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Localization of kala-azar in the endemic region of Bihar, India
based on land use/land cover assessment at different scales
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Abstract. Land cover, a critical variable in the epidemiology of kala-azar, can be remotely characterized by customizing and
integrating “state-of-the-art” imagery at different spatial scales from different sensors onboard satellites. A study was con-
ducted at four levels (national, state, district and village) investigating the role of land use/land cover (LULC) for leishma-
niasis transmission resulting in a framework highlighting the links between LULC and areas endemic for the disease.
Distribution maps were analysed by a probabilistic approach (Bayesian classifier) which produced a set of “suitability esti-
mates” based on the probability of sand fly presence. The development of a sound knowledge of each link in the predicted
sequence of satellite views offering an extraordinary opportunity to support the mapping of kala-azar endemicity and strat-
ification of areas suitable for sand fly habitats across the country as well as at the local scale.
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Introduction

Strategies to control and eventually eliminate the
problem posed by kala-azar (visceral leishmaniasis)
must rely on data expressing transmission based on
vector ecology and disease incidence. However, our
knowledge of the distribution and abundance of the
disease vis-a-vis the presence of Phlebotomus argen-
tipes is still inadequate for the planning of large-scale
intervention strategies (Walton et al., 1987; Picado et
al., 2010). One way to overcome this dilemma would
be to compare the distribution of kala-azar, available
from the Ministry of Health and local health offices,
with that of potential sand fly habitats derived from
land cover datasets which are now readily available in
the form of satellite imagery.

Given the ecology of its vectors, leishmaniasis lends
itself to spatial analysis. Posteriori risk modelling for
kala-azar in Africa and Asia suggests that rainfall,
altitude and cultivation patterns can predict the
transmission rates (Elnaiem et al., 2003; Sudhakar et
al., 2006; Bhunia et al., 2010a). Landscape variables
such as land use/land cover (LULC) may be particu-
larly important since they are directly linked to vec-
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tor presence (Feliciangeli et al., 2006). The impor-
tance of LULC for sand fly distribution is emphasised
by authors using vegetation and other environmental
parameters, including meteorological and altitude
data, to estimate the geographic limits for various
vector species (Sudhakar et al., 2006; Kolaczinski et
al., 2008; Bhunia et al., 2010b; Fernandez et al.,
2010). In this connection, the excellent spatial and
spectral resolutions of currently available satellite
sensors provide opportunities to explore transmis-
sion patterns, distances and environmental factors.
Remote sensing and geographical information sys-
tems (GIS) are useful for the investigation of both the
distribution of the sand fly vector and kala-azar in
humans at various scales (Rogers and Williams,
1993; Hay et al., 1996; Sudhakar et al., 2006;
Bhunia et al., 2011). There is also a growing litera-
ture on the application of satellite imagery for high-
resolution mapping of sand fly habitats (Wilson,
2002; Claborn, 2008). However, despite the progress
made, the accuracy of most sand fly distribution
maps is still not detailed enough for planning and
implementation of control activities. The effect of
LULC is usually considered in this connection, but
has not previously been analysed as potential indica-
tor of P. argentipes habitats comparing vector suit-
ability vis-a-vis kala-azar incidence. Yet, assessments
of suitable climate and vegetation do not only relate
to P. argentipes ecology but can also indicate avail-
ability of definite hosts. However, the environmental
features which are particularly important for the
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delineation of the risk for vector exposure cannot be
sufficiently well captured by low-resolution data. On
the other hand, it has been argued that high-resolu-
tion imagery and greater spectral range combined
with powerful tools for data management and analy-
sis would enhance the chances of identifying envi-
ronmental factors and spatio-temporal patterns at
the required scale (Wilson, 2002).

