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Abstract

Native predators are postulated to have an important role in biotic resistance of communities to
invasion and community resilience. Effects of predators can be complex, and mechanisms by which
predators affect invasion success and impact are understood for only a few well-studied communities.
We tested experimentally whether a native predator limits an invasive species' success and impact
on a native competitor for a community of aquatic insect larvae in water-filled containers. The native
mosquito Aedes triseriatus alone had no significant effect on abundance of the invasive mosquito
Aedes albopictus. The native predatory midge Corethrella appendiculata, at low or high density,
significantly reduced A. albopictus abundance. This effect was not caused by trait-mediated
oviposition avoidance of containers with predators, but instead was a density-mediated effect caused
by predator-induced mortality. The presence of this predator significantly reduced survivorship of
the native species, but high predator density also significantly increased development rate of the
native species when the invader was present, consistent with predator-mediated release from
interspecific competition with the invader. Thus, a native predator can indirectly benefit its native
prey when a superior competitor invades. This shows the importance of native predators as a
component of biodiversity for both biotic resistance to invasion and resilience of a community
perturbed by successful invasion.
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Introduction

The hypothesis that enemies of an invasive species (including predators, parasites, or
pathogens) contribute to biotic resistance of communities to invasion has been a prominent
feature of invasion biology ever since Elton (1958), and has origins going back to Darwin
(1859; Duncan and Williams 2002). Though it is intuitive that the presence of predators that
can consume an invasive species could affect invasion success, theory in community ecology
suggests that there are multiple possible mechanisms and quantitative effects of native
predators on invasions (Leibold 1996; Chase et al. 2002; Shea and Chesson 2002; Noonberg
and Byers 2005). In the simplest case, a native predator, along with populations of native prey
that support it, may form a barrier to invasion, keeping an invasive species out of a community
or limiting its invasion success (Baltz and Moyle 1993; Lodge 1993; Reusch 1998; Byers
2002; DeRivera et al. 2005; Nunez et al. 2008). This effect may derive solely from the lethal
(density-mediated) effect of a predator on the invader, as in the case of native seed predators
serving as a barrier to invasion by exotic conifers (Nunez et al. 2008). Alternatively, the barrier
effect could result from a substantial, even dominant contribution from non-lethal (trait-
mediated) effects (Werner and Peacor 2003; Preisser et al. 2005), if the presence of predators
causes behavioral habitat avoidance by the invader. An example of such an effect occurs in
invasive mink, which limit their movement to small islands when eagles are present (Salo et
al. 2008). More subtle effects of native predators may occur when the presence of a native
predator changes the impact of an invader on a community. Keystone predation, wherein a
predator maintains greater diversity in a community by preying disproportionately on
competitively dominant prey, thus releasing poorer competitors from interspecific competition
(Paine 1966; Morin 1983; Leibold 1996; Smith 2006) can in principle ameliorate the potentially
detrimental effects of competitive invasive species on native species, if the competitively
superior invader is also more vulnerable to the native predator (Shea and Chesson 2002). Smith
(2006) documented such an effect of native newts limiting the competitive impact of an
invasive anuran on a native toad. Under such circumstances, the presence of a predator may
contribute to the persistence of native species despite invasion. But native predators may also
exacerbate the effects of invasion on natives, if invasion results in increased abundance of a
native predator (a numerical response), which in turn contributes to decline and possible local
elimination of native prey via apparent competition (Holt 1977; Noonberg and Byers 2005).
Despite the range of possible effects of predators on invasions, and despite well-documented
cases in which some predator effects on invasions have been demonstrated (Robinson and
Wellborn 1988; Baltz and Moyle 1993; Reusch 1998; DeRivera et al. 2005; Smith 2006; Nunez
et al. 2008; Salo et al. 2008) there have been few empirical investigations testing which of the
types of predator effects and associated mechanisms operate in an invasion.

