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Detection, identification, and classification of
mosquito larval habitats using remote sensing scanners
in earth-orbiting satellites*

RICHARD 0. HAYES,' EUGENE L. MAXWELL,2 CARL J. MITCHELL,3
& THOMAS L. WOODZICK4

A method of identifying mosquito larval habitats associated with fresh-water plant
communities, wetlands, and other aquatic locations at Lewis and Clark Lake in the states of
Nebraska and South Dakota, USA, using remote sensing imagery obtained by multispectral
scanners aboard earth-orbiting satellites (Landsat 1 and 2) is described. The advantages and
limitations of this method are discussed.

INTRODUCTION

Mosquitos and other insects connected with
aquatic habitats and water impoundments have long
been recognized as pests and a public health problem.
These problems can be prevented or controlled by
physical (including water management), biological,
and chemical means. Although chemical pesticides
have frequently been used to control mosquitos and
other insect pests, the techniques preferred by most
mosquito control experts involve water management,
source reduction, and other preventive measures.
Mosquito control methods, except for chemical treat-
ment against adult mosquitos, usually require a
knowledge of the location of the aquatic habitats in
which the mosquito larvae are developing
("breeding"). Therefore, it is important that
mosquito control projects should begin with surveys
to locate, characterize, and measure the extent of
these larval habitats.

This article describes the results of using remote
sensing imagery obtained by multispectral scanners
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aboard earth-orbiting satellites (Landsat 1 and 2) to
survey the aquatic habitats and vegetation associated
with mosquito breeding in the vicinity of a large
impoundment. Like all organisms, each species of
mosquito is adapted to a specific ecological niche.
Larvae of some species can tolerate only a very
narrow ecological range, whereas larvae of other
species are more broadly adapted and may be widely
distributed in a great variety of habitats.

Bidlingmayer & Klock in 1955 reported that
hydraulic tidal action and salt-marsh flora in the
south-eastern United States were of primary impor-
tance in influencing the multiplication of Aedes
taeniorhynchus and Ae.sollicitans (3). Rioux and
coworkers in 1968 developed a phyto-ecological map
system in which they categorized four broad units and
30 plant communities in salt-marsh mosquito areas in
southern France (16). In 1969, Cousserans et al. (6)
showed a correlation between the various types of
plant communities in southern France and the
mosquito egg and larval habitats and indicated the
value of that approach for mosquito control; Pautou
in 1973 extended the findings and determined the
aquatic habitat associations for a large number of
mosquito species in the Mediterranean coastal,
Rhone-Alpes, and Atlantic coastal regions of France
(15). Similarly, Jolivet et al. on Wido Island of the
Republic of Korea,a Provost in the eastern USA,b

a JOLIVET, P. ET AL. Application of phyto-ecological carto-
graphy to detect the mosquito breeding places on an island in the
Yellow Sea, Korea. Unpublished document WHO/VBC/74.485
(1974).

b PROVOST, M. W. Needle rush as an indicator of breeding of
salt-marsh mosquitoes. In: 46th Annual Proceedings of the Florida
Anti-Mosquito Control Association, Vero Beach, Florida, April
1975, pp. 23-28.
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and Maire (12) in Canada reported on plant
associations and mapping of different vegetations
associated with mosquito larval habitats.

Barnes & Cibula described the use of aerial photog-
raphy and satellite multispectral sensor imagery for
classifying vegetation and terrains that had implicit
public health and insect control significance (1). They
reported on the use of multispectral scanners (from
aircraft) to define the portions of a salt marsh near
Houston, Texas, that were suitable Ae. sollicitans
breeding habitats, and also on the use of twice daily
remote sensing (from satellites) to show the tem-
perature, altitude, and vegetative cover for all of
Mexico which was to support the screw-worm fly
(Cochliomyia hominivorax) eradication pro-
gramme.
The Landsat 1 satellite, originally known as the

Earth Resources Technology Satellite (ERTS), was
launched by the United States National Aeronautics
and Space Administration on 23 July 1972. It was
joined by Landsat 2 on 22 January 1975. From the
satellite altitude of 917 km (569 miles), the multi-
spectral scanner scanned a 184-km (114 miles)
diameter area of the earth's surface. Remote sensing
multispectral scanners in Landsat satellites measure
the electromagnetic radiation emanating from
objects. Each item in nature has a distribution of
reflected, emitted, and absorbed radiation, which can
be used to differentiate between items and obtain
information about their shapes, sizes, and even about
some of their physical and chemical characteristics.
Sunlight reflected from the earth is channelled
through a telescope to detectors in the satellite that are
sensitive to four different bands of the light spectrum.
The detectors convert the light into electrical voltages
which, in turn, are translated by a digitizer into
number values from 0 to 63.
The digitized data are beamed to receiving stations

on earth, recorded on magnetic tape, and stored in the
library of the US Department of the Interior's Earth
Resources Observation Systems (EROS) Data Center
at Sioux Falls, South Dakota. The data can be trans-
formed by conventional computers to provide an
array of symbols representing reflectance values for
the different plant associations and other natural
features and cultivated areas of the earth's surface.
The smallest area that can be resolved is 0.45 hectares,
or 1.11 acres. The reflectance values on the four
spectral bands can be combined to give a "spectral
signature" for homogeneous areas. Later, the
composition of these areas can be verified by on-site
visits to obtain "ground truth" identification and
classification of the areas. The reflectance values
from these areas, designated as training sites, can

