insects

Article

The Role of Tire Leachate in Condition-Specific Competition
and the Persistence of a Resident Mosquito from a
Competitively Superior Invader

Oswaldo C. Villena 1@, Joseph H. Sullivan 2 Edward R. Landa 3, Stephanie A. Yarwood 3 Alba Torrents 2,

Aijun Zhang®

check for
updates

Citation: Villena, O.C.; Sullivan, J.H.;
Landa, E.R.; Yarwood, S.A.; Torrents,
A.; Zhang, A.; Leisnham, PT. The
Role of Tire Leachate in
Condition-Specific Competition and
the Persistence of a Resident
Mosquito from a Competitively
Superior Invader. Insects 2022, 13, 969.
https://doi.org/10.3390/
insects13110969

Academic Editor: Barry W. Alto

Received: 11 September 2022
Accepted: 18 October 2022
Published: 22 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Paul T. Leisnham 3*

1 Marine Estuarine & Environmental Sciences, University of Maryland, College Park, MD 20742, USA
Department of Plant Science & Landscape Architecture, University of Maryland,

College Park, MD 20742, USA

Department of Environmental Science & Technology, University of Maryland, College Park, MD 20742, USA
Department of Civil & Environmental Engineering, University of Maryland, College Park, MD 20742, USA
Invasive Insect Biocontrol & Behavior Laboratory, Beltsville Agricultural Research Center-West, USDA-ARS,
Beltsville, MD 20705, USA

*  Correspondence: leisnham@umd.edu

t Current address: The Earth Commons Institute, Georgetown University, Washington, DC 20057, USA.

Simple Summary: Condition-specific competition is when the outcome of competition varies with
environmental conditions. Tradeoffs between species” competitive abilities and tolerances to adverse
conditions are common and can facilitate or inhibit insect invasions and their impacts. Many studies
have shown that the resident mosquito Culex pipiens persists with the competitively superior invasive
mosquito Aedes albopictus in urban areas of the United States. Discarded vehicle tires are common
developmental aquatic habitat for these species and degrade when exposed to ultraviolet (UV)-B
light to release a suite of contaminants. We tested the hypothesis that more highly degraded tires
that contain greater amounts of contaminants produce a condition-specific advantage for Cx. pipiens
by altering the outcome of competition with Ae. albopictus. We found stronger competitive effects of
Cx. pipiens on the population performance and survival of Ae. albopictus in tires exposed to shade
and full-sun conditions that had higher concentrations of tire leachate than no UV-B conditions. This
suggests that increased tire degradation and tire leachate promotes condition-specific competition
and facilitates the regional persistence of Cx. pipiens after the invasion of Ae. albopictus.

Abstract: (1) Background: Condition-specific competition, when the outcome of competition varies
with abiotic conditions, can facilitate species coexistence in spatially or temporally variable environ-
ments. Discarded vehicle tires degrade to leach contaminants into collected rainwater that provide
habitats for competing mosquito species. We tested the hypothesis that more highly degraded tires
that contain greater tire leachate alters interspecific mosquito competition to produce a condition-
specific advantage for the resident, Culex pipiens, by altering the outcome of competition with the
competitively superior invasive Aedes albopictus. (2) Methods: In a competition trial, varying densities
of newly hatched Ae. albopictus and Cx. pipiens larvae were added to tires that had been exposed
to three different ultraviolet (UV)-B conditions that mimicked full-sun, shade, or no UV-B condi-
tions in the field. We also measured Cx. pipiens and Ae. albopictus oviposition preference among
four treatments with varying tire leachate (high and low) and resources (high and low) amounts
to determine if adult gravid females avoided habitats with higher tire leachate. (3) Results: We
found stronger competitive effects of Cx. pipiens on the population performance and survival of
Ae. albopictus in tires exposed to shade and full-sun conditions that had higher concentrations of
contaminants. Further, zinc concentration was higher in emergent adults of Ae. albopictus than
Cx. pipiens. Oviposition by these species was similar between tire leachate treatments but not by
resource amount. (4) Conclusions: These results suggest that degraded tires with higher tire leachate
may promote condition-specific competition by reducing the competitive advantage of invasive Ae.
albopictus over resident Cx. pipiens and, combined with Cx. pipiens’ preferential oviposition in higher
resource sites, contribute to the persistence of the resident species.
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1. Introduction

Understanding ecological mechanisms that govern the establishment and spread of
exotic insects and their impacts on resident communities is of fundamental importance to
the field of invasion biology. Traditional niche theory and empirical research indicate that
superior competitive ability can determine the success and impacts of exotic species [1-3].
With one limiting resource in a constant environment, interspecific competition should re-
sult in competitive exclusion [4,5], and there are numerous instances where a competitively
superior invader has displaced resident species’ [6,7]. However, there is also evidence of
competitively inferior residents escaping competitive exclusion via a number of mecha-
nisms, including differential resource use [4,8], habitat segregation [9,10], and trade-offs
between competitive ability and environmental tolerances [11,12]. Condition-specific com-
petition, whereby abiotic conditions reduce or reverse the outcome of competition between
two species, can facilitate coexistence when there are temporal or spatial changes in condi-
tions [13-15]. Condition-specific competition is perhaps most interesting and important
when it facilitates the persistence of a resident species despite the spread of a competitively
superior invader, resulting in altered ecological, economic, and human health impacts.

