas market orientation, social network
Expansion of orchards 0.44 Household area of upland field, collection 0.46

of forest food products, household area
of orchard, migrant status, village-level

average area of orchard

fields (mostly orchards), and the intensified use of irrigated
fields. Clearings for permanent fields represented between
5% and 61% of the change observed in rural villages; these
changes occupy up to 15% of a village’s territory (Table 1).
Many clearings were related to orchard expansion, a
strategy adopted by 15% of the interviewed households.
The adoption of orchard expansion was related to the
average orchard area per household in the village (adjusted
Odds Ratio (aOR) = 3.77, 95% confidence interval (95%CI)
= 0.98-14.60); traditional farming units, as proxied by the
area of upland field, were less likely to expand the orchard
area (aOR = 0.40, 95%CI = 0.21-1.03), as were those with a
large area of orchard already under use by the household
(aOR = 0.19, 95%CI = 0.07-0.52). The model had a Snij-
ders and Bosker’s R* of 0.46. Intensification of irrigated
land (Snijders and Bosker’s R? = 0.80) is related to the
adoption of dry-season, drought-tolerant crops, but was
mostly explained by village-level factors (intra-class corre-
lation, i.e., proportion of observed variance at village level,
0.70). It was also related to the existence of a social net-
work, measured by the number of other adopters in the

village (aOR = 1.14, 95%CI = 1.01-1.28) (Vanwambeke
et al., 2006a). Model results are summarized in Table 2.

Habitat of the Immature Stages of Mosquitoes

Data for presence/absence of larvae were collected at the
level of habitats and were then related to landscape vari-
ables. The use of transects allowed the identification of
larval habitats in various land-cover types, in the dry and
wet seasons. The species and species groups were associ-
ated with habitat types, from which we derived a pro-
portion of habitats used in the wet and dry season.
Density and proportion of use were thus always associated
with specific land-cover types (Tables 3, 4). Aedes aegypti
was found exclusively in artificial containers in settled
areas. Aedes albopictus was mostly found in artificial
containers in villages but also in orchards, and in natural
containers in both land covers. Aedes albopictus occupies a
larger proportion of artificial containers in villages than
Ae. aegypti. Except for artificial containers in orchards, all
types of Aedes larval habitats had a higher density during
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Table 3.

Density and Proportion of Use of Aedes Larval Habitat: Mean Value (SE)

Density in dry season, n ha™

Density in wet Use by Ae. aegypti Use by Ae. albopictus

1
season, n ha

Artificial containers in villages 21.62 (71.56)

Artificial containers in orchards 7.25 (34.75)
Natural containers in villages 1.35 (9.16)
Natural containers in orchards 0 (0)

139.39 (244.68) 0.16 (0.04) 0.66 (0.05)
6.23 (49.6) NA 0.37 (0.17)
20.64 (70.65) NA 0.5 (0.11)
7.81 (42.30) NA 0.5 (0.14)

NA, not applicable.

the wet season. Members of the An. minimus and An.
maculatus groups were found both in forest and villages,
in stream habitats and ground pools. The density of
stream margins is higher in villages. Stream pools are
found more often in forests. Both species groups use a
larger fraction of most of the larval habitats in the dry
season, when some of them are denser. Anopheles minimus
tends to use a larger fraction of the available larval hab-
itats than An. maculatus. Anopheles minimus was found in
the majority of stream margin habitats in villages and in a
large fraction of those in forests. Members of both species
groups were found most frequently in the dry season
(Vanwambeke et al., 2007). A more detailed analysis of
the influence of weather was not possible as we lacked
localized meteorological data. Larvae collection rounds
were however spread throughout the year and cover the
intra-seasonal variability.

Risk Determinants of Dengue Seropositivity
and Recent Dengue Infection

Six percent of the human study population showed re-
cent infection in 2001, but rates of dengue infection
varied between surveys and between sites, from less than
1% to over 25%, with a peak in 2002. Although spatial
and temporal variation in significant risk determinants
was observed, some risk determinants were recurrent.
Factors associated with increased risk of infection were
the use of abate (a larvicide) (aOR = 1.42, 95%CI =
0.99-2.02) and people spending evenings outside (aOR =
1.52, 95%CI = 1.01-2.29). Factors decreasing risk were
the absence of water around the house (aOR = 0.63,
95%CI = 0.46-0.86) and the use of bednets (aOR= 0.43,
95%CI = 0.24-0.80) (van Benthem et al.,, 2005; Van-
wambeke et al., 2006b).

