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Thesis abstract 

Mosquito borne-diseases are responsible for high rates of morbidity and mortality 

worldwide. Ross River, Barmah Forest, Murray Valley encephalitis and Kunjin 

viruses are presently endemic in the Northern Territory, while dengue virus and 

malaria are at risk of re-establishment. In this thesis, I describe the epidemiology of 

the major endemic mosquito-borne diseases of the Northern Territory, past and 

present, and evaluate control strategies adopted to reduce mosquito abundance and 

disease transmission. Some findings include; Aedes vigilax larval densities were 

almost 10 times greater in artificially incised drains compared with lower mangroves, 

despite the creation of drains for mosquito control purposes. I further analyse the 

effects of drainage channels, habitat modification, over time in three Darwin salt-

marshes and one freshwater swamp near Alice Springs. In addition to significantly 

reducing vector-borne disease transmission and pest biting; habitat modification has 

restored all swamps to closer to their original ecosystems. To optimise the efficiency 

of environmentally-sensitive mosquito control programs, I examine current 

surveillance and control regimes. Findings indicate that most regimes are required to 

maintain tight mosquito control, although coastal surveillance could be reduced 

without a loss of information. I develop accurate predictive models for RRV 

infections in the Northern Territory, using weather and vector numbers. Such models 

assist public health campaigns, but rarely provide timely notification for vector 

control. I therefore created methodologies to produce rainfall thresholds —as early 

warning systems, which guide mosquito control before vector numbers peak, thereby 

reducing transmission potential. These findings can assist mosquito control programs 

in northern Australia and tropical regions worldwide.  
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Section 1- The context 
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Chapter 1- Introduction 

An overview of the mosquito-borne disease environment in the Northern 

Territory, past and present 

The importance of mosquito control is locally and globally valid. This thesis uses 

modern statistical methods to provide best practice evidence across a range of 

vectors and control strategies. Combining mosquito surveillance, mosquito control 

and human disease data, I have created applicable statistical methods that provide 

service providers with quality control measures, and aid in the reduction of 

mosquito-borne disease incidence and nuisance biting in the Northern Territory 

(NT). Solutions generated may assist others working to reduce mosquito and vector-

borne disease, nationally and internationally.  

Malaria 

Mosquito-borne diseases, in particular malaria, cause substantial morbidity and 

mortality globally, each year (World Health Organisation, 2010). The World Health 

Organisation (WHO) estimates that plasmodium malaria causes over 780,000 deaths 

and more than 200 million clinical cases annually (World Health Organisation, 

2010). Malaria was historically endemic in Australia. It was eradicated from the NT 

in 1962 (Black, 1972) and WHO declared Australia “malaria-free” in 1981 (World 

Health Organisation, 2010). Each year, Australia receives numerous imported cases, 

with occasional local transmission occurring in far north Queensland, above 19o S, 

where numerous Anopheline mosquitoes breed, Figure 1.1. Due to public health 

measures and vigilant mosquito control, plasmodium malaria has failed to re-

establish here (Brookes et al., 1997, Hanna et al., 1998, Hanna et al., 2004, Merritt et 

al., 1998a). With this in mind, the NT and Queensland remain particularly receptive 

to reintroduction as many competent vector Anopheline mosquito species live and 
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breed near residential areas above latitude 19o S, suggesting that in the absence of 

locally transmitted in northern Australia once again (Russell, 2009).  

 

Figure 1.1. Map of Australia, with climatic zones  

(Source- http://www.bepacked.com/content/AboutAustralia/en_au/weather.cfm) 

 

Dengue 

Dengue virus infection is increasingly recognized as the world's most important 

emerging tropical disease (World Health Organization, 2009). Already it is the 

leading arboviral infection in the world, causing higher rates of morbidity and 

mortality than any other mosquito-borne virus. The WHO currently estimates 50 

million dengue infections occur each year worldwide (World Health Organisation, 

N 

http://www.bepacked.com/content/AboutAustralia/en_au/weather.cfm
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2010).  Dengue disease reappeared in Australia in north Queensland during 1981-2, 

after an absence of more than 26 years (Kay et al., 1984). Since then, north 

Queensland faces annual incursions that often lead to outbreaks of dengue virus (Azil 

et al., 2010, Vazquez-Prokopec et al., 2010), and each year Queensland struggles to 

prevent it from becoming endemic again (Ritchie and Vazquez-Prokopec, 2010). In 

Australia, presently the primary vector mosquito Aedes aegypti (Linn. Diptera: 

Culicidae), exists only in the state of Queensland, Figures 1.2 & 1.3 (Russell, 1998b) 

(Kay et al., 1984); however, a second dengue vector Aedes albopictus (Skuse), the 

Asian tiger mosquito, is considered endemic on Christmas Island and in the Torres 

Strait (Ritchie et al., 2006) (Harrington et al., 2010).  

 

 

 

Figure 1.2. Aedes aegypti  

Source- (Wikipedia, 2011) 
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Figure 1.3. Aedes aegypti range Australia  

Source- (Queensland Health, 2010) 

http://www.health.qld.gov.au/dengue/dengue_fever/mosquito.asp#dengueAustralia 

 

Dengue virus and its primary vector Ae. aegypti, have previously been endemic in 

the NT. Historical records document infection in Australian Aborigines (Basedow, 

1932) and outbreaks in troops during WWII (Sabin, 1952, Whelan, 2007b). The 

eradication process of dengue virus in the NT differs from that of malaria, as the 

mosquito vector was targeted, rather than the infective organism. Aedes aegypti was 

eradicated from the NT during the 1950s and 1960s with historians differing as to the 

exact year (Whelan et al., 2001, Whelan, 1991). The last record of Ae. aegypti 

breeding in the NT was previously considered to be during in 1956 (O'Gower, 1958); 

however, McLean reports on an epidemic of dengue-like illness during February and 

http://www.health.qld.gov.au/dengue/dengue_fever/mosquito.asp#dengueAustralia
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March 1958, which infected “practically all the inhabitants of Croker Island”, and 

sero samples taken revealed rising levels of neutralising antibody against dengue-1 

virus, indicative of recent infection (McLean and Magrath, 1959). Furthermore, he 

reports that Ae. aegypti were distributed widely throughout the NT, breeding in 

rainwater tanks on island missions during that time (McLean and Magrath, 1959). 

However, Ae. aegypti were targeted for eradication and by 1969 Darwin was 

considered Ae. aegypti-free (Northern Territory Government, 1989). Since 

eradication, this species has been regularly imported into the NT, in water containers 

on-board boats visiting from dengue endemic countries to the north, but it has not re-

established (Russell, 1998b). Recent incursions in 2004 into Tennant Creek and 2006 

on Groote Eylandt resulted in expensive eradication programs, each continuing for 

over two years (Whelan, 2007b) (Whelan et al., 2009, Whelan et al., 2005, Whelan et 

al., 2004). More recently a lone Ae. aegypti, possibly arriving via airplane from a 

dengue endemic country, is thought to be responsible for a single case of local 

transmission in Darwin, in August 2010 (Hall, 2010). As infected humans can enter 

the country unrestrained, to maintain dengue-free the NT government commits major 

resources to state and national mosquito border control especially in surveillance of 

non-endemic mosquito species. 

 

Murray Valley encephalitis virus 

Murray Valley encephalitis virus (MVEV) is a mosquito-borne arbovirus in the 

flavivirus family. Human infections are called Murray Valley encephalitis virus 

disease. Infection in humans can result in severe symptoms including quadriplegia, 

and death (Bennett, 1976, Burrow et al., 1998, Mackenzie et al., 1993). Waterbirds 

such as herons and egrets are implicated vertebrate hosts (Russell and Dwyer, 2000), 
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while the implicated vector in the NT is the common banded mosquito Culex 

annulirostris (Skuse), which is abundant after heavy rainfall (Whelan et al., 1993a) 

(Russell, 1998b, Russell and Dwyer, 2000). 

 

The virus is considered enzootic in the Top End and the Barkly region (Tennant 

Creek) (Figure 1.4) and epizootic in the Alice Springs region, where it occurs 

seasonally after widespread heavy wet season rainfall (Kurucz et al., 2005, Whelan et 

al., 2003). Epidemics of serology proven MVEV were known to have occurred in 

Top End NT Aboriginal communities during the 1950s (McLean and Magrath, 

1959). Historical records suggest Aboriginal groups used “bush-medicine”, the 

smoke from fires burning with plants Crotolaria cunninhamii R.Br., Pterocaulon 

sphacelatum (Labill.) and Streptoglossa macrocephalus (F.muell.) to avoid mosquito 

bites that were associated with illness and death (Russell, 1998b).  

 

In Alice Springs, high summer rainfall (December – February) and relatively high 

vector numbers have been found to be significantly associated with sentinel chicken 

MVEV seroconversions (Whelan et al., 2003). Summer rainfall >100 mm and vector 

numbers of Cx. annulirostris >300 per battery operated carbon dioxide baited EVS 

trap (Rohe and Fall, 1979) per night can indicate a high risk of MVEV disease 

(Whelan et al., 2003). The presence of MVEV activity in the Alice Springs region 

has been associated with monsoonal weather conditions in the north and northwest 

(Western Australia), assisting infected bird migration and wind-blown mosquito 

distribution into the region (Kurucz et al., 2005, Whelan et al., 2003).  
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Kunjin virus 

Kunjin virus (KUNV), also a flavivirus, is a subtype of West Nile virus found in the 

Oceania region (Brown et al., 2002a, Brown et al., 2002b, Muller et al., 1986), with 

initial presenting symptoms similar to MVEV, but usually milder (Muller et al., 

1986). As with MVEV, KUNV is considered endemic in the Top End, Katherine and 

Barkly region of the NT, and until 2000, KUNV disease had not been recorded in 

Central Australia (Brown et al., 2002a, Brown et al., 2002b). However in 2001, two 

cases of KUNV were notified from Alice Springs urban area without preceding 

human cases in known endemic areas (Brown et al., 2002b). After a major mosquito 

control drainage intervention in Alice Springs area, cases have not since occurred in 

the region (Jacups et al., 2011a). Two further cases were reported from the endemic 

Top End in 2009 and 2010, respectively (Communicable Diseases Australia, 2010b). 

The NT sentinel chicken program conducted by the NT department of Health’s 

Medical Entomology, surveys KUNV as well as MVEV activity in several major 

townships around the NT: it serves as an early warning system for impending 

seasonal risk of both diseases (Kurucz et al., 2005).  
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Figure 1.4. The “Top End” of the Northern Territory, Australia 

Source -(Jacups, 2010) 

 

Ross River virus and Barmah Forest virus 

Ross River virus (RRV) and Barmah Forest virus (BFV) are alphaviruses endemic to 

the Australian mainland, with RRV also endemic in Tasmania and Papua New 

Guinea, Figure 1.5. Together they constitute the majority of arbovirus infections in 

Australia (Russell, 1994); the NT reports the highest annual incidence of disease, 

BFV 23/100 000 and RRV 109/100 00 population (average 1995-2010) 

(Communicable Diseases Australia, 2010a, Communicable Diseases Australia, 

2010d). The main presenting symptoms are joint pains, fever and rash; and some 
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people suffer myalgia and fatigue for up to six months (Westley-Wise et al., 1996). 

Harley estimated the cost to Australia of between US$2.0 and US$4.6 million 

annually (Harley et al., 2001). The primary vectors in the NT are the northern salt-

marsh mosquito Aedes vigilax (Skuse) and the common banded mosquito Cx. 

annulirostris (Kurucz et al., 2009b, Russell, 2002, Whelan, 1987, Whelan et al., 

2006). The virus is maintained primarily by enzootic cycles between mosquitoes and 

reservoir hosts, with marsupials implicated as the most likely hosts (Kay et al., 1982, 

Russell, 1994), providing the best virus amplification. Humans are considered poor 

amplifiers or dead-end hosts in the cycle (Kay et al., 1982, Russell, 1994). Since the 

literature review was published (chapter 2) (Jacups et al., 2008a), new light has been 

shed on the dramatic increase in BFV cases. The majority of BFV cases are 

considered false positives, due in part to diagnostic testing errors creating cross 

reactivity with RRV seropositivity; additionally, more medical practitioners are 

requesting BFV testing. There is nothing in the literature relating the sudden increase 

in BFV incidence with faulty diagnostic tools, so this cannot reliably be stated as 

‘fact’; however, this is account is widely recognized in Australian medical 

entomology circles.
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Figure 1.5. RRV and BFV endemic regions (Wertheim et al., 2011-In Press)  
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Mosquito surveillance and control 

In addition to the surveillance of mosquito-borne diseases in the NT, the Medical 

Entomology unit conducts weekly adult mosquito trapping to monitor mosquito 

species and their populations; larval surveillance to inform of impending populations, 

ovitrapping for exotic species detection; strategic larval spraying operations 

throughout the year, and ongoing maintenance of artificially incised drainage 

channels. However, to date, few of these control programs have been quantitatively 

addressed, and best-practice methodologies are yet to be established for mosquito 

control in the NT. Furthermore, understanding the many facets of mosquito ecology 

is vital to identifying vulnerable times and places in their lifecycles−key targets for 

effective mosquito control. There is much to be learned about mosquito breeding 

habitat and habitat dynamics such as flooding and vegetation change, which 

subsequently relate to fluctuations or trends in mosquito numbers and diversity. 

Investigating ecological habitats will further elucidate mechanisms to facilitate 

vector control efforts and thus reduce potential disease transmission.  

 

Aims  

The first aim of this thesis is to describe the epidemiology of the endemic 

arboviruses of the NT. Secondly; I aim to describe the mosquito ecology in wetland 

systems of the NT, which have had large-scale drainage interventions. Thirdly, I aim 

to evaluate current mosquito surveillance and control efforts to establish best-

practice. And lastly, in combination with the other aims, I aim to create practical 

tools to facilitate vector mosquito control, for disease and nuisance reduction. Thus 

this thesis aims to combine mosquito control and ecology, with disease 

epidemiology: formally subjecting it to peer-review, thus placing this work in the 
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public arena where it is accessible to all. The scope of this inquiry is limited to the 

NT, Australia. 

Thesis structure 

The thesis is divided into sections that broadly categorise themes. I have separated 

geographical study areas by dividing sections into bioregions, containing a similar 

climate, weather patterns, and ecology, which combine to influence mosquito 

breeding and control and vertebrate host life-cycles. Each chapter within each section 

is structured as a formal publication, a question or problem to be addressed, a dataset 

to test a hypothesis upon, using methodology specific to the data for each question. 

This structure enabled me to review the literature, rigorously analyse data, offer it for 

peer-reviewed prior to thesis publication. The discussion section of this thesis draws 

all the chapters together to cohesively address the implications of findings for 

mosquito control locally and globally.  

The mosquito-borne diseases I concentrate on are all major endemic diseases in the 

NT, Ross River virus (RRV), Barmah Forest virus (BFV), and Murray Valley 

encephalitis virus (MVEV) (Russell, 1998b, Russell, 2009). There is a small amount 

of discussion on Kunjin virus, this is limited, as is the proportion of impact this 

disease incurs on humans in the NT (Russell, 1998b, Russell, 2002, Russell, 2009). 

Because Malaria was previously endemic in the NT, (Russell and Whelan, 1986), 

some modelling exercises include Anopheline species, the vectors of human malaria. 

Some work in this thesis was conducted to assist in the eradication or exclusion of 

Aedes aegypti, and thus maintain the NT “dengue free”. Additionally, nuisance biting 

can lead to secondary skin infections, if scratching is excessive- especially in 

children, and nuisance biting can severely lower the quality of outside activities if 

mosquito abundance reaches pest levels (Whelan, 1987). For these reasons, I have 
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also included some pest mosquito species in analyses and discussions later in the 

thesis, species not known to transmit disease. 

 

Section 1, chapters 1 & 2 

Chapters 1 and 2 introduce the reader to the mosquito-borne disease environment of 

the NT, past and present. As the majority of the mosquito-borne disease burden in 

the NT is due to Ross River virus and Barmah Forest virus, an extensive literature 

review was conducted specifically on these two alphaviruses. 

 

Section 2, chapters 3 & 4  

Chapter 3 uses explanatory-modelling and predictive-modelling to define which 

environmental cues can act as predictors of RRV disease outbreaks, in Darwin, NT. 

Chapter 4 creates early warning systems to accurately forewarn of approaching 

disease outbreak conditions, such that ME staff can respond with timely mosquito 

control activities: pre-emptively reducing vector numbers prior to an outbreak 

situation. These types of applications will improve mosquito control and reduce 

mosquito-borne disease incidence in the NT. Furthermore, this methodology may be 

utilised by others internationally in a diverse range of environmental settings.  

 

Section 3, chapters 5, 6, 7, 8 & 9  

A reduction in insecticidal use has unquestionable economic and environmental 

benefits, but this needs to be balanced against effectiveness, cost effectiveness and 

disease prevention. An in-depth quantitative analysis of current mosquito control 
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methods in the NT can determine optimal balance of the factors above. Section 3, 

chapters 5 to 9, encompass only mosquito-control issues, no human disease data are 

presented. In chapter 5, I examined the effects of the drainage and rehabilitation 

project on mosquito abundance in three salt-marshes of urban Darwin. In chapter 6 I 

used statistical modelling techniques to investigate the salt-marsh mosquito Aedes 

vigilax mosquito densities against vegetation types in breeding areas. Chapter 7 

similarly investigates the control efforts for Ae. vigilax- aerial larval spraying, 

drainage construction, weather parameters and tidal influences for each vegetation 

type in the wetlands of urban Darwin. Lastly in this section, chapters 8 and 9 address 

management questions raised by the NT Medical Entomology branch, the answers of 

which will guide their workload and staffing allocations. I statistically compare 

alternate adult mosquito trapping protocols with currently utilised protocols, and 

evaluate reasons for peaks of Ae. vigilax in one particular adult mosquito trap in 

urban Darwin. This additional knowledge can assist manage mosquito control 

activities to ensure that the risks of transmission of mosquito-borne disease are 

reduced, and nuisance biting is also kept to a minimum. These chapters are vital for 

validating current mosquito control service delivery; furthermore, they assist the 

management of mosquito control programs with minimal environmental damage.  

 

Section 4, chapter 10 

The centre of Australia is a desert. And, although few people associated desert 

locations with mosquitoes or indeed, mosquito-borne disease, Alice Springs and 

Tennant Creek regions in the NT are epizootic for MVEV. The natural host of 

MVEV are wild waterbirds, particularly herons and egrets (Russell and Dwyer, 

2000) and the mosquito vector for MVEV, peaks in abundance two to three weeks 
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after heavy rainfall in arid areas (Whelan and Burrow, 1994). After flooding or heavy 

wet season rainfall, waterbirds (vertebrate hosts) congregated at the Ilparpa Swamp, 

in close proximity to urban Alice Springs. After numerous outbreaks of MVEV, a 

government initiative financed the draining and rehabilitation of the Ilparpa Swamp. 

In chapter 10 I evaluate the effects of the project on vector numbers and chicken 

seroconversions following this drainage intervention.  

 

Section 5, chapter 11 

Lastly, in chapter 11, I combine findings and discuss the relevance of this study to 

local management practices; furthermore, I describe how these methodologies could 

be applied globally. I briefly explore new and different approaches for investigating 

ways to better predict or forewarn disease outbreaks and discuss some future 

directions for studies or investigations. 
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Chapter 2- Ross River virus and Barmah Forest virus infections: a review of 

history, ecology and predictive models, with implications for tropical northern 

Australia  

This work has been previously published in- Jacups, S. P., P. I. Whelan, and B. J. 

Currie (2008) Ross River virus and Barmah Forest virus infections: a review of 

history, ecology, and predictive models, with implications for tropical northern 

Australia, Vector Borne Zoonotic Dis, 8(2), 283-298. 

Statement of contributions of each author: 

Jacups, conceptualised and designed the study, performed the literature review and 

produced the manuscript. Whelan and Currie edited and guided the writing of the 

manuscript. Consent has been granted by all co-authors for use of this publication in 

my PhD thesis (Appendix A). 

 

 

Introduction  

Epidemic polyarthritis (EPA) is the previous name of a clinical illness in Australia 

caused by infection with mosquito-borne alpha virus (Halliday and Horan, 1943), 

Ross River virus (RRV) and/or Barmah Forest virus (BFV). These infections were 

once diagnosed purely on clinical grounds, and thus were inseparable (Phillips et al., 

1990). The introduction of serology blood testing enabled them to be described and 

diagnosed as separate virus infections. The main presenting symptoms are joint 

pains, fever and rash. While not life threatening, the symptoms are debilitating 

enough to be of economic concern, as some people suffer myalgia and fatigue for up 

to six months or more (Westley-Wise et al., 1996), making RRV arguably the most 
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important public health arbovirus in Australia (Russell, 1994). In 1991 the National 

Health and Medical Research Council proposed that the economic cost of each case 

was approximately AUS$2500 (Russell, 1998b) (US$2020). More recently Harley et 

al. calculated a cost to Australia of between US$2.18 and US$4.61 million in an 

average year (Harley et al., 2001). The recent explosive epidemics of Chikungunya 

virus infection (Epstein, 2007) reflect the potential for alpha virus expansion. 

Whether or not these Chikungunya epidemics are related to global climate change, it 

is predicted that increases in arboviral diseases will be amongst the major health 

impacts of such change (Russell, 1998a). I review all the available RRV and BFV 

published literature that relates to potential implications for future disease in tropical 

northern Australia. As electronic records of historical literature were not widely 

available, paper copies of these were accessed from a comprehensive private 

collection at Darwin’s Medical Entomology branch. 

 

Results 

History of epidemic polyarthritis in the Australasian region 

For more than a hundred years after European settlement of the Australian continent, 

there appeared to have been no official acknowledgement of epidemics caused by 

indigenous pathogens. Then in July 1886 a sudden outbreak occurred in Natimuk 

(36oS), 324 km north-west of Melbourne, Victoria (Figure 1.1), with symptoms that 

included fever and joint pains. The epidemic was reported as dengue fever or typhoid 

fever, however, in retrospect, reviewers now suspect that this was most probably 

EPA (Tai, 1992). The first publicised view that this might be a 'new' disease was by 
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Nimmo (1929) who described “an unusual epidemic”, which occurred in 1928 in 

Narrandera (34o S), New South Wales (Nimmo, 1929).  

 

The Second World War precipitated increased troop movements in the northern areas 

of Australia. During 1941-42 army medical officers noted increasing numbers of 

soldiers reporting symptoms of pain and stiffness of joints, headache, rash and 

sometimes mild fever of unknown origin (Halliday and Horan, 1943). Symptoms 

generally continued for one to four weeks with joint pain persisting for two to three 

weeks longer (Halliday and Horan, 1943). Cases mostly occurred between Darwin 

(12o S) and Larrimah about 528 km south-east of Darwin. Others described the 

situation as 'an epidemic of polyarthritis in the Northern Territory’; they termed the 

condition 'acute polyarthritis' (Harris, 1944). Short compared symptoms with those 

seen in Bougainville (PNG) between 1944-45, Central Queensland in 1948-49 and 

New South Wales in the mid-1950s (Short, 1984). Further knowledge was added in 

1944 when Harris described the symptoms and signs for diagnosis of a condition 

among those who resided within a 30-mile radius of Adelaide River (13o S), 

Northern Territory (NT) (Harris, 1944).  

 

In 1956, medical workers dealt with a widespread outbreak of EPA in the Murray 

Valley region of southern Australia (36o S) and published clinical descriptions of the 

condition (Fuller and Warner, 1957). In the same year, Wilson linked the epidemics 

to preceding heavy rainfall and flooding, postulating that insect vectors and the 

increase in birdlife may have some bearing on the epidemics (Wilson, 1957). Finally, 

Shope and Anderson proposed a viral aetiology quite similar but not identical to the 
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arthropod-borne virus Chikungunya that was ravaging Africa in 1952 (Shope and 

Anderson, 1960). Eventually the aetiological agent was confirmed by serology as a 

member of Casall’s group A arthropod-borne virus (an alphavirus) (Doherty et al., 

1963). These arthropod-borne viruses or arboviruses are ‘maintained in nature by a 

biological transmission cycle between susceptible vertebrate hosts and 

haematophagous arthropods’ (Russell, 1998b). 

 

In 1959 Doherty et al. isolated the causative virus, named the Ross River virus, from 

Aedes vigilax (Skuse) (the northern salt-marsh mosquito) trapped along the Ross 

River (19o S) near Townsville in Queensland (Doherty et al., 1963). Since then, the 

epidemiology has been understood as an endemic mosquito-borne viral zoonosis 

which causes epidemics in human populations in the Australian and South and 

Western Pacific regions (Doherty et al., 1963). The largest epidemic on record 

occurred in Fiji with the first 8 cases notified to a medical practice near Nadi 

International Airport, Fiji (17o S) in April 1979. The disease rapidly spread 

throughout the Fiji Islands causing an estimated 50 000 cases (Klapsing et al., 2005). 

In August 1979 it had spread to Samoa where an estimated 13,500 people were 

infected. Between January and June 1980 the disease spread to the Cook Islands (10-

20o S) and New Caledonia (22o S) where further cases occurred (Harley et al., 2001).  

It was assumed that RRV had then disappeared from the region, most probably due 

to the lack of a suitable reservoir host. Then in 1999 a case was reported in a German 

traveller returning from Fiji and the Cook Islands, and again in 2003-4 two more 

cases were reported in Canadian travellers who had travelled to Fiji (Klapsing et al., 

2005). Whether the virus is now endemic in Fiji and the Cook Islands or continues to 

be introduced occasionally is unknown (Russell, 2002). 
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Today, RRV is endemic in the Australasian region (Australia and Papua New 

Guinea), with a western limit following Weber’s line (east of the Indonesian 

Archipelago, but including the Moluccas and the island of Papua New Guinea), and 

an eastern distribution possibly as far as the Cook Islands (Central Pacific) (10-20oS, 

158-69oE), Figure 1.5 (Aaskov et al., 1981, Bennett et al., 1980, Harley et al., 2001, 

Tai, 1992, Thomson et al., 1979). The southern limit for RRV infection is southeast 

Tasmania, where cases have been reported since 1991 (McManus et al., 1992), 

indicating that the virus is not unique to continental Australia (Mackenzie et al., 

1998). The first epidemic of RRV infection in Tasmania occurred in 2002 and 

subsequently RRV was isolated from Aedes camptorhynchus (the southern salt-

marsh mosquito), collected near the Carlton River (42.9oS). This is the furthest south 

that RRV has been identified in Australia (Robertson et al., 2004). There is 

serological evidence of RRV exposure in New Zealand residents, most likely 

contracted in Fiji, though no evidence of local transmission exists. Changing 

environmental conditions and the potential imported mosquito vectors pose a threat 

to New Zealanders as few residents possess protective antibodies to this virus 

(Derraik and Slaney, 2007, Maguire, 1994). 

 

RRV infection is the most common and most widespread arboviral disease in 

Australia, with an average of 4800 national notifications annually, over 3000 of these 

occurring in Queensland (Communicable Diseases Australia, 2010d). Recently 

south-eastern Australia has observed a marked increase in cases. In early 2006, New 

South Wales reported a doubling of monthly cases, prompting media releases and 
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public health warnings aiming to minimise and prevent exposure. Areas most 

affected include inland (Hunter Valley – New England) and coastal areas (Northern 

and Southern coasts New South Wales) (Doggett et al., 2006). An increase in rainfall 

in inland areas, including the Alice Springs area, lead to higher numbers of Culex 

annulirostris (Skuse), the common banded mosquito, a principle vector of RRV 

(1997). RRV has been common in inland areas of Australia, particularly along the 

Murray River and catchments, but also in northern South Australia and outback New 

South Wales and Queensland. Additionally the virus appears to be moving south, as 

demonstrated by Tasmania’s largest epidemic in 2002 reporting 117 infections, four 

times the previous average per annum (Communicable Diseases Australia, 2010d). 

Other southern epidemics include those in southern Western Australia in 1991-2, 

1995-6, in 2000 and again in 2004 (Communicable Diseases Australia, 2010d, 

Mackenzie et al., 1998). 

