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ABSTRACT One hypothesis to explain the southern extension of Japanese encephalitis (JE) virus
from Papua New Guinea into the Torres Strait islands in 1995 and to mainland Australia in 1998 is
the dispersal of infected mosquitoes, particularly Culex annulirostris Skuse from which JE virus has
been isolated repeatedly. To investigate whether this species disperses in this manner, mosquitoes
were identiÞed from 368 aerial kite trap collections operated at 50Ð310 m (altitude) at inland New
South Wales between November 1979 to December 1984. Forty samples (9 during daylight and 31
at night) contained mosquitoes, of which 221 could be identiÞed as Culex australicus Dobrotworsky
& Drummond (58.8%), Culex annulirostris (21.3%), Anopheles annulipes Walker s.l. (10.4%), Aedes
theobaldi (Taylor) (7.2%), Aedes rubrithorax (Macquart) (1.4%), and Aedes sagax (Skuse) (,0.9%).
During the night, mosquitoes were found in 22.6% of the collections at a mean density (6SD) of
91.3 6 151.7/106 m3 of air sampled.During the day, only 3.8%were positive at amean density 125.3 6
152.1. When examined in relation to possible ßying time and wind speed, mean 6 SD dispersal
distancesbydayandnightwere23.9615.3kmand152.46116.3km, respectively.Thesedataprovide
circumstantial evidence that aerial carriage southward '200 km from Papua New Guinea to Cape
York peninsula is feasible, but that southern dispersal of Murray Valley encephalitis virus infected
mosquitoes from tropical to temperate Australia is unlikely.
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ray Valley encephalitis

DISPERSAL OF PATHOGENS of plant disease via airborne
insects is well established (Thresh 1983), but the ev-
idence of a similar means of transport of veterinary
and medically important disease remains circumstan-
tial. Culicoides dispersal was implicated in the spread
of bluetongue, epizootic hemorrhagic disease of deer
(Sellers and Maarouf 1991) and bovine ephemeral
fever (Murray 1970).Aerial collections ofCulex tritae-
niorhynchusGilesover theSouthChinaSea,Chinaand
WestBengal (Asahina 1970,Ming et al. 1993,Reynolds
et al. 1996) would indicate sufÞcient endurance and
behavior to cause ascent out of the ßight boundary
layer into the atmospheric boundary layer where
higher wind speeds lead to extensive downwind dis-
placement. In Australia, Culex annulirostris Skuse is
considered a morphological and biological counter-
part ofCx. tritaeniorhynchus, themajorAsian vector of
Japanese encephalitis (JE) virus, and Cx. annulirostris
was found infected with JE virus in the Torres Strait
Islands (Ritchie et al. 1997).

Japanese encephalitis virus, a well recognized pub-
lic health problem in Asia, emerged outside its tradi-

tional boundaries into Papua New Guinea spreading
southward into Torres Strait Islands during 1995 caus-
ing three human cases (Ritchie et al. 1997). During
1998, two further cases occurred, including one in the
northern Cape York peninsula area of mainland Aus-
tralia (Hanna et al. 1998). Because of the high degree
of homology between the nucleotide sequences of JE
strains from 1995 and 1998 from Australia with those
from Western Province in Papua New Guinea in 1997,
Hanna et al. (1998) hypothesized that JE virus-in-
fected mosquitoes may be carried southward on mon-
soonal depressions which developed in early January
1995 and again in late 1997.

Murray Valley encephalitis (MVE) virus is related
closely to JE virus and has been responsible for spo-
radicepidemics inmainlandAustralia since1917(Rus-
sell 1998). The major vector is Cx. annulirostris. The
MilesÐAnderson hypothesis (Anderson and Eagle
1953, Miles and Howes 1953) suggested that apart
from migratory waterbirds, movements of infected
mosquitoes over long distances may be involved in
disseminating MVE virus from tropical northern Aus-
tralia, or north of Australia (i.e., Irian Jaya or Papua
NewGuinea), to theNewSouthWalesÐVictorian bor-
der, a distance of 1,800Ð2,100 km. Sellers (1980) pro-
moted the importance of the Intertropical Conver-
gence Zone for the dispersal of several biting midges
(bluetongue, bovine ephemeral fever, Rift Valley fe-
ver) and mosquito-borne arboviruses, including JE
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and MVE viruses. The position of this zone, where
southerly winds from the Southern Hemisphere meet
northerly winds from the Northern Hemisphere,
moves north and southduring thenorthern and south-
ern summers, respectively.Thezone is associatedwith
rains and warm winds, and in some years it may move
further north or south than during other years. How-
ever, this zone rarely extends far enough south in
Australia to transport insects over the distances pos-
tulated by Sellers.

