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ABSTRACT The result of population crosses of members of the Ae. ausfralis complex and 
the examination of the male genitalia of these populations have shown that Ae. ashworthi Edwards 
1921 should be reinstated as a valid species. The parent females laid viable eggs when cross mated 
to males of different species, but the resulting F, females and males were largely sterile. When F, 
females were blood-fed and examined 3-8 d later, usually fewer than 10 ovarioles per ovary deveioped 
recognisable follicles and none of these formed eggs. F, males in nearly all cases possessed half-size 
testes, and there was no spermatid development in the reduced testes. A few males had normal- 
sized testes, but the spermatids were mostly tailless. The male of Ae. ashworthi can be separated 
from Ae. australis by the shape of the gonocoxite and the length of the gonostylus of the genitalia. 
The larvae of both species are identical, and the females differ only in the colour of some scale 
patches and the integument, which may prove to be too variable to be useful when more populations 
are compared. The morphological similarity of the two mosquitoes as larvae and adults supports 
the proposal that they should be recognised as sibling species, with Ae. ashworthi as the derived 
member of the Ae. australis complex. It is clear from morphological evidence, the viability of the 
F, hybrids and the unusual habitat occupied by both species, that they have diverged recently. 

Introduction 
The saline rockpool mosquito of Western 
Australia, Aedes ashworthi Edwards 1921, was 
first collected from Yallingup, WA, ix.1914 by J. 
H. Ashworth. Two males, a female and 12 larvae 
were presented to the British Museum in 1915 
(Edwards 1921). The species was later 
synonomised under Aedes australis (Erichson 
1842) by Belkin (1962). Aedes ashworthi has 
remained an inadequately known species since its 
original description. Had the male genitalia of Ae. 
ashworthi been compared to Ae. australis, and 
had biological crossings of these species been 
attempted, it would have been clear that they were 
indeed separate species. Marks (in Lee et al. 1984 
p. 19-20), questioned the synonomy with Ae. 
australis based on research by Mahon and 
Paterson (unpubl.) and examination of the 
holotype at the Natural History Museum, 
London. 

In this paper we present a morphological 
characterisation of Re. ashworthi, showing how 
in particular the male genitalia differ from those 
of Ae. australis, and we present the results of 
biological crossings of these species. 

Methods 
Field populations of Ae. ashworthi were collected 
from Rottnest Island, Trigg Island (Perth), 
Yallingup, Margaret River, and Augusta, Western 
Australia. Field populations of Ae. uustralis were 
collected from Sydney (Maroubra), Kioloa, 
Durras, and Guerilla Bay, New South Wales. The 
Rottnest Island collection of Ae. ashworthi and 

the Sydney collection of Ae. australis were used 
for the morphological characterisation. The 
genitalia of 20 males of each species were cleared 
in cold 10% KOH, and mounted in glycerin for 
morphometric analyses and illustrations. The 
illustrations were prepared with the aid of a Leitz 
tracing device, attached to  a compound 
microscope. The terms used to describe the 
anatomical structures are those defined and 
illustrated by Harbach and Knight (1980). 
Colony maintenance. Colonies of Ae. ushworthi 
and Ae. australis were maintained at a relative 
humidity of 90% and at various temperatures. The 
Ae. australis (Sydney) colony consisted of 
95-100% first-cycle autogenous females, which 
mated readily in clear acrylic, cube cages, either 
15 cm or 31 cm to a side, at constant temperatures 
ranging from 16-25 "C. Females retained their eggs 
and did not oviposit at 16°C. Gravid females of 
Ae. australis, from colonies reared at 16 "C, were 
therefore moved to 21-25 "C several days prior to 
oviposition. Adults were maintained on a 10% 
sucrose solution, and females oviposited on water 
or on moist paper towelling. At 21"C, females 
began to  oviposit on the seventh day after 
emergence; at 25"C, on the sixth day. 

