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ABSTRACT Two case studies, one from Hawaii involving pest populations of mosquitoes and one from Trinidad looking at dengue, are
presented to demonstrate the usefulness of spatial statistics in the study and control of vector-borne disease; we focus on monitoring
methodologies, risk assessment, and mitigation. In Hawaii, the spatial distribution of Aedes albopictus (Skuse) oviposition within a small
military facility located on a forest preserve indicated that the source of adult, biting mosquitoes was the untreatable sylvan areas surround-
ing the base where breeding occurred. A simple spatial analysis of oviposition during weeks with and without insecticide aerosol applica-
tions indicated that treatments were ineffective. From these analyses we concluded that if source reduction was not a viable alternative, then,
without a tangible threat of A. albopictus-borne illness, no insecticide control measures should be attempted on the base; alternatively, the
spatial analysis would be beneficial in directing the extent of a source reduction (e.g., deforestation) effort designed to eliminate migration
into the base. In the Trinidad study, spatial visualization demonstrated dramatically that the traditional Stegomyia indices no longer should
be considered viable surrogates of dengue transmission risk because they did not correlate spatially within themselves nor with the absolute
densities of the vector Aedes aegypti (L.). Concerning risk assessment, spatial visualization of the number of pupae per person indicated
that the threat of dengue was not distributed uniformly throughout the island. Regarding mitigation, spatial analysis of site differences in
the types, frequencies, and productivities of water-holding domestic and trash containers indicated that targeted source reduction pro-
grams would have outcomes that varied spatially, perhaps justifying tailoring control efforts on a site-by-site basis. These studies also
demonstrated the utility of combining spatial analysis with computer models in vector-borne disease systems. Finally, this report presents
initial estimates of dengue transmission thresholds in terms of pupae per person as a function of herd immunity in the human population
for the average annual ambient air temperature in Trinidad.

MORE THAN A HUNDRED YEARS AGO, EPIDEMIOLOGISTS AND PHYSI-

cians began to explore the potential of maps for under
standing the spatial dynamics of human disease (Scholten

and de Lepper 1991). The classic example is the 1854 cholera epi-
demic in London that was traced to the contaminated water sup-
plied from the Broad Street pump in Soho. John Snow, a London
anesthesiologist, had hypothesized that cholera was spread by in-
fected water supplies. By using maps of the locations of cases and the
neighborhoods associated with the pumps throughout London, he
established the water-borne nature of the illness (Snow 1855). In
addition to this important epidemiologic finding, the spatial analy-
sis led to effective control; as the story goes, the handle of the pump
was locked down and this resulted in a rapid decline in the incidence
of new cases.

Today, the spatial nature of human illness is appreciated more
widely (Verhasselt 1993), with some of the most exciting develop-
ments involving vector-borne disease systems. Much of the early
work was similar to that of John Snow's (i.e., the ability to predict
the presence or abundance of a vector was developed by spatially
and temporally correlating the vector variable with some observable
environmental entity). Predicting the abundance of Psorophora
columbiae (Dyar & Knab) larvae as a function of nearby cattle den-
sity in Louisiana (McLaughlin and Vidrine 1987) and the presence
of Aedes vexans (Meigen) by using the distribution of barnyard
grass and sedge in upland wooded depressions in Illinois (Horsfall
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1975) are two of many mosquito examples. The use of remotely
sensed data has revolutionized this type of correlative spatial analy-
sis (Hugh-Jones 1989, Washino and Wood 1994). Some examples
where aerial photography or Landsat data have been used include
describing the distribution of scrub typhus in southeast Asia (Audy
1949) and breeding sites of Aedes sol/icitans (Walker) near New
Orleans, LA (NASA 1973) on the basis of associated vegetative
types, describing the landscape characteristics of sites in the Philip-
pines where the prevalence of schistosomiasis was high (Cross et al.
1984), and inferring ecological parameters associated with Rift Val-
ley Fever in Kenya (Linthicum et al. 1987). More recent develop-
ments, summarized by Washino and Wood (1994), attempted to
use remotely sensed data to predict both the spatial and temporal
dynamics of vector populations and assess the risk of disease trans-
mission. The integration and analysis of megabyte quantities of
multispectral raster data have necessitated the use of geographical
information systems (GIS). An important example of this method is
the work of Beck et al. (1994), where villages at high risk for malaria
transmission were identified using a satellite-derived digital map of
landscape elements surrounding villages of known vector abun-
dance. The relationship between landscape element proportions and
vector abundance was discerned using statistical methods. Another
successful example of spatial analysis using GIS was to integrate
remotely sensed and ground-based data for the risk assessment of
Lyme disease transmission by Dister et al. (1993).
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The Niche of Spatial Statistics in
Vector-Borne Disease Projects

Sylvan Pest Populations of
Aedes albopictus (Skuse) in Hawaii

Fig. 1. U.S. Naval Communication Area Master Station, Oahu, HI.
Locations of the 64 oviposition traps (indicated with + symbols).
insecticide spray route, locations of base property lines, and buildings
shown. Top of figure is north.

chine. A collaborative project to study the nature of the A. albopictus
problem at NCAMS and to evaluate if spray operations were effec-
tive was begun late in 1992.

Aedes albopictus became established in the Hawaiian islands ear-
lier in this century (Bonnet 1948). Unlike the previously introduced
Aedes aegypti (L.), with immatures almost exclusively found in arti-
ficial containers in the domestic environment, A. albopictus in Ha-
waii gradually enlarged its range of container types used for breed-
ing from primarily artificial containers in coastal sites to natural
containers such as bamboos, leafaxils, and bromeliads. Its geo-
graphical range also extended to the interiors and to higher eleva-
tions within the islands to include sylvan habitats (Nakagawa 1963).
In crowded urban areas of Asia, which lack vegetation and outdoor
breeding sites, A. albopictus has been reported as rare or completely
absent (Rudnick and Hammon 1960); even in rural areas, this mos-
quito may be uncommon if vegetation has been removed (Nguyen et
al. 1974). Hawley (1988), in citing reports from Asia, concluded
that A. albopictus is more common in the forest fringe near villages
in rural and suburban situations than in interior forest locations.