As a preliminary test of these hypotheses, i.e., that
dispersingmosquitoes, especiallyCx. annulirostris,can
ascend into the atmospheric boundary layer, we ex-
amined 368 kite trap collections of microinsects, car-
ried out by the Commonwealth ScientiÞc and Indus-
trial Research Organization (Commonwealth
ScientiÞc and Industrial Research Organization) Di-
vision of Entomology fromNovember 1979 toDecem-
ber 1984 at Trangie, Hay, and Hillston in inland New
South Wales. Such localities were situated on a pos-
sibleßightpathofMVEvirus-infectedmosquitoes into
temperate Australia. Our article details the Þrst aerial
collections of mosquitoes including Cx. annulirostris
fromAustralia, andconsiders thismeansof dispersal in
relation to the likely mode of southern transport of JE
and MVE viruses into tropical and temperate Austra-
lia, respectively.

Materials and Methods

Trangie (328 029 S, 1478 599 E), Hillston (338 299 S,
1458 329 E) and Hay (348 309 S, 1448 519 E) are inland
rural towns in New South Wales. Between October
1979 and February 1984, 310 aerial samples were ob-
tained during Þeld trips to Trangie, 198 by day and 112
by night. During November 1984, 24 collections were
made at Hillston (16 by day, 8 by night) followed by
34 collections at Hay in December 1984 (17 each by
day and night)

When wind conditions were suitable, a kite was
launched and allowed to ascend to a predetermined
altitude in the planetary boundary layer using meth-
ods described by Farrow and Dowse (1984). A net of
1 m2 cross section with a detachable terylene bag 50
cm long was attached to the kite line by a pulley and
allowed to ascend by natural wind pressure in a non-
samplingposition to a stop'5mbelow thekite,where
it adopted a horizontal sampling position. At the end
of the sampling period, the net was dropped from its
position below the kite by a radio-controlled release
device,which also caused the collecting bag to be shut
off preventing any contamination during the descent.

Total numbers of arthropods and mosquitoes were
counted and the latter were sorted by sex and iden-
tiÞed at the Queensland Institute of Medical Research
(QIMR) laboratory. Catches were expressed as den-
sity per 106 m3 for arthropods (Farrow and Dowse
1984) and for mosquitoes as catch per unit area per
volume of air sampled. The number of arthropods
caught per sample depends on the rate of dispersal,
i.e., the number of arthropods passing through a unit
area in a unit of time (e.g., m2/s), and the duration of

sampling. Dispersal rate is, in turn, a function of aerial
density and the net air speed of the arthropods. It
generally is expressed on the basis of the interaction
between wind speed and direction and the arthro-
podÕs ßying speed and heading. Because of the small
size and ßying speed of mosquitoes, the ßight vector
was ignored in these estimations and the wind vector
used. The minimum time airborne and hence mini-
mumdistance traveled assumes that amosquito taking
off at duskwas caught at thebeginning of the sampling
period. Maximum distance assumes that it was caught
at the end of the sampling period. Distance traveled
was calculated from the wind speed at the sampling
height (determined by pilot balloon ascent) and the
time airborne. Meteorological data were measured on
site and it was assumed that the wind speed was the
same as that for areas where dispersal originated.