The arguments above notwithstanding, low-resolu-
tion images are useful for large-scale investigations,
e.g. at the national or state levels (Rémi et al., 2007).
Mapping at these levels can supply decision-makers
with general outlines and provide a comprehensive
LULC picture of the endemic regions. The local level,
on the other hand, is helpful for quantitative analysis
by facilitating applications ranging from land manage-
ment to ecology models (Kerr and Ostrovsky, 2003;
Wulder et al., 2004; Lassau et al., 2005). The specific
purpose of this study was to examine the relationship
between LULC classes and their suitability for vector
habitats in areas endemic for kala-azar at different

spatial scales.
Material and methods

Site description

Two districts endemic for kala-azar in the central
part of in the eastern Indian state of Bihar (Fig. 1)
were selected for the study: Vaishali (2,036 km? locat-
ed between 25° to 26° N latitude and 85° to 86°E lon-
gitude) and Muzaffarpur (3,173 km? located between
26.22° to 25.55° N and 84.53° to 85.46° E). These
districts are located on the floodplains of Ganges and
Gandak (a tributary) with the geomorphology typified
by perennial and seasonally flowing water courses,
both often kept stationary on the plain. The most
common soils throughout the region are entisols
(which are devoid of clay and organic matter) and
inceptisols (recently formed surface soils in unconsoli-
dated parent material). Both districts have a humid
tropical climate with average, annual rainfall of
1,200-1,400 mm. On average, the daily, minimum
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Fig. 1. Map of the study area with insert showing the sampling sites (S1-S50) at the Vaishali and Muzaffarpur districts.
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temperatures are 26.5°C in the summer season,
18.7 °C in the rainy season and 9.4 °C during the win-
ter season. The corresponding mean maximum tem-
peratures are 36.2 °C, 33.5 °C and 21.7 °C.

Disease incidence

The kala-azar incidence, based on examination of
spleen or bone marrow aspirates employing the rk39
kit (used by the Indian National Vector-Borne Disease
Control Programme (NVBDCP), was extracted from
records kept by the District Health Offices (DHO) and
the Bihar State Health Society (BSHS) for each district
for the period of 2007-2009. Data on kala-azar cases
at the block level (a district sub-division immediately
above the Taluk level, which commonly comprises a
few villages and municipalities) for the period 2007-
2009, were obtained from the local public health cen-
tres (PHCs). The village-level incidence was obtained
from the PHC and DHO records.

Remote sensing

The relationship between LULC and vector habitats
was analysed at the national, state, district and village
levels using various resolutions: very coarse (pixel size
>1,000 m), coarse (pixel size = 500 m), medium (pixel
size <100 m) and high (pixel size <10 m). The meas-
urements were multi-sourced using data from several
satellite-based instruments as depicted in Table 1.

The global land cover facility (GLCF, 2000) project
provides a harmonised land cover database for the
whole globe for the year 2000 (http://www.landcov-
er.org). The spatial resolution is approximately
1,000 m at the equator and it documents a total of 14

Table 1. Origin of the data used in the study.
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land cover classes. Regional maps of Asia, created as a
byproduct under this framework, have more thematic
classes than previously published and present the most
spatially detailed view published at the continental
scale based on data acquired between 1981 and 1994
by the Advanced Very High Resolution Radiometer
(AVHRR) sensor (http://earth.esa.int/object/index.
cfm?fobjectid=3754). The large-scale data for the
study area was obtained from the Global Land Cover
by the National Mapping Organization (GLCNMO)
(http://www.iscgm.org/browse.html). The spatial reso-
lution used was approximately 500 km with land
cover (and patchy land use) displayed according to 20
classes. In addition, eight periods of the 16-day com-
posite 7-band Moderate Resolution Imaging
Spectroradiometer (MODIS) data (http:/modis.gsfc.
nasa.gov/data/) from 2003 were downloaded from the
Global Mapping Project website (http://www.iscgm
.org/). For the analytic work, areas with recorded
kala-azar incidence rates for each village (using
1,000 m diameter buffer zones) were overlaid on
LULC maps produced by AVHRR and GLCNMO.
The analyses at the district level were based on
Landsat satellite imagery, acquired on November 7,
2009 by the Thematic Mapper (TM) sensor
(http://earth.esa.int/object/index.cfm?fobjectid=1496)
(Path/Row-141/42) (http://edcsns17.cr.usgs.gov/New
EarthExplorer/). The map is in raster format at the
1:50,000 scale. The LULC classes were selected on the
basis of likely biological significance for kala-azar vec-
tor habitats. At the village level, the identification of
the risk factor was based on the Indian Remote Sensing
Satellite P6 (IRS-P6) equipped with the Linear Imaging
Self Scanning IV sensor (LISS IV) (http://www.
euromap.de/docs/doc_005.html). LISS IV scenes with