The U.S. Tire Manufacturers Association estimates that around 303.5 million auto-
mobile tires are used annually in the United States [16]. When tires degrade, a suite of
organic (e.g., polycyclic aromatic hydrocarbons, benzothiazoles, 4-tert-butylphenol) and
inorganic (principally zinc, a process reagent in the manufacture of tread material, [17]) con-
taminants collectively known as ‘tire leachate’ can filter into aquatic environments [18-20].
Tire degradation and resultant tire leachate is influenced by a number of environmental
factors, including temperature, ozone, and humidity, but arguably the most important
factor is exposure to ultraviolet (UV) radiation [21,22]. UV radiation with a wavelength
between 315 and 280 nm, classified as UV-B radiation, is the more damaging to tire structure
because of its shorter wavelength and higher energy levels compared with other forms of
UV radiation [21].

Tire leachate and some of its individual constituent compounds have been docu-
mented to negatively affect a range of aquatic biota, including fish [18,23], amphibian
embryos [24,25], algae [25], bacteria [18,23,26], planktonic crustaceans [27-30], and in-
sects [31]. All of these studies focused on the direct effects of tire leachate or individual
compounds on the survival of a single target species [18,32]. Yet, the most interesting and
important effects from tire leachate may instead be the alteration of species interactions
that structure ecological communities. There is increasing empirical evidence that envi-
ronmental contaminants often have community-level impacts [33]. For example, some
contaminants have been shown to negatively affect organisms’ susceptibility to preda-
tion [34-36], susceptibility to disease [37], and ability to gather resources [38], as well as
lower the availability of resources [34], impair reproduction [36], and increase the bioac-
cumulation and biomagnification of other contaminants [39—41]. Effects of contaminants
can appear to be lethal and expressed through reduced survival, or non-lethal and ex-
pressed through reduced growth and longer development times [25,34]. Furthermore,
both lethal and non-lethal effects acting at one trophic level (e.g., resources) likely have
impacts on other trophic levels (e.g., competitors). The complex composition of these effects
is likely to variably influence species interactions and distributions as they vary across
the environment [33,42,43]. It is possible for tire leachate to interfere in the outcome of
interspecific competition if one species is more exposed or susceptible to its constituent
contaminants. This type of condition-specific competition may impact the success and
impacts of biological invasions yet has not been studied.
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Container-dwelling mosquitoes that utilize discarded tires provide a convenient model
to investigate the role of condition-specific competition in biological invasions and their
impacts on resident species. Discarded tires collect rainwater and provide large develop-
mental habitat for many mosquitoes [44]. Tires have been particularly instrumental in the
establishment and spread of invasive mosquitoes [45,46]. The best documented mosquito
invasion is that of Aedes albopictus (Skuse 1894) in North America, which is thought to have
arrived from Asia through tire shipments in the 1980s [46,47]. In the Mid-Atlantic region of
the United States, Ae. albopictus often co-occurs in tire habitats with the resident species,
Culex pipiens (Linneaus 1758), where larvae of both species compete for limited microbial
food resources associated with allochthonous inputs of plant and animal detritus [44,48].
Three laboratory studies have tested competition between North American strains of Ae.
albopictus and Cx. pipiens, and all convincingly demonstrate overwhelming competitive
superiority for Ae. albopictus under almost all conditions [15,49,50], which is consistent
with studies in Europe [51,52], but see also [53]

Despite being competitively inferior, Cx. pipiens has persisted in urban areas where
tires are common after the invasion of Ae. albopictus, and is frequently collected from the
same individual tire habitats with the invasive species [31,50]. Differential life history
traits of Ae. albopictus and Cx. pipiens support the idea that tire leachate might modify
the outcome of interspecific competition between these two species. Cx. pipiens is well-
documented to utilize habitats with high concentrations of nutrients and organic and
inorganic pollutants when they are available (e.g., septic tanks) suggesting that it is more
tolerant to environmental contaminants than Ae. albopictus which tends to be restricted
to less polluted habitats [48,54]. Consistent with this idea, empirical studies show that
Ae. albopictus has shown reduced performance in habitats with excessive nutrient pollu-
tants [55]. Furthermore, Cx. pipiens and Ae. albopictus have different feeding behaviors.
Aedes albopictus spends much more time feeding than Cx. pipiens and a greater proportion
of its feeding time browsing surface biofilm compared with Cx. pipiens which tends to
exclusively filter-feed in the water column [56]. These different feeding patterns suggest
that Ae. albopictus might be more exposed to tire contaminants that leach from the tire wall
and concentrate in surface biofilms.

There are increasing literature illustrating the importance of condition-specific com-
petition in structuring ecological communities, including the invasion and impacts of Ae.
albopictus. For example, Alto et al. [57] found that field concentrations of malathion, an
organophosphate insecticide, was able to eliminate competitive superiority of Ae. albopic-
tus over Ae. aegypti. Costanzo, Kesavaraju and Juliano [9] demonstrated a reversal of
competitive superiority in favor of Ae. aegypti over Ae. albopictus in dry conditions due
to greater egg mortality, and Miiller, Knautz, Vollroth, Berger, Kreb, Reuss, Groneberg
and Kuch [53] showed greater larval survival of Cx. pipiens than Ae. albopictus at lower
temperatures. Last, Leisnham, LaDeau, Saunders and Villena [50] found increased densities
of Ae. albopictus negatively affected the survivorship and development of Cx. pipiens in
water from discarded, but not functional, containers, driven mainly by water from trash
cans that had which allowed consistently higher Cx. pipiens’ survival and development and
had increased nutrient concentrations.

