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ABSTRACT

We conducted a study to determine the effect of container size and location on oviposition site selection by Ae.
aegypti in large outdoor field enclosures (10 X 10 X 4 m high). There was a strong positive relationship between
increasing container diameter, container volume, and water surface area with egg numbers over both high (rainy,
July) and low (cool-dry, January) dengue transmission seasons. Location of containers (indoors versus immedi-
ately outdoors and underneath houses) did not influence the number of eggs deposited for containers 5-32 cm in
diameter in either season. No trends based on container color (black, brown, or grey) were observed. A slight trend
with a greater numbers of eggs laid outdoors in the largest containers (42 cm diameter) during the dry season was
observed. Three separate models were run using the mixed model procedure in SAS for each container attribute.
Controlling for season, time, and date, the most important container attribute predicting total egg numbers was
container volume (total capacity) explaining 88% of the variation, followed by water surface area (85%), and con-
tainer diameter opening (83%). Oviposition peaked in the afternoon at 1600 hrs and 2000 hrs in the dry and rainy
seasons, respectively. Few eggs were laid overnight (2000 hrs-0600 hrs). Our results indicate that physical attri-
butes of oviposition sites, such as size, light-dark contrasts, and specular reflectance from water surfaces, play a
significant role in oviposition site selection. Key Words: Aedes aegypti—Oviposition—Container dimensions—
Site selection—Thailand.

INTRODUCTION

ELECTION OF AN OVIPOSITION site is one of the
most important behavioral components of
mosquito survival (Bentley and Day 1989). An
improved understanding of oviposition behav-
ior may not only lead to new insights about
mosquito life history, but may also lead to more
refined dengue surveillance and control prac-
tices.
Several studies have been conducted in the
laboratory to evaluate components of Ae. ae-
gypti attraction to oviposition sites including

chemical and visual cues. Relatively few stud-
ies, however, have been conducted in the field
under natural settings despite the critical im-
portance of validating laboratory-based obser-
vations under more realistic field conditions.
Kennedy (1942) and others documented the
attractiveness of water vapor to Ae. aegypti and,
to a lesser extent, surface reflection. Different
components of water may also be similarly at-
tractive (Reiter et al. 1991, Torres-Estrada et al.
2001) including the presence of Aedes eggs and
conspecific larvae or pupae (Allan and Kline
1998, Soman and Reuben 1970). In contrast,
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components of water may be repellent at cer-
tain concentrations or in the presence of con-
specific larvae (Allan and Kline 1995, Chadee
et al. 1990). Zahiri and Rau (1998) observed a
rising and then declining relationship with lar-
val biomass and attraction to gravid Ae. aegypti
in the laboratory. Oviposition substrates were
especially repellent when conspecifics were
stressed from starvation or crowding (Lowen-
berger and Rau 1994, Zahiri et al. 1997a, Zahiri
et al. 1997b). Kaur et al. (2003) suggested that
female Ae. aegypti may be conditioned during
larval stages for a particular level of site at-
traction or repellence as adults.

Surprisingly, the role of container size on
oviposition site selection and suitability has
been examined in only a few cases. Colton et
al. (2003) found that more female Ae. aegypti re-
sponded to large water surfaces (177 cm?) as
opposed to small surfaces (57 cm?), although
the authors felt that container color (black) in-
fluenced selection more than water surface
area.

Ae. aegypti tends to oviposit with afternoon
activity peaks. Oviposition peaks in Trinidad
occurred 2 hrs after sunrise and 2 hrs before
sunset (Corbet and Chadee 1990, Corbet and
Chadee 1992, Corbet and Chadee 1993). In
French Polynesia, Russell and Ritchie (2004) re-
ported Ae. aegypti oviposition peaks from noon
to midnight.

Location of oviposition sites may also be im-
portant in site selection. Ritchie et al. (2003) re-
ported significantly greater Ae. aegypti females
captured in sticky ovitraps placed outdoors
than they did for ovitraps placed indoors in
Northern Queensland, Australia.

