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Alstracr. This paper reqews the applicauon of remnic seasing 1o the piirdy and
control of mverebible picrmedtate basts and vedars far pomc of (he mosi
Prevales) of human diseases wordwdc Exampics are also taben from giudies
nvelving animn! doease 1hat have coumderabie ads ere effects oo human welfure
The currenl siatus of remole sensing 1o emdemology b assevsed and suppestions
are mode en Bow, i the furnre, the two nelds mught be most profitably combined

I, Inlreduciion

The potentiul for the upPlication of remote senving 1o epidemiological studies
has long been recognized (Cline 19, though for a vanely of rcasans this polential
has been only partly realued. The problem s well illusizated in Barpes {1991) who
documents the fate of the Health Applicauons Office {HADL. formed by Nation:f
Aerenauiics and Space Admintstration {NASA) o investigate remote sensing applica-
tons to public health o the early 19705, Afier many successful pilon studies, further
funding was nol fertbeoming because NASA considered 15 mandate 1o have vnded.
onee (he feasibibty of such progects had been proven. The probiem was eampoumded
by other ogencies and inytilubony which had 3 clearer remil in 1he Geld of human
healrth, but which remained scoplical of the echnigues { Bos 1990),

The purpose of this review is tp survey the ma#y invesligations thay have used
remate sensing techmques for the study of diseases involving ipverichrates os inter-
medizie hosts. Such hosts may¥ act simply as passive carmers or specifically as vectors
of disease where they introduce or jnoculate pathopens directly op to or inio &
veriebrate thraugh ther hoematophagous (blood-fesding} habus {Molyneus 1993),
Impertant exumples re given in 1able 1. In addmion. these and piber im ertehrale
Inermediate hosts transmil & runpe of diseases of domesiic animals, causing gygnfic-
ani ydverse gconomic impocts. For each discase 1 beief explanation of the 1rapsmis.
sion cycle and intermedrale host biology arc given 1o llustirate how sprveillance
echmiques have been used.

Frevious reviews of 1he subject have been aricniated towards the medical, veteria
ary and biological communities (Cline 1970, Hugh. Jones 1989, 19912 Hiley 19089,
Epstesn of al 1993, Koberts and Kodriguez 1994, Washino and Wood 1994 I whue
those found in the remote sensing lilerature are either preluminary, or dated {Rush
and Yernon 1975, Jovanovie |987a 1967h, Wood o al. 1997 . Hacker and Robarts

O123- | 1alfo? B100 € (%97 Toslor & "moos Lie



2900 S. 1. Hay et al.

Table Major tropical diseases in 1990.

Prevalence of infection = Populations at
Disease (millions) risk (millions) Distribution

Vector-borne

Malaria 300-500 2300 Tropics, subtropics
Lympbhatic filariasis 90 900 Tropics, subtropics
Leishmaniasis 12 350 Tropics, subtropics
Onchocerciasis 18 90 Africa, Latin America
Trypanosomiasis 25000 new cases/year 50 Tropical Africa
Intermediate host

Schistosomiasis 200 600 Tropics, subtropics
Dracunculiasis 1-3 63 Tropics (Africa, Asia)

This table shows status of the major human vector-borne and intermediate host transmitted
diseases in 1990 and is adapted from WHO (1990, 1994) and Rogers and Packer (1993). The
population at risk estimates are based on a world population of approximately 4-8 billion
in 1989.

1994, Beck et al. 1995). This has allowed common objections concerning complexity,
expense, appropriateness and lack of proven operational application to go unchal-
lenged (Barinaga 1993, Kleiner 1995). This review highlights the progress and current
status of remote sensing techniques in epidemiology and uses this background to
draw conclusions on opportunities for future application and synergy.

2. Invertebrate intermediate hosts, remote sensing and disease

The prerequisite for all epidemiological applications of remote sensing is a close
association between life history variables of a parasite or intermediate host species
and environmental features that can be observed remotely (Hugh-Jones 1989, Epstein
and Chikwenhere 1994). With this criterion satisfied, remote sensing can provide a
relatively homogeneous sample of environmental variables through a wide range of
spectral, spatial and temporal resolutions, depending on the choice of sensor and
the satellite platform on which it is carried (Cracknell 1991). An overview of the
specifications of the satellite sensors most often used in epidemiological studies is
given in Hay et al. (1996) and summarized in table 2. For the purposes of this review
high spatial resolution sensors are arbitrarily defined as those that, when in orbit,
are able to resolve pixels smaller than 1 x 1 km and low spatial resolution sensors
as those which can resolve only larger pixels.

Remote sensing is of particular relevance in the technologically developing tropics
since it is there that the diseases concerned are most prevalent, the basic information
on disease incidence (distribution) and prevalence (abundance) over extensive areas
is lacking, and the resources available to deal with disease problems are least.
Furthermore, the specificity of many of the disease vectors and the increasing problem
of insecticide resistance (Roberts and Andre 1994), coupled with the continued
difficulties of chemotherapy and vaccine development (McLaren and Terry 1989,
Desowitz 1993, Hide 1994), have resulted in a return to an emphasis on the reduction
of vector populations for disease control (Molyneux 1993, Davies 1994, Green 1994,
Rogers et al. 1994).
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Table 2. The spatial, temporal and specizal feselulion of the sensors corred by e SPOT
Landsal. WOAA and Meteosat smellies.

Resplution Spectral Spatalt Temparal
Satellite Puur {'Observation de 12 Terze
[SPOT)
lirgh Reselubon Vighlc {HRV)
Iunchromatic mode (HRV-PAN] Ch | {0-51-073) 10m 26 diys
hults-speciral mode { HRV-XE) Ch 2050059} 2im
Ch 3 10-6-0ak] 0m
Ch 410:79-089) 0w
Lanelegr- -2, -3
Relumn Beam Vidicon (KBV) camere Ch | (D4725-0-575) 8(tm 18 days

Ch 2 (-5R0.-O-E50)
Ch Moevo-o-5any
| andsal-1, -2, -%, -4, -8

Mulil-specini] Scapoer [ M55} Ch 4 (G5-Cal THEIm®  16/18 dayss
Ch $i06-07)
Chb 6 (B7-08)
Ch 7 (DK-3-1)
Landsal-4. -5
Themutie Mappec {TM) Ch | (Drd3-0-32) 30m |6 deiys,
Ch 2o 52-060) 30:m
Ch 1 i361-069} A
Ch 41076090 Im
Ch S41-55-1-75) Nm
Ch 4 {1040~ 17 50 1201w
Ch 7{>0-335] Hm

Mational Qoran and Almospheric
Athnuusianon {NOA 4

Advanced Yery High Resolution Ch 1 (056068 Flkm 2k
Fedremeic: IAVHREED Ch 2 {G72-110} - .
Ch X735%-393)
Ch - {1G30-11-30)

Ch $41030-11-50)
:Metepsal-l, -5, &

High Resolulion Radiometer {ITR R} Ch | (0-40- 11D X5km (150
’ Ch 210501250} Skm ’
Ch 3{FT0-710) Skm

* The spectsal resolulions arc the eheciromagnei® wavelengih raoge o pm ® The spalial
resolution 1 prven as dinmeler of the viewing arca of Lhe sensor al nadir. * A pomting aciliny
can unptong the Frguency of coverage * Landsa-3 had a lounb RBY channol 10 505-0-750)
J1 30 spanal resolution * The spatal rescdution I» Mm for Lapdsat-1 1@ <3 and §2m for
Landsai-4 and -5 the temporal resolutios slso changed Fom 36 1o 18 days

3. Disense contral

The princapal goal of remote sensing in epidemiodogy is 10 map the distibution
ol a discase (often by mapping the distribotion of 15 uermediate host] sp that
control efforts in endemic situations and interventon sirategies in epidemic situations
ma¥ be most effioenly direcied

Determining the distribution of intermediate hosts Ts alten the first step io an
emdemivlogicalls sound approach to disease conwol This arises because the basic
reproductive rate dor nomberl of a disease. R, which descnbes Lhe average numbet
of new cases of the diseasc thal will anse (rom the introduction of an infective host
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into a susceptible population (Dietz 1988, Anderson and May 1991, Lord et al.
1996), is influenced primarily by factors associated with the invertebrate intermediate
host. The standard formula for insect vector-borne diseases is

2 -uT
R, = amcbe (1
ur

where, a is the vector biting rate, m is the ratio of vectors to hosts, ¢ is the transmission
coefficient from vertebrate to vector (ie., the proportion of bites by vectors on
infected hosts that eventually give rise to mature infections in the vectors), b is the
transmission coefficient from vector to vertebrate, 4, is the vector mortality rate, T,
is the incubation period of the infection within the vector (sometimes referred to as
the extrinsic incubation period) and r is the rate of recovery of the vertebrate from
infection (Rogers 1988). Somewhat different equations describe R, in tick vectors
and those diseases requiring intermediate hosts that do not feed directly on the
vertebrate hosts. All of the variables in the above equation are some function of the
vector, save r which is a function of the host alone. Given this importance of many
aspects of intermediate host biology and behaviour to the transmission dynamics of
the diseases they carry, it follows that the distribution and intensity of such diseases
is dependent upon the distribution and abundance of the intermediate hosts. Control
campaigns should therefore aim to decrease intermediate host population numbers
below the threshold of disease transmission (Rogers et al. 1994). This occurs when
R, falls to a value of less than one.

