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ABSTRACT Discarded vehicle tires are a common habitat for container mosquito larvae, although
the environmental factors that may control their presence or abundance within a tire are largely
unknown. We sampled discarded vehicle tires in six sites located within four counties of central Illinois
during the spring and summer of 2006 to determine associations between a suite of environmental
factors and community composition of container mosquitoes. Our goal was to Þnd patterns of
association between environmental factors and abundances of early and late instars. We hypothesized
that environmental factors correlated with early instars would be indicative of oviposition cues,
whereas environmental factors correlated with late instars would be those important for larval survival.
We collected 13 species of mosquitoes, with six species (Culex restuans, Cx. pipiens, Aedes albopictus,
Cx. salinarius,Ae. atropalpus, andAe. triseriatus) accounting for �95% of all larvae. There were similar
associations between congenerics and environmental factors, withAedes associated with detritus type
(Þne detritus, leaves, seeds) and Culex associated with factors related to the surrounding habitat
(human population density, canopy cover, tire size) or microorganisms (bacteria, protozoans).
Although there was some consistency in factors that were important for early and late instar abun-
dance, there were few signiÞcant associations between early and late instars for individual species.
Lack of correspondence between factors that explain variation in early versus late instars, most notable
for Culex, suggests a difference between environmental determinants of oviposition and survival
within tires. Environmental factors associated with discarded tires are important for accurate pre-
dictions of mosquito occurrence at the generic level.

KEY WORDS Aedes, bacteria, Culex, detritus, microorganisms

Discarded vehicle tires are an important artiÞcial hab-
itat for the larvae of numerous species of disease-
carrying container mosquitoes (reviewed in Yee
2008). Tires are important, in part, because of their
abundance and proximity to human habitation, and
because they are potentially more durable than nat-
ural containers (e.g., tree holes). Moreover, tires are
an important means of transportation for native
(Berry and Craig 1984) and invasive species (Hawley
et al. 1987, Peyton et al. 1999). Although the impor-
tance of tires as a habitat for container mosquitoes is
well documented, there is surprisingly little informa-
tion about how environments in and around tires re-
late to mosquito populations and communities. Un-
derstanding the environmental factors that affect
oviposition and larval survival in tires may be of prac-

tical importance for understanding risk of disease
transmission in different kinds of habitats, and may aid
in planning more effective vector control strategies.

The presence of mosquito larvae in a container is
the result of two processes: female oviposition choice
and larval survival. Female mosquitoes use a variety of
sensory cues to locate potential oviposition sites, in-
cluding olfactory (e.g., volatiles from the aquatic hab-
itat), tactile (e.g., container surfaces), and visual (e.g.,
color) cues (Bentley and Day 1989, Clements 1999).
Female responses to these cues are likely to be se-
lected to maximize reproductive success through ovi-
positing in high quality larval habitats; however, given
the natural variation among habitats, most sites are
likely suboptimal for attaining the highest potential
Þtness. Thus, we may expect to Þnd larvae in locations
that are far from ideal to maximize female Þtness.
Culex spp. lay eggs on the waterÕs surface, and these
hatch soon after oviposition; in contrastAedes spp. lay
eggs above the water line, and these may hatch when
ßooded, but hatching may be delayed, so that hatching
stimuli also inßuence abundances of larvae (Clements
2000). After hatching, survival of larvae depends on
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availability of food resources (detritus, microorgan-
isms), severity of intra- and interspeciÞc interactions
(competition, predation), and tolerances to physical
factors (e.g., pH, temperature, salinity, drying). Thus,
the actual number of offspring produced from a given
female is likely a function of a femaleÕs ability to Þnd
oviposition sites and the quality of those locations.
How these two forces shape the abundance and prev-
alence of mosquito larvae in tires is essentially unex-
plored.

There have been several studies that have focused
on how environmental factors affect tire-inhabiting
mosquitoes (see Yee 2008). One of the most thorough
studies was completed by Beier et al. (1983b), who
examined how a variety of water chemistry and habitat
variables affected mosquitoes in a large tire yard in
Indiana. Shading by overhanging vegetation was an
important factor affecting mosquito communities, and
several measured factors (e.g., turbidity, color) ap-
peared to affect the abundance of some species, but
few habitat and water chemistry variables were cor-
related with mosquito abundances (Beier et al.
1983b). These nonsigniÞcant results may be attributed
to the small number of tires sampled per time period
(Þve shaded and Þve exposed tires) and the limited
geographic range of the study (a single tire site). In
fact, most studies that have investigated associations
between mosquitoes and the tire environment have
been limited to a single county (Beier et al. 1983a,b,
Costanzo et al. 2005, Kling et al. 2007); there have been
no investigations of the relationship between many
environmental parameters (e.g., tire size, microorgan-
ism abundances, detritus) and mosquito community
composition across a wide geographic area, where
signiÞcant variation in species composition and such
environmental factors is expected to occur.