Our goal was to determine whether Ae. ae-
gypti make oviposition choices based on the
suitability of individual sites and whether there
is a relationship between physical container at-
tributes and the presence or absence and quan-
tity of eggs laid. We also determined daily
patterns of oviposition in the field. Three ex-
periments were conducted over 2 yrs and 2 sea-
sons (cool-dry, low-dengue transmission and
warm-rainy, high-dengue transmission) in
large outdoor enclosures in the Mae Sot region
of Thailand, where Ae. aegypti and dengue in-
fections are common (Harrington et al. 2005).
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MATERIALS AND METHODS

Field site

Our study was conducted in the village of
Pai Lom (16° 45'N, 98° 33'E) located in Mae Pa
district, 5 km north of Mae Sot in Tak Province,
along the Thailand-Myanmar border (Har-
rington et al. 2005). Experiments were con-
ducted during the cool dry season (January
2003 and 2004) and warm rainy season (July
2003). These seasons in Thailand correspond to
low (dry) and high (rainy) dengue transmis-
sion periods (Watts et al. 1987). Average tem-
perature and relative humidity during collec-
tion periods in January 2003 was 25°C (range
17-34) and 60% RH (range 38-98), in July—Au-
gust 2003 was 28°C (range 24-35) and 82% RH
(range 51-99), and in January-February 2004
was 24°C (range 16-34) and 62% RH (range
35-78).

Large outdoor field cages

Large enclosures (10 X 10 X 4 m high) were
constructed around a vacant house and yard
(Fig. 1) representing typical houses within the
region. The bamboo cage frame was covered
with nylon mesh netting (1.2 mm? mesh size)
(Thai Sawang Enterprise Company Limited,
Nakhon Pathom, Thailand). The mesh allowed
ambient light and rainfall into the cage. Local
clay or glass water storage jars ranging in size
from 5-45 cm in diameter were placed in and
immediately outside or underneath the house
within field cages (Fig. 2A-C). Container col-
ors included black, brown, and grey. Total vol-
ume and water surface area was calculated
based on the dimensions of each jar (Table 1).
Jars were numbered and filled to 75% capacity
with rainwater collected in large holding tanks
in the village. A strip of seed germination pa-
per was used as a removable oviposition sub-
strate. The paper was placed around the rim of
each container extending into the water and
was secured tightly to the inside of the con-
tainer with clips. (Fig. 2B-C). The same jars
were used over multiple seasons. Two differ-
ent cages were built around different vacant
Thai houses in the community during each sea-
son.
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FIG. 1. One of 2 large outdoor field cages used for
oviposition studies (10 X 10 X 4 m high). A house and
yard were enclosed in mesh over a bamboo frame.

MOSQUITOES

Ae. aegypti were reared from pupae collected
from containers in Pai Lom and Lao Bao vil-
lages (16° 45'N, 98° 34'E). Emerged adults were
held under ambient conditions in a field labo-
ratory (local house) approximately 1 km from
Pai Lom. Mosquito identification was con-
tirmed as Ae. aegypti adults emerged. Other
species present in low frequency (Ae. albopictus
in the rainy season and Culex p. quinquefascia-
tus) were removed from emergence containers.
Mated adult females were offered blood from
one of the investigators’ arms in accordance
with Institutional Review Board approvals
from Cornell University (FWA00004513), Uni-
versity of California at Davis (200210073), Wal-
ter Reed Army Institute of Research (752), and
the Thai Ministry of Health Ethical Review

417

Committee for Research in Human Subjects.
Blood-fed females were held with males in 4-
liter bucket cages until fully gravid (4-6 days).
To prevent mosquitoes from ovipositing, no
substrate was provided during the holding pe-
riod.

