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Summary 
A functional ecosystem is increasingly being recognised as a requirement for health and 

well being of resident human populations. Clearing of native vegetation for agriculture 

has left 1.047 million hectares of south-west Western Australia affected by a severe 

form of environmental degradation, dryland salinity, characterised by secondary soil 

salinisation and waterlogging. This area may expand by a further 1.7-3.4 million 

hectares if current trends continue. Ecosystems in saline affected regions display many 

of the classic characteristics of Ecosystem Distress Syndrome (EDS). One outcome of 

EDS that has not yet been investigated in relation to dryland salinity is adverse human 

health implications. This thesis focuses on one such potential adverse health outcome: 

increased incidence of Ross River virus (RRV), the most common mosquito-borne 

disease in Australia. 

 

Spatial analysis of RRV notifications did not reveal a significant association with 

dryland salinity.  To overcome inherent limitations with notification data, serological 

RRV antibody prevalence was also investigated, and again no significant association 

with dryland salinity was detected. However, the spatial scale imposed limited the 

sensitivity of both studies. Mosquito population dynamics were investigated as an 

indicator of disease transmission risk at a finer spatial scale. Adult and larval 

populations of Aedes (Ochlerotatus) camptorhynchus Thomson, the primary vector of 

RRV in south-west WA, were strongly associated with increasing severity of dryland 

salinity. Existing information on mosquito populations in the study region is limited; 

however comparison with the results of this study indicates that the development of 

dryland salinity had led to a succession of species towards dominance of Ae. 

camptorhynchus.  

 

Interactions between Ae. camptorhynchus and vertebrate host populations were 

examined by determining the origin of bloodmeals within engorged mosquitoes. 

Sheep/goats and marsupials were the vertebrate host groups most frequently fed upon 

with 70% of bloodmeals coming from these two groups. The Western Grey kangaroo, 

Macropus fuliginosus, is the most abundant marsupial in the study region and is known 

to be an efficient amplifying host of RRV. The dispersal capability of Ae. 

camptorhynchus was also studied using a mark-release-recapture technique as an 
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indicator of potential for interaction between the vector and human populations. It was 

found to be able to disperse at least 4.5 km from the release point. 

 

This thesis represents the first attempt to prospectively investigate the influence of 

secondary soil salinity on mosquito-borne disease by combining entomological, 

environmental and epidemiological data. The evidence collected indicates that RRV 

disease incidence is not currently a significant population health priority in areas 

affected by dryland salinity despite the dominant presence of Ae. camptorhynchus. 

Potential limiting factors include; local climatic impact on the seasonal mosquito 

population dynamics; vertebrate host distribution and feeding behaviour of Ae. 

camptorhynchus; and the scarce and uneven human population distribution across the 

region. However, the potential for increased disease risk in dryland salinity affected 

areas to become apparent in the future cannot be discounted, particularly in light of the 

increasing extent predicted to develop over coming decades before any benefits of 

amelioration strategies are observed.  

 

Finally, it is important to note that both dryland salinity and salinity induced by 

irrigation are important forms of environmental degradation in arid and semi-arid 

worldwide, with a total population of over 400 million people. Potential health risks will 

of course vary widely across different regions depending on a range of factors specific 

to the local region and the complex interactions between them. It is therefore not 

possible to make broad generalisations. The need is highlighted for similar research in 

other regions and it is contended that an ecosystem health framework provides the 

necessary basis for such investigations. 
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CHAPTER 1: GENERAL INTRODUCTION 

AND LITERATURE REVIEW 
 

The overarching objective of this study is to investigate the hypothesis that human 

derived landscape degradation – primarily in the form of dryland salinity characterised 

by soil salinisation  - in the southern Western Australian Agricultural Zone (from here 

on referred to as the wheatbelt) has altered the mosquito ecology and therefore the 

associated disease risk in this area. Investigating this issue is vital in enabling a 

mosquito-borne disease risk assessment based on current and predicted future increases 

in the area of saline-affected land. 

  

As discussed in the following literature review, mosquito-borne disease is a complex 

and important issue both in Australia and across the globe. To set the scene, basic 

mosquito biology and ecology are described, followed by a short review of the growing 

importance of mosquito-borne disease. Then evidence regarding the potential for 

anthropogenic (human derived) environmental changes to impact upon mosquito 

breeding both overseas and in Australia is comprehensively reviewed. Finally, a 

detailed overview of dryland salinity and its ecological impact are described, and this 

information is drawn together to emphasise the importance of the current study. 

 

1.1 A BRIEF DESCRIPTION OF MOSQUITO BIOLOGY AND 

ECOLOGY 

Arthropoda is the largest phylum in the animal kingdom, consisting of more than 1 

million species (Marquardt 1996). However, only those arthropods that are 

haematophagous (blood feeding) are capable of acting as arboviral disease vectors, with 

mosquitoes being by far the most important. There are approximately 3500 mosquito 

species currently recognised worldwide all belonging to the family Culicidae and 

distributed among the three subfamilies Culicinae, Anophelinae and Toxorhinchitinae 

(Klowden 2007). The mosquito life cycle involves complete metamorphosis through 

egg, larval, pupal and adult stages. Larvae and pupae are always found in water and are 

dependant on it for survival. Breeding behaviour and development characteristics vary 
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between species (Bates 1949), however in general larvae hang just under the water 

surface to breathe and feed upon suspended particles and micro-organisms. Larval 

development varies from a few days to several weeks depending on species and 

temperature, and involves moulting through four successively larger instars, the last 

resulting in the pupal stage. After 2-4 days the pupa splits along the dorsal surface and 

the adult emerges, resting on the water surface to allow its wings to dry. Wave action or 

flowing water is detrimental at this critical stage of development as the emerging adult 

may become trapped on the water surface and die. Thus in general mosquitoes breed in 

protected, still water habitats (Clements 1992). 

 

Mating, feeding and oviposition (laying eggs) are the important activities of adult 

mosquitoes. Males feed only on plant juices and nectars and may mate several times. In 

contrast, females generally mate only once, storing sufficient sperm to fertilise many 

egg batches. Females also take blood meals to obtain protein required to sustain egg 

production. After feeding, the female rests for a number of days to digest the meal and 

allow eggs to mature within the ovaries. She then flies off in search of a suitable habitat 

to lay (oviposit) the eggs. This cycle is then repeated beginning with another blood meal 

(Clements 1992). 

 

In adverse conditions - for example during colder winter temperatures - mosquitoes are 

able to enter a state of arrested development known as ‘diapause’ or ‘overwintering’ 

(Mitchell 1988). Diapause can occur in the egg, larval or adult stage and is characterised 

by the suspension of growth and development. Specific characteristics of the particular 

mosquito species of most interest in this study, Aedes (Ochlerotatus) camptorhynchus 

(Thomson), are described in section 1.8.3. 

  

1.1.1 Notes on mosquito nomenclature used in this t hesis 

At this point it is important to note the recent changes in mosquito nomenclature in the 

literature and justify the nomenclature used in this thesis. A review of the taxonomy of 

mosquitoes in the genus Aedes by Reinert  reclassified many species in the genus Aedes 

(Reinert 1999, 2000), including Ae. camptorhynchus and many other Australian species 

(Reinert and Harbach 2005). The subgenus Ochlerotatus was elevated to genus and thus 

Ae. camptorhynchus became Oc. camptorhynchus. The name changes were initially 

accepted and used in the literature; however this resulted in confusion and divided 
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opinion on the issue. Further work recommended that many more subgenera in the tribe 

Aedini should be elevated to genera (Reinert et al. 2004), creating a further dilemma. 

Therefore in 2005 the scientific community came to the consensus that more detailed 

taxonomic interpretation and molecular evidence was required to justify the revised 

nomenclature. Until this occurs, relevant professional associations and international 

journals, for example The American Journal of Tropical Medicine and Hygiene 

(Weaver 2005) and the Journal of Medical Entomology (Editor-in-chief and Subject 

Editors of JME 2005) determined that the aforementioned name changes should be 

reverted. 

 

Attendees of the 2006 meeting of the Mosquito Control Association of Australia agreed 

to adopt this policy. Therefore at the time of writing, this thesis reflects the current 

scientific opinion on mosquito nomenclature and will use the genus name Aedes, which 

includes genus that appears in the literature between 2001 and 2005 as Ochlerotatus.  

 

1.2 A GLOBAL PERSPECTIVE OF MOSQUITO -BORNE 

DISEASE 

Mosquitoes are able to transmit both viral and parasitic pathogens. From a global health 

perspective, the two most important parasites carried by mosquitoes are Plasmodium 

falciparum and Wuchereria bancrofti, the principle causative agents of malaria and 

lymphatic filariasis (elephantiasis) respectively (Roberts 2002). It is estimated that five 

hundred million cases of malaria occur each year resulting in 1 to 3 million deaths. The 

burden of disease is predominantly in Africa, South America and throughout parts of 

Asia where the number of people living at risk of malaria currently stands at 

approximately 3 billion and is increasing (Guinovart et al. 2006). Lymphatic filariasis 

has a similar distribution to malaria and while not fatal, represents a large social and 

economic burden on affected communities (Melrose 2002). 

 

Mosquito-borne viral diseases are ecologically classified as arboviruses, a contraction 

of the phrase arthropod-borne virus based upon the common link of transmission by 

arthropods. This group was initially termed ‘mosquito-borne viral encephalitides’, 

which changed to ‘arthropod-borne viral encephalitides’ when it was discovered that 

ticks and Culicoides were also able to transmit viruses (Hammon and Reeves 1945). 
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More arthropod-borne viruses were discovered that caused febrile (rather than 

specifically encephalitic) disease and the name was shortened to ‘arthropod-borne 

viruses’, which was subsequently further contracted to arborviruses. To avoid any 

confusion with the term arbor (relating to trees), the second r was dropped and the term 

arbovirus was coined, which remains in use today (Reeves 2001). Individual viruses are 

named after the disease they cause (e.g. yellow fever) or the region (e.g. West Nile) or 

exact location (e.g. Barmah Forest) from where they were first isolated. 

 

Arboviruses are defined by the World Health Organisation (WHO) as: 

 

‘viruses that are maintained in nature principally, or to an important extent 

through biological transmission between susceptible vertebrate hosts by 

hematophagous arthropods; they multiply and cause viraemia in the vertebrates, 

multiply in the tissues of arthropods, and are passed on to new vertebrates by the 

bites of arthropods after a period of extrinsic incubation’ (WHO 1967, pg 9).  

 

The International Catalogue of Arboviruses (Karabatsos 1985) currently contains some 

534 potential arboviruses from the Togaviridae, Flaviviridae, Bunyaviridae, Reoviridae 

and Rhabdoviridae families.  Of these, 134 are known to cause human disease, many of 

which are mild, infrequent and often subclinical (Gubler 2002b). Only a small number 

from the former three families represent a significant threat to public health (Gubler 

2001). The arboviruses transmitted by mosquitoes that are the most common causes of 

human disease are listed in Table 1-1.  
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Table 1-1: Mosquito-borne arboviruses most frequently responsible for causing human disease. 

(Adapted from Gubler 2002b and, Heymann 2005).  

Togaviridae Flaviviridae Bunyaviridae 

Barmah Forest virus 
(BFV)* 

Dengue virus 1-4 (DENV)* California encephalitis 
virus (CEV) 

Chikungunya virus 
(CHIKV) 

Japanese encephalitis virus 
(JEV)* 

La Crosse encephalitis 
virus (LACV) 

Eastern equine 
encephalomyelitis virus 
(EEEV) 

Murray Valley encephalitis 
virus (MVEV)* 

Rift Valley fever virus 
(RVFV) 

Mayaro virus (MV) Rocio virus (ROCV)  
O’nyong-nyong virus 
(ONNV) 

St. Louis encephalitis virus 
(SLEV) 

 

Ross River virus (RRV)* West Nile virus (WNV) / 
Kunjin (KUN)* 

 

Sindbis virus (SINV) * Yellow fever virus (YFV)  
Western equine 
encephalomyelitis virus 
(WEEV) 

  

Venezuelan equine 
encephalomyelitis virus 
(VEEV) 

  

* occur in Australia; SINV only rarely causes disease in Australia. 

 

1.3 PATTERNS AND CYCLES OF ARBOVIRUS 

TRANSMISSION 

Most mosquito-borne viruses circulate through horizontal biological transmission cycles 

between the mosquito vector and a zoonotic vertebrate host reservoir (Turrell 1988). 

This cycle involves susceptible mosquitoes becoming infected after biting a viraemic 

host. The mosquito also becomes a host as the virus replicates within its cells and, after 

a period of extrinsic incubation, infects the salivary glands. When the infective 

mosquito bites another vertebrate host the virus is transmitted via the infected saliva. In 

this natural transmission cycle, termed the sylvatic or enzootic cycle, humans are only 

incidental hosts. Under certain conditions the virus may be amplified by the enzootic 

cycle to the extent that it spreads into a human population, resulting in an epidemic of 

clinical disease (Monath 1993). In such situations, humans may then also act as 

amplifying hosts. Maintenance of transmission in this way is termed the ‘urban cycle’ 

(Figure 1-1). Dengue transmission is unique in that humans are often the only hosts and 

there is no enzootic cycle. 
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While biological transmission is required for ongoing virus maintenance through the 

sylvatic cycle, occasionally infection can be transmitted mechanically if virus particles 

remain on the mosquito’s mouthparts between blood meals.  In addition, some 

arboviruses can be passed vertically from infected females directly to their offspring via 

the ovaries. Trans-ovarial transmission can contribute to virus persistence during 

periods of vector inactivity through long term survival of desiccation resistant eggs of 

certain Aedes species (Turrell 1988). When the eggs hatch after rainfall or tidal 

inundation, the virus is already present and the sylvatic transmission cycle is quickly 

reintroduced (Lindsay et al. 1993a).   

 

 

 

 

 

 

 

 

 

 

Figure 1-1: General mosquito-borne disease transmission cycle 

 

Arboviral disease transmission is complex and multifactorial, influenced by at least five 

interdependent variables: virus attributes, vector characteristics, natural vertebrate host 

attributes, human activities and environment/climate variables (Monath 1993).  

 

1.3.1 Virus attributes 

For a particular arbovirus, different genetic strains may vary in such a way that 

transmission is altered. For example substantial variation in infectivity has been 

demonstrated for different strains of Ross River virus (RRV) (Lindsay et al. 1993b, 

Wells et al. 1997).  
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1.3.2 Vector characteristics 

The most important vector characteristic is vector competence, the ability to transmit the 

virus, which is influenced by the genetics of the virus and the vector. Vector 

competence is also related to ambient temperature, which is correlated directly with 

infection rate and inversely with the intrinsic incubation period (the time between which 

the viraemic blood meal is ingested and the mosquito is able to retransmit the virus) 

(Kay et al. 1989, Dohm et al. 2002). Each arbovirus has a few specific species that are 

implicated as the primary vectors of disease transmission. To determine if a species can 

act as a vector of disease, virus susceptibility and transmission via laboratory infection 

must be demonstrated (WHO 1967). However, before it can be fully confirmed, vector 

abundance, feeding behaviour, infection threshold, dispersal range and survival in the 

field (relative to extrinsic incubation period) must also be considered (Hardy 1988). 

 

1.3.3 Natural vertebrate host attributes 

As with vectors, particular vertebrate species are implicated as the primary hosts for 

each specific arbovirus. Factors that influence the role of host populations in arbovirus 

transmission include abundance, distribution, age structure, social organisation, 

preferred habitat, susceptibility to infection, attractiveness to vectors, permissiveness to 

being fed upon, life cycle relative to virus transmission cycle, magnitude and duration 

of viraemia, herd immunity and mobility (Scott 1988). Evidence implicating a species 

as an important reservoir host requires consideration of the factors described above, 

ideally in conjunction with frequent virus isolations from wild host populations, or (as is 

more frequently the case) with antibody detection in wild populations and laboratory 

infection studies. Presence of antibodies to a particular arbovirus is not enough evidence 

by itself to implicate a species as an important reservoir host. Hosts that contribute to 

virus transmission are known as amplifying hosts, those that do not are termed dead-end 

hosts (Scott 1988). 

 

1.3.4 Environmental variables 

The mosquito-borne disease transmission cycle involves a large environmental 

component and disease activity is strongly influenced by tidal and/or weather/climate 
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related variables (Reiter 2001). The influence of the environment is examined in detail 

in later sections. 

 

1.3.5 The relationship between human activities and  arboviral 

disease 

Human behaviour can influence arbovirus transmission and disease risk at multiple 

levels. Mosquito avoidance behaviour (i.e. wearing long, loose fitting clothing and 

repellent containing meta-N,N-diethyl toluamide [DEET]) will limit individual risk of 

infection and if practiced widely, may reduce the urban transmission cycle during an 

outbreak. Other direct means may include changes in societal factors. For example the 

number of confirmed cases per year of western equine encephalitis virus (WEEV) and 

Saint Louis encephalitis virus (SLEV) dropped significantly in Kern County, California 

over the latter part of the 1950s for which no natural explanation could be found. 

However, during this period there was an equally significant rise in the uptake of both 

television and air conditioning in that county (Gahlinger et al. 1986). As Reeves (2001) 

states, “Mosquito-biting time was prime time for television watching, and air 

conditioning gave indoor relief from hot summer nights and outdoor activities”, thus a 

broad social change in human activities directly resulted in lower rates of human 

disease. 

 

However, human activities more commonly influence arboviral disease transmission 

and risk of infection through more indirect processes. Changes in vector density and 

distribution following ecological and environmental disruption, are major factors 

responsible for increasing mosquito-borne disease transmission (Gratz 1999; Gubler 

2002; Molyneux 2001; Vasconcelos et al. 2001). Anthropogenic changes in land use 

and land cover are primary drivers of such ecological disruption, and have the potential 

to strongly influence human vulnerability to vector-borne diseases, particularly those 

carried by mosquitoes (Sutherst 2004).  Human derived land use changes identified as 

having the potential to influence mosquito breeding and associated disease transmission 

can be broadly classified into the following non-mutually exclusive categories: water 

resource developments; deforestation; agricultural development; and urbanisation 

(Norris 2004). The potential for human activities to impact on disease emergence and 

re-emergence is explored in the following section. 
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1.4 EPIDEMIOLOGICAL TRANSITIONS AND INFECTIOUS 

DISEASE RE-EMERGENCE 

Over the course of human history, three distinct changes in disease epidemiology have 

been identified (Barrett et al. 1998). Evidence of the first ‘epidemiological transition’ 

stretches as far back as 10,000 years ago, when the global shift among human 

populations from a nomadic, hunter-gatherer lifestyle to a more static, agricultural and 

primary food production based society was associated with an increase in infectious 

disease. Industrialisation during the late nineteenth and early twentieth centuries gave 

rise to the second transition, most notably in developed countries, characterised by a 

shift away from infectious disease towards rising morbidity from chronic disease. 

Current trends, such as the rapid upsurge in detection of new infectious diseases, the 

rising prevalence of existing diseases and the continuing problem of antimicrobial 

resistance, suggest that global disease epidemiology is changing once again (Barrett et 

al. 1998). This re-emergence of infectious diseases, mosquito-borne disease included, is 

known as the ‘Third Epidemiologic Transition’ (McMichael 1993) 

 

There is no standardised definition of an ‘emerging or re-emerging disease’ and the 

interpretation of this term in the literature varies (Gratz 1999). However, at least one of 

the following criteria must apply for a disease to be considered to be emerging or re-

emerging (National Research Council 2001): 

(1) caused by a new, previously unknown agent or syndrome; 

(2) symptoms are more severe and/or more difficult to treat than previously; 

(3) increased incidence in a specific region; and/or 

(4) widening global distribution.  

 

1.4.1 The re-emergence of mosquito-borne disease 

Despite persistent control and eradication efforts throughout the 20th century, malaria 

remains the most prevalent infectious disease affecting humans worldwide. In fact, 

global morbidity and mortality due to malaria has increased in recent decades with 

resistance developing to antimalarial drugs, the spread of disease to new areas and re-

emergence in regions where malaria was previously thought to have been eliminated 

(Campbell 1997). 
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Few important disease-causing arboviruses have been newly identified in the past 30 

years, a notable exception being Barmah Forest virus (BFV), first isolated in 1974 

(Marshall et al. 1982) and not recognised as a cause of human disease until 1988 

(Boughton et al. 1988). Arboviral diseases have not become more severe or difficult to 

treat either. However, there has been a significant increase in activity of several 

important existing arboviral diseases over recent decades (Gubler 1998). As with 

malaria, arboviral epidemics have occurred in areas thought to be effectively under 

control and many viruses have expanded into new geographic areas (Gratz 1999, Gubler 

2001). The resurgence of dengue/dengue haemorrhagic fever and yellow fever, two 

examples of the re-emergence of arboviruses previously thought to be under control, has 

been reviewed by Gubler (2004). Arboviral expansion into new geographic areas is 

clearly illustrated by the incursion and establishment of West Nile virus (WNV) into the 

United States (Marfin and Gubler 2001, Roehrig et al. 2002) and the recent rapid 

emergence of Chikungunya in the Indian Ocean region (Higgs 2006, Ligon 2006, 

Charrel et al. 2007). 

 

Another example of an incursion occurred in northern Australia, which began with three 

reported cases of Japanese encephalitis virus (JEV) in 1995 on the island of Badu in the 

central Torres Strait (Hanna et al. 1996). Recurrent virus activity was evident in the 

Torres Strait in six out of the seven subsequent years, the exception being 1999 

(Mackenzie et al. 2002). The first case on the Australian mainland was reported in 1998 

in the southwest Cape York Peninsula (Hanna et al. 1999) however no further mainland 

activity was evident until 2004 when sentinel pigs on the northern tip of Cape York 

Peninsula seroconverted to JEV. Subsequent entomological investigations detected a 

single virus isolate in a pool of Culex (Culex) sitiens Wiedemann subgroup mosquitoes 

(van den Hurk et al. 2006a). 

 

Suitable vectors (primarily Culex (Culex) annulirostris Skuse) and vertebrate hosts 

(feral pigs) exist in northern Australia and throughout the Pacific, highlighting the 

potential for JEV to spread further. It is speculated that the feeding preference of Cx. 

annulirostris for marsupials rather than feral pigs may have precluded the establishment 

of enzootic transmission on the Australian mainland (van den Hurk et al. 2001). 

Although it is not known for certain how the virus was introduced into Australia, 

circumstantial evidence implicates windblown mosquitoes and/or movement of 

viraemic birds (Ritchie and Rochester 2001, Mackenzie et al. 2002). 
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1.4.2 Factors associated with re-emergence 

A wide range of factors have been associated with the general emergence and 

resurgence of infectious diseases (Smolinski et al. 2003). Those factors specifically 

relating to mosquito-borne diseases are summarised in Figure 1-2 and reviewed below. 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Factors influencing the emergence or re-emergence of vector-borne disease. Adapted 

from Gubler (2001, 2002b) 

 

1.4.2.1 Global population growth, demographic and societal 

changes. 

Population growth and migration, particularly in developing countries, has led to 

uncontrolled urbanisation, human conflict and other societal changes. This has resulted 

in increased contact between humans and mosquito vectors, and therefore increased 

potential for transmission of mosquito-borne disease (Molyneux 1997, Gubler 2001). 

This factor strongly interacts with, causing and being caused by, ecological and 

environmental changes (Gubler 2002b). 

 

1.4.2.2 Changes in public health response. 

Complacency regarding vector-borne disease, and under-funding and ineffective 

implementation of surveillance and control programs have been blamed for a resurgence 

in mosquito-borne disease in some areas previously thought to be under control (Morse 

1995, Gubler 1998, Baird 2000, Gubler 2002b).  
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1.4.2.3 Global warming and long-term climate change  

Increased prevalence of vector-borne disease has been commonly cited as a 

consequence of long-term climate change both regionally (Epstein 2000, Campbell-

Lendrum et al. 2002), and in the Australian zoogeographic region (Mackenzie et al. 

1993, Russell 1998, McMichael et al. 2003). Debate continues regarding the exact 

nature and extent of the impact of climate change on vector-borne disease (Kovats et al. 

2001, Patz et al. 2005), far exceeding the scope of this discussion. A review of climate 

change and mosquito-borne disease concluded that ‘it is facile to attribute resurgence to 

climate change. The principle determinants are politics, economics and human 

activities’ (Reiter 2001). However, recently, strong evidence has emerged linking 

increasing malaria incidence to regional warming trends in Africa (Pascual et al. 2006) 

and the impact of climate change (in conjunction with other variables) on this disease is 

becoming increasingly apparent (Patz and Olson 2006b). 

 

1.4.2.4 Modern transportation and travel 

Air travel, and the worldwide rapid movement of people and goods has contributed to 

vector-borne disease spread (Morse 1995). Disease carrying mosquitoes may be 

transported via aircraft to new locations, facilitating disease spread (Gubler 2002b). For 

example the transportation of eggs in old car tyres from Japan is thought to have 

contributed to global spread of an important dengue vector, Aedes (Stegomyia) 

albopictus (Skuse) (Lounibos 2002). Furthermore, viraemic human or animal hosts can 

facilitate disease spread by travelling to a non-immune area, infecting local mosquitoes. 

For example the massive outbreak of RRV disease in the Pacific region in 1979-80 was 

thought to have been initiated in this way (Russell 2002) as are many of the recurrent 

dengue epidemics in northern Queensland (Russell and Dwyer 2000) 

 

1.4.2.5 Pesticide resistant vectors and drug resistant pathogens 

Physiological, biochemical, and behavioural resistance of disease vectors, including 

mosquitoes, has decreased the efficacy of many chemical control measures (Roberts and 

Andre 1994). For mosquito-borne diseases where drug treatments are available, for 

example malaria, pathogen resistance is rapidly becoming a major barrier to effective 

treatment (Campbell 1997). These factors have combined to have a significant impact 

on the re-emergence of vector-borne disease, particularly in developing countries 

(Gubler 1998).  
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1.4.2.6 Ecological and environmental impacts  

It is estimated that globally, 24% of the global burden of disease and 23% of all deaths 

can be attributed to environmental factors (Pruss-Ustun and Corvalan 2006). Over three 

quarters of human infectious disease is zoonotic (Taylor et al. 2001). Therefore it is not 

surprising that ecological and environmental changes are ‘among the most frequently 

identified factors in emergence’ (Morse 1995) and a ‘key determinant in changing 

patterns of vector-borne disease’ (Molyneux 2001). These issues are discussed in detail 

in the following section. 

 

1.5 THE ECOSYSTEM HEALTH PARADIGM  

1.5.1 An introduction to ‘Ecosystem distress syndro me’ 

Disrupted or ‘stressed’ ecosystems display a number of characteristic features which 

were first described by Rapport et al. (1985). They proposed that ‘Ecosystem Distress 

Syndrome (EDS), the ecological equivalent of ‘biological distress syndrome’ (Seyle 

1973), is characterised by:  

a) changes in nutrient cycling resulting in nutrient loss from the ecosystem through 

downward leaching and lateral transport; this results in 

b) changes in primary productivity which generally decreases, but may increase in 

response to eutrophication (accumulation of organic biomass and the subsequent 

depletion of dissolved oxygen); 

c) a decrease in species diversity as a result of decreasing habitat diversity; 

d) retrogression, a reversal of the normal process of species succession, as the 

ecological community is simplified; 

e) a reduction in size distribution of plant and animal species  as the physical size of 

the dominant species in the ecosystem decreases; 

f) increased fluctuations in population size and changes in disease prevalence in 

plant, animal and human populations as the fabric of the ecosystem begins to deteriorate 

and natural buffering and protective mechanisms break down. 

 

The final feature is particularly significant; while humans have developed technological 

and cultural buffers against environmental change to a certain extent, we are ultimately 

dependent on ecosystem services (described below) to maintain wellbeing (Millennium 

Ecosystem Assessment 2005). 
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1.5.2 Ecosystem services 

Ecosystem services are defined as the “benefit human populations derive, directly or 

indirectly, from… the habitat, biological or system properties or processes of 

ecosystems” (Costanza et al. 1997). The term is somewhat of a misnomer as it includes 

goods (material resources) as well as services (processes) provided by ecosystems. 

Table 1-2 provides examples of ecosystem services. 

 

Table 1-2: Ecosystem services. Adapted from (Eamus et al. 2005), (Millennium Ecosystem 

Assessment 2005) and (Secretariat of the Convention on Biological Diversity 2006) 

Provisioning Regulating 

Timber, textiles and other resource 

production 

Climate regulation (regional and 

global) 

Fresh water Flood regulation 

Food Disease regulation 

Fuel Water purification and flow regulation 

Genetic resources Erosion control 

 Pollination 

 Biodiversity 

Cultural Supporting 

Aesthetic Nutrient cycling 

Spiritual Soil formation and retention 

Educational and inspirational Primary production 

Recreational Erosion control 

Knowledge systems Habitat provision 

 

Chivian (2002) describes a similar range of ecosystem services, categorised into cycling 

and filtration processes, stabilisation processes, biodiversity preservation, translocation 

processes, and life-fulfilling functions.  

 

Quantifying and monitoring ecosystem services is vital to ensure sustainable use of 

natural resources, although this is often problematic as they operate on very wide range 

of scales and are not easily measured (Meyerson et al. 2005). However, the importance 
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of developing an aggregate measure of ecosystem services is even more strongly 

emphasised by the intrinsic link to human health. 

 

1.5.3 Biodiversity and the dilution effect 

The concept of biological diversity was originally used to simply describe ecological or 

species richness/diversity (for example Smith and Hill 1975). The contraction, 

‘biodiversity’ evolved during the 1980s as a key political catchphrase in research 

funding applications and the meaning has since broadened considerably making the 

usage of the term somewhat ambiguous and interchangeable (Hamilton 2005). Modern 

definitions of biodiversity still refer to the concept of species diversity but also 

encapsulate the complex processes and interactions between and within species, 

populations, individuals, genes and the ecosystems of which they are a part (Chivian 

2002, Secretariat of the Convention on Biological Diversity 2006). This is the intended 

definition of the term in this thesis. 

 

Biodiversity is a key regulating ecosystem service from which humans benefit greatly. 

Preservation of biodiversity is vital in ensuring sustainable development and enduring 

benefits to humans such as food and natural medicines and pesticides. Transmission of 

zoonotic infectious disease is heavily dependant on biodiversity of the vector, host, their 

respective habitats and the pathogen itself (Chivian 2002). 

 

The importance of biodiversity as an ecosystem service that benefits human health is 

best demonstrated by the example of Lyme disease in north-eastern USA. The white-

footed mouse is an efficient host of Borrelia burgdorferi, the causative agent of Lyme 

disease. B. burgdorferi is transmitted from white-footed mice to humans by the tick 

vector Ixodes scapularis (Ostfeld 1997). Human encroachment and clearing of native 

forest ecosystems reduced species diversity in small mammal communities. However, 

the white footed mouse was less sensitive to ecosystem disruption and numbers 

burgeoned as predators and competitors receded. Thus the influence of the white footed 

mouse on Lyme disease transmission was no longer being ‘diluted’ by the presence of 

other less efficient mammalian hosts, increasing the likelihood of disease transmission 

to the tick vector and ultimately to humans (LoGiudice et al. 2003, Ostfeld and 

LoGiudice 2003). The role of biodiversity in attenuating natural disease transmission 

cycles is termed the ‘dilution effect’ (Ostfeld and Keesing 2000).  



  

 

35 

1.5.4 The ecosystem approach to human health 

René Dubos first introduced the concept of ‘systems thinking’ in relation to the 

ecological impact of environmental change and the implications for human health. He 

contended that all anthropogenic innovations and activities had ecological implications 

that would ultimately impact on human health and cited many poignant examples 

(Dubos 1959). More recently, the intrinsic interrelationship between ecosystem health 

and human disease has been discussed at length in the literature. 

 

The Millennium Ecosystem Assessment (MEA) has conducted the first major integrated 

global assessment examining the evidence regarding degradation of ecosystems and the 

impact this has on the health of humans which inhabit them (Corvalan et al. 2005). This 

report highlights that physical, chemical and biological anthropogenic influences such 

as physical restructuring (e.g.. landuse change, deforestation, water resource 

development etc.), over harvesting, introduction of exotic species and contamination of 

air, land or water result in disruption to natural ecosystems. This can impact on human 

health either directly (e.g. flood, fire), indirectly (e.g. livelihood loss) or be mediated by 

other factors such as a change in the ecology of a disease vector (Corvalan et al. 2005). 

The rate of ecosystem change has accelerated rapidly over the last 50 years due to 

increased utilisation of ecosystem services and human intervention. This is putting 

pressure on existing ecosystem services and while many interventions may improve 

health locally in the short term, detrimental effects may be displaced in time and/or 

space. 

 

The key message of the MEA report is perhaps best summarised by Weinstein (2005), 

“ecosystem degradation has happened, it is bad for us, and it is going to get worse 

unless we intervene radically”.  

 

Increasing recognition of the relationship between ecosystem health and human well-

being has led to the development of the ecosystem approach to human health. This 

holistic approach places equal emphasis on the dual endpoints of human and ecosystem 

health, and recognises that both must be taken into consideration for sustainable 

development to occur (Forget and Lebel 2001). The recognition of these dual endpoints 

generates several important practical implications. Human health can be used as a 

‘yardstick’ of the health of the ecosystem in which the community is located (Rapport 
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1999). Thus human health data, which are generally more closely monitored than 

ecological indicators, can be used to direct ecosystem interventions to improve the 

health of the environment, which will ultimately manifest as improved health outcomes 

for the resident human population (Cook et al. 2004).    

 

Research into human health issues taking an ecosystem approach must inherently be 

multi-disciplinary to take into account the range of systems and processes involved 

(Nielsen 2001, Macdonald and Laurenson 2006). Clearly this approach is most 

appropriate for research into diseases with a strong environmental and/or zoonotic 

component, such as vector-borne disease, than diseases spread by direct human to 

human contact (Cook et al. 2004).   

 

While there are many anthropogenic drivers of ecosystem change, land use change  

appears to be one of the most important as it is so pervasive across the globe and has a 

strong influence on ecosystem services (Metzger et al. 2006) and mediates many other 

processes that influence disease risk (Patz and Olson 2006a). 

 

1.5.5 Unhealthy landscapes and agricultural develop ment 

“The use of land to yield [ecosystem] goods and services represents the most substantial 

human alteration of the Earth system” and “between one-third and one-half of the land 

surface has been transformed by human action” (Vitousek et al. 1997). Patz et al. 

(2004) describe the phenomenon of ‘unhealthy landscapes’, characterised by a high 

degree of human modification, that drive changes in disease transmission and 

emergence. Such changes include: agricultural development, urbanisation, dam 

building, mineral extraction, deforestation, road construction, irrigation, coastal zone 

degradation and wetland modification. 

 

Agriculture is a highly ecologically disruptive land use change as it involves clearing of 

biodiverse native vegetation and replacement by monoculture crops. Thus simplified, 

nutrient rich ecosystems are deliberately maintained, in which crop genetics, soil 

fertility and pests are all tightly controlled (Tilman 1999). It is estimated that almost 

five billion hectares, representing about 40% of the Earth’s land area, was under 

agricultural management in 2003 and in Australia this figure was closer to 60% (FAO 

2003). Agriculture is driven primarily by production of commodities of economic value 



  

 

37 

and ecological values are largely forgotten (Robertson and Swinton 2005). If current 

trends continue, the global area under agricultural management will double by 2050, 

driving further habitat destruction, eutrophication and loss of ecosystem services 

(Tilman et al. 2001).   

 

Escalating agricultural development may directly impact human health through 

increasing pollution, pesticide use, non-medical use of antibiotics and emerging 

zoonotic diseases (e.g. bovine spongiform encephalopathy) (Horrigan et al. 2002). 

However, the indirect human health risks resulting from such large scale ecosystem 

disruption are potentially even more significant. Returning to the example of Lyme 

disease; agricultural encroachment into native forests led to the decrease in biodiversity 

and ultimately drove the increased disease risk to humans.  

 

Mosquito-borne diseases are particularly sensitive to changes in land use (Norris 2004). 

The MEA ranked the following infectious diseases in order of priority based on global 

burden of disease and sensitivity to ecological change, many of which are mosquito-

borne (Patz and Confalonieri 2005) (bold type added). 

 

• malaria across most ecological systems; 

• schistosomiasis, lymphatic filariasis, and JEV in cultivated and inland water 

systems in the tropics; 

• DENV in tropical urban centres; 

• leishmaniasis and Chagas disease in forest and dryland systems; 

• meningitis in the Sahel; 

• cholera in coastal, freshwater, and urban systems; and 

• WNV  and Lyme disease in urban and suburban systems of Europe and North 

America. 

 

The role of land-use change, and agriculture in particular, on mosquito-borne disease is 

discussed in the following section. 
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1.6 LAND USE CHANGE AND MOSQUITO -BORNE DISEASE  

As noted previously, human derived land use changes identified as having the potential 

to influence mosquito breeding and associated disease transmission include water 

resource developments; deforestation; urbanisation; and agricultural development 

(Norris 2004). 

 

1.6.1 Water resource developments 

Three important anthropogenic changes associated with water resources development 

that have the potential to impact on mosquito breeding and disease transmission are dam 

construction, agricultural irrigation development and establishment of artificial 

wetlands. 

 

Over 45,000 ‘large’ dams greater than 15m high and countless more small dams 

currently exist worldwide, predominantly in the Asian region, and new large dams are 

being constructed at a rate of 160 to 320 per year (World Commission on Dams 2000). 

In many cases economic (rather than environmental or ecological) considerations have 

taken precedence when considering the long-term impact of dam construction. Altered 

flow regimes downstream and increased water volume upstream have important 

ecological implications. Changes in mosquito breeding and associated disease 

transmission are just one of many potential wide-ranging consequences (Parent et al. 

1997, Mackenzie and Broom 1999, Singh et al. 1999). 

 

Irrigation development reduces ecological diversity and may favour colonisation of new 

plants and animals, including pest species (Service 1989). The presence of water is 

integral to the survival, growth and development of both agricultural crop plants and 

mosquito larvae. Thus irrigation for agricultural purposes that is not carefully managed 

and produces standing water long enough for larvae to fully develop provides an ideal 

breeding habitat. Research consistently shows that water resource developments are 

associated with either increased mosquito abundance, alterations in the species 

composition present, or an extension of the mosquito breeding season (Mwangi and 

Mukiama 1992, Amerasinghe and Indrajith 1994, Amerasinghe 2003, Briet et al. 2003, 

Jardine et al. 2004, Tyagi 2004). However research into water resource developments in 

Africa has determined that due to the complex nature of mosquito-borne disease 
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transmission, the link with malaria incidence is less obvious and confounded by other 

variables (De Plaen et al. 2003). Increased mosquito numbers do not necessarily result 

in increased disease incidence in the surrounding human population A recent 

comprehensive review of the impact of irrigation schemes and large dams on malaria 

transmission determined that the outcome is moderated by a range of variables that 

operate at local and regional scales, such as the stability of local malaria transmission, 

vector control activities, water management practices, socioeconomic factors and health 

seeking behaviours (Keiser et al. 2005).  

 

The construction of artificial wetlands for a range of purposes including effluent 

treatment or the filtering of urban storm water runoff prior to entering rivers has also 

been associated with mosquito breeding and the potential to influence associated disease 

transmission (Russell 1999, Karpiscak et al. 2004).  

 

1.6.2 Urbanisation 

Urbanisation results in greatly increased human population densities and significant 

environmental modification. Well planned urbanisation development with appropriate 

sanitation facilities and infrastructure is not generally associated with increased 

mosquito borne disease risk. However even in modern Western urban areas, 

subterranean storm water and sewerage systems can harbour mosquitoes and facilitate 

disease transmission (Kay et al. 2000, Russell et al. 2002, Su et al. 2003, Montgomery 

et al. 2004). Dengue fever is a major health risk in tropical urban areas as the main 

vector, Aedes (Stegomyia) aegypti (Linnaeus), is highly adapted to the urban 

environment. It breeds in artificial containers such as pots, vases, tanks and discarded 

tyres, and has a strong preference for feeding on humans. Transmission cycles occur 

directly between mosquitoes and humans and do not involve an animal reservoir (WHO 

1997). Rapid, unplanned urbanisation in developing tropical regions over the latter part 

of the 20th century has been linked to the re-emergence of this disease as a global health 

issue (Gubler 2002a). 

 

1.6.3 Deforestation 

In the period 2000-2005, approximately 13 million hectares of forest were cleared each 

year across the globe which - after reafforestation and forest expansion - equated to a 
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net loss of 7.3 million hectares per annum. This represented a decrease from the net loss 

of 8.9 million hectares globally per year experience in the preceding decade (FAO 

2005). 

 

The implications of deforestation for malaria in Africa have long been recognised 

(Livingston 1958). Forests do not provide a favourable breeding habitat for the primary 

vector, Anopheles (Cellia) gambiae Giles, as this species prefers open sunlit habitats 

and the forest floor tends to absorb standing water.  “It is only when man cuts down the 

forest that breeding places for An. gambiae become almost infinite” (Livingston 1958). 

This observation has been confirmed by empirical research that demonstrates at a local 

level, both a direct link between deforestation and malaria transmission potential (eg. 

Tuno et al. 2005, Munga et al. 2006), and also an indirect link through modification of 

the local microclimate (Lindblade et al. 2000, Afrane et al. 2005). 

 

Similar findings have been observed in the Amazonian region (Tadei et al. 1998) where 

malaria transmission is closely linked to anthropogenic processes, particularly 

landscape change (Singer and Caldas De Castro 2001) and frontier settlement (Caldas 

de Castro et al. 2006). A recent study in the Peruvian Amazon reported a human biting 

rate of the major local malaria vector, Anopheles (Nyssorhynchus) darlingi Root, that 

was more than 278 times higher in deforested compared to predominantly forested areas 

(Vittor et al. 2006). Deforestation has also been linked to enhanced transmission of 

several arboviral diseases in the Brazilian Amazon (Vasconcelos et al. 2001).  

 

Larval studies in New Zealand involving experimental manipulation of containers 

determined that increased nutrient load and solar exposure promoted mosquito breeding 

(Leisnham et al. 2004) in open compared to forested environment. Field observations 

demonstrated that larval density was significantly greater in anthropogenically modified 

urban and agricultural land uses compared with native forests (Leisnham et al. 2005). A 

similar pattern has also been observed between mosquito species native to New Zealand 

which are common in natural forest habitats, and introduced species which are most 

abundant in modified habitats (Derraik and Slaney 2007).    
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1.6.4 Agricultural development 

Agricultural development is intrinsically linked to deforestation and water resource 

development as both are often undertaken for agricultural purposes. Thus it is not 

surprising that agricultural development is often associated with increased mosquito-

borne disease transmission, although this is not necessarily always the case as factors 

specific to the local environment, and the type of agricultural development are 

important. A recent review of the impact of sixty examples of agricultural development 

on anopheline ecology found that in 36 examples anopheline density increased, 

resulting in an increase in local malaria transmission in 25 of these cases and, no 

significant change in the other 11. Anopheline density increased in the remaining 24 

examples, of which a decrease in malaria transmission was observed in only 8 cases 

(Yasuoka and Levins 2007). 

 

The impact of agricultural practices on mosquito production are comprehensively 

reviewed by Mulla et al. (1987). One issue that is raised is the increase in soil and water 

salinisation caused by land clearing and/or irrigation for agriculture (discussed in detail 

in section 1.7). However as the authors state, ‘whether saline soil or water can play a 

significant role in providing new habitats for mosquito breeding, is a subject that has 

been poorly addressed in the literature’ (p 116-117). Based on a review of salinity 

tolerance studies on various mosquito species, Mulla et al. (1987) conclude that soil and 

water salinisation may result in a composition change or succession of mosquito species 

and thus influence associated disease risks. This concept is explored further in the 

following section. 

 

1.6.5 Secondary soil salinisation 

Secondary soil salinisation is predominantly associated with irrigation or groundwater 

rise (see section 1.7 for more detail) Research into the association between secondary 

soil salinisation and mosquito production and mosquito-borne disease remains very 

limited. A few relevant studies have emerged since the review by Mulla et al. (1987), 

albeit only recently. Waterlogging and soil salinisation are mentioned as potential 

environmental risk factors for malaria in Egypt (Kishk et al. 2004) and Saudi Arabia 

(Abderrahman et al. 2000), although the association is not tested. Only two studies that 

test the association were identified (Klinkenberg et al. 2004, Temel 2004). Both 
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investigate the impact of irrigation induced soil salinity on malaria in developing 

countries and generate findings highly pertinent to the central themes of this thesis.  

 

1.6.5.1 Case study of salinity and vector-borne disease 1: Pakistan 

Punjab was a notoriously malarious region in the first half of the 20th century until 

vector control activities significantly reduced transmission in the 1960s. Scaling back of 

the vector control programs led to a resurgence of epidemic activity in the region in the 

early 1970s until appropriate measures were reintroduced in the latter half of the decade. 

Despite resulting in another reduction in disease incidence, the program was once again 

scaled back due to operational and administrative difficulties (de Zulueta et al. 1980). 

Since then no large scale vector control has been carried out in the region, however 

malaria incidence continued to decrease and has remained low. In contrast, other nearby 

provinces have experienced a gradual increase in disease rates (Donnelly et al. 1997). 

 

Large scale agricultural irrigation over the 20th century in Punjab caused water tables to 

rise, inducing large areas of waterlogging and secondary soil salinisation. Extensive 

deployment of tubewells since 1960 has lowered water tables. Water drawn from these 

wells is often poor quality and relatively saline and when used for surface irrigation, can 

further contribute to soil salinity (Condom et al. 1999, Scheumann and Memon 2003).  

It is estimated that 13.6 mega-tonnes of annual salt inflow from the Indus River are 

retained in the province each year. There are currently 8.58 million hectares of irrigated 

land in Punjab, and estimates of the areas of waterlogging (water table 0-10 feet from 

the surface) and saline/sodic soil are 2.71mha and 2.67mha respectively (Scheumann 

and Memon 2003). 

 

Klinkenberg et al. (2004) analysed historical ground water levels and conductivity data, 

in addition to routinely collected entomological surveillance records from the 

Bahawalnagar district in southern Punjab from 1970 to 1999, the period during which 

overall malaria incidence decreased. They showed that as salinity increased, species 

composition changed significantly over the study period (p<0.001) from a 

predominance of Anopheles (Cellia) culicifacies Giles to Anopheles (Cellia) stephensi 

Liston. For example, in 1970, average electrical conductivity (EC; measured by 

piezometry) throughout the Bahawalnagar district was 2.08 dS/m, and the percentage of 

rooms in houses surveyed positive for An. stephensi and An. culicifacies was 

approximately 10% and 50% respectively. Average EC peaked in 1984 at 4.99 dS/m 
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and in 1999 was 3.24 dS/m. General linear modelling showed a change in the 

abundance of An. stephensi relative to An. culicifacies of approximately 2% per year 

over the study period, until by 1999 the percentage of rooms surveyed positive for An. 

stephensi and An. culicifacies was approximately 50% and 20% respectively. Although 

both species are known vectors of malaria in rural Pakistan, An. culicifacies is 

considered to be the primary vector - and is also less salt tolerant than An. stephensi.  

 

The evidence from this ecological study is circumstantial and does not control for any 

possible confounding variables, thus associations cannot be proven. However it is 

important to discuss given its uniqueness in comparing salinity, health and 

entomological data. It also raises the possibility that mosquito borne disease risk can be 

altered as a result of irrigation-induced salinity changes favouring one vector over 

another. In this case the more salt tolerant vector was a less efficient disease vector: 

however if the reverse were true the hypothesis would predict an increased risk to 

human health. 

 

1.6.5.2 Case study of salinity and vector-borne disease 2: 

Azerbaijan 

The second principal case study derives from research in Azerbaijan where the main 

malaria vector, Anopheles (Anopheles) sacharovi Favre is moderately salt tolerant.  

Temel (2004) used correlation, regression and spatial analysis to examine the 

agricultural, environmental, and institutional determinants of malaria in Azerbaijan in 

1999. The variables included in the correlation and regression models were: (1) 

numbers of former state-owned farms; (2) numbers of former collective farms; (3) area 

of irrigated land; (4) area of agricultural land with severe salinity; (5) area of eroded 

land (ha); (6) amount of irrigation water used; (7) amount of irrigation water discharged 

(tonnes); (8) number of people per health facility; (9) average rainfall (mm); (10) 

longitude; and (11) latitude. The correlation analysis revealed that the variables for 

amount of irrigation water used, area of irrigated land and soil salinity were most 

strongly positively correlated with malaria incidence (correlation coefficients 0.56, 0.33 

and 0.34 respectively). In the regression model, the only factors of significance in 

relation to increased malaria incidence were area of irrigated land, area of land with 

severe salinity and longitude. Spatial analysis using geographical information systems 

(GIS) showed that malaria incidence was highest in the low lying, saline regions 

between the Kura and Arak Rivers. However no statistical spatial analysis was 
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undertaken to formally test this association and no entomological investigations of 

mosquito species present were undertaken as part of this study. 

 

These studies on irrigation induced salinity and malaria overseas permit the tentative 

hypothesis that waterlogging and land salinisation have the potential to alter the species 

composition of native mosquito fauna, which may in turn alter the health risk from 

mosquito-borne diseases to the local human population.  

 

Southern Australia in general, and south-west WA in particular, are ideal locations to 

investigate this hypothesis in more detail given the large areas of dryland salinity 

present. Dryland salinity in Australia is derived from a different process than irrigation-

induced salinity investigated in the aforementioned studies, but it has a similar outcome, 

as will be described below. It is also notable that the primary disease vector in southern 

Australia, Ae. camptorhynchus, is highly salt tolerant. 

 

1.7 SECONDARY SOIL SALINISATION  

The association between agriculture and secondary salinisation has a long history. It is 

mentioned in records dating back to 2400 B.C. in ancient Mesopotamia, and 

diminishing agricultural production due to soil salinisation played a large part in the 

decline of Sumerian civilization (Jacobsen and Adams 1958). 

 

Today, secondary salinisation is a major issue in arid and semi-arid regions across the 

world. It occurs in over 100 countries across northern and southern Africa, southern 

Australia, the Middle East, central Asia and parts of central and South America 

(Rengasamy 2006). Although not large by world standards, the population of over 400 

million people living in these regions is not insubstantial. Furthermore some of the 

world’s largest water resources are situated in these regions (Williams 1999). 

 

The following discussion will focus on dryland salinity in WA, the issue of relevance in 

this research. 
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1.7.1 Dryland salinity 

The National Land and Water Resources Audit (NLWRA) defines (secondary) dryland 

salinity as “salinity caused by shallow watertables which result from anthropogenic 

induced changes in a catchment in which the only water input is from natural 

precipitation” (Nulsen and Evans 1999). This differentiates dryland salinity from 

irrigation induced salinity, where groundwater rise is induced by excessive application 

of irrigation water, and also contrasts with primary salinity where the cause is not 

anthropogenic. 