 

Little is known about the ecology of BFV, which was first isolated from mosquitoes 

(Cx. annulirostris) from the Barmah Forest (35o S), northern Victoria in 1974 

(Marshall et al., 1982). Barmah Forest virus is found only in Australia, with human 

infection first diagnosed in 1986 in New South Wales (Boughton et al., 1988, Vale et 

al., 1986) and first cultured from a patient from far north Queensland in 1988 

(Merianos et al., 1992). In the NT, BFV was isolated first from Cx. annulirostris 

collected at Beatrice Hill on the Adelaide River between 1974 and 1976 (Standfast et 

al., 1984), and from a number of species over a wide area between 1984 to 1992. 

Following this, BFV was isolated from mosquitoes in Western Australia in 1989 with 

human cases reported from arid northern and central Western Australia in 1992 

included one case from metropolitan Perth (Lindsay et al., 1995a), marking the 
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beginning of BFV activity in temperate southern Western Australia (Lindsay et al., 

1995a). BFV infection in humans has been reported as far south as Augusta (34o S), 

320 km south of Perth (Lindsay et al., 1995a). Cases of BFV have been reported 

from all states and territories in Australia, though only five have ever been reported 

from Tasmania (Communicable Diseases Australia, 2010a), this suggests that BFV is 

not endemic on the island of Tasmania and only introduced periodically (Flexman et 

al., 1998).  

 

Although the first outbreak of BFV occurred in the NT (Merianos et al., 1992), 

subsequent outbreaks have been reported from southwest Western Australia in 1993-

4 (Lindsay et al., 1995b), New South Wales 1995 (Doggett et al., 1999) and Victoria 

in 2002 (Passmore et al., 2002). The 2005-6 period marked the largest BFV epidemic 

on record in Australia with 1895 notifications (Liu et al., 2006). Cases in New South 

Wales mid-north coast amounted to 2299 notifications per 100 000 population (Liu 

et al., 2006). Most New South Wales cases were notified from the mid and far-north 

coast, although some were from inland areas, indicating inland dispersion as well as 

a southern drift of BFV infection (Doggett and Russell, 2005). In Doggett (Doggett 

et al., 2006), Russell reported that “Barmah Forest virus continued to be active along 

the north coast for the sixth season running, with a new record high of 614 cases for 

the State. This is now the largest documented outbreak of BFV in Australia. As 

previously, most notifications occurred within the Mid North Coast Area Health 

Service (166 cases), although activity extended to the Hunter (163 cases) and 

Northern Rivers Area Health Services (143 cases). These regions produced almost 

77% of all BFV reports for New South Wales. RRV was also intensely active, with 

730 cases for the coast, over double the average and second highest number for the 
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coast since reporting began. The Northern Rivers Area Health Service had the 

highest case number (276), followed by the Hunter (172) and Mid North Coast 

(157).” 

 

History of epidemic polyarthritis in the Northern Territory 

The first recognised outbreak of EPA in the NT occurred in 1944, 300 km south of 

Darwin in a military camp, where 51 people were diagnosed symptomatically 

(Harris, 1944). As no transient individuals were involved, it was postulated as having 

been caused by an endemic insect with both biting March flies (Family: Tabanidae) 

and Culicine mosquitoes as possible vectors (Kelly-Hope et al., 2004). Despite this 

early awareness of EPA in the NT, the condition retained a low profile among health 

service providers, mostly as case recognition was dependent on clinical diagnosis, 

and serological confirmation did not become common until 1980 when an official 

register of notified cases was first introduced in the NT (Tai, 1992). Between the 

1980’s and 1991, notification rates were low, around 8 cases per year in Darwin (12o 

S) and approximately 18 per annum in the NT, possibly reflecting a large proportion 

of unreported cases (Whelan, 1980-90), Figure 2.2. During the 1990-91 wet season 

there was an outbreak of EPA, with some 149 cases in Darwin, which generated 

media interest and public awareness. Numbers each year since 1990-91 have been 

fluctuating, with a recent trend to increasing numbers in a fairly stable population 

base, although there has not been another epidemic of the scale of the 1990-91 

outbreak.  
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* Cases notified to Northern Territory Communicable Diseases 

Figure 2.2. Ross River virus and Barmah Forest virus infections since 1991, Darwin, 

NT  

 

At least two outbreaks of BFV infection have occurred in the NT, one in 1992 and 

the other in 2006 (Merianos et al., 1992, Northern Territory disease control, 2006, 

Whelan et al., 1993a). Merianos et al. described the first large reported outbreak of 

BFV in Australia in 1992 in Nhulunbuy (12o S) that affected 95 people. Although 90 

were serologically tested, only 16 were positive for IgM to BFV, 14 were IgM 

positive to RRV, and one was IgM positive for both RRV and BFV (Merianos et al., 

1992). Despite problems with specificity of serological diagnosis, this does appear to 

have been a dual outbreak of BFV and RRV infections. More recently the 2006 

outbreak involved 116 cases, three times the previous 10 year average, (Figure 2.2) 

(Northern Territory disease control, 2006). Cases of BFV infection have occurred as 

far south (and inland) as Alice Springs (23o S). A single case in 1993 in Alice 

Springs is likely to have been introduced, although in 2006 there were 12 BFV 

infections (Northern Territory disease control, 2006) and nine infections in 2005 
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(Northern Territory disease control, 2006) leading to suggestions of the virus moving 

south (Northern Territory disease control, 2006).  

 

Clinical presentation of RRV and BFV infections 

Following an incubation period of 7-9 days (Harley et al., 2001, Tai, 1992), patients 

classically present with a history of 12 to 24 hours of apathy and malaise, after which 

a non-itchy diffuse maculopapular erythematous rash appears on the limbs and trunk, 

which lasts 2 -10 days (Harley et al., 2001, Tai, 1992). Symmetrical joint pains may 

precede or follow the rash usually in the wrists and small joints of the hands and feet. 

True arthritis with joint swelling, heat and tenderness often occurs and may fluctuate 

for some weeks. In others, arthralgia occurs without clinical arthritis, joint pains may 

be associated with myalgia and stiffness, especially in the neck. There may be 

accompanying lymph node swelling and tenderness and paresthesiae and tenderness 

in the palms and soles. Fever is usually mild and short, and headaches may be 

present as well. Depression and mood swings have also been described (Harley et al., 

2001, Suhrbier and La Linn, 2004). Arthritis is more common and more prominent in 

RRV infection, while rash is often more common and florid in BFV infection 

(Flexman et al., 1998). Patients with RRV infection are more likely to suffer 

arthralgia, myalgia and lethargy for longer, up to six months or more, but only about 

10% of patients with BFV suffer these conditions for this longer term (Flexman et 

al., 1998). The potential duration of symptoms and especially chronic fatigue 

attributed to RRV infection remains contentious. While a recent study from tropical 

Queensland suggests symptoms and fatigue are unusual beyond 3-6 months (Harley 

et al., 2002), earlier studies from South-western Australia and New South Wales 
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showed more persistent illness (Condon and Rouse, 1995, Westley-Wise et al., 

1996). 

 

Vertebrate reservoirs of RRV and BFV 

While there are cases of RRV infection all year round, outbreaks mostly occur in the 

wet season, suggesting that domestic mosquitoes and domestic animals which are in 

close proximity to humans all year round, do not play the major role as vectors and 

reservoirs, although they may be of importance for the endemicity of RRV (Tai, 

1992). Furthermore, when infected in laboratory studies, cats and dogs did not 

develop detectable viraemias or clinical signs, and nor did they reinfect mosquitoes 

(Russell, 1994). To compare viraemia titres in non-human vertebrates Kay and 

Aaskov found ‘marsupials are more competent hosts than placental mammals, which 

in turn are more effective amplifiers than birds’ (Kay and Aaskov, 1989) (cited by 

Harley et al., page 916) their results were supported by Harley (Harley et al., 2001, 

Tai, 1992). Williams and Newsome proposed two mammal species as the probable 

major reservoirs of RRV in the ‘Top End’ of the NT; the Agile Wallaby Macropus 

agilis and the Dusky Rat, Rattus colletti. Both species feed and breed in the 

floodplains during the dry, while in the wet season, when their habitat becomes 

flooded, they migrate to higher ground, bringing them into closer contact with 

humans (Williams and Newsome, 1991). So far no vertebrate hosts have been 

established for BFV infection in the NT (Hawkes et al., 1987) although recent 

Queensland studies on BFV antibodies in animal sera have implicated horses 

(11.3%) and Brushtail possums (Trichosurus vulpecula) (10.7%) as potential non-

human vertebrate hosts (Kay et al., 2007).  
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There is additional evidence that humans act as reservoir hosts in epidemic situations 

and also distribute the virus geographically (Russell, 1994). Woodruff suggests that 

when immunity is low in the vertebrate host population together with suitable 

climatic conditions, massive virus amplification occurs, resulting in a ‘spill-over’ of 

infection into exposed human populations (Woodruff et al., 2006).  

 

Vectors of RRV and BFV 

Three mosquito species have been implicated as probable vectors of RRV in the NT 

from epidemiological information, virus isolation results and vector mosquito 

numbers. Culex annulirostris appears to be a major vector in all areas, in both rural 

and urban situations, while Aedes vigilax is recognised as a major vector in coastal 

and sub coastal areas such as Darwin, Nhulunbuy and Jabiru in the early wet season. 

It appears that outbreaks of RRV infection begin with Ae. vigilax in the late dry 

season and early wet season when numbers and humidity are high. At the height of 

the transmission in the early to mid-wet season, both Ae. vigilax and Cx. 

annulirostris can be present in relatively high numbers and both are probably acting 

as vectors. Cx annulirostris is the principle vector in the latter part of the wet season 

and the early dry season (Whelan, 2007b). Aedes normanensis (Taylor), implicated 

by RRV isolation and vector numbers, is likely to play a role in transmission in the 

wet season in the sub coastal and inland areas, such as Katherine, Mataranka and as 

far south as Tennant Creek (19o S) (Tai, 1992, Whelan et al., 1997, Whelan et al., 

1993a). 
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The vectors for BFV are not as clear. BFV has been recovered from a large number 

of different mosquito species, some of which feed on humans (Hawkes et al., 1987), 

though not all are efficient vectors for BFV. In the NT, BFV has been recovered 

from Cx. annulirostris, Ae. normanensis and Ae. vigilax mosquitoes, as well as 

Culicoides marksi, a biting midge (1991, Hawkes et al., 1987, Merianos et al., 1992, 

Northern Territory disease control, 2006, Whelan et al., 1993a). BFV virus isolation 

from mosquitoes in the NT suggest the virus ecology is favoured inland and 

decreases towards the north coast, where rainfall is higher. The isolation of BFV 

from Ae. vigilax in February 1992 in Nhulunbuy occurred during the first large 

outbreak of BFV disease and implicates this species as the principal vector during 

this outbreak and early in the wet season (Williams and Newsome, 1991),  and it may 

be involved in the dry season survival of the virus. Epidemiological evidence from 

the NT suggests Cx. annulirostris is a principal vector during the mid to late wet 

season and early dry season, as disease outbreaks peak after seasonal heavy rainfall 

when high numbers of Cx. annulirostris occur.  Ae. vigilax is largely absent during 

this period (Whelan et al., 1993a). This is contrary to Boyd and Kay who concluded 

that Cx. annulirostris was an inefficient vector of BFV in Queensland (Boyd and 

Kay, 2000). However Boyd and others established Ae. vigilax to be a competent 

vector of BFV (Boyd and Kay, 1999, Doggett et al., 2006) and Watson and Kay 

concluded that Aedes  notoscriptus (the domestic container mosquito) could act as an 

efficient vector of BFV in urban environments in Queensland (Watson and Kay, 

1999). In southern Australia Cx. annulirostris and Aedes camptorhynchus (Thomson) 

are thought to be important vectors of BFV in Victoria and south-west Western 

Australia (Lindsay et al., 1995b, Passmore et al., 2002).  
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Global climate change and alphavirus disease in Australia 

There is now little doubt that the global climate is changing at a faster rate than 

previously recorded in history and furthermore, that this includes anthropogenic 

factors. For the past 420,000 years atmospheric CO2 levels have remained within 

180-280 ppm, but CO2 is now 370 ppm and rising (Intergovernmental Panel on 

Climate Change, 2007). Current international climate change projections vary a great 

deal globally, with average warming of 1.4o C to 5.8o C by 2100 relative to 1990, a 

warming rate of 0.1 to 0.5oC per decade. In Australia, temperatures are expected to 

rise by 0.3–1.4o C by 2030 and 0.6–3.8oC by 2070, with the greatest rises in inland 

regions (1997, Russell, 1998a). Associated with this warming, sea levels are 

projected to rise by 0.17 m by 2100 (Intergovernmental Panel on Climate Change, 

2007), although changes in sea-levels and tidal amplitude are unlikely to be uniform 

around the globe. Reports from the Australian greenhouse scientific program have 

already confirmed the varying nature of sea-level change around the Australian 

continent, for Darwin sea-levels have been increasing by 0.3 mm/year since 1990 

which is highest trend reported for coastal Australia (Australian greenhouse science 

program: National Tidal Centre, 2006). This, when coupled with higher, more 

irregular rainfall patterns and an increase in the occurrence and the magnitude of 

extreme weather events, is likely to produce both more saline habitat through gradual 

inundation of coastal regions, and more freshwater habitat through increased rainfall 

and longer periods of seasonal activity (Russell, 1998a). Potentially, coastal NT 

could face massive changes in mosquito species numbers as tidal changes bring 

abrupt disruption to large fresh water flood plains and swamps as they reach a critical 

level and change from freshwater to saline and brackish swamps.  While these 

changes could potentially increase mosquito numbers and species distribution, too 
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much rainfall for some mosquito species can result in larvae being flushed away 

(Culex spp. and Anopheles spp.) (Russell, 1998b), or alternatively, enable their 

consumption by fish as flooding of swamps in both fresh and tidal swamps enables 

increased fish access (Ritchie, 1984, Ritchie and Montague, 1995). This was reported 

as early as 1984 when an El Niño event triggered heavy winter rains in Florida in 

1982-3, resulting in high populations of aquatic predators, and a subsequent record 

low in Aedes taeniorhynchus (Wiedemann) populations (Ritchie, 1984).  

  

Already La Niña events and a high Southern Oscillation Index (SOI) have been 

found to contribute to increased rainfall in locations across northern and eastern 

Australia (Kelly-Hope et al., 2004). Arbovirus disease notifications in arid inland 

areas of Australia often follow heavy rainfall, with speculation that this allows the 

Aedes species to breed in groundwater (Russell, 1994). Associations have been 

discovered between SOI values and RRV disease outbreaks in South Australia, 

Victoria and New South Wales. In these, SOI values were high or positive in one or 

more of the months before the outbreaks were recorded. These positive SOI values 

were more likely to occur during a La Niña episode and often were high for months 

(Kelly-Hope et al., 2004). On retrospective analysis, 18 of the 20 La Niña episodes 

over 123 years (1896-1998) were linked to RRV outbreaks around Australia (Kelly-

Hope et al., 2004). La Niña, increased SOI values, and increased cyclone activity are 

also blamed for an increase in frequency and magnitude of tides in Western 

Australia, leading up to peaks in arbovirus disease incidence. A second measure of 

climate change, the Quasi-Biennial Oscillation, has been found to correlate with 

RRV disease incidence in Queensland (Kelly-Hope et al., 2004, Russell, 2002). 
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Of note is the additional finding that rainfall is not only associated with RRV 

outbreaks via increases in vector populations, but also higher than average rainfall 

may contribute significantly to increased breeding of vertebrate hosts of RRV, 

resulting in significant numbers of non-immune young. This was speculated to have 

sparked the 1988-9 epidemic in south-west Western Australia where the western grey 

kangaroo (Macropus fuliginosus) was implicated as a reservoir host (Russell, 2002). 

One further aspect to this particular outbreak of RRV was the observation that for the 

last 8 months of 1988 and the first 4 months of 1989, the mean sea level was 55 mm 

above the long-term mean, resulting in larger areas of inundation of salt-marsh. This 

provided ideal breeding for Ae. camptorhynchus in spring and summer, and Ae. 

vigilax in summer. If global warming does result in sea level rise, the distribution of 

breeding sites for saltwater mosquitoes will also change along coastal parts of 

Australia, especially the low lying parts of Queensland and the NT (Bi et al., 

Merianos et al., 1992, Russell, 2002). 

 

Mosquitoes require water for breeding (egg laying plus larval and pupae 

development) and adult survival, while progress through the immature stages is 

mostly determined by temperature. Warmer temperatures usually mean shorter times 

between blood meals, quicker extrinsic incubation times for viruses and a shorter life 

expectancy for adults (Harley et al., 2001,  Russell, 1998a). Temperature therefore 

affects the capacity for individual mosquitoes to survive for virus incubation and 

transmission to a host (Epstein, 2002, Weinstein, 1997). However temperature 

increase without rainfall compensation could lead to desiccation of adult mosquitoes 



55 
 

which require humid microenvironments for resting (Russell, 1998a). One study in 

California found that a 1oC increase in temperature corresponded to a 1% increase in 

mosquito daily mortality (Reeves et al., 1994). 

 

The geographic distribution of mosquito species and their seasonal activity is largely 

determined by temperature and rainfall. It is predicted that the exacerbation of 

current greenhouse conditions will result in longer periods of high mosquito activity 

in areas where RRV is already common, while the endemic regions may broaden 

(1997).  RRV rates currently experienced only in tropical areas may become the 

normal disease burden in temperate areas (Weinstein, 1997). In the north, if 

predictions on temperature and rainfall occur, I would expect increases in numbers of 

the northern salt-marsh mosquito, Ae. vigilax and the freshwater mosquito Cx. 

annulirostris, both principle vectors in RRV transmission. Russell adds ‘climate 

circumscribes the distribution and range for mosquito-borne diseases, while weather 

influences the timing of outbreaks’ (Russell, 1998a), page 962. Warmer temperatures 

for larval habitats usually means shorter periods for larval development, and can 

increase the productivity of habitats before they dry after inundation by tides or rain 

(Northern Territory disease control, 2006).Warmer and wetter conditions would 

extend vector habitat, distribution and abundance, and lengthen seasonal activity for 

some vectors in inland and southern regions. Nevertheless, the situation is very 

complex, with other aspects of global change not accounted for, such as tidal 

amplitude, vertebrate reservoir response, flooding, excessive temperatures and 

‘wind’. Changes in wind direction, velocity and frequency also impact on adult 

mosquito populations, dispersal, survival and other aspects of general behaviour 

(Russell, 1998a, Russell, 2002). 
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In summary, climate change impacts influencing mosquito populations and 

consequent rates of arbovirus infection in the NT are presently unclear. Increases in 

temperature and / or rainfall and /or wind events may variably increase or decrease 

mosquito populations. Effects will vary for the different vector mosquitoes and by 

geographic location. Modelling different scenarios may identify potential mosquito 

peaks and troughs to enable public health funding to be best utilized in preventing 

disease.  

 

Summary of models of RRV and BFV disease 

BFV 

Although many papers have been published describing RRV models (see below), 

only one model was found to forecast BFV disease in humans (Naish et al., 2006). I 

will therefore address BFV before RRV in this summary. Naish et al. used time-

series analysis to investigate the relationship between monthly BFV cases with 

weather and tide variables for the Gladstone (23o S) region in Queensland over a 10-

year period (1992-2001). The final model included minimum temperature (5 month 

moving average) and high tide (the current month) which they found had a negative 

association with BFV transmission, were the key weather determinants of BFV 

disease transmission in the Gladstone area (Naish et al., 2006). 

 

RRV 

Early analysis of RRV disease only involved correlations, constructed to test the 

relationship between vectors and RRV disease, or climatic variables and RRV, 

including humidity, maximum and minimum temperatures, rainfall, and tidal 
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conditions. Lags were often employed which account for delays due to 

virus/mosquito lifecycle, incubation period in the human host and presentation to a 

medical practitioner (Gatton et al., 2004, Hu et al., 2006, Jones et al., 1991, Tai, 

1992, Tai et al., 1993, Tong et al., 2002, Tong and Hu, 2001, Tong and Hu, 2002, 

Tong et al., 2004, Whelan et al., 2003). However some models have reported 

extensive lag times, such as 1 year for rainfall(Woodruff et al., 2006) or 5 months for 

humidity(Tong and Hu, 2001) that many would consider biologically implausible.  

More recently modelling techniques of RRV have diversified; multivariate models 

and time-series analysis, sometimes including geographic information systems (GIS), 

have additional benefits in predicting outbreaks with varying degrees of accuracy. 

The following is a summary of all the models found, including their techniques and 

some of their findings, also summarised in Table 2.1. No models to-date have 

incorporated data on vertebrate hosts, nor have they incorporated knowledge on 

human population movements from non-endemic areas to endemic areas. These areas 

could both be addressed in the future using population dynamics and Bayesian 

modelling.  

 

Correlations and linear regression were used by Tai and Ryan et al. to determine 

associations between cases of RRV disease and the abundance of mosquitoes in the 

NT and Maroochy Shire respectively (Ryan et al., 1999, Tai, 1992). Even using 

ostensibly uncomplicated univariate analysis, Tai found differing correlations in 

different coastal towns across the Top End of the NT during the same 1990-91 

epidemic. Ryan also had difficulty finding a linear relationship between disease 

incidence and mosquito numbers obtained from light traps (Ryan et al., 1999, Tai, 
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1992). Furthermore, high summer rainfall in the Alice Springs and Tennant Creek 

regions was associated with human cases of RRV (Whelan et al., 2003). 

Climatic variables such as rainfall and temperature have long been established as 

strongly associated with arbovirus outbreaks and many combinations of climatic 

variables have been included in multivariate models from around Australia (Done et 

al., 2002, Kelly-Hope et al., 2004, Maelzer et al., 1999, Tong et al., 2002, Tong et al., 

1998, Tong and Hu, 2002, Tong et al., 2004). Using logistic regression, a recent 

Queensland study found that while no single set of variables accurately predicted 

RRV outbreaks across all of Queensland, predictive models could be found for 

smaller regions. Queensland is a huge geographic region of 1,727,200 km2 and 

environmental conditions vary greatly across the different locations, which include 

temperate, sub-tropical, tropical and arid inland zones. Lifestyle activities also vary 

greatly across regions. For the most northern region in this Queensland study, which 

is the most similar to Darwin in climate, no significant climatic variables could be 

found that predict RRV disease outbreaks. This was postulated to reflect insufficient 

data, or a more complex relationship between temperature and rainfall events in the 

north of Australia (Gatton et al., 2005). Other researchers in Queensland suggest that 

this is possibly explained by threshold theories. For example Townsville is humid 

enough to allow vector proliferation at all times, so an increase in humidity does little 

to affect mosquito numbers (Tong et al., 2004). Temperature and rainfall effects by 

region may well also be explained by threshold theories.  

 

When developing models for smaller regions, Gatton et al. demonstrated the range of 

sensitivity between virus prevalence, mosquito bionomics, and climate, ‘illustrating 
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that critical climatic factors differ depending on underlying environmental 

conditions.’ (Gatton et al., 2005), page 792. Similarly Whelan et al. in 2003 

highlights the difference in the disease-environment relationship that can occur over 

relatively short distances. Correlations and t-tests indicated that summer rainfall over 

100mm predicted increased risk of RRV infection in Alice Springs, while 500 kms 

away to the north, Tennant Creek required more than 400 mm of summer rain to 

predict an increased risk of RRV disease (Gatton et al., 2005, Whelan et al., 2003). 

Again Whelan et al. found differences in the incidence rates of RRV infection for 

different suburbs in Darwin, and an increase in risk after a 7.6 m tide, though no 

statistically significant association was found between the incidence of RRV 

infection and rainfall or mosquito control efforts (Whelan et al., 1997).  

 

Using logistic regression Woodruff et al. describe models for predicting RRV 

epidemics with regional weather data from south-eastern Australia (Woodruff et al., 

2002). Two models were generated as ‘early warning’ and ‘late warning’ models for 

two separate regions. Climate variables included in the models were; number of rainy 

days, relative humidity, maximum and minimum temperature, sea surface 

temperature (SST) and average vapour pressure. They found SST a better predictor 

of rainfall excess (hence epidemics) than Southern Oscillation Index Southern (SOI), 

which they postulated to be due to local proximity of SST recording, in contrast to 

the SOI calculation which incorporates air pressure from both sides of the Pacific 

basin (Darwin and Tahiti) (Woodruff et al., 2002). This differs from the results of 

Maelzer et al. who describe a model for predicting RRV epidemics in the south-

eastern states of Australia using the SOI values (Maelzer et al., 1999). Additionally 

Woodruff et al. 2002 found that the absolute minimum temperature was a more 
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sensitive predictor of case incidence in one region that included some desert 

environment, possibly reflecting that a sudden drop in temperature can terminate 

mosquito reproduction. This finding was similarily ascertained by Tong et al. using 

data from Queensland (Tong et al., 1998, Woodruff et al., 2002).  

 

A similar investigation into RRV disease in temperate Western Australia created 

‘early’ and ‘later’ warnings using logistic regression models. Climate data included 

in these models was SST, rainfall and high tide (Woodruff et al., 2006). This was the 

second group that successfully created models with both climatic variables and 

vector numbers.  The best ‘early warning’ model included Ae. camptorhynchus count 

from the previous year (a better predictor than Ae. vigilax) and also included SST, 

high tide and number of rainy days. The ‘later warning’ model included rainy days (1 

year lag) plus Ae. camptorhynchus count from that year (Woodruff et al., 2006). 

 

Poisson regressive models have been used to adjust for multiple variables, such as 

change of season, time to notification and population numbers. In Queensland this 

technique identified a relationship between rainfall, maximum temperature, 

minimum temperature, humidity and high tide on RRV infections, even in inland 

areas (Tong and Hu, 2002). These models were then also used to show that different 

weather events affect the coastline and inland regions to different extents. Maximum 

temperature affects coastal areas more, whereas minimum temperature and relative 

humidity affected the inland areas to a greater extent (Tong and Hu, 2002). Tong et 

al. in two studies used Poisson time-series to identify the relationship between RRV 

and climatic variables, with one model also including vector variables. The first 
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study based on RRV transmission in Brisbane found that rainfall, high tide and 

mosquito density, each with a lag of one month, were associated with a rise in 

monthly RRV incidence (Tong et al., 2005b). The second study compared inland and 

coastal cities in Queensland and found RRV disease was significantly associated 

with rainfall, maximum and minimum temperature, relative humidity and high tide 

coastally, while for inland areas only rainfall and relative humidity were significant 

(Tong and Hu, 2002). 

 

Time-series models using autoregressive integrated moving average (ARIMA) have 

been used to explore the relationship between weather patterns and the incidence of 

disease, including a variety of lag periods. In a study of the Brisbane area, rainfall 

was the only significant variable associated with RRV disease (Hu et al., 2004).  

Other ARIMA models by Tong et al. include the Townville region between 1985-

1996, where only rainfall and maximum temperature were significantly associated 

with RRV disease, while in Cairns the same techniques found humidity (lag 5 

months) and rainfall (lag 2 months) were the only variables that played a role in RRV 

transmission (Tong and Hu, 2001). Lastly Tong et al. used time-series to develop 

models for eight major cities in Queensland, describing two models, one for 

maximum temperature and one for minimum temperature. The models included the 

same variables; temperature (lag 3 months), rainfall (lag 2 months), high tide (current 

month) and relative humidity (lag 2 months) (Tong et al., 2002). Although these 

models were developed by the same team using the same techniques, results were 

unique to specific regions. The only other time-series analysis performed by different 

authors was that of Done et al, who found a significant relationship between RRV 
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infection and Quasi-Biennial Oscillation, again using Queensland data (Done et al., 

2002). 

 

The use of GIS for describing associations between local climatic predictors and 

RRV infection is more recent, with Woodruff and Tong using this at least to identify 

the regions studied (Tong et al., 2001, Woodruff et al., 2002, Woodruff et al., 2006). 

Vally et al. have used GIS when examining solely the proximity to Leschenault 

Estuary in south-west (Doggett et al., 2006) Western Australia (Vally et al., 

unpublished-2006). They found a one kilometre bound around the estuary had the 

highest incidence of disease. Spatial mapping allowed for visualisation of clustering 

to the east, which could then be further investigated. These authors highlighted that 

“although the relationship between close proximity to particular wetlands and an 

increased risk for RRV disease has a solid ecological basis, there are surprisingly few 

studies that have addressed this issue in detail.” (Vally et al., unpublished-2006), 

page 2. 

