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Abstract
Background: Plasmodium vivax malaria reemerged in the Republic of Korea in 1993, with more
than 2,000 cases reported in the northwestern part of the country over the last 10 years. To better
assess the risk of malaria transmission we conducted a surveillance study to identify and
characterize the habitats that produce potential Anopheles vector mosquitoes. Immature and adult
mosquito collection data were incorporated into a Geographic Information System (GIS) along
with remotely sensed satellite imagery, and imagery classified to land use to determine if remote
sensing data could be used to estimate mosquito habitats.

Results: More than 2,100 anopheline larvae were collected and mapped from 186 immature
habitats, which were categorized into 9 types. Anopheles sinensis was the most commonly collected
species, representing more than 97% of the specimens, followed by Anopheles pullus 1.0%, Anopheles
lesteri 1.0%, and Anopheles sineroides 0.8%. Anopheles sinensis, pullus, and lesteri were found most
frequently in rice paddies followed by: ditches, flooded areas, ground pools, wheel tracks, swamps,
irrigation canals, and stream margins. Anopheles sineroides was found most commonly in flooded
areas. Supervised classification was conducted on a LANDSAT 7 ETM+ image to identify 5–6 land-
use classes that were considered to be of interest. The spatial distribution of the larval mosquito
collections was overlaid on the land-use image derived from the LANDSAT image, and the number
of mosquitoes habitats in each class calculated. On Ganghwa Island 67% of the immature habitats
containing Anopheles sinensis were in the Paddy land-use class, although the class only represented
17% of the land area. In Paju District 53% of the immature habitats containing Anopheles sinensis
were in the Paddy land-use class which represented only 9 % of the area of the district. There was
significant (p < 0.05) correlation between habitats containing all four species and land use on
Ganghwa Island; however, only Anopheles sinensis was significantly correlated with land-use in Paju
District. In Ganghwa Island almost 50% of the Anopheles sinensis adults were collected in the paddy

Published: 13 July 2005

International Journal of Health Geographics 2005, 4:17 doi:10.1186/1476-072X-
4-17

Received: 16 June 2005
Accepted: 13 July 2005

This article is available from: http://www.ij-healthgeographics.com/content/4/1/17

© 2005 Sithiprasasna et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16011809
http://www.ij-healthgeographics.com/content/4/1/17
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


International Journal of Health Geographics 2005, 4:17 http://www.ij-healthgeographics.com/content/4/1/17
land-use class, and there was a positive correlation between larval and adult distributions.
However, in Paju District adult Anopheles sinensis adults were most commonly collected in the Bare
land-use class and only 17% collected in the Paddy class. There was a negative correlation between
larval and adult distributions.

Conclusion: Immature habitats most commonly associated with Anopheles sinensis, Anopheles
pullus, Anopheles sineroides and Anopheles lesteri were flooded rice paddies. Adult Anopheles sinensis,
the most commonly collected anopheline, were found closely associated with rice habitats on
Ganghwa Island but not in Paju District. Both QuickBird and LANDSAT satellite data were used to
display spatial data in the form of geographic coverage and descriptive information in the form of
relational databases associated with the mapped features. Supervised classification of LANDSAT
imagery permitted good separation between Paddy, Forest, and Water land-use classes. The
immature collections of Anopheles sinensis were significantly correlated with land-use as determined
in the land-use classification in both Ganghwa Island and Paju District. These data suggest that
classified remotely sensed data could potentially be used to estimate the distribution of immature
and adult mosquito populations in the Republic of Korea.

Background
Human malaria is a complex disease and its incidence is a
function of the interaction between the Anopheles mos-
quito vector, the parasite, humans, and the environment.
Different mosquito species have different habitat prefer-
ences e.g. rice fields, plantations, forests, forest fringes,
foothills, etc., and many of these features can be identified
by satellite images [1-3]. The physical environment also
plays a significant role in the distribution of species in par-
ticular geographical areas [4]. In the Republic of Korea
(ROK) Plasmodium vivax malaria reemerged in 1993 [5],
with more than 1600 cases occurring in 1997 [6].

Most species of Anopheles in temperate East Asia are part of
the Hyrcanus group of the subgenus Anopheles. Anopheles
anthropophagus is the most important vector of P. vivax in
China [7] and may possibly be the most important vector
in the ROK; however, the status of vectors in the ROK is
far from clear. Anopheles sinensis is also known to be a vec-
tor in both China and Korea, though it is considered a less
competent vector than Anopheles anthropophagus [8]. Both
Anopheles anthropophagus and Anopheles sinensis enter
human habitation readily but Anopheles sinensis usually
leaves quickly after feeding. Anopheles sinensis is consid-
ered a zoophilic species [7] but will readily feed on
humans as well [9]. There is a possibility that Anopheles
sinensis, which occurs widely throughout much of Asia, is
composed of many species. Anopheles sinensis has been
found in Thailand but there is inadequate evidence to
ascertain its status as a malaria vector. However, a recent
study indicates that Anopheles sinensis from Thailand is
genetically similar to the Korean strain [10]. Anopheles yat-
sushiroensis and Anopheles lesteri are both reported in
Korea, and are suspected of being vectors because they
both bite humans, though neither of these species have
ever been found infected with malaria. Complicating the
situation further in Korea is that Anopheles yatsushiroensis

appears to be conspecific with Anopheles pullus, and it is
also possible that Anopheles lesteri and Anopheles anthro-
pophagus are the same species. In this study we follow the
nomenclature described in 1998 by Lee et al. [11].