Our initial observations of breeding within NCAMS and the
forest edge along the perimeter fence line, which are consistent with
the Asian observations, revealed virtually no A. albopictus breeding
on the base, and that adults were encountered in greatest numbers
in shaded locations along the fence line separating the grounds of
the base from the Ewa Forest Preserve. Although there were water-
filled ornamental plants and bromeliads present on the base, they
were in mostly open and sunlit areas unsuitable for oviposition
(Nguyen et al. 1974). We hypothesized from the limited initial sur-
vey that the origin of the adult population of biting A. albopictus
was in fact the Ewa Forest Preserve surrounding the base and that
aerosols of drifting insecticide would not be effective because they
were confined to the center of the base housing area (Fig. 1) and
would not drift into the dense vegetation of the preserve (Taylor and
Schoof 1971).

Experimental Design. Our plan was to document the spatial dis-
tribution of adult A. albopictus and, thereby, provide a rationale for
the perceived ineffectiveness of the aerosols. Our goals were to ex-
plain why the insecticide treatments should stop and to show that
an entomological solution was not possible unless the vegetation
could be cleared for several hundred additional meters outside the
perimeter fence to reduce the source of the mosquitoes.

Ovitrap Survey. Sixty-four black plastic cups (11.1 cm high; top
and base diameters, 8.9 and 6.7, respectively), each containing "=100
ml of tap water and a strip (2.5 by 7.6 cm) of red velour paper, were
placed in shaded sites at ground level (Fig. 1) on 21 November
1992. Every 7 d, for the next 52 wk, the water levels were restored,
the paper strips replaced, and the exposed papers brought to the
Navy Environmental and Preventive Medicine Unit at Pearl Harbor
where the eggs were counted. At irregular intervals, some of these
field-collected eggs were reared out for larval and adult identifica-
tion. Ovitraps similar or identical to those used in this study have
been used to document the distribution of A. aegypti and A. albopictus
(and other species) in the United States (Hobbes et al. 1991, McHugh
1993), Japan (Iriarte et al. 1991), Malaysia (Yap 1975), Thailand
(Mogi et al. 1990), and Trinidad (Chadee 1992).

Insecticide Sprays. During the study year (21 November 1992
through 24 November 1993), standing orders were given for the
base housing area (Fig. 1) to be treated with insecticide sprays. These
were dispensed at dusk (typically within 20 minutes of 2000 hours)
from a truck-mounted ultra low volume aerosol generator calibrated
to deliver the label rate at the appropriate droplet size spectrum;
each application applied 1.9 liters of malathion (AI 96%). Because
this method of application is based on drift of the insecticide aero-
sol, the extent of the treatment area was larger than spray route

600 meters500400300200100

/' Administrative and
I maintenance areas Ewa Forest Preserve

(f --- Base property line

IRoute of truck-mounted
insecticide sprays

o

All of the examples above involved attempts to infer either risk of
transmission or the distribution of some arthropod by reference to
some other, more easily observable variable(s). When digital remotely
sensed data are involved, the process of developing associations
lends itself to computer-based statistical and geographical analysis,
hence the reliance on GIS. The utility of spatial statistics as described
by Brenner et al. (1998) in vector-borne disease situations is predi-
cated on being able to monitor, either directly or through an estab-
lished surrogate, the variable of interest. Hence, a strictly spatial
statistics approach can go directly from monitoring to plotting of
the distribution. The usefulness of the method lies in its simplicity,
applicability to small and large areas, and independence from the
expense of GIS-based technologies. Remotely sensed data are im-
portant for defining areas at risk but will have limited utility in
assessing the impact of control interventions. Spatial statistical analy-
sis of ground-based biological data provides that measure of effi-
cacy and can produce GIS-format output for integration into a single
risk assessment/risk reduction system. The case studies below are
designed to extend the demonstration of the usefulness of spatial
statistics in the study of vector-borne disease by focusing on 2 addi-
tional aspects, monitoring methodologies and risk assessment/miti-
~tiM. •

The U.S. Naval Communication Area Master Station (NCAMS)
(21031' 10.1" N, 1580 00' 21.3" W) is located at an elevation of 370
m in the interior of the island of Oahu approximately 16 km ENE
from Waianae. The station is composed of base housing, adminis-
trative and maintenance buildings, and several antenna farms. The
sma I! base (280 hal is located along a narrow and cleared ridge and
is surrounded completely and immediately by the Ewa Forest Pre-
serve (Fig. 1). NCAMS had a history of unacceptably high, year-
long, day-biting A. albopictus. The response was to apply aerosols
of malathion weekly from a truck-mounted ultralow volume ma-
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shown in Figs. 1and 5. Because of rain, high wind, or mechanical
failure, spray applications actually were made on only 21 of the 52
wk of the study. A. albopictus in this area was known to be fully
susceptible to malathion (J.H.T., unpublished data).

Spatial Analysis Methods. Spatial analyses were conducted using
a commercially available software package (Surfer for Windows ver-
sion 6.02, Golden Software, Golden, CO) using the default linear
kriging algorithm with a zero nugget after the methods fully de-
scribed by Brenner et al. (1998). We used kriging to estimate or
interpolate values at unsampled points within our study area based
on the spatial location and value of each observation. This allowed
the entire distribution of the various parameters to be estimated and
visualized as isolines of equal parameter density.

Simulation Studies of Temporal Dynamics. The average weekly
oviposition of A. albopictus in the study site varied temporally. To
partition out what portion of this variation could be attributed to
the sprays as opposed to seasonal fluctuations in temperature and
rainfall, we used the container inhabiting mosquito simulation model
(CIMSiM) designed to study the temporal dynamics of container-
inhabiting mosquitoes such as A. aegypti and A. albopictus (Focks
et al. 1993a).

Briefly, this model is a life-table simulation model that produces
mean-value estimates of various parameters for all cohorts of a
single species of Aedes mosquito within a representative 1-ha area.
The model basically is an accounting program-for each cohort,
depending on the life stage, CIMSiM maintains information on abun-
dance, age, development with respect to temperature and size, weight,
fecundity, and gonotrophic status. With few exceptions, the various
processes are simulated mechanistically. The accounting is made
dynamic by calculating on a daily basis the number of each cohort
that will pass to the next age or stage as a function of a host of
variables and relationships. For example, developmental times of
eggs, larvae, pupae, and gono trophic cycle are based on temperature
using an enzyme kinetics approach. The basis of larval weight gain,
food depletion, and fasting are differential equations developed to
compensate for the influence of temperature. Fecundity is modeled
as a function of pupal size that, in turn, is a function of the recent
history of larval abundance, food, temperature, and fasting in the
container. All survivals are tied to temperature, and, for adults and
eggs, saturation deficit as well; larval survival also is a function of
fasting and fat body reserves. This model has been validated in a
number of laboratory and field studies (Focks et al. 1993b). Of
interest to the current work, one of the validation studies success-
fully predicted the ovipositional activity of A. aegypti observed by
the U.S. Public Health Service in 7 cities in the southeastern United
States for the years 1981 through 1985 (Focks et al. 1993b). Daily
weather data from the Wahiawa Botanica] Garden, located »2 km
north of the study site, were used in CIMSiM as estimates of condi-
tions on the base for these studies.

