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ABSTRACT Aspiration collections of adult Aedes aegypti (L.) were made weekly from inside and
outside of houses for 3 yr in a rural Thai village (n 5 9,637 females and n 5 11,988 males) and for
2 yr in a residential section of San Juan, Puerto Rico (n 5 5,941 females and n 5 6,739 males). In
Thailand, temperature and rainfall fell into distinct seasonal categories, but only temperature was
correlated with ßuctuations in female abundance. Average weekly temperature 6 wk before mos-
quitoes were collected and minimum weekly temperature during the week of collection provided
the highest correlations with female abundance. Accounting for annual variation signiÞcantly
improved Thai models of temperature and mosquito abundance. In Puerto Rico, temperature, but
not rainfall, could be categorized into seasonal patterns. Neither was correlated with changes in
female abundance. At both sites the vast majority of females were collected inside houses and most
contained a blood meal. Most teneral females were collected outside. Wing lengthÑan indicator of
female sizeÑandparity, eggdevelopment or engorgement statuswerenot correlated, indicating that
feeding success and survival were not inßuenced by female size. At both sites, females fed almost
exclusively on human hosts ($96%), a pattern that did not change seasonally. In Puerto Rico more
nonhuman blood meals were detected in mosquitoes collected outside than inside houses; no such
difference was detected in Thailand. Gut contents of dissected females indicated that females in the
Thai populationhad ayounger agedistribution and fedmore frequently onblood thandidAe. aegypti
in Puerto Rico. Our results indicated that aspects of this speciesÕ biology can vary signiÞcantly from
one location to another and 1 yr to the next.
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ALTHOUGH OTHER MOSQUITO species in the subgenus
Stegomyia have been incriminated as vectors of den-
gue virus in jungles, rural habitats, and islands in the
South PaciÞc, Aedes aegypti (L.) is considered the
most important dengue vector worldwide (Gubler
1997, Rodhain and Rosen 1997) and is the only known
vector in the areas in Puerto Rico and Thailand where
we conducted the studies described herein. Ae. ae-
gypti is also the principal vector of yellow fever virus
in urban settings (Monath 1989, 1991). Morbidity and
mortality associated with these viruses (Monath 1991;
Kuno 1995, 1997)makeAe. aegypti themost important
arthropod vector of human arboviral infections.

An aspect of the ecology of Ae. aegypti that con-
tributes to its efÞciency as a vector is its close associ-
ationwith humans. Immature forms develop primarily
in artiÞcial containers or less frequently innatural sites
close to human habitation (Gubler 1989a, b; Kittay-
apong and Strickman 1993). Highly anthropophagic
adult females rest inside houses where they feed fre-
quently on human blood (Scott et al. 1993a, b). Be-
cause of its role in the transmission of important viral
pathogens, its close association with humans, and the
relative ease with which it can be studied in the lab-
oratory and Þeld, Ae. aegypti is among the most thor-
oughly studied of all medically important arthropods
(Christophers 1960; Focks et al. 1993a, b).

Despite intensive study, relatively few investigators
have conducted longitudinal studies on adult Ae. ae-
gypti for $1 yr (Sheppard et al. 1969,Gould et al. 1970,
Chan et al. 1971, Ho et al. 1971, Moore et al. 1978,
Chadee 1990). Longitudinal data are of particular in-
terest because they provide insight into seasonal pat-
terns and, when conducted in different locations,
geographic patterns in biology and ecology that are
not possible when studies are restricted to shorter
periods of time. For Ae. aegypti, this type of long-term
studycouldbeused to addressunresolved issues about
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the relationship between population dynamics and
weather. In most regions of the world where dengue
virus is endemic, there are seasonal ßuctuations in the
numberofdetectedhuman infections.Theunderlying
mechanisms for these patterns are poorly understood,
but some evidence indicates that weather inßuences
Ae. aegypti abundance or behavior and, therefore, vi-
rus transmission dynamics (Kuno 1995, 1997). Fre-
quent mosquito sampling over an extended period of
time would generate the data necessary to examine
relationshipsbetweenentomological andweather fac-
tors.

This is the Þrst of 2 articles on longitudinal studies
of Ae. aegypti that were conducted in Thailand and
Puerto Rico during the early 1990s. Our goal in the
current study was to describe seasonal patterns in Ae.
aegypti biology over $2 yr in 2 geographically and
ecologically different study sites. SpeciÞcally, we ex-
amined adult Ae. aegypti abundance, age structure,
gonotrophic status, and blood-feeding behavior and
determined how those population attributes were as-
sociated with changes in weather and study location.
Our companion article (Scott et al. 2000) is restricted
to blood-feeding frequency, which was assessed using
a histologic technique (Scott et al. 1993b).

Materials and Methods

Thai Study Site. From June 1990 to May 1993, Ae.
aegypti were collected weekly from inside, around,
and under a portion of the houses in Village 6 (138 389
N, 1018 189 E), Hua Sam Rong Tambon (subdistrict),
Plaeng Yao Amphoe (county), Chachoengsao Prov-
ince. Village 6 contained 57 houses, the majority of
which were elevated '1Ð3 m above the ground, clus-
teredwithingrovesof trees in anarea'1,000by600m,
and surrounded by rice Þelds. Most houses in the
villagewere constructed ofwood or bamboo; only 1 of
the collection houses was made of concrete and was
not elevated. Many houses in the village had only 3
walls, with the 4th side opening onto a porch and
protected by a roof overhead. There was no running
water in the village. This rural study area was de-
scribed previously by Edman et al. (1992) and Scott et
al. (1993b).

