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Summary
1. Theory shows that fluctuation of environmental conditions can produce temporal niches

for inferior competitors that mitigate effects of inter specific competition and facilitate
long-term persistence of poor competitors.

2. In south Florida the mosquitoes Aedes albopictus and Aedes aegypti often co-occur in
water-filled containers despite A. albopictus being competitively superior to A. aegypti.
We tested the hypothesis that seasonal fluctuation in environmental conditions reduces or
reverses competitive asymmetry between the species, and contributes to persistence of
the poorer competitor via stabilizing or equalizing effects.

3. During the Florida wet and dry seasons we manipulated mosquito egg exposure to
desiccation before inducing hatching and allowing surviving larvae to compete for 59
days. The effect of season also incorporated seasonal fluctuations in resource input to
experimental containers.

4. For both species composite index of population performance (λ’) was greater in the dry
season than the wet season, indicating strong seasonal effects on population dynamics.
Aedes albopictus was not affected by competition in either season. Aedes aegypti was
negatively affected by interspecific competition in the wet season.

5. Aedes aegypti egg survival was unaffected by exposure to the different experimental
environments. There was a small reduction in A. albopictus egg survival in the wet
season, but this reduction was unrelated to effects on λ’, indicating fluctuation in the egg
environment did not contribute to dry season release from competition.

6. Detritus resource inputs were over three times greater in the dry season than in the wet
season. Given the relatively small effect of environment on egg survival these results
suggest that seasonal differences in population performance are driven primarily by per-
capita food availability.

7. Large inputs of detritus in the dry season appear to reduce competition, and produce
similar responses in both species. This result suggests that seasonal variation contributes
to coexistence of A. albopictus and A. aegypti as a fitness equalizing factor.
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Introduction
Mechanisms of coexistence are broadly categorized as being fluctuation-independent or
fluctuation-dependent (Chesson 2000). Fluctuation-independent mechanisms such as
resource partitioning and predation operate equally in homogenous and heterogeneous
environments. Fluctuation-dependent mechanisms, on the other hand, only operate in
environments in which conditions vary spatially or temporally. Recognition of the
importance of fluctuating conditions as contributors to coexistence of competitors has grown
since Hutchinson (1961) proposed it (Chesson & Huntley 1997, Chesson 2000, Chase &
Leibold 2003). Fluctuations in environmental conditions that negatively affect species
densities can affect the relative strengths of intra- and interspecific competition if species
respond differently to fluctuations (Chesson & Huntley 1997, Chesson 2000). Periods in
which the negative effects of intraspecific competition increase relative to the negative
effects of interspecific competition can have stabilizing effects, which are required to
maintain long-term coexistence (Chesson 2000). Fluctuating conditions might also have
equalizing effects, which reduce fitness differences between competitors, and thus may
reduce the strength of stabilizing effects necessary to maintain coexistence between
competitors (Chesson 2000), Adler, HilleRisLambers & Levine 2007). Variation in multiple
environmental conditions, including temperature (Holway, Suarez & Case 2002, Descamps-
Julien & Gonzalez 2005, Jiang & Morin 2007), resource type (Murrell & Juliano 2008,
Juliano 2009), current velocity (Taniguchi & Nakano 2000), and habitat drying (Costanzo,
Kesavaraju & Juliano 2005) can alter interspecific competitive interactions and contribute to
coexistence. Although diverse tax a could thus exhibit fluctuation-dependent coexistence,
we still have a poor understanding of the general importance of fluctuating conditions as
drivers of community structure in nature.

Container dwelling Aedes mosquitoes are a desirable model system for field tests of the role
of fluctuating conditions in communities. Aedes aegypti invaded North America from Africa
between the fifteenth and seventeenth centuries and its range covered much of the Southeast
United States (Tabachnick 1991). Aedes albopictus invaded the United States in Texas via
shipments of tyres from Japan in the mid-1980s (Hawley et al. 1987). Since then, A.
albopictus spread to almost all of the Southeast and portions of the Midwest United States
(Lounibos 2002, and at the same time, A. aegypti populations disappeared from much of the
southeastern United States, persisting only in parts of Texas, New Orleans, southern Florida
(Lounibos 2002, and Georgia (G.F. O’Meara, FMEL, Vero Beach, FL, personal
communication). Despite nearly total displacement from sites of A. albopictus invasion in
northern Florida, A. aegypti persists, sometimes despite invasion by A. albopictus, in urban
areas of southern Florida (O’Meara et al. 1995, Rey et al. 2006).