The Ae. ashworthi colony was more difficult to 
maintain. Small colonies from Trigg Island and 
Rottnest Island were maintained using the forced 
copulation method described by McDaniel and 
Horsfall(l957). A larger, self mating colony from 
Rottnest Island was maintained in a clear acrylic, 
cube cage, 31 cm to a side, by manipulating the 
temperature and the number of each sex in the 
cage. A larval rearing and adult maintenance 
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temperature of 16 or 18"C, and' 90% relative 
humidity for adults, was most suitable for male 
survival and cage mating. A ma1e:female ratio of 
1O:l gave a high proportion of mating (60-80'7'0) 
at 10-14 d of age. Adults were maintained on a 
10% sucrose solution. The females of Ae. 
ashworthi were all anautogenous, and they fed 
readily on a human host. In order to obtain fertile 
eggs, 6-8 d old females were offered blood and 
then returned to the original cage to permit a 
greater proportion of females to  mate. 
Embryonated eggs of both species, and of the 
crosses between the species, were maintained on 
slightly moist paper towelling at 15 "C. 
Cross mating. Cross matings of Ae. ash worthi and 
Ae. australis were conducted using the forced 
copulation method, and by cage matings. Cage 
matings involved manipulation of temperatures 
and numbers of each sex as described for colony 
maintenance of Ae. ashworthi. Ten times as many 
males as females were used in the crosses, and 
matings were successful in clear acrylic, cube 
cages, either 15 cm or 31 cm to a side. Cross 
matings of Ae. ashworthi x Ae. australis involved 
Rottnest Island x Sydney and Trigg Island x 
Kioloa. Anautogenous females of parent Ae. 
ashworthi, and anautogenous females of F, 
crosses of Ae. ashworthi x Ae. australis were 
offered blood from a human host. 
Deposition of study material. A selection of adult 
specimens of Ae. ashworthi and Ae. australis 
(50% of the preserved adults) has been deposited 
in the Australian National Insect Collection, 
CSIRO, Canberra. A selection of larvae and the 
remainder of the adults have been deposited in the 
J .  B .  Wallis Museum, Department of 
Entomology, University of Manitoba, Winnipeg, 
Canada. 

Results 
Aedes (Halaedes) ashworthi (Edwards) 

Aedes (Ochlerotatus) ashworthi Edwards 1921 : 15. 
Aedes (Pseudoskusea) ashworthi Edwards 1932: 158. 
Aedes (Halaedes) australis Belkin 1962: 329 (syn.). 

Adult female. Head: occiput with broad white 
scales laterally, and narrow white scales on vertex; 
scales interspersed with numerous erect, medium 
to light brown bristles, truncated at the apex; 
slender, pointed, decumbent, medium brown 
bristles anteriorly and laterally. The truncated and 
pointed bristles in australis are dark brown. 
Thorax: integument medium brown, as compared 
to dark brown for australis, with narrow scales 
covering the entire scutum; individual scale colour 
varies from all golden coloured scales to approxi- 
mately half golden, half medium brown scales 
fully interspersed. These scales in australis are < 
half golden, with the remainder dark brown. The 
upper postpronota19 postspiracular, upper and 
bwer meskatepistern& upper and lower prealar, 
upper and lower mesepimeral and paratergal scales 

Figs 1-2. Dorsal aspect of the male genitalia: (1) Ae. ashworthi; 
( 2 )  Ae. australis. CL, claspette; GC, gonocoxite; GS, 
gonostylus; PP, paraproct. 
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all white. In australis, the upper postpronotal 
scales are mostly black, with white scales on the 
lower third; the postspiracular and paratergal 
regions have black scales on their upper portions 
and white scales on their lower portions. 
Abdomen: tergite I without scales, or with only 
a few scattered scales; tergites 11-IV, with white 
scales on the basal half and black scales, with a 
few interspersed white scales, on the apical half; 
tergites V-VII, with white scales throughout, but 
with variable numbers of black scales on the apical 
one third of each tergite. In australis, tergites II- 
VII have white scales on the basal half of each 
tergite, and black scales on the apical half. Cercus 
short and broad as in australis. The australis 
females from Sydney, NSW, are very similar to 
those from Tasmania described by Belkin (1962). 
Adult male. Head palpi 0.8-0.9 proboscis; 
segment 5 swollen, and 0.9 as long as segment 4; 
segment 4, 0.5 as long as segments 2 and 3 
combined; Thorax: as in female. Abdomen: 
tergites as in female. Genitalia: gonocoxite nearly 
6 times as long as wide; length and width of the 
gonocoxite, L/W ratio and length of gonostylus 
are statistically different from Ae. australis reared 
at the same conditions in the laboratory (Table 1, 
Figs 1, 2); gonocoxite with a lanceolate, 
decumbent and flattened bristles/scaIes on the 
inner edge. The lanceolate bristles/scales extend 
to % of the length of the gonocoxite in ashworthi, 
but only '/z the length or less in australis (Figs 1 ,  
2) .  Claspette in both species is attached ventrally 
to the gonocoxite, and consists of a lobe with 
lanceolate bristles/scales (Figs 1, 2). Other 
characteristics of the male genitalia, legs, and 
claws are as described in Edwards (1921). 
Table 1. Mean measurements of selected characters on the male 
genitalia. N = 20 