Results of the Hawaiian Study. Spatial Distribution of Oviposi-
tion. The average weekly accumulation of A. albopictus eggs in each
ovitrap was 35.3 (n = 2,965; SD = 42.4; range, 0-437). Examination
of the plot of the kriged distribution of the average number of eggs
per ovitrap per week during the 12-mo study (Fig. 2) clearly indi-
cated oviposition was neither evenly nor randomly distributed
throughout the base and strongly corroborated our initial hypoth-
esis that the surrounding Ewa Forest Preserve was the source of A.
albopictus. This is even more clearly seen in Fig. 3 where probability
contours are shown that cumulatively define the location of »80%
of all oviposition observed. With the exception of 2 small focj within
the housing area, all areas of substantial oviposition were adjacent
to the preserve.

Assessment of the Impact of Insecticides. Temporal distribution
of oviposition also was neither uniformly nor randomly distributed
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Fig. 2. Distribution of the average number of A. albopictus eggs per
ovitrap per week during the 12-mo study.

Fig. 3. Ovitraps located within the areas indicated by red were
responsible for ",80% of all oviposition of A. albopictus during study.
Contour display has been limited to reveal only those areas with
probability of ~50% of contributing toward this cumulative level.

but exhibited what appeared to be a pattern related to seasonal
patterns in rainfall and temperature (Fig. 4). Our question of course
was, were the observed fluctuations in part attributable to the insec-
ticide applications? Comparing the average oviposition counts dur-
ing weeks with and without treatment indicated that the insecticide
sprays did not play an important role in oviposition levels. Compar-
ing weekly oviposition during the 9 sequential weeks of spray dur-
ing January and February with the 9 succeeding weeks gives similar
results-slightly more eggs were recovered each week during spray
operations than during weeks without spray. We also observed the
same pattern of oviposition rates during treated versus untreated
weeks during the second regimen of spraying operations, the 6 weeks
of sequential sprays that began mid-August (day 260) and contin-
ued for 6 weeks (Fig. 4).

Simulation studies have been used previously to evaluate the im-
pact of insecticides against a backdrop of natural population and
seasonal fluctuations (Focks et al. 1987, Focks and McLaugh]in
1988). In the Current example, CIMSiM, parameterized using local
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Fig. 4. Plot of basewide average observed and estimated number of
A. albopictus eggs per ovitrap per week during study period beginning
21 November 1992. Estimates derived from CIMSiM using weather
data from Wahiawa Botanical Garden located ",2 km north of study site.
Triangles indicate dates of spray operations.

of insecticides is not only ineffective but inappropriate and should
be discontinued. If source reduction, the removal of forest adjacent
to the base, is not a viable alternative then, without a tangible threat
of A. albopictus-borne illness, no insecticide-based control mea-
sures should be attempted on the base. In risk assessment and com-
parative risk reduction terms, we concluded that the minimal threat
posed by the presence of A. albopictus did not justify continuing
with the only available but ineffective mitigation method-an obvi-
ously cost-ineffective practice that would result only in potential
environmental pollution or contamination.

Risk Assessment and Control of Dengue in Trinidad

Background Information on Dengue. Globally, dengue viruses
are considered the most important arthropod-borne viruses trans-
mitted to humans either in terms of morbidity or mortality (Rosen
1982, Halstead 1988). There are four dengue serotypes and infec-
tion with one confers life-long immunity to that serotype and short-
term immunity to the others for ",6 mo. During the last several
decades, all serotypes of these viruses have spread to virtually all
receptive areas of the tropical world (Gubler 1988). Approximately
40 yr ago, a more dangerous form of dengue fever involving hemor-
rhage and a shock syndrome (DHFfDSS) appeared in Southeast
Asia. Primarily affecting children of local populations in endemic
areas, the untreated fatality rate was often >10%; today, with sup-
portive treatment widely available, mortality has declined to much
lower levels (Gubler 1988). However, these viruses continue to be
among the leading causes of childhood hospitalization in many ur-
ban centers in Asia (Anonymous 1986). In the past decade, DHFI
DSS appeared in the New World (Pinheiro 1989), the first major
epidemic occurring in Cuba in 1981 (Guzman et a!. 1984) and the
second in Venezuela in 1990 (Anonymous 1994). During the 1980s,
intermittent DHFfDSS was confirmed or suspected in perhaps 14
additional countries within the American hemisphere (Gratz 1991).
Recently, compelling reasons have been presented suggesting that
DHFfDSS will become an increasingly serious public health issue in
the Americas paralleling the experience of Southeast Asia in the

Fig. 5. Ineffectiveness of treatment shown by subtracting average
number of eggs per ovitrap during weeks when no sprays were applied
from average of weeks when sprays were applied. Positive numbers
indicate lower oviposition rates during weeks of sprays. Negative
values appear where average oviposition actually was greater during
weeks of spray operations. Colored contours indicate only areas
where values were positive (the colors, going from dark to light blue,
indicate 20, 15, 10, and 5 eggs per ovitrap, respectively).
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weather, was able to capture the seasonality in oviposition of A.
alboPictus fairly well (Fig. 4)-with observed and predicted trends
falling during November 1992 until around April 1993 (approxi-
mately, day 30 through day 130, Fig. 4) when rainfall and warming
temperatures resulted in higher populations. A comparison of ob-
served and predicted weekly oviposition by regression analysis also
suggested good and statistically significant (P < 0.001) correlation.
This analysis was based on regressing Observed and Estimated weekly
oviposition, where a near perfect fit would give an equation of inter-
cept zero, slope one, and very little scatter around the regression line
(Focks et a!. 1993b). In the current case, the regression was signifi-
cant with estimates of the slope and intercept not being too far from
one and zero, respectively (Estimated = 4.234 + [0.855 * Observed],
n = 52, F = 41.6, P < 0.001; standard error of intercept and Ob-
served, 4.975 and 0.133, respectively). We concluded from this simu-
lation that observed fluctuations in A. albopictus could be attrib-
uted to natural factors and that they were not due to the insecticide
treatments. Without this type of analysis, one might have assumed
that the slow decline starting in late December of 1992 and continu-
ing through the end of February of 1993 was the result of the
routine sprays.