4. Malaria and filariasis
4.1. Disease and vector biology

Mosquitoes (flies of the family Culicidae, see figure 1(a)) have a simple life cycle
with the egg, larval and pupal stages passed in still, or slow-moving fresh or brackish
water. Soon after emergence the haematophagous adult females seek vertebrate hosts
in order to feed. The ingested blood is used in egg production and, following
oviposition, females seek further blood-meals to nourish future broods. It is this
repeated feeding that facilitates the transmission of parasites between hosts (Bruce-
Chwatt 1986). The organisms for which mosquitoes act as vectors include a range
of arboviruses (arthropod-borne viruses) such as yellow fever, dengue fever and Rift
Valley fever viruses; nematode worms such as Wuchereria bancrofti and Brugia malayi
which cause lymphatic filariasis; and four species of the protozoan genus Plasmodium
that cause malaria in humans (Mattingley 1969).

Worldwide, mosquitoes are the most important vectors of disease (Godfrey 1978).
It is estimated that 2300 million people are at risk from malaria (approximately 42
per cent of the world population), and of these it is estimated between 300—500
million clinical cases are reported each year, 90 per cent of which occur in Africa
(WHO 1994). Lymphatic filariasis affects a further 900 million people and, though
generally not life-threatening, causes chronic suffering and disability when the adult
worms develop in the afferent lymphatic system, leading to painfully swollen and
permanently disfigured limbs, often referred to as elephantiasis (Whitfield 1993).

It is the dependence of mosquitoes on fresh and brackish water habitats in the
early stages of their life cycle that has allowed remote sensing techniques to be
exploited. This is of particular advantage because insecticide is often applied to
breeding habitats to kill the larvae during control campaigns.



Remote sensing and intgriehrare intermediate Ansts for diseipe 2043,

Fraure [ =i Examples of he mueriebrate imiermediate host oo disease veekor ipﬂ.‘iulb
res iewed 1o the paper Ll adul female mosquiio | Bamdy Coleodae, sublemih anophels-
nae), (b} adult lemale sand By (mly Povchodsdar subfamyly Phlebotamymeed, 1o adult

[emale Blackfly {fwmly Simuhsdack 1 adult female petse By ifamily Glrsamdacy,

fe] sdubt lernuke bck flamify Taodsdaer, d f1 sdull aquane vl (Oncomelosa sppp:
[z adul female crustacean (O weleps sppp. The scale bur o each figure tepresents 1 mm,
except for (g where 3t is Bl mm Redeawn in puart from kolocos (1993



2904 S. 1. Hay et al

4.2. Application of high spatial resolution imagery

In 1971, as part of the HAO initiatives, NASA scientists in combination with
personnel from the New Orleans Mosquito Control District (NOMCD) were the
first to investigate the use of colour and colour-infrared aerial photography in
mapping vegetation assemblages associated with the larval habitat of Aedes sollicit-
ans, a saltmarsh mosquito suspected of transmitting the equine encephalitis virus
(NASA 1973). Previous work by the NOMCD had shown that the females would
always oviposit in areas of the saltmarsh intermittently flooded by freshwater. The
floral assemblage dominated by spikerush (Spartina patens) and wiregrass (Juncus
roemerianus) was known to be adapted to the same hydrological regime, and hence
was a reliable indicator of A. sollicitans larval habitat (Bidlingmayer and Klock
1955). The report documents that such vegetation assemblages were ‘extremely
accurately’ identified at an 80 ha test site near New Orleans, although no statistics
were provided.

The first operational use of colour-infrared aerial photography was to map
forested and open wetlands, marshes and residential areas for mosquito control in
the Saginaw and Bay Counties of Michigan (Wagner et al. 1979). These habitats
supported populations of nuisance Aedes and Culex species of mosquitoes that were
vectors for a local epidemic of St Louis encephalitis (SLE) in 1975. SLE is an
arbovirus causing severe irritation of the central nervous system that proves fatal in
approximately 10 per cent of cases (Leake et al. 1934, Shope 1980). The known
flight range of each mosquito species was used in combination with information on
the distance between residential areas and mosquito habitat to identify control
priorities for the two counties. The authors stressed the short time in which the
environmental inventory was gathered and management priorities identified.
Furthermore, the streamlining of subsequent control efforts led to a campaign of
relatively low economic and environmental cost, since the area designated for insect-
icide treatment was considerably reduced in comparison to the more traditional
approach of broadcast spraying. For example, Hopkins et al. (1975) report that after
an outbreak of SLE in Dallas in 1966, the entire county of Texas was sprayed aerially
with an organophosphate insecticide (malathion) mist.

The use of colour-infrared aerial photography has been cited as a more cost-
effective method than conventional ground survey techniques of obtaining informa-
tion on the distribution of oviposition habitats of the mosquito Psorophora columbiae
in Louisiana and Texas rice fields (Fleetwood et al. 1981, Welch et al. 1989 a, 1989 b).
Improvements upon colour-infrared aerial photography were demonstrated by
Cibula (1976) and Barnes and Cibula (1979) using an airborne Multi-Spectral
Scanner (MSS) that had a spatial resolution of 2-5 x 2:5m when flown at an altitude
of 1200m. The greater number of wavelengths at which data were recorded (22
channels from 0-3—13 um) enabled a more accurate spectral identification of the
Spartina-Juncas associations characteristic of favourable egg-laying habitats for
Aedes sollicitans than aerial infrared photographs. In a similar study Hayes et al.
(1985) reported that Culex tarsalis and Aedes vexans larval habitats could be identi-
fied along the Niobara River in north-east Nebraska with Landsat-1 and 2 MSS
data, using transitional freshwater plant communities associated with seasonal
flooding as an indicator. This study demonstrated that such species-habitat correla-
tions could be successfully ‘scaled-up’ to regional control programmes using relatively
high spatial resolution satellite sensor data.

Under the aegis of the NASA Biospheric Monitoring and Disease Prediction
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{ BI-MODy Praject, vatsous 2uthors have thvestigaied the h¥pothesss thag the spatiul
and tempetal 25peetd of mosquito Population dynamicy ute controlled by environ
meatal facion. thit can be wbserved remately { Wood o1 af, 1994), In phise | of this
project, paputauons of Anapheles frechorm in the dee felds of northern and eoniral
Caliaraid were siudsed [ 1Miteadm vr of 19KEL This speows of mosguto refresented
e sipnificant bealth risk to the local population. but provded an aceesmble model
lor she studs of Annpheline vecton rmigated nce hahitat \Wood o ab 199) 4
1991b, 1992bL. This 15 important unce the cultivation of wngaied rike g lapd use
occupying an aren of 140 millien ha glodaliy ) provides sn wheal hahotat for Anopheline
mosguitoss. wlich are rhe vectors far buman malana trsnsthission 1o 1he LropIcs
[Service TU8Y]

Larval mosque poplations were sampled furmightl. (hroughout the perad of
nte crop development in 1985 { Wood o 1991 a), An wirbarne MSS callected daia
simellaneeusly 1n bands designed tn sirnulate the 1 andsat Thematic Mapper 1TM 3
A normalied differonce veperaion wndes INDYV ) wns then calowlated fn: snchvidual
fieids on cach of the amphng daws and the differeoces i spectral sipnal berwoen
rice fields producing high snd low numbers of Anopheiine lanse were fallnaed
throughour the prowing season The SV i considered an ghPeHIn | ghahe
smer Reymankows of ol £1988) had previeus)s demonstrated pereontage hee cTop
Cover 1o be positively comrelated with mesquite lanal production. The results showed
that haghet values of NDAT 0 the zarly EraRIng season | Junch were puaciaied o 1h
hgh mesquitd produeing rice fickds, byt 1hat Lhe speciral separation {beween high
and los mosguito producing feldst dipanished 10 2 o s mud Juls, = hen
[Rreeni3Ee moe crop fover evcoceded 100 PeTocent A JscTinunan: analysis o hich
mcarpurited information from Landsat- T™ equihglent chennels 1, 203, 4 and 7
was nble 1 distmpussh betwesn high and low mosguile producing ficlds with an
overail accurses of 72 pet cent The unesen distnbunon of kigh nusgizta producing
ficlds was ufso shown 1o be related 1o parterns of surroanding lund-use, with 706 per
cent of the high mosquito produanp fields being whhio | 3km of hvestock pasyyre
{16, potentisl hostsh & more detailed surves 1n 1987 repeated the above worl and
tncluded daia on the distanes 10 bveshck 1 2 pepgraphical ynfprmation system
(GISHWoad o af 1991 by, An identics) discnminant analvsis combined with catle
dutance duta resolved high and low productng fekds with wn agcusaey of 90 per
cent with ertors of nausMon (oot wenyfyiny high producing felds) and eprmission
{identifyrag as & high producint field one which © noll of I and 30 per gend
respeciively tWood et af. 1997 h)