During the 1st yr of the study (June 1990ÐMay
1991), 2groupsof 10houseswere sampledonalternate
weeks (total 20 houses sampled) so that 10 houses
were sampled each week. During the 2nd and 3rd yr,
16 of the original 20 houses were sampled each week.
The 23 different houses sampled during the course of
the project were scattered throughout the village and
were selectedbecause theyhad thehighestAe. aegypti
densities in a preliminary survey conducted in May
1990.

PuertoRicanStudySite.FromMarch1991 toMarch
1993, mosquito collections were carried out weekly in
the urbanizations (neighborhoods) of Reparto Met-
ropolitano (RM) andPuertoNuevo (PN), Rio Piedras
(188 239 N, 668 39 W), Puerto Rico. These 2 urbaniza-
tions are located in a heavily urbanized part of the
greater San Juan Metropolitan area. Houses were con-

structed primarily of cinderblock. Although all had 4
walls, a roof, and doors, window screens rarely were
used. The 36 study houseswere single story, separated
from neighboring houses by '5 m, often had small
front and back yards, had running water, and were
scattered throughout the 2 urbanizations.

Preliminarymosquito collectionsweremadeduring
JanuaryÐFebruary 1991 to locate the most productive
houses. Subsequently, the same 2 groups of 10 houses
(total 20 houses) were sampled on alternate weeks so
that 10 houses were sampled each week. Some resi-
dents elected to drop out of the study. New houses
immediately were selected as replacements.

Weather Data. Daily temperature and rainfall data
from the Rio Piedras Experimental Station (188 249 N,
668 39 W) were obtained from the National Climatic
Data Center. The station was located in close prox-
imity to both RM and PN (,5 km). Similarly, weather
data for the Thai site were obtained from a govern-
ment weather station located in the city of Chacho-
engsao (138 429 N, 1018 149 E), '20 km west of Village
6.Daily average temperaturewascalculated frommin-
imumandmaximumtemperatures.Mean temperature
and total rainfall for each collection week were cal-
culated and used in our analyses.

Mosquito Collection Methods. Mosquitoes were
collected by using battery-powered aspirators (John
W. Hock County, Gainesville, FL) in Puerto Rico and
modiÞed vacuum cleaners in Thailand 1 d each week
between 0800 and 1800 hours. This highly effective
method was estimated to capture .90% of all the
mosquitoes present (Clark et al. 1994). Collectors
spent a minimum of 10 min inside and 5 min outside
of each house attempting to collect all Ae. aegypti at
each residence. Earlier studies in Puerto Rico indi-
cated that adult Ae. aegypti most often rest inside
houses (Reiter and Gubler 1997). Outside collections
were made from under elevated houses in Thailand,
the porches of the houses at both sites, and from any
containers or outbuildings associated with the outside
of the houses. Inside collections were made from the
area that was enclosed by walls and covered by a roof.
In Puerto Rico, outdoor collections included those
made from carports attached to houses. We did not
aspirate mosquitoes from vegetation that was not as-
sociated with the inside or outside of a house.

Immediately after collection, mosquitoes were put
onwet iceuntil processed later that samedayor stored
in a refrigerator (48C) and processed within 24 h. In
the laboratory with a stereoscopic microscope, en-
gorged Ae. aegypti were separated from all other mos-
quitoes and divided into 2 groups. Each week, en-
gorged specimens from half of the houses, selected by
using a table of random numbers, were frozen at
2708C for later testing by an enzyme-linked immu-
nosorbent assay (ELISA) to determine the source of
theirbloodmeals (Chowet al. 1993, Scott et al. 1993b).
The remaining engorged females were Þxed for his-
tologic examination (Scott et al. 1993a, 2000).

Female Ae. aegypti that appeared not to contain
blood were then scored as gravid or empty and dis-
sected to determine their gut contents and parity by
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examining tracheole skeins (Nasci 1986). Gut con-
tents were classiÞed as follows: empty 5 ßat and clear
posterior midgut; red 5 small fresh red blood meal;
brown 5 remnants of a digested blood meal; or green
5 meconium.

To estimate adult size, 1 wing from each specimen
was removed and its length from the axillary incision
to the apical margin, excluding fringe scales (Nasci
1986), was measured under a microscope with an
attached camera lucida projecting to a digitized tablet
(Numonics, Montgomeryville, PA) controlled by
measurement software (SigmaScan Science, Jandel
ScientiÞc, Corte Madera, CA). Wing length was mea-
sured for all specimens collected in Puerto Rico, but
only on those specimens collected during the 1st yr of
study in Thailand.

Bloodmeal identification.Bloodmeal sources ofAe.
aegypti at our Thailand study site were published pre-
viously (Scott et al. 1993b). Herein, we report results
from the Puerto Rico site for comparison. The host
species from which Ae. aegypti took blood meals were
determinedbyusing the species speciÞc IgGdetection
antibody sandwich ELISA described by Chow et al.
(1993). Engorged females were assayed for human,
dog, cat, bovine, rat, chicken, and swine blood.

DataManagement.Althoughbasic studydesigns for
Thailand and Puerto Rico study sites were similar,
therewere somefundamentaldifferences indataman-
agement that affected some of our analyses and site
comparisons.

In Thailand, between June 1990 and June 1991, data
were recorded for each mosquito individually. This
facilitated cross-comparisons of the blood-feeding
status (engorged, unengorged), egg development
($stage III 5 gravid, ,stage III 5 not gravid), and
parity status (parous, nulliparous). After June 1991,
only the total number of mosquitoes in each category
were recorded by collection. Therefore, for the above
analyses, only data from the 1st yr of the study are
presented. Two collectors captured mosquitoes in the
Þeld and 1Ð2 people processed them in the laboratory.