Container-dwelling mosquitoes provide an attractive model system in which to investigate the
effects on native predators on invasions. Water-filled containers, including natural tree holes,
bromeliads, and bamboos, and human-made containers such as discarded tires, flower pots,
and cemetery vases, are larval habitats for mosquitoes in several genera, and have been focal
habitats for several prominent invasive Aedes species (Lounibos 2002; Juliano and Lounibos
2005). Invasions of human-made containers and tree holes in North America (Livdahl and
Willey 1991; O'Meara et al. 1995; Juliano 1998; Teng and Apperson 2000; Lounibos et al.
2001; Juliano et al. 2002, 2004) and South America (Braks et al. 2003, 2004) by Aedes
albopictus (Skuse) have become a prominent model system for investigating how competitive
interactions with invasive species may impact resident species (e.g., Livdahl and Willey
1991; Juliano 1998; Braks et al. 2004; Kesavaraju et al. 2008). A. albopictus is native to Asia
and was introduced into North America during the 1980s (Hawley 1988; O'Meara et al.
1995). Since introduction, A. albopictus has spread rapidly in the southern US and in some
urban areas in the north (Hawley 1988; O'Meara et al. 1995; Lounibos 2002). Females deposit
desiccation-resistant eggs above the water line in containers (e.g., cemetery vases, discarded
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tires, natural tree holes); eggs hatch when flooded, except during winter diapause, and larvae
develop in water-filled containers, feeding on microorganisms and detritus (Hawley 1988).
Invasive Aedes albopictus encounter native Aedes triseriatus (Say), and naturalized Aedes
aegypti (L.), Aedes japonicus (Theobald) and Culex pipiens L., and often can have strong
interspecific competitive effects on field populations of other mosquitoes (Juliano 1998;
Juliano et al. 2004; Braks et al. 2004; Costanzo et al. 2005; Armistead et al. 2008).

Invasion of human-made containers by A. albopictus has resulted in major declines in
abundance of A. aegypti in southern North America (O'Meara et al. 1995; Lounibos 2002;
Juliano et al. 2004; Juliano and Lounibos 2005), and more moderate declines in parts of South
America (Lounibos 2002); probably due to superior interspecific competitive ability of A.
albopictus (Juliano 1998; Braks et al. 2004). Human-made containers often lack major groups
of predators that dominate in natural containers, such as tree holes (Kesavaraju et al. 2008) and
this likely accentuates the role of interspecific competition in this invasion. Although A.
albopictus have invaded natural tree holes in the southern USA, there is little evidence that the
arrival of A. albopictus has had a strong negative impact on native A. triseriatus in southern
tree holes (Lounibos et al. 2001; Kesavaraju et al. 2008), despite their competitive superiority
in laboratory microcosm experiments (Livdahl and Willey 1991; Novak et al. 1993; Teng and
Apperson 2000; Aliabadi and Juliano 2002; Bevins 2007; Yee et al. 2007). Competitive
coexistence of A. albopictus and A. triseriatus in tree holes was predicted by Livdahl and Willey
(1991) based on how these species perform in competition for resources derived from tree
holes. However, tree holes are the natural habitat of predatory larvae of the mosquito
Toxorhynchites rutilus (Coquillett) and the midge Corethrella appendiculata (Grabham)
(Bradshaw and Holzapfel 1988; Lounibos et al. 2001). These predators are relatively rare in
human-made containers where A. albopictus has had greater impact (Lounibos et al. 2001;
Kesavaraju et al. 2008); and A. albopictus and C. appendiculata abundances are negatively
associated (Kesavaraju et al. 2008). Thus, predator effects are an alternative hypothesis for the
limited invasion impact of A. albopictus in tree holes (Lounibos et al. 2001; Griswold and
Lounibos 2005a, b; Kesavaraju et al. 2007, 2008). In the laboratory, A. albopictus is more
vulnerable than A. triseriatus to both C. appendiculata and T. rutilus, and this difference results
from behavioral (Kesavaraju and Juliano 2004; Griswold and Lounibos 20054, b; Kesavaraju
et al. 2007) and size (Alto et al. 2009) differences that affect vulnerability. In controlled
laboratory experiments, C. appendiculata can affect the outcome of competition between A.
albopictus and A. triseriatus in a pattern consistent with keystone predation (Griswold and
Lounibos 2005a, b). What remains unknown is: (1) whether this effect is important in open
systems in nature, (2) whether C. appendiculata are more likely to be barriers to invasion or
keystone predators favoring invader-native coexistence, and (3) whether effects of this predator
in nature arise via lethal effects of predation on invader survivorship or non-lethal effects of
behavioral avoidance by the invader of predator-dominated container habitats. We investigated
these questions by conducting a field experiment testing the hypothesis that C.
appendiculata predation is an important component of the resistance of natural tree holes to
invasion and impact by A. albopictus.