 

1.7.2 Mechanism of development 

The process of dryland salinity occurs slowly. The majority of the salt originates from 

past deposition in rainfall and marine aerosols over many millennia (Herczeg et al. 

2001). In inland south-west WA, deposition from oceanic spray has been demonstrated 

to occur at a rate varying from 100–250 kg/ha/year in high rainfall coastal areas to10–20 

kg/ha/year 300 km inland (Hingston and Gailitis 1976). It is very difficult to predict the 

length of time over which this salt deposition has occurred, but it is estimated to be over 

the last few tens of thousands of years (McArthur et al. 1989). The salt accumulates in 

the regolith (soil layer) and groundwater, producing a saline water table (Figure 1-3). 

Clearing of vegetation for agriculture alters the water balance because annual shallow-

rooted pasture crops use much less water than native deep-rooted perennials, resulting 

in increased recharge and runoff. This ultimately causes rising of the water table (Clarke 

et al. 2002) (Figure 1-4), bringing saline water into the root zone of plants. The 

combination of salt and hypoxia due to waterlogging strongly adversely affects growth 

(Barrett-Lennard 2003). Once the watertable reaches the surface, saline water is 

discharged and the surrounding land becomes waterlogged (Figure 1-5 and Figure 1-6). 
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Figure 1-3: The pre-clearing situation. The ground water is in equilibrium with evapotranspiration 

of the native deep rooted perennial vegetation.  Salt has been deposited in the regolith over 

millennia but is immobile. 

 

 

 

Figure 1-4: The situation around 1950. Replacement of native vegetation with shallow rooted 

annual crops alters the water balance and the water table begins to rise, mobilising the salt stored 

in the regolith. 

 

 



  

 

47 

 

Figure 1-5: The present situation. Further native vegetation removal has raised the water table 

further, reaching the surface in low lying areas, adversely affecting remaining vegetation and 

resulting in large areas of unproductive waterlogged and saline land. 

 

 

 

Figure 1-6: Photograph illustrating the on ground situation outlined in the previous schematic 

diagram.  Surface water ponding, bare ground, salt tolerant vegetation and dead native trees are 

clearly visible behind the farm fence; indicative of a severely disrupted ecosystem. 
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1.7.3 Historical context in Western Australia 

The association between clearing of native vegetation and increasing soil and stream 

salinity was first described in WA over 80 years ago (Bleazby 1917, Wood 1924). Both 

Bleazby and Wood worked as engineers for the Railway Department in WA and noticed 

that from the late 1890s many railway water supplies were becoming too salty to use in 

steam engine boilers. Wood noticed this only occurred in catchments in which a 

significant amount of native vegetation had been cleared for agriculture. For many years 

this issue was overlooked by government in a relentless push to increase agricultural 

production and only relatively recently have steps been taken to ameliorate dryland 

salinity (Schofield et al. 1988, Beresford et al. 2001).  

 

Since European settlement, 18.3 million ha land has been cleared of native vegetation in 

WA (Figure 1-7). The majority, 15.1 million ha, has occurred in the 20.5 million ha 

wheatbelt region (shown clearly in white in Figure 1-8). The majority of the pre-

European vegetation loss has been among eucalypt open woodlands (76,026 km2) and 

mallee woodlands and shrublands (40,282 km2) (National Land and Water Resources 

Audit 2001b). These vegetation groups contain a number of species of deep rooted trees 

(Crombie et al. 1988). Broad scale removal of deep rooted perennial native vegetation 

and replacement with shallow rooted annual crops over many years has greatly altered 

catchment hydrology with an estimated 10 fold increase in surface runoff and 

groundwater recharge since clearing began (Taylor and Hoxley 2003). Equilibrium has 

still not been reached and the salinity of many surface waters is still increasing (Mayer 

et al. 2005). 

 

In 2000 a national assessment of dryland salinity in Australia based on water table depth 

confirmed that WA is both the most severely affected state currently, and also at 

greatest risk of future increased salinity (National Land and Water Resources Audit 

2001a). Latest best estimates indicate that 1.1 million hectares of south-west WA are 

currently affected by dryland salinity and a further 1.7 to 3.4 million ha represents a 

salinity hazard and may become saline over coming decades if current trends continue 

(George et al. 2006). 
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Figure 1-7: Cumulative area of land cleared for agriculture in WA.  (Historical data from Burvill 

(1979)). 
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Figure 1-8: Major vegetation groups present in WA, 2001 (Source: NLWRA 2001, figure 

reproduced with permission) 
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1.7.4 Impact of dryland salinity on aquatic ecosyst ems: 

Australia 

In Australia, the ecological impact of dryland salinity is becoming increasingly 

apparent. The ecosystem structure of remnant native vegetation, which is already 

fragmented and under direct pressure from agricultural activities, is being further 

undermined by increasing secondary soil salinity (Cramer and Hobbs 2002). At greatest 

risk of salinisation, due their inherent low-lying position in the landscape, are inland 

riparian (river) and wetland ecosystems (Cramer and Hobbs 2002).  

 

While inland aquatic systems naturally experience significant temporal variation in salt 

concentration, those affected by salinity exhibit a steady increase in concentration over 

time, which progressively compromises ecosystem integrity (Hart et al. 2003).  In 

general, a salinity concentration of 1000 mg/L (approximately 1.6 mS/cm or 3% 

seawater) is the limit above which aquatic biota begin to be adversely affected and 

ecological stress becomes evident (Nielsen et al. 2003).  

 

Horrigan et al. (2005) recently investigated the impact of salinity on aquatic 

macroinvertebrate taxa in Queensland and demonstrated that community structure may 

be sensitive to even smaller salinity increases. They used sensitivity analysis with 

predictive artificial neural network models to assign a salinity sensitivity score (SSS; 1 

= least sensitive to 6 = highly sensitive) to each taxon in a community, which were 

combined to generate an index to measure community responses to increased salinity. 

They were able to exclude confounding factors such as natural variability, stream flow 

and water quality parameters and demonstrate that salt-sensitive taxa were steadily 

replaced by opportunistic salt-tolerant taxa in response to relatively small increases in 

salinity, leading to changes in community structure. The largest changes were observed 

at salinities between 800-1000 µS/cm. In this study Culicidae were ascertained to have a 

SSS of 1, and occurrence was positively correlated with increasing salinity (Horrigan et 

al. 2005). 
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1.7.5 Impact of dryland salinity on aquatic ecosyst ems: 

Western Australia 

Rapid removal of vegetation for agriculture has, as discussed previously, left only small 

highly fragmented patches of natural vegetation, resulting in a range of negative impacts 

on ecosystem processes including habitat and biodiversity loss (Hobbs 1993). 

Maintenance of biodiversity and ecosystem integrity in inland rivers and wetlands in 

south west WA has highly significant intrinsic conservation value (Halse et al. 2003). 

However it is of extra significance given that the south west of WA has recently been 

identified as one of 25 global biodiversity hotspots based on the significant 

concentration of endemic species present and extent of habitat loss (Myers et al. 2000).  

 

Adverse ecological impacts have been observed in many wetlands affected by dryland 

salinity including decreased biodiversity of waterbirds and aquatic invertebrates (Cale et 

al. 2004). Studies on aquatic invertebrates in wetlands throughout inland south-west 

WA have demonstrated that salinity is the primary factor influencing community 

structure (Kay et al. 2001, Pinder et al. 2004). Secondary saline wetlands had 

significantly different and relatively depauperate macroinvertebrate fauna compared to 

remaining freshwater wetlands. As salinity increased, sensitive species were gradually 

replaced by a smaller group of halophilic species, reducing overall community 

heterogeneity (Pinder et al. 2004). Total species richness at a wetland declined 

dramatically at salinity concentrations above 4.1 g/l -1 (2.6 g/l-1 with halophilic species 

excluded from the analysis) (Pinder et al. 2005).  

 

The most prevalent mosquito species were Anopheles (Cellia) annulipes Walker s.l. 

(present at 34 of 223 sites), Ae. camptorhynchus (26), Culex (Culex) australicus 

Dobrotworsky and Drummond (14) and Aedes (Finlaya) alboannulatus (Macquart) 

(10). As this was a broad study of all aquatic invertebrates, sweep nets were used for 

sample collection rather than larval dippers, and this may explain the relatively low 

percentage of locations positive for mosquito larvae (Pinder et al. 2004). As expected, 

Ae. camptorhynchus was the most salt tolerant mosquito species and was the only 

species commonly observed at concentrations greater than 10 g/l-1 (Pinder et al. 2004, 

electronic appendices; Figure 1-9). 
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Figure 1-9: Mosquito species observed at varying salinities in the wheatbelt of WA. Data source: 

Pinder et al. 2004, electronic appendices. 

 

1.8 AN OVERVIEW OF MOSQUITO-BORNE DISEASE IN 

AUSTRALIA  

Mosquito-borne parasitic diseases are not a significant public health problem in 

Australia. Endemic malaria was eradicated in 1981, with current notifications in 

Australia attributable to imported cases (Bryan et al. 1996). Arboviruses represent a 

much greater threat to public health, 13 being associated with human disease in 

Australia. The more important of these are the flaviviruses (Flaviviridae: Flavivirus) 

MVEV, KUNV, JEV, DENV; and the alphaviruses (Togaviridae: Alphavirus) RRV and 

BFV (Russell and Dwyer 2000). Of these, RRV disease is of greatest public health 

importance in south-western WA and will be discussed in detail. BFV disease also 

occurs in south-western WA and although it is not a focus of this study, a brief 

overview of this disease is also given. 

 

1.8.1 RRV disease 

It is beyond the scope of this thesis to review the ecology and epidemiology of RRV in 

detail. Current knowledge regarding RRV and the associated disease has recently been 

comprehensively reviewed in the literature (Harley et al. 2001b, Russell 2002). Studies 

published since these reviews and aspects relevant to this study will be provided here. 
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1.8.1.1 Epidemiology of RRV 

RRV is the most common arboviral infection in Australia with 67,621 laboratory 

diagnosed cases reported in Australia to the end of 2006 since reporting began in 1991 

(Table 1-3) (Communicable Diseases Network Australia 2007). Over half of all 

notifications in Australia were reported from Queensland, although it is considered by 

some to be a lower public health priority in this state than other arboviruses such as JEV 

and DENV, which are less common but have more severe symptoms (Harley et al. 

2001a). These figures are thought to be a significant underestimate due to under-

presentation of cases to general practitioners and under-utilisation of laboratory testing 

in endemic areas (Russell 2002). 

 

Table 1-3: Notifications of RRV infection received in Australia and WA in the period of 1991 to 

2006, by year (Source: Communicable Diseases Network Australia 2007). 

YEAR Australia WA 
WA as % of 

Aust. total 

1991 3504 139 3.97% 

1992 5701 686 12.03% 

1993 5253 153 2.91% 

1994 3848 95 2.47% 

1995 2633 303 11.51% 

1996 7780 1445 18.57% 

1997 6594 717 10.87% 

1998 3160 288 9.11% 

1999 4377 624 14.26% 

2000 4224 1089 25.78% 

2001 3226 202 6.26% 

2002 1456 131 9.00% 

2003 3850 663 17.22% 

2004 4210 1102 26.18% 

2005 2437 311 12.76% 

2006 5368 784 14.61% 

 

RRV (also referred to as ‘epidemic polyarthritis’) develops in at least 20% of infected 

individuals and is characterised by rheumatic joint manifestations, rash, constitutional 

effects and other presentations including splenomegaly, haematuria, glomerulonephritis, 

paraesthesia, headache, neck stiffness, and photophobia. Symptomatic disease 

predominantly affects those aged between 20-60 years, peaking in the 30-40 years age 
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group (Russell 2002). Infected individuals completely recover after a widely variable 

duration of a few days to over a year, and thereafter possess long lasting immunity. A 

recent cohort study has indicated that long-term disabling symptoms are often 

misdiagnosed as attributable to RRV and in fact only 40% of true infections still exhibit 

disabling symptoms after 7 weeks, and only 2% after 7 months (Lloyd et al. 2001). 

RRV disease is conservatively estimated to cost Australia between $2.8 to A$5.7 

million per year based on expenses related to testing, medical care and lost income 

(Harley et al. 2001b). A candidate vaccine exists (Yu and Aaskov 1994, Aaskov et al. 

1997) but has not proved cost effective enough to trial in humans, thus prevention is the 

only strategy currently available. 

 

1.8.1.2 Ecology of RRV 

RRV has been isolated from 42 mosquito species in Australia, 10 of which have been 

demonstrated to transmit the virus in the laboratory (Russell 2002). The principal 

vectors vary depending on geographical location and local environmental conditions. In 

general, Cx. annulirostris and Coquillettidia (Coquillettidia) sp nr linealis are the most 

important vectors in inland areas while Aedes (Ochlerotatus) vigilax (Skuse) and Ae. 

camptorhynchus are the principal vector species in coastal areas. Species such as Aedes 

(Ochlerotatus) normanensis (Taylor) and Aedes (Ochlerotatus) sagax (Skuse) play a 

role in some regions in flood conditions. Debate continues regarding the relative 

significance of various natural vertebrate hosts. However it is mainly thought that 

macropods, such as kangaroos and wallabies, are the principle hosts of the enzootic 

cycle, while humans and horses may act as amplifying hosts during epizootic activity 

(Russell 2002). 

 

Virus survival is mediated by various processes depending on the local ecology, such as 

year-round transmission in tropical regions, overwintering in long-lived adults or 

desiccation-resistant eggs of certain mosquito species, or reintroduction and movement 

of virus from endemic foci by movement of viraemic vertebrates (Lindsay et al. 1993a). 

Ecological modelling has demonstrated that factors relating to vertebrate host 

populations can strongly influence virus survival, and evidence suggests that virus 

overwintering in adult freshwater mosquito populations is only possible if a large 

vertebrate host population is present (Glass 2005). Birth rate, rather than infectious 

period, was demonstrated to be the more significant factor in determining the 

importance of a species as a reservoir host. Interestingly, virus survival decreased 
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among mosquito populations with desiccation resistant eggs when flooding events 

increased, as this provided less time for large non immune vertebrate populations to 

develop (Glass 2005). 

 

RRV is one of only a small number of diseases for which an association between 

climatic factors and variations in disease rates has been convincingly demonstrated 

(WHO 2004). Tong et al. (2005) used Poisson time series regression to demonstrate a 

significant association with high tide, rainfall and mosquito density in Brisbane, 

Queensland. Three studies used the seasonal auto-regressive integrated moving average 

technique to investigate rainfall, minimum and maximum temperature, relative humidity 

and high tide as predictors of RRV disease cases in Brisbane (Hu et al. 2004) and two 

cities in tropical north Queensland, Townsville (Tong et al. 2004) and Cairns (Tong and 

Hu 2001). Rainfall at a lag of 2 months was the only variable significantly associated 

with RRV transmission in all three locations and relative humidity was also 

significantly associated in Cairns. Woodruff et al. (2002) developed a model for 

predicting RRV outbreaks in two bioclimatic regions in south eastern Australia. High 

winter or summer rainfall, coupled with lower than average spring rainfall in the 

preceding year, was strongly predictive of epidemic activity (sensitivity 96% in the semi 

arid region and 73% in the temperate region). The variables from the pre-epidemic year 

give a surrogate indication of vertebrate host population immunity. Lower rainfall - and 

therefore less enzootic transmission - the previous year means that the population of 

immunologically naïve vertebrate hosts is greater at the start of the outbreak year, 

increasing the potential for enzootic virus amplification and spill-over into human 

populations. The authors used a similar approach to develop an early warning model 

with 94% sensitivity for coastal south west WA (Woodruff et al. 2006), discussed 

further in section 1.8.1.4. 

 

Attempts to use climate data to predict RRV across larger areas have been less 

successful. Rainfall and temperature were investigated as predictors of RRV across 

Queensland (Gatton et al. 2005). No broad association was observed state wide, but was 

apparent at smaller scales. More broadly, Kelly-Hope et al. (2004c) compared 

temperature and rainfall variables at four epidemic-prone locations across Australia 

between outbreak and non-outbreak years. Above average rainfall and warmer 

temperatures were present in outbreak years in all four locations, however seasonal and 

monthly trends differed across regions. The same authors also demonstrated that the 
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high Southern Oscillation Index and La Niña conditions were able to predict RRV 

transmission only in one of five different ecological regions studied - south eastern 

Australia (Kelly-Hope et al. 2004b). This supports previous work that showed an 

association in this region (Maelzer et al. 1999) but not for Australia as a whole (Harley 

and Weinstein 1996).  

 

These studies demonstrate that environmental variables can be used to predict RRV 

transmission on a small scale and region specific associations cannot be overgeneralised 

across broad geographic regions.     

 

1.8.1.3 Geographical distribution of RRV 

RRV is endemic in all Australian states and epidemic activity has been reported in a 

wide range of environmentally distinct geographical regions (Russell et al. 2002). 

Above average rainfall is a key driver of epidemic activity and has been associated with 

over 90% of outbreaks across all regions in Australia (Kelly-Hope et al. 2004a). In arid 

regions epidemics are associated with below average maximum temperature and in 

temperate regions, above average minimum temperature and/or tidal inundation in 

coastal regions are important predisposing environmental conditions, particularly during 

late spring, summer and autumn when mosquito vectors are most active (Kelly-Hope et 

al. 2004a). Distinct seasonal epidemic activity is observed in northern tropical regions 

during summer months when rainfall is highest. In some areas virus activity may persist 

year round, however winter rainfall in many tropical regions is insufficient to support 

vector breeding, thus limiting virus activity (Russell 2002). RRV is also endemic in 

Papua New Guinea (Tesh et al. 1975, Scrimegeour et al. 1987) however little is known 

about activity in this region. 

 

Transmission spread beyond the endemic range in 1979-1980, when a viraemic traveller 

introduced it to Fiji causing a large outbreak (Aaskov et al. 1981), from which epidemic 

activity spread to the Cook Islands, Samoa and New Caledonia (Rosen et al. 1981, Tesh 

et al. 1981). Lack of competent vertebrate hosts precluded virus establishment in this 

region, although recent evidence indicates that RRV may once again be circulating in 

Fiji (Klapsing et al. 2005). Cases of viraemic travellers returning to New Zealand have 

been documented and the potential exists for RRV to become established there in the 

future (Weinstein et al. 1995) particularly since the introduction of Ae. camptorhynchus 

(Derraik and Calisher 2004). 
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1.8.1.4  RRV in Western Australia 

In WA, outbreaks of RRV have occurred in many regions across the state (Lindsay 

1995) (see Kelly-Hope et al. 2004c for published review). However the primary focal 

points of disease activity are in the tropical northern Kimberley and the temperate south 

west along the Swan Coastal Plain between Perth and Dunsborough (Lindsay et al. 

1992b, Lindsay et al. 1996a). The most recent outbreak in the summer of 2003/04 was 

the largest seen so far in WA: 1574 cases were reported across WA (July 03-June 04), 

82% of which occurred in the south-west of the state (Lindsay et al. 2005). The majority 

of these cases came from the Swan Coastal Plain where regular intensive mosquito and 

virus surveillance is carried out (Johansen et al. 2005c). However clusters were also 

reported from towns further inland where RRV ecology is less well characterised 

(Lindsay et al. 2005).  

 

An early warning predictive model of epidemic RRV activity has been developed for 

coastal regions of the south west along the Swan Coastal Plain (Woodruff et al. 2006). 

Logistic regression modelling of notification case data from July 1991 to June 1999 was 

used to determine the association with late winter/early spring climatic variables. Sea 

surface temperature during October and November was most strongly associated with 

epidemic RRV activity (OR: 9.94, 95% CI 1.96-50.34), followed by October and 

November absolute tide height (OR: 1.75, 95% CI 1.24-2.46) and number of rain days 

in November of the outbreak year (OR: 1.34, 95% CI 1.05-1.69). Similar to the model 

developed for south-eastern Australia (Woodruff et al. 2002), the number of rain days in 

August to December of the pre-epidemic year was negatively associated with epidemic 

activity, although this was not significant in the WA model (OR: 0.80, 95% CI 0.59-

1.07). Replacement of this variable with mosquito numbers during November in the 

pre-epidemic year increased the sensitivity of the model from 64% to 90%. A later 

warning model incorporating the number of rain days in August to December of the pre-

epidemic year and mosquito numbers during November and December of the epidemic 

year had a sensitivity of 85%.  

 

The authors also suggest that a direct measure of kangaroo population RRV antibody 

seroprevalence during late winter and early spring may be a useful additional indicator 

of the potential for epidemic activity to complement the intensive mosquito and virus 

surveillance data collected by the Arbovirus Surveillance and Research Laboratory at 

The University of Western Australia. Kangaroo RRV antibody seroprevalence data is 
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not currently routinely collected in WA and but studies are underway into its cost 

effectiveness (C Johansen 2007, personal communication). 

 

1.8.2 BFV disease 

BFV is the second most commonly notified mosquito borne disease in Australia after 

RRV (Table 1-4) (Communicable Diseases Network Australia 2007). Notification data 

is thought to be even more of an underestimate than for RRV because serology testing is 

carried out less frequently, despite the clinical similarities (Hills and Sheridan 1997, 

Kelly-Hope et al. 2002). As for RRV, the greatest burden of disease is in Queensland. 

 

Table 1-4: Notifications of BFV disease received in Australia and WA during the period 1995 to 

2006, by year. (Source: Communicable Diseases Network Australia 2007) 

YEAR Australia WA 
WA as % of 

Aust. total 

1995 760 16 2.11% 

1996 876 52 5.94% 

1997 690 64 9.28% 

1998 529 20 3.78% 

1999 639 47 7.36% 

2000 646 61 9.44% 

2001 1143 75 6.56% 

2002 877 40 4.56% 

2003 1369 22 1.61% 

2004 1106 72 6.51% 

2005 1180 84 7.12% 

2006 2065 160 7.75% 

 

First associated with human disease in 1988 (Boughton et al. 1988), BFV causes a 

similar disease profile to RRV. The rash associated with the disease is generally more 

common and marked, whereas arthritic symptoms tend to be less severe. The 

symptomatic period is also usually shorter, with only about 10% of cases lasting for 6 

months or more (Flexman et al. 1998). 

 

BFV was first isolated from Cx. annulirostris from Barmah Forest in northern Victoria 

in 1974 (Marshall et al. 1982) and from Cx. annulirostris and Ae. normanensis in 
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Queensland (Doherty et al. 1979). Since then BFV has been isolated from many species 

of mosquito across Australia. However, the most important vectors appear to be the 

same as those for RRV, namely Ae. vigilax in northern regions, and Ae. camptorhynchus 

and Cx. annulirostris in southern coastal and inland regions respectively (Russell 1995). 

Vertebrate hosts for BFV are not known, however neutralising antibodies have been 

commonly detected in macropods, horses and cattle (Aldred et al. 1990, Vale et al. 

1991, Johansen et al. 2005b). 

 

In WA, human infection was first detected in northern arid regions of the state in 1992 

(Lindsay et al. 1995b). The first substantial outbreak of BFV occurred in the southwest 

from September 1993 to March 1994 (Lindsay et al. 1994, Lindsay et al. 1995b, 

Lindsay et al. 1995a). The focus was primarily along the Swan Coastal Plain with some 

subsequent inland spread. Ae. camptorhynchus was implicated as the primary vector, 

along with Cx. annulirostris and Cq. species near linealis to a lesser extent (Lindsay et 

al. 1995a). The outbreak was notable because it took place during below average RRV 

activity. No evidence of BFV transmission was found in the region prior to this 

outbreak despite intensive surveillance since 1987, suggesting that the virus had been 

recently introduced or reintroduced (Lindsay et al. 1995b, Johansen et al. 2005b). More 

recently, monthly incidence of BFV disease in WA in the four years to June 2004 has 

been about 10% of RRV incidence and activity has been markedly less seasonal, 

supporting the hypothesis that these two diseases have distinct ecologies (Lindsay et al. 

2005). 

 

1.8.3 Ecology of the principal mosquito vector of i nterest in this 

study, Aedes (Ochlerotatus) camptorhynchus (Thomson) 

Ae. camptorhynchus (Figure 1-10) is common in New South Wales, Victoria, Tasmania, 

South Australia and WA (Dobrotworsky 1965), and has recently been introduced into 

New Zealand (Hearnden et al. 1999). This species primarily breeds in coastal salt 

marshes (Lee et al. 1984), but has also been collected in moderate numbers in brackish 

inland waters (Wishart 2002). It is active year round (Dhileepan et al. 1997) and feeds 

readily on humans and animals during the day, particularly around dusk and dawn 

(Dobrotworsky 1965).  
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Figure 1-10: Ae.  camptorhynchus taking a bloodmeal 

Ae. camptorhynchus lays batches of individual desiccation resistant eggs on a moist 

substrate above the waterline, soil crevices or the base of vegetation. The eggs hatch 

when immersed in water after rain or tidal inundation, thus larvae are commonly found 

in ephemeral waterbodies or those with fluctuating water levels (Linley et al. 1992). As 

is common for all Aedes species, if the water level continues to recede after the eggs are 

laid, their desiccation-resistant properties allow them to remain viable for many months 

until the water level rises again, after which the eggs hatch in batches (Clements 1992). 

Prolonged egg viability permits both the rapid reintroduction of RRV through vertical 

transmission after rainfall or tidal inundation, and the maintenance of virus in the eggs 

during periods of drought (as discussed in section 1.3) (Dhileepan et al. 1996).  

 

After hatching, the larvae remain suspended just below the water surface obtaining 

oxygen through a siphon to the water surface and feeding on micro-organisms and 

organic debris filtered from the water by the mouth brushes. 

 

Barton and Aberton (2005) examined larval development and autogeny of Ae. 

camptorhynchus from Victoria. They demonstrated that Ae. camptorhynchus is well 

adapted to cooler temperatures and a wide range of salinities.  Larval development in 

the laboratory ranged between 37.1 days at 15°C and 12.1 days at 35°C. Larval survival 

was optimal at 20°C (84.4%), decreasing to 35.6% at 35°C and 68.9% at 15°C. The 

lower threshold for development was extrapolated to 7.3°C and the average thermal 
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constant for complete larval development was calculated to be 324.0 ± 12.8 SE degree-

days. Autogenous egg development was not observed among adults reared from field 

collected pupae and fed on a high-nutrition diet in the laboratory. Different salinity 

treatments (0, 18 and 36 parts per thousand) did not affect larval survival or 

development time at 25°C (Barton and Aberton 2005).  

 

Ae. camptorhynchus from WA have been demonstrated to tolerate salinity up to 62 ppt 

(~175% seawater), albeit with reduced longevity and survival. The optimal salinity 

range in which greatest mosquito longevity and survival was observed was between 

14.8 and 29.6 ppt (van Schie 2006). The influence of temperature on larval development 

and the potential for autogeny in Ae. camptorhynchus from WA is unknown and may be 

different from the results determined in Victoria.  

 

It has been demonstrated that Ae. camptorhynchus can be infected with RRV and can 

transmit the virus to suckling mice (Ballard and Marshall 1986). It is the primary vector 

of RRV in Victoria (Campbell et al. 1989), Tasmania (Robertson et al. 2004), and 

southern WA (Lindsay et al. 1996b, Lindsay et al. 1996a) as well as playing some role 

in New South Wales - although other vectors are more important (Clancy and Russell 

1997). It has also been implicated as an important vector of BFV in WA (Lindsay et al. 

1994, Lindsay et al. 1995b, Lindsay et al. 1995a) and Victoria (Aldred et al. 1990). 

SINV and Kokobera virus (KOKV) have also been isolated from Ae. camptorhynchus 

although its importance as a vector of these pathogens is unknown (Russell 1995).  It 

has been shown to carry MVEV in the laboratory (McLean 1953) but never implicated 

as a vector in the field. 

 

1.9 CONCLUSIONS AND JUSTIFICATION OF THE CURRENT 

STUDY 

The preceding discussion has highlighted the importance of mosquito-borne disease and 

that infectious diseases, including those transmitted by mosquitoes, are re-emerging 

worldwide in terms of both incidence and global distribution.  The ecology of mosquito-

borne disease is multifaceted and transmission cycles are complex, however all have a 

strong environmental component. Mosquito-borne diseases are thus extremely sensitive 

to environmental variations, particularly those relating to land use change such as water 
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resource development, urbanisation, deforestation and agricultural development (Norris 

2004). 

 

Clearing of native vegetation for agriculture in south-west WA has left 1.047 million 

hectares affected by dryland salinity, a severe form of environmental degradation, and 

this area may expand by a further 1.7-3.4 million hectares if trends continue (George et 

al. 2006). Dryland salinity affected areas exhibit many traits of ‘Ecosystem Distress 

Syndrome’ (described in section 1.5.1) such as decreased diversity of terrestrial and 

aquatic flora and fauna (Cramer and Hobbs 2002, Halse et al. 2003, McKenzie et al. 

2003, Pinder et al. 2004, Pinder et al. 2005) and changes in nutrient cycling and primary 

productivity (Grierson and Adams 1999) as vegetation has difficulty establishing in the 

highly saline environment. Evidence from areas affected by dryland salinity in eastern 

Australia demonstrates an increase in the abundance of invasive annuals and a decrease 

in the number of large trees (Briggs and Taws 2003).   

 

One important outcome of dryland salinity induced EDS has yet to be investigated - 

changes in disease prevalence as the fabric of the ecosystem begins to deteriorate and 

natural buffering and protective mechanisms break down. While humans have 

developed technological and cultural buffers against environmental change to a certain 

extent, ultimately we are dependent on proper ecosystem functioning for wellbeing and 

survival (Rapport 1999, 2002). Soil and water salinisation resulting from agricultural 

development has been noted to have the potential to influence mosquito population 

composition and associated disease risk (Mulla et al. 1987) but has received little 

research attention to date. The limited available evidence supports this hypothesis, 

indicating that disease risk can both increase or decrease depending on a range of 

factors specific to the local setting (Klinkenberg et al. 2004, Temel 2004). 

 

In the south west of WA, RRV activity is primarily focused in the Swan Coastal Plain 

between Perth and Dunsborough (Lindsay et al. 1992a, Lindsay et al. 1996b). 

Accordingly, regular intensive mosquito and virus surveillance is carried out in this 

region (Johansen et al. 2005c). However, small clusters of cases have also occurred 

further inland (Lindsay 1995, Lindsay et al. 2005) where the mosquito fauna is less well 

characterised and current knowledge is based on qualitative observations (see section 

4.1.2). Human derived landscape degradation in this region in the form of dryland 

salinity and waterlogging may have altered the mosquito ecology and the associated 
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disease risk in this area by facilitating the inland spread of Ae. camptorhynchus, a salt 

tolerant vector of RRV (Lindsay 1995, Horwitz et al. 2001).  

 

Thus the overarching hypothesis of investigation and primary objective of this thesis is: 

• To determine the extent that the development of dryland salinity and 

waterlogging resulting from land clearing for agriculture since European 

settlement in inland south west WA has led to a succession of mosquito species 

and increased the potential for RRV transmission in the region. 

To this end, three secondary objectives arise that can be satisfied in the process of 

investigating the primary objective: 

1. To quantitatively describe the mosquito fauna in inland south west WA, which is 

currently poorly characterised; 

2. To further the ecological understanding of the primary vector of interest, Ae. 

camptorhynchus, and in particular factors specific to the study region; and 

3. To generate recommendations for mosquito control and other measures required 

to mitigate disease risk. 

 

As required by studies taking an ecosystem approach to a human health issue (Nielsen 

2001, Macdonald and Laurenson 2006), this thesis is multidisciplinary, combining 

studies in the fields of epidemiology, ecology, entomology and microbiology.  

 

Chapter 2 documents a spatial epidemiological analysis of the association between 

waterlogging and salinity, and RRV notifications in the study region. However, as 

discussed, notification data can be a significant under representation of true disease 

incidence. Therefore in Chapter 3, human antibody prevalence to RRV from four areas 

with varying severity of dryland salinity impact is investigated. Chapter 4 details 

mosquito collections undertaken in these areas over a 13 month period. Mosquito 

feeding and dispersal behaviour, both important factors influencing virus transmission, 

are examined in Chapter 5 and 6 respectively. Table 1-5 presents a matrix outlining how 

each experimental chapter contributes understanding to which objective. The major 

findings from each experimental chapter are integrated and discussed in Chapter 7. 
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 Experimental chapters Integrated discussion 

Chapter C2 C3 C4 C5 C6 C7 

Primary objective x x x x x x 

Secondary objective 1   x   x 

Secondary objective 2   x x x x 

Secondary objective 3   x  x x 

Table 1-5: Thesis objectives dealt with in each experimental chapter. 

 

1.10 COLLABORATION  

A complete investigation of all relevant aspects of this hypothesis is beyond the scope 

of a single PhD. Consequently I am collaborating with two other PhD students working 

on different, complementary aspects of the dryland salinity, mosquito-borne disease 

connection, further enhancing the multidisciplinary nature of this research. Mr Peter 

Speldewinde (Centre of Excellence in Natural Resource Management, University of 

Western Australia) used Bayesian statistical methods to investigate the association 

between dryland salinity and a range of human health issues, including RRV. Relevant 

aspects of his studies are discussed in section 2.6.1. Mr Scott Carver (School of Animal 

Biology, University of Western Australia) is currently researching the relationship 

between dryland salinity and the underlying ecology of RRV disease, such as larval 

predator-prey interactions and vertebrate host ecology. Relevant findings from his 

research are considered at various points in the thesis. Unpublished data and personal 

communications from both colleagues are acknowledged accordingly. 
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CHAPTER 2: SPATIAL EPIDEMIOLOGICAL 

ANALYSIS OF RRV NOTIFICATION DATA 
 

2.1 CHAPTER OBJECTIVE  

In this chapter a preliminary analysis of the association between two major indicators of 

environmental degradation in south-west WA (secondary soil salinisation and 

waterlogging) and RRV incidence will be undertaken using existing broad-scale data. 

 

2.2 STUDY REGION 

The study region consisted of the upper Great Southern, north eastern South West, 

eastern Peel and South Central Wheatbelt regions of WA (Figure 2-1). The estimated 

resident population at June 2005 in this region was 31,639 (ABS 2006b). Future 

population estimates for this region indicate that this figure will remain relatively static 

(in contrast to strong population growth forecast for coastal regions of the south-west), 

with the estimated resident population in 2031 predicted to increase slightly to 32,480 

(Western Australian Planning Commission 2005). The climate is temperate with hot dry 

summers and cool wet winters. The average annual rainfall ranges from 700 mm in the 

west, decreasing to less than 400 mm in the east.  The primary industry in the region is 

agriculture including broad acre cropping, livestock grazing and wool production. As 

discussed in section 1.7.3 this region has been almost completely cleared of all native 

vegetation for agriculture and as a result a significant area of this region is now affected 

by dryland salinity (George et al. 1995). 
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Figure 2-1: Study region outlined in red showing regions and Local Government Areas. 

 

2.3 DATA SOURCES  

2.3.1 RRV case notification data 

Data on all doctor-notified and laboratory reported cases of RRV from the study region 

between July 1988 and June 2006 were extracted from the enhanced surveillance 

database by the Mosquito-Borne Disease Control Branch, WA Department of Health 

(WADOH). In Australia, it is mandatory for pathology laboratories to report 

serologically confirmed cases of RRV to the Commonwealth and most state 

Departments of Health and each case is then recorded based on place of residence. In 

WA, RRV has been a notifiable disease since 1985, which means that medical 

practitioners are required under the Health Act (1911) to report confirmed cases to the 

WA Department of Health. Additionally, in WA further follow up is undertaken to 

determine the most likely location of infection, which of course is not necessarily the 

place of residence. The notification is sent to the local government in which the case 

resides and an Environmental Health Officer in the region administers an enhanced 

surveillance questionnaire for each case to determine timing of symptom onset, 
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exposure to biting mosquitoes and travel history prior to becoming ill. The MBDC then 

use this information to record the probable location of infection in the enhanced 

surveillance database, rather than simply recording it as the individual’s residential 

address as occurs in other states (Lindsay et al. 2005). This case follow-up process is 

completed for approximately 70% of notifications. The questionnaire was updated and 

simplified in 2004, incorporating feedback on its use from selected local governments 

and population health units around the state (M Lindsay 2006, personal 

communication). 

 

2.3.2 Salinity data 

Two datasets on soil salinity are available in WA. The first is Soil-Landscape Systems 

data developed by the Natural Resource Assessment Group of the Western Australian 

Department of Agriculture. Soil-landscape mapping contains a nested hierarchy of 

landscape and associated soil units, reflecting both landscape and soil processes and 

also incorporates geological and environmental variables. The dataset is described in 

detail in Schoknecht et al. (2004). Briefly, it contains soil-landscaping mapping data 

covering the wheatbelt region at a scale between 1:20,000 and 1:250,000. These data 

were collected through collation of existing land resource information, additional field 

observations and sampling, and interpretation of aerial photography and satellite 

imagery at a variety of scales and georeferenced for digitising in MicroStation and 

Intergraph MGE Projection Manager. Initial work began on this dataset in 1990 and it 

has been continually updated and refined as mapping technology and data processing 

power increases (Schoknecht et al. 2004). Soil surveys were carried out according to 

standard practice guidelines described by Gunn et al. (1988). 

 

The other dataset, Land Monitor, uses sequences of calibrated Landsat Thematic 

Mapper satellite images to identify areas of consistent low vegetation productivity, 

indicative of dryland salinity, dating back to 1988 (Allen and Beetson 1999). Three 

consecutive years of imagery are integrated with landform information derived from 

digital elevation data, ground-truthing and other existing mapped data sets to monitor 

changes in salinity and woody vegetation.  This allows salt-affected areas to be mapped, 

changes monitored over time, and prediction of future salinity risk scenarios.   
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The Soil Landscape Systems dataset was selected (metadata date: 03/02/2005) as the 

most appropriate as it includes waterlogging variables integral to this study, which were 

not available in the Land Monitor dataset.   

 

2.3.3 Population data 

Population data for each Local Government Area (LGA) in the study region (Figure 

2-1) were obtained from the 1996 Census of Population and Housing (ABS 1996).  This 

census dataset was used as it lies closest to the middle of the RRV notification data 

range (ie July 1988 to June 2006). 

 

2.4 METHODS 

2.4.1 Saline and waterlogged area calculations 

ArcGIS 9 (ESRI) was used to map the Soil-Landscape Systems data and calculate the 

area of salinity and waterlogging as a percentage of the total area in each LGA. The area 

of salinity was calculated by multiplying the area of each polygon in the LGA by the 

percentage of land defined in the dataset as either at high risk of salinity or presently 

saline.  

 

For example, the polygon in Woodanilling LGA indicated by the arrow in Figure 2-2 

has an area of 1.835 km2, of which 60% is at high risk of salinity and 30% is presently 

saline. Therefore using the Department of Agriculture definition described above, this 

polygon contributes 0.9*1.835 = 1.652 km2 of saline land area to the Woodanilling 

LGA.  

 

All polygons in each LGA were then added together to give a total area of saline land in 

each LGA, which was divided by the total area of the LGA to give a percentage. 

Salinity was then coded into the following categories based on tertiles of land 

percentage affected; 1 (<7.89%), 2 (7.89% -14.32%) and 3 (>14.33%). Percentage area 

of waterlogging for each LGA was calculated in the same way as for salinity using the 

percentage of each polygon defined in the dataset as either at high or very high risk of 

waterlogging, then coded into tertile categories; 1 (<4.53%), 2 (4.53% – 8.54%) and 3 

(>8.54%).  
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Figure 2-2: Example polygon used to illustrate how the area of salinity and waterlogging in each 

LGA was calculated. 

2.4.2 Negative binomial regression model 

Negative binomial regression was undertaken in STATA v9.2 (StataCorp, Texas, USA) 

to test the association that increasing area of salinity and/or waterlogging was associated 

with a high cumulative incidence rate of RRV. This regression model was selected as 

goodness-of-fit tests using the Pearson statistic indicated that standard Poisson analysis 

was inappropriate. The correlation coefficient of 0.673 between the salinity and 

waterlogging variables indicated that these two variables were quite strongly correlated; 

therefore both variables were examined separately to limit problems of colinearity.  A 

combined indicator of dryland salinity was also constructed by adding the numerical 

value of the salinity and waterlogging categories together, and this indicator was 

modelled separately to investigate possible interaction between the two variables.  

 

Therefore, in the negative binomial regression model, RRV cumulative incidence was 

the dependent variable, and either salinity, waterlogging or combined dryland salinity 

indicator categories were the independent variables. The 1996 population based on 

census data was used as the offset variable. The data used in the model are shown in 

Table 2-1. 
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Table 2-1: Data used for negative binomial regression analysis.  RRV notifications based on place of 

infection (where known) as determined in the WA Department of Health, MBDC enhanced 

surveillance database (see section 2.3.1) 

LGA 1996 
Population  

Cumulative 
RRV Cases 
(7/88-6/06) 

Cumulative 
incidence 
rate / 1000 
population 

Salinity  Water 
logging  

Combined  
indicator 

Boddington (Shire) 1341 6 4.47 1 2 3 

Boyup Brook (S) 1747 16 9.16 2 3 5 

Brookton (S) 973 1 1.03 2 2 4 

Broomehill (S) 505 6 11.88 1 1 2 

Corrigin (S) 1318 4 3.03 2 2 4 

Cranbrook (S) 1159 2 1.73 2 3 5 

Cuballing (S) 741 0 0.00 1 1 2 

Dumbleyung (S) 894 2 2.24 3 2 5 

Gnowangerup (S) 1803 15 8.32 2 1 3 

Katanning (S) 4683 15 3.20 3 3 6 

Kent (S) 795 8 10.06 3 3 6 

Kojonup (S) 2404 14 5.82 2 1 3 

Kulin (S) 966 4 4.14 1 2 3 

Lake Grace (S) 1819 10 5.50 3 3 6 

Narrogin (S+Town) 5486 13 2.37 3 2 5 

Pingelly (S) 1200 2 1.67 1 1 2 

Tambellup (S) 738 5 6.78 3 3 6 

Wagin (S) 1979 5 2.53 3 3 6 

Wandering (S) 364 0 0.00 1 2 3 

West Arthur (S) 1003 6 5.98 2 3 5 

Wickepin (S) 860 13 15.12 2 1 3 

Williams (S) 1040 1 0.96 1 1 2 

Woodanilling (S) 364 4 10.99 3 2 5 
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2.5 RESULTS 

2.5.1 RRV disease cases in the study region 

The majority (70%) of the 142 RRV cases notifications from the study region from July 

1988 to June 2006 occurred between December and March (Figure 2-3). Distinct 

variation in case notifications between years is also evident with elevated numbers 

apparent approximately every 3 years (Figure 2-4). 
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Figure 2-3: Monthly breakdown of notified RRV disease cases within the study region between July 

1988 and June 2006.  Source: Mosquito-Borne Disease Control Branch, WA Department of Health. 
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Figure 2-4: Annual (July-June) incidence of RRV disease notifications from the study region.  

Source: Mosquito-Borne Disease Control Branch, WA Department of Health. 
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2.5.2 Spatial analysis 

Figure 2-5 illustrates the cumulative incidence rate for RRV between July 1988 and 

June 2006 for each LGA overlaid on the percentage of salinity in each polygon. Note 

that the circles representing the cumulative incidence rate within each LGA are placed 

at the centroid and represent the rate for the whole LGA and are a continuous variable, 

with circle diameter directly proportionate to the incidence rate. 

 

Table 2-2 contains the cumulative incidence rate ratios for each independent variable 

category derived from the negative binomial regression analysis. The lowest category of 

each independent variable (ie salinity, waterlogging = 1 or combined indicator = 2) was 

set as the baseline (incidence rate ratio = 1) to which each other strata was compared. 

No significant differences in RRV cumulative incidence rate were observed, the only 

general pattern appearing to be a slight increase at higher salinity categories and a slight 

decrease at medium waterlogging categories. However, neither trend was linear, with 

the middle salinity and waterlogging categories having the highest and lowest 

cumulative incidence rate ratios respectively. No trend in cumulative incidence rate 

ratio was evident with the combined dryland salinity indicator. 



  

 

74

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: Salinity (percentage of area at high risk or presently saline) overlaid by RRV cumulative incidence rate for each LGA (note that the incidence rate is a 

continuous variable, with circle diameter directly proportionate to the incidence rate for the whole LGA as indicated in the legend).   
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Table 2-2: Cumulative incidence rate ratios for each independent variable category derived from 

the negative binomial regression analysis 

 RRV cases 
 

  

C
um
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in
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nc
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at

io
 

95
%

 C
I 

Salinity category 

1 (baseline) 1.00   

2   1.96 0.85 -  4.55 

3   1.22 0.83 - 1.78 

Waterlogging category 

1 (baseline) 1.00   

2   0.54 0.23 - 1.25 

3   0.95 0.65 - 1.37 

Combined index of environmental degradation (waterlogging + salinity) 

2 (baseline) 1.00  

3   2.16 0.68 - 6.82 

4 

5 

6 

 

 

 

 

 

 

0.81 

1.18 

1.15 

0.32 - 2.05 

0.79 - 1.75 

0.88 - 1.50 
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2.6 DISCUSSION 

The monthly distribution of RRV disease case notifications is similar to the observed in 

coastal regions of the south west (M Lindsay, personal communication). High case 

numbers occurred in, or immediately following all financial years (July – June) that 

outbreaks occurred in coastal regions of south-west WA; 1988/89, 91/92, 95/96, 99/00 

and 03/04 (Figure 2-4).  Thus it appears likely that RRV activity in the study region is 

seeded by substantial activity on the coast. Interestingly, the 15 cases observed in 05/06 

occurred in the absence of significant notifications from coastal regions. The 

implications of these patterns are discussed further in Chapters 4 and 7. 

 

The analysis did not show any significant association between cumulative RRV 

notification incidence between July 1988 and June 2006 and areas designated with 

salinity, waterlogging or a combined indicator of both. 

 

It is important to note that although the best available data were used, this is a very 

broad-scale, preliminary analysis constrained by the fact that a relatively rare disease is 

being investigated in a sparse population. It is thus subject both to possible exposure 

misclassification and unstable disease rate estimates (Marshall 1991). 

 

These limitations in spatial analysis of RRV have been reported in other studies. An 

assessment of  RRV disease at the LGA scale has previously been carried out in 

Queensland, the state with the highest RRV incidence in Australia (Gatton et al. 2004). 

This study used aggregated notification data over a 10 year period to estimate an 

average seasonal incidence rate for each LGA. Despite the large number of cases 

included in the analysis, the authors recognised that a spatial analysis at the broad LGA 

scale could only provide a general indication of disease patterns across the state. 

 

Ryan et al. (2006) conducted a spatial analysis of RRV cases in Redland Shire, a 

densely populated urban region in coastal south-east Queensland. They conducted the 

analyses over a range of scales and with the dense population and large numbers of 

RRV notifications in the region, were able to utilise a maximum resolution of a 0.25 

km2 grid. They demonstrated clearly that ‘the use of arbitrary administrative boundaries 

for spatial analyses has the potential to mask any small-scale heterogeneity in disease 
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patterns’ (Ryan et al. 2006). This is also equally true for the environmental data. 

Salinity and waterlogging are of course variable within each LGA, and by assignment 

of an overall LGA percentage, this spatial heterogeneity was not taken into account. 

However, given the sparse population and resultant low case numbers in the present 

study region, it was necessary to aggregate data to the LGA level. 

 

Also in relation to the disease outcome, as discussed previously, RRV notification data 

are thought to represent a significant underestimate of the true incidence (Russell 2002). 

Additionally, for approximately 30% of cases, case follow-up was not possible. It is 

possible that among this subset, some cases included in the analysis may have acquired 

the infection either at different locations within the study region or outside the study 

region altogether. This issue and its implications are discussed in more detail in section 

3.4.3 of the following chapter. 

 

2.6.1 Bayesian analysis 

A similar analysis to determine the influence of salinity on the distribution of RRV has 

also been undertaken using Bayesian methods (P Speldewinde, unpublished data 2006).  

(A brief methodology is provided below however note that this was not included in the 

methods section of this chapter as I did not personally undertake this analysis. Rather it 

was kindly provided to me by Peter Speldewinde for the purposes of comparing to and 

discussing in the context of my results using standard methods). 

 

As noted, the mapping of standard incidence rates (SIR) can be problematic. A small 

change in the expected value or in the observed value can produce a large change in the 

SIR (Lawson et al. 2003). This process tends to produce highly unstable estimates with 

low frequency diseases, particularly where the base populations are also relatively small 

(Marshall 1991). Additionally, SIRs of geographically proximate areas tend to display 

positive spatial autocorrelation (Pascutto et al. 2000). Bayesian methods overcome 

these concerns regarding classical mapping of disease rates to a certain extent. 

Empirical Bayes models are the most robust as they can model any random effects 

arising from the prior distribution (Lawson et al. 2000). In this context, a random effect 

may be considered as an extra quantity of variation (or variance component) which is 

estimable within a map and which can be ascribed a defined probabilistic structure 

(Lawson et al. 2003). 
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Bayesian models were run through WinBUGS© (version 1.4.1) and compared using the 

deviance information criterion (DIC) (Spiegelhalter et al. 2002).  Models with lower 

DIC value are usually selected as providing the best representation of the data. The 

addition of either salinity or waterlogging variables to the model did not significantly 

lower the DIC value (Table 2–3), and therefore it is unlikely that salinity or 

waterlogging explains the distribution of RRV cases using this Bayesian model (P 

Speldewinde, unpublished data 2006). 

 

Table 2-3: Deviance information criterion (DIC) for RRV at the LGA level sal= presence of 

salinity; watl = presence of waterlogging (Source: P Speldewinde, unpublished data 2006). 

Model DIC 

α +b+h 114.069 

α +sal+b+h 114.922 

α +watl+b+h 113.394 

α +b 113.531 

α  132.177 

 

2.6.2 Conclusion 

Analyses of RRV rates using standard or Bayesian methods did not provide any 

evidence of a significant link between RRV cumulative incidence and either salinity or 

waterlogging in south west WA. However, these analyses used very broad-scale data 

with LGAs as the base unit of analysis and can only provide a general indication of 

spatial disease patterns. The difficulty in detecting any associations between 

environmental exposure and disease outcome is compounded by the use of RRV 

notification data, which tend to underestimate actual disease incidence and are subject 

to reporting bias (Russell 2002). Therefore more detailed studies of human 

seroprevalence of antibodies to RRV in the study region are required to more accurately 

measure the proportion of the population that has previously been infected with the 

disease. This forms the basis of the following Chapter 3. 
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CHAPTER 3: SEROLOGICAL SURVEY OF 

HUMAN RRV ANTIBODY PREVALENCE  
 

3.1 INTRODUCTION 

Human RRV antibody prevalence surveys have been carried out in all states of 

Australia excluding Tasmania (reviewed in Harley et al. 2001b and Russell 2002). 