In Puerto Rico, 1 collector carried out and pro-
cessed all of the weekly collections. There was a
change in personnel during late March 1992. Individ-
ual mosquitoes were assigned a unique identiÞcation
number during the entire study period in Puerto Rico.

Data Analysis. To examine seasonal variation in
mosquito abundance in the 2 study sites, the total
number of male and female Ae. aegypti collected per
household per week was determined. Proportions of
parous, blood-engorged, and gravid females were
compared between the 2 sites (Thailand and Puerto
Rico), location of capture (indoor versus outdoorÑ
accounting for differences in collecting time), and
urbanization (Puerto Rico only). All chi-square anal-
yses were carried out using the frequency procedure
in SAS (SAS Institute 1990).

Analysis of variance (ANOVA) was used to char-
acterize seasonal (monthly) variation in weather pat-
terns in both Thailand and Puerto Rico using the
general linear models procedure (SAS Institute 1990).
Full-rank ANOVA models were constructed for both

average daily temperature and rainfall (log-trans-
formed) by study location. The Tukey honestly sig-
niÞcant difference (HSD) test was used to test for
differences among months. Based on signiÞcantly dif-
ferent ANOVA results, we delineated seasonal cate-
gories for monthly temperatures (hot, moderate,
cool) and rainfall (dry, wet).

The relationship of mosquito size to parity status,
egg development (gravid, not gravid), and blood-
feeding status (engorged, unengorged) was tested by
using logistic regression analysis (Christensen 1990).
Wing length (independent variable) was regressed
separately against parity, eggdevelopment, andblood-
feeding status using the CATMOD procedure in SAS
(SAS Institute 1990).

We examined the effect of temperature and rainfall
(log-transformed) on Ae. aegypti abundance, using
cross-correlationplots to identify correlationbetween
these variables at different lag times. Regression mod-
els for each site were constructed with the weekly
number of females/household (log-transformed) as
the dependent variable. Temperature or rainfall, at lag
times identiÞed in the cross-correlation plots as sig-
niÞcant, were tested by using the ARIMA procedure
of SAS (SAS Institute 1993). We examined maximum,
minimum, and average daily temperature separately.
Year was included as a variable in the regression mod-
els.

Results

In Thailand, we collected a total of 9,637 female and
11,988 male Ae. aegypti. Of these, 5,692 females were
either frozen for blood-meal analysis by ELISA or
placed in Þxative for histological examination of blood
feeding; 3,897 were dissected. The duration of com-
bined indoor-outdoor collections (n 5 2,134) aver-
aged (6SD) 17.0 6 2.8 min per household per col-
lection (Fig. 1B).

In Puerto Rico, we collected a total of 5,941 female
and 6,739 male Ae. aegypti. Of these, 2,472 females
were frozen for future blood-meal analysis by ELISA;
1,735 were placed in Þxative for histological examina-
tion; and 1,734 were dissected. Total collection time
(n 5 1,624) averaged 18.0 6 6.2 min per household;
indoor 5 13.0 6 3.2 min and outdoor 5 7.0 6 2.3 min
per household sampled (Fig. 2B).

Household Variation. In Thailand, a total of 23
houses were sampled during 154 wk. Each house was
sampled an average of 92 6 11 times (range, 1Ð129)
(Fig. 3A). The number of mosquitoes captured per
collection in each house ranged from 2 to 42 and
averaged 11 6 2. The male-to-female ratio was 1.3:1.

In Puerto Rico, a total of 36 houses was sampled
during 110 wk. Each house was sampled an average of
45 6 6 times (range, 1Ð95) (Fig. 3B). The number of
mosquitoes captured per collection per house ranged
from 1 to 46 and averaged 7 6 2. The male-to-female
ratio was 1:1.

Seasonal Abundance. Fig. 1 is a summary for Thai-
land of the weekly abundance patterns of female and
male Ae. aegypti as well as ßuctuations in temperature
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and rainfall. Between June 1990 and June 1993, the
average maximum and minimum temperatures in
Thailand were 32.9 6 2.48C and 23.0 6 2.68C. Average
monthly temperatures ranged from a low of 24.88C in
December 1990 to a high of 31.58C in April 1992 (Fig.
1C). ANOVA conÞrmed signiÞcant seasonal temper-
ature (month; F 5 130; df 5 11, 34; P , 0.0001) and
rainfall (month; F 5 18; df 5 11, 34; P , 0.0001)
ßuctuations. Months of the study fell into 3 temper-
ature groups: hot from March to June, cool from No-
vember to January, andmoderate fromJuly toOctober
and during February (determined by Tukey HSD).

Rainfall patterns fell into distinct wet (MarchÐOcto-
ber) and dry (NovemberÐFebruary) seasons (Tukey
HSD; Fig. 1C).

The weekly abundance of male and female Ae. ae-
gypti was highly correlated (r 5 0.85, P , 0.05; Fig.
1A). Regression analyses for males (data not shown)
were nearly the same as those described below for
females.