 

Future analysis based on GIS technology could include ‘normalized difference 

vegetation indices (NDVI)’ which utilises an ‘Advanced Very High Resolution 

Radiometer’ sensor to obtain data that summarises landscape, including elevation, 

slope, aspect and tendency to pool water. Such technology has enabled one group to 

predict monthly distributions of Ae. aegypti and human cases of dengue fever, 

eliminating the need to use climatic information, which they suggested were too 

coarse (Peterson et al., 2005). Variables such as rainfall were reflected in vegetation 

responses (photosynthetic mass) and thus incorporated in NDVI data. The paper 
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concluded that these methods provided a new potential for automated forecasting of 

disease transmission risk.  

 

Predictive models are only meaningful and useful if they are specific to small 

regional areas; modelling climate factors over broad areas, which encompass 

different landscapes at interplay with a variety of water systems, which in turn 

influences mosquito species and abundance, are likely to dilute the true explanatory 

variables and limit the predictive capacity of the created model (Gatton et al., 2005).
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Table 2.1. Summary of previously published models or associations with Ross River virus infection* 

*(y=yes, n=no) 

Authors 

Y
ear 

R
egion 

Statistical 
m

ethod 

D
ata 

L
ag 

R
ainfall 
T

em
p 

H
um

idity 
T

ide 
V

ectors 

Proxim
ity 

to creek 

Associations with RRV infection 

Tai (Tai, 1992) 1992 Darwin, NT Association Climate  & 
vector 

n y    y  1.Rainfall>100mm/week upsurge of infections (2-3 weeks later) 
2. Ae. vigilax and Cx. annulirostris  abundance  

Whelan (Whelan et 
al., 1997) 

1997 Darwin 
region, NT 

Logistic 
regression 

Climate & 
vector 

n    y  y 1.Proximity to swamp or tidal creek  
2.Tide≥ 7.6m  

Whelan (Whelan et 
al., 2003) 

2003 NT T-tests, 
correlations 

Climate y y      1.Summer rainfall > 100mm in Alice Springs  
2.Summer rainfall > 400mm in Tennant Creek  

Maelzer (Maelzer et 
al., 1999) 

1999 South-
eastern 
states of 
Australia 

Logistic 
regression 

Climate y       1.Southern Oscillation Index predicts epidemic years 

Woodruff 
(Woodruff et al., 
2002). 

2002 South-
eastern  
Australia 

Logistic 
regression 

Climate y y y     1.Early warning systems associated with high precipitation in 
late winter/early spring, low maximum temperatures in late 
spring and low rainy days in preceding spring  
2.Late warning systems associated with low maximum 
temperatures in early summer and high minimum temperatures 
in late summer 

Ryan (Ryan et al., 
1999) 

1999 Maroochy 
Shire, 
Queensland 

Linear 
regression 

Vector n     y  1.Cx. annulirostris and Ae. funereus  abundance  

Tong and Hu (Tong 
and Hu, 2001) 

2001 Cairns, 
Queensland 

Time-series  Climate y y   y   1.Humidity (lag 5 months) and rainfall (lag 2 months)  

Tong and Hu (Tong 
and Hu, 2002) 

2002 Eight  
townships in 
Queensland  

Poisson 
time-series 

Climate y y y y y   1.Rainfall, maximum temperature, relative humidity and high 
tide coastally 
2.Rainfall and relative humidity inland 

Done  (Done et al., 
2002) 

2002 Queensland Time-series Climate y       1.Quasi-Biennial Oscillation significantly associated for all 
Queensland 
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Tong  and Hu 
(Tong and Hu, 
2002) 

2002 Queensland Poisson 
regression 

Climate n y y y y   1.Rainfall, temperature, humidity and high tide, even in inland 
areas 
2.Maximum temperature, coastally 

Tong et al.  (Tong 
et al., 2004) 

2004 Townsville, 
Queensland 

Time-series  Climate y y y  y   1.Rainfall, high tide and maximum temperature  

Gatton (Gatton et 
al., 2005) 

2005 Queensland Logistic 
regression 

Climate n       1.No single set of variables could accurately predict RRV 
outbreaks across all of Queensland-some predictive models 
could be found for smaller regions  

Tong (Tong et al., 
2005b) 

2005 Brisbane, 
Queensland 

Poisson 
time-series 

Climate & 
vector 

n y   y y  1.Rainfall, high tide and mosquito density (lag 1month)  

Woodruff 
(Woodruff et al., 
2006) 

2006 Western 
Australia 

Logistic 
regression 

Climate & 
vector 

y y   y y  1.Early warning system models included: Ae. camptorhynchus 
(1yr lag), SST, tide height and rain days 
2.Later warning system included rain days (1yr lag) and Ae. 
camptorhynchus  

Vally (Vally et al., 
unpublished-2006) 

2006 Western 
Australia 

GIS distance       y 1. A one kilometre proximity to the Leschenault Estuary in 
south-west Western Australia 

 



66 
 

Discussion 

Until recently most RRV disease cases have occurred in tropical Australia and little 

has been published on the relationship between environmental factors and outbreaks 

in the north (Gatton et al., 2005). The most robust models investigate localized RRV 

infections together with local weather patterns. Authors from Queensland and south-

east Australia specify that the epidemiology of RRV infection is regionally specific 

and cannot be generalized to another area (Woodruff et al., 2006). Coastal areas 

differ greatly from inland areas (Tong and Hu, 2002), reflecting the differing vector 

and host species involved in RRV transmission cycles (Woodruff et al., 2006). 

Climatic variables within models varied to an even higher degree when comparing 

models from differing townships up and down the Queensland coast. The extreme 

north, with almost constant humidity, temperature and predictable seasonal rainfall, 

was the more difficult to model (Gatton et al., 2005, Gatton et al., 2004). Similar to 

far north Queensland, Darwin maximum air temperatures do not change markedly 

from ‘wet season’ to ‘dry season’, with mean air temperature at 9am of 27.7 o C, 

ranging between 23.8-30.2o C over 61 years (Australian Bureau of Meteorology, 

2006). It is possible that the humidity variations in Darwin will prove difficult to 

model due to what Tong et al. termed ‘threshold theories’ (Tong et al., 2004). So far 

only two papers have incorporated climatic factors together with vectors into 

predictive models for RRV infections (Tong et al., 2005b, Woodruff et al., 2006).  

 

All the literature and models described above reflect the dearth of information from 

the NT, the region with the highest incidence rates of RRV and BFV in Australia 

(Communicable Diseases Australia, 2010d, Whelan et al., 1997). Little investigation 

has occurred since Tai (Tai, 1992, Tai et al., 1993) who described the 1990-91 
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epidemic that resulted in RRV becoming notifiable in the NT. Whelan et al. 1997 

reported the incidence rates and relative risk of RRV transmission for groups of 

Darwin suburbs relative to proximity to mosquito breeding areas; however there has 

been no multivariate analysis to-date (Communicable Diseases Australia, 2010d, 

Whelan et al., 1997). Further epidemics have occurred in Darwin since 1991 with, 

the largest in 1994 and 1995 (Communicable diseases network, 1997). Investigating 

the vectors and climate in the Darwin region will create a knowledge base of the 

local epidemiology of RRV and BFV. 

 

Apart from the tropical north, Australia has recently faced a national water crisis. 

About 80% of the country has an average annual rainfall of less than 600 mm while 

50% receives less than 300mm (Manins, 2001).  Meanwhile Darwin receives more 

rainfall than any other capital city, on average 1690 mm rainfall annually (Australian 

Bureau of Meteorology, 2002). Water availability and industry may well prompt a 

population movement to the north from southern centres. Moreover, Darwin is 

rapidly developing housing estates on or near estuarine areas, which will 

unquestionably increase the likelihood of contact between salt-marsh mosquitoes and 

humans (Russell, 1994). This, coupled with an increase of non-exposed residents 

from southern cities that lack natural immunity to RRV, and changes in mosquito 

and human ecology, signal the potential for regular RRV epidemics in the Darwin 

region. Adjunct to this are the collective impacts of global climate change with 

predictions of higher rainfall, warmer temperatures and higher sea levels. While 

climate change and mosquito dynamics are complex (Russell, 1998a, Russell, 2002), 

these factors could potentially herald fruitful breeding and enhanced survival 

environs for mosquitoes.  
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Even without concrete predictions of changes in the tropics resulting from global 

warming, a knowledge base of the local epidemiology of RRV and BFV infection 

will create a baseline for comparisons to help identify periods of high risk. The 

predictive models can operate as early warning detection systems that may facilitate 

active responses such as additional mosquito control measures and public risk 

warnings (Gatton et al., 2005, Gatton et al., 2004, Tong et al., 2001, Tong and Hu, 

2001, Tong et al., 2004, Tong et al., 2005b, Woodruff et al., 2002, Woodruff et al., 

2006).  

 

At some stage it may be possible to control mosquitoes to such an extent that future 

epidemics can be curtailed (Tai, 1992). In the meantime, this growing public health 

issue needs to be addressed in the NT and elsewhere in northern Australia, especially 

in the light of the growing population of non-immune residents, housing 

developments near estuarine areas and global warming predictions.  
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Section 2- Ross River virus disease predictors 

Following on from the literature review on Ross River virus and Barmah Forest virus 

in the NT, this section introduces predictive-modelling to identify environmental 

cues that can act as predictors of RRV disease outbreaks in Darwin. Chapter four 

takes disease prediction one step further for the major townships in the NT. In this 

chapter I create early warning systems to forewarn of approaching disease outbreak 

conditions, such that Medical Entomology branch staff can respond with timely 

mosquito control activities: pre-emptively reducing vector numbers prior to an 

outbreak.  
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Chapter 3- Environmental predictive indicators for Ross River virus infection 

in the Darwin area of tropical northern Australia 

 

This work has been previously published in- Jacups, S. P., P. I. Whelan, P. G. 

Markey, S. J. Cleland, G. J. Williamson, and B. J. Currie (2008) Predictive indicators 

for Ross River virus infection in the Darwin area of tropical northern Australia, using 

long-term mosquito trapping data, Trop Med Int Health, 13(7), 943-952. 

 

Statement of contributions of each author: 

Jacups, conceptualised and designed the study, performed all analyses, reviewed the 

literature and produced the manuscript. Whelan, Markey, Cleland were custodians of 

the data. Whelan, Williamson, and Currie edited the manuscript. Consent has been 

granted by all co-authors for use of this publication in my PhD thesis (Appendix A). 

 

 

 

Introduction 

Ross River virus (RRV) infection is the most common and most widespread 

arboviral disease in Australia, with an average of 4,800 national notifications 

annually (Communicable Diseases Australia, 2010d). While not life threatening, the 

myalgia and fatigue of RRV are debilitating enough to be of economic concern. Over 

50% of cases take time off their usual occupation and some of these continue to 

suffer for greater than six months, making RRV arguably the most important public 

health arbovirus in Australia (Russell and Whelan, 1986). RRV is endemic in 
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Australia, including Tasmania, and in Papua New Guinea (Jacups et al., 2008b). 

Epidemics occurred throughout the late 1970s early 1980s in the South Pacific 

Islands, commencing in Fiji with an estimated 500 000 people infected. However in 

the absence of a known marsupial vertebrate host, endemicity in this region is yet to 

be confirmed (Harley et al., 2001, Klapsing et al., 2005).  Recently there has been a 

marked increase in RRV infections in south-eastern Australia. In early 2006 New 

South Wales reported a doubling of monthly cases, prompting public health 

warnings to minimise exposure. While Ross River virus and Barmah Forest virus 

infections are public health issues in the Northern Territory and elsewhere in 

northern Australia, the expansion of these arboviruses into previously non-epidemic 

areas has potential Australian and possibly global implications. It is predicted that 

the exacerbation of current greenhouse conditions will result in longer periods of 

high mosquito activity in the tropical regions where these arboviruses are already 

common, such that endemic regions may expand and epidemics may become more 

frequent (Russell, 1998a). The purpose of this study is to describe the epidemiology 

of RRV infection in the Darwin region (latitude 12oS) of tropical northern Australia 

and to identify major climatic and vector determinants. I then develop a predictive 

model for RRV infection that can inform public health response for the region.  

 

Background: Darwin and its surrounds  

Darwin has both coastal and flood plain swamp environs close to existing residential 

areas, particularly adjacent to the northern residential suburbs, Figure 3.1. 

Additionally, housing estates continue to be developed close to these environs that 

are breeding areas of Aedes vigilax, the northern salt-marsh mosquito, and Culex 
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annulirostris, the common banded mosquito, both of which are recognised vectors of 

RRV and a number of other arboviruses.  

 

Four mosquito species have been implicated as vectors of RRV in the Darwin area. 

Culex annulirostris, a fresh water breeder, appears to be a major vector in the mid to 

latter part of the wet season, while Ae. vigilax has been identified as a vector in the 

late dry season and early wet season (Tai, 1992, Whelan et al., 1997, Whelan et al., 

1993a, Whelan et al., 1993b). These two are considered the principal vectors of RRV 

in the Darwin area. Aedes notoscriptus, a natural and artificial fresh water receptacle 

breeder, has also been implicated as a vector for RRV in the Darwin area. Aedes 

phaecasiatus is a possible vector implicated by virus isolation (Whelan et al., 1997, 

Whelan et al., 1993a), although normal seasonal populations are very low compared 

to the other species.  

 

Mean rainfall for Darwin airport (12.4 °S) between 1941 and 2007 was 

1713.6mm/per annum. The mean 9am temperature is 26.4°C and the mean 3pm 

temperature is 30.7°C, (Australian Bureau of Meteorology, 2006) providing a warm 

environment all year round. However, the prolonged dry season produces adverse 

conditions that would pose a desiccation risk for the adults of many species of 

mosquitoes.  
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Methods 

Case data 

Laboratory confirmed cases of RRV infections notified to the arbovirus disease 

surveillance program of the Northern Territory Centre for Disease Control between 

January 1st 1991 and June 30th 2006 were included, Table 3.1. Available 

information was age, gender, date of diagnosis (blood test) and residential suburb.  
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Table 3.1. Case definition for RRV infection 
Laboratory definitive evidence 
1. Isolation of Ross River virus 
OR 
2. Detection of Ross River virus by nucleic acid testing 
OR 
3. IgG seroconversion or a significant increase in antibody level or a fourfold or 
greater rise in titre to Ross River virus 
OR 
4. Detection of Ross River virus-specific IgM. 
 

Mosquito data 

A mosquito monitoring program with the same trap positions and trap locations has 

been conducted around Darwin from 1990 to the present by the Medical Entomology 

Branch of the Northern Territory Department of Health and Community Services. 

Weekly monitoring since 1990 was conducted with battery-operated CO2 baited 

traps (Rohe and Fall, 1979) in 11 locations around the Darwin suburbs, Figure 3.1. 

Traps were generally positioned in shaded areas between urban areas and significant 

mosquito breeding areas previously located (Russell and Whelan, 1986, Whelan, 

1987) in tidal salt-marshes, mangrove forests or freshwater swamps. They were set 

weekly before sunset and collected after sunrise the following day. Mosquito 

collections were killed by freezing at –10oC, and then identified using taxonomic 

keys.  
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Figure 3.1. Aerial photograph of Darwin, showing swamps and the 11 mosquito trap 

sites 

 

During the wet season, from November to May inclusive, mosquito numbers are 

often extremely high. For small collections under 300 all specimens were identified 

and counted. For collections over 300, a sub sample of 300 was weighed, identified 

and counted and the remainder were estimated by weight. Monthly mosquito 

abundance was described as mean number of females captured per trap per night 

averaged over the calendar month. Mosquito control efforts were not included in this 

analysis. 
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Climate data 

Daily rainfall at Darwin Airport, daily temperature (minimum, maximum, mean 

daily), humidity and tidal (sea level) data were all provided by the Australian Bureau 

of Meteorology for the study period inclusive.  

 

Data analysis 

Univariate analysis of RRV infection associations with mosquito vector and 

environmental factors were performed on monthly totals of human cases, monthly 

mosquito trap averages and monthly climate totals (rainfall) or averages for the 

15.5year period of the study. The Cochrane-Armitage test (Royston, 2002) was used 

to test for trend and departure for annual RRV infections. Chi square test was used to 

investigate proportions for wet verses dry season. Modelling analysis was performed 

on monthly counts of data.  The Poisson distribution function was adopted with a log 

link to determine the best main effects model in relation to human RRV infection. 

Lag times were only included up to three months for vectors and four months for 

climatic variables, as beyond that time they were less significant and considered no 

longer biologically plausible for association with infection. For each significant 

model, I calculated the percentage of deviance explained as well as the relative 

contribution of each variable in the model. The relative contribution of each variable 

to structural fit was assessed by a process of removing each term, in turn, from the 

saturated model, then adding each term to the null model, and calculating the sum of 

each term’s addition/deletion change in ‘variable deviance explained’ divided by the 

number of degrees of freedom, then normalizing the sum of these relative 

contributions to deviance so that they added to 1 (100%). The most parsimonious 

model was chosen as determined by Bayesian Information Criterion. I created RRV 
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case predictions by applying the model parameters generated from the first 13 years 

of data, to the remaining 2.5 years. All statistical analyses were performed using 

Intercooled Stata 9.0 (Stata Corp., College Station, TX) and the open source 

statistical package ‘R-2.2.0’ (http://www.r-project.org/).  

 

This study has been approved by the joint Human Research Ethics Committee of the 

Northern Territory Department of Health and Community Services and the Menzies 

School of Health Research, July 26th 2006, approval number 06/28. 

 

Results 

RRV infection was reported in 1256 people during the study period, as shown in 

Figure 3.2. Most cases occurred in 1991, the first year RRV infections became 

notifiable, with subsequent slightly smaller peaks in 1994 and 1995. Chi square 

indicates that RRV infection incidence has declined during the study period 

(p<0.0001). This remains highly significant even when excluding 1991 cases from 

analysis. Total rainfall and annual cases were moderately correlated r = +0.536 

(p<0.0001), Figure 3.2. The year 2002 had the lowest rainfall, that year also reported 

the lowest number of RRV infections: only 12 cases.   

 

http://www.r-project.org/
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Figure 3.2. RRV infections in Darwin, total rainfall (mm) 1991- June 2006 

 

RRV infections peak in February (27.1%) with January a close second (26.5%); over 

half of cases occur in these two months (Figure 3.3). RRV infections occurred seven 

times more often during the wet season (16th November to 14th May) than dry 

season, 1100 cases verses 154 cases (IRR 7.1; 95%CI 6.0-8.5, p=0.0008).  

 

Figure 3.3. Total monthly RRV infections for each month, Darwin 1991-2005* 

*2006 data omitted as incomplete year 
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Over half (53.4%) of RRV infections occurred in males, Figure 3.4. Although 

Darwin has a higher proportion of males (M:F, 1.11:1.0), there was a non-significant 

increased risk for males to be infected with RRV (IRR=1.04; 95%CI , 0.93- 1.2). 

Occurrence of RRV in both sexes peaked in the 30-34 age group, although the 

median ages for infection were 37 years (range, 4-76 years) in males (n=669) and 38 

years (range, 5-90 years) in females (n=581). Only 33 (2.6%) of RRV infections 

occurred in children (under 15 years) with 22 (67%) of these occurring in males. The 

overall incidence of RRV infection during the study period was 113/100 000 with 

the highest rate being 234/100 000 in the 30-34 age group.  

 

Figure 3.4. Age and gender distribution of RRV infections, Darwin 1991-June 2006* 

*3 gender unknown excluded 
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Table 3.2. Vector and climate correlations with monthly RRV infections, Darwin 
1991-June 2006 
Correlations: Ross River Virus infection Lag 

(months) 
R P 

Monthly vector variables     
Average Cx. annulirostris 0 0.5510 0.0000 
Average  Cx. annulirostris 1 0.2790 0.0000 
Average  Cx. annulirostris 2 -0.0730 0.3230 
Average Cx. annulirostris 3 -0.2690 0.0002 
Average Ae. vigilax   0 0.1390 0.0570 
Average  Ae.  vigilax  1 0.5470 0.0000 
Average  Ae. vigilax 2 0.6450 0.0000 
Average Ae. vigilax 3 0.3820 0.0000 
Average Ae. notoscriptus 0 0.6130 0.0000 
Average  Ae. notoscriptus 1 0.5780 0.0000 
Average Ae. notoscriptus 2 0.2820 0.0000 
Average Ae. notoscriptus 3 -0.0358 0.6300 
Average Ae. phaecasiatus  0 0.5733 0.0000 
Average Ae. phaecasiatus  1 0.4027 0.0000 
Average Ae. phaecasiatus  2 0.0998 0.1755 
Monthly climate variables    
Total Rainfall (mm) 0 0.5360 0.0000 
Total Rainfall (mm) 1 0.5240 0.0000 
Total Rainfall (mm) 2 0.2530 0.0000 
Total Rainfall (mm) 3 -0.0100 0.8630 
Mean rainfall  (mm) 0 0.5420 0.0000 
Mean rainfall  (mm) 1 0.5140 0.0000 
Mean rainfall  (mm) 2 0.2540 0.0005 
Average  daily minimum humidity 0 0.4950 0.0000 
Average  daily minimum humidity 1 0.4477 0.6836 
Average  daily minimum humidity 2 0.2947 0.5352 
Average  daily humidity 0 0.4820 0.0000 
Average  daily maximum humidity 0 0.4110 0.0000 
Average daily minimum temperature 0 0.2390 0.0010 
Average  daily minimum temperature 1 0.2552 0.0005 
Average  daily minimum temperature 2 0.2686 0.0002 
Average  daily minimum temperature 3 0.2954 0.0000 
Average  daily minimum temperature 4 0.1509 0.0421 
Average  daily maximum temperature 0 -0.0710 0.3380 
Maximum monthly sea level 0 0.2430 0.0000 
Maximum monthly sea level 1 0.1982 0.0067 
Maximum monthly sea level 2 0.1316 0.0734 
Maximum monthly sea level 3 0.0585 0.4312 
Sea level ≥7.4m during the month 0 0.1685 0.0215 
Sea level ≥7.4m during the month 1 0.1563 0.0331 
Sea level ≥7.4m during the month 2 0.1388 0.0589 
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Univariate correlations revealed several strong associations between monthly RRV 

infection and mosquito populations, Table 3.2. All four species previously 

implicated as vectors for RRV had strong associations at various lag times. Monthly 

numbers of Cx. annulirostris, Ae. notoscriptus and Ae. phaecasiatus were most 

associated with RRV infection at zero lag, while average monthly Ae. vigilax was 

most strongly associated with RRV infection at a lag of two months. The climate 

variables rainfall (total and mean) and minimum/maximum humidity were also 

strongly associated with RRV infections at zero lag. Average minimum temperature 

and maximum tide were associated with RRV at many lag times from zero to four 

months. Maximum tide was most strongly associated with RRV infections with zero 

or one month lag. However when assessing local tidal impact on mosquito numbers 

it is considered that maximum tides with sea level of 7.4 m (Whelan, 2007b, Whelan 

et al., 1997) or greater may be a better predictor for Ae. vigilax breeding and these 

occur only a few months a year. Therefore a dichotomous maximum tide variable of 

7.4 m or greater was created for multivariate modelling.  

 

Multivariate modelling  

Three models were developed to identify the best predictors of RRV infections for 

the Darwin area, Table 3.3. Using only climate variables in a multivariate Poisson 

model, the best fit occurred with the combination of total rainfall (this current 

month), average daily minimum temperature (three month lag) and a tide≥7.4m (this 

current month). All coefficients were positive and extremely significant and 

predictions based on this model were good, Figure 3.5a. Using only vector variables 
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the best fit was obtained with average numbers of Cx. annulirostris and Ae. 

phaecasiatus no lag, plus average Ae. vigilax (one month lag) and Ae. notoscriptus 

(two months lag), Figure 3.5b. All coefficients were positive and extremely 

significant, but troughs failed to predict infections accurately and some peaks 

predicted poorly. The best global model incorporated variables from single topic 

models with different lag times employed. Again, all coefficients were positive and 

extremely significant. This global model explained 67.6% deviance of the data and 

was demonstrated to predict disease accurately, Figure 3.5c. All variables in models 

were highly significant (p<0.01).  
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Table 3.3. Best adjusted predictors of RRV infections in the Darwin area during 1991-2006 

Variable Coef 95% CI Model deviance 
explained  

Relative 
Contribution 
of variable 

1. Best climate-only model   49.2%  
RRV infections-      
    Rainfall (total) no lag 0.002 0.00-0.00  55.3% 
    Average minimum temperature lag 3 months 0.308 0.27-0.34  38.2%         
    Tide ≥ 7.4 m no lag 0.359 0.18-0.54  6.5% 
     
2. Best vector-only model    59.5%  
RRV infections-     
    Average Cx. annulirostris  no lag 0.003 0.00-0.00  27.7% 
    Average Ae. vigilax lag 1 months 0.003 0.00-0.00  26.3% 
    Average Ae. notoscriptus lag 2 month 0.059 0.05-0.07  23.2% 
    Average Ae. phaecasiatus no lag 0.022 0.18-0.03  22.8% 
     
 3.Best global model   67.6%  
RRV infections-     
    Rainfall (total) lag 1 months 0.002 0.00-0.00  23.3% 
    Average minimum temperature lag 3 months 0.243  0.20-0.28  17.6% 
    Tide ≥7.4m lag 1 month  0.288 0.12-0.46  3.1% 
    Average Cx. annulirostris lag 1 month 0.001 0.00-0.00  5.7% 
    Average Ae. vigilax lag 1 month 0.003 0.00-0.00  25.4% 
    Average Ae. notoscriptus lag 1 month 0.042 0.03-0.05  16.2% 
    Average Ae. phaecasiatus lag 1 month 0.001 0.00-0.01  8.6% 
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Figure 3.5. (a), (b), (c) Predicted RRV infection models* 

* (a) based on climate-only multivariate Poisson model (b) based on vector-only 

multivariate Poisson model (c) based on global multivariate Poisson model 
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Discussion 

Darwin falls within the ‘tropical savanna’ region of Australia, with rain from 

October to May and a true ‘dry’ season, where typically zero rainfall occurs for at 

least three months of the year between June and August. It is in a vegetation zone of 

tropical savannah with characteristic dense grasslands and scattered trees of open 

forest (Australian Bureau of Meteorology, 2006). This environment is unique within 

Australia and is vastly different from coastal Queensland and northern New South 

Wales where rainfall occurs sporadically throughout the year supporting lush 

vegetation including rainforests. Furthermore, Darwin as a shipping port has an 

extensive mosquito trapping program which doubles as a surveillance system for 

exotic mosquito species, potentially imported from the neighbouring malaria and 

dengue endemic East Timor and Indonesia.  

 

The strength of this study is in its immense mosquito surveillance dataset, with 15.5 

years of weekly collections from 11 weekly continuous traps in the Darwin area, 

Figure 4.1. This far exceeds continuous and intensive surveillance in other regions in 

Australia, such as northern New South Wales which has 10 coastal traps north of 

Sydney to Tweed Heads, a distance of 710 km (Doggett et al., 2007).  

 

The total incidence of RRV infections for the Darwin urban area was 113/100 000 

per annum over the 15 year period (2006 data excluded as incomplete year), in 

comparison to the national rate for the same period of 19.7/100 000 per annum 

(Communicable diseases network, 1997). Infections have been reported in every 

month of the year, although there is a marked wet season (summer) dominance with 
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rates seven times higher than in the dry season. This distinct seasonal activity is 

similar to that reported in northern Western Australia and temperate southern 

Australia where RRV infection is usually associated with the increase in temperature 

and summer rains (Russell, 1994). Coastal northern Queensland, which has little 

temperature variation throughout the year and has rainfall all year round, continues 

to report RRV infections throughout the year (Russell, 1995, Russell and Whelan, 

1986). Although temperature variation is also minimal from ‘dry season’ to ‘wet 

season’ for the Darwin region, the absence of reliable rainfall in the ‘dry’ reduces 

mosquito breeding and survival, as adults desiccate quickly in the absence of moist 

micro environments (Russell, 1998a).  

 

Our data revealed RRV infections peaked in the 30-34 age group for both sexes, 

which is slightly younger than the nationally reported peak in the 35-49 year age 

group (Russell, 2002). This reflects the lower age demographic in Darwin, with a 

median age of 31 versus 37 for the rest of Australia (Australian Bureau of Statistics, 

2007). RRV infections occurred slightly more frequently in males than females, 

although not significant, even when controlling for male dominance in the Darwin 

population. This probably reflects male outdoor work and recreational activities. 