The second phase of the project [pvestigated the poputation dysamies of
Aopheles atkimamis and 4nophelrs paadigrn Fipeddfs im 1he tropct! wetlands of
Clhiapas. Mexico. whete maluria & endemic | Roberts e o 19914 Pope vr al (1994
wrd two Lanedsat-TM scenes of the erea. One froan the dis and one from the wel
season. 1o pRnade pn gnsupervised clissification of the fegwa. The resufing clusiers
were asstgnod 10 Iapud-ros er types on the hysis of eplour-infrared ucrial plisidgraphs
and Held nspectson of 30 1251 aics These sies were mdependent!s wampled Tor
mesuiio densrs and informztion was collected o emvaronmental viriables affeciing
watet and sepclition characteristios (Refmunkova e @f, 1991 ), The stes were then
Eroupesd in1o 16 habitat 1y pes wsng a clyser analyar . nd oorrelatings were perfarmed
hetween the habilat types and land-corer units (Relnank ova er ol 19921, The tund.
cover gnis wefe subsequenih runked as having nigh medium or low mosgliie
preductin potential on the hasis of these correlanons. Imcurporabimp this cnfoarnation
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into a GIS, sites of high mosquito production around the towns of La Victoria and
Efrain Gutierrez were found to occupy only 9 per cent of the designated contro|
area, allowing the potential for substantial streamlining of control campaign effort
and resources.

A separate study demonstrated how such information could be used effectively
by identifying particular villages at high risk within the control area (Beck et gl
1994). Dry and wet season Landsat-TM scenes were again subjected to an unsuper-
vised classification. A stepwise discriminant analysis and linear regression were then
used to establish the relationship between vector abundance and landscape element
proportions. In both cases transitional swamp and unmanaged pasture habitats were
identified as most important, and in combination it was possible to distinguish
between villages with high and low vector abundance to an overall accuracy of 90
per cent. In addition, the authors noted that such an analysis could be extrapolated
spatially, albeit with a diminished accuracy, to the whole of the Chiapas coastal
region where malaria is a significant health problem.

Rejmankova et al. (1995) have also shown that the density of adult Anopheles
albimanus mosquitoes around villages in Belize could be reliably predicted using
multi-spectral Satellite Pour I’Observation de la Terre (SPOT) High Resolution
Visible (HRV) data. Productive larval habitats were first identified as marshes
containing relatively few emergent aquatic plants and a high coverage of cyano-
bacterial mats. An unsupervised Bayesian maximum likelihood classification was
then applied to a single SPOT scene covering a test site occupying northern Belize.
The classes generated were subsequently assigned to individual ‘landscape elements’
based on field observations. Human settlements were identified with ancillary map
data and located more precisely on subsequent field visits with a global positioning
system (GPS). These settlements were divided into two groups according to their
distance from the larval habitat class. Group 1 was composed of settlements closer
than 500m and group 2 of settlements further than 1500 m. Based on independent
measurements, a landing rate of greater than 0-5 mosquitoes per human per minute
(during the hours of maximum mosquito activity from 6:30 p.m. to 8:00 p-m.) was
used as a threshold for high adult mosquito density (Rodriguez et al. 1996). Group 1
was predicted as having adult mosquito densities higher than this threshold and
group 2 lower. These predictions were tested by collecting mosquitoes landing on
humans during the hours of peak activity within each of the settlements. The resulting
predictions were 100 per cent accurate for group 2 and 89 per cent accurate for
group 1.

Roberts et al. (1996) investigated the utility of multi-spectral SPOT-HRV data
in predicting the distribution of the malaria vector Anopheles pseudopunctipennis in
central Belize. Previous investigations had shown that altitude and the presence of
filamentous algae in sun-exposed pools to be critical determinants for the presence
of An. pseudopunctipennis larvae (Rejmankova et al. 1993). Using the SPOT and
cartographic data 49 sites were chosen and predicted to have a high or low probability
for An. pseudopunctipennis presence. The criteria used in site selection were the
distance of the houses from waterways, their altitude above such waterways, as well
as the amount of forest between the houses and the waterway. The SPOT data
provided more contemporary information than the cartographic data and hence
allowed map errors to be corrected. It also showed information on important aspects
of environmental suitability which could not be attained from the maps, such as the
size of a waterway or the degree to which it was open from sunlight. Collections of
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MOSQUiles were then made io s samiple af these sites 1o tes the predictions  Fpyr
of the eirhi sites thal were predicted as high probablity iocations for presence of
An preudopunelipeaims weee posive and all low probabibiy sies (0 af 1Y) were
wgalive The abwence of Jin. psewdupunciiprnas at faur high prabability Jocariens
was thought to be duc 10 Lield population densities of 1) species being below the
threshold of the sumpling eifor.

43, Applicarion of low spavial resolution wsag.rr

Work n relation to mosquito vectors has niol heen restricled to high spanal
resolution imageny. Global area eoverage (GACH NDV| dala from the MNational
Ocernic and  Nimosphene  Adminisiration’s (NOAA) Advanced ¥Yery High
Resolutsen Radiometer (AVHRR| have been applied to the problem of Rl Valkey
fexer (RV'F) epademics 15 Afries ( Lanthicum o al, 1987, 19901 Reft Valley fever i a
viral divease cransmitted by 4 arious species of Cuirx mosquitoes 16 dumostic animals
and cfosely associsted buman populations 1 \Wikon 19931 The work on a regional
scale showed that lwgh NDYI values in Kenya were good indicators of seasofally
Mooded lincar depressions, kpown 23 dambos These habiiats were bighly suitablc
fur mosquito breeding and hence ciosely associated with RVE emdemaes. On the
basis of ibus tuitidl work oo RVF yvirus epidemme wis gorrectly predicted i cemiral
henva followiog exespuionally hiph NDvIs throughou! 1988 and (959 (Eailey and
I inthicum |98¢).

The work propressed (0 ipcorporate higher spatal resolution Landsal. Ta1 3n4
multi-spectral SPOT-HRY ymagen o logate inEnadual areas of high R¥¥ risk
determined by the NEWT {Lanthicum of af. 199] k. Operational applicaiion of the
tecliiigue howeser, was hindered becagse myCsUEATOM were ol shie 1o discyiminate
Aoeded from dry dombos. [ata from an airborne Synithete Aperiure Radar {SAR)
Wert therefore incorperaled 1a deteat dambe flooding status { Pope o1 af. 19928 A
significant advsntage of yanp SAR wos thot data eolhection was independent of
¢lowd coverage. especially Tmportam Juring the East Alncan ralns The study also
demonstrared that the spatnd resolution of curment satellste-bort: SARs was nol
sufficienl 10 reveal many of the simaller durmbos Ia The rophon

Linthwum 1 af +1994) aise investigaied an unusually severe and rylensive
oulbreak of RVF in the West Afncan Senegal siver basin in 1987, The RVF akthreak
wis partictilarly unusual in that it accurred during a period of only moderate ramfall
Analyss of melti-speciral SPOT-HRV scenes for the pesiod of the epidemix revealed
exiensive Rooding in Mauritania 10 have peaked m October 1987, as a result of the
rensiruction of the (hama and Manatellt dams on the nver Senepal This coincdded
exucthy wiih the perid of masimum RVF discase activity \n 1he area. Furthermore.
maxmum values of Local Ares Coverape (LAC) NDVis were associzied with
meredsed ner production dand hence productive mosquio larva hubitats) wround
the newly fiooded regions in Daro and Kosso. the foci of RVF outbreaks
Unforiunaieh, no statistes were presented In the study,

Thomson o ol 11995b. 1996) ajso (nvestigated the poientsd of coarse spatial
resolutin GAC and Local Area Coveraps | LACH NOAA-AVHRR data as well 2
Cold Cloud Duratien ICCE data from he Food and Apncuilure Drganisatien’s

FAQ) Afmcan Real Time Eavirommenial Momtoring wang lmaging Saielltes
(AR FEAIS) programme 10 prediet malana epidemics in the Gambia, They £ons
tluded however that withough there were glear refationshps herwern satedline sensot
dutd and environmentdl «anables associdled with malara ransmission, ;1 v as difi.
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cult to predict how these would affect adult mosquito abundance and behaviour.
For instance, along the River Gambia a decrease in rainfall may at times increase
available Anopheline breeding sites by increasing the number of suitable pools in
the alluvial soils at the river margin. They also noted that relationships between
malaria incidence and environmental variables were complicated by sociological
factors, because in areas where Anopheline abundance was greatest and hence biting
most frequent, people were more likely to protect themselves with insecticide-
impregnated bed nets (Thomson ez al. 1995a).