PARAMETERIZATION OF INTEGRATED MODEL

The section below provides the detailed formulation of
each step of the integrated model and describes its
parameterization based on the results of the above statis-

tical analyses.

Larval Population As a Function of Landscape
Structure

The first step of the model estimates the larval density likely
to be found around a village. The land area considered was
species/species group specific. It was defined by a circular
buffer around the village corresponding to the average
flight distance of the species/species group considered,
avoiding overlap with neighboring villages by allocating
each part of possible overlaps to the nearest village. No
feedback between the adult and the larval population was
included. The larval population for a given season was
estimated from landscape data as:

i
Ly = Z Z [Se(e) * Dinc) (dry / wet) x Uy * Avny]
i=Cj=H
(2)

where L,, the number of larvae of species x, is the sum of
the average number of larvae present in habitats found in
each land-cover type. There were H types of habitats and C
types of land cover. All types of habitats were not found in
each type of land cover. In one land-cover type ¢, for one
habitat of type h, the number of larvae was the product of
the area of the land cover S, and the density of habitat
type in that land cover D), by the proportion of use of
that habitat type in that land cover by species x Uy.(), and
by the average number of larvae in each habitat used Avn,.
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Densities of habitats varied according to season (dry or
wet). This product was then summed over all habitat and
land-cover types. Initial values of S,) were calculated using
the land-cover map of 2000. The variables D) and Uy,
were estimated from larval collection data based on tran-
sects (Tables 3, 4).

Adult Mosquito Development and Infection

The second step of the model estimates the number of larvae
likely to become infective adult mosquitoes and the number
of meals the females will take on humans. Attempts to link
statistically larval habitats to adult mosquito abundance
were unsuccessful, as the data sets were not matched tem-
porally, and spatially explicit meteorological data were not
available to produce a model with a satisfactory predictive
power. This step was therefore based on parameters re-
trieved from the literature and on classic transmission
modeling (Rogers, 1988; Smith and McKenzie, 2004).

The number of adults of species/species group x, A,,
generated from the pool of larvae L,, depends on the sur-
vival rate of larvae to adulthood and the development time,
which is a function of temperature. This was calculated for
a model time-step of 1 month:

Ay = L+ s % P/d(t) (3)

where s is the survival rate, P is the length of the time step
in days and d(t) is development time in days as a function
of temperature. This formulation is a simplification that
ignores the age structure among larvae in the estimation of
L,. A new pool of larvae L, is produced P/d(t) times in each
time step of the model. Since land-use change is the focus
of the model, average climatic conditions were used in the
model. Monthly mean temperatures over a 12-year period
in Chiang Mai were used.

B,, the number of potential bites given to humans by
the emerged adults, depends on their longevity, length of
gonotrophic cycle, and anthropophily:

Lon x An x F
*7

B, = A, e

(4)
where Lon is the mean longevity in days, An is the pro-
portion of bites to humans, and G is the length of gono-
trophic cycle in days. A factor of two restricts bites to
females, which are assumed to represent half of the
emerging adults. One bite is assumed to take place per
gonotrophic cycle, except in the case of Aedes mosquitoes,

for which a factor F accounting for multiple feeding
behavior was included (F = 1 for Anopheles). A fixed rate of
anthropophily was used. Lon and G are temperature-
dependent, but the range of temperatures in the area is
small enough for these to be considered fixed in the model.

The number of potential infective bites I, depends on
the proportion of infective mosquitoes:

I, = By % RX(I) (5)

where R, (1) is the proportion of infective mosquitoes in the
mosquito population.
The combination of Equations (3), (4), and (5) gives:

L, % s* P/d(t) * Lon x An x F * R (I) (6)

I, =
2G

Literature sources for the parameters included here can be

found in Appendix. Cross-referencing between several
sources was often necessary. Final values were based on an
expert judgment based on these sources. Equation (6)
combines the Potential Biting Rate and the Infective Bite
probability of the general Equation (1).