provide data which the computer can extrapolate and
use to classify other similar areas with the same
spectral signature. After a sufficient number of

training sites representative of the major types of
plants or other features under investigation have been
selected, a classification map can be prepared for the
entire area. This can be done by the computer on a
standard topographic map scale.
Remote sensing imagery from the Landsat 1 and 2

satellites, which each circle the earth every 18 days,
has been considered for a wide variety of appli-
cations, including uses for agriculture, hydrology,
oceanography, geology, and geography (2). Sensor
design for monitoring vegetation canopies by Landsat
data was reported by Tucker & Maxwell (21).

Fig. 1. Map showing the locations of the three study
areas for detecting and measuring mosquito larval
habitats in the Lewis and Clark Lake region of the
Missouri River.

The present study was conducted around Lewis and
Clark Lake, an impoundment of the Missouri River,
between South Dakota and Nebraska in the United
States (Fig. 1). The area has had mosquito problems
for many years, and many studies of the mosquito
fauna and larval habitats have been made. The two
most abundant and most important mosquito species
in the Lewis and Clark Lake region are Aedes vexans
and Culex tarsalis. The former is known as a "flood-
water mosquito", because it deposits its eggs on moist
soil above the waterline of groundpools, streams,
impoundments, irrigated fields, floodplain bottom
lands, and other intermittently flooded places.
Ae. vexans can fly for several miles (10) and is a
voracious daytime and evening feeder, the blood-
meals being taken mostly from man and his domestic
mammals (20). C. tarsalis differs from Ae. vexans by
laying its eggs directly on the water surface of more
permanent aquatic habitats, such as roadside ditches,
waste lagoons, the margins of ponds, excess irrigation
water, marshes, and wetlands. C. tarsalis usually
disperses only a few miles from its larval habitat (7),
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and it is a persistent feeder on birds and mammals at
dusk and after dark (20).

Certain limitations in methodology were
recognized at the outset, but we decided that these
were outweighed by the need for preliminary studies
to adapt the Landsat technology for remote sensing of
mosquito larval habitats in the vicinity of a large
freshwater impoundment. The most obvious limi-
tation was that the area of resolution was only 0.45 ha
(1.11 acre) of Landsat imagery, precluding specific
detection of narrow streams, canals, ditches, etc., or
ponds, marshes, lagoons, and other bodies of water
smaller than 0.45 ha. We also recognized that areas
flooded only for short periods of time may not
develop specific "indicator vegetation". We also
knew that mosquito larva breeding, itself, would not
be detected by the satellite imagery and that the
mosquito larvae may not be uniformly distributed
throughout the aquatic and vegetation habitats with
which they might be associated.

METHODS

Ground cover classification
Seven study sites in Nebraska and seven in South

Dakota had been selected to delineate the mosquito-
production areas around Lewis and Clark Lake
during a previous study in 1975. They were selected on
the basis of their principal vegetation and their
potential value as habitats for mosquito larvae. A
description of the breeding sites, their location and
size, the species of mosquitos found in 1975, and the
recommendations made for controlling the mos-
quitos in the Lewis and Clark Lake region has been
published by Hayes et al. (9). These workers detected
and described two principal mosquito-producing
regions in Nebraska, the Niobrara and the Bazile
Creek areas, which are located east of the town of
Niobrara and are adjacent to each other. The
Niobrara area had about 8 ha (20 acres) of mosquito
larval habitat, and the Bazile Creek area included
about 35 ha (87 acres) of larval habitat. The Running
Water and adjacent Springfield Bottoms regions were
the principal mosquito larval habitats in South
Dakota, containing an estimated 24 ha (60 acres) of
larval habitat in the former and about 854 ha (2109
acres) in the latter. Because mosquito breeding was
high in these areas in 1975, some larval collecting
stations were established and mapped in each area,
and these areas were selected for vegetation mapping
in 1976 (using the 1975 satellite reflectance data). The
Bon Homme Colony area, about 24 km (15 miles)
east of Springfield, South Dakota, in which only 0.4
ha (1.0 acre) of mosquito larval habitat was found in

1975, was also included in the vegetation mapping as a
negative control.

Trips to Lewis and Clark Lake to identify and
record the specific locations of vegetation ground
cover were made on approximately the same dates in
1976 as those on which the satellites had obtained the
imagery in 1975. Leaves, stems, and roots of plant
specimens were collected, identified, labelled, placed
in a plant press, and returned to the laboratory for
identity confirmation and storage. The 1975 study
area and mosquito collecting stations also were
inspected. Samples of mosquito larvae were obtained
and identified as to species, and their nunmbers were
recorded.