Nationally RRV is reported equally in males and females (Muscatello and 

McAnulty, 2000). In this study only 2.6% of cases occurred in children under 15 

years, similar to that which is reported nationally, ‘as clinically apparent infections 

are rare in children’ (Mackenzie et al., 1998), page 97.  
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Unilateral correlations were utilised to identify associations and lag periods between 

predictor variables and RRV infections. For climate variables, RRV infections 

correlated with total and mean rainfall equally well, although when used in 

multivariate models, total rainfall always out-performed mean rainfall. Rainfall has 

been almost universally included in models of RRV infections around Australia 

(Jacups et al., 2008a, Tai, 1992, Tong, 2004, Tong et al., 2002, Tong et al., 2001, 

Tong et al., 2005a, Tong et al., 2004, Woodruff et al., 2002, Woodruff et al., 2006). 

Correlations with temperature variables highlighted the benefit of minimum 

temperature over other temperature variables. In multivariate models minimum 

temperature functions as a surrogate for ‘dry season’ and is superior to calendar 

season. Other studies (Tong et al., 2002, Tong and Hu, 2002, Tong et al., 2004, 

Woodruff et al., 2002) found maximum temperature a better predictor, however this 

failed to be sensitive in the Darwin environment where maximum temperature 

changes little throughout the year and mostly remains within the optimal range for 

mosquito development and survival. Most humidity variables had strong positive 

correlations with RRV infections at various lag times. Although other researchers 

included humidity in multivariate models (Tong et al., 2002, Tong et al., 2001, Tong 

and Hu, 2002, Woodruff et al., 2002), I found that it failed to improve the models 

once rainfall was included. In the NT, heavy rainfall increases the environmental 

humidity in both macro and micro-environments, thereby prolonging the longevity 

of mosquitoes. Rainfall is thus considered a better predictor of moisture in micro-

environments than humidity. Tide variables were seemingly weakly correlated with 

RRV infections. However tide as a dichotomous variable (≥ 7.4m) added 

substantially to multivariate models, presumably by reflecting the tide-associated 

breeding conditions of Ae. vigilax. Others have also added tide to multivariate 
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models with differing results (Tong et al., 2002, Tong and Hu, 2002, Tong et al., 

2005b, Whelan et al., 1997). Tong et al. found that high tide was significant even for 

inland models (Tong and Hu, 2002). Thus collectively the climate only variables 

formed our first multivariate model. This model explained 49.2% deviance; it was 

useful at predicting peak times and trough times however it failed to predict the 

magnitude of peaks.   

 

Correlations between RRV infections and each of the four mosquito species 

predicted strong associations at zero lag time, except Ae. vigilax which had the 

strongest association at a lag time of two months, possibly related to tidal 

dependence for breeding. However, once incorporated into the vector only 

multivariate model, optimal lag times differed. The vector model explained 59.5% 

deviance, but it over-predicted RRV infections in the dry season, possibly reflecting 

the low level, although constant presence of Cx. annulirostris and Ae. vigilax 

throughout the year.   

 

Only recently have RRV models incorporated both climatic and vector data, with 

authors suggesting that climate variables alone, while freely available, are unreliable 

predictors of outbreaks or numbers of RRV infection (Tong et al., 2005b, Woodruff 

et al., 2006). The active surveillance of mosquitoes is labour intensive and expensive 

(Woodruff et al., 2006). Nevertheless, our final, global model which includes; 

rainfall, average minimal temperature, tide ≥ 7.4m, and all four mosquito vectors, is 

a far superior predictor of RRV infections than climate only or vector only models, 

with 68.4% deviance explained and both peaks and troughs closely projected.  
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Mosquitoes progress through life stages is mostly determined by temperature, with 

warmer temperatures resulting in shorter times between egg development, larval 

instars, pupal development, and blood meals; quicker extrinsic incubation times for 

viruses and a shorter life expectancy for adults (Russell, 1998a, Harley et al., 2001). 

Temperature therefore affects the capacity for individual mosquitoes to survive, and 

virus incubation and transmission to a host (Weinstein, 1997, Epstein, 2002). 

However temperature increase without rainfall compensation could lead to 

desiccation of adult mosquitoes which require humid microenvironments for resting 

(Russell, 1998a). RRV activity is usually highest in areas of moderate rainfall, as too 

frequent heavy rainfall may reduce RRV activity by flushing away eggs and larvae, 

or by allowing predatory fish access (Ritchie, 1984). 

 

Increases in rainfall, temperature and sea level predicted with global climate change 

could translate into increases in abundance of all four vectors implicated for RRV 

transmission in tropical northern Australia; although severe weather events may 

cause flooding and have the reverse effect. Based on our global model, global 

warming would affect mosquito numbers by reducing the time required for larval 

development, and thus increasing the productivity of larval habitats before they dry 

after inundation by tides or rain (Whelan et al., 2006). Furthermore warmer and 

wetter conditions could further extend larval vector habitat (Russell, 1998a, Russell, 

1998b, Russell, 2002).  In addition, a change in balance of rainfall and tides may 

result in a shift in the dominance of the different vector mosquito species. Less clear 

is the impact of severe weather events and controlling efforts on Ae. notoscriptus and 
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Ae. phaecasiatus.  However, if mosquitoes are well controlled, from natural causes 

or larval insecticide spraying, despite extensive rainfall or peak tides, numbers of the 

principle vectors Ae. vigilax and Cx. annulirostris may not increase irrespective of 

climate change.  

 

One limitation of this study is the ‘location’ classification of cases, which is based on 

usual place of residency rather than definitively known location of virus acquisition. 

Although the data resulted in a model to accurately predict RRV infections, it cannot 

be assumed that targeting only the Darwin area for mosquito control efforts will 

prevent cases in the Darwin population who have extensive recreational or work 

related pursuits in rural areas. In addition the surveillance data only reflects notified 

RRV infections and therefore does not reflect the full range of RRV infections which 

includes asymptomatic infections and people with infections not presenting for blood 

testing or not being considered for testing by health staff. Another limitation of the 

study is that local mosquito control activities in Darwin have varied over the study 

period and are not accounted for in the analysis. However, despite these activities the 

models still accurately predict RRV infections. This reflects the primary importance 

of absolute mosquito numbers irrespective of how mosquito numbers are influenced 

by control activities or by climate factors. 

 

I have produced a predictive model of RRV infections in urban Darwin. The lag 

times used in the global model enable accurate predictions for the upcoming month. 

This enables development of accurate early warning systems of potential RRV 

disease outbreaks, providing the opportunity to implement control measures such as 
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timely and efficacious spraying of mosquito breeding sites and public education 

about personal protection, especially targeting travellers and newly arrived residents. 

Further research needs to target other local high-risk areas within the Northern 

Territory and elsewhere in tropical Australia to ascertain the best local climatic and 

vector predictive RRV models for each region. This methodology can also be tested 

for assessing utility of predictive models for other arboviruses endemic to locations 

outside Australia.  
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Chapter 4- Arbovirus models to provide practical management tools for 

mosquito control and disease prevention in the Northern Territory, Australia 

 

This work has been previously published in- Jacups, S., P. Whelan, and D. Harley 

(2011), Arbovirus models to provide practical management tools for mosquito 

control and disease prevention in the Northern Territory, Australia, J Med 

Entomol.48(2), 453-460. 

Statement of contributions of each author: 

Jacups, conceptualised and designed the study, performed all analyses, reviewed the 

literature and produced the manuscript. Whelan, provided the data and together with 

Harley, edited and guided the writing of the manuscript. Consent has been granted 

by all co-authors for use of this publication in my PhD thesis (Appendix A). 

 

 

Introduction 

Ross River virus (RRV) is a mosquito-borne virus that requires a vertebrate host to 

complete its lifecycle and so by definition is a zoonosis. The primary vectors in the 

Northern Territory (NT) of Australia are the northern salt-marsh mosquito Aedes 

vigilax (Skuse) and the common banded mosquito Culex annulirostris (Skuse) 

(Kurucz et al., 2009b, Russell, 2002, Whelan, 1987, Whelan et al., 2006). The virus 

is thought to be maintained primarily by enzootic cycles.  Ross River virus may be 

maintained in some localities by transovarial transmission (Lindsay et al., 1993, 

Russell, 2002). The most commonly implicated reservoir hosts are marsupials (Kay 

et al., 1982, Russell, 1994), as they provide the best virus amplification, with humans 

considered poor amplifiers and are usually regarded as dead-end hosts in the cycle 
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(Kay et al., 1982, Russell, 1994). It has been speculated that RRV and Barmah 

Forest virus are evolutionally linked with marsupials.  This explains the restriction of 

these viruses to Australia and Papua New Guinea, where marsupials too are endemic 

(Kay et al., 1982, Lindsay et al., 1995a). Serological studies indicate that marsupials 

are commonly infected with RRV and macropods (kangaroos and wallabies) are 

known to be major reservoirs (Doherty et al., 1971). This link between marsupials 

and RRV is consistent with the failure of RRV to establish outside this region after 

the 1979 Western Pacific epidemic (Mackenzie et al., 1998).  

 

RRV disease is the most geographically widespread and frequently occurring 

arboviral disease in Australia, with up to 4800 cases reported in some years 

(Communicable Diseases Australia, 2010d). In humans RRV disease is non-fatal, 

with minor symptoms such as; rash, fever, arthritis, arthralgia, myalgia, general 

weakness and fatigue (Flexman et al., 1998, Harley et al., 2002, Jacups et al., 2008a). 

While the symptoms of RRV infection are mild, the arthritis and fatigue can be 

debilitating for three to six months with post-infection fatigue further affecting a 

minority of cases (12%) (Hickie et al., 2006). This disease is of economic concern 

since RRV infections occur most commonly in 30-34 year olds, a critical age-group 

for workforce participation (Jacups et al., 2008b). Financial costing from a 1997-9 

Australian cohort estimated AUS$1018 per patient averaged across all severity 

levels. Calculations by others indicate that annual costs to the Australian health 

system amount to more than US$10 million in direct medical costs, with millions 

more spent on mosquito control (Aaskov et al., 1998, Harley et al., 2001). 

Mechanisms for surveillance and control of RRV transmission include surveillance 

of human cases, monitoring mosquito vectors, surveillance of meteorological 
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conditions, timely and targeted vector control and public health warnings, sometimes 

with the aid of predictive models (Jacups et al., 2008a, Whelan et al., 1997).  

 

Predictive early-warning models have been produced for RRV infections for 

different regions in Australia including the wet-dry tropics, such as Darwin, NT 

(Jacups et al., 2008a). The creation of a regionally-specific predictive model for 

RRV epidemics can guide public health interventions such as the timing of media 

releases, which notify the public to minimize vector attack by the use of protective 

clothing and repellents and the avoidance of high mosquito-density habitats. 

However, models require maintenance, collecting, cleaning and imputing of data, as 

well as necessitating staff training. The South Australian based ‘RRForcastor’ 

requires the input of the predicted rainfall using Bureau of Meteorology (BOM) three 

monthly outlooks for the preceding three months as a proportion of the historic mean 

for each region (Williams et al., 2007, Williams et al., 2009). The model for Darwin 

requires counts of three mosquito species, plus total rainfall from the preceding 

month and the average minimum monthly temperature from the preceding three 

months (Jacups et al., 2008b). Moreover, the timeliness of predictive models is 

usually limited; as such ‘early warning systems’ notify the public to avoid mosquito 

attack but rarely can models provide timely notification for mosquito control. 

Conditions for RRV disease epidemics are commonly signalled by peak numbers of 

adult vector mosquitoes or disease cases, by which time mosquito larval control 

efforts are redundant. Broad area vector adulticiding is not considered practical or 

effective due to short duration of effective control, the effect on non-target 

organisms, and the inability of aerosol fogs to penetrate thick vegetation. Thus public 

health professionals are often left with media releases and public warnings as the 
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only preventative measures to reduce the infection rate from this debilitating 

mosquito-borne disease. 

 

Meteorologic factors, especially rainfall and temperature are established drivers of 

arboviral epidemics (Day and Shaman, 2008, Tong and Hu, 2001). For instance, 

exceptionally high rainfall coincided with all major regional Rift Valley Fever 

epidemics in Kenya since 1951 (Linthicum et al., 1999). Summer rainfall is 

associated with Murray Valley encephalitis seroconversion in chickens, with a cut-

point (threshold) of >100 mm rain for Alice Springs, and > 400 mm for Tennant 

Creek (Whelan et al., 2003). Furthermore, the analysis of Australian RRV epidemics 

between 1886 and 1998 showed above average rainfall commonly preceded RRV 

epidemics (Kelly-Hope et al., 2004, Williams et al., 2009). Epstein reports the 

importance of climate data in projecting conditions conducive to disease epidemics 

(Epstein, 1999). Knowledge of disease/environmental associations is essential for 

predicting and responding to climate-related increases in RRV incidence.  
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Figure 4.1. Major townships in the NT with adult mosquito monitoring programs  

 

The Medical Entomology unit of the Department of Health and Families, NT 

currently monitors vector mosquito populations in the major NT towns using adult 

mosquito Encephalitis Vector Surveillance (EVS) traps (Rohe and Fall, 1979), 

Figure 4.1. To reduce the risk of arboviral transmission and nuisance mosquito biting 

to Darwin residents, helicopter assisted larval surveys guide Medical Entomology 

mosquito larval control efforts, specifically for Ae. vigilax and Cx. annulirostris 

(Kurucz et al., 2009b, Russell, 2002, Whelan, 1987, Whelan et al., 2006). Aerial 
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surveys and control operations are expensive and labour intensive, usually conducted 

by three Medical Entomology staff that survey pooled water and indicator sites by 

helicopter, landing frequently for larval collections (Kurucz et al., 2009b). Aerial 

larval control operations are rarely performed outside the Darwin urban area, 

although ground operations (on quad bikes) and control are routinely performed, 

sometimes in cooperation with other landholders in the urban and peri-urban areas 

where helicopter operations are impractical. 

 

I sought to create a management tool to improve Medical Entomology’s intensive 

mosquito larval operations, provide timely notification for vector control, and act as 

an early warning system for RRV disease reduction. I have addressed this problem 

by applying sensitivity and specificity cut-points from logistic regression post-

estimation methods. This method has previously been used as an epidemiological 

tool for health risks (Bruzzi et al., 1985) and to generate malaria parasitaemia cut-

points for diagnosing clinical malaria (Smith et al., 1994, Tjitra, 2001). Applying 

these methods to a logistic regression for RRV epidemic conditions, including the 

variable ‘total cumulative rainfall during the preceding month’, allows a sensitivity 

and specificity analysis that determines the rainfall cut-point above which previous 

RRV epidemics have occurred, specific to each township in the NT. These rainfall 

cut-points can then prospectively act as simple early-warning systems that notify of 

approaching RRV epidemic conditions across the NT. When used in Darwin, these 

cut-points provide Medical Entomology with a management tool to deliver an earlier 

indicator or RRV outbreaks than previously utilised models, and to indicate timing 

for priority vector control in order to decrease the risk of RRV disease epidemics. 

For the other major townships in the NT where vector control measures are rarely 
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undertaken, cut-points provide early notification of disease risk to assist public 

health warnings.  

 

Woodruff et al. found that pre-conditions for an epidemic in temperate Western 

Australia were established by November; meteorologic conditions after November 

did not determine the occurrence of epidemics, although conditions in later months 

influenced epidemic scale (Woodruff et al., 2006). In the NT and Queensland, 

January and February are peak months for RRV notifications (Gatton et al., 2005), 

while the critical months for establishing ecological epidemic conditions is just 

before the start of the RRV season in the September to November period (Whelan et 

al., 1997). Furthermore, larval control is less relevant later in the wet-season 

(December- April) when the tidally influenced wetlands become seasonally flooded, 

creating the opportunity for larval predation by fish, and offering fewer sites for salt-

marsh mosquito oviposition. I thus assessed December and January rainfall, as these 

months have historically been associated with establishing epidemic conditions 

(Whelan et al., 1997).  

 

Methods 

Case data 

Laboratory confirmed cases of RRV infections notified to the arbovirus disease 

surveillance program of the Northern Territory Centre for Disease Control during the 

17 years between January 1st 1991 and December 31st 2007 (204 months) were 

included. Data were provided as monthly counts for all six major towns in the NT. 
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Woodruff et al. defined ‘RRV outbreak’ or ‘RRV epidemic’ as any financial year in 

which the number of cases exceeded the mean plus one standard deviation during the 

study period (Woodruff et al., 2002), Figure 4.2.  I analysed climatic and disease 

variables at a monthly time scale and thus defined an epidemic month as a calendar 

month in which the number of cases exceeded the mean plus one standard deviation 

(rounded to the nearest integer) for the 17 year study period. This study was 

approved by the Joint Human Ethics Committee of the Northern Territory 

Department of Health and Families, and Menzies School of Health Research, 

approval number 06/28. 

 

 

Figure 4.2. Monthly Darwin RRV counts with outbreaks* 

*mean RRV counts/17 year period, plus one standard deviation 
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Meteorologic data 

Daily rainfall, daily temperature (minimum, maximum, mean daily), humidity 

(minimum, maximum, mean daily), and monthly highest tide (sea level) data were 

provided by the Australian Bureau of Meteorology for each of the relevant NT 

townships throughout the study period. To identify the most strongly associated 

variables for each predictive model; meteorological data were cumulated or averaged 

with lag times applied for up to three months (Jacups et al., 2008b). Tide was only 

included in models of coastal or sub-coastal townships (Jabiru- has tidally influenced 

river systems within salt-marsh mosquito flight range).  

 

Statistical analysis 

Correlations were used to examine meteorological associations with RRV epidemics 

for each of the major townships in the NT. The best fit of each meteorological 

variable (or derivative) most strongly associated with RRV epidemics were then 

included in multivariate logistic regression models, fitted for parsimony. Coefficients 

with errors and 95% confidence intervals (CI) (Smith et al., 1994, Woodruff et al., 

2002) were generated as previously verified, using a multivariate logistic regression 

model in the form of: 

Log (P/[1-P]) = α + β1x1 + β2x2 + … + βnxn   (1) 

Where P is the probability of an epidemic, x1 are meteorological variables specific to 

each township, and α, β1…n are constants estimated from the data.  As previously 

verified and published, the following formulae were used to estimate sensitivity and 

specificity of RRV epidemic definition, Table 4.1 (Smith et al., 1994, Tjitra, 2001): 
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Sensitivity= (ncλc)/(Nλ)      (2) 

Specificity=1- nc(1-λc)/N(1-λ)     (3) 

Positive predictive value (PPV) = ncλc/ nc   = λc    (4) 

Where c represents the rainfall cut-point, nc represents the number of months with 

rainfall cut-points in excess of c for each township, λc represents the proportion of 

true positives (PPV) (5). The symbol ncλc represents the number of RRV epidemic 

months correctly predicted, nc(1-λc) represents the number of months incorrectly 

predicted as RRV epidemic months. N represents the total number of months for the 

study, and λ is the proportion of months that were RRV epidemic months (Smith et 

al., 1994, Tjitra, 2001). The cross over point between sensitivity and specificity 

creates the threshold, as previously described (Smith et al., 1994, Tjitra, 2001). Chi 

square tests were used to compare outbreak months below and above cut-points for 

each of the NT townships. Statistical analyses were performed using Intercooled 

Stata 11.0 (Stata Corp., College Station, TX) and R freeware (R Developent Core 

Team, 2010).  
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Table 4.1. The association of rainfall and RRV epidemics, NT  

Exposure Disease epidemic Totals 
RRV epidemic month RRV non-epidemic month 

Rainfall > c Ncλc nc(1- λc) nc 
Rainfall ≤ c Nλ- ncλc N(1-λ)- nc(1-λc) N-nc 
Totals Nλ N(1- λ) N 
 

Results 

The best-fit logistic regression models are shown for each of the NT townships as 

determined by Akaike information criterion (AIC) with only biologically plausible 

combinations retained, Table 4.2.  All final models included rainfall, with one month 

lag, while some also contained variables for minimum monthly temperature, average 

minimum humidity or tide, with various lag times. Darwin urban sensitivity, 

specificity and positive predicted value with rainfall cut-point are provided, Figure 

4.3. The highest cumulative rainfall cut-point was for Darwin urban at 279 mm, with 

the lowest in Alice Springs at 41 mm, Table 4.2. These results approach average 

December rainfall as provided by BOM, Table 4.3, indicating that some years will 

require additional larvicidal control in December, while most years will require 

additional January control. These rainfall cut-points have been cross-tabulated 

against RRV outbreak months for each of the NT townships, Table 4.4. 
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Table 4.2. Logistic regression models with post-estimation generated cumulative rainfall cut-offs for NT townships 
RRV 
outbreak~ 

Independent variables Coef p 95% CI AIC Sensitivity/ 
Specificity  
cross over 

Monthly 
rainfall cut-
points 

Darwin         
 rainfall (1mth lag) 0.005 <0.001 0.003-0.009 78.5 77% 279 mm 
 + average minimum monthly 

temperature (3 mth lag)  
1.28 <0.001 0.49-1.6    

 + maximum tide (3 mth lag) -7.83 0.001 -12.4- -3.3    
Jabiru        
 rainfall (1mth lag) 0.005 <0.001 0.003-0.008 187.3 77.7% 181 mm 
 + maximum tide -0.91 0.058 -1.85- -0.032    
Katherine        
 rainfall (1mth lag) 0.009 <0.001 0.005-0.014 84.7 75.8% 207 mm 
 average minimum monthly 

temperature (3 mth lag) 
0.772 0.003 0.26-1.28    

 Average humidity (2 mth lag) - 0.17 <0.001 - 0.27- -0.08     
Nhulunbuy        
 rainfall (1mth lag) 0.004 0.003 0.002-0.008 103.8 78% 270 mm 
 + max tide (2 mth lag) -2.66 0.65 - 5.49- - 0.17    
Tennant 
Creek 

       

 rainfall (1mth lag) 0.01 0.001 0.005-0.018 44.3 88.5% 74 mm 
 average minimum monthly humidity 

(2 mth lag) 
0.11 0.001 0.045-0.19    

Alice 
Springs 

       

 rainfall (1mth lag) 0.01 0.012 0.002-0.019 136.2 83% 41 mm 
 average minimum monthly 

temperature (1 mth lag) 
0.19 <0.001 0.19-0.29    
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Table 4.3. Rainfall averages for major NT townships, (1941-2008) (Australian 

Bureau of Meteorology, 2008) compared with generated Monthly rainfall cut-points 

(Table 4.2) 

Township Average 
annual 
rainfall (mm) 

Average 
December 
rainfall 
(mm) 

Average 
January 
rainfall 
(mm) 

Monthly 
rainfall cut-
points* 
(mm) 

Darwin  1706.3 246.2 420.4 279 
Jabiru 1582.6 224.5 356.5 181 
Katherine 1117.6 211.4 270.4 207 
Nhulunbuy 1447.3 173.8 284.5 270 
Tennant 
Creek 

451.7 68.4 107.5 74 

Alice 
Springs 

278.1 37.2 35.5 41 

*generated cut-points from Table 4.2 



105 
 

Table 4.4. RRV outbreak months for major NT townships, (1991-2007)  

Township Months above 
cut-points 

Months below 
cut-points 

Significance 
χ2 

Darwin     
Outbreak month 13 7  
Non-outbreak month 30 154 <0.001 
Jabiru    
Outbreak month 20 19  
Non-outbreak month 45 120 0.004 
Katherine    
Outbreak month 19 8  
Non-outbreak month 20 157 <0.001 
Nhulunbuy    
Outbreak month 8 7  
Non-outbreak month 28 161 <0.001 
Tennant Creek    
Outbreak month 6 3  
Non-outbreak month 31 164 <0.001 
Alice Springs    
Outbreak month 8 20  
Non-outbreak month 21 155 0.019 
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Figure 4.3. Sensitivity, specificity and positive predictive value fraction- of RRV 

epidemic months in Darwin, NT. 

 

Discussion 

I have produced accurate meteorologic-only models for predicting RRV epidemics 

across the NT. The models differ across NT townships highlighting the variability of 

local meteorologic factors influencing RRV epidemics. This is consistent with 

findings that conditions for RRV disease outbreaks are locally specific and should 

not be generalised across states or territories (Gatton et al., 2005, Jacups et al., 



107 
 

2008a, Tong and Hu, 2002). Using the post-estimations from these models has 

extended their application to the creation of practical rainfall cut-points that guide 

Darwin urban larval control regimes, and facilitate timely public health warnings for 

major NT towns. This is the first time the statistical methods previously used to 

create malaria parasitaemia cut-points have been used in an environmental 

application. The cut-points are simple indicators of the cumulative threshold of 

rainfall required to commence epidemic conditions for December and January, the 

months in which RRV pre-epidemic conditions are established.  

 

The start of RRV transmission in Darwin usually coincides with a rise in numbers of 

Ae. vigilax during build-up months (September-November), with most transmission 

taking place in the December to January period when both Ae. vigilax and Cx. 

annulirostris are present. Presently, Medical Entomology conducts surveys for salt-

marsh mosquito larvae in Darwin’s tidally influenced wetlands after high tides (> 7.4 

m) and/or > 25 mm of rain (Whelan, 2007b). Initial rainfall on the wetland occurring 

at the end of the dry season is quickly absorbed and has little impact on salt-marsh 

mosquito numbers (Kurucz et al., 2009b). Later rain of 10-25 mm or more may cause 

pooling in the drains or wetlands, and result in flooding areas of habitat containing 

drought resistant eggs, leading to an increase of adult salt-marsh mosquitoes.  

 

The provision of a cumulative rainfall threshold that is specific for each NT town 

adjusts for heavy downpours in a short period or small amounts of rainfall over 

longer periods of time. For the Darwin coastal wetlands, larvae of the salt-marsh 

mosquito can best be controlled three to four days after salt or fresh water inundation 
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(Whelan et al., 1997). Salt-marsh mosquitoes initiate RRV disease outbreaks and 

also assist in the maintenance of enzootic viral endemicity and transmission, as well 

as possible virus survival via drought resistant eggs over the dry season (Glass, 2005, 

Whelan et al., 1997). Targeting rainfall also enables timely control of Cx. 

annulirostris, the major vector of RRV disease epidemics in the NT later in the wet 

season (Glass, 2005, Jacups et al., 2008b, Whelan et al., 1997). The cumulative 

rainfall cut-point is a practical management tool which has the capacity to guide 

Medical Entomology larval surveys and enable timely aerial larval and ground level 

control responses (Woodruff et al., 2006), hence reducing labour intensive larval 

sampling in Darwin’s urban wetlands. The method may be applicable to other areas 

where rainfall is an important determinant for RRV epidemics.  

 

Throughout Australia, RRV epidemics have been linked to increases in rainfall, 

temperature, and the Southern Oscillation Index (Kelly-Hope et al., 2004, Maelzer et 

al., 1999, Woodruff et al., 2002). While most RRV infections occur in the tropical 

regions, little has been published on the relation between RRV epidemics and 

environmental factors in northern Australia (Gatton et al., 2005). Gatton et al. found 

that rainfall was the most important predictor of RRV disease epidemics for central 

and northern regions of Queensland. Additionally, the majority of epidemics in 

Queensland commenced in January or February, indicating that meteorologic factors 

leading to RRV disease epidemics occur early in the RRV season, namely December 

and January. Thus pre-conditions of rainfall or other meteorological variables 

responsible for commencing the epidemic are of paramount importance in predicting 

or preventing epidemics (Gatton et al., 2005). Furthermore, extreme weather rainfall 

events are increasing in frequency as the world’s climate changes (Epstein, 2002, 
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Intergovernmental Panel on Climate Change, 2007), and extreme summer rainfall 

further increases the likelihood of large RRV disease epidemics (Epstein, 2002, 

Whelan et al., 2003, Woodruff et al., 2002). Our results add to the growing body of 

data exploring the impact of weather and meteorologic factors on infectious disease 

(Epstein, 2002).  

 

One limitation of this study is the classification of cases based on residential address 

or post office, as identified on diagnostic blood sample. This address may not reflect 

the true location of disease acquisition. However for most cases, this address is the 

likely location of acquisition (Whelan et al., 1997).  

