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Abstract The mosquito Aedes japonicus (Diptera:

Culicidae) has spread rapidly through North America

since its introduction in the 1990s. The mechanisms

underlying its establishment in container communities

occupied by competitors Aedes triseriatus and Aedes

albopictus are unclear. Possibilities include (A) tem-

poral separation of A. japonicus from other Aedes,

(B) oviposition avoidance by A. japonicus of sites

containing heterospecific Aedes larvae, and (C) non-

additive competitive effects in assemblages of multi-

ple Aedes. Containers sampled throughout the summer

in an oak-hickory forest near Eureka, MO showed

peak abundance for A. japonicus occurring signifi-

cantly earlier in the season than either of the other

Aedes species. Despite this, A. japonicus co-occurred

with one other Aedes species in 53 % of samples when

present, and co-occurred with both other Aedes in

18 % of samples. In a field oviposition experiment, A.

japonicus laid significantly more eggs in forest edge

containers than in forest interior containers, but did not

avoid containers with low or high densities of larvae of

A. triseriatus, A. albopictus, or both, compared to

containers without larvae. Interspecific competitive

effects (measured as decrease in the index of perfor-

mance, k0) of A. triseriatus or A. albopictus alone on A.

japonicus larvae were not evident at the densities used,

but the effect of both Aedes combined was signifi-

cantly negative and super-additive of effects of

individual interspecific competitors. Thus, neither

oviposition avoidance of competitors nor non-additive

competitive effects contribute to the invasion success

of A. japonicus in North America. Distinct seasonal

phenology may reduce competitive interactions with

resident Aedes.
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competition � Seasonal phenology � Oviposition

behavior

Introduction

Successful invasive species have diverse traits that

contribute to successful establishment and spread in a

novel environment (reviewed by Sakai et al. 2001).

Common contributing traits include superior resource

competitive ability (Sakai et al. 2001), superior
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colonization ability (Moyle 1986), chemical (Call-

away and Ridenour 2004) or physical (e.g., intraguild

predation, Snyder et al. 2004) reduction of competi-

tors, release from pathogens or natural enemies in the

introduced range (Mitchell and Power 2003), or

exploitation of an unfilled niche (Moles et al. 2008;

Zaiko et al. 2007). The variety of traits that can affect

invasive species success increases the difficulty of

determining the mechanisms by which any given

species becomes established and impacts residents,

and therefore limits the ability to control the spread of

that invader.

Mosquito species, particularly those whose larvae

have adapted to inhabit artificial containers (e.g., tires,

buckets), are frequently introduced to new countries

via international transport (reviewed by Lounibos

2002), and mechanisms contributing to their success

and dynamics are of great interest as these invaders are

vectors of multiple important human disease-causing

pathogens (Juliano and Lounibos 2005; Lounibos

2002). Invasion success of these mosquitoes appears to

be related to oviposition behavior and competitive

ability (Leisnham et al. 2014; Vonesh and Blaustein

2010; Reiskind and Wilson 2008; Reiskind and

Lounibos 2013) and larval resource competitive

ability (reviewed by Juliano 2009; Juliano and Louni-

bos 2005). Aedes albopictus, in particular, appears to

succeed as an invader due to superior larval resource

competitive ability relative to resident mosquitoes

(Juliano 1998, 2009, 2010; Juliano et al. 2010; Juliano

and Lounibos 2005). In contrast, Culex adults, includ-

ing invasive Culex pipiens (L), are highly sensitive to

conditions within aquatic environments, often avoid-

ing oviposition sites with predators (Vonesh and

Blaustein 2010). The worldwide invaders Aedes

aegypti (L.) and A. albopictus (Skuse) exhibit less

discriminating oviposition behavior toward aquatic

predators (Juliano et al. 2010; Vonesh and Blaustein

2010; Albeny-Simões et al. 2014), but density of intra-

or inter-specific competitors can affect oviposition

choice by these invasive Aedes (Zahiri and Rau 1998;

Allan and Kline 1998; Yoshioka et al. 2012). These

effects are context dependent, ranging from preference

to avoidance of potential competitors, and may depend

primarily on microbial abundances and only indirectly

on density of larvae (Fader and Juliano 2014). Among

other mosquitoes, some Anopheles species also

avoid ovipositing in containers with heterospecifics

(Wachira et al. 2010; Sumba et al. 2004).