We surveyed tires across four counties in Illinois to
understand associations between tire environments
and species and stages of mosquitoes. These counties
were assumed to include a wide range of environmen-
tal factors, including human population density. Be-
sides environmental factors, we recorded numbers of
early and late instar larvae. With these data, we tested
the hypotheses that distinct environmental factors are
important for different stages and different species of
mosquitoes. We assumed that because early instars
(Þrst and second) only were 1Ð2 d old their presence
in a tire was most closely related to oviposition re-
sponses of females to speciÞc environmental factors,
and less likely the result of factors related to survival.
Conversely, remaining instars (third, fourth, pupae)
were expected to have been in the aquatic tire envi-
ronment for many days, and thus we assumed that
their presence would be most closely related to spe-
ciÞc environmental factors affecting larval growth and
survival within the tire environment. Under these as-
sumptions, we predicted that if early and late instars
of the same species displayed consistent associations
with the same environmental factors, then we could
conclude that factors favoring oviposition and survival
were positively associated. However, if early and late
instars each were associated with different environ-

mental factors, then we could conclude that some
factors had important associations with one stage, but
not on the other. For example, we might assume that
factors related to the terrestrial matrix (e.g., human
population density) could affect female oviposition
(early instars), but be largely unimportant to larval
survival (late instars), which might depend on food
supply, competition, and predators. Alternatively,
some factors may be important for both eliciting ovi-
position responses and for larval success (e.g., detritus,
as an indicator of food availability). Support for our
hypotheses would come in the form of similarities in
the associations between environment factors and dif-
ferent instars and different species. We acknowledge
that a lag may occur between oviposition and the
values of an environmental factor(s) a female may
have responded to, such that a particular environmen-
tal parameter may have changed during the one or
more days since oviposition and when we sampled a
tire. This fact may not necessarily affect general pat-
terns we are attempting to identify, as tires within a
site should all be affected in a similar manner to en-
vironmental changes (e.g., rain fall, temperature). For
many tire-inhabiting species, there are few or no data
linking oviposition or survival to aspects of the tire
environment, and thus these data could provide valu-
able predictive information regarding patterns of lar-
val abundance.

Materials and Methods

Tires were sampled in four counties located in cen-
tral Illinois (Sangamon, Fayette, EfÞngham, and St.
Clair) (Table 1). Sites within counties were �10Ð150
km apart. Each county contained one or two tire sites
from which 9Ð12 tires were sampled on two occasions:
late May to early June or late July to early August
(hereafter spring or summer, respectively). All sites
were located near human habitation or active busi-
nesses.Weestimated that sites inSt.ClairCountyeach
contained several hundred abandoned tires, whereas
the urban dump in Sangamon County had approxi-
mately three dozen tires located in the back of a dump
truck. Tire dealers in Sangamon (spring sampling
only) and Fayette Counties sold a variety of new and
used tires (i.e., automobile, truck, construction vehi-
cles), with each business having �100 tires located
outdoors. Residential tires sampled in the summer in
Sangamon County were abandoned in and around
occupied and unoccupied homes in a 1,000 m2 area.
The nine tires sampled in the summer from this site
were all that were available at that time that met our
criteria (see below). The rural salvage yard in EfÞn-
gham County contained �100 tires distributed among
automobile salvage.

For each tire we measured a suite environmental
factors in three broad categories that have been shown
to affect container mosquito populations (Yee 2008):
microorganisms (protozoan richness, protozoan total
abundance, bacterial biomass production, algae), de-
tritus and nutrients (hereafter, detritus) (leaves,
twigs, seeds, animal detritus, Þne detritus, conductiv-

54 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 47, no. 1



ity), and those related to habitat size or the terrestrial
matrix (hereafter, habitat) (human density, canopy
cover, tire size, tire volume).

Microorganisms, including protozoans and bacteria,
are the primary food source for container mosquitoes
and represent the living base of container food webs
(Merritt et al. 1992). Detritus represents the nonliving
input of energy and nutrients into tires, and has been
shown to be important for production of larvae (Mer-
ritt et al. 1992, Yee and Juliano 2006). Variation in
detritus types may affect interspeciÞc competitive
outcomes (Daugherty et al. 2000, Yee et al. 2007a,
Murrell and Juliano 2008). We assumed that the mi-
croorganism and detritus factors we measured could
directly affect larvae success (late instars) or ovipo-
sition patterns (early instars). Although the habitat
factors also could directly inßuence larvae (e.g., via
effects on temperature), we assumed that it was much
more likely to inßuence larvae indirectly by affecting
oviposition patterns (early instars).