4.4. Future potential

A wide range of remotely sensed imagery has been utilized with respect to
mosquito-borne diseases and the work has progressed significantly from habitat
characterizations at high spatial resolution to work that has inferred habitat quality
(and hence disease risk) for both larval and adult forms from the village to regional
scale. These studies indicate the substantial potential for risk monitoring, so that it
might be possible to initiate mosquito control efforts prior to disease outbreaks.
Furthermore, despite the perceived expense several of the studies have demonstrated
that remote sensing techniques can be cost effective components of mosquito control
campaigns (i.e, Wagner et al. 1979) which augurs well for their future operational
application.

5. Leishmaniasis
5.1. Disease and vector biology

Approximately 20 species and subspecies of the protozoal parasite genus
Leishmania cause leishmaniasis in humans (Chang and Bray 1985). The disease
complex can result in symptoms ranging from skin ulcers that heal without treatment
caused, for example, by cutaneous infection with Leishmania major, to extensive and
permanent tissue destruction (often around the mouth and nose), due to mucocutane-
ous infection by species such as Leishmania braziliensis in a small number of cases.
The most serious of the diseases, visceral leishmaniasis, or kala-azar, is caused by
Leishmania donovani, a life-threatening parasite which invades and destroys immune
system cells often associated with the liver and spleen (Peters and Killick-Kendrick
1987). Untreated visceral leishmaniasis usually results in death and it is estimated
that 350 million people are at risk worldwide, with approximately 12 million people
infected at any one time (WHO 1990).

Humans become infected with leishmaniasis through the bites of female sandflies
containing the Leishmania parasite (family Psychodidae, see figure 1(b)). Most types
of Leishmania infect small mammals, which can also act as reservoirs of the human
disease (Lane 1987). Sandflies usually inhabit arid environments and are active only
at night; during the day they seek cool and humid microclimates such as crevices in
walls or animal burrows (Theodor 1936). The larval habitat is poorly known and is
thought from laboratory observations to be in soil with a high organic matter
content, on which the larvae feed.

5.2. Application of low spatial resolution imagery

Cross et al. (1996) used a combination of weather data and AVHRR-GAC data
to predict the geographic and seasonal distribution of Phlebotomus papatasi in south-
west Asia. The impetus for the work was to understand the dynamics of leishmaniasis
in the Middle East because it historically, and remains to the present day, a major
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but lemporally and Rewpraphicalls vanable source of morbidity in roop deployment
lo 1he rePon A computer model was developed using 1he ocowrrenee of P paparasi
(as derermined by a hierature search of all reporied inodences i the region since
1930) as a dependent vanable and the mean synoptic weather data {durifion not
reperied) as sndependent sariables The piedictiots were therefore ealy valid for 1the
114 meleorclogical stalons on whsch the anvlvsls was based Mean monthly NDv!
data from the NOAA-AVHRR calculated for the period 1962-1994 were then deter-
mined (or each wenther siation. The results of ihe ficquency of NDVT levels versus
the probabilily of 1ecior oegurrence was then used to established NPV limits for
veclor presence (000-0-06). A probable dutribution map for (he spesies was sub-
sequenily Pencrated by assigning veclor presence or absence 1o paxels over the entire
M:ddle East, for all months of ihe year. hased on their mean NDVI values. This
significantly expanded on infurmabion available in the literalure and has provided
nseful information on the spatal and emparal distibution of P papatest in he
Fewign,

53 Furure peoenrmed

Desplte the relamely poor koowledpe of the ecolopy of the <andfy vector
ipariculacly in i lanal slages) the above study hus shuwn that nsight can be
pained by invesiigating remotely sensed vanables thal may corrcluie with intet-
mediste bost duthbutions and bence disease risk. Farthermore. infonmation gathered
in this way can be immcdimiely wscful for epidemiclepical management and ma,
also Provide clues to help direct studies of the ecelor, of the species concerned.

f.  Onchogereinsis
6.1. Diseases anid rector brology

Onchocercizsis is # disease cavsing considerable morbidity due 10 the response
of the human immuNe sysiem 1o invasion of the cye and skin {resulting Jn river
Mindness and onchodermatitis respectively) and the |vmphatie system by sewcral
dystnct simmins of the nematade wohn Onchacerca rolvulus | WHO L95T) Ench straln
is transmitied between humans by nne of several speries of hacmatophagous (cmake
Blackflies ifhies of the lamily Simulidae, soc figure 14c)). Mosi blackfses have & lile
cycle in which the lanvae filter-feed in lagt-Aowing, well-oxs Benated (reshwater stre-
ams ond rivere The discace octun 1n M countnes with 18 milllon peopic infzcied
with the worm of whach 367000 have been Blimicd { WHO 19951

6.2 Remiore sensng opplicarfun )

Baker and Abdelnur [ 1986 a) used Landsat Return Beam Yidicos { RB ¥V} imageny
and aerial pholopraphy o dewermine the course of nvers for coniral of Stmduo
dampiosiem 51 o the Buhr ol Ghazal reion of sourh-western Sudan. The saiellite
imaker was necessary because the only available maps of the repon were oo poor
in detall and aceutacy 1o be of use. The information on mver and stream distributions
were used In combinapon with detanbs of the local raad network and habatstions 1o
sirntegreally position moailonhng stes The criteria used 1o locale the traps were that
they should be Htuated close 1o wlages. accessed casuly 1hrosghout the raing season
apd spaced 50 av 1o mondtor as large a part of the fver us possible, The 1) chosen
sites were then used 10 monlior bitng and discase 1ransmission rales (o1 a devear
perie! Conlrofs were instigated in the third seur of the study by kreanng strerehes
of the rivet with ansectigide 10 kif) the larvae. The 2-3zar pre-gontrol phase of the
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study allowed the effects of intervention to be quantified. It was found that control
efforts resulted in a 70 per cent reduction in the number of bites experienced by the
local population and a reduction of 80 per cent in the transmission of onchocerciasis
(Baker and Abdelnur 1986 b).

Landsat-TM data have been used to map land-cover within the nine countries
of the West African Onchocerciasis Control Program (OCP) to help governments
plan development potential for land on which onchocerciasis had been controlled
(WHO 1985). Furthermore, Servat et al. (1990) describe how satellites were used to
transmit water discharge data from a network of measuring instruments in remote
rivers and streams throughout the OCP catchment area. This allowed a more reliable
estimate of the amount of insecticide needed to control Jocal blackfly populations,
so increasing the efficacy of the control campaign and reducing running costs.

6.3. Future potential

Adult blackflies disperse up to S00km from larval breeding sites and it seems
likely that dispersal patterns are determined by wind fields, and fly survival by local
climatic conditions, both of which may be monitored remotely (Baker et al. 1990).
In general, however, the spatial distribution of infection reflects the distribution of
riverine breeding sites (Crosskey 1990). The potential to map these types of riparian
habitats from space is high using SPOT-HRV and Landsat-TM imagery. but the
ability to determine habitat suitability is thought to be low because of the temporally
dynamic nature of the specific flow conditions required for the larvae (C. Back,
personal communication 1995). There are no examples of remote sensing techniques
having been applied directly to adult blackfly surveillance. Furthermore, now that
Ivermectin provides effective chemotherapy future large-area vector control cam-
paigns seem unlikely (Gillies and Awadzie 1991, Davies 1994). Resurgence often
occurs, however, where drug delivery and/or community uptake of chemotherapy is
poor. The greatest role for remote sensing therefore, might be in combination with
GIS to establish buffer zones around Potential breeding sites to target very localized
control and help manage land-use in these areas with prior knowledge of disease
transmission potential.

7. Trypanosomiasis
7.1. Disease and vector biology

Tsetse flies (Glossina spp., see figure 1(d)) are an entirely African family of haema-
tophagous flies, the Glossinidae, in which both sexes can transmit protozoan trypano-
some parasites between vertebrate hosts while feeding (Ford 1971). They are unusual
in being larviviparous, with each female giving birth to a single full-grown larva
once every 7-10 days. The larva then rapidly burrows into the soil, pupates, and the
adult emerges approximately one month later. Thus tsetse birth rates and mortality
rates are extremely low compared to other disease vectors (Rogers 1988).