The invasive mosquito Aedes japonicus (Theobold)

does not appear to fit the patterns of ‘‘superior

competitor’’ or ‘‘choosy colonizer’’. First documented

in North America in 1998 (Peyton et al. 1999), this

species has since spread from New York and New

Jersey to nearly all states east of the Mississippi and

two Canadian provinces, and has also been established

in western United States and Europe (Kaufman and

Fonseca 2014). Despite its rapid range expansion and

high abundance, and some evidence that its invasion is

associated with declines in abundances of other

species (Andreadis and Wolfe 2010; Rochlin et al.

2013), the causes of its success as an invader are

unclear. A. japonicus is competitively inferior to A.

albopictus (Kesavaraju et al. 2010; Armistead et al.

2008a, b), and merely competitively equivalent to the

North American tree hole mosquito Aedes triseriatus

(Say) (Hardstone and Andreadis 2012; Alto 2011), two

container-dwelling Aedes species that are often sym-

patric and syntopic with A. japonicus in Eastern North

America. A. japonicus also does not appear to be less

vulnerable than other Aedes species to the larval

predator Toxorhynchites rutilus (Coquillett) (Murrell

and Juliano 2013).

Compared to other container Aedes, A. japonicus

larvae compose a larger proportion of the relative

abundance of container mosquitoes earlier in the year

(Fonseca et al. 2013; Kaufman et al. 2012; Burger and

Davis 2008; Andreadis et al. 2001), are associated

with colder temperature containers (Bartlett-Healy

et al. 2012), and are found in larger containers

(Kaufman and Fonseca 2014). These patterns suggest

two hypotheses for traits of A. japonicus that contrib-

ute to its success as a North American invader. The

first hypothesis is that A. japonicus minimizes overlap

with other Aedes species by ovipositing in containers

earlier than other Aedes, resulting in temporal sepa-

ration that alleviates effects of interspecific competi-

tion. The second hypothesis is that A. japonicus

minimizes overlap with other Aedes species by

avoiding oviposition in containers already occupied

by Aedes heterospecifics, thus minimizing resource

competition.

A third possibility is that indirect effects of

multispecies competition (i.e., among A. japonicus,

A. triseriatus, and A. albopictus) may reduce inter-

specific competitive effects on A. japonicus, and

enhance the likelihood of this species becoming

established in containers with more than one
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interspecific competitor. In community ecology, indi-

rect effects can arise when chains of interactions or

interaction modification among community members

affect population dynamics of a particular species

(Billick and Case 1994; Werner and Peacor 2003).

This means that a given species’ population dynamics

depends on not only its direct interactions with

predators and competitors, but also on the presence

of and interactions among those other species. Such

non-additive effects have been demonstrated in animal

and plant communities, particularly when strong

predator–prey interactions are present (e.g., Peacor

and Werner 1997; Preisser et al. 2005). The result is a

community of co-occurring species that have effects

on a focal species that go beyond the sum of effects of

each pairwise interaction involving the focal species

(Billick and Case 1994; Vonesh and Osenberg 2003).

Although theory suggests that such indirect effects can

facilitate coexistence among competing species (e.g.,

Frean and Abraham 2001; Werner and Peacor 2003;

Dormann and Roxburgh 2005), experimental demon-

strations have been few, with most involving plant

communities (Dormann and Roxburgh 2005; Fortner

and Weltzin 2007; Weigelt et al. 2007; Engel and

Weltzin 2008). Though this phenomenon has not been

documented in mosquito communities, different mos-

quito species have variable context-dependent feeding

strategies (Merritt et al. 1992; Yee et al. 2004; Skiff

and Yee 2014). If feeding strategies among Aedes

species are modified by the presence of one or more

competitors, one outcome may be that the effects of

both A. albopictus and A. triseriatus on A. japonicus in

a multispecies assemblage might be either super- or

sub-additive (i.e., more or less, respectively, than the

summed effects of each competitor alone on A.

japonicus). The possibility of sub-additivity leads to

our third hypothesis: Non-additive effects of compet-

ing A. albopictus and A. triseriatus reduce the impact

of interspecific resource competition on A. japonicus

and contribute to its invasion and spread in commu-

nities where both of these competitors are present.

In this study we assessed these three hypotheses for

processes contributing to invasion success of A.

japonicus. We used sampling of artificial containers

over the active season at a field site at which all three

species occur to test the first hypothesis, that A.

japonicus temporally avoids overlap with A. triseriatus

and A. albopictus because of earlier seasonal activity.