Simple regressions of average and minimum daily
temperatures with female abundance were both sig-
niÞcant, but only explained 8 and 15% of the variation,
respectively (Table 1). In contrast, there was no sig-

Fig. 1. Weekly changes in Ae. aegypti abundance (A), sampling intensity (B), and weather (C) between June 1990 and
May 1993 in Village 6, Thailand.
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niÞcant association between maximum daily temper-
ature or weekly rainfall totals and female Ae. aegypti
abundance (data not shown). The Þt of the regression
model improved dramatically when a class variable
representing the year of the study was included. The
rationale for including year of study as a variable was
based on differences in yearly rainfall totals and mos-
quito sampling. The addition of year to the model
improved R2 to 27 and 34%, for average and minimum

temperature, respectively (Table 1). We identiÞed a
maximum cross-correlation between female Ae. ae-
gypti abundance and average temperature 6wkearlier
(r 5 0.41, P , 0.05). Curiously, minimum temperature
was most highly correlated with female Ae. aegypti
abundance during the same week (r 5 0.40, P , 0.05).
When we regressed average temperature 6 wk (T-6)
earlier with female abundance and included the class
variable year in the model, both average T-6 and year

Fig. 2. Weekly changes in Ae. aegypti abundance (A), sampling intensity (B), and weather (C) between February 1991
and March 1993 in San Juan, Puerto Rico.
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were signiÞcant. This model explained 33% of the
variation in female abundance (Table 1).

Figure 2 is a summary for Puerto Rico of the weekly
abundancepatterns of female andmaleAe. aegyptiper
house as well as ßuctuations in temperature and rain-
fall. Between March 1991 and March 1992 the average
maximum and minimum temperatures in Puerto Rico

were 30.3 6 1.7 8C and 20.9 6 2.38C. Average monthly
temperatures ranged from a low of 23.28C in January
1992 to a high of 28.18C in June 1992 (Fig. 2C).
ANOVAconÞrmed seasonal temperature (month;F5
117; df 5 11, 25; P , 0.0001) ßuctuations. There was
a distinct cool (NovemberÐMay) and hot (JuneÐOc-
tober) season (determined by Tukey HSD, Fig. 2C).
Although, rainfall varied from month to month, no
distinct seasonal pattern(s) was observed (Fig. 2C).
Female abundance was not correlated with tempera-
ture.

Collection Location and Time. In Thailand, 77% of
9,530 femaleAe. aegyptiwere captured indoors (Table
2), signiÞcantly more than were collected outdoors.
However, the proportion collected indoors varied sig-
niÞcantly among weeks (range, 33%Ð100%). When
collection totals were grouped by month, the propor-
tion of females collected indoors ranged from 43 to
93% (x2 5 486, df 5 35, P 5 0.001), and more females
were collected outdoors during the latter months of
the study (Fig. 4A).

In PuertoRico, 90%of 5,941 femaleAe. aegyptiwere
captured indoors. The proportion of females collected
indoors varied signiÞcantly fromweek toweek(range,
56Ð100%). When collection totals were grouped by
month, the proportion of females collected indoors
ranged from 77 to 100% (x2 5 184, df 5 25, P 5 0.001),
and fewer females were collected outdoors during the
latter months of the study (Fig. 4B).

Despite a similar sampling intensity in the urban-
izations of PN and RM, 74% of 5,941 female Ae. aegypti
were collected in PN. The proportion of females col-
lected indoors was 89 and 92% for PN and RM, re-
spectively (x2 5 14, df 5 1, P 5 0.001).

Age structure and physiological status. In Thailand,
blood-feeding status (engorged, unengorged) was
scored for 9,589 females. We captured more engorged
(59%) thanunengorged(41%) females (x2 5336, df5
1, P 5 0.001). Gravid females comprised 56% of 3,487

Fig. 3. Summary of household variation in Ae. aegypti
abundance (left axis) and sampling intensity (right axis) in
Thailand (A) and Puerto Rico (B). Each column represents
1 household. Bars show mean number of mosquitoes col-
lected each week. Circles denote the number of weeks that
each house was sampled during the course of the study.

Table 1. Regression models for female Ae. aegypti abundance
[log/ (y 1 1)] in Thailand

Model Source F df P
Adjusted

R2

log/ 5 0.11(tavg) 2 1.7 Model 14.9 1,153 0.0002 0.08
Include year Model 13.9 1,153 0.0001 0.27

Tavg 14.6 1 0.0002 Ñ
Year 12.4 3 0.0001 Ñ

log/ 5 0.11(tmin) 2 1.2 Model 28.0 1,153 0.0001 0.15
Include year Model 19.5 1,153 0.0001 0.34

Tavg 32.5 1 0.0001 Ñ
Year 14.2 3 0.0001 Ñ

log/ 5 0.14(tavg26) 2 2.8 Model 28.0 1,147 0.0001 0.16
Include year Model 18.0 1,147 0.0001 0.33

Tavg 36.1 1 0.0001 Ñ
Year 12.4 3 0.0001 Ñ

tavg 5 average temperature; tmin 5 minimum temperature; and
tavg26 5 average temperature 6 wk earlier.

Table 2. Comparisons between female Ae. aegypti collected in
Thailand and Puerto Rico

Character Thailand Puerto Rico Statistics

Indoors 77% 90% x2 5 402, df 5 1, P 5 0.001
Engorged 59%(62%) 58%(72%) x2 5 0.8, df 5 1, P 5 0.362

(x2 5 172, df 5 1, P 5 0.001)
Gravid 56%(59%) 69%(70%) x2 5 151, df 5 1, P 5 0.001

(x2 5 91, df 5 1, P 5 0.001)
Parous 19%(19%) 32%(34%) x2 5 42, df 5 1, P 5 0.001

(x2 5 44, df 5 1, P 5 0.001)
Gut contents

Empty 44%(43%) 61%(60%) x2 5 142, df 5 3, P 5 0.001
Brown 35%(37%) 27%(28%) (x2 5 125, df 5 3, P 5 0.001)
Green 18%(16%) 11%(9%)
Red 3%(4%) 2%(2%)

Blood meals
Nonreactors 31% 27% x2 5 5.8, df 5 1, P 5 0.016
Human only 90% 95% x2 5 36, df 5 2, P 5 0.001
Human mixed 6% 2%
Other 4% 3%

Percentages and statistics in parentheses are for mosquitoes col-
lected inside houses. Others are for all mosquitoes, those collected
inside and out of houses.
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specimenscapturedbetweenJune1990and June1991.
Of 1,967 females scored for parity, 19% were parous
(Table 2). Engorged females comprised 62% of 7,314
specimens collected indoors, but only 42% of 2,671
collected outdoors (x2 5 298, df 5 1, P , 0.00001).