MALE CHARACTER ashworthi australis 
Gonocoxite Length pm 536 (7.7) 'a  564 (4.7) b 
Gonocoxite Width pm 91 (2.1) a 134 (1.4) b 
Ratio L/W 5 .9  (0.15) a 4.2 (0.05) b 
Gonostylus Length pm 254 (4.4)'a 311 (3.l)'b 
'S.E.M. in parentheses. Means within a row followed by a 
different letter are significantly different at the 95% Confidence 
Interval. 
Fourth-instar larva. As described in Edwards 
(1921), and does not differ from Ae. australis as 
described and illustrated in Belkin (1962, Fig. 21 1). 
We analysed 38 larval characters (see Ellis and 
Brust (1973) for a list of the characters and 
illustrations) of both ashworthi and australis (N 
= 20 for each species), and found that there was 
no statistical difference between the means in any 
of the characters (95% Confidence Interval). The 
results indicate that ashworthi and australis are 
morphologically similar in their larval characters, 
as well as in most of their adult characters. Clearly 
they should be recognised as sibling species. 
Diagnosis. When populations are reared under 
identical conditions, males may be separated, at 
least from New South Wales and Tasmania 

populations of Ae. australis, by the shape and size 
of the gonocoxite and the gonostylus of the 
genitalia (Figs 1 , 2; Table 1; Belkin (1962 Fig. 210) 
Ae. australis). Both sexes of Ae. ashworthi have 
a medium brown thoracic integument, mostly 
golden scales on the scutum, and white scales on 
the pleural sclerites of the thorax. Ae. australis 
adults have a dark brown thoracic integument, 
usually more dark brown than golden scales on 
the scutum, and black and white scales on the 
upper sclerites of the pleural region of the thorax. 
The brown scaling on the abdominal tergites is 
lighter in Ae. ashworthi, and tergites V-VII have 
white scales in addition to brown scales on the 
apical half of each tergite, whereas in Ae. australis 
these portions have dark brown scales with the 
occasional white scales. 
Species crosses. When Ae. ashworthi females were 
crossed with Ae. australis males, mated, blood-fed 
parent females laid mostly viable eggs. Using 
forced copulation, a sample of 19 individual mated 
females laid 1,710 eggs. Individual family egg 
viability ranged from 1-99070, with a mean of 69%. 
Of this group, 1,037 larvae completed their 
development to adults. The results from cage 
mating trials were superior, provided the ratio of 
australis males to ashworthi females was 2lO:l. 
A sample of mated blood-fed females (n = 11) laid 
1,129 eggs. Individual family egg viability ranged 
from 55-99%, with a mean of 94%. Of this group, 
1,031 larvae completed their development to adults. 

When F, females were examined 4-6 d after 
emergence, we found that the ovaries lacked 
normal ovariole and follicle development. 
Subsequently, females were blood-fed, and 
examined 3-8 d later. The ovaries in 90% of the 
individuals were of normal size, but rather than 
normal follicle development as occurred in the 
parent females of both species (Fig. 3), only a few 
follicles appeared in each ovary (Fig. 5 ) .  Some 
ovaries had as many as 10 ovarioles, with follicles 
in various stages of development while others had 
fewer (Figs 5 ,  7). The remainder of each ovary 
consisted of undifferentiated tissue. We obtained 
> 1,500 F, females from four experiments where 
Rottnest Island females were crossed with Sydney 
males. Fifty F, females were blood-fed and 
examined 3-8 d later, and none contained eggs. By 
day 4-5 following blood-feeding, most females 
began to defecate the blood-meal; those that 
retained the meal still had undigested blood after 
6-8 d. In the reciprocal cross, Sydney females x 
Rottnest Island males, 50% of the F, females were 
sterile. The ovaries began to develop a few follicles 
5-8 d following a blood-meal, but matured no eggs 
(Fig. 8). The other 50% of the F, adults had a full 
complement of ovarioles, with resting stage 
ovarian follicles [Christophers (191 1) stage 111 
prior to blood feeding. Although the female 
parent had been autogenous, the F, females were 
not, and the follicles did not progress beyond the 
resting stage of anautogenous females. There were 
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Figs 3-6. Ovaries and testes of Rottnest Island Ae. ashworthi, and of the F, of Ae. ashworthi x Ae. australis crosses: (3)  
Normal ovary of Ae. ashworthi, 2 d after a blood meal; (4) Normal testis of Ae. ashworthi; (5 )  Ovary of the F, adult from 
the species cross Ae. ashworthi female x Ae. australis male, 3 d after a blood meal; (6) Testis of the F, adult from the species 
cross Ae. ashworthi female x Ae. australis male. 
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Figs 7-10. Ovaries and testes of F, adults of species crosses: (7) F, ovary from the cross Rottnest Island Ae. ashworthi female 
x Sydney Ae. australis male, 5 d after a blood meal; (8) F, ovary from the cross Sydney Ae. australis female x Rottnest 
Island Ae. ashworthi male, 5 d after a blood meal; (9) FI testis from the cross Trigg Island Ae. ashworthi female x Kioloa 
Ae. australis male; (10) F, testis from the cross Sydney Ae. australis female x Rottnest Island Ae. ashworthi male. 
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insufficient females in this group to blood-feed 
and test the fertility. 