Infective Bites Received by People

The third step of the model was only developed for dengue
since risk determinants for malaria infection could not be
studied due to a very low incidence. It estimates, from the
number of potential infective bites I,, the number of bites
actually reaching susceptible people, based on data from
the epidemiological survey. First, the number of potential
infective bites from each species/species group was summed
over a genus to the total number of potential infective bites
for a disease:

i
Itot - le (7)
i=X

This total was then used in the calculation of actual
infective bites. The number of actual bites cannot be
larger than I, Preventive measures reduce the ratio of
actual to potential bites, and risk behaviors increase that
ratio to a theoretical maximum value of one. In the
model, the non-adoption of risk behavior was represented
in the same way as the adoption of preventive measures.
The efficacy of these measures was represented by the
attributable risk fraction (Bruzzi et al., 1985; Rothman,
1998) estimated from the statistical analysis of dengue risk

determinants.
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Table 4. Density and Proportion of Use of Anopheles Larval Habitat: Mean Value (SE)

Density in Density Use by Use by Use by Use by
dry season, in wet season, An. minimus— An. minimus— An. maculatus— An. maculatus—
n ha™ n ha™ dry season wet season dry season wet season
Stream margins 45.91 (92.02) 8.88 (35.08 0.9 (0.07) 0.9 (0.13) 0.14 (0.09) 0 (0.15)
in villages
Stream margins 1.14 (19.18) 1.93 (18.69) 0.68 (0.06) 0 (0) 0.05 (0.03) 0 (0)
in forest
Stream pools 0 (0) 0 (0) 0.5 (0) 0.5 (0.15) 0 (0) 0.25 (0)
in villages
Stream pools 46.92 (205.56) 0 (0) 0.09 (0.05) 0.04 (0.09) 0.44 (0.08) 0.04 (0.09)
in forest
Small pool 2.32 (30.89) 10.48 (71.97) NA NA 0.36 (0.14) 0.07 (0.06)
in forest
NA, not applicable.
container habitats and habitats located in the forest. In
ABior = . those areas, habitats are not homogeneously distributed
Lo — [2 ( Lot # M, % Ep) " . (Lor ¥ M, Er)‘| ] «SR (8) ove.r space, and their density was there.fore more difficult to
pay o estimate. In the case of human behavior, the largest errors

where AB,,; is the total number of infective bites received
by people, M, is the rate of use of a preventive measure in
the village population, E, is the efficacy of the preventive
measure in protecting people from bites, M, is the rate of
non-use of a risk behavior in the village population, E, is
the efficacy of the non-risk behavior in protecting people
from bites, and SR is the rate of susceptible people in the
population. M, E,, M,, and E, were calculated from data
collected during the study. Only the most important risk
determinants for dengue infection related to human
behavior and use of preventive measures were retained.
AB,,; is equivalent to infection, but not to symptomatic
dengue fever cases, since most infections are asymptomatic
(Vanwambeke et al., 2006b). The sum of preventive mea-
sures and risk behavior used in Equation (8) corresponds to
the Actual Biting Probability of the general Equation (1).

Error Estimation and Model Verification

Standard errors were calculated for each model parameter
based on field-collected data (D(y,_c), Uyg-c)» and M, Ep, M,
and E,). Propagated errors were calculated following Mul-
ligan and Wainwright (2004). In the calculation of the
number of larvae, most parameters had a small standard
error (Tables 3, 4); the largest errors were found for natural

were found for the variables related to mosquito develop-
ment and habitat (water around houses and use of abate).
The calculation of a standard error assumes a normal dis-
tribution, whereas Uy .), My, and M, are proportions and
follow a binomial distribution. Approximations of standard
errors were used but may have resulted in inflated errors.
Accurate prediction of disease incidence cannot be ex-
pected from this model, given the abbreviated structure of
the model component on disease transmission. However, as
no independent data were available to validate the other
components of the model, a crude verification compared the
model result for a baseline scenario, corresponding to the
observed situation, with the observed number of recent
dengue infections. Note that only passive surveillance of
dengue fever cases is carried out by public health authorities
in the study area, whereas the model predicts infection, and
65%-99.7% of infections were asymptomatic. We compared
the number of dengue infections calculated by the model for
three villages and the recent infections measured in the study
population, for the dry and wet seasons (Table 5). The model
predicted well the observations of September 2001 for all
three sites. The match was less precise for September 2003,
especially in the valley site with orchards close by. In May
2003, the model predicted correctly the observations for the
dry season in one site but not in the other two. Errors could
be related to risk determinants that were not included, such
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as protective housing characteristics in the peri-urban site.
The year 2002 was a peak for dengue transmission in Thai-
land, and the model results did not predict the number of
infections observed. Cyclical peak incidence in dengue cases
has been observed in the form of waves emanating from
Bangkok (Cummings et al., 2004). The explanation for these
cycles is still uncertain, but recent hypotheses emphasize the
role of interserotypic cross-immunity and immune selection
of strains (Adams et al., 2006; Wearing and Rohani,
2006).These processes are not represented in the model.
Aside from this peak year, the model produced a reasonable
estimate of the number of new infections at the village level,
especially in the wet season.