Since passive instruments on satellites measure only radi-
ation (reflected light or emitted energy) the basic products
commonly extracted from these satellite observations
include: vegetation index, surface temperature and cloud
temperature. These parameters are widely used to deter-
mine the ecological conditions on the ground [12] and
assess information on ecological variables relevant to
planning of malaria control [2,3,13]. Low spatial resolu-
tion satellite data such as those from NOAA (National
Oceanographic and Atmospheric Administration) and
Meteosat, are available at a scale and frequency of obser-
vations that they can frequently cover large remote areas.
NOAA satellite data are commonly used to monitor
changing ecological conditions over multiple years
because an inter-calibrated normalized difference vegeta-
tion index data set is available from 1981 to the present
[14-16]. High spatial resolution satellite data (such as
LANDSAT, IKONOS, and QuickBird) can be used to pro-
vide up-to-date detailed digital data that can be used as a
source of spatial baseline mapping [1-3,7]. These high-res-
olution data can be used at various times over intervals of
several years to create precise land-use maps that can serve
as basis for the interpretation of both low-resolution sat-
ellite data and other geographical socio-economic data.
The spatial resolution of a particular satellite sensor is
important because the user must determine which data
are appropriate for a particular application. QuickBird,
with an extremely high resolution of 60 cm (pixel size of
60 cm by 60 cm), and LANDSAT Thematic Mapper, with
a high spatial resolution of 30 m (pixel size of 30 m by 30
m), can be used to map objects in detail and characterize
land use in an area [17]. Recent development in the access
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of remotely sensed vegetation and weather data, and their
analysis along with other data sources within a GIS, have
opened new possibilities in malaria stratification, moni-
toring, and early warning.

To better assess the risk of malaria transmission we con-
ducted a surveillance study to identify and characterize
the habitats that produce potential Anopheles vector mos-
quitoes. Immature and adult mosquito collection data
were incorporated into a Geographic Information System
(GIS) along with remotely sensed satellite imagery, and
imagery classified to land use to determine if remote sens-
ing data could be used to estimate mosquito habitats.

Methods
Study area
Study sites on Ganghwa Island and in neighboring Paju
District, Republic of Korea were chosen because they
exhibited documented consistent and reoccurring malaria
transmission. Mosquito collections, site-mapping, and
verification of land-use calculations were conducted on 3
occasions between 2 August and 28 September 2003 at
the following times and places:

1. During the period from 2 August – 14 August 2003, sur-
veys were conducted in endemic areas of Songhae-myeon
and Gangwa-eup, of Ganghwa-gun, Incheon Metropoli-
tan City, ROK. Study areas in Songhae-myeon were
Dangsa-ri, Shangto1-ri, Shangto2-ri, Shindang-ri,
Soljuang-ri, and Hato-ri. Study areas in Ganghwa-eup
were Daesan-ri, Wolgot-ri, Namsan-ri, Yougjung-ri, and
Oaknim-ri.

2. During the period from 31 August – 12 September
2003, surveys were conducted in Paju-gun, Gyeonggi-do,
ROK. Study areas included Munsan-eup (Majeong2-ri),
Papyeong-myeon (Jangpa1-ri and Kumpa2-ri), Jeok-
seong-myeong (Kawolli), Tanhyeon-myeon (Ogeum1-ri),
Wollong-myeon (Neaugsan2-ri), Gyoha-eup (Yantasan-
ri), Paju-eup (Hyangyang1-ri), Jori-eup (Tungwon-ri),
Beopwon-eup (Tongmun-ri), Gwangtan-myeon
(Changman2-ri), Geumchon1-dong, and Geumchon2-
dong except Gunnae-myeon since it is a military area.

3. During the period from 21 – 28 September 2003, sur-
veys were conducted in Paju-gun, Gyeonggi-do, ROK.
Study areas included Munsan-eup (Samok-ri and
Majong1-ri), Papyeong-myeon (Jangpa-ri), Wollong-
myeon (Dookun-ri), Gyoha-eup (Ohdo-ri), Paju-eup
(Bongseo-ri), Beopwon-eup (Gewngok-ri), and Gwang-
tan-myeon (Boonsoo-ri).

Larval collections
Larval collections were made in and around each of the
study areas to determine the types and abundance of hab-

itats where anophelines occur. Collections consisted of
systematically dipping with plastic dippers (0.5 liter).
Geographical coordinates for all larval habitats were
recorded using a Global Positioning System (GPS) GeoEx-
plorer III with a spatial margin of error of 5 meters. Mos-
quito larvae were reared to adults, and identified to
species [11].