Materials and methods

Study site

The experiment was conducted at the Florida Medical Entomology Laboratory (FMEL), Vero
Beach, Florida (27.48°N, 80.38°W). The study site was an oak—palmetto hammock located
immediately adjacent to the main laboratory. This site contains both natural tree holes and
discarded tires that have been in the hammock 2-10 years. Prior to invasion by A. albopictus,
tree holes at this site were dominated by A. triseriatus, and tires at this site contained both A.
triseriatus and A. aegypti (Juliano 1998). A. albopictus arrived in Indian River County in 1990
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(O'Meara et al. 1995) and became abundant in these tires in 1991 (L. P. Lounibos, unpublished
data). The predatory midge C. appendiculata is common in tree holes at the FMEL site
(Lounibos 1985). The predatory container-dwelling mosquito T. rutilus can be found at this
site (Lounibos 1985), though its abundance has been low since drought and subsequent
hurricanes in 2004 (unpublished data).

A. triseriatus used in these experiments were first-generation progeny of individuals collected
as immatures from the FMEL site. Immatures were sorted by species and reared to adulthood
in the laboratory. Adults were provided with blood meals from restrained domestic chickens
[housed and maintained in accordance with National Institutes of Health guidelines for animal
care], and eggs were deposited on paper towels. C. appendiculata for this experiment were
progeny of a colony maintained at FMEL, and frequently supplemented with field-collected
individuals from a variety of locations.

Experimental setup

The experiment was run in July 2005 and July 2006. Experimental containers were used golf
cart tires (outer diameter = 40.6 cm, inner diameter = 19.7 cm, width = 20.3 cm) placed on the
forest floor at the study site. Tires were obtained from nearby golf courses, immersed in
scalding water, scrubbed with a brush dipped in a dilute bleach solution, and thoroughly rinsed.
Tires were arranged in eight spatial blocks, each with a central tire (not housing organisms)
laying flat on the ground, and four experimental tires leaning against the central tire at an angle
of ~70°, each held in place with a wooden stake. Tires were placed into position 10-14 days
before initiating the experiment and sealed inside plastic bags to eliminate colonization prior
to the start of the experiment. Water for experiments was collected from mosquito-containing
automobile tires at the FMEL site, sieved (0.2 mm) to remove macrobiota and detritus, and
held at 4°C until used. Senescent live oak (Quercus virginiana) leaves were collected at the
FMEL site, dried at 80°C for 48 h, and weighed into 2-g aliquots.

To begin the experiment, we warmed the water to ambient temperature. We hatched eggs of
A. triseriatus by immersing them in water, and collected first-instar larvae 24 h later. We
counted A. triseriatus larvae into batches of 100. We also collected newly molted fourth-instar
C. appendiculata from rearing containers and counted them into groups of two or eight. Water
(11) and leaves (2 g) were added to all tires, and experimental larvae were added to the four
experimental tires in a block to create four treatments: control (no A. triseriatus or C.
appendiculata larvae), competitor (100 A. triseriatus larvae only), low predator (100 A.
triseriatus and two C. appendiculata larvae), and high predator (100 A. triseriatus and eight
C. appendiculata larvae). Predator densities of two or eight per liter were chosen to represent
low and median densities observed in natural treeholes at this site (L. P. Lounibos, unpublished
data). A. albopictus were not added to the experiment, but instead, the existing population of
A. albopictus at the site was then allowed to colonize the experimental tires. Containers were
also open to colonization by other container-dwelling species from the site, including A.
triseriatus.

