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ABSTRACT  We compared the tendency for 4th-instar larvae to preyon newly hatched Jarvae, and
the vulnerability of those 1st instars to such predation for Aedes triseriatus {Say), Ae. aegypti (L.),
and Ae. albopictus (Skuse), allcontmner-bmedmgmaqaiboesmhmzﬂmwmmmduced
to North America and are now sympatric with Ae. mnmmmemﬁmh
America. The experiment also enabled the assessment of _ ific inflyences of food aup-
plements and spatial heterogeneity on predatory behavior. Ae. triseriatus was substantially more
medqumdlussmeenﬁhhtoM&utheahazspwesﬁmdﬂmmmplﬁed ;
in food-deprived and spatially simple conditions, indicating that Aeé. eriatmpred‘atory behavior
may have important retarding effects on the colonization of occupied treehole habijtats by Ae.

albopictus. Ae. asgypti and Ae. albopictus were similar in imposthg little (%e. aegyptd) or almost no
(Ae. albopictus) predation on 1st instars and in being suscéptible to predation by Ae. friseriatiis. The
general lack of species-specific differences. between Ae. aegypti and Ae. albopietus indicates that
interspecific predation is not a likely apknﬁwn&rthemﬂdupkmeﬁof&mby&

dbmWamdomesﬂcwnhmminththﬁsthnM
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mosquitoes

Aedes albopictus (SkusE), a container-inhabiting mos-
quito recently introduced from Asia, has' spread
throughout  southeastern and -midwestern: North
America. Its range in the United States has expanded
quickly from 1985 when - it - was first recorded
(Sprenger and Whuithiranyagoo}1886) to include 23
states, including New Jersey (Crans et al. 1996) and
Chicago to the north, Texas to the west, and Florida
to the south (O’Meara et al. 1992, 1995; Jamieson et al.
1994; Nasci 1995; Richardson et al. 1995). The ongoing
colonization by this species has provided an excellent
opportunity for écologists to observe a mosquito in-
vading habitats already oecupied by ecologically sim-
ilar species, particularly its congeners. Aedes albopic-
tus has displaced a previously introduced, resident
African mosquito, Aedes aegypti (L.); in some habitats
in Florida (O'Meara et al. 1992) and apparently is in
the process of displacing Ae. aegypti in Soutly Cavolina
(Richardson et al. 1995) and Louisiana (Nasci 1995).
In contrast, Lounibos et al. (1997) found that Ae.
albopictus has not displaced the native treehole mos-
quito, Aedes triserigius (Say), in natural treeholes in
Temperature extremes may limit the northem ex-
tent of the United States population of Ae. albopictus
(Nawrocki and Hawley 1987, Hanson and Craig 1995),
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which appears to have originated from a temperate
zone populahon in Japan (Hawley et al. 1987). The
biological factors that might promote or restrict range
expansion have been less tractable. Numerous biolog-
ical m&m&mmmoﬁng colonization by A¢. albo-
pictushave been in including mating inter-
ference (Blacket al. 1989),compehbve displacement
by larvae (Barvera 1996, Black et al. 1989, Ho et al.
1989,cLivdahl and Willey 1991, Novak et al. 1993,
Juliano 1998), ovipoa‘honmepmfemnces(thketal
1989, Titus--1996), ’ parasitic - protezoan - parasitism
(Fukuda et al: 1997, Juliano 1998), and egg hatch
inhibition imposed by larvae: (Edgedy et-al. 1993).
To further our understanding of potentially signif-
icant behavioral interactions in Aedes, we investigated
the role that intraguild predation might play in sae-
cessful colonization by Ae. albopictus. Facultative pre-
dation may occur among Asdes larvas; and such pre-
dation might contribute to the displacement of Ae.
aegypti from container habitats by Ae. albopictus. Dif-
ferential predation also might contribute to a slow rate
of colonization of natural treeholes by Ae. albopictus
when they are ‘occupied by Ae. triseriatus, despite
prevalence of Ae: albapictus in nearby domestic hab-
itats.-Although their food is‘predominantly microor-
ganisms and detritus - (Merritt et al. 1992), both Ae.
cegypté (MacGregor 1915) and ~Ae. iriseriatus
(Koenekoop and Livdahl 1986} are éapable of canni-
balism: 4th instars consime Ist-instar conspecifics in
the laboratery. The ecological significanee of canni-
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balistic behavior is not known, and for Ae. triseriatus,
at least, was of limited significance compared with egg
hatch dynamics.and density-dependent competition
in influencing mosquito productivity in artificial mi-