Fifty million people in Africa are Presently at risk from contracting human
trypanosomiasis or sleeping sickness (Kuzoe 1993) which, when left untreated, proves
fatal due to the invasion of the central nervous system by the trypanosomes. Tsetse
flies are also vectors for trypanosome species which infect cattle, causing animal
trypanosomiasis or ‘nagana’ (Hoare 1972). The occurrence of animal trypanosomiasis
excludes livestock from an area of approximately 10 millionkm? and is therefore a
major constraint on livestock productivity in Africa (Murray and Gray 1984).
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1.2 Applwanion of mgh spatal reselution imagery

The WASA-HAQ was apam among the first 1 look at the potentinl of remoe
sensng lor the wdenthcation of tsetse Ny habitals (Giddines 1976). Near-infrared
dutx from Tandsat-3 M55 were used 1o map land-cover a1 2 test site 15 lanzama,
Although sueh mapping was censidered fcasible. no conclusions were drawn an how
1his might help in tsetse control

Ketron et af {1996) analysed tseise fy catehes (rom sets of liconicnl traps sqt in
the Lambwe Yalley of Westert Keova dunng [9B%- 1900, They found that o mudlipie
TEEressIon Using the seven wavelenpih bands of the Landsat-TM was able lo explain
BT per cent of the vanance in By caich density, The Landsal-TM hapd 7 thal is
associated with soib-water content w23 found to be consiztenty hiphly correlated.
reflccting 1he imporiance of soil sroikture i tseise survnal (Rogers and Randoiph
1986y The daty were also used 10 caleuinte the NDWLL bat 1hus did not smprove 1he
refationshep over thal with the ongarl bands The spatial aurocorrelation in the
data was assessed usiop Moran's 1/ suatistic and found to @plun 4 significant nan
of the assomanion between the fiy denaty and the speciral data Kleon ot af [1996)
stressed that tlese spatfal faclors should be further investipated and on the basis of
this work staled.

“the incorposation of remotely sensed wmagery ime a GI5 with graund dake on By
density and environmental conditions can be used Lo predict livourable Ay babnats
in inaecassible siles, and 1o dmérming number and loention of v suppression
traps in & loeal controd programme’.

7.3, dpplration of low sputial ppaslureon magery

Rogers and Randelph (1991, 1994} explered the unley of GAC-NDV ] dan
dethyed from the NOAA-AVHRR Tn a study of tsetse fls ecology and distribution in
West Afnca. sinor 1bey conssdered the MDDV to inteprate o vaniety of environmental
factors of wmportance 10 1seise sunival Thes found an IBverse relattonship betwcen
monthly NDVI ppd Ay mosaliy raie In the Yankarl game resenve in Nigeda and
sigmfcant nonlinear relatdonships between tsete Ny abumdanes and NDA In the
npRhbera part of Cote ' Tvoire. Later. they [ocused on o M00km fransect rupning
nortb—soulh through Cée d'lvore and Burking Faso. This area i of parncular
epidemiclomicai imerest since slegmng sickiess B found oaby dn 1he central reglon of
the 1ransect. Jespite the local vecior 1Glossing palpafts) occuming throushout.

The soiuvtion of this conundrom lay 10 the length of a particular vein in the
tsetse’s wing. Thes sein length 1> an indwcator of overall fly sze, which 15 Jarermined
by the envyronmental condittons experiercad by the marespal Ny v bide shi s gestaling
the larva lapprosmarely one month before the new adull fy emerges lrom s
pupartal. Mean ven lengths for fles caupht at eight equidisiant sample giles alonp
the narth-swouth transecl were relaicd 10 the NDV! of the previous month for each
site. Dunng the wet season, the NDVIs across the transect were 30l high and By size
was umlormly {arpe In the dry season. howsver, fly size was sirongly correlated with
NDVI wnh fies in the diier north sigmficanis smalier than those 0 Lthe wetler
south. Mortality increases with decreasing fhy size in 1setse and smilar stze diferences
bave been shown to be reisted 10 a signeficinl increase 0 Glossina palpalts moralily
in Kenva [Dransheld e al. 19890 These data were ipterpreted as fmdicaling o
eeopraphical pradient in the depres of mian-tly eomact and 1hur Irypanoswe 1rans-
missiem potenttal [n Lhe sowmh. low morielily rawes resulted in high densities af e,
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but the flies were not nutritionally stressed (even seasonally) and so did not often
resort to biting man, who is not a favoured host. Conversely, in the north fly
populations suffered too high a mortality to pose a serious health risk. Only in the
central areas was there an intermediate density of sufficiently stressed flies, resulting
in a regional and seasonal focus of disease transmission.

Further work illustrated correlations between the monthly incidence of trypano-
somiasis and mean monthly NDV]Is (Rogers 1991). Positive correlations were shown
In settlements surrounding the Olambwe Valley game reserve jn Kenya and negative
correlations in Kigulu County on the shores of Lake Victoria in Uganda. The
differences were attributed to the contrasting ecology of the respective tsetse vector
species. In Uganda the vector Glossina fuscipes coexists with man throughout the
year. The flies prefer other mammal hosts and only bite humans frequently when
they require more blood-meals in the dry season. Transmission therefore increases
as vegetation cover and photosynthetic activity (and hence the NDVI) decrease in
the dry season, leading to a negative correlation. In contrast, the local vector Glossina
pallidipes in Kenya spends most of jts time in dense scrub thickets in the centre of
the game reserve, but spreads out from the thicket, and comes into contact with
humans that inhabit the reserve margins, when humid conditions allow fly dispersal
in the rainy season. Transmission therefore increases as the NDVI increases in the
wet season, resulting in a positive correlation. These initial studies showed that both
tsetse distribution and abundance, and disease incidence and prevalence could be
related to the NDVI at low spatial resolutions, although the interpretation of the
variable correlations required a knowledge of local conditions and fly biology from
ground studies.

Rogers and Williams (1993) describe the application of NOAA-AVHRR GAC-
NDVI data and synoptic meteorological temperature data to the problem of pre-
dicting the distribution of Glossina morsitans in Zimbabwe, Kenya and Tanzania.
Temperature data (a critical climatic variable in determining the survival of tsetse
(Bursell 1959)) were included in the analysis by interpolating data from meteorolo-
gical stations to grid squares covering the whole of Zimbabwe. When these data
were combined with NDVI variables in a linear discriminant analysis the historical
distribution of Glossina morsitans in Zimbabwe, as described in Ford and Katondo
(1977), were predicted with an accuracy of over 80 per cent. Historical distributions
were used because the authors considered them to reflect the original fly habitat
more closely than present-day distributions. This is because current geographical
ranges have been extensively modified by the elimination of game, the rinderpest
panzootic at the end of the last century (that killed over 85 per cent of domestic
stock) and the activities of tsetse control campaigns in the present (Ford 1971).

The utility of these statistical approaches was shown in two studies that investi-
gated how tsetse distributions might be modified with global climate change (Rogers
and Randolph 1993, Rogers 1995). Rogers and Randolph (1993) looked again at the
distributions of Glossina morsitans in Zimbabwe, Kenya and Tanzania. Using eleva-
tion, NDVTI and synoptic temperature data they were able to predict the distribution
to an overall accuracy of 82 per cent. The mean temperature difference between
areas suitable and unsuitable for tsetse was shown to be only 0-1°C and hence the
distributions were very sensitive to temperature changes. The scenario of increasing
the average temperature by 1° C throughout the region resulted in the predicted
range of Glossina morsitans expanding into the presently unfavourable and livestock-
productive highland areas of Zimbabwe.
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Ragers 11995} continued this theme and contrasted the distribution changes
predicted for Glosxing morsians and Glossing paifidipes in Kenya and Tanzania usiog
3 simular elesation. NDV] and synopi melcorological temperalure datasct, The
distnbution of Glossinu morsitans was apain found to expand. piven scenarios of
1"-3 € warming but the range of Glmsing pafhdipes contracted substantially, The
seasllivity of such analysex was Wustrared by taking clevation out ms a predicior
varable, cauang 1he range of Glesang palfidipes to expand Given such uncertaimiy,
the suthor suggested thal studies should focus pa undesstanding the reasons for
Present and pavl disiributions hefore extrapolating through time,

Rogers and W illams (1994) describe the application of 1emporat Fourier analysis
1o monthly GAC- NDV1 data for the period [957- 1989 with a view 10 characienzing
and herce classfying vefetation type. The tempors) Fourjer analysss ackiesed sigai-
fican disnension reduction of the sptellite sensor datasct while generating ologically
meuninglul predictor variables. The products generaled by the analysis wcluded the
mean ©9gnal walue. the amplilude of 1he signal vonation gnd the timing of 1he peak
signidl For the duration of the data time-senes, all of which reflect spnificant aspects
of vegeimion seaconatity or fhrnology. They demonsirated 1hat both ecolpgica)
features and ecological processes could be characienzed by vemporal Fourter analysis,
vielding oulpuls that are easier 1o intecprel rhan those produced hy the more
traditional pnncipal componeats ana!ysis approach.

The critical importance of 1emperature in 1setse iy We histonies [Hopers 1979,
Ragers and Randoiph 1986) promoted 1he Inyestigation of 1he potenbal for extracting
pan-Alfficun surrogales of land sutface temperature from (he thermal chanacls of the
NOAA-AVHRR. The channel 4 bnghiness temperatute was found to be the most
accursle of the AVHRR 1hermal chanoels al the hrond spatial scale and threugh
ranpe of habitats {Hay 1993). Daly temperature data wese not freels asailable 10
the general epidemiologeal community at the time 5o corrections for signal ateenu-

-atign by atmospheric water and yvarianen in land surface emissavity couid mot be
saliempted.