Aedes aegypti and A. albopictus lay desiccation-resistant eggs near the water surface in
containers such as discarded tyres and cemetery vases. Eggs hatch when containers fill with
rain water (Christophers 1960, Hawley 1988). Aquatic larvae of both species feed on
microorganisms that grow on detritus surfaces and in the water column (Christophers 1960,
Hawley 1988). Laboratory (Barrera 1996), Daugherty, Alto & Juliano 2000) and field
studies (Juliano 1998, Braks et al. 2004) demonstrated that A. albopictus is the superior
competitor when decomposing plant material forms the resource base. Field experiments
done in cemetery vases at approximately natural densities indicated that interspecific
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competition is common in south Florida (Juliano, Lounibos & O’Meara 2004). Those
experiments were performed during the wet seasonat sites of Aedes coexistence and sites of
A. aegypti exclusion (Juliano, Lounibos & O’Meara 2004), and showed that competitive
effects of A. albopictus on A. aegypti were statistically indistinguishable at these site types.
These results suggest that differences in wet season larval environments (physical
characteristics, resources, etc.) between site types are insufficient to explain the difference in
A. aegypti persistence at these sites(Juliano, Lounibos & O’Meara 2004).

The hypothesis that apparently stable coexistence (over about a decade – Lounibos et al.
2010) of these competitors is fluctuation-dependent was suggested by Costanzo, Kesavaraju
& Juliano (2005), based on field observations and laboratory experiments. Southern
peninsular Florida, where A. aegypti frequently persists, has relatively hot daytime
temperatures and relatively high total precipitation from frequent rain showers from May
through October (wet season) and warm to cool daytime temperatures and relatively low
total precipitation from infrequent rain showers from November through April (dry season)
(Duever et al. 1994). Despite seasonal differences in rainfall relative humidity remains
relatively high throughout the year. Northern Florida, where A. albopictus appears to have
excluded A. aegypti, does not have prolonged periods without precipitation during the
winter months (Southeast Regional Climate Center 2007). Aedes aegypti ’s distribution in
Florida is positively associated with warm, seasonally dry conditions whereas A. albopictus
is negatively associated with these conditions (Juliano et al. 2002). In southern Florida, A.
albopictus often occupies fewer containers at the beginning of the wet season than at the end
of the wet season, indicating dry season reductions inA. albopictus populations (Juliano et
al. 2002). In contrast, A. aegypti container occupancy at the same locations is unrelated to
season, suggesting that A. aegypti performs equally well in wet and dry conditions (Juliano
et al. 2002). Differences in the geographic distribution of A. albopictus and A. aegypti are
associated with differences in egg desiccation tolerance. Aedes aegypti eggs tolerate high
temperatures and desiccation better than do A. albopictus eggs (Sota & Mogi 1992, Juliano
et al. 2002). In a long-term laboratory cage experiment Costanzo, Kesavaraju & Juliano
(2005) produced compelling evidence that interspecific competition between A. albopictus
and A. aegypti can be modified by the container drying regimen. In laboratory cages
housing water-filled containers that dried fully before being refilled, A. aegypti populations
were not affected by competition with A. albopictus, but A. albopictus populations were
negatively affected by competition with A. aegypti, suggesting competitive superiority of A.
aegypti when containers dry (Costanzo, Kesavaraju & Juliano 2005). In contrast, in
laboratory cages housing water-filled containers that never dried, competitive superiority
was reversed (Costanzo, Kesavaraju & Juliano 2005). This cage competition experiment
suggests that competition is condition-specific relative to container drying, and thus
potentially condition-specific between Florida’s wet and dry seasons (Costanzo, Kesavaraju
& Juliano 2005). Thus seasonal drying could act as a stabilizing effect, contributing to
coexistence of these competitors. This lab experiment leaves unanswered the questions of
whether seasonal fluctuation of drying in nature is sufficient to produce such a stabilizing
effect, and whether other effects of seasonal variation might also act as equalizing effects,
reducing fitness differences between species.

We performed a pair of field experiments to test the hypothesis that seasonal fluctuation of
environmental conditions in southern Florida alters the outcomes of competition between A.
albopictus and A. aegypti. We manipulated desiccation exposure of Aedes eggs so that
conditions for eggs were similar to those for both wet and dry seasons, to test the prediction
that season-specific habitat drying is sufficient to modify the effects of competition. We also
did an egg mortality experiment to test directly whether A. aegypti and A. albopictus eggs
are differentially impacted by wet and dry season field conditions, which would suggest
stabilizing effects. Table 1 summarizes egg mortality expectations and predicted outcomes
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of competition. We also monitored seasonal accumulations of detritus in proxy containers,
to test the prediction that seasonal differences in the inputs of detritus resources also
contribute to different seasonal outcomes of competition, either as stabilizing or equalizing
effects.