At both sampling times to ensure we only sampled
tires in which mosquito larvae could survive we con-
strained our sampling to tires that contained mosquito
larvae. From these tires, we randomly selected tires to
sample and labeled them to avoid resampling. We also
attempted to avoid tires with the predator Toxorhyn-
chites rutilus (Coquillett), a predator known to affect
negatively mosquito populations. We did retain tires
that we already sampled that, upon enumeration of
larvae,were found tocontainTx. rutilus,althoughsuch
encounters happened in only three tires in summer at
one site.

For each location, we generated an estimate of
human population density based on data from the 2000

U.S. Census (http://www.census.gov/). SpeciÞcally,
we identiÞed the county subdivision for each tire
location, and then determined the area and population
size of that subdivision to generate a population den-
sity (kilometers square) coincident with each tire site
(Table 2).

We measured canopy cover above each tire using a
spherical densiometer and the tireÕs rim diameter (tire
size) as indicated on the sidewall of the tire. Before
sampling mosquitoes, we removed 125 ml of ßuid for
conductivity and microorganism measurements and
kept this sample in the dark and on ice for transport
to the laboratory. Then, the remaining contents of the
tire were removed with kitchen basters, hand pumps,
or by cutting a hole in the side wall of the tire. The
volume of water from each tire also was measured.
After removal of the contents, the tire was rinsed with
125 ml of tap water. Tire contents and the rinse were
taken to the laboratory for quantiÞcation of mosqui-
toes and detritus. We separated detritus into Þve cat-
egories: twigs (including bark), leaves, seeds (includ-
ing fruit), Þne particulates (including soil), and animal
detritus (dead invertebrates). Any inorganic detritus
(e.g., rocks) was discarded. Detritus was dried at 50�C
for �48 h and weighed to the nearest 0.0001 mg using
a Cahn microbalance (Cahn Instruments, CA).

The 125 ml sample of water was used to measure
conductivity, algae, protozoans, and bacterial produc-
tivity. Conductivity, which measures total ion concen-
tration and has been shown to affect communities in
mosquito-dominated containers (Yee and Juliano
2007), was measured using a Cole Parmer conductivity
meter (�MHOS/cm). We quantiÞed water-column
algae via measurements of chlorophyll a (mg/m�3)

Table 1. Mosquito larvae collected in tires in spring (May–June) and summer (July–Aug.) 2006 in Illinois

County St. Clair St. Clair Sangamon Sangamon EfÞngham Fayette

City East St. Louis East St. Louis SpringÞeld SpringÞeld Shumway Vandalia

GPS

38�35Õ33”N,
90�08Õ14”W

38�36Õ17”N,
90�08Õ33”W

39�47Õ40”N,
89�37Õ48”W

39�48Õ21”N,
89�36Õ17”W
39�48Õ00”N,
89�37Õ23”W

39�11Õ08”N,
88�38Õ51”W

38�58Õ39”N,
89�06Õ56”W

Urban dump Urban dump Urban dump
Urban tire

dealer/
residential

Rural salvage
yard

Urban Tire
dealer

Spr Sum Spr Sum Spr Sum Spr Sum Spr Sum Spr Sum

An. punctipennis 0 0 0 10 0 0 0 0 0 0 0 0
An. quadrimaculatus 0 0 0 10 0 0 0 0 4 0 0 0
Ae. albopictus 0 47 0 22 0 548 36 1711 0 394 152 968
Ae. atropalpus 0 19 0 0 0 1 10 145 329 637 264 24
Ae. hendersoni 1 0 0 0 4 0 0 0 0 0 0 0
Ae. japonicus 0 0 0 0 0 0 0 0 0 0 0 1
Ae. triseriatus 0 2 0 0 0 36 0 79 132 175 11 2
Cx. pipiens 6834 124 0 154 0 2700 91 249 0 176 355 381
Cx. restuans 1003 265 3961 272 2788 531 1102 39 380 0 34 0
Cx. salinarius 776 263 0 2005 0 0 142 0 340 0 248 0
Cx. territans 0 23 0 0 0 0 0 0 1 130 0 0
Orthopodomyia
signifera

0 0 10 0 0 0 0 0 26 164 0 0

Toxornychities
rutilus

0 0 0 0 0 0 0 0 0 7 0 0

Total 8614 743 3971 2473 2792 3816 1381 1683 1212 1683 1064 1376

In all locations, we sampled 12 tires except at the urban tire dealer (10) and residential site (9) in Sangamon county.
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(following Kling et al. 2007). Production of new bac-
terial biomass was quantiÞed by estimating protein
synthesis (hereafter PS) using a tritiated L-leucine
(4,5-3H, 50 Ci mmol-1) incorporation assay. The L-
leucine incorporation assay technique is speciÞc to
bacteria in aquatic systems (Riemann and Azam 1992)
and has been used to quantify bacterial productivity in
container mosquito experiments (Kaufman et al. 2001,
Yee et al. 2007a,b, Murrell and Juliano 2008). We
measured water column PS following Kirchman
(1993) and reÞned by Kaufman et al. (2001) for con-
tainer systems. Finally, protozoan richness and abun-
dance in each tire were quantiÞed by Þrst gently
mixing samples, extracting 1.0 ml into a Sedgewick
rafter cell, and enumerating at 100� magniÞcation in
a phase contrast microscope (Kneitel and Chase
2004). Preliminary tests indicated that this technique
captured 87% of the protozoan diversity in samples.
Protozoan identiÞcations were made based on Pennak
(1989) and Foissner and Berger (1996). Similar meth-
ods for protozoans have been used in another container
mosquito system (i.e., tree holes, Yee et al. 2007c).