A final analysis can be made to support the conclusion that insec-
ticides were ineffective. Fig. 5 presents the spatial distribution of a
measure of the impact of treatment-the average difference between
weeks of treatment and weeks of no treatment. If sprays were effec-
tive, weeks with treatments should be associated with less oviposi-
tion than weeks without treatments, and our measure would be
largely positive; this clearly was not the case.

Conclusions of the Hawaiian Study. The lack of substantial breed-
ing within the base complex and the spatial distribution of oviposi-
tion (Fig. 2) show that the biting populations of A. albopictus were
the result of immigration from the surrounding Ewa Forest. That
CIMSiM was able to predict the temporal population dynamics of
A. albopictus by reference only to seasonal changes in rainfall and
temperature (Fig. 4) makes it difficult to attribute any of the popula-
tion declines to the efficacy of the insecticide sprays. This conclusion
is corroborated in the comparisons of the spatial and temporal
distribution of oviposition as a function of treatment (Fig. 5). We
conclude, therefore, that attempting control based on space sprays

176 AMERICAN ENTOMOLOGIST • Fal/1999

D
ow

nloaded from
 https://academ

ic.oup.com
/ae/article/45/3/173/2389609 by guest on 16 M

ay 2023



1950s and 1960s (Gubler 1989, 1992). The deteriorating situation
reflects population growth, essentially uncontrolled urbanization,
frequent introduction of virus through human movements, and the
almost universal absence of adequate control of the primary urban
vector A. aegypti (Gratz 1973, Gubler and Casta-Valez 1991, Ser-
vice 1992). Dengue does not pose much of a threat to inhabitants of
North America, not because virus is not introduced routinely from
endemic areas nor because the vector is entirely absent, but because
host-vector contact is minimal due to living conditions and prac-
tices. However, dengue is a significant threat to tourists and U.S.
Armed Forces deployed or visiting tropical locations.

Whereas dengue cases have never been reported for the island of
Tobago, Trinidad has experienced dengue caused by serotypes 1,2,
and/or 4 annually since 1981 (Anonymous 1994). Although only a
few suspected cases of dengue hemorrhagic fever have been seen, the
widespread distribution of A. aegypti, the recent discovery of den-
gue serotype 3 in this hemisphere (San Juan Laboratories 1995),
and recent epidemics of hemorrhagic dengue in nearby Venezuela
(Anonymous 1994) suggest that Trinidad and Tobago continue to
be receptive to new serotypes and well may be at risk for significant
epidemics of serious illness. Consequently, a risk assessment process
for the Ministry of Health was begun in 1996 with a countrywide
pupal survey of A. aegypti (Focks and Chadee 1997). To provide
estimates of how receptive the islands are to new viral introductions,
the entomological data from the survey were integrated with demo-
graphic, meteorological, and serologic data using the dengue trans-
mission models (CIMSiM/DENSiM) (Focks et al. 1993a, 1995);
CIMSiM was described earlier and DENSiM (dengue simulation
model) will be described below. The final step of this process, also
reported herein, was to provide recommendations on risk reduction
stra tegies.

Background on A. aegypti in Trinidad. One of the primary goals
of the entomological survey (Focks and Chadee 1997) was to iden-
tify the important types of A. aegypti-producing containers on the
island-importance being a function of container abundance and
productivity of vector mosquitoes. Briefly, this survey indicated that
the most common water-filled containers positive for the larvae or
pupae of A. aegypti (hereafter referred to as foci) in Trinidad were
outdoor drums, water storage tanks and buckets, laundry tubs,
discarded tires, and small miscellaneous containers such as plastic
cups and cans. The island wide mean number of containers positive
for either larvae or pupae of A. aegypti was 287 (range, 65-499) per
hectare. The mean standing crop per container of A. aegypti pupae
was 9.5 and ranged 12-fold, the most and least productive being the
flower pot (>30) and the small indoor vase (<3), respectively.

A second survey goal was to provide information helpful in con-
trol efforts using targeted source reduction. In terms of production
by type of container (using Trinidad-wide averages), 4 of the 11
commonly found types of breeding containers (i.e., outdoor drums,
tubs, buckets, and small containers) were responsible for >90% of
all A. aegypti pupae (Table 3). If source reduction (i.e., cleanup)
programs were directed by how important various container types
were in the production of A. aegypti, environmental sanitation ef-
forts designed to eliminate the ubiquitous small receptacles and tires
could reduce mosquito densities by 43%; the provision of an ad-
equate water supply system precluding the need for water storage in
drums and buckets could eliminate an additional 38%. Combined,
these 2 control measures could impact the sources of >80% of A.
aegypti in the country.

A third goal of the survey in Trinidad was to determine whether
the traditional Stegomyia indices routinely used to document the
density of A. aegypti and predict the threat of transmission had any
real correlation with the actual number of pupae per hectare or per
person-parameters that we now know do provide information on
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the threat of transmission (Focks et al. 1995). All 3 of the old Stego-
myia indices were based on foci (i.e., the number of water-holding
containers that are positive for either larvae or pupae of A. aegypti);
a container with only a single larva was considered as positive as one
with many pupae. Briefly, these indices include the following (1) the
House (or Premises) Index, the percentage of houses with at least
one focus; (2) the Container Index, the percentage of all water-
holding containers that are foci (i.e., actually positive for one or
more forms of active immatures); and (3) the Breteau Index, the
number of foci per 100 houses. In contrast to these Stegomyia indi-
ces, we are promoting the actual number of A. aegypti pupae per
person in the environment as a measure of a real risk factor indicat-
ing the threat of transmission.