 

I recognise that vertebrate hosts play a vital role in the maintenance and 

amplification of this virus (Jacups et al., 2008b, Russell, 1998a). Studies on the agile 

wallaby (Macropus agilis) living at East Point Reserve Darwin between 1992 to 

1995, observed reproduction throughout the year, however greater numbers of large 

pouch young were observed during wet season months (Stirrat, 2008). Numbers of 

previously unexposed pouch young peaked in the month of December, which 

coincides with the establishment of outbreak conditions for RRV disease (Stirrat, 

2008). Our created cut-points for December and January indirectly incorporate 

vertebrate host data, as the lifecycle of the agile wallaby appears to be intricately 

meshed with the environment of the Australian wet –dry tropics (Stirrat, 2008). 
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While this tool is yet to be validated by Medical Entomology, there are indications of 

its applicability in the approach to the next RRV disease season. Darwin recently 

received unseasonal rainfall in September, 2010 of 40 mm (historical average 15.4 

mm) and October, 2010 of 157.8 mm (historical average 68.7 mm) (Australian 

Bureau of Meteorology, 2008). This rainfall was accompanied by unusually high 

tides of over 7.7 m from August to October, which combined with rainfall, resulted 

in extremely high and sustained numbers of Ae. vigilax over a six week period, 

unprecedented in over 30 years. The Medical Entomology responded to the 

environmental events with routine aerial and ground larval control, but by the end of 

October there was no outbreak of RRV and indeed very few RRV cases reported 

from the Darwin area. Moreover, M. agilis (agile wallabies), which live in close 

proximity to Darwin residential areas, have the greatest number of large pouch young 

during wet season months (December- April), confirming the intricate connection 

between vertebrate host lifecycle, rainfall and vector numbers. These recent peaks of 

vectors in the absence of a subsequent rise in RRV disease cases indicates that vector 

numbers alone are not necessarily precursors for RRV outbreaks or epidemics. This 

is consistent with results in this study which holds December and January as the 

months in which RRV outbreak conditions are set.  

 

I have produced accurate meteorologic-only models for RRV disease epidemics for 

each of the major NT towns. Additionally, I have created cumulative rainfall cut-

points that provide useful management tools for mosquito control and disease 

prevention programs. This rainfall threshold has the capacity to reduce the need for 

expensive helicopter assisted or ground based labour intensive field sampling time.  

Additionally, these cut-points have superseded predictive models that require more 
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complex data collection and maintenance, but do not provide timely notification of 

approaching RRV epidemic conditions. This method may be used to generate 

meteorological cut-points for other areas in Australia and indeed globally for other 

mosquito-borne diseases.  
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Section 3- The evaluation of mosquito control practices in Darwin 

The following chapters encompass only mosquito-control issues, no human disease 

data are presented. These chapters provide an in-depth quantitative analysis of 

current mosquito control methods in Darwin covering aerial spraying, drainage 

construction, weather parameters and tidal influences for a variety of mosquito 

breeding habitats in Darwin urban. This evaluation validates current mosquito 

control service delivery and assists to maintain mosquito control programs with 

minimal environmental damage.  
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Chapter 5- Anthropogenic ecological change and impacts on mosquito breeding 

and control strategies in salt-marshes of the Northern Territory, Australia 

 

This work has been submitted for publication in- Jacups, S. P., A. Warchot and P. I. 

Whelan, (2011) Anthropogenic ecological change and impacts on mosquito breeding 

and control strategies in salt-marshes of the Northern Territory, Australia, Ecohealth. 

Statement of contributions of each author: 

Jacups, conceptualised, designed the study, performed all analyses, reviewed the 

literature and produced the manuscript. Warchot and Whelan, provided the data, 

conceptualised and edited the manuscript. 

 

Introduction 

Salt-marshes are important ecosystems (Dale, 2007); however, in Darwin (12oS), the 

northern gateway to Australia, they provide suitable breeding habitat for numerous 

mosquito (Diptera: Culicidae) species, many of which are vectors for disease 

(Russell, 1998b, Russell and Whelan, 1986). There are three salt-marshes adjacent to 

residential areas in Darwin: Leanyer Swamp, Casuarina Swamp (Sandy Creek) and 

Coconut Grove Swamp (Russell and Whelan, 1986), Figure 3.1. Swamp vegetation, 

type and physical characteristics, impact mosquito productivity (Kurucz et al., 

2009a). Vegetation provides larvae with shelter from sun, wind, and fish or aquatic 

insect predation, and a nutrient source for larval development. Modification of 

vegetation can thus be targeted for mosquito control as a long-term semi-permanent 

measure.  
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Of the 15 human-biting mosquito species in Darwin, only five are of major concern: 

these are the competent vectors of disease (Whelan, 2007a). Three of these species 

are Anopheline mosquitoes, including Anopheles bancroftii (Giles), Anopheles 

farauti Laveran sensu lato, and Anopheles hilli  (Woodhill & Lee), which can 

transmit Plasmodium protozoa that causes human malaria (Russell, 1993, Russell, 

2009). The northern salt-marsh mosquito Aedes vigilax (Skuse), and the common 

banded mosquito Culex annulirostris (Skuse), are both established vectors for Ross 

River virus (RRV) and Barmah Forest virus (BFV), which can cause debilitating 

illnesses (Jacups et al., 2008a, Russell, 1998a, Whelan et al., 1997). Culex 

annulirostris is additionally a vector for Murray Valley encephalitis virus (MVEV), 

which is potentially fatal, and Kunjin virus (KUNV), a subtype of West Nile virus 

found in the Oceania region (Brown et al., 2002a, Brown et al., 2002b, Muller et al., 

1986), which can cause substantial illness, but is not known to have caused any 

deaths in Australia. Both mosquito species are also recognised as major human pest 

species (Gislason and Russell, 1997, Mackerras, 1926, Marks, 1967, Webb and 

Russell, 1999);(Whelan, 1989). Another two mosquito species of minor concern in 

the Darwin area are the golden mosquito, Coquillettidia xanthogaster (Edwards), and 

the water lily mosquito Mansonia uniformis (Theobald). Both are appreciable 

nuisance biters, although neither is regarded as a vector of human disease in 

Australia (Warchot and Whelan, 2008). 

 

Malaria was historically endemic in the north of Australia, although it was eradicated 

from the Northern Territory (NT) in 1962 (Black, 1972). Since eradication, Australia 

receives numerous imported cases annually. Nevertheless, the NT remains vulnerable 

to the reintroduction of malaria, as many competent vector Anopheline mosquito 
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species breed near residential areas above latitude 19oS, suggesting that in the 

absence of adequate border surveillance, vector control programs, and public health 

measures, malaria could indeed become locally transmitted in the NT once again 

(Russell, 2009). For this reason, Anopheline mosquito populations continue to be 

monitored in the Darwin area, despite the absence of an endemic disease pathogen. 

The remaining endemic mosquito-borne pathogens of importance in the NT are the 

arboviruses; RRV, BFV, KUNV and MVEV; these are all endemic in the Darwin 

area, as are the vertebrate hosts which amplify them, and the mosquito vectors that 

transmit them to humans (Jacups et al., 2008a, Russell, 2009, Whelan and Kurucz, 

2007, Whelan et al., 1993b). 

 

Darwin’s development from the 1960’s saw rapid, hastily planned urban expansion. 

Many residential houses were constructed in close proximity to tidally influenced 

swamp and marshland areas known to seasonally support many mosquito species 

(Russell and Whelan, 1986). Waste water and storm-water run-off from urban areas 

channeled into these swamplands created permanent fresh and brackish water 

ponding. This impacted on the natural dry-wet season cycles and consequently 

altered the number of species, density and extent of vegetation including the ribbed 

mangrove, Bruguiera exaristata Ding Hou, the grey mangrove, Avicennia marina 

(Forsk.) Vierh. var. australasica (Walp.) Moldenke, the white mangrove, Lumnitzera 

racemosa Willd, the mangrove fern, Acrostichum speciosum Willd among the A. 

marina and marsh reeds and grasses (Whelan, 1988, Whelan, 1990). Sections of the 

three swamps were rapidly transformed into ecologically distinct perennial reed and 

grass swamps; dominated by the freshwater bull rush reed Typha domingensis, the 

spike rush Eleocharis dulcis, the brackish reed Schoenoplectus litoralis (Schrad.), 
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and the salt-marsh couch grass Sporobolus virginicus. No longer mangrove and bare 

mud flat swamps, these areas of grassy-reed swamps drained slowly after monthly 

high tides (taking more than 5 days), and this, coupled with dry-season wastewater 

inflows, ensured extended breeding habitat for Anopheles mosquitoes, Ae. vigilax 

and Cx. annulirostris (Russell and Whelan, 1986, Whelan, 1988). Each swamp area 

underwent ecological change differently as determined by local topography, 

freshwater inflows, and the extent of tidal inundation retention, thus each swamp 

produces different proportions of mosquito species throughout the year (Northern 

Territory Government, 1989, Whelan, 1994). 

 

In Darwin, the number of bites that preclude recreational enjoyment differs 

according to mosquito species: some are more ferocious than others, and some 

species preferentially feed on humans. The pest threshold has been defined as 60-100 

bites/hour, when quantified for surveillance purposes, this translates to 50 Ae. vigilax 

or 600 Cx. annulirostris/ per overnight CO2 trap located between swamps and urban 

areas (Northern Territory Government, 1989, Whelan, 1989). As Ae. vigilax are far 

more voracious biters, fewer are required to reach the pest threshold compared with 

Cx. annulirostris. During the late 1970’s, mosquito numbers began to peak during 

dry-season months; such that, in suburbs adjacent to the swamp systems, residents 

were exposed to high numbers of vectors capable of disease transmission, and 

outdoor evening recreational activities became increasingly restricted (>1000 Ae. 

vigilax /overnight CO2 baited EVS trap, >3000 Cx. annulirostris/overnight CO2 

baited EVS trap) (P. Whelan Pers. Comm 2010). 
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Following repeated complaints from nearby residents of extreme mosquito numbers, 

it became progressively evident that the mosquito problems needed resolution 

(Whelan, 1988). An open-drain was cut through Leanyer Swamp in 1979; however, 

the incision was too narrow and shallow to reduce dry-season ponding, so mosquito 

numbers remained high. Subsequent ground-applied adult fogging conducted around 

the swamp margins, similarly had little effect at reducing mosquito populations. 

Finally, detailed engineer designed drains and rectifications were suggested as the 

only viable option to produce a substantial reduction in mosquito numbers (Whelan, 

1988). Thus drainage incisions and filling operations were proposed for all three 

swamp systems in a bid to provide ‘long-term source reduction’; and “The mosquito 

control drainage program” officially commenced in 1983: with completion times 

varying by location. Drainage channels and sand fills were designed to have minimal 

environmental impact; intended only to disrupt the mosquito lifecycle (Dale, 1993), 

thus most drains were narrow, no more than 1-2m wide, with a low gradient (0.1%) 

(Northern Territory Government, 1989). Drainage and sand fills in all three swamp 

systems targeted dry-season pooling in the objective to restore wetlands to their 

original wet-dry cycles. To date, over 30 km of open drains have been constructed at 

these locations under this venture (Northern Territory Government, 1989). I compare 

the abundance of major mosquito species before and after construction of drainage 

channels in three salt-water swamp systems in Darwin, Figure 5.1.  
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Figure 5.1. Leanyer swamp drainage channels with completion dates, taken October 

1986, looking south from Leanyer Sewerage Ponds (image: Dept Health) 

Methods 

Setting and data 

Darwin (12o 28’ S, 130o 51’ E) is situated in the northern, wet-dry tropics of 

Australia. Most rainfall occurs during the wet season (Australian Bureau of 

Meteorology, 2009); however, I defined the Darwin ‘wet season’ as December to 

April inclusive, which differs from the BOM definition, who include the hot and 

humid ‘build-up’ months of September to November, which rarely receive rain, in 

their ‘wet-season’ definition  (Australian Bureau of Meteorology, 2009). For this 

study, the ‘dry-season’, is defined as May to November inclusive. Daily rainfall data 

(Darwin airport rain gauge) was provided by the BOM for the study period 

(Australian Bureau of Meteorology, 2010). Total rainfall by calendar month was 

used in the analysis, drainage completion dates were defined as March 1986 for 
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Leanyer Swamp, August 1984 for Casuarina Swamp, and October 1984 for Coconut 

Grove Swamp.  

 

All female mosquitoes, collected from overnight encephalitis virus surveillance 

(EVS) CO2 baited traps (Rohe and Fall, 1979) set weekly at three locations (Leanyer, 

Coconut Grove and Casuarina) between June 1980 to December 2007 were included. 

Mosquitoes were processed at the Medical Entomology Laboratory in Darwin. Sub-

samples of 300 mosquitoes per trap were identified using taxonomical keys to 

species level, after which the total number was estimated by weight (Kurucz et al., 

2005). The inclusion of mosquito species was limited to only major vectors of 

endemic or previously endemic diseases in the region, and major nuisance species for 

each site. For Leanyer Swamp, the abundances of five mosquito species; Cx. 

annulirostris, Ae. vigilax, An. bancroftii, An. farauti, and An. hilli, were cumulated 

monthly. For Casuarina and Coconut Grove Swamps, the first four species above 

were collected; but Coquillettidia xanthogaster was included, rather than An. hilli. 

Additionally, due to high numbers of the nuisance biter Mansonia uniformis at 

Coconut Grove Swamp, this species was also included at this site, for a total of six 

species for this site.  

Statistical analysis 

I conducted a statistical comparison of mosquito abundance before versus after 

drainage intervention.  For each trap site- over the 27-year period, weekly mosquito 

counts were aggregated into monthly averages, by species. These monthly averages 

were modelled with covariates; time, and total monthly rainfall. A negative binomial 

model was chosen for this cross sectional-longitudinal analysis to adjust for over-
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dispersion, while still utilising a gamma distribution. The analyses were initially 

performed with all mosquito species together, following this; further models were 

applied to data by individual or grouped mosquito species. The best model for each 

analysis was determined by Akaike's information criterion. 

Cross sectional negative binomial model: 

Log(yit) = β0 + Xitβ + Ziγ + αi + uit,  

where yit is the dependent variable observed for individual i at time t, Xit is the time-

variant regressor, and Zi is the time-invariant regressor. All analyses were performed 

using STATA version 11.0 (Stata Corp., College Station, TX, USA).  

Results 

Leanyer 

There was a trend towards a statistically significant difference between mosquito 

abundance before versus after the drainage intervention (p=0.083, Table 5.1, Model 

1-a), once stratified by season (wet-dry), mosquitoes were more abundant after the 

drains were built- during wet-season months (Coef=0.510, p=0.016); and more 

abundant before the drains were built- during dry-season months (Coef= -0.649, 

p<0.004), Table 5.1, Model 1-b & c. Thus the combined model with both wet and 

dry-season data together clearly cancelled out the intervention effect. This seasonal 

shift was evident for all species, but only statistically significant for Cx. 

annulirostris. For Ae. vigilax, after the drainage intervention wet season mosquito 

abundance was not reduced, and there was a trend for a reduction in mosquito 

abundance during the dry-season, Table 5.1, Models 2- b & c, Figure 5.1. The 

drainage intervention did not reach statistical significance for any Anopheline model 
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at this location Table 5.1, Models 3- b & c, Figure 5.2. All models were significant, 

and provided a good fit to the data.  
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Table 5.1. Leanyer Swamp: Cross sectional negative binomial modelling results- drainage 

effects on mosquito abundance  

Model Independent variables Coef p 95 % CI 
1-a 
5 mosquitoes species combined~ 

   

 Time (months) 0.001 0.623 -0.001-0.002 
 Rainfall (mm) 0.001 <0.001 0.001-0.002 
 Drainage intervention (completed March 1986) -0.300 0.083 -0.638-0.039 
1-b 
Wet-season 
5 mosquitoes species combined~ 

   

 Time (months) 0.001 0.176 -0.000-0.003 
 Rainfall (mm) 0.000 0.452 -0.001-0.001 
 Drainage intervention (completed March 1986) 0.510 0.016 0.095-0.926 
1-c 
Dry-season 
5 mosquitoes species combined~ 

   

 Time (months) 0.001 0.960 -0.002-0.002 
 Rainfall (mm) 0.003 0.005 0.001-0.006 
 Drainage intervention (completed March 1986) -0.649 <0.001 -1.090--0.209 
     
2-a 
Ae. vigilax~ 

   

 Time (months) 0.001 0.376 -0.002-0.004 
 Rainfall (mm) 0.001 0.086 0.001-0.002 
 Drainage intervention (completed March 1986) -0.284 0.411 -0.960-0.392 
2-b  
Wet-season  
Ae. vigilax ~ 
 

   

 Time (months) 0.002 0.494 -0.003-0.006 
 Rainfall (mm) 0.000 0.801 -0.002-0.002 
 Drainage intervention (completed March 1986) 0.569 0.310 -0.528-1.665 
2-c 
Dry-season  
Ae. vigilax ~ 

   

 Time (months) 0.001 0.480 -0.002-0.004 
 Rainfall (mm) 0.016 <0.001 0.012-0.020 
 Drainage intervention (completed March 1986) -0.600 0.091 -1.296-0.096 
     
3-a 
Cx. annulirostris~ 
 

   

 Time (months) -0.001 0.990 -0.002-0.002 
 Rainfall (mm) 0.002 0.001 0.000-0.002 
 Drainage intervention (completed March 1986) -0.334 0.129 -0.764-0.097 
3-b  
Wet-season  
Cx. annulirostris~ 

   

 Time (months) 0.001 0.325 -0.001-0.003 
 Rainfall (mm) 0.001 0.216 0.000-0.001 
 Drainage intervention (completed March 1986) 0.801 0.004 0.256-1.347 
3-c 
Dry-season  
Cx. annulirostris~ 

   

 Time (months) -0.003 0.007 -0.005-0.001 
 Rainfall (mm) -0.011 <0.001 -0.013--0.008 
 Drainage intervention (completed March 1986) -0.607 0.018 -1.110--0.105 
     
4-a    
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Anopheline~ 
 Time (months) -0.002 0.059 -0.004-0.001 
 Rainfall (mm) 0.001 0.269 -0.000-0.001 
 Drainage intervention (completed March 1986) -0.325 0.174 -0.794-0.144 
4-b 
Wet-season 
Anopheline~ 

   

 Time (months) -0.001 0.570 -0.004-0.002 
 Rainfall (mm) -0.001 0.019 -0.002-0.000 
 Drainage intervention (completed March 1986) 0.045 0.890 -0.686-0.596 
4-c 
Dry-season 
Anopheline~ 

   

 Time (months) -0.003 0.061 -0.005-0.001 
 Rainfall (mm) -0.006 <0.001 -0.009--0.003 
 Drainage intervention (completed March 1986) -0.527 0.101 -1.156-0.102 
 

 

 

Figure 5.2. Average annual Wet-dry-season mosquito abundance (with 95% CI), by 

mosquito species, 1980-2007, Leanyer Swamp (1986-drains completed). NB- y-axis scales 

differ 
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Casuarina  

When all 5 mosquito species were combined, there was a statistically significant 

lower mosquito abundance after the drainage intervention at Casuarina Swamp 

(p<0.001), Table 5.2, Model 1-a; once stratified by season (wet-dry) it was evident 

the strength of the association was in the dry-season.  Mosquitoes were less abundant 

after the drains were built- during dry-season months (p<0.001), Table 5.2, Model 1-

c. This dry-season change was universal across species, Table 5.2, Models 1-c, 2-c, 

3-c 4-c.  For Anopheline + Cq. xanthogaster models, a higher statistical level was 

reached when seasons were combined, than when separated. This is best explained 

by peaks in some wet-season months, the effects of which were lost when only 

modelling dry-season months, and diluted when only modelling wet-season months; 

however, these species had statistically significant declines in mosquito abundance in 

wet and dry season models as well as when combined, Table 5.3, Models 4-a, b, c, 

Figure 5.2. All models were a good fit to the data. 
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Table 5.2. Casuarina Swamp: Cross sectional negative binomial modelling results- drain 

effects on mosquito abundance  

Model Independent variables Coef p 95 % CI 
1-a 
5 mosquitoes species combined~ 

   

 Time (months) 0.002 0.014 0.000-0.004 
 Rainfall (mm) 0.002 <0.001 0.002-0.003 
 Drainage intervention (completed August 1984) -1.211 <0.001 -1.638- -0.783 
1-b 
Wet-season 
5 mosquitoes species combined~ 

   

 Time (months) 0.002 0.044 0.000-0.005 
 Rainfall (mm) 0.002 <0.001 0.001-0.002 
 Drainage intervention (completed August 1984) -0.417 0.166 -1.007-0.173 
1-c 
Dry-season 
5 mosquitoes species combined~ 

   

 Time (months) 0.000 0.309 -0.002-0.002 
 Rainfall (mm) 0.005 0.001 0.001-0.003 
 Drainage intervention (completed August 1984) -1.531 <0.001 -2.111--0.952 
     
2-a 
Ae. vigilax~ 

   

 Time (months) 0.002 0.187 0.001-0.005 
 Rainfall (mm) 0.003 0.000 0.002-0.004 
 Drainage intervention (completed August 1984) -0.715 0.047 -1.421--0.009 
2-b  
Wet-season  
Ae. vigilax ~ 

   

 Time (months) -0.001 0.655 -0.006-0.004 
 Rainfall (mm) 0.002 0.001 0.001-0.004 
 Drainage intervention (completed August 1984) 0.298 0.546 -0.660-1.265 
2-c 
Dry-season  
Ae. vigilax ~ 

   

 Time (months) 0.003 0.104 -0.001-0.006 
 Rainfall (mm) 0.013 <0.001 0.009-0.017 
 Drainage intervention (completed August 1984) -1.244 0.003 -2.057--0.431 
     
3-a 
Cx. annulirostris~ 

   

 Time (months) 0.001 0.351 -0.001-0.003 
 Rainfall (mm) 0.003 <0.001 0.002-0.004 
 Drainage intervention (completed August 1984) -0.852 <0.001 -1.322--0.385 
3-b  
Wet-season  
Cx. annulirostris~ 

   

 Time (months) 0.003 0.024 0.001-0.005 
 Rainfall (mm) 0.002 <0.001 0.001-0.003 
 Drainage intervention (completed August 1984) -0.228 0.506 -0.899-0.444 
3-c 
Dry-season  
Cx. annulirostris~ 

   

 Time (months) -0.001 0.424 -0.003-0.001 
 Rainfall (mm) -0.004 0.008 -0.007--0.001 
 Drainage intervention (completed August 1984) -1.113 <0.001 -1.6494--

0.533 
     
4-a 
An. bancroftii, An. farauti + Cq. xanthogaster~ 

   



126 
 

 Time (months) -0.001 0.751 -0.002-0.003 
 Rainfall (mm) -0.003 <0.001 -0.003--0.002 
 Drainage intervention (completed August 1984) -1.492 <0.001 -2.105--0.878 
4-b 
Wet-season 
An. bancroftii, An. farauti + Cq. xanthogaster~ 

   

 Time (months) 0.001 0.434 -0.002-0.004 
 Rainfall (mm) -0.002 <0.001 -0.003--0.001 
 Drainage intervention (completed August 1984) -1.022 0.013  -1.832-0.212 
4-c 
Dry-season 
An. bancroftii, An. farauti + Cq. xanthogaster~ 

   

 Time (months) -0.003 0.684 -0.004-0.003 
 Rainfall (mm) -0.015 <0.001 -0.018--0.011 
 Drainage intervention (completed August 1984) -1.836 0.001 -2.915--0.757 
 

 

Figure 5.3. Average annual Wet-Dry-season mosquito abundance (with 95% CI), by 

mosquito species, 1980-2007, Casuarina Swamp (1984-drains completed) NB- y-axis scales 

differ 

 

Coconut Grove 

When the 6 mosquito species are combined, controlling for time and rainfall, there 

was a statistically significant reduction in mosquito abundance after the drainage 

0 

800 

1600 

1980 1990 2000 2010 
Year 

Dry season upper95 lower95 
Wet season upper95 lower95 

Three Anopheline mosquitoes + Ae. vigilax + Cx. annulirostris 

0 

3000 
6000 

1980 1990 2000 2010 
Year 

Dry season upper95 lower95 
Wet season upper95 lower95 

Ae. vigilax 

0 

800 

1600 

1980 1990 2000 2010 
Year 

Dry season upper95 lower95 
Wet season upper95 lower95 

Cx. annulirostris 

0 

200 

400 

1980 1990 2000 2010 
Year 

Dry season upper95 lower95 
Wet season upper95 lower95 

Three Anopheline species + Cq. xanthogaster 

Casuarina Swamp 



127 
 

intervention at Coconut Grove Swamp (p<0.001), Table 5.3, Model 1-a.  Once 

stratified by season (wet-dry), I found that in both wet and dry-seasons, mosquitoes 

were statistically significantly less abundant after the drains were built, (p<0.001), 

Table 5.3, Models 2-b & c. When separated by species, Ae. vigilax abundance 

indicated a statistically significant decline when wet and dry-seasons were combined, 

Model 2-a, and a statistically significant lower abundance of Ae. vigilax after the 

drainage intervention, in the dry-season (p<0.001).  Culex annulirostris abundance 

was statistically significantly lower in all seasons (p<0.001). For the other combined 

species (Anopheline, Cq. xanthogaster, Ma. uniformis) models, all seasons indicated 

a statistically significant decline in mosquito abundance after the drain intervention 

compared to before, (p<0.001), Table 5.3, Models 4-a, b, c, Figure 5.4. All models 

were a good fit to the data. 
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Table 5.3. Coconut Grove Swamp: Cross sectional negative binomial modelling results- 

drain effects on mosquito abundance  

Model Independent variables Coef p 95 % CI 
1-a 
6 mosquitoes species combined~ 

   

 Time (months) -0.006 <0.001 -0.007--0.004 
 Rainfall (mm) 0.002 <0.001 0.001-0.002 
 Drainage intervention (completed October 1984) -1.782 <0.001 -2.237—1.327 
1-b 
Wet-season 
6 mosquitoes species combined~ 

   

 Time (months) -0.004 0.001 -0.007-0.002 
 Rainfall (mm) 0.001 0.025 0.000-0.002 
 Drainage intervention (completed October 1984) -1.386 <0.001 -2.052--0.721 
1-c 
Dry-season 
6 mosquitoes species combined~ 

   

 Time (months) -0.006 <0.001 -0.008--0.004 
 Rainfall (mm) 0.003 0.017 0.000-0.006 
 Drainage intervention (completed October 1984) -2.094 <0.001 -2.704—1.483 
2-a 
Ae. vigilax~ 

   

 Time (months) -0.003 0.010 -0.006-0.000 
 Rainfall (mm) 0.001 0.008 0.000-0.002 
 Drainage intervention (completed October 1984) -0.956 0.013  -1.712-0.199 
2-b  
Wet-season  
Ae. vigilax ~ 

   

 Time (months) -0.003 0.070 -0.007-0.003 
 Rainfall (mm) 0.002 0.028 0.000-0.003 
 Drainage intervention (completed October 1984) 0.175 0.720 -0.780-1.129 
2-c 
Dry-season  
Ae. vigilax ~ 

   

 Time (months) -0.003 0.052 -0.006-0.003 
 Rainfall (mm) 0.010 <0.001 0.006-0.014 
 Drainage intervention (completed October 1984) -1.796 <0.001 -2.569--1.023 
     
3-a 
Cx. annulirostris~ 

   

 Time (months) -0.007 <0.001 -0.008--0.004 
 Rainfall (mm) 0.002 <0.001 0.002-0.003 
 Drainage intervention (completed October 1984) -1.434 <0.001 -1.917--0.951 
3-b  
Wet-season  
Cx. annulirostris~ 

   

 Time (months) -0.005 <0.001 -0.007--0.002 
 Rainfall (mm) 0.001 0.031 0.000-0.002 
 Drainage intervention (completed October 1984) -1.121 <0.001 -1.795--0.447 
3-c 
Dry-season  
Cx. annulirostris~ 

   

 Time (months) -0.009 <0.001 -0.011--0.006 
 Rainfall (mm) -0.003 0.077 -0.006-0.001 
 Drainage intervention (completed October 1984) -1.729 <0.001 -2.355—1.104 
     
4-a 
An. bancroftii, An. farauti + Ma. uniformis +  Cq. 
xanthogaster~ 

   

 Time (months) -0.008 <0.001 -0.011--0.006 
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 Rainfall (mm) -0.001 0.100 -0.001-0.001 
 Drainage intervention (completed October 1984) -1.939 <0.001 -2.435- -1.444 
4-b 
Wet-season 
An. bancroftii, An. farauti + Ma. uniformis + Cq. 
xanthogaster~ 

   

 Time (months) -0.009 <0.001 -0.012--0.007 
 Rainfall (mm) -0.001 0.252 -0.002-0.001 
 Drainage intervention (completed October 1984) -2.132 <0.001 -2.810- -1.455 
4-c 
Dry-season 
An. bancroftii, An. farauti + Ma. uniformis + Cq. 
xanthogaster~ 

   

 Time (months) -0.008 <0.001 -0.011--0.005 
 Rainfall (mm) -0.009 <0.001 -0.013--0.006 
 Drainage intervention (completed October 1984) -1.796 <0.001 -2.440- -1.148 
 

 

Figure 5.4. Average annual Wet-dry-season mosquito abundance (with 95% CI), by 

mosquito species, 1980-2007, Coconut Grove Swamp (1984-drains completed) NB- y-axis 

scales differ 
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Discussion 

Habitat modification has had a profound effect on mosquito numbers in all three 

wetlands, and this has been sustained over 25 years. When species were combined, 

mosquito abundance decreased during the dry-season months in each location, with 

statistical significance reaching a minimum of highly significant; the overall impact 

illustrated in Figures 5.2-5.4. What is also clear is the seasonal shift from dry-season 

to wet-season dominance for Cx. annulirostris at Leanyer Swamp, and for some 

species, the strong shift has been demonstrated from dry-season abundance to a very 

low abundance throughout the year; these patterns were evident in all three locations 

almost universally across mosquito species.  