These studies have used various sampling and testing procedures and are therefore not 

directly comparable, however they still provide useful information about the 

geographical and chronological distribution of RRV infection in Australia. A broad 

pattern is evident in these studies of a general increase in RRV-specific antibody 

prevalence further north in Australia, ranging from 8.4% in South Australian blood 

donors (Weinstein et al. 1994) to 64% in residents of Kowanyama, Western Cape York 

Peninsula, in far north Queensland (Doherty et al. 1966).  

 

Serological studies from New South Wales (NSW) show an interesting pattern. This 

state has a similar latitude to the south-west of WA and a similar temperate climate. 

High seroprevalence rates were documented in 1981/1982 in western inland regions of 

the state, up to 40% in the Western Plains, whereas the seroprevalence in coastal regions 

was found to range between 5.9% and 15% (Boughton et al. 1984). A follow up study 

was conducted ten years later and a similar pattern was found, with a uniform increase 

in seroprevalence in all areas ranging up to 72% inland, demonstrating an increase in 

the frequency of infection over time (Hawkes et al. 1993).  A recent serological survey 

in metropolitan Sydney undertaken in response to an apparent cluster of cases in the 

area tested 325 serum samples. Only eleven (3.4%) were IgG antibody positive of 

which five (1.5%) were also IgM positive, indicating recent infection (Allchin et al. 

2003). This general pattern of inland>coastal>metropolitan is also reflected in 

notification incidence rates from that state (Doggett and Russell 2005). 

 

In WA, two human RRV serum antibody prevalence surveys have been conducted in 

coastal regions of the south west. An unpublished survey of 271 serum samples from 

blood donors tested by neutralisation assay in the Peel region (Figure 2-1) of WA in 
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1993 determined a seroprevalence of 8.5% (Johansen 1998). A random serological 

survey was conducted on 806 samples from coastal localities in the south west of WA 

collected for general pathology testing and sent to PathCentre (now PathWest), the 

states primary pathology laboratory, between June and November 1998 (Dodsley et al. 

2001). Haemagglutination inhibition was used to screen all samples and positives were 

then confirmed by the more sensitive neutralisation assay, revealing an overall 

seroprevalence of 7.2%. Both studies (Johansen 1998, Dodsley et al. 2001) showed a 

slightly higher RRV antibody prevalence in males (~60%), and a greatest prevalence 

among the 40 to 60 year old age group, consistent with the studies from the eastern 

states, reviewed in Harley et al. (2001b). 

 

It is interesting that both studies showed evidence of a relatively low antibody 

prevalence in the region where the majority of virus notifications occur in the state 

(Lindsay et al. 1992a, Lindsay et al. 1996b, Lindsay et al. 2005). The prevalence of 

approximately 8% is comparable to that observed in coastal NSW (Boughton et al. 

1984). Unlike NSW, high notification incidences rates of RRV are not reported from 

inland regions in WA (see Chapter 2). The reason for this difference may be due to the 

widespread use of irrigation for agriculture in inland areas in NSW which is thought to 

be responsible for a large proportion of disease activity in that state (Doggett and 

Russell 2005). Serological studies have not been undertaken on residents from inland 

regions of south-west WA. Such a study is warranted as it will provide new data from 

which more complete regional comparisons can be made and can also be used to verify 

the conclusions regarding the association of RRV with waterlogging and/or salinity 

using notification data from Chapter 2. 

 

The aim of this Chapter is to determine the overall prevalence of RRV specific 

antibodies in the inland areas of south-west of WA, and also with respect to gender and 

age, to investigate if this is influenced by dryland salinity and/or waterlogging. 

 

3.2 MATERIALS AND METHODS 

The study methodology was approved by the University of Western Australia Human 

Research Ethics Committee (Project No RA/4/1/1300). A sampling method similar to 

Dodsley et al. (2001) was used to enable comparison of results between the studies. 
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Serum samples were obtained from an existing serum bank maintained by PathWest 

Laboratory Medicine WA, the primary public pathology facility in WA. All samples 

sent for testing at PathWest from across the state are stored in the serum bank for 12 

months before being discarded. This selection method was chosen over blood donors, 

who are restricted to healthy adults and not necessarily representative of the general 

population (Burnett 1981), and sampling from which may introduce selection bias 

(Gordis 1996, Ford 1997). However, selection bias may still be present given that the 

individuals selected in this study were restricted to those who had a blood sample sent 

to Pathwest for testing for suspected illness (samples sent for suspected arbovirus 

infection were excluded). 

 

Four sub-regions comprised of the following LGAs were selected from within the study 

region outlined in Figure 2-1. These subregions were selected to encompass 

approximately the same regions for which mosquito collections were carried out 

(Chapter 4). 

 

Table 3-1: Subregions used in the serosurvey. * indicates average across both LGAs.  

Sub 
region 

Local Government Areas Postcodes # of 
samples 

Salinity 
 

Water 
logging 

1 Boddington, Williams 6390, 6391 103 4.15%* 0.59%* 

2 Narrogin Town and Shire 6312 160 14.32%* 6.22%* 

3 Wagin, Dumbleyung 6315, 6350, 6352 142 16.06%* 5.43%* 

4 Kojonup 6395 146 7.89% 1.86% 

 

Deidentified samples were selected from the PathWest database by residential postcode 

as required by the UWA human ethics committee (Table 3-1), with dates of sample 

collection between 11/10/2004 and 29/8/2005. As mentioned previously, samples sent 

for testing for suspected arbovirus infection were excluded to avoid introducing bias. 

Every second sample (in chronological order of collection) was excluded in subregion 2 

to give approximately equal numbers of samples between subregions. Duplicate blood 

samples were excluded so each sample represents a unique individual. 

 

Each serum sample was tested at the UWA Arbovirus Surveillance and Research 

Laboratory for the presence of neutralising antibodies to RRV in a serum neutralisation 
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assay (Rosenbaum et al. 1972) to determine the seroprevalence of antibodies to this 

virus in each subregion. Observed differences were tested for statistical significance by 

chi-squared tests corrected for continuity using SPSS 14.0 (SPSS Incorporated).  

 

3.2.1 Reagents 

The laboratory reagents used in this chapter are listed in 

Table 3-2. 

 

Table 3-2: Laboratory reagents used for cell culture and the serum neutralisation assay. 

Reagent Manufacturer 

Benzylpenicillin Commonwealth Serum Laboratories, 

Parkville, VIC, Australia 

Di-sodium hydrogen orthophosphate 

(Na2HPO4) 

British Drug House (BDH), Kilsyth, 

Victoria, Australia 

Ethylenediaminetetraacetic acid (EDTA) BDH 

Foetal Bovine Serum (FBS) Invitrogen, Mt. Waverley, Victoria, 

Australia 

Gentamicin Pharmacia and Upjohn, Rydalmere, 

NSW, Australia 

Hepes Merck, Kilsyth, VIC, Australia 

L-glutamine Sigma-Aldrich, St. Louis, Missouri, USA 

M199 cell culture medium Sigma-Aldrich 

Potassium chloride (KCl) BDH  

Potassium dihydrogen orthophosphate 

(KH2PO4) 

BDH 

Sodium chloride (NaCl) BDH 

Trypsin Difco, Detroit, Michigan, USA 
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3.2.2 Solutions 

All solutions and media stocks were made with type 1 reagent grade water and were 

stored at room temperature unless otherwise indicated. Where appropriate, the pH of 

solutions was adjusted using 5M HCl or 5M NaOH (Table 3-3). 

 

Table 3-3: Laboratory solutions and media stocks used for cell culture and the serum neutralisation 

assay. 

10x Phosphate buffered saline (PBS) 

 NaCl   80 g/L 

 KCl   2 g/L 

 Na2HPO4  9.1 g/L 

 KH2PO4  1.2 g/L 

The solution was made up with double distilled H2O, autoclaved and stored at 4ºC. To 

obtain a working concentration, the stock was diluted 1/10 and adjusted to pH 7.5. 

 

Trypsin stock 

 Trypsin powder 3 g 

 Double distilled H2O 125 mL 

The powder was rehydrated in double distilled H2O and the solution centrifuged at 

3000rpm for 15mins to remove insoluble material. The supernatant was filtered through 

0.45µm filter and stored at -20ºC in 5 mL aliquots. 

 

EDTA stock 

 EDTA   1 g 

  Double distilled H2O 250 mL 

The EDTA was dissolved in double distilled H2O and the solution was filtered through 

0.45µm filter and stored at -20ºC in 10 mL aliquots. 

 

Trypsin/EDTA/PBS stock 

Trypsin stock  5 mL 

EDTA stock  10 mL 

PBS (1x)  200 mL 

The solution was stored at 4ºC. 
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Table 3-3 continued…  

 

M199 stock solution 

 M199 powder  11 g/L 

 NaHCO3  0.35 g/L 

 Hepes   4.77 g/L 

 Benzylpenicillin 100 mg/L 

 Gentamicin  10 mg/L 

The M199 powder was dissolved in double distilled H2O and the remaining ingredients 

were added. The pH was then adjusted to 7.4, sterilised with positive pressure filtration 

(0.2 µm) and stored at 4ºC. 

 

L-glutamine stock (0.1M) 

 L-glutamine  14.6 g/L 

The L-glutamine was dissolved in double distilled H2O, filtered through a 0.45 µm 

single use filter and stored at -20ºC. 

 

Blank medium 

 M199 stock  400 mL 

 L-glutamine stock 10 mL 

The blank medium was stored at 4ºC. 

 

Cell maintenance medium (2% heat inactivated FBS) 

 M199 stock  400 mL 

 FBS   8 mL 

 L-glutamine stock 10 mL 

The FBS was heat inactivated for 30 minutes at 56ºC prior to use. The cell maintenance 

medium was stored at 4ºC. 

 

Growth medium (5% FBS) 

 M199 stock  400 mL 

 FBS   20 mL 

 L-glutamine  10 mL 

The growth medium was stored at 4ºC. 
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3.2.3 Methods 

3.2.3.1 Serum neutralisation assay 

Neutralisation of a virus is defined as the loss of infectivity through reaction of the virus 

with a specific antibody. Loss of infectivity is bought about by the bound antibody 

interfering with the release of the viral genome into the cells. The neutralisation titre is 

the reciprocal of the highest serum dilution that was capable of neutralising virus 

(Rosenbaum et al. 1972). Before the serum neutralisation test can be carried out, the 

virus concentration must be standardised. TCID50 is a measure of the infectivity of a 

virus sample and is defined as the number of doses in a volume of virus stock that can 

cause CPE in 50% of inoculated cell culture wells of a 96 well plate. 

 

3.2.3.2 Sub-culturing cells for neutralisation assay 

A vented 225 cm2 flask of African green monkey kidney epithelial cells (Vero) cells 

(Yasamura and Kawakita 1963) was sub-cultured from an existing stock and maintained 

by subculturing when confluent, between passage 33 and 65. Spent media was removed 

from the flask and 10 mL PBS containing trypsin and EDTA was placed into the flask. 

It was tilted horizontally to run the PBS/trypsin/EDTA over the cell layer and left for 30 

seconds. The PBS was removed and the flask was incubated for 5-10 mins at 37oC, 5% 

CO2 to dislodge the cells. Ten mL of 5% FBS M199 was added over the cells in the 

flask and aspirated until all the cells were suspended evenly in the media. A small 

volume of cells was used to reseed the flask and the remaining cells were used to grow 

virus stock (section 3.2.3.3), titrate virus stock or in the neutralisation assay. The 

volume in the flask was then made up to 30 mL with fresh 5% FBS M199 and returned 

to the incubator at 37ºC in a 5% CO2 atmosphere. 

 

3.2.3.3 Growing virus stock for neutralisation assay 

Spent media was removed from a confluent 225 cm2 vented flask of Vero cells. Five mL 

of 2% FBS M199 was added to the flask followed by 100 µL of existing virus stock. 

The flask was adsorbed at 37oC, 5% CO2 for one hour with gentle swirling of contents 

every 10 mins. Twenty mL of 2% FBS M199 was added to the flask, followed by 

incubation at 37oC, 5% CO2. The flask was monitored daily for CPE and the 

supernatant was harvested when approximately 70-80% of cells in the flask showed 

CPE. When ready to harvest, the contents of the flask were transferred into a 50 mL 

conical centrifuge tube and the concentration of FBS increased to 10% to improve virus 
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stability over time. The tube was centrifuged at 2000 rpm for 10 minutes at 4oC and 

dispensed into aliquots of 500 µL in pre-labelled sterile half dram vials. The vials were 

stored at -70oC prior to determination of virus titre and use in the neutralisation test. 

 

3.2.3.4 Determination of virus titre in neutralisation assay virus stock 

A 50% tissue culture infective dose (TCID50) assay was performed to determine the titre 

of the virus stock. Twenty five µL of heat inactivated (in 56oC water bath for 30 

minutes) 2% FBS, M199 was added to columns 1 to 11 of a 96 well plate leaving 

column 12 as the cell control wells, to which 50 µL per well of 2% FBS new M199 (non 

heat inactivated) was added.   The virus stock was diluted in 8 ten-fold serial dilutions 

in 2% FBS M199 and 25 µL of each virus dilution was added to 22 replicate wells, 

excluding the cell control wells. The plates were incubated for one hour at 37oC, 5% 

CO2, then 100 µL of Vero cell suspension containing approximately 104 cells was added 

to all wells. The plates were incubated at 37oC, 5% CO2 and examined for CPE on day 

5. The number of wells with CPE per dilution was recorded and the TCID50 was 

calculated according to the method of Reed and Muench (1938) using a computer 

program designed by Dr Robert Coelen (formerly of UWA). 

 

3.2.3.5 Neutralisation test 

Test and control serum (Lombadina serosurvey 8/3/95 #59 and #64) was diluted 1/10 in 

blank M199 in sterile eppendorf tubes and heat inactivated in a water bath for 30mins at 

56ºC. On the test 96 well plates, 25 µL of blank new M199 per well was added to rows 

B to H. The eppendorf tubes were briefly centrifuged to accumulate the serum at the 

bottom of the tube. Seventy five µL of serum was added per well to row A and 25 µL 

per well was then transferred from row A to row H. Two fold dilutions of the sera were 

performed from row A through to G and the last 25µL from row G was discarded 

leaving 25 µL in rows A to G and 50 µL in the serum control row (H). The virus stock 

was diluted to obtain 50 TCID50’s plus a further three ten-fold dilutions. On test plates, 

25 µL of the dilution containing 50 TCID50/25 µL was added per well into rows A to G. 

No virus was added to the serum control wells in row H. The virus titre was also 

checked each time the assay was undertaken on an antigen control plate using 50 to 100 

TCID50’s per 25 µL as a working dilution. On the antigen control plate, 25 µL of virus 

stock dilution was added per well into columns 1-11 as follows: 10-7 dilution of virus 

stock into row H, 10-6 dilution into row G through to the initial virus stock into row A. 
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No virus was added to the cell control wells in column 12. All plates were incubated for 

1 hour at 37oC, 5% CO2. 

 

The Vero cells were subcultured and 100 µL approximately 104 cells per mL diluted in 

5% FBS M199 were added to each well. The plates were incubated at 37oC, 5% CO2 

and examined on day 5 using an inverted phase contrast light microscope (Olympus, 

IM, Japan).  

 

The neutralisation titre was defined as the reciprocal of the highest serum dilution where 

neutralisation was detected. A neutralisation titre of greater than or equal to 40 against a 

given antiserum was considered to be positive. The antigen control plate was examined 

to determine the number of wells showing CPE for each virus dilution to ensure the 

infectivity of the virus working dilution was correct. 

 

The serum control well for each sample was checked to ensure that the serum itself was 

not causing CPE. Positive samples were re-tested to confirm the result. Samples were 

re-tested if the antigen control plate indicated that the virus stock was not at the required 

infectivity level. Ambiguous samples were also re-tested. 

 

3.3 RESULTS 

3.3.1 Seroprevalence  

Raw data of all neutralisation tests carried out are shown in Appendix 1. Demographic 

information on individual sera is provided including subregion, age when the sample 

was taken, gender, date of sample collection, and titre of RRV-specific antibody. 

 

The greatest prevalence of neutralising antibodies to RRV was observed in Kojonup 

(Table 3-4), one of the lower saline and waterlogged subregions, however none of the 

differences between the subregions were significant (data not shown). 
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Table 3-4: Prevalence of neutralising antibodies to RRV in residents of four sub-regions with 

differing severity of salinity and waterlogging. 

Notes: aPercentage of sub-region affected; bnumber of blood samples tested; cnumber of samples 

positive for neutralising antibodies to RRV; dprevalence of neutralising antibodies to RRV; 
ecumulative incidence rate (7/88-6/06) calculated in Chapter 2. 

 

Across the 4 subregions there was a large statistically significant (p-value = <0.01) 

disparity in RRV antibody seroprevalence between the genders, with a male to female 

prevalence rate ratio of 4.5:1.0 (Table 3-5). There was a general trend of increasing 

seroprevalence with age group, however this was not statistically significant (p-value = 

0.103) (Table 3-6). After adjustment for age and sex based on 2005 estimated resident 

population data (ABS 2006a), the seroprevalence across the 4 subregions was calculated 

to be 5.4%. 

 

Table 3-5: RRV antibody prevalence from inland south-west WA by gender 

Gender RRV positive 
samples 

Samples tested Percentage with 
antibodies 

Male 19 231 8.23% 
Female 6 320 1.88% 

Total 25 551 4.54% 

 

Table 3-6: RRV antibody prevalence from inland south-west WA by age group  

Age group RRV positive 
samples 

Samples tested Percentage with 
antibodies 

≤19 years 2 67 2.99% 
20-29 years 2 136 1.47% 
30-39 years 6 127 4.72% 
40-49 years 7 93 7.53% 
50-59 years 2 61 3.28% 
≥60 years 6 67 8.96% 

Total 25 551 4.54% 

Sub-region Salinitya 
 

Water 
logginga 

No. of 
samplesb 

No. 
posc 

Prevd RRV cuml 
inc./1000e 

1: Boddington, 
Williams 

4.15% 4.93% 103 5 4.85% 2.94 

2: Narrogin Town 
and Shire 14.32% 8.13% 160 5 3.13% 2.37 

3: Wagin, 
Dumbleyung 16.06% 8.19% 142 6 4.26% 2.44 

4: Kojonup 7.89% 4.00% 146 9 6.12% 5.82 

Total   551 25 4.54%  
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3.4 DISCUSSION 

3.4.1 Seroepidemiology 

The aim of this study was to evaluate the seroprevalence of RRV in residents of four 

regions of inland south west WA and determine the distribution of RRV antibodies with 

respect to dryland salinity and waterlogging. The results from this cross-sectional study 

indicated (i) an overall crude seroprevalence of 4.5%; (ii) an age-sex adjusted 

seroprevalence of 5.4% across the four subregions studied.  

 

Direct comparisons to other studies can be problematic due to different sampling 

procedures and study design. A similar sample selection procedure was used by 

Dodsley et al. (2001), although this group used the haemagglutination inhibition method 

to initially screen all samples. The crude prevalence of 4.3% across the 4 inland regions 

surveyed in the south west of the state found in our study was lower than the 7.8% 

reported by Dodsley et al. (2001) from coastal regions. The only other previous RRV 

antibody survey in southern WA reported a prevalence of 8.4% from a sample of blood 

donors in the Peel region, where RRV is known to be enzootic (Johansen 1998). 

 

A seroprevalence of antibodies to RRV of up to 51% has been recorded in Aboriginal 

communities in the far north of the state (Liehne et al. 1976). The general trend of 

increasing seroprevalence from south to north is consistent with that observed across the 

rest of Australia (Russell 2002). However, the pattern of increasing prevalence with 

increasing distance from the coast observed in NSW (Doggett and Russell 2005) does 

not appear to be present in WA.  

 

An elevated prevalence of RRV with age was evident. This trend is commonly observed 

in antibody prevalence studies in regions where RRV is endemic (Harley et al. 2001b), 

however the increasing trend was not statistically significant and cannot be used as 

evidence of RRV being endemic in the study region. The statistically significant male to 

female ratio of 4.5:1.0 was much larger than previously observed in WA (Johansen 

1998, Dodsley et al. 2001) or other parts of Australia (reviewed in Harley et al. 2001b). 

Some of this disparity may be explained by gender-based differences in the location and 

nature of occupations which put individuals at risk of RRV. Statistics show that across 

the 4 subregions, 20% of males work in the typically outdoor occupations of agriculture, 
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forestry or fishing compared with only 8% of females. Females were more likely to 

work in typically indoor jobs, with 22% working in retail, education or health and 

community services compared with only 7% of males (ABS 2001). Therefore the 

greater tendency for males to work in outdoor occupations may lead to increased 

exposure to potentially infected mosquitoes and explain the increased seroprevalence 

observed. 

 

3.4.2 Seroprevalence and dryland salinity/waterlogg ing 

There was no significant association between the prevalence of antibodies to RRV in 

humans and residence in areas affected by salinity or waterlogging. Indeed, the sub-

region with the greatest seroprevalence had a relatively low percentage area of both 

variables at the LGA level. The results support the broad scale analysis using RRV 

notification data in Chapter 2 and uphold the conclusion that salinity and waterlogging 

in inland agricultural regions of south west WA have not significantly increased the risk 

of RRV infection in the resident human population. 

 

3.4.3 Population movement 

One limitation of this study design is that it does not account for population movement 

between regions. Thus, individuals with antibodies to RRV may have acquired the 

infection elsewhere. Population mobility data show that between the 1996 and 2001 

censuses there was a net population efflux of 9.5% and 0.7% from the Upper and Lower 

Great Southern statistical divisions respectively (Edwards 2003) (note that statistical 

division boundaries are different from the regions shown in Figure 2-1 and Upper and 

Lower Great Southern incorporate the main study region).  

 

More detailed information regarding regional population movements in WA were 

obtained in a series of reports commissioned by the Regional Development Council, 

Government of Western Australia using focus groups (2-3 per region) and telephone 

interviews (150 per region) (Patterson Market Research 1999a, b). The Great Southern 

report (region defined as shown in Figure 2-1) indicated high population stability 

compared with other regions in the state, with 39% of individuals indicating that they 

either continued to live where they had grown up or had moved from another area 

within the same region (Patterson Market Research 1999a). This figure was even higher 

in the Wheatbelt (46%) (Patterson Market Research 1999b), compared with the regional 
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average of 32%. In both regions the greatest population influx came from Perth, 

predominantly for employment, family/marriage or lifestyle reasons. Over half the 

residents in both regions had lived there for greater than 10 years, which again was 

greater than the regional average of 47% (Table 3-7). 

 

While the relative stability of the population in the study region indicates it is unlikely 

that population mobility will exert significant bias on the results, the possibility that 

some RRV antibody positive individuals identified in this study may have acquired the 

infection elsewhere still exists. Travel behaviour of residents from the study region is 

also important. 

 

Table 3-7: Population mobility in the Great Southern and Wheatbelt regions. 

Adapted from Patterson Market Research (1999b, 1999a) 

 

Unfortunately, no information is available regarding specific travel behaviour of 

residents in the study region; however Perth and the south west costal regions of 

Busselton and Augusta/Margaret River are the most popular tourist destinations in the 

intrastate tourism market (Tourism Western Australia 2006). Busselton is a known high 

risk area of endemic RRV transmission and activity may extend along the coast as far as 

Perth and Augusta, particularly during epidemic activity (Lindsay et al. 2005). 

Therefore it is possible that some seropositive cases detected in this study may have 

Period in region 
Great 

Southern 
Wheatbelt 

Regional 

average 

< 6 years 31% 30% 34% 

6 - 10 years 13% 17% 19% 

11 - 20 years 23% 13% 20% 

>21 years 33% 40% 27% 

Moved to current location from: 

Have not moved (resident since 

childhood) 
19% 21% 16% 

Different place in the same region 20% 25% 16% 

Perth 27% 33% 28% 

Interstate/overseas 19% 13% 22% 

Another region in WA 15% 8% 18% 
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acquired the RRV infection when travelling to coastal regions in the south-west. This 

could imply that the actual seroprevalence may be slightly lower than reported in this 

study, but would not affect the conclusion that the inland rate is lower than that 

observed in coastal regions. However, there is no reason to assume that travel behaviour 

would differ between differentially exposed people (ie those living in saline versus non-

saline regions). The findings in this Chapter also support those in Chapter 2 derived 

from enhanced notification data which are based upon probable place of infection as 

opposed to residential address. 

  

3.5 CONCLUSIONS 

The seroprevalence data described in this chapter complement the analyses of RRV 

notification data described in Chapter 2. Both studies provide important epidemiological 

information about RRV activity in inland south-west WA, which can be compared to 

existing knowledge from coastal regions. Integrating the results of Chapters 2 and 3, 

there is no evidence that RRV infection risk is related to dryland salinity or 

waterlogging.  

 

Both studies are limited by the fact that it was difficult to investigate a relatively 

uncommon disease among a sparse population spread over a large area. Therefore it was 

necessary to use a large base unit of analysis, which tends to limit the capacity of both 

investigations to detect small changes in disease risk. Although the studies described in 

the preceding chapters are important, the results are not definitive and it is clear that 

smaller scale, field-based studies of the impact of salinity on RRV transmission ecology 

are required. This more detailed exploration forms the basis of the following Chapters 

which investigate seasonal mosquito species abundance and distribution (Chapter 4), 

mosquito blood-feeding behaviour (Chapter 5) and mosquito dispersal (Chapter 6). 
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CHAPTER 4: MOSQUITO POPULATION 

DYNAMICS 
 

4.1 INTRODUCTION 

4.1.1 Chapter objectives 

This chapter will provide information regarding all of the objectives of this thesis. 

Firstly, the currently poorly characterised mosquito fauna in inland south-west WA is 

quantitatively investigated. This will improve understanding of the primary vector of 

interest, Ae. camptorhynchus, and its population dynamics in the study region. This 

information will be used to test the hypothesis that development of dryland salinity 

resulting from land clearing for agriculture since European settlement in inland south 

west WA has favoured Ae. camptorhynchus to the extent that it has now become the 

dominant species in saline affected regions.  

 

4.1.2 Previous mosquito collections from the study area 

This section has, in part, been published in Lindsay et al. (2007), which is included as 

Appendix 4. The material presented below is only that which is directly relevant to this 

chapter, and represents my contribution to that paper. 

 

The first major attempt to describe the mosquito fauna of WA was carried out in the 

mid 1950s using larval surveys and biting adult catches (Britten 1958). Britten’s 

collections around Williams and Narrogin were carried out in March 1955, following 

approximately 20 mm of rain across the region between February 15th and 17th. Species 

most prevalent in the region around Williams and Narrogin were in decreasing order: 

Cx. australicus, An. annulipes s.l., Ae. sagax, Cx. annulirostris, and Ae. alboannulatus. 

A single specimen of an adult Ae. camptorhynchus was collected south-east of 

Narrogin, however no larvae of this species were found. 

 

The region including Wagin and Kojonup was surveyed in August 1956, following 

heavy winter rainfall. The most numerous and widespread species was Ae. 
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alboannulatus. An. annulipes s.l., Cx. australicus, and Ae. sagax larvae were also found 

to be present throughout the area. Ae. camptorhynchus was noted to be widespread, 

most commonly breeding in brackish water but this species was also collected from 

fresh water pools. Aedes (Finlaya) occidentalis (Skuse) larvae were collected from a 

fresh water rock pool on a granite outcrop near the town of Wagin. 

 

Britten concluded that Cx. australicus and Ae. alboannulatus were most prevalent 

across the regions of interest however, Ae. sagax was the dominant species collected 

after rainfall. An. annulipes s.l. and Ae. camptorhynchus were distributed throughout, 

the latter being most numerous further south towards the coast. Tripteroides 

(Polylepidomyia) atripes (Skuse), Culex (Culex) quinquefasciatus Say and Aedes 

(Finlaya) notoscriptus (Skuse) were collected at most rural towns within the region, 

although breeding was restricted to domestic sites associated with towns. 

 

In 1991, Liehne collated records of many published and unpublished mosquito surveys 

in WA up to that point. Table 4-1 summarises the initial collection date of species near 

each town (Liehne 1991). It must be noted that surveys in this region have been very 

few and irregular. Therefore the dates indicated are unlikely to represent the date of first 

appearance of that species in the region: rather they primarily reflect the date of first 

survey. 

 

More recently, the Western Australian Department of Conservation and Land 

Management conducted aquatic invertebrate sampling at 223 locations throughout a 

large area of south west WA from Northampton to Esperance including the areas of 

interest in this study. General results of this study were discussed in section 1.7.5. Sixty 

five sampling locations were within the study region of interest outlined in Figure 2-1. 

The distribution of species collected at these locations is mapped by site salinity in 

Figure 4-1. 
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Table 4-1: Initial detection of species in the region surrounding each town of interest (Adapted 

from Liehne 1991). 

 

 

 

 Town 

Species Kojonup Narrogin Wagin Williams 

Aedes calabyi Mar 1955    

Ae. alboannulatus Nov 1951 Dec 1951 Aug 1956 Mar 1955 

Ae. occidentalis   Aug 1956  

Ae. camptorhynchus Nov 1951 Mar 1955 Aug 1956  

Ae. clelandi  Dec 1951  Dec 1951 

Ae. sagax  Mar 1955  Mar 1955 

Ae. bancroftianus Mar 1955    

Anopheles annulipes s.l. Mar 1955 Mar 1955 Aug 1956 Mar 1955 

Culex annulirostris  Mar 1955  Mar 1955 

Cx. australicus   Mar 1955 Aug 1956 Mar 1955 

Cx. globocoxitus  Apr 1972 Apr 1973   

Cx. molestus  Apr 1973  Apr 1972 

Cx. quinquefasciatus   Mar 1955 Aug 1955 Apr 1972 

Tripteroides atripes  Date not stated   
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Figure 4-1: Site salinity and mosquito species collected by Pinder et al. (2004, electronic appendices) within the region of interest in this study (indicated by red outline and 

inset). Locations of towns mentioned in this Chapter are also displayed 
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There has been only one previous quantitative adult mosquito survey conducted in 

inland south west WA (Lindsay 1995). Collections occurred in October 1992, four 

weeks after record spring rains in the region, but a month prior to the dates of onset of 

the first cases (November 1992) and three months prior to the peak in numbers of cases 

of RRV disease (January 1993) during a small outbreak in the region in 1992/93. 

Further unseasonal rain fell between the collection date and the outbreaks of human 

disease. Thirteen Encephalitis Vector Surveillance (EVS) light traps baited with carbon 

dioxide were set near the towns of Katanning (Shire of Katanning, 3 traps), Lake Grace 

(Shire of Lake Grace, 4 traps), Nyabing (Shire of Kent, 3 traps) and Pingrup (Shire of 

Kent, 3 traps). These traps yielded 9083 adult female mosquitoes. The highest average 

number of mosquitoes per trap was 2136 at Nyabing and the lowest, 193, at Katanning 

(Table 4-2). The most abundant species trapped at all four towns was Ae. 

camptorhynchus comprising between 80% and 93% of each collection. All other species 

were trapped in low or moderate numbers. A total of 4048 adult female mosquitoes 

from the four towns was processed for virus isolation and no arboviruses were isolated 

(Lindsay 1995). 

 

Table 4-2: October 1992 adult mosquito collections at four inland locations in south west WA 

(Lindsay 1995) 
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Due to the qualitative nature of the early surveys, a direct comparison of species 

distribution and abundance is not possible. However, the results indicate that a long 

term temporal change in composition of the mosquito population may have occurred in 

the region. Britten’s investigations in the mid 1950s indicated that freshwater breeding 

species such as Ae. alboannulatus, Ae. sagax and Cx. australicus were the most 

widespread and prevalent species in the region at that time (Britten 1958). Although Ae. 

camptorhynchus was present in many areas, it was not the dominant species in salinity 

affected areas that was observed during the more recent quantitative surveys in the 

region. 

 

The high proportion of Ae. camptorhynchus, a known vector of RRV elsewhere in WA, 

collected prior to the small outbreak in 1992/93 suggests it may also be a vector of RRV 

in this region. One hundred and fifty two serologically confirmed, doctor-notified cases 

of RRV disease were reported within the study region between July 1988 and June 2006 

(Table 2-1), including many for which travel histories in case follow-up surveys 

indicated locally acquired infection (Lindsay M, 2006, unpublished data), providing 

reasonable circumstantial evidence that transmission of RRV vectored by Ae. 

camptorhynchus is occurring within the region.  

 

No other likely vector species were trapped in large numbers, although year-round 

monitoring of mosquito populations is required to confirm that other species are not 

involved at different times of the year or under different environmental conditions.  

The studies described in Chapters 2 and 3 did not show any increased incidence of RRV 

infection in salinity affected areas using broad scale data. However, detailed 

investigations of year-round mosquito population dynamics are warranted to better 

understand the mosquito fauna in inland south west WA, the impact of dryland salinity 

and the potential for RRV transmission.  

 

4.2 MATERIALS AND METHODS  

4.2.1 Mosquito collection sub-regions 

Mosquito collections were undertaken in the same four sampling subregions used in the 

serosurvey (i.e. Williams, Narrogin, Dumbleyung and Kojonup) from October 2004 to 

December 2005. As described in Chapter 3, the four sampling regions varied 
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significantly in overall area affected by dryland salinity (Figure 4-5). Additionally, 

collection sites within each region were selected with varying salinity to ensure 

observed differences could be attributed to salinity rather than regional differences, and 

to capture a representative sample of ecotopes within the region.  

 

4.2.2 Climate 

Long term climate averages for Narrogin are shown in Figure 4-2. Unfortunately, 

similar long term climate data are not available for Williams, but given the close 

proximity (~30km) to Narrogin they are likely to be very similar except for slightly 

greater annual precipitation in Williams (given that annual rainfall decreases relatively 

rapidly further inland in the south west (Bureau of Meteorology 2005)). Therefore the 

mosquito collections from the two regions could be compared and any variations are 

unlikely to be due to differing climatic conditions, but a direct result of variation in 

severity of waterlogging and dryland salinity between the two regions. 

 

The Dumbleyung subregion was highly saline, and the Kojonup subregion, 120km to 

the south west provided a less saline comparison region. This larger geographical 

separation meant a greater climate difference, with Kojonup having on average almost 

100mm more annual rainfall and slightly milder summertime temperatures than the 

Dumbleyung region. Long term average climate data for Wagin (within the 

Dumbleyung region – see Figure 4-5) and Kojonup are shown in Figure 4-3 and Figure 

4-4 respectively.  

 

An important feature to note is that the average minimum temperature during winter 

months for all regions is approximately 5ºC, with minima below zero not uncommon. 

Even in summer, night time temperatures are relatively mild with average minima not 

greater than 15ºC. 
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Figure 4-2: Long term monthly temperature and precipitation averages for Narrogin 

Kojonup
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Figure 4-3: Long term monthly temperature and precipitation averages for Kojonup 

Data range: 1885 – 2004          Annual precip: 531.3mm 

Data range: 1891 – 2004          Annual precip: 499.6mm 

 
T

em
p 

(º
C

) 

 

T
em

p 
(º

C
) 



  

 

101

Wagin

0

5

10

15

20

25

30

35

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

T
em

p 
(C

)

0

10
20

30
40

50

60
70

80
90

100

R
ai

nf
al

l (
m

m
)

Maximum Minimum Precipitation
 

Figure 4-4: Long term monthly temperature and precipitation averages for Wagin 

 

4.2.3 Mosquito collection sites 

The location of each trap site was recorded by GPS (eTrex Legend, Garmin, Kansas, 

USA), mapped using ArcGIS 9.0 (ESRI, California, USA) and overlaid on the Soil-

Landscape Systems salinity data (Figure 4-5). Individual sites were selected with the 

assistance of an experienced entomologist (M. Lindsay) to be representative of a range 

of the available mosquito breeding habitat. All sites had some form of permanent or 

semipermanent water body (e.g. stream, lake, standing pools) within approximately 50 

metres that had the potential to support mosquito breeding. As mentioned previously 

sites with varying severity of dryland salinity were selected. 

 

Data range: 1891 – 2004 Dumbleyung          Annual precip: 436.1mm 
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Figure 4-5: Mosquito collection sites sampled in this study classified into low, medium and high 

salinity categories, overlaid on soil landscape salinity data.  Relevant townsites are indicated. 
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4.2.4 Salinity classification 

A range of measures was used to ensure the impact of dryland salinity at each site was 

classified as accurately and objectively as possible as low, medium or high by scoring 

certain criteria as outlined below. Detailed descriptions of each site, including 

photographs and how each site was classified are included in Appendix 2.  

 

4.2.4.1 Electrical conductivity 

Water electrical conductivity (EC) was used as a measure of salinity. When possible, a 

portable salinity meter (Milwaukee Metres, SM806) was used to test the pH, 

temperature and EC of a sample of water collected within close proximity 

(approximately 50 metres) of each adult trap site every time the trap was set. This meter 

could measure EC in the range of 0 to 20 mS/cm (0 to 12.8 parts per thousand or 0 to 

36.6% seawater). The EC of some water samples exceeded the range of the meter, 

however this did not compromise the study because an EC of 20 mS/cm is already 

highly saline, so a precise EC measurement for samples greater than 20 mS/cm was not 

relevant. Water testing was sometimes not possible due to difficulty in accessing the 

nearby water body, the water body drying up and/or equipment failure. 

 

Median EC was calculated over the whole sampling period for each site that could be 

sampled and scored as follows: <4 mS/cm = 0; 4 - <8 mS/cm = 1; 8 - <12 mS/cm = 2; 

and ≥16 mS/cm = 3. At five sites the water body was inaccessible and not able to be 

sampled at all over the duration of the study period. These sites clearly belonged in the 

low or high categories based on all the other criteria and consequently were assigned the 

median conductivity score in their respective categories and scored accordingly (see 

Appendix 2 for more details). 

 

4.2.4.2 Field observations 

The presence of the following features characteristic of dryland salinity (Brouwer 2001) 

were documented and a point was attributed to each; 

• bare soil; 

• salt crystals visible on soil surface; 

• dead trees; and  

• the plant genera Sarcocornia or Halosarcia (Chenopodiaceae: Salicornioideae) 

(Wilson 1980), commonly referred to as samphire (Figure 4-6). Plants in these 
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genera are very salt tolerant (Wilson 1984), commonly occur in salinity affected 

areas in WA (Mitchell and Wilcox 1994) and their presence can be used as an 

indicator of soil salinisation (Crowley 1994b, a).  

 

 

Figure 4-6: Sarcocornia (Chenopodiaceae: Salicornioideae), a salt tolerant plant species commonly 

present in salinity affected areas 
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4.2.4.3 Area of salinity and waterlogging within mosquito dispersal 

range 

The percentage area of salinity and waterlogging was calculated as defined previously 

in section 2.4.1 within radii of 0 to 1 km, and 1 to 4.5 km from each trap site. These 

radii were chosen based on the dispersal capability of Ae. camptorhynchus described in 

Chapter 6, which demonstrated that this species can disperse up to 4.5km from a 

representative saline breeding site in the study region, but becomes diluted with 

increasing distance from the point of origin. Thus the 0 to 1 km radius was given twice 

the weighting of the 1 – 4.5km radius and scored as shown in Table 4-3. 

 

Table 4-3: Scoring based on percentage area of salinity and waterlogging within  0-1km and 1-

4.5km from each trap site. 

 

%Area of salinity 

/ waterlogging 

0-1km 

 Score 

1-4.5km 

Score 

<10% 0.5 0.25 

10-25% 1 0.5 

>25% 1.5 0.75 

 

Using these criteria, possible scores ranged between 1.5 and 11.5. Sites that scored less 

than 4 were classified as Low (15 sites), between 4 and 8 inclusive as Medium (12 sites) 

and greater than 8 as High (16 sites) (Figure 4-5). 
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4.2.5 Mosquito collection methods 

4.2.5.1 Adults 

Encephalitis Vector Surveillance (EVS) light traps baited with carbon dioxide (CO2) 

(Rohe and Fall 1979), modified to suit local meteorological conditions (Broom et al. 

1989) were used to collected adult mosquitoes (Figure 4-7). This trap consists of an 

insulated paint tin containing 0.5-1kg of dry ice suspended above a battery operated 

propeller and light. Four small holes in the bottom of the insulated tin allow CO2 to be 

slowly released downwards. The CO2 along with a small ‘grain of wheat’ incandescent 

light globe attracts mosquitoes, which are then blown into a trap container by the 

propeller through a 5mm grille. The weak light source and grille limit attraction and 

collection of moths and other larger insects, respectively. The 2-litre plastic trap 

container is glued to a 10cm tube of nylon netting, which in turn is attached to the motor 

assembly at the top with an elastic band. To ensure airflow is not affected a 12cm 

diameter circular hole has been cut in the removable plastic lid of the trap container and 

covered with cloth netting (Service 1993a). An aluminium 50cm diameter weather 

shield is connected to the bottom of the can to protect the motor and trap container from 

rain. Two 1.5V ‘D’ cell batteries, one new and the other used on one previous occasion 

only, power the motor (Broom et al. 1989, Lindsay 1995). 

 

The assembled traps were set before sunset each afternoon and collected after sunrise 

the following morning. Traps were hung approximately 1m off the ground near 

vegetation, protected from windy exposed conditions. When each trap was set, care was 

taken to ensure the lid was attached to the collection container, the propeller was 

providing a downward airflow into the trap bag and the light was illuminated. After 

collection, the trap container was placed in a dry ice chest to kill the mosquitoes, which 

were then transferred into labelled sample tubes and placed back on dry ice.  
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Figure 4-7: EVS/CO2 trap used for adult mosquito collections. 

 

Adult mosquitoes were transported back to the UWA Arbovirus Surveillance and 

Research Laboratory in Perth where they were identified to species on refrigerated 

tables (Sudia et al. 1965) (Lindner and May, QLD, Australia) illuminated with a cold 

light source (Microlight 150, Fiberoptic Lightguides, NSW, Australia) using a binocular 

microscope (Olympus Stereo Microscope SZ-ET, Japan) at 60x magnification. The 

number and sex of each species collected was recorded. Common mosquito species 
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collected in this study were identified using the key for mosquitoes of WA produced by 

Liehne (1991). Rarer species that do not appear in this publication were keyed out and 

checked by experienced Arbovirus Surveillance and Research Laboratory staff (C. 

Johansen, A. Broom and S. Power) to ensure correct identification using keys in ‘The 

culicidae of the Australasian region’ series (Lee et al. 1980-84, Lee et al. 1987-88, Lee 

et al. 1988-89, Lee et al. 1989a, Lee et al. 1989b). 

 

In traps containing more than 300 mosquitoes, only the first 300 were directly keyed out 

and the remainder was weighed to estimate the overall number in the catch. The species 

distribution of the 300 directly identified mosquitoes was then extrapolated to the 

remainder to obtain an estimate of the species composition for the whole sample. 

 

4.2.5.2 Larvae 

Larval dipping was carried out where possible in water present at each sampling site to 

determine if mosquito breeding was occurring at that location. This was done using a 

standard 10cm diameter, white larval dipper attached to a long handle, using standard 

dipping techniques (O'Malley 1995). Enough dips were taken from multiple locations 

within each potential breeding site to ensure a range of representative habitats were 

sampled to confirm the presence or absence of larvae, and where present, to attempt to 

collect sufficient larvae for identification. Larval density can vary dramatically between 

different elements of the same site, for example the middle compared to the edge of a 

pool of water. Therefore an attempt to standardise the dipping procedure was made by 

dipping across the range of available larval habitat. 

 

It is important to note that the larval sampling was intended to provide a general 

indication of what species were present, rather than a comprehensive quantitative larval 

survey. Fourth instar larvae were identified using larval keys and pupae were reared 

through and identified using adult keys (Liehne 1991). 

 

4.2.5.3 Sampling frequency 

A total of 527 traps were set over the study period, however 34 (6.4%) traps failed and 

were excluded from the analysis, leaving a total of 493 working trap nights. During the 

study period, 163 larval samples were collected from water at the sites where adult traps 

were set. Table 4-4 indicates the timing of sampling in each region. Sampling frequency 

was increased during times of peak interest in autumn and spring and reduced during 
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summer and winter to maximise the use of resources available for this fieldwork 

component. The sampling regime was altered in April and May 2005 to document 

mosquito population emergence following heavy autumn rainfall across the whole of 

the study area. Therefore, to enable concurrent sampling in all regions during this 

intensive sampling period, a sub-sample of the most productive sites in each region was 

conducted (indicated with an asterisk in Table 4-4). 

 

Table 4-4: Timing of collections within each study region. Date indicates the day traps were set. 

Williams Narrogin Dumbleyung Kojonup 

4/11/2004 3/11/2004 22/11/2004 6/12/2004 

21/12/2004 23/11/2004 7/12/2004 16/1/2005 

4/2/2005 22/12/2004 15/1/2005 22/2/2005 

21/3/2005 3/2/2005 23/2/2005 4/4/2005 

13/4/2005 22/3/2005 5/4/2005 15/4/2005* 

23/4/2005 14/4/2005 15/4/2005* 25/4/2005 

6/5/2005* 22/4/2005 24/4/2005 7/5/2005* 

20/5/2005* 6/5/2005* 7/5/2005* 21/5/2005* 

29/6/2005 20/5/2005* 21/5/2005* 8/6/2005 

6/8/2005 30/6/2005 7/6/2005 20/7/2005 

21/9/2005 7/8/2005 21/7/2005 6/9/2005 

29/10/2005 20/9/2005 5/9/2005 8/10/2005 

7/12/2005 30/10/2005 9/10/2005 19/11/2005 

 8/12/2005 18/11/2005  

* indicates collections made in a sub-sample of the most productive sites in each region to enable 

concurrent sampling in all regions during the intensive autumn sampling period 

 

4.2.5.4 Climate data 

Daily temperature and precipitation data for Narrogin and Wagin between 1/9/2004 and 

31/12/2005 were obtained from The Commonwealth Bureau of Meteorology. Only 

precipitation data were available for the same time period for Williams and Kojonup. 
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4.2.5.5 Winter larval sampling at rain fed sites 

An increase of freshwater breeding mosquitoes species (e.g. Cx. australicus, An. 

annulipes s.l.) adults was observed in collections from saline regions during winter. 

However, larvae of these species were not collected at many of the regular sampling 

locations. It was hypothesised that these species were breeding in temporary rain fed 

sites. To confirm this, larval sampling was carried out at three additional sites in all 

regions (Dumbleyung, June 8; Kojonup, June 9; Williams, June 29; Narrogin, June 30). 

Sites that only contained water for a few weeks after rainfall were selected (e.g. road 

side ditches or depressions in paddocks).  

 

4.2.6 Analyses to determine the influence of drylan d salinity on 

mosquito populations 

Three levels of analysis were undertaken to test the hypothesis that Ae. camptorhynchus 

is associated with dryland salinity. In each case the base unit of analysis used was the 

average number of mosquitoes collected per trap per night at each trap site by season 

(summer, winter, autumn, spring). This approach was taken to remove variability 

caused by adverse conditions during any single sampling event. For example, strong 

winds can limit trap effectiveness and may lead to an underestimate of the mosquito 

population present. Averaging of the numbers collected over each season allowed a 

more reliable estimate of the mosquito population present during that period to be made. 

 

4.2.6.1 Non-metric multidimensional scaling 

Non-metric multidimensional scaling (NMDS) was carried out using PRIMER 6.1.5 

(Primer-E, Plymouth, UK). NMDS is an ordination technique commonly applied in 

ecological studies that uses an iterative algorithm to represent multi-species distribution 

patterns in response to environmental variables (Field et al. 1982, Clarke 1993). NMDS 

of a square root transformed Bray-Curtis similarity matrix was used in the current study 

to examine the relationship of between mosquito community samples from sites in high, 

medium, and low salinity categories. 

 

A two way nested analysis of similarity (ANOSIM) was undertaken on a square root 

transformed Bray-Curtis similarity matrix to examine the effect of season within the site 

salinity category on mosquito community. ANOSIM was used to calculate global and 

pairwise R statistics as an indication of data separation by season and salinity category. 
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4.2.6.2 Correspondence analysis and negative binomial regression 

Correspondence analysis is a descriptive technique that can be used to visualise 

associations between levels in a two-way contingency table (Greenacre 1984). In this 

study it was used to illustrate the association between salinity level and categories of Ae. 

camptorhynchus abundance using STATA v9.2 (StataCorp, TX, USA). Categories of 

abundance used were ≤10, >10-30, >30-100, >100-250, >250-500 and >500 Ae. 

camptorhynchus per trap per night. This association was also explored using a negative 

binomial regression model with seasonal average counts of Ae. camptorhynchus at each 

site as the dependant variable and salinity category as the independent variable. This 

method was applied as goodness of fit tests indicated that standard Poisson regression 

models were inappropriate.  

 

4.2.6.3 Generalised Estimating Equations model 

Generalised Estimating Equations (GEE) are an extension of generalised linear models 

that allow generation of parameter estimates for longitudinal data by accounting for 

correlation between repeated estimates (Liang and Zeger 1986). This method was 

implemented to analyse the repeated mosquito collections at each trap site using a 

negative binomial distribution family and a log link function. In this analysis both 

salinity category and season of collection and the interaction between these variables 

were included in the model. 

 

4.3  RESULTS 

Full data of all adult and immature mosquito collections made during the study period 

are shown for each study site, together with site classification and photgraphs, in 

Appendix 2. Summarised results are given below. 

 

4.3.1 Regional comparisons 

4.3.1.1 Adult mosquitoes 

Table 4-5 summarises the mosquito collections in each region during this study and 

shows that Ae. camptorhynchus was the most abundant species caught in the more 

severely saline affected Narrogin and Dumbleyung sampling regions. This species 

comprised 97% and 92% of the total collections in these regions respectively, compared 
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to 39% and 42% respectively in the less saline regions of Kojonup and Williams. These 

marked differences are shown clearly in Figure 4-8 and Figure 4-9, which illustrate the 

contribution of Ae. camptorhynchus to collections in each region over time in response 

to temperature (7-day moving average) and rainfall.  

 

Mosquito populations were very low over the dry summer months, particularly at more 

highly saline sites. Low salinity sites generally afforded some breeding habitat over 

summer during which freshwater species persisted in low numbers. During the rest of 

year, the number of all species except Ae. camptorhynchus collected per trap per night 

remained fairly constant in all regions. Following the first significant rains of autumn, 

Ae. camptorhynchus proliferated rapidly in the Dumbleyung and Narrogin regions 

(discussed further in section 4.4.1.1). The population of this species remained markedly 

larger throughout winter and into spring in comparison to Williams and Kojonup, until 

rainfall diminished and numbers declined. Ae. camptorhynchus were present from April 

to November in Williams and Kojonup but in much lower numbers. 
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Table 4-5: Adult species collected during the study period by subregion. Shading indicates more severely saline affected regions. 