SCENARIOS

Scenarios provide plausible alternative images of how the
future might unfold. Scenario results are not predictions.
They are particularly useful when predictions cannot be
made, e.g., to test the possible impact of events outside the
domain of observations. Scenarios were generated at the
village level to account for the diversity in environmental
and social contexts. Scenarios included land-cover change
(Scenarios 1 and 2), also combined with human behavioral
change (Scenario 3), and changes in the density of mos-
quito habitats (Scenarios 4 and 5). Model outputs were
compared to baseline conditions corresponding to the
observed situation in the study villages. Villages were se-
lected for scenario testing according to the importance of
the vectors or disease considered. For example, low num-
bers of dengue vectors were found in upland villages, and
transmission is currently unlikely in those areas.

Scenario 1: Forest-cover Decrease

A decrease in forest cover around villages was observed in
several study sites, for example, related to agricultural
expansion of orchards. As Anopheles mosquitoes partly oc-
cupy habitats in forest, this is expected to lead to a decline in
their population. The scenario considers a 50% decrease in
forest cover in the area within flight distance from the vil-
lage. Significant impacts were noted for members of the An.
minimus and An. maculatus groups, two important malaria
vector taxa in Southeast Asia that inhabit both forests and
village areas in the dry season. We selected two villages
where large numbers of Anopheles are found and where
malaria transmission had been recorded in the past few
years. Forest closely surrounded the first village but was

Table 5.

gue Infections

Verification of Model Output: Numbers of New Den-

Infection data Valley site  Valley site  Peri-urban

(orchards  (orchards site

distant) near)
Observed September 2001 6 24 25
Observed May 2002 39 163 44
Observed September 2002 59 131 160
Observed May 2003 23 28 8
Observed September 2003 3 5 15
Model output September 6 23 21
Model output May 8 29 26

located further away from the other one, located in a valley.
The decrease in forest cover resulted in a change in the
population of both mosquito species group in the forested
site and for the valley site. In the forested site, the difference
in the An. minimus group was predicted to be slightly
smaller than the decrease of An. maculatus group, and was
proportional to the decrease in forest cover. In the valley
site, the population of the An. minimus group was predicted
to decrease much less than the population of the An. mac-
ulatus group (Table 6). This difference was due to the dis-
tinct distribution of habitats in the two villages: in the
forested site, the village area provides approximately 4% of
the An. minimus group, whereas in the less forested site, the
village area provides approximately 27% of the population.

Scenario 2: Orchard Increase

Orchard expansion either takes place at the expense of
forest, at a certain distance from villages, or by conversion
of existing fields near villages. This was tested for two valley
sites with high levels of dengue infection but different
landscape patterns and varying importance of orchards in
the farming system. Orchards increase in area in both vil-
lages, as they do in much of northern Thailand. An increase
in the Ae. albopictus population is likely to result, leading to
a significant effect on dengue transmission. Doubling the
orchard area (S,()) within the flight-distance of the mos-
quito had a large impact on Ae. albopictus populations
(Table 7). In a site where orchards are on the valley slopes
surrounding the irrigated valley floor (orchards are further
than 500 m away from the village), orchards contributed
17% of the Ae. albopictus larvae in the dry season and 4% in
the wet season. In another site where orchards are located
in close proximity to the village (<100 m), they contributed
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Table 6. Model Predicted Number of Larvae and Percentage Change in the Number of Larvae of Anopheles Species Groups

An. minimus group

An. maculatus group

Baseline larvae no.  Result larvae no. % Change Baseline larvae no.  Result larvae no. % Change
Scenario 1—forested site 361,885 188,681 —46 1,753,876 877,880 -50
Scenario 1—valley site 225,136 143,349 =36 1,191,236 599,658 =50
Scenario 4—valley site 225,136 241,315 +7 1,191,236 1,304,339 +9

30% of Ae. albopictus larvae in the dry season and 8% in the
wet season. The increase in number of Ae. albopictus larvae
was therefore larger in this site, as orchards contribute a
larger part of the population. In that site, the number of
larvae was over 30% larger in the dry season.