MOSQUITO RELEASE AND
EGG COLLECTION

January—February 2003

Gravid Ae. aegypti females were released at
approximately 1800-2000 hrs (after sunset)
every evening from 28 January to 1 February
2003 in the center of the experimental house en-
closure. Estimates of the total number of fe-
males released ranged from 200 to 350 per day.
Egg papers were removed, were immediately
replaced, and were inspected three times each
day (AM: 0800-0930 hrs, noon: 1130-1300, PM:
1730-1900 hrs). Both sides of papers with eggs
were examined under a dissecting scope, and
egg numbers were recorded by container and
time. On 2 February, a second replication us-
ing the same methods was conducted in a sep-
arate enclosure. All containers were emptied,
and eggs were transferred to the second enclo-
sure and were randomly allocated to a new po-
sition inside or outside the house. Gravid Ae.
aegypti were released into the enclosure at 2100
hrs on 3 and 4 February 2003. On subsequent
days, new gravid females were not released,
because investigators assumed that other pre-
viously released gravid females were present.

FIG. 2. Examples of potential oviposition containers; each container was lined with brown seed germination paper.
(A) Different sizes of containers; (B) Container lined with paper and located outside the house; (C) close up of a rel-
atively large, lined container.
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TaBLE 1. CONTAINER SIZE AND LOCATION BY SEASON FOR CONTAINERS PLACED INSIDE
LARGE ENCLOSURES IN THAILAND, JaANUARY 2003, Jury 2004, AND JANUARY 2004
Water

No. of Diameter surface Container
Date Season containers Color Location (cm) area (cm?) volume (L)
Jan. 2003 Dry 2 Dk. brown Out 42 62 0.1
Jan. 2003 Dry 1 Lt. brown In 42 62 0.1
Jan. 2003 Dry 3 Lt. brown Out 31 42 0.1
Jan. 2003 Dry 3 Lt. brown In 31 42 0.1
Jan. 2003 Dry 2 Lt. brown In 32 52 0.6
Jan. 2003 Dry 1 Grey Out 20 45 0.6
Jan. 2003 Dry 1 Lt. brown In 20 45 0.6
Jan. 2003 Dry 1 Lt. brown In 32 52 0.6
Jan. 2003 Dry 1 Black Out 8 8 0.6
Jan. 2003 Dry 1 Black In 8 8 0.6
Jul. 2003 Rainy 1 Lt. brown Out 20 45 8.3
Jul. 2003 Rainy 1 Lt. brown Out 32 52 8.3
Jul. 2003 Rainy 1 Dk. brown Out 42 62 8.3
Jul. 2003 Rainy 2 Black Out 5 5 8.3
Jul. 2003 Rainy 1 Black Out 8 8 8.3
Jul. 2003 Rainy 1 Lt. brown In 32 52 25.5
Jul. 2003 Rainy 1 Lt. brown In 42 62 25.5
Jul. 2003 Rainy 1 Black In 5 5 25.5
Jul. 2003 Rainy 1 Black In 8 8 30.3
Jul. 2003 Rainy 1 Lt. brown In 32 52 30.3
Jul. 2003 Dry 1 Lt. brown Out 42 62 30.3
Jan. 2004 Dry 2 Dk. brown In 42 62 30.3
Jan. 2004 Dry 1 Dk. brown Out 32 52 30.3
Jan. 2004 Dry 1 Lt. brown In 31 42 30.3
Jan. 2004 Dry 1 Lt. brown Out 20 45 67.5
Jan. 2004 Dry 1 Grey In 20 45 67.5
Jan. 2004 Dry 1 Black Out 8 8 67.5
Jan. 2004 Dry 1 Black In 8 8 67.5
Jan. 2004 Dry 1 Black Out 5 5 67.5
Jan. 2004 Dry 1 Black In 5 5 67.5
Jan. 2004 Dry 1 Lt. brown Out 42 62 67.5

Study collaborators entered the houses daily
and the collaborators allowed females to feed
on them so they would continue to develop and
lay eggs. Egg papers were removed and were
inspected three times daily.