crocosms in Massachusetts (Edgerly and-Livdahl -

1992). Because Ae. albopictus is similar ecologically
and morphologically to Ae. aegypti and Ae. triseriatus,
we suspected that Ae. albopictus would have similar
larval foraging strategies, including cannibalism by 4th
instars. We designed an experiment to determine if Ae.

is predaceous and to test for differential

effects of larval predation in the 3 species. .

' Materials and Methods

We tested the responses of Ae. aegypti, Ae. albop- e

ictus, and Ae. triseviatus in 48 different combinations:

4levels of a predation treatment (including contmls), ‘

3 different species of prey (lst nstar), 2 phiysical

environments, and 2 food levels. Predators were de-
ial to eotisn

fined as 4th instars that have the
newly hatched Aedes larvae, designated as prey he
All replicates were placed in 100-m} clear plastic.

viously filtered to remove ‘sediment.-Each eup re-
ceived 25 larvae hatched within 2 h of the experiment,
and either 0 or 6 fourth instars of one of the 3 Aedes

species. The possible combinations yielded controls ~

(no predators) and 9 inter- and intraspecies experi-
mental treatments. The experimental density was
comparable to that used by Koenekoop and Livdahl
(1986) who observed cannibalism among Ae. triseria-
tus, but the habitats were >3 times as large in the
present experiment. .

Food. The intensity of intraguild .predation .may
depend on availability of alternative food sources (Fox
1975, Polis 1981). In container~inhabiting mosquitoes,
variation in nutrients can be. extreme with domestic
containers being relatively oligotrophic compared
with treeholes filled with leaf litter and periodically
inoculated with bacteria carried in by stemflow (ref-
erences in Merritt et al. 1992). Koenekoop and Livdahl
(1986) found that the intensity of cannibalism by
4th-instar Ae. friseriatus was greater when food was
limited. Therefore, we expected intraguild predation
to be more intense in food-poor than in food-rich
conditions. To create such a disparity, we supple-
mented half the habitats with food (20 mg brewer’s
yegst), : . . . ] .

Environment Complexity. Theoretically, predation
rates. should be higher if prey lack refugia (eg,
Vepsiliinen and Nummelin 1986). The Aedes species
in the current study breed in containers that vary from
cemetery vases to discarded tires to natural treeholes.
We suspected that the availability of refugia increases
as the complexity of the substrate increases, To em-
ulate this feature of the predator-prey system, we
added refugia to half of the replicates and left the
remainder as the smooth surfaces of the plastic. cups.
To provide a. heterogeneous substrate, we lined the
bottoms of the cups with disks of fiberglass (Scotch
brand scouring pads, 3M, St. Paul, MN). The mesh-
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stocked with 50 ml of autoclaved trechole water pre- .

Table 1. ANOVA testing for responses of mortality rate (frac-
tion of prey absent at the end of the experiment) to the main effects
of the experiment o :

Predator (P) 3 098 46.83 <0.001
Prey (H) 2 0.06 3.08 <0.05
Food (F) 1 0.32 1540 <0.001
~Environmenit (E} 1 0.03 151 NS
Interactions
PXH 6 0.01 0.56 NS
PXF 3 028 13.52 <0.001
PXE 3 0.17 7.98 <0.001
HXF | 2 0.02 0.72 NS
HXE * 2 0.01 0.61 NS
FXE 1 003 L% NS
PXHXF g 002 107 NS
PXHXE 8 0@ 0B NS
< HXFXE . .. 2 - 801 033 NS
PXFXE ot 3. 017" 8% <0.001
_ PXHXFXE .. .6 001, . 0%, NS
" o dth Tostats; prey, represented by 3 diffe s food,
= rent added or not sdded; environment, #nipls'e: NS, P>

0.05.

work of the pad excludes larger Jarvaebut is large

‘enough to allow small larvae to forage within.

treatment level (predators, prey, fobd; diid environ-
ment) 5 times, for a total of 240 cups. After 24 h we
removed the predator larvae and then the prey from
each habitat. We determined the proportion of 1st-
instar larvae lost in 24 h in response to:the 4 experi:
mental factors. An angular transformation wasused to
enhance normality and reduce the-dependence of cell
variances on cell means. The effects.of experimental
treatments and interactions among them were fested
by analysis of variance (ANOVA); specific compari-
sons among groups. were performed with.orthogonal
contrasts (SAS Institute 1997).