When the F, males were examined at 6-13 d old, 
we found that the testes, although enveloped in 
a cylindrical sleeve of fatbody, were usually only 
half the normal size (normal testis Fig. 4). The 
testes were also sterile (Fig. 6). In a small number 
of cases, the testes were near normal size, but the 
sperm were not developed beyond primordial germ 
cells, and in a few cases to primary spermatogonia, 
primary spermatocytes or incomplete, non-motile, 
mostly tailless spermatids. The genitalia were 
rotated 180" in most males, but in 10% of the 
individuals they were not rotated, or they were 
incompletely rotated. 62 of > 1,500 F, males of 
the Rottnest Island female x Sydney male cross 
were examined, and all were sterile. These F, 
adults were from three different experiments: two 
experiments were the result of forced copulation 
crosses, and one experiment was from a cage 
mated cross. In a fourth experiment, where we 
employed the forced copulation technique to 
obtain the cross Trigg Island females x Kioloa 
males, the testes of most F, males were reduced 
to half size, and contained only a few primordial 
germ cells (Fig. 9). In others, the testes were near 
normal size, but the spermatids were abnormal, 
non-motile, and most lacked a tail. 

The reciprocal cross, using Sydney females and 
Rottnest Island males, was more difficult to 
obtain. This is because the Sydney females were 
fully autogenous in their first gonotrophic cycle 
and developed and laid a complete egg batch 
(loo+ eggs) 7-8 d after emergence. The females 
were generally unreceptive to cross mating until 
day 4 or 5 ,  and 10 times as many Rottnest Island 
males of a similar age had to be available if 
copulation was to be successful. Very few of the 
Sydney females copulated with the Rottnest Island 
males in cage mating experiments prior to laying 
their autogenous eggs. We were able to blood-feed 
a number of uniparous, mated females that had 
been with multiple males (108 : 10) for 10-12 d. 
In this way we obtained viable F, eggs. The F, 
males of the cross Sydney females x Rottnest 
Island males were mostly sterile (Fig. 10). In 40% 
of the males the testes were of normal size (as in 
Fig. 4) and the sperm were motile. However, the 
fertility of these males is unknown, as they were 
not backcrossed to parent females. 

Discussion 
The results show that Ae. australis consists of a 
complex of at least two species, and that Ae. 
ashworthi is a sibling species within the complex. 
Currently, Ae. ashworthi appears to be restricted 
to the western coast of Australia, but we have not 
examined populations from Albany or Esperance, 
Western Australia (see Leihne (1991) for collection 
records). We have collected and analysed 
populations of the Ae. australis complex from 

Wardang Island, SA (Brust unpubl.) and from 
Port Elliot, SA (Mahon and Paterson unpubl.). 
The Wardang Island population is biologically 
compatible with Ae. australis from Sydney, but 
not with Ae. ashworthi from Rottnest Island 
(Brust unpubl.). The electrophoretic analysis of 
a Port Elliot population shows that it is more 
closely aligned with populations from Opossum 
Bay and Eaglehawk Neck, Tasmania, than to 
Trigg Island, Rottnest Island and Yallingup, WA 
(Mahon and Paterson unpubl.). 