Adult mosquito collections
Three CDC-type miniature light traps were set each night
outside houses, which were located in the vicinity of the
larval survey. A total of 39 traps were set on Ganghwa
Island during 13 nights of collections (2 August – 14
August 2003) and 36 traps were set in Paju District during
12 nights of collection (31 August – 12 September 2003)
and 21 traps were also set in Paju District during 7 nights
of collection (21 – 28 September 2003). Additional adult
mosquito collections were conducted in cowshed using
backpack aspirators; however, these data are not included
in Figure 2. Mosquitoes of genera other than Anopheles
were discarded and not considered further in this study.
Adult Anophleles specimens were identified to species [11].
The ovaries were examined to determine parity status
[18].

Satellite data
The satellite data included a single QuickBird image
(acquired 11 May 2003) with a ground resolution of 60 ×
60 cm for a panchromatic image and 1 × 1 m for a multi-
spectral image, and a LANDSAT 7 ETM+ enhanced The-
matic Mapper images (acquired 10 September 2002) with
a ground resolution of 30 × 30 m. These data were proc-
essed using ERDAS (2002) [19] and ENVI (2000) [20]
softwares, and were used to establish the GIS for the study
area. Thematic maps were generated using ArcGIS 8.3
(ESRI 2001–2004) [21] software. A RS-based GIS
included spatial and temporal data in the form of geo-
graphic coverage, and descriptive information in the form
of relational databases associated with the mapped fea-
tures. Additional LANDSAT 7 ETM+ for coinciding with
mosquito collections 2003 were not acquired due funding
limitations.

Geometric correction
A LANDSAT 7 ETM+ data set (Path 116 and Row 34) cov-
ering Ganghwa Island and Paju District in South Korea
was processed and analyzed to generate land-use/land-
cover information. Two subsets, one of Ganghwa Island
and another of Paju District, were made from the full
scene of LANDSAT 7 ETM+ data. Ground control points
(GCPs), selected from the subsets and their corresponding
geographic coordinates were determined by GPS survey in
the field. Six and 5 GCPs were selected to geometrically
correct the Ganghwa Island and Paju District subsets of 10
September 2002, respectively.
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Image-to-map registrations
Using the 6 and 5 GCPs on Ganghwa Island and Paju Dis-
trict, respectively, image-to-map registrations were per-
formed to reference the Ganghwa and Paju subsets of 10
September 2002 to a UTM projection. RST (rotation, scal-
ing and translation) warp methodology and nearest
neighbor resampling were applied. Using the geo-cor-
rected subset images of 10 September 2003 as base
images, the image subsets from the other 3 LANDSAT data
were referenced using image-to-image registration. RST
warp methodology and nearest neighbor resampling were
applied. A sub-pixel accuracy of the registration process

was achieved. The Root mean square errors of the registra-
tion process were 0.31 and 0.13 for the Ganghwa Island
and Paju District subsets, respectively.

Land-use/land-cover classification
Supervised classification was performed to cluster pixels
in the subset image data into land-use/land-cover classes.
This was done by defining regions of interest (ROI) that
represented each of the 6 or 5 desired land-use/land-cover
classes in the output image corresponding to possible
immature Anopheles mosquito habitats on Ganghwa
Island and Paju District, respectively. In both study areas

Thematic map showing numbers of anopheline larvae collected at various habitatsFigure 1
Thematic map showing numbers of anopheline larvae collected at various habitats; Shown are Anopheles sinensis in 
A, Anopheles pullus in B, Anopheles sineroides in C, and Anopheles lesteri in D, surveyed during August-September 2003, and 
LANDSAT 7 satellite data (dated 10 September 2002, spatial resolution 30 × 30 meters) displayed in true color (band combi-
nation 3, 2,1) in E.
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ROI's included: Rice paddy, Forest, urban, bare land, and
water. On Ganghwa Island ROI's also included Seawater
class. Utmost attention was made in selecting ROI's that
are homogeneous by exporting them to n-D Visualizer
function of ENVI 3.4 [20] image processing software and
correcting for overlaps between classes. After the ROIs are
finalized, maximum likelihood classification is per-
formed to assign each pixel in the subset image data to the
class that has the highest probability.

Statistical analysis
Correlations between the distribution of Anopheles species
immature habitats, adult habitats, and land-use classes, as
developed from a supervised classification of LANDSAT
image data, were determined by calculation of the
Pearson correlation coefficients with two-tailed observed
significance levels less than 0.05 [22].

Results
Between August-September 2003 a total of 2,160 larval
anopheline mosquitoes were collected from 186 larval
habitats categorized into 9 types (Table 1). The collections
contained 4 species of Anopheles: Anopheles sinensis repre-
senting 97.3% of the specimens, Anopheles pullus 1.0%,
Anopheles lesteri 1.0% and Anopheles sineroides 0.7%.
Anopheles sinensis was found most frequently in a rice
paddy and then in order of number of larvae in the fol-
lowing habitats: ditch, flooded area, ground pool, wheel
track, swamp, irrigation canal, stream margin. Anopheles
pullus also was found most frequently in a rice paddy fol-
lowed by ditch and flooded habitats. Anopheles sineroides
was found most commonly in flooded areas, followed by
ground pool, ditch, and rice paddy habitats. Anopheles les-
teri was found most often in a rice paddy, followed by
ground pool, ditch, flooded area, and wheel track
habitats.

