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ABSTRACT The behavioral responses of Aedes aegypti (L.) and Aedes albopictus (Skuse) adults to
several attractive cues, as reactions to mosquito traps, are compared in the laboratory, and differences
in the primary attractive factors for both species are discussed. Target-attacking frequency of unfed
Ae. aegypti females was �30 times that of unfed Ae. albopictus females under simulated conditions.
Changes in the percentage of trapped mosquitoes under several attractive conditions using commer-
cial mosquito traps showed that Ae. aegypti mosquitoes were trapped 2Ð3 times faster than Ae.
albopictus. For Ae. aegypti, the combination of a visual cue � CO2 alone enhanced attractiveness,
whereas both a visual cue � CO2 as well as a visual cue � octenol enhanced Ae. albopictus. The
combination of at least three factors, such as a visual cue, CO2, and a chemical cue is thought to be
valuable for trapping and estimating the relative adult population sizes ofAe. aegypti andAe. albopictus
in the Þeld.

KEY WORDS Aedes aegypti, Aedes albopictus, trapping reaction, BG-Sentinel trap, CDC trap

Aedes albopictus (Skuse) is considered native to the
Oriental Region and some islands in the Indian
Ocean. During the 20th century, the distribution of
Ae. albopictus expanded eastward to Hawaii and the
islands in the south PaciÞc (Hawley 1988). Subse-
quently, Ae. albopictus spread into the southeastern
United States, where it has now become one of the
most common mosquitoes (Moore 1999) after the
identiÞcation of this species in Memphis, TN, in
1983 (Reiter 1998). Used tires are one of the prin-
cipal larval habitats of this species, millions of which
were being imported annually to destinations
throughout the United States, and in which this
invasive species apparently entered the continent.
Since 1986, tire shipments infested with Ae. albop-
ictushave been found in Central and South America,
Africa, Australia, and Oceania (Reiter 1998). This
dramatic expansion of distribution has conÞrmed
the status of Ae. albopictus as potentially one of the
most important arbovirus vectors in the world.

In Florida, there has been a well documented
decline in the abundance of Aedes aegypti (L.) after
the invasion of Ae. albopictus. It seems that inter-
speciÞc resource competition among larvae contrib-
uted to the displacement of Ae. aegypti by Ae. al-
bopictus, although larval competition alone did not
explain differences between Ae. aegypti-persistent
and extinction sites (Juliano et al. 2004). Interspe-
ciÞc competition or ecological and behavioral dif-

ferences among adults could also contribute to the
distribution and abundance of both species. These
species show ecological segregation, with Asian Ae.
aegypti being more domestic and endophagic than
Ae. albopictus (Hawley 1988, Edman et al. 1997,
Ishak et al. 1997).

Kawada and Takagi (2004) reported clear bi-
modal (Ae. albopictus) and trimodal (Ae. aegypti)
patterns in diel host-seeking activity by using an
automatic recording device in laboratory condi-
tions. Kawada et al. (2005) found that nocturnal
host-seeking activity of both species was positively
correlated with increasing light intensity and that
Ae. aegyptiwas 100 times more sensitive to light than
Ae. albopictus.Kawada and Takagi (2004) and Kawada
et al. (2005) also reported that the overall host-seeking
activity of Ae. albopictus was �1/10 of that for Ae.
aegypti under laboratory test conditions. This result is
consistent with the biting proclivities of both species
in nature and suggests that additional attractive cues,
such as a chemical attractant or physical movement of
the host, might be necessary for more effective ori-
entation ofAe. albopictus to its hosts. Host attack rates
could be one of the most important factors for patho-
gen transmission by vectors. However, few compara-
tive studies have been conducted on the behavioral
differences of host orientation of these species. In the
present report, the behavioral responses ofAe. aegypti
andAe. albopictus to several attractive cues from mos-
quito traps are compared in the laboratory, and the1 Corresponding author, e-mail: vergiss@nagasaki-u.ac.jp.

0022-2585/07/0427Ð0432$04.00/0 � 2007 Entomological Society of America



differences in reactions between species are dis-
cussed.