We used containers with or without populations of

developing competitors to test the second hypothesis,

that A. japonicus avoids interspecific competition with

other Aedes by ovipositing less in field containers with

developing A. triseriatus or A. albopictus larvae,

compared to containers without larvae. Finally, we

used a laboratory experiment of a design described by

Billick and Case (1994) to test the third hypothesis, that

sub-additive multispecies indirect effects alleviate

competitive effects on A. japonicus, and assessed

larval competitive responses of all three Aedes species

in intraspecific, 2-species interspecific, and 3-species

interspecific situations.

Methods

Our field studies were conducted at Tyson Research

Center near Eureka, MO. This site produced the first

record of A. japonicus for Missouri in 2005 (Gallitano

et al. 2005), so that our field work occurred at a

relatively early point in the invasion of this site. Other

container mosquitoes at this site include A. triseriatus,

A. albopictus, A. hendersoni, Culex restuans, Culex

territans, C. pipiens/quinquefasciatus, Culex salinari-

us, Orthopodomyia signifera, Anopheles barberi, and

T. rutilus (Gallitano et al. 2005; Murrell et al. 2014).

Aedes colonization time assessment

This field study occured from May 22 to July 31, 2009.

Black plastic buckets ranging in size from 3.79

(‘‘small,’’) to 7.57 L (‘‘medium,’’) were established

along a road in an oak-hickory forest. Ten small and

ten medium buckets were placed 10 m from the center

of the road and were spaced at least 20 m from

adjacent containers. Each small container was filled

with 3 L of water and each medium container received

6 L of water. All containers then received 2 g/L dried,

senescent white oak leaves (Quercus alba), and 10 mL

hay infusion (50 g hay per L water), as an initial

microbial inoculum. Rainfall was sufficient to keep

containers filled throughout the summer. Two small

buckets and one medium bucket were spilled early in

the experiment and were excluded from the final

analysis (final count: small n = 8, medium n = 9).

Each container was sampled weekly for larval

composition by placing a 90-lb pull magnet in the

bottom of each container, waiting 3 min for detritus

and organisms to recover from this disturbance, then
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quickly plunging a 6.4 cm-diameter steel tube into the

container and onto the magnet. The magnet adhered

tightly to the end of the tube, isolating a water column

sample containing surface and subsurface species

(Murrell et al. 2014). This water sample was trans-

ported back to the laboratory at Illinois State Univer-

sity, where mosquito larvae were sorted, identified to

species, and counted.

We used survival analyses with the individual

container as a random effect (PROC NLMIXED, SAS

9.3) to test differences in (1) time to first colonization

in each container, (2) time to greatest abundance in

each container, with container size (small vs. med-

ium), species (A. japonicus, A. triseriatus, and A.

albopictus), and the interaction of container size and

species as fixed effects. In cases where species was

significant, we ran follow-up survival analyses for

each pairwise combination of species (A. japonicus vs.

A. triseriatus, A. triseriatus vs. A. albopictus, A.

japonicus vs. A. albopictus).

Aedes oviposition response experiment

This field study was conducted during two periods: 3

July–24 July and 24 August–13 September, 2008.

Fourteen 1 L black plastic cups were placed at each of

four transects along gravel roads at Tyson. Each

container was filled with 500 mL of water, 1 g dried

oak leaf detritus, and 10 mL hay infusion. Holes were

drilled into each container to prevent the container

from overfilling with rainwater and hatching eggs

during the field portion of the study. At each site,

containers were affixed to trees with cable ties

approximately 1–2 m above the ground. Seven con-

tainers were placed within 2 m of the road-forest edge

and spaced 50 m apart, and seven containers were

placed 50 m into the forest, and also spaced 50 m apart.

Within each row of seven containers, one container

was stocked with first instar larvae in the each of the

following treatments: no larvae; 20 A. albopictus; 40

A. albopictus; 20 A. triseriatus; 40 A. triseriatus; 10 A.

albopictus ? 10 A. triseriatus; or 20 A. albopic-

tus ? 20 A. triseriatus. The A. albopictus and A.

triseriatus larvae were obtained from laboratory

colonies originating at Tyson Research Center. After

1 week we collected all surviving larvae, and replaced

them with a similar set of newly-hatched larvae for the

appropriate treatment, and water was topped up to its

original level. After 3 weeks, cups were collected and

taken to Illinois State University and any eggs on the

container walls were hatched in nutrient broth (0.5 g/

L) for 24–48 h at 24 �C. All resulting Aedes larvae

were reared to a size at which they could easily be

identified (2nd or 3rd instar), identified to species, and

counted.