In this study, the satellite reflectance data for the
Lewis and Clark Lake area were obtained from multi-
spectral scanners aboard the Landsat I and 2 satel-
lites, and the multivariate system analysis of the
multispectral imagery methods of Maxwell (13) was
used for processing the data. Tapes containing the
reflectance data were purchased from the US
Geological Survey, EROS Data Center, at Sioux
Falls, South Dakota. Three sets of data for bands 4, 5,
6, and 7 were chosen for analysis; they included the
wavelengths 0.5-0.6, 0.6-0.7, 0.7-0.8, and
0.8-1.1 Am, respectively. Bands 4 and 5 are in the
visible range, and bands 6 and 7 are in the infra-red
range. The satellite overpass dates selected were 25
June, 13 July, and 9 August 1975 because they had the
best quality reflectance data and the least cloud cover
for the summer months.
The wild types of vegetation found in 1976 were

assumed to be the same as those present in 1975.
Cultivated types of vegetation present in 1975 were
determined by interviewing the landowners and
farmers. The "ground truth" data were developed in
these interviews by use of computer-generated grey-
maps (13). On the greymap, each particular type of
vegetation generates a low reflectance in one band
and a high reflectance in another band; these reflec-
tance variations, considered collectively across four
bands, indicated on the greymap a unique spectral
signature for each type of vegetation. These maps
were used to show the farmers the areas for which the
1975 crop identifications were needed.
The units of reflectance making up a greymap are

called picture elements, or pixels (0.45 ha). The
greymaps were scaled so that they could overlay a 7.5
minute topographic map (e.g., from 105037 '30"W to
105045'W) with a scale of 1:24 000, allowing natural
and cultivated landmarks to be transferred to the
greymaps and the reflectance values for a given band
to be compared with the actual locations in the study
area.

Extending ground truth data to correlations with
reflectance data to allow interpretations and identifi-
cations of ground cover on the basis of the spectral
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Table 1. Six habitat classes and their ground cover vegetation delineated by Landsat reflectance data classification
symbols'

Water Wetland Periodically flooded Transitional Domestic Upland

River (W) Cattail (.) Bulrush (X) Bog marsh- Alfalfa (A) Bluff grass (+)
crest (T)

Water, Cattail, Cattail (X) Corn (C)
standing (U) bleached (.)

Corn (X) Foxtail Oats (0) Shrubs or
barley (T) bushes (B)

Duckweed (.) Polygonum (X) Johnson Sorgum ($ or=) Trees (*)
grass (T)

Tree, dead I.) Kochia (T) Wheat (W)
Polygonum (T) Wheat-

grass (W)
Ragweed (T)

Reed canary (T)

a The computer symbols printed for classification mapping are shown in parentheses.

signatures alone is termed "classification". The clas-
sification was done by selecting training fields for a
particular type of ground cover delineated on the
greymaps. With the ground truth information, the
computer was provided the reflectance values of the
pixels for each specific type of ground cover for the
four spectral bands. For example, if corn was grown
in a specific area in 1975, the computer was given the
information to classify the multispectral signature for
that corn. In that process, the identification for corn
was extended to every pixel in the study area that had
a similar signature. Properly selected training fields
(which may involve only a small part of the study
area) ultimately accounted for a classification of the
entire study area. Classification of the Landsat data
was based upon ground truth inspections of the grey-
map reflectance data in training sites that totalled at
least 30 pixels. The training sites used for classifi-
cation were located on both sides of Lewis and Clark
Lake.
The final product of the classification task was a

line printer map of symbols that classified the ground
cover in each pixel. It resembled the greymap in
appearance and scale, but depicted surface cover
classes such as water, wetland, and floodplains. The
habitat class for water included the river and lake
areas, for which the classification symbol (W) was
used, and also the areas of nonturbid standing water
up to depths of 1.2-1.5 m that did not have aquatic
vegetation, for which the symbol (/) was used; the
wetland class symbol (.) represented various wetland
areas with water of the aforementioned depths with
hydrophilic vegetation; the periodically flooded class

was the moist ground area with vegetation that was
indicated with the symbol (X). The periodically
flooded habitat was flooded during 1975 but not in
1976. The classification symbols for the vegetation
ground cover in the transitional, the domestic, and
the upland classes of habitats are identified in Table 1.
The classification map comprehensively depicted
surface cover classes that were pertinent to the study
areas rather than reflectance values from one
particular band.

In the terminology of remote sensing, the project
was multidate because of the input on 3 dates, multi-
spectral because each overpass generated reflectance
data from four bands of the electromagnetic spec-
trum (two in the visible range and two near the infra-
red range), and supervised because the categories of
interest, e.g., cattails, river water, and bluff grass,
were established before classification during field
trips to the area. Signatures were extracted for
extension to the entire study area by analysis of
existing aerial photography and maps and by
delineation of representative training fields for each
class of reflectance patterns. The final process was
accomplished digitally, i.e., on the CDC 6400-
computer, through a set of routines known as
Landsat Mapping System (LMS) at Colorado State
University. These routines rely on a maximum likeli-
hood discrimination once the training signatures have
been established. The threshold levels for the classifi-
cation maps were established to optimize the
goodness-of-fit parameter and to increase the level of
confidence for comparisons between the single date
and multidate maps.
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Table 2. Plants identified from the Lewis and Clark Lake study areas in Nebraska and South Dakota from June to
August 1976

Botanical nanme Common name

Equisetum hyemale L.