Adult females collected in light trapsFigure 2
Adult females collected in light traps. Thematic map shows total numbers of adult anophelines collected in light traps 
during 32 nights during August-September 2003 overlaid on LANDSAT 7 satellite data (dated 10 September 2002, spatial res-
olution 30 × 30 meters) displayed in true color (band combination 3,2,1).
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The spatial distribution of larval habitats in the vicinity of
the study area is presented in Figure 1. The figures repre-
sent thematic maps showing the number of larvae for each
species of Anopheles collected at a particular site. These lar-
val collection data are displayed on a LANDSAT satellite
image displayed in true color (Band combination 3, 2, 1).
In these images dark green, light green, gray, and blue-gray
represent forests, rice paddies, villages/urban areas, and
streams/rivers, respectively. Anopheles sinensis was com-
monly found in rice paddies near river systems and forest
margins on both Ganghwa Island and Paju District. It was
sometimes collected within forest areas at lower numbers.
Anopheles pullus was widely distributed in Paju District and
less so on Ganghwa Island. It was commonly found along
the margins of rice paddies and never within forest areas.
Anopheles sineroides was found in several locations in Paju
District in rice paddies and along streams, and only col-
lected in one location near a village on Ganghwa Island.
Anopheles lesteri was found equally distributed on Gang-
hwa Island and Paju District in rice paddies and some for-
est area.

A total of five hundred anopheline females were captured
during 32 nights of light trap collections. The spatial dis-
tributions of the adult collections are shown in Figure 2.
The number of Anopheles collected per trap night was
almost twice as high in Ganghwa Island than in Paju Dis-
trict. The collections contained 3 species of Anopheles:
Anopheles sinensis representing 98.8% of the collection,
Anopheles pullus 0.4%, and Anopheles sineroides 0.4%.
Anopheles sinensis was the only species found on Ganghwa
Island as adults. Anopheles sineroides represented about
25% of the specimens at a trap located along the Im Chan
River in Paju District, but was otherwise absent from light
trap collections. Anopheles pullus was found in significant
numbers at light traps located > 5 kilometers from the Im
Chan River in Paju District. Figure 3 displays locations of
larval habitats of North Ganghwa Island on a true color of

QuickBird multispectral satellite image (resolution 1 × 1
m.) overlaid on the Digital Elevation Model (DEM) to
depict 3-dimensions. Areas colored in various shades of
green depict different elevations for immature habitats of
anopheline larvae during 2–14 August 2003

Land-use/land-cover classes of Ganghwa Island and Paju
District are depicted in false color composites in Figures 4
and 5, respectively. These land-use classes were calculated
from a satellite image data acquired on 10 September
2002, and are summarized below and in Table 2 and 3.
Distribution data for Anopheles sp. larvae and adults in
different land-use classes are shown in Tables 2 and 3,
respectively. Tables 4 and 5 show confusion matrices for
Ganghwa Island and Paju District, respectively, which
compare land-use class derived from the satellite image
data to ground truth observations presented as the
number of pixels correctly classified.

Ganghwa Island (Figures 3,4; Tables 2, 3,4)
In the more than 65,000 hectares on Ganghwa Island we
identified 6 land-use classes (Figure 4). The overall accu-
racy of the classification on Ganghwa Island was 90.8%
and the Kappa coefficient = 0.8880 based upon ground
truth observations (Table 4). Forest and Seawater classes
were predominant, each exceeding 30% of the total area
of the island. Good separation between Paddy, Forest, and
Water land-use classes was achieved. However, separation
between Urban and Bare land was poor, since these
classes overlap significantly in their spectral signatures. In
the classified image paddy fields with standing rice crop
appear "yellow" on the image and can be easily identified
from forests, which appear green, and from water classes
(blue). Urban areas of Ganghwa Island can be identified,
but are confused to some extent with bare land. A few
paddy fields without standing water are classified as bare
lands. Forest areas are identified reasonably well in all
datasets.

Table 1: Immature habitats of anopheline mosquitoes collected during August-September 2003;

Immature Habitat Anopheles sinensisa Anopheles pullus Anopheles lesteri Anopheles sineroides

Ditch 374 (18) 8 (36) 2 (10) 2(14)
Flooded area 132 (6.3) 1(4) 2 (10) 7(50)
Ground pool 128 (6.1) 0 (0) 3 (13) 3(22)
Irrigation canal 81 (3.9) 0 (0) 0(0) 0(0)
Plastic container 1 (0.1) 0 (0) 0(0) 0(0)
Rice paddy 1162 (55.3) 13 (60) 14 (63) 2(14)
Stream margin 12 (0.1) 0 (0) 0(0) 0(0)
Swamp 105 (5.1) 0(0) 0(0) 0(0)
Wheel track 107 (5.1) 0(0) 1(4) 0(0)
Total collected 2,102 22 22 14

aThe number of larvae collected (% of total collected).
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The spatial distribution of the larval and adult mosquito
collections was overlaid on the land-use image derived
from the LANDSAT image, and the number of mosquitoes
habitats identified in each class calculated. On Ganghwa
Island 67% of the immature habitats containing Anopheles
sinensis were in the Paddy land-use class, although the
class only represented 17% of the total land area (Table
2). There was significant (p < 0.05) correlation between
habitats containing all four species and land use on Gang-
hwa Island.