Materials and Methods
We conducted a competition experiment and an egg mortality experiment, each done during
the wet season of 2009 and again at the end of the dry season of 2010. The experiments were
done under the canopy of a live oak-palmetto hammock on the grounds of the Florida
Medical Entomology Laboratory in Vero Beach, Florida. Aedes aegypti occupied natural
and artificial containers in the hammock prior to the invasion of A. albopictus (S. A. Juliano,
personal observation). At present, A. albopictus is abundant in containers at this site and A.
aegypti occurs at other sites in Vero Beach, but adults are sometimes seen at the Laboratory
(P. A. O’Neal, personal observation). The persistence of A. aegypti in the surrounding area
suggests that this study site is a suitable location to test the hypothesis that seasonal climate
differences contribute to the coexistence of A. aegypti and A. albopictus, despite the
apparent scarcity of larval A. aegypti at the study site.

Aedes eggs used in the wet season experiments were from established laboratory colonies
initiated with individuals obtained from multiple locations in Florida. The colonies consisted
of several hundred adults and had been maintained in the lab with overlapping generations
for 2–3 years. The eggs used in the wet season were 1–3 months old. In the months between
the wet and dry season runs of the experiment, we replaced both colonies. In the dry season
we used Aedes eggs from colonies initiated with individuals from cemeteries in Fort Pierce,
Florida (A. aegypti) and discarded tyres at FMEL (A. albopictus). Dry season colonies
consisted of a few hundred adults and had been maintained in the lab for < 1 year. The eggs
used in the dry season were ≤ 2 weeks old.

Competition Experiment
During each season we placed the eggs of both species into dry, 0.946 l plastic cups and we
placed the cups under the canopy of the hammock in a small response surface design
(Goldberg & Scheiner 2001) with seven A. albopictus: A. aegypti density combinations
(40:0, 0:40, 80:0, 0:80, 40:40, 60:20, and 20:60). We exposed eggs in containers of each
density combination to one of three environmental conditions (see below) prior to flooding
with 500 ml of water: Lab egg exposure - two weeks under optimal conditions in the
laboratory without hatching; Field egg exposure - two weeks under ambient field conditions
without hatching; Natural field egg exposure - ambient field conditions with container
flooding and hatching via naturally occurring precipitation (Table 1).

We affixed experimental containers to 12 acrylic platforms and placed chicken wire around
each platform to exclude vertebrates. Each platform had one of each of the seven density
combinations and all containers on a platform received the same egg environmental
exposure treatment. To implement environmental exposure treatments, we inspected paper
towels that had served as the oviposition substrate in colonies (hereafter, “egg papers”) and
removed eggs that had partially or completely collapsed (suggesting inviability) from the
egg papers. We cut out sections of egg papers with a desired number of eggs and assigned
them to an environmental exposure treatment.

We replicated each density × environmental exposure treatment combination four times for
a total of 84 containers per season and 168 containers total. Because of limited open area in
the hammock, the experiments were done at four sites (≥ 50 m apart). Each combination of
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density × environmental exposure treatment was replicated once per site. In the dry season
we placed platforms within 1 m of the location used in the wet season.

Environmental Egg Exposure Treatments (Table 1). Lab egg exposure—On
Day 1 we placed eggs in a sealed plastic container that also housed a vial of super-saturated
potassium sulphate solution, which produces an equilibrium relative humidity of
approximately 96.3% within the container (Winston & Bates 1960). We kept the egg
container at 14 L: 10 D (florescent lighting), 23–26°C in a climate controlled building.
These conditions are expected to produce maximal egg survival. On Day 15, we placed the
eggs into experimental containers, immediately flooded the containers with 500 ml of water,
placed the containers into the field, and allowed larval competition to occur for 59 days.

Field egg exposure—We placed experimental containers in the field on Day 1 to expose
eggs to ambient seasonal field conditions for two weeks. We covered containers with mesh
to exclude predators and placed a clear acrylic sheet over the chicken wire enclosure to
prevent rainwater from inducing premature hatch. On Day 15, we flooded the containers
with 500 ml water and allowed larval competition to occur for 59 days.