Juniperus virginiana L.

Sagittaria spp.

Eleocharis macrostachya Britt.

Scirpus spp.
Bromus inermis Leyss.
Phragmites communis Trin.

Agropyron cristatus (L.) Gaertn.
Agropyron intermedium (Host.) Beauv.
Agropyron trichophorum (Link.) Richt.

Hordeumjabatum L.

Setaria lutescens (Weigel.) Hubb.
Phalaris arunidnacea L.

Typha angustifolia L.

Typha latifolia L.

Lemna minor L.

Populus deltoides Marsh.
Salix spp. (probably amygdaloides Anderss.
and exigua Nutt.)

Quercus macrocarpa Michx.
Celtis occidentalis L.

Cannabis sativa L.

Polygonum pennsylvanicum L.

Polygonum spp.

Kochia scoparia (L.) Schrad.
Rorippa palustris (L.) Bess.
Sisymbrium loeselii L.

Thlaspi arvense L.

Melilotus spp.
Acer negundo L.

Ambrosia trifida L.

Ambrosia spp.
Iva xanthifolia Nutt.
Xanthiumn strumarium L.

Horsetail

Eastern red cedar

Arrowhead

Spikerush
Bulrush

Brome grass

Plume reed

Crested wheatgrass
Intermediate wheatgrass
Pubescent wheatgrass

Foxtail barley

Foxtail

Reed canarygrass

Narrow-leaved cattail

Broad-leaved cattail

Duckweed
Cottonwood

Peached-leaved willow
Sandbar willow
Bur oak

Hackberry
Marijuana

Pennysivania smartweed

Smartweed
Fireweed

Bog marshcress

(No common name)
Field pennycress
Sweet clover

Box elder
Giant ragweed
Ragweed
Marshelder
Cocklebur

RESULTS

Plant identification
A total of 33 types of plants were identified in our

study areas. The list of plants (Table 2) is incomplete,
since we did not attempt to do an exhaustive floristic
survey; however, most, if not all, of the dominant
species associated with larval mosquito habitats are
included.

Mosquito larva collections
Collections of mosquito larvae from habitats

around Lewis and Clark Lake were made during
June, July, and August 1976 (Table 3). Thirteen
collections yielded 431 fourth-instar larvae repre-
senting seven species. The vast majority of mosquito
habitats which yielded larvae in 1975 were dry during
visits to the area in 1976, because drought conditions
prevailed throughout that summer.
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Table 3. Mosquitos identified from the Lewis and Clark Lake study in Nebraska and South Dakota from June to
August 1976

Number of Aedes Aedes Culex Culex Culex Culiseta Anopheles
Dates in 1976 and place collections dorsalis vexans tarsalis restuans salinarius inornata walkeri Total

22-23 June

Niobrara, Nebraska 3 1 23 1 142 167
Bon Homme Colony,
South Dakota 1 2 6 16 24

13-14 July
Niobrara, Nebraska 5 3 59 36 1 99
Springfield Bottoms,
South Dakota 2 1 3 17 21

1 0 August

Niobrara, Nebraska 2 53 11 17 39 120

Total 13 55 17 118 7 16 217 1 431

Classification mapping ofmosquito larval habitats numbered. It also indicates some of the topographic
features and the wetlands, grasslands, woods, and

Fig. 2, 3, and 4 are different types of maps of the cultivated fields. Fig. 3 is a portion of a US Army
Niobrara study area. Fig. 2 is a map prepared during Corps of Engineers' topographic map of that area
the 1975 mosquito surveys, which depicts the indicating landmark features, such as the town of
mosquito collecting sites that are outlined and Niobrara, state highway number 12 leading into the
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Fig. 2. Habitat and land use map of the 1975 mosquito larval collection sites at Niobrara, Nebraska.
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Fig. 3. Topographic map of Niobrara, Nebraska. (Source: U.S. Corps of Engineers)

town fom the east, and the roads in town, along the
Missouri River, and surrounding the wildlife manage-
ment site. Fig. 4 is a classification map of the same
area, which was computer-generated from the 12
bands of reflectance data obtained by combining the 4
bands of data obtained from each of the 3 satellite
overpasses on 25 June, 13 July, and 9 August 1975.
The computer symbols on the classification maps are
the same as those shown for the various ground cover
characteristics listed in Tables 1 and 4. Spaces on the
classification map without symbols result from not
having coded information for the unidentified pixels,
e.g., the reflectance values for the town of Niobrara,
which is near the lower left-hand corner of Fig. 2-4.

