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ABSTRACT. The efficacy of maximum label rates of bifenthrin applications to dry tires to prevent Aedes
mosquito breeding was investigated by field colonization and bioassay trials in shaded and unshaded
locations. Aedes notoscriptus and Culex quinquefasciatus larvae were the most abundant species present in the
field colonization trial. Colonization and survival of Ae. notoscriptus larvae to the late instar occurred
significantly earlier in treated tires in shaded compared with unshaded locations (P 5 0.002). Bifenthrin
applications in shaded tires only prevented early instar survival for ,2.6 wk. Aedes notoscriptus late instars
did not appear in the treated unshaded tires. Culex quinquefasciatus colonized treated tires from the 2nd wk in
both shaded and unshaded treatments. In the bioassay, water from bifenthrin-treated tires, through
extrapolation, was found to kill ,100% of late instar Ae. notoscriptus for only ,2.0–2.2 wk in shaded and
unshaded tires. Under conditions optimal for Aedes breeding, such as shaded locations, high ambient
temperatures, high relative humidity, and high amounts of leaf/organic matter accumulations, bifenthrin may
not be effective as a larval control measure in tires for greater than 2.0–2.6 wk.
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INTRODUCTION

Aedes aegypti (Linnaeus) and Aedes albopictus
(Skuse) are known to be competent vectors of
dengue viruses. They are adapted to receptacle
breeding in domestic environments (Kay et al.
1987, Ponlawat and Harrington 2005). The
Northern Territory (NT) of Australia is currently
free of both species and has a surveillance and
exclusion program against exotic Aedes establish-
ment as a strategy to prevent dengue disease in
the NT (Whelan 1991).

There has not been an endemic population of
Ae. aegypti in the NT since it disappeared
sometime between 1956 and 1974 (Whelan
1991), and Ae. albopictus has never become
established in the NT. However, there is a history
of importations of the species into the NT, mainly
via the seaports (Whelan 1991, Whelan 1995,
Whelan and Tucker 1998, Lamche et al. 2004,
Nguyen and Whelan 2007). There have been two
recent instances of Ae. aegypti establishment in
towns in the NT. Aedes aegypti was detected in
the central NT town of Tennant Creek in 2004
(Whelan et al. 2004) and probably arrived as eggs
in relocated receptacle(s) from north Queensland
(Whelan et al. 2004, Beebe et al. 2005). An
intensive 2-year campaign to eradicate the pop-

ulation commenced in February 2004 (Whelan et
al. 2004), and it was declared eradicated in April
2006 (NT Gov 2006). The species was also
detected in October 2006 on Groote Eylandt, an
island in the Gulf of Carpentaria, NT (Whelan
2006). Genetic analysis of the larvae indicated
that the population was most likely introduced
from overseas rather than Queensland (Beebe,
unpublished data), possibly in water-storage
receptacles from an illegal foreign fishing vessel
or on cargo shipped into the area. An intensive 2-
year eradication campaign (Kulbac and Whelan
2007) was declared successful in May 2008 (NT
Gov 2008).

The eradication programs in both Tennant
Creek and Groote Eylandt used various methods
including source reduction, drain clearing, the
repair or addition of adult mosquito barriers to
water storage tanks, and public education, as well
as residual insecticide applications to actual and
potential water-holding receptacles. Source re-
duction was an important strategy, but insecticide
treatment of all potential mosquito-breeding
receptacles was the principal strategy to prevent
population amplification and relocation.

The main insecticide treatment used for har-
boring or ovipositing adult mosquitoes was the
application of bifenthrin (BistarH) at maximum
label rates to the inner surfaces of receptacles and
potential adult harborage areas. As well as acting
as a residual adulticide for harboring and
ovipositing adults, it was hypothesised that
bifenthrin applications to dry receptacles would
act as a larvicide when the receptacles were
subsequently filled with water.

The control program in Tennant Creek aimed
to inspect and treat ,1,000 properties in a 4–
6 wk rotation cycle (Whelan et al. 2005). This
time frame was based on a previous study that
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indicated bifenthrin was effective as a residual
surface adulticide when applied on external
buildings and ornamental plant surfaces, and it
achieved a mean mortality of 94% over a 4–6-wk
period (Standfast et al. 2003).