Satellite sensor

Feature
AVHRR MODIS Landsat TM LISS Iv*

Average altitude 833 km 705 km 705 km 817 km

Cross track = 2,330 km Multispectral = 23.9 km
Swath width 2,253 km 185 km

Along the track at nadir# = 10 km Monospectral = 70 km
Temporal resolution Daily Daily 16 days 5 days

Bands 1-2 = 250 m Bands 1-5 = 30 m
Spatial resolution 1,100 m Bands 3-7 = 500 m Band 6 = 120 m 5.8m

Bands 8-36 = 1,000m Band 7 =30 m
Spectral range 0.58-12.5 pm 0.62-2.155 pm 0.45-12.4 pm 0.52-0.86 pm
Radiometric resolution 10 bits 12 bits 8 bits 7 bits

*See LISS IV-IRS-P6 Data Users manual (http://en.wikipedia.org/wiki/Moderate-Resolution_Imaging Spectroradiometer)
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Date of Pass (DOP) for the study were collected on
February 12, 2009, May 19, 2009 and June 12, 2009
with the following paths/rows 102/4, 102/5, 102/6,
102/15, 102/16, 102/17, 102/53 and 102/54. At the
district and village levels, the buffer zones used for the
analysis consisted of areas covered by circles with a
diameter of 500 m diameter.

The thresholds for the definition of the suitability cat-
egory are displayed in Table 2. This approach for delin-
eation of this disease, defined as inductive by Corsi et al.
(2000), was used for sourcing the distribution of the
environmental requirements of the sand fly vector, in this
case using information implicit in the habitat maps.

Image registration and classification

The imagery was registered at the Universal
Transverse Mercator (UTM) projection (Zone 45N
and Datum - World Geodetic Systems (WGS) -84)
(Gongalves and Morgado, 2008; Schetselaar et al.,
2008) and based on the second-order polynomial
algorithm and the nearest neighbour resampling
method (Turner and Congalton, 1998; ELtohamy and
Hamza, 2009). Mosaics were created from all satellite
scenes covering the study area with the sample sites
cropped based on the buffer zone chosen. At the
national and state levels, the buffer zones consisted of
areas covered by circles with a diameter of 1,000 m,
whereas the 500 m diameter was chosen for the dis-
trict and village levels. These buffer zones were cen-
tred at each highly affected village (>10 cases of kala-
azar) to estimate the land cover classes suitable for
vector habitats within the region. The LULC map was
generated using a supervised classification approach
based on the Gaussian maximum likelihood classifier
(Jung and Swain, 1993; Miao et al., 2007). Relevant
LULC classes suitable for kala-azar transmission were
identified through literature survey and information
collected during field visits to the affected region.

Comparison between the four approaches

The results of the analysis at the national, state, dis-
trict and village levels were matched to determine how
closely the results of the various approaches corre-
sponded. To better determine the critical environmen-
tal features searched in the two districts, different land
cover resolutions were used for the various levels
investigated, i.e. 1,000 m pixel size (very coarse reso-
lution) at the national level, 250 to 500 m pixel size at
the state level, 30 m pixel size (medium resolution) at
the district level, and 5.8 m pixel size (high-resolution)
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Table 2. Category classes of LULC suitability with respect to
sand fly habitats.