Almost 50% of the Anopheles sinensis adults were collected
in the Paddy land-use class, followed by Bare land and
Forest classes, and parous individuals were found in each
of the land-use classes (Table 3). There was a correlation
between adult Anopheles sinensis and land use but this was
not significant (p = 0.78). The positive correlation
between larval and adult distributions was not significant.

Paju District (Figure 5; Tables 2,3, 5)
In the more than 123,000 hectares in Paju District we
identified 5 land-use classes. The overall accuracy of the
classification in Paju District was 93.9% and the Kappa
coefficient = 0.9186 based upon ground truth observa-
tions (Table 5). The Forest land-use class predominated,
exceeding 65% of the total area in Paju District. Similar to
the observations made on Ganghwa Island, paddy fields
with standing rice crop are easily identified as "yellow"
color in the false color composite of 10 September 2002
(Figure 5).

Table 2 summarizes the land-use/land-cover classification
results of Paju District. In Paju District 53% of the imma-
ture habitats containing Anopheles sinensis were in the
Paddy land-use class which represented only 9% of the
area of the district. The spatial distribution of the larval
and adult mosquito collections was overlaid on the land-
use image derived from the LANDSAT image, and the
number of mosquitoes habitats identified in each class
calculated. There was significant (p < 0.05) correlation
between land-use classes and habitats containing Anophe-
les sinensis. The positive correlation between the other 3
species found in Paju District and land-use was not signif-
icantly correlated. There was a strong and significant cor-
relation between the distributions of each of the species.

Adult Anopheles sinensis adults were most commonly col-
lected in the Bare land class, followed by the Forest class
and only 17% collected in the Paddy class (Table 3).
Parous individuals were found in Paddy, Forest, urban
and Bare land classes, and there was a strong and signifi-
cant correlation between adult Anopheles sinensis and land
area (p < 0.05). There was a strong negative correlation
between the distribution of larvae and adult Anopheles
sinensis, although the correlation was not significant (p =
0.109).

Anopheles pullus, Anopheles sineroides and Anopheles lesteri
adults were found primarily in the Paddy class, and there
distributions were significantly correlated. For each of

Locations of larval habitats of North Ganghwa IslandFigure 3
Locations of larval habitats of North Ganghwa Island. Collection sites are displayed on a true color of QuickBird mult-
ispectral satellite image (resolution 1 × 1 m.) overlaid on the Digital Elevation Model to depict 3-dimensions. Collection sites 
are defined by various shades of green which depict a range of elevations in meters above mean sea level (pale yellow = 0–5 
meters, lime green 5–10 meters, florescent green 11–15 meters, and dark green >15 meters. Colored areas represent habitats 
that contained anopheline larvae during 2–14 August 2003.
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Land-use/land-cover classification of Ganghwa IslandFigure 4
Land-use/land-cover classification of Ganghwa Island. 
Image was acquired on 10 September 2002. Rice paddy, for-
est, urban, bare land, seawater, and inland water land-use are 
depicted by yellow, green, red, gray, light blue, and dark blue, 
respectively.

Land-use/land-cover classification of Paju DistrictFigure 5
Land-use/land-cover classification of Paju District. 
Image was acquired on 10 September 2002. Rice paddy, for-
est, urban, bare land, and water are depicted by yellow, 
green, red, gray, and blue, respectively.

Table 2: Distribution of Anopheles sp. larvae in different land-use classes on Ganghwa Island and Paju District, Republic of Korea.

Land-use/land cover Area(ha)a Anopheles sinensisb Anopheles pullus Anophelessineroides Anopheles lesteri

Ganghwa Island A,B,C,D A,B A,C A,B,C,D B,C,D
Paddy 11218 (17) 44 (67) 2 (40) 5 (46)
Forest 20992 (32) 17 (24) 2 (40) 1 3 (27)
Urban 640 (1)
Bare land 11397 (18) 9 (13) 1 (20) 3 (27)
Seawater 20637 (31)
Inland water 399 (1)
TOTAL 65286 70 5 1 11

Paju District A A,B B,C B,C,D D
Paddy 11577 (9) 61 (53) 8 (50) 5 (71) 5 (62)
Forest 80606 (65) 33 (29) 4 (25) 1 (14) 1 (12)
Urban 1927 (2)
Bare land 23641 (19) 21 (18) 4 (25) 1 (15) 2 (12)
Water 5718 (5)
TOTAL 123471 115 16 7 8

Land-use classes were created from a LANDSAT 7 ETM+ image acquired on 10 September 2002; aAreas are indicated in hectares (% of total area). 
b The number of sites (% of sites) containing larvae of each species of mosquitoes are indicated for each land-use. Mosquitoes collected during 
August-September 2003. For each of the 2 study areas significant correlation coefficients at the 0.05 level (2 tailed) are indicated by the same capital 
letters for Land-use, Area and mosquito species.
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was a negative correlation between the habitats for larvae
and those for adults, suggesting that adults are leaving rice
paddy areas to seek human blood. This type of adult mos-
quito behavior may have an impact on decisions regard-
ing how, when and where to conduct larval control since
previous studies have suggested that larval control may be
effective in controlling malaria transmission in Korea
[26].