The experiment lasted 27 days. Every 2 days we checked visually for eggs of T. rutilus (which
are white and float on the surface, hence are highly visible in a water-filled tire). Every third
day we siphoned out the contents of all tires, placed them in a white enamel pan, and removed
all insect larvae except A. albopictus from control tires, and removed C. appendiculata and T.
rutilus from competitor tires. Water from low predator and high predator tires was handled in
the same way, but only T. rutilus larvae were removed. Water and larvae were then returned
to the tires. Every ninth day (=period), we siphoned out the contents of all tires, and brought
them to the laboratory for a complete census of all insects. At this time we determined the stage
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(larval instar or pupa) for all A. albopictus, A. triseriatus, and C. appendiculata. In conjunction
with the censuses, we again removed all insect larvae from control tires, C. appendiculata and
T. rutilus from competitor tires, and all T. rutilus larvae from low predator and high predator
tires. Every ninth day we added another batch of 100 newly hatched A. triseriatus larvae to all
treatments except controls, and additional groups of two and eight C. appendiculata larvae to
low predator and high predator tires, respectively. We did not remove any of the originally
added individuals of A. triseriatus and C. appendiculata. Because many of the C.
appendiculata pupated or eclosed successfully from pupae by the end of the 9-day period
(“Results”) this lack of removal likely had little effect on abundances of the predators across
the periods.

After 27 days, we did another complete census of all insects in all tires, again determining
stages of A. albopictus, A. triseriatus, and C. appendiculata. For each tire, we marked the water
line, and stored the tire in a plastic bag at room temperature for 4 days. Because eggs are not
reliably identifiable, we hatched Aedes eggs that had accumulated in the tires by filling each
tire with a nutrient broth solution. After 24 h, we removed the hatching solution, collected
hatchling larvae into rearing containers with food (yeast:lactalbumin 1:1) and raised them to
the third instar for identification. Tires were dried for 4 days and then again filled with hatching
solution, and the hatching-rearing-identification process repeated in an attempt to induce
hatching of all viable eggs. The second flooding yielded <5% of the total hatch, hence we are
confident that virtually all viable eggs were induced to hatch. We use the total number of A.
albopictus larvae from the two hatches as our measure of oviposition into these tires.

Data analyses

Predictions

All analyses were done as randomized block designs with treatment, year, and treatment-year
interaction as fixed effects, and block nested in year as a random effect, using SAS 9.1, PROC
GLM (SAS Institute 2003). For A. albopictus we analyzed all four treatments (control,
competitor, low predator, high predator), but for A. triseriatus we excluded the controls because
very few A. triseriatus colonized these replicates.

Abundances of A. albopictus and of A. triseriatus were analyzed as repeated measures
multivariate ANOVAs, with the three 9-day sample periods as repeated measures. Abundances
of both species in each sample were square root transformed to meet assumptions of normality
and homogeneity of variances. Significant effects were further analyzed by pairwise
multivariate comparisons with a Bonferroni adjustment for multiple tests. Standardized
canonical coefficients (Scheiner 2001) were used to interpret which of the three sample periods
contributed most to significant multivariate effects.

Numbers of viable eggs of A. albopictus present at the end of the experiment and mean instar
as an indicator of developmental progress for both Aedes were analyzed as ANOVAs. To
calculate mean instar, each individual was scored for instar (first to fourth, pupa = fifth).
Numbers of A. albopictus were often zero in early samples, hence mean instar of A.
albopictus was missing for a substantial number of early samples, which precluded using
repeated measures on mean instar data. Instead we analyzed mean instar for A. albopictus and
A. triseriatus recovered from a given tire across all three samples. For mean instars, because
of missing observations, some F-tests were done using Satterthwaite's calculation of
denominator mean square, resulting in noninteger df (SAS Institute 2003). Significant effects
were further analyzed by Tukey's pairwise comparisons of least squares means.