The dissected abdomens of 3,804 females collected
in Thailand that appeared by external examination to
be empty were scored for gut contents (Table 2).
Forty-four percent were empty, 35% had remnants of
an old blood meal (brown), 18% were newly emerged
(green meconium), and 3% had a trace of fresh, red
blood in their posterior midgut. These proportions
differed signiÞcantlybetween indoor andoutdoor col-
lections (x2 5 42, df 5 3, P 5 0.001). There was a
higher proportion of teneral females captured out-
doors.

Parity rateswere19% inboth indoor(n51,380)and
outdoor collections (n 5 587; x2 5 0.01, df 5 1, P 5
0.921), and were independent of blood-feeding status
(x2 5 0.2, df 5 1, P 5 0.643) and egg development
(x2 5 2.0, df 5 1, P 5 0.148).

Blood-feeding status (x2 5 583, df 5 35, P 5 0.001;
Fig. 5A), eggdevelopment (x2 5 12, df5 12,P5 0.001;
Fig. 6A), gut contents (x2 5 522, df 5 102, P 5 0.001;
Fig. 7A), and parity rates (x2 5 76, df 5 35, P 5 0.001;
Fig. 8A) varied signiÞcantly over time. Theproportion
of engorged females increased with temperature; 48%
of 1,418, 53% of 4,463, and 55% of 3,773 were engorged
during the cool, moderate, and hot seasons, respec-
tively (x2 5 17, df 5 2, P 5 0.001). During the wet
season, a lower proportion of females collected were
engorged (50% of 2,101) than during the dry season
(54% of 7,553) (x2 5 11, df 5 1, P 5 0.001).

The proportion of gravid females between June
1990 and June 1991 also increased with temperature;
49% of 486 during the cool, 55% of 1,536 during the

moderate, and 60% of 1,465 during the hot seasons
(x2 5 19, df 5 2, P 5 0.001). Gravid females were
captured more often during the wet (59% of 2,755)
than dry (47% of 732) season (x2 5 31, df 5 1, P 5
0.001).

Seasonal variation ingutcontentswascharacterized
by a signiÞcant increase in the number of teneral
mosquitoes observed during the moderate tempera-
ture (x2 5 56, df 5 6, P 5 0.001) andwetmonths (x2 5
23, df 5 3, P 5 0.001; Fig. 7A). The proportion of
parous females did not vary signiÞcantly among tem-
perature seasons (x2 5 5.8, df 5 1, P 5 0.056; Fig. 8).
However, the proportion of parous mosquitoes was
highest during the dry season (x2 5 12, df 5 1, P 5
0.001); wet 5 17% of 1,461 versus dry 5 24% of 506.

In PuertoRico, blood-feeding status (engorged, un-
engorged) was scored for 5,308 females. Engorged Ae.
aegypti females were captured more often (70%) than

Fig. 4. Proportion of female Ae. aegypti captured indoors
versus outdoors in Thailand, June 1990ÐMay 1993 (A) and in
Puerto Rico, March 1991ÐMarch 1993 (B).

Fig. 5. Monthly variation in the blood-feeding status of
femaleAe. aegypti captured in Thailand, June 1990ÐMay 1991
(A), and in Puerto Rico, March 1991ÐMarch 1993 (B).

Fig. 6. Monthly variation in the egg development of
femaleAe. aegypti captured in Thailand, June 1990ÐMay 1993
(A), and in Puerto Rico, March 1991ÐMarch 1993 (B).
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unengorged females (30%). Gravid females were
more prevalent (69%) than females with ,stage III
eggs. Only 591 females were scored for parity; 32%
were parous (Table 2). Engorged females comprised
72% of 5,341 females collected indoors, but only 48%
of 600 collected outdoors (x2 5 164, df 5 1,P 5 0.001).
The proportion of gravid females collected in RM
(73% of 1,558) was higher than in PN (67% of 4,383)
(x2 5 20, df 5 1, P 5 0.001).

Blood-feeding status (x2 5 38, df 5 25, P 5 0.001;
Fig. 5B) and egg development (x2 5 598, df 5 25, P 5
0.001; Fig. 6B)varied signiÞcantlybymonths inPuerto
Rico. Theproportion of females capturedwith a blood
mealwashigherduring thehot (73%of 2,415) than the
cool (69%of 3,526) season (x2 5 10, df 5 1,P 5 0.001).
The proportion of gravid females, however, was 69%
during both seasons.

Gut contents of 1,688 apparently empty females
were examined by dissection. Sixty-one percent were

empty, 27% had remnants of an old blood meal
(brown), 11% were newly emerged (green), and 2%
had a small fresh red blood meal (Table 2). These
proportions differed signiÞcantly between indoor and
outdoor collections (x2 5 42, df 5 3, P 5 0.001); most
striking was the signiÞcantly higher proportion of ten-
eral females captured outdoors. The gut contents of
captured females were nearly identical in PN and RM
(x2 5 3.7, df 5 3, P 5 0.287). Gut contents varied
amongmonths (x2 5 522, df 5 102, P 5 0.001; Fig. 7B),
but there was no signiÞcant difference between the
hot and cool season (x2 5 1.9, df 5 3, P 5 0.584).

