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ABSTRACT Aedes albopictus (Skuse) and Aedes atropalpus (Coquillett) (Diptera: Culicidae) are
container-dwelling mosquito species that are well established in the eastern United States. Interspe-
ciÞc larval competition studies have shown Ae. albopictus to be a superior competitor over many
species. A laboratory experiment was conducted in artiÞcial containers to evaluate the effects of
malathion on larval interactions between Ae. albopictus and Ae. atropalpus. The survivorship of Ae.
albopictus increased with increasing Ae. atropalpus densities in control but decreased with increasing
Ae. atropalpusdensities in the presence of malathion. Alternatively,Ae. atropalpus survivorship did not
differ between control and malathion treatments. Developmental times were not affected by inter-
speciÞc competition in both treatments for either species. These results show that malathion could
facilitate coexistence between Ae. albopictus and Ae. atropalpus. This demonstrates how sublethal
concentrations of malathion (and perhaps other pesticides with similar modes of action) can enable
an inferior competitor to coexist in the same habitat with a superior competitor. This is the Þrst report
of synergistic survival of a weaker mosquito competitor in the presence of a pesticide due to
condition-speciÞc competition.
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Competition is important in structuring communities
(Paine 1974). Asymmetry is common in interspeciÞc
competition wherein one species is a superior com-
petitor that most often displaces the inferior compet-
itor. In some instances, interspeciÞc competition may
be affected by environmental factors that may reduce
asymmetry, or reverse competitive advantages that
may lead to coexistence (Costanzo et al. 2005) and
hence are referred to as condition-speciÞc competi-
tion. Investigations on condition-speciÞc competition
have focused on biotic factors such as predatory cues
(Kesavaraju et al. 2008) and abiotic factors such as
temperature, pH, salinity, and desiccation (Taniguchi
and Nakano 2000, Costanzo et al. 2005). Relatively
little is known about how abiotic factors such as pes-
ticides may effect interspeciÞc competition but stud-
ies on amphibians have shown that small doses of
pesticides could have a signiÞcant impact on mortality
and competitive interactions (Relyea 2004).

ArtiÞcial containers such as garbage cans, toys, tires,
cemetery vases, and natural containers such as tree
holes collect rainwater and detritus. A specialized

group of insects including a few species of mosquitoes,
such as Aedes albopictus (Skuse), the Asian tiger mos-
quito, colonize and proliferate in these container hab-
itats. Ae. albopictus is native to Asia but was detected
in the southern United States during the mid-1980s
(Hawley et al. 1987) and has since spread to many
other states, including the Northeast (Moore 1999,
Farajollahi and Nelder 2009). Larvae of Ae. albopictus
are competitively superior to many mosquitoes and
have caused local extinctions of some species
(OÕMeara et al. 1995, Juliano and Lounibos 2005). Ae.
albopictus is a medically important pest because of its
capacity to vector arboviral diseases that include chi-
kungunya, eastern equine encephalitis, West Nile vi-
rus, and La Crosse encephalitis (Mitchell et al. 1992;
Ibañez-Bernal et al. 1997; Gerhardt et al. 2001; Turell
et al. 2001, 2005). The indigenous mosquito Aedes
atropalpus (Coquillett) usually colonizes rock pools
but reports indicate that they also have adapted to
colonize container habitats such as tires, enabling
them to expand their range and invade new areas
(Lounibos 2002). Ae. albopictus and Ae. atropalpus
co-occur in container habitats across New Jersey, but
there have been no reports on competition between
these species. Although Ae. atropalpus is not recog-
nized as an important vector for major diseases, lab-
oratory experiments have shown Ae. atropalpus to be
a potential vector for La Crosse virus (Freier and Beier
1984).
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Pesticides are widely used across the world for con-
trolling both agricultural pests and disease-causing
vectors such as mosquitoes. Lethality of a pesticide is
usually measured in amounts needed to kill 50% of the
individuals (LD50 values). Typically, if the LD50 val-
ues are higher, the amount of pesticide needed to kill
50% of individuals will be higher. But most of the
experiments that estimate LD50 values consider the
direct impact of the pesticides. Recent work has
shown that pesticide doses that are much lower than
the LD50 values can cause signiÞcant mortality if they
are combined with an ecological stress such as pre-
dation pressure or competition (Relyea 2004, 2005).
Alternatively, pesticides also can affect interspeciÞc
interactions where one species is more tolerant to a
pesticide than theother(RelyeaandHoverman2006).
Although there are no direct comparisons in suscep-
tibility to malathion between Ae. albopictus and Ae.
atropalpus, a study comparing LD50 values for three
Aedes species has shown Ae. atropalpus to be most
tolerant to malathion (Cilek et al. 1995).