If native predators contribute to biotic resistance, we predict that addition of predators will
result in less colonization by A. albopictus compared to treatments without predators. We
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further predict that the effect of predators on a population of A. albopictus will increase with
predator number, and numbers of A. albopictus should be greater for low predation than for
high predation replicates.

If native predators and competitors create a keystone effect, competitive effects of A.
albopictus on A. triseriatus should be reduced in replicates with predators compared to
replicates without predators. For those treatments with A. triseriatus added we therefore predict
that numbers and mean instar of A. triseriatus should be greater in replicates with predators
than in replicates without predators. We predict a similar effect on mean instar of A.
albopictus.

If effects of the predator are density-mediated via predator-induced mortality only, we predict
that number of eggs of A. albopictus in replicates with predators will be no different from that
for replicates without predators. If, instead, trait-mediated behavioral habitat avoidance by A.
albopictus contributes to predator effects, we predict that number of eggs of A. albopictus in
replicates with predators should be lower than that for replicates without predators.

C. appendiculata survived and developed well in the experimental tires. For the first 9 days of
the experiment in both years, when only one C. appendiculata cohort was present, 67 + 6%
(mean = SE) of the originally stocked larvae were recovered in the census at 9 days. Of these,
42% were pupae, indicating successful development, and suggesting that some of the missing
individuals had eclosed from pupae and left the container. Thus, 67% survival represents a
conservative minimum, and actual survival of predators was likely considerably higher. Only
two C. appendiculata individuals (one in each year) and no T. rutilus individuals were
recovered from control or competitor treatments during predator checks.

Colonization by A. albopictus

There was a significant effect of treatment on number of A. albopictus in tires (Table 1), but
no significant effect of year or of year x treatment interaction (Table 1). Mean A. albopictus
abundances were significantly greater for control and competitor treatments than for low
predation and high predation treatments (Fig. 1). Control and competitor did not differ, and
low predation and high predation did not differ (Fig. 1). Effects involving the repeated measure
period were significant (Table 1), indicating that the temporal trajectory of A. albopictus
colonization depended on treatment and year (Fig. 1). Numbers of A. albopictus increased from
the first to the second sample period for control and competitor treatments in both years (Fig.
1). The significant sample-treatment—year interaction (Table 1) was primarily a product of
variation in the trajectories between the second and third samples, with controls showing a
decline in 2005 but an increase in 2006 (Fig. 1). For the two predator treatments, numbers of
A. albopictus showed little temporal trend (Fig. 1).

Survival and development of A. triseriatus

There was a significant treatment effect on number of surviving A. triseriatus (Table 1), but
no year effect or year-treatment interaction (Table 1). The repeated measure period was
significant (Table 1), indicating temporal changes in survival, but none of the interactions
involving period was significant (Table 1), indicating treatment and year did not affect the
temporal trajectory. Mean survival of A. triseriatus was greatest for the competitor treatment,
and was reduced for both low predation and high predation treatments (Fig. 2). This trend was
more obvious in 2005 than in 2006, but the lack of year—treatment interaction indicates that
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the treatment effect was not significantly dependent on year. Numbers of surviving A.
triseriatus declined across sample periods (Fig. 2).

Mean instar of A. triseriatus was significantly affected only by treatment (F 27 = 5.57, P =
0.0094), with high predation yielding significantly greater mean instar than did competitor
(Fig. 3). Low predation was intermediate and statistically indistinguishable from the other two
treatments (Fig. 3).

Development of A. albopictus

Treatment significantly (F3 39 = 5.01, P = 0.0049) affected mean instar of A. albopictus, but
this effect was not consistent with release from competition via predation, as developmental
progress was least in the high predation treatment (Fig. 3). Developmental progress was
significantly (F1 14.35=12.95, P =0.0028) greater in 2005 than in 2006 (Fig. 3). Year—treatment
interaction was not significant (P > 0.05).