This new measure of the actual number of pupae per person is
superior for risk assessment for at least 3 reasons. First, note that a II
three Stegomyia indices fail to take into account that containers vary
in the production of the actual vector, adult A. aegypti. For example,
two very different containers, an indoor flower vase, commonly
found with larvae but seldom producing an adult because of fre-
quent water changes and, say, an uncovered, outdoor 55-gal (207-
liter) drum under a fig tree that supports a standing crop of 10 or 20
or 50 pupae, are for the purposes of calculating the indices, equally
positive. Field observations bear this out; Southwood et al. (1972)
reported for a temple area in Bangkok approximately a 23-fold
difference in the most and the least productive types of container. A
six-fold difference was seen in Honduras (Focks et al. 1995). A
second reason for intimating the superiority of the pupae per per-
son measure involves the fact that, as far as the Stegomyia indices are
concerned, containers positive for only larvae are equally positive as
containers with one or more pupae. Moreover, because of signifi-
cant density-dependent larval survival, many larval-positive con-
tainers do not produce adults. The final reason stems from the fact
that pupal densities, in marked contrast to larvae, are highly corre-
lated with subsequent adult densities and can be counted and put on
an absolute, per person, basis. This ratio of vectors to hosts is a
known determinate of transmission rates in all epidemiologic sys-
tems of vector-borne diseases (Anderson and May 1991).

Objectives of the Current Study. The lack of correlation between
the traditional Stegomyia indices among themselves and with the
measure of pupae per person already has been documented (Focks
and Chadee 1997). Here, we further analyzed on a spatial basis by
plotting each of the old indices and the pupal measure as a surface
over the island and compared the correspondence of their spatial
distributions. Secondly, we conducted an assessment of the risk of
dengue transmission in Trinidad. This involved estimating for den-
gue the actual transmission thresholds as a function of entomologi-
cal factors (pupae per person), herd immunity (i.e., the population-
wide prevalence of antidengue antibody), and weather using the
dengue transmission models CIMSiM and DENSiM. Finally, we con-
cluded, again on a spatial basis, with an analysis and recommenda-
tions regarding mitigation of the risk of dengue transmission using
targeted source reduction.

Experimental Design. Survey Sites and Methods. The island of
Trinidad is divided into eight counties (Fig. 6), but, due to variable
county size and low population densities, some counties have been
merged administratively (St. Andrew and St. David into one district
and Nariva and Mayaro into another) for vector control purposes.
In contrast, due to high population densities and housing patterns,
St. George County has been subdivided into three districts, St.
George-East, Central, and West. An urban and a rural site in each
of the eight districts were selected for determination of the numbers,
types, and locations of A. aegypti-producing containers (Table 1).

All of the natural and artificial containers at >100 houses and
compounds in each of the 16 sites were inspected by laboratory staff
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Fig. 6. Counties of Trinidad. Some counties have been divided and
others combined for administrative purposes by Ministry of Health (see
text for details). Circular symbols indicate locations of the 16 study
sites.

Trinidad

Victoria

61G4(f

10'40'

from the Insect Vector Control Division (IVCD), Ministry of Health
of Trinidad, using the Pan American Health Organization guidelines
(Anonymous 1968). All containers, both indoors and outdoors
(including natural habitats such as treeholes), that might harbor A.
aegypti and other mosquitoes were inspected to determine whether
they were wet or dry and contained A. aegypti larvae or pupae or
both. Containers located in dark or shaded areas were inspected
using flashlights. All pupae in wet containers were counted and, to
confirm the field identification of A. aegypti, samples were taken
from each site using ladles and pipettes, placed in labeled vials, and
sent to the IVCD laboratory where they were allowed to emerge and
adults were identified.

Dengue Transmission Models, CIMSiM and DENSiM. Whereas
CIMSiM basically is a habitat- and weather-driven accounting pro-
gram of the population dynamics of certain Aedes mosquitoes,
DENSiM essentially is the corresponding account of the dynamics
of a human population driven by country- and age-specific birth
and death rates. An accounting of individual serologies is main-
tained, reflecting infection and birth to seropositive mothers. In
DENSiM, the entomological factors estimated by CIM5iM (daily
estimates of adult female mosquito survival, gonotrophic develop-
ment, weight, and emergence on a per hectare basis) are used to
create an estimate of the biting mosquito population. The survival
and emergence values dictate the dynamic size of the population
within DENSiM, whereas the gonotrophic development rate and
weight estimates influence the rate at which these females bite. Tem-
perature influences the extrinsic incubation period in the mosquito.
The infection model accounts for the development of virus within
individuals and its passage between the human and mosquito popu-
lations. Full descriptions of the model, the parameterization pro-
cess, and validation studies have been published (Focks et al. 1995).

Table 1. Administrative districts and sites in Trinidad where surveys were conducted in 1996

District Development Site Stegomyia indices" Number per hectare Pupae
(elevation in meters) House Container Breteau Fod Pupae People per person

County Caroni urban Montrose (16) 12 7 14 152 1,771 129 13.8
rural Frederick Settlement (1) 20 5 7 350 4,437 184 24.1

County St. George
(East) urban Sr. Benedict (152) 16 4 14 343 2,603 122 21.3

rural Tunapuna (30) 11 3 21 384 8,324 182 45.7
County St. George

(Central) urban Malick (182) 10 12 10 65 216 160 1.4
rural Cantaro (152) 15 14 24 144 708 189 3.7

County St. George
(West) urban Diego Martin (242) 23 14 49 147 1,080 120 9.0

rural Bagatelle (182) 37 18 53 180 1,647 190 8.7
Counties

St. Andrew/St. David urban Sangre Grande (30) 24 5 36 359 3,680 123 29.9
rural Point Cumana (152) 17 6 19 384 4,977 178 28.0

Counties
Nariva and Mayaro urban Mayaro (39) 18 10 25 357 4,952 138 35.9

rural Biche (17) 30 10 52 446 7,923 183 43.3

County St. Patrick urban Point Ligoure (15) 18 13 23 216 1,956 122 16.0
rural Fanny Village (15) 33 18 54 499 1,843 180 10.2

County Victoria urban Marabella (38) 24 7 15 420 8,438 133 63.4
rural Palmyra (45) 10 7 42 145 1,515 185 8.2

Averages 19.9 9.6 28.6 287 3,504 157 22.7

"See text for definitions.
bWater holding containers with larvae andlor pupae of A. aegypti.
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In the current study, CIMSiM was parameterized for each of the
16 sites based on the results of the entomological and demographic
survey of Trinidad (Focks and Chadee 1997) using the parameter-
ization process described earlier (Focks et al. 1993b). The output
for each site was then used, along with site-specific demographic
data, as input for DENSiM.

Spatial Analysis Methods. Spatial analyses for the Trinidad study
were conducted using the techniques described earlier for the Ha-
waiian study.