Bifenthrin has also been routinely used in the
NT as a residual treatment for receptacles when
there have been importations of exotic Aedes
species from overseas vessels, and as a preemptive
treatment of receptacles around NT ports during
wet season survey and control operations (Whe-
lan et al. 2003). However, it is not known if
bifenthrin treatments act as a larvicide for at least
4–6 wk to coincide with the return treatment
schedule in control and eradication programs.

This study assesses the efficacy and active
residual life of maximum label application rates
of bifenthrin to prevent larval survival and
development in vehicle tires, which are one of
the common local receptacles utilized by contain-
er-breeding Aedes species.

MATERIALS AND METHODS

Aedes notoscriptus (Skuse), an endemic Aus-
tralian species, can be found in similar habitats to
Ae. aegypti (Tun-Lin et al. 1999, Watson et al.
2000, Montgomery et al. 2002). It is common in
artificial receptacles in the NT (Lamche et al.
2004) and was selected as a representative for
container-breeding Aedes in the field colonization
and bioassay evaluations of this investigation.
Colonization is defined here as successful adult
landing and oviposition, egg hatching, larval
feeding, growth, and survival to the later (3rd,
4th) instars.

Vehicle tires have been categorized as key
mosquito-breeding receptacles (Kay et al. 1995,
Chadee 2004) responsible for the transportation
and introduction of Aedes species worldwide
(Reiter and Sprenger 1987). In the NT, car tires
are a regular feature of seaports (Whelan 1995,
Whelan et al. 2001). They are one of the highest
risk receptacles for their ability to persistently
hold water and trap nutrients, and their attrac-
tiveness to ovipositioning and harboring adult
mosquitoes. They were thus appropriate to
evaluate the efficacy of bifenthrin applications
in receptacles.

The 2 experimental designs were intended to:

1) assess the time required for ‘‘colonization’’
by Ae. notoscriptus of bifenthrin-treated
experimental tires placed in shaded and
unshaded positions within residential areas
that were periodically flooded; and

2) evaluate the efficacy of bifenthrin by bioas-
say, using late instar Ae. notoscriptus exposed
to water from treated tires in shaded and
unshaded conditions.

Used small-car tires (average diameter 61 cm)
rinsed with warm water were utilized for both
experiments. Bistar 80 suspended concentrate
(AI: 8% bifenthrin) from FMC (chemicals) Pty,
Ltd, (Murarrier, Queensland, Australia) was
diluted at the highest label rate of 125 ml Bistar
per 10 liters of water and applied at the
recommended application rate of 1 liter of
solution per 20 m2 on nonporous surfaces. The
average internal surface area of the tires was
,1.05 m2, thus requiring 52.5 ml of solution per
tire. The time required to deliver 52.5 ml via a
hollow-cone nozzle fitted to the wand of a
handheld 5-liter pressure sprayer was 6 sec, and
the total interior surface area of each treatment
tire was sprayed. The sprayer was repressurized
after every 3 tires treated to ensure ,0.05 g of AI
(bifenthrin) was applied to each treatment tire.

Once dry, tires were secured in an upright
position, and an overflow hole was drilled in the
tire wall so that the tires could be filled to hold 3
liters. Each tire was filled with clean tap water
dechlorinated by ageing for 48 h. On the com-
mencement of trials, ,0.5 g of lucerne hay was
added to each tire as a larval nutrient source and
an attractant for ovipositing female mosquitoes
(Ritchie 2001a, Trexler et al. 2003).

Field colonization experiment

The colonization trial design was similar to
Nasci et al. (1994) and Ritchie (2001b). Six
treated and 6 control tires were placed at 3
suburban residential locations around Darwin:
Ludmilla, Coconut Grove, and Nakara. The
locations were chosen based on high recovery of
Ae. notoscriptus eggs from these sites from the
local ovitrap surveillance program. At each site,
one pair consisting of a treated and an untreated
tire was placed in shaded positions that received
little to no direct sun all day, and another pair
was placed in positions that received sun expo-
sure for at least 6 h (from 1000 h to 1600 h) per
day.

The tires were examined, and a census of larvae
was recorded once a week over an 11-wk period,
except for wk 8, when no examination or
collections took place. Collections were per-
formed using a ladle and turkey baster to empty
the water from each tire into a pail. Treatment
and control tires had their own dedicated bucket
and sampling equipment. The numbers of larvae
present were approximated, and a representative
sample was collected for identification. The water
was returned, along with any remaining larvae, to
the tire and topped back up to the 3-liter level
with dechlorinated water.