Eggs of A. albopictus

The overwhelming majority of individuals hatching from eggs in tires at the end of the
experiment were A. albopictus (2005, one hundred and sixty-five A. albopictus, two A.
triseriatus; 2006, nine hundred and five A. albopictus, three A. triseriatus, seven A. aegypti).
Oviposition by the natural population of A. triseriatus was thus very rare. Hatching of A.
albopictus from tires was significantly (F1 14 = 10.88, P = 0.0053) greater by a factor of 3-10
in 2006 than in 2005 (Fig. 4), but there were no significant effects of treatment or year—
treatment interaction (P > 0.05).

Discussion

This experiment clearly demonstrates that populations of predatory C. appendiculata
contribute to the resistance of a container community to invasion by A. albopictus. Invasion
of containers with predators is much lower than that of containers without predators. Further,
the presence of native A. triseriatus alone had no effect on invasion by A. albopictus, indicating
that competition from this native species is not an important impediment to invasion success.
There was, however, no evidence in this experiment to support the prediction that increasing
predator number (from two to eight) produces greater reduction of A. albopictus abundance.
Further, predator effects on A. albopictus colonization do not appear to be due to trait-mediated
avoidance of oviposition in habitats with predators. Egg abundances in all treatments were
statistically indistinguishable, and we conclude that the effects of predatory C.
appendiculata on populations of A. albopictus are direct results of the lethal effect of predation.

We also find strong evidence that the presence of this predator combined with a population of
the native A. triseriatus creates conditions for keystone coexistence of invading A.
albopictus and native A. triseriatus. Past laboratory studies of competition between A.
albopictus and A. triseriatus (Livdahl and Willey 1991; Novak et al. 1993; Teng and Apperson
2000; Aliabadi and Juliano 2002; Bevins 2007; Yee et al. 2007) have suggested that invading
A. albopictus are superior competitors under many circumstances. Despite this, field studies
of south Florida tree holes have indicated that when C. appendiculata are present, A.
triseriatus may not only persist following invasion by A. albopictus, but may remain
numerically dominant (Lounibos et al. 2001; Kesavaraju et al. 2008). In our experiment,
predatory C. appendiculata appeared to alleviate effects of competition, i.e., both interspecific
competition from A. albopictus, and intraspecific competition, on development rate (as
measured by mean instar) of A. triseriatus. However, although predatory C. appendiculata
affected the development rate of A. albopictus, the effect was opposite of what we expect from
a keystone predator effect reducing competition, so that mean instar of A. albopictus was less
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in treatments with C. appendiculata, rather than greater as we predicted. Given that we find
evidence in mean instar of A. triseriatus of release from competition due to predator reductions
of A. albopictus, why is there no similar effect on A. albopictus? We cannot answer this question
with certainty, but it seems likely this effect arises because of continuous hatching of new A.
albopictus eggs, and cropping of the A. albopictus population by C. appendiculata. Early instar
A. albopictus in the predator treatments likely represent the most recently hatched individuals
that have necessarily had only a brief time of exposure to predation. Older larvae that have
been in the container long enough to attain second or third instar have a greater cumulative
probability of death because they have been exposed longer. This situation would enrich the
A. albopictus population at any single time with early instar larvae. This effect is likely absent
in A. triseriatus because the larvae in the container were added in synchrony, at the beginning
of a period, and because colonization via oviposition by A. triseriatus was very low (see
“Results”, Eggs of A. albopictus). Itis the synchrony of the cohorts of A. triseriatus that enables
us to see the developmental effect of release from competition. An alternative explanation for
decreased mean instar of A. albopictus is that its development was slowed due to reduced
movement and foraging in response to predation cues (Kesavaraju et al. 2007), but this is
unlikely because the native prey, A. triseriatus, shows an even stronger reduction in movement
and foraging in the presence of C. appendiculata than does A. albopictus (Kesavaraju et al.
2007). Thus, if this behavioral effect were important we would expect to see reduced instar for
the native as well, and we see instead the opposite: A. triseriatus develops more rapidly with
predators present.