As the data were not normally distributed and data

transformations were ineffective, we used a nonpara-

metric mixed-model analysis (PROC MIXED, SAS

9.3) on ranked oviposition data (PROC RANKS, SAS

9.3) to test whether the number of A. japonicus

hatched from eggs was significantly affected by

sampling date (July, September), container location

(edge vs. forest interior), Aedes larval treatment (see

‘‘Methods’’ section), and all possible interactions, with

transect included as a random effect.

Multispecies larval competition experiment

This experiment was conducted in environmental

chambers at Illinois State University at 24.8 �C

(?0.5 �C), 80–90 % RH, and a 14:10 L:D photoperiod

in April–May 2009. The A. albopictus and A. triseri-

atus larvae used were F2 larvae hatched from labora-

tory colonies originating at Tyson Research Center. A.

japonicus larvae were hatched from eggs obtained

from a colony maintained since 2005 (generation

unknown) at the Headlee Research Laboratory Mos-

quito Research and Control Unit at Rutgers University

in New Brunswick, NJ (Armistead et al. 2008a, b).

Inter- and intra-specific larval competition among

the three species of Aedes was investigated using an

experimental design based on that described by Billick

and Case (1994). Treatment levels were: a target

species at a baseline density of 20 larvae; interspecific

competition with each of the target species’ compet-

itors individually at the baseline density for a total

density of two times baseline density (40 larvae total);

interspecific competition with both competitors, each

at the baseline density for a total density of three times

baseline density (60 larvae total); and intraspecific

competition at two times and three times baseline

density (Table 1; see Billick and Case 1994 for the

logic of this design). The goal was to determine if

summing the effects on the target species of adding 20

of each competitor species alone predicts accurately

the combined effect on the target species of adding 20

each of both competitor species (Billick and Case

1994). Two parallel experiments with A. albopictus
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and A. triseriatus, respectively, as the target species

used the same design (Table 1). Each combination

was replicated five or six times (Table 1), yielding 69

containers. Containers with two or three species each

contributed data to two or three, respectively, analy-

ses, once for effects on each of the species present in

the container.

Three days prior to adding larvae (30 March, 2009),

250 mL tri-cornered plastic beakers were filled with

0.15 g of ground rabbit chow (Kaytee Supreme Daily

Blend Rabbit Pellets�) and 200 mL of NanopureTM

water and incubated in the conditions described above.

After 3 days, synchronously hatched larvae (Yee et al.

2004) were added to containers as 1st instars in the

combinations described above. All beakers were

housed in a single environmental chamber and

randomly rotated daily to limit location effects of

temperature, relative humidity, and light exposure.

Cups were checked daily beginning at day 6 and all

pupae were isolated in cotton stoppered 1.8 mL shell

vials. After emergence, the sex, species, and days to

eclosion were recorded for each adult. Each female

was assigned a unique number and oven dried at

50 �C. The experiment ended on 23 May, 2009 (day

51). Dried females were weighed individually on a

Cahn C-31 microbalance, and female wing length was

recorded using a dissecting microscope and Scion�

image analysis system.

Billick and Case (1994) noted that tests for non-

additive interspecific interactions can be highly

dependent on the response variable chosen. We thus

tested non-additive effects on both female proportion

survivorship to eclosion (assuming initial larval pop-

ulations were 50 % female), and population dynamics.

The latter was estimated as finite rate of increase (k0)
via Juliano’s (1998) modification of Livdahl and

Sugihara’s (1984) index of performance:

k0 ¼ exp
ln ð1=N0Þ

P
d Adf ðwdÞ

� �

Dþ
P

d dAdf ðwdÞ=
P

d Adf ðwdÞ
� �

" #

The numerator of this estimates the natural log of net

reproductive rate of the cohort, whereas the denomina-

tor estimates the mean cohort generation time (Livdahl

and Sugihara 1984; Chmielewski et al. 2010). Livdahl

and Sugihara’s (1984) estimate has been shown to yield

Table 1 Treatment level abbreviations, sample size (N), and species compositions for the laboratory competition experiments

testing for nonadditive effects of multispecies competition

Treatment Abbreviation N Numbers of larvae present Used for analysis of target species