_ Al factors (predator species, prey species, food,
environment) affected the number of prey disappear-
ing, either as main effects or as factors involved .in
significant intersctions (Table 1). Prey species was a
factor with a significant main effect, but was not in-
volved in.any higher order interactions. Predators
consumed . Ist-instar Ae. albopictus: more frequently
than Ae. #riserigtus (Fig. 1; orthogonal contrast, F =
5.27: df = 1, 182; P < 0.05). The vulnerahility of Ae:
aegypti was intermediate, and did not differ signifi-
cantly. from either of the other species (Ae. gegypti
versus Ae. albopictus: F = 0.31; df = 1, 192; P> 0.5; Ae.
aegypti versu. Ae. triseriatus: F = 3.03; df = 1,192, P >
0.08). Prey disappearance rates differed significantly
between the control and.predator-containing cups
(Fig. 1; orthogonal contrast for predator-exposed ver-
sus control prey: F = 42.2; df = 1, 192; P < 0.001), and
no differences were significant in contrasts of the
disappearance. rates of st instars of each of the 3
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Fig 1. Vtﬂnaabxlnyofthepreyspemestopmdmnby

4th-instar mosguite. larvae, relative to control habitats that
lacked 4th instars. Bom&wtmpuceume:uofw,

absent at the end of the experiment,
treatments (hsbitat complexity, food, and predator spocies).

Means with comman letters were:not found to-differ (P>
0.05) in pairwise orthogonal contrasts testing for differences”

among prey species. Data were analyzed after the angular
transformation ¢’ = arcsine \/y bad béen applied. The ver-.
ﬁcdmsmnvemthemnsfomedvduesbmktotbe more
familsupercentageunm

speciesmcontrolcups (F=03~df~—-2,192 P 0720)

We infer that the significant main effect of prey spe-’

cies resulted from differential vulnerability-to preda-
tion, with Ae, a&opim&emostmeuble and Ae.
triseriatus the least. -

“ In addition to the sxgniﬁeently lower disappemmce
rates of lst instars in control cups, the main effect
caused by the predator treatment also results from
differencesin predation rate by different species (Fig.
2). Ae. triseridtus snd Ae. aegypti caused disappearance
rittes that significantly exceeded the controls (Az. ge-
gypti, F = 89;df = 1,192; P =0.003; Ae: triseriatus, F =
121.0; df = 1, 192; P << 0.001). Disappearance rates of
prey in the présence of Ae. albopictus did not signif-
icantly exceed the controls, although this contrast was
nearly significant (F=3.8;df = 1,192; P =0.053). Tests
fora:ﬂ'erencesamongspeclesindlcm&thatm tri
meonsumed miore prey than eitherof the ether

‘ #. triserigtus versus Ae. gegypti, F = 64.3; df =
1, 192:'P < 0.001; Ae. triseriatus versus Ae. albopictus,
F = 82,0, df =¥; 192; P'< 0.001) and that A segypti
and Ae.’ Mm were not significantly différent in
the“prey V*:-,;
0.300).

Interachonsamoﬁg preéator specnennd food avml
ability, and predator species and environmental com-
plexity differentially affected the predation rate:(Ta-
ble 1). Food alone, and in interaction with predator

on (F = 1L; df = 1, 19 P=

Fig 2. Relaﬁvepm&atoﬁmdcnmes of the 3 species.
Points represent percentages of prey that were absent at the