Collectively, Ae. albopictus and Cx. pipiens are vectors for a range of human and
animal pathogens, including West Nile virus (WNV), dengue, yellow fever, Eastern Equine
encephalitis, La Crosse encephalitis, St. Louis encephalitis, Japanese encephalitis, avian
malaria, and dog heartworm [58-60], thus the distribution and abundance of each species
is of medical and veterinary importance. Coexistence of Ae. albopictus and Cx. pipiens may
be particularly important for the spread of human WNYV in the United States and other
regions where they are found, including Europe and South Africa [61]. Culex pipiens is the
main WNV vector of avian species that serve to amplify the virus in urban areas [60], and
often bite mammals to bridge WNV into human populations [60,62]. The persistence of
Cx. pipiens after Ae. albopictus invasion where WNV is present is likely to maintain existing
enzoonotic circulation and human transmission of the virus. Ae. albopictus is likely to also
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act as an additional bridge of WNV into human populations [63,64]. Thus, the coexistence
of Cx. pipiens and Ae. albopictus is likely to increase WNV transmission if they contribute to
simultaneous zoonotic and bridge transmission.

The aim of this paper was to test the effect of tire degradation from UV-B radiation
on interspecific competition between Ae. albopictus and Cx. pipiens. We subjected replicate
vehicular tires to three different levels of UV-B exposure that mimicked full sun, shade,
or no UV-B conditions in the field in a controlled greenhouse experiment. We tested the
hypothesis that more highly degraded tires that contain greater tire leachate alters the
outcome of interspecific mosquito competition, producing a condition-specific advantage
for the competitively inferior resident, Cx. pipiens, by relaxing the effects of competition with
the invasive Ae. albopictus. From this hypothesis, we drew the following predictions: 1. Tires
exposed to greater UV-B radiation representative of full sun conditions will have higher
concentrations of tire leachate than tires exposed to shade conditions or no UV-B conditions;
and 2. Cx. pipiens will be more competitive versus Ae. albopictus in tires exposed to higher
UV-B radiation that have greater tire leachate. For tire leachate to facilitate the coexistence
of Ae. albopictus and Cx. pipiens through the mechanism of condition-specific competition,
both species need to utilize the same tire habitats so that larval competition for food
resources has the potential to occur. An alternative but not mutually exclusive hypothesis
of coexistence between Ae. albopictus and Cx. pipiens is habitat segregation among tires
that vary in leachate concentration. This hypothesis appears unlikely since prior studies
have commonly collected both species together in the same individual tires [44,48,50].
Nevertheless, we tested the effect of tire leachate and the amount of food resources on
the oviposition preference of gravid female Ae. albopictus and Cx pipiens in a laboratory
oviposition choice trial.

2. Materials and Methods
2.1. Tire Condition Experiment

To assess the effects of UV-B radiation on the release of tire leachate, used tires were
exposed to varying UV-B radiation conditions in 6 replicate blocks of 15 tires each using
a repeated measure randomized complete block design (RCBD). The experiment was
conducted in a controlled greenhouse facility at the University of Maryland that was
regulated at 25 °C, >80% RH, and 16:8 L:D h photoperiod. Polyester filters that block almost
all UV-B radiation below 316 nm were applied to the windows of the greenhouse facility
to exclude outside UV-B radiation. Five tires within each block were randomly assigned
to one of three benches that were exposed to one of three common conditions determined
by field measures: (1) full-sun: 10.82 umol/m? /s (FS); (2) shade: 6.1 pmol/m?/s (S); and
(3) no UV-B radiation: 0.6 pumol/m? /s (NUV). UV-B radiation was provided by 12 UVB-313
lamps (Q Panel Lab Products, Cleveland, OH, USA). UV-B lamps for FS and S conditions
were wrapped with cellulose diacetate (CA) biofilm, which transmitted UV-B radiation
down to 290 nm, while. UV-B lamps for the NUV condition were wrapped in polyester
filters [65,66]. Full-sun and shade condition lamps were adjusted to a height of 0.6 and 1.2
m above tires to attain the appropriate UV-B radiation levels, which were confirmed for all
treatment conditions using an UV meter (UVM-SS, Apogee Instruments Inc., Logan, UT,
USA) [66]. To assure uniform exposure to UV-B radiation, tires in each block were rotated
in their fixed position on the bench every 4 days, and each block was run for 150 days in
sequential temporal order.

Tires were filled with 4 L deionized (DI) water, which was maintained by routine
additions throughout the duration of the experiment [67]. Water samples were taken
from each tire on days 1, 50, 100, and 150 after tire set-up, and they were acid digested
following the U.S. EPA 3015A method [68]. Analysis of digested water samples for total
and dissolved zinc concentrations were conducted with an Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) with autosampler following the U.S. EPA Method
200.7 [69]. Standardization of equipment occurred after daily calibration and after every
11 samples. Calibration standards were 0, 0.4, 2, 4, and 6 mg zinc/L in 5% (v/v) nitric acid.
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Standardization regression was linear up to 100 mg zinc/L. Samples were not taken from
tires on day 100 in block 1 and seven samples across all blocks were excluded from analysis
because of contamination, resulting in 62 total water samples (Dataset S1).

All tires were the same brand and type (Goodyear, model Assurance: P215/60R16)
and sourced from the University of Maryland Motor Transportation Services who replace
tires after 30,000 miles of wear, ensuring that the tires in this study had been exposed to
similar conditions before being used in the experiment.