Parity rates were independent of blood-feeding sta-
tus (x2 5 1.0, df 5 1, P 5 0.320) and egg development
(x2 5 0.1, df 5 1, P 5 0.730), but not of collection
location. A higher proportion of females were nullip-
arous (76% of 147) in outdoor collections than indoor
(66% of 444) collections (x2 5 5.5, df 5 1, P 5 0.018).
In addition, therewere signiÞcantdifferences inparity
rates between urbanizations (x2 5 5.8, df 5 1, P 5
0.016); 71% of 485 and 58% of 106 females were nul-
liparous in PN and RM, respectively. Parity rates var-
ied among months (0Ð83%); however, some monthly
estimates were based on small samples sizes (Fig. 8B).
Nevertheless, a signiÞcantly higher proportion of par-
ous femaleswerecapturedduring thehot (38%of223)
comparedwith the cool (28%of 368) season (x2 5 6.9,
df 5 1, P 5 0.008).

Wing Size. When logistic regression was used, no
signiÞcant association was detected between wing
length and parity status, egg development or blood-
feeding status for specimens collected in Thailand or
Puerto Rico.

Blood-Feeding Patterns. In Thailand, 894 females
were assayed between June 1990 and June 1991 to
determine the host species fromwhich they took their
blood meal. Twenty-seven percent of the specimens
did not react to any of the antisera used. Ninety per-
cent of the 654 mosquitoes that reacted had fed only
on human blood; 6% had a mixed blood meal that
included human blood plus the blood of a domestic
animal; and 4% had fed on either chicken, bovine, pig,
rodent, cat, or dog. The proportion of human meals
was 91% indoors and 84% outdoors; these frequencies
were not statistically signiÞcantly different (x2 5 3.1,
df 5 1, P 5 0.077). The proportion of human meals
ranged from 80 to 100% each month and were not
different (x2 5 20, df 5 12, P 5 0.075). The proportion
of nonreactors did not differ signiÞcantly between
indoor (25% of 212) and outdoor (30% of 28) collec-
tions (x2 5 1.1, df 5 1, P 5 0.291).

From collections carried out between February
1991andFebruary1993 inPuertoRico, 2,235engorged
females were tested to determine from what host
species they had taken a blood meal. Of these, 30%
(n 5 674) did not react with any antisera. Of the 1,561
reacting specimens, 95% fed only on human blood, 3%
imbibed dog blood, and 2% had a mixed blood meal
that included human blood plus dog, pig, or chicken
blood. In contrast to Thailand, the proportion of non-
reacting specimens was signiÞcantly lower in indoor
(30% of 2,044) than outdoor (41% of 191) collections

Fig. 7. Monthly variation in the abdominal appearanceof
femaleAe. aegypti captured in Thailand, June 1990ÐMay 1993
(A), and in Puerto Rico, March 1991ÐMarch 1993 (B).

Fig. 8. Monthly variation in the parity of female Ae.
aegypti captured in Thailand, June 1990ÐMay 1993 (A), and
in Puerto Rico, March 1991ÐMarch 1993 (B).
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(x2 5 9.9, df 5 1, P 5 0.002) and the proportion of
nonhuman meals was signiÞcantly higher in outdoor
(21% of 112) than indoor (3% of 1,449) collections
(x2 5 68, df 5 1, P 5 0.001). The proportion of human
meals ranged from84 to 100%eachmonth, and did not
differ statistically (x2 5 33, df 5 23, P 5 0.071).

Comparisons Between Thailand and Puerto Rico.
Table 2 summarizes the differences in Ae. aegypti life
history traits between Thailand and Puerto Rico. The
proportion of nulliparous and teneral females was
higher in Thailand than Puerto Rico. The proportion
of engorged females collected was the same at both
sites, but females were more likely to be gravid in
Thailand. Guts of mosquitoes from Thailand more
often contained meconium, a digested blood meal or
a trace of fresh red blood, than did mosquitoes in
Puerto Rico. Because the proportion of females col-
lected indoors differed between the 2 locations and
the proportions of engorged, gravid, teneral, and par-
ous females were not independent of collection site,
we compared life history traits of females collected
indoors (Table 2).Although, thereweredifferences in
blood-feeding patterns, Ae. aegypti was highly an-
thropophagic at both study locations.

Discussion

Informationdiscussedbelow isbasedonmosquitoes
collected by vacuum aspiration (Clark et al. 1994)
rather than females coming to human bait (e.g., Shep-
pard et al. 1969; Conway et al. 1974; Mcdonald 1977a,
b; Trpis and Hauserman 1986, Trpis et al. 1995) or
ovitraps (e.g., Ordonez et al. 1997). Biting and ovitrap
collections are restricted to host-seeking and ovipos-
iting females, respectively. Aspiration presumably
captures females across all physiological, gonotrophic,
and chronological age-groups in the population.

Aedes aegypti abundance varied seasonally in Thai-
land and Puerto Rico. Abundance of females peaked
each year during MayÐJune in Thailand and OctoberÐ
December in Puerto Rico. Abundance of males and
females was highly correlated at both sites. Therefore,
seasonal ßuctuations in abundance and correlates be-
tween abundance and weather that we discuss below
for females are applicable to males. We emphasize
females because of their role in virus transmission.

Our Thai and Puerto Rican study sites represented
2distinct habitats. The site inThailandwas rural, there
was no running water in the village, Ae. aegypti larvae
developed in water that was stored for speciÞc pur-
poses (washing, cooking, or drinking;Kittayapong and
Strickman 1993), and houses were more open and
farther apart than in Puerto Rico. The Puerto Rican
site was urban, houses were supplied with running
water, larval development often took place in dis-
carded or unmanaged containers that Þlled with rain-
water, and houses, which were relatively close to one
another, had a more complex internal structure than
those in Thailand. Perhaps most important were the
temperature differences between the 2 sites. In Thai-
land, both minimum and maximum temperatures av-
eraged 38C higher than in Puerto Rico.