Dumbleyung (124 traps)  Kojonup (118) Narrogin (131) Williams (120) Species 
/trap/night % Total /trap/night  % Total /trap/night % Total /trap/night % Total 

Anopheles (Anopheles) atratipes Skuse       0.04 0.16% 
Anopheles (Cellia) annulipes Walker s.l. 0.44 0.16% 2.21 4.23% 2.15 1.39% 5.36 20.83% 
Coquillettidia (Coquillettidia) sp nr linealis 0.15 0.05% 5.31 10.17% 0.11 0.07% 0.04 0.16% 
Culex (Culex) annulirostris Skuse 0.01 0.00%     0.28 1.10% 
Culex (Culex) australicus Dobrotworsky and Drummond 0.83 0.31% 3.39 6.49% 0.27 0.18% 0.94 3.66% 
Culex (Culex) globocoxitus Dobrotworsky 3.10 1.14% 11.92 22.82% 1.99 1.29% 2.30 8.94% 
Culex (Culex) quinquefasciatus Say 0.02 0.01% 0.01 0.02% 0.03 0.02% 0.01 0.03% 
Culex (Neoculex) latus Dobrotworsky   0.06 0.11%     
Culiseta (Culicella) atra Lee   0.08 0.15% 0.05 0.03% 0.33 1.30% 
Aedes (Chaetocruciomyia) calabyi (Marks) 0.10 0.04% 0.04 0.08% 0.37 0.24% 0.13 0.49% 
Aedes (Finlaya) alboannulatus (Macquart) 1.90 0.70% 3.61 6.91% 4.97 3.22% 3.63 14.13% 
Aedes (Finlaya) mallochi (Taylor) 0.01 0.00%   0.04 0.02%   
Aedes (Finlaya) notoscriptus (Skuse) 0.12 0.04% 0.15 0.29% 0.49 0.32% 0.27 1.04% 
Aedes (Finlaya) occidentalis (Skuse)       0.01 0.03% 
Aedes (Macleaya) Marks sp. No. 147 0.12 0.04% 0.07 0.13% 0.27 0.18% 0.08 0.29% 
Aedes (Ochlerotatus) cacozelus (Marks) 0.01 0.00% 0.01 0.02%     
Aedes (Ochlerotatus) camptorhynchus (Thomson) 262.44 96.59% 20.40 39.04% 141.80 91.99% 10.88 42.28% 
Aedes (Ochlerotatus) clelandi (Taylor)   0.43 0.83% 0.23 0.15% 0.54 2.11% 
Aedes (Ochlerotatus) hesperonotius (Marks) 0.06 0.02% 0.19 0.37% 0.02 0.01% 0.07 0.26% 
Aedes (Ochlerotatus) hodgkini (Marks)   0.03 0.06%   0.05 0.19% 
Aedes (Ochlerotatus) mackintoshi (Marks)   0.58 1.10%     
Aedes (Ochlerotatus) nigrithorax (Macquart) 0.01 0.00%       
Aedes (Ochlerotatus) ratcliffei (Marks)   0.30 0.57%   0.01 0.03% 
Aedes (Ochlerotatus) sagax (Skuse) 2.10 0.77% 0.25 0.49% 0.82 0.53% 0.01 0.03% 
Aedes (Ochlerotatus) stricklandi Edwards   0.01 0.02%   0.01 0.03% 
Aedes (Ochlerotatus) turneri (Marks)   0.62 1.18%     
Aedes (Pseudoskusea) bancroftianus (Edwards) 0.02 0.01% 1.26 2.42%   0.15 0.58% 
Tripteroides (Polylepidomyia) atripes (Skuse) 0.02 0.01% 0.03 0.06%     
Anopheles male 0 0.00% 0 0.00% 0.22 0.14% 0.05 0.19% 
Coquillettidia male 0 0.00% 0.07 0.13% 0.27 0.18% 0.48 1.85% 
Culex male 0.06 0.02% 0.38 0.73%   0.03 0.10% 
Culiseta male 0 0.00% 0 0.00% 0.01 0.00% 0.02 0.06% 
Aedes male 0.11 0.04% 0.68 1.30% 0.01 0.00%   
Damaged (unidentifiable) 0.09 0.03% 0.14 0.28% 0.02 0.01% 0.03 0.10% 

                                                                        Total 271.70  52.25  152.16  24.83  
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Figure 4-8: Comparison of % of Ae. camptorhynchus in mosquito collections from Narrogin and Williams over the study period overlaid by precipitation 

and (where available) temperature data. 
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Figure 4-9: Comparison of % of Ae. camptorhynchus in mosquito collections from Wagin and Kojonup over the study period overlaid by precipitation 

and (where available) temperature data. 
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4.3.1.2 Immature mosquitoes 

Immature stage (larvae and pupae) samples collected in this study by region are 

summarised in Table 4-6.; however as highlighted in section 4.3.1.2 these numbers 

should be considered as a semi-quantitative indicator only. The larval samples generally 

parallel the adult collections: Ae. camptorhynchus larvae were present in 95% of 

samples collected in the Dumbleyung region. This species was also commonly found in 

the other three regions, albeit in lower relative abundance, along with other species such 

as An. annulipes s.l., Ae. alboannulatus and Cx globocoxitus. 

 

Table 4-6: Immature species collected during the study period by subregion.  

Subregion Dumbleyung Kojonup Narrogin Williams 

No. samples collected 60 39 65 39 

Median water EC 
(mS/cm) 20 5.76 10.49 7.77 

Species % pres Mean % pres mean % pres Mean % pres Mean 

Aedes alboannulatus 3.33% 0.05 30.77% 1.05 21.54% 0.77 43.59% 1.82 

Ae. bancroftianus   2.56% 0.03 1.54% 0.03   

Ae. camptorhynchus 95.00% 10.20 58.97% 1.77 66.15% 6.54 43.59% 1.62 

Ae. hodgkini   2.56% 0.03   2.56% 0.13 

Ae. ratcliffei   7.69% 0.13 12.31% 0.43 7.69% 0.10 

Ae. sagax 3.33% 0.03 5.13% 0.05 1.54% 0.15   

Ae. stricklandi   2.56% 0.03     

Anopheles annulipes s.l. 1.67% 0.02 43.59% 1.18 32.31% 1.42 64.10% 2.26 

Culex annulirostris   2.56% 0.05   2.56% 0.03 

Cx. australicus 5.00% 0.10 23.08% 0.31 21.54% 0.77 28.21% 0.67 

Cx. globocoxitus 18.33% 0.50 58.97% 1.13 47.69% 2.48 25.64% 0.97 

Cx. latus   2.56% 0.03   7.69% 0.31 

% pres: Percentage of samples in salinity category with species present 

Mean: Mean number collected per sample in salinity category 

Grey shading indicates more saline affected regions. Ae. camptorhynchus, the vector of interest is 

highlighted yellow. The first column in each category indicates the percentage of the samples in which 

each species was present. The second column represents the mean number collected per sample 
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4.3.2 Additional winter larval sampling 

Additional larval sampling in winter demonstrated that freshwater species such as Cx. 

australicus, Ae. alboannulatus, An. annulipes s.l., and Cx. annulirostris were breeding 

in temporary rain fed depressions in all regions. Ae. camptorhynchus larvae were also 

collected at such sites but not in large numbers. 

Table 4-7: Results of larval sampling in temporary rain-fed depressions during winter. 

Region Dumbleyung 7/6/05 Kojonup 8/6/05 

Sample 1 2 3 1 2 3 
Temperature (ºC) 17.6 13.3 15.6 10.2 10.7 15 

pH 7.48 7.21 6.88 6.39 7.13 6.5 
EC (mS/cm) 0.58 0.42 10.87 5.03 4.65 4.77 

Ae. alboannulatus     2L  
Cx. australicus 3L 1F 7L 5L  1F 

An. annulipes s.l.     1L 2M 
Cx. globocoxitus  2M, 2F 2L, 2M 2L, 1F   
Cx. annulirostris    1L   

Ae. ratcliffei     2L  
Ae. camptorhynchus 1F  3L 3L 2L  

Cx. (damaged)      2 

Region Narrogin 30/6/05 Williams 29/6/05 

Sample 1 2 3 1 2 3 
Temperature (ºC) 8 12.9 12.2 

pH 7.26 6.92 6.65 
EC (mS/cm) 9.91 0.46 0.08 

Not measured due to 
equipment malfunction 

Ae. alboannulatus  1L 6L, 2M  3L  
Cx. australicus    1L, 1F 2L 1L, 1F 

An. annulipes s.l.    1L 8L 1L 
Cx. globocoxitus 1M, 1F   10L 3L 1L 
Cx. annulirostris    1L   

Ae. ratcliffei       
Ae. camptorhynchus 1M, 1F      

Cx. (damaged)       

L = larvae, M = male emerged adult, F = female emerged adult, EC = electrical conductivity  

 

4.3.3 Autumn emergence 

As discussed in section 4.2.5.4, shorter trapping runs were undertaken at more regular 

intervals in April and May to investigate the response of the mosquito population in 

each region to a significant rainfall event on April 1 2005. The six most productive 

breeding sites in each region were selected and sampled on 4 separate occasions 

between April 15 and May 21.  Figure 4-10 shows the changes in mosquito population 

over this period, highlighting the rapid proliferation in Ae. camptorhynchus populations 
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following the first significant autumn rains particularly in the Dumbleyung and 

Narrogin regions.  

 

 

Figure 4-10: Mosquito emergence in April and May 2005 following single significant rainfall event.  

 

Table 4-8 shows that high salinity sites were the most productive during the emergence 

event. Based on the data collected at Narrogin, an approximate development time for 

Ae. camptorhynchus during this period can be determined. The same six sites were 

surveyed on April 14 and 22 yielding 3.5 and 817.2 Ae. camptorhynchus per trap 

respectively with similar climatic conditions on both nights. Thus development time 

from egg hatching to adult emergence was between two and three weeks.  

 

Table 4-8: Ae. camptorhynchus and all other species collected per trap per night before (21/3-15/4) 

and after (22/4-7/5) the emergence event by salinity category (p-values calculated by applying a t-

test). 

Ae. camptorhynchus All other species 

Mosquitoes/trap/night  Mosquitoes/trap/night  
Salinity 

category 
Before After 

p-value 
Before After 

p-value 

Low 0.1 8.4 0.004 14.1 12.8 0.309 

Medium 6.4 144.7 0.001 4.7 9.6 0.025 

High 3.2 500.0 <0.001 1.8 15.1 <0.001 

 

Dumbleyung 

Ae. camptorhynchus 
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4.3.4 The influence of dryland salinity on mosquito  populations 

4.3.4.1 Adult mosquitoes 

Mean number of mosquitoes collected per trap per night in this study by salinity 

category are shown in Table 4-9. Ae. camptorhynchus was the most dominant species 

over all salinity categories, comprising over 96% of the mosquito population at highly 

saline sites. No other species comprised more than 17% of collections at any salinity 

category. 

 

4.3.4.2 Immature mosquitoes 

As was seen with the adult collections, larval sampling demonstrated that breeding of 

Ae. camptorhynchus was greatest at highly saline sites, whereas freshwater breeding 

species such as An. annulipes s.l. and Ae. alboannulatus were more predominant at 

lower salinity sites (Table 4-10).  

 

The immature collections are presented graphically in Figure 4-11, illustrating the range 

of EC over which each species was present, up to the upper limit of the salinity meter at 

20 mS/cm. Ae. camptorhynchus was the most salinity tolerant species, collected in 

water with a median EC of 13.1 mS/cm (range 3.14 to >20 mS/cm). All other species 

were collected in water with a median EC below 9 mS/cm. 
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Table 4-9: Mean number of adult mosquitoes collected per trap night during the study period by 

salinity category. 

High  
(191 traps) 

Medium  
(137 traps) 

Low  
(165 traps) Species 

Mean % Total  Mean % Total  Mean % Total  

Anopheles (Anopheles) atratipes      0.03 0.09% 
Anopheles (Cellia) annulipes s.l. 0.47 0.18% 2.34 3.62% 5.03 14.55% 
Coquillettidia(Coquillettidia) sp nr linealis 0.10 0.04% 0.01 0.02% 3.90 11.27% 
Culex (Culex) annulirostris  0.01 0.00% 0.01 0.01% 0.19 0.56% 
Culex (Culex) australicus  0.61 0.24% 1.37 2.12% 2.11 6.10% 
Culex (Culex) globocoxitus  2.85 1.12% 5.99 9.26% 5.84 16.89% 
Culex (Culex) quinquefasciatus  0.03 0.01% 0.01 0.02%   
Culex (Neoculex) latus     0.04 0.12% 
Culiseta (Culicella) atra 0.06 0.02% 0.01 0.01% 0.26 0.75% 
Aedes (Chaetocruciomyia) calabyi 0.25 0.10% 0.14 0.21% 0.08 0.25% 
Aedes (Finlaya) alboannulatus 1.64 0.65% 4.50 6.97% 4.96 14.34% 
Aedes (Finlaya) mallochi  0.03 0.01%     
Aedes (Finlaya) notoscriptus 0.25 0.10% 0.34 0.52% 0.21 0.61% 
Aedes (Finlaya) occidentalis 0.01 0.00%     
Aedes (Macleaya) Marks sp. No. 147 0.22 0.09% 0.04 0.07% 0.12 0.35% 
Aedes (Ochlerotatus) cacozelus 0.01 0.00%   0.01 0.02% 
Aedes (Ochlerotatus) camptorhynchus 245.40 96.46% 48.58 75.19% 7.89 22.82% 
Aedes (Ochlerotatus) clelandi 0.01 0.00% 0.20 0.32% 0.70 2.03% 
Aedes (Ochlerotatus) hesperonotius 0.05 0.02% 0.03 0.05% 0.16 0.47% 
Aedes (Ochlerotatus) hodgkini     0.06 0.18% 
Aedes (Ochlerotatus) mackintoshi     0.41 1.19% 
Aedes (Ochlerotatus) nigrithorax 0.01 0.00%     
Aedes (Ochlerotatus) ratcliffei     0.22 0.63% 
Aedes (Ochlerotatus) sagax 1.88 0.74% 0.24 0.37% 0.04 0.12% 
Aedes (Ochlerotatus) stricklandi     0.01 0.04% 
Aedes (Ochlerotatus) turneri   0.01 0.01% 0.44 1.26% 
Aedes (Pseudoskusea) bancroftianus 0.03 0.01% 0.19 0.29% 0.92 2.66% 
Tripteroides (Polylepidomyia) atripes 0.02 0.01% 0.02 0.03% 0.01 0.02% 

Anopheles male     0.02 0.05% 

Coquillettidia male     0.07 0.19% 
Culex male 0.21 0.08% 0.35 0.54% 0.34 0.98% 
Culiseta male     0.01 0.02% 
Aedes male 0.19 0.08% 0.15 0.24% 0.43 1.24% 

Damaged (unidentifiable) 0.07 0.03% 0.07 0.11% 0.07 0.19% 

 254.41  64.61  34.58  
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Table 4-10: Immature mosquito (larvae and emerged adults reared from pupae) collections by site 

salinity category. 

Salinity category H M L 

No. samples collected 87 61 55 

Median water EC (mS/cm) 18.42 7.83 5.11 

Species % pres Mean % pres Mean % pres Mean 

Aedes alboannulatus 4.60% 0.06 37.70% 1.36 31.03% 1.33 

Ae. bancroftianus   1.64% 0.03 1.72% 0.02 

Ae. camptorhynchus 94.25% 9.79 73.77% 4.21 22.41% 1.03 

Ae. hodgkini   1.64% 0.02 1.72% 0.09 

Ae. ratcliffei   11.48% 0.20 12.07% 0.43 

Ae. sagax 3.45% 0.14   3.45% 0.03 

Ae. stricklandi     1.72% 0.02 

Anopheles annulipes s.l. 4.60% 0.05 42.62% 1.28 58.62% 2.50 

Culex annulirostris     3.45% 0.05 

Cx. australicus 9.20% 0.38 19.67% 0.28 29.31% 0.76 

Cx. globocoxitus 25.29% 1.25 47.54% 1.38 41.38% 1.38 

Cx. latus     6.90% 0.22 

% pres: percentage of samples in salinity category with species present 

Mean: mean number collected per sample in salinity category 

EC: electrical conductivity (mS/cm) 

The first column in each category indicates the percentage of the 163 samples in which each species 

was present. The second column represents the mean number collected per (a semi-quantitative 

indicator only). 

 

 

. 
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Figure 4-11: The range of electrical conductivity over which immature mosquito species were present. Note that the meter used could only measure EC up to a maximum of 

20 mS/cm. 

EC ms/cm 
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4.3.4.3 Non-metric multidimensional scaling (NMDS) 

Figure 4-12 shows the two dimensional ordination plot of the mosquito community 

samples determined by NMDS methods labelled by site salinity. Each point represent 

the the adult mosquito collections at each site averaged by season, thus each site is 

represented by four points. The axes have no scale as it is not the absolute position of 

the points that is meaningful, rather the distance between them. Inter-point distances 

have the same rank order as, but are not exactly proportional to, the corresponding 

dissimilarities between samples. Thus points that are close together represent samples 

that are very similar in community composition and increasing relative distance 

between points indicates greater divergence. 

 

The stress value from NMDS (0.18) is relatively low, indicating that the data are 

represented well by the best fitting regression model calculated during the iteration 

process. Grouping by salinity category is evident in the ordination plot, with medium 

salinity sites grouping in between those in high and low categories. The ANOSIM of 

site salinity nested within season gave an R statistic of 0.743 showing that there was a 

high degree of separation in mosquito communities. Thus taking seasonal variation into 

account, there is clear separation between salinity categories. Pairwise comparisons 

indicated the greatest separation between high and low salinity categories with an R 

statistic of 0.969. Differences in the spread of points within each category are also 

apparent. Low salinity sites appear less tightly grouped than high and medium salinity 

sites, indicating that mosquito communities are more variable in their composition at 

low salinity sites, relative to high and medium sites. 

 

As a whole, this figure indicates that when seasonal variation is taken into account, 

salinity has a strong influence on the mosquito community composition in the samples, 

particularly between high and low salinity sites. The absolute strength of this influence 

is determined in the following analyses. 
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Figure 4-12: Non-metric multidimensional scaling (NMDS) plot of square root transformed mosquito community data based on a Bray-Curtis similarity matrix for 

seasonally averaged mosquito communities at each collection site. 
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4.3.4.4 Correspondence analysis and negative binomial regression 

The correspondence analysis biplot in Figure 4-13 shows a clear overlap between 

salinity and Ae. camptorhynchus abundance categories, indicating a strong association 

between the two variables. Negative binomial regression analysis confirmed this, 

indicating a strong positive correlation between the abundance of Ae. camptorhynchus 

and increasing salinity category (p<0.001). 

 

 

Figure 4-13: Correspondence analysis biplot comparing Ae. camptorhynchus abundance category 

and site salinity category. 

 

4.3.4.5 Generalised Estimating Equations modelling 

Salinity category, season and the interaction variable [salinity * season] were all 

significant using the GEE model (p<0.01) indicating that: (i) each variable individually 

is significantly associated with Ae. camptorhynchus abundance, and (ii) evaluating 

salinity and season together, these variables have a multiplicative effect on abundance. 

Ae. camptorhynchus 
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4.4 DISCUSSION 

4.4.1 Regional analysis 

The initial objective of this study was to provide the first detailed investigation of the 

mosquito fauna of inland south west WA and, in particular, to concentrate on the 

population dynamics of Ae. camptorhynchus. Over the study period, distinctly different 

population dynamics were observed in the more saline regions of Narrogin and 

Dumbleyung, compared with Williams and Kojonup. This difference was driven by the 

rapid proliferation of Ae. camptorhynchus following the first significant autumn rains in 

the Narrogin and Dumbleyung regions. The population of this species remained high 

until December when rainfall and relative humidity diminished and mosquito 

populations declined markedly, particularly in the highly saline regions. The 

implications of these population dynamics for RRV transmission are discussed further 

in Chapter 7. 

 

4.4.1.1 Autumn emergence and winter larval sampling 

The response of the mosquito population to a single large rainfall event on April 1 was 

monitored by intensive sampling in the following week. The population of Ae. 

camptorhynchus increased very rapidly during this period compared with other species, 

particularly in more saline regions. The increase was demonstrated most clearly in 

Narrogin where sampling on April 14 collected 3.5 Ae. camptorhynchus per trap per 

night and 1.8 of all other species combined. Eight days later 817.2 Ae. camptorhynchus 

were collected per trap per night, an increase of over 200 times, compared to collections 

of all other species which only increased six times (to 11 per trap per night). The 

development time for this cohort of mosquitoes from breeding site inundation through 

to a large population of host seeking adults was greater than 13, but less than 21 days. 

 

The population of Ae. camptorhynchus remained high over winter in saline areas. 

Populations of freshwater breeding species such as Ae. alboannulatus or Cx. australicus 

also increased during wetter months in all regions, but only to a small extent relative to 

Ae. camptorhynchus. Larval sampling also showed that breeding of freshwater species 

in saline regions was restricted to transient rain-filled depressions. Saline breeding sites 

continued to produce Ae. camptorhynchus almost exclusively throughout the year 

because rainfall was not sufficient to dilute hypersaline groundwater present at the 
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surface in waterlogged areas. The implications of these findings for RRV transmission 

are discussed in section 7.4.1. 

 

4.3.5 The influence of dryland salinity on mosquito  populations 

The final objective of this chapter was to test the hypothesis that the development of 

dryland salinity and waterlogging in inland south west WA has favoured Ae. 

camptorhynchus to the extent that it has now become the dominant species in saline-

affected regions. The results clearly indicate that dryland salinity has a strong influence 

on mosquito community structure and is significantly associated with the abundance of 

the recognised RRV vector species, Ae. camptorhynchus. The NMDS analysis 

demonstrated that mosquito community structure differed between salinity categories, 

and the influence of salinity was quite substantial after seasonal variation was taken into 

account. Correspondence analysis illustrated the strong correlation between salinity 

category and the abundance of Ae. camptorhynchus, and the significance of this 

association was confirmed by the negative binomial regression analyses. 

 

The GEE model supported these analyses by demonstrating that both salinity category 

and season variables significantly explained variance in Ae. camptorhynchus 

abundance. Interestingly, the interaction between salinity and season was also 

significant, indicating that these terms have a synergistic, non-additive effect. During 

the dry summer months, mosquito populations were very low, particularly at high 

salinity sites, whereas low salinity sites tended to afford more breeding habitat to 

freshwater species over summer. However, after rainfall, Ae. camptorhynchus 

abundance was elevated to a considerable degree at high salinity sites and to a lesser 

extent at medium salinity sites, but numbers remained low at low salinity sites 

regardless of season. 

 

4.5 CONCLUSIONS 

This study has examined mosquito population dynamics over 12 months in inland south 

west WA. It is clear that Ae. camptorhynchus proliferates very rapidly following rainfall 

and is the dominant mosquito species in regions affected by dryland salinity. However, 

based on the available evidence presented in Chapters 2 and 3, it does not appear that 

RRV disease incidence has been significantly elevated in these regions despite the 
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presence of significant populations of this vector species. One possible explanation is 

that mosquito numbers remain very low throughout summer and much of autumn, 

which may limit virus activity (discussed further in 7.4.1).  

 

Another possibility that must also be considered is the role of vertebrate hosts and 

population immunity, both of which play a very important function in driving RRV 

transmission cycles (see section 1.8.1.2). The Western Grey Kangaroo Macropus 

fuliginosus, which has been implicated as an vertebrate host in southern WA (Lindsay 

1995), is associated with heterogeneous habitat (mixed pastoral and vegetated land 

cover) in temperate regions (Cairns et al. 1991), and thus the abundance of such 

vertebrate hosts in semi-arid, relatively homogeneous saline regions may be lower. 

Opportunistically-feeding mosquitoes in these regions may therefore tend to feed 

predominantly on other more abundant but less competent hosts (such as sheep), further 

limiting potential for RRV transmission. The relative abundance of natural vertebrate 

hosts is explored further in section 5.1.2 of the following chapter, in which the origins 

of bloodmeals of engorged mosquitoes collected during this study are determined. 
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CHAPTER 5: MOSQUITO HOST FEEDING 

BEHAVIOUR 
 

5.1 INTRODUCTION 

Mosquito-host interactions are complex and influenced by a range of factors such as 

temperature, humidity, and visual and odour cues (Zwiebel and Takken 2004). Host 

feeding behaviour (synonyms: host selection, host feeding pattern) is defined as, "a 

pattern of feeding in nature, as shown by the relative frequency of blood of different 

types observed in specific bloodmeal samples from a mosquito population at a defined 

place (a locality or biotope) and period" (Boreham and Garrett-Jones 1973). This term is 

distinct from host feeding preference which is a “choice of a particular vertebrate host 

as a food source, rather than other species equally available" (Boreham and Garrett-

Jones 1973). Thus feeding behaviour is a function of feeding preference combined with 

host availability, density and irritability (Washino and Tempelis 1983).  

 

Host-feeding preference of mosquitoes is an important factor that contributes to 

vectorial capacity, and determining feeding preference allows links to be established 

between potential vector species and vertebrate hosts (Day 2005). Mosquito species that 

display a strong preference for particular species of vertebrate host and actively seek 

them out can greatly increase their involvement in disease transmission if the preferred 

bloodmeal source is an amplifying host.  For example in the United States the Culex 

(Culex) pipiens Linnaeus complex, Culex (Culex) restuans Theobold, and Culiseta 

(Climacura) melanura (Coquillett) feed primarily on avian hosts and contribute to 

enzootic West Nile Virus transmission. However, Culex (Culex) salinarius Coquillett is 

both ornithophilic and mammalophilic, and is thus an important bridge vector to 

humans (Apperson et al. 2004, Molaei et al. 2006). Other mosquito species breed in 

close contact with preferred hosts, the classic example being the effective adaptation of 

the dengue vector Ae. aegypti to feeding on humans in tropical urban environments 

(Harrington et al. 2001). However, many species do not have a significant host 

preference and are “opportunistic” (Edman et al. 1972), feeding on whatever vertebrate 

hosts are available. Opportunistic feeding may limit vectorial capacity, particularly in 
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circumstances where the abundance of amplifying hosts is low relative to dead end 

hosts (Day 2005). 

 

The simplest method to quantify host feeding preference is the forage ratio – the 

percentage of bloodmeals taken from a particular vertebrate host group or species 

divided by the percentage of the total host population comprised by that group or 

species (Hess et al. 1968). The difficulty with this method of course is that a survey of 

the relative abundance of vertebrate host groups in the mosquito’s habitat is required. In 

an attempt to overcome this, the feeding index was developed (Kay et al. 1979a). This is 

calculated by dividing the observed comparative proportion of bloodmeals taken from 

one host relative to another, by the expected proportion based on factors affecting 

blood-feeding behaviour. While this method has the advantage that a full animal survey 

is not required, its utility is still limited as factors affecting feeding are themselves 

difficult to objectively quantify and are often not well understood.  

 

To complicate matters further, intraspecies variation in host feeding preference also 

occurs. For example Cx. annulirostris feeds on a wide variety of hosts and is generally 

considered to be a opportunistic feeder (Kay et al. 1979b, Kay et al. 1985). However, 

variation between odour-mediated avian and mammalian host preferences has been 

demonstrated in two geographically isolated Cx. annulirostris populations in South 

Australia, indicating locally distinct behaviour (Williams et al. 2003). On a larger scale, 

geographical variation in responses to host karimones between Ae. aegypti populations 

from North Queensland, Australia; Florida, USA; Singapore; and Minas Gerais, Brazil 

has also been demonstrated (Williams et al. 2006). 

 

Determining host feeding behaviour (rather than preference) is more straightforward as 

it takes host relative abundance into account. It is also arguably more useful, as it 

reflects the ‘real world’ environment. For example, a mosquito species may exhibit a 

preference for a certain vertebrate host, however in a specific location that host may 

only be present in very small numbers. Thus the mosquito may adopt very different 

feeding behaviour and take the majority of bloodmeals from a more abundant host. 

 

Therefore this study will primarily consider host feeding behaviour, but extrapolations 

about host feeding preference are also made where information regarding host relative 

abundance in the study region is available. 
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5.1.1 Host feeding behaviour of Ae. camptorhynchus 

The host feeding behaviour of Ae. camptorhynchus was first investigated by Russell 

(1987a) who collected this species using chicken and guinea pig baited EVS traps. Ae. 

camptorhynchus were collected in over three times greater numbers in the guinea pig 

baited traps. Ae. camptorhynchus was also commonly collected using human bait in the 

hour before and after sunset and sunrise, and also during the day near larval breeding 

sites (Russell 1987a). This evidence indicates that Ae. camptorhynchus has a preference 

for feeding on mammalian over avian hosts, however it will feed on either. 

 

The host feeding behaviour of Ae. camptorhynchus in coastal regions of south-west WA 

is relatively well understood. Lindsay and Berlandier (Lindsay et al. 1998) used gel 

immunodiffusion methods to determine the bloodmeal source of 678 mosquitoes 

collected in the south coastal region of WA between 1988 and 1994. A total of 646 

bloodmeal sources were identified as described in Table 5-1. Interestingly, marked 

variation between seasons was observed among the three most commonly fed upon 

vertebrate host groups; bovine, equine and marsupial. In autumn, bovine were by far the 

most frequently fed upon group (~60%) but the opposite was observed in winter with 

the greatest percentage of bloodmeals reactive to marsupial antibodies (~30%). Feeding 

frequency was fairly even across the three groups in summer (~25% each) but in the 

critical spring months when RRV activity is typically initiated, bovine was again the 

most commonly fed upon group (~40%) and marsupial the least (~10%).  
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Table 5-1: Vertebrate host groups fed upon by Ae. camptorhynchus mosquitoes collection in south-

west coastal WA. (Adapted from Lindsay and Berlandier [Lindsay et al. 1998]). 

Vertebrate host group Number Percentage of total 

Bovine 250 38.7% 

Equine 165 25.5% 

Marsupial 126 19.5% 

Rabbit 30 4.6% 

Chicken 21 3.3% 

Sheep 18 2.8% 

Rattus sp. 10 1.5% 

Mouse 9 1.4% 

Swine 5 0.8% 

Dog 4 0.6% 

Human 4 0.6% 

Other avian sp. 4 0.6% 

Total 646 100% 

 

The bloodmeal source of a further 1116 Ae. camptorhynchus from the more urbanised 

Peel region, and the more rural Leschenault and Capel-Busselton regions in coastal 

south-west WA were tested using enzyme-linked immunosorbent assay (ELISA) 

(Johansen et al. 2005a). Overall, the most frequently fed on vertebrate host groups were 

marsupials (52.9%) followed by cattle (16.8%), sheep/goats (7.9%) and horses (4.5%). 

Significant differences in feeding frequency were observed between the urban and rural 

areas with dogs (p<0.001) and birds (p<0.05) more commonly fed upon in the urban 

region and marsupials (p<0.001) and horses (p<0.05) in the rural regions (Johansen et 

al. 2005a). While the relative abundance of vertebrate host groups in the study regions 

was not evaluated, the authors speculated that these differences in feeding behaviour 

reflected host availability, indicating that Ae. camptorhynchus is mainly an 

opportunistic mammalian feeder. 

 

5.1.2 Relative mammal abundance in the study region  

A full vertebrate abundance survey was not carried out at each site where mosquitoes 

were collected during this study. However, preliminary mammal surveys have been 

undertaken at several sites within the study region and are considered in conjunction 
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with existing information on mammal populations in the region. Avian populations are 

not discussed due to the aversion of Ae. camptorhynchus to feeding on birds (Russell 

1987a), and avian species are not considered to play a role in RRV transmission 

(Russell 2002). 

 

5.1.2.1 Native marsupials 

Marsupials, and macropods in particular, are implicated as the most important 

vertebrate host group in RRV transmission (see section 1.8.1.2). In WA the western 

grey kangaroo (Macropus fuliginosus) is considered to be an important amplifying host 

(Lindsay 1995). This is the only kangaroo species common in the study region. The 

euro wallaroo (M. robustus) is common in the northern wheatbelt but not further south. 

It may be present in northern parts of the study region in low numbers at the extent of 

its range. The role of M. robustus as a host of RRV in unknown. All other native 

marsupials have become extremely rare or extinct as a result of extensive land clearing 

throughout the region. In contrast, M. fuliginosus has increased in numbers and possibly 

range as a result of agricultural development, while M. robustus populations have 

remained essentially unchanged (Calaby and Grigg 1989, Arnold 1990). 

 

A study of kangaroo faecal pellets in a section of the central wheatbelt 200km east of 

Perth (50km north of the region of interest in the present study (Figure 2-1)) found that 

both species of kangaroo are restricted to a small home range around patches of remnant 

native vegetation >1ha (Arnold et al. 1995). However, only 58.6% of the residual native 

vegetation in the study region was occupied by kangaroos. Pellet density within a 

remnant vegetation patch was associated with increasing distance of that patch from 

human habitation (Arnold et al. 1995). Overall, regional kangaroo density was 

associated with the amount of residual remnant vegetation present. Areas with 1.5 to 6 

percent native vegetation remaining had a kangaroo density of 0.03 per hectare, 

increasing to 0.06 per hectare in areas with greater than 6 percent remnant vegetation. 

One large 1,100 hectare remnant patch had kangaroo density of 0.11 per hectare 

(Arnold 1990).  

 

Aerial surveys in 1981 indicated a mean density of 0.0047 M. fuliginosus per hectare 

over the area approximately equivalent to the region of interest in the present study 

outlined in Figure 2-1 (Short et al. 1983). However, more recent research indicates that 

figures from these aerial surveys of M. fuliginosus need to be multiplied by at least 1.5 
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to increase the accuracy of correction factors to account for differential visibility in 

various vegetation types that were originally derived from surveys of red kangaroos (M. 

rufus) (Cairns 1999). Winter rainfall was found to be the most important factor 

influencing M. fuliginosus distribution. This species gives birth between October and 

February and the young remain in the pouch for 9-12 months. Therefore the major 

lactational stress occurs during late winter to early summer when green feed is most 

abundant. The aerial survey also revealed M. fuliginosus tended to favour a 

heterogeneous habitat, for example a mix of intensive grazing and native remnant 

vegetation (Short et al. 1983), supporting field observations of this species in Victoria 

(Coulson 1993).  

 

A longitudinal study of a mob of M. fuliginosus in a 300ha patch of remnant wandoo 

woodland 80km east of Perth found population numbers to be relatively stable at around 

200 individuals, primarily due to high juvenile mortality (approximately 70% in the first 

year out of the pouch) (Arnold et al. 1991). A cull reduced the population to 95 and it 

took six years to increase to 158 at an annual average annual exponential growth rate of 

0.17, lower than the growth rate of 0.37 observed in semi-arid areas in eastern Australia 

following drought (Bayliss 1987). Population growth rate is important of course as only 

non-immune individuals, primarily the previously unexposed young, play a role in RRV 

transmission.  

 

The wheatbelt M. fuliginosus population was relatively sedentary. Radio tracking of 6 

individuals indicated a small home range of 39 to 70ha (Arnold et al. 1992) within the 

woodland, and individuals rarely moved more than 400m from the woodland to feed on 

adjacent farmland (Arnold et al. 1989). Emigration rates of this population were low, 

with only 10 of 410 tagged individuals moving to nearby remnant vegetation patches 

during the 8 year study period, the most distant moving 10km away (Arnold et al. 

1991). 

 

Similar investigations were carried out on M. robustus populations 200km east of Perth. 

This species was also found to be largely sedentary with a relatively small home range 

of 50 to 200 ha from which individuals occasionally ventured to graze on adjacent 

farmland or move to nearby remnant patches. A maximum dispersal distance of 18km 

was observed for a young male. Mean density in remnant vegetation patches in the 

study region ranged between 0.03 and 0.18 per hectare (Arnold et al. 1993). A 
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population of M. robustus in a nearby nature reserve of 1196ha of remnant native 

vegetation did not exhibit a seasonal reproductive pattern, with births occurring year 

round at intervals between 239 and 483 days. The population size remained stable at 

approximately 100 over three years (Arnold et al. 1994). 

 

As indicated, these studies were carried out on kangaroo populations just north of the 

region of interest in this study however the data relating to M. fuliginosus are 

generalisable to agricultural landscapes across its range (Arnold et al. 1995), including 

the region of interest in this study. The range of M. robustus extends only into the 

northern part of the study region and it is unlikely to have been present at any of the 

sites where mosquitoes were trapped. 

 

5.1.2.2 Livestock 

Sheep farming is the primary livestock industry in the study region and consequently 

sheep are the most abundant large size mammal. Table 5-2 displays regional sheep flock 

compared to cattle numbers in the Wheatbelt and Great Southern for 2003/04  

(Department of Local Government and Regional Development 2006a, b). Given that 

livestock grazing is more intensive further south where annual rainfall is higher, the 

number of sheep and cattle per km2 in the study region would be between the values for 

the Wheatbelt and Great Southern, but probably closer to the latter. Thus the estimated 

total number of sheep and cattle in the study region to the nearest significant figure is 8 

million and 300,000 respectively (Table 5-2). 

 

Table 5-2: Number of sheep and cattle in the Wheatbelt and Great Southern, 2003/04  (Adapted 

from: Department of Local Government and Regional Development 2006a, b) and estimated 

numbers in the study region. 

 

 

 

 

 

 

  Sheep Cattle 
Wheatbelt Total 12,800,000 271,067 

Area: 155,256 km2 Total/km2 82.44 1.75 
Great Southern Total 6,100,000 223,435 
Area: 39,007 km2 Total/km2 156.38 5.73 

Study region Estimated total/km2 130 4.5 
Area: 63,168 km2 Estimated total 8,211,840 284,256 
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5.1.2.3 Preliminary mammal community survey 

Preliminary surveys of mammal communities within the study region were undertaken 

in spring 2006 (Carver S, unpublished data). Elliot traps were used to survey small-

bodied mammals within remnant vegetation patches and transect surveys were used to 

survey medium and large bodied mammals both within the remnant vegetation patches 

and immediately adjacent farmland. The species with the greatest density was the house 

mouse (Mus musculus), trapped at a density of 9 per hectare. Sheep (Ovis aries) density 

was observed to be 1.5 per hectare and western grey kangaroos (M. fuliginosus) were 

present at 0.2 per hectare. All other mammal species surveyed were observed 

infrequently at <0.05 per hectare. These included rabbits (Oryctolagus cuniculus), goats 

(Capra hircus), horses (Equus caballus), pigs (Sus scrofa) and foxes (Vulpes vulpes) 

(Carver S, unpublished data). 

 

The fact that these surveys were concentrated in areas of remnant native vegetation and 

immediately adjacent farmland only, would most likely overestimate observations of 

marsupials and underestimate observation of livestock across the landscape. Based on 

the discussion in sections 5.1.2.1 and 5.1.2.2, over the whole study region, sheep are 

likely to be significantly more numerous than observed here and the mammal species 

with the greatest density. 

 

5.2 MATERIALS AND METHODS  

The bloodmeal origin of all 224 blood engorged mosquitoes collected during the study 

described in Chapter 4 was determined in a double-antibody enzyme-linked 

immunosorbent assay (ELISA) adapted from Blackwell (1994) by the Arbovirus 

Research and Surveillance Laboratory, The University of Western Australia (Johansen 

et al. 2005a). 
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5.2.1 Reagents 

The laboratory reagents used in this chapter are shown in Table 5-3. 

Table 5-3: Laboratory reagents used in the enzyme immunoassay. 

Reagent Manufacturer 

2,2 – azino-bis (3-ethyl-thiazoline-6-

sulfonic acid) (ABTS) 

Sigma-Alrdrich, St. Louis, Missouri, 

USA 

Casein APS Ajax FineChem, Auburn, New 

South Wales, Australia 

Citric acid Sigma-Alrdrich 

Di-sodium hydrogen orthophosphate 

(Na2HPO4) 

British Drug House (BDH), Kilsyth, 

Victoria, Australia. 

Horse radish peroxidase conjugated 

antibodies 

Dako, Botany, New South Wales, 

Australia 

Ethylenediaminetetra-acetic acid 

(EDTA) di-sodium salt 

BDH 

Foetal bovine serum (FBS) Invitrogen, Mount Waverley, Victoria, 

Australia 

Hydrogen peroxide BDH 

Polyoxyethylene sorbitan monolaurate 

(Tween 20) 

Sigma-Alrdrich 

Potassium chloride (KCl) BDH 

Potassium dihydrogen orthophosphate 

(KH2PO4) 

BDH 

Primary antibodies MP Biomedicals, Seven Hills, New 

South Wales, Australia 

Sodium carbonate (Na2CO3) BDH 

Sodium chloride (NaCl) BDH 

Sodium hydrogen carbonate (NaHCO3) APS Ajax FineChem 

Tris Invitrogen 
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5.2.2 Solutions 

All solutions and buffers were made with type 1 reagent grade water and were stored at 

room temperature unless otherwise indicated. Where appropriate, the pH of solutions 

was adjusted using 5M HCl or 5M NaOH (Table 5-4). 

Table 5-4: Laboratory solutions and buffers used in the enzyme immunoassay. 

10x Phosphate buffered saline (PBS) 

 NaCl   80 g/L 

 KCl   2 g/L 

 Na2HPO4  9.1 g/L 

 KH2PO4  1.2 g/L 

The solution was made up with double distilled H2O, autoclaved and stored at 4ºC. To 

obtain a working concentration, the stock was diluted 1/10 and adjusted to pH 7.5. 

 

10x Wash buffer 

NaCl   80 g/L 

 KCl   2 g/L 

 Na2HPO4  11.5 g/L 

 KH2PO4  2 g/L 

 Tween 20  0.5% (v/v) 

The solution was made up with double distilled H2O, then diluted 1/10 and adjusted to 

pH 7.2 to obtain a working concentration. 

 

Coating buffer. 

NaHCO3  2.92 g/L 

 NaCO3   1.50 g/L 

The solution was made up with double distilled H2O, adjusted to pH 9.6 and stored at 

4ºC. 

 

Blocking buffer  

Casein stock  100 mL 

 10x TEN  100 mL 

 Tween 20  0.5 mL 

The solution was made up to 1L with double distilled H2O, then adjusted to pH 8.0 and 

stored at 4ºC. 
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Table 5-4 continued… 

 

10x TEN stock 

 Tris   60.5 g/L 

 EDTA   3.72 g/L 

 NaCl   87.66 g/L 

The solution was made up with double distilled H2O, stored at 4ºC, then diluted 1/10 to 

obtain the working concentration. 

 

Casein stock 

 Casein   20 g/L 

The casein was dissolved overnight at 4ºC on an automatic stirrer, then aliquoted into 

50mL volumes and stored at -20ºC. 

 

Substrate buffer 

 Phosphate solution: Na2HPO4  28.4 g/L 

 Citrate solution: Citric acid  21.0 g/L 

The phosphate and citrate solutions were made up with double distilled H2O. The 

substrate buffer was produced by adding citrate solution to the phosphate solution until 

a pH of 4.2 was reached. 

 

2,2 – azino-bis (3-ethyl-thiazoline-6-sulfonic acid) (ABTS) solution 

 ABTS    0.28 g in 10 mL double distilled H2O 

The solution was stored in the dark at room temperature. ABTS is potentially harmful; 
latex gloves and safety glasses were worn during handling. 
 

Hydrogen peroxide solution 

H2O2   126 µL in 10 mL double distilled H2O 

 

ABTS substrate solution  

ABTS solution 200 µL 

H2O2 solution  200 µL 

Substrate buffer  10 mL 

Solutions combined and used immediately. 
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5.2.3 Laboratory protocol 

After identification to species, individual blood fed mosquitoes were placed in 1.5ml 

eppendorf tubes and stored at -20ºC prior to homogenisation. 

 

5.2.3.1 Homogenisation 

To homogenise samples, 100 µL of PBS was added to each tube containing a blood- 

engorged mosquito abdomen. Blood fed and negative control mosquitoes were 

macerated with a pestle homogeniser (Kontes Glass Co., Vineland, NJ, USA). Samples 

were then centrifuged at 13,000 rpm for 1 minute to pellet the mosquito debris and then 

stored at -20ºC prior to testing in the ELISA. 

 

5.2.3.2 Bloodmeal ELISA 

Ten polyvinyl chloride (PVC) 96 well U-bottomed plates (Dynatech Laboratories, 

Chantilly, VA, USA) were labelled as follows: 1 = bovine, 2 = sheep/goat, 3 = porcine, 

4 = marsupial, 5 = horse, 6 = human, 7 = cat, 8 = dog, 9 = rabbit, 10 = bird. 

Homogenised bloodmeals were then diluted 1/1,600 in coating buffer and 50 µL were 

added to duplicate wells on each plate. The following was then added to columns 10 

and 11: 50 µL of coating buffer to duplicate wells; 50 µL of control (non-blood fed 

mosquito) homogenate prepared and diluted as for test samples to duplicate wells;        

50 µL positive control serum diluted 1/320,000 to four wells; and 50 µL negative 

control serum diluted 1/320,000 to four wells (Figure 5-1). Homologous sera were used 

as positive controls. Bovine serum was used as the negative control on plates 2, 4, 5, 6, 

7, 8 and 9, sheep/goat serum was used as the negative control on plates 1 and 10, and 

horse serum was used as the negative control on plate 3. 
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Row      2 3 4 5 6 7 8 9 10 11 

B 
50 µL diluted 

1/1,600 sample 1 
50 µL diluted 

1/1,600 sample 7 
50 µL diluted 

1/1,600 sample 13 
50 µL diluted 

1/1,600 sample 19 
50 µL coating 

buffer 

C 50 µL diluted 
1/1,600 sample 2 

50 µL diluted 
1/1,600 sample 8 

50 µL diluted 
1/1,600 sample 14 

50 µL diluted 
1/1,600 sample 20 

50 µL non-BF 
homogenate 

D 50 µL diluted 
1/1,600 sample 3 

50 µL diluted 
1/1,600 sample 9 

50 µL diluted 
1/1,600 sample 15 

50 µL diluted 
1/1,600 sample 21 

50 µL positive 
control serum 

E 50 µL diluted 
1/1,600 sample 4 

50 µL diluted 
1/1,600 sample 10 

50 µL diluted 
1/1,600 sample 16 

50 µL diluted 
1/1,600 sample 22 

diluted 
1/320,000 

F 50 µL diluted 
1/1,600 sample 5 

50 µL diluted 
1/1,600 sample 11 

50 µL diluted 
1/1,600 sample 17 

50 µL diluted 
1/1,600 sample 23 

50 µL negative 
control serum 

G 50 µL diluted 
1/1,600 sample 6 

50 µL diluted 
1/1,600 sample 12 

50 µL diluted 
1/1,600 sample 18 

50 µL diluted 
1/1,600 sample 24 

diluted 
1/320,000 

Figure 5-1: Schematic diagram illustrating plan for coating plates for bloodmeal ELISA 

 

The coated plates were left overnight at 4ºC, emptied out the next morning and washed 

twice with wash buffer. The plates were then blocked for 30 to 180 minutes with 100 

µL blocking buffer and emptied out again. Fifty µL of primary antibody was added per 

well, diluted in blocking buffer for each plate as shown in Table 5-3, and the plates were 

left for 1 hr at room temperature. 

 

Table 5-5: Dilutions of primary antibody in blocking buffer used in the ELISA 

Plate 1º antibody Dilution 

1 Bovine Rabbit anti-bovine 1/1000 

2 Sheep/goat Rabbit anti-sheep 1/1000 

3 Pig Rabbit-anti pig 1/8000 

4 Marsupial Rabbit anti-marsupial 1/8000 

5 Horse Goat anti-horse 1/4000 

6 Human Goat anti-human 1/2000 

7 Cat Goat anti-cat 1/1000 

8 Dog Goat anti-dog 1/3000 

9 Rabbit Goat anti-rabbit 1/1000 

10 Bird Rabbit anti-chicken 1/4000 

 

The plates were then tipped out and washed 4 times with EWB to remove excess 

antibody. Fifty µL of goat anti-rabbit horse-radish peroxidase conjugated antibody 

diluted 1/10,000 in blocking buffer was added per well to plates 1, 2, 3, 4 and 10 and 

the same volume of donkey anti-goat horse-radish peroxidase conjugated antibody 

diluted 1/4,000 in blocking buffer was added per well to plates 5,6,7,8 and 9. Plates 

Column 
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were then incubated for 1 hour at room temperature, tipped out and washed 6 times with 

EWB to remove excess conjugated antibody. One hundred µL of ABTS substrate 

solution was added to all test and control wells and column 1 on each plate to obtain the 

colour reaction. Finally, plates were incubated for 1 hour at room temperature, then read 

at 415nm and 490nm on a Microplate reader 3550 (BioRad, Hercules, CA, USA). 

Samples with a mean optical density greater than or equal to 2 times the mean of the 

negative serum controls were recorded as positive. 

 

Figure 5-2 provides an example of the plate layout and demonstrates how they were 

read. Given that goat anti-rabbit HRPO secondary antibody was used on plates 1, 2, 3, 

4, and 10, any rabbit sera also reacted on these plates. Similarly sheep/goat sera also 

reacted on plates 5, 6, 7, 8, and 9. Thus on the plates in Figure 5-2 there were no bovine, 

porcine, human, cat, or avian bloodmeals. Samples 4, 18, 20 and 23 were of sheep/goat 

origin, sample 3 horse, sample 5 dog, samples 6, 7 and 10-16 were marsupial and the 

remainder were negative. 

 

 

Figure 5-2: Example of plates showing colour reaction after completion of ELISA. 
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5.2.4 Cross-reactivity 

The marsupial assay is broadly cross-reactive for a range of marsupials including 

kangaroos, wallabies, quokkas and possums. The bird assay is also broadly cross-

reactive for all avian species. The dog assay also detects fox and dingo sera, and the 

horse assay also detects donkey sera (Johansen et al. 2005a). The primary antibodies 

were pre-adsorbed with animal sera to reduce minor cross-reactions with other species 

in the ELISA by mixing well and leaving overnight at 4ºC prior to use (Table 5-4). 

 

Table 5-6: Preadsorbtion of primary antibodies used in the ELISA. 

1º antibody (10 µL) Animal sera (1 µL) 

Rabbit anti-bovine Sheep, pig, horse, human and cat 

Rabbit anti-sheep Bovine, horse, human, pig, and cat 

Rabbit-anti pig Bovine, horse, human cat, dog and mouse 

Rabbit anti-marsupial Pig 

Goat anti-horse Bovine, cat, dog and rabbit 

Goat anti-human Bovine, horse, pig , cat and dog 

Goat anti-cat Dog and pig 

Goat anti-dog Human, cat , pig rabbit and marsupial 

Goat anti-rabbit Bovine, hose, cat and pig 

Goat anti-chicken Bovine, sheep, pig, human and dog 

 

5.2.5 Statistical analysis 

Chi-square tests were used to investigate differences in host-feeding behaviour by 

season, collection region and site salinity category. Differences were considered 

significant when p<0.05. 