The time to the survival of early instars for
each trial site was calculated from the first
appearance of 3rd instars using the equation:
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Ei~La{Is,

where Ei 5 time (wk) of early instar survival, La

5 wk to appearance of later (3rd) instars, Is 5

approximate period (wk) of development between
each instar stage 5 (number of days [12] from egg
hatching to pupal stage/4 larval stages)/7 day wk.

Bioassay

Eighteen small car tires were used in the
bioassay, 12 of which were treated with bifen-
thrin, and 6 of which were used as untreated
controls. Nine tires (including 3 control and 6
treated) were placed on an asphalt surface in an
open area against a cyclone wire fence on the
grounds of Royal Darwin Hospital (RDH),
where they received full sun all day, and 9 tires
(including 3 control and 6 treated) were placed in
a covered carport in full shade all day. Assays
were begun during wk 3 of the trial and were
conducted weekly up to 9 wk postflooding,
except for wk 8.

Aliquots of 300 ml of tire water from each
treatment were placed into 400-ml glass beakers
using ladles that were dedicated to each treat-
ment. Water samples were left in the shade under
the carport to stabilize at the ambient tempera-
ture for 1 h. The test larvae were reared in an
insectary (at 30uC and 75% relative humidity
[RH]), and were left to acclimatize to field
temperatures for 30 min before being added to
the beakers. Ten 3rd to early 4th instars were
added to each beaker and left in the shade under
the carport. After 24 h, the larvae were removed
using dedicated control and treatment pipettes,
and mortalities were recorded. The 300-ml
aliquots of water were returned to their corre-
sponding tire. All tires were then filled to the 3-
liter level with dechlorinated water. Topping up
of water in unshaded tires, because of evaporative
losses, was conducted twice per wk, at least 1 day
before assays, except for wk 3, when water was
added 4 h before the assays. Shaded tires did not
incur high water losses and were topped up once
between assays, at least 1 day before assays were
conducted, except for wk 3, when it was added
4 h before assays.

Environmental measurements

Both experiments were conducted from No-
vember 2006 to January 2007, which included the
late dry and early wet seasons. The ambient air
temperature (uC) and relative humidity (%) were
recorded for shaded and unshaded locations
between 1300 h and 1600 h on the day of
sampling for both bioassay and field colonization
experiments.

Statistical analysis

Field colonization: Data from field colonization
trials to wk 9 were analyzed for comparison with
the bioassay. Logistic regressions on tires positive
for late instar larvae were used to determine if
bifenthrin applications or sun exposure had an
inhibitory effect on the colonization of larvae. All
statistical analyses were performed using Inter-
cooled Stata 9.0 (Stata Corp., College Station, TX).

Field bioassay: A cross-sectional multivariate
logistic regression was used to determine differ-
ences in mortality between treatment versus
control tires in shaded versus unshaded positions
for each week and over all weeks of the study. A
P-value of #0.05 was considered significant. All
statistical analyses were performed using Inter-
cooled Stata 10.0 (Stata Corp., College Station,
TX).

Aedes notoscriptus mean mortalities (%) were
adjusted for controls using Abbott’s formula
(Abbott 1925) for each treatment and for each
week. These were represented using a logarithmic
trend line, and R2 values were calculated using a
transformed regression model for each treatment
location.

RESULTS

Air Temperature and Humidity

Environmental conditions were relatively sim-
ilar for all field and assay study sites except for
Nakara, which was ,3uC higher in mean ambient
temperature and 5% lower in mean relative
humidity than at other experimental sites (Ta-
ble 1). Shaded sites were ,4uC lower in mean
temperature and 3% higher in mean relative
humidity than unshaded sites. Water tempera-
tures in tires were not measured.

Rainfall

The Bureau of Meteorology recorded Nakara
and RHD as receiving 23 mm of rainfall leading up
to wk 2 of sampling, and 11 mm of rain leading up
to wk 6 of sampling, with only minor rainfall
recorded thereafter. The Ludmilla site recorded a
total of 61 mm of rain leading up to wk 4 and
14 mm leading up to wk 6 of sampling, with an
average rainfall of 37 mm recorded from wk 7 to
wk 11. Rainfall recorded for the Coconut Grove
site was 15 mm in wk 4, with a total of 98 mm
leading up to wk 7 of sampling, and a further
19 mm and 47 mm of rain leading up to wk 9 and
wk 11 of sampling, respectively. The actual
volumes of rain received by tires were not recorded.