In addition to environmental differences, weekly
collections carried out in Thailand were more stan-
dardized than in Puerto Rico. There was less turnover
of houses in Thailand, and the Thai houses were al-
ways sampledon the sameday rather thanondifferent
days during the same week. Therefore, the weekly
temperature and rainfall data represented the running
means for the 7 d up to and including the sample day,
whereas for Puerto Rico weather data were the mean
of the week that included the collections.

Previous longitudinal studies of Ae. aegypti used a
variety of techniques to examine relationships be-
tween adult and larval abundance and weather. Mark-
recapture of adults (Sheppard et al. 1969), collection
of adults with hand nets and suction tubes (Ho et al.
1971), biting collections of adults and larval surveys
(Gould et al. 1970), larval surveys (Moore et al. 1978,
Chadee 1990), and epidemiological data (Wellmer
1983). Only Sheppard et al. (1969) examined their
data statistically. They concluded that adult popula-
tion size in Thailand was not correlated with rainfall
or temperature in any simple way and that the adult
population did not increase markedly during the rainy
season.The remaining authorsbased their conclusions
on general impressions of patterns or trends. Ho et al.
(1971) reported that in most cases there appeared to
be a positive relationship between adult populations
and rainfall in Singapore, but added that other un-
speciÞed factors probably contributed to ßuctuations
in populations of this species. Gould et al. (1970)
described a direct relationship between the abun-
dance of biting female Ae. aegypti and rainfall on an
island in Thailand. Moore et al. (1978) concluded that
there was a positive correspondence between the
Breteau index and seasonal rainfall patterns in Puerto
Rico. Chadee (1990) stated that there was a positive
relationship between the container index and rainfall
patterns in Tobago, West Indes. Wellmer (1983) sug-
gested, based on epidemiological data from Thailand,
that a positive relationship between the seasonal in-
crease in dengue virus transmission and the beginning
of monsoon rains was related directly to an increase in
Ae. aegypti larval development and subsequent adult
population density.

Because of differences in mosquito populations at
our2 study locations, our resultsdonot lead toa simple
conclusion regarding the relationship between female
abundance and weather. In brief, we conclude that
temperature,not rainfall, hada signiÞcanteffectonAe.
aegypti population dynamics, and that it was most
important over a certain threshold level that was
within the range of temperatures recorded at the 2
sites. In addition, components of Ae. aegypti biology
can vary among and within communities as well as
among years at the same site. Care should be taken
when extrapolating results from 1 site to another and
from one year to the next at the same location.

In our study, ßuctuations in Ae. aegypti populations
across all houses sampled and based on statistical anal-
yses were associated more closely with weather fac-
tors in Thailand than in Puerto Rico. Although there
were seasonally distinct temperature ßuctuations in
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PuertoRico, shifts in temperaturewere not correlated
with changes in female abundance. There were no
distinct seasonal patterns of rainfall in Puerto Rico
and, therefore, no correlation between accumulated
rainwater and female abundance at that site. In Thai-
land, both temperature and rainfall patterns could be
placed into distinct seasonal categories, but ßuctua-
tions in female abundance were correlated only with
temperature. Changes in temperature from one year
to the next in Thailand proved to be an important
source of variation in models of the relationship be-
tween temperature and female abundance. Yearly
variation underscores the notion that it is advanta-
geous, when possible, to conduct longitudinal Þeld
studies for .1 yr.

AbundanceofAe. aegypti inThailandwasassociated
with average weekly minimum temperatures and av-
erage weekly temperature 6 wk earlier. These data
indicated that relatively cool rather than the hot tem-
peratures either directly or indirectly inßuenced ßuc-
tuations in adult female abundance. The time lag does
not necessarily need to encompass a single generation
to be biologically relevant; detectable population ßuc-
tuations could be the result of accumulated changes
over .1 generation. Because there was no association
between temperature and abundance in Puerto Rico,
we speculate that there are genetic differences be-
tween mosquitoes at the 2 sites, that larval develop-
ment sites in Thailand are exposed to greater variation
in temperature than in Puerto Rico, or that temper-
ature has an impact on abundance only when it is
above a certain threshold, as suggested by Focks et al.
(1993a, b). A similar correlation with temperature
above a certain value was observed in our analysis of
the relationship between female size and blood-feed-
ing frequency (Scott et al. 2000).

No association was found between rainfall and Ae.
aegypti abundance at either site, indicating that our
sampling method did not detect a limitation of adult
production by accumulation of rainwater in potential
breeding sites or a positive association between adult
survival and rain. In Thailand, most development sites
were Þlled manually year round. Rain that Þlled de-
velopment sites in Puerto Rico accumulated year
round, without any distinct seasonal pattern.

Within the Thai but not the Puerto Rican popula-
tion, temperature and rainfall were correlated with
the physiological status of females. In Thailand, the
proportion of mosquitoes that contained developing
eggs increased with increasing temperature and rain-
fall. Conversely, evidence that eggs had been laid (i.e.,
parous status) was most common during the dry sea-
son and was not correlated with temperature. These
observations may have been inßuenced by our exper-
imental design. At times of the year when most mos-
quitoes contained developing eggs, relatively few
were dissected and examined for parity status because
they contained blood and went to histology or ELISA
blood-meal analyses or the eggs had developed be-
yond stage II and parity status could not be deter-
mined. Teneral, nulliparous females would be ex-
pected to dominate the specimens we dissected.