The number of times each type of symbol is shown as
a pixel on the classification map, its percentage com-
position of the printout, and the area in hectares for
each symbol are shown in Table 4. The number of
hectares equals the number of pixels multiplied by
0.45, the number of hectares per pixel. The number of
unclassified pixels (no symbol recorded) is also shown
in Table 4 as "Other, unclassified".
The Niobrara study area multidate classification

map (Fig. 4) was 24.0% wetlands, 9.5% flooded, and
23.1% river (subtotal 56.67o), as shown in Table 4.
The individual, 4-band classification maps also were
computer generated, but are not shown, from the 23
June, the 13 July, and the 9 August 1975 reflectance
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Fig. 4. Classification map of Niobrara, Nebraska,
generated from multidate Landsat reflectance data in
June, July, and August 1975.

data for wetlands, flooded, and river areas. These
combined total percentages of the monthly maps were
54.10No, 60.2%o, and 58.2%o, respectively. The

Missouri River area in the three monthly maps was
489 ha (1208 acres) during June; 474 ha (1171 acres)
during July, and 504 ha (1245 acres) during August.
However, the amount of standing water and flooded
lands changed from 720 ha (1778 acres) in June to 801
ha (1978 acres) in July to 738 ha (1823 acres) in
August, and the areas classified as wetlands increased
monthly from 443 ha (1094 acres) to 497 ha (1228
acres) to 603 ha (1489 acres), respectively. The trend
of increasingly greater areas of wetlands over the
summer months was previously documented and
reported for the 1975 field studies (9). The inundation
of the region by water flowing through wetlands and
cornfields in 1975 made many of the mosquito larval
collecting sites unsuitable as mosquito larval habitat
because the water was moving. It also was reported
that the greatest production of Ae. vexans larvae
occurred on both sides of the river during the period
of 23 June to 20 July 1975 when the river levels first
rose to flood the adjacent fields, whereas the
C. tarsalis larval production indices increased later in
the flooded areas that developed into permanent
water habitats (9). The Niobrara and similar areas

had large numbers of C. tarsalis from 7 June through
August 1975.

Table 4. Reflectance data for the classification maps in Figures 4-6.

Niobrara a Springfield Bottoms' Bon Hommeb
Ground cover Symbol Pixels' %d Area (ha)e Pixels' %d Area (ha)e Pixels' %d Area (ha)e

Alfalfa A 20 0.4 9.0 14 0.1 6.3 53 2.9 23.8
Bluff grass + 259 5.3 116.6 3017 24.5 1357.6 408 22.7 183.6
Bushes B - - - - - - 9 0.5 4.0
Corn C 239 4.8 107.6 341 2.8 153.4 - - -

Flooded X 471 9.5 212.0 769 6.2 346.0 0 0 0
Oats 0 96 1.9 43.2 881 7.2 396.4 197 11.0 88.6
River w 1140 23.1 513.0 1348 10.9 606.6 591 32.9 266.0

Sorghum $ or= - - - - - - 201 11.2 90.4
Transitional T 994 20.1 447.3 1871 15.2 842.0 - - -

Trees mature * 144 2.9 64.8 43 0.4 19.4 1 0.1 0.4
Trees, young Y 58 1.2 26.1 158 1.3 71.1 0 0 0
Water, standing / 28 0.6 12.6 240 1.9 108.0 0 0 0
Wetland 1187 24.0 534.2 1465 11.9 659.2 0 0 0

Wheat W 92 1.9 41.4 770 6.3 346.5 143 7.9 64.4

Other, unclassified 212 4.3 95.4 1397 11.3 628.6 195 10.8 87.8

Total 4940 100.0 2223.0 12314 100.0 5541.1 1798 100.0 809.0

a June, July, and August 1975; 12-band multidate reflectance data; 32.909 threshold value.
b August 1976; 4-band reflectance data; 18.465 threshold value.
' 1 pixel (picture element) = 0.45 ha 11.11 acres).
d Percentage composition of the printout for each item of vegetation, water, etc., denoted by the symbol.
' Area in hectares for each symbol.
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The mean river water levels (elevations) at the

Niobrara gauging stations during 9-22 June, 7-20

July, and 4-17 August 1975, were 370.9 m (1216.6

feet), 371.4m (1218.2 feet), and 371.6m (1218.9

feet), respectively. At the Springfield station during

23 June-6 July, 7-20 July, and 4-17 August 1975, the

river levels were 368.2 m (1207.7 feet), 368.6 m

(1209.0 feet), and 368.9 m (1210.0 feet). Thus, the

image data for the areas of standing water, the

periodically flooded, and the wetland classes of

ground cover were directly associated with the

recorded rising elevations of the Missouri River

during June, July, and August 1975.

The study area in Springfield Bottoms, South

r I.. 1x

he, /. ..X x11.2... ..X/// I2 X $X..
/..2.

/ %X..1 O. 21 I
I/ /I/I//I

.low :a

H idhi
.u,*1I2

Bottoms, South Dakota, generated from multidate

Dakota, was reported to comprise about 854 ha (2110

acres) and was the area where the most mosquito
larval habitats were detected during the 1975 study. A

total of 767.2 ha (1 895 acres) of wetland and'
standing-water habitats were detected and classified

by using the reflectance data from the satellites (Table
4 and Fig. 5). The size of the area determined from the

Landsat data for these two habitat classes that could

be considered as prime mosquito larval habitats is in

quite close agreement with the 197-5 study data,

especially considering that 1975 was a year with more

extensive flooding. The unclassified areas surrounded

by the classification map symbols for the river- or

lake-water symbols corresponded to sandbar areas in
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Fig. 6. Classification map of the study area in Bon
Homme, South Dakota, generated from August 1975
reflectance data.