Results of the Trinidad Study. Traditional Stegomyia Indices and
Pupal Counts. Whereas the Breteau, House, and Container Indices
(Table 1) all were correlated significantly with each other (P < 0.05)
(Focks & Chadee 1997), the actual amount of variation (RI, the
squared correlation coefficient or coefficient of determination) in
one index that could be explained by reference to another index was
low and ranged between 30% (Container versus House Indices)
and 47% (Breteau versus House Indices). Fig. 7 presents one of the
3 correlations of the traditional measures (Breteau versus Container
Indices) to provide an indication of just how poor these relation-
ships are from an operational perspective. The irrelevance of these
correlations and their lack of overall correspondence can be visual-
ized spatially (Fig. 8). Certainly, if the indices are significant corre-
lates of dengue risk, they should themselves be correlated. More
importantly, in the context of using these indices as epidemiological
risk surrogates, there is a complete lack of correspondence between
the absolute measure (pupae per person) and any of the Stegomyia
indices (Fig. 7)-the only statistically significant one being inappro-
priately negative in the case of the Container Index. This too is
borne out in a spatial comparison of the absolute measure of pupae
per person with the traditional indices (Fig. 8). For example, note
that the spatial plot of the Container Index does not identify the
areas of high infestation on the east coast in the county of Nariva
nor the hot spot on the west coast in Victoria. The House Index
does somewhat better, correctly identifying coastal Nariva but inap-
propriately highlighting the peninsula northwest of the capital, Port
of Spain. The Breteau Index perhaps fares best, yet it too inappro-
priately identifies the northwest peninsula as an area of unusually
high density.

One gets the impression that, although not stated explicitly any-
where, many with dengue control responsibilities doubt the useful-
ness of these measures. In the >50 yr that these indices routinely
have been used presumably to document abundance and associated
risk of transmission, only a single dengue reference intimating their
epidemiological significance can be found (Brown 1977). On the
basis of these results, we concur, and would suggest that the use of
the Stegomyia indices be discontinued. Estimates of absolute vector
density such as are available from pupal surveys obviously are to be
preferred over the traditional Stegomyia indices. In the next section,
these estimates will be used to provide an indication of just how
much higher the existing vector densities in Trinidad are from the
threshold levels of pupae per person that result in transmission. In
the final section, they will be used in the development and evaluation
of control strategies.

Risk Assessments Using DENSiM. In an analysis of the first
epidemic of dengue-1 in Central America, Focks et al. (1995) sug-
gested that the transmission threshold for dengue in coastal Hon-
duras before any dengue transmission was <0.25 A. aegypti pupae
per person. It was emphasized that this was an initial estimate and
only an estimate of the upper limit for the transmission threshold;
the A. aegypti densities present were sufficiently high to lead to an
acute epidemic where 60-80% of the population was infected over a
brief span of =90 d. We note that every site in Trinidad studied
exceeded this value of 0.25 pupae per person by a considerable
margin (Figs. 7 and 8, Table 1). In light of the known influence of
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Fig. 7. Examples of extent of correlation among traditional Stegomyia
indices and absolute measures of A. aegypti density. Left panel is a plot
of Breteau indices versus Container indices (0.590 and 0.016) and
right panel is pupae per person (-0.181 and 0.502) for the 16 survey
sites in Trinidad; numbers in parentheses are the Pearson product
moment correlation coefficient and P value, respectively.

Fig. 8. Comparison of spatial distributions of the 3 Stegomyia indices
and absolute number of A. aegypti pupae per person. The indices are
based on foci-the number of water-holding containers that are
positive for either larvae andlor pupae of A. aegypti. The House (or
Premises) Index is percentage of houses with at least one focus. The
Container Index is percentage of all water-holding containers that are
foci (Le., actually positive for one or more forms of active immatures).
The Breteau index is number of foci per 100 houses. Pupae per
person, in contrast to the Stegomyia indices, is actual number of A.
aegypti pupae per person in environment. Data used in kriging these
surfaces are from Table 1.

temperature and seroprevalence of antibody (herd immunity), how
should such levels in Trinidad be interpreted? Are all sites indeed
susceptible to epidemics should dengue virus be introduced? How
acute would epidemics be? Would an initial epidemic, such as would
be the case with dengue-3, be expected to be more acute and involve
more people than a dengue-1 or -2 epidemic where an unquantified
degree of immunity from earlier transmission exists (Anonymous
1994)?

To answer such questions, we used the dengue models to esti-
mate a transmission threshold for Trinidad. We begin with a defini-
tion of an epidemic that is arbitrary but useful from a public health
point of view; we consider any single year where seroprevalence rises
by at least 10% as a result of monthly introductions of a viremic
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human to be an epidemic year. Ten percent was selected because any
disease involving that proportion of the population would be con-
sidered an epidemic and this level of transmission would result in
peak prevalence of cases to be just slightly >1% of the population-
a suggested minimum value for the detection of transmission (New-
ton and Reiter 1992). Just how many mosquitoes per person are
required to support this level of transmission is a function of many
factors, but the ones considered key determinants are number and
size of viral introductions during the year, seroprevalence of dengue
antibody, and temperature (Focks et al. 1995).

Using the published default parameter values in DENSiM (Focks
et a1. 1995), we iteratively ran the model using various constant
ratios of A. aegypti females and humans under conditions of monthly
introductions of a single viremic individual and an initial
seroprevalence of dengue antibody to be 0, 33, or 67%. We used
CIMSiM to estimate several entomological parameters used by
DENSiM-the daily rates of gonotrophic development (0.259 d·l)
and adult survival (0.89 d-I), and the average adult female weight
(0.557 mg) using daily temperatures based on weather data from
the capital, Port of Spain. Based on this analysis, we estimated the
transmission thresholds necessary to produce a 10% annual rise in
seroprevalence 50% of the time under conditions of monthly, single
introductions to be »0.10, 0.15, and 0.32 pupae per person for
initial rates of seroprevalence of 0,33, and 67%, respectively (Table
2). We concluded, based on these thresholds, that virtually all sites
were significantly at risk for dengue transmission should virus be
introduced. This is true even in the environs of the capital (Central
St. George County) where sanitation practices produce the lowest
levels of A. aegypti in the country. Here, entomological counts re-
main, depending on initial seroprevalence, ",,4-37times higher than
necessary to support endemic transmission (Table 1).