Natural field egg exposure—We placed experimental containers in the field on Day 15
to expose eggs to ambient conditions with natural container flooding. We covered the
containers with mesh and an acrylic sheet, as in the Field egg exposure treatment. Each day
we checked a proxy container placed in a location with no overhead canopy and measured
the previous day’s total rainfall. We added an amount of water equal to the previous day’s
total rainfall to the Natural field egg exposure treatment containers. This procedure was
continued until a total of 500 ml had been added to the container or 14 days had elapsed, at
which point the difference between the cumulative amount of water added and 500 ml was
added to the containers and the acrylic sheet was removed. We assumed some eggs hatched
with the first addition of water, so we allowed larval competition to occur for 59 days from
the date of the first water addition. This treatment was expected to result in early hatching in
the wet season, and later hatching in the dry season. We collected daily precipitation data
over 73 days in the wet season and 109 days in the dry season to compare the duration of
egg exposure to pre-flooding conditions for the Natural field egg exposure treatment to the
seasonal average interval between precipitation events.

Upon flooding, we fitted experimental containers with an adult emergence chamber. We
collected adults from containers by aspiration, identified the sex and species, dried them at
50°C, and quantified adult female size by measuring wing length (Christophers 1960. Due to
the large number of adults collected and because some of the adults’ wings were damaged,
we sampled female adult size for each cohort. We measured the wing lengths for females
with earliest, median, and latest emergence times for each cohort (Leisnham & Juliano
2010)or for all females if ≤3 emerged from a cohort. After 59 days of larval competition we
collected remaining pupae from experimental containers, allowed them to eclose, and
included them in the adult data set.

We calculated Livdahl & Sugihara’s (1984) composite index of performance r’, which
estimates instantaneous rate of increase for a cohort by combining in a biologically
meaningful way measures of survival, development time, and adult egg production
(estimated from adult size). In this way, this index is regarded as a better overall indicator of
ecological effects than analysis of individual measures of population performance (Livdahl
& Sugihara 1984, Livdahl & Willey 1991, Juliano 1998). We modified Livdahl &
Sugihara’s (1984) original method to use the mean wing length of our sample of three
females from each container (see above). This simplified the expression for r’ to:
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where N0 represents the initial number of females in the container (assumed to be 50% of
the total number of eggs), A is the number of females produced from the container over the
course of the experiment, f (w) describes a functional relationship between egg production
and mean wing length (mm) of our sample of three females from the container, D is the
estimated time between female eclosion and reproduction, and x̄ is the mean time to eclosion
for all eclosed females. For A. aegypti, D = 12 days (Grill & Juliano 1996), and f (wx) =
2.5(wx)3 − 8.616 (Briegel 1990). For A. albopictus, D = 14 days (Livdahl & Willey 1991),
and f (wx) = 78.02wx − 121.24 (Lounibos et al. 2002). For analysis we used λ’ = exp(r’),
which estimates the finite rate of increase for a cohort, and has the advantageous property of
being estimable even when no females survive to reproductive age (λ’ = 0), a condition that
renders r’ inestimable (r’ = − ∞) (Juliano 1998).

We compared the conditions during our experiment to the average conditions from the past
15 years. To do so we downloaded daily averages for temperature and relative humidity
from a weather station at the Vero Beach airport (Weather Underground, Inc. 2012) for 14
day periods corresponding to the dates on which eggs were exposed to field conditions
during our experiment (6/11 – 6/25 in the wet season; 4/1 – 4/14 in the dry season). We
collected data from the same time periods for each year from 1997 to 2011. We calculated a
mean temperature and relative humidity for both 14 day periods (wet and dry seasons) for
each year. We then calculated from yearly means over this 15-year span overall mean,
standard deviation, and 95% confidence interval for temperature and relative humidity in
each season.

Analysis—We analyzed λ’ for each species with a randomized complete block ANOVA
(PROC MIXED, SAS Institute, Inc. 2008) with environmental exposure, density
combination, and season as fixed effects, site as the random block effect, and all possible
two- and three-way interactions. We assumed effects of density, treatment, and season were
independent of site and thus pooled three-way random effects involving site with the overall
error term (Fenster & Dudash 2001).