the lake that resulted from siltation. Whether the
sandbars were exposed or covered with water, they
produced a reflectance value different from that of
the river and lake water. Because the sandbar areas
were not classified during the ground truthing, they
were not printed on the classification maps. The same
was true for the shallow, flowing margins of water
along the edges of the river and lake.
The classification map of the study area in Bon

Homme, South Dakota, is shown in Fig. 6. The area
was considered to have only 0.4 ha (1.0 acre) of
mosquito larval habitat during the 1975 study. The
reflectance image resolution limits were 0.45 ha (1.11
acres), and no pixel was recorded for either the
wetland or the periodically flooded habitat class that
would correspond to a potential mosquito larval
habitat in this study area. However, types of ground
cover such as bushes and sorgum were found that
were not present in either the Niobrara or the
Springfield Bottoms area. The bluff grasses
surrounding the Hutterite farm and its crops of
sorghum, oats, and wheat were the predominant
types of ground cover in the Bon Homme area. The
circular pattern of sorghum classification symbols
($), which can be seen near the middle of the map,
results from the crop being watered by a centre-pivot
irrigation system. Another classification symbol (= ),
also indicating sorghum crops, was sparsely distri-
buted because of poorer irrigation.
The elevations and the water table levels varied

across the river valley. Beginning at the river level was
the water class; the elevation increased through the
wetland, the periodically flooded, and the transi-
tional classes into parts of the floodplain; the ele-
vation continued to increase in most of the domestic
class croplands, and it rose abruptly into the upland
class. Some of the bluff grass in the upland class was
76.2 m (250 feet) above the Missouri River.

Classification accuracy

The observation that the use of multidate, or
sequential monitoring of ground cover, classification
was more sensitive to seasonal variations has been
reported (18). A special evaluation of seven classifi-
cation categories (river and lake water, cattails,
standing water, transitional, corn, mixed deciduous,
and bluff grass) was made by using 15 pixels that were
not included in the initial ground-truth training fields
for each of the aforementioned categories. The
overall accuracy of the single-date classification was
72% for June, 60/o for July, and 83% for August.
The multidate (three-month) classification accuracy
was 95/o. This special evaluation also revealed that
large homogeneous categories were accurately
classified in both single-date and multidate maps; that
is, 55 and 60 of the 60 pixels for mixed deciduous and
river or lake water, respectively, were accurately
classified. Only 23 of 45 and 22 of 45, however, were
accurately classified for the flooded and transitional
categories, respectively, from the single-date data,
whereas 13 of 15 and 14 of 15 were accurately clas-
sified in the multidate map for these categories.

Project costs

This project was budgeted for US$40 000, and
most of the costs were in the categories of personnel
salaries and benefits and in travel. The expenditures
for the Landsat imagery items were only $738. Those
items were purchased from the US Earth Resources
Observation Systems Data Center for the months of
June, July, and August 1975. The costs for each
month's data were: one computer compatible tape at
$200 (1980 price was $200); four black-and-white
prints of the Landsat image at a scale of 1:500 000 at
$8.00 each (1980 price was $12); four positive trans-
parencies (5 x 5 cm) of the image at $3.00 each (1980
price was $8), and one 18 cm positive transparency of
the image at $5.00 (1980 price was $10). The computer
cost records were included in the project budget, but
these data are no longer available. Estimated
computer costs, however, for a 1980 project of similar
size and scope were $2250 for computer time, $2000
for a computer programmer, $750 for keypunch time,
and $400 for computer tapes, cards, binders, and
related supplies.

DISCUSSION

Areas characterized by mosquito breeding or by no
mosquito breeding were correlated with the types of
vegetation. The computer-programmed alphabetic
character printouts were used to identify and measure
the mosquito-breeding habitats. We found that the
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wetland, periodically flooded, and transitional
habitat classes were generally associated with
mosquito breeding. Depending primarily on the river
and lake levels and their elevations, the three classes
would respectively correspond to permanently
flooded, frequently flooded, and occasionally
flooded areas. By extrapolation, they could be
expected to have a slight, moderate, or high
mosquito-breeding potential. Thus, for Culex
tarsalis, a permanent pool mosquito, the permanently
flooded class of habitat would have the highest
potential and the occasionally flooded class would
have the lowest. The opposite would be true for the
flood-water mosquito, Ae. vexans, for which the
occasionally flooded and frequently flooded habitat
classes would have much more mosquito-producing
potential than the permanently flooded habitat class.
Collectively, these three classes would have much
more mosquito-producing potential than any of the
other classes characterized.
The resolution, about 0.45 ha (1.11 acres), and the

rectilinear grid arrangement of the Landsat
reflectance data are not ideally suited for precisely
delineating the complex growth patterns of many of
the Lewis and Clark Lake plant communities and
aquatic mosquito habitats, because they often are
small, noncontiguous, irregularly shaped, hetero-
geneous localities. Therefore, the classification
scheme of vegetation components comprised units
with more than one species (Table 1), and it followed
previously used concepts for classifying plant-
mosquito associations (11). The technical refine-
ments that will result in greatly improved satellite
sensor resolution have already been developed (17). A
30-metre resolution is now available from Landsat 4,
which was launched in 1981. Further evaluation with
current technology, development of guidelines for its
use, and determination of budgetary requirements are
logical prerequisites to implementing the use of
remote sensing as a tool in combating the vectors of
selected diseases. Improvements in resolution will
greatly increase the potential for using remote sensing
data for planning and conducting operational
mosquito control programmes. Including the
capabilities to monitor the water's depth would also
be important in delineating the portions of aquatic
habitats most likely to have mosquito larvae.
Another technical refinement that will become