The thresholds are substantially higher if threshold is redefined
as the number of pupae per person necessary to lead to epidemic
arising from a single introduction during the year-an introduction
arising perhaps from an individual incubating virus returning from
abroad where dengue was contacted. Using the methods described
above, we again iteratively solved for the number of pupae per per-
son necessary for a single introduction (arrival date set arbitrarily to
1April) to result in epidemics leading to an increase in seroprevalence
",,50% of the time. Again, using initial seroprevalences of 0, 33, and
67%, the number required was ",,0.19, 0.21, and 0.42 pupae per
person, respectively. These results led us to conclude that Trinidad,
without specific information on levels of herd immunity, was sus-
ceptible in all of the study sites to an epidemic caused by a single
introduction of virus.

Table 2. Examplesof model estimates of rise in seroprevalenceof
dengue antibody as a function of number of A. aegypti per person and
initial seroprevalence,and assuming a monthly viral introduction

Initial Pupae per % rise in 1 yr"
seroprevalence person 2 3 4 Avg SO

0.00 0.093 5.0 4.8 18.5 2.5 7.7 7.29
0.103 16.8 2.7 15.2 13.7 12.1 6.39

0.33 0.143 2.8 11.3 6.6 19.5 10.1 7.20
0.155 14.2 1.1 15.5 21.2 13.0 8.50

0.67 0.310 6.2 13.6 11.5 1.9 8.3 5.28
0.332 14.1 12.1 12.8 9.2 12.1 2.07

See text fOt details on model parameterization and methods.

"Becausethe OENSiM is stochastic, multiple runs were made at each
combination of mosquito abundance and intial seroprevalence.Only
levelsof mosquito abundance producing a rise of ",,10% are shown.
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Mitigation Analyses and Recommendations. Every site in Trinidad
exceeded both types of thresholds by a significant amount (Table 1).
For Malick in Central St. George County, the urbanization with the
lowest A. aegypti density observed (1.4 pupae per person), con-
tinual reductions of some 70 to 86% would be necessary to get
densities below the single-introduction type of threshold. For the
majority of sites, continual reductions of >99% would be required.

Below, we present an analysis of the efficacy of 2 levels of source
reduction. We do not consider here a strategy of insecticide sprays
against adults because they have been shown to be ineffective, pro-
hibitively expensive, and otherwise unsuitable for long-term control
(Newton and Reiter 1992). The Trinidad survey indicated that not
only did different sites have significantly different levelsof A. aegypti,
but that the types and frequencies of containers responsible for their
production varied remarkably from site to site (Table 3). In this
table, the container types are listed, based on islandwide averages,
from left to right in terms of increasing importance as a source of
dengue vectors. In a targeted source reduction program for Trinidad
where container types were selected on the basis of productivity, the
classes of containers represented by small miscellaneous, bucket,
tub, tank, and drum would be key receptacles to target.

In our first example, strategy 1, we evaluate a general, sanitation
program designed to eliminate abandoned tires (tires) and the most
important single type of container in Trinidad, discarded trash (small
miscellaneous). This could represent a government-funded effort
aimed at containers not used domestically to store water. Notice
that because sites differ in the types and numbers of containers
present (Table 3), a sanitation program would be expected to have
variable results. For example, tires and trash containers were virtu-
ally nonexistent in the Montrose urbanization in Caroni County;
contrast this with Port Cumana in the St. Andrews/St. David district
where these types accounted for >60% of all A. aegypti production
(Table 3). The reductions in pupae per person shown in Table 4
bear this out-Montrose remained unchanged under the sanitation
program (strategy 1) but Port Cumana declined from 27.96 to 10.87
pupae per person. What would these reductions do to the probabil-
ity of transmission? The column entitled threshold ratio in Table 4
presents the ratio of the observed pupae per person and the trans-
mission threshold of 0.2 pupae per person, the value estimated to
result in an epidemic on 50% of occasions when a single viremic
individual is introduced and seroprevalence ranges between 0 and
33%. The sanitation program, even if completely effective, would
not result in prophylactic levels of dengue vectors anywhere in
Trinidad (Table 4), because all areas continue to be above threshold
levels. The variable nature of this program can be seen clearly in Fig.
9 where untreated and treated distributions of threshold ratio are
presented.

Well, how about a more vigorous approach? Let us assume the
existence of an adequate potable water supply system through out
the island, adequate such that all domestic water storage containers
(indoor and outdoor drums, buckets, and tires) could be elimi-
nated. Combine this with the on-going sanitation program and fur-
ther reductions could be expected (Table 4, strategy 2). Note again,
the projected levels of pupae per person are still high enough (above
0.2) to support transmission in all but 3 of the 16 sites (Table 4; Fig.
9). These are not encouraging results for control interventions.

Conclusions of the Trinidad Study. Estimates of absolute vector
density such as are available from pupal surveys obviously are to be
preferred over the traditional Stegomyia indices. They can provide a
preliminary indication of how far existing densities of vectors are
from prophylactic levels, and they also can aid in source reduction
efforts. Even if our estimates of thresholds are too low, say by a
factor of 10, the basic conclusions to follow are still disheartening.
Regarding mitigation using source reduction methods, even if the
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Table 3. Total standing crop of pupae by type of container and survey site

Types of containers' Per hectare Pupae Threshold
Site per ratiod

Brk Indoor Indoor. Flower Outdoor Small Pupae People
Hole/' Saucer' Tire Tank Tub Bucket person

drum vase pot' drum misc.

Montrose 30 0 0 0 0 0 0 181 645 915 0 1,771 129 13.7 69
Frederick 0 0 0 0 0 0 240 598 480 869 2,250 4,437 184 24.1 121
St. Beneduct 0 0 0 0 12 0 0 466 240 1,314 570 2,603 122 21.3 107
Tunapuna 0 0 0 197 0 1,436 110 45 138 2,597 3,800 8,323 182 45.7 229
Malick 0 0 92 0 0 0 0 56 56 11 1 216 160 1.4 7
Cantara 0 0 32 0 71 0 50 60 0 300 195 708 189 3.7 19
Diego Martin 15 0 0 160 0 0 406 435 58 0 6 1,080 120 9.0 45
Bagatelle 0 0 68 3 0 0 240 364 31 941 0 1,647 190 8.7 43
Sangre Grande 0 0 0 0 140 0 0 441 0 234 2,865 3,680 123 29.9 150
Point Cumana 0 0 0 0 242 0 0 120 422 1,392 2,800 4,977 178 28.0 140
Mayaro 0 0 0 0 70 0 214 620 1,840 0 2,208 4,952 138 35.9 179
Biche 0 0 0 126 68 0 640 985 0 1,757 4,347 7,923 183 43.3 216
Point Ligoure 0 0 0 0 0 0 0 246 320 670 720 1,956 122 16.0 80
Fanny Village 0 0 0 0 154 0 0 823 71 795 0 1,843 180 10.2 51
Marabella 0 0 0 0 77 0 0 707 653 2,520 4,480 8,437 133 63.4 317
Palmyra 0 229 0 0 0 0 0 0 545 310 432 1,515 185 8.2 41