Aedes

japonicus

Aedes

albopictus

Aedes

triseriatus

Single species J 6 20 A. japonicus X

JJ 5 40 A. japonicus X

JJJ 5 60 A. japonicus X

A 5 20 A. albopictus X

AA 5 40 A. albopictus X

AAA 5 60 A. albopictus X

T 5 20 A. triseriatus X

TT 5 40 A. triseriatus X

TTT 5 60 A. triseriatus X

Two species JT 6 20 A. japonicus ? 20 A. triseriatus X X

JA 6 20 A. japonicus ? 20 A. albopictus X X

AT 5 20 A. albopictus ? 20 A. triseriatus X X

Three species JAT 6 20 A. japonicus ? 20 A. albopictus

? 20 A. triseriatus

X X X

69

Each target species’ response to treatment levels was analyzed separately using data from larvae that species in the indicated

treatments (X). N specifies the number of containers; two- and three-species containers yield data for two and three of the analyses,

respectively, one for the response variable (survivorship, k0) for each species in the container
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accurate estimates of per capita rate of increase in

mosquitoes (Chmielewski et al. 2010), and it provides a

more comprehensive understanding of how environ-

mental conditions may affect population dynamics than

separate analyses of survival, development time, and

fecundity. N0 is the initial number of females (assumed

to be 50 % of the larvae), Ad is the number of females

eclosing on day d, D is the estimated number of days

between eclosion and oviposition, and f (wd) was a

published wing length-fecundity regression relationship

(Armistead et al. 2008a, b; Livdahl and Sugihara 1984;

Lounibos 2002) with wd = mean wing length of

females eclosing on day d. Using the index k0 has the

advantage of yielding estimates even when there are no

survivors (k0 = 0) (Juliano 1998).

For each species female proportion survivorship

and k0 were analyzed for fixed effects of intraspecific

and interspecific treatment levels using 1-way

ANOVA (PROC GLM, SAS 9.3). Significant results

for female survivorship were then further analyzed

using pairwise comparisons with a Tukey adjustment.

For both variables we tested for nonadditivity using a

contrast testing for interaction of effects of the two

competing species (Billick and Case 1994). Because k0

for all species did not meet the assumptions of

normality and homogeneity of variances, randomiza-

tion ANOVAs (Cassell 2002) were also run. Signif-

icant effects in the randomization tests matched those

of the parametric tests, so we report only the results of

the parametric tests.

Results

Aedes colonization time assessment

Ten Diptera taxa were recorded in the small and

medium containers: A. albopictus, A. japonicus, A.

triseriatus, Aedes hendersoni (Cockerell), A. barberi

(Coquillett), Chironomus sp., C. restuans (Theobald),

Culicoides sp., Megaselia imitatrix (Borgmeier), and

T. rutilus. The three Aedes species that were the focus

of this study composed 75 % of all individuals, 82 % of

all mosquitoes, and 99 % of all Aedes. Larval abun-

dances were relatively low, averaging 16.70 ± 1.96

Aedes larvae/L. This was likely due to the fact that the

containers were new rather than extant.

There was no significant effect of container size on

either time to first colonization (t16 = 0.44, p =

0.6661) or time to peak abundance of Aedes (t16 =

-0.76, p = 0.4559). However, there was a significant

effect of species on both time to first colonization

(t16 = -5.01, p = 0.0001) and time to peak abundance

(t16 = -4.30, p = 0.0005). Interaction effects of con-

tainer size and species were not significant for initial

colonization time (t16 = -2.00, p = 0.0633) or for

time to peak abundance (t16 = -0.20, p = 0.8468).

Follow-up tests on the significant species effects showed

that A. japonicus first colonized significantly sooner

Fig. 1 Results of survival analysis of the 2009 colonization

study. a Cumulative proportion of containers that have been

initially colonized by each Aedes species by each sample week.

Both A. japonicus and A. triseriatus colonization curves differed

significantly from A. albopictus, but did not differ from each

other. b Cumulative proportion of containers that have attained

peak abundance of each species by each sample week. All

species peak abundance curves significantly differed from one

another
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than A. albopictus, but not A. triseriatus, and A.

triseriatus also colonized significantly sooner than A.

albopictus (Fig. 1a). Peak abundance significantly dif-

fered among all three Aedes species, with A. japonicus

reaching peak abundance in more containers earlier than

A. triseriatus and A. albopictus (Fig. 1b). Mean abun-

dances of each species over time, standardized for

sample volume, reflect this pattern (Fig. 2), with

greatest mean abundance of A. japonicus across

containers occurring before notable colonization of A.

triseriatus and A. albopictus.

Although A. japonicus colonization and peak

abundance occurred earlier in the season, this species

was present in containers throughout the 10-week

sampling period and frequently co-occurred with other

Aedes species (Table 2). From June 26 to July 31,

when all three species were present, mean co-occur-

rence of A. japonicus with only A. triseriatus was

13.68 % (±6.33 % SE) of all samples, and mean co-

occurrence with both A. triseriatus and A. albopictus

was 26.85 % (±5.06 % SE) of all containers.