2.2. Competition Trial

After tires in blocks 3-6 had been exposed to UV-B radiation conditions for 150 days,
they were entered in the mosquito competition trial using a split-plot randomized complete
block design, with UV-B radiation condition as the main plot and competition treatment
as the sub-plot. Because the first block of tires was solely used to assess effects of UV-B
radiation and because there were insufficient numbers of larvae for one of the five other
blocks, four replicate blocks of tires (60 total) were used for the competition trial. For each
block, newly hatched Ae. albopictus and Cx. pipiens larvae were added in varying densities.
Each of the five tires within each of the three UV-B radiation conditions were randomly
assigned one of five mosquito competition treatments (Ae. albopictus: Cx. pipiens, 0:100, 0:50,
100:0, 50:0, 50:50) and provisioned with 1.0 g senescent dried white oak (Quercus alba) leaf
litter a week earlier to create a response-surface competition trial. Treatments with 100 single
species larvae (i.e., 0:100, 100:0) and with 100 mixed species larvae (i.e., 50:50) were expected
to exert high competition compared with treatments with only 50 single-species larvae
(e.g., 0:50, 50:0), which would exert little competitive pressure and represent “baseline”
conditions. These per capita resource amounts (0.01-0.02 g per larva) are similar to those of
prior studies testing competition between mosquitoes in tires [70-72]. Before the addition
of larvae, UV-B lamps were wrapped with polyester filters to prevent UV-B radiation from
directly affecting larvae or their microbial food, yet still remained on retain the 16:8 L:D h
photoperiod [73].

After larvae were added for each block, tires were checked daily to collect pupae,
which were then placed in individual vials with water until adult emergence. Upon
emergence, adults were killed by drying them at >40 °C for 48 h. From each tire, three
fitness parameters were measured for both species: proportion female survival, median
female development time, and median female wing length as a measure of body size. These
fitness parameters were used to estimate the finite rate of population increase (A’) [73]:

log[(l/No) ;Axf(wx)]

B {; XALf(we)/ T Ax f(wxﬂ

where Nj is the initial number of females per container or microcosm (assumed to be
50% of the larvae population); Ax is the number of females eclosing on day x; wx is a
measure of median female size on day x; f(wx) is a function relating fecundity to female
size, and D is the estimated time (in days) required for a newly eclosed female to mate,
obtain a bloodmeal, and oviposit. D is assumed to be 10 days for Cx. pipiens [15,74],
and 14 days for Ae. albopictus [73]. For Ae. albopictus, f(wx) = 78.02wx-121.24 (r* = 0.713,
N =91, p < 0.0001) [75] and for Cx. pipiens, f(wx) = 148.5wx — 383.82 (r> = 0.3724, N = 55,
p <0.0001) [76] (Dataset S2).

At the end of the mosquito competition trial for blocks 5 and 6, each tire was destruc-
tively sampled and all contents (biofilm, detritus, remaining larvae, water) were separated
and removed. Biofilm, the assemblage of surface-associated microbial material along tire
walls, was harvested and dried for 24 h at 95 °C and then at 105 °C for 4 h to obtain its total
dry weight (Dataset S3). A 0.3 g dried sample of biofilm from each tire was analyzed for
total zinc using an Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES)
(PerkinElmer Inc.; Waltham, MA, USA). One dried biofilm sample was too small to be
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analyzed for total zinc, resulting in 29 samples (Dataset S3). Dried and measured adults
from tires in blocks 3 and 4 were also tested for total zinc, after being pooled by UV-B
radiation condition and species to yield sufficient material (12 total samples). As with water
samples (described above), biofilm and mosquito samples were acid digested following the
U.S. EPA 3015A method [68] and measured for total zinc using an ICP-OES following the
U.S. EPA Method 200.7 [69] (Dataset S4).

2.3. Owiposition Choice Trial

An oviposition choice trial was conducted to assess the effects of tire leachate (high
and low zinc concentration) and resources (high and low microbial concentrations) on
oviposition preference using a two-factor RCBD. After block 6 of the competition trial (day
210), water was collected from tires with the highest and lowest tire leachate (dissolved and
total zinc: 4.11 and 6.24 mg/L vs. 0.18 and 0.20 mg/L) to yield two different tire leachate
treatment levels. Half the water from each treatment level was then filtered (0.22 pm pore-
size, Corning, Glendale, CA, USA) to remove microorganisms and yield a low resource
treatment level compared to unfiltered water that represented a high-resource treatment
level. One 1-mL sample from each of the four leachate-resource treatment combinations
was used to measure microbial activity as the rate of heat production (uwatts/mL) using
a multicell differential scanning calorimeter (MC-DSC model 4100, Calorimetry Sciences
Corp., Lindon, UT, USA) in isothermal mode at 25 °C +£ 0.05 following procedures of past
studies [73,77,78]. Resource treatment levels showed a statistically significant difference in
microbial metabolic rates (F; 3 = 661.8, p < 0.0001), with lower metabolic rates for filtered
tire leachate samples (Filtered high zinc: 0.279 £ 0.077 pwatts/mL, Filtered low zinc:
0.341 £ 0.091 pwatts/mL; Unfiltered high zinc: 5.840 £ 0.245 pwatts/mL, Unfiltered low
zinc: 6.295 & 0.355 uwatts/mL). No main effect of zinc concentration (F; 3 = 1.38, p = 0.247)
or interaction effect of zinc concentration and filtering on microbial activity were detected
(F1,44 =0.74, p= 0395)