As a randomized, controlled experiment, our approach constitutes “design based inference”,
wherein there is only one statistical model (in our case, a saturated 3 way design) that is
dictated by the design (Anderson 2008). We determine the importance of experimental
factors using multimodel inference with information theoretic (IT) criteria (Burnham,
Anderson, & Huyvaert 2011), evaluating alternative models incorporating or omitting main
effects and interactions. A major advantage of this approach is quantification of weight of
evidence for different models and avoidance of arbitrary α levels in hypothesis tests
(Anderson 2008; Burnham et al. 2011). We did such IT analyses using AICc (corrected for
small sample size) and following recommendations of Burnham, Anderson, & Huyvaert
(2011) on calculations and conclusions. When multiple models had similar weight of
evidence we chose to err on the side of including effects, and chose as our final model the
well-supported model that included the greatest number of experimental factors. We report
for our final models P values for main effects and interactions, and when necessary multiple
pairwise comparisons of means to evaluate the direction of differences produced by our
treatments. We also report, for the best models, effect sizes as partial η2 (Sokal & Rohlf
2012, Kromrey & Bell 2010) which estimates the sample effect size in a factorial ANOVA
(Kromrey & Bell 2010). As a rule of thumb, η2 = 0.01, 0.06, and 0.14 indicate effect sizes
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described as small, medium, and large, respectively (Cohen 1988). Effect sizes were
calculated using the SAS® Macro by Kromrey & Bell (2010).

Data for λ’ did not meet assumptions of homogeneous variance or normality for either
species. We therefore also used randomization ANOVAs (RT 2.1, Manly 1997; SAS® 9.2
Cassell 2002) on the untransformed A. albopictus data and square transformed A. aegypti
data. Because RT 2.1 is incapable of analyzing models with more than three main effects,
we removed the site effect by expressing each data point as a deviation from the mean of all
containers at that site. Results from both the RT and SAS randomization analyses yielded
conclusions identical to those of parametric ANOVAs, suggesting that ANOVA results are
minimally influenced by departures from normality and homogenous variance. For brevity,
we report only results of the parametric multimodel inference approach to ANOVA.

Egg Survival Experiment
Directly assaying the probability of surviving to hatching of the eggs used in the competition
experiment was not possible because eggs could not be recovered from containers after
inundation. We designed a concurrent experiment to estimate egg survival for each species.
During each season we subjected groups of eggs of each species, ranging from 75± 9 eggs,
to one of two environmental exposure treatments: 1) two weeks under optimal conditions in
the laboratory, and 2) two weeks under ambient field conditions, as described above. We
placed groups exposed to field conditions into containers similar to those used in the
competition experiment and placed the containers under the hammock canopy on Day 1 so
that they would experience the same ambient conditions as eggs in the Field egg exposure
treatment of the competition study. We shielded field exposed eggs from rainfall and
predatory insects as in the competition experiment. On Day 1 we placed eggs exposed to
optimal laboratory conditions into the same sealed, humidified container as the Lab egg
exposure treatment of the competition experiment. We replicated the laboratory and field
treatments 8 times for each species with one group of A. aegypti in the laboratory treatment
destroyed during sampling for a total of 31 and 32 egg groups in the wet and dry seasons,
respectively.

On Day 15 we induced eggs to hatch with 0.15 g/L yeast: lactalbumen (1:1) hatching
medium. After 48 hours we counted the number of living larvae for each group. We
bleached the remaining eggs (Trpis 1970) and examined unhatched eggs for developed
embryos, which we assumed to be dead, and undeveloped embryos. We quantified egg
survival as: (hatched larvae)/(hatched larvae + unhatched fully embryonated eggs).

Analysis—We used the same multimodel inference approach to analyze egg
survival(arcsine square-root transformed), comparing models with or without effects of
environmental exposure, species, and season and all interactions (PROC MIXED - SAS
Institute 2008), evaluating model weight of evidence using AICc.

Litter Accumulation
Because we covered containers in the competition experiments with an emergence chamber
they were incapable of collecting detritus. To quantify seasonal differences in resource
input, we placed 84 proxy containers next to experimental containers in the field and
allowed them to collect plant and insect detritus, which we added to experimental containers
every 6 to 14 days. To establish initial resources, we placed proxy containers into the field
18 and 17 days prior to the start of the competition experiment in the wet and dry seasons,
respectively. At the beginning of the experiment, and every week thereafter, we collected
litter from the proxy containers, pooled and dried it (50°C for two days), determined its total
dry mass, and divided it equally among experimental containers. Thus, in any collection
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period all containers received the same amount of litter, but that amount varied over time
and between seasons.