 

As vegetation types responded to the change in fresh water availability, dominant 

reed species receded and were replaced with bare mud flats or different plants, which 

in-turn preceded a change in mosquito abundance. This delay in mosquito decline, 

subsequent to vegetation change and water availability, is exemplified in Figures 5.2-

5.4. More specifically, as a direct result of storm-water diversion at Casuarina (Sandy 

Creek), Typha areas, which has previously been described as strongly associated with 

mosquito breeding (Dale et al., 2007), desiccated and began to die (Whelan, 1988). 

Similarly, Schoenoplectus reeds on the former mud flats soon receded, and by 1986, 

these reed species had largely disappeared (Whelan, 1988). Subsequent to drainage 

channel completion, the most evident ecological change in Leanyer and Coconut 

Grove Swamps, was a dramatic decline in Eleocharis sp and S. litoralis reeds; a 

preferable breeding habitat for Ae. vigilax, Cx. annulirostris, and Anopheles sp. and 

Cq. xanthogaster. As S. litoralis reed areas rapidly receded, the mud flats became 



131 
 

more dominant, which are much less favorable environments for ovi-positioning and 

larvae development. 

 

The ecological changes in all three swamp systems translated directly to a reduction 

in pest biting mosquitoes and disease vector abundances. This markedly reduced the 

disease transmission potential, and relieved public distress in adjacent suburbs. The 

drainage intervention was associated with a trend for statistically significant 

reduction in Anopheline numbers at the Leanyer Swamp (p=0.091) during dry-

season months.  The results from Casuarina and Coconut Grove indicate that An. 

bancroftii, An. farauti (+ Ma. uniformis) +  Cq. xanthogaster were significantly 

lower after the habitat modification intervention, which can be further visualized in 

Figures 5.3 & 5.4. The significant reduction of potential malaria vectors An. farauti, 

An hilli and An. bancroftii, has reduced the malaria transmission potential in Darwin, 

and was of particular importance in the Casuarina area, as the Royal Darwin Hospital 

(where potentially infective malaria patients are located) is adjacent to Sandy Creek 

(Casuarina Swamp) as well as a well frequented recreational reserve (Whelan, 1988). 

Furthermore, the drainage and sand-fill interventions reduced pest species Cq. 

xanthogaster populations to be virtually absent throughout the year in Casuarina and 

Coconut Grove (Northern Territory Government, 1989).  

 

There was a statistically significant drop in dry-season Cx. annulirostris abundance 

at all three swamp locations: only Leanyer Swamp incurred a statistically significant 

increase in abundance during wet-season months. Coconut Grove Swamp moved 

from dry-season abundance to minimal numbers of Cx. annulirostris throughout the 
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year. These reductions in dry-season abundance have implications for MVEV and 

KUNV disease transmission. Human cases of MVEV disease in the NT occur during 

the months January to July (Russell, 1998b), the NT reports the highest annual 

incidence rate in Australia (Communicable Diseases Australia, 2010c); and while 

KUNV cases have occurred from March to August , sentinel chicken 

seroconversions and human cases mostly occur between March and June 

(Communicable Diseases Australia, 2010b). Once sentinel chickens have 

seroconverted, environmental conditions for vectors and bird reservoirs may be 

favourable for MVEV and KUNV transmission during the following two months 

(Whelan and Kurucz, 2007). Since the completion of drainage interventions in these 

salt-marsh systems, the implicated vector for MVEV and KUNV, Cx. annulirostris, 

is no longer abundant early in the dry-season (May-July) when MVEV and KUNV 

activity has been historically present. This intervention has therefore produced a 

long-term risk reduction for MVEV and KUNV disease transmission, by reducing 

mosquito abundance for at least half the virus season.  

 

For Ae. vigilax, a significant decline in mosquito abundance was observed for dry-

season months at Casuarina and Coconut Grove Swamps; however, this decline was 

only a trend for significance at Leanyer Swamp. Following the drainage intervention, 

wet season mosquito production remained constant at the three swamp systems for 

Ae. vigilax.  Lack of decline in dry-season abundance at the Leanyer Swamp for this 

species is most likely contributed to by Ae. vigilax breeding within the human-

incised drains. While only a small proportion of the drains provide suitable larval 

habitat, they are, however, very productive and can produce 10 times more larvae 

than lower mangroves in the same swamp system (Jacups et al., 2009). The upper 
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reaches of the Leanyer Swamp drains are associated with appreciable areas of marsh 

grasses Xerochloa imberbis and salt water couch S. virginicus, mangrove A. marina, 

and the reeds Shoenoplectus  litoralis or Eleocharis dulcis (Whelan, 1988). These 

species have previously been associated with high Ae. vigilax densities in other parts 

of Australia  (Dale et al., 1986, Dale and Knight, 2006, Gislason and Russell, 1997, 

Kay and Jorgensen, 1986, Marks, 1967, Sinclair, 1976, Turner and Streever, 1997). 

Others have similarly reported that following restoration of tidal flushing, mangrove 

species increased, but oviposition also increased as an unwanted side effect (Turner 

and Streever, 1999).  

 

Further mosquito-borne disease implications relate to RRV and BFV transmission. 

RRV outbreaks have been previously associated with increases in Ae. vigilax and Cx. 

annulirostris abundance during early wet-season months in the Darwin area (Jacups 

et al., 2011c, Jacups et al., 2008b). As large BFV disease outbreaks have not been 

reported from the Darwin area, and it occurs less frequently and more evenly 

throughout the year compared with RRV, Ionly further discuss RRV here 

(Communicable Diseases Australia, 2010a).  Ross River virus disease outbreaks in 

the Darwin region have always been associated with wet-season months, usually 

January or February (Communicable Diseases Australia, 2010d, Jacups et al., 2008a, 

Jacups et al., 2008b), probably coinciding with vertebrate host lifecycles, rainfall and 

other environmental conditions (Jacups et al., 2011c). It is unlikely that static Ae. 

vigilax dry-season abundance at the Leanyer Swamp will appreciably alter the 

potential for RRV outbreaks; Ae. vigilax mosquitoes assist the maintenance of 

enzootic viral endemicity and early seasonal transmission; while high populations of  

Cx annulirostris in the early wet-season are considered to drive the outbreaks (Glass, 
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2005, Whelan et al., 1997). So, for the most part, continuing Ae. vigilax levels are 

unlikely to lead to larger RRV outbreaks; however, maintenance of the population 

will play a role in continual transmission, and its reputation as a vehement pest biter 

necessitates alternative control measures to address dry-season abundance and reduce 

public distress during peak periods. High numbers of Cx. annulirostris during wet-

season months is of greater concern, as this species is the implicated vector 

responsible for outbreaks or epidemics of RRV disease (Glass, 2005, Whelan et al., 

1997), additionally, it is also the vector for MVEV and KUNV.  

 

The use of constructed drainage channels for habitat modification, as a long-term 

method of mosquito control in tidal swamps, has been well established (Alsemgeest 

et al., 2005, Breitfuss et al., 2005, Dale, 2007, Jones et al., 2004, Saintilan, 2009). 

Although ditching is often viewed with environmental negativity in comparison with 

other established mosquito control methods (chemical treatment and biological 

control), minimal habitat modification offers the lowest impact on non-target species 

(Dale, 2007, Dale and Breitfuss, 2009, Dale et al., 1989, Dale and Hulsman, 1990, 

Saintilan, 2009). Here, I report a slightly different situation, not of destruction or 

appreciable damage of natural habitat for mosquito control, but rather, rectification 

of anthropogenic ecological damage using habitat modification for mosquito control, 

such as a  reduction of larval habitat by restoration of tidal flushing to degraded 

mangrove areas (Russell, 2001). The two intervention strategies have a similar 

endpoint in changing the ecology to prevent mosquito breeding; however, the 

ecological consequences of restoring, rather than modifying an existing system, are 

to some extent ameliorated. Again, this differs from pure rectification, as the goal is 
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then purely environmentally based, rather than for mosquito control (Elliott et al., 

2007).  

 

The swamps in this study were originally salt-marshes, with natural wet-dry cycles, 

these cycles have been partly restored and reed vegetation has been reduced, whilst 

re-colonization with mangrove species has restored these areas to more closely 

resemble their former states. However the goal was long-term mosquito control, with 

habitat restoration a serendipitous secondary outcome. Thus, in this situation, the 

detrimental environmental consequences of habitat modification, such as soil and 

water content changes, and faunal and floral changes associated with changes to salt-

marshes for mosquito control (Breitfuss et al., 2005, Dale and Knight, 2006, 

Saintilan, 2009), are less deleterious, and in many instances, such as mangrove re-

colonization, welcomed: not all salt-marsh modifications result in environmental 

damage (Dale and Breitfuss, 2009, Dale, 2001).  

 

In these swamp systems, habitat modification or restoration, as a method of long-

term mosquito control, has mostly been a success story. The anthropogenic changed 

ecology has made advancements to returning to a more natural salt-marsh ecosystem, 

and mosquito numbers have been significantly reduced, especially during dry-season 

months. Record rains will produce mosquitoes in abundance, this is unavoidable; 

nevertheless, dry-season abundance was avoidable, and the return to natural wet and 

dry cycles has significantly reduced mosquito abundance. Furthermore, this has 

noteworthy health implications by reducing disease risk and pest species biting. Four 

of the five most important mosquito species have fallen to below pest levels in the 
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suburbs adjoining Leanyer swamp during dry-season months (Whelan, 2007a). This 

has meant a significant increase in quality of life and a reduction in the risk of 

seasonal mosquito borne-disease for residents in these areas (Whelan, 2007a).  

 

Since the drainage intervention, aerial applications of Bacillus thuringiensis 

israelensis (Bti) have been applied in the Leanyer Swamp system. These biorational 

control applications that specifically target Ae. vigilax, are largely applied to the 

drains between August to November (late dry-season), after tidal inundation. 

However, results from this study indicate that larval control in the Leanyer swamp 

may still be inadequate for this species.  Strategies should be considered to 

strengthen the current integrated approach, possibly by annual maintenance or 

supplementary excavation of drainage channels to reduce vegetation and silting that 

reduce drain flow rates after tides or rain, and hence create suitable mosquito larval 

habitat during wet-season months.  For the other swamp systems, larval control 

operations have been varied. Small areas have been targeted in the Coconut Grove 

Swamp using ground s-methoprene application, while more frequent aerial s-

methoprene control has been required in the poorly drained Casuarina equisetifolia 

forest areas of Casuarina Swamp.  

 

In conclusion, these drainage interventions have reduced the potential of malaria 

transmission in the Darwin area, should imported and infective cases be located in 

suburbs adjacent to the swamps. RRV and BFV disease risk has been similarly 

reduced by the drainage intervention. Factors influencing the timing of the annual 

MVEV and KUNV season in the NT include wet-season rainfall and its effect on 
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vectors and vertebrate hosts (Jacups et al., 2011c). Sentinel chickens indicate MVEV 

and KUNV activity and are imperative tools for early-warnings. Nevertheless, 

increases in wet-season abundance of Cx. annulirostris is of concern for MVEV 

disease, which can be fatal, and RRV disease that can occur in large outbreaks driven 

by Cx. annulirostris. The drainage channels of Leanyer Swamp have been 

progressively colonised with various reeds, grasses and mangroves. Appreciable 

removal would improve return flow to tidal areas and is likely to reduce the 

abundance of Ae. vigilax and Cx. annulirostris. This study, which spanned a period 

of over 25 years, has enabled these deficits to be identified. Further comprehensive 

drain rectification and maintenance, beyond the current annual de-silting is required 

to ensure further long-term reduction in mosquito abundance throughout the year.  
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Chapter 6- A comparison of Aedes vigilax larvae population densities and 

associated vegetation categories in a coastal wetland, Northern Territory, 

Australia 

 

 

This work has been previously published in- Jacups, S. P., N. Kurucz, P. I. Whelan, 

and J. M. Carter (2009), A comparison of Aedes vigilax larval population densities 

and associated vegetation categories in a coastal wetland, Northern Territory, 

Australia, Journal of Vector Ecology, 34(2), 311-316. 

Statement of contributions of each author: 

Jacups performed all analyses, reviewed the literature and produced the manuscript 

Kurucz & Whelan conceptualised, provided the mosquito data and edited the 

manuscript. Carter produced the GIS maps and GIS data which were used in the 

analysis. Consent has been granted by all co-authors for use of this publication in my 

PhD thesis (Appendix A). 

 

 

Introduction 

The tropical region of northern Australia has a characteristic monsoonal climate with 

a ‘wet season’ from November to April, and little or no rainfall during the ‘dry 

season’ months, Figure 1.1. Darwin, the capital of the Northern Territory (NT) 

receives an average annual rainfall of 1708 mm (Australian Bureau of Meteorology, 

2008), and although most of this falls in only half the year, this rainfall average 

remains substantially higher than for other Australian capital cities (Australian 

Bureau of Meteorology, 2008). Some of Darwin’s northern residential suburbs are 
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adjacent to a coastal wetland, which is subject to seasonal flooding and tidal 

inundation, accentuated by poor drainage during ‘wet season’ months, Figure 6.1. 

Part of this wetland has been artificially altered by incised drains now colonised by 

various marsh plants. This brackish marsh and upper mangrove coastal wetland 

provides suitable breeding habitat for the northern saltmarsh mosquito Aedes vigilax 

(Skuse) (Whelan, 1989); a major pest species (Gislason and Russell, 1997, 

Mackerras, 1926, Marks, 1967, Webb and Russell, 1999) as well as a major vector 

for Ross River and Barmah Forest virus diseases (Russell, 1998a, Whelan et al., 

1997).  

 

Figure 6.1. Study area proximity to Darwin urban residential area, in Australia 
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Figure 6.2. Tidal limits in wetlands adjacent to the Darwin northern suburbs  

 

Systematic larval mosquito survey and control operations have been conducted in the 

coastal wetlands of the northern Darwin suburbs margin since 1986 (Figure 6.1 & 

6.2) (Kurucz et al., 2009b, Whelan, 2007b). This chapter identifies optimal 

conditions of rainfall and tide in association with vegetation categories for Ae. vigilax 

breeding and abundance; while chapter 8 (Kurucz et al., 2009b) evaluates aerial 

mosquito control efforts for Ae. vigilax. When combined, this work can reduce 

survey and control time by optimising areas of operation for the aerial mosquito 

control of Ae. vigilax, and hence assist disease prevention and nuisance reduction 

(Jacups et al., 2008b, Liu et al., 2007).   
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Methods 

GIS analysis 

Ground truthing of aerial photographs, based on vegetation surveys and observations 

(Hayes, 2000, Metcalfe, 1998, Whelan, 1989) (P I Whelan and N Kurucz personal 

observations, 2008), enabled the wetland to be categorised into discernible 

vegetation categories (Kurucz et al., 2009b). Samples of vegetation specimens for 

each category were formally identified by the NT Herbarium (Northern Territory 

Government, 2008). The areas were recorded and mapped as feature themes using 

ArcGIS (ArcGIS 3.2). Each vegetation category controlled for mosquito breeding 

was calculated by intersecting the control feature data with vegetation category data, 

Figure 6.3. Control areas were separated into tide-only, rain-only, and tide and rain 

events coinciding with the latter defined as tide events plus >10mm rain occurring 

within four days of the control event.  
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Figure 6.3. Vegetation categories for Ae. vigilax larval control in the coastal 

wetlands adjacent to Darwin’s northern suburbs  

 

Field sampling 

Helicopter surveys, executed 1-3 days after monthly high tides or after rain events, 

located retained water and mosquito larvae as described by (Kurucz et al., 2009a, 

Kurucz et al., 2009b). Larval sampling was conducted along vegetation category 

transects using a 250ml ladle. Sample sites were established using vegetation 

characteristics historically associated with mosquito breeding. A focused dipping 

technique was applied with repeated dips used for each vegetation category. Multiple 

dips for each vegetation category enabled an average of all immature stages to be 

calculated. The average number of larvae per dip, for each vegetation category were 

stored in the database, thus the exact number of dips per metre cannot be determined 

retrospectively. Thus, larval density represents the average number of Ae. vigilax 

larvae or pupae per dip for each vegetation category. As mosquito larvae dive in 

response to movement, repeated dips were not performed in the immediate vicinity. 

All immature stages were collected into labelled vials, with exact counts and formal 

identification confirmed in the laboratory. All Ae. vigilax larval control operations 

from July 2000 to June 2007 were included in the analysis (Kurucz et al., 2009b). 

 

Environmental data 

Sea level-tidal data were provided by the Bureau of Meteorology and included 

predicted tidal maximums for Darwin harbour (Australian Bureau of Meteorology, 

2006). The highest monthly tides inundated many relevant vegetation categories in 
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the wetland at the following levels: low areas flooded (>7.4 m tide), medium (>7.6 

m) and high (>7.8 m), Figure 6.2.  

 

Data analyses  

I compared Ae. vigilax larval densities for each vegetation category across three 

rainfall and tidal conditions. A generalised linear model with negative binominal 

distribution and log link was applied to the larval density data, with incidence rate 

ratios (RR) rather than coefficients displayed for ease of comparison between 

categories. Free draining ‘lower mangroves’ was selected as the vegetation reference 

category due to its low historical association with Ae. vigilax breeding, while 

similarly March was selected as the reference month. Thus, the RR represents the 

magnitude of larval density per vegetation category or month compared with the 

reference category or month. All statistical analysis were performed using 

Intercooled STATA 10.0 (Stata Corp., College Station, TX, USA).  

 

Results 

Larval density  

The highest larval densities, independent of months or tidal associations, were 

identified in the drainage category (k) that produced almost 10 times more larvae 

than lower mangroves (RR=9.82). This was followed closely by the tide-affected 

reticulate category (b) (RR=8.15), then Schoenoplectus/mangroves (i) (RR=2.29), 

Table 6.1. Mudflats (l), non-tidal (rain affected) reticulate (c), brackish grasslands (d) 

and Typha (g) categories had significantly lower larval numbers than the lower 

mangroves (P<0.01), with RR’s of 0.24, 0.62, 0.66 and 0.30 respectively. 
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Table 6.1. A comparison of Ae. vigilax larval densities by vegetation category for all months, July 2000 to June 2007  

 Vegetation categories Dominant plant species present Total area  
(ha) 

RR 95% CI p 

a Lower mangroves* Rhizophora stylosa, Avicennia marina 908.35 1.00 reference - 
b Reticulate-tide affected Xerochloa imberbis, Sporobolus virginicus 190.7 8.15 6.00-11.1 0.001 
c Reticulate-non tidal Sporobolus virginicus, Xerochloa imberbis,  

Sesbania cannabina, Fimbristylis ferruginea 
64.03 0.62 0.45-0.84 0.002 

d Brackish grassland  Xerochloa imberbis, Sporobolus virginicus,  
Tecticornia australasica 

135.11 0.66 0.49-0.89 0.007 

e Grassland floodplains Panicum decompostum 263.38 1.15 0.85-1.57 NS 
f Eleocharis Eleocharis dulcis, Eleocharis spiralis 65.18 1.01 0.75-1.37 NS 
g Typha Typha domingensis 9.18 0.30 0.22-0.40 0.001 
h Schoenoplectus Schoenoplectus litoralis 24.85 1.24 0.92-1.69 NS 
I Schoenoplectus/ 

mangroves 
Avicennia marina, Schoenoplectus litoralis 94.64 2.29 1.69-3.10 0.001 

j Dune/Interdune  
depression with 
mangrovesΩ 

Tecticornia australasica, Halosarcia indica,  
Sporobolus virginicus 

188.65 1.11 0.83-1.53 NS 

k Drainage area Xerochloa imberbis, Sporobolus virginicus,  
Avicennia marina 

90.45 9.82 7.26-13.30 0.001 

l Mudflat Halosarcia halocnemoides 650.66 0.24 0.18-0.33 0.001 
m #Other Various 453.61 0.00  NS 
 Totals  3138.8    
* Lower mangroves in this analysis includes small areas in the upper reaches of mangrove drain lines between the lower mangroves and 
mudflats that technically are upper mangroves.  

# -Other includes: monsoon rainforest, open woodland, sewage pond area, Pandanus, paperbark, freshwater sedge areas 

Ω- beach chernier with tidally influenced interdune depressions 
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Table 6.2. Monthly Ae. vigilax larval densities compared for vegetation categories-  

Reticulate- tide affected (b) and Drainage area (k), July 2000 to June 2007 
 Reticulate- tide affected (b) Drainage area (k) 
Month RR 95% CI p RR 95% CI p 
January 39.5 13.8-112.8 0.001 10.6 3.7-30.3 0.001 
February 5.3 1.9-15.2 0.002 3.2 1.1-9.0 0.031 
March 1.0 Reference - 1.0 reference - 
April 1.8 0.6-5.2 NS 3.8 1.3-10.7 0.013 
May 11.7 4.1-33.4 0.001 12.2 4.3-34.8 0.001 
June 2.2 0.8-6.3 NS 6.0 2.1-17.0 0.001 
July 0.4 0.1-1.2 NS 1.1 0.4-3.2 NS 
August 0.7 0.2-1.9 NS 2.9 1.0-8.2 0.049 
September 3.6 1.3-10.2 0.017 17.2 6.0-49.1 0.001 
October 13.5 4.7-38.6 0.001 54.4 19.1-155.2 0.001 
November 76.3 26.7-217.9 0.001 40.5 14.2-115.4 0.001 
December 120.1 42.1-342.7 0.001 33.2 11.6-94.6 0.001 
 

 

When examining larval densities by month for each vegetation category, tide-

affected reticulate (b) areas and drainage areas (k) were the only categories that 

produced significant models (Table 6.2). For each of these categories, results 

identified a significant association between Ae. vigilax larval densities for May, as 

well as the wet season months, compared with March - the reference month,  Table 

6.2. When vegetation categories were combined, monthly larval densities associated 

with tide and rainfall patterns indicated that for tide-only conditions, larval densities 

were highest between October–December, with an additional peak in May, compared 

with March, Table 6.3. However, for rain-only events, November and December 

were the most significant months for Ae. vigilax breeding,  Table 6.3. When rain and 

tide events coincided, November and December were again the most significant 

months for Ae. vigilax breeding, Table 6.3.   



146 
 

Table 6.3, Monthly Ae. vigilax larval density rate ratios for tide, rain and rain and tide coinciding, all vegetation 

categories combined, July 2000 to June 2007 

 Tide-only Rain-only Tide and rain 
coinciding 

Month RR 95% CI p RR 95% CI p RR 95% CI p 
January - - - 5.01 1.8-14.0 0.002 6.58 2.8-15.5 0.001 
February - - - 1.3 0.4-3.7 ns 2.79 1.06-7.3 0.038 
March 1.0 Reference - 1.00 Reference  1.00 Reference - 
April 20.0 9.1-43.9 0.001 - - - - - - 
May 73.4 31.0-173.7 0.001 8.62 2.6-28.1 0.001 - - - 
June - - - 10.43 3.0-35.7 0.001 2.62 0.9-6.9 0.054 
July 2.7 1.3-6.0 0.012 - - - - - - 
August 12.3 5.9-25.3 0.001 - - - 0.44 0.16-1.2 Ns 
September 38.6 19.7-75.6 0.001 - - - - -  
October 64.6 33.1-125.9 0.001 - - - 4.61 1.8-11.3 0.001 
November 71.1 35.7-141.8 0.001 38.93 13.7-110.3 0.001 15.46 6.7-35.7 0.001 
December 87.5 43.2-177.5 0.001 31.1 11.4-84.9 0.001 11.5 4.9-26.8 0.001 

 



147 
 

Discussion  

The coastal wetland bordering Darwin’s northern suburbs is an important larval 

habitat for Ae. vigilax (Whelan, 2007a). Female mosquitoes access non-draining 

areas on salt affected damp soil or associated vegetation for oviposition (Dale et al., 

1986, Reynolds, 1961, Sinclair, 1976, Strickman, 1982), and eggs can remain 

drought resistant for up to 12 months (Hamlyn-Harris, 1933). Hatching occurs when 

eggs are inundated by subsequent tides or rain (Dale et al., 1986, Whelan, 1989).  

 

The relationship between tides, rain and Ae. vigilax productivity has previously been 

documented for some areas in the NT and southern Australia (Webb and Russell, 

1999, Whelan et al., 1997), although these authors did not report on the association 

with vegetation and drainage patterns. In this wetland, monthly spring tides can 

inundate areas of Ae. vigilax larval habitat. Tides between 7.4 m and 7.5 m inundate 

the upper sections of the incised drains, which can result in residual pooling and 

mosquito breeding within the drains. Tides greater than 7.5 m start to inundate areas 

outside the drains, and the lowest Schoenoplectus/mangrove areas (i) and tidal 

affected reticulates (b), and then progressively flood the Schoenoplectus (h), the 

Eleocharis (f) and the Typha (g) areas. Tides that rise sea level ≥ 7.8m inundate all 

potential Ae. vigilax oviposition sites except the non-tidal reticulate (c) and the 

grassland floodplain vegetation (e) categories, Figures 6.2 & 6.3.  

 

Our findings reveal that the highest larval densities occur in the drainage areas (k). 

Densities were nearly 10 times greater than the reference category lower mangroves 

(RR=9.82), Table 6.1. Drainage areas produce high larval densities from September 
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to January and in the early dry season in May, Table 6.2. Although only a small 

proportion of the drains provide suitable larval habitat, the proximity of drainage 

areas to residential areas and their productivity in the early dry season necessitate 

aerial mosquito control to reduce the nuisance and disease carrying capacity of Ae. 

vigilax to nearby residents. 

 

High larval densities are also associated with tide-affected reticulate (b) areas 

(RR=8.15), Table 6. 1. This vegetation category is characterised by a network of 

small depressions, with marsh grass Xerochloa imberbis and salt water couch 

Sporobolus virginicus as the dominant vegetation. After inundation by tides or rain, 

water pools, and mosquito breeding occurs in very high densities until later wet 

season flooding enables fish and aquatic insect predation of mosquito larvae, and 

renders the oviposition sites unavailable. This finding is further reinforced when 

examining larval densities by month in tide affected reticulates, which decrease from 

January to February as wet season flooding occurs, with a small peak in May after 

the start of the new tidal inundation cycle, Table 6.2. Tide-affected reticulate (b) 

areas with S. virginicus as the principle plant have previously been identified 

facilitating high density Ae. vigilax breeding in eastern Australia (Dale et al., 1986, 

Gislason and Russell, 1997, Kay and Jorgensen, 1986, Sinclair, 1976, Turner and 

Streever, 1997), similarly X. imberbis has been previously established as a good 

indicator of the presence of  Ae. vigilax (Marks, 1967, Sinclair, 1976). Control in the 

tide-affected reticulate (b) areas is important due to high larval densities over large 

areas, some of which are relatively close to urban areas. Highest densities are found 

in this vegetation category during the late dry season when the highest tides occur, 

and in the early wet season, until seasonally flooded.  
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The third highest larval densities are associated with the Schoenoplectus/mangroves 

(i) (RR=2.29), Table 6.1, and furthermore, this vegetation category constitutes a 

large area of the wetland. It is partly inundated by tides greater than 7.5 m after the 

late wet season (late April) after marginal areas of the wet season flooded areas have 

dried. The lower topography can remain flooded to mid-dry season (June), rendering 

this habitat unavailable for oviposition until drying occurs. Monthly high tides 

increase from June to December (Australian Bureau of Meteorology, 2008), with the 

first high tide resulting in few egg hatches, but subsequent tides result in increasing 

hatches from increased flooding and successive egg laying. Due to the regular dry 

season/early wet season flooding-desiccation cycle in this vegetation category, 

repeated and extensive larval control is required until the area is seasonally flooded. 