Twenty (20) female Ae. albopictus or Cx. pipiens were released into experimental cages
(30 cm®) holding four oviposition cups (200 mL black plastic cups lined with a paper towel
for Ae. albopictus or with 0.1 g of foxtail grass, previously rinsed with sterile water, for
Cx. pipiens) positioned in opposite corners and randomly assigned one of the four tire
leachate-resource treatment combinations. Two blocks of six cages (three cages per species)
were housed in each of two identical environmental chambers (Model I-36 VL; Percival
Scientific Inc., Perry, IA, USA) set at 25 °C, >80% RH, and at 16:8 L:D h photoperiod.
All females had been recently (<24 h) blood-fed to repletion. Each cohort of 20 females
were released with 5 males of the same species to ensure the production of fertile eggs.
Females were allowed to oviposit for 7 days and had continuous access to sugar water
(20% v /v) to facilitate their survival. For Ae. albopictus, papers were removed on day 7
and the number of individual eggs were counted per cup in each of its six cages using a
magnification stereo microscope with a 10X dual magnification (Fisher Scientific, Pittsburgh,
OH, USA), resulting in 24 total measures of oviposition (Dataset S5). For Cx. pipiens, the
number of egg rafts laid per cup were recorded in each of its six cages for a second
set of 24 oviposition measures (Dataset 56). Oviposition-mediated habitat segregation
between Ae. albopictus and Cx. pipiens larvae could be due to two main processes: different
oviposition preference, whereby gravid females choose different developmental habitat to
oviposit eggs, or differential egg survival [79]. In this study, we only focused on comparing
oviposition preference considering that egg survival depends on many environmental
conditions (e.g., temperature, precipitation) and is not the focus of this oviposition trial.
Furthermore, some evidence suggests that tire leachate is unlikely to affect egg survival
of either species [80]. Although, female mosquito oviposition can be influenced by other
females [80], we chose to use cohorts of 20 females to reduce data stochasticity and because
cohorts are more realistic of field conditions where multiple females are likely to oviposit
in tire habitats.
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All mosquitoes in both the competition and oviposition trials were Fi.3 generation
individuals from colonies housed in an insectary at 25 °C, >80% RH, and at 16:8 L:D h
photoperiod. Colonies had been established from multiple collections of larvae in tires
and other container habitats in the Washington, District of Columbia-Baltimore, Maryland
metropolitan area. Neither Ae. albopictus or Cx. pipiens are endangered and collection sites
were either on publicly accessible lands or on private lands where consent was granted at
the time of collection; thus, no field permits were required to collect them. Field-collected
larvae were raised to adulthood on lactalbumin (MP Biomedicals LLC, Solon, OH, USA) and
adult females were fed horse or rooster blood via an artificial feeder (Hemotek, Accrington,
UK) to produce eggs.

2.4. Statistical Analyses

ANOVAs were used to test effects of UV-B radiation and other predictors on response
variables using SAS Proc Mixed [81] with experiment-wise « = 0.05. A first set of ANOVAs
were used to test effects of UV-B radiation condition on total and dissolved zinc concen-
trations in tire water (mg/L), biofilm amount per tire (g), and total zinc concentration
in biofilm (mg/g). Models of zinc concentrations in water were separated by sample
day to meet the assumptions of normality and homogeneity of variances and included
measurements at day 1 (study baseline) as a covariate. Replicate block was included as
a random effect and experimental units were groups of 5 tires under the same UV-B ra-
diation condition per block, with each individual tire treated as a sub-sample. Models of
biofilm dry weight and total biofilm zinc concentration included UV-B condition as a fixed
effect. Replicate blocks and tires nested in replicate blocks were included as random effects.
Differences among UV-B radiation conditions were determined using post hoc pairwise
tests with Tukey adjustment.

A second set of ANOVAs were used to test the effects of UV-B radiation condition
and competition treatment on Cx. pipiens and Ae. albopictus per capita rate of population
change (A), survival, median female development time, and median female wing length.
A significant interaction between UV-B radiation condition and competition treatment
would indicate that UV-B radiation condition altered the effect of competition. Pairwise
contrasts were used to determine differences among UV-B conditions within competition
treatment and differences among competition treatments within UV-B condition [82], with
sequential Bonferroni correction for all possible comparisons (9) within each family of
analyses. In all models, replicate block was included as a random effect. To account for
assumptions of normality and homogeneity of variances, all survival data were arcsin
transformed and Ae. albopictus A’ was log10(y+1) transformed. Despite transformations, Cx.
pipiens A’ failed to meet parametric assumptions, thus a randomization ANOVA was used
(Randomization wrapper for SAS PROCs; Cassell 2011). Randomization ANOVA yielded
conclusions identical to those of parametric ANOVA, suggesting that ANOVA results were
minimally influenced by departures from normality or homogenous variance. For brevity,
only the results from parametric ANOVA are presented. A follow-up ANOVA was used
to test for effects of UV-B condition, species, and their interaction on zinc concentration in
emerged adults. To account for assumptions of normality and homogeneity of variances,
mosquito zinc concentration was log10(y+1) transformed and replicate block was included
in the model as a random effect. Differences among UV-B conditions were determined
using post hoc pairwise tests with Tukey adjustment.

A third set of ANOVAs were used to test the effects of UV-B radiation condition and
resources on numbers of Ae. albopictus eggs and numbers of Cx. pipiens egg rafts. In all
models, tire leachate concentration and resources were included as fixed effects, incubators
(blocks) were included as random effects, and differences in tire leachate concentration and
resources were determined using post hoc pairwise tests with Tukey adjustment.
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3. Results
3.1. Tire Condition Experiment

UV-B radiation affected total zinc concentration in tire water, showing significant
differences among conditions at days 50 (F 11 = 7.21, p-values = 0.010), 100 (Fp17 = 11.81,
p -values = 0.004), and 150 (F; 11 = 4.24, p-values = 0.045). Dissolved zinc concentration
was also affected by UV-B radiation at day 100 (F»1; = 4.50, p-values = 0.047), but not
at days 50 (Fp,11 = 3.75, p-values = 0.057) or 150 (Fp11 = 2.54, p-values = 0.117). In all
instances, zinc concentration was higher in tires exposed to conditions mimicking full sun
than no UV-B conditions, and at day 50, total zinc concentration was also higher in tires
exposed to conditions mimicking full sun than tires exposed to conditions mimicking shade
(Figure 1A, B).
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Figure 1. Least square means (£SE) for (A) total and (B) dissolved zinc concentration in water from
tires exposed to UV-B radiation conditions that mimicked full-sun, shade, and no UV-B radiation
conditions on days 50, 100, 150. Significant pairwise comparisons within each day are indicated by
different letters beside markers (p < 0.05). No letters indicate no significant pairwise differences.