Malathion is a broad-spectrum organophosphate in-
secticide that is commonly used as an adulticide for
mosquitoes and other agricultural pests. Application
rates of malathion for mosquito control range from 0.2
to 4.3 kg/ha (Relyea 2004). Malathion is mostly ap-
plied as an adulticide in terrestrial areas but is present
at 0.001Ð0.6 mg/liter in aquatic environments (CDFG
1982, USDA 1997). Although malathion is not directly
applied to water bodies, other organophosphates such
as temephos are directly applied to water as a larvi-
cide. Low concentrations of malathion, once thought
to be nonlethal in aquatic ecosystems, have been
shown to cause high mortality among amphibians
when combined with natural stressors (Relyea 2004).
Malathion sprayed from ultralow volume sprayers in
residential areas may collect in container habitats such
as garbage cans, toys, tires, and ßower vases in low
doses (Tietze et al. 1996). The objective of our re-
search was to test whether malathion alters competi-
tion between Ae. albopictus and Ae. atropalpus.

Materials and Methods

Two treatments, malathion or no malathion (con-
trol), were established with 14 different density com-
binations of Ae. albopictus:Ae. atropalpus: 0:20, 0:40,
0:60, 20:0, 40:0, 60:0, 20:20, 30:30, 15:45, 45:15, 10:30,
30:10, 10:0, and 0:10. Each treatment and density com-
bination was replicated three times, making 84 repli-
cated units in total (2 by 14 by 3).Ae. albopictus larvae
used in the experiment were from an F2 laboratory
colony whose base population was collected as larvae
from cemeteries and tire sites in Mercer County, NJ.
Ae. atropalpus used in this experiment were from a
laboratory colony maintained at the Center for Vector
Biology, Rutgers University, since 1995. Eggs of Ae.
albopictus andAe. atropalpuswere hatched by immer-
sion in 1,000 ml of distilled water (DI) and 0.15 g of
lactalbumin and brewers yeast (1:1).

The experiment was conducted in 400-ml contain-
ers with lids, and each container received 350 ml of DI,

1 ml of microbial inoculum, and 1.0 g of oak (Quercus
spp.) leaf detritus 3 d before Þrst-instar larvae were
added to allow sufÞcient microbial productivity in the
containers (Murrell and Juliano 2008). Containers
were supplemented with the same amount of oak leaf
detritus on days 11, 22, and 32 to maintain larval food
supply. The containers were randomized and placed
in an incubator and held at 25�C and a photoperiod of
16:8 (L:D) h. The malathion solution was prepared by
mixing 2 �l of ortho-malathion plus (The Scotts Com-
pany, Marysville, OH) with 1 liter of DI water. Three
days after Þrst-instar larvae were added, 20 ml of
malathion solution (0.11 ppm) was added to treatment
beakers, and 20 ml of DI water was added to control
beakers (Kesavaraju et al. 2010). Preliminary studies
showed that younger instars were more susceptible to
malathion than older instars; hence, malathion was
added 3 d after Þrst-instar larvae were added to the
cups. Pupae were removed daily and placed in 1.5-ml
microcentrifuge tubes for eclosion. Adults were iden-
tiÞed to sex and species, and their date to eclosion was
recorded. We ended the experiment on day 73, when
we collected and identiÞed the remaining larvae. Pu-
pae collected on day 73 were allowed to eclose and
included in the adult data set.