Immature stages of Anopheles sinensis mosquitoes are
found in a variety of aquatic habitats and under a variety
of environmental conditions [4]; however, larval surveys

are often very expensive, time-consuming, and cumber-
some. As an alternative to a traditional ground-based sur-
vey approach to vector surveillance, we evaluated the
potential for application of remote sensing (RS) data in a
Geographic Information System (GIS) to identify land-
use classes that are correlated to anopheline habitats. Such
information could be used to assess the risk of human –
vector contact, and resulting malaria transmission risk.
Remote sensing has been used to estimate rice yields [27],
and identify and monitor rice-field development [28]. The
accuracy of GIS and remote sensing technologies in esti-
mating the identity of larval and adult habitats that pro-

Table 3: Distribution of Anopheles sp. adults in different land-use classes on Ganghwa Island and Paju District, Republic of Korea.

Land-use/land cover Area(ha)a Anopheles sinensisb Anopheles pullus Anophelessineroides Anopheles lesteri

Ganghwa Island
Paddy 11218 (17) 16 (47) [15]
Forest 20992 (32) 7 (21)[7]
Urban 640 (1)
Bare land 11397 (18) 11 (32)[10]
Seawater 20637 (31)
Inland water 399 (1)
TOTAL 65286 34 [32]

Paju District A A B B,C B,C
Paddy 11577 (9) 7 (17) [6] 8 (50) [1] 5 (71) 5 (62)
Forest 80606 (65) 11 (27) [12] 4 (25) 1 (14) 1 (12)
Urban 1927 (2) 1 (3) [1]
Bare land 23641 (19) 21 (53) [14] 4 (25) 1 (15) [1] 2 (12)
Water 5718 (5)
TOTAL 123471 40 16 7 8

Land-use classes were created from a LANDSAT 7 ETM+ image acquired on 10 September 2002; aAreas are indicated in hectares (% of total area). 
b The number of sites (% of sites) [number of parous females] where adults of each species of mosquitoes were collected are indicated for each 
land-use. Mosquitoes collected during August-September 2003. For each of the 2 study areas significant correlation coefficients at the 0.05 level (2 
tailed) are indicated by the same capital letters for Land-use, Area and mosquito species.

Table 4: Confusion matrix of the LANDSAT (10 September 2003) classified image of Ganghwa island, Republic of Korea.

CLASS GROUND TRUTH (PIXELS)

Inland water Bare land Urban Paddy Forest Seawater Total

Inland water 1023 0 0 0 0 0 1023
Bare land 106 441 141 49 13 28 778
Urban 5 41 341 0 0 38 425
Paddy 2 11 0 975 2 0 990
Forest 11 1 0 23 1078 0 1113
Seawater 20 0 0 0 0 992 1012
Total 1167 494 482 1047 1093 1058 5341

Agreement between classified image classes and ground truth observation is based upon an assessment of the classified image. Overall Accuracy = 
90.8%; Kappa Coefficient = 0.89
Page 9 of 11
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duce key Anopheles mosquito vector species was evaluated
by comparing data collected by ground observations to
classified images. Both QuickBird and LANDSAT satellite
data were used to successfully display spatial data in the
form of geographic coverage and descriptive information
in the form of relational databases associated with the
mapped features. Supervised classification of LANDSAT
imagery permitted good separation between paddy, for-
est, and water land-use classes. The immature collections
of Anopheles sinensis were significantly correlated with
land-use as determined in the land-use classification in
both Ganghwa Island and Paju District. There was also a
correlation between the spatial distribution of adult
Anopheles sinenesis and land-use. These data suggest that
classified remotely sensed data could potentially be used
to estimate the distribution of immature and adult mos-
quito populations in the Republic of Korea.

To better asses malaria risk factors further studies are
required to address topics that include: 1) testing mos-
quito specimens from man-biting collections for the pres-
ence of malaria parasite using molecular techniques to
determine vectorial capacity and entomological inocula-
tion rates, 2) performing proximity analysis of each
patient from immature mosquito habitats to quantify risk
of living in areas with Anopheles immature habitats, and 3)
performing detailed GIS analysis with the input of bio-
physical ground truthing and meteorological parameters
from climate satellites to define the temporal dynamics of
malaria transmission. It is anticipated that in the future
the GIS databases will be used to quantify spatial and tem-
poral relationships between larval habitats and character-
ization of adult mosquito density in the associated
villages. Final products of the GIS will include maps
depicting the spatial distribution of larval mosquito hab-
itats for various species and a map depicting potential
adult mosquito population in villages proximal to the
immature habitats.