Results

Forty of 368 collections from Trangie, Hillston, and
Hay contained mosquitoes. Of the 97,315 arthropods
collected, 294 were mosquitoes (Table 1). The aver-
age densities of mosquitoes from both day (125 6
152.1) and night (91.3 6 151.7) collections were sim-
ilar (t 5 0.6, df 5 37, P 5 0.56) and ranged from 0.36
to0.30%of the total arthropodcatch, respectively.The
mean density of mosquitoes in comparison with that
for total arthropods was 99 and 28,606/106 m3, and
mosquito and total arthropod dispersal rates were 970
and 356,660/106 m2/s, respectively.

Specimens from six mosquito taxa (Table 2) were
collected, and221of the294were identiÞed to species.
Culex australicus Dobrotworsky & Drummond
(58.8%), Cx. annulirostris (21.3%), Anopheles annuli-
pes Walker s.l. (10.4%), Aedes theobaldi (Taylor)
(7.2%), Aedes rubithorax (Macquart) (1.4%), and
Aedes sagax (Skuse) (0.9%). Of these, 71 and 150 were
males and females, respectively. Cx. annulirostris con-
formed to the description of Edwards (1924).

Distance traveledor displacement (Table 1) ranged
from a low estimate of 0 km to a maximum of 648 km;
10 of 40 samples had estimated maximum distances of
.200 km. Mean distance traveled by day and night
respectively was 23.9 6 15.3 and 152.4 6 116.3 km (t 5
3.3, df 5 37, P , 0.01). Of the 12 collections that
contained Cx. annulirostris, most displacements were
in the order of #150 km, but those from Hay on the
nights of 8, 10, and 11December 1984 ranged from162
to 396, 216 to 594 and 144 to 396 km, respectively.

Discussion

These data demonstrated that Cx. annulirostris and
other mosquito species ascend from surface air into
the planetary boundary layer. The geostropic winds,
which descend at dusk to the top of the planetary
boundary layer, can transport dispersing insects over
long distances at night because of their speed and
constancy.

This is not unexpected because its Asian counter-
part, Cx. tritaeniorhynchus (and other banded probos-
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cis Culex), has been collected in aerial samples some
500 km from land in the northwest PaciÞc (Asahina
1970) and in aerial samples in China and West Bengal
(Ming et al. 1993, Reynolds et al. 1996). Their con-
clusions, although based on circumstantial evidence,
are consistent with the reintroduction of JE virus-
infected Cx. tritaeniorhynchus into temperate China
from warmer southern parts of Asia, but does not rule

out other modes of transport, particularly viremic
birds or local maintenance by a variety of methods.
Humans are regarded as Ôdead endÕ hosts for both JE
and MVE viruses (Burke and Leake 1988, Marshall
1988).

Because of stable airßow, night is considered more
favorable than day for long-range continental move-
ments by small insects (Farrow 1982), including mos-
quitoes. In our study, although mosquitoes comprised
0.3% of the total catch by both day and night, com-
parable to recoveries in northeast India (Riley et al.
1995), estimated displacements were 'sixfold higher
at night averaging 152 km, because of the strength of
the geostropic air ßow in inland Australia and the
coincidence of ßights with strong prefrontal airßows.
Provided conditions are warm enough, mosquitoes
such as those collected with crepuscular-nocturnal
activity patterns may take off after dusk and rapidly
ascend into the upper air.

Table 2. Numbers of mosquitoes collected from aerial sam-
pling at localities in inland New South Wales, Australia

Taxon Male Female Total

An. annulipes 7 16 23
Ae. rubithorax 3 0 3
Ae. sagax 0 2 2
Ae. theobaldi 1 15 16
Cx. annulirostris 15 32 47
Cx. australicus 5 85 130

Total 71 150 221

Table 1. Summary of aerial collections positive for mosquitoes at localities in inland New South Wales, Australia

Date Altitude, m
Mosquito

catch/total
(%)

Mosquito
density
(106m3)

Mosquito
dispersal rate
(106m2/s)

Estimated
min./max

ßying time, h

Wind speed
and direction

(m/s)