 

5.3 RESULTS 

The ELISA was able to detect the bloodmeal source of 84% of the 224 engorged 

mosquitoes (Table 5-7). One sample from Ae. camptorhynchus was cross reactive 

indicating it contained both sheep or goat, and marsupial blood. Ae. camptorhynchus 

was the only species for which enough engorged mosquitoes were collected and tested 

to  allow for meaningful analysis. Bloodmeals from the small number of other mosquito 

species showed evidence of either sheep/goat or marsupial origin only, except for one 
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Ae. alboannulatus that reacted to dog antibodies and two Culex (Culex) globocoxitus 

Dobrotworsky samples that reacted to bird antibodies (Table 5-7). 

 

5.3.1 Host feeding behaviour of Ae. camptorhynchus 

The two vertebrate host groups upon which Ae. camptorhynchus fed most frequently 

were sheep/goats (47.8%) and marsupials (29.0%) (Table 5-7 and Figure 5-3). Host 

feeding behaviour of Ae. camptorhynchus is presented by season (Figure 5-4), study 

region (Figure 5-5) and site salinity category (Figure 5-6).  

 

There was a significant seasonal variation in the percentage of bloodmeals taken by Ae. 

camptorhynchus from marsupials (p<0.001), and sheep/goats (p<0.01). Marsupials were 

most likely to be fed on during autumn, providing the source of 43% of bloodmeals. 

This dropped to 15% or less during the other seasons. The opposite pattern was 

observed for sheep/goats from which over 50% of bloodmeals were taken during each 

season except autumn. 

 

Sheep/goats (p<0.01) and marsupials (p<0.001) were also the only vertebrate host 

groups to differ significantly in Ae. camptorhynchus feeding frequency across study 

regions. Evidence of bloodmeals from marsupials was most frequent in mosquitoes 

collected from the two southern most study regions of Dumbleyung and Kojonup, in 

contrast to the northern study regions of Narrogin and Williams where sheep/goats were 

most commonly fed upon. 

 

Only two blood fed mosquitoes were collected in low salinity trap sites so this category 

was excluded from the analysis. There was no statistically significant difference in 

bloodmeal source between high and medium salinity collection sites for any of the 

vertebrate host groups. 

 



  

 

145 

Table 5-7: Vertebrate host groups fed upon by all mosquito species collected in inland south-west WA. 

 

 Vertebrate host group 

Mosquito species Cow 
Sheep/
Goat Pig Marsupial Horse Human Cat Dog Rabbit Bird Negative 

Cross 
reactive Total 

Ae alboannulatus  9  4    1   7  21 
Ae bancroftianus  1           1 

Ae camptorhynchus 2 89  54 4 1 1  5  29 1 186 
Ae macintoshi    1       1  2 

Ae ratcliffei    1         1 
Ae sagax  3  1         4 

An annulipes s.l.  1         1  2 
Cq sp nr linealis  1  3         4 
Cx australicus  1           1 

Cx globocoxitus          2   2 
Total 2 105 0 64 4 1 1 1 5 2 38 1 224 
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Figure 5-3: Vertebrate host groups fed upon by Ae. camptorhynchus mosquitoes collected in inland south-west WA, 2004-2005. 
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Figure 5-4: Relative feeding frequency of Ae. camptorhynchus on different vertebrate host groups by season in inland south west WA, 2004-2005. Asterisk indicates 

statistically significant difference across seasons. 
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Figure 5-5: Relative feeding frequency of Ae. camptorhynchus on different vertebrate host groups by region in inland south west WA, 2004-2005. Asterisk indicates 

statistically significant difference across regions. 
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Figure 5-6: Relative feeding frequency of Ae. camptorhynchus on different vertebrate host groups by site salinity category in inland south west WA, 2004-2005. 
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5.4 DISCUSSION 

A high proportion of bloodmeals were identified using this assay. Overall, three 

quarters of samples showed evidence of feeding on two vertebrate host groups, 

sheep/goats and marsupials. The feeding source of a further 17% of engorged 

mosquitoes could not be determined. Possible reasons why the negative samples did not 

produce a reaction include the quantity of blood being insufficient or too digested, or 

they contained blood from a vertebrate host group not tested. The remaining 7.5% of 

samples came from either cattle, horses, humans, cats, dogs, rabbits or birds. The low 

proportion of human bloodmeals is not surprising given the location of trap placements 

away from human habitation.  

 

5.4.1 Feeding behaviour of Ae. camptorhynchus 

Ae. camptorhynchus comprised 83% of the engorged mosquitoes tested, thereby 

allowing the feeding behaviour of this species in inland south west WA to be 

investigated. Host feeding preferences of Ae. camptorhynchus cannot be determined 

with certainly in the current study as a full census of vertebrate numbers at each trap site 

was not undertaken. However, based on existing records of the relative abundance of 

mammals in the study region (section 5.1.2), it appears that Ae. camptorhynchus 

displays opportunistic feeding behaviour and that feeding frequency is a function of 

mammal abundance 

 

Consistent with the findings of Russell (1987a), Ae. camptorhynchus targeted 

mammalian over avian hosts. In fact, no evidence of Ae. camptorhynchus feeding on 

birds was detected in the current study. The proportion of feeding on marsupial hosts is 

similar to those reported in previous studies of Ae. camptorhynchus host feeding 

behaviour in coastal regions in south west WA (Lindsay et al. 1998, Johansen et al. 

2005a). The main difference in comparison to the previous studies is the high 

proportion of feeding on sheep and the low proportion feeding on cattle observed in this 

study. Dairy and beef farming is more common in areas with higher average annual 

rainfall closer to the coast. In the South West region (region illustrated in Figure 2-1), 

average cattle and sheep densities in 2003/04 were 20.58 and 54.17 per km2 

(Department of Local Government and Regional Development 2006c).  The variation in 

feeding behaviour observed in this study compared to those from coastal regions of the 
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south west is therefore not unexpected given the different relative densities of sheep and 

cattle present (Table 5-2).  

 

The significant variation in feeding behaviour across seasons and study regions may 

also reflect changes in vertebrate host abundance. For example feeding on marsupials 

may become more frequent as the marsupial population increases. However, this cannot 

be confirmed as data on vertebrate host populations on such a scale are not available. 

 

A limitation of this study was that the vertebrate hosts were divided into relatively 

broad classifications. For example, it was not possible to determine whether the 

marsupial blood meals came from M. fuliginosus or M. robustus, or some other 

marsupial species. However, the relative abundance of marsupials in the study regions 

suggests that these larger species would be the most likely feeding source. The 

proportion of engorged mosquitoes for which the bloodmeal origin could not be 

determined (17%) is relatively large. However, this study was intended as a preliminary 

investigation to capture the broadest possible range of potential feeding sources, and it 

is anticipated that future investigations may use this information to narrow the focus to 

specific species of interest. 

 

5.5 CONCLUSIONS 

There was no association between Ae. camptorhynchus feeding behaviour and salinity 

category. However, it clearly feeds readily on marsupials in the study region (Figure 

5-3) and the only marsupial present in significant numbers is M. fuliginosus. This 

species is thought to be the primary amplifying vertebrate host of RRV in WA. The 

implications of host-feeding behaviour of Ae. camptorhynchus for RRV transmission 

are complex and are considered in relation to experimental data from other chapters in 

the general discussion (section 7.4.2) 
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CHAPTER 6: DISPERSAL OF AE. 

CAMPTORHYNCHUS IN INLAND SOUTH-

WEST WA 
 

6.1 INTRODUCTION 

In an ecological context, dispersal is defined as ‘outward spreading of organisms from 

their point of origin’ (Lincoln et al. 1998). Determining the range that mosquitoes can 

disperse has ecological, biological and public health significance; specifically it 

provides valuable information for disease vector species as this allows clearer 

identification of human populations at risk within the dispersal range of disease vectors 

from breeding sites. 

 

Mosquito dispersal can be active or passive. Active forms of mosquito dispersal are 

self-propelled and result in specific outcomes; such as for mating, host seeking, 

oviposition, and harbourage seeking. Passive dispersal is assisted movement which is 

generally unidirectional, does not involve specific outcomes and is often involuntary 

(Service 1997). Active and passive mosquito movements have been termed appentential 

and nonappentential (Provost 1953) or migratory and trivial (Johnson 1960). Passive 

dispersal can occur over large distances via human assisted transport, potentially 

increasing the global range of disease vectors (Tatem et al. 2006). To give two 

examples:  

• Russell (1987b) demonstrated that mosquitoes can survive in the wheel bays of 

international passenger aircraft travelling long distances between temperate 

(Sydney and Melbourne) and tropical (Bangkok and Singapore) airports, and a 

case of ‘airport malaria’ has been documented in Cairns, Australia that is 

thought to have been acquired from a mosquito imported on aircraft (Jenkin et 

al. 1997) 

• used tyre shipments have largely been responsible for the global spread of the 

container breeding species Ae. albopictus (Reiter 1998).  
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Wind, another form of passive transport, has a complex effect on insect dispersal (Drake 

and Farrow 1988). At the surface level wind can carry CO2 plumes and other attractants 

stimulating host seeking activity, however high wind speeds can inhibit active flights. In 

addition, mosquitoes can ascend above the surface layer into the ‘planetary boundary 

layer’ and potentially be carried over very long distances (Service 1980). This is 

illustrated effectively by dispersal studies of Cx. annulirostris. Initial observations of 

this species revealed that adults could disperse at least 7km (the furthest distance at 

which traps were placed) from an isolated breeding habitat (Russell 1986). Two 

subsequent mark-release-recapture studies were undertaken, the first determined an 

average dispersal distance of 6.8 km and a maximum of 8.7 km (O'Donnell et al. 1992); 

and the second determined an average dispersal distance of 4.4 km and a maximum of 

12 km (also the furthest limit of the trapping network (Bryan et al. 1992)). Kay and 

Farrow (2000) collected Cx. annulirostris at altitudes between 50 and 230 m using 

aerial kite traps at localities in inland New South Wales and calculated potential 

dispersal distances of various samples to be generally in the order of 100 to 200 km,  up 

to a maximum of 594 km, based on wind speed at the altitude of collection and possible 

time spent airborne, assuming the flight began at dusk.  However, the authors also 

recognise that low relative humidity at altitude may limit mosquito survival and it is not 

known if mosquitoes transported over such distances in upper air currents actually 

arrive alive. 

 

As discussed in section 1.4.1, strong circumstantial evidence suggests that JEV activity 

in the Torres Strait since 1995 and northern Queensland since 1999 may have been 

initiated by infected Cx. annulirostris carried from Papua New Guinea by winds 

generated in large scale low pressure systems (Ritchie and Rochester 2001). Obtaining 

direct evidence that this occurs has proved to be difficult (Johansen et al. 2003) 

however studies of gene flow between populations of Cx. annulirostris and Culex 

(Culex) palpalis Taylor separated by hundreds of kilometres in Papua New Guinea and 

northern Australia suggest frequent widespread dispersal between the regions (Beebe et 

al. 2002, Chapman et al. 2003).   

 

Mosquito dispersal is highly variable between species. Container breeding species 

generally only travel very short distances as they are adapted to urban environments 

where blood meal sources and breeding sites are in close proximity. For example a 

study of Ae. albopictus dispersal found over 80% travelled less than 100m and the 
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maximum recorded distance was 525m (Niebylski and Craig 1994). Similarly two 

separate studies showed the average dispersal distance of Ae. aegypti to be 30.5m under 

hot and dry conditions in Mexico (Ordonez-Gonzalez et al. 2001) and 78m in tropical 

conditions in Cairns, Australia (Russell et al. 2005). However, greater dispersal 

distances were demonstrated for both species in Rio de Janeiro, Brazil in a study which 

found each could disperse at least 800m within 6 days under hot and humid conditions 

(Honorio et al. 2003). 

 

In contrast, salt marsh breeding species such as Ae. vigilax and Aedes (Ochlerotatus) 

taeniorhynchus Wiedemann can disperse large distances, so large in fact that direct 

evidence from mark-release-recapture studies is difficult to obtain due to the 

exponentially diminishing potential for recapture with increasing distance from the 

release point. However, indirect evidence of the dispersal capability of these species has 

been demonstrated in genetic studies of Ae. vigilax in Queensland (Chapman et al. 

1999) and collections of Ae. taeniorhynchus in light traps on unmanned oil rigs up to 

106 km off the coast in the Gulf of Mexico (Sparks et al. 1986). Dispersal studies have 

been undertaken on many other mosquito species and have been extensively reviewed 

by Service (1993b, 1997). 

 

6.1.1  Dispersal of Ae. camptorhynchus 

The dispersal of Australian disease vector mosquitoes such as Cx. annulirostris and Ae. 

vigilax are quite well understood. However, until recently, dispersal of Ae. 

camptorhynchus had not been studied. As discussed in section 1.8.3, this species has 

recently increased in distribution and become established in New Zealand. First detected 

in the port city of Napier in 1998, it is likely that adults or larvae were carried by ship or 

aircraft from Australia (Hearnden 1999). Evidence of non-human assisted dispersal of 

this species was demonstrated in a study of RRV disease in the Peel region of south 

west WA where Ae. camptorhynchus is the primary RRV vector: it was demonstrated 

that 64% of human cases of RRV disease lived within 1km of potential larval habitat 

and 99% within 3km (Lindsay et al. 1998). A mention in the literature of wind dispersal 

up to 363km (Kelly-Hope et al. 2002) is a misinterpretation of the original source that 

stated that Ae. camptorhynchus has been found breeding readily in brackish waters 363 

km from the coast in Victoria (Lee et al. 1984).  
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Recently two studies on Ae. camptorhynchus dispersal using mark-release-recapture 

methods have been carried out in south west WA. The first was undertaken in Capel, a 

RRV endemic, rural locality 200km south of Perth in October 2004 (Gordon 2006, 

personal communication) during which 20500 marked mosquitoes were released. Of 

those released, 1.45% were recaptured over the following 20 days out to a maximum 

distance of 3km, with 94% of recaptures collected within 1km of the release point.  

 

Ae. camptorhynchus dispersal was also studied in an urban area of Perth in October 

2005 (Robertson 2006). Approximately 20000 marked mosquitoes were also released 

and a high percentage (17.0%) were recaptured. Recaptures were made at 0.8km on the 

first night of trapping, 1.5km on night two, 3km on night three and the most distant 

recapture was 6km (limit of the trapping network) from the release point on night five. 

Recaptures continued for 32 days however the study was ended prematurely and it is 

possible that recaptures would have continued to be collected after 32 days (Robertson 

2006). Again the majority of marked mosquitoes did not travel far with 95.9% of 

recaptures collected within 400m of the release point.  

 

Mosquito dispersal is determined by inherent species characteristics, but can also be 

strongly influenced by environmental variables such as openness of terrain and 

vertebrate host density. It is therefore somewhat surprising that similar dispersal 

distances and rates were observed in an urban and rural environment. However, the 

rural environment was mostly forested and may have afforded a similar amount of 

harbourage to the urban environment. It is possible that mosquito dispersal will be 

greater in a largely deforested, salinised environment. 

 

6.1.2 Aims of the current study 

The aims of this study were to: 

• build on the previous information that has been recently collected regarding the 

dispersal of Ae. camptorhynchus by conducting a similar study in an extensively 

cleared, salinity affected, agricultural environment.; and 

• consider the implications of the results on local RRV transmission potential and 

mosquito control activities 
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6.2 MATERIALS AND METHODS  

Many techniques can be used to study insect dispersal which have been extensively 

reviewed by Reynolds (2006), and techniques specifically relating to mosquitoes by 

Service (1993b). The mark-release-recapture method was selected, using a powdered 

pigment that fluoresced under ultraviolet light as the marking agent (HCA Colours 

Australia, Kingsgrove, NSW). This type of marking agent has been used successfully in 

many previous mosquito dispersal studies since Darling (1925) (Rawlings et al. 1981, 

Hii and Vun 1985, O'Donnell et al. 1992, Tietze et al. 2003). It provides a durable, 

easily recognisable mark and when applied in appropriate quantities, does not impact on 

survival or behaviour  (Watson et al. 2000, Hagler and Jackson 2001). This method was 

also used in the two previous Ae. camptorhynchus dispersal studies (Robertson 2006, C 

Gordon, personal communication) and every effort was made to use consistent methods 

to these studies to facilitate comparison of the results. 

 

6.2.1 Study site 

Coyrecup Lake, 20km east of Katanning was selected as the location for the dispersal 

experiment. This site was chosen as it was low lying, salt affected, waterlogged and 

representative of dryland salinity affected areas throughout south west WA. It was also 

at the intersection of two relatively straight roads running in north-south and east-west 

directions allowing trapping transects to be easily set along the roads without the need 

to enter private properties (Figure 6-1). 
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Figure 6-1: Lake Coyrecup dispersal study site. Yellow circles indicate trap locations along the 

north, south, east and west transects. Satellite image source: Google Earth 

 

A visit to the site in October 2005 revealed large numbers of biting adults present 

throughout the day and observations of surrounding habitat indicating that under the 

right environmental conditions it had the potential to be a prolific breeding site. The 

regular mosquito monitoring during 2005 indicated that adult populations at dryland 

salinity affected sites was greatest during the month of May, after the first rains of 

autumn but while temperatures were still relatively warm. In addition, releasing newly 

emerged mosquitoes is of most value in a dispersal study as they are likely to survive 

longer and exhibit host seeking behaviour. Thus the ideal time to conduct a dispersal 

experiment is after a large single rainfall event when a large cohort of adults emerges. 

Therefore an initial attempt was made to undertake the dispersal study following the 
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first significant post-summer rainfall in May 2006 as the population monitoring during 

2005 (Chapter 4) indicated that this is when a large cohort of known age emerges. 

Unfortunately, as outlined below, rainfall at this time in 2006 was not sufficient to 

produce a large enough mosquito population for release, and this study was therefore 

used as a pilot study. The study was rescheduled for October 2006 to maximise the 

potential for collecting large numbers of Ae. camptorhynchus for release and to coincide 

with previous dispersal studies of this species in south-western WA. 

 

6.2.2 Collection, marking and release of adult mosq uitoes for 

the study 

The probability of recapture decreases exponentially with distance from the release 

point as the mosquitoes are diluted over a larger area. This concept and the many 

mathematical formulae that have been developed to describe this relationship are 

comprehensively reviewed by Service (1993). Therefore the number of individuals that 

must be released increases with the potential dispersal capacity of the species under 

investigation. The minimum number of Ae. camptorhynchus required to be marked and 

released is not known, however a desired target of 20,000 mosquitoes was set to be 

consistent with the previous studies conducted on this species. 

 

To maximise the number of mosquitoes collected, the EVS/CO2 traps (described in 

section 4.2.5.1) used for both the initial collections and recapture trapping were 

additionally baited with 1-octen-3-ol cartridges (Mosquito Control Systems Australia, 

Keiraville, NSW) as this compound has been demonstrated to increase trap yield for a 

range of Australian culicine mosquitoes (Miller et al. 2005, van den Hurk et al. 2006b), 

particularly in the genus Aedes (Van Essen et al. 1994). 

 

6.2.2.1 May pilot dispersal study 

Nineteen traps were set at Coyrecup Lake with a spacing of >100m on May 8, 2006 

between 2 and 4pm and were collected between 7 and 8am the following morning. Low 

numbers of adults were collected allowing a visual estimate of approximately 50 per 

trap, making a total of 900-1000 mosquitoes. The mosquitoes were anaesthetised by 

briefly immersing the trap containers in CO2 gas and then transferred into five large 

clear plastic bags. A large turkey baster was used to introduce the marking powder (pink 

- VM311, HCA Colours Australia, Kingsgrove, NSW) into the bags and onto the 
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mosquitoes. At 9am the marked mosquitoes were decanted and spread onto a large 

plastic sheet on the ground under dense vegetation to recover and take flight over the 

course of the day.  

 

One problem was observed at this point; too much powder was applied for the small 

number of mosquitoes collected. Many of the mosquitoes were struggling to fly under 

the weight of the powder, influencing mosquito behaviour and possibly longevity. The 

sheet was inspected again at 5pm and by that time most had managed to shed enough 

powder to take flight, with approximately 10% of the mosquitoes not surviving the 

marking process. Thus only 850-900 marked mosquitoes had survived and been 

released, which was not enough to carry out a valid dispersal study. Twenty more traps 

were set on May 9, this time at 11am to allow a longer time for mosquito collection. 

Traps were again retrieved from 8 to 9am the following morning however only 

approximately 40 were collected per trap on this occasion. The same procedure was 

undertaken to mark and release the mosquitoes, however this time less powder was used 

to ensure the mosquitoes were adequately marked but not over applied. Approximately 

5% mortality was observed, thus 750-800 live marked adults had been released for a 

total of 1600-1700 over both nights. While this was significantly less than the target 

number for release, it was decided to continue and treat this as a pilot experiment, to be 

followed by a full study later in the year when it was anticipated that larger numbers of 

Ae. camptorhynchus would be present. 

 

6.2.2.2 October dispersal study 

Extremely low winter rainfall in 2006 again created difficulties with small mosquito 

numbers collected at the release site. On this occasion twenty-five traps were set around 

Coyrecup Lake on October 5, 2006 between 2 and 4pm and were collected between 7 

and 8am the following morning. A similar procedure was used to anaesthetise and mark 

the mosquitoes and again care was taken not to use excess powder (pink – VM311, 

HCA Colours Australia, Kingsgrove, NSW). To improve estimation accuracy the trap 

containers were weighed with and without the anaesthetised mosquitoes to quantify the 

net weight of mosquitoes collected to 100ths of a gram using a Shinko Denshi AJH 

420CE (Tokyo, Japan) balance. Based on measurements from collections of Ae. 

camptorhynchus during a similar time of year, 500 individuals weigh approximately 

1.5g. Thus the net weight of 26.29g of mosquitoes collected equated to 8763 

individuals. Winds during the course of the day meant that all mosquitoes were blown 
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off the plastic sheet and mortality could not be directly estimated. Therefore assuming 

5% mortality as observed in the pilot experiment, approximately 8320 live, marked 

individuals were released. This was again less than the optimum release number but was 

deemed enough to proceed with the experiment.  

 

Nevertheless, it became clear that this release was not sufficient as recaptures were 

again very low. Mosquitoes were therefore collected from the closest saline site known 

to produce large numbers of Ae. camptorhynchus (Boonalling Road study site described 

in Appendix 2) located approximately 40km north of the dispersal study site). This 

location was visited and found to contain large numbers of biting adults however it 

could not be used as a release point as it was not possible to set a north-south transect. 

In addition it was necessary to keep monitoring the Coyrecup Lake transects for marked 

mosquitoes. Therefore it was decided the most appropriate solution was to collect 

mosquitoes at the Boonalling Road site and release them at Coyrecup Lake. While this 

was not ideal methodology, both sites were comparable and known to have a similar 

mosquito community strongly dominated by Ae. camptorhynchus so there was no a 

priori  expectation for significant bias to be introduced. For the second release, 17 traps 

were set on October 9 and released the following morning using the same method as the 

first release, except a different coloured powder (green - VM318, HCA Colours 

Australia, Kingsgrove, NSW) was used to differentiate the recaptures from that used in 

the first release. On this occasion a net weight of 44.45g of mosquitoes was released at 

9:30am on October 10, equating to 14817 individuals. Winds during the day again blew 

all mosquitoes off the plastic sheet. Assuming 5% mortality, approximately 14000 live 

marked adults were released.  

 

6.2.3 Transects 

EVS/CO2 traps were set in four transects north, south, east and west of the release point 

at distances of 0.1km, 0.2km, 0.4km, 0.8km, 1.5km, 3km, 4.5km, 6km and 7.5km 

(Figure 6-1). These distances from the release point were measured using a Global 

Positioning System unit (Garmin Etrex Legend) and the traps were positioned on the 

nearest available point along the road verge within 10m. A trap was not set at the 

release point to avoid diluting the marked population and maximise the potential for 

dispersal.  The same transects were used for the May and October studies. 
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6.2.4 Recapture trapping 

In both studies, all recapture traps were serviced twice a day. Batteries and trap 

containers were installed, dry ice replenished and the motors switched on between 3pm 

and 5pm. Containers and used batteries were then collected and the motors switched off 

the following morning between 7am and 9am. This allowed the most efficient use of 

resources while still sampling important crepuscular activity. After collection, the 

mosquitoes in each trap container were killed by freezing in dry ice. Mosquitoes were 

transferred onto a sheet of dark plastic and collections were scanned with an ultra violet 

light in order to clearly identify marked individuals (Figure 6-2). Failed traps were 

excluded from the analysis. 

 

6.2.4.1 May pilot dispersal study 

Traps were set at 0.4km and 0.8km only on May 10. The 0.1km and 0.2km traps were 

not set on the first night after release to avoid removing a large number of marked 

mosquitoes that may still have been close to the release site. Following that, traps were 

placed out to two increments beyond the most distant recapture along that transect on 

the previous night. For the pilot study, the study was ended when no recaptures were 

found on May 13 (Table 6-1). 

 

6.2.4.2 October dispersal study 

A similar regime was used in the October dispersal study, with some modifications 

(Table 6-2). During the pilot study marked mosquitoes had been recaptured out to the 

limit of trapping at 0.8km on the first night. Therefore for the October dispersal study, 

traps were set at 0.4km, 0.8km, 1.5km on the first night after the first release and this 

was amended to 0.4km, 0.8km, 1.5km and 3km on the first night after the second 

release. Thereafter traps were again set out to two increments beyond the most distant 

recapture along that transect on the previous night. Trapping continued on a daily basis 

until no recaptures were collected on two consecutive nights. Traps were then not set on 

the next night, and the experiment was subsequently ended if no further recaptures were 

made during one further night of trapping after that. 
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Table 6-1: Trapping regime for the May pilot dispersal study.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: Traps are identified in the left hand column by the distance in kilometres from the release point 

and the transect direction; N - north, S - south, E - east W – west. Crosses indicate traps were set on the 

date indicated. Grey shading indicates trap failure. 

Date of adult mosquito 
collections 

May 

Distance and 

direction from 

release point 10 11 12 

0.1N  X X 
0.1S  X X 
0.1E  X X 
0.1W  X X 
0.2N  X X 
0.2S  X X 
0.2E  X X 
0.2W  X X 
0.4N X X X 
0.4S X X X 
0.4E X X X 
0.4W X X X 
0.8N X X X 
0.8S X X X 
0.8E X X X 
0.8W X X X 
1.5N  X X 
1.5S  X X 
1.5E  X X 
1.5W  X X 
3.0N  X X 
3.0S  X X 
3.0E  X X 
3.0W  X X 
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Table 6-2: Trapping regime for the October dispersal study.  

Traps are identified in the left hand column by the distance in kilometres from the release point and the 

transect direction; N - north, S - south, E - east W – west. Crosses indicate traps were set on the date 

indicated. Grey shading indicates trap failure. 

                
Date of adult mosquito collections 

Distance and 
direction from 

release October 
 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

0.1N   X  X X X X X X X X X  X 

0.1S   X  X X X X X X X X X  X 

0.1E   X  X X X X X X X X X  X 

0.1W   X  X X X X X X X X X  X 

0.2N   X  X X X X X X X X X  X 

0.2S  X X  X X X X X X X X X  X 

0.2E  X X  X X X X X X X X X  X 

0.2W  X X  X X X X X X X X X  X 

0.4N X X X X X X X X X X X X X  X 

0.4S X X X X X X X X X X X X X  X 

0.4E X X X X X X X X X X X X X  X 

0.4W X X X X X X X X X X X X X  X 

0.8N X X X X X X X X X X X X X  X 

0.8S X X X X X X X X X X X X X  X 

0.8E X X X X X X X X X X X X X  X 

0.8W X X X X X X X X X X X X X  X 

1.5N X X X X X X X X X X X X X  X 

1.5S X X X X X X X X X X X X X  X 

1.5E X X X X X X X X X X X X X  X 

1.5W X X X X X X X X X X X X X  X 

3.0N    X X X X X X X X X X  X 

3.0S    X X X X X X X X X X  X 

3.0E    X X X X X X X X X X  X 

3.0W    X X X X X X X X X X  X 

4.5N            X X  X 

4.5S       X X X X X X X  X 

4.5E     X X X X X X X X X  X 

4.5W               X 

6.0N            X X  X 

6.0S               X 

6.0E     X X X X X X X X X  X 

6.0W               X 

7.5E    
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Figure 6-2: Ae. camptorhynchus marked with green fluorescent powder recaptured during the 

October dispersal study 
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6.2.5 Mosquito identification 

After each study, the mosquito collections were transported back to the laboratory and 

identified to species as described in section 4.2.5.1. This also served as an opportunity 

to confirm under the microscope that individuals identified as marked under the ultra 

violet light did indeed have the marking agent. Additionally, any marked individuals 

that were not detected the first time could be during the species identification process. 

 

6.2.6 Adjusted recapture index 

The design of the study sampled more intensively closer to the release point to 

maximise the potential of recapturing marked mosquitoes and needs to be taken into 

account in the analysis. Therefore the number of recaptures within specified annuli from 

the release point (Figure 6-4) were adjusted to account for the increasing area into 

which the mosquitoes could disperse (and thus the decreasing chance of recapture) and 

the more intensive trapping closer to the release point. An ‘adjusted recapture index’ 

was calculated by multiplying by the area encompassed within each radius band and 

dividing by the number of traps set within that area over the duration of the study. This 

generates a measure of recaptured mosquito density that can be compared between 

radius bands. 

 

6.2.7 The influence of wind on dispersal direction 

Wind speed and direction data for 9am and 3pm each day were obtained from the 

Bureau of Meteorology weather station located at the Katanning Department of 

Agriculture farm, approximately 10kms west of the dispersal study release point  

(Bureau of Meteorology 2006a). To examine the influence of wind on dispersal 

direction, the study site was divided into quadrants (Figure 6-3) and the recaptured 

mosquitoes categorised as either being collected opposite, adjacent to or with the 

prevailing wind direction on the preceeding day. A chi square test was carried out to 

determine if the observed number in each category was significantly different from that 

expected if dispersal were random and independent of the influence of wind.  
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Figure 6-3: Schematic diagram indicating the quandrants used to categorise the influence of wind 

on dispersal direction using a hypothetical example of a westerly wind.  

 

6.3 RESULTS 

6.3.1 May pilot dispersal study 

As discussed, a total of only approximately 1450-1550 marked mosquitoes were 

released in the pilot study. Over 99% of the mosquitoes collected during recapture 

trapping were Ae. camptorhynchus, indicating that a similar percentage released were 

that species. Eight marked individuals, all Ae. camptorhynchus, were recaptured over 

two nights (Table 6-3). By the third day the small marked population had been diluted 

to the extent that none were recaptured. It is clear that not enough mosquitoes were 

released for a meaningful dispersal study. The only result of note was that mosquitoes 

dispersed at least 0.8km on the first day after release. However, the pilot study was very 

useful in fine tuning the experimental design, particularly determination of the 

appropriate amount of fluorescent powder to apply in order to avoid interference with 

mosquito behaviour or longevity. 

 

6.3.2 October dispersal study 

As with the pilot study, marked mosquitoes were only recaptured for two nights after 

the initial release on October 6. Only five of the approximately 8320 live marked 

mosquitoes released on this occasion were recaptured, the most distant again at 0.8km, 

↑ N 
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this time on the second night (Table 6-4). As discussed, the decision was therefore made 

to carry out a second release of mosquitoes collected from the Boonalling Road site, 

known to have a similar mosquito community structure dominated by Ae. 

camptorhynchus. Of the estimated 14,000 marked mosquitoes released on October 10, 

32 Ae. camptorhynchus (0.23%) were recaptured over the following eight days (Table 

6-5). Results of all Ae. camptorhynchus collected during the study are summarised in 

Table 6-6. Complete results of all daily collections along each transect are contained in 

Appendix 3 combined with daily climate data. 

 

One recapture was made at 0.8 km on the first night after release but a more distant 

recapture did not occur until the fourth night when marked mosquitoes were caught 1.5 

km to the south and 4.5 km to the east. This was the most distant recapture of the whole 

study, indicating an average displacement rate of 1.1 km per day for that individual. 

Overall, 71.9% of recaptures were at 0.4 km or less from the release point and 90.1% at 

1km or less.  
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Table 6-3: Average number of mosquitoes collected per night during May pilot dispersal 

experiment. Recaptures are denoted by trap (km and direction from release point) and the number 

collected in brackets. 

 Date of trapping 
Species May 10 May 11 May 12 
Ae. alboannulatus 6.0 8.8 4.0 
Ae. camptorhynchus 49.0 40.1 19.6 
Ae. notoscriptus  0.1 0.2 
Ae. sagax 0.1   
An. annulipes s.l. 1.5 1.1 0.6 

Total 56.6 50.1 24.4 

Recaptures 0.4N (2) 0.2E (1)  
(All Ae. camptorhynchus) 0.8N (2) 0.4E (1)  
 0.8E (1)   
 0.8S (1)   

3pm wind speed and 
direction 9 NNE 15 N 19 NNE 

 

 

 

Table 6-4: Average number of mosquitoes collected per night after first release on October 6, 2006.  

Recaptures are denoted by trap (km and direction from release point) and the number collected in 

brackets. No mosquitoes released on October 6 were collected after October 7. 

 Date of trapping 
Species Oct 6 Oct 7 Oct 8 
Ae. alboannulatus 0.1  0.5 
Ae. camptorhynchus 53.0 2.6 18.1 
Ae. notoscriptus 0.3  0.5 
Ae. sagax 0.4  0.5 
An. annulipes s.l. 0.1   

Total 53.9 2.6 19.6 

Recaptures 0.4S (1) 0.2N (1)  
(All Ae. camptorhynchus) 0.4E (1) 0.4N (1)  
  0.8N (1)  

3pm wind speed (km/h) 
and direction 24 W 31 ESE 31 ENE 

 

. 
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Table 6-5: Average number of mosquitoes collected per night after second release on October 10, 2006.  Recaptures are denoted by trap (km and direction from release 

point) and the number collected in brackets. Only mosquitoes from the second release were recaptured during this period. 

 

 

 Date of trapping 

Species Oct 10 Oct 11 Oct 12 Oct 13 Oct 14 Oct 15 O ct 16 Oct 17 Oct 18 Oct 19 Oct 21 

Ae. alboannulatus  0.1 0.1 0.1 0.1 0.1      

Ae. calabyi     0.1    0.1   

Ae. camptorhynchus 20.7 18.5 34.7 15.1 8.4 15.1 7.3 13.3 11.9 1.4 20.6 

Ae. Marks sp. No. 147     0.1 0.1   0.1  0.1 

Ae. notoscriptus 0.1  0.1  0.1   0.1 0.1  0.1 

Ae. sagax  0.1  0.1        

An. annulipes s.l.  0.1   0.1 0.2  0.1   0.1 

Tp. atripes           0.1 

Total 20.8 18.8 34.9 15.3 8.9 15.5 7.3 13.5 12.2 1.4 21.0 

Recaptures 0.4E (2) 0.1N (1) 0.1S (1) 0.2S (1) 0.2S (1) 0.1E (1) 0.1W (1) 0.8S (1)    

(All Ae. camptorhynchus) 0.4W (1) 0.2S (1) 0.1W (1) 0.4N (1) 0.8E (1) 0.4N (2) 0.4N (1) 3N (1)    

 0.8E (1) 0.4S (1) 0.2N (2) 0.4S (1)  0.4W (1)      

   0.4N (1) 0.4E (1)  0.8N (1)      

   0.4S (1) 0.8E (1)        

   0.8W (1) 1.5S (1)        

    4.5E (1)        
3pm wind speed (km/h) 

and direction 
33 WNW 39 W 41 W 22 WSW 11 ESE 22 W 20 WSW 19 SW 2 WSW 20 S 28 N 
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Table 6-6: Summary of Ae. camptorhynchus females trapped during dispersal study near Katanning, WA.  

 Direction  

North South East West Dist 
Recap T. N. RR Mean Recap T. N. RR Mean Recap T. N. RR Mean Recap T. N. RR Mean 

Total 
RR 

0.1km 1 10 0.10 7.10 1 10 0.10 3.70 1 10 0.10 3.40 2 10 0.20 6.10 0.13 
0.2km 2 10 0.20 7.80 3 10 0.30 5.40 0 10 0.00 3.90 0 10 0.00 1.40 0.13 
0.4km 5 11 0.45 20.18 3 10 0.30 9.30 3 11 0.27 6.73 2 10 0.20 16.00 0.31 
0.8km 1 10 0.10 9.10 1 11 0.09 3.27 3 11 0.27 4.27 1 11 0.09 4.82 0.14 
1.5km 0 11 0.00 5.90 1 9 0.11 10.40 0 11 0.00 4.09 0 11 0.00 8.73 0.02 
3.0km 1 11 0.09 47.73 0 11 0.00 6.18 0 11 0.00 43.73 0 11 0.00 39.55 0.02 
4.5km 0 3 0.00 26.33 0 8 0.00 9.13 1 10 0.10 38.60 0 1 0.00 246.00 0.05 

6.0km 0 3 0.00 35.00 0 1 0.00 6.00 0 10 0.00 29.40 0 1 0.00 8.00 0.00 
7.5km         0 7 0.00 27.29     0.00 

Total 10.00 69.00 0.14 18.09 9.00 70.00 0.13 6.63 8.00 91.00 0.09 16.51 5.00 65.00 0.08 17.48  
Dist = distance from release point, Recap = number of recaptured mosquitoes, T. N. = number of trap nights, RR = number of Ae. camptorhynchus recaptured per trap night, Mean = 

total number of Ae. camptorhynchus captured per trap night  
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As discussed, this finding is biased by the design of the study. Thus an adjusted 

recapture index has been calculated to account for the more intensive trapping closer to 

the release point by calculating the area within specified annuli from the release point 

(Figure 6-4), multiplying the number of recaptures and dividing by the number of traps 

nights within each annulus over the period of the study (Table 6-7). The index shows 

that the number of recaptures within each annulus of distance from the release point was 

relatively consistent after adjusting for trapping intensity and the decreased chance of 

recapture with distance from release point. The low number of recaptures in this study 

resulted in the index being strongly influenced by the more distant recaptures and the 

higher index values further from the release point are not statistically significant. 

 

Climatic conditions for Katanning (located 20km west of the study site) in the two 

weeks leading up to and during the study period are shown in Figure 6-5. Overnight 

minimum temperatures were quite low during the study period and may have impacted 

on mosquito survival, particularly the 2ºC minimum recorded on October 14. Strong 

westerly winds predominated for four days after the release. From day 5, wind strength 

decreased and direction became variable. The individual collected 4.5km to the east on 

the fourth night may have been assisted by the westerly winds present up to that point, 

however there was no evidence that the prevailing winds influenced the overall 

direction of mosquito dispersal for individuals recaptured within 3km of the release 

point. Eight individuals were collected in the opposite direction from the release point 

to the prevailing wind on the previous day (8 expected if random dispersal), nineteen in 

the adjacent quadrant (16 expected) and only five in the direction of the wind (8 

expected), which was not significantly different from the expected pattern if dispersal 

were random (p=0.19). 
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Figure 6-4: Illustration of radii bands used to calculate ‘adjusted recapture index’ in Table 6-7. 

Distances indicated are in kilometres. 

 

 

Table 6-7: Adjusted measure of recaptured mosquito density calculated by multiplying by the area 

encompassed within each radii band and dividing by the number of traps set within this area over 

the duration of the study. 

Radii band # of 
traps Area (km2) Recaptures Adjusted 

recapture index 
0 - 0.5km 122 0.785 23 0.148 
0.5 - 1km 43 2.356 6 0.329 
1 - 2km 42 9.425 1 0.224 

2 - 3.5km 44 25.918 1 0.589 
3.5 - 5km 22 40.055 1 1.821 
5 - 6.5km 15 54.192 0 - 
6.5 - 8km 7 68.329 0 - 
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Figure 6-5: Climatic variables for Katanning (20km to the west) prior to and during the dispersal 

study. The top and middle panels display temperature, wind speed and direction, and relative 

humidity at 09:00 and 15:00 respectively. The bottom panel displays daily rainfall and maximum 

and minimum temperature. Dates of first and second mosquito release are outlined. Source: 

Bureau of Meteorology (2006a). 

(1) 
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6.4 DISCUSSION 

Thirty two marked Ae. camptorhynchus were recaptured over eight days following the 

second October release of approximately 14000 mosquitoes. This study provided some 

useful new information regarding Ae. camptorhynchus dispersal in a heavily cleared, 

salinity-affected, agricultural environment. Over 20,000 marked mosquitoes were 

released in previous mark-release-recapture studies on Ae. camptorhynchus in a forested 

(C Gordon, personal communication) and an urban environment (Robertson 2006), in 

which a maximum dispersal distances of 3 and 6km were observed respectively. The 

most distant recapture in the present study was at 4.5 km, although the lower number of 

marked adults released would have decreased the chance of recapture, particularly at 

more distant sites as the marked population became highly diluted. Similarly, the 

relatively low recapture duration of 8 days may have also been influenced by the 

smaller released population. Marked mosquitoes were recaptured for 20 days in the 

forest environment and for 32 days in the urban environment. The latter study in fact 

ended prematurely and it is possible that recaptures would have been made beyond 32 

days (Robertson 2006). 

 

Although the smaller release number may account for the lower recapture duration and 

maximum dispersal distance to some extent, it is also possible that the different 

environment may have also influenced these variables. The overall recapture proportion 

of 0.24% is relatively low, but within the range of that observed in other studies of 

species with a similar maximum dispersal distance (Service 1993b). In comparison, the 

recapture rates in the previous Ae. camptorhynchus dispersal studies were greater, with 

1.45% in the forested environment and 16.95% in the urban environment.  

 

Factors other than the release number are also likely to have influenced the proportion 

of marked mosquitoes recaptured. Given that most available breeding habitat at the 

study site was dry, it is likely that gravid mosquitoes would have needed to travel long 

distances in search of oviposition sites. The climatic conditions during the study period 

were not overly adverse, but strong winds were present, particularly during the first and 

last four days of the study. The relatively open nature of the study site environment may 

have induced mosquitoes to disperse further in search of harbourage and this, combined 

with the greater potential influence of surface level winds, may have facilitated rapid 

mosquito movement away from the release site. The availability of vertebrates used as 
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blood-meal sources may have also have been relevant. As demonstrated in Chapter 5, 

sheep and marsupials are the most common blood meal sources for mosquitoes in the 

study region. Qualitative observations during the dispersal experiments indicated that 

both were present in the study environment, but were sparsely distributed (sheep 

congregated in flocks but these were sparsely distributed), suggesting that unfed 

females would have to travel reasonable distances in search of a blood meal. When 

considered in combination, these environmental factors increase the potential for rapid 

dispersal away from the release point, decreasing the chance of recapture during the 

study period. This may be reflected by the lower recapture percentage and duration 

compared to the studies on this species in the urban and semi-forested environments. 

 

The May pilot study and first release in October provided valuable data regarding the 

minimum number of Ae. camptorhynchus required to be released for a meaningful 

dispersal study. The area into which a mosquito can move increases rapidly with 

increasing distance from the release point and is inversely related to the potential for 

recapture. Therefore a sufficiently large number of mosquitoes are required for release 

to allow for this dilution effect. Neither the approximately 1500 or 8000 individuals 

released on these occasions were collected more than 2 days after release, indicating 

that neither release was sufficient.  

 

The pilot study also demonstrated that care must be taken not to over-apply dust to the 

mosquitoes. Watson et al. (2000) used a 1ml syringe of fluorescent powder with a 22-

gauge needle to insufflate dust into a container with approximately 500 Ae. notoscriptus 

and demonstrated no impact on survival in the laboratory. A turkey baster was used in 

the current study as a greater volume of dust was required, but this instrument made it 

difficult to apply a standard amount of powder. The first application was clearly 

excessive and highlighted the importance of considering the amount of dust required. 

Thus, in the later releases, care was taken to introduce a small amount at a time until the 

mosquitoes were marked clearly but not completely covered. A single application 

would be preferred however, because mosquitoes began to recover and take flight 

during the process. The most appropriate method would be to measure out the quantity 

of dust required first and apply all at once. An equivalent volume to Watson et al. 

(2000) would require 40ml of powder to dust 20,000 mosquitoes. 
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It may have also been useful to attempt to determine the age and parity of a small sub-

sample of the mosquitoes collected for release and during recapture trapping, given that 

newly emerged mosquitoes are more likely to survive longer and exhibit host seeking 

behaviour. It was not undertaken in this study due to the low number of mosquitoes able 

to be collected for the dispersal experiment, and all subsequently had to be released. The 

option of bringing in mosquitoes from a remote breeding site was not an ideal 

technique, however it has been used successfully in previous studies (Reisen et al. 1980, 

Schreiber et al. 1988, O'Donnell et al. 1992). The remote breeding site was highly 

saline and known to have a very similar mosquito fauna dominated by Ae. 

camptorhynchus, the species under investigation. The sites were separated by a distance 

of approximately 40km and thus have a very similar climate. Therefore there was no a 

priori  reason to assume that releasing mosquitoes collected at a second nearby site 

would have introduced bias to the study. Even after implementing this measure, only 

14000 mosquitoes could be released, limiting the power of the study to draw firm 

conclusions on Ae. camptorhynchus survival and dispersal from this study. Nonetheless, 

the data provided some new insights that have implications for RRV disease 

transmission in the region. 

 

6.4.1 Implications for RRV disease transmission 

The dispersal capability of this species observed in this and other studies (Robertson 

2006, C Gordon, unpublished data) is clearly not sufficient for infected mosquitoes to 

travel in from RRV endemic regions along the coast between Perth and Dunsborough 

which is over 150km away. However, all these studies consider appentential and 

nonappentential movement due to localised, small-scale wind effects at ground level 

only. Long range passive mosquito movement via anthropogenic transport or wind-

borne transport in the upper atmosphere are not accounted for. Strong westerly winds 

predominate during spring months in south west WA (Bureau of Meteorology 2004) 

and long distance transport in the upper atmosphere cannot be ruled out. Sampling for 

Ae. camptorhynchus at altitude, similar to the study by Kay and Farrow (2000) 

described previously, is warranted to investigate this possibility. 

 

In the event that RRV transmission cycles were to become established in the inland 

agricultural area (see Chapter 7 for discussion of this point), the relatively moderate 

dispersal distance of this species indicates that only residents living within a few 
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kilometres of saline breeding habitat would be at elevated risk of RRV infection. Such a 

conclusion is borne out by Lindsay et al. (1998), who demonstrated that, for an urban 

region in which Ae. camptorhynchus was the dominant RRV vector, 64% of individuals 

with RRV disease lived within 1km of waterways and 99% within 3km. The sparse 

nature of the human population in the study region means that despite the predominance 

of Ae. camptorhynchus demonstrated in Chapter 4, the vast majority of breeding occurs 

far enough away from population centres that it does not pose a significant disease risk. 

Mosquito control is therefore simplified to some extent because applications need only 

be targeted by shires that have potential breeding sites within approximately a few 

kilometres of population centres. However, it becomes more difficult when considering 

individual farm houses that are spread sparsely across the study region and may be 

within dispersal range of multiple breeding habitats. These concepts are discussed 

further in Chapter 7. 

 

Marked mosquitoes were recaptured for eight days following release which is 

significantly less than the 20 and 32 days observed in the semi-forested and urban 

environments respectively.  Eight days is unlikely to be sufficiently long for mosquitoes 

to become infected with RRV, amplify and transmit the virus given the extrinsic 

incubation period of between 5 to 9 days (Ballard and Marshall 1986). However, the 

eights days recapture period is unlikely to be an accurate indication of true mosquito 

survival for several reasons. Firstly, the cohort of mosquitoes released in this study was 

field-collected and therefore would have included older individuals already near the end 

of their life span. It is important to note however, that this was the same method used in 

the other studies and therefore probably does not account for the differences observed. 

As discussed previously, the potential for rapid dispersal in this study may have limited 

the duration of recaptures. A percentage of marked individuals would have survived 

beyond eight days but were diluted with increasing distances from release and not 

recaptured. Although these factors may account for some of the difference in the 

recapture durations observed between the present and previous studies, the magnitude of 

the difference suggests that the environment may also influence mosquito survival.  
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6.5 CONCLUSION 

Mosquitoes readily dispersed in all directions after release and were recaptured up to a 

maximum of 4.5 km for 8 days after release. The nature of the environment in this study 

may have been conducive to rapid mosquito dispersal and resulted in reduced survival 

compared to that in semi-forested and urban environments. Thus, combined with the 

moderate dispersal potential of Ae. camptorhynchus at the surface level, the potential for 

this species to transmit RRV to the sparsely distributed human population in the study 

region may be limited. Mosquito control can therefore be targeted at potential breeding 

sites within a few kilometres of population centres. The dispersal range is also not 

sufficient to introduce infected mosquitoes from RRV endemic coastal regions without 

assistance by human transportation or long range transport in the upper atmosphere. 

 

It was also demonstrated that releasing 14000 marked mosquitoes is the absolute 

minimum number required to conduct a dispersal study on Ae. camptorhynchus. Ideally, 

more than 20,000 mosquitoes should be released. The power of the present study was in 

part limited by the release number, although useful information could still be extracted 

and compared to other studies of this species in different environments.
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CHAPTER 7: GENERAL DISCUSSION 
 

7.1 CONTEXTUALISING DRYLAND SALINITY AND RRV 

WITHIN AN ECOSYSTEM HEALTH FRAMEWORK  

The provision of services from a functional ecosystem is increasingly being recognised 

as a requirement for human health and well being (Millennium Ecosystem Assessment 

2005). There are many examples of increasing or emerging human disease resulting 

from ecosystem degradation. The case of human encroachment on forest ecosystems in 

northern USA, resulting in biodiversity loss and increased Lyme disease incidence (as 

discussed in section 1.5.3) is a prime example.  

 

Another example is ciguatera poisoning, a fish-borne disease characterised by 

potentially lethal gastrointestinal, neurological and cardiovascular disturbances, 

common in tropical and subtropical regions of the Pacific basin, Indian Ocean and 

Caribbean (Lewis 2001). It is caused by consumption of fish containing ciguatoxins 

produced by Gambierdiscus toxicus, a marine dinoflagellate that lives on macroalgae, 

which in turn lives on dead coral. Thus anthropogenic disruption of marine ecosystems 

resulting in coral death directly caused by activities such as tourism, underwater 

blasting, dredging and military activities are associated with outbreaks of ciguatera 

poisoning (Lewis 1986, Ruff 1989). Such disruption can also occur indirectly on a much 

larger scale through the impact of climate change on tropical coral reef ecosystem. 