July 2003

Gravid females (approximately 300 per
night) were released in one of the enclosures as
described above between 2000 and 2100 hrs
every evening from 15-23 July 2003. Egg pa-
pers were removed and were replaced with
new paper every 2 hrs from 0600 to 2000 hrs
each day. New egg papers were left in con-
tainers overnight from 2000 to 0600 hrs. Each
paper was carefully labeled with the container
number, time, and date, and the papers were
returned to the field lab for inspection. The to-
tal number of eggs in each container for each
time interval and date were recorded.

January 2004

The experiment was replicated from 19-22
January 2004 following the same methods as
described previously. We released gravid fe-
males into the field cages and replaced egg pa-
pers every 2 hrs and from 2000 to 600 hrs
overnight. Egg data for each container were
recorded as described previously. We released
approximately 150-200 gravid females each
night.

DATA ANALYSIS

The total number of eggs laid in each con-
tainer at several time intervals over multiple
days in each season was recorded. Data for the
preliminary study (January-February 2003)
were analyzed for oviposition timing, con-
tainer location, and the number of eggs laid.
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The data from July and January 2004 were an-
alyzed in more detail. These data had a multi-
level structure, because each container was
repeatedly measured over time. Diameter, vol-
ume, container color, water surface area, and
location were fixed effects at the container
level, whereas season, time, and date nested
within season were within container fixed ef-
fects.

Time at 0600 hrs was removed from the
analysis because few eggs were collected be-
tween sunset and sunrise. Because of a high fre-
quency of zeroes and the multilevel data struc-
ture, the analysis was performed in two steps.

First a binomial response was created differ-
entiating between no eggs laid in any given
container at any given time on any given day
versus any number of eggs laid. A generalized
estimating equation model with a binomial dis-
tribution, a logit link, and an exchangeable co-
variance structure was used to determine
whether any of the fixed effects, including their
interactions, were significantly related to the
presence or absence of eggs. This analysis was
performed using Proc Genmod in SAS (SAS In-
stitute 1999).

In a second step only observations with num-
ber of eggs larger than zero were included in
the analysis. A multilevel linear model was
used to regress the log-transformed number of
eggs on the fixed effects to determine if any of
the fixed effects, including their interactions,
were significantly related to the number of eggs
being laid (Singer 1988). This analysis was per-
formed using Proc Mixed in SAS.
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Data analysis showed a collinear relationship
between diameter, volume, and water surface
area. As a result, separate models were run
with each of these variables appearing as an in-
dependent variable one at the time. The p-val-
ues were adjusted using a Bonferroni correc-
tion for multiple comparisons.

RESULTS

Timing of ovipositions

Peak oviposition occurred from 1200 to 1800
hrs during the cool, dry season in January 2003.
During the warm, rainy season (July 2003),
oviposition activity gradually increased
through the day, reaching a peak at 2000 hrs.
A similar trend was observed during the Janu-
ary 2004 cool, dry season, but with an egg-lay-
ing peak at 1600 hrs (Fig. 3). Few eggs were laid
overnight from 2000 hrs to 0600 hrs during all
of the study periods.

Container location

Subsamples of eggs on paper were hatched
to confirm identification as Ae. aegypti. No sig-
nificant differences by location were detected
in total eggs deposited inside versus outside or
underneath houses across replicates and sea-
sons. In January 2003, a total of 4597 eggs (x =
511 mean per day * 38 SE) were laid inside,
and 4584 eggs were laid outside (x = 655 = 18
SE). A grand total of 7292 eggs were laid out-
side (x = 511 *+ 38 SE) during any of the study

30 -
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0. — — T
600 800 1000 1200 1400 1600

Time (hrs)

1800 2000 2000~
600

FIG. 3. Time of day for oviposition by Ae. aegypti in Thailand per day. (A) Warm-rainy season, July 2003; (B) cool-

dry season, January 2004.
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FIG. 4. Mean eggs deposited indoors and outdoors by container diameter per container. (A) Warm-rainy season,

July 2003; (B) cool-dry season, January 2004.

periods, and 6927 eggs (x = 172 * 4.7 SE) were
laid inside during July 2003. In January 2004,
2990 eggs were laid inside (x = 133 = 30 SE)
and 2394 (x = 166 * 42 SE) were laid outside
(Fig. 4). No differences in egg numbers were
found when the effect of specific container lo-
cation (i.e., front of house, underneath north
corner, etc.), within indoor versus outdoor lo-
cations, was examined. In addition, no signifi-
cant trends by container color were found.