available for mosquito larval habitat detection by
Landsat imagery is the capability of measuring the
soil's moisture content. Since most of the misclas-
sified transitional pixels were indicated as flooded,
the soil moisture data would minimize that misclas-
sification. Including a parameter for ground
elevation would be valuable for delineating areas
within class categories that are the most susceptible to
flooding. Contours at 0.3-m intervals could be

considered in flood-plain areas where the remote
sensing data are to be repeatedly used in ongoing
mosquito control projects, but this would not be
feasible if satellite imagery were being used to obtain
wide-area data for preliminary survey or reconnais-
sance purposes. Where available, colour infra-red
aerial photographs of portions of the ground-truth
areas also facilitate category classification. When
international political agreements permit, it seems
likely that future remote-sensing satellites can be
developed that will have a resolution on the order of
0.02-0.09 ha (0.05-0.22 acres); this would greatly
improve the ability to associate mosquito larval
habitats with various plant and water classifications.
However, long and narrow breeding sites, such as
roadside ditches, still would not be detected, unless
the water leaked or seeped onto larger areas.

In addition to the resolution limits, satellite
imagery has other limitations. Cloud cover which
obscures the satellite reflectance data obviously
would be of more importance in some geographical
regions than in others. For example, in a region of
southern France that was considered for a study
similar to the present study, it was found that cloud
cover obscured the satellite pictures more than was
expected for the region. This was because the satellites
pass over that area at 09 h 30, and the cloud cover
often had not yet dissipated by that time of day, even
during the summer months.
The time lag between the date when the satellite

remote sensors record the reflectance data and the
date on which the magnetic tapes of data can be
obtained for computer processing may be 3 months or
longer. This would not be a disadvantage if the data
were to be used for preliminary survey purposes,
sufficiently projected in time, and the problem could
be minimized by long-term studies to determine
seasonal ground cover characteristics in areas where
mosquito control programmes operate continuously.
However, the long time lag would become an
important problem in the case of ongoing operational
vector control programmes. Special arrangements for
reducing the delay may be possible for such
projects.
The cost of the present project was modest, and

only about 15% of the costs were for satellite reflec-
tance data and computer-related expenses. As in most
studies, the major portion of the budget was
consumed by personnel and travel costs.

Additional applications for Landsat imagery of
mosquito habitats associated with impoundments,
fresh- and salt-water marshes, and other types of
wetlands are needed in the different geographical
regions of the world to generate data on the
appropriate habitat classes and their ground cover
characteristics. These data could be used in planning
and conducting malaria, onchocerciasis, and possibly
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other vector-borne disease control programmes. Such
information would allow remote sensing data to be
used for delineating and measuring large potential
mosquito and other vector problem areas in the
various regions of interest. The idea is not new. The
use of remote sensing infra-red and reflectance data
for other veterinary and public health applications
has also been postulated, for instance, by Cline (4) for
the control of schistosomiasis (Schistosoma mansoni)
and its snail host (Biomphalaria galabrata), and for
control of several species of mosquitos that are
vectors of malaria, filariasis, and arboviruses. c In a
report of an evaluation of remote-sensing imagery
products for range and water management problems
in West Africa, consideration was given to appli-
cations for tsetse fly and blackfly control pro-
grammes (5). The principal uses were for locating
areas with dense stands of trees that may harbour the
tsetse flies and for locating bodies of water larger than
200 m in diameter (3.1 hectares in area) that may be
associated with streams and rivers providing blackfly
breeding sites. However, the resolution limits were
not sufficient to detail the specific breeding sites for
either type of fly, and it was stressed that adequate on-
site investigations were essential for providing identi-
fication, mapping, or monitoring of geohydrological,
vegetative, and agricultural phenomena. Environ-
mental data obtained from satellite imagery were used
for the screw-worm control project in Mexico to

c BARNES, C. M. Extracts of remarks on potential contributions
of remote sensing to public health. In: Proceedings of the XII
Congress of the International American Sanitary Engineering
Association and PAHO Symposium on Water Pollution, Caracas,
Venezuela, 1970.

indicate areas in which the temperature was high
enough to permit growth of the parasite (1).
The use of the techniques described in this report

could be further refined by using classification maps
to identify and measure the potential mosquito larval
habitat areas in other regions of the USA or the
world. Reservoir and other impoundments associated
with urban and rural development create habitats that
favour disease vectors such as Anopheles hyrcanus in
Asia and Anopheles darlingi in South America (19).
The development of water and related land resources
without plans to prevent and control the vector popu-
lations results in increased risk of disease trans-
mission (8), e.g., arboviral disease activity has been
correlated with irrigation and rice culture in southern
France, Japan, Korea, China (Province of Taiwan),
Thailand, India, and the USA (14). We believe that
the present study demonstrates that Landsat imagery
can be used to obtain maps of large-scale water
resource developments and that the maps can be used
to delineate, classify, and measure potential mosquito
larval habitats (and mosquito production). We also
believe that the study shows that the imagery could be
used to evaluate the magnitude of a problem area in
the initial planning of disease control programmes
covering a large area. Seasonal and annual imagery in
such programmes could provide larval habitat data
that would be of value in assessing progress of the
programmes, especially in source reduction opera-
tions. Finally, when the resolution of multispectral
resource sampler imagery from satellites has been
improved, this moderate-cost technology will find
applications in a large variety of operational vector
control programmes.