Aedes oviposition response experiment

Aedes japonicus laid significantly more eggs in July

than in September (Table 3; Fig. 3a, b). In July there

was also a significant effect of container location, with

significantly more A. japonicus eggs laid at the forest

edge than in the forest interior (Table 3; Fig. 3a). The

number of A. japonicus eggs did not significantly differ

among the larval treatment levels, nor was there any

significant interaction involving treatment (Table 3).

Multispecies larval competition experiment

Female proportion survivorship was significantly

affected by treatment for all three species (A.

albopictus F5,26 = 3.25, p = 0.0207; A. japonicus

F5,28 = 6.15, p = 0.0006; A. triseriatus F5,26 = 3.82,

p = 0.0100). A. japonicus showed a nonlinear

response of survivorship to increasing intraspecific

density, with survivorship significantly greater in the

double density treatment (JJ) than in the triple density

treatment (JJJ) with baseline density (J) intermediate.

The JAT treatment level had lowest mean survivorship

and was significantly lower than JJ (Fig. 4a). A.

japonicus female survival in JAT was significantly

lower than that predicted by effects of each competitor

alone (JT, JA; F1,28 = 5.40, p = 0.0276; Fig. 4a). A.

triseriatus and A. albopictus showed significant

declines in survivorship as intraspecific density

increased (T vs. TTT and A. vs. AAA, respectively),

but no significant differences between baseline density

and interspecific treatments (Fig. 4b, c, respectively).

Tests for nonadditivity were not significant for A.

triseriatus (F1,26 = 0.68, p = 0.4185; Fig. 4b) and A.

albopictus (F1,26 = 1.19, p = 0.2862; Fig. 4c).

There was a significant effect of treatment on k0 of A.

japonicus (F5,28 = 11.28, p\ 0.0001), with estimated

finite rate of increase significantly lower in the 3-species

treatment level than in any of the intraspecific or

2-species treatments. However, k0 did not significantly

differ between 2-species treatments and intraspecific

density treatment levels (Fig. 5a). Observed k0 when

competing with both species (JAT) was significantly

lower than the k0 that would be predicted based on the

individual effects of each competitor alone (JA, JT;

F1,28 = 24.11, p\0.0001; Fig. 5a). This low k0 for the

JAT treatment level was not simply a product of higher

density, as k0 for the intraspecific control JJJ at the same

density was much greater and comparable to the other

treatment levels (Fig. 5a). There were no significant

effects of treatment on k0 for either A. triseriatus

(F5,26 = 1.79, p = 0.1493) (Fig. 5b) or A. albopictus

(F5,26 = 0.96, p = 0.4623) (Fig. 5c). Tests for nonaddi-

tivity were not significant for A. triseriatus (F1,26 = 1.73,

p = 0.1996; Fig. 5b) and A. albopictus (F1,26 = 0.13,

p = 0.7199; Fig. 5c).
Fig. 2 Mean (±SE) abundance of larvae of each Aedes species

per liter of sample during the 2009 colonization study
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Discussion

Consistent with previous results (Fonseca et al. 2013;

Kaufman et al. 2012; Burger and Davis 2008; Andreadis

et al. 2001), we have shown that A. japonicus in Missouri

colonize earlier than A. albopictus and become abundant

in containers earlier in the season than either of itsT
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Table 3 Results of mixed model analyses of Aedes japonicus

oviposition in response to collection date (July, September),

container location (forest edge vs. forest interior), treatment

(numbers of Aedes triseriatus and Aedes albopictus larvae

added to container weekly), and all interactions

Effect df F p

Collection date 1.81 3.79 0.0551

Location 1.81 6.20 0.0148

Treatment 6.81 0.53 0.7868

Collection date 9 location 1.81 6.08 0.0158

Collection date 9 treatment 6.81 1.69 0.1351

Location 9 treatment 6.81 1.03 0.4109

Collection date 9 location 9 treatment 6.81 2.08 0.0641

Significant effects are in bold print

Fig. 3 Mean (±SE) number of A. japonicus larvae hatched and

reared from eggs collected from the 2008 oviposition study for

combinations of container treatment and locations (forest edge

vs. interior). a Containers collected July 24. b Containers

collected September 13
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common Aedes competitors. Despite this, A. japonicus

continues to colonize containers until late July. Our 2009

colonization assessment and 2008 oviposition study

show that A. japonicus larvae frequently co-occur in

containers with A. triseriatus and A. albopictus, even in

containers as small as 1 L, and A. japonicus adults

exhibit no avoidance of oviposition in containers with

larval Aedes competitors. The multispecies competition

experiment clearly shows A. japonicus suffers non-

additive, negative competitive effects when encounter-

ing two competing Aedes, and that non-additive effects

are absent for both A. albopictus and A. triseriatus. These

results for A. japonicus in competition clearly refute the

hypothesis that multispecies competition facilitates

the invasion of A. japonicus; indeed, multispecies

competition has the opposite effect on A. japonicus.