Ropers ¢r ol [1996) apphed & temporal Founer analysis to & ume-series of
monthly GACNDVI (1981-1992), nwoathly mazimum NOAA-AVH RR channe) 4
be:ghiness temperature dala (1987-1992) and CCD data derived from the Meteosat
sateliiic {1988-1992). This combinanon of imagen pave seasonal mlormation on
VEREIALOR. 1emperabure and rainfal] $o that the environmenial nache of the tactse My
as considered 10 have been more comPrehensively described. These data % ere Lhen
used in combenation with a 0083 spatial resolution Diptal Eleyakion Model iDEM)
‘Tar Africa 10 predict conlemporary bselse distributions in the Coie d'lvadre und
Hurkine Faso,

The resulting predicted distribubons of two ecolopically comrasiing tsetse species
«are reproduced in figures 2io) and 2th). The maps were based on the resuits of
discriminant analysis of 1he Fourigr processed satellite variables and DEM dat
described above, from which the 10 vanables that gave the preatest separacon
between presence and absence mres in mulbvariate spage {as measured by the
Mahulanobis Jistance) were selocted, The clussification of each polnt on the map
was (hen defined by its closeness in mulinanae space 19 the ‘clouds’ of pisels
represeatinp fly absence o1 presence, determined Dy posicnor probabilives.

Gilossina tochomedes (figure Yiglh 2 member of the palpalis species graup af 152152,
is adzpted to rivenne environments and 1 imphcated in human sleeping sackness
transmission. As the map detads. Lhe 5peces accurs throughoul southern Burkinn
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Overall correct = 86 %
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Faso znd itte northern Cate dlvoire and can therefare talerate . raniee of environ.
mental conditions. In conlrasl Glossng mgrefusce {Fipure 2ihi is a2 member of Lhe
ancastral flsro 1selse speces group which 15 adapted 1o the forest environment and
of little epidemiological Impertasce s disiribution is resineted o o disereie hand
i tie southern half of Céte d'1voire indicaling more Amiled ecolopscal talerances,
The overall pereemtage of carrect predictions of Presence snd absence was BpProxi-
matel¥ BS per cent In each case. False nepative prediction (the predicuon of absence
when in (act fics are prosemi) was very low 1-2 per cent with the number of fnlse
pastive preciehons fthe prediction of fy presence when they are abseal) an urder
ol mapnitude hieher.

The presence or absence of the eight 1serse speaics wis predicied wilh agcuracies
ranglag (row 87 per cent 10 100 per cent laverage s 82-3 pet cxnt), A funher daloser
for 1he abundance of five of weise species across 1he Aorihern part of Chie d'vamre
was analysed and fly abundance caepones predicicd wih accuracies from 30 per
cenl to 108 per cen! (averape s 730 per cent]. Jo 1his ins cstipanon the thermal dpisa
appeared 1o be 1he mesl ysefub of the prediclor variables, followed by vepeiation
and rainfal! indices The rrend was for fulse posiine predictions faverape =12 per
eent) 1o be higher than (he false negative predictions fuverape 3 per eomd which was
seen fo have sipmfican! imphcations for aperanionsl use, False negative predctions
¥ere considered of primary impodance since they indicaied 8y phabited areas
‘missed’ by the unalyss and potenially by subsequent control compalgns using such
dut® Tserse populavions coyld therelare quickty re-establish from these wmireatcd
iocations Falsc positive predictions were considered less impartant byl of fnierest
sice Lhey ndheated areas of porentially favourable habitat These studies showed
'thal Founer processed sarellite surropates were able to cope with the range ol
envirnnmenial faciors and biolopcal adapietion demonstrated by these comitasning
specicy of tselse

Romuson er al {1997 4, {997 b} used GAC-NDVI dar, from the NOAAAVHIRR
and interpolaled elevation and ehmate syrfaecs 10 imestigaie the hatitats of G. m.
morsdns, G. m. centralis and G. pallidipes in part of southern Aftica Data reduction
was echieved by using ascrages, mavima, minkme and estimares of variation in the
tiine sers They finst gnalysed 1he tsetse distributions wath rospect o ungle emviron.
mentul variable {Robunson e gl 1997 4) which had 1he advaptape 1hat it regured
M assumption o be made about the distnbution of the dawa but the disadvantape
thal ¢ could muss imporam ipteraciions between vanabkes They exiended this
anaiysis o mclude multivariate methods (Robinson et al. 1997 by and Tound elassical
linear discrominant anulyss to be dmited in jis predictive powtr Decause of i1s

FiBurc 2 fel and $9), The dizinbunon of Ghasing Tochimoides la} and Clessine nterofusca (b
in Coie f'lvorre and Burkina Faso The map & based on 2 Linear duscrimungnt ATl 8T8
of the Fouret processed saiciliie vanablo aod DEM daia dowrbet in Rogers ef ol
119961 The clasuficatian of cach pomt i defined by 1S closeness i muithahale space
[messured by the Mahalanobis distancel 16 1he ‘clouds’ of plaels represemting iy
absence of grrsence A [Mobabdbiy of Gediog 1he specie of fly [n & piven poel was
then assiphed on the hasi of these distances Accuracy B derermmed by the overal]
Pererntape of cotteet predictions, thr pefeeatagr of labe positve [1he Prediction of
fly prenence when they are abseni) and the percemage of false negativ o Bihe prediction
of absencr » ben dn fact Aies are prewnil No prediction” indicates a piac! wah varishle
valuesr move exbrome Han any of the ttuoing se1 Macts. Nopth 1n wo the wop of the page
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assumption of common co-variances in the data. Maximum likelihood classification
was not subject to this constraint, and produced a better prediction when a priori
probabilities of presence and absence were used. The predictions were refined when
the habitat was subdivided, prior to classification, on the grounds of a bimodality
detected on the third component axis of a principal component analysis. The results
of the predictions were good, particularly for G. m. centralis and G. m. morsitans,
which gave overall correct predictions of 92'8 per cent and 85-1 per cent, with a
Kappa index of agreement between the prediction and the training data of 0-73 and
0-64 respectively. For G. pallidipes, 917 per cent of predictions were correct but the
value of Kappa was only 0-55; these investigations revealed very clear differences
between the habitats of the two subspecies G. m. centralis and G. m. morsitans; a
distinction that has often been disputed by taxonomists.

7.4. Future potential

The correlations discovered in the work on tsetse are all the more remarkable
when it is considered that tsetse are relatively independent of particular environ-
mental resources such as water, which is often associated with characteristic vegeta-
tion types (cf. dracunculiasis, onchocerciasis, malaria and schistosomiasis). As in
other vector studies, however, the approach to describing tsetse and disease distribu-
tion and abundance is essentially a statistical one. The next step will involve relating
the environmental variable surrogates in the satellite sensor data stream to the
demographic rates of birth and death of tsetse populations, so that process-based
models for this group of vectors may be constructed. This approach is both biologic-
ally more realistic and more capable of predicting the impacts of environmental
changes on vectors and diseases, explaining why, and not simply where, tsetse and
trypanosomiasis occur.

8. Tick-borne disease
8.1. Diseases and vector biology

The biology of ticks is quite different from that of insects. Ticks of the family
Ixodidae (see figure 1(e)) take a blood-meal only once per life-cycle stage, as a larva,
nymph and adult (Sonenshine 1991). To act as vectors, therefore, ticks must transmit
the pathogen between stages within the same generation (trans-stadially), and some-
times from female to the larvae of the next generation via the eggs (trans-ovarially).
Between meals ticks drop from their hosts into the vegetation where they undergo
long periods of development, lasting between one and twelve months depending on
ambient temperature. The survival and development rates of ticks, and therefore the
transmission dynamics of the tick-borne pathogens, are thus directly determined by
environmental conditions (Sonenshine 1993 a).