There are well-documented cases of native predators inhibiting invasion success (e.g.,
Robinson and Wellborn 1988; Baltz and Moyle 1993; Reusch 1998; Byers 2002; DeRivera et
al. 2005; Salo et al. 2008). What has been rare is the demonstration that with invasion, native
predators act as keystone predators contributing to persistence of natives despite increased
competition from invaders (Smith 2006). Our system not only provides an example of such an
effect but also, when combined with past behavioral studies of predation, suggests a likely
mechanism for such effects. Previous laboratory behavioral studies have shown strong
differences in vulnerability to C. appendiculata predation between A. triseriatus and A.
albopictus (Griswold and Lounibos 2005a, b; Kesavaraju et al. 2007). The difference in
vulnerability depends in part on differences in behavioral responses of native A. triseriatus and
invasive A. albopictus to cues from predation (Kesavaraju et al. 2007). A. triseriatus strongly
reduce foraging and movement in the presence of the predator, whereas A. albopictus shows
less of a response (Kesavaraju et al. 2007). Further, even without predators present, A.
triseriatus spends significantly less time foraging and moving than does A. albopictus
(Kesavaraju et al. 2007). Thus, this system shows the typical patterns associated with a
predation—competition tradeoff, with low activity and low foraging effort, along with reduced
movement in the presence of predators, resulting in low risk of predation, but also low
competitive ability (Morin 1983; Werner and Anholt 1993; Wellborn 2002).

One interpretation of the absence of behavioral avoidance of habitats with predators by A.
albopictus is that this Asian species lacks evolutionary history with C. appendiculata and has
not evolved behavioral avoidance of this predator. This interpretation is probably overly
simple. Larval A. albopictus do show some behavioral responses (reduced movement and
foraging) to predation cues from C. appendiculata, although the intensity of these responses
is less than those of native A. triseriatus (Kesavaraju et al. 2007). North American A.
albopictus originated in temperate Asia (Lounibos 2002) and are sympatric with other species
of predatory Corethrella in temperate Japan, but the known Japanese Corethrella larvae are
not container dwellers (Borkent 2008), hence it is likely that North American A. albopictus
have little or no evolutionary history with predatory Corethrella. Avoidance of oviposition in
habitats with predators appears to be common in some mosquito groups, particularly Culex
and Culiseta (e.g., Kiflawi et al. 2003; Blaustein et al. 2005, reviewed by Juliano 2009) in
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which eggs laid on the water surface hatch shortly after oviposition, and cues perceived by
ovipositing females provide a good indicator of predation risk to offspring. Most Aedes eggs
are laid above the water, and hatch at a later time, often after a substantial delay. This situation
may make current predator cues less reliable indicators of predation risk that will impinge on
larvae hatching at some unknown time in the future, and oviposition avoidance by females less
advantageous. Thus a phylogenetically constrained aspect of the life history of A. albopictus
may contribute to the minimal importance of trait-mediated oviposition responses to risk of
predation.

Previous work on Florida tree holes has shown that C. appendiculata can significantly reduce
the abundance of its primary native prey, A. triseriatus (Lounibos 1983, 1985). Our results in
this study show that this natural enemy of A. triseriatus can be an important contributor to both
community resistance to invasion by a competing exotic species, and given invasion, to
coexistence of the native and invader despite competitive superiority of the invader. When a
community is invaded, it appears that the net effect of a native predator on a native prey species
changes from clearly detrimental before invasion, to beneficial after invasion. This change in
effect results from the indirect effect of the native predator on the native victim via predation
on the invading competitor. Whether such a situation is general or widespread remains to be
determined, but it does point out the importance of indirect and synergistic effects in
communities. Further, this kind of effect in other communities that harbor rare, threatened, or
economically valuable native species could influence strategies to enhance those native species'
populations. Control of native predators might be one such strategy (e.g., Fisher et al. 2000;
Roemer and Wayne 2003), but such control could result in communities that are more easily
invaded, which could result in reduced likelihood of persistence by the native competitor. Such
possible effects argue for an ecosystem-based approach to conservation and enhancement of
target native species populations (Roemer and Wayne 2003); and that conservation (or
restoration) of populations of predators may be useful for reducing the impacts of invasive
species (as suggested by Salo et al. 2008).