RtSUME

DETECTION, IDENTIFICATION ET CLASSIFICATION DES GITES LARVAIRES DE MOUSTIQUES AU MOYEN DE
TELEDETECTEURS EMBARQUES SUR SATELLITE

Les images fournies par les teledetecteurs multibandes
installes a bord de satellites a orbite circumterrestre
(Landsat I et 2) ont permis d'etudier les biotopes aquatiques
et les communautes vegetales associes a la reproduction des
moustiques au voisinage d'une importante retenue d'eau
douce. Cette retenue, le lac Lewis and Clark, est situee sur le
Missouri, entre le Dakota du Sud et le Nebraska (Etats-Unis
d'Am6rique). Dans cette region, les moustiques,
principalement Aedes vexans et Culex tarsalis posent des
problemes depuis de longues ann&es. Les methodes utilisees
pour dresser la carte du biotope aquatique et de la vegetation
sont decrites, la classification des types de sol et de couvert
vegetal etant rendue possible par l'analyse, selon un systeme
a plusieurs variables, des images multispectrales etablies a
partir des mesures de la r6flectance effectu&es depuis le

satellite. Les symboles employes sur la carte tracee par
imprimante pour representer les divers types de sol et de
couvert vegetal permettent de reperer les zones propices ou
non a la reproduction des moustiques.

Les valeurs de la reflectance obtenues pour trois des zones
etudiees ont e utilisees pour distinguer les types suivants de
sol ou de couvert veg6tal: luzerne, gramin6es de pente,
broussailles et buissons, mais, zone submergee, avoine,
cours d'eau, sorgho, vegetation de transition, arbres
(adultes), arbres (jeunes), eau (stagnante), marecages et ble.
En plus de leur interet pour le trace des cartes, les valeurs de
la reflectance permettent de connaitre la place occup&e, dans
chacune des zones etudi&es, par ces divers types de terrain et
de vegetation (en pourcentage du total et en nombre
d'hectares). En se servant de donn&es relev&es a plusieurs
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epoques (en juin, en juillet et en aout), on obtient une
classification exacte a 95%7o. Les zones inondees de faqon
permanente, frequente ou meme occasionnelle, sont les plus
propices A la proliferation des moustiques. Dans le cas de
C. tarsalis, moustique qui se reproduit dans les mares et
etendues d'eau permanentes, les biotopes de la categorie des
zones constamment submergees sont les plus propices a la
constitution de gites larvaires, tandis que les biotopes de la
categorie des zones occasionnellement submergees sont les
moins propices. Dans le cas d'Ae. vexans, espece qui se
reproduit dans les eaux d'inondation, la situation est exacte-
ment opposee, les biotopes correspondant A des zones
occasionnellement ou frequemment submergees etant plus
favorables A leur reproduction que ceux de la categorie des
zones constamment submergees.

L'identification, le releve cartographique et la mesure du
potentiel larvaire des divers biotopes A partir des images
obtenues par satellite se heurtent A plusieurs difficultes dont
les principales sont la resolution (de l'ordre de 0,45 ha dans
cette etude), la couverture nuageuse et le dMlai qui s'ecoule
entre la collecte des valeurs de la reflectance A partir du
satellite et le traitement de ces donnees apres report sur
bandes magnetiques. Le carroyage etabli A partir des valeurs
de la reflectance ne permet pas toujours de delimiter de

facon precise les petits biotopes heterogenes, non contigus et
de forme irreguliere. La couverture nuageuse peut fausser
les mesures de reflectance et le traitement des donnees prend
jusqu'a trois mois ou plus. Cependant, il n'est pas
impossible sur le plan technique de nettement accroitre la
resolution en atteignant 0,02-0,09 ha, et des dispositions
particulieres peuvent permettre de reduire la duree du traite-
ment.
En conclusion, les auteurs estiment que l'imagerie a partir

de satellite est une bonne methode pour dresser la carte des
grands projets de mise en valeur des ressources hydriques en
vue de delimiter et de classer les biotopes et d'en mesurer le
potentiel larvaire (ainsi que l'importance effective des
populations de moustiques). De meme, la methode aurait sa
place dans la planification des programmes de lutte
couvrant une vaste superficie ou elle permettrait d'evaluer
l'ampleur du probleme et de suivre les progres accomplis
grace aux operations de reduction du nombre de sources de
moustiques. Quand les valeurs de la reflectance obtenues
par photographie aerienne multispectrale comporteront une
meilleure resolution, cette technique de cout modique
trouvera de plus larges applications dans toute une serie de
programmes operationnels de lutte antivectorielle.
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