Materials and Methods

Test Insects. Laboratory colonies of Ae. aegypti and
Ae. albopictuswere used. Both species were collected
in Singapore during 2000 and were reared in the lab-
oratory at 27�C, 70% RH, and a photoperiod of 16:8
(L:D) h.
RecordingofResponsesbyUsingPhotoelectric Sen-
sors. The recording system composed of a recording
unit and a water bath unit for attracting mosquitoes
that was described in detail by Kawada and Takagi
(2004) was modiÞed for the experiment. CO2, heat,
and the contrast of black and white colors were used
as attractive cues for mosquitoes. The recording de-
vice was composed of four photoelectric sensors (sen-
sor A), each of which had a 21- by 21-mm window
(detection area) composed of a pair of infrared LED
and a light-receiving element on both sides, ampliÞers
(PG602 and PG610, Keyence Corporation, Osaka, Ja-
pan), a programmable controller unit, a power supply
(KV-700 and MS-H50, Keyence Corporation), and
monitoring software (DB-H1, Keyence Corporation,
Osaka, Japan). For the recording device, a water bath
unit was created from a Styrofoam box (23 by 30 by 20
cm, 5 cm in thickness), which contained �3.5 liters of
water. The temperature of the water was maintained
at �35�C by using a heater with a thermoregulator.
The side of the box was covered with a black plastic
panel and a white plastic plate was used to cover the
top surface of the box, except for the photoelectric
sensors the bottom sides of which were sealed with
black plastic plates. The recording device was placed
on a table (30 cm in height) within a nylon-mesh cage
(3 by 4 m and 2 m in height) (Fig. 1). CO2 was released
at a ßow rate of 500 ml/min from a gas cylinder into

the cage through a silicone tube, the opening of which
wasplaced�20cmabove the sensors.TheCO2 release
was regulated (2 min on/13 min off) by a solenoid
valve controlled by a timer. In the experiment, two
pairs of photoelectric sensors of different types (sen-
sor B), one of which was a light-emitting sensor and
the other a light-receiving one, and ampliÞers (LV-
H300 and LV52, Keyence Corporation), which were
able to cover �300-cm2 area, were placed 10 cm above
the recording device (Fig. 1). When a mosquito that
was attracted toward the sensors passed through sen-
sor A, the signals generated were counted as the num-
ber of target-attacking mosquitoes and when a ßying
mosquito passed through sensor B, the signals gener-
ated were counted as the number of target-searching
mosquitoes. The number of recorded signals did not
correspond to the number of individuals passing
through the sensor, because the same mosquito might
pass through the sensor several times. The signals
detected by the sensors were transferred to the com-
puter via the controller and monitoring software. In
total, 300 unfed female mosquitoes (7 to 10 d old after
emergence) were released in the cage at 0900 hours,
and the target-attacking and target-searching signals
were recorded at 15-min intervals without interrup-
tion for 12 h. Two replicates were made for each
species. The test was carried out in a room maintained
under a photoperiod of 14:10 (L:D) h (light phase,
0700Ð2100; scotophase, 2100Ð0700), 25Ð27�C, and
�50% RH regime. The ratios of target-searches to
target-attacks were compared between the two spe-
cies with a chi-square test for independence.
Measurement ofMosquito Reactions under Several
AttractiveConditions.The BG-Sentinel trap (BG trap,
BioGents GmbH, Regensburg, Germany), originally
designed to attract Ae. aegypti (Kröckel et al. 2006),
was used for experiments. Using a battery-powered
fan, the trap mimics convection currents created by a
human body and uses attractive visual cues, such as
contrasting black and white colors. It is sufÞciently
large to incorporate additional attractants such as
chemical lures and small, living animals, making the
trap a very versatile tool for both monitoring and
research. A battery-powered Centers for Disease Con-
trol (CDC)-type trap with a Styrofoam dry ice box for
releasing CO2 was used as a reference. Experiments
were carried out in a room maintained under a pho-
toperiod of 14:10 (L:D) h (light phase, 0700Ð2100;
scotophase, 2100Ð0700), 25Ð27�C, and �50% RH re-
gime, where the numbers of mosquitoes that passed by
sensors were recorded at 15-min intervals for 10 h.
Two replicates for each species were conducted under
each of the following attractive conditions:
BG Trap. The BG trap with no chemical attractant