Information value (I;)) Sand fly suitability ~ Suitability index

>1.50 Very high 4
1.00-1.50 High 3
0.50-1.00 Moderate 2
0-0.50 Low 1
<0.00 Negligible 0

at the village level. Although it is not possible to
directly link land cover classes with vector abundance
and kala-azar incidence, the relationships among the
classifications can still be defined statistically across
the affected villages by inclusion of all four levels in
the analysis. The LULC classes describes land cover
according to a hierarchical series of classifiers and
attributes and separates surfaces with vegetation from
barren ones, terrestrial areas from water-bodies, culti-
vated, managed land from natural and semi-natural
areas, etc. This allows area-weighted average estimates
for sand fly habitat suitability, a precision-enhancing
parameter that was used here to improve the chance of
detecting areas at risk for kala-azar.

The potential of these newly generated maps to
describe and depict kala-azar vector habitats was eval-
uated using a simplified approach, based on thematic
aggregation classes. Our purpose was to arrive at a
defined, customised LULC indicator for P. argentipes
presence. A variable indicator based on aggregates
from ten (TM) and 12 (LISS IV) units was derived to
represent the land covers relevant for sand fly ecology.
The LULC classes were ranked according to their sand
fly habitat suitability, i.e. indicating their potential risk
for kala-azar transmission. The scores were derived
from the literature, expert opinion and the informa-
tion value (I;), the latter calculated by the equation:

I; = log, (class density/map density),

where the class density is the number of LULC classes
within a buffer zone divided by the number of such
classes within the study area, and map density the pro-
portion of the entire LULC map covered by endemic
kala-azar. The suitability of a land cover class as a pre-
dictor of sand fly habitat is therefore based on the
intrinsic features with no a priori assumption on how
land cover classes shape a landscape’s overall pattern.

Analysis of the suitability index

For this study, 50 villages (25 from each district)
were selected randomly but excluding villages free
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from kala-azar. Two sizes of buffer zones were tested
since the active flight range of the sand fly is not pre-
cisely known. Conditional analysis, which attempts to
assess the probabilistic relationship between factors
affecting kala-azar epidemics and LULC characteristics,
was applied (Prakash, 1998; Suresh, 1999). The tech-
nique is based on Bayes’ theorem (Bayesian classifier)
(http://www.isle.org/~langley/bayes.html), according
to which frequency data can be used to calculate the
probability that depends on knowledge of previous
events, in this case kala-azar outbreaks. In this analy-
sis, the I; values were ranked with an index ranging
from 4 to 0, corresponding to five broad categories of
suitability, i.e. very high, high, moderate, low and very
low or negligible (Table 2).

Results
National level

The AVHRR data indicates that 62% of the area
investigated, i.e. the total expanse of the Vaishali and
Muzaffarpur districts (>5,000 km?2), is covered by
agricultural land and water-bodies (Table 3). Areas
associated with water-bodies, closed shrub land, and
settled areas are the main places where kala-azar can
be expected (38%). The fact that the highest informa-
tion values were attained from areas associated with
water bodies, closed shrub land and urban areas indi-
cates that these features are likely to contain vector
habitats and, in consequence, contribute to increased
incidence of kala-azar (Table 7). Agricultural land and
grassland, on the other hand, represented low infor-
mation values and are consequently less suitable for
the vector.

State level

The higher spatial resolution of the MODIS data

reinforces the LULC classification based on AVHRR
and provides also a more detailed picture of the land-
scape. Three quarters of the study area is shown to be
covered by agricultural land and paddy fields with rest
comprising mainly open land with sparse vegetation
(Table 4). At this level, only a minor part of the total
area seemed suitable for vector habitats. The highest
information values were attained from bare areas or
places with sparse or herbaceous vegetation, which
indicates that these features support the presence of
vectors and, accordingly, contribute to the risk for
kala-azar (Table 8). The analysis also shows that agri-
cultural land, paddy fields, forests and urban areas are
less suitable for the vector.