Effects of predators on natural communities are likely to be more diverse than those observed
here. The barrier and keystone effects of predatory C. appendiculata occur because the invader
A. albopictus is the more vulnerable victim, along with being a superior competitor. Theory
shows that the presence of predators can actually enhance invasion when it is the invader that
is less competitive, but also less vulnerable (Noonberg and Byers 2005). More generally, theory
(Leibold 1996) and experiment (Griswold and Lounibos 2005b) have shown that keystone
predator effects on coexistence occur within an intermediate range of environmental
productivity, so that we would expect the kinds of effects of predators seen in our experiment
to be context dependent, and less likely in habitats with either very high or very low
productivity. Patterns of distributions of the three principal species in this experiment are
consistent with the expectations derived from this experiment, that predatory C.
appendiculata contribute to invasion resistance and to coexistence of competitors in nature
(Kesavaraju et al. 2008).

These results provide one more line of evidence for the positive effects of components of
biodiversity, in this case the presence of a higher trophic level, on community stability and
resilience in the face of an influx of non-native species (as suggested by Shea and Chesson
2002; Smith 2006; Salo et al. 2008). The presence of an intact assemblage of predator and prey
in containers appears to act as a buffer that both limits the success of the invader and limits the
impact of the invader on resident species. This effect occurs even within this relatively simple
assemblage of container-dwelling aquatic invertebrates, which consists of perhaps ten to 20
species (Bradshaw and Holzapfel 1988; Lounibos 1985). The potential for such effects of
biodiversity on invasions in more complex assemblages would seem to be greater. Our
experiment does not enable us to evaluate the potential for additional effects on invasion
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success involving predators. For example, invasive species can have impacts on natives via
apparent competition if the invasive enhances predator populations which in turn take a heavier
predatory toll on native species (Noonberg and Byers 2005). Testing for such an effect requires
sufficient time for a numerical response of predators (Chase et al. 2002), but our experiment
was not run at a temporal scale that would enable us to test for this effect. Theory (Noonberg
and Byers 2005) suggests that such an effect is less likely in the present case, with the invader
more vulnerable to predation and a better competitor, but we cannot completely rule out an
effect of apparent competition. What is clear is that our results provide strong evidence that a
native enemy, normally detrimental to populations of a native species, can become a keystone
predator that facilitates coexistence of the native with an invader when the ecological context
changes due to invasion. Thus the presence of an enemy may become beneficial at the
population level as the ecological context changes.
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Numbers of invasive mosquito Aedes albopictus (least squares mean + SE) recovered from
experimental tires during three sample periods in a 2005, and b 2006. Treatments are defined

by the combination of larvae added to each tire: no Aedes triseriatus or Corethrella
appendiculata larvae (Control), 100 A. triseriatus larvae only (Competitor), 100 A.

triseriatus and two C. appendiculata larvae (Low predator), and 100 A. triseriatus and eight

C. appendiculata larvae (High predator). Repeated measures multivariate ANOVA

(MANOVA) is reported in Table 1 and individual pairwise comparisons are reported in the

text
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Fig. 2.

Numbers of native mosquito A. triseriatus (least squares mean * SE) recovered from
experimental tires during three sample periods in a 2005 and b 2006. The control treatment is
absent because no A. triseriatus were stocked into the control tires (see “Materials and
methods”), and very few A. triseriatus colonized the tires. Repeated measures MANOVA is
reported in Table 1 and individual pairwise comparisons are reported in the text
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Developmental stages (least squares mean instar £ SE, across all samples from each year) for
a A. albopictus and b A. triseriatus in 2005 (solid circles) and 2006 (open circles) from
experimental tires with control, competitor, low and high density predators. ANOVA reported
in text. For A. triseriatus in b, the control treatment is absent because no A. triseriatus were
stocked into the control tires (see “Materials and methods™), and very few A. triseriatus
colonized the tires. Treatments associated with the same letters (top of each graph) are not
significantly different by Tukey's multiple comparisons
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Numbers of A. albopictus eggs (least squares mean + SE) recovered at the end of the experiment
in 2005 (solid circles) and 2006 (open circles). ANOVA reported in text
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