Min./max
displacement, km

Day

26/11/79 220 1/139 (0.7) 62 309 1 10.0 S 36
25/9/80 150 1/288 (0.3) 29 285 1 14.5 N 52
25/8/83 177 1/292 (0.3) 28 167 1 8.5 NE 31
23/9/83 140 1/376 (0.3) 51 180 1 3.5 N 13
24/9/83 100 3/792 (0.4) 79 347 1 4.4 S 16
6/12/83 100 1/311 (0.3) 444 976 1 10.0 W 36
3/2/84 150 1/41 (2.4) 330 1157 1 3.5 SW 13

25/11/84a 80 1/232 (0.4) 68 272 0Ð1.0 4.0 NE 0Ð14
9/12/84 90 1/615 (0.2) 37 112 1 10.0 NE 11

Night

26/11/79 170 2/132 (1.5) 62 617 3.0Ð4.0 10.0 S 108Ð144
23/8/83 180 1/121 (0.8) 7 79 0Ð4.0 11.4 E 0Ð160
25/8/83 180 1/191 (0.5) 23 142 0.5Ð2.5 6.3 S 11Ð57
25/8/83 180 2/118 (1.7) 88 570 3.0Ð4.0 6.5 S 70Ð94
20/9/83 310 8/1237 (0.6) 129 1,255 1 9.7 NW 35
20/9/83 270 14/383 (3.7) 58 1,080 3.5Ð5.5 18.5 S 233Ð366
23/9/83 185 86/65,039 (0.1) 768 13,034 4.5Ð5.5 17.0 N 275Ð337
24/9/83 140 20/770 (2.6) 224 2,058 0Ð2.5 9.2 S 0Ð83
24/9/83 140 12/424 (2.8) 42 444 3.0Ð11.0 10.5 S 113Ð435
26/10/83 100 2/3,060 (0.1) 13 145 4.0Ð8.5 11.5 N 166Ð352
6/12/83 200 1/812 (0.1) 26 328 0Ð1.5 12.5 S 0Ð68
1/2/84 215 10/13,331 (0.1) 98 1,235 0Ð1.0 12.6 N 0Ð45
1/2/84a 230 14/1,039 (1.3) 147 1,405 1.0Ð4.0 9.5 S 34Ð137
3/2/84 137 1/739 (0.1) 18 206 3.0Ð5.0 11.3 SE 122Ð203

20/11/84a 100 2/520 (0.4) 20 200 0Ð2.0 10.3 SW 0Ð108
20/11/84 100 5/625 (0.8) 40 597 0Ð2.5 15.0 SW 54Ð189
20/11/84a 100 50/367 (13.6) 452 4,517 0Ð2.5 10.0 W 0Ð126
20/11/84 150 4/64 (6.3) 10 151 3.0Ð11.0 15.0 SW 216Ð648
23/11/84a 50 13/333 (3.9) 150 1,495 0Ð2.5 10.0 SW 18Ð108
25/11/84a 100 1/274 (0.4) 18 185 0Ð2.0 10.5 NE 38Ð113
30/11/84 80 1/262 (0.4) 14 95 0Ð2.5 7.0 SW 0Ð88
2/12/84 120 2/163 (1.2) 62 436 0Ð2.5 7.0 NW 25Ð88
2/12/84 100 1/247 (0.4) 25 247 2.0Ð3.0 10.0 NW 108Ð144
5/12/84 150 1/143 (0.7) 5 49 3.0Ð10.0 10.0 SW 144Ð396
7/12/84a 10 4/663 (0.6) 42 494 0Ð2.0 11.7 S 42Ð126
8/12/84a 100 9/1,135 (0.8) 47 473 3.5Ð10.0 10.0 SE 162Ð396
8/12/84 80 1/605 (0.2) 9 94 0Ð3.5 11.0 SE 40Ð178

10/12/84a 100 8/941 (0.9) 24 353 3.0Ð10.0 15.0 E 216Ð594
10/12/84a 100 2/85 (2.4) 165 2,469 1.5Ð2.0 15.0 NE 113Ð135
10/12/84a 100 2/89 (2.2) 41 412 2.0Ð3.5 10.0 NE 108Ð162
11/12/84a 80 3/317 (0.9) 15 149 3.0Ð10.0 10.0 NE 144Ð396

a Collections containing Cx. annulirostris.