Ticks are second only to mosquitoes in the number and diversity of viral, bacterial
and protozoan pathogens they transmit to humans and their livestock (Sonenshine
1993b). For example, the three genera Rhipicephalus, Hyalomma and Amblyomma
are vectors for protozoan parasites of the genus Theileria, the most important being
Theileria parva the causative agent of east coast fever (ECF) in cattle. This disease
has a major economic impact in Africa through the reduction in cattle numbers and
productivity, with associated costs in human welfare (Mukhebi 1992). In temperature
regions, ticks of the Ixodes ricinus complex are the major vectors for the bacterial
spirochete Borrelia burgdorferi, responsible for Lyme borreliosis (Lyme disease) in
humans throughout Asia, Europe and North America (Burgdorfer et al. 1982).
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5.2, Application of hgh spanal resolution fnagery

wbvomme voseganen was acodemally introduced e the Canbbean on cattle
imperted from Alnca where i1 t5 @ vecto!r for heartwater. a Faal dek-transmitied
disease cansed by the prowopean Cowdria rwmrgenoum. Hugh-lomes znd OFNeil
11986+ were smoag the frt o investizate ihe potential for Landsai-1 MSS imagery
to idenudy tick babitzls, speafically lor 4mhblvomma rariegatem n $1 Luga The
major repons o tek infestanon were localed 1o and. rough grazing habital in the
north of the island, characteristically dominated by the mesquile Prosapis juliffors.
The Lapdeat-MSS imapes revenled that this habuat was expanding s 2 result of
poor grazing management thus ¢xplaining the moreasing incidence of heartwater in
the rogion

Hugh-Jones 1199 B) extended thes pilor study usng Landwil-Th imagen te iry
Lo infer habnat gquality for 4mblvomma raricgaien in Guadeloupe Tick densuy wius
measured In 103 caille herds and associaied environmental sanables were fecopded
along transects across the surrounding grasing habital A discoimunant analyses of
Ihess variables. « hych includest plani composition, graging coser, sl [ype and deplh.
slope and rainfall. ditinpuished four muin tick habitars Those were lghtly jnfested
dry meadows. moderately infested [oothills. heavily infested dnv screh gnd rochy
Erasskands. These fopr habilats conld be discmminated temoiedy and were resalved
by un unsupenised classificatfon of o 1986 Landsai-TA! scene ol Grand Terre.
CGoadelowpe (Hugh-lones ot af 1988 Subsequently. 8 ‘modsture mded’ (A11] based
on the NDVT tnd the response ol Landsal-TM band 7 to the waler conteni of
vegetalion [{(4-7A9+Th and the Perpendicolar Vegewation inder (PVI)
{Richardson and Weigand 197%) werr detived for epch paxel {Hugk-Jones er uf
1992). A 5 = § piael array was then cenired upon cach visibde larm and 8 clusicr
analysis perforned 00 the tick densily i each of ihe farms aganst the varance In
tke mw navebhand data, the A1 and PVI 11 was found that herds in priving drzas
with 2 bigh varunce in the band vahies {ndicatling belerogeneous vegelztion) had
more Ticks Lhan mreas with low apances (L&, homopemruus segelation],
Furibermore. within the betetogencous areas those with highet PV and M{ valuss
(ic. more vegcialion and molsiure respeciivelyl had hugher tek densities

Danicl and Kolar [ 1390 i estigated the possibthiy of forecasting the eccurience
of Jrades ricimus from Landsat-3 MSS data. They worked on a wenie centred on
Poteply, o popular recrealional arcu south-wesl of Prague znd an butoric focus of
tick-bore encophalitis. Lang-term licld studies in the arca enabled the selection of
fuxels Jor a supervised manumum likelhood classfication (iacorporating bamds 2. 3
and 4; separating 1he sceoe Inlo comferous. loaved and mined farest classes. as
well as water basins, plades and bousing Jevelopments. Though nu statistics were
Mesented 1he authors siare rhan Lhe leaved and mised vepelation classes were charac-
tenistie of high 1wk donsiy afeas, especially »here the spatisl hererogenesty of such
classes was high, indicaung the presence of ecoloncs considered particularly favour-
uble for Fundes ricimus. This work has resulted in the producton of 'fsk maps™ [or
I ricamws and ek borne encephalnis m parts of the Czech Republic,

B.Y Applicanon of low sputin! resolunion imager)

Predicting the disifibution ond abundance of the brown car tiek. Rhuicephaius
appendiculatus. has been the focns of much recent research as i ks she principle
vectar of ECF in Africa. The most widels used models have been based on the
Program CLIMEY which caleulates the clhimaiic suitabiliyy of geographical regions
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for arthropod species using a temperature dependent growth index, moderated by
four user-defined stress indices (hot, cold, dry and wet) (Sutherst and Maywald
1985). Driven by a synoptic meteorological dataset the resulting predictions for the
pan-African distribution of Rhipicephalus appendiculatus have been compared visually
with the observed distribution of ticks (Lessard et al. 1990, Perry et al. 1990). Further
visual comparison with mean maximum GAC-NDVI values for 1987 provided a
‘remarkable visual correlation’ between the known distribution of Rhipicephalus
appendiculatus and NDVI values greater than 0-15 (Perry et al. 1991). Again no
statistics were presented in these studies, but using both the NDVI values and
CLIMEX the authors predicted that suitable habitat for Rhipicephalus appendiculatus
existed in western and central Ethiopia and therefore that the region was at risk
from ECF in the future (Norval et al. 1991). Given that CLIMEX also predicted
suitability of much of the Zaire basin and many parts of West Africa, areas from
which R. appendiculatus has never been recorded, the accuracy of the predictions
from this model and the underlying methodology are open to question. The CLIMEX
model has also been used recently to predict an expansion in the range of the
mosquito Anopheles farauti sensu stricto (s.s.) vector for malaria in northern Australia,
given a climate change scenario of a 1-5°C average increase in temperature and a
10 per cent increase in summer rainfall (Bryan et al. 1996). Again no statistics were
presented on the accuracy of predicting present day distributions using CLIMEX.
Randolph (1993, 1994) took an explicitly biological approach to understanding
the abiotic constraints on the distribution of Rhipicephalus appendiculatus.
Correlations between the seasonally variable abundance of this tick in southern
Africa and simultaneously monitored meteorological data and a more recently pro-
cessed GAC-NDVI dataset for the region (1987-1989) indicated that the major
abiotic constraint is moisture availability to the desiccation-vulnerable egg and larval
stages. This was confirmed when the author derived seasonal interstadial mortality
indices from published datasets in both equatorial and southern Africa, and showed
strong correlations between mortality at the female-to-larval stage and factors deter-
mining moisture availability. The critical climatic factor, however, that determines
moisture availability to ticks varies geographically; in equatorial regions, rainfall and
consequent soil moisture was most important, while in the temperate regions low
daily minimum temperatures providing high condensation appear to allow good
survival in the dry season. Indeed, in certain southern sites conditions that are too
wet result in high mortality, perhaps because of fungal infections of the eggs
(Randolph 1997). The influence of these variable conditions presumably underlies
the observed correlations between tick mortality rates and the NDVI at the time of
larval emergence; the correlation was negative in equatorial Africa, where high
rainfall and thus high NDVI is favourable to tick survival, but positive in Zimbabwe
where high minimum temperatures and related high NDVI are unfavourable.

8.4. Future potential

Satellite sensor data are therefore potentially very useful in modelling tick popula-
tions, augmenting or even replacing climatic data where these are unavailable on a
sufficiently fine temporal or spatial scale and presenting a significant advance on
previous techniques. Temporal Fourier processing of AVHRR data appears to offer
a unique insight into seasonal events that are important in tick population dynamics.
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4. Schisigwnmiasis
0.1, Dhsease grd mom-réctar antermediane Host Alofndy

Schewosomiusis, or bilharzia, s caused by four speees of trematode Ratworms
i Ak esh that belong 1o the zenoy Schistosoma | Bisch 39811 The Juvenile slapes [or
ceranas) pencttate human skin around har follicles or wounds when they come inie
contact Wilh mud or waler conmlamnp the peraste The schistisomulz then magtale
Through the blood stream vas the beart and lufigs to the liver. befare moving to their
final site 10 the Beod vesscls around the gut or Bladder where they shature oo
adults 2nd mate The resulting ¢Epy €onlain Profease cnrymes thut gnable digesion
and subsequent peneiration of the bladder or bewel walls fucslitating thewr passing
in the unne or stools of infecied divuduals i expelied Into wiker they develop into
frec-swimming mirackha. Thow miracudia will 0 tom kcate und penctfale zquatlc
snails | Biadtraey spp and Bromphatiric spp.b and sermi-aquatic snails (Gweomelani spa.-
see figure 1471 where they pass the jusenile stage af therr lfc evele before emerpng
into the surrounding water. The sauhs are referred to s intermedizie kosls and 1l
vec1ors because Loy o pot transier infection direcsly 10 plher oTganisms ¥ia coflag-
inauon oF moculation

Schistospmuasiy uffscts approumaicly 200 wmillion people throughout 1he ropues,
and althouwgh 11 kas o retatively low martahty rote in clobal terms (less than 200 060
people per vearl mordity B high due 1o the severe and debaliizting illness zsseciated
with Lhe |mmune response Lp Lhe presenee of schistosunie cags in Lssues TWHG 1990,