 

One limitation in this study has been the classification of ‘lower mangroves’, which 

typically drain freely and do not provide suitable habitat for Ae. vigilax breeding. 

However, in this study a narrow transition zone between lower mangroves and 

mudflats in the drainage area has been included as ‘lower mangroves’ for simplicity. 

The upper reaches of these mangrove drainage lines have occasional ponding after 

tide or rain events that require control efforts when necessary. This inclusion would 

explain the greater presence of larvae in the lower mangroves (a) category compared 

with mudflats (l), non-tidal (rain affected) reticulate areas (c), brackish grasslands (d) 

and Typha (g) areas, which had lower larval densities compared with lower 

mangroves.  
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In summary, our results demonstrate that drains (k) are the most productive Ae. 

vigilax breeding sites in the Darwin coastal wetland area, producing high larval 

densities close to urban residential areas, and thus require repeated control efforts 

after each inundation until seasonally flooded. However, because of the relatively 

small area of actual breeding habitat within these drains, they are relative minor 

contributors to the total area of Ae. vigilax larval habitat. The 

Schoenoplectus/mangrove (i) vegetation category and the tide-affected reticulate 

areas (b) are a priority for Ae. vigilax larval control due to their area. These findings 

on larval densities in coastal wetlands near Darwin are probably applicable to other 

coastal wetlands across tropical Australia, and would be useful as a tool in resource 

development and urban planning to avoid highly productive salt-marsh mosquito 

breeding habitats or in mosquito control programs near urban areas. Furthermore, 

management strategies in this dynamic ecological system can be constantly updated 

as vegetation categories and their distribution change with expected global climate 

change projections.  
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Chapter 7- A geospatial evaluation of Aedes vigilax larvae control efforts across 

a coastal wetland, Northern Territory, Australia 

 

This work has been previously published in- Kurucz, N., P. I. Whelan, J. M. Carter, 

and S. P. Jacups (2009), A geospatial evaluation of Aedes vigilax larval control 

efforts across a coastal wetland, Northern Territory, Australia, Journal of Vector 

Ecology, 34(2), 317-323. 

Statement of contributions of each author: 

Jacups performed all analyses and produced the manuscript. Kurucz & Whelan 

conceptualised the study, provided the data and edited the manuscript. Carter 

produced the GIS maps and data which were used in the analysis. Consent has been 

granted by all co-authors for use of this publication in my PhD thesis (Appendix A). 

 

 

Introduction 

Darwin is the largest city in the Northern Territory (NT) of Australia, located on the 

north coast, Figure 6.1, with a population (statistical region, 2006) of approximately 

105 991 (Australian Bureau of Statistics, 2006). The Darwin area experiences a 

monsoonal climate, with a high average annual rainfall of 1708mm (Australian 

Bureau of Meteorology, 2008), and most rainfall occurs during the wet season from 

November to April, Figure 1.1. Some of Darwin’s northern suburbs are adjacent to 

an extensive coastal marsh and upper mangrove wetland, which experiences seasonal 

tidal inundation that provides suitable breeding conditions for the northern salt-marsh 

mosquito Aedes vigilax (Skuse) (Whelan, 1989) , Figures 6.1 & 3.1. Aedes vigilax is 

recognised as a major human pest species (Gislason and Russell, 1997, Mackerras, 
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1926, Marks, 1967, Webb and Russell, 1999) and is also a major vector for Ross 

River virus and Barmah Forest virus in the Northern Territory (Jacups et al., 2008a, 

Merianos et al., 1992, Russell, 1998a, Tai et al., 1993, Whelan et al., 1997). These 

two arboviruses constitute the majority of arbovirus infections in Australia (Russell, 

1994, Russell, 1995). Thus control of Ae. vigilax is of great importance for disease 

prevention and nuisance reduction in the NT and other areas in Australia. 

 

Medical Entomology conducts integrated mosquito control measures for Ae. vigilax 

breeding in the wetland. Purpose built extensive engineering works completed in 

1985 have led to improved drainage and both aerial and ground mosquito larval 

control programs were instigated in 1986 to reduce the risk of arbovirus transmission 

and the number of pest complaints in the adjacent residential areas (Brogan et al., 

2002, Whelan, 2007a). This chapter outlines the vegetation categories and seasonal 

conditions most associated with aerial mosquito treatment efforts for Ae. vigilax 

larvae in this wetland. A companion paper (Chapter 6) addresses vegetation category 

associations with Ae. vigilax larvae densities in the wetland (Jacups et al., 2009). By 

identifying the most significant vegetation categories and seasonal conditions 

associated with Ae. vigilax breeding, survey time can be reduced and the efficiency 

of aerial salt-marsh mosquito larval control can be maximised. 

 

Methods 

GIS analysis 

Aerial larval mosquito survey and control operations have been conducted in the 

coastal wetlands within a 5 km radius of Darwin’s northern suburbs margin, Figures 
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3.1. I determined the vegetation categories most associated with Ae. vigilax aerial 

mosquito treatments from July 2000 to June 2007, Figure 6.3. Aerial mosquito 

treatment primarily used large-volume water based Bacillus thuringiensis var. 

israelensis (Bti) mist applications applied by helicopter. Larval control operations for 

other species were excluded. 

 

The wetland was divided into discernible vegetation categories based on previous 

vegetation surveys and the use of recent aerial photographs with ground truthing, 

Figure 6.3 (Hayes, 2000, Metcalfe, 1998, Whelan, 1989). Vegetation samples of each 

category were formally identified by the NT Herbarium, Table 7.1 (Northern 

Territory Government, 2008). Helicopter surveys were conducted after monthly high 

tides or rain events (>10mm) for retained water and the presence of mosquito larvae 

Ae. vigilax. Details of aerial mosquito treatment were recorded for each vegetation 

category and subsequently mapped and recorded as feature themes using ArcGIS 

(ArcGIS 3.2). The area of each vegetation category treated for mosquito breeding 

was calculated by intersecting each vegetation category with the control feature. 

Treated areas were separated into tide-only, rain-only, and tide and rain events 

coinciding, with the latter defined as tide events plus >10mm rain occurring within 

four days of the control event, Table 7.1. All salt-marsh mosquito larval treatment 

operations from July 2000 to June 2007 were included. 

 

Environmental data 

Monthly high tide and sea level data were provided by the Bureau of Meteorology 

(BOM) retrospectively, enabling the use of actual rather than predicted tides. Tidal 
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maximums were observed during aerial survey operations, these were mapped over 

topographical data. High tides variably inundated the various vegetation categories in 

the wetland; with a low (>7.4m), medium (>7.6m) and high (>7.8m) monthly tide, 

Figure 6.2. In addition, highest average tides >7.5m were calculated for each month 

using BOM tide data over the study period (Australian Bureau of Meteorology, 

2006). 

 

Data analyses- vector control 

Total areas treated by aerial larvicide applications were cumulatively collated over 

the study period, Table 7.1. Treatments for each vegetation category were then 

statistically compared as a proportion of the total area for that vegetation category, 

independent of the total area each category represented, thus the different sizes of 

area were taken into account. A generalised linear model using a binominal 

distribution with logit link was applied to the aerial mosquito control data, using total 

area for each vegetation category as the denominator. Three models were created, 

one for each of the control dataset,; tide-only events (Model 1), rain-only events 

(Model 2), and rain and tide events coinciding (Model 3). The vegetation category 

least associated with Ae. vigilax larval abundance ‘lower mangroves’, was chosen as 

the reference category (Jacups et al., 2009). Similarly, March had the lowest aerial 

mosquito control activity recorded, and thus became the reference month for aerial 

mosquito treatment measures for vegetation categories by month. For ease of 

comparison between vegetation categories, I report odds ratios (OR) rather than 

coefficients. All statistical analysis were performed using Intercooled Stata 10.0 

(Stata Corp., College Station, TX, USA). 
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Table 7.1. Vegetation categories and areas treated in the northern Darwin coastal wetlands, July 2000 to June 2007 
  Vegetation 

categories 
Dominant plant species present Total area 

(ha) 
Tide* (ha)  
Model 1 

Rain** (ha) 
Model 2 

T&R*** 
(ha) 
Model 3 

Total area 
treated 

a Lower mangroves Rhizophora stylosa, Avicennia marina 908.4 
(28.9%) 

173.6  
(6.8%) 

45.9 
(2.3%) 

62.4 
(2.6%) 

281.97 

b Reticulate tide-
affected 

Xerochloa imberbis, Sporobolus virginicus 190.7  
(6.1%) 

679.7 
(26.7%) 

908.8 (44.7%) 919.6 
(38.0%) 

2508.2 

c Reticulate (non tidal) Sporobolus virginicus, Xerochloa imberbis, 
Sesbania cannabina, Fimbristylis ferruginea 

64.0  
(2.0%) 

48.6 
(1.9%) 

204.5 
(10.1%) 

149.4 
(6.2%) 

402.65 

d Brackish grassland  Xerochloa imberbis, Sporobolus virginicus, 
Tecticornia australasica 

135.1  
(4.3%) 

80.2 
(3.2%) 

49.6 
(2.4%) 

60.4 
(2.5%) 

190.19 

e Grassland floodplains Panicum decompostum 263.3 
 (8.4%) 

61.3 
(2.4%) 

131.5 
(6.5%) 

93.5 
(3.9%) 

286.37 

f Eleocharis Eleocharis dulcis, Eleocharis spiralis 65.1  
(2.1%) 

222.6 
(8.8%) 

146.1 
(7.2%) 

204.2 
(8.4%) 

573.0 

g Typha Typha domingensis 9.1  
(0.3%) 

28.0 
(1.1%) 

53.7 
(2.6%) 

35.8 
(1.5%) 

117.63 

h Schoenoplectus Schoenoplectus litoralis 24.8  
(0.8%) 

140.5 
(5.5%) 

60.1 
(3.0%) 

89.2 
(3.7%) 

289.78 

i Schoenoplectus/ 
mangroves 

Avicennia marina, Schoenoplectus litoralis 94.6 
 (3.0%) 

765.2 
(30.1%) 

183.7 
(9.0%) 

440.2 
(18.2%) 

1389.2 

j Dune/interdune 
depressions with 
mangrovesΩ 

Tecticornia australasica, Halosarcia indica, 
Sporobolus virginicus 

188.6  
(6.0%) 

17.9 
(0.7%) 

23.2 
(1.1%) 

19.3 
(0.8%) 

60.45 

k Drainage area Xerochloa imberbis, Sprobolus virginicus, 
Avicennia marina 

90.5  
(2.9%) 

238.8 
(9.4%) 

159.7 
(7.9%) 

248.4 
(10.3%) 

647.04 

l Mudflat Halosarcia halocnemoides 650.6 
 (20.7%) 

77.5 
(3.1%) 

61.3 
(3.0%) 

78.4 
(3.2%) 

217.29 

m #Other  Various 453.6 
 (14.5%) 

7.49 
(0.3%) 

5.41 
(0.3%) 

20.32 
(0.8%) 

33.22 

*Tide - Control for tide-only 
**Rain - Control for rain-only 
***T&R - Control for rain and tide coinciding 
# -Other includes: monsoon rainforest, open woodland, sewage pond area, Pandanus, paperbark, freshwater sedge areas 
Ω- beach chernier with tidally influenced interdune depressions 
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Results 

Cumulated total areas controlled for Ae. vigilax larvae using aerial spraying are 

presented, Table 7.1. Schoenoplectus/mangroves (i) received the highest amount of 

treatment for tide-only control efforts by total area (765.18ha, 30.1%), followed by 

the tide-affected reticulate (b) category (indicated by the marsh grasses Sporobolus 

virginicus and Xerochloa imberbis) (679.7ha, 26.7%), Figure 6.3. Tide-affected 

reticulate vegetation (b) received the highest level of control (908.87ha, 44.7%) for 

rain-only and for rain and tides coinciding control efforts (919.63ha, 38.0%), Table 

7.1, Figure 6.2, indicating that tide-affected reticulate vegetation is the most 

important area for salt-marsh mosquito control with respect to total area sprayed. 

 

Results of the binomial models adjusted for the total area for each vegetation 

category are presented in Table 8.2. Larval control measures were most strongly 

associated with Schoenoplectus/mangrove (i) vegetation (OR = 46.8) for tide-only 

events (Model 1, Table 8.2). All vegetation categories received significantly more 

treatment (p<0.01) than the reference category lower mangroves (a), except 

vegetation category grassland flood plains (e) (p=0.18).  

 

For the rain-only model (Model 2, Table 7.2), all 13 vegetation categories received 

significantly more treatment (p<0.01) than the lower mangrove reference vegetation 

(a). Furthermore, this model highlighted the strength of association between larval 

reduction efforts and Typha vegetation type (g) (OR = 124.65), despite this category 
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covering the smallest total area; this was closely followed by tide-affected reticulate 

areas (b) (OR = 100.26). 

For the rain and tide-coinciding model (Model 3, Table 7.2), larval reduction 

measures were most strongly associated with the tide-affected reticulate areas (b) 

(OR = 74.42), followed by the Typha (g) (OR = 59.45), Eleocharis (f) (OR = 47.34) 

and then Schoenoplectus/mangrove category (i) (OR = 41.30), Table 7.2. All 

vegetation categories received significantly more treatment (P<0.01) than the lower 

mangrove reference category (a), except dune/interdune depressions with mangroves 

(j) (p = 0.13) and “other” (m) (p = 0.09).  
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Table 7.2. Vegetation categories treated for Ae. vigilax larval reduction after tide, rain and rain and tide events coinciding, July 2000 to 

June 2007 

  Vegetation categories  Tide* 
Model 
1 

  Rain** 
Model 2 

  T&R*** 
Model 3 

 

  OR 95% CI P OR 95% CI P OR 95% CI P 

a Lower mangroves 1.0   1.0   1.0   

b Reticulate  tide-affected 19.5 16.5-
22.9 

0.001 100.3 74.4-134.9 0.001 74.4 57.6-96.2 0.001 

c Reticulate (non tidal) 4.0 2.9-5.5 0.001 65.8 47.7-90.8 0.001 34.9 26.0-46.9 0.001 

d Brackish grassland  3.1 2.4-4.1 0.001 7.3 4.8-10.9 0.001 6.5 4.6-9.3 0.001 

e Grassland floodplains 1.2 0.9-1.6 NS 9.9 7.1-13.9 0.001 5.2 3.7-7.1 0.001 

f Eleocharis 18.5 15.1-
22.6 

0.001 45.6 32.7-63.6 0.001 47.3 35.6-62.9 0.001 

g Typha 16.5 10.1-
24.7 

0.001 124.6 83.4-186.2 0.001 59.5 39.2-90.2 0.001 

h Schoenoplectus 31.7 25.2-
39.7 

0.001 49.4 33.5-72.6 0.001 54.5 39.4-75.6 0.001 

I Schoenoplectus/ 
mangroves 

46.8 39.6-
55.3 

0.001 39.4 25.7-49.7 0.001 41.3 31.3-54.6 0.001 

j Dune/Interdune depression 0.5 0.3-0.8 0.005 2.4 1.4-4.0 0.001 1.5 0.9-2.5 NS 

k Drainage area 14.2 11.7-
17.3 

0.001 35.7 25.7-49.7 0.001 41.3 31.3-54.6 0.001 

l Mudflat 0.6 0.5-0.8 0.001 1.9 1.3-2.7 0.001 1.7 1.3-2.5 0.001 

m #Other  0.1 0.0-0.2 0.001 0.2 0.1-0.6 0.001 0.6 0.4-1.1 NS 
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*Tide = Control for tide-only 

**Rain = Control for rain-only 

***T&R = Control for rain and tide-coinciding 

#Other includes: monsoon rainforest, open woodland, sewage pond area, Pandanus, paperbark, freshwater sedge area 
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The highest average monthly tides between July 2000 and June 2007 were 7.8m in 

February and March. Other months averaged between 7.5m and 7.7m, Table 7.3. Dry 

season tides > 7.0m and < 7.5m inundate drains only, while 7.5m tides start to 

inundate Schoenoplectus/mangrove (i) and small areas within the tide-affected 

reticulates (b). Increasing tides progressively flood the Schoenoplectus (h) and the 

Eleocharis (f) vegetation categories. When tides are 7.8m or higher all potential Ae. 

vigilax oviposition sites except the non-tidal reticulate (c) and the grassland 

floodplain (e) categories are inundated (Jacups et al., 2009) 

 

The analyses of vector control efforts by month indicated a greater area was 

controlled during the wet season, with most control efforts conducted between 

September and January, peaking in December (OR = 54.60), Table 7.3. All months 

(except July) received more control efforts (p<0.01) than March, the reference 

month. 
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Table 7.3. Monthly aerial mosquito control for all vegetation categories, July 2000 to 

June 2007  

Month OR 95% CI p Highest average 
monthly tide (m) 

January 21.31 15.61 - 29.08 0.001 7.7 
February 5.14 3.69 - 7.17 0.001 7.8 
March 1.00 Reference  -------- 7.8 
April 2.94 2.07 - 4.18 0.001 7.7 
May 2.95 2.07 - 4.19 0.001 7.6 
June 1.86 1.27 - 2.70 0.001 7.5 
July 1.25 0.89 - 1.87 NS 7.5 
August 5.53 3.97 - 7.69 0.001 7.6 
September. 10.16 7.39 - 13.97 0.001 7.6 
October 24.94 18.29 - 34.00 0.001 7.7 
November 44.16 32.47 - 60.05 0.001 7.7 
December 54.60 40.17 - 74.20 0.001 7.6 
 

Discussion  

These results indicate that the Schoenoplectus/mangroves (i) vegetation category 

requires the greatest area of aerial larval control for Ae. vigilax in the Darwin coastal 

wetland, for tide-only events, and even greater control is required for this vegetation 

category when tide and rain events coincide. Schoenoplectus/mangroves (i) are partly 

inundated by relatively small monthly high tides >7.5m in the early dry season that 

trigger Ae. vigilax breeding; with increasing tides in the late dry season and early wet 

season further increasing inundation and consequent Ae. vigilax breeding. Due to the 

regular flooding-desiccation cycle, repeated and extensive larval control is required 

throughout the late dry and early wet season until heavy rains seasonally flood the 

whole area, and oviposition sites are no longer available. The importance of frequent 

tidal flooding influencing mosquito breeding productivity in mangrove forests was 

previously suggested for Ae. taeniorhynchus in Florida (Ritchie and Addison, 1992). 

Considering the relatively large area of Schoenoplectus/mangroves (i) in the Darwin 
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coastal wetland, it is of high importance as an Ae. vigilax breeding habitat. The 

Shoenoplectus (h) category required the second highest amount of control for tide-

only events. Thus, Shoenoplectus/mangroves (i), followed by Shoenoplectus (h), 

require priority for surveys and aerial mosquito larval control in this wetland.  

 

Further results from this study indicate that the tide-affected reticulate vegetation (b) 

areas require extensive control after rain-only events (Model 2), and tide and rain 

events coinciding (Model 3). High tides >7.7m in October and November, together 

with early wet season rains, lead to successional inundation of these extensive tide-

affected reticulate areas. LaSalle showed that tidal flooding frequency is the main 

factor influencing Aedes mosquito breeding in grassy salt-marshes (LaSalle, 1974). 

The tide-affected reticulate areas consist of a network of small depressions or pools, 

with the salt water couch, Sporobolus virginicus dominating the lowest reaches and 

grading to the marsh grass Xerochloa imberbis in the higher reaches. After 

inundation by tides or rain, the water does not drain, and mosquito breeding occurs in 

pools at high densities until the area is seasonally flooded during the wet season. This 

longer term habitat flooding leads to fewer Ae. vigilax oviposition sites, thus 

dramatically reducing breeding. For rain-only events (Model 2) significantly more 

Ae. vigilax larval control was conducted in the Typha reeds (g) compared to other 

vegetation categories, Table 7.2. However, Typha reeds comprise a relatively small 

area in this wetland (0.3%), compared to other vegetation categories. Thus, control of 

this area is proportionally less important than for the Schoenoplectus/mangrove (i) 

areas (3%) or the tide-affected reticulate (b) areas (6.1%). 
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Seasonal variation of aerial larval control occurs between the wet and dry seasons, 

with the greatest larval control required in the late dry and early wet seasons between 

September and January, with a marked peak in November and December. This 

supports observations of the timing of inundation to the various vegetation 

categories. Larval control for tide is less relevant during the wet season when the 

wetland is seasonally flooded for a long term. Wet season flooded areas 

progressively recede after each wet season until most of the area is dry in the mid dry 

season (July).  

 

Vegetation categories are determined by salinity tolerance and by the length of time 

of fresh water flooding during and after the wet season, and the extent of tides in the 

dry season. For the various reed categories, there is a vegetation progression from the 

lower tidal areas of Schoenoplectus/mangroves (i), to the maximum extent of tidal 

flooding in Typha (g), Figure 6.2. Schoenoplectus/mangroves (i) experience the 

shortest period of fresh water influence, with Schoenoplectus (h) and then Eleocharis 

(f) having longer fresh water flooding, with Typha (g) having the longest period of 

fresh water influence (P I Whelan, personal observation, 2008). From the mid-dry 

season, increasing tides progressively inundate potential Ae. vigilax breeding habitat, 

thus progressively increasing Ae. vigilax productivity, with early wet season rain in 

November and December further increasing Ae. vigilax breeding. The wet season 

rainfall usually peaks in January or February, during which the 

Schoenoplectus/mangroves become seasonally flooded, rendering these areas 

unviable for Ae. vigilax oviposition. 
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In summary, our results demonstrate the benefits gained by identifying vegetation 

categories and seasonal aspects most associated with aerial salt-marsh mosquito 

larval control operations in the coastal wetlands adjacent to Darwin’s northern 

suburbs. Maximum efficiency can be achieved by focussing surveys and aerial 

mosquito control on the extensive areas of Schoenoplectus/mangrove (i) and tide-

affected reticulate (b) vegetation categories. Additionally, to further reduce the egg 

laying capacity of Ae. vigilax in succeeding flooded areas, early seasonal hatches of 

Ae. vigilax need to be diligently controlled. While repetitive control is required in the 

Schoenoplectus/mangrove (i) vegetation category in the mid dry season to early wet 

season after each inundation, control in the tide-affected reticulate (b) areas is only 

required in the late dry season when tides are high enough to reach those areas, until 

these areas are seasonally flooded. The present practice of extensive helicopter 

surveys for Ae.vigilax breeding could be reduced by pre-emptive sprays of the 

Schoenoplectus/mangrove (i) and the tide-affected reticulate (b) areas based on 

breeding initiated tide or rain events. Once again, this reiterates and elaborates on the 

previously reported relationship between tides, rain and Ae. vigilax productivity for 

areas in the NT and southern Australia (Webb and Russell, 1999, Whelan et al., 

1997). To further reduce the initial survey time for Ae. vigilax larval habitats, a small 

number of indicator sites could be used in these vegetation categories to verify 

control requirements. However, more research is required to determine thresholds of 

sample larval densities for cost effectiveness, particularly in months with relatively 

low larval densities. As Ae. vigilax is a vector of numerous arboviruses, as well as a 

significant nuisance species for nearby residential areas, vigilance in control efforts 

must be maintained throughout the breeding season. Additionally the two main 

productive vegetation categories could be earmarked for engineering rectification 
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measures in the urban or development planning process. These results are likely to 

apply to other coastal areas in northern Australia. 
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Chapter 8- A comparison of adult mosquito trapping regimes for different 

ecosystems, Darwin, Australia 

This work has been accepted for publication in- Jacups, S. P., and P. I. Whelan 

(2011), A comparison of adult mosquito trapping regimes for different ecosystems, 

Darwin, Australia, Vector Borne Zoonotic Dis, accepted for Publication June 2011. 

Statement of contributions of each author: 

Jacups conceptualised, designed the study, performed all analyses, reviewed the 

literature and produced the manuscript. Whelan edited and guided the writing of the 

manuscript.  

 

 

Introduction 

Darwin, the principal city in the tropical north of the Northern Territory of Australia, 

Figure 1.1, has historically been associated with a high burden of endemic mosquito-

borne diseases (Russell and Whelan, 1986). Furthermore, residential development in 

Darwin since the 1970s has been concentrated in close proximity to major creeks, 

swamps and wetland areas known to support mosquito breeding, Figure 9.1 (Russell 

and Whelan, 1986). Creek systems and wetlands experience seasonal tidal inundation 

and wet season pooling of rainwater, which creates a flooding-desiccation cycle 

providing suitable seasonal breeding habitat for the freshwater habitat breeder, the 

common banded mosquito Culex annulirostris (Skuse) and the northern salt-marsh 

mosquito Aedes vigilax (Skuse). Culex annulirostris is the most significant pest 

species in the Northern Territory; it is also a vector for potentially fatal Murray 
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Valley encephalitis, previously called “Australian encephalitis” (Doherty, 1972).   

Aedes vigilax is additionally recognised as a major human pest species (Gislason and 

Russell, 1997, Mackerras, 1926, Marks, 1967, Webb and Russell, 1999) (Whelan, 

1989). Both mosquito species are established vectors for Ross River and Barmah 

Forest virus, (Jacups et al., 2008a, Merianos et al., 1992, Russell, 1998a, Tai et al., 

1993, Whelan et al., 1997) which constitute the majority of arbovirus infections in 

Australia (Russell, 1994, Russell, 1995). 

 

There are three major mosquito breeding areas in and around the Darwin urban area. 

These are the tidal creek areas represented by the trap sites at Casuarina, Totem Road 

and Coconut Grove (tidal creeks- Red traps) that are strongly influenced by urban 

waste water inflows and coastal intertidal creek systems, Figure 8.2 (Whelan, 1988, 

Whelan, 1990); the seasonally saline, brackish to fresh water reed swamps 

represented by the trap sites around Leanyer and Holmes Jungle Swamps 

(mangrove/reed swamp- white traps) that are in close proximity to coastal tidally 

influenced reed areas and upper mangrove wetlands, which experiences tidal 

inundation in the dry season or seasonal rainfall, Figure 8.2 (Jacups et al., 2009, 

Kurucz et al., 2009b); and the non-tidal Marrara Swamp (freshwater wetland- blue 

traps), a freshwater mosquito breeding habitat after sustained early rainfall and 

residential stormwater inflows, Figure 8.2. These three ecologically distinct systems 

provide suitable breeding habitat for Cx. annulirostris and Ae. vigilax the major 

vector mosquitoes in the Darwin region. 
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Mosquito breeding site ecology varies across Darwin with differing wetland systems 

producing distinct peak periods of mosquito abundance in response to variable 

vegetation and water characteristics coupled with local weather conditions (Whelan, 

2007b). Although these habitats are in relatively close proximity; their vast 

ecological differences result in locally specific vector prevalence and vector control 

requirements, which often require individual assessment (Whelan, 2007b). This is 

exemplified by the diversity of counts and species reported from adult mosquito traps 

located around the different wetlands, as populations respond to localised breeding 

conditions, Figure 8.2. 

 

The Department of Health’s Medical Entomology unit conducts overnight trapping 

of adult mosquitoes weekly at multiple sites in Darwin urban area using Co2 baited 

EVS light traps (Whelan, 2007b). Traps are positioned between wetland breeding 

sites and urban areas to target mosquito densities in close proximity to residential 

areas, Figure 8.2. The trapping of adult mosquitoes identifies peaks in mosquito 

populations and functions as a feedback mechanism for larvicidal controls conducted 

after rainfall or high tide events. Weekly trapping is labour intensive; one staff 

member sets and retrieves traps, counts and speciates samples, and then enters data 

into a custom designed database. The wet season months are especially busy, as 

mosquitoes are abundant in most habitats, resulting in time and personnel constraints 

between monitoring versus control operations. 
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Using existing data, Isought to test the hypothesis that an alternate, work-reduced 

mosquito trapping protocol (bi-weekly), provides similar results to the current 

(weekly) trapping protocol in detecting peaks of Ae. vigilax and Cx. annulirostris, 

across three ecologically distinct habitats in Darwin . If bi-weekly trapping is as 

effective as weekly in detecting the magnitude of vector mosquito peaks; then this 

laborious task could be reduced and staff re-allocated to other mosquito control tasks, 

thus maximising the efficiency of the Medical Entomology unit.  