Field colonization

Aedes notoscriptus colonized the shaded control
tires at Ludmilla in wk 1 and unshaded tires in wk
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3 at Coconut Grove. Additionally, Culex quin-
quefasciatus colonized the shaded control tires at
Coconut Grove in wk 1 and colonized all 3 sites
in unshaded locations in wk 2 (Table 2). Other
species present in untreated control tires, in order
of appearance, included Lutzia halifaxii (Theo-
bald) (wk 1 shaded; wk 2 unshaded), Tripteroides
punctolateralis (Theobald) (wk 5 unshaded),
Aedes tremulus (Theobald), and Toxorhynchites
speciosus (Skuse) (both in wk 9 shaded). Leaves
present in shaded tires at Coconut Grove and
Ludmilla originated from the tree canopy,
predominantly the rain trees (Samanea saman
(Jacq.) Merr.) and mango trees (Mangifera sp.),
respectively. The shade tires at Nakara were
placed between two closely situated buildings and
did not collect leaves.

Aedes notoscriptus and Cx. quinquefasciatus
were the only species to colonize bifenthrin-
treated tires. When controlling for sun exposure,
bifenthrin treatments significantly inhibited the
presence of Ae. notoscriptus (P , 0.001, 95%
confidence interval [CI] 0.027–0.321), but Cx.
quinquefasciatus larvae were not significantly
inhibited (P 5 0.216) (Table 2).

Colonization of Ae. notoscriptus in bifenthrin-
treated tires occurred earlier in shaded compared

with unshaded locations and had significantly
greater late instar presence over all weeks (P 5
0.002, 95% CI 0.048–0.503). Colonization of Ae.
notoscriptus in treated shade tires commenced in
wk 3 at Coconut Grove and wk 9 at Ludmilla,
while there was no colonization of shaded tires at
the Nakara site during the trial.

For unshaded locations, there were no Ae.
notoscriptus late instars in treated tires at all 3
sites (Table 2). However, early instars did appear
in wk 9 and wk 11 for unshaded treated tires at
Nakara and Coconut Grove, respectively.

There were no significant differences between
Cx. quinquefasciatus colonization of treated tires
situated in shaded or unshaded locations (P 5
0.677); colonization of treated tires occurred in the
2nd wk for both shaded and unshaded locations.

Field bioassay

The mean larval mortality rates (control
adjusted) of Ae. notoscriptus for both shaded
and unshaded bifenthrin-treated tires are present-
ed in Fig. 1. Extrapolations show that aliquots of
treatment water from tires achieved ,100%
larval mortality for only ,2.0–2.2 wk for both
shaded and unshaded tires.

Table 1. Mean ambient air temperature (uC) and mean relative humidity (%) for bioassay and field colonization
experimental sites over 9 wk of the study period.

Experiment

Mean temperature (uC 6 SD) Mean relative humidity (% 6 SD)

Shaded Unshaded Shaded Unshaded

Field bioassay

RDH 31.5 6 2.1 34.8 6 2.3 70.5 6 6.6 68.0 6 5.5

Field colonization

Ludmilla 31.6 6 1.9 35.9 6 2.1 71.4 6 4.1 67.3 6 6.8
Coconut Grove 31.1 6 1.5 35.4 6 3.4 69.0 6 8.1 66.9 6 6.4
Nakara 34.1 6 1.8 37.7 6 1.6 64.1 6 3.8 61.1 6 4.9

Table 2. Field colonization: Number of tires (n 5 3) positive for late instar larvae for 3 sites combined (for each
week and for each treatment).1