November 2000 KAY AND FARROW: MOSQUITO DISPERSAL AND ENCEPHALITIDES 799

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/37/6/797/859395 by guest on 23 M
ay 2023



Previous radar observations of micro-insect popu-
lations over western New South Wales (Farrow 1982)
indicated that small insects, possibly including some
mosquitoes, progressively concentrated during the
night into a layer at 100Ð300maltitude, corresponding
to the top of the nocturnal temperature inversion and
the planetary boundary layer. This layer of migrating
insects persisted for some hours after dawn but was
broken up by thermal convection. Therefore, some
nocturnal migrants may experience displacement pe-
riods of $12 h, depending on their behavior during
daylight. However, warm temperature and low rela-
tive humidity would not favor their survival aloft.
These effects probably are more important in deter-
mining the duration of ßight and their ultimate dis-
placement than their maximum endurance, as indi-
cated by AsahinaÕs (1970) recoveries in the China Sea
that he estimated as #37 h on the basis of surfacewind
speeds. This is an overestimate because dispersal is
likely to have occurred in the faster geostropic airßow
at higher altitude and mosquitoes were more likely to
have ßown for only 18Ð24 h, in keeping with other
estimates (Hocking 1953).

Approximately 11% of our 368 aerial samples con-
tained up to six taxa of mosquitoes, but mainly Cx.
australicus (59%) and Cx. annulirostris (21%), at den-
sities averaging 99/106 m3, which is the same order of
magnitude as found in both northeast India (Reynolds
et al. 1996) and China (Ming et al. 1993). At moderate
wind speeds of 10Ð15 m/s, our maximum estimated
displacements, including those involving Cx. annu-
lirostris, extended to 594Ð648 km. Previously, maxi-
mum dispersal of Cx. annulirostris at ground level by
mark-release-recapture studieswere 7Ð12 km(Russell
1986, Bryan et al. 1992).

The localities in our study are relevant to the in-
troduction of MVE virus into temperate Australia, as
suggested by the MilesÐAnderson hypothesis. In tem-
perate Australia where wind speeds are generally
much higher than in the tropics, insects such as the
plague locust Chortoicetes terminifera Walker and sev-
eral species of noctuid moth may cover distances of
500 km or more in a single night (Farrow 1975, Mc-
Donald et al. 1991), whereas in the United States,
mosquitoes have been displaced 360 km (Horsfall
1954). In North America, Sellers and Maarouf (1988,
1990, 1993) have analyzed wind trajectories and sug-
gested that both eastern and western equine enceph-
alomyelitis viruses may have been transported dis-
tances ranging from 1,250 to 1,350 km by windborne
mosquitoes.

Dispersal between tropical and temperate latitudes
ofAustralia in a 24-h period requires ameanwindßow
of 80 k h21 over 1,800 km. Sequential ßights, involving
refueling, although reducing the length of individual
ßight also depend on the maintenance of a favorable
airßow direction over several days, and on persistent
migratory activity by the mosquito. Given that the
dominating inßuence on the Australian climate is a
ridge of descending high-pressure air between the
tropical and temperate latitudes, a series of ßights
seems more likely, if it occurs at all. In contrast to the

southern spread of bovine ephemeral fever virus by
windborne Culicoides from September 1967 to March
1968 (Murray 1970), clinical cases or even serocon-
versions to MVE virus are not known to follow a
temporal progression southward in Australia. Al-
though our data do not support southern transport of
MVE virus by infected mosquitoes, neither do they
rule it out.

In contrast, our Þndings lend circumstantial support
for the hypothesis that JE virus may be introduced
from Papua New Guinea into the Torres Strait islands
and even onto mainland Australia via infected mos-
quitoes, particularlyCx. annulirostris.Wehave noway
of estimating howoften thismay happen or howmany
mosquitoes, if infected, may arrive alive. It does sug-
gest, however, that a similar study should be done in
the Torres Strait-Cape York peninsula region during
the period of the northwest monsoon.
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