Decreasing pH of sea water resulting from mixing with increasing levels of CO2 in the 

atmosphere combined with increasing sea water temperature have the potential to 

produce large scale bleaching and death of coral (Kleypas et al. 1999, Hughes et al. 

2003). Coral bleaching events led to proliferation of macroalgae, and in turn G toxicus, 

greatly increasing the levels of ciguatoxins present which move through the food chain 

to humans via fish consumption, resulting in outbreaks of ciguatera poisoning (Kohler 

and Kohler 1992, Hales et al. 1999). 

 

Both these case studies illustrate examples of human disease arising from stressed 

ecosystems, a key outcome of the ‘Ecosystem Distress Syndrome’ model, in addition to 
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other ecological indicators such as decreased biodiversity; reduced primary production; 

lowered resilience; increased dominance of smaller; shorter lived opportunistic species; 

increased dominance of exotic species; and reduced efficiency of nutrient cycling 

(Rapport et al. 1985, section 1.5.1).  

 

The ecosystem in inland south-west WA has been highly modified by human activities 

over the 20th century in the form of large scale clearing for agriculture, leaving only 

small fragments of native vegetation (Hobbs 1993). The replacement of deep rooted 

native perennial vegetation with shallow rooted annual crops and pastures has caused 

water tables to rise, resulting in water logging, dissolution of salts in the soil profile and 

movement of these salts to the soil surface. This complex hydrological process further 

compounds the adverse effects of an already degraded ecosystem (Clarke et al. 2002). 

Ecosystems in dryland salinity affected areas display many characteristic symptoms of 

EDS (Table 7-1). Human health outcomes might be expected on the basis of the extent 

of ecosystem disruption, but had not been investigated prior to this study. 

 

A range of adverse conditions has the potential to arise from dryland salinity induced 

EDS including respiratory disease, mental illness and mosquito-borne disease. A 

precedent for a link between ecosystem stress induced by secondary soil salinity and 

mosquito-borne disease has been demonstrated in studies from overseas that show 

evidence of irrigation induced soil salinity having an influence on malaria incidence 

(Klinkenberg et al. 2004, Temel 2004). The possibility of an association between 

dryland salinity in inland south-west WA and RRV disease has been alluded to 

(Horwitz et al. 2001) and therefore the focus of this thesis was to investigate the 

potential link. 

 

To reiterate, the overarching hypothesis of investigation and primary objective of this 

thesis was to determine the extent that the development of dryland salinity and 

waterlogging (primarily as a result of land clearing for agriculture since European 

settlement) in inland south west WA has led to a sucession of mosquito species towards 

a dominance of Ae. camptorhynchus, and increased the potential for RRV transmission 

in the region. To this end, three secondary objectives arise that can be defined in the 

process of investigating the primary objective; firstly to quantitatively describe the 

mosquito fauna in inland south west WA, which is currently poorly characterised; 

secondly to further the ecological understanding of the primary vector of interest, Ae. 
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camptorhynchus, and in particular factors specific to the study region; and lastly to 

generate recommendations for mosquito control and other measures required to mitigate 

disease risk 

 

Table 7-1: Ecosystems in dryland salinity affected areas display many characteristic symptoms of 

Ecosystem Distress Syndrome 

Characteristics of Ecosystem Distress 

Syndrome (Rapport et al. 1985) 

Dryland 

salinity 
References 

Decreased biodiversity  

Flora: (Briggs and Taws 2003, 

Lymbery et al. 2003) 

Terrestrial fauna: (McKenzie et al. 

2003) 

Aquatic fauna: (Halse et al. 2003, 

Pinder et al. 2005) 

Reduced efficiency of nutrient cycling and 

(usually) decreased primary production 
 (Grierson and Adams 1999) 

Increased dominance of exotic biota  (Briggs and Taws 2003) 

Reduction in size of dominant biota  (Briggs and Taws 2003) 

Increased fluctuations in population size of 

component biota 
?  

Increased prevalence of disease in plant, 

animal and human populations 
?  

 

 

7.2 REVIEW OF EXPERIMENTAL CHAPTERS  

Chapter 2 directly addresses the central hypothesis. The logical starting point for an 

investigation into the influence of environmental disruption on the distribution of a 

health outcome is to utilise GIS and spatial analytical techniques. The nature of RRV – 

a relatively rare disease, with a high sub-clinical infection rate, often under reported and 

difficult to pinpoint the exact location of infection – combined with the sparse and 

uneven human population distribution in the region of interest necessitated the use of a 

very coarse spatial scale at local government area level (Figure 2-1). As a result this 

chapter was not expected to produce an unequivocal answer and the lack of association 

using both standard (Table 2-2) and Bayesian methods (Table 2-3) was not surprising. 
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Even if an association had been determined, the subsequent studies would still have 

been required to confirm the results and provide a deeper understanding of RRV 

ecology in the study region. Regardless, this exploratory analysis was an important first 

step. 

 

The aim of Chapter 3 was also to directly investigate the central hypothesis this time 

using serological antibody prevalence. Such an approach eliminates issues relating to 

under reporting and sub-clinical infection encountered when using notification 

incidence data in Chapter 2, although location of infection still could not be determined. 

Ethical approval required that serum samples could only be obtained at the same LGA 

spatial scale, thus four areas were selected that varied widely in severity of dryland 

salinity. Comparison of antibody prevalence between regions did not reveal a 

significant association with area of waterlogging or salinity (Table 3-4), and considered 

in combination with the results of Chapter 2, suggest that currently, the distribution of 

RRV disease in the study region is not strongly related to dryland salinity. Despite the 

spatial scale imposed being a significant limitation of both studies, they demonstrate the 

feasibility of applying GIS techniques to environmental health problems.  

 

It is clear that the investigation of an indirect measure of disease risk that could be 

defined at a finer spatial scale was required to better understand the ecology of RRV in 

the study region. The abundance and distribution of the primary vector of RRV in 

south-west WA, Ae. camptorhynchus, were determined to be the most useful and 

amenable aspects to scrutinise. Existing information on mosquito populations in the 

study region was limited, although it seemed to indicate that the development of dryland 

salinity had led to a succession of species towards dominance of Ae. camptorhynchus 

(section 4.3.1.1). Chapter 4 presented the outcome of 13 months of mosquito population 

monitoring in the four regions used in Chapter 3.  

 

Chapter 4 is important because it underpins an understanding of all the objectives. It 

represents the first attempt to quantitatively monitor mosquito populations within the 

study region for a significant duration (secondary objective 1). It also provided relevant 

information on the seasonal population dynamics of Ae. camptorhynchus (secondary 

objective 2) from which recommendations regarding mosquito control could be 

elaborated (secondary objective 3). Most importantly, it provided a variable that could 

be studied at a fine spatial scale and analysed in relation to waterlogging and salinity. 
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The results were compelling: the size of adult and larval populations of Ae. 

camptorhynchus was strongly associated with increasing severity of dryland salinity 

(section 4.3.5). Thus the potential for increased transmission of RRV disease is 

increased in areas affected by dryland salinity due to increased vector breeding. 

However, evidence from the previous chapters suggested that this had not yet translated 

into a significant increase in disease incidence. 

 

These results raise the obvious question: why is no increase in disease incidence 

evident? Is there a key link in the chain currently not present that in the future may be, 

particularly in light of predictions regarding climate change and increasing area of 

dryland salinity? As discussed, arbovirus ecology is extremely complex and it was not 

possible to investigate all interactions involved in the current virus, human, vector, host 

and environment paradigm. The most fruitful interaction to investigate appeared to be 

that between mosquitoes and vertebrate hosts. Pertinent information regarding 

vertebrate host abundance in the study region exists (section 5.1.2), and thus the 

understanding of local RRV transmission dynamics was furthered by comparing this 

with the feeding behaviour of Ae. camptorhynchus in Chapter 5 which showed that 

sheep/goats and marsupials are the most frequent bloodmeal sources. 

 

The final aspect investigated was mosquito dispersal (Chapter 6), a part of the 

interaction between vectors, humans and the environment. Understanding the dispersal 

capability of Ae. camptorhynchus is particularly important in the study region. The 

sparse and unevenly distributed human population means that most mosquito breeding 

habitat is distant from large human populations, which has implications for both disease 

transmission and mosquito control. 

 

The overall implications of these experimental chapters are examined in context of the 

study objectives in the following sections. This discussion will examine secondary 

objectives 1 and 2 first, followed by a final integrated consideration of the primary 

research hypothesis. Finally, the material from all these stages is integrated to provide 

some practical public health recommendations. 
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7.3 AE. CAMPTORHYNCHUS IN INLAND SOUTH-WEST WA 

This study brings to light new information regarding the ecology of Ae. camptorhynchus 

in inland south-west WA. As demonstrated in Chapter 4, it is very unevenly distributed 

across the study region. The presence of this mosquito is strongly associated with 

dryland salinity and it is the dominant species in affected areas. It is present in non-

saline areas, but in relatively low abundance as part of a more diverse mosquito 

community.  

 

These findings do not suggest that Ae. camptorhynchus has recently been introduced 

into the study region as a result of dryland salinity. Approximately 300,000 hectares of 

primary saline land was present in south-west WA prior to European settlement and 

would have ably supported Ae. camptorhynchus breeding. However, the area of saline 

land has expanded rapidly over the last century, with approximately another 1,000,000 

hectares becoming secondarily saline as a result of land clearing. Evidence suggests that 

Ae. camptorhynchus has become more prevalent as a result (Lindsay et al. 2007). 

 

Population dynamics of Ae. camptorhynchus in saline regions are strongly driven by 

rainfall and are therefore highly seasonal. The desiccation resistant properties of its eggs 

facilitate rapid proliferation following the first substantial rains after the summer dry 

season, usually during autumn. Numbers remain high over winter and into early spring, 

but decrease rapidly as rainfall diminishes in late spring and into summer. All mosquito 

species, including Ae. camptorhynchus, are virtually absent during summer and early 

autumn when mean daily maximum temperatures are approximately 30ºC and mean 

3pm relative humidity around 30%.  

 

The evidence presented in Chapter 4 suggests that the dominance and population 

dynamics of Ae. camptorhynchus in saline-affected regions are caused by a synergistic 

interaction between salinity and waterlogging: the two characteristic features of dryland 

salinity. Even in areas affected by waterlogging, evaporation far exceeds the rate at 

which water reaches the surface, leaving the soil hard, dry, salt encrusted and unsuitable 

for mosquito breeding. After substantial rainfall, waterlogged areas remain inundated 

much longer as the underlying soil is already saturated and surface water cannot 

permeate into it. The only way for surface water to dissipate is through evaporation, the 

rate of which is low during the cooler months of April to October. Waterlogged areas 
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therefore remain inundated for extended periods in winter, allowing mosquito 

development through to the adult stage.  

 

Salinity has been shown to create a strong selection gradient for Ae. camptorhynchus (S 

Carver 2006, unpublished data). Field sampling of water bodies and validation with a 

manipulative mesocosm experiment demonstrated that aquatic invertebrate communities 

within the study region began to change as salinity exceeded 5 gL-1. The abundance of 

most potential mosquito predators and competing mosquito species decreased above 

this value, while conversely Ae. camptorhynchus became more prevalent and dominant. 

Additionally, as most waterbodies are ephemeral, the desiccation resistant nature of Ae. 

camptorhynchus eggs also allows the establishment of this species before other 

macroinvertebrates can commence colonisation (S Carver 2006, unpublished data).  

 

As demonstrated in Chapter 5, the greatest percentage of bloodmeals taken by Ae. 

camptorhynchus were from the most prevalent mammalian hosts in the study region, 

marsupials and sheep/goats. This supports the contention that  Ae. camptorhynchus is an 

opportunistic mammalian feeder. Ae. camptorhynchus is also known to readily feed on 

humans (Lee et al. 1984), although in this study trap placement away from human 

habitation precluded detection of a substantial percentage of human bloodmeals. Some 

seasonal variation was observed in feeding frequency on marsupials and sheep/goats, 

although it was not possible to determine if this was a result of changes in host 

prevalence or feeding preference. 

 

The dispersal capability of Ae. camptorhynchus of at least 4.5km demonstrated in 

Chapter 6 was within the range observed in studies from other regions in WA 

(Robertson 2006; C Gordon 2006, unpublished data). However, long distance wind 

assisted travel at altitude was not considered in this study and may also facilitate 

dispersal. 

 

Overall, the findings in this thesis in relation to Ae. camptorhynchus are congruent with 

what is known about this species from other regions in Australia (see section 1.8.3). The 

ecology of Ae. camptorhynchus in the study region, considered in conjunction with 

other relevant factors, has important implications for RRV transmission. 
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7.4 ADDRESSING THE PRIMARY OBJECTIVE : IS RRV 

TRANSMISSION ASSOCIATED WITH DRYLAND 

SALINITY? 

The primary objective of this thesis was to test the hypothesis that the development of 

dryland salinity and waterlogging in inland south west WA has led to a succession of 

mosquito species and increased the potential for RRV transmission in the region. As 

discussed in Chapter 4 and the previous section, the available evidence strongly 

indicates that mosquito communities have changed as dryland salinity spread, to the 

current situation in which the RRV vector Ae. camptorhynchus is the dominant species 

in saline affected areas. Retrospective data on RRV incidence prior to land clearing and 

dryland salinity development are of course not available. However, the analyses in 

Chapters 2 and 3 comparing saline with non-saline regions do not indicate any 

significant difference in disease risk. There are three possible factors that may explain 

the non-emergence of disease: the impact of climate on the seasonal population 

dynamics of Ae. camptorhynchus compared to other potential vectors in the study 

region; vertebrate host distribution and the feeding behaviour of Ae. camptorhynchus; 

and human population distribution. 

 

7.4.1 Mosquito population dynamics 

Clearly the mosquito-borne disease risk from late November / early December until the 

first significant rains of autumn (usually May as shown in Figures 4-1, 4-2 and 4-3) is 

negligible given the very low mosquito population present across the region. This is 

significant because late spring and early summer is the time of year (during an outbreak) 

that RRV activity increases rapidly in coastal regions. The epidemic peak usually occurs 

in January and by May activity in coastal regions has returned to background levels 

(Lindsay et al. 2005). 

 

The majority of notified RRV cases in the study region occurred between December and 

March in the same years that outbreaks occurred in coastal regions (95/96, 99/00, 03/04) 

Thus, as also observed by Lindsay (1995), it appears likely that RRV activity in the 

study region may be seeded from substantial activity on the coast during late spring and 

early summer (see section 2.5.1). However, the mosquito population dynamics observed 
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in this study indicated that potential breeding habitat in heavily cleared saline-affected 

inland regions had generally dried up by that time of year. Consequently, mosquito 

numbers were dramatically reduced and virus transmission was limited. In contrast, 

more breeding habitat was evident over summer months in the less severely saline 

affected regions with more native vegetation remaining. Other potential RRV vector 

species such as Ae. sagax and and Cq. sp nr linealis were present during summer in 

these regions. The biology and seasonality of these freshwater breeding species may 

therefore be more conducive to RRV transmission during late spring and early summer 

when the disease risk is likely to be greatest. Therefore, despite the predominance of Ae. 

camptorhynchus throughout other times of the year, mosquito population dynamics 

during the critical late-spring and summer period may explain the observed lack of 

difference in RRV incidence between saline and non-saline regions in Chapters 2 and 3. 

 

In arid regions in the north of WA, Aedes species (e.g. Ae. normanesis, Ae. vigilax) 

proliferate quickly after rainfall due to the survival of desiccation resistant of eggs from 

the previous wet season (Broom et al. 1989, Lindsay et al. 1993a). Circumstantial 

evidence indicates that RRV can also be transmitted transovarially in these species, 

thereby facilitating rapid reactivation of RRV following rainfall. The populations of 

other RRV vectors without desiccation resistant eggs (eg Cx annulirostris) increase 

more slowly and ultimately maintain virus transmission later in the outbreak (Merianos 

et al. 1992, Lindsay et al. 1993a). 

 

It appears that a similar situation may occur in the present study region, with the 

desiccation-resistant eggs of Ae. camptorhynchus remaining viable over the dry summer 

months and initiating rapid proliferation of this species after rainfall events. Evidence of 

vertical transmission of RRV has been demonstrated in Ae. camptorhynchus (Dhileepan 

et al. 1996), which may also facilitate virus reactivation. However, it does not appear 

that any other species act as important vectors of RRV at any stage in saline regions, 

given the small numbers present. 

 

Occasionally during summer months, rain bearing depressions (formed from ex-tropical 

cyclones passing down from the north-west of the state) deposit significant rainfall over 

inland regions of the south-west. Such an event occurred on January 13th and 14th 2006, 

during which approximately 30 mm of rain fell across the regions in which mosquito 

collections were undertaken in Chapter 4, although it occurred outside the sampling 
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period of this study. Typical hot and dry conditions returned a few days after the 

weather event, and thus it is likely that any mosquito cohort produced would have been 

relatively short lived.  High larval numbers were observed during an inspection of some 

of the study breeding sites on January 20th, but many breeding sites were already 

beginning to evaporate and diminish at this time. 

 

An unusual cluster of 9 cases of RRV disease occurred in the Wickepin LGA, a region 

affected by relatively severe dryland salinity (see Figure 2-1 and Table 2-1) between 

January and April 2006 following particularly unseasonably high rainfall during the 

weather event in mid January. Rainfall data are not available for Wickepin itself, but 

Corrigin (30km to the north-east) received 233.2 mm in January, including 136.4 on 

January 13. This compares to the monthly and annual averages of 14.2 mm and 375.5 

mm respectively.  Narrogin, 30 km to the south-west of Wickepin, also received 71.6 

mm in January compared to the monthly average of 12.1mm, and Yealering (a town in 

the Wickepin LGA from which 3 of the cases were notified) received 147.6 mm in 

January, the highest amount in 81 years of records (Bureau of Meteorology 2006b).  

 

The Department of Health WA and the Arbovirus Surveillance and Research 

Laboratory (UWA) undertook mosquito sampling following the weather event, but this 

assessment unfortunately did not include the Wickepin region because efforts were 

concentrated further east in the flood affected township of Lake Grace, which received 

231 mm (65% of the normal annual average) in 36 hours (Bureau of Meteorology 

2006b). The area around Lake Grace experienced substantial proliferation of Ae. 

camptorhynchus (M Lindsay and C Johansen, 2006, unpublished data), but no 

subsequent cases of mosquito-borne disease were reported from Lake Grace. 

 

It is clear that substantial rainfall events during summer months in saline regions cause 

rapid proliferation of Ae. camptorhynchus, which can result in localised virus 

transmission. However, it is not known why an outbreak occurred in the Wickepin 

region and yet not in other regions that received similar or larger amounts of 

precipitation. In general though, this was a relatively atypical rainfall event. The very 

small mosquito numbers in summer and much of autumn - as was demonstrated to be 

the case in the summer of 04/05 - would be more reflective of the usual situation in 

inland south-west WA. 
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7.4.2 Host feeding preference of  Ae. camptorhynchus and 

vertebrate host abundance and distribution 

As demonstrated in Chapter 5, evidence of blood meals being taken from sheep/goats 

and marsupials was detected in the majority of engorged Ae. camptorhynchus collected 

in the study region in Chapter 4.  

 

Large marsupials, thought to be efficient natural hosts of RRV (Lindsay 1995, Russell 

2002), are present in the study region; the Western Grey Kangaroo Macropus 

fuliginosus throughout and the euro wallaroo M. robustus in northern parts (section 

5.1.2.1). However, the distribution of these marsupials is irregular and generally 

restricted to patches of remnant native vegetation greater than one hectare and kargaroo 

density in a particular region is associated with the percentage of native vegetation 

remaining (section 5.1.2.1).  Dryland salinity, caused by removal of native vegetation, is 

therefore naturally less severe in areas with a greater percentage of native vegetation 

remaining. Therefore, although both competent vectors and hosts are both present in the 

study region, there is a natural tendency for separation of the two key components of 

enzootic disease cycling driven by the opposing nature of their preferred habitats. Both 

kangaroos (section 5.1.2.1) and Ae. camptorhynchus (Chapter 6) disperse over relatively 

small distances, limiting mixing and cohabitation in the same environment. This is not 

to suggest that vector and host interactions do not occur, but the tendency towards 

separation may limit enzootic cycling to the extent that the potential for spillover into 

epidemic activity is negated.  

 

The large percentage of Ae. camptorhynchus feeding on sheep may also limit the 

potential for RRV transmission. Sheep grazing is the main livestock industry in the 

study region, and sheep are prevalent throughout at an average density likely to be 

between 82 and 156 per km2 (section 5.1.2.2). Sheep are confined to cleared paddocks 

and do not display a tendency to concentrate in patches of native vegetation, where an 

increased potential for interaction with Ae. camptorhynchus might be expected in saline 

regions. 

 

The role of sheep as natural vertebrate hosts for RRV is not clear. Experimental 

infection of four, sheep at one year of age with RRV produced low viraemia titres (<3.3 

log10/LD50) for up to five days after infection (Spradbrow 1973). Five lambs at one 
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week of age were also experimentally infected and developed viraemia of between 2.8 

and 5.0 log10/LD50 for a duration of one to 3 days. Spradbrow (1973) concluded that 

adult sheep are unlikely to be important vertebrate hosts of RRV, but lambs may play a 

role. However, this conclusion cannot be confirmed as the capacity for a vector to 

acquire RRV from a viraemic sheep or lamb and retransmit it to another has not been 

demonstrated. 

 

Limited evidence from antibody prevalence surveys indicates a relatively low RRV 

seroprevalence in sheep. Doherty et al. (1966) tested sheep sera from western 

Queensland using haemagglutination-inhibition and neutralisation methods and found 

antibodies to RRV in 4 of 36, and in 4 of 17 sheep sera respectively. Another 

Queensland study conducted haemagglutination-inhibition testing on 465 sheep sera, 

with only 13 showing evidence of RRV antibodies (Spradbrow 1972). In south-west 

WA, where vertebrate host abundance and the primary vector are different to 

Queensland, neutralising antibodies to RRV were not found in 161 sheep serum samples 

(Johansen 1998). In comparison, the percentages of M. fuliginosus serum samples 

positive for RRV in this study was 34.4% (44 of 128).  

 

If, as the evidence seems to indicate, sheep are dead-end hosts for RRV, the 

opportunistic feeding behaviour of Ae. camptorhynchus may limit its role in virus 

transmission because the abundance and distribution of sheep in the region may 

effectively dilutes mosquito–marsupial interaction. This hypothesis was not supported 

by the results from Chapter 5, which found no difference between vertebrate host 

feeding frequencies across site salinity categories. Significant variation in feeding on 

marsupials was observed across the study regions, with a significantly greater frequency 

observed in the southern regions of Dumbleyung and Kojonup, mirroring the pattern of 

human RRV seroprevalence across the study regions observed in Chapter 3. However, 

significant seasonal variation in feeding frequency indicates a limited potential for virus 

transmission. Feeding on marsupials is lowest during spring (12% of all bloodmeals 

showed evidence of being from marsupials compared to 43% in autumn) when RRV 

transmission cycles are most active in coastal regions (section 1.8.1.4), and thus the 

potential for coastal virus transmission to seed activity further inland is limited.  

 

The role of vertebrate hosts of RRV is extremely complex, the importance of particular 

hosts varies widely by location, and understanding in this area is still generally quite 
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limited (Russell 2002). It is therefore difficult to draw clear implications for disease 

transmission from the data presented in Chapter 5 until more information on the role of 

vertebrate hosts in the region is available. However, it appears that although Ae. 

camptorhynchus feeds frequently on marsupials, the potential for virus transmission 

may be limited for the reasons outlined above. 

 

7.4.3 Human population 

The sparse and unevenly distributed nature of the human population in the study region 

may explain the lack of significantly increased RRV incidence observed in saline 

affected areas. The majority of the population is concentrated in towns, with the 

remainder spread throughout the region on farming properties. Considerable enzootic 

cycling may be present in areas where vector–host interactions occur, but may not 

instigate epidemic cycling due to negligible human–vector interaction.  

 

7.4.4 Is RRV transmission elevated by dryland salin ity in the 

study region? 

The preceding discussion serves to highlight the complex nature of environmental 

influences on mosquito-borne disease transmission and the difficulty in obtaining a 

clear picture regarding such interactions. It appears that overall, the ‘critical mass’ of 

contributing factors that are found in coastal areas with a high disease risk (i.e. abundant 

efficient vertebrate hosts cohabiting with large mosquito vector numbers in late 

spring/summer in close proximity to substantial human populations) is not present in the 

study region, and that disease activity is precluded by the absence of one or more of 

these critical components. 

 

Thus the most comprehensive conclusion in relation to the primary objective of this 

thesis is as follows: it is clear that the primary vector is strongly associated with dryland 

salinity, suggesting that the risk of RRV disease emergence may be elevated in affected 

regions. Factors relating to seasonal mosquito population dynamics, feeding behaviour, 

and vertebrate host abundance and distribution may ameliorate that risk to a certain 

extent. From a community perspective, the interacting ecological factors have not 

translated into a significantly increased disease incidence due to the sparse distribution 

of the people in the region. However, substantial unseasonal rainfall during summer 
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months may lead to the development of periodic disease outbreaks, as demonstrated by 

the cluster of cases in Wickepin in early 2006. 

 

It is important to make the distinction between potential disease risk and actual disease 

incidence. There is no evidence to suggest that RRV disease incidence is significantly 

elevated in dryland salinity affected areas and from a practical, population health point 

of view, it is therefore not currently a priority for public health intervention in the study 

region. However, a potential for disease risk remains, and future ecological changes in 

the region may tip the balance and result in persistent disease activity becoming evident. 

Particularly worrying in this regard is the prediction for the area affected by dryland 

salinity in south-west WA to expand by up to 3 times to 3.4 million hectares over 

coming decades (George et al. 2006). Therefore there is still a need for future proactive 

research into this issue. 

 

7.5  RECOMMENDATIONS FOR MOSQUITO CONTROL  

Evidence-based spatial targeting of mosquito control has been demonstrated to be an 

effective strategy in malaria control to make the most efficient use of available 

resources (Carter et al. 2000, Gu and Novak 2005). A number of recent studies have 

utilised GIS technologies to generate detailed and accurate risk maps to inform and 

target control activities for malaria (Githeko et al. 2006, Kazembe et al. 2006) and 

arbovirus vectors (Jacob et al. 2006). Similar techniques could theoretically be used to 

map RRV risk in the study region and to target appropriate mosquito control 

interventions. However, practically such an intensive effort would not be cost-effective 

and cannot be justified from a public health perspective. Nevertheless spatial targeting 

of mosquito control can still be undertaken without the need for comprehensive risk 

mapping. The human population in the region is irregularly distributed, being 

concentrated around townsites. Targeting control activities at breeding sites within the 

dispersal distance of Ae. camptorhynchus (at least 4.5km as determined in this study, 

and up to 7km to be conservative) from townsites, particularly larger towns such as 

Narrogin, Dumbleyung, Katanning and Kojonup, may be a simple measure to achieve 

cost-effective mosquito control.  
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This concept can also be advanced further to narrow the focus for mosquito control 

through temporal targeting. Given that 70% of all notified cases from the region from 

July 1988 to June 2006 occurred between the months of December to March (section 

2.5.1), control interventions should only be necessary between October and December 

in usual years. Unseasonal rainfall events from January to March causing localised 

inundation of breeding habitat would also require control activities around population 

centres to be undertaken as far as is practical, depending on the extent of the flooding. 

Mosquito control after extensive flooding such as that which occurred at Lake Grace in 

January 2006 is clearly not feasible, the release of disease risk alerts such as those 

issued at the time (Department of Health - Government of Western Australia 2006) 

being the only practical option. For those living in small towns or on farming properties, 

the most practical form of prevention is taking personal protective measures such as 

using repellent, wearing long loose fitting clothing and avoiding outdoor activities at 

peak biting times. 

 

7.6 STUDY LIMITATIONS AND FUTURE RESEARCH 

DIRECTIONS 

Limitations specific to each individual chapter are considered in the discussion of the 

relevant chapter. The following section outlines limitations relevant to more than one 

chapter. 

 

The main limitation of this research as a whole lies in the sparse and irregularly 

distributed nature of the human population in the study region. It could be argued that 

such research is not warranted in a region that is so sparsely populated. However, this 

can be refuted on two levels. Firstly, many of the research findings generated have 

increased understanding of mosquito ecology in their own right regardless of the 

implications for human disease transmission. Secondly rural population health research 

is still under-represented compared to metropolitan despite relatively recent renewed 

interest in the area (Patterson 2000) and the disease burden in remote areas is generally 

greater. Population density in the region should have no bearing on the importance of 

research into the health of the people living in rural and remote regions.  

 



  

 

194

Given the size of the base population, only a small number of RRV cases could be used 

in the analysis in Chapter 2, and the resolution of the environmental data had to be 

reduced dramatically to LGA level. Analysis at this coarse geographical scale was not 

sufficiently sensitive enough to generate clear conclusions regarding the primary 

objective. An attempt was made to circumvent this limitation in Chapter 3 by using 

directly determined seroprevalence data, but the constraints imposed by ethical 

considerations again reduced the resolution of this approach and thus the sensitivity of 

the study.   

 

To overcome the previously encountered limitations, a detailed study was undertaken of 

a proxy for disease risk, namely mosquito population dynamics. To proceed with the 

study at the required level of detail, only four localities within the study region could be 

studied. However, the range of study sites was chosen to be as representative as possible 

to optimise the generalisability of the findings across the study region. A clear 

association was demonstrated between dryland salinity and the main RRV vector, Ae. 

camptorhynchus, although only limited conclusions about the resultant disease risk can 

be drawn relating to disease transmission because the vertebrate host population is also 

important. Some light was shed on interactions between Ae. camptorhynchus and 

vertebrate hosts in Chapter 5, but further assessment of the role and ecology of 

vertebrate host populations in the study region are necessary to generate a more 

complete understanding of disease transmission potential (the relevance of vertebrate 

host ecology is currently being investigated in a separate PhD project, S Carver, 

personal communication).   

 

Although these limitations place constraints on the conclusions, it was nevertheless 

clear that there is potential for elevated RRV risk in dryland salinity affected regions. 

While further intensive research of RRV in the study region is currently not a priority, 

ongoing monitoring of RRV notification trends from the study region is warranted to 

determine if disease incidence increases in the future.  Neglecting to do so raises the 

potential for a ‘silent’ emergence of disease and precludes instigation of future research 

and interventions as required. 

 

At present, continued timely release of disease risk warnings following unseasonable 

substantial rainfall events and localised flooding during summer months is also 

warranted, particularly if a concurrent increase in virus activity in coastal regions is 
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evident, because this appears to be a key event that may result in elevated disease 

incidence. Although Ae. camptorhynchus proliferates in saline affected regions in such 

situations, targeted monitoring of mosquito populations following such events is 

probably of marginal utility because other factors moderate the propensity for human 

disease activity (as demonstrated by the cluster of cases that occurred in Wickepin but 

not Lake Grace, following localised flooding in both regions in January 2006). 

 

7.7 SUMMATION 

This thesis represents the first attempt to prospectively investigate the influence of 

secondary soil salinity on any health outcome in Australia, specifically mosquito-borne 

disease, by combining entomological, environmental and epidemiological data. A major 

strength has been the proactive and anticipatory nature of the research; that is, the 

potential for increased disease risk associated with dryland salinity was identified and 

examined without waiting for an increase in disease burden to emerge before 

investigating the cause.  

 

Although it has been concluded that RRV disease is not currently a population health 

priority in the study region, the potential for increased disease risk in dryland salinity 

affected areas to become apparent in the future cannot be discounted. The scale of this 

major ecosystem disturbance, and thus its capacity to trigger regular disease outbreaks, 

is likely to continue growing over coming decades before any benefits of amelioration 

strategies are observed (George et al. 2006).  

 

Finally, the ability to generalise the findings in this study beyond the context of south-

west WA is important to note. Both dryland and irrigation induced salinity are 

important forms of environmental degradation in arid and semi-arid regions worldwide 

(Rengasamy 2006), which have a combined population of over 400 million people 

(Williams 1999). Potential health risks will of course vary widely across different 

regions depending on a range of locally important factors and the complex interactions 

between them. It is therefore not possible to make broad generalisations (as strikingly 

demonstrated by studies of changing malaria risk associated with irrigation induced soil 

salinisation which indicated an positive association in Azerbaijan (Temel 2004) but a 

negative association in Pakistan (Klinkenberg et al. 2004)). Ultimately, this project 
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highlights the need for similar research in other regions (particularly those in which the 

primary disease vector mosquito is relatively salt tolerant) to identify the potential for 

increased mosquito-borne disease risk resulting from salinity. It is contended that an 

ecosystem health model can provide the necessary framework to investigate and 

understand these emerging problems. 
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APPENDIX 1: FULL RESULTS OF 
SEROSURVEY 

 

Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Dumbleyung 11 F 24/11/2004 .  - 
Dumbleyung 13 F 18/05/2005 .  - 
Dumbleyung 14 F 19/01/2005 .  - 
Dumbleyung 16 F 11/10/2004 .  - 
Dumbleyung 16 F 1/12/2004 .  - 
Dumbleyung 16 F 22/03/2005 .  - 
Dumbleyung 17 F 31/03/2005 .  - 
Dumbleyung 18 F 17/11/2004 .  - 
Dumbleyung 18 F 17/01/2005 .  - 
Dumbleyung 18 F 4/05/2005 .  - 
Dumbleyung 19 F 8/03/2005 .  - 
Dumbleyung 20 F 21/02/2005 .  - 
Dumbleyung 20 F 1/04/2005 .  - 
Dumbleyung 20 F 4/08/2005 .  - 
Dumbleyung 21 F 1/02/2005 .  - 
Dumbleyung 22 F 28/10/2004 .  - 
Dumbleyung 23 F 1/02/2005 .  - 
Dumbleyung 23 F 21/02/2005 .  - 
Dumbleyung 23 F 23/03/2005 .  - 
Dumbleyung 23 F 2/05/2005 .  - 
Dumbleyung 23 F 7/06/2005 .  - 
Dumbleyung 24 F 20/05/2005 .  - 
Dumbleyung 24 F 12/07/2005 .  - 
Dumbleyung 25 F 20/12/2004 .  - 
Dumbleyung 25 F 20/01/2005 .  - 
Dumbleyung 25 F 4/03/2005 .  - 
Dumbleyung 25 F 11/08/2005 .  - 
Dumbleyung 26 F 3/05/2005 .  - 
Dumbleyung 26 F 19/07/2005 .  - 
Dumbleyung 26 F 4/08/2005 .  - 
Dumbleyung 26 F 25/08/2005 .  - 
Dumbleyung 27 F 27/05/2005 .  - 
Dumbleyung 27 F 4/07/2005 .  - 
Dumbleyung 27 F 28/07/2005 .  - 
Dumbleyung 27 F 19/08/2005 .  - 
Dumbleyung 27 F 23/08/2005 .  - 
Dumbleyung 28 F 1/02/2005 .  - 
Dumbleyung 28 F 9/06/2005 .  - 
Dumbleyung 29 F 4/02/2005 .  - 
Dumbleyung 29 F 28/06/2005 .  - 
Dumbleyung 29 F 8/07/2005 .  - 
Dumbleyung 30 F 18/11/2004 .  - 
Dumbleyung 30 F 28/01/2005 .  - 
Dumbleyung 30 F 25/07/2005 .  - 
Dumbleyung 30 F 19/08/2005 .  - 
Dumbleyung 31 F 22/04/2005 .  - 
Dumbleyung 31 F 24/05/2005 .  - 
Dumbleyung 31 F 12/08/2005 .  - 
Dumbleyung 31 F 9/05/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Dumbleyung 32 F 31/03/2005 .  - 
Dumbleyung 32 F 23/05/2005 .  - 
Dumbleyung 33 F 20/12/2004 .  - 
Dumbleyung 34 F 21/12/2004 .  - 
Dumbleyung 34 F 24/01/2005 .  - 
Dumbleyung 34 F 11/04/2005 .  - 
Dumbleyung 34 F 11/07/2005 .  - 
Dumbleyung 34 F 28/07/2005 .  - 
Dumbleyung 35 F 14/10/2004 .  - 
Dumbleyung 35 F 16/02/2005 .  - 
Dumbleyung 36 F 23/11/2004 .  - 
Dumbleyung 36 F 19/05/2005 .  - 
Dumbleyung 39 F 18/05/2005 .  - 
Dumbleyung 40 F 13/07/2005 .  - 
Dumbleyung 41 F 19/11/2004 .  - 
Dumbleyung 41 F 1/12/2004 .  - 
Dumbleyung 41 F 2/05/2005 .  - 
Dumbleyung 43 F 22/11/2004 160 40 + 
Dumbleyung 44 F 27/04/2005 .  - 
Dumbleyung 45 F 1/11/2004 .  - 
Dumbleyung 45 F 23/08/2005 10  - 
Dumbleyung 46 F 7/04/2005 .  - 
Dumbleyung 50 F 21/04/2005 .  - 
Dumbleyung 51 F 17/08/2005 .  - 
Dumbleyung 52 F 1/06/2005 .  - 
Dumbleyung 56 F 23/12/2004 20  - 
Dumbleyung 57 F 6/05/2005 .  - 
Dumbleyung 58 F 23/05/2005 .  - 
Dumbleyung 58 F 23/05/2005 .  - 
Dumbleyung 58 F 25/07/2005 .  - 
Dumbleyung 59 F 6/07/2005 .  - 
Dumbleyung 60 F 15/10/2004 .  - 
Dumbleyung 61 F 9/03/2005 .  - 
Dumbleyung 62 F 26/08/2005 10  - 
Dumbleyung 63 F 4/05/2005 40 640 + 
Dumbleyung 65 F 27/10/2004 .  - 
Dumbleyung 65 F 12/01/2005 .  - 
Dumbleyung 65 F 3/06/2005 .  - 
Dumbleyung 67 F 4/08/2005 .  - 
Dumbleyung 68 F 14/01/2005 .  - 
Dumbleyung 70 F 20/12/2004 .  - 
Dumbleyung 70 F 21/12/2004 .  - 
Dumbleyung 77 F 9/02/2005 .  - 
Dumbleyung 82 F 3/11/2004 .  - 
Dumbleyung 84 F 4/05/2005 .  - 
Dumbleyung 94 F 13/10/2004 .  - 
Dumbleyung 7 M 24/08/2005 10  - 
Dumbleyung 9 M 5/05/2005 .  - 
Dumbleyung 14 M 23/03/2005 .  - 
Dumbleyung 15 M 1/11/2004 .  - 
Dumbleyung 17 M 25/10/2004 .  - 
Dumbleyung 19 M 26/04/2005 .  - 
Dumbleyung 23 M 4/08/2005 .  - 
Dumbleyung 24 M 16/03/2005 .  - 
Dumbleyung 26 M 23/06/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Dumbleyung 26 M 22/08/2005 .  - 
Dumbleyung 29 M 24/01/2005 .  - 
Dumbleyung 30 M 11/01/2005 .  - 
Dumbleyung 31 M 5/05/2005 .  - 
Dumbleyung 32 M 19/07/2005 .  - 
Dumbleyung 33 M 12/08/2005 20  - 
Dumbleyung 34 M 8/02/2005 .  - 
Dumbleyung 34 M 9/02/2005 .  - 
Dumbleyung 37 M 9/02/2005 .  - 
Dumbleyung 37 M 8/07/2005 .  - 
Dumbleyung 38 M 6/05/2005 .  - 
Dumbleyung 39 M 8/02/2005 .  - 
Dumbleyung 40 M 10/05/2005 40 160 + 
Dumbleyung 43 M 4/11/2004 .  - 
Dumbleyung 46 M 8/11/2004 80 160 + 
Dumbleyung 46 M 3/08/2005 . . - 
Dumbleyung 47 M 25/11/2004 80 160 + 
Dumbleyung 47 M 11/04/2005 .  - 
Dumbleyung 48 M 20/07/2005 .  - 
Dumbleyung 49 M 6/12/2004 .  - 
Dumbleyung 49 M 17/12/2004 .  - 
Dumbleyung 49 M 20/05/2005 10  - 
Dumbleyung 51 M 16/06/2005 .  - 
Dumbleyung 52 M 16/02/2005 .  - 
Dumbleyung 53 M 5/08/2005 .  - 
Dumbleyung 56 M 1/11/2004 .  - 
Dumbleyung 57 M 12/02/2005 .  - 
Dumbleyung 61 M 18/08/2005 .  - 
Dumbleyung 63 M 15/08/2005 .  - 
Dumbleyung 65 M 12/10/2004 160 160 + 
Dumbleyung 65 M 1/12/2004 10  - 
Dumbleyung 65 M 5/04/2005 .  - 
Dumbleyung 66 M 5/01/2005 .  - 
Dumbleyung 67 M 31/05/2005 .  - 
Dumbleyung 68 M 24/01/2005 .  - 
Dumbleyung 75 M 24/01/2005 .  - 
Dumbleyung 77 M 24/01/2005 .  - 