Taken collectively, our results indicate that the

success of A. japonicus invasion in part results from

its temporal separation from other container Aedes

competitors. A further contributor to its success, not

investigated in our experiments, is that A. japonicus

tends to colonize larger containers than A. triseriatus

and A. albopictus (Kaufman and Fonseca 2014). In the

general context of invasion biology, the success of A.

japonicus seems best understood as a product of its

ability to use resources, defined by seasonal time and

water body size, that are not fully exploited by

potentially competing residents.

The lack of oviposition avoidance by A. japonicus

of heterospecifics is consistent with the lack of strong

evidence for interspecific avoidance in other field

oviposition studies of Aedes (e.g., Fader and Juliano

2014). Field oviposition patterns can be difficult to

interpret as Aedes species can either be positively

correlated across containers due to temporal syn-

chrony (Johnson and Sukhdeo 2013) or similar

responses to resource levels (Yee et al. 2010), or

negatively correlated with each other (Armistead et al.

2012; Sunihara et al. 2002), due to interspecific

oviposition avoidance or different habitat preferences

(Reiskind and Lounibos 2013). Our study shows that

A. japonicus prefers containers at the forest edge over

the interior, and lays significantly more eggs earlier in

the season, as shown by (Burger and Davis 2008). The

lack of avoidance by A. japonicus of oviposition where

other Aedes are already present means that encounters

within containers with A. albopictus and A. triseriatus

are likely where the species overlap, as they do at

Tyson. While further tests of A. japonicus oviposition

response to other possible competitors (e.g., Culex)

would be useful, our results do not support oviposition

avoidance of competitors as a mechanism enabling A.

Fig. 4 Mean proportion survival of females (?SE) in response

to inter- and intraspecific larval densities in multispecies

competition experiment, for a A. japonicus, b A. triseriatus,

c A. albopictus. Treatment abbreviations correspond to abbre-

viations given in Table 1. Letters indicate means that do not

significantly differ from each other. For each species, filled

points represent actual mean survivorship (±SE, =HMSE/n).

The open point represents expected survivorship in the

multispecies treatments if effects of competing species on

target species survivorship were additive and accurately

predicted by effects on the target species observed in the

2-species combinations
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japonicus to succeed in invasion of North American

containers.

Ours is the first study to test for nonadditive

competitive responses of mosquito larvae, and one of

the few (see Ho et al. 1989) to test for effects of

competition in multispecies assemblages. We observed

significant effects of intraspecific density on female

survivorship in all three species, indicating that densities

were sufficiently high for resource competition to occur.

However, the only significant effect on k0 was the super-

additive effect on A. japonicus k0 by A. albopictus ? A.

triseriatus relative to the competitive effects of either

competitor alone.

Aside from its implications in the invasion biology

of A. japonicus, the super-additive effect on A.

japonicus k0 by A. albopictus ? Ae triseriatus sug-

gests that there may be complex, nonadditive effects

of competition in natural assemblages that may have

important impacts on community structure. This has

been shown for other terrestrial plant and animal

communities (e.g., Werner and Peacor 2003; Dormann

and Roxburgh 2005; Fortner and Weltzin 2007; Engel

and Weltzin 2008) but to our knowledge has not been

previously demonstrated with immature mosquitoes.

Such non-additive effects among competitors could

arise from interaction modification via context depen-

dent, trait mediated effects (e.g., on foraging) that are

expressed differently in response to different species

of competitors, or from a variety of other mechanisms

(Billick and Case 1994; Werner and Peacor 2003;

Dormann and Roxburgh 2005). Our present experi-

ment cannot determine the mechanisms behind this

non-additive effect on A. japonicus, but the presence

of such an effect suggests that we cannot gain a full

understanding of this community by quantifying

pairwise interactions (Billick and Case 1994; Dor-

mann and Roxburgh 2005; Weigelt et al. 2007).