Scenario 3: Orchard Increase and Increased
Use of Preventive Measures

Orchard cultivation and the commercialization of fruit crops
is generally associated with an increase in household income
and with social changes related to engagement in a market
economy. These changes could result in better knowledge
about disease risk factors and more investment in protective
measures against mosquito bites, or more generally in
housing and sanitation improvements. Such effects have been
observed for protection against malaria in Africa (see [jumba
and Lindsay, 2001, for examples). To what extent does better
prevention compensate for the increase in potential bites
caused by an increase in mosquito population in and around
orchards? Actually, the rate of use of preventive measures
being already very high in the valley villages studied, marginal
improvements more than compensated for the increase in
potential bites. Combining a 100% increase in orchard area
(as in Scenario 2) with the use of preventive measures (M,)
led to a complete suppression of all Aedes bites.

Scenario 4: Dam Construction

Numerous dams have been erected in northern Thailand in
the past, and various projects are currently under planning.
Downstream of dams, streams create favorable habitats for
mosquitoes, often under tree cover. This would favor
Anopheles species that inhabit forests. This scenario simu-
lated a change in the density of permanent stream margin
and stream pool habitats. With a year-round 10% increase
in stream habitats in forest areas, both An. minimus and
An. maculatus populations increased by a proportion
smaller than 10%, with a minor seasonal effect (Table 6).

This effect is related to the respective contributions of
forest and village areas in the total mosquito populations in
the dry and wet seasons.

Scenario 5: Artificial Container Elimination

Dengue prevention campaigns in Thailand and elsewhere
emphasize the elimination or covering of artificial con-
tainers by citizens, as they provide the main larval habitat
for dengue vectors and are often found around houses on
private properties. A 50% decrease in the density of artifi-
cial containers in villages during the wet season, when
water-filled artificial containers are most frequently found,
was simulated. Aedes aegypti, which only lay eggs in arti-
ficial containers in villages, was decreased proportionally, as
expected. Aedes albopictus also breeds in artificial contain-
ers in orchards where larval habitats were not eliminated
and therefore its population decreased by a smaller per-
centage (Table 7). Still, artificial container elimination was
predicted to lead to a significant decrease in the number of
infective bites received by people.

DiscussioN AND CONCLUSIONS

The impact of land-use/land-cover change on the risk of
two of the most serious mosquito-borne diseases, malaria
and dengue was investigated. Extensive data collection and
statistical analyses were conducted by entomologists, epi-
demiologists, and land-use scientists, who then combined
their efforts in building an integrated understanding of the
relationships between mosquito populations, disease
transmission, and land use. This interdisciplinary work led
to a model including explicit causal relationships based on
empirical observations. This permits the examination of the
effects of changes in specific aspects of the system studied,
mostly land-use changes frequently encountered in north-
ern Thailand. The integrated model explicitly includes the

link between landscape attributes and larval vector ecology.
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Table 7. Model Predicted Number of Larvae and Percentage Change in the Number of Larvae of Aedes Species Groups

Ae. aegypti Ae. albopictus

Baseline larvae no. Result larvae no. % Change Baseline larvae no. Result larvae no. % Change
Scenario 2—orchards far 1113-7177° 1113-7177° 0 5890-35,387% 6994-37,323% +19-42
Scenario 2—orchards close  3919-25,269" 3919-25,269" 0 25,933-138,349° 34,144-149,404"  +32-8°
Scenario 5—orchards far 7177 3589 -50 35,387 20,392 —43
Scenario 5—orchards close 25,269 12,635 -50 138,349 81,103 —41

*Dry—wet season.

It combined empirical statistical relationships with a sim-
plified representation of the biology of vector development
and vector-borne disease transmission. It details causal
relationships linking changes in land cover, vector abun-
dance, and risk of infection better than would be the case
with purely empirical relationships. It integrates land use
and landscape heterogeneity into approaches in epidemi-
ology that have often assumed the environment to be a
homogenous space. The model also accounted for a variety
of human risk and preventive behaviors.

The data and scenario analyses suggested that land-use
changes that are currently widespread across northern
Thailand have a detectable impact on mosquito populations,
leading to a population increase of some species or species
groups, and a decrease of others. Forest decrease, associated
in our scenarios with a decrease in malaria vectors, is often
related to the expansion of orchards, which hosts Ae. albo-
pictus, a dengue vector. Mosquitoes laying eggs in more than
one land-cover type and/or more than one larval habitat type
have more complex—and thus less easily predict-
able—responses to land-use/land-cover change, as was
illustrated by Scenario 2 and Aedes mosquitoes. Beyond the
relationship between land-use change and mosquito popu-
lation, the impact on infection and disease of these changes is
further complicated by human behavior. The location of
human residences and activities in relation to sources of
mosquitoes is a crucial element. Changes in orchard area led
to an increase in Ae. albopictus population but this could be
counteracted by adaptive and preventive measures. Defor-
estation is associated with a decrease in An. minimus pop-
ulations but, as this species group also breeds in villages
where it is in closer contact with humans, changes in housing
infrastructure could potentially increase biting rate. Policy
intervention, education campaigns, and adoption of pre-
ventive measures can counteract (or enhance) effects caused
by land-use change, as indicated by Scenario 3.