We enumerated all mosquito larvae and separated
them into two size classes: early (Þrst and second) and
late instars (third, fourth, and pupae). Because of the
large numbers of early instars requiring identiÞcation,
and because of mortality incurred during develop-
ment into later instars, we used a sub-sampling pro-
tocol to assign individuals to species. We Þrst counted
all early instars within a sample and then reared these
individuals to the third stage or later, and identiÞed
100 randomly chosen larvae to species. We used the
proportion of identiÞed larvae to assign species afÞl-
iations to the initial number of early instars. All larvae
were identiÞed if �100 remained. Larvae collected as

late instars all were identiÞed to species. Pupae were
allowed to eclose and were identiÞed to species,
except forCulex,which, because of difÞculties in iden-
tiÞcation among species, were identiÞed only to genus.
Statistical Analyses. Two multivariate analysis of

variance (MANOVA) models were used to analyze
the abundance data. In each model, season and
site were used as independent (predictor) variables.
The Þrst model included mosquito richness and abun-
dance (regardless of species) and abundance of each
species as dependent variables, and the second model
included a suite of environmental factors as depen-
dent variables (SAS Institute, Inc. 2004). Contribu-
tions to signiÞcant multivariate effects were inter-
preted using standardized canonical coefÞcients
(Scheiner 2001). To meet assumptions of normality
and homogeneous variances mosquito abundance
data were square root �1 transformed.

Responses of mosquito stages (early, late) to the
suite of environmental factors for each season were
assessed using canonical correspondence analysis
(CCA). CCA is an ordination technique that considers
species and environmental variables simultaneously,
and is particularly useful when there are underlying
unimodal abundance distributions (ter Braak 1986).
This technique produces canonical axes that are con-
strained to optimize their relationship with a set of
environmental variables represented as vectors (ter
Braak and Verdonschot 1995). The lengths of these
vectors indicate the rate of change in that environ-
mental variable; shorter vectors indicate little varia-
tion whereas longer arrows reßect more variation
among samples. Areas that are perpendicular to the
vectors represent no change in that variable. As with
other ordination techniques (e.g., principal compo-

Table 2. Mean environmental values from in tires in spring (May–June) and summer (July–Aug.) 2006 in Illinois. In all locations we
sampled 12 tires except at the urban tire dealer (10) and residential site (9) in Sangamon County

County St. Clair St. Clair Sangamon Sangamon EfÞngham Fayette

City

East St. Louis East St. Louis SpringÞeld SpringÞeld Shumway Vandalia

Urban dump Urban dump Urban dump
Urban Tire dealer/

Residential
Rural salvage

yard
Urban Tire

dealer

Spr Sum Spr Sum Spr Sum Spr Sum Spr Sum Spr Sum

Detritus (g)
Fine 5.17 7.82 2.12 3.70 4.90 2.24 0.65 5.64 2.12 1.17 29.92 4.95
Leaf 0.48 0.31 0.39 0.10 4.64 1.32 0.75 0.66 0.20 0.07 10.56 4.23
Twig/bark 1.66 4.43 0.12 0.02 1.62 0.55 0.01 0.21 0.04 0.05 0.41 0.16
Animal 0.01 0.10 0.02 0.04 0.01 0.00 0.01 0.10 0.00 0.02 0.02 0.02
Seed/Fruit 0.02 0.00 0.01 0.02 0.13 0.04 0.21 1.26 0.01 0.01 1.55 0.07
Conductivity

(�MHOS/cm)
542.08 292.75 437.92 530.33 450.83 469.25 578.00 355.44 388.58 1113.30 200.92 289.25

Microorganisms
Protozoan N 8338.00 582.92 3628.42 1658.92 3544.25 1285.42 18112.60 40729.56 153.08 1229.90 2704.58 1229.75
Protozoan S 4.08 2.83 3.75 2.25 5.75 2.50 2.50 3.00 2.67 1.80 3.92 2.33
Algae (mg m�3) 18.74 5.16 35.3 47.24 7.94 2.92 1.31 3.09 11.30 1.28 9.39 3.38
PS (�1000) 4.00 4.18 2.73 3.58 3.17 5.32 4.10 6.99 1.46 3.81 3.62 3.92