UV-B radiation also affected biofilm mass (F 25 = 7.95, p = 0.002), with higher amounts
under full-sun conditions than under no UV-B conditions (Figure 2A), and zinc concen-
trations within biofilm (F 25 = 22.13, p < 0.001), with higher total zinc concentrations in
biofilm from tires exposed to shade and full-sun conditions compared to tires exposed to
no UV-B conditions (Figure 2B).

3.2. Competition Trial

Across all UV-B radiation conditions and competition treatments, Ae. albopictus had
higher A’ than Cx. pipiens (Figure 3), indicating that it was the superior competitor. Nev-
ertheless, there was a significant interaction of UV-B radiation condition and competition
treatment on both Ae. albopictus A’ and survival (Table 1). Ae. albopictus A" and survival
were lower in tires exposed to S conditions compared to NUV conditions under Cx. pipiens
(50:50) but not conspecific (50:0, 100:0) competition (Figure 3A,B), indicating that UV-B



Insects 2022, 13, 969

90f18

radiation of tire habitats altered the response of Ae. albopictus to Cx. pipiens competition.
Ae. albopictus survival was also lower in tires exposed to FS conditions compared to NUV
conditions (Figure 3B), while A’ showed a similar but not significant trend (Figure 3A).
Main effects of UV-B condition and competition were detected on Ae. albopictus survival
(Table 1), with lower survival in tires exposed to FS conditions compared to S and NUV
conditions (Figure S1), and with higher conspecific (100:0) and Cx. pipiens (50:50) competi-
tion (Figure S1). Aedes albopictus female development time and female wing length were
not affected either by UV-B radiation condition or competition treatment (Table 1). For Cx.
pipiens, there was no interaction between UV-B condition and competition treatment for A’/
or its individual fitness parameters (Table 1, Figure 3C,D), indicating no evidence that tire
exposure to UV-B radiation altered the impact of competition on Cx. pipiens performance
(Figure 3). Nevertheless, there were main effects of UV-B condition on Cx. pipiens survival
and female wing length (Table 1). There was higher survival in tires exposed to S and NUV
conditions than FS conditions (Figure S1), while surviving larvae in S and FS conditions
developed into larger adults than larvae in tires exposed to NUV conditions (Figure S2).
Main effects of competition treatments were also detected on Cx. pipiens survival, female
development time, and female wing length (Table 1). Culex pipiens survival was lower
and female wing length shorter under higher competition from Ae. albopictus (50:50)
and conspecifics (100:0) (Figure S2), while female development time was longer under Ae.
albopictus competition (50:50) compared to low conspecific competition (0:50) (Figure S2).
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Figure 2. Least square means (£SE) for (A) dry weight of tire biofilm (g per tire) and (B) total zinc
concentrations in biofilm (mg/g) from tires exposed to UV-B radiation that mimicked no UV-B, shade,
or full-sun conditions. Data were statistically tested using ANOVA. Significant pairwise comparisons
are indicated by different letters above bars (p < 0.05).

There was a main effect of species on total zinc concentration (F; 5 = 29.44, p = 0.0029),
with Ae. albopictus having greater zinc concentration than Cx. pipiens across all UV-B
conditions. Zinc concentration trended higher across UV-B radiation conditions, from NUV
through S to FS (Figure 4), but this relationship was not significant (F, 5 = 1.67, p = 0.2775)
nor was the species x UV-B condition interaction (Fy5 = 2.19, p = 0.2072).
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Figure 3. Least square means (+SE) of the interaction effects of UV-B radiation (no UV-B, shade,
full-sun) and competition treatment (50:0, 100:0, 50:50; conspecifics:heterospecifics) on the estimated
finite rate of population increase (A") and survival (%) of (A,B) Ae. albopictus and (C,D) Cx. pipiens.
Data were statistically tested using ANOVA. Significant pairwise comparisons among treatment
levels are indicated by different letters above bars (p < 0.05). No letters indicate no significance.
Table 1. ANOVA results of the effects of UV-B radiation condition and competition treatment on
estimated finite rate of population increase (\’), survival, female developmental time, and female
wing length of Ae. albopictus and Cx. pipiens. Ae. albopictus A" was logl0(y+1) transformed.
Significant (p < 0.05) results are bolded.
’ . Female .
A Survival . Female Wing Length
. Developmental Time
Variable
df F p-Value df F p-Value df F p-Value df F p-Value
Ae. albopictus
UV-B condition 2,24 2.68 0.089 224 7.29 0.003 224 283 0.079 224 024 0.790
Competition 224 3.04 0.066 224 829 0.001 224 1.02 0.375 224 145 0.255
UV-Bconditionxyhy 370 0034 424 330 0027 424 174 0175 424 041 0800
competition
Cx. pipiens
UV-B condition 224 297 0.066 224 591 0.008 221 0.37 0.692 221 137 0.002
Competition 2,24 0.15 0.752 2,24 3.79 0.037 2,21 5.38 0.013 221 6.11 0.008
UV-Beonditionx 5y 001 0990 424 028 0888 421 113 0370 421 261  0.064

competition
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Figure 4. Least square means (+SE) total zinc concentration in mosquitoes (mg/kg) for Ae. albopictus
and Cx. pipiens in response to UV-B radiation treatment. Data were statistically tested using ANOVA.
No letters indicate no significant pairwise differences (p > 0.05).