Presence or absence of eggs

There were no significant main effects or in-
teraction effects for season, date nested within
season, or location for any of the 3 models.
There was an overall significant effect of time
of day. Using multiple comparisons, egg num-
bers at 0800 hrs, 1000 hrs, and 2000 hrs were
not significantly different from each other, as
were those at 1200 hrs, 1400 hrs, 1600 hrs, and
1800 hrs, but both sets of times were signifi-
cantly different from each other in all three
models.

Each of three major traits of the oviposition
site (container opening diameter, container vol-
ume, and water surface area) was compared to
determine if they were significantly related to
the presence or absence of eggs. The model

with diameter as an independent variable had
a significant linear effect (coeff. = 0.2221, p <
0.0001) and quadratic effect (coeff. = —0.0037,
p < 0.0009). When volume was set as an inde-
pendent variable, a significant linear effect (co-
eff. = 0.0911, p = 0.0003) and quadratic effect
(coeff. = —0.0011, p = 0.0003) resulted. In ad-
dition, when water surface was set as an inde-
pendent variable, there was a significant linear
effect (coeff. = 0.0977, p = 0.023) but no qua-
dratic effect.

Number of eggs laid

For each of the models, there was a signifi-
cant day nested within season effect (p < 0.001)
as well as a significant interaction effect be-
tween season and time (p <0.01). The sea-
son-time interaction effect captured in all 3
models a significant difference between sea-
sons at 0800 hrs and 2000 hrs, with no eggs laid
in the dry season at 0800 hrs and significantly
more eggs collected in the rainy season at 2000
hrs than in the dry season at the same time of
day (p < 0.01). In the dry season, the number
of eggs collected was significantly fewer at 2000
hrs than at 1200 hrs, 1400 hrs, and 1600 hrs (p <
0.01).

For models with each of the 3 container at-
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tributes set individually as independent vari-
ables, there was a significant linear effect of
container diameter (coeff. = 0.0154, p = 0.002),
with an increasing numbers of eggs laid as the
diameter of the container increased, a signifi-
cant linear volume effect (coeff. = 0.0253, p =
0.01), and quadratic volume term (coeff. =
—0.0003, p = 0.038) with increasing eggs as vol-
ume increased, and increasing numbers of eggs
with increasing water surface area (coeff. =
0.0093, p = 0.002).

After controlling for season, time, and date,
the amount of explainable variation between
containers explained by container diameter
was 83%, by container volume was 88%, and
by water surface area was 85%.

DISCUSSION

Our results demonstrate the important im-
pact of physical container attributes on ovipo-
sition site selection of the yellow fever mos-
quito. To the best of our knowledge this is the
tirst study of Ae. aegypti oviposition behavior
conducted in large outdoor field enclosures,
which provide useful settings for manipulative
experiments in a contained environment that is
as close as possible to field conditions. Con-
tainer diameter, water surface area, and vol-
ume were all positively correlated with num-
ber of eggs laid across all replicates and
seasons. Container attributes were not mutu-
ally exclusive. By controlling for season, time,
and date, and by running separate models with
each single attribute independently, we deter-
mined that container volume was the strongest
predictor of the number of egg(s) laid per con-
tainer, followed by water surface area, and then
opening diameter. Container volume was an
estimate of the total capacity of the container,
although each vessel in our study was filled to
75% capacity. The greater capacity of contain-
ers that were not completely full may provide
large, protected, humid resting surfaces for fe-
males engaged in or preparing for oviposition.
A few published studies with other mosquito
species have reported varied responses to con-
tainer size and attraction of ovipositing females
(Derraik and Slaney 2005, Lester and Pike 2003,
Wynn and Paradise 2001). Aedes aegyptiis a day
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active mosquito that may rely more on optical
cues, such as contrast between dark container
openings and water surface (specular) reflec-
tions, for selection of resting and oviposition
sites than night active mosquito species.