There are many similarities between Ae. 
australis and Ae. ashworthi, including their unique 
larval habitat and that the species crosses produce 
F, progeny, There are high cliffs along the Great 
Australian Bight, and presumably very few 
suitable habitats for larvae of Ae. ashworthi or 
Ae. australis (Paterson pers. comm.). In earlier 
times, the Western Australia populations were 
likely part of a continuous distribution along the 
Southern Ocean, and were conspecific with 
populations from New South Wales. According 
to the BMR Paleogeographic Group (1990), 
changes in sea levels since the late Cenozoic have 
isolated a number of floral and faunal taxa. These 
sea level changes may have isolated Ae. australis 
populations in western Australia from those in 
eastern Australia, due to the loss of suitable 
habitat. If so, this could have led to divergence 
and allopatric speciation in the complex. It would 
be an interesting experimental study to test 
whether the divergence we consider sufficient to 
call them different species is reflected in assortative 
mating in nature. 

The centre of the geographical distribution of 
Ae. australis sensu strict0 appears to be coastal 
Tasmania, islands in the Bass Strait, and rocky 
outcroppings of coastal New South Wales. There 
are only a few collection records from Victoria, 
and South Australia. The species is known from 
Lord Howe and Norfolk Islands, and from the 
South Island of New Zealand (Nye 1962; Nye and 
McGregor 1964; Dobrotworsky 1966; Belkin 1968) 
but details of its distribution on these islands have 
not been published. The total distribution of Ae. 
australis on islands in the Pacific Ocean needs 
clarification, and the source of this species in New 
Zealand is a matter of debate and warrants further 
investigation (Nye 1962; Belkin 1968; Pillai and 
Ramalingan 1984). 

Sibling species are not uncommon in the genus 
Aedes. In Europe, another halophilic, autogenous, 
rockpool mosquito Aedes mariae (Sergent and 
Sergent 1903) has been shown by Coluzzi and 
Bullini (1971) to consist of a complex of sibling 
species, viz Aedes phoeniciae Coluzzi and Sabatini 
1968, Aedes zammittii (Theobald 1903) and Ae. 
mariae (Sergent and Sergent 1903). Coluzzi and 
Sabatini (1968) found that by crossing allopatric 
populations of the Ae. mariae complex, certain 
combinations resulted in sterility. Examination of 
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spermatogenesis in some crosses revealed that 
chromosomal aberrations occurred during meiosis 
followed by peculiar abnormalities in 
spermiogenesis. They concluded that the three 
species were the result of allopatric speciation 
events which may have originated from a 
disjunction of a Tertiary circummediterranean 
distribution. In many ways, this is paralleled by 
Ae. ashworthi and Ae. australis in Australia. 

Two groups of sibling species of Aedes are 
known from North America that have some 
common features to the Ae. australis complex. 
The Aedes atropalpus complex consists of two 
rockpool species Ae. atropalpus (Coquillett 1902), 
which is autogenous during the first gonotrophic 
cycle, and Ae. epactius Dyar and Knab 1908 which 
is fully anautogenous. On the strength of similar 
anatomy, Ae. epactius was synonomised with the 
taxonomically older sibling, but resurrected as a 
distinct species when characteristics of the larvae 
and the male genitalia were analysed, and the 
species' distributions shown to be allopatric 
(Zavortink 1972). The resurrection of Ae. epactius 
as a distinct species from Ae. atropalpus was 
affirmed by the results of species crosses, and 
analysis of the egg anatomy (Brust 1974). It is 
possible that there are more than two species in 
the complex, and further analyses of Ae. epactius 
populations from the United States, Mexico and 
Central America are needed to settle this question 
(Munstermann 1980). The Aedes communis 
(DeGeer 1776) complex consists of at least four 
sibling species in North America (Brust and 
Munstermann 1992). One species, A e .  
churchillensis Ellis and Brust 1973 is sympatric 
with Ae. communis (DeGeer). Two species, Ae. 
nevadensis Chapman and Barr 1964 and Ae. 
tahoensis Dyar 1916 are allopatric. One species, 
Ae. churchillensis is fully autogenous and never 
seeks a blood meal, while the other three species 
are fully anautogenous. One species can be 
separated on the basis of a single larval character 
from the other three species, but the adults cannot 
be separated by anatomical features alone. All 
four species can be separated electrophoretically 
(Brust and Munstermann 1992). 

Further studies on the Ae. australis complex are 
needed to determine if Ae. australis sensu stricto 
populations in New South Wales, Victoria, 
Tasmania, South Australia and possibly from the 
southern coast of Western Australia are genetically 
compatible, and if populations in New Zealand, 
Lord Howe and Norfolk Islands for example, 
differ from those in Australia. The Ae. australis 
complex lends itself to such an analysis, as 
population crosses can be conducted in laboratory 
cages with reasonable success. Genetic analysis of 
populations, using Polymerase Chain Reaction 
(PCR) technology, has advanced significantly in 
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