Habitat
Human density/mi2 876 876 876 876 805 805 223 805 12 12 90 90
Tire size (cm) 15.00 14.33 15.00 14.25 15.00 14.88 23.20 16.94 17.29 17.25 15.00 14.33

Total vol (ml) 967.50 2225.00 1110.80 1051.70 2020.00 2106.30 1673.50 3386.10 2030.80 1230.00 1731.70 1820.11
Canopy cover 9.50 6.42 0.00 27.67 32.67 33.42 0.00 32.89 8.83 15.80 8.83 9.92

Abbreviations for variables are: Protozoan N (abundance) and S (richness), PS (bacterial productivity based on new protein synthesis, Tire
size (diam of inner rim), and canopy cover (mean cover based on spherical densiometer).
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nents analysis) the axes are orthogonal and thus are
uncorrelated with one another, although vectors on
the same axis that form acute angles are positively
correlated, those that form obtuse angles are nega-
tively correlated. Species are represented by points on
the diagram that characterize approximate weighted
means of the species with respect to environmental
variables. The distance between species points and
vectors identiÞes the relative importance of environ-
mental variables in explaining species abundance pat-
terns; points closer to vectors are more inßuenced by
that environmental variable than points farther away.
The statistical signiÞcance of each environmental axis
was evaluated by permutation tests, after Þrst reduc-
ing the overall suite of environmental variables using
a step-wise method based on AkaikeÕs Information
Criterion (AIC) (Akaike 1973). AIC is analogous to a
goodness-of-Þt test, and allows for the determination
of which of two models provide a better Þt (i.e., have
a lower AIC score, Motulsky and Christopoulos 2004).
We restricted CCA to taxa that were present in at least
two counties and had mean densities greater than one
individual per tire regardless of stage (hereafter, com-
mon species). Because CCA is relatively sensitive to
missing values (no larvae for a species present in a
tire), we felt it necessary to restrict the analysis of
species that were relatively common (mean density
greater than one individual per tire) and were not
geographically isolated (present in at least two coun-
ties). Tires lacking these common species were
dropped from analyses. CCA was performed using the
statistical package R (http://www.r-project.org).

Because it is possible that species respond to one
another rather than to environmental factors, we per-
formed tests for associations between species pairs
regardless of stage, and between stages within species.
We only compared those species that occurred to-
gether at the same locations regardless of how many
tires were occupied, and thus more species were con-
sidered than in CCA. SigniÞcance was based on com-
parison of presence-absence data using Fisher Exact
tests in R. A Bonferonni correction (Sokal and Rohlf
1995) for multiple comparisons was employed to re-
duce the risk of committing a type I error.

Results

We encountered 13 species of mosquitoes, the most
common being Cx. restuans (Theobald) (39.5% of all
mosquito larvae sampled),Culex pipiens (L,) (22.9%),
Aedes albopictus (Skuse) (14.7%), Cx. salinarius (Co-
quillett) (14.3%), Ae. atropalpus (Coquillett) (5.4%),
and Ae. triseriatus (Say) (1.7%) (Table 1). Abun-
dances of other species (Anopheles punctipennis(Say),
An. quadrimaculatus (Say), Ae. hendersoni (Cock-
erell), Ae. japonicus (Theobald), Cx. territans, Or-
thopodomyia signifera, and Toxorhynchites rutilus)
constituted �3% of individuals.

For species, MANOVA resulted in a signiÞcant ef-
fect of season (PillaiÕs trace � 0.44, F (9, 117) � 10.19,
P� 0.001), site (PillaiÕs trace � 1.32,F (54, 732) � 3.84,
P � 0.001), and the interaction (PillaiÕs trace � 0.66,

F (36, 480) � 2.64, P� 0.001). Cx. restuans (Standard-
ized Canonical CoefÞcient � �0.583), Cx. salinarius
(SSC � �1.304), and mosquito abundance per tire
(SCC � �1.386) made the largest contributions to the
signiÞcant season by site interaction. Cx. restuans and
Cx. salinarius populations experienced a decline from
spring to summer (Table 1). Overall mosquito abun-
dance increased from spring to summer, with the ex-
ception of one site in St. Clair County (Table 1).

For the environmental variables, MANOVA also
resulted in a signiÞcant effect of season (PillaiÕs
trace � 0.47,F (13, 113) � 7.85,P� 0.001), site (PillaiÕs
trace � 2.38, F (78, 708) � 5.96, P � 0.001), and the
interaction(PillaiÕs trace�0.84,F(52, 464)�2.38,P�
0.001). SpeciÞcally, cover (Standardized Canonical
CoefÞcient � �1.810) and conductivity (SCC �
�0.557) madethe largestcontributions to thesigniÞcant
seasonbysite interaction.Conductivityvalueswerevari-
able between spring and summer across sites, with the
largest increase at the site in EfÞngham (Table 2).