Culex quinquefasciatus late instar larvae Aedes notoscriptus late instar larvae

Control BF treated Control BF treated

Week Unshaded Shaded Unshaded Shaded Unshaded Shaded Unshaded Shaded

1 0 L1st C2nd 1 C 0 – 0 – 0 – 1 L 0 – 0 –
2 3 NLC 1 C 1 C 1 C 0 – 1 L 0 – 0 –
3 3 NLC 2 LC 1 NL2nd 1 L2nd C 1 C 1 C 0 – 1 C
4 1 C 1 L 1 LC 1 L 1 N2nd C 2 N2nd LC 0 – 1 C
5 3 NLC 2 LC 3 NLC 2 LC 1 N 3 NLC 0 – 1 C
6 2 NL 2 NL 2 NL 2 LC 2 NC 2 LC 0 – 1 C
7 2 NL 2 LC 2 NL 2 LC 2 NC 3 NLC 0 – 1 C
8 – – – – – – – – – – – – – – – –
9 0 – 2 NL 1 N 1 L 2 NC 2 LC 0 N2nd 2 LC
10 2 NC 2 NL 1 N 2 LC 2 NC 2 NL 0 – 2 LC
11 3 NLC 1 C 1 N 3 NLC 1 N 2 NL 0 C2nd 1 C

1 Site locations: N, Nakara, L, Ludmilla, C, Coconut Grove. Superscript numbers accompanying letters denote the presence of
early instar larvae before tires become positive for late instars. BF, bifenthrin.
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In wk 3, low mean larval mortality rates were
recorded for unshaded (16.7 6 15%) and shaded
treatments (21.1 6 46%) (Table 3). The average
water volumes that were added to tires in
unshaded and shaded locations for wk 3 were
2.5 and 1.75 liters, respectively, when the addition
of water 4 h before assays may have adversely
affected mortalities. Thus, data for wk 3 are
excluded from Fig. 1. In the night before wk 6
assays, unshaded tires were topped up by rain and
showed larger reductions in mean mortality rates
(from 38.3 6 21% to 1.7 6 4%) than shaded tires
(from 65.0 6 32% to 54.1 6 43%) (Table 3),
which were shielded from the rain. One shade-
situated control tire was potentially contaminated
by a bifenthrin-allocated dipper, and thus assays
were discontinued for this tire.

When results were control-adjusted for shaded
and unshaded positioning of tires, and weeks of
the study, analyses showed a highly significant
difference between the mortality rates of late
instars assayed in insecticide-treated water and
control water (P , 0.0001) over all weeks. When
expressed in terms of an odds ratio (OR), the
mortality of late instars was 17.7 times higher in
treated tires compared with controls. Over all
weeks, larval mortalities in water from unshaded
treated tires were significantly lower than for
shaded treatment water (P 5 0.002; OR 5 0.21).
There was a significant decline in larval mortal-
ities in shaded and unshaded treatments over the
weeks of the study combined (P , 0.0001).

DISCUSSION

Since pyrethroids tend to break down in the
presence of ultraviolet light (UV) (Hussain et al.
1990) and at high temperatures (Takahashi et al.

1985, Rakesh and Sing, 2004), it is reasonable to
presume that differences observed between insec-
ticide efficacies applied to unshaded and shaded
locations are due to both more UV radiation and
higher temperatures in the unshaded areas. That
is, a higher mortality rate would be observed for
treated shaded tires compared to unshaded tires.
This, however, may not always be the case,
especially under field conditions, since other
additional factors may be implicated in the
degradation or reduction in toxicity of the
insecticide used for mosquito (adult/larval) con-
trol. Some of these factors include physico-
chemical interactions of the insecticide, other
climatic and environmental conditions, and the
biology of the target organism.

When an adjustment is made for the time to the
appearance of 2nd instars, i.e., 2–3 days
(0.42 wk) sooner than for the appearance of 3rd
instars, 2nd instars probably appeared in the field
colonization trials from ,2.6 wk for treated
shaded tires and from ,8.6 wk for treated
unshaded tires. This shows that bifenthrin appli-
cations inside tires to control Ae. notoscriptus
larvae can last up to and beyond 6 wk, but
applications may not last longer than ,2.6 wk in
shaded situations. Perhaps overhanging vegeta-
tion, vegetation densities, and/or the vegetation
type (David et al. 2002) and leaf size may be
noteworthy factors contributing to the lowered
efficacy of bifenthrin.

In the field colonization trial, the unshaded
bifenthrin-treated tires did not become positive
for Aedes late instars, but 2nd instars were
present in wk 9 and wk 11. Aedes aegypti and
some other receptacle-breeding species, including
Ae. notoscriptus, have been found to exhibit
preferential selection for more shaded and humid

Fig. 1. Trend of mean larval mortality (%) per week for bifenthrin-treated tires (adjusted for Abbott’s formula).
Asterisks (*) indicate a significant difference in mortality rates between tire positioning for the week.
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harborage areas (Tun-Lin et al. 1999, Watson et
al. 2000, Vezzani et al. 2005). This suggests that
there would be lower frequencies of female Aedes
landing in unshaded tires, and, therefore, the
probability that oviposition would occur in those
tires is reduced.