(i.e., only visual cues) was placed on the ßoor in a
nylon mesh cage (3 by 4 m and 2 m in height). The
recording device that was composed of six photoelec-
tric sensors and ampliÞers (PG602 and PG610) con-
nected to a programmable controller unit and a power
supply (KV-700 and MS-H50) was placed on the open-
ing of the trap (Fig. 2A). The fan was powered by a
12-V d.c. rechargeable battery. In total, 150 unfed

Silicone tube for CO2
Sensor B

Sensor A
(Target)

Water bath

Solenoid for CO2

Fig. 1. Recording system composed of two types of pho-
toelectric sensors and a water bath unit for attracting mos-
quitoes. Mosquitoes that passed through sensor A and sensor
B were recorded as target-attacking and target-searching
mosquitoes, respectively. The signals detected by the sensors
were transferred to the computer via a controller and mon-
itoring software.
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female mosquitoes (7 to 10 d old after emergence)
were released into the cage at 1100 hours.
BG Trap � Octenol. A slow-releasing commercial

tablet of 1-octen-3-ol (1,660 mg of active ingredient
released for 21 d at 80�F; Mosquito Magnet Biting
Insect Attractant, American Biophysics Corp., East
Greenwich, RI) was placed inside the BG trap as an
attractant.
BG Trap� CO2. CO2 was released at a ßow rate of

500 ml/min from a gas cylinder into the BG trap
through a silicone tube. The CO2 release was regu-
lated (5 min on/5 min off) by a solenoid valve con-
trolled by a timer.
BG Trap � Movement. The BG trap without any

attractant was put on a shaking mixer (Mild Mixer
PR-36, Taitec Co., Ltd., Saitama, Japan) (Fig. 2A). The
shaking mixer was operated at 60 rpm at an angle of �3
to 3�. The movement was controlled by a timer (5 min
on/5 min off).
CDCTrap�CO2. The battery-powered CDC-type

trap was placed 1.2 m above the ßoor, and a Styrofoam
box with dry ice (1 kg) was hung 10 cm above the trap
as an attractant. The same recording device composed
of six photoelectric sensors and ampliÞers as described
above was placed on the top opening of the trap (Fig.
2B). The fan was powered by a 6-V d.c. battery.

The percentages of mosquitoes trapped were con-
verted into probits, and time required for 50% of the
mosquitoes to be trapped (TT50) was calculated using
probit methods (Bliss 1934). To compare mosquito
reactions among attractive conditions, failure time
analysis was performed using PROC LIFETEST in
SAS/STAT (SAS Institute 1990). SigniÞcant differ-
ences among treatments were detected by Wilcoxon
tests, whereas the Z test (Fox 1993) was used for
analyzing posthoc pairwise comparisons. Twenty-two
hours after release, all trapped mosquitoes were col-
lected and counted. Differences among treatments in

the mean of total number of mosquitoes trapped were
compared by TukeyÕs honestly signiÞcant difference
(HSD) tests after analysis of variance (ANOVA).

Results

Comparison of Reactions of Ae. aegypti and Ae.
albopictus. Total target-attacking frequency of Ae. ae-
gypti was �30 times that of Ae. albopictus (Table 1).
The difference in target-searching frequencies (�10
times) was smaller than the difference in target-at-
tacking frequencies. The ratio of target-searches to
target-attacks (S/A) was signiÞcantly larger (�2 �
67.0, df � 1, P � 0.001) for Ae. albopictus (13.9) than
for Ae. aegypti (4.2).

Fig. 2. (A) BG trap equipped with photoelectric sensors. Attracted mosquitoes were trapped in the net located under
the sensors, and numbers of mosquitoes that passed the sensors were recorded at 15-min intervals. The mixer was operated
only in the experiment for BG � movement. (B) The battery-powered CDC trap equipped with the same photoelectric
sensors as in A. The trap was placed 1.2 m above the ßoor, and a Styrofoam box Þlled with dry ice (1 kg) was hung 10 cm
over the trap. The numbers of mosquitoes that passed sensors were recorded at 15-min intervals.