Authors' contributions
All authors have participated fully in the conduct of this
study, the acquisition of data, the analysis and/or the
preparation of the manuscript in a substantial manner. RS
and KJL performed the statistical analysis and drafted the
manuscript; WJL and DMU provided critical review and
input. RS, WJL, DMU, and KJL participated in the design
of the study, participated in interpretation. Field data
acquisition efforts were conducted by RS and WJL. All
authors read and approved this manuscript.

Acknowledgements
We wish to thank LTC James W. Jones, the Chief of Entomology Depart-
ment, USAMC-AFRIMS, Bangkok, Thailand for providing necessary field 
personnel and equipments for undertaking this research, COL Terry A. 
Klein, Preventive Services Directorate, 18th Medical Command, Seoul, 
ROK, for providing the digital map of the study area, Ms. Kweon Su Jung 
and Ms. Kim Jung Jae, the Preventive Medicine Officers of the Ganghwa 
Health Center, and Mr. Chang Hwan Lee of the Paju Public Health Center, 
ROK for their industrious contributions throughout the project. This study 
would not have been possible without the assistance in field-work of Ms. 
Patcharee Khongtak, Mr. Boonsong Jaichpor, Mr. Pradith Mahapibul, Mr. 
Prasan Kankaew, Mr. Somporn Chanaimongkol, Mr. Tarnthong Leasirivat-
tanakul, and Mr. Somsak Tiangtrong of the Mosquito Biology Section, 
Department of Entomology, USAMC-AFRIMS. Funding for this project was 
provided by the US Department of Defense – Armed Forces Medical Intel-
ligence Center.

References
1. Sithiprasasna R, Linthicum KJ, Liu GJ, Jones JW, Singhasivanon P:

Some entomological observations on temporal and spatial
distribution of malaria vectors in three villages in northwest-
ern Thailand using a geographic information system.  South-
east Asian J Trop Med Public Health 2003, 34:505-516.

2. Sithiprasasna R, Linthicum KJ, Liu GJ, Jones JW, Singhasivanon P: Use
of GIS-based spatial modeling approach to characterize the
spatial patterns of malaria mosquito vector breeding habi-
tats in northwestern Thailand.  Southeast Asian J Trop Med Public
Health 2003, 34:517-528.

3. Sithiprasasna R, Ugsang DM, Honda K, Jones JW, Singhasivanon P:
IKONOS-derived malaria transmission risk in northwestern
Thailand.  Southeast Asian J Trop Med Public Health 2005, 36:14-22.

4. Claborn DM, Hshieh PB, Roberts DR, Klein TA, Zeichner BC, Andre
RG: Environmental factors associated with larval habitats of
malaria vectors in northern Kyunggi Province, Republic of
Korea.  J Am Mosq Control Assoc 2002, 18:178-185.

Table 5: Confusion matrix of the LANDSAT (10 September 2003) classified image of Paju District, Republic of Korea.

CLASS GROUND TRUTH (PIXELS)

Water Bare land Urban Paddy Forest Total

Water 3820 1 9 0 0 3830
Bare land 42 958 412 13 13 1432
Urban 26 50 589 0 0 665
Paddy 0 4 0 3086 3086 3095
Forest 0 36 4 200 200 4264
Total 3888 1049 1014 3299 3299 13286

Agreement between classified image classes and ground truth observation is based upon an assessment of the classified image. Overall Accuracy = 
93.9%; Kappa Coefficient = 0.9186
Page 10 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15115121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15906637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15906637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15906637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12322939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12322939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12322939


International Journal of Health Geographics 2005, 4:17 http://www.ij-healthgeographics.com/content/4/1/17
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

5. Cho SY, Kong Y, Park SM, Lee JS, Lim YA, Chae SL, Kho WG, Shim
JC, Shin HK: Two vivax malaria cases detected in Korea.
Korean J Parasitol 1994, 32:281-284.

6. Feighner BH, Pak SI, Novakoski WL, Kelsey LL, Strickman D:
Reemergence of Plasmodium vivax malaria in the republic of
Korea.  Emerg Infect Dis 1998, 4:295-297.

7. Liu C: Comparative studies on the role of Anopheles anthro-
pophagus and Anopheles sinensis in malaria transmission in
China.  Zhonghua Liu Xing Bing Xue Za Zhi 1990, 11:360-363.

8. Chi'i H, Chou T-C, Ch'en T-H, Hsueh A-T: The Anopheles hyrca-
nus group and its relation to malaria in East China.  Chin Med
J 1962, 82:71-78.

9. Strickman D, Miller ME, Kim HC, Lee KW: Mosquito surveillance
in the Demilitarized Zone, Republic of Korea, during an out-
break of Plasmodium vivax malaria in 1996 and 1997.  J Am
Mosq Control Assoc 2000, 16:100-113.