Analysis
The number of containers collecting litter and the length of collection periods both varied
over time from 6 to 14 days. To account for this variation in collection effort and duration,
we expressed the amount of litter collected in each period per container-day, using the
expression:

where mc is the standardized litter mass (g container−1 day−1), mt is the total litter mass (g)
collected in a period, nx is the number of containers collecting litter on day x of the
collection period, and y is the number of days in the collection period. Standardized litter
mass (log-transformed to meet assumptions of normality and homogeneity of variances) was
analyzed by one-way ANOVA with season as the independent variable, and collection
periods as replicates (wet season n = 8, dry season n = 6).

Results
Climatic Data

The first addition of water to the Natural field egg exposure treatment occurred one day after
eggs had been exposed to field conditions in the wet season and 12 days after eggs had been
exposed to field conditions in the dry season. The duration of egg exposure to field
conditions in each season was comparable to seasonal intervals between rainfalls that added
at least 30 ml of water to a proxy container in the open. The mean (± SE) interval between
rainfall events was 3.63 ± 0.64 days in the wet season and 10.9 ± 2.61 days in the dry
season. In the wet season no inter-rainfall intervals were greater than 14 days and in the dry
season about 30% inter-rainfall intervals were greater than 14 days.

The mean (± SE) daily average temperature for the fortnight eggs were exposed to field
conditions was 28.29 ± 0.43°C in the wet season and 21.15 ± 0.68 °C in the dry season.
These values were comparable to the 15-year means for temperature (mean ± 95%
confidence interval (SD)): 27.07 ± 0.49°C (0.89°C) for the wet season and 21.52 ± 0.53°C
(0.96°C) for the dry season. The mean (± SE) daily average relative humidities to which
eggs were exposed were similar in both seasons(wet season: 75.07 ± 1.16% RH; dry season
72.57 ± 1.47%RH). Again, these values were comparable to the 15-year means for relative
humidity (mean ± 95% confidence intervals (SD)): 78.56 ± 2.59 %RH (4.87%RH) in the
wet season and 71.57 ± 1.91%RH (3.45 %RH) in the dry season.

Competition Experiment
For A. aegypti, the best model included only the effect of season (Table 2). However a
model including season, density, and interaction fit the data nearly as well (Table 2) and
weight of evidence was very nearly as strong as that for the best model (Table 2). The fully
saturated model also could not be ruled out, though weight of evidence for it was
substantially less than that for the other two models (Table 2). There was, thus, little
evidence that egg treatment affected A. aegypti composite index of performance. The model
including season, density, and interaction yielded significant effects of season (maximum
likelihood χ2=61.20, Df=1, P<0.0001, partial η2 = 0.36), density (χ2=10.34, Df=4,
P=0.0351, partial η2 = 0.09), and interaction (χ2=9.52, Df=4, P=0.0493, partial η2 = 0.08).
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Pairwise differences among density treatment were significant within the wet season
(F4,110=4.94, P=0.0001), but not within the dry season (F4,110=0.02, P=0.9989). In the wet
season, λ’ was lowest when the greatest proportion of A. albopictus was present (Fig. 1A).
Cohorts in low (0:40) and high (0:80) intraspecific density containers were not
distinguishable from one another (Fig. 1A). High intraspecific density containers (0:80)
yielded greater λ’ than did A. aegypti cohorts in containers where A. albopictus abundance
was greater than A. aegypti abundance (60:20; Fig. 1A).

For A. albopictus the best model included only season (Table 2), and only a model including
season, treatment, and interaction was even slightly supported and its weight of evidence
indicated it was only about 1/3 as likely to be correct as the best model (Table 2). Even in
this model, only the effect of season was significant (maximum likelihood χ2=22.42, Df=1,
P<0.0001). Thus, there was little evidence that egg treatment affected A. albopictus
composite index of performance. In the best model, season was significant (maximum
likelihood χ2=19.44, Df=1, P<0.0001, partial η2 = 0.17), and λ’ for A. albopictus was
substantially greater in the dry season than in the wet season (Fig. 1B).