District level

Critical factors in sand fly ecology and habitat
demarcation appeared at this level, which is based
on the Landsat TM imagery. Ten LULC classes, with
special emphasis on crops, vegetation and fallows,
were investigated for suitability with respect to kala-
azar with the overall aim to score them for endemic
risk. Defined by the supervised classification
method, 85% of the total area comprised agricultur-
al fallow fields, paddy fields and mixed vegetation,
with the remaining 15% consisting of land associat-
ed with water-bodies, marshy land, moist and dry
fallow, sandy areas, plantations and settlements
(Table 5).

High suitability for sand fly habitats was attributed to
marshy land, dry or moist fallow and settlements, but
areas associated with water-bodies, sandy areas and
plantations also indicated relatively high suitability
(Table 9). With reference to the estimates presented in
Table 9, it should be noted that some classes (e.g. agri-
cultural land, used or laying fallow) had less influence
with regard to habitat suitability, representing the
same LULC classes as those at the national and state

Table 3. LULC classes at the national level (derived from AVHRR).

Sample site Characteristics Area covered  Suitability
Area near water-bodies Areas associated with lakes, permanent and seasonal flowing water courses, 21% 2
channels and ponds
Closed shrub land Shrubs (1-2 m in height) covering 70% of the area investigated 5% 2
Open shrub land Shrubs (1-2 m in height) covering 10-30% of the area investigated 9% 1
Open grassland Grass plains with herbaceous plants 12% 0
Agricultural land Land primarily used for the production of cereals based on seasonal crops 41% 0
Urban areas/settlement Residential areas of various density, including land used for mining and 12% 2

transportation
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Table 4. LULC categories at the state level (derived from MODIS).
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Sample site Characteristics Area covered  Suitability

Areas near water-bodies Areas associated with lakes, permanent and seasonal flowing water courses, 2% 1
channels and ponds

Sparse vegetation, trees Areas dominated by trees but with 275% of open land 9% 3

and open land

Shrubs Sparse vegetation with early secondary growth of perennial plants and fruit 5% 1
(banana, mango, lychee)

Herbaceous vegetation Areas dominated by grass plains and non-graminoid plants such as forbs, 2% 2
commonly utilized for grazing

Agricultural land Land primarily used for the production of cereals based on seasonal crops 37% 0

Paddy fields Fields exclusively used for the cultivation of rice and other semi-aquatic crops 38% 0

Bare areas (consolidated)  Areas of degraded soil with almost no vegetation <1% 3

Mixed broad-leaf/ Stratified old secondary vegetation and mature planted trees 5% 0

evergreen forest

Settled areas Human settlements or various residential developments in urban or rural areas <2% 0

levels.
Village level

The LULC classes at this level were derived from
LISS IV and have the highest resolution. To recognise
the suitable habitat areas, the LULC categories were
categorised into 12 types as can be seen in Table 6.
Indeed, close to 58% of the area within the region is
dominated by agricultural land including paddy fields,
while 28% is covered by plantations, areas associated
with water-bodies and moist fallow and 14% by
weeds, grasses, sparse vegetation, river/canal,
sand/marshy land, dry fallow and settlements.

The results for the sand fly habitat analysis show the
kala-azar affected areas as highly influenced by moist
fallow, river/canal and sandy areas of (Table 10).

Interestingly, the analysis highlights the high suitabili-
ty of some LULC types occupying grass/weeds covers
land, marshy land, dry fallow, areas associated with
water-bodies and settlements. The plantation class
assigned as medium potential for the sand fly habitat,
whereas agricultural land, used or laying fallow, and
sparse vegetation had less potential for sand fly habi-
tats and thus also for kala-azar (Table 10).

Discussion

Environmental factors that directly influence vector
density have previously been shown to be associated
with risk for kala-azar (Elnaiem et al., 2003; Sudhakar
et al., 2006; Bhunia et al., 2010a,b, 2011). The spatial
resolution can vary from less than 10 m, for example

Table 5. LULC classes at the district level (derived from Landsat TM).