Proportion surviving and developmental time (days
to pupation) for males and females for each species
were analyzed following Murrell and Juliano (2008)
by using PROC GLM (SAS 9.1, SAS Institute, Cary,
NC). Proportion surviving was arcsine square-root
transformed to satisfy assumptions of normality and
homogeneity of variances. A signiÞcant interaction
between treatment (control and malathion) and den-
sities (Ae. albopictus and Ae. atropalpus) would indi-
cate that the treatments affected inter or intraspeciÞc
competition.

Results

Survivorship.Ae. albopictus.There was a signiÞcant
interaction between Ae. atropalpus density and treat-
ment (control and malathion) for the proportion sur-
viving, indicating that treatment affected interspeciÞc
competition (Table 1.). However, the interaction be-
tween Ae. albopictus density and treatment was mar-
ginally signiÞcant indicating that treatment also might
have affected intraspeciÞc competition (Table 1). Ae.
albopictus proportion surviving increased with in-
crease in Ae. atropalpus density in the control but it
decreased with increase in Ae. atropalpus density in
the presence of malathion (Fig. 1A). Proportion sur-
viving decreased with increase in Ae. albopictus den-
sity both in control and malathion treatments (Fig.
1B).
Ae. atropalpus. There was a signiÞcant interaction

between treatment and Ae. atropalpus density but no
interaction between treatment andAe. albopictusden-
sity indicating that the intraspeciÞc competition was
affected by treatment but not interspeciÞc competi-
tion. Ae. atropalpus proportion surviving decreased
with increase inAe. atropalpus density both in control
and malathion (Fig. 2).
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Developmental Time. Ae. albopictus. There was a
signiÞcant interaction between treatment and Ae. al-
bopictus density for both sexes indicating that treatment
affected intraspeciÞc competition (Table 1). Develop-
mental time for both males and females increased with

an increase inAe. albopictus density in both control and
malathion (Fig. 3A and B). There was no signiÞcant
interaction between treatment and Ae. atropalpus den-
sity but both female and male developmental times were
affected byAe. atropalpus density. Female developmen-

Table 1. Linear model results for Ae. albopictus and Ae. atropalpus from the interspecific competition experiment in the presence
and absence of malathion

Variable
Survival

Developmental time

Female Male

df F P df F P df F P

Ae. albopictus

Treatment 1 9.86 0.0027 1 0.53 0.4691 1 0.01 0.9423

Ae. albopictus density 1 25.09 <0.0001 1 46.12 <0.0001 1 42.46 <0.0001
Ae. atropalpus density 1 2.23 0.1415 1 9.88 0.0030 1 3.98 0.0518
Treatment � Ae. albopictus density 1 3.16 0.0809 1 8.85 0.0047 1 12.81 0.0008
Treatment � Ae. atropalpus density 1 4.77 0.0333 1 1.40 0.2427 1 0.60 0.4406
Error 59 50 53
Ae. atropalpus

Treatment 1 13.07 0.0007 1 0.49 0.4876 1 0.07 0.7875
Ae. albopictus density 1 87.78 <0.0001 1 4.40 0.0448 1 2.85 0.0998
Ae. atropalpus density 1 51.75 <0.0001 1 18.49 0.0002 1 10.64 0.0024
Treatment � Ae. albopictus density 1 0.01 0.9265 1 0.02 0.8956 1 0.00 0.9769
Treatment � Ae. atropalpus density 1 8.29 0.0057 1 1.53 0.2255 1 0.71 0.4033

Error 59 34 42

Numbers in bold are signiÞcant.

Fig. 1. Mean survivorship (back-transformed means �
SE) ofAe.albopictus in interspeciÞc (Ae.atropalpus) (A) and
intraspeciÞc (Ae. albopictus) (B) competition in the pres-
ence and absence of malathion.