The unexpected effect of the use of abate (that in-
creases the risk of dengue infection) suggests that the
adequate use of preventive measures should be monitored.
Delayed or incorrect application could explain this rela-
tionship. Use of preventive measures such as abate may also
reflect a high mosquito density, as found elsewhere
(Thomson et al.,, 1996). Interactions between land-use
change, use of preventive measures, and control policies
often lead to non-linear effects on the presence of different
mosquito species (Ijumba and Lindsay, 2001). Agricultural
intensification and orchard expansion can result in greater
integration of households into a market economy, more
contacts with urban centers, better awareness about disease
risk, and higher income to invest in preventive measures,
e.g., window screens and bednets. These changes can
influence disease transmission at least as strongly as effects
on mosquito populations, and can act towards an increase
or a decrease of the risk.

Changes in land use, preventive measures, and control
policies will not necessarily have the same effects in dif-
ferent villages. Their impact depends on many factors,
including landscape structure, type of housing, level of
education, and immigration of infected individuals. Policy
intervention for disease control therefore needs to be fine-
tuned to local ecological and social settings. Land-use
change does have an influence on mosquito populations
and disease transmission risk, but its exact effect cannot be
easily predicted without this local-scale contextual infor-
mation.

These results cannot be balanced easily against poten-
tial effects of climate change. The relative importance of
changes in climate and in land cover would likely vary
between places and occur at different spatial and temporal
scales. Combining the region-wide effects of climate and
the landscape-level effects of land cover and land use on
disease transmission is an important challenge.



The value of intact ecosystems, such as forests, in
regulating pathogens and disease has been suggested by a
number of authors (e.g., Costanza et al., 1997; Foley et al.,
2005). The results of this study, which shows that some
vectors may increase while others decrease as a result of
natural forest conversion, suggests that, at least on the
local landscape scale, the presence of forest ecosystems
may contribute to, and not diminish, disease. Thus, it
could be argued, ecosystems provide “disservices” as well
as services. The potential ecosystem “disservice” of sup-
porting vectors should be considered in land-use planning
and ecosystem management. The complexity of vector-
borne disease transmission calls for an integrated ap-
proach considering ecological, biological, and human as-
2005).
combined with an integrated model calibrated on a large

pects (Spiegel et al, Scenario  formulation
data set allowed assessing of the implications for potential
transmission of likely changes in land use, human
behavior, control policies, or any combination of these.
Interactions between the various changes call for further
efforts in developing an interdisciplinary, integrated ap-
proach to the multiple factors that influence the intensity
of disease transmission. The practice of disease control has
already recognized the need for such an integrated ap-
proach (Carter et al., 2000; Reiter, 2001), but still suffers
from institutional barriers to its implementation.
Feedback from a high risk of disease transmission to
land management should exist in cases where the disease
risk is high enough to influence land-use decisions. Land
conversion that would significantly increase disease risk
beyond any capacity to apply preventive measures should
be avoided or regulated through policies. In the case of
malaria and dengue in Thailand, such a feedback was not
observed given available preventive measures that are
effective and can be applied at a socially acceptable cost.
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APPENDIX
Table 1. Literature Sources for Biological Parameters
Aedes Anopheles An. minimus An. Maculates
typical

S 30 19° ND ND

d(t) ND 4,16 8 ND

Lon 30, 1 16 14 27

An 23 8, 9, 10, 14, 8, 9, 16,
22, 24, 26° 21, 26, 27°

G ND 4, 16 14 ND

Rx(I) 23 4 3,5,6, 3,6,8,
7, 8, 10, 10, 11, 12,
12, 14, 17, 13, 15, 16,
18, 20, 24, 17, 20, 27,
25, 26 28, 29

F 2 — — —

ND, no data.

"Data were available from a restricted number of sources, of which none
considered the species included in the present study. Data and references are
summarized in 19.

A range of values were obtained from the following references, and a final

informed estimate was made.
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