Sample site Characteristics Area covered  Suitability
Agricultural fallow Tilled but not planted areas which do not exhibit any visible vegetation 40% 0
Paddy fields Fields exclusively used for the cultivation of rice and other semi-aquatic crops 20% 1
Mixed, sparse vegetation  Perennial plants and fruit cultivation but otherwise only sparse vegetation 25% 2
Areas near water-bodies Areas associated with lakes, permanent and seasonal flowing water courses, 4% 3
channels and ponds
Marshy land Areas of water bodies covered with succulent weeds and grass >1% 4
Moist fallow Areas where the soil and sub-soil is periodically saturated by water >1% 4
Dry fallow Area characterized without vegetation consisting of unusable/unsaturated land <1% 4
Sandy areas Naturally occurring granular material in the river basins <1% 3
Settlements with Areas dominated by non-natural wood vegetation associated with settlements 7% 3

plantation

Other settlements Dense residential areas

>1% 4
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Table 6. LULC classes at the village level (derived from LISS V).
Sample site Characteristics Area covered  Suitability
Agricultural fallow Tilled but not planted areas which do not exhibit any visible vegetation 32% 1
Paddy field Fields exclusively used for the cultivation of rice and other semi-aquatic crops 26% 1
Weeds/grass land Seasonal grasses, commonly grazed by cattle including elephant grass, azolla, etc. 5% 3
Plantation Areas dominated by non-natural woody vegetation 9% 2
Sparse vegetation Areas dominated by peri-domestic vegetation and covered with 10-20% <1% 1
woody trees
River/canal Natural, permanent and seasonally flowing water course 1% 4
Sandy areas Naturally occurring granular material in the river basin 2% 4
Area near water-body Areas associated with lakes, permanent and seasonal flowing water courses, 7% 3
channels and ponds
Marshy land Areas of water bodies covered with succulent weeds and grass >2% 3
Moist fallow Areas where the soil and sub-soil is periodically saturated by water 12% 4
Dry fallow Areas characterised without vegetation consisting of unusable/unsaturated land >2% 3
Settlement Strongly populated residential areas >2% 3

when the study site is limited to a village (Feliciangeli
et al., 2006), to hundreds of kilometers when entire
countries are taken into account (Chaves and Pascual,
2006). However, it remains unclear what degree of res-
olution is required for useful prediction. Our study
benefitted by access to the most recent, freely available
datasets of land cover based on high-resolution satel-
lite imagery. Combined with epidemiological data on
disease incidence and habitat preference of the sand fly
vector, high-resolution spatial data facilitates the study
of the interplay between vector-borne diseases and
their environment. However, from the perspective of
the present study, which is focused on delineating the
land cover preferences of the sand fly, the main limita-
tion remains the resolution and accuracy of the kala-
azar habitat maps available. These maps have not
undergone extensive field validation as updating and
upgrading at the national level would require long-
term studies. The significance of our approach lays in
its success in predicting the overall distribution of
areas suitable for the vectors, which is due to the dif-
ferent sensor resolutions (four in this case) and the fact
that a thorough LULC analysis can predict the proba-
bility for disease transmission. The fact that the high-
est information value was attained from areas near
water bodies, closed and open shrub land and urban
areas indicates that these features positively influence
the likelihood of vector habitats.