Fig. 2. Mean survivorship (back-transformed means �
SE) ofAe.atropalpus in interspeciÞc (Ae.albopictus) (A) and
intraspeciÞc (Ae. atropalpus) (B) competition in the pres-
ence and absence of malathion.
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tal times increased and male developmental times de-
creased with increase in Ae. atropalpus density (Fig. 4).
Ae. atropalpus. Developmental time for both fe-

males and males showed no signiÞcant interaction
between species density combinations (intra and in-
terspeciÞc competition) and treatment (Table 1). De-

velopmental times for Ae. atropalpus females and
maleswereaffectedbyAe. atropalpusdensity, butonly
females were affected by Ae. albopictus density. Both
female and male developmental times increased with
increase in Ae. atropalpus and Ae. albopictus density
(Fig. 5).

Discussion

Our results demonstrate that interspeciÞc compe-
tition between larvae of Ae. albopictus and Ae. atro-
palpus in the presence of malathion is strong and
asymmetrical, with Ae. albopictus survivorship clearly
at a disadvantage when competition from Ae. atropal-
pus and malathion are combined. In the absence of
malathion, Ae. albopictus survivorship was positively
affected by increasing densities of Ae. atropalpus but
negatively affected with increasing densities of con-
speciÞcs indicating that in the absence of malathion,
Ae. albopictus is more affected by intraspeciÞc com-
petition than interspeciÞc competition. In control,Ae.
albopictusdevelopmental timesweremoreaffectedby
intraspeciÞc than interspeciÞc competition and they
took longer times to pupate in the presence of con-
speciÞcs, indicating that they are superior competitors
in the absence of malathion (Figs. 3A and B and 4). In
the presence of malathion, the trend was reversed and

Fig. 3. Mean � SE developmental time (DT) for Ae.
albopictus females (A) and males (B) in intraspeciÞc (Ae.
albopictus) competition in the presence and absence of mal-
athion.

Fig. 4. Mean � SE developmental time (DT) for Ae.
albopictus females and males in interspeciÞc (Ae. atropalpus)
competition.

Fig. 5. Mean � SE developmental time (DT) for Ae.
atropalpus females and males in interspeciÞc (Ae. albopictus)
(A) and intraspeciÞc (Ae. albopictus) (B) competition.
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Ae. albopictus survivorship was negatively affected
with increasing densities of Ae. atropalpus indicating
that interspeciÞc competition is affected by mala-
thion. Interestingly, Ae. atropalpus survivorship when
competing with Ae. albopictus was similar between
control and malathion, indicating that survival was not
different between the two treatments (Fig. 2A). So it
can be concluded that malathion could facilitate co-
existence between the two species, in the absence of
whichAe. albopictusmight outcompeteAe. atropalpus.
Ae. atropalpus larvae usually colonize riverine rock
pools and this could have contributed to their pesti-
cide resistance due to decades of exposure to agricul-
tural run-offs that may be contaminated with pesti-
cides (e.g., Richards and Baker 1993).

Condition speciÞc competition is not uncommon in
container mosquito systems. Ae. albopictus is a supe-
rior competitor to Aedes triseriatus (Say) under lab-
oratory conditions, but in the Þeld Ae. triseriatus con-
tinued to coexist with Ae. albopictus in tree hole
habitats (Teng and Apperson 2000, Lounibos et al.
2001). Corethrella appendiculata (Grabham) is a
midge predator that preys on Ae. triseriatus and Ae.
albopictus. Ae. triseriatus shows antipredatory behav-
ioral responses more so than Ae. albopictus in the
presence of predation risk cues from C. appendiculata
(Kesavaraju et al. 2007). Kesavaraju et al. (2008)
showed that abundances of C. appendiculata were
positively correlated with Ae. triseriatus and nega-
tively correlated with Ae. albopictus. Incidentally, C.
appendiculata and Ae. triseriatus abundances were
higher in tree hole habitats compared with artiÞcial
container habitats, whereasAe. albopictus abundances
were higher in artiÞcial container habitats compared
with tree hole habitats. So, C. appendiculata serves as
a keystone species facilitating coexistence between
Ae. albopictus and Ae. triseriatus in the absence of
which Ae. albopictus could outcompete and displace
Ae. triseriatus in tree holes. Similarly Murrell and Ju-
liano (2008) showed that grass as a detritus falling into
containers could facilitate coexistence between Ae.
albopictus and Aedes aegypti (L.), whereas other de-
tritus types such as oak leaves could result in the
competitive exclusion of Ae. aegypti. Biotic factors
play an important role in most of these examples, but
our results are the Þrst to show that condition speciÞc
competition also could be inßuenced by pesticides in
mosquitoes.
Ae. atropalpus in our experiments were from a lab-