Egg Survival Experiment
For egg survival the best model included season, species, and interaction (Table 2). A
second model with only the effect of species had some support but its weight of evidence
was 1/3 that of the best model (Table 2). Two other models had some evidence in their favor
but had weights of evidence an order of magnitude less than that of the best model (Table 2).
Thus, there was virtually no evidence that egg treatment had any effect on egg survival. In
the best model effects of season (maximum likelihood χ2=34.78, Df=1, P<0.0001, partial η2

= 0.07), species (χ2=4.63, Df=1, P=0.0315, partial η2 = 0.38), and interaction (χ2=7.83,
DF=1, P=0.0051, partial η2 = 0.12) were all significant. Aedes aegypti egg survival was
unaffected by season, but A. albopictus had greater egg survival in the dry season than the
wet season (Fig. 2). Egg survival in the dry season did not differ between the species, but in
the wet season A. aegypti attained greater survival than did A. albopictus (Fig. 2). Despite
differences between species and seasons, exposure to field conditions for intervals of two
weeks had no obvious effect on A. albopictus and A. aegypti egg survival (Fig. 2). Both
species had egg survival >88% in all cases. Survival of eggs exposed to field conditions was
comparable to that of eggs exposed to optimal laboratory conditions (Fig. 2).

Litter Accumulation
Mean standardized amount of litter (back-transformed) collected in the dry season (0.026 ±
0.007g container−1 d−1) was over three times greater than that collected in the wet season
(0.008 ± 0.003g container−1 d−1), and this difference was statistically significant (F 1,12 =
9.71, p = 0.0089) and the standardized effect size Δ was very large (Sokal & Rohlf 2012).

Discussion
Effects deemed important in our multimodel inference approach were also statistically
significant and yielded effect sizes interpreted as large or medium. Thus, we are confident
that these effects are rather strong, and potentially of biological importance.

In high density containers in the wet season, A. aegypti cohorts reared with > 50% A.
albopictus had lower λ’ than did cohorts reared in the absence of A. albopictus (Fig. 1A).
This suggests that interspecific competition from A. albopictus had a greater impact on A.
aegypti than did intraspecific competition. This effect was largely eliminated in the dry
season (Fig. 1A). In contrast, A. albopictus cohorts were unaffected by the presence of A.
aegypti in both seasons (Fig. 1B). Such a competitive inequality favouring A. albopictus in
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the wet season is consistent with previous field competition experiments (Juliano 1998,
Braks et al. 2004). Despite evidence of a competitive inequality, manipulation of desiccation
exposure of eggs did not alter competitive effects between A. albopictus and A. aegypti. Our
prediction of differential effects of competition on A. albopictus or A. aegypti among
environmental egg exposure treatments in the dry season was not supported.

The limited effects of environmental exposure treatments were likely associated with low
egg mortality for both species across season and treatment (Fig. 2). In the wet season A.
albopictus had lower egg survival than A. aegypti. Surprisingly, egg survival was
indistinguishable for the two species in the dry season and A. albopictus had greater egg
survival in the dry season than in the wet season. These results indicate that seasonal
differences in environmental conditions were less severe than expected. Furthermore,
temperature and relative humidity observations taken during the experiment were similar to
15-year means suggesting abiotic conditions during the experiment were not unusual for the
time of year. Why A. albopictus egg mortality was greater in the wet season is unknown. We
speculate that disease is a possibility, but we observed no obvious signs of bacterial or
fungal infection of wet season eggs. Another possible explanation is that mortality
differences arose due to intrinsic differences in hatching success between the different lab
colonies that we were forced to use in the two seasons. Regardless, the seasonal difference
in A. albopictus egg survival was very small (< 6%), and by itself does not explain the
considerable seasonal differences in λ’ for these Aedes. The egg mortality experiment
revealed both species probably had high recruitment to the larval stage in the competition
experiment, which we correctly predicted would result in a competitive advantage for A.
albopictus (see Table 1).

Despite nearly uniform effects of competition between environmental exposure treatments,
we detected strong seasonal differences in λ’ for both species, and a season-density
interaction for A. aegypti. The responses of both species to seasonal differences were the
same. Mean λ’ were substantially greater for both species in the dry season than in the wet
season (Fig. 1A, B). The effects of competition on A. aegypti λ’ were undetectable in the
dry season (Fig. 1A). Greater dry season λ’ for both species was associated with a three-fold
increase in the mean daily accumulation of detritus in containers. We did not quantify
amounts of each detritus type that accumulated in containers, but greater dry season litter
biomass resulted primarily from flowers and leaves of live oak trees, Quercus virginiana.
Larval mosquitoes reared on live oak flowers grow larger, complete development more
quickly, and have greater estimated rates of population growth than those reared on live oak
leaves (Lounibos, Nishimura & Escher 1993), indicating that dry season detritus resources
were qualitatively, as well as quantitatively more favourable. Combined with the apparent
absence of differential egg mortality, the greater λ’ and reduction of competitive effects in
the dry season strongly suggests that both species were limited by resource availability in
the wet season and were released from density-dependent resource limitation and
competitive stress in the dry season due to high quantity and quality of detritus resources.