Kojonup 16 F 29/11/2004 .  - 
Kojonup 16 F 9/05/2005 .  - 
Kojonup 16 F 14/06/2005 .  - 
Kojonup 17 F 4/05/2005 .  - 
Kojonup 19 F 10/02/2005 .  - 
Kojonup 19 F 24/06/2005 .  - 
Kojonup 19 F 30/06/2005 .  - 
Kojonup 20 F 15/10/2004 .  - 
Kojonup 22 F 18/01/2005 .  - 
Kojonup 22 F 31/01/2005 .  - 
Kojonup 22 F 5/08/2005 .  - 
Kojonup 23 F 29/08/2005 .  - 
Kojonup 24 F 30/12/2004 .  - 
Kojonup 24 F 9/02/2005 .  - 
Kojonup 24 F 2/03/2005 .  - 
Kojonup 24 F 15/03/2005 .  - 
Kojonup 24 F 16/08/2005 .  - 
Kojonup 25 F 12/10/2004 . . - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Kojonup 25 F 30/06/2005 .  - 
Kojonup 25 F 6/07/2005 .  - 
Kojonup 26 F 26/07/2005 .  - 
Kojonup 27 F 14/01/2005 .  - 
Kojonup 27 F 14/07/2005 .  - 
Kojonup 28 F 23/02/2005 10  - 
Kojonup 29 F 23/11/2004 .  - 
Kojonup 29 F 25/02/2005 .  - 
Kojonup 29 F 24/03/2005 .  - 
Kojonup 29 F 30/03/2005 .  - 
Kojonup 29 F 30/06/2005 .  - 
Kojonup 29 F 15/08/2005 .  - 
Kojonup 30 F 21/01/2005 20  - 
Kojonup 30 F 10/03/2005 .  - 
Kojonup 31 F 4/01/2005 .  - 
Kojonup 31 F 7/07/2005 .  - 
Kojonup 33 F 6/12/2004 .  - 
Kojonup 33 F 8/02/2005 .  - 
Kojonup 33 F 19/02/2005 .  - 
Kojonup 33 F 15/06/2005 .  - 
Kojonup 33 F 23/06/2005 .  - 
Kojonup 33 F 27/06/2005 .  - 
Kojonup 34 F 20/12/2004 .  - 
Kojonup 34 F 26/07/2005 .  - 
Kojonup 34 F 1/08/2005 .  - 
Kojonup 34 F 4/08/2005 .  - 
Kojonup 35 F 8/03/2005 10  - 
Kojonup 35 F 18/05/2005 .  - 
Kojonup 36 F 31/01/2005 .  - 
Kojonup 37 F 3/05/2005 .  - 
Kojonup 37 F 6/07/2005 .  - 
Kojonup 38 F 15/03/2005 .  - 
Kojonup 38 F 11/08/2005 .  - 
Kojonup 40 F 22/02/2005 .  - 
Kojonup 41 F 23/03/2005 .  - 
Kojonup 41 F 26/08/2005 .  - 
Kojonup 42 F 26/11/2004 .  - 
Kojonup 42 F 27/04/2005 .  - 
Kojonup 43 F 11/01/2005 .  - 
Kojonup 44 F 19/03/2005 .  - 
Kojonup 45 F 4/01/2005 .  - 
Kojonup 45 F 11/05/2005 .  - 
Kojonup 45 F 26/05/2005 .  - 
Kojonup 46 F 17/11/2004 .  - 
Kojonup 46 F 8/02/2005 .  - 
Kojonup 46 F 20/05/2005 .  - 
Kojonup 47 F 14/02/2005 .  - 
Kojonup 47 F 14/07/2005 .  - 
Kojonup 48 F 11/08/2005 .  - 
Kojonup 49 F 1/06/2005 .  - 
Kojonup 49 F 16/06/2005 .  - 
Kojonup 51 F 17/05/2005 .  - 
Kojonup 53 F 11/11/2004 .  - 
Kojonup 53 F 21/04/2005 .  - 
Kojonup 55 F 26/07/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Kojonup 55 F 16/08/2005 .  - 
Kojonup 56 F 27/06/2005 .  - 
Kojonup 59 F 8/02/2005 .  - 
Kojonup 60 F 29/06/2005 .  - 
Kojonup 62 F 21/01/2005 .  - 
Kojonup 65 F 10/12/2004 .  - 
Kojonup 68 F 10/12/2004 .  - 
Kojonup 70 F 30/06/2005 .  - 
Kojonup 74 F 21/07/2005 .  - 
Kojonup 82 F 18/03/2005 .  - 
Kojonup 86 F 8/07/2005 40 320 + 
Kojonup 9 M 9/03/2005 .  - 
Kojonup 15 M 11/01/2005 .  - 
Kojonup 15 M 1/03/2005 .  - 
Kojonup 15 M 1/03/2005 .  - 
Kojonup 15 M 3/03/2005 .  - 
Kojonup 15 M 3/03/2005 .  - 
Kojonup 15 M 3/03/2005 .  - 
Kojonup 15 M 30/03/2005 .  - 
Kojonup 17 M 19/07/2005 .  - 
Kojonup 17 M 6/08/2005 .  - 
Kojonup 18 M 1/03/2005 10  - 
Kojonup 19 M 24/11/2004 .  - 
Kojonup 20 M 21/01/2005 .  - 
Kojonup 20 M 26/07/2005 .  - 
Kojonup 21 M 19/04/2005 10  - 
Kojonup 21 M 26/05/2005 .  - 
Kojonup 25 M 19/07/2005 80 640 + 
Kojonup 27 M 8/03/2005 .  - 
Kojonup 28 M 27/07/2005 .  - 
Kojonup 29 M 8/04/2005 .  - 
Kojonup 33 M 8/11/2004 .  - 
Kojonup 37 M 3/12/2004 .  - 
Kojonup 37 M 31/03/2005   - 
Kojonup 38 M 15/10/2004 .  - 
Kojonup 38 M 29/06/2005 320 640 + 
Kojonup 38 M 11/07/2005 .  - 
Kojonup 38 M 25/08/2005 320 160 + 
Kojonup 39 M 18/03/2005 .  - 
Kojonup 40 M 10/06/2005 .  - 
Kojonup 42 M 15/07/2005 .  - 
Kojonup 43 M 15/10/2004 .  - 
Kojonup 44 M 13/01/2005 .  - 
Kojonup 45 M 26/10/2004 .  - 
Kojonup 45 M 20/04/2005 .  - 
Kojonup 45 M 23/05/2005 80 640 + 
Kojonup 45 M 15/06/2005 .  - 
Kojonup 46 M 16/06/2005 .  - 
Kojonup 48 M 20/04/2005 .  - 
Kojonup 48 M 17/06/2005 .  - 
Kojonup 48 M 17/06/2005 .  - 
Kojonup 49 M 16/03/2005 .  - 
Kojonup 51 M 19/08/2005 .  - 
Kojonup 51 M 25/08/2005 80 . - 
Kojonup 52 M 29/08/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Kojonup 53 M 29/07/2005 .  - 
Kojonup 54 M 23/02/2005 .  - 
Kojonup 54 M 5/05/2005 .  - 
Kojonup 54 M 14/07/2005 .  - 
Kojonup 55 M 6/12/2004 .  - 
Kojonup 56 M 13/10/2004 10    - 
Kojonup 57 M 10/05/2005 10  - 
Kojonup 58 M 16/11/2004 80 640 + 
Kojonup 58 M 13/04/2005 .  - 
Kojonup 61 M 14/10/2004 80 160 + 
Kojonup 62 M 2/12/2004 .  - 
Kojonup 62 M 2/12/2004 160 80 + 
Kojonup 63 M 11/07/2005 .  - 
Kojonup 63 M 3/08/2005 160 160 + 
Kojonup 65 M 22/06/2005 .  - 
Kojonup 66 M 30/06/2005 .  - 
Kojonup 66 M 22/07/2005 .  - 
Kojonup 67 M 26/08/2005 10  - 
Kojonup 87 M 12/08/2005 .  - 
Narrogin 14 F 6/05/2005 .  - 
Narrogin 15 F 20/07/2005 .  - 
Narrogin 16 F 21/12/2004 .  - 
Narrogin 17 F 26/05/2005 .  - 
Narrogin 18 F 9/05/2005 .  - 
Narrogin 19 F 9/11/2004 .  - 
Narrogin 19 F 2/12/2004 .  - 
Narrogin 19 F 29/04/2005 .  - 
Narrogin 19 F 10/05/2005 .  - 
Narrogin 19 F 27/06/2005 .  - 
Narrogin 20 F 23/12/2004 .  - 
Narrogin 20 F 9/08/2005 .  - 
Narrogin 21 F 15/10/2004 10  - 
Narrogin 21 F 30/11/2004 .  - 
Narrogin 21 F 11/07/2005 .  - 
Narrogin 22 F 2/12/2004 .  - 
Narrogin 22 F 13/12/2004 .  - 
Narrogin 23 F 2/12/2004 .  - 
Narrogin 24 F 29/12/2004 .  - 
Narrogin 24 F 29/01/2005 .  - 
Narrogin 24 F 25/02/2005 .  - 
Narrogin 24 F 4/05/2005 .  - 
Narrogin 24 F 29/07/2005 .  - 
Narrogin 25 F 8/02/2005 .  - 
Narrogin 26 F 19/01/2005 .  - 
Narrogin 26 F 17/05/2005 .  - 
Narrogin 26 F 10/08/2005 .  - 
Narrogin 27 F 27/11/2004 .  - 
Narrogin 27 F 21/12/2004 .  - 
Narrogin 27 F 1/07/2005 .  - 
Narrogin 28 F 7/06/2005 .  - 
Narrogin 28 F 20/07/2005 .  - 
Narrogin 29 F 25/10/2004 .  - 
Narrogin 29 F 6/01/2005 .  - 
Narrogin 29 F 4/02/2005 .  - 
Narrogin 29 F 19/04/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Narrogin 29 F 24/08/2005 20  - 
Narrogin 30 F 28/04/2005 .  - 
Narrogin 31 F 2/12/2004 .  - 
Narrogin 31 F 18/02/2005 .  - 
Narrogin 32 F 9/11/2004 .  - 
Narrogin 32 F 23/11/2004 .  - 
Narrogin 32 F 2/12/2004 .  - 
Narrogin 32 F 21/12/2004 .  - 
Narrogin 32 F 28/02/2005 .  - 
Narrogin 32 F 30/05/2005 .  - 
Narrogin 33 F 2/12/2004 .  - 
Narrogin 33 F 10/05/2005 .  - 
Narrogin 34 F 9/02/2005 .  - 
Narrogin 34 F 13/04/2005 .  - 
Narrogin 34 F 9/08/2005 . . - 
Narrogin 35 F 7/02/2005 80 40 + 
Narrogin 35 F 21/03/2005 .  - 
Narrogin 35 F 30/05/2005 .  - 
Narrogin 35 F 29/06/2005 .  - 
Narrogin 36 F 31/03/2005 .  - 
Narrogin 37 F 24/05/2005 .  - 
Narrogin 37 F 13/06/2005 .  - 
Narrogin 38 F 3/05/2005 .  - 
Narrogin 39 F 13/04/2005 .  - 
Narrogin 42 F 19/11/2004 .  - 
Narrogin 42 F 19/05/2005 .  - 
Narrogin 43 F 4/05/2005 .  - 
Narrogin 43 F 10/06/2005 .  - 
Narrogin 44 F 23/02/2005 .  - 
Narrogin 44 F 26/07/2005 .  - 
Narrogin 45 F 7/04/2005 .  - 
Narrogin 45 F 2/05/2005 .  - 
Narrogin 46 F 8/08/2005 .  - 
Narrogin 49 F 2/12/2004 .  - 
Narrogin 49 F 20/08/2005 10  - 
Narrogin 52 F 8/12/2004 .  - 
Narrogin 52 F 5/08/2005 .  - 
Narrogin 53 F 24/06/2005 .  - 
Narrogin 53 F 11/08/2005 .  - 
Narrogin 55 F 6/05/2005 .  - 
Narrogin 57 F 18/03/2005 .  - 
Narrogin 57 F 22/04/2005 .  - 
Narrogin 60 F 29/03/2005 .  - 
Narrogin 63 F 31/05/2005 .  - 
Narrogin 65 F 8/06/2005 .  - 
Narrogin 66 F 18/04/2005 .  - 
Narrogin 66 F 9/08/2005 .  - 
Narrogin 72 F 15/02/2005 .  - 
Narrogin 74 F 9/02/2005 .  - 
Narrogin 78 F 17/03/2005 .  - 
Narrogin 81 F 21/12/2004 .  - 
Narrogin 81 F 4/07/2005 .  - 
Narrogin 89 F 3/03/2005 .  - 
Narrogin 4 M 6/05/2005 .  - 
Narrogin 11 M 17/11/2004 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Narrogin 17 M 23/11/2004 .  - 
Narrogin 17 M 2/12/2004 .  - 
Narrogin 17 M 16/02/2005 .  - 
Narrogin 17 M 19/05/2005 .  - 
Narrogin 18 M 26/10/2004 .  - 
Narrogin 18 M 22/12/2004 .  - 
Narrogin 18 M 16/02/2005 160 320 + 
Narrogin 20 M 14/02/2005 .  - 
Narrogin 21 M 25/02/2005 .  - 
Narrogin 21 M 19/05/2005 .  - 
Narrogin 22 M 31/10/2004 .  - 
Narrogin 22 M 19/05/2005 .  - 
Narrogin 22 M 9/08/2005 .  - 
Narrogin 23 M 15/10/2004 .  - 
Narrogin 23 M 2/12/2004 .  - 
Narrogin 23 M 19/05/2005 .  - 
Narrogin 25 M 6/05/2005   - 
Narrogin 26 M 27/04/2005 .  - 
Narrogin 27 M 12/04/2005 .  - 
Narrogin 27 M 19/05/2005 .  - 
Narrogin 29 M 27/06/2005 .  - 
Narrogin 30 M 15/02/2005 .  - 
Narrogin 30 M 10/06/2005 .  - 
Narrogin 30 M 15/07/2005 .  - 
Narrogin 31 M 24/06/2005 10  - 
Narrogin 32 M 19/04/2005 .  - 
Narrogin 32 M 18/05/2005 .  - 
Narrogin 33 M 24/02/2005 10  - 
Narrogin 34 M 2/12/2004 640 40 + 
Narrogin 35 M 18/12/2004 .  - 
Narrogin 36 M 1/06/2005 .  - 
Narrogin 37 M 2/12/2004 .  - 
Narrogin 37 M 19/05/2005 .  - 
Narrogin 38 M 1/02/2005 .  - 
Narrogin 38 M 16/04/2005 .  - 
Narrogin 39 M 31/10/2004 .  - 
Narrogin 39 M 7/02/2005 80 160 + 
Narrogin 39 M 5/07/2005 .  - 
Narrogin 40 M 11/03/2005 640 640 + 
Narrogin 40 M 30/06/2005 .  - 
Narrogin 41 M 12/11/2004 .  - 
Narrogin 41 M 5/03/2005 .  - 
Narrogin 43 M 9/03/2005 .  - 
Narrogin 44 M 20/04/2005 .  - 
Narrogin 45 M 31/10/2004 .  - 
Narrogin 46 M 2/12/2004 20  - 
Narrogin 46 M 13/04/2005 .  - 
Narrogin 46 M 4/05/2005 .  - 
Narrogin 47 M 12/11/2004 .  - 
Narrogin 47 M 17/04/2005 .  - 
Narrogin 47 M 19/05/2005 .  - 
Narrogin 48 M 16/02/2005 .  - 
Narrogin 48 M 31/05/2005 .  - 
Narrogin 48 M 26/08/2005 .  - 
Narrogin 49 M 25/04/2005 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Narrogin 50 M 2/12/2004 .  - 
Narrogin 51 M 15/04/2005 .  - 
Narrogin 52 M 30/06/2005 10  - 
Narrogin 53 M 25/02/2005 .  - 
Narrogin 53 M 19/05/2005 .  - 
Narrogin 54 M 27/05/2005 .  - 
Narrogin 58 M 28/04/2005 .  - 
Narrogin 59 M 4/11/2004 .  - 
Narrogin 59 M 14/06/2005 .  - 
Narrogin 59 M 24/06/2005 .  - 
Narrogin 64 M 31/10/2004 .  - 
Narrogin 65 M 11/11/2004 .  - 
Narrogin 66 M 3/12/2004 .  - 
Narrogin 86 M 15/02/2005 .  - 
Williams 13 F 24/03/2005 .  - 
Williams 15 F 21/07/2005 .  - 
Williams 16 F 12/04/2005 .  - 
Williams 17 F 28/01/2005 .  - 
Williams 17 F 24/05/2005 .  - 
Williams 18 F 29/10/2004 10  - 
Williams 19 F 11/08/2005 40 640 + 
Williams 20 F 31/10/2004 10  - 
Williams 20 F 13/07/2005 .  - 
Williams 21 F 16/02/2005 10  - 
Williams 22 F 30/12/2004 .  - 
Williams 22 F 16/08/2005 .  - 
Williams 23 F 10/12/2004 .  - 
Williams 24 F 26/04/2005 .  - 
Williams 24 F 8/07/2005 .  - 
Williams 24 F 29/07/2005 .  - 
Williams 26 F 17/03/2005 .  - 
Williams 26 F 4/05/2005 .  - 
Williams 27 F 31/12/2004 .  - 
Williams 28 F 10/12/2004 .  - 
Williams 29 F 31/10/2004 .  - 
Williams 29 F 17/02/2005 .  - 
Williams 29 F 8/06/2005 .  - 
Williams 30 F 4/04/2005 .  - 
Williams 30 F 8/08/2005 .  - 
Williams 31 F 5/04/2005 .  - 
Williams 33 F 16/02/2005 .  - 
Williams 33 F 23/05/2005 .  - 
Williams 33 F 18/06/2005 .  - 
Williams 34 F 27/01/2005 .  - 
Williams 34 F 1/04/2005 .  - 
Williams 36 F 19/04/2005 .  - 
Williams 37 F 31/10/2004 .  - 
Williams 37 F 14/02/2005 40 640 + 
Williams 37 F 6/04/2005 .  - 
Williams 37 F 8/06/2005 .  - 
Williams 37 F 9/08/2005 .  - 
Williams 38 F 19/07/2005 .  - 
Williams 39 F 21/01/2005 .  - 
Williams 40 F 23/05/2005 .  - 
Williams 41 F 31/10/2004 .  - 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Williams 43 F 24/03/2005 .  - 
Williams 43 F 21/07/2005 .  - 
Williams 45 F 5/05/2005 .  - 
Williams 46 F 17/06/2005 .  - 
Williams 46 F 15/03/2005 .  - 
Williams 51 F 10/02/2005 .  - 
Williams 52 F 23/06/2005 .  - 
Williams 54 F 1/11/2004 .  - 
Williams 59 F 17/07/2005 .  - 
Williams 64 F 5/08/2005 .  - 
Williams 65 F 7/07/2005 .  - 
Williams 14 M 5/06/2005 .  - 
Williams 15 M 8/04/2005 .  - 
Williams 18 M 31/10/2004 .  - 
Williams 18 M 27/06/2005 .  - 
Williams 18 M 24/08/2005 .  - 
Williams 20 M 2/12/2004 .  - 
Williams 20 M 29/12/2004 .  - 
Williams 21 M 31/10/2004 .  - 
Williams 22 M 29/12/2004 .  - 
Williams 24 M 31/10/2004 .  - 
Williams 26 M 24/06/2005 .  - 
Williams 27 M 12/07/2005 40 40 + 
Williams 28 M 31/10/2004 .  - 
Williams 29 M 29/03/2005 .  - 
Williams 29 M 9/04/2005 .  - 
Williams 30 M 31/10/2004 .  - 
Williams 30 M 23/06/2005 .  - 
Williams 31 M 31/10/2004 .  - 
Williams 31 M 30/12/2004 .  - 
Williams 33 M 14/01/2005 .  - 
Williams 33 M 4/04/2005 10  - 
Williams 35 M 15/10/2004 .  - 
Williams 35 M 23/05/2005 .  - 
Williams 36 M 16/02/2005 .  - 
Williams 37 M 16/02/2005 .  - 
Williams 37 M 14/02/2005 .  - 
Williams 38 M 8/12/2004 10  - 
Williams 38 M 16/02/2005 .  - 
Williams 39 M 9/08/2005 .  - 
Williams 41 M 16/02/2005 .  - 
Williams 41 M 10/08/2005 640 320 + 
Williams 41 M 10/08/2005 .  - 
Williams 45 M 2/12/2004 .  - 
Williams 46 M 31/10/2004 .  - 
Williams 46 M 16/02/2005 10  - 
Williams 46 M 27/04/2005 .  - 
Williams 47 M 31/10/2004 .  - 
Williams 50 M 31/10/2004 .  - 
Williams 53 M 16/02/2005 .  - 
Williams 55 M 31/10/2004 .  - 
Williams 55 M 29/07/2005 .  - 
Williams 56 M 28/04/2005 .  - 
Williams 56 M 24/08/2005 .  - 
Williams 58 M 10/11/2004 40 40 + 
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Subregion Age  Sex 
Date of 

Collection 
Neutralisation 
titre (1st test) 

Neutralisation 
titre (2nd test) Result  

Williams 60 M 31/10/2004 .  - 
Williams 62 M 15/07/2005 .  - 
Williams 63 M 31/10/2004 .  - 
Williams 63 M 1/04/2005 .  - 
Williams 64 M 14/02/2005 .  - 
Williams 65 M 27/05/2005 .  - 
Williams 72 M 3/07/2005 .  - 
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APPENDIX 2: STUDY SITE SALINITY 
CATEGORISATION AND MOSQUITO 

COLLECTIONS 
 
This appendix contains data relating to the salinity classification of each study site, at 

least one photograph (the majority of study sites have two taken at different times of 

year to show how the sites changed) and full adult and immature (larvae and emerged 

adult) collections.  
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Albany Highway Revegetation Site S32.92888 E116.73728 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

7.12% 4.26% 5.26% 2.38% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No Yes Yes Yes 
Median water EC >20 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 
 
 

Albany Highway Revegetation Site         
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 29/6/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 7 4   1 10 9 13 22 4 
Ae. calabyi   1 1       

Ae. camptorhynchus 2 2    7 18 46 99 7 
Ae. clelandi        6   

Ae. notoscriptus  1   1 1     
An. annulipes s.l. 2 8  1   2 3 9 3 
Cx. australicus        2 1  

Cx. globocoxitus    3 3   4   

Date 29/06/2005 6/08/2005 21/09/2005 29/10/2005 

 L E L E L E L E 

Ae. alboannulatus 1 1 8  5  6  

Ae. camptorhynchus 1  1  5 1 2  

An. annulipes s.l. 2      1  
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Boundary Rd S33.19533 E116.39950 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

6.18% 4.50% 12.74% 12.61% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 0.18 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult Collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Boundary Road          
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus       1 7 4 2  
Ae. bancroftianus 1     1    7  

Ae. calabyi    1        
Ae. clelandi        1 1   

Ae. ENMs sp 147  2 5         
Ae. hesperonotius          2  

Ae. hodgkini 1        5   
Ae. notoscriptus  1          

Ae. sagax         1   
Ae. stricklandi           1 

An. annulipes s.l. 1        1 1  
An. atratipes         1   

Cx. australicus       1  1 2  
Ae. male 1    1       

Date 4/11/2004 29/06/2005 21/09/2005 29/10/2005 
 L E L E L E L E 

Ae. alboannulatus     2    

Ae. hodgkini   5      

Ae. ratcliffei   2  1    

An. annulipes s.l. 1        

Cx. australicus         

Cx. globocoxitus 1       1 
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Coalling Creek S33.02391 E116.87595 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

5.09% 3.83% 12.12% 2.85% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No Yes 
Median water EC 8.80 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 

Coalling Creek           
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 6/5/05 20/5/05 29/6/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 2 2  1 1   1  2 2 13 
Ae. bancroftianus     1        

Ae. camptorhynchus 27 7   36 113 57 20 45 121 118 15 
Ae. clelandi          1   

Ae. notoscriptus    1  1 4     1 
An. annulipes s.l. 2 11  1 5     1 1 11 
Cx. annulirostris    1         
Cx. australicus  2 1 2 3    1  2 1 

Cx. globocoxitus 2 4  1 1  1 1 3 1  7 
Cx. quinqefasciatus       1      

Cx. male  2   1        
Damaged         1    

Date 4/11/2004 13/04/2005 20/5/2005 29/6/2005 6/08/2005 21/09/2005 29/10/2005 8/12/2005 

 L E L E L E L E L E L E L E L E 

Ae. alboannulatus 1    5 1     1      

Ae. camptorhynchus     3 2 5  3        

Ae. ratcliffei           1      

An. annulipes s.l. 7 4   2 2 4  3  1 1 5  4  

Cx. australicus                 

Cx. globocoxitus   19   2 1    1     1 
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Coolaking Gully S33.19321 E116.58192 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

6.21% 4.98% 3.88% 4.30% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 0.71 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult Collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Coolaking Gully         
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 29/6/05 6/8/05 21/9/05 8/12/05 

Ae. alboannulatus 3 1 5 1     1 2 
Ae. camptorhynchus 1       2   

Ae. clelandi 1          
Ae. notoscriptus          1 
An. annulipes s.l. 2 18 51 84  1  1  8 
Cq. sp nr linealis   1        

Cs. atra     1     2 
Cx. annulirostris   2 5       
Cx. australicus  6 2 3     2 14 

Cx. globocoxitus 1 8 10 9    2 6 11 
An. male  1         
Cx. male  5 1 4       

Date 22/10/2004 21/03/2005 29/06/2005 29/10/2005 8/12/2005 
 L E L E L E L E L E 

An. annulipes s.l. 10 1 1  4  4 2 6  

Cx. australicus         5  

Cx. annulirostris   1        

Cx. globocoxitus  1         



  

 

262

Hotham River West S32.92505 E116.41268 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

2.03% 2.38% 6.09% 3.17% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 6.10 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 
 

Hotham River West          
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 5 5 1  3 1  8 5 5 39 
Ae. calabyi   1         

Ae. camptorhynchus       2 1  2  
Ae. clelandi 7       2 9 1  

Ae. notoscriptus  1        1  
An. annulipes s.l. 6 7 5  1   1 1  9 
Cx. annulirostris   1 2        
Cx. australicus          4  

Cx. globocoxitus 4 1  1 1  1   41  
Cx. male    1        
An. male          1  
Damaged           1 

Date 22/10/2004 29/10/205 8/12/2005 
 L E L E L E 

An. annulipes s.l. 3  3  1 1 

Cx. australicus     1 4 

Cx. latus   6  5  
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Kievi Farm S32.94178 E116.67941 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

8.46% 6.71% 5.39% 4.02% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC 18.15 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Kevei Farm           
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 6/5/05 20/5/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus  1  2  1 5 1     
Ae. camptorhynchus 1 6 2 10  2 12 4 2 2 51 1 

Ae. clelandi 1            
Ae. ENMs sp 147  1           
Ae. hesperonotius           2  
Ae. notoscriptus  2           
Ae. occidentalis    1         

An. annulipes s.l.           13  
Cs. atra           11  

Cx. annulirostris    1         
Cx. australicus  1       2  3  

Cx. globocoxitus  2  1   1   2 14  
Cx. male           22  

Date 4/11/2004 
 L E 

Ae. camptorhynchus 2 1 
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Marradong Creek S32.92694 E116.49315 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

2.46% 4.46% 4.89% 3.39% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 6.35 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Marradong Creek         
Date 4/11/04 21/12/04 21/3/05 13/4/05 23/4/05 20/5/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 1 6 5       4 
Ae. camptorhynchus     2 3 6 29 7 2 

Ae. clelandi 1       9 4  
Ae. ratcliffei         1  

An. annulipes s.l. 1 20 24   2  24 4 16 
Cs. atra    5   2 18  1 

Cx. annulirostris   3        
Cx. australicus  4 1    3 3  4 

Cx. globocoxitus 4 9 3 3 1 3 1 8  5 
Cx. male 1 2 2       1 

Date 4/11/2004 13/04/2005 29/10/2005 
 L E L E L E 

Ae. camptorhynchus   5   3 

An. annulipes s.l. 1      

Cx. globocoxitus      1 
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Nalyerin Lake S33.14714 E116.37044 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

0.01% 1.62% 32.90% 12.04% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 0.33 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Nalyerin Lake        
Date 4/2/05 21/3/05 13/4/05 23/4/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus     1 1    
Ae. camptorhynchus      1 1 1  

Ae. notoscriptus  1        
An. annulipes s.l. 1    1   5 38 

An. atratipes         4 
Cq. sp nr linealis 2         
Cx. annulirostris         4 
Cx. australicus     1  4 2 1 

Cq. male 2         
Cx. male       1  1 

Date 21/9/2005 
 L E 

Cx. australicus 1  
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Norwood Road S33.08213 E116.53039 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

1.03% 2.14% 3.77% 2.61% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC  Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections not possible 
 

Norwood Road         
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus  1 2 10 4   1 4 5 
Ae. camptorhynchus         2 1 

Ae. clelandi 1          
An. annulipes s.l. 3 16 3 21 2 1  17 66 16 
Cx. annulirostris    14       
Cx. australicus  4  6   2 7 1  

Cx. globocoxitus 1 5 3 29    2 1 1 
Ae. male  1         
Cx. male   1 8       
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Williams River S33.10333 E116.71755 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

2.96% 0.96% 8.95% 3.23% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 4.78 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Williams River           
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 20/5/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 2 7 1 4 1 3  1  1 5 11 
Ae. bancroftianus 3           2 

Ae. camptorhynchus 23 11     2  5 10 8 9 
Ae. clelandi 8        1 7 3  

Ae. hesperonotius           1 2 
An. annulipes s.l.  8 13 21      2 4 1 
Cq. sp nr linealis    2         
Cx. annulirostris    1         
Cx. australicus  1   1     2   

Cx. globocoxitus 1  6 25 1 1 2 4     
Cx. male    2         
An. male    1         

Date 4/11/2004 21/9/2005 29/10/2005 
 L E L E L E 

Ae. alboannulatus 7 11 1    

Ae. camptorhynchus   5    

An. annulipes s.l. 2 5     

Cx. australicus  3   1  

Cx. globocoxitus  4   6  

Cx. latus     1  
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York-Williams Road S33.10333 E116.71755 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

8.70% 3.66% 5.43% 1.98% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 10.61 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

York-Williams Road            
Date 4/11/04 21/12/04 4/2/05 21/3/05 13/4/05 23/4/05 6/5/05 20/5/05 29/6/05 6/8/05 21/9/05 29/10/05 8/12/05 

Ae. alboannulatus 26 11 2 1 6 11 1 1  2 10 59 22 
Ae. bancroftianus     1  1     1  

Ae. calabyi  6 5           
Ae. camptorhynchus 7 13   12 59 96 20 70 10 21 33  

Ae. clelandi           1   
Ae. ENMs sp 147  1            
Ae. hesperonotius            1  
Ae. notoscriptus 1 1     1 2 1  2 3 4 
An. annulipes s.l.  12  4     2   1 23 
Cx. australicus  5   2     2  1  

Cx. globocoxitus 1 1  1     3  1  3 
Ae. male      1 2       
Cx. male  1  1          
Damaged             1 

Date 4/11/2004 6/5/2005 20/5/2005 29/6/2005 6/82005 21/9/2005 29/10/2005 

 L E L E L E L E L E L E L E 

Ae. alboannulatus 3 7   1  1  2   3 1  

Ae. camptorhynchus 1  3    9  9    1  

An. annulipes s.l.     1 1 1      1  

Cx. australicus  1           2  

Cx. globocoxitus 1 1             
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14 Mile Brook S32.82841 E117.09053 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

9.64% 5.66% 5.81% 2.07% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No Yes Yes No 
Median water EC 17.45 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 

 
 
Immature collections 

14 Mile Brook             
Date 3/11/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus 3 5 2    1 1  1   1 10 
Ae. bancroftianus              1 

Ae. camptorhynchus 46 117 25 32 17 19 371 75 62 12 18 125 56 33 
Ae. clelandi            1   

Ae. notoscriptus  2            1 
Ae. sagax        1    4   

An. annulipes s.l. 4 7 2 3   1     3 1 5 
Cx. australicus   6            

Cx. globocoxitus  7 4 1  1 1  1   9 1 1 
Ae. male   1            
Cx. male 3    2         1 

Date 14/04/2005 20/05/2005 30/06/2005 7/08/2005 20/09/2005 
 L E L E L E L E L E 

Ae. camptorhynchus 1  6 3 10 6 7  3  
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Arthur River S32.82841 E117.09053 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

69.05% 42.22% 50.61% 28.52% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC 12.69 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 

 
Immature collections 

 

Arthur River             
Date 21/10/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus        6 4 3  3 4 4 
Ae. bancroftianus      1   2      

Ae. calabyi  1            19 
Ae. camptorhynchus 357 16     3389 578 492 448 909 802 530 1 

Ae. ENMs sp 147  1            2 
Ae. notoscriptus              2 

Ae. sagax       12 6 2 6  3   
An. annulipes s.l. 2     1        1 

Cs. atra              1 
Cx. australicus            3   

Cx. globocoxitus 28 1   1    2   13 4  
Ae. male              4 
Cx. male 3            2  

Date 22/10/2004 14/4/2005 6/5/2005 20/5/2005 30/6/2005 7/8/2005 20/9/2005 30/10/2005 

 L E L E L E L E L E L E L E L E 

Ae. camptorhynchus 7  12  1  6 5 4 5  2 5 4 4 2 

An. annulipes s.l.           1      

Cx. australicus       11 7 3   2     

Cx. globocoxitus       14 1 32  6  4  1  
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Congelin-Narrogin Road S32.89498 E117.08544 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

3.80% 5.11% 0.00% 1.06% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No No 
Median water EC 15.02 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Congelin-Narrogin Road            
Date 3/11/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 30/6/05 7/8/05 20/9/05 30/10/05 30/10/05 7/12/05 

Ae. alboannulatus 4 14 4 1 4 1 7 3 4 2 19 1 3 
Ae. bancroftianus             1 

Ae. cacozelus             5 
Ae. calabyi       1       

Ae. camptorhynchus 48 62 28   5 63 56 35 21 61 166 5 
Ae. ENMs sp 147  1            

Ae. hodgkini             1 
Ae. notoscriptus   1 1 1         
An. annulipes s.l.  9 3  8        1 
Cx. australicus  1 3       2 1   

Cx. globocoxitus 1 5   4  2 1  2 2 1 1 
Cx. male   2 1          

Date 23/11/2004 14/4/2005 30/6/2005 20/9/2005 7/12/2005 

 L E L E L E L E L E 

Ae. camptorhynchus 1  62  8  1    

Cx. globocoxitus 1        5 1 
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Cuballing S32.82538 E117.25158 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

6.21% 4.98% 3.88% 4.30% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No No 
Median water EC 13.05 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Cuballing            
Date 21/10/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus 1 14 1  1 2 7 6 13 5 12 10 25 
Ae. calabyi  1           1 

Ae. camptorhynchus 109 169 3   1 353 566 179 173 210 90 6 
Ae. ENMs sp 147  2 1           
Ae. notoscriptus   1    2  1  1 1 1 

Ae. sagax        2 1     
An. annulipes s.l. 1 2     1    1  8 
Cx. australicus           2  1 

Cx. globocoxitus 8 1     1  1  12 1 3 
Ae. male       2      2 
Cx. male 2       2      

Date 21/10/2004 23/11/2004 30/6/2005 7/8/2005 20/9/2005 

 L E L E L E L E L E 

Ae. alboannulatus         2  

Ae. camptorhynchus 10    5 1 6  9  

Ae. ratcliffei     1  3  2  

An. annulipes s.l. 1  2 2 1 1   2  

Cx. australicus     1  1    

Cx. globocoxitus 1    10      
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Higham Road North S32.89208 E117.13575 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

5.48% 3.58% 0.00% 0.05% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 7.53 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

 

Higham Road North           
Date 21/10/04 3/11/04 23/11/04 22/12/04 3/2/05 14/4/05 22/4/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus   12 4 5 3 5   2 4 41 
Ae. calabyi   1          

Ae. camptorhynchus 27 2 3 1 1  6 3 8 2 1 13 
Ae. ENMs sp 147   2  2        
Ae. notoscriptus     1        
An. annulipes s.l.   1  6  1     34 
Cq. sp nr linealis    1 1       1 

Cs. atra           1 4 
Cx. australicus  1  1  1     1 1 

Cx. globocoxitus  1 1 1 2  2 1 2 2 4 4 
Cs. male            1 
Cx. male   2    1     1 

Date 21/10/2004 3/11/2004 23/11/2004 22/3/2005 14/4/2005 30/10/2005 7/12/2005 

 L E L E L E L E L E L E L E 

Ae. alboannulatus 10  11 12  1    1 4    

Ae. camptorhynchus         4  6    

Ae. ratcliffei           7    

An. annulipes s.l.   1 4   4 3     2  

Cx. australicus 2        1      

Cx. globocoxitus 6     1   3  2    
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Higham Road South S32.92726 E117.13454 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

4.29% 3.80% 0.00% 0.02% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 5.97 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 

 
 
Immature collections 

Higham Road South              
Date 21/10/04 3/11/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus 1 2 45 53 6 3  8  1  3 1 10 89 
Ae. calabyi       1         

Ae. camptorhynchus 6 8 3 1   1 25 11 9 1   1 5 
Ae. clelandi  3              

Ae. ENMs sp 147   1             
Ae. notoscriptus   1 1 1 1  1       1 
An. annulipes s.l. 1 3 11 19 5 10 1 1 1  1    98 
Cq. sp nr linealis   2 3 4          1 

Cs. atra     1           
Cx. australicus 1   3  2  1    1    

Cx. globocoxitus 3  7 1 1 1    1     3 
Cq. male     1           
Cx. male   3 3            

Date 21/10/2004 3/11/2004 23/11/2004 7/12/2004 3/2/2005 22/3/2005 14/4/2005 6/5/2005 30/6/2004 20/9/2005 30/10/2005 7/12/2005 

 L E L E L E L E L E L E L E L E L E L E L E L E 

Ae. alboannulatus   1        1   4       3    

Ae. camptorhynchus 2                        

Ae. ratcliffei                   8  4  11  

An. annulipes s.l. 2 1   1  5  20  10 2  3           

Cx. australicus   8    2                  

Cx. globocoxitus  1 5 1  3 3    2      1  1  2    
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Hotham River East S32.90520 E117.23819 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

7.04% 4.23% 1.57% 1.46% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 7.23 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 

Hotham River East         
Date 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus  2  2 8 7 16 12 27 26 
Ae. bancroftianus         4 6 

Ae. calabyi  4   3     1 
Ae. camptorhynchus     66 222 255 219 120 12 

Ae. clelandi       9 16   
Ae. ENMs sp 147 1          
Ae. hesperonotius         2  
Ae. notoscriptus 2    5    5 1 

Ae. sagax      1     
An. annulipes s.l.  2      2  3 
Cx. globocoxitus     2  2 3 1 2 

Ae. male  1         
Damaged      1     

L Date 14/4/2005 30/6/2005 7/8/2005 20/9/2005 30/10/2005 

 L E L E L E L E L E 

Ae. alboannulatus   1        

Ae. bancroftianus  2         

Ae. camptorhynchus   8 1 2  9    

Ae. ratcliffei   1    2    

An. annulipes s.l.         3  

Cx. australicus       1  1  

Cx. globocoxitus  2 2  2  1  32  
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Nomans Lake S33.14714 E116.37044 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

42.18% 33.62% 34.92% 19.57% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

 

Nomans Lake            
Date 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus      2 4 5  3  1 10 
Ae. calabyi      2       5 

Ae. camptorhynchus 94     295 241 92 142 245 980 143 5 
Ae. clelandi     1         

Ae. ENMs sp 147 2    1 7       6 
Ae. mallochi      3        

Ae. notoscriptus      1  2 1 1   2 
Ae. sagax      2 36 2 4 3 3 1 1 

An. annulipes s.l.        1  5    
Cq. sp nr linealis  1           2 
Cx. australicus        1      

Cx. globocoxitus        3   29   
Ae. male    1  5       1 
Cx. male           3   

Date 21/10/2004 3/11/2004 23/11/2004 22/3/2005 14/4/2004 30/10/2005 7/12/2004 

 L E L E L E L E L E L E L E 

Ae. alboannulatus 10  11 12  1    1 4    

Ae. camptorhynchus         4  6    

Ae. ratcliffei           7    

An. annulipes s.l.   1 4   4 3     2  

Cx. australicus 2        1      

Cx. globocoxitus 6     1   3  2    
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Read Road Railway Crossing S32.93615 E117.55914 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

61.08% 27.29% 52.96% 23.79% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 

Read Road Rail Crossing            
Date 21/10/04 3/11/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus        4 2   1 3 
Ae. calabyi   3  1 1  3      

Ae. camptorhynchus 34 5 36    2 36 206 118 235 166 5 
Ae. ENMs sp 147     1   5     1 
Ae. notoscriptus   2     1     5 

Ae. sagax         8 1 2   
An. annulipes s.l.      1   1 2   1 
Cq. sp nr linealis             1 
Cx. australicus           3   

Cx. globocoxitus         8 2 22 1 1 
Cx. quinqefasciatus           4   

Ae. male  2      6      
Damaged        1      

Date 21/10/2004 3/11/2004 23/11/2004 22/3/2005 14/4/2004 30/10/2005 7/12/2004 

 L E L E L E L E L E L E L E 

Ae. alboannulatus 10  11 12  1    1 4    

Ae. camptorhynchus         4  6    

Ae. ratcliffei           7    

An. annulipes s.l.   1 4   4 3     2  

Cx. australicus 2        1      

Cx. globocoxitus 6     1   3  2    
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Yiliminning Creek S32.94903 E117.39765 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

39.68% 16.32% 35.86% 13.05% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 

 
Immature collections 

Yiliminning Creek              
Date 21/10/04 3/11/04 23/11/04 22/12/04 3/2/05 22/3/05 14/4/05 22/4/05 6/5/05 20/5/05 30/6/05 7/8/05 20/9/05 30/10/05 7/12/05 

Ae. alboannulatus 1 1      2      2 3 
Ae. camptorhynchus 248 391 403 40 3 1  470 498 451 105 108 467 287 163 

Ae. notoscriptus   5 1    1       7 
Ae. sagax         5  2 1    

An. annulipes s.l.        2     2  1 
Cx. globocoxitus       1  2 9 2 1 8 2  

Tp. atripes       1         
Ae. male  4              
Cx. male            1 3   
Damaged  1              

Date 14/04/2005 6/05/2005 20/05/2005 30/06/2005 7/08/2005 20/09/2005 30/10/2005 
 L E L E L E L E L E L E L E 

Ae. camptorhynchus 6 12 1 1 22 2 16 2 6  16  6  

An. annulipes s.l.     1          

Cx. australicus 3              

Cx. globocoxitus 1     5 1        
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8 Mile Gully  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

16.27% 8.01% 6.27% 2.85% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No No 
Median water EC 12.99 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 
 

8 mile gully          
Date 6/12/04 16/1/05 22/2/05 4/4/05 15/4/05 25/4/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus 8 1  4  1 2 3  5 15 
Ae. bancroftianus     2       

Ae. camptorhynchus 5   18 10 28 11 20 5 15 5 
Ae. notoscriptus          1  

Ae. sagax      1      
An. annulipes s.l. 5 1  1       11 
Cq. sp nr linealis  1 1         
Cx. australicus  2     9 2 4 2 2 

Cx. globocoxitus 5 6    1 8 2  3 1 
Ae. male     1       
Cx. male 5          1 
Damaged       1     

Date 4/04/2005 15/04/2005 08/06/2005 20/07/2005 06/09/2005 19/11/2005 
 L E L E L E L E L E L E 

Ae. alboannulatus 1    3        

Ae. camptorhynchus 26 1 2  2  2  3    

Ae. ratcliffei       2      

An. annulipes s.l. 1 3 1 1     2    

Cx. australicus           2  

Cx. globocoxitus     1    1    
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Balgarup River  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

7.23% 4.40% 2.25% 1.17% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 8.27 ds/cm Salinity category Medium 

 
Summer 
No photograph. Water present throughout summer but level greatly reduced with no 
inundation of surrounding vegetation. Small fish in river during summer. 
 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 
 

Balgarup River           
Date 6/12/04 16/1/05 22/2/05 15/4/05 25/4/05 7/5/05 21/5/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus 8 2  1 2 1   2 1  34 
Ae. bancroftianus      9  2    1 

Ae. calabyi 1     1       
Ae. camptorhynchus 3    4 7 1  1 2 2 5 

Ae. clelandi       1 1 1 1 7  
Ae. hesperonotius            2 
Ae. notoscriptus            1 
An. annulipes s.l. 3 3 4 1  1      6 
Cx. australicus 7 2 1   1  2   1 25 

Cx. globocoxitus 15 16    3 5 4 1  4 34 
Tp. atripes  1 1          
Ae. male      5       
Cx. male            2 
Damaged        1     

Date 4/04/2005 15/04/2005 21/05/2005 20/07/2005 8/10/2005 
 L E L E L E L E L E 

Ae. alboannulatus 5   2       

Ae. camptorhynchus 2  2 1 1      

Ae. ratcliffei         1  

An. annulipes s.l. 2        1  

Cx. australicus     1  1    

Cx. globocoxitus     3  2  1  
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Fisher Road  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

28.91% 13.46% 15.25% 8.46% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No Yes 
Median water EC 6.99 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Fisher Road       
Date 25/4/05 7/5/05 21/5/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus  6 5 7 13 1 6 12 
Ae. bancroftianus  1       

Ae. camptorhynchus 20 204 63 10 165 19 74 120 
Ae. clelandi  1   3  1 3 

Ae. ENMs sp 147  1       
Ae. hesperonotius   1      
Ae. notoscriptus  4       

Ae. sagax  11  3 4    
Ae. turneri       1  

An. annulipes s.l.     3 1 5 56 
Cx. australicus    4 1  6 12 

Cx. globocoxitus  11 33 11 11 3 37 73 
Ae. male  2       
Cx. male    2   1 2 
Damaged  1  2   1  

Date 7/05/2005 21/05/2005 8/06/2005 20/07/2005 6/09/2005 8/10/2005 
 L E L E L E L E L E L E 

Ae. alboannulatus   4     2 3  2  

Ae. camptorhynchus  1 3  6  1  2    

An. annulipes s.l.  3 2 2 1  4      

Cx. australicus       1      

Cx. globocoxitus  1 5  1    2  1  
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Frankland River  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

2.98% 1.25% 7.64% 4.15% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No Yes Yes Yes 
Median water EC 6.92 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
No immature collections 

Frankland River           
Date 6/12/04 16/1/05 22/2/05 4/4/05 25/4/05 7/5/05 21/5/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus        1   1 5 
Ae. bancroftianus      5       

Ae. camptorhynchus 2    128 401 26 13 103 42 244 129 
Ae. sagax      1 2 1 1    

An. annulipes s.l. 4     1   1  7  
Cs. atra            9 

Cx. australicus 1 1     2 15 5  9 1 
Cx. globocoxitus 11 2    23 30 60 7 3 65 7 

Cx. quinqefasciatus      1       
Ae. male      4 1      
Cx. male 1       2   1 7 
Damaged        1     
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Hillier Road  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

0.47% 4.12% 0.00% 2.42% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No No 
Median water EC 12.09 ds/cm Salinity category Medium 

 
Summer 

 
 
Winter
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Adult collections 
 

 
 
 
 
 
 
 
 
 

 
Immature collections 

 

Hillier Road         
Date 6/12/04 16/1/05 22/2/05 4/4/05 25/4/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus 2    1 1  1  7 
Ae. camptorhynchus 3   3 18 12 12  8 16 

Ae. notoscriptus    1      1 
An. annulipes s.l. 6 4 2 4  2   3 10 
Cx. australicus 9 1    5 1  3 1 

Cx. globocoxitus 12  1 2 1 14 9 2 8 27 
Tp. atripes 1          
Cx. male 1  1       3 

Date 4/04/2005 20/07/2005 6/09/2005 
 L E L E L E 

Ae. alboannulatus 2      

Ae. camptorhynchus 7 1     

Cx. australicus     1  

Cx. globocoxitus  2 3    
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Noobijup Lake  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

0.96% 0.42% 30.28% 13.35% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC Inaccessible Salinity category Low 

 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
No immature collections 

Noobijup lake          
Date 6/12/04 16/1/05 22/2/05 4/4/05 15/4/05 25/4/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus 1    1  3 7  9  
Ae. camptorhynchus        4 1 2  

Ae. clelandi        1    
Ae. hesperonotius          7 3 

Ae. macintoshi       3     
Ae. ratcliffei 2      1   26 1 
Ae. sagax      1      

An. annulipes s.l. 17 3     3 8  13 9 
Cq. sp nr linealis 87 234 1        36 

Cs. atra       1   5  
Cx. australicus 2 1 1    3 7 6 27 14 

Cx. globocoxitus 1 4 1    6 4 16 32 79 
Cx. latus           1 
Ae. male           1 
Cx. male  4         3 
Cq. male  8          
Damaged 1         6  
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Tone Road  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

25.02% 22.08% 19.19% 17.87% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 3.90 ds/cm Salinity category Low 

 
Summer 
No photograph. Site entirely dry during summer until April rainfall. 
 
Winter 
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Adult collections 

Tone Road            
Date 6/12/04 16/1/05 22/2/05 4/4/05 15/4/05 25/4/05 7/5/05 21/5/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus       2 2 3 18  16 23 
Ae. bancroftianus 3      65 12 4 7  9 24 

Ae. camptorhynchus      4 3 1   1 8  
Ae. clelandi      1  4  3 2   

Ae. hesperonotius         1   5  
Ae. hodgkini            2  

Ae. macintoshi             2 
Ae. ratcliffei            2  
Ae. sagax          1    

Ae. stricklandi 1             
Ae. turneri 4           68  

An. annulipes s.l.    1 1     2   10 
Cq. sp nr linealis  1 1          1 

Cs. atra           2   
Cx. australicus 2       3 42 3 3 60 4 

Cx. globocoxitus       2 29 47 9 2 285 9 
Cx. latus     2         
Ae. male      1 47 14     2 
Cx. male            6 1 
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Immature collections 

Date 4/04/2005 15/04/2005 7/05/2005 21/05/2005 8/06/2005 20/07/2005 6/09/2005 8/10/2005 19/11/2005 
 L E L E L E L E L E L E L E L E L E 

Ae. alboannulatus 4  1                

Ae. bancroftianus 1                  

Ae. camptorhynchus 1 1                 

Ae. ratcliffei             2      

Ae. sagax       1  1          

Ae. stricklandi           1        

An. annulipes s.l.         3  9  2  4    

Cx. annulirostris     2              

Cx. australicus     1          2  1  

Cx. globocoxitus           2  1  1  1  

Cx. latus       1            
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Tone River  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

29.57% 13.50% 24.16% 8.91% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No No 
Median water EC 12.29 ds/cm Salinity category Medium 

 
Summer  
No photograph. River bed completely dry during summer until April rainfall. 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 

Tone River         
Date 6/12/04 16/1/05 22/2/05 4/4/05 25/4/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus 1     2   2 18 
Ae. bancroftianus          4 

Ae. calabyi 2          
Ae. camptorhynchus    3 5 4 12  17 19 

Ae. clelandi       1  2 2 
Ae. hesperonotius         2  
Ae. notoscriptus          1 
An. annulipes s.l.  2       1 1 
Cq. sp nr linealis  1         
Cx. australicus 4 4    4 2  13 4 

Cx. globocoxitus 13 15 3 23 3 8 8  5 34 
Tp. atripes 1          
Ae. male     2      

Date 8/06/2005 20/07/2005 
 L E L E 

Ae. alboannulatus 2  1  

Ae. camptorhynchus     

An. annulipes s.l. 1    

Cx. australicus     

Cx. globocoxitus     
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Unicup Lake  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

0.00% 0.03% 41.77% 24.33% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC Inaccessible Salinity category Low 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
No immature collections 
 

Unicup Lake          
Date 16/1/05 16/1/05 22/2/05 4/4/05 15/4/05 25/4/05 7/5/05 21/5/05 8/6/05 8/10/05 19/11/05 

Ae. alboannulatus    1   7 12 4 55 19 
Ae. cacozelus           1 

Ae. camptorhynchus      8 9 16  2 6 
Ae. clelandi          1 2 

Ae. ENMs sp 147  3 3   1      
Ae. hesperonotius          1  

Ae. hodgkini         1 1  
Ae. macintoshi       34 20   8 

Ae. notoscriptus 3      3 1  1  
Ae. ratcliffei        1  1  
Ae. sagax        2    

An. annulipes s.l.   4 1    2   15 
Cq. sp nr linealis 62 125 49       7 8 
Cx. australicus        1  31 1 

Cx. globocoxitus    1    5 1 10 2 
Cx. latus    3        
Damaged     1       
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Wandoo Road  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

11.14% 11.75% 9.80% 8.44% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes No 
Median water EC 6.00 ds/cm Salinity category Medium 

 
Summer 

 
 

Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

Wandoo Road         
Date 4/4/05 15/4/05 25/4/05 7/5/05 21/5/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus   1 6   2   18 
Ae. bancroftianus    1       

Ae. calabyi   1        
Ae. camptorhynchus  1 10 180 26 1 57 1 6 9 

Ae. sagax     1      
An. annulipes s.l.  1        4 
Cx. australicus 2      1 1   

Cx. globocoxitus   1 2 1  2  4 4 
Damaged          1 

Date 4/04/2005 7/05/2005 21/05/2005 8/06/2005 20/07/2005 8/10/2005 
 L E L E L E L E L E L E 

Ae. alboannulatus 11 1   2      1  

Ae. camptorhynchus 10  2    4  2  1  

An. annulipes s.l. 1       5 1    

Cx. australicus         1    

Cx. globocoxitus 1 1  3 2  1  4    
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Yarnup Swamp  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

0.01% 0.37% 22.10% 22.10% 
Dead trees Bare soil Visual salt Salt tolerant veg 

No No No No 
Median water EC 5.99 ds/cm Salinity category Low 

 
Summer 

 
 
Winter 
No photograph. Water present year round, but increased inundation around margins of 
lake during winter.
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Immature collections 
 
 

Yarnup Swamp         
Date 6/12/04 16/1/05 22/2/05 4/4/05 25/4/05 8/6/05 20/7/05 5/9/05 8/10/05 19/11/05 

Ae. alboannulatus      2 19 1 10 2 
Ae. camptorhynchus     3  6 3  2 

Ae. clelandi        8 2 3 
Ae. hesperonotius         1  

Ae. macintoshi      1     
Ae. notoscriptus         1  

Ae. ratcliffei         1  
Ae. sagax       1    

An. annulipes s.l.       2 5 1 1 
Cq. sp nr linealis 3 3 2       4 
Cx. australicus      1 1 2 7  

Cx. globocoxitus   1 2 1 1 6 6 4 24 
Cx. latus         1  
Cx. male   1      1  
Damaged       1    

Date 19/11/2005 

 L E 

An. annulipes s.l. 1  
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Beynon Road S33.23060 E117.81366 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

37.11% 20.20% 22.59% 11.69% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 

 
Immature collections 

Beynon Road           
Date 20/10/04 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 21/5/05 7/6/05 9/10/05 18/11/05 

Ae. alboannulatus       1     1 
Ae. calabyi  2           

Ae. camptorhynchus 88 719 9   3 5 403 98 13 3 72 
Ae. ENMs sp 147  2           

Ae. sagax          1   
Cx. globocoxitus  2     1  10    

Date 22/11/2004 5/04/2005 15/04/2005 21/05/2005 7/06/2005 21/07/2005 5/09/2005 9/10/2005 18/11/2005 21/10/2004 

 L E L E L E L E L E L E L E L E L E L E 

Ae. camptorhynchus 22 8 2  3 4 7  3 5 4 2 16  6  3  6  
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Boonalling Road S33.37941 E117.64122 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

65.00% 44.61% 43.46% 33.89% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes No No Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Boonalling Road            
Date 20/10/04 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 7/5/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus 1       5 11 8 1 1 26 
Ae. bancroftianus  1    1  1      

Ae. cacozelus 1             
Ae. camptorhynchus 315 311    2 77 326 104 567 254 63 468 

Ae. notoscriptus       1       
Ae. sagax       1 24 2 6    

An. annulipes s.l.     1         
Cx. australicus         4 8 1   

Cx. globocoxitus  1      4 45 19 3 1 3 
Tp. atripes    1          
Ae. male        1   1   
Cx. male          2    

Date 22/11/2004 5/04/2005 15/04/2005 7/05/2005 21/05/2005 7/06/2005 21/07/2005 05/09/2005 18/11/2005 

 L E L E L E L E L E L E L E L E L E 

Ae. camptorhynchus  3 29  5 4 8 9 3  8 2 3 2 10  2  

Cx. globocoxitus               6    
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Coblinine River S33.31834 E117.38331 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

90.07% 37.51% 61.36% 19.95% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 
No photograph. Site essentially dry, some very putrid, acidic and hypersaline water not 
suitable for mosquito breeding remaining. 
 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Immature collections 

Coblinine River           
Date 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 7/5/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus       2 4    3 
Ae. camptorhynchus 310    4 309 789 164 2178 519 55 287 
Ae. hesperonotius            6 

Ae. sagax      3 22 13     
An. annulipes s.l.    2 3       4 
Cx. australicus       12 6 36   1 

Cx. globocoxitus       6 17 21 2 11 2 
Cx. male        2     
Damaged         7    

Date 5/04/2005 15/04/2005 7/05/2005 21/05/2005 7/06/2005 21/07/2005 05/09/2005 9/10/2005 

 L E L E L E L E L E L E L E L E 

Ae. camptorhynchus 16  6 5 1  1  9 6 16  13  1  

Cx. australicus       1          

Cx. globocoxitus       1   1       
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Dongolocking Road S33.32643 E117.86844 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

51.32% 37.38% 33.20% 21.28% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 

 
Immature collections 

 
 

Dongolocking Road         
Date 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 24/4/05 7/6/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus          1 
Ae. camptorhynchus 573 4    451 87   12 

Ae. sagax      17     
Cx. globocoxitus       4    

Cx. quinqefasciatus         1  

Date 21/11/2004 05/04/2005 21/07/2005 05/09/2005 09/10/2005 

 L E L E L E L E L E 

Ae. camptorhynchus  1 13  25  15  2 1 
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Dumbleyung  Lake Tributary S33.39863 E117.72440 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

56.68% 25.57% 48.46% 19.81% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC 9.97 ds/cm Salinity category High 

 
Summer 
No photograph. Water level greatly reduced in summer. 
 