oratory colony, and so it is possible that laboratory
selection increased their susceptibility to malathion.
Collecting eggs from the wild for experiments may not
be feasible because Þrst-instar larvae especially in the
container habitats are not easily identiÞable. Aedes
japonicus (Theobald), another invasive mosquito, is
difÞcult to colonize in the laboratory, but Kesavaraju
et al. (2010) conducted a similar interspeciÞc compe-
tition experiment between Ae. albopictus and a labo-
ratory colony of Ae. japonicus. Availability of Þeld-
collected individuals would be ideal for our studies,
but in their absence using a laboratory colony still
provides vital data. Moreover, studies on Ae. aegypti,

a container mosquito species, have shown that labo-
ratory selection may not affect their sensitivity to
pesticides (Chaiyasit et al. 2006). Similarly, a compar-
ison between an Ae. albopictus strain used in this
experiment and a laboratory colony (�70 genera-
tions) has shown that their sensitivities to malathion
do not differ (B.K., unpublished data).
Ae. japonicus, another invasive mosquito from Asia,

has been stated to prefer similar rock pool habitats as
Ae. atropalpus (Armistead et al. 2008). Armistead et al.
(2008) showed that Ae. japonicus is a superior com-
petitor to Ae. atropalpus, thus it is possible that Ae.
japonicuswill displaceAe. atropalpus in their rock pool
habitats. But Ae. japonicus is more susceptible to mal-
athion compared with Ae. albopictus, and in an inter-
speciÞc competition experiment between the two spe-
cies, none of the Ae. japonicus survived the malathion
treatment at 0.11 ppm (Kesavaraju et al. 2010). Al-
though a three-species competition study in the pres-
ence of malathion would provide more data, we pre-
dict that the presence of malathion would beneÞt Ae.
atropalpus and prevent complete displacement by the
two invasive species, Ae. albopictus and Ae. japonicus.
Studies on amphibian communities have shown that a
combination of pesticides may have higher lethality
than just a single pesticide in the environment (Relyea
2009). Our study investigated the impacts of a single
pesticide (malathion), but aquatic environments may
get contaminated with multiple pesticides due to
widespread application and availability of different
pesticides. Future studies should focus on how mul-
tiple pesticides in low concentrations could impact
mosquito communities.
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Ibañez-Bernal, S., B. Briseño, J. P. Mutebi, E. Argot, G.
Rodriguez, C. Martinez-Campos, R. Paz, P. de la Fuente-
San Roman, R. Tapia-Conyer, and A. Flisser. 1997. First
record in America of Aedes albopictus naturally infected
with dengue virus during the 1995 outbreak at Reynosa,
Mexico. Med. Vet. Entomol. 11: 305Ð309.

Juliano, S. A., and L. P. Lounibos. 2005. Ecology of invasive
mosquitoes: effects on resident species and on human
health. Ecol. Lett. 8: 558Ð574.

Kesavaraju, B., B. W. Alto, L. P. Lounibos, and S. A. Juliano.
2007. Behavioural responses of larval container mosqui-
toes to a size-selective predator. Ecol. Entomol. 32: 262Ð
272.

Kesavaraju, B., K.Damal, and S. A. Juliano. 2008. Do natural
container habitats impede invader dominance? Predator-
mediated coexistence of invasive and native container-
dwelling mosquitoes. Oecologia 155: 631Ð639.

Kesavaraju, B., B. W. Alto, A. Afify, and R. Gaugler. 2010.
Malathion inßuences competition betweenAe. albopictus
and Ae. japonicus. J. Med. Entomol. 47: 1011Ð1018.