For CCA in the spring, step-wise selection of envi-
ronmental variables reduced the factors from fourteen
to eight, including three types of detritus (Þne, leaf,
seed), two microorganism factors (PS, protozoan
abundance), and three factors in the habitat category
(canopy cover, human density, tire size) that com-
bined explained 38.9% of the variation among species
(F (8, 50) � 3.971, P � 0.005, Fig. 1). For summer,
step-wise selection did not result in the removal of any
factor, and thus the Þnal model contained all fourteen
factors that explained 43.2% (F (14, 50) � 2.713, P �
0.029) of the variation among species and stages (Fig. 2).

CCA ordination of tires in spring yielded two gen-
eral environmental gradients: a detritus (Þne, leaf,
seed) versus human density gradient, and a tire size
versus canopy cover and microorganism (protozoan
abundance, bacterial productivity) gradient. In gen-
eral, these gradients pointed to two mosquito assem-
blages, with Aedes being more abundant in tires sur-
rounded by low human population densities but with
high detritus amounts (i.e., Þne, leaf, seeds), whereas
Culex were more likely found in tires with greater
protozoan abundance and lower canopy cover (Fig.
1). Although early and late instars for each species
were found largely along the same environmental gra-
dient (e.g., Ae. triseriatus, Cx. salinarius), Cx. restuans
early instars were inßuenced by tire size, whereas late
instars were more inßuenced by microorganisms (PS,
protozoan abundance) and canopy cover (Fig. 1).

As in spring, the CCA ordination plot for summer
revealed two general gradients, with one gradient rep-
resenting detritus (Þne, animal, twig, conductivity)
versus tire size, tire volume, and protozoan abun-
dance, whereas the second gradient represented bac-
terial productivity and seeds versus canopy cover,
algae, human density, and protozoan richness. These
gradients revealed striking differences between gen-
era, withAedes being found in tires with high amounts
of seeds and bacterial productivity, but with low or
absent amounts of algae and protozoans, high canopy
cover, and in areas with low human densities (Fig. 2).
Culexwere found mainly in high volume tires in areas
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of high human density with low amounts of detritus
(i.e., Þne, conductivity, animal, twig). The main ex-
ception to thepattern forCulexwasCx. salinarius,with
late instars likely to be found in tires with high
amounts of detritus, and where early instars were
likely to be found in tires in the open with high
amounts of algae and in proximity to humans (Fig. 2).

Regardless of season, a typicalAedes tire would most
likely contain high amounts of detritus, be located in
areas with low human density, and be occupied by
both early and late instars of the same species. Con-
versely, a typical Culex tire would be relatively large
and contain high concentrations of protozoans and
bacteria, be found in association with high human
densities, and be less likely than a typical Aedes tire to
contain both early and late instars.

In spring, Cx. salinarius presence was signiÞcantly
related to Cx. pipiens (P � 0.011) and Ae. albopictus
(P � 0.021). All other comparisons were nonsigniÞ-
cant. In summer, only one pair was signiÞcantly cor-
related (Ae. triseriatus and Ae. atropalpus, P� 0.008).
Associations between stages within species were un-
common. Only Cx. salinarius (P � 0.035) and Ae.
atropalpus (P � 0.010 summer) in spring, and Ae.
albopictus (P � 0.038) in summer, yielded signiÞcant
(all positive) associations between stages.

Discussion

Mosquito larvae community composition within
tires across central Illinois was similar to that found in

other more limited studies for this state (Baumgartner
1988, Novak et al. 1990, Lampman et al. 1997, Kling et
al. 2007), although we did not detect An. barberi
(Lampmann et al. 1997, Kling et al. 2007) orCx. tarsalis
(Baumgartner 1988). This survey did record one of the
Þrst occurrences of the invasive species Ae. japonicus
in tires in Illinois (Table 1). Our data suggest three
general patterns in tire mosquito communities. First,
regardless of season, patterns of abundance for early
and late instars were generally associated with the
same environmental factors especially for Aedes, al-
though early and late instars of the same species were
often not signiÞcantly associated within tires. Second,
there were clear differences between the common
mosquito genera (Culex and Aedes) in the suite of
environmental factors important for larval presence,
and third, there were few associations among species
pairs. Taken together, these results support our hy-
pothesis that distinct environmental factors are im-
portant for different stages and species of mosquitoes.
Moreover, the predictive power of environmental fac-
tors seems to be greater at the genus, rather than at the
species level. In general, although the patterns we
identiÞed could emanate from the effects of inter- and
intraspeciÞc interactions on larval development and
abundance, we must be cautions with assigning pro-
cess based on pattern alone.