9.1 Apphcatn of high sparial reselutin #mater)

A sophisticoled, catly study to prediel preas endemsc for schistosomeasis puny o
sombination of «cather vanables ond Landsar-3 MSS daia was perionmed by Cross
gt ul 19841 This was 1@ enabie estimation of the poiential discase Carualty raies
ansing from schistosomiast during millany opefations i the Phlippine. Iniially.
dutt (rom 157 seather stutions were inerpolated Lo prowsde mwan moenthly lemper-
Jurc and precipitation deta at ans gaven site throughout Lhe sleads A discrminan!
anatyais was then vsed to predict the probability of discase povussonee hawed on 324
survey observations of dscase provalence A 1973 Landsal-NISS scene covering the
islands of Lexie and Samar was then chosen because unwsually for the region, 1I
contained boss than 10 per cent copd cover. The mean and variance in bands 4, &
& undt T were caliuinted for the 52 diseasc survey sites withan Lhe seene and regressed
agalnst the previousdy caiculased probabulities of discase occurrence. A disease dist
bution map was Ihen produced wsimg the siatsucat soerelation beiween the Probebil-
ilics of pecurtence attd the Landsal-MSS waveband varables, The accurney kevels
attaincd were not reporicd

Chen and Hu (1990 used Landsat and NOA A senser Juta [fypes and dates
anspectfies | 1o wdenldy goo-ecologpl zones’ assocaled with Onoimeluna hahitais
in Chuna. although no details of accuracy were presenied Micra-ccolpBleyl epvron-
meats levourable 10 Oncomelaniz »ere (hen dnsded 1ato areas affected by Booding.
by extremes of 1he dry season and by human agriculturel product lon Sinee MARALLE-
meni prosedures and priosnes M the regions would van actordingly, Reponal
databases providing information on the spatial and temporal dynamses of schistiose-
misis were shafed ke be under comstowenn [n ordee to sssist Chanese health Jepart-
mentls m disease control and disaster relief sftoris

The trematode Muke spevies Fuscicls heporica 1s @ parasile of caitle and ofber
large maniivils i many regions of the world, In Lowsiany and the Gulr of Maxiety
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the amphibious snail, Fossaria bulimoides, is the intermediate host. Zukowski et al.
(1991, 1993) demonstrated that the risk to individual farms and surrounding
rangelands could be related to the extent of the preferred habitat of F. bulimoides,
relict beach habitat or chenier soils in association with heavy marsh. This work was
significantly improved by incorporating updated land cover and slope information
from Landsat-4 MSS (Malone et al. 1992, Malone and Zukowski 1992).

9.3. Application of low spatial resolution imagery

Based on this experience Malone et al. (1994, 1997) describe how NOAA-AVHRR
LAC channel 4 brightness temperature data were used to determine the relative risk
of schistosomiasis due to Schistosoma mansoni and the invertebrate intermediate
snail host for Biomphalaria spp. in the Nile delta. The difference between day and
night temperature was thought to reflect hydrological factors that affect the relative
suitability of canals and drains as habitats for smail intermediate hosts. Wetter and
hence more suitable habitats were thought to have lower day-night temperature
differences due to the thermal inertia of water. Lower temperature differences were
then demonstrated to be significantly correlated with the wetter hydrologic regimes
suitable for the snail hosts of schistosomiasis in this region. Details of oqerational
application were not outlined.

9.4. Future potential

While the potential of remote sensing techniques has been demonstrated with
respect to schistosomiasis control and its use strongly advocated (Malone 1995),
there has been no documentation of attempts to apply the techniques in existing
control operations.

10. Dracunculiasis
10.1. Disease and non-vector intermediate host biology

Dracunculiasis or Guinea worm disease is caused by the nematode worm
Dracunculus medinensis (Whitfield 1993). Infection begins by drinking water contam-
inated with microscopic crustaceans (such as the copepod genus C yelops, see
figure 1(g)) infected with Dracunculus medinensis larvae. The larvae are released as
the copepods are digested and then burrow through the gut wall and migrate to the
subcutaneous tissues where they mate. The mated female worms (which can reach a
metre in length) then migrate towards the ankles and feet where they induce a fluid-
filled blister on the hosts’ skin, approximately 8-10 months after infection. When
the blister bursts Dracunculus medinensis larvae are released on each occasion that
the lesion is immersed in water for the following month. This is usually frequent as
people often relieve the burning pain caused by infection by cooling the wound in
water. Dracunculiasis is not often fatal but is painful and debilitating, often crippling
people for periods of up to two months. This has been shown to have considerable
adverse affects on agricultural productivity (Belcher et ql. 1975). The disease is
endemic to 18 African and 2 Asian countries and is thought to affect between 1-3
million people annually, the majority of whom are in West Africa.

10.2. Application of high spatial resolution imagery

There is no medical treatment for dracunculiasis but the disease can be virtually
eliminated with the provision of safe water. For eradication to remain effective over
large areas, intensive health education and community mobilization are required.
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Clarke v o 19901 describe how the Unted Navoos Chiddren's Cund (UNICEE)
used 1 andsal-Th data 1o weoudy small and remate settlements in dracunculixsis
endentc arcas of Hepin 1o farm 1 hass of 2 menapemvint Dsiem for dracuscnliasis
contrisl The iuthors found that the ‘combecation of remote senung and IS
lechnodpies offered the eprdemivlupst 2 new and smportant means by which 1o
efieCiively implement solutions 1o Public health management problems’. Mateaver.
they wete abe auate that onee imtiated such a distabase conid be of considcrable
s 10 the gontrnl efforts Tor mher disgases, This work has continueed 3md 1he 015
databuse claborated and maintwncd 10 cnable anabyws of the spatin] patterns of
dracunsubiasts 10 Benin, and to evaluale the clectiveres ol sarmvs neen cpoon
pubaes desincd 10 combat the spread of Lhe discase { Tempalskn 1994)

Ahearn and D Rooy {19961 set out 1o Lest the hypathesis 1har ophimizauon of
watet apd sanitation pterventsons in grems with high dragunculiass had 3 measurahle
SORI0-eConrLic UTipadd ias pssessed by the arca of land culuvaled b using & 1emporal
analyms of Tandsat-TY) dati The study wus genered on the Kwara state i Nigeria
where dracunculiasis is prevalent throughout but LIS CEF contrel eAars have becn
tareeied i pericolal areag Pest-harvest scenes were collecled iemedialely hefore
eradicaton ciforts commenced o the 1955 prowmg season and after the remedisd
cfects of inerventuon should have bheen ovident i 199] 1t wos cypected that as Lhe
area of land culrivated increased the NDY' % ould decrease dunng 1he une of haevest
s more land would be left esposed A messurabic degrease 10 the NI s
resarded and 1he potential 1o manitar the impuct of gonrat campiugns noted

1005 Fritwers preniigl

There would weemt to be Binle polentil 1o expand the use af temole sersing in
drucuncihasis control bevond 1he reponal planning aid shown ahave, since gonirol
ol the disease comes abpur thtoueh 1he cdocation of Tocal communings, who arc
easiby Ioented on high spatial resolution iagery. rather than ap direct control of
ihe inlermediale bost

[l Conclywons an litere application and cg-otweration

Dula rrom satclinc remote sensng have shown potential 1o assist in the under-
standing and contral of several of the mowt wmficant and widespread of disezscs
allocting humans, and show sgmbeant but varging poential o apphcutlon 1o
athers From thes overview 1 can be seen that the deprec of soplustication with
wilich remole setsang his been applied to epideminlopcal problems bas been Blghis’
sdrughie. petierally refiecting the time for which mehole senuag has been adapled by
a specific proup of the discuse veclur Conlral COmMuUNitY.

Comsderable advancement from the poimans problem of habiat disinbution
mappIng. to the tncorpatubon of aspects of voiot evolopy has ocrurred Where there
his been cullioenl yse. fondinp and o mulidiscplinary approach an investigalions.
A& peneral ericsm of muoch of the earhy studios. however, i the general lack of
reporling slansiics i Jissemination of work.

Thy peresption thal remnte SeBame is ot sppropriae in lechnolo@cally develaing
re@ons perssts and 15 manifest 10 the form of frequem ehivcnions to rhe cost of fm:;gc
procesung cgupmenLl expenne apd ground truth | B 1990, Aramhule apd Astudille
193], Barnass 199% K laser 1995 These problems are real concerns but are dinun-
ishung a% 41 l}.‘mpulﬂ processing and data stotaue fiailine. become telatively th:ﬂpﬁfr.
42t recent changes in the philosophs of satellt® imape disemnation have resulied
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data becoming more widely and freely available (Mulcahy and Clarke 1994, Justice
et al. 1995), and increasingly accessible (e.g. James and Kalluri 1994) and (3} the

acutely limited (Mills 1994),
Our understanding of the spatial and temporal distribution of inverte{)rate inter-
mediate hosts and the diseases they transmit has been enhanced by understanding

Further close investigation of specific test sites will be required if the jnfo ation to
drive these models is to be generated. It is a priority to understand these interactions,
however, since they will ehable ‘best guesses’ to be made of the impact of global
climate change on disease distributions (Rogers and Packer 1993, Patz et (al. 1996).

disease control and management. The future will see a further increase In the range
of data available as well as its speed of dissemination (Hay 1997) and thus present
new challenges and opportunities for synergism between the epidemiological and
remote sensing communities.
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