Spatial resolution can be expressed as the terrestri-
al expanse covered by one pixel, while the scale
describes the level at which something, in this case a

geographical unit, can be abstracted and represented.
Coarse spatial resolution datasets such as those
derived from the AVHRR (1.1 km spatial resolution),
the foundation of many large area mapping investi-
gations, are often dominated by mixed pixels
(Belward et al., 1999; Cihlar, 2000). However, the
processes of landscape characteristics identification,
and more broadly host vector contact, operate on a
very fine spatial scale. The analysis of these relation-
ships at coarser scales (e.g. at the country or region-
al level) could therefore easily obscure important
local patterns that affect transmission of pathogens
directly. Thus, the study of an image at different
scales is easier to analyse than one presented at dif-
ferent resolutions. However, dependencies cannot be
analysed by just changing the resolution of the
imagery as this would lead to the loss of variable
amounts of useful information as discussed in the
eCognition 4.0 users guide of 2004 (http://www.gis.
unbc.ca/help/software/ecognition4/ELuserguide.pdf
provided by the Definiens GmbH company
(http://www.definiens.com/). In order to analyse an
image successfully it is necessary to represent its con-
tent at several scales simultaneously and to explore
hierarchical scale dependencies. Thus, the choice of
an appropriate scale for a particular application
depends on several factors, including the information
desired about the ground scene, the analysis methods
to be used to extract this information and the spatial
structure of the scene itself.

Previous studies have shown that kala-azar is highly
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influenced by landscape variables (Kitron, 1998;
Sudhakar et al., 2006). In the present study, we
focused on the landscape characteristics based on the
satellite imagery of various spatial resolutions to delin-
eate significant LULC characteristics influencing dis-
ease distribution and vector habitat preferences at dif-
ferent hierarchical levels. The results of the analysis at
the national level demonstrate the central role of land
cover in shaping sand fly habitats. The potential of
low resolution satellite imagery for monitoring and
evaluating the factors associated with kala-azar clear-
ly merits further investigation and research. This
information has to allow for changing vector bionom-
ics within a biologically meaningful time frame.

The results demonstrate that GLCF 2000 units are
capable of accurately translating the different ecolog-
ical requirements of sand fly populations. Calculation
of information values (I}) of LULC characteristics at
the national level showed wide variations in the risk
for kala-azar and sand fly habitat suitability across
the study area. Though the estimated values of I; were
not higher for areas near water-bodies, shrub land
and urbanised areas, they still confirm these areas as
being at risk and they should be useful for the estab-
lishment of a suitability index for sand fly distribu-
tion in general.

Some satellites collect environmental data at coarser
spatial resolution (~1000 m) over large geographic
regions and are cheaper to acquire compared to
images from other land-imaging satellites such as
Landsat or IRS P6 that have less frequent revisit capa-
bility but higher spatial resolution (= 30 m). Because
image availability is an important requirement for the
use of satellite data in monitoring the environmental
variables associated with fluctuations in, for example,
vector populations, any disadvantage of the lower spa-
tial resolution of these satellites may be offset by the
benefits of their frequency of observation, low cost
and ease of availability. The inclusion of spatially
detailed habitat characteristics, as assessed by the
detailed, multispectral assessment possible using
Landsat™ data, in addition to coarser resolution mul-
tispectral data, provides tactically useful guidance
around the distribution of kala-azar vector species.
Images obtained from these satellites have a relatively
small scene sizes (60-176 km2) and are therefore suit-
able for relatively small study areas. They have proved
to be most useful for local landscape studies of vector
habitats, breeding and/or resting sites, where all infor-
mation is derived from a single satellite image (Kitron
et al., 1996; Dister et al., 1997).

Because the P. argentipes vector is typically confined
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to peri-domestic habitats, multi-spectral images have
proved to be less effective than ground survey tech-
niques for identifying residential high risk areas (Hay
et al., 2006; Kalluri et al., 2007). However, possibly
the LULC classification offered by high-resolution
satellite images providing more detailed information
(Nagendra and Rocchini, 2008) and the identification
of LULC classes based on objects and their spatial
relationships, applicable for high-resolution images,
can lead to improved classification through better
object separability. While the use of local scale
approach is still limited, it will hopefully be promoted
in the future when sensitivity increases further (Dale
and Morris, 1996).