'Values for each type and location are the producr of that type's frequency per hectare and the average standing crop of A. aegypti pupae observed.
bWater-conraining holes in tops of external masonry walls.
'Saucers are large shallow plates typically found under flower pots.
dRatio of observed pupae per person and intermediate transmission threshold of 0.2 pupae per person, a value estimated to result in epidemic on 50%

of occasions when single viremic individual is introduced and seroprevalence ranges between 0 and 33%.

Table 4. Reductions in A. aegypti densities resulting from source reduc-
tion programs that are completely effective in eliminating indicated wa-
ter-holding containers

Site
Pupae per person Threshold ratio'

No Strategy Strategy No Strategy Strategy
control Ib 2' control 1b 2'

Montrose 13.72 13.72 5.23 68.6 68.6 26.2
Frederick 24.12 11.89 2.61 120.6 59.4 13.0
St. Beneduct 21.33 16.56 1.97 106.7 82.8 9.8
Tunapuna 45.73 24.85 9.73 228.7 124.3 48.7
Malick 1.35 1.34 0.35 6.8 6.7 1.8
Cantaro 3.75 2.34 0.00 18.7 11.7 0.0
Diego Martin 9.00 8.95 1.94 45.0 44.8 9.7
Bagatelle 8.67 8.67 0.18 43.3 43.3 0.9
Sangre Grande 29.92 5.49 0.00 149.6 27.4 0.0
Point Cum ana 27.96 10.87 2.37 139.8 54.4 11.9
Mayaro 35.89 19.38 13.33 179.4 96.9 66.7
Biche 43.30 19.17 0.69 216.5 95.8 3.4
Point Ligoure 16.03 10.13 2.62 80.2 50.7 13.1
Fanny Village 10.24 9.38 0.39 51.2 46.9 2.0
Marabella 63.44 29.17 4.91 317.2 145.9 24.5
Palmyra 8.19 5.86 4.18 41.0 29.3 20.9

'Ratios of observed pupae per person and intermediate transmission
threshold of 0.2 pupae per person, a value estimated to result in epidemic
on 50% of occasions when single viremic individual is introduced and
seroprevalence ranges between 0 and 33 %.

bRefers to complete elimination of containers classified as Small mis-
cellaneous and Tires; this type of cleanup simply is basic sanitation, the
removal of unnecessary water-holding containers in the environment.

'Involves additiona I control of containers necessary to store domestic
water, containers that could be reduced if a potable water supply was in
place throughout Trinidad. This strategy involves the control of the fol-
lowing types (Table 3): Small miscellaneous, Tires, Indoor and Outdoor
Drums, Buckets, and Tanks.
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Fig. 9. Plots of spatial distributions of ratios of observed pupae per
person and transmission threshold of 0.2 pupae per person (threshold
ratio, Table 4), the value estimated to result in epidemic on 50% of
occasions when single viremic individual is introduced and
seroprevalence ranges between 0 and 33%. Strategy 1 refers to
complete elimination of all containers classified as small miscellaneous
and tires; this type of cleanup simply is basic sanitation, the removal of
unnecessary water-holding containers in the environment. Strategy 2
involves additional control of containers that are necessary to store
domestic water, containers that could be reduced if a potable water
supply was in place throughout Trinidad. Strategy 2 involves control of
following types of containers (Table 3): small miscellaneous, tires,
indoor and outdoor drums, buckets, and tanks.
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analyses of the effectiveness of targeted source reduction strategies
are only approximately correct, they cast significant doubt on recent
notions of dengue control using community-based source reduc-
tion (Halstead and Gomez-Dantes 1992). This is a very sobering
conclusion in today's atmosphere of community-based measures
that, unfortunately, probably provide, at best, only a modicum of
short-lived suppression of the vector (Leontsini et a!. 1993, Service
1993). The spatial display of vector abundance and the risk of trans-
mission draw needed attention to the spatial basis of vector-borne
diseases and their control.

Conclusions Regarding Spatial Analysis in the Control and
Risk Assessment of Vector-Borne Diseases

The control recommendations for A. alboPictus at the naval fa-
cility in the Ewa Forest Preserve were made with confidence because
of spatial analysis. The spatial distribution of oviposition indicated
the source of the pest to be migration from the untreatable sylvan
areas surrounding the base and that drift-based insecticide sprays
were ineffective. The analysis led to the conclusion that there was no
justifiable treatment available. Regarding the Trinidad studies, in the
area of monitoring techniques, spatial visualization demonstrated
dramatically that the traditional Stegomyia indices no longer can be
considered viable surrogates of dengue transmission risk in Trinidad
(and presumably elsewhere)-they did not correlate spatially with
themselves nor with the absolute densities of A. aegypti. Concern-
ing risk assessment, spatial visualization of the number of pupae per
person indicated that the threat of dengue was not distributed uni-
formly throughout the island. And, on the subject of mitigation,
spatial analysis of site differences in the types, frequencies, and
productivities of water-holding domestic and trash containers indi-
cated that targeted source reduction programs would have out-
comes that vary spatially and, perhaps, would justify tailoring con-
trol efforts on a site-by-site basis.

These studies also showed the utility of combining spatial analy-
sis with computer simulation models in vector-borne disease sys-
tems. In the Hawaiian project, using CIMSiM, it was possible to
evaluate and discount the impact of insecticide treatments against a
backdrop of weather variables that also had the potential to influ-
ence the population dynamics of A. albopictus. The Trinidad study
highlighted a problem common to vector-borne disease systems.
Assessing risk by observing a surrogate variable is hampered by a
lack of understanding of the system's key factors and their interac-
tions. Here DENSiM and CIMSiM were used to integrate the inter-
actions between weather and demographic and entomologic factors
against a range of plausible levels of herd immunity so that knowl-
edge of the value of a single, easily measured element, pupae per
person, could lead to defensible risk assessments and aid in the
evaluation of control strategies.
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