Variation in early and late instars of common mos-
quito species in tires was often associated with the
same environmental factors, although the strength of
these species-environmental associations (i.e., the rel-
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Fig. 1. CCA biplots for mosquito species and stages and the environmental factors measured in tires in spring (MayÐJune)
2006 for six sites within central Illinois (n� 59 tires). For each axis, the amount of variation explained by each axis is shown.
Arrows indicate the direction and relative importance of the environmental factors (Detritus category: Fine, Leaf, Seed
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ative position of species points near vectors, Figs. 1 and
2) did vary between instars. This suggests a difference
in the importance of some environmental factors for
oviposition and larval survival (e.g., microorganism
and Culex sp., see below). There were several exam-
ples of factors affecting one stage, but not the other
stage (i.e., greater distances between species points in
relation to vectors, Figs. 1 and 2). The most notable
examples of this includedAe. albopictus, Ae. triseriatus,
Cx. restuans, andCx. salinarius in spring, andCx. restu-
ans and Cx. salinarius in summer (Figs. 1 and 2). The
strongest example of this difference between early
and late instars was forCx. restuans. Culex restuans has
been shown to avoid conspeciÞcs and prefer more
nutrient-rich containers for oviposition (Reiskind and
Wilson 2004). The results of Reskind and Wilson
(2004) are corroborated in this study, where early and
late instar Cx. restuans were affected by different en-
vironmental factors (Fig. 1 and 2) and there was no
correlation between stages.

Microorganism populations were highly correlated
with early instars but less correlated with late instars
of several species (Cx. restuans (summer), Ae. albop-
ictus (spring), and Cx. pipiens (spring and summer)
[Fig. 1 and 2]). Microorganisms may stimulate egg
laying in females (Bentley and Day 1989), leading to
greater densities of newly hatched larvae, although
feeding by developing larvae may depress those pop-
ulations (Kaufman et al. 2001, Yee et al. 2007b) making
microorganisms less important predictors of later in-

stars. Early instar Ae. albopictus and Ae. triseriatus
were generally affected by the same factors (i.e., de-
tritus) in both seasons with late instars showing less of
an inßuence by those factors. In contrast, Ae. atropal-
pus late instars were related in a similar way as early
instars of other Aedes. Therefore, the oviposition cues
that might lead to the presence of early instar Ae.
atropalpus appear to be weaker than those for other
Aedes in tires. Past work has shown that algae is im-
portant in the native rock pool habitat of Ae. atropal-
pus (Beier et al. 1983b), although we found no asso-
ciation between Ae. atropalpus and algae. It remains
unknown why Ae. atropalpus invaded tires during the
1980s (Berry and Craig 1984), but we speculate that
the new strain that developed was capable of exploit-
ing novel food resources (e.g., Þne detritus) in tires,
and may use oviposition cues not used by otherAedes.
These results suggest that theway that species respond
to speciÞc environmental factors is complex, and
points to a difÞculty in attempting to predict the re-
sponse of any tire-inhabiting species to any single
factor among many. An important research goal for
the future will be to test individual factors and com-
binations of factors experimentally to assess the de-
gree that each is related to oviposition and larval
survival.

CCA did identify more general relationships that
may be useful in predicting larval abundance patterns.
Detritus was predictive for populations of Aedes,
whereas microorganisms and habitat factors were

sL

sE

rE
pE

pL

rL

tE

tL

oL

oE

aE aLFine

TwigCond

Anim
Cover

Algae

Human

ProS

ProN
Vol

Tiresize
Leaf

PS

Seed

-1.5 0.0 1.0

1.5

- 0.5

0.0

CCA Axis 1 (13.0%)

C
C

A
 A

xi
s 

2 
(1

0.
8%

)

Fig. 2. CCA biplots for mosquito species and stages and the environmental factors measured in tires in summer
(JulyÐAugust) 2006 for six sites within central Illinois (n � 65 tires). For each axis, the amount of variation explained as a
part of the total variation in the model is shown. Arrows indicate the direction and relative importance of the environmental
factors (Detritus category: Fine, Leaf, Seed [including fruit]); Habitat category (Tiresize Ð Tire size, Cover Ð Canopy cover,
Human Ð Human density); Microorganism category (ProN Ð Protozoan abundance, PS Ð Bacterial productivity via protein
synthesis). Species (a ÐAedesalbopictus, o ÐAe. atropalpus, t ÐAe. triseriatus, p ÐCulexpipiens, r ÐCx. restuans, s ÐCx. salinarius)
and stages (E Ð early instars, L Ð late instars) are indicated within symbols. For clarity, Aedes are enclosed in squares, and
Culex in circles.