One of the goals of this investigation was to contribute to a growing body of research
investigating coexistence of competing species in temporally variable environments (Pake &
Venable 1995, Cáceres 1997, Descamps-Julien & Gonzalez 2005, Jiang & Morin 2007).
Multi-year studies with competing species of zooplankton (Cáceres 1997) and desert annuals
(Pake & Venable 1995) have shown that species can maintain long-term coexistence
through fluctuation-dependent mechanisms. Fluctuation-dependent theory postulates that if,
in combination with an environmentally resistant life stage, competing species partition the
environment temporally so that each is favoured during different periods (limited more by
intraspecific competition than interspecific competition) stable coexistence may occur in
fluctuating environments (Chesson 2000). Aedes mosquitoes in south Florida possessing
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drought-resistant eggs met these criteria, and we hypothesized they could stably coexist due
to temporal environmental fluctuations, albeit over a shorter time scale than that for
zooplankton (Cáceres 1997) or desert annuals (Pake and Venable 1995).

Despite evidence of differential tolerances to desiccating conditions (Juliano et al. 2002,
Costanzo, Kesavaraju & Juliano 2005, Lounibos et al. 2010) we found little evidence that
seasonal changes in environmental conditions differentially affected species egg survival.
Aedes albopictus and A. aegypti eggs suffered similar mortality levels in the dry season.
These results suggest that dry season A. aegypti populations are not more limited by
intraspecific than by interspecific competition. Further, these results indicate that A. aegypti
coexistence with A. albopictus in Florida is unlikely to be a result of fluctuation-dependent
stabilization.

Our data suggest that seasonal differences may contribute to coexistence, not as stabilizing
mechanisms, but as fitness equalizing mechanisms (Chesson 2000), Adler, HillRisLambers
& Levine 2007). That is, effects that minimize fitness differences between species may
make it easier for less robust stabilizing mechanisms to produce species coexistence, or may
simply prolong the expected time to competitive exclusion (Adler, HilleRisLambers &
Levine 2007). Greater resource accumulation in containers in the dry season is the most
likely source of such an equalizing effect on competition between A. albopictus and A.
aegypti. Negative effects of interspecific competition on A. aegypti were evident in the wet
season when resource inputs were low but not in the dry season when resources were
abundant, and both species had greater λ’ during the dry season, indicating a release from
resource competition. Unlike stabilizing effects, theory indicates that equalizing effects
cannot by themselves maintain coexistence (Adler, HilleRisLambers & Levine 2007),
suggesting the seasonal fluctuations in detritus resources in south Florida are unlikely to be
the sole factor maintaining coexistence of A. aegypti and A. albopictus. Instead seasonal
fluctuations of detritus resources may equalize fitness differences between the species, and
this effect might prolong the expected time to competitive exclusion, making exclusion less
likely (Chesson 2000).

Live oak trees were major contributors to the large amounts of resources that accumulated in
containers in the dry season and accounted for much of the disparity in seasonal detritus
accumulations. Live oaks are common throughout Florida and may serve an important role
in equalizing competition between A. albopictus and A. aegypti at some sites. However, the
results of this study regarding equalizing effects cannot be extrapolated across the diverse
site types, with varying coverage of live oak canopy and varying climatic regimes, that
support Aedes coexistence in Florida. This further underscores the importance of identifying
stabilizing mechanisms that are capable of operating over broad geographic ranges, and
simultaneously the potential for local context dependent effects on competitors. The relative
importance of stabilizing vs. equalizing effects as contributors to coexistence of competitors
are not well studied empirically (but see Adler, Ellner & Levine 2010) and the contributions
of environmental fluctuations to stabilization vs. equalization clearly need further empirical
study.
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Figure 1.
Mean estimated finite rate of increase (λ’) ± SE of A. aegypti and A. albopictus at five
density combinations in two seasons. Means for density treatments for each species within a
season associated with the same letter are not significantly different in pairwise comparisons
with a Bonferroni correction (experiment wise α = 0.05). Standard error bars for dry season
means were small and are obscured by the symbols for means.
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Figure 2.
Mean egg survival ± SE of A. albopictus and A. aegypti in the wet and dry seasons.
Laboratory exposed, and Field exposed eggs were pooled and pairwise comparisons were
performed on species-season means. Groups sharing a letter are not significantly different at
Bonferroni experiment wise α = 0.05.
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