10. Min GS, Choochote W, Jitpakdi A, Kim SJ, Kim W, Jung J, Junkum A:
Intraspecific hybridization of Anopheles sinensis (Diptera:
Culicidae) strains from Thailand and Korea.  Mol Cells 2002,
14:198-204.

11. Lee KW: A revision of the taxonomic keys to genera and spe-
cies of female mosquitoes of Korea (Diptera, Culicidae).  5th
Medical Detachment, 168th Medical Battalion, 18th Medical Command,
US Army, Seoul, Korea 1998.

12. Tucker CJ, Slayback DA, Pinzon JE, Los SO, Myneni RB, Taylor MG:
Higher northern latitude normalized difference vegetation
index and growing season trends from 1982 to 1999.  Int J
Biometeorol 2001, 45:184-190.

13. Roberts DR, Paris JF, Manguin S, Harbach RE, Woodruff R, Rejmank-
ova E, Polanco J, Wullschleger B, Legters LJ: Predictions of malaria
vector distribution in Belize based on multispectral satellite
data.  Am J Trop Med Hyg 1996, 54:304-308.

14. Sithiprasasna R, Linthicum KJ, Lerdthusnee K, Brewer BG: Use of
geographic information system to study the epidemiology of
dengue hemorrhagic fever in Thailand.  Dengue Bulletin 1997,
21:68-72.

15. Linthicum KJ, Anyamba A, Tucker CJ, Kelley PW, Myers MF, Peters
CJ: Climate and satellite indicators to forecast Rift Valley
fever epidemics in Kenya.  Science 1999, 285:397-400.

16. Anyamba A, Linthicum KJ, Mahoney R, Tucker CJ, Kelley PW: Map-
ping Potential Risk of Rift Valley fever outbreaks in African
savannas using vegetation index time series data.  Photogram-
metric Engineering & Remote Sensing 2002, 68:137-145.

17. Pope KO, Sheffner EJ, Linthicum KJ, Bailey CL, Logan TM, Kasischke
ES, Birney K, Njogu AR, Roberts CR: Identification of central
Kenyan Rift Valley Fever virus vector habitats with landsat
TM and evaluation of their flooding status with airborne
imaging radar.  Remote Sensing of the Environment 1992, 40:185-196.

18. Detinova TS: Age-grouping methods in diptera of medical
importance.  Geneva: WHO 1962.

19. ERDAS I: ERDAS Software Version 8.5 of ERDAS IMAGINE
Tour Guide, Field Guide, and VirtualGIS.  Atlanta, GA: ERDAS;;
2002. 

20. ENVI Research Systems I: User's Guide Version 3.4.  In Boulder
Colorado: ENVI Research Systems, Inc; 2000. 

21. ESRI: ArcGIS 8.3 of ArcMap, ArcCatalog, ArcToolbox and
Spatial Analyst User's Guide.  Redlands, CA: ESRI;.  2001–2004

22. SPSS: SPSS for Windows, Base System User's Guide, Release
6.0.  SPSS, Chicago, Il;; 1993. 

23. Chow CY: Arthropods of public health importance in Korea.
Korean J Entomol 1973, 3:31-54.

24. Joo CY, Kang GT: Epidemio-entomological survey on malarial
vector mosquitoes in Kyongbuk, Korea.  Korean J Parasitol 1992,
3:329-340.

25. Wood BR, Washino R, Beck L, Hibbard K, Pitcairn M, Roberts D, Rej-
mankova E, Paris J, Hacker C, Salute J, Sebesta P, Letgers L: Distin-
guishing high and low anopheline-producing rice fields using
remote sensing and GIS technologies.  Prev Vet Med 1991,
11:277-282.

26. Strickman D, Miller ME, Kelsey LL, Lee WJ, Lee HW, Lee KW, Kim
HC, Feighner BH: Evaluation of the malaria threat at the Mul-
tipurpose Range Complex, Yongp'yong, Republic of Korea.
Mil Med 1999, 164:626-629.

27. Patel NK, Ravi N, Navalgund RR, Dash RN, Das KC, Patnaik S: Esti-
mation of rice yield using IRS-1A digital data in coastal tract
of Orissa.  Int J Rem Sensing 1991, 12:2259-2266.

28. Hlavka C, Sheffner E: The California cooperative remote sens-
ing project: Final report.  In NASA Tech. Memo 100073 NASA
Ames Research Center, Moffett Field, CA; 1988. 
Page 11 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7834248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2276188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2276188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2276188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10901633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10901633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10901633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12442891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12442891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12442891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11769318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11769318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11769318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8600771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8600771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8600771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10411500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10411500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10495632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10495632
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Study area
	Larval collections
	Adult mosquito collections
	Satellite data
	Geometric correction
	Image-to-map registrations
	Land-use/land-cover classification
	Statistical analysis
	Table 1


	Results
	Table 2
	Table 3
	Table 4
	Table 5
	Ganghwa Island (Figures 
	Paju District (Figure 

	Discussion and conclusions
	Authors' contributions
	Acknowledgements
	References