Persistent high ambient temperatures (.30uC)
in the shade may lower bifenthrin’s toxicity to
larvae, as has been reported for a number of
pyrethroids (including permethrin and cyperme-
thrin) tested on Ae. aegypti 3rd instars (Cutkomp
and Subramanyam 1986). The toxicity (LC50) to
those pyrethroids was shown to be 3 times less at
30uC than at 20uC (Cutkomp and Subramanyam
1986). This was attributed to increased sensitiv-
ities of the sodium channel target at lower
temperatures (Narahashi et al. 1998). Therefore,
bifenthrin would possibly be longer-lasting
against larvae under more temperate conditions.

Although largely undocumented, Ae. notoscrip-
tus larval feeding habits can be inferred through
observation to be similar to those of Ae. aegypti.
These include benthic foraging, grazing, and filter
feeding (Tun-Lin et al. 1999, David et al. 2002,
Wise de Valdez 2002). Thus, significant amounts
of leaf-litter accumulations may contribute to the
effective shielding of Aedes larvae from grazing
on treated tire surfaces. As well as acting as a
physical barrier, the presence of decomposing
leaf-litter can also be an important influence on
larval feeding behavior, such as limiting larval
browsing time on treated tire surfaces through
preferential grazing on other available grazing
surfaces (Rashed and Mulla 1989, David et al.
2002). This may possibly explain why coloniza-
tion of shaded tires with a lot of leaf-litter
occurred in wk 3 at the Coconut Grove site but
was delayed to wk 9 at the Ludmilla site and later
(post-wk 11) at the Nakara site, where both had

less or no leaf-litter accumulation, respectively.
Presumably, lower leaf-litter presence would
result in more extensive foraging on and contact
with treated surfaces for early instars.

There was no preference for Cx. quinquefascia-
tus colonizing either shaded or unshaded tires.
This was as expected, since the dispersal of adult
Cx. quinquefasciatus is reported to be less affected
by environmental influences (Lee et al. 1989). In
addition, Cx. quinquefasciatus oviposits on the
water surface, which reduces the likelihood of
landing on treated tire surfaces. The fact that late
instars of Cx. quinquefasciatus were found in
treated tires in the 2nd wk of these trials indicates
that oviposition probably occurred in the 1st wk
of the tires being flooded, suggesting that the
bifenthrin treatments had little effect on ovipos-
iting Cx. quinquefasciatus and little effect on their
larvae. The reduced effects on adults and larvae
are also possibly due to a lower susceptibility to
the pyrethroid compared with many other species
(Kawada et al. 2005).

Rainfall data indicated that possible flushing
by rain might have influenced the efficacy of
bifenthrin, but only after wk 4 of the study, when
rainfall was frequent. Colonization of larvae in
the Coconut Grove shaded tire had already
occurred before the influence of rainfall.

Larval grazing on bifenthrin-treated surfaces
was not possible in the bioassay, so any effect must
have been due to bifenthrin in solution or on
suspended solids in the water after extraction for
assay. The transient nature of bifenthrin in the
aquatic phase, reported to be 21% of initial
application rates after 1 wk (Drenner et al. 1992)
is possibly why bifenthrin efficacies began to
decline after ,2.0–2.2 wk. As bifenthrin strongly
adsorbs onto substrates and suspended solids,
filter- and benthic-feeding organisms would be

Table 3. Mean Aedes notoscriptus late instar larval mortality for shaded and unshaded, control and treated tires,
and the resultant mean (control adjusted) mortalities per week (%).