Table 1. Comparison of the frequency of target-attacking and
target-searching mosquitoes in Ae. aegypti and Ae. albopictus

Time

Ae. aegypti Ae. albopictus

Target-
attacking

(A)a

Target-
searching

(S)a

Target-
attacking

(A)

Target-
searching

(S)

9 a.m. 3,735 188 69 8
10 a.m. 773 35 83 2
11 a.m. 558 23 6 4
12 p.m. 1,346 28 69 5
1 p.m. 869 32 3 8
2 p.m. 788 46 64 2
3 p.m. 766 51 66 15
4 p.m. 1,087 32 2 2
5 p.m. 962 26 6 0
6 p.m. 889 37 0 2
7 p.m. 645 28 3 5
8 p.m. 470 20 4 2
Total 12,886 544 373 52

aWhen a mosquito passed through sensor A, the signals were
counted as the number of target-attacking (A) and when a mosquito
passed through sensor B, the signals were counted as the number of
target-searching (S) (Fig. 1). Numbers are sums from two replicates.
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Comparison of Mosquito Reactions to Several At-
tractive Cues. Mosquito reactions to the traps were
signiÞcantly different for all comparisons (Fig. 3A:
�2 � 27.9, df � 3, P � 0.0001; Fig. 3B: �2 � 11.7, df �
3,P� 0.0085; and Fig. 3C: �2 � 95.0, df � 3,P� 0.0001).
Ae. aegypti were trapped at a faster rate than Ae.
albopictus by using the BG trap (with only visual
contrast). The TT50 for trappingAe. albopictuswas 2.1
times (95% conÞdence limit, 2.0Ð2.2) greater than that
required for trapping Ae. aegypti (Fig. 4). The same
difference in the trapping speed was observed with
CDC � CO2; the time required for trapping Ae. al-
bopictuswas 2.3 times (95% CL � 2.1Ð2.6) greater than
that required for trapping Ae. aegypti (Fig. 4). It was
noted that CDC � CO2 was more attractive to Ae.
aegypti than BG during the Þrst period (�240 min),
but vice versa during the latter half (�480 min), al-

though the difference in TT50 values between the two
attractive conditions was not large. The same relation-
ship between the trapping curves of BG and CDC �
CO2 was noted for Ae. albopictus. For Ae. aegypti, a
signiÞcant difference was observed in the trapping
curves between BG and BG � CO2 (Fig. 3B). BG �
CO2 was more attractive to Ae. aegypti than BG at
�360 min and vice versa at �360 min, indicating the
same tendency as observed in case of BG versus CDC �
CO2. No signiÞcant difference was observed in the
attractiveness ofAe. aegypti toward BG, BG � octenol,
and BG � movement. ForAe. albopictus,however, the
attractiveness to BG � CO2 and BG � octenol was
greater than BG irrespective of time course, whereas
there was no difference in the attractiveness between
BG and BG � movement (Fig. 3C). Attractiveness was
highest in BG � CO2 followed by BG � octenol.

Fig. 3. (A) Changes in the incidence of trapped unfed Ae. aegypti and Ae. albopictus females in the BG trap (with no
attractant) and CDC trap with dry ice. (B) Changes in the incidence of trapped unfed Ae. aegypti females in the BG trap
under four attractive conditions. (C) Changes in the incidence of trapped unfed Ae. albopictus females in the BG trap under
the four attractive conditions. Asterisks indicate signiÞcant differences between two trapping curves by posthoc pairwise
comparisons with Z tests (*, P � 0.05; **, P � 0.01).

Fig. 4. Mean TT50 of Ae. aegypti and Ae. albopictus under all attractive conditions. Error bars are 95% CL.
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Figure 5 shows the total number of mosquitoes
trapped in BG and CDC traps under several attractive
conditions. Comparisons with the total number
trapped indicate that the differences among the at-
tractive conditions (ANOVA: F � 17.6, df � 4, P �
0.01) were less prominent than those observed in TT50

values. SigniÞcant difference was observed only be-
tween CDC � CO2 and BG, between CDC � CO2 and
BG � octenol, and between CDC � CO2 and BG �
CO2 for Ae. albopictus.No difference was observed in
the total number of Ae. aegypti trapped among the
different attractive conditions.