Lounibos, L. P., G. F. O’Meara, R. L. Escher, N. Nishimura,
M. Cutwa, T. Nelson, R. E. Campos, and S. A. Juliano.
2001. Testing predictions of displacement of nativeAedes
by the invasive Asian tiger mosquito Aedes albopictus in
Florida, USA. Biol. Inv. 3: 151Ð166.

Lounibos, L. P. 2002. Invasions by insect vectors of human
disease. Annu. Rev. Entomol. 47: 233Ð266.

Mitchell, C. J., M. L. Niebylski, N. Karabatso, D. Martin, J. P.
Mutebi, G. B. Craig, andM. J. Mahler. 1992. Isolation of
eastern equine encephalitis fromAedes albopictus in Flor-
ida. Science 257: 526Ð527.

Moore, C. G. 1999. Aedes albopictus in the United States:
current status and prospects for further spread. J. Am.
Mosq. Control Assoc. 15: 221Ð227.

Murrell, E. G., and S. A. Juliano. 2008. Detritus type alters
the outcome of interspeciÞc competition between Aedes

aegypti andAedes albopictus (Diptera: Culicidae). J. Med.
Entomol. 45: 375Ð383.

O’Meara, G. F., L. F. Evans, A. D. Getman, and J. P. Cuda.
1995. Spread of Aedes albopictus and decline of Aedes
aegypti (Diptera, Culicidae) in Florida. J. Med. Entomol.
32: 554Ð562.

Paine, R. T. 1974. Intertidal community structure: experi-
mental studies on the relationship between a dominant
competitor and its principal predator. Oecologia 15: 93Ð
120.

Relyea, R. A. 2004. Synergistic impacts of malathion and
predatory stress on six species of North America tadpoles.
Environ. Toxicol. Chem. 23: 1080Ð1084.

Relyea, R. A. 2005. The lethal impacts of roundup and pred-
atory stress on six species of North American tadpoles.
Arch. Environ. Contam. Toxicol. 48: 351Ð357.

Relyea, R. A. 2009. A cocktail of contaminants: how mix-
tures of pesticides at low concentrations affect aquatic
communities. Oecologia 159: 363Ð376.

Relyea, R. A., and J. Hoverman. 2006. Assessing the ecology
in ecotoxicology: a review and synthesis in freshwater
systems. Ecol. Lett. 9: 1157Ð1171.

Richards, P. R., and D. B. Baker. 1993. Pesticide concentra-
tion patterns in agricultural drainage networks in the
Lake Erie Basin. Environ. Toxicol. Chem. 12: 13Ð26.

Taniguchi, Y., and S. Nakano. 2000. Condition-dependent
competition: implications for the distributions of stream
Þshes. Ecology 81: 2027Ð2039.

Teng, H. J., and C. S. Apperson. 2000. Development and
survival of immature Aedes albopictus and Aedes triseria-
tus (Diptera: Culicidae) in the laboratory: effects of den-
sity, food, and competition on response to temperature.
J. Med. Entomol. 37: 40Ð52.

Tietze, N. S., P. G. Hester, K. R. Shaffer, and F. T.Wakefield.
1996. Peridomestic deposition of ultra-low volume mal-
athion applied as a mosquito adulticide. Bull. Environ.
Contam. Toxicol. 56: 210Ð218.

Turell, M. J., M. L. O’Guinn, D. J. Dohm, and J. W. Jones.
2001. Vector competence of North America mosquitoes
(Diptera:Culicidae) forWestNilevirus. J.Med.Entomol.
38: 130Ð134.

Turell,M. J.,D. J.Dohm,M.R. Sardelis,M.L.O’Guinn,T.G.
Andreadis, and J. A. Blow. 2005. An update on the po-
tential of North American mosquitoes (Diptera: Culici-
dae) to transmit West Nile virus. J. Med. Entomol. 42:
57Ð62.

[USDA] U.S. Department of Agriculture. 1997. Environ-
mental Monitoring Report. Cooperative Medßy Project
Florida. Spray Operations Hillsborough Area. Washing-
ton, DC.

Received 12 April 2010; accepted 20 December 2010.

484 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 48, no. 2