Studies conducted by Sudhakar et al. (2006) suggest
that sand fly populations are mainly influenced by
three variables, namely, vegetation, water-bodies and
settlements which support the adult populations by
providing food and shelter. However, the relatively
high moisture in areas surrounding non-perennial
rivers and other limited water-bodies also play an
important role in maintaining sand fly density, pro-
moting transmission of disease at the district and vil-
lage levels (Bhunia et al., 2011). Indeed, analyses of
the impact of remotely sensed land cover features in
kala-azar endemic foci have revealed that marshy
land, dry and moist fallow tracts, inland surface
water-bodies, plantations and settlements are all
strongly correlated with kala-azar incidence
(Sudhakar et al., 2006; Marzochi et al., 2009; ICMR,
2010). As plantations give way to the construction of
weekend cottages or housing for craftsmen finding
new work, the sand fly populations in peri-domestic
environments increase (Alexander, 1987; Marzochi et
al., 2009). The growth in sand fly populations togeth-
er with new arrival of humans susceptible to
Leishmania infection in these areas favour its trans-
mission in certain foci. We show that a detailed assess-
ment of vector habitat, measured here as the area suit-
able for vector habitat within different spatial scales,
increases kala-azar prevalence in the model. The spa-
tial detail present in such models, as well as their
demonstrated effectiveness in predicting disease preva-
lence, permits high-resolution mapping of kala-azar
risk of epidemic-prone regions, which should improve
the effectiveness of control strategies. These mapping
efforts may further provide a baseline to evaluate the
impact of kala-azar interventions. The presence of
shrub-land and/or grassland also demonstrates some
positive influence for predicting the suitable area of
kala-azar vectors (El Said et al., 1986; Schlein and
Jacobson, 1999) and would be expected to be less
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abundant in areas with little or no vegetation. Within
the study area, this could have a negative effect since
large quantities of sand and waste are normally car-
ried into the local waterways resulting in the forma-
tion of banks covered with herbaceous and bush-like
vegetation, botanically regarded as invaders (Dorval et
al., 2009).

Our analysis suggests that agricultural land and
paddy fields do not establish well-integrated relation-
ships at all hierarchical levels, although to date there is
little documented evidence for this. For example, the
transmission of leishmaniasis formerly occurred over
wide areas from where it has now been eliminated by
agricultural development and insecticide treatment. It
is known that in relation to rice cultivation, mecha-
nization is likely to be associated with increased flood-
ing and scant vector breeding opportunities (Hunter,
2003; Muller et al.,, 2011). Moreover, agricultural
practices can cause the local extirpation of reservoir
hosts, such as the destruction of gerbil habitats
(Moskovskij and Duhanina, 1971).

Although, the calculated suitability gave a positive
outcome, the mismatches among the four main hierar-
chical levels (national, state, district and village), as
well as intrinsic limitations of low-resolution data sets
(AVHRR/MODIS), do not permit this approach to be
used for the validation of literature searches. Foremost
among the practical problems is the lack of consistent
field-based information on the present distribution of
sand flies in India. The problem is further compound-
ed by the ability of sand flies to disperse from their
resting and breeding sites in search of feeding sources.
There are also seasonal variations associated with tem-
perature and humidity fluctuations in the overall sand
fly belt distribution limits. These considerations
explain why only broad, qualitative suitability classes
were applied in this study.

Conclusions

The growth of the remote sensing technology has
provided less costly, low-resolution images capable of
predicting sand fly habitats at the national and state
levels, while research has not only established the
potential of high-resolution images for mapping sand
fly habitats at the village level but is now also reach-
ing larger areas. Still, however, the costs involved in
purchase and processing of high-resolution datasets
limit large-scale application. Our study involved unre-
stricted, standardised, multipurpose land cover maps
to search for habitats suitable for sand flies at much
improved scales than used before, which offers
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extraordinary opportunities to support kala-azar map-
ping across countries. Land cover maps should also be
used to study interactions between kala-azar control
and changes in land use, to monitor ecological prop-
erties at the landscape scale and, possibly, to define
mitigation measures that may remedy any negative
environmental impacts.
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