Potential limitations to our study include our
lack of knowledge about carrying capacity
within the enclosure. In nature, Ae. aegypti
tends to be a lower density species than other
mosquitoes (Scott et al. 2000). No studies on the
carrying capacity of this species in its natural
habitat have been conducted, but the numbers
released in our enclosures may have been arti-
ficially high. Other limitations may have been
the lack of normal host activity within the en-
closure, which would have provided more
blood meals. In addition, we may have pre-
vented natural predators from accessing mos-
quitoes. Furthermore, comparing the eggs per
cm surface area available inside containers may
have provided us with more precise informa-
tion on whether surface area on the inner con-
tainer wall or overall container volume was re-
sponsible for the trends we observed. Another
factor that may influence the oviposition site
choice is the presence of predators. One might
expect larger containers with more permanent
bodies of water to contain more predators than
smaller containers. In our experiments, preda-
tors were not included in containers. Despite
these limitations, our study showed significant
relative differences in oviposition patterns
based on oviposition site size for this container
breeding species.

Similar oviposition patterns were observed
during the dry and rainy seasons with slight
shifts in the beginning and ending of diel
oviposition activity by season. Oviposition ac-
tivity continued 2 hrs later during the rainy sea-
son in July 2003 than during the dry season
(January 2004). This effect is likely a result of
differences in the day length and humidity be-
tween the two seasons. Sunset occurred at
1920-1922 hrs in the study area during July
2003 and from 1814-1816 hrs during January
2004 (United States Naval Observatory 2005).

No differences were found between the
number of eggs laid inside and outside or un-
derneath the house. Because Ae. aegypti tend to
rest inside houses (Scott et al. 2000), we would
expect decreasing egg numbers as their dis-
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tance from human dwellings increases. Houses
within enclosures were of a typically rural, Thai
style; the elevated open wood design allows
free movement of mosquitoes in and out
through doorways, window openings, and
cracks in the floor boards and walls. Our cages
encompassed the inside and outside areas that
are normally used by this species in its natural
habitat. If releasing gravid females had caused
the females to lay in the first site they encoun-
tered, then we would have detected more egg
numbers inside the house near the point of re-
lease. Furthermore, we did not perceive differ-
ences in water quality in the containers over
the short duration of the experiments, as they
were all filled from the same rainwater source
at the beginning of each experiment.

In addition to providing more information
on mosquito behavior, our results have impli-
cations for monitoring mosquito activity in na-
ture. Surveillance using small containers, such
as a typical CDC ovitrap (7.5 cm) (Reiter et al.
2001) may lack sensitivity and can be expected
to underestimate Ae. aegypti oviposition activ-
ity, adult female population density, and pat-
terns of egg laying behavior. This lack of sen-
sitivity may be especially pronounced when
other competing, natural oviposition sites are
available. In our study, we included CDC style
surveillance containers with diameters of 5 and
8 cm. Low egg frequencies for both the pres-
ence or absence, as well as total eggs laid, were
observed for these small containers as com-
pared with larger water storage vessels. In
some instances, over the same time period, we
collected few or no eggs in the 5-8 cm diame-
ter containers and more than 1000 eggs in large
containers.

Oviposition behavior can have a significant
impact on arthropod life history. There is se-
lection pressure for females to make choices
that maximize survival of their progeny. We
have identified one strategy for a container-
breeding mosquito where larger containers
may increase the chances of larval survival.
Larger containers may be more likely to con-
tain adequate food for immature stages and op-
timally humid resting sites for adults. In addi-
tion, large containers may contain a more
permanent aquatic habitat than smaller con-
tainers. Further studies to investigate how
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these effects are modulated, and what the role
of existing conspecifics, presence of predators,
or other species may play in oviposition choices
of gravid females, are warranted.
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