Winter 
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Adult collections 

 
Immature collections 
 

Dumbleyung Lake Tributary              
Date 20/10/04 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 7/5/05 21/5/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus 4      1 3 9 12 4 4  2 14 
Ae. camptorhynchus 613 1741 356 1   3 442 1181 472 182 1088 101 151 298 

Ae. ENMs sp 147               4 
Ae. hesperonotius               2 

Ae. nigrithorax  1              
Ae. notoscriptus          2     2 

Ae. sagax        3 58 14 11 4   17 
An. annulipes s.l.      1   3  3    3 
Cq. sp nr linealis               1 
Cx. australicus           1   3  

Cx. globocoxitus          2 16 4  22 2 
Cx. quinqefasciatus   1             

Damaged               2 

Date 05/04/2005 15/04/2005 21/05/2005 07/06/2005 21/07/2005 

 L E L E L E L E L E 

Ae. alboannulatus      1     

Ae. camptorhynchus 35  3 5   4 2 6  

Cx. australicus        1   

Cx. globocoxitus      1  2   
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Gundaring Lake S33.31780 E117.46644 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

59.61% 37.87% 49.44% 30.20% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
No immature collections 

Gundaring Lake         
Date 22/11/04 7/12/04 15/1/05 23/2/05 24/4/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus      3 10    
Ae. camptorhynchus 1181 8   361 58 1286 925 248 325 

Ae. ENMs sp 147 5          
Ae. notoscriptus 2          

Ae. sagax     4 5 9   3 
An. annulipes s.l.      2 9    
Cx. australicus      7    1 

Cx. globocoxitus     1 57 4  3 1 
Ae. male 2          
Cx. male      2     
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Parkeyerring Lake S33.36558 E117.35507 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

57.23% 38.44% 49.23% 27.52% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
Immature collections 
 
 
 

 

Parkeyerring Lake          
Date 7/12/04 15/1/05 23/2/05 5/4/05 24/4/05 7/5/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus 6 1   3 3 4    42 
Ae. camptorhynchus 18    130 192 285 2532 410 69 142 

Ae. ENMs sp 147 4           
Ae. mallochi 1           

Ae. notoscriptus      2     1 
Ae. sagax      7 2     

An. annulipes s.l. 2     4 4 8  1  
Cq. sp nr linealis 12  4         
Cx. australicus       13   1  

Cx. globocoxitus     4 4 11 42  7 8 
Ae. male        8    

Date 05/04/2005 07/06/2005 21/07/2005 05/09/2005 

 L E L E L E L E 

Ae. alboannulatus         

Ae. camptorhynchus 40 3 2 3 3 3 10  

Ae. sagax    1     

Cx. globocoxitus   1 1     
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Peterson Road S33.35828 E117.83274 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

51.51% 39.46% 33.57% 25.27% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter
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Adult collections 
 
 
 
 
 
 
 
 
 
 

 
Immature collections 

 

Peterson Road           
Date 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 21/5/05 7/6/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus        3     
Ae. calabyi            1 

Ae. camptorhynchus 1629 24    9 874 237 147 1 10 36 
Ae. sagax       6 2 3    

An. annulipes s.l.         1    
Cx. australicus         2    

Cx. globocoxitus        5 4    
Ae. male     1        

Date 22/11/2004 7/12/2004 5/04/2005 15/04/2005 21/05/2005 7/06/2005 21/07/2005 5/09/2005 9/10/2005 

 L E L E L E L E L E L E L E L E   

Ae. camptorhynchus 1 6  2 11 2 2 5   4 4 5 3 9  1  

Ae. sagax     1              

Cx. australicus          4         

Cx. globocoxitus           1        
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Quicks Road S33.13066 E117.56010 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

34.35% 6.78% 3.76% 1.53% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 
No photograph. Very dry, all trees dead therefore no harbourage or protection from the 
summer sun. 
 
Winter 
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Adult collections 
 
 
 
 
 
 
 
 

No immature collections

Quicks Road        
Date 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 24/4/05 7/6/05 21/7/05 5/9/05 

Ae. camptorhynchus 14    1 58 74 22 1 
Ae. sagax      1    

Cx. australicus       2   
Cx. globocoxitus     5  3   

Damaged       1   
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Temby Road S33.19134 E117.72120 
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

34.77% 17.10% 22.10% 8.17% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC >20 ds/cm Salinity category High 

 
Summer 

 
 
Winter 
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Temby Road          
Date 22/11/04 7/12/04 15/1/05 23/2/05 5/4/05 15/4/05 24/4/05 21/5/05 21/7/05 5/9/05 9/10/05 

Ae. alboannulatus         7  2 
Ae. calabyi 3   2  1      

Ae. camptorhynchus 1093 85 151 8 11 33 606 455 1060 190 81 
Ae. notoscriptus  1     2   1  

Ae. sagax       8  4   
An. annulipes s.l.          1  
Cq. sp nr linealis    1        
Cx. annulirostris     1       
Cx. australicus          3  

Cx. globocoxitus 5    8   5   7 
Tp. atripes      1      
Ae. male 1           

 
 
Immature collections 

Date 21/10/2004 22/11/2004 5/04/2005 15/04/2005 07/05/2005 21/05/2005 21/07/2005 5/09/2005 9/10/2005 18/11/2005 

Ae. alboannulatus 2                    

Ae. camptorhynchus 7 3 4 19 32 1 10 2 1 5  2 15 3 9  10    

Cx. globocoxitus 3 3 3 3             2  2  
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Wishbone Road  
Salinity 0-1km Salinity 1-4.5km Waterlog 0-1km Waterlog 1-4.5km 

51.51% 39.46% 33.57% 25.27% 
Dead trees Bare soil Visual salt Salt tolerant veg 

Yes Yes Yes Yes 
Median water EC  Salinity category High 

 
Summer 

 
 
Winter 
No photograph. Areas of inundation after rainfall. 
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Adult collections 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
No immature collections 

Wishbone Road        
Date 15/1/05 23/2/05 5/4/05 24/4/05 7/6/05 21/7/05 5/9/05 9/10/05 18/11/05 

Ae. alboannulatus   3 2 12 17    
Ae. calabyi  1       2 

Ae. camptorhynchus    288 71 728 28 49 27 
Ae. notoscriptus  1        

Ae. sagax    11      
An. annulipes s.l.         2 
Cx. australicus     1   1  

Cx. globocoxitus        2  
Cx. male         1 
Damaged    1      
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APPENDIX 3: DISPERSAL STUDY - ADULT 
MOSQUITO COLLECTIONS AND 

ENVIRONMENTAL DATA 
 

Legend 

Trap failure   

Trap not set   

One recapture   

Two recaptures   

Ae. alboannulatus ab  

Ae. camptorhynchus cp  

Ae. Marks sp. No. 147 ENM147  

Ae. notoscriptus D  

Ae. sagax S  

An. annulipes s.l. I  

Cs. atra ca  

   

   

 



  

 

342 

October 10      N6           
      N4.5           

Minimum temperature (°C) 10     N3 10cp          
Maximum temperature (°C) 29     N1.5 15cp          

Rainfall (mm) 0     N0.8 14cp          
      N0.4 13cp          
      N0.2           

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1  E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  43cp 26cp 3cp 26cp      18cp 12cp 8cp 111cp    

      S0.1           
 9am 3pm    S0.2           

Temperature (°C) 23 27.1    S0.4 4cp          
Relative humidity (%) 41 21    S0.8 6cp          
Cloud amount (oktas) 0 1    S1.5 7cp          

Wind direction NNW WNW    S3 15cp          
Wind speed (km/h) 22 33    S4.5           

MSL pressure (hPa) 1014.2 1009.1    S6           
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October 11      N6           
      N4.5           

Minimum temperature (°C) 10     N3 85cp          
Maximum temperature (°C) 18     N1.5 2cp          

Rainfall (mm) 0     N0.8 19cp          
      N0.4 40, 2ab, 1I          
      N0.2 11cp, 1I          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 22cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  49cp 18cp 8cp 18cp 0 8cp, 1ab  3cp 9cp 12cp 4cp 1cp 2cp 69cp 72cp 49cp 

      S0.1 7cp          
 9am 3pm    S0.2 7cp          

Temperature (°C) 18.2 13.9    S0.4 12cp          
Relative humidity (%) 62 55    S0.8 0          
Cloud amount (oktas) 7 8    S1.5 2cp          

Wind direction NNW W    S3 1cp          
Wind speed (km/h) 44 39    S4.5           

MSL pressure (hPa) 1001.9 1009.2    S6           
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October 12      N6           
      N4.5           

Minimum temperature (°C) 6     N3 67cp          
Maximum temperature (°C) 19     N1.5 20cp          

Rainfall (mm) 4     N0.8 19cp          
      N0.4 79cp          
      N0.2 16cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 17cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  119cp 23cp 21cp, 1ab 56cp 6cp 21cp  8cp 12cp 13cp 13cp 5cp 56cp 93cp 102cp 119cp 

      S0.1 15cp          
 9am 3pm    S0.2 12cp          

Temperature (°C) 12.8 16.9    S0.4 39cp          
Relative humidity (%) 76 60    S0.8 13cp          
Cloud amount (oktas) 8 6    S1.5 41cp          

Wind direction WNW W    S3 16cp          
Wind speed (km/h) 28 41    S4.5           

MSL pressure (hPa) 1017 1016.5    S6           
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October 13      N6           
      N4.5           

Minimum temperature (°C) 2     N3 115cp          
Maximum temperature (°C) 21     N1.5 6cp          

Rainfall (mm) 0     N0.8 9cp, 1ab          
      N0.4 20cp          
      N0.2 9cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 11cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  39cp 3cp 3cp 8cp 4cp 2cp  3cp 4cp 12cp 1cp 0 42cp, 1S 46cp 33cp 39cp 

      S0.1 2cp          
 9am 3pm    S0.2 3cp          

Temperature (°C) 12.6 18.9    S0.4 6cp          
Relative humidity (%) 59 33    S0.8 3cp          
Cloud amount (oktas) 5 4    S1.5 11cp          

Wind direction ESE ESE    S3 2cp          
Wind speed (km/h) 13 11    S4.5           

MSL pressure (hPa) 1029.8 1025.5    S6           
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October 14      N6           
      N4.5           

Minimum temperature (°C) 2     N3 63cp          
Maximum temperature (°C) 21     N1.5 1cp          

Rainfall (mm) 0     N0.8 7cp, 1ab          
      N0.4 1cp          
      N0.2 8cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 3cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  33cp 3cp 4cp 1cp 0 4cp  4cp 2cp 0 6cp 6cp 15cp, 1ab, 1ca 14cp 10cp 12cp 

      S0.1 2cp          
 9am 3pm    S0.2 2cp          

Temperature (°C) 12.6 18.9    S0.4 1cp          
Relative humidity (%) 59 33    S0.8 1cp          
Cloud amount (oktas) 5 4    S1.5 0          

Wind direction ESE ESE    S3 8cp, 1D, 1ENM147          
Wind speed (km/h) 13 11    S4.5 17cp          

MSL pressure (hPa) 1029.8 1025.5    S6           
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October 15      N6           
      N4.5           

Minimum temperature (°C) 6     N3 31cp          
Maximum temperature (°C) 26     N1.5 5cp          

Rainfall (mm) 0     N0.8 8cp, 1I          
      N0.4 40cp, 1ENM147          
      N0.2 6cp, 3I          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 2cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  36cp 6cp 7cp 19cp 1cp 4cp  2cp 2cp 9cp 5cp 3cp 54cp, 1ENM147 60cp 15cp, 1ab 52cp 

      S0.1 2cp          
 9am 3pm    S0.2 10          

Temperature (°C) 16.6 23    S0.4 10          
Relative humidity (%) 49 31    S0.8 4cp          
Cloud amount (oktas) 5 7    S1.5 8cp, 1I          

Wind direction NNE W    S3 5cp          
Wind speed (km/h) 22 22    S4.5 18cp          

MSL pressure (hPa) 1021.2 1016.5    S6           



  

 

348 

 

 

 

 

 

 

 

 

 

 

 

October 16      N6           
      N4.5           

Minimum temperature (°C) 6     N3 49cp          
Maximum temperature (°C) 19     N1.5 2cp          

Rainfall (mm) 0.2     N0.8 4cp          
      N0.4 4cp          
      N0.2 2cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 4cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  43cp 0 0 7cp 0 3cp  0 0 0 0 1cp 19cp 14cp 2cp 12cp 

      S0.1 1cp          
 9am 3pm    S0.2 9cp          

Temperature (°C) 14.9 17    S0.4 11cp          
Relative humidity (%) 64 40    S0.8 0          
Cloud amount (oktas) 8 2    S1.5 10          

Wind direction SSW WSW    S3 5cp          
Wind speed (km/h) 17 20    S4.5 3cp          

MSL pressure (hPa) 1019.3 1018    S6           
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October 17      N6           
      N4.5           
Minimum temperature (°C) 5     N3 35cp          
Maximum temperature (°C) 19     N1.5 5cp          
Rainfall (mm) 0.2     N0.8 5cp, 1D          
      N0.4 5cp          

      N0.2 7cp          
W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 5cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 

  36cp 10 0 19cp 2cp 2cp  4cp 6cp 7cp 3cp 5cp 56cp 47cp 13cp, 1I 57cp, 1I 
      S0.1 1cp          
 9am 3pm    S0.2 7cp          

Temperature (°C) 13.1 17.8    S0.4 F          
Relative humidity (%) 59 45    S0.8 5cp          
Cloud amount (oktas) 8 3    S1.5 6cp          
Wind direction W SW    S3 5cp          
Wind speed (km/h) 22 19    S4.5 5cp          

MSL pressure (hPa) 1025.7 1024.3    S6           
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October 18      N6 44cp          
      N4.5 13cp          

Minimum temperature (°C) 7     N3 28cp          
Maximum temperature (°C) 25     N1.5 0          

Rainfall (mm) 0     N0.8 6cp          
      N0.4 12cp          
      N0.2 12cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 2cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  8cp, 1D 3cp 3cp 6cp 0 3cp  2cp 3cp 2cp 3cp 13cp 49cp 25cp 19cp 30cp 

      S0.1 5cp, 1ENM147          
 9am 3pm    S0.2 2cp          

Temperature (°C) 15 24.5    S0.4 6cp          
Relative humidity (%) 67 26    S0.8 3cp          
Cloud amount (oktas) 5 0    S1.5 14cp          

Wind direction SSE WSW    S3 7cp, 1ca          
Wind speed (km/h) 13 2    S4.5 9cp, 1D          

MSL pressure (hPa) 1027.2 1022.5    S6   
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October 19      N6 9cp          
      N4.5 0          

Minimum temperature (°C) 9     N3 5cp          
Maximum temperature (°C) 25     N1.5 0          

Rainfall (mm) 0     N0.8 0          
      N0.4 0          
      N0.2 1cp          

W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 1cp E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
  0 1cp 0 0 0 1cp  1cp 1cp 0 0 0 7cp 4cp 1cp 0 

      S0.1 0          
 9am 3pm    S0.2 0          

Temperature (°C) 13.9 23.7    S0.4 0          
Relative humidity (%) 74 27    S0.8 0          
Cloud amount (oktas) 8 5    S1.5 1cp          

Wind direction SSE S    S3 2cp          
Wind speed (km/h) 19 20    S4.5 1cp          

MSL pressure (hPa) 1025.3 1022.9    S6           
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October 20   
   

Minimum temperature (°C) 9  
Maximum temperature (°C) 25  

Rainfall (mm) 0  
 9am 3pm 

Temperature (°C) 16.5 24.1 
Relative humidity (%) 55 31 
Cloud amount (oktas) 0 6 

Wind direction E E 
Wind speed (km/h) 31 28 

MSL pressure (hPa) 1028.3 1023.1 

No trapping 
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October 21      N6 66cp, 1I          
      N4.5           
Minimum temperature (°C) 12     N3 37cp, 1I, 1D          
Maximum temperature (°C) 33     N1.5 3cp          
Rainfall (mm) 2     N0.8 0          
      N0.4 8cp          

      N0.2 6cp          
W6 W4.5 W3 W1.5 W0.8 W0.4 W0.2 0.1 4cp, 1I E0.1 E0.2 E0.4 E0.8 E1.5 E3 E4.5 E6 E7.5 
8cp 246cp, 1ab, 1ENM147 29cp 3cp 4cp F 1cp 13cp  7cp, 1I 0 1cp, 1I 0 3cp 70cp 14cp 27cp, 1ta 28cp 

      S0.1 2cp          
 9am 3pm    S0.2 2cp          

Temperature (°C) 25 32.6    S0.4 4cp          
Relative humidity (%) 39 22    S0.8 1cp          
Cloud amount (oktas) 6 6    S1.5 4cp          
Wind direction NNE N    S3 2cp          
Wind speed (km/h) 28 28    S4.5 9cp, 1ab          

MSL pressure (hPa) 1017.9 1012.2    S6 6cp          
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Dryland Salinity and Ecosystem Distress Syndrome: Human
Health Implications
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Abstract: Clearing of native vegetation for agriculture has left 1.047 million hectares of southwest Western

Australia affected by dryland salinity, and this area may expand up to a further 1.7–3.4 million hectares if

trends continue. Ecosystems in saline-affected regions display many of the classic characteristics of Ecosystem

Distress Syndrome, one outcome of which has not yet been investigated in relation to dryland salinity: adverse

human health implications. This article seeks to review existing information and identify potential adverse

human health effects. Three key potential impacts on human health resulting from dryland salinity are

identified: wind-borne dust and respiratory health; altered ecology of the mosquito-borne disease Ross River

virus; and mental health consequences of salinity-induced environmental degradation. Given the predicted

increase in extent and severity of dryland salinity over coming decades, adverse outcomes of salinity are likely

to be further exacerbated, including those related to human health. There is a clear need to investigate the

issues discussed in this review and also to identify other potential adverse health effects of dryland salinity.

Investigations must be multidisciplinary to sufficiently examine the broad scope of these issues. The rela-

tionship between human health and salinity may also be relevant beyond Australia in other countries where

secondary soil salinization is occurring.

Keywords: dryland salinity, waterlogging, ecosystem distress syndrome, Ross River virus, mental health, res-

piratory health

INTRODUCTION

Rapport et al. (1985) describe ‘‘Ecosystem Distress Syn-

drome’’ (EDS) which is characterized by a range of adverse

outcomes associated with ecosystems under stress. Many of

these outcomes are evident in areas affected by dryland

salinity, a severe form of environmental degradation

(Table 1). The region of interest in this discussion, the

semiarid agricultural region of southwest Western Australia

(WA) know as the ‘‘Wheatbelt’’ (Fig. 1), has an area of

15,525,600 hectares (ha) and a resident population of 70,132

(for a regional description, see Beard [1980] or Hobbs

[2003]). It has been highly modified by human activities over

the 20th century in the form of large-scale clearing for agri-

culture leaving only small fragments of native vegetation
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(Hobbs, 1993). The replacement of deep-rooted native

perennial vegetation with shallow-rooted annual crops and

pastures has caused water tables to rise, resulting in water

logging, dissolution of salts in the soil profile, and movement

of these salts to the soil surface. This complex hydrological

process further compounds the adverse effects of an already

degraded ecosystem (Clarke et al., 2002). Recent estimates

indicate that approximately 1.1 million ha of southwest WA

has become saline as a result and a further 1.7–3.4 million ha

represents a salinity hazard and may become saline in the

future if current trends continue (George et al., 2006). While

this discussion focuses on the situation in Australia, it is

important to note that anthropogenically induced soil sali-

nization, both dryland salinity and salinity caused by irri-

gation, is an important form of environmental degradation

in arid and semiarid regions across all continents worldwide

(Rengasamy, 2006; Williams, 1999).

One important outcome of EDS is changes in disease

prevalence in plant, animal, and human populations as the

fabric of the ecosystem begins to deteriorate and natural

buffering and protective mechanisms break down (Rapport

et al., 1985). While humans have developed technological

and cultural buffers against environmental change to a

certain extent, ultimately we are dependent on proper

ecosystem functioning for well-being and survival

(McMichael, 1993; Rapport, 1999, 2002).

Little is understood about alterations in disease ecology

and the health impacts of dryland salinity. There is no

evidence that salt in the environment has a direct adverse

effect on human health. Studies of people occupationally

exposed to salt, such as workers in salt mines, have found

that any occupational health problems, such as cancers, are

due to factors other than salt, including diesel fumes

(Kogevinas et al., 2003), inorganic dust and nitrosamines

(Cocco et al., 1999), or asbestos fibers (Tarchi et al., 1994).

However, as discussed below, evidence suggests that

adverse health effects of dryland salinity may be indirectly

mediated by ecosystem disruption.

Table 1. Areas Affected by Dryland Salinity Exhibit Multiple Traits Consistent with Ecosystem Distress Syndrome (Rapport et al., 1985)

Characteristics of Ecosystem Distress

Syndrome (Rapport et al., 1985)

Dryland salinity References

Decreased biodiversity Yes Plants: Briggs and Taws, 2003;

Lymbery et al., 2003

Terrestrial animals: McKenzie et al., 2003

Aquatic animals: Cramer and Hobbs, 2002;

Halse et al., 2003; Pinder et al., 2004, 2005

Reduced efficiency of nutrient cycling and

(usually) decreased primary production

Yes Grierson and Adams, 1999

Increased dominance of exotic biota Yes Briggs and Taws, 2003

Reduction in size of dominant biota Yes Briggs and Taws, 2003

Increased fluctuations in population size Unknown

Increased prevalence of disease in plant,

animal, and human populations

Unknown

Figure 1. The Wheatbelt region of Western Australia.
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Here we describe processes by which dryland salinity

may mediate adverse human health outcomes (Fig. 2). This

is not intended to be a comprehensive review of all possible

health impacts, rather a discussion of the outcomes for

which we believe the most evidence points toward, namely

respiratory health, vector-borne disease, and mental health.

We begin by examining how salinity is linked to in-

creased wind-borne dust and the impact this may have on

respiratory health. We then focus on the complex ecology

of the mosquito-borne disease Ross River virus (RRV) and

discuss how the activity of this disease may be altered by

dryland salinity. Finally, we evaluate the potential mental

health consequences of salinity-induced environmental

degradation and conclude by identifying research disci-

plines that could be linked to investigate and inform

management for mitigation of these health issues.

SALINITY AND WIND-BORNE DUST-RELATED

ILLNESS

Aerosolized dust generation is strongly associated with

agricultural activities (Nordstrom and Hotta, 2004) and

soil dryness or drought, which can lead to adverse respi-

ratory health outcomes (reviewed in Smoyer-Tomic et al.,

2004). The impact salinity on soil structure is complex

(Cochrane et al., 1994; Qadir and Schubert, 2002), how-

ever, depending on the soil type and severity of salinity and

waterlogging, some soils affected by dryland salinity can be

at increased susceptibility to wind erosion due to a

reduction in plant cover and increase in bare earth expo-

sure (Tille et al., 2001; Bann and Field, 2005). The com-

bined influences of agricultural land practices, a seasonally

arid environment, and soil degradation and vegetation loss

due to dryland salinity yield favorable conditions for

aerosolizing soil particles and microbes, which can cause

serious health problems (Pimentel et al., 1998; Rutherford

et al., 1999).

Agricultural exposure to inorganic dusts has been

associated with chronic bronchitis, interstitial fibrosis, and

chronic obstructive pulmonary disease (Schenker et al.,

1998; Schenker, 2000). Wind blown alkali salt and dust has

been associated with increased prevalence in lung, eye, and

nasal irritation (Gomez et al., 1992). In Australia and

overseas, increases in asthma symptoms are associated with

dust storms (Bener et al., 1996; Park et al., 2005; Rutherford

et al., 1999). Besides the dust itself, fungi and other

pathogens can also be aerosolized which can further exac-

erbate respiratory conditions (Taylor, 2002). Given the

decrease in vegetation cover associated with dryland salinity

and the increase in the propensity for erosion, there is

potential for an increase in wind-borne dust and associated

health effects (Fig. 2).

Dryland salinity is also associated with raised water

tables and waterlogging, leading to the potential retention

and concentration of pesticides and other chemicals in the

soil. During summer evapotransporation rates are high and

rainfall is negligible, the soil surface of many waterlogged

Figure 2. Framework for environmental, ecosystem, and agricultural/economic consequences of dryland salinity, and the human health

implications that may arise as a result of these dryland salinity impacts.
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regions becomes dry and residual pesticides and chemicals

may be transported with wind-borne dust. For example, the

drying up of the Aral Sea in Uzbekistan has resulted in

wind blown dust which is contaminated with salt and

pesticides, and this has been linked to increased rates of

anemia, kidney and liver diseases, and asthma (O�Hara

et al., 2000; Singer et al., 2003). Australia has prohibited the

use of persistent organochlorine pesticides for two decades

(such as DDT [Connell et al., 2002]), but given the previ-

ous history of use and their long persistence in the envi-

ronment, the potential for them to become wind-borne

with contaminated soil is still present. Many of the chem-

icals used on farms in Australia today have much shorter

half-lives than persistent organochlorine pesticides (Di

et al., 1998). However, the influence salinity has on this

breakdown process is, in most cases, unknown, neither are

the potential respiratory health risks associated with the

breakdown products if they become airborne with dust.

Associations between respiratory health and land saliniza-

tion are at present unknown, and more research is required

into the association between dryland salinity and respira-

tory health.

SALINITY, MOSQUITOES, AND ROSS RIVER

VIRUS

Changes in vector density and distribution following eco-

logical and environmental disruption are major factors

responsible for increasing mosquito-borne disease trans-

mission worldwide (Gratz, 1999; Gubler, 2002; Jardine

et al., 2004; Molyneux, 2003; Vasconcelos et al., 2001).

Anthropogenic changes in land use and land cover are

primary drivers of such ecological disruption and have the

potential to strongly influence human vulnerability to

vector-borne diseases, particularly those carried by mos-

quitoes (Sutherst, 2004). Such land use changes can be

broadly classified into the following non-mutually exclusive

categories: water resource developments, deforestation,

agricultural development, and urbanization (Norris, 2004).

As discussed previously, land clearing and agricultural

development has been widespread in the southwest of WA

leading to severe ecosystem degradation, which has been

further compounded by the development of dryland

salinity. As suggested by Horwitz et al. (2001), an impor-

tant potential health risk exists in the form of an increasing

inland spread of Aedes camptorhynchus. This species has

been confirmed as the major vector of RRV in southern

Australia (Ballard and Marshall, 1986; Russell, 1995). Ae.

camptorhynchus breeds in brackish to highly saline water,

frequently feeds on humans, and can disperse a long dis-

tance from breeding sites (Lee et al., 1984). Breeding is

primarily associated with coastal saltmarsh habitat, how-

ever, preliminary research now shows that this species is

well established in salinity-affected areas in the inland

agricultural region of Western Australia (Lindsay et al.,

2007).

Salinity appears to augment breeding of Ae. camp-

torhynchus, and the mechanism behind this may be three-

fold: (1) waterlogging due to rising water tables resulting in

increased volume and duration of surface water retention,

providing a greater area of potential mosquito-breeding

habitat; and/or (2) salinity negatively influencing aquatic

biodiversity and natural mosquito population regulators,

such as invertebrate predators that are more salt sensitive

than Ae. camptorhychus (Halse et al., 2003); and/or (3)

reductions in interspecific resource competition from other

salt-sensitive aquatic biota, resulting in a resource rich

environment for Ae. camptorhychus breeding.

There is no clear association between serologically

confirmed human RRV disease case numbers and dryland

salinity [A. Jardine, unpublished data], however, RRV is

often underreported and serological studies are needed to

investigate current RRV activity in more detail. The

apparent lack of association may also reflect the complex

vector–host ecology of this disease; alternatively, it may also

be that RRV penetration into the wheatbelt is at present

buffered by the relative extent of dryland salinity in the

area. For example, RRV transmission and persistence may

depend upon a critical threshold area of salinity-affected

land, and predicted future increases in dryland salinity

could cause a dramatic change in RRV activity. The com-

plex transmission cycle of this disease means that changes

in disease incidence are difficult to predict, however, given

that a known vector of this disease is closely linked with

salinity, the potential for an increased risk to human health

must be considered. Monitoring of human cases should

continue, and further investigations of RRV ecology and

disease risk in salinity-affected areas are warranted.

SALINITY AND MENTAL HEALTH

Dryland salinity has a dramatic effect on land use. In mild

forms, it will require a change in farming practices, such as

the use of more salt-tolerant crops or pastures. In more
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extreme cases, the land is left unusable for farming and bare

except for dead trees and salt pans. This land degradation

can potentially have adverse mental health outcomes

through a number of interrelated pathways.

Mental health is an important issue in rural Australia.

Many rural areas are in decline, particularly those in inland

agricultural regions, caught in downward spiral of out

migration and service loss driven by factors such as a lack

of education and employment opportunities, commodity

prices, and farm amalgamation (McKenzie, 1994). Fraser

et al. (2005a) used a range of measures to demonstrate that

the populations in declining rural areas had inferior mental

health outcomes compared to similar populations in rural

growth areas. The availability of mental health services is

generally poor in rural areas, there is a stigma attached to

mental health issues in rural areas that further inhibits

utilization of services that are available (Sweeny and Kisely,

2003), and declining populations will probably result in

further reduction of services.

For many farms, dryland salinity has resulted in a

reduction in productivity and, therefore, income (Martin

and Metcalf, 1998; Trewin, 2002). A number of studies

have shown that financial pressures are a major causal

factor of stress in farmers (Gray and Lawrence, 1996; Day

et al., 2000; Fraser et al., 2005ab; Judd et al., 2005).

Furthermore as productivity drops, farms become less

viable and people may move away from affected areas

exacerbating rural population decline. This further erodes

social support networks for those that remain (Jones and

Tonts, 1995), the lack of which has been documented as a

contributing factor in mental illness in rural communities

(Fraser et al., 2005a).

Albrecht (2005) raises the concept of ‘‘solastalgia,’’ the

pain or sadness caused by the loss or lack of solace and

sense of isolation connected to the present state of one�s

home and territory. Those who experience solastalgia can

experience general distress which can escalate to serious

health problems such as depression and suicide (Albrecht,

2005). Rogan et al. (2005) found that environmental deg-

radation influenced the way people structured their rela-

tionship with their surroundings. Given the changes in

residents surroundings due to dryland salinity, and in some

cases these changes can be quite rapid, there is potential for

residents to experience solastalgia.

Given these three possible interrelated path-

ways—financial pressures due to reduced profitability, de-

cline of social networks, and solastalgia—there is potential

for adverse mental health outcomes related to the

environmental degradation of dryland salinity. Mental

health problems associated with environmental degrada-

tion are not without precedent. Studies in Africa and China

found that environmental degradation was associated with

higher levels of psychological stress (Van Haaften and Van

de Vijver, 1996ab, 1999, 2003; Van Haaften et al., 2004).

SALINITY AND THE RELATIONSHIP BETWEEN

ECOSYSTEM AND HUMAN HEALTH

The relationship between ecosystem disruption and human

health is well established (Corvalan et al., 2005; Epstein,

1995; Patz et al., 2004, 2005; Rapport, 1999, 2002). A classic

example is Lyme disease, where environmental disruption

has caused changes in mammalian host communities and

resulted in increased disease prevalence (LoGiudice et al.,

2003; Ostfeld and LoGiudice, 2003). Here, we have dis-

cussed some health issues that may be mediated by dryland

salinity in Western Australia. The three areas of health re-

search identified here should provide a basis for future

investigations of the human health impacts of dryland

salinity. However, there may also be other potential aspects

of adverse human health outcomes resulting from dryland

salinity not yet identified.

Ecosystems that suffer from dryland salinity are under

stress and display many characteristic symptoms of EDS

(Rapport et. al., 1985; Table 1 above). The environmental

and ecological impacts of dryland salinity are well known,

however, a clear knowledge gap exists regarding the adverse

impacts on human health mediated by dryland salinity-

induced EDS. Research into human health issues taking an

ecosystem approach must inherently be multidisciplinary

to take into account a complex range of systems and pro-

cesses and must involve community members, researchers,

and policymakers (Nielsen, 2001; Macdonald and Lauren-

son, 2006). The scope of the potential human health con-

sequences that may arise from dryland salinity spans

multiple scientific disciplines, and multidisciplinary efforts

are therefore needed to resolve these problems. Investiga-

tions into respiratory impactions of wind-borne dust

should combine the disciplines of epidemiology, chemistry,

soil science, meteorology, and ecology. For RRV investi-

gations, the combined disciplines of epidemiology, ecology,

geomorphology, soil science, and virology would form a

strong basis for investigation. The study of mental health

and salinity must combine the disciplines of epidemiology,

economics, sociology, and psychology.

14 Andrew Jardine et al.



In Australia, the association between clearing of native

vegetation and increasing soil and stream salinity was first

recognized in Western Australia over 80 years ago (Bleazby,

1917; Wood, 1924). For many years, this issue was over-

looked by government in a relentless push to increase

agricultural production; only relatively recently has the

political will been galvanized to put the necessary processes

in place to work towards ameliorating secondary soil

salinity at both a state and national level (Beresford et al.,

2001; Pannell, 2005). In the long term, amelioration of

salinity will potentially have human health as well as

environmental benefits, further underlining the need for

continued commitment to solving this critical issue.

However, this is a slow process and it is therefore essential

that detrimental health impacts of dryland salinity are

investigated presently, from which effective management

strategies can be developed.

This discussion has concentrated on potential adverse

human health outcomes of dryland salinity using evidence

from Western Australia. These issues may also be relevant

in other Australian states affected by dryland salinity;

particularly Victoria, New South Wales, Queensland, and

South Australia; however, differing local environmental

factors and salinity drivers may moderate adverse health

outcomes across regions. Regardless, it is important to

consider the fact that, due to the gradual and complex

hydrological processes underlying the development of

salinity in Australia, the extent and severity of dryland

salinity will continue to increase in coming decades before

any benefits from the implementation of amelioration

strategies are observed (NLWRA, 2001). Therefore, it seems

reasonable to assume that this will further exacerbate the

wide-ranging consequences of dryland salinity, including

those that are human health-related.

Some evidence suggests that similar human health risks

may also arise from irrigation-induced secondary soil

salinity common in many arid and semiarid regions

worldwide. For example, malaria incidence has been sig-

nificantly associated with soil salinity and irrigation water

use in Azerbijan (Temel, 2004). Of course, potential health

risks will vary widely across different regions and it is not

possible to make broad generalizations. The need for fur-

ther research to identify human health risks at a regional

level is clearly highlighted by the fact that over 400 million

people live in arid and semiarid regions susceptible to

dryland or irrigation-induced secondary soil salinity

worldwide (Williams, 1999).
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Abstract Previously existing sources of data regarding mosquitoes in inland areas of south-west Western
Australia are few and qualitative in nature. This is the first attempt to quantitatively investigate
mosquito fauna in this region. The existing data are reviewed and compared with the results of the
quantitative surveys presented in this paper. Temporal comparisons appear to indicate that mosquito
community structure in the region may have changed since the initial surveys in the 1950s from a
combination of freshwater-breeding species towards a strong dominance of Aedes camptorhynchus
(Thomson), a major vector of Ross River virus in southern Australia. It is speculated that this shift
may have been brought about by the increasing area and severity of dryland salinity in the region over
the last century, and also may increase the potential for Ross River virus disease transmission.

Key words Aedes camptorhynchus, dryland salinity, mosquito, Ross River virus, south-west Western Australia.

INTRODUCTION

Ross River virus (RRV) causes a non-fatal but potentially
debilitating systemic febrile illness and is the most common
mosquito-borne arbovirus in Australia (Russell 2002). In the
south-west of Western Australia, RRV activity is primarily
focused in the Swan Coastal Plain between Perth and
Dunsborough (Lindsay et al. 1992, 1996, 2005). Accordingly,
regular mosquito surveillance and virus isolations are carried
out in this region (Johansen et al. 2005).

However, small clusters of cases have also occurred further
inland in the south-west of the state (Lindsay et al. 2005)
where the mosquito fauna is less well characterised and
current knowledge is based on qualitative observations. The
region of interest described in this paper consists of the upper
Great Southern, eastern South-West and South-Central Wheat-
belt regions of Western Australia (Fig. 1).

This paper reviews existing qualitative data from mosquito
collections near several towns in the study region and presents
a preliminary quantitative investigation of mosquito fauna in
inland regions in the south-west of Western Australia.

The first major attempt to describe the mosquito fauna of
Western Australia was carried out in the mid-1950s (E Britten
unpubl. data 1955/56; Britten 1958) using larval surveys and
biting adult catches. Britten’s collections around Williams,

Narrogin and Lake Grace were carried out in March 1955,
following approximately 20 mm of rain across the region
between 15 and 17 February. Species most prevalent in the
region around Williams and Narrogin were in order of abun-
dance: Culex australicus Dobrotworsky & Drummond,
Anopheles annulipes Walker s.l., Aedes sagax (Skuse), Culex
annulirostris Skuse and Aedes alboannulatus (Macquart). A
single specimen of an adult Aedes camptorhynchus (Thomson)
was collected south-east of Narrogin; however, no larvae of
this species were found. In the region east of Lake Grace,
Cx. australicus and An. annulipes s.l. were collected as larvae,
and Ae. sagax and Ae. occidentalis (Skuse) as adults.

The region around Wagin and Katanning was surveyed
for mosquito larvae in August 1956. The most numerous
and widespread species was Ae. alboannulatus, while An.
annulipes s.l., Cx. australicus and Ae. sagax larvae were also
found to be present throughout the area. Aedes camptorhyn-
chus were noted to be widespread, but relatively sparse, most
commonly breeding in brackish water but this species was also
collected from freshwater pools. A freshwater rock pool on a
granite outcrop near Wagin yielded Ae. occidentalis larvae.

Collections in north-eastern areas of the study region were
carried out in July 1956. Aedes alboannulatus and Ae. occi-
dentalis were the most common and widely distributed spe-
cies. Anopheles annulipes s.l., Cx. australicus and Ae. sagax
were widespread but not prevalent. Aedes camptorhynchus
was very rarely collected in this region. It was speculated that
this may have been due to dilution of saline breeding habitats
by winter rainfall.
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Britten’s summary concludes that Cx. australicus and
Ae. alboannulatus were most prevalent across the region; how-
ever, Ae. sagax was the dominant species collected after rain-
fall. Anopheles annulipes s.l. and Ae. camptorhynchus were
distributed throughout the region, the latter being most numer-
ous further south towards the coast. Tripteroides atripes
(Skuse), Cx. quinquefasciatus Say and Ae. notoscriptus
(Skuse) were collected at most rural towns within the region;
however, breeding was restricted to domestic sites associated
only with the townsites.

In 1991, Liehne collated records of many published and
unpublished mosquito surveys in Western Australia up to that
point. Table 1 summarises the initial collection date of species
near each town (E Britten unpubl. data 1955/56; Britten 1958;
Liehne 1991). It must be noted that surveys in this region have
been very few and irregular. Therefore, the dates indicated do
not necessarily represent the date of first appearance of that
species in the region, rather they primarily reflect the date of
first survey.

In 2004, the Western Australia Department of Conservation
and Land Management (CALM) conducted aquatic inverte-
brate sampling at 223 locations throughout the wheatbelt and
mosquito larvae were collected at some sites (Pinder et al.
2004). The most prevalent species were An. annulipes s.l.
(present at 34 sites), Ae. camptorhynchus (26), Cx. australicus
(14) and Ae. alboannulatus (10). As this was a broad study of
all aquatic invertebrates, sweep nets were used for sample
collection rather than larval dippers, and the physical distur-
bance of the water column due to the method of collection
may explain the relatively low percentage of locations positive
for mosquito larvae.

These qualitative data from previous surveys suggest that
Ae. camptorhynchus appears to have become a more signifi-
cant element of the inland mosquito fauna. We undertook
quantitative mosquito collections to further investigate this
apparent change that may also have implications for human
health in the region.

METHODS

The estimated resident human population of the study region
(Fig. 1) in June 2004 was 49 370 (Australia Bureau of
Statistics 2005). The climate is temperate with hot dry sum-
mers and cool wet winters. The average annual rainfall ranges
from 700 mm in the west, decreasing to less than 400 mm in
the east, with the majority falling between the months of May
and October. The primary industry in the region is agriculture.
Much of the native mallee and eucalyptus woodlands was
cleared in the early to mid-20th century and replaced with
crops and pasture. Apart from a few larger national parks and
conservation areas, the majority of remaining natural vegeta-
tion exists in small scattered areas on private farming land. As
a result of this large-scale land clearing, a significant area of
this region is now affected by dryland salinity (Clarke et al.
2002), which tends to increase in severity as rainfall decreases
further inland to the east (Schofield et al. 1988).

Adult mosquito collections in 1992 and 2004 are described.
Adult collections around Katanning, Nyabing, Lake Grace and
Pingrup were undertaken in late October 1992. Collections
occurred 4 weeks after record spring rains in the region, but
1 month prior to the dates of onset of the first cases (November

Fig. 1. Map of the south-west 
of Western Australia showing 
regional areas and towns 
discussed in this paper. The 
black line indicates the boundary 
of the combined local 
government areas included in the 
study.
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1992) and 3 months prior to the peak in numbers of cases of
RRV disease (January 1993) during the small 1992/93 out-
break in the region (M Lindsay unpubl. data 1995). Further
rain fell between the collection date and the outbreaks of
human disease. Thirteen traps were set near the towns of
Katanning (three traps), Lake Grace (four traps), Nyabing
(three traps) and Pingrup (three traps).

Encephalitis Vector Surveillance (EVS) light traps baited
with carbon dioxide (dry ice) (Rohe & Fall 1979), modified
as described by Broom et al. (1989) to suit local meteorolog-
ical conditions, were used to collect adult mosquitoes. The
assembled traps were set well before sunset each afternoon
and collected during the following morning. Traps were hung
approximately 1 m off the ground near vegetation, protected
from windy exposed conditions. Collection sites were repre-
sentative of the range of ecotopes within the region.

Adult mosquitoes were transported back to the laboratory
in Perth where they were identified to species and processed
for virus isolation by sequential passage of clarified homoge-
nates on C6/36, Vero and PSEK cells. The methods used have
been described in detail previously (Lindsay et al. 1993).

Adult and larval mosquitoes were sampled around Narro-
gin, Williams and Wagin during November 2004. Adult
trapping only was conducted in Kojonup in December 2004.
Representative sampling locations were again selected and the
same methods were used for adult collections; however, pro-
cessing for virus isolation was not conducted. Larval sampling
was undertaken with a standard 10 cm diameter, white larval
dipper attached to a long handle using standard dipping tech-
niques (Service 1993) and an estimate of larval density across
the sites was made.

Climatic conditions prior to these collections were average
for that time of year, the only significant rainfall occurring on
3 November 2004. Date of collection, number of traps set and

3 November rainfall for each location were: Williams (4/11;
10 traps, 31 mm), Wagin (22/11; 7 traps, 27.8 mm), Narrogin
(23/11; 9 traps, 13.2 mm) and Kojonup (6/12; 10 traps,
2.6 mm).

There has been debate in recent years over naming of
aedine mosquito genera and subgenera. In this paper we have
used traditional scientific names for aedine mosquito genera
in accordance with recently published policy of several inter-
national medical entomology journals (The Editor-in-chief
and Subject Editors of JME 2005; Weaver 2005).

RESULTS

The October 1992 collections yielded a total of 9083 adult
female mosquitoes. The highest average number of mosqui-
toes per trap was 2136 at Nyabing and the lowest was 193 at
Katanning (Table 2). The most abundant species trapped at all
four towns was Ae. camptorhynchus, comprising between
80% and 93% of each collection.

A total of 4048 adult female mosquitoes from the four
towns were processed for virus isolation. No arboviruses were
isolated.

The 2004 collections yielded a total of 8494 adult female
mosquitoes. The highest average number of mosquitoes per
trap was 996 at Wagin and the lowest was 163 at Williams
(Table 3). In Wagin and Narrogin, Ae. camptorhynchus again
dominated the collections, comprising more than 90% of all
mosquitoes collected. However, in Williams this species com-
prised less than 40% and in Kojonup less than 10%. Most
species in each area were collected as larvae at low densities,
the exception being a very high density of Ae. camptorhyn-
chus larvae at saline, waterlogged sites around Wagin and
Narrogin.

Table 1 Mosquito species found during early surveys of mosquito fauna in seven towns within the study region at which further
surveys were carried out in 1992 and 2004 (adapted from E Britten (unpubl. results 1955/56), Britten (1958) and Liehne (1991))

Species Town

Katanning Kojonup Lake Grace Narrogin Nyabing Wagin Williams

Aedes alboannulatus Oct-Nov 1952 Nov 1951 Dec 1951 Aug 1956 Mar 1955
Aedes bancroftianus Mar 1955
Aedes calabyi Mar 1955 Mar 1955
Aedes camptorhynchus Aug 1956 Nov 1951 Mar 1955 Aug 1956
Aedes clelandi Dec 1951 Dec 1951
Aedes hodgkini Oct 1952
Aedes occidentalis Aug 1956
Aedes sagax Aug 1956 Mar 1955 Mar 1955 Sep 1952 Mar 1955
Anopheles annulipes s.l. Jan 1953 Mar 1955 Mar 1955 Mar 1955 Aug 1956 Mar 1955
Culex annulirostris Mar 1955 Mar 1955
Culex australicus Aug 1956 Mar 1955 Aug 1956 Mar 1955
Culex globocoxitus Apr 1972 Apr 1973
Culex molestus Apr 1973 Apr 1972
Culex quinquefasciatus Nov 1952 Mar 1955 Mar 1955 Aug 1955 Apr 1972
Culiseta atra 1958
Tripteroides atripes DNS DNS

The dates shown indicate the date of first collection at each town. DNS, date not specified.
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DISCUSSION

This study represents the first attempt to investigate quantita-
tively the mosquito fauna of inland, south-west Western Aus-
tralia. The quantitative collections clearly demonstrate that
Ae. camptorhynchus is now the most dominant species in
many areas, particularly those affected by waterlogging and
dryland salinity. Due to the qualitative nature of the previous

surveys, a direct comparison of species distribution and abun-
dance is not possible; however, it appears a long-term temporal
change in composition of the mosquito population may have
occurred in the region. Britten’s investigations in the mid-
1950s indicated that freshwater-breeding species such as Ae.
alboannulatus, Ae. sagax and Cx. australicus were the most
widespread and prevalent species in the region at that time
(Britten 1958). Aedes camptorhynchus was present in many

Table 2 Results of mosquito collections at four locations in the study region during October 1992

Species Town (No. of traps set)

Katanning (3) Lake Grace (4) Nyabing (3) Pingrup (3)

Tot Avg % Tot Avg % Tot Avg % Tot Avg %

Aedes alboannulatus 28 9.3 4.8 32 9.0 2.8 159 53 2.5 12 4 1.5
Aedes camptorhynchus 479 159.7 82.8 1185 296.3 93.0 6007 2002.3 93.8 695 231.7 84.7
Aedes camptorhynchus† 2 0.7 0.3 3 1 <0.1 3 1.0 0.4
Aedes clelandi 3 1 <0.1
Aedes notoscriptus 26 8.7 4.5 1 0.3 0.1 6 2 0.1 68 22.7 8.3
Aedes species (unidentified) 1 0.3 0.1 32 10.7 0.5 5 1.7 0.6
Aedes turneri 7 2.3 0.1
Anopheles annulipes s.l. 4 1.3 0.7 16 4.0 1.3 18 6.0 0.3 17 5.7 2.1
Culex annulirostris 3 0.8 0.2 14 4.7 0.2 1 0.3 0.1
Culex australicus 4 1.3 0.7 64 21.3 1.0
Culex globocoxitus 31 10.3 5.4 33 8.3 2.6 96 32.0 1.5 14 4.7 1.7
Culex quinquefasciatus 4 1.3 0.7 6 2 0.7

578 192.7 100.0 1275 318.8 100.0 6409 2136.3 100.0 821 273.7 100.0

All specimens were female. †Blood fed. Avg, average number collected per trap; Tot, total number of adults trapped; %, percentage of total catch.

Table 3 Results of mosquito collections at four locations in the study region during November and December 2004

Species Town (No. of traps set)

Williams (10) Wagin (7) Narrogin (9) Kojonup (10)

Tot Avg % L.D. Tot Avg % L.D. Tot Avg % L.D. Tot Avg %

Aedes alboannulatus 46 4.6 28.2 xx 90 10.0 8.4 x 28 2.8 9.7
Aedes bancroftianus 4 0.4 2.5 4 0.4 1.4
Aedes calabyi 5 0.7 <0.1 6 0.7 0.6 3 0.3 1.0
Aedes camptorhynchus x 6946 992.3 99.6 xxxxx 901 100.1 84.0 xxx 13 1.3 4.5
Aedes camptorhynchus† 4 0.4 <0.1 2 0.2 0.2 2 0.2 0.7
Aedes clelandi 19 1.9 11.7
Aedes hodgkini 1 0.1 0.6
Aedes Marks sp. no. 147‡ 61 6.1 37.4 7 1.0 0.1 9 1.0 0.8
Aedes nigrithorax† 1 0.1 <0.1
Aedes notoscriptus 1 0.1 0.6 2 0.3 <0.1 10 1.1 0.9
Aedes ratcliffei 2 0.2 0.7
Aedes stricklandi 1 0.1 0.3
Aedes turneri 4 0.4 1.4
Anopheles annulipes s.l. 17 1.7 10.4 xx 30 3.3 2.8 x 35 3.5 12.2
Coquillettidia sp. nr linealis 2 0.2 0.2 88 8.8 30.6
Coquillettidia sp. nr linealis† 2 0.2 0.7
Culex australicus x 1 0.1 0.1 x 27 2.7 9.4
Culex globocoxitus 14 1.4 8.6 x 7 1.0 0.1 x 22 2.4 2.1 x 79 7.9 27.4

163 16.3 100.0 6972 996 100.0 1073 119.2 100.0 288 28.8 100.0

All specimens were female. †Blood fed. ‡One of several mosquitoes recognised as separate species by the late Dr EN Marks, a leading Culicid
taxonomist in Australia, but is as yet undescribed due to inadequate study of immature stages of the species. Avg, average number collected per trap;
L.D., larval density – x, <1 per dip; xx, 1-10 per dip; xxx, 10-20 per dip; xxxx, 20-30 per dip; xxxxx, >30 per dip; Tot, total number of adults trapped;
%, percentage of total catch.
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areas; however, there is no indication in the early surveys that
it was the dominant species that it now appears to have become
in salinity-affected areas.

The area of land affected by dryland salinity has increased
in the region over the last 50 years (National Land and Water
Resources Audit 2001) and many low-lying regions within
these salt-affected areas have become waterlogged and colo-
nised by samphire (Halosarcia spp.) and other salt-tolerant
plant species, providing large areas of ideal breeding habitat
for Ae. camptorhynchus after rainfall. Our results also demon-
strate spatial variation with a greater prevalence of Ae. camp-
torhynchus in the more saline eastern parts of the study region.

No evidence of RRV activity was directly detected in this
study. However, 59 serologically confirmed, doctor-notified
cases of RRV were reported within the region between 1988
and 1996, including a number for which travel histories in case
follow-up surveys indicated locally acquired infection (M
Lindsay unpubl. data 2006). This provides good circumstantial
evidence that transmission of RRV is occurring within the
region.

The high proportion of Ae. camptorhynchus, a known vec-
tor of RRV elsewhere in Western Australia, in these collections
soon after substantial rainfall suggests this species may be
important as a vector of RRV in this region also. No other
well-defined vector species was trapped in large numbers,
although year-round monitoring of mosquito populations is
required to confirm that other species are not involved at
different times of the year or under different environmental
conditions.

Thus, it appears that dryland salinity resulting from wide-
spread clearing of natural vegetation for agriculture may have
increased the prevalence of a recognised RRV vector species.
This, in turn, may now mean that there is greater potential for
outbreaks of RRV disease in the region, although further anal-
ysis of the incidence of the disease over time is needed to
demonstrate this. The findings represent another example of
an anthropogenic ecological disruption in Western Australia
that has the potential to change the prevalence of vector mos-
quitoes and potentially increase the arboviral disease burden
(e.g. Jardine et al. 2004).

An investigation of year-round mosquito population
dynamics and further studies to substantiate the link between
salinity, mosquito breeding and mosquito-borne disease risk,
are currently ongoing and will be reported elsewhere. If sub-
stantiated, this will lend additional weight to the need to ame-
liorate salinity-related ecosystem change to benefit both
ecosystem health and human health concurrently.
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