January 2010 YEE ET AL.: ENVIRONMENTAL FACTORS, MOSQUITOES, AND TIRES 59



stronger predictors for Culex (Figs. 1 and 2). The
difference between factors for each genus could be
related to a number of generic-level attributes, includ-
ing blood seeking and oviposition behavior of adults,
and competitive ability and feeding behavior of larvae.
For instance, Culex as a group tend to Þlter feed on
microorganisms from the water column (Dahl et al.
1988, Merritt et al. 1992), although this trait can be
ßexible (Yee et al. 2004). Thus, we might expect that
water-column microorganisms, like those that we
measured, would be more important for Culex com-
pared with Aedes, which primarily feed on microor-
ganisms attached to detrital surfaces (Merritt et al.
1992). It appears unlikely that speciÞc bacterial groups
would stimulate oviposition, as recent work has shown
that although bacterial diversity varies among tires,
this variation is not associated with differences in
mosquito presence (Ponnusamy et al. 2008). One mi-
croorganism group, protozoans, were more important
for Culex than Aedes, with high associations for early
Cx. salinarius and late Cx. pipiens and Cx. restuans in
spring, and early Cx. restuans and early and late Cx.
pipiens in summer (Fig. 1 and 2). Protozoans often are
important prey for mosquito larvae (Conchran-StaÞra
and von Ende 1998, Eisenberg et al. 2000, Kaufman et
al. 2002, Kneitel 2007, Yee et al. 2007c), although there
are no data testing whether protozoans affect patterns
of oviposition. Gravid females of several species of
container mosquitoes prefer substrates with bacteria
for oviposition (Maw 1970, Ikeshoji et al. 1975, Trexler
et al. 2003), and our data identiÞed bacterial produc-
tivity (PS) as important for both early and late instars
of Aedes during spring (Fig. 1) and some Culex in
summer (Fig. 2). Larval competition could be another
factor explaining the apparent segregation of genera
indicated by CCA, although there are no studies be-
tween these genera beyond those that have examined
competitive interactions between Ae. albopictus and
Cx. pipiens (Carrieri et al. 2003, Costanzo et al. 2005).
The fact that Aedes and Culex presence in tires are
inßuenced by different suites of environmental vari-
ables may be useful when designing vector control
strategies, especially as these two groups vary in their
capability to vector disease.

Besides explanations based on larvae, interspeciÞc
differences in adult behavior also may explain the
broad patterns identiÞed here. For instance, human
population density positively affected almost allCulex
(Figs. 1 and 2), a result reßecting the fact that all of
these Culex species are peridomestic (Vinogradova
2000, Joy et al. 2003, Joy 2004, Costanzo et al. 2005, Joy
and Sullivan 2005). Unexpectedly, we found popula-
tions ofAe. albopictus to be negatively associated with
human density (Figs. 1 and 2) especially in spring, a
result that conßicts with a more limited geographic
study from Illinois (Costanzo et al. 2005) but is con-
sistent with data from Florida (OÕMeara et al. 1995,
Rey et al. 2006). It is not surprising that Ae. atropalpus
andAe. triseriatuswere more likely to be found in sites
with lower human populations, as both species are
thought to be nonperidomestic (Joy et al. 2003, Joy
2004, Joy and Sullivan 2005). Sites where Aedes were

more common also tended to be rural and near forests
(Fayette and EfÞngham counties, Table 1), which
might explain why plant-derived detritus (Table 2)
was the most important factor in explaining their pat-
terns of occurrence (Figs. 1 and 2). Kling et al. (2007)
showed that there was a strong correlation between
seeds and densities of Ae. triseriatus in tires in Illinois,
a result broadly consistent with this study. The inßu-
ence of the surrounding habitat has largely been ig-
nored in past studies in tires (Yee 2008), but may yield
important information about the forces that deter-
mine patterns of larval presence within tires.

Besides environmental factors affecting species
abundance patterns, we also tested for correlations
and associations among species. In general, CCA iden-
tiÞed correlations within genera for the common
Aedes and Culex (Figs. 1 and 2). More speciÞcally, we
identiÞed a few signiÞcant positive pair-wise associa-
tions (Cx. salinarius and Cx. pipiens, Cx. salinarius and
Ae. albopictus, and Ae. atropalpus and Ae. triseriatus).
The latter association was identiÞed by Beier et al.
(1983b), although those authors found a negative as-
sociation with the Þrst pair. We also identiÞed asso-
ciations between early and late instars for a few spe-
cies. Although it seems clear that associations among
taxa are important for the presence of some species,
further work is needed to disentangle the importance
of the attractiveness of conspeciÞc and environmental
factors to larval presence for tire species.

Although it is often assumed that mosquito ovipo-
sition choice drives patterns of larval presence, other
biotic mechanisms may explain larval distributions
(Ellis 2008). Larval survival is inextricably tied to en-
vironmental parameters present within tires, and this
makes oviposition choice by females alone insufÞcient
to predict patterns of occurrence. Because tires are
likely to remain a habitat for larvae of disease-carrying
mosquitoes in the near future (Yee 2008), determining
all the forces responsible for larval patterns will be an
important challenge for ultimately understanding pat-
terns of disease transmission.
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