Discussion

The experiments clariÞed the behavioral difference
between Ae. aegypti and Ae. albopictus to the simu-
lated target with visual (black and white color con-
trast) and chemical (CO2) attractive cues. The dif-
ference in the target-attacking frequencies between
the two species was larger in the large room conditions
(300 females/24 m3) in this study than those in the
small cage conditions (50 females/0.5 m3) reported by
Kawada and Takagi (2004) and Kawada et al. (2005).
The target-attacking activity ofAe. aegyptiwas greater
than that of Ae. albopictus, whereas the difference in
the target-searching activities between both species
seemed to be smaller than the difference in the target-
attacking activities. A similar difference in the host-
attacking activity between the two species was ob-
served in the laboratory experiment by Yee and Foster
(1992), who used a rat as an attractive target; in this
experiment, the total number of mosquito attacks on
the host during the light phase (800Ð2400 hours) for
Ae. aegypti (n � 1,168) was �2 times that of Ae.
albopictus (n � 627). This result and that of the cur-
rent study may explain the difference in the biting
nature of both species or suggest that the enhance-
ment of additional attractive cues, such as chemical

emanations or movement of the host, or a combination
of the above-mentioned cues, might be necessary for
more effective orientation ofAe. albopictus to its hosts.
The results shown in Fig. 3A seemed to support the
behavioral difference in the two species observed in
the Þrst experiment. Figure 3A also indicates that
visual cues play an important role comparable with
CO2 inbothAedes species.Thedifference in responses
of the two species to the BG trap (with no attractant)
and CDC trap (with CO2) might be caused by the
difference in the intensity of directivity in both the
species toward CO2 and visual cues. Carbon dioxide is
thought to be an activator for hematophagous insects
to display upwind ßight (Takken and Kline 1989,
Healy and Copland 1995). Once activated, the inter-
mittent pulses of CO2 caused by air turbulence serve
to guide insects to the source. Although they are
thought to be effective for alerting mosquitoes and
stimulating ßight, chemical plumes, such as CO2, are
thought to be less precise for locating goals than vision
(Prokopy 1986). Chemical plumes provide little in-
formation to the mosquito about distance to and exact
location of the source, and the attractiveness of visual
targets would be of greater advantage to host-seeking
mosquitoes (Bidlingmayer 1994), resulting in the trap-
ping curves in this experiment (Fig. 3A).

ForAe.aegypti, thecombinationofBG(visualcues)�
CO2 alone enhanced the attractiveness, whereas both
BG � CO2 and BG � octenol were effective for Ae.
albopictus. Under the present conditions, the move-
ment of a target was proved to be less effective than
the other attractive cues. Several reports have proven
that visual cues, chemical cues, heat, and a combina-
tion play a major role in attracting Ae. aegypti, Ae.
albopictus, or both (Fay 1968, Canyon and Hii 1997,
Geier et al. 1999, Bosch et al. 2000). However, no study
has reported the behavioral differences between both
the species as reactions to attractive cues. Jensen et al.
(1994) compared the collection efÞciencies of four

Fig. 5. Mean of total numbers of mosquitoes trapped in the BG trap and CDC trap under several attractive conditions.
Error bars show standard deviations. Same letters indicate no signiÞcant difference (P � 0.05; TukeyÕs HSD test) between
mean values.
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types of mosquito traps and reported that the bidi-
rectional Fay trap (Fay and Prince 1970) enabled the
collection of signiÞcantly greater numbers of Ae. ae-
gypti andAe. albopictus in the Þeld than the other traps
tested. They also reported that the differences in the
effectiveness of traps for collecting both species sug-
gested that Ae. albopictus and Ae. aegypti females do
not respond equally to visual cues and thatAe. aegypti
females might be more strongly attracted to the con-
trasting shiny black and white markings. Their above-
mentioned comments seem to be one of the most
valuable Þndings on the behavioral differences in both
the species and well support our present results. How-
ever, it seems that a Þeld test is not suitable for a
comparative study of mosquito behavior, because the
population sizes of both the species are always a “black
box,” and in many cases, they are found to differ in the
Þeld. As in the current study, laboratory studies under
controlled conditions are required for more precise
experimentation. Traps are convenient and are the
principal means for monitoring adult mosquito pop-
ulations. However, most mosquito traps do not pro-
vide universal performance by which we can estimate
the natural mosquito populations of plural species.
The most standardized collection technique seems to
be one which can, in the least, reßect the relative
abundance and age structure of mosquito populations
estimated by human-biting collection, which is most
practical and plausible, but cost consuming and po-
tentially dangerous. The present report clariÞes that
the combination of at least three factors, such as visual
cue, CO2, and chemical cue (octenol), is essential for
monitoring and estimating relative adult population
sizes ofAe. aegypti andAe. albopictus in the same Þeld.
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