’endoftheexpermentforeaehpredatorspecies,pooled

across all other treatments (habitat complexity, food, and
:preyq)ecles) ’!‘heconhn!gmupmmvednoﬁmswhr
‘vae, and provides an indication of the | loss rate
fornewlyhaichc&fawiundertﬁmmd:ﬁom ‘Means with
coxmnonlettenwmnotﬁomdtomer {P>0.05) in
, ed-for all pairs of means. Data
were analyzed afterthe angular transformation §' = arcsine
/% had been applicd. The vertical axis converts the trans-
fmmdmlusbmkm&emefmﬂknrmm ,

spemes,aﬁectedthenmberofpreyeatetr& trise-
riatus, biit not Ae. aegypti or Ae. albopictiss; consumed
fewer prey-in food-rich trestments than in food-poor
treatments (Fig. 3). The'predator X food interaction
resulted from the species-specific nature of this effect.
Although environment alone did not affect the num-
ber of prey eaten, a significant interaction occurred
between predator - species and - environment treat-
ments: Ae. tHisoridéds consumed fewer prey in complex
than-in silple envifonmients, whereas:Aedes aegypti:
donsumed miore prey in complex compared with sim-'
ple environments (Fig 3): ’Ihe‘predator X environ-
ment interaction resulted from speeldﬁspeélﬁe
nature of this influence. ‘

A significant 3-way interaction (predator X food X
environment) occutred (Table 1). In the simple en-
vironment, regardless of food treatment; and in the
compleéx environment without a food supplement, Ae.
triserintus consumed more prey than eithen'w aagypu
or Aé- albopicius {Fig. 4). i

We inspected the 2- and 3-way interactions fm'ther
by excluding each predator species in tum and re-
peating thé analysis on the remaining sabsets of data.
Our rationale was that a switch from a significant toa
nonsignificant initeraction weuld indicate that the ex-
cluded data contributed to the significant interaction
obtained in the full aialysis. Both 2-way intersctions
(predator 3-food antd predator X efivironment) and
the 3-way interaction (predator X food X environ-
ment) became tionsignificant when we excluded Ae.
triseriatus from the analysis (P > 0.3, 0.2, and 06,
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mspectrvely) that neither the presence nor absence
of Ae. aegypti or Ae. albopictus contributed to the
interactions is supported by the persistent significance.
of those terms; with or without either species (P <
0.001 in all cases when either Ae. aegyp%orm albo-
psctus predator data were remved) 5

Discussion

Colleetwely, hgixer mortality occurred in vmls con-

taining 4th instars then-in controls. Because more
1st-instar Jarvae remained in control vials at the end of
the trial, we suggest that the disappearance of lst
instars in experimental vinls depended on the pres-
ence of 4th instars and not on our ability to locate small
larvae or on Ist-instar mortality because ef faetors
other than predation.

Mortahtyoflstmmrsoccm'edattheh:ghedmte
in the presence of 4th-instar Ae. friseriatus. Further-
more, the death rate lncreasedwhen these larvae were
placed in simple habitats with less food. The possthility
remains that 1st instars died becagse .of competitive
interactions, and .subsequently-were consumed by
scavenging 4th instars. However, because we_have
observed 4th-instar Ae. triserigius eating 1st instarsin
the laboratory, we know that predation does occur and
;:sd very erly the cause of mortality in. thegurmnt

y..

Prey mac:es were sffocted dlEerent:allyby momm—
ters with 4th instars. Ae.. friserigius:larvae were, sus-
ceptible to predation but at a si tly lower rate
thanwexetheotherzspemes.Someofﬂns&ﬁerence
may be attributed to the larger size of Ae. triseriatus

(Wmey 1995) making them len]:kelytnbe estenby
filter-feeding 4th instars or stronger in. their escape
response.

One significant effect in this experiment was not
anticipated; as such, we have no firm explanation for
it. Ae. aegypti-4th instars preyed more effectively on 1t
instars in complex environments than in simple ones
in the .absence of food; but. this difference did not
oceur in food-sepplemented: habitats, This finding
runs counter to our intent of providingirefugia for the
prey, and indicates that As. aegypti foraging behavior
is modified by food shortage, as might the location
preferences of the prey. We anticipate that more de-
tailed bebavioral studies: mﬂnﬁlthatthepmdatnm
and prey are brought together more often by these:2
behavioral changes: under low food conditions.
this response should aecur with Ae. aegvm:predators,
but not the other species, remains obscure. -