Mean larval mortality

Week

Control Bifenthrin treated Control adjusted (% 6 SD)

Unshaded Shaded Unshaded Shaded

Unshaded1 Shaded1n 5 32 n 5 2 n 5 6 n 5 6

1 – – – –3 –
2 – – – – –
3 0.00 3.00 1.67 4.50 16.7 6 15 21.1 6 46
4 1.00 2.00 6.50 6.00 61.1 6 39 50.0 6 36
5 0.00 0.00 3.83 6.50 38.3 6 21 65.0 6 32
6 0.00 0.00 0.17 5.41 1.7 6 044 54.1 6 43
7 0.00 0.00 1.23 7.33 12.3 6 13 73.3 6 34
8 – – – – – –
9 0.33 1.50 0.00 1.83 0.0 3.9 6 19

1 Mean mortalities adjusted for controls using Abbott’s formula.
2 n, number of replicates.
3 Rainfall 5 23 mm.
4 Rainfall 5 11 mm.
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largely affected (Demonte 1989, Hill 1989, Dren-
ner et al. 1992, Gan et al. 2005, Wheelock et al.
2005). Wheelock et al. (2005) found that regardless
of receptacle surface type, lambda-cyhalothrin
(another synthetic pyrethroid) was quickly re-
moved from solution onto receptacle surfaces, and
that larger-volume containers exhibited less pyre-
throid removal, possibly due to a lower surface-
area to water-volume ratio. In all receptacles tested
in that study, 50% to 75% of the pyrethroid added
was adsorbed onto their surfaces over a 48 h
period (glass , plastic , TeflonH).

The differences in the efficacy of bifenthrin
applications between shaded and unshaded tires
are likely related to differences in either or both
temperature and UV exposure. In addition to the
direct breakdown of bifenthrin by temperature
effects, temperature may also result in indirect
effects, such as increased evaporation. In the
bioassay, there was a 3.3uC difference in mean air
temperature between shaded and unshaded situ-
ations. Sun exposure and radiant heat from the
dark asphalt surface to unshaded tires at the
RDH would have resulted in even higher water
temperatures than those of shaded tires. Greater
evaporative rates and receding water levels in the
unshaded tires could have lead to a greater
reduction in bifenthrin-bound suspended solids
by precipitation and adherence (Hill 1989,
Manahan 1991) to tire walls. The amount of
water contact with treated tire surfaces would be
consistently less in unshaded compared with
shaded tires, thus contributing to the lower
availability of bifenthrin to larvae. It is possible
that temperature could be a more important
factor in the reduction of bifenthrins efficacy,
since UV exposure to the inner surface of tires
and to the water held by tires may be partly
shielded by the tire itself.

Since assays used extracted tire water from
shaded and unshaded locations, and samples
were left to stand under the same temperature,
differences in toxicity of bifenthrin due to
differences in the physiology (sodium current
flows or metabolic rates) of larvae may be
discounted. Furthermore, the use of 3rd to 4th
instars in the assay would likely translate to an
underestimation in the efficacy of bifenthrin
toward early instars.

In summary, the residual application of bifen-
thrin to receptacles is a useful tool in an exotic
mosquito reduction/eradication campaign, as it
may last up to at least 6 wk for control of
harboring or ovipositing females. However, under
conditions optimal for Aedes breeding, such as
shaded locations, high ambient temperatures,
high relative humidity, and high amounts of leaf/
organic matter accumulations, it appears that
bifenthrin may not be effective as a larval control
measure in tires for the requisite 4–6 wk needed to
coincide with receptacle retreatment cycles. The

period of larval control by bifenthrin in treatment
water may be reduced even further by flushing
with new water (Hill 1989), e.g., rainfall, which
will occur in the wet season when Aedes receptacle
breeding conditions are at a peak.

The results of this study have implications
for exotic Aedes control and eradication cam-
paigns in tropical regions, including northern
Australia, such as those previously conducted
on Groote Eylandt, and those presently being
conducted on the Torres Strait Islands, as well
as future endemic and exotic Aedes sanita-
tion programs around international air and
seaports.

The ability of bifenthrin to presumably kill
landing Aedes does not always prevent successful
oviposition (also noted by Williams et al. 2007).
Under field situations, receptacles that hold or
have previously held water are likely to be lined
with dormant Aedes eggs before insecticide
application. Therefore, the insecticides being
applied to receptacles to kill adults should ideally
act on the subsequently hatched larvae for the
same duration. As bifenthrin does not act as a
larvicide for more than 2.0–2.6 wk, it has a
disadvantage as a residual treatment for recepta-
cles to eliminate exotic Aedes in eradication,
incursion, and preemptive preventative programs,
although it may be useful where the reduction of
the adult vector population is necessary to reduce
the incidence of disease.
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