3.3. Owiposition Choice Trial

There were no main or interaction effects of leachate concentration or resources on Ae.
albopictus oviposition (F-values; 3 = 0.12-1.07, p-values = 0.444-0.734; Figure 5A). There was
no effect of leachate concentration on Cx. pipiens oviposition but a main effect of resources
was detected, with 4-5 times the number of egg rafts oviposited in cups with high resources
than those with low resources across the two zinc concentration treatments (F; 3 = 29.87,
p < 0.05; Figure 5B; interaction effect: F; 3 = 0.615).
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Figure 5. Least squares means (+SE) for (A) numbers of oviposited Ae. albopictus eggs and
(B) numbers of Cx. pipiens egg rafts by tire leachate concentration (high, low) and food resources (high,
low). Data were statistically tested using ANOVA. Significant pairwise comparisons among treat-
ment levels are indicated by different letters above bars (p < 0.05). No letters indicate no significant
pairwise differences.

4. Discussion

Condition-specific competition, when the outcome of competition varies with envi-
ronmental conditions, can influence the composition and structure of insect communi-
ties [9,83-85]. Our study suggests condition-specific competition, through the moderating
effects of tire degradation from UV-B radiation and resultant exposure to tire contaminants,
alters the outcome of competition between invasive Ae. albopictus and native Cx. pipiens.
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Our prediction of increased Cx. pipiens competitiveness versus Ae. albopictus in habitats
with higher tire leachate was supported. Our results show lower Ae. albopictus per capita
rate of population increase (1) in response to Cx. pipiens competition in tires exposed
to higher UV-B-radiation and with higher zinc concentrations, a common marker of tire
leachate. Prior studies have documented the effects of UV-B radiation on tire degrada-
tion [22,86], and negative effects of tire leachate or its individual constituent compounds
on aquatic biota [23,26,27,31], but this is the first study to illustrate that negative effects of
tire leachate from realistic UV-B conditions can alter species interactions and the impacts of
a biological invasion.

We found no evidence that tire leachate concentration altered the oviposition of either
Ae. albopictus or Cx. pipiens, but that Cx. pipiens preferred to oviposit in cups with higher
resources. Cx. pipiens’ preference for experimental cups with higher resources is broadly
consistent with several studies showing that Cx. pipiens preferentially oviposit in habitats
with high organic content [87,88]. Distributions of Ae. albopictus and Cx. pipiens are
probably affected by several environmental variables acting at different scales, including
container resources, size, and temperature, adult resting sites, and host densities. Yet,
numerous field surveys have collected Ae. albopictus and Cx. pipiens co-occurring in the
same individual tires [44,48,50]. Our findings suggest that condition-specific competition
in resource-limited tires, as well as the relaxation of competition in resource-rich habitats,
are both plausible mechanisms contributing to the regional persistence of Cx. pipiens in
response the invasion of the competitively superior Ae. albopictus. This study adds to
growing literature demonstrating the importance of condition-specific competition on the
dynamics of ecological communities and the invasion and impacts of Ae. albopictus in
particular [9,50,53,57].

Although Ae. albopictus was competitively superior to Cx. pipiens across all UV-B
conditions and density treatments, there was little evidence that tire degradation altered
the effects of Ae. albopictus competition on Cx. pipiens. Like Ae. albopictus, survival of Cx.
pipiens was on average lowest in tires exposed to the FS condition, which had the greatest
UV-B radiation and had the highest mean concentration of tire leachate. However, unlike Ae.
albopictus, whose body size and development time did not vary across density treatments
or radiation conditions, Cx. pipiens survivors developed faster and were larger in tires that
had been exposed to higher UV-B radiation, resulting in no difference in Cx. pipiens A’ with
UV-B condition. A species’ competitive ability results from several traits that constitute
its effects on other species and its response to interspecific competition. Competitive
effect is usually associated with the ability to harvest and deplete scarce resources [4].
Harvesting efficiency can contribute to competitive response, but response is also affected
by physiological efficiency and flexibility, such as reduced metabolic demands or plasticity
of size and time to maturity that can enable a species to maintain high population growth
despite competition [4]. It is likely that variation in both competitive effects and responses
resulted in the observed differences among UV-B radiation conditions in our study. Cx.
pipiens survival was similar in tires exposed to NUV and S conditions, but it is likely that
the larger Cx. pipiens larvae in the S condition depleted more microbial resources and
exerted a greater competitive effect than the smaller larvae in the NUV condition, causing
significantly lower Ae. albopictus A'. Cx. pipiens larvae were similarly larger in the FS
condition but their lower survival caused insufficient competitive effect on Ae. albopictus to
result in a significant difference in Ae. albopictus A’ between FS and NUV conditions.