P:edaﬁonbymommnmhsfomdvdﬁmﬂ-
fects the relative abundance of prey in treehole com-
munities in the southeastern United States (Bradshaw
and Holzapfel 1983, Lounibos 1883). Whether differ-
ential intraguild predation among Aedes also infin-
ennespopuhhondynmcwfcmgewmmumbe
determined. Our results indicate that intraguild pre-
dation between Ae. aegypti and Ae. alpopictus should
have little effect on community strueture in their
shared domestic habitats, such as.cemetery containers
or discarded tires. Although theéy are both capahle of
predation as 4th instars,-their interactions are sym-
metrical, and the mortality-of Ist instars is relatively
low. However, in laboratory containers, these species
experienced increased mortality in their interactions
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0.05, orthogonal contrasts) are identified by commor letters.
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differences are identified; no significant- differences were
found among the means forming the lower 3 lines, so no
attempt is made to distinguish them here. Data were analyzed
di:erﬂuang\dnttrmlﬁ:rmﬁonv'=me\/yhdbem
applied. The vertical axis converts the tmnsformed

back to the more familiar percentage units. -

with Ae. triseriatus. The outcome of this latter inter-
action may explain, in part, the limited invasion of Ae.
albopictus. and. Ae. aegypti into. natural treeholes in
North America, the typical habitat for Ae. triseriatus.
However, higher basic hatch rates of Ae. albopictus
and Ae. aegypti (Edgerly et al. 1993) compared with
Ae. triseriatus, as well as faster larval development,
may reduce the severity of interactions among cohorts
for these species. If so, the potential for predation may
be limited because, at least for Ae. triseriatus, larvae are
only susceptible to cannibalism during their 1st d after
hatch (Koenekoop and Livdahl 1986).

Predicting the outcome of the Ae. albopictus inva-
sion is made risky by the variety of interactions that are
possible, and more so by the conflicting directions that
various mechanisms can have. For example, a predic-
tion based on inter- and intraspecific predation would
favor Ae. triseriatus, whereas the results of differential
egg hatch inhibition would promote a takeover of
trecholes by Ae. albopictus at the expense of Ae. tri-
seriatus (Edgerly et al. 1993). This latter outcome has
not occurred; presently, the 2 species seem to coexist
in treeholes that have been surveyed, with no sign that
Ae. triseriatus is being displaced (Louniboset al. 1997).

JourNaL oF MEDICAL ENTOMOLOGY

Vol. 36, no. 3

The long-term information needed to gauge the
success of Ae. albopictus in treehole habitats is ex-
tremely limited: We note that the occupation of tree-
hole habitits by Ae: Mcmﬂ!ﬁ n&toce\mdathigh
rates througliout its range. For k¢, in Northiern
Virginia, Ae. albop was found to be ‘the only Aedes
mosquito in an urbanized shaded tire pﬂe, whereas Ae.
triseriatus was the, oply species in a mature
beech forest only 1 kmxway (T,L. unpublished data).
Collections of eggs laid in ovitraps in 20 mature forests
in 1997 and 1998 in New Jersey, Delaware, Penngyl-
vania, Maryland, Vifgginia, West Virginia, North Caro-
lina, and northérn South Carolina and Georgia,’ all
within the reported tange of Ae. albopictus, yielded Ae.
albopictus at only'2 sites (in North Carolina and Geor-
gia), dnd I of those was contaminated by water-filled
domestic containers (T.L., unpubhshed data). Al-
though Ae. alboptm.hasbeenfmmd in all-of those
states, there is little evidence to.support its prevalence
in natural treehole-communities, except in the warmer
parts of its North American range.

In ‘conclusion, our experimental results add to our -
knowledge of possible interactioris among 3 congeners
that are experiencing range expansion (Ae. albopictus)
or local extinction (Ae. aegypti). How well these lab-
oratory results can be generalized to field populations
remains to be determined; A field test of competing
hypotheses would be:a logical next step in the search -
for mechanistic explanations for the pattern of inva-
sion by: Ae. albopictiis and of local extinctions or per- .
sistence by resident mesquitoes. Such:¥eross-species
test might manipulate factors to assess the'differential
impacts of intercohort interactions such ‘as larva-in-
duced ‘egg hatch inhibition, larval interactions be-
tween and within instars, and oviposition choices by
females in response to habitat characteristics includ-
ing !arval eompoﬂhon :
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