Though feeding behavior of A. japonicus has never

been studied in the presence of competitors, in

isolation A. japonicus browses more vigorously on

submerged leaves than does A. albopictus (O’Donnell

and Armbruster 2007). A. japonicus, like other mos-

quitoes, also shifts its feeding activity and position in

containers in response to cues from predation (Kes-

avaraju et al. 2011). If such context dependent shifts in

feeding strategy and position within the container (by

A. japonicus or its competitors) occur in response to

different combinations of competitors, the result could

be non-additive effects of competitors. Our experi-

ment was not designed to test whether feeding

segregation within containers occurs, and we cannot

demonstrate whether or not available resources within

our containers were being fully utilized. However,

Fig. 5 Mean finite rate of increase in response to inter- and

intraspecific larval densities in multispecies competition exper-

iment, for a A. japonicus, b A. triseriatus, c A. albopictus.

Treatment abbreviations correspond to abbreviations given in

Table 1. For each species, filled points represent actual mean k0

(±SE, =HMSE/n); the open point represents expected k0 in the

multispecies treatment if effects of competing species on target

species k0 were additive and accurately predicted by effects on

the target species observed in the 2-species combinations.

Asterisk a mean for A. japonicus significantly different from

means from all other treatments for A. japonicus
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investigations of mechanisms of non-additive effects

of multispecies competition among Aedes and other

mosquitoes could yield interesting insights into mos-

quito behavior and community structure. More gener-

ally, in the context of invasions, such non-additive

effects may be one contributor to invasion resistance

or susceptibility of resident assemblages (Zarnetske

et al. 2013).

The population of A. japonicus we used for the

competition experiment was not from Tyson, but

rather from a long-established colony at Rutgers

University, New Brunswick, NJ. Though this colony

has been used for many of the competition studies for

A. japonicus (Armistead et al. 2008a, b; Kesavaraju

et al. 2010; Alto 2011), it is unknown whether there are

population differences in competitive ability of A.

japonicus, and specifically if Tyson A. japonicus may

exhibit a different competitive response than the

Rutgers population. Should better methods for isolat-

ing wild populations of A. japonicus or for rearing

laboratory colonies of A. japonicus be developed, it

would be worthwhile to test whether populations differ

in their interspecific competitive ability. At this time,

however, our study along with studies have found no

compelling evidence that A. japonicus utilizes supe-

rior resource competitive ability, in single- or multi-

species interspecific competition, as mechanism for

invasion.

Our field experiments took place only 3–4 years

after A. japonicus was first recorded at this site

(Gallitano et al. 2005), and it seems likely that our

results reflect a container mosquito assemblage that is

in flux, with A. japonicus increasing. Experiments at

this site in June-July 2010 indicated that A. japonicus

comprised [90 % of the Aedes in 19 L buckets

(Murrell and Juliano 2013), whereas experiments in

May–August 2011 yielded assemblages in 19 L buck-

ets with A. japonicus and A. triseriatus co-dominant

(Murrell et al. 2014). Thus, the relatively low density of

A. japonicus in the present field results is not surprising.

The experiments reported the present paper

involved a limited range of container sizes, and held

constant container composition and detritus resource.

We have not directly tested whether A. japonicus

exploitation of different sizes or types of containers or

different thermal regimes contributes to its invasion

success in North America, as proposed by Kaufman

and Fonseca (2014). Our results are compatible with

the general point made by Kaufman and Fonseca

(2014): invasion success of A. japonicus does not

depend on superior competitive ability relative to A.

triseriatus and A. albopictus. Instead, it may depend

on its preference for colder climates, to which A.

albopictus is less tolerant (Rochlin et al. 2013), and

use of habitats occupied by less competitive species,

such as the rock pool mosquito Aedes atropalpus

(Coquillett), the native pool and container dweller C.

restuans, and invasive generalist C. pipiens (L.). C.

restuans and C. pipiens, like A. japonicus, are more

commonly found in larger containers (Andreadis et al.

2001), and colonize significantly earlier than other

Aedes species (Murrell et al. 2014). Removal of A.

japonicus larvae from container communities also

significantly increases abundance and development of

Culex larvae (Murrell and Juliano 2013), which

suggests that A. japonicus is competitively superior

to Culex. A. japonicus also frequently overlaps with A.

atropalpus in North American rock pools, and in some

areas has almost completely displaced this native

species (Armistead et al. 2012; Andreadis and Wolfe

2010). Despite this, investigations of A. japonicus

competitive effects on these species are rare (but see

Hardstone and Andreadis 2012; Armistead et al.

2008a, b). More research into the interaction of A.

japonicus with Culex and A. atropalpus in a wider

array of container types would likely enhance our

understanding of the invasion success of A. japonicus.
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