Lower Ae. albopictus performance in response to Cx. pipiens competition in both the
FS and S conditions may also have been because of increased metabolic demands and
reduced developmental plasticity when resisting tire contaminants. Adult Ae. albopictus
emerged with higher zinc concentrations than Cx. pipiens across all radiation conditions. Ae.
albopictus also showed increasing zinc concentrations from NUV to FS conditions, although
this trend was not statistically significant presumably because of low sample sizes. Ae.
albopictus spends more time feeding and a greater proportion of its feeding time browsing
surface biofilm than Cx. pipiens [56], which probably exposes it to greater concentrations
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of leachate from tire surfaces. It is possible that increased competition from larger Cx.
pipiens larvae, combined with degraded physiological efficiency and flexibility from higher
exposure to tire contaminants, resulted in Ae. albopictus having lower performance when it
was co-occurring with Cx. pipiens in more degraded tires. Although we observed lower
survival of both Ae. albopictus and Cx. pipiens in higher UV-B radiation conditions (FS,
S) and in higher competition treatments (100:0, 50:50), we saw no main effects of UV-B
radiation or competition treatment on A’ of either species. If Ae. albopictus’ greater exposure
to tire contaminants only caused increased metabolic demands and reduced developmental
plasticity, we might have expected reduced Ae. albopictus performance in the FS condition
across all competition treatments. It is possible that Cx. pipiens, which almost exclusively
filter-feeds within the water column, forces Ae. albopictus to spend even more feeding time
browsing surfaces than normal, which reduces Ae. albopictus’ performance within highly
degraded tires through a form of interference competition, which is defined as when the
presence of one species alters the behavior of another [89]. Although past studies suggest
that mosquitoes may be affected by interference competition produced by water-borne
substances or aggression [89-92], competition between Ae. albopictus and Cx. pipiens is
widely assumed to occur via resource depletion. Our study suggests that differential
responses to tire contaminants and interference competition may also play an important
role in the outcome of competition between these species.

Our study suggests that a species’ response to competition across varying environ-
mental conditions is best estimated by combining survival with other demographic data on
development time and body size in a composite index of population performance, such
as A'. This finding is consistent with that from Villena, Terry, Iwata, Landa, LaDeau and
Leisnham [31], which showed that increasing female mass with increasing tire leachate
concentration of Ae. albopictus offset concomitant decreases in survival, resulting in no
changes in A’. An important limitation of most past research that have studied the ef-
fects of tire leachate on aquatic organisms is that findings on any toxicological effects are
limited to single parameters of fitness, usually that of survival, precluding inferences on
populations over multiple generations. Addressing individual parameters of adult fitness,
especially of adult body size, is also important when considering vector mosquitoes. Larger
field-collected Ae. aegypti has been shown to have a greater frequency of dengue infection
in Brazil, presumably because they have greater longevity and biting rates that offset
decreases in viral susceptibility [93]. In this study, we observed increases in female body
size of Cx. pipens in tires with greater tire leachate concentrations from higher exposure to
UV-B radiation. Cx. pipiens is the main WNV vector of several avian species that serve to
amplify the virus in urban areas [60]. Cx. pipiens also bite humans and plays a significant
role in bridging WNYV into human populations [60,62]. Our findings suggest that tires
degraded by UV-B radiation might increase risks of human WNYV transmission after Ae.
albopictus invasion through two, interrelated mechanisms: by helping foster the area-wide
persistence of Cx. pipiens and by increasing the probability that surviving Cx. pipiens adult
females become infectious.

Our prediction regarding UV-B radiation impacts on tires was clearly supported.
Dissolved and total zinc concentrations, which are common markers of tire leachate, were
higher in tires exposed to UV-B radiation mimicking full sun conditions compared no UV-B
conditions, while tires exposed to UV-B radiation mimicking shaded conditions exhibited
intermediate zinc concentrations. These results are consistent with the only other study
that has studied tire degradation among mosquito habitats in the field. Villena, Terry, Iwata,
Landa, LaDeau and Leisnham [31] observed higher dissolved zinc concentrations from
tires sampled in tire dumps, that were likely exposed to continuous full-sun conditions
compared to those in auto-repair shops that probably experienced full or partial shade.
Mean soluble zinc concentrations recorded by Villena, Terry, Iwata, Landa, LaDeau and
Leisnham [31] at one dump site were 2.39 & 1.17 (range: 0.05-7.26 mg/L), which was
similar to the highest mean values of dissolved zinc in tires exposed to full sun conditions
in our study. We based our UV-B radiation levels on measured values from the field.
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Although the levels of UV-B radiation exposure are likely to be highly variable among
sites and temporally dynamic, our results suggest that our experimental conditions in the
greenhouse were realistic to those in the field. This is one of the first studies to explore the
decay of whole tires under realistic UV-B radiation conditions of terrestrial habitats. Most
studies have used crumb rubber particles or tire chips to obtain tire leachate and assess
its toxicity on organisms [27,30,31], or studied the effects of tires that are submerged in
water [18,94,95].

Water-filled tire casings are often the most important development habitat for container
utilizing mosquitoes worldwide due to their relatively large size and persistence in the
environment [96,97]. Over 30 mosquito species, including seven invasive species, have been
documented to use tire habitats in the United States [96]. The used tire industry has been
influential in the spread of several species and their associated arthropod-borne viruses
to new geographic areas in the United States and worldwide [98]. Several studies have
documented the persistence of individual tires in the field for decades, where they provide
habitat for successive generations of mosquitoes and are exposed to a range of adverse
conditions that degrade their rubber and facilitate the leaching of compounds [99-101].
In this study, we focused on tire degradation from UV-B radiation because it is likely
the most common source of tire degradation. Still, tires can also degrade as result of
several other environmental processes, including temperature, water exposure, and other
contaminants, such as road salt. Our findings that degraded tires with higher tire leachate
promote condition-specific competition by reducing the competitive advantage of invasive
Ae. albopictus over resident Cx. pipiens may apply to other mosquito communities and have
wide-ranging impacts on disease transmission worldwide.
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