Conversely, when a larger portion of the female pop-
ulation could be dissected and examined because
fewerof themcontainbloodordevelopingeggs, parity
rates may have more accurately reßected the portion
of thepopulation thatwas trulyparous.Weexpect that
parity rates at both sites would have been higher had
we dissected females with blood in their abdomens.
Our parity data, therefore, are best viewed in a com-
parative sense rather than as absolute values.

Large body size has been associated with increased
blood-feeding success and survival in adult Ae. aegypti
and other mosquito species (Nasci 1986). We did not
detect a signiÞcant association between wing length
and parity, egg development or engorgement status,
indicting that for the portion of the population we
collected, blood feeding success and survival were not
inßuencedby female size.However, inourcompanion
article (Scott et al. 2000), we report a negative rela-
tionship between size and blood feeding frequency in
Thailandbut not in PuertoRico (i.e., smallmosquitoes
fed more often than large ones).

In Thailand and Puerto Rico, most mosquitoes were
collected inside houses, even though we attempted to
collect specimens inside and outside. Reiter and
Gubler (1997) concluded that applications of ultralow
volume insecticides are not effective for killing Ae.
aegypti because most adults of this species rest inside
houses, where aerosols do not penetrate. Therefore,
the paucity of specimens in our outdoor collections is
not surprising. We conclude that, when using the
aspiration technique, collections focusing on the in-
sides of houses will adequately measure Ae. aegypti
relative abundance.

The number of adults collected per house varied at
both sites. Relatively larger numbers of Ae. aegypti
were collected consistently from some houses but not
others, providingentomological support for thenotion
that there is spatial heterogeneity at the level of the
household for risk of dengue virus infection (Rodri-
guez-Figueroa et al. 1995, Morrison et al. 1998). Rea-
sons for household differences in abundance are not
well deÞned, although the phenomenon and its public
health signiÞcancehavebeenreportedpreviously.For
example, surveys of immature development sites in-
dicated that the distribution and abundance of Ae.
aegypti larvaecanvaryamongandwithincommunities
(Tonn et al. 1970, Tun-Lin et al. 1995). Clustering of
immatures has been correlated positively with adult
abundance (Trpis andHauserman 1986). Results from
mark-recapture studies indicate that some houses at-
tract and retain larger numbers of females than others
(Trpis and Hauserman 1986; J.D.E. and T.W.S., un-
published data). Adult Ae. aegypti abundance per per-
son was identiÞed previously as an intradomiciliary
risk factor for dengue virus infection (Rodriguez-
Figueroa et al. 1995), and, over short periods, human
infections were clustered within individual house-
holds (Morrison et al. 1998).

Most of the mosquitoes we collected at both study
sites contained some blood, consistent with the ob-
servation that Ae. aegypti feed repeatedly during each
gonotrophic cycle (see Scott et al. 1993a and 2000 for
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literature review). Similarly, at both sites more en-
gorged mosquitoes were collected indoors than out-
doors. This may be the result of a closer association
with human hosts inside houses and because more
teneral mosquitoes, which have not yet imbibed a
blood meal, were collected outdoors.

In Thailand, there was no difference in parity rates
outside versus inside the house, but in Puerto Rico
more nulliparous females were collected outside. Par-
ity rates differed between the 2 urbanizations in
Puerto Rico, again emphasizing the need for caution
whenextrapolating fromone location to another, even
for areas that are geographically close.

Because a higher proportion of females were col-
lected inside houses at both sites, we further analyzed
our data by restricting site comparisons to females
collected indoors. Overall, females from inside Thai
houses less frequently were observed with a visible
blood meal, gravid or parous than their counterparts
in Puerto Rico. In addition, a signiÞcantly higher pro-
portion of the population in Thailand was teneral.

At both sites, Ae. aegypti almost always fed on hu-
mans ($96% of those reacting in the ELISA contained
human blood), a trend that did not change seasonally.
In Thailand, there was no difference in the frequency
of feeding on a human whether the mosquito was
collected inside or outside of a house. In Puerto Rico,
however, more nonhuman meals were found in out-
door collections than inside, indicating that the struc-
ture of houses or availability of hosts outside houses
inßuenced feeding behavior differently at the 2 sites.
The portions of engorged specimens that did not react
in the ELISA were similar at both sites. Because we
examinedmosquitoeswithanyamountof abloodmeal
in their abdomens, we concluded that nonreactors
digested their blood meals beyond the limits of de-
tection of the assay rather than feeding on a host
species for which we did not test.

Contents of guts from dissected mosquitoes pro-
vided additional evidence that, although there were
similarities between mosquitoes at the Thai and
Puerto Rican sites, there were also important differ-
ences. Thai females more often contained a meco-
nium, digested blood meal or trace of fresh red blood.
Females sampled in Puerto Rico were more often
empty than those in Thailand. These data indicated
that overall the female population in Thailand was
younger (more had a meconium) and fed on blood
more frequently (more had a digested or trace meal)
than females in Puerto Rico (less with a mecomuin
and more had an empty gut). Data from the histologic
examination of engorged specimens support the con-
clusion that females in Thailand fed more often than
their counterparts in Puerto Rico (Scott et al. 2000).

Differences described in the preceding paragraphs,
at least in part, can be attributed to differences in
temperature or female size at the 2 study sites. At
higher Thai temperatures, blood meals probably were
digested more quickly by smaller mosquitoes and the
length of the gonotrophic cycle decreased. Higher
temperatures may have also increased the rate of lar-
val development, reduced energy reserves at emer-

gence, and at elevated temperatures reduced adult
longevity; this would be consistent with the younger
population (lower parity rates and higher proportion
of teneral mosquitoes) observed in Thailand.
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