 

Materials and methods 

Setting and data 

Darwin (12o 28’ S,  130o 51’ E) situated in the tropical zone of Australia, experiences 

a monsoonal climate, with a high average annual rainfall of 1708 mm (Australian 

Bureau of Meteorology, 2008). Most rainfall occurs during the wet season, from 

November to April (Australian Bureau of Meteorology, 2008). Idefined the Darwin 

‘wet season’ as December to April inclusive, which differs from the BOM definition, 

who include the hot and humid ‘build-up’ months, which rarely receive rain, in their 

‘wet-season’ definition  (Australian Bureau of Meteorology, 2009). The ‘build up’ 

(to the wet season) is defined here as September to November inclusive, with the 

‘dry season’ defined as May to August inclusive. Daily rainfall data (Darwin airport 

rain gauge) was provided by the BOM for the study period (Australian Bureau of 

Meteorology, 2010). Total rainfall by calendar month was used in the analysis.  

 

 



170 
 

 

 

 

Figure 8.2. Adult mosquito monitoring program -locations routine weekly adult 

mosquito CO2 baited light trap sites in study analysis, Darwin. 

 

Mosquito monitoring 

Counts of Ae. vigilax and Cx. annulirostris females were collected from overnight 

EVS traps set weekly in 11 locations, Figure 8.2. Mosquito identifications were 



171 
 

performed by Medical Entomology in Darwin, with subsamples of 300 mosquitoes 

identified to species level, after which the total was estimated by weight (Kurucz et 

al., 2005). Mosquito species was limited to include only the major vectors of 

endemic diseases in the region. Monthly averages, calculated from weekly mosquito 

counts between 1991 and 2005 (180 months), were compared with averages 

calculated using every second week mosquito counts (bi-weekly).  

 

Statistics 

Istatistically compared the current mosquito trapping protocol with an alternate 

regime using cross-sectional negative binomial models. Multiple models were 

required to clarify associations in detailed scenarios.  Models included; mosquito 

species together (Ae. vigilax and Cx. annulirostris); Cx. annulirostris only; Ae. 

vigilax only; and Ae. vigilax for each ecological systems, Figure 8.2.  

 

The best models were determined by Akaike's information criterion and maximum 

log-likelihood methods (Rabe-Hesketh and Skrondal, 2005). As the data were counts 

their means follow a gamma distribution, Poisson models or negative binomial 

models are traditionally used, with negative binomial chosen in preference in cases 

of high over-dispersion, as the mean may not equal the variance. Cross-sectional 

models allow comparison of data across time periods that are not always equal in 

length (Beck, 2004). Output coefficients indicate the strength and direction of 

variable association with the regressor. Counts of mosquitoes were compared by 

calendar month, using January as the reference month. Iapplied a cross-sectional 
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negative binomial mixed effects model, to our count data, which controls for time 

and seasonal rainfall variation. The model was in the form of: 

 

Log(yit) = β0 + Xitβ + Ziγ + αi + uit  (1) 

 

where yit is the dependent variable observed for individual i at time t, Xit is the time-

variant regressor, Zi is the time-invariant regressor. In the random-effects model, the 

dispersion varies randomly from group to group such that the inverse of the 

dispersion has a Beta (r s) distribution. All analyses were performed using STATA 

version 11.0 (Stata Corp., College Station, TX, USA). 

 

Results 

Modelling results of both species combined, controlling for rain and month, indicated 

no difference between the two methods (p=0.093), Table 8.1. When the results were 

separated by mosquito species, the freshwater Cx. annulirostris showed a trend for 

statistical significance (p=0.051), Table 8.2. Build-up and early wet-season months 

had fewer mosquito numbers than January, while other months had no statistical 

difference in mosquito numbers compared to January the reference month, Table 8.2. 

When modelled by ecological system no differences were seen between weekly 

versus bi-weekly mosquito peaks (data not shown) for each of the three systems. For 

Ae. vigilax only, weekly versus bi-weekly protocols delivered statistically significant 

differences. Most months of the year reported statistically significantly fewer Ae. 

vigilax when compared to January the reference month, Table 8.3, Model 3. When 
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separated further by ecological system; modelling only Ae. vigilax, revealed no 

statistical difference between weekly versus bi-weekly protocols for tidal creeks at 

Casuarina and Coconut Grove (Red traps), (p=0.07), and most months reported fewer 

or similar Ae. vigilax than January the reference month, Table 8.4, Model 4 A. There 

was however, a statistically significant difference between weekly versus bi-weekly 

protocols in the freshwater systems (p=0.006), (Blue traps) and mangrove/reed 

systems (p=0.016), (White traps), Table 8.4, Models 4 B & C, Figure 8.2. Aedes 

vigilax numbers were mostly lower or the same for calendar months when compared 

with January, for freshwater and mangrove/reed systems (Blue and White traps), 

Table 8.4. Cross sectional negative binomial mixed effects models- weekly verses bi-

weekly adult mosquito trap sampling for Ae. vigilax females at three ecologically 

distinct systems. 
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Table 8.1. Cross sectional negative binomial mixed effects model- weekly verses bi-weekly adult mosquito trap sampling for Ae. 

vigilax and Cx. annulirostris, by calendar month  

Model 1  Coef p 95% CI 
Ae. vigilax and  
Cx. 
annulirostris 
females~ 

     

 Total rainfall 0.001 0.152 0.000 0.002 
 Weekly v bi-weekly 0.042 0.093 -0.007 0.092 
 Calendar month (January- 

reference month) 
- - - - 

 February 0.440 0.097 -0.079 0.959 
 March 0.175 0.514 -0.351 0.701 
 April 0.202 0.522 -0.416 0.821 
 May 0.221 0.513 -0.441 0.882 
 June 0.582 0.096 -0.103 1.267 
 July 0.079 0.822 -0.612 0.770 
 August -0.059 0.867 -0.749 0.631 
 September -0.310 0.368 -0.986 0.365 
 October -0.428 0.194 -1.074 0.218 
 November -0.783 0.010 -1.379 -0.188 
 December -0.007 0.978 -0.542 0.527 
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Table 8.2. Cross sectional negative binomial mixed effects modelling results- weekly verses bi-weekly adult mosquito trap 

sampling for Cx. annulirostris females only 

Model 2  Coef p 95% CI 
Female  
Cx. 
annulirostris~ 

     

 Total rainfall 0.001 0.026 0.000 0.002 
 Weekly v bi-weekly 0.043 0.051 0.000 0.086 
 Calendar month 

(January- reference 
month) 

- - - - 

 February 0.366 0.150 -0.132 0.865 
 March 0.219 0.395 -0.285 0.724 
 April 0.353 0.247 -0.244 0.949 
 May 0.344 0.288 -0.291 0.979 
 June 0.740 0.026 0.088 1.392 
 July 0.279 0.407 -0.380 0.938 
 August 0.091 0.785 -0.564 0.746 
 September -0.397 0.233 -1.049 0.256 
 October -1.263 <0.001 -1.885 -0.641 
 November -1.850 <0.001 -2.435 -1.265 
 December -1.110 <0.001 -1.633 -0.587 
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Table 8.3. Cross sectional negative binomial mixed effects models- weekly verses bi-weekly adult mosquito trap sampling for Ae. vigilax females 

only 

Model 3- All 
11 traps 

 Coef P 95% CI 

Female   
Ae. vigilax~ 

     

 Total rainfall 0.000 0.820 -0.002 0.001 
 Weekly v bi-weekly 0.162 <0.001 0.080 0.244 
 Calendar month 

(January- reference 
month) 

- - - - 

 February -1.208 0.001 -1.940 -0.477 
 March -2.240 <0.001 -2.956 -1.524 
 April -1.935 <0.001 -2.788 -1.081 
 May -2.429 <0.001 -3.330 -1.527 
 June -2.051 <0.001 -2.997 -1.105 
 July -2.237 0.000 -3.181 -1.292 
 August -1.822 <0.001 -2.747 -0.897 
 September -1.710 <0.001 -2.618 -0.801 
 October -0.848 0.057 -1.721 0.025 
 November -1.307 0.002 -2.130 -0.484 
 December 0.163 0.656 -0.556 0.883 
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Table 8.4. Cross sectional negative binomial mixed effects models- weekly verses bi-weekly adult mosquito trap sampling for Ae. 
vigilax females, at three ecologically distinct systems 

Model 4-A-  
Tidal Creeks 
Red traps 

 Coef p 95% CI 

Female   
Ae. vigilax~ 

     

 Total rainfall 0.002 0.009 0.000 0.003 
 Weekly v bi-weekly 0.082 0.070 -0.007 0.170 
 Calendar month (January- 

reference month) 
- - - - 

 February -0.650 0.086 -1.392 0.092 
 March -1.828 <0.001 -2.601 -1.054 
 April -1.058 0.030 -2.010 -0.105 
 May -0.707 0.165 -1.704 0.291 
 June -0.881 0.095 -1.915 0.152 
 July -1.098 0.036 -2.123 -0.074 
 August -0.874 0.087 -1.875 0.126 
 September -0.874 0.083 -1.863 0.114 
 October -0.383 0.419 -1.313 0.546 
 November -0.541 0.222 -1.410 0.328 
 December 0.655 0.112 -0.154 1.465 
Model 4 B-  
Freshwater wetland  Blue traps 

    

Female   
Ae. vigilax~ 

     

 Total rainfall 0.001 0.448 -0.001 0.002 
 Weekly v bi-weekly 0.174 0.006 0.050 0.298 
 Calendar month (January- 

reference month) 
- - - - 
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 February -1.275 0.004 -2.155 -0.396 
 March -1.381 0.009 -2.417 -0.345 
 April -1.157 0.056 -2.343 0.028 
 May -1.167 0.055 -2.361 0.027 
 June -0.579 0.358 -1.812 0.654 
 July -1.262 0.043 -2.485 -0.039 
 August -0.944 0.131 -2.169 0.280 
 September -1.038 0.098 -2.268 0.192 
 October -0.443 0.435 -1.555 0.669 
 November -0.016 0.975 -1.038 1.005 
 December 0.360 0.416 -0.507 1.226 
Model 4 C-  
Mangrove/reed wetland White traps 

   

Female   
Ae. vigilax~ 

     

 Total rainfall 0.000 0.830 -0.001 0.002 
 Weekly v bi-weekly 0.112 0.016 0.021 0.203 
 Calendar month (January- 

reference month) 
- - - - 

 February -1.966 <0.001 -2.775 -1.157 
 March -1.992 <0.001 -2.830 -1.155 
 April -1.843 <0.001 -2.810 -0.876 
 May -1.646 0.002 -2.702 -0.591 
 June -1.543 0.007 -2.654 -0.432 
 July -1.732 0.002 -2.841 -0.623 
 August -1.572 0.004 -2.650 -0.493 
 September -1.435 0.006 -2.466 -0.405 
 October -1.552 0.002 -2.541 -0.564 
 November -0.899 0.062 -1.841 0.044 
 December -0.241 0.551 -1.033 0.552 
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Discussion 

These study results indicate that the proposed alternate bi-weekly trapping regime 

conducted at the 11 sites adjoining Darwin’s northern suburbs is as effective as 

weekly trapping for Cx. annulirostris species only. Additionally, bi-weekly trapping 

was adequate for detecting peaks of Ae. vigilax in the tidal creek systems at 

Casuarina and Coconut Grove Swamps (Red traps); thus, the routine trapping regime 

for this tidal creek ecological system could be reduced from weekly to bi-weekly 

without a significant loss of information. However, the alternate regime, bi-weekly 

trapping, failed to detect the magnitude and timing of Ae. vigilax peaks for 

freshwater and mangrove/reed systems (Blue and White traps).  Weekly trapping is 

required to provide timely notification of Ae. vigilax peaks for these two ecological 

systems.  

 

As a rule, Culex annulirostris breeds seasonally in temporary ground pools after rain, 

and in vegetated freshwater wetlands. Eggs are laid in rafts on the water surface: 

each habitat may support a range of larval instars, which leads to relatively stable 

numbers of mosquitoes emerging. As rain filled depressions exist throughout the wet 

season, and stormwater and waste water discharge can continue well into the dry 

season, Cx. annulirostris breeding is often continuous throughout the wet season and 

well into the dry season without obvious sharp population peaks. Nevertheless, 

breeding in seasonally extended wetlands during the late wet and early dry season 

generally produces some high population peaks. As Cx. annulirostris population 

peaks are usually greater than one week’s duration, it is not inconsistent that there is 

no significant difference between weekly and bi-weekly trapping regimes reported 
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here. Medical Entomology initiate larval control for Cx. annulirostris using Bacillus 

thuringiensis israelensis or the insect growth regulator s-methoprene, when females 

exceed 600/trap and larval surveys identify appreciable larval densities, and this can 

affect the adult population within one week (Whelan, 2007b). 

 

On the other hand, Ae. vigilax, as with other Aedes saline to brackish water breeders, 

has a well-established cycle of peaks associated with tidal fluctuations (Kay et al., 

1981). The cycle commences after extreme tides which reach the upper bounds of 

tidal zones to cause concurrent hatches of previously deposited eggs (up to 12 

months), and results in relatively even aged larvae in the habitat: adults emerge en-

masse. The following generation of eggs are often again oviposited on the damp 

substrate of drying pools at the upper bounds of tidal reaches, thereby only hatching 

when very high tides or substantial rainfall floods the breeding habitat. Aedes vigilax 

populations are easily desiccated in the dry season, most adults survive less than one 

week (Russell and Whelan, 1986), thus, Aedes vigilax adult populations are highly 

fluctuating, thus bi-weekly trapping is unlikely to detect peaks. This is in contrast to 

continual breeders; such as the freshwater breeding Culex and Anopheles species, 

that display more gradual population peaks from the wet season to the late dry 

season.   

 

The upper tidal reaches of Ludmilla Creek (Coconut Grove and Totem Road), and 

Sandy Creek (Casuarina), Figure 8.2, are historical breeding sites for mosquitoes 

(Russell and Whelan, 1986). These creek catchments originally flooded with 
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freshwater during the wet season, and are tidally influenced; (Russell and Whelan, 

1986) however, as a consequence of nearby residential developments, storm and 

waste water discharge created relatively permanent freshwater and brackish-water 

mosquito breeding sites (Russell and Whelan, 1986, Warchot and Whelan, 2009, 

Whelan, 1988, Whelan, 1990). Despite filling operations, diversion drains and tidal 

flow modifications constructed during the 1980s-90s (Warchot and Whelan, 2009, 

Whelan, 1988, Whelan, 1990), vegetation responses and silting have enabled these 

sites to remain important mosquito breeding sites for fresh and brackish to saline 

breeding mosquitoes (Warchot and Whelan, 2009, Whelan, 1988, Whelan, 1990). 

These sites produce mosquitoes at a relatively constant rate, without extreme peaks. 

The stability in mosquito productivity from these areas has been verified by the 

findings of this study; that weekly trapping at these sites gleans no additional 

information compared to bi-weekly trapping.  Medical Entomology could reduce 

trapping operations in this system to bi-weekly, thus increasing their capacity for 

surveillance and control operations in other locations. 

 

Marrara Swamp, a freshwater forested swamp, receives wet and dry season storm 

water run-off from nearby developed areas and is not tidally influenced. It floods 

extensively in the wet-season and in those months it is deep enough to allow fish 

predation, which inhibits mosquito breeding. Wet-season waters drain away, often 

rapidly, via the creek in the lower reaches. During the dry-season, occasional storm 

and waste water inflows drain slowly, resulting in residual water pooling in shaded, 

vegetated areas, suitable for mosquito breeding. The dominant vector species in this 

system is Cx. annulirostris, although Ae. vigilax is occasionally recorded from the 
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traps in this area at relatively low numbers after high tides. For this reason,  Ae. 

vigilax can show population peaks in this freshwater system, requiring weekly 

trapping to detect this.   

The Leanyer and Holmes Jungle Swamps bordering Darwin’s northern suburbs are 

the most important breeding sites for Ae. vigilax, Figure. 8.2 (Whelan, 2007a). The 

Leanyer element of this swamp system was originally a coastal marshland with 

mangrove vegetation on the northern boundary (Leanyer); but residential 

developments, storm water and dry season waste water discharge have affected their 

ecology, and as a consequence, it is now composed of a number of discrete habitats 

(Russell and Whelan, 1986). The Holmes Jungle element is a relatively undisturbed 

coastal swamp with seasonal fresh water inflow from wetlands in the upper reaches. 

The vegetation types in both these areas have been previously described (Jacups et 

al., 2009, Kurucz et al., 2009a, Kurucz et al., 2009b), they include; Typha, 

Eleocharis and brackish grasslands (Xerochloa imberbis, Sporobolus virginicus) and 

upper tidal zone mangroves with brackish reeds. These vegetation types flourish with 

freshwater and brackish water inflows associated with rain, stormwater and tidal 

inundation. When tidally inundated in the late dry and early wet season, these 

vegetation types in-turn provide favourable breeding habitats for Ae. vigilax. 

Residual water forms small depressions and pools sheltered by vegetation, which in 

addition, provide nutrients for larval development. Breeding is initiated on the day of 

inundation; adults disperse from the breeding sites over 2-3 days, commencing 

approximately nine days after inundation (Whelan, 2007a). During dry-season 

months (May to August),  Ae. vigilax females are easily desiccated, and are generally 

regarded as not surviving more than seven days, thus population peaks fluctuate 
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weekly. This is supported by the findings of this study which indicate that bi-weekly 

trapping provided insufficient information on the magnitude and timing of Ae. 

vigilax peaks for this ecological system. 

 

Sections of the Leanyer Swamp wetland, previously modified with drainage 

channels, now have prolific Ae. vigilax breeding in the channels themselves. These 

areas can produce high larval densities and adult mosquito emergence close to urban 

residential areas over much of the year unless controlled (Jacups et al., 2009, Kurucz 

et al., 2009b). Drain rectification has altered the seasonality of peaks, but for the 

most part, these areas still require repeated survey and control efforts after each 

inundation (Jacups et al., 2009, Kurucz et al., 2009b). Maintaining tight mosquito 

control for mosquito borne-disease reduction; mandates adult trapping regimes to 

provide timely feedback information on Ae. vigilax populations. This enables fitting 

responses by Medical Entomology to modify surveillance strategies or larvacide 

control for a reduction in vector mosquito population levels.  This is essential for 

safeguarding against mosquito-borne disease transmission and public distress 

associated with biting at pest levels. Thus, the upper mangrove/reed areas continue to 

require weekly monitoring and extensive larval control during most months of the 

year.  

  

I have verified that the majority of Medical Entomology’s current trapping and 

surveillance practices are necessary and should be continued. However weekly 

trapping operations in the tidal creeks systems defined here are unnecessary, as bi-
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weekly operations can provide adequate information on both the major vector 

mosquito species for feedback on control efforts. A reduction in work allocation for 

this task would free up one staff member to assist with other mosquito control 

programs; thus maximising service delivery, without the loss of valuable 

information. This study reiterates the importance of evaluating programs to maximise 

resources, and this is especially pertinent when additional staffing is seldom 

available. Applying statistical methods to service provider programs enables insights 

into solutions without the need for additional field experiments. This method of 

evaluation may have applications for other mosquito surveillance and control 

programs in other areas.  

 

The tropical environment of Darwin supports a diverse range of infectious diseases 

and their vectors. The presence of high levels of vector mosquito species in close 

proximity to residential areas is of concern for health authorities, and strongly 

indicates the need for interventions and public health warnings when vector 

populations peak at critical periods. Improved prediction of biting mosquito peaks 

near residential areas will enable early intervention for control efforts, media 

warnings and should reduce public distress. This is of fundamental importance in 

northern Australia and similar tropical/sub-tropical areas, as the region is 

vulnerability to the establishment or re-establishment of mosquito-borne diseases. 

And, a reduction in arboviruses such as Ross River virus, Barmah Forest virus and 

Murray Valley encephalitis, which are endemic in the Darwin area, remains of 

unquestionable benefit to Australia (Russell, 2009).  
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Chapter 9- What is driving weekly Aedes vigilax peaks in the Karama adult 

overnight mosquito trap in Darwin: Tides or rainfall? 

 

This work has been not been subjected to peer review. However it has been 

previously published in- Jacups, S., J. Carter, and P. Whelan (2010), What is driving 

Aedes vigilax peaks in the Karama weekly mosquito trap in Darwin: Tides or 

rainfall?, Mosquito bites in the Asia Pacific Region (Bulletin of the Mosquito Control 

Association of Australia), 5(2), 10-16. 

Statement of contributions of each author: 

Jacups designed the study, performed all analyses, reviewed the literature and 

produced the manuscript. Carter and Whelan conceptualised the study, Whelan 

edited the manuscript. 

 

Introduction 

The tropical region of northern Australia has a characteristic monsoonal climate with 

a ‘wet season’ from December to April, and little or no rainfall during the ‘dry 

season’ months, Figure 1.1. Darwin, the capital of the Northern Territory (NT) 

receives an average annual rainfall of 1708 mm (Australian Bureau of Meteorology, 

2008), with most of this falling in the wet season (Australian Bureau of Meteorology, 

2008). The build-up season describes the “build-up of humidity” before the wet 

season. It is defined as between September to November, and features high humidity, 

lightning storms with occasional rain storms.  
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Many of Darwin’s northern suburbs are adjacent to an extensive coastal reed and 

upper mangrove wetlands have been recognized as an important larval habitat for 

Aedes vigilax (Skuse), the northern salt-marsh mosquito (Jacups et al., 2009, Kurucz 

et al., 2009b), Figures 3.1 & 6.3. The eggs of Ae. vigilax are laid in non-draining 

areas on salt affected damp soil or vegetation of relatively low height and density 

which allows the female mosquitoes access to the soil or plant base for oviposition, 

Figure 9.1 (Dale et al., 1986, Reynolds, 1961, Sinclair, 1976). Hatching occurs when 

the eggs are inundated by either tides or rain (Dale et al., 1986).  

 

Figure 9.1, Holmes Jungle mangrove brackish reed interface area, prime Ae. vigilax 

breeding site 

 

Medical Entomology of the NT Department of Health and Families conducts EVS 

trap surveillance and integrated mosquito control measures for Ae. vigilax breeding 

in the wetlands. This mosquito is an established vector for Ross River and Barmah 
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Forest viruses (Russell, 1998a, Whelan et al., 1997) and is also an aggressive biter 

and an appreciable pest species (Gislason and Russell, 1997, Mackerras, 1926, 

Marks, 1967, Webb and Russell, 1999). Aerial mosquito control in the Darwin area 

involves large-volume water-based Bacillus thuringiensis var. israelensis (B.t.i.) mist 

applications applied from the air by helicopter (Whelan, 2007a). Peaks in Ae. vigilax 

numbers have been historically associated with public complaints from residential 

areas in Darwin, Figures 9.2 & 9.3 (Whelan, 2007a). The majority of telephoned 

complaints are made from residents within 500 m of the Leanyer Swamp edge, 

Figure 9.3. Appreciable mosquito peaks, particularly from one trap location on the 

edge the residential suburb of Karama that consistently indicates some of the highest 

numbers of Ae. vigilax in the swamp trap locations, have always perplexed staff at 

the Medical Entomology unit. Larval control efforts are made routinely after high 

tide and rain events and there has been no discernable pattern of preceding tides or 

rains to elucidate the primary cause of the Ae. vigilax peaks. Clarification of the 

cause of the peaks would allow prioritisation for survey and control times and 

locations. I therefore sought to identify the most important meteorological variables 

associated with peaks of ≥ 500 Ae. vigiax/trap/night. Improved prediction of peaks of 

aggressive biting mosquitoes in residential areas will enable early intervention, 

media warnings and should reduce public distress. Furthermore, early prediction of 

peaks will assist planning of future mosquito surveys, control efforts, and hence 

maximise the efficiency of the unit.  
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Figure 9.2. Public complaints about Aedes vigilax reach media, Darwin Sun, 27 

October 2010 
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Figure 9.3. Phone call complaints in the 500 m urban edge around the Leanyer 

Swamp boundary, August 1993-September 2008 (GIS map created by S.P. Jacups 

2009) 

 

Methods 

Data 

 All female Ae. vigilax mosquitoes collected from overnight encephalitis virus 

surveillance (EVS) CO2-light traps (Rohe and Fall, 1979), trapped weekly at one 
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location (Karama trap) between July 1998 to June 2009 were included, Figure 3.1. 

Mosquito identifications were performed by Medical Entomology in Darwin, with 

subsamples of 300 mosquitoes identified to species level, after which the total was 

estimated by weight (Kurucz et al., 2005). Weekly counts of Ae. vigilax were 

analysed for the study period (419 weeks). Daily rainfall was provided by the BOM 

for the study period, from rain gauges located at: Karama, Leanyer, CSIRO 

Berrimah, Thorak cemetery, Shoal Bay Defence Base, and Royal Darwin Hospital, 

defined as “Northern Suburbs” for this study (Australian Bureau of Meteorology, 

2010). Daily tide data were provided by BOM for Port Darwin for the study period 

(Australian Bureau of Meteorology, 2010). Aerial mosquito control operations 

conducted by Medical entomolgoy were included in the analysis as dates and areas 

(ha) sprayed. 

 

Statistics 

To incorporate the mosquito lifecycle, from oviposition to adult emergence, I 

identified the maximum tide during the 9 - 13 day period prior to each EVS 

collection date. Similarly the highest rainfall event and the cumulative rainfall were 

calculated for each 9 - 13 day period prior to trap collection. Chi square tests were 

used to test for associations between a peak in Ae. vigilax mosquitoes ≥500 and 

calendar month, or season. This number of Ae. vigilax has historically been observed 

to indicate significant human nuisance when trapped in close proximity to 

residential areas (Northern Territory Government, 1989, Whelan, 1989).  Wet 

season was defined as December-April, dry season as May-August, and build-up 
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season September-November. Larval control categories were determined by 

percentile, with 20 ha at the 75th centile, and 100 ha at the 90th centile. 

 

Following this, logistic regression models were applied, to determine explanatory 

variables fitted to weekly peaks of female Ae. vigilax mosquitoes ≥500 per trap. This 

was modelled controlling for calendar month, year, meteorological variables and 

larval control efforts. The best model was determined by Akaike's information 

criterion (AIC) and maximum log-likelihood methods (LL). 

The multivariate logistic regression model in the form of: 

Loge (P/[1-P]) = α + β1x1 + β2x2 + … + βnxn   (1) 

Where P is the probability of a peak of Ae. vigilax female mosquitoes (≥500), x1 are 

meteorological variables or time, control variables, and α, β1…n are constants 

estimated from the data.  Odds ratio’s (OR) are presented instead of coefficients for 

ease of comparison. All analyses were performed using STATA version 11.0 (Stata 

Corp., College Station, TX, USA). 

 

Results 

Overnight trap peaks of ≥500 female Ae. vigilax mosquitoes only occurred in 

January, August to December, Table 9.1, Figure 9.4. There was a statistical 

difference between when peaks ≥500 occurred, by calendar month (χ2= 69.8, 

p<0.0001). There was no difference between maximum tide (9-13 days) preceding 

EVS collection, and Ae. vigilax mosquito ≥500 events, (T-test, p=0.405), Table 9.2. 
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When the data were combined into a model, the maximum tide during the preceding 

9-13 days prior to adult mosquito trapping was positively associated with peaks 

(≥500) OR=1.1, however this was not statistically significant (p=0.72). Larvacidal 

controls had a significant inverse effect on mosquito peaks, when broken down into 

categories in Model 1, Table 9.3. These effects were statistically significant and 

strongest when ≥100 ha were sprayed, OR 0.25, p=0.046. Calendar months February 

to July are empty in the model, as no peaks occurred during these months. Calendar 

months September to November had significantly more peaks than January, with a 

trend for significance (p=0.09) in December, Model 1, Table 9.3. November had the 

highest association with mosquito peaks OR 45.4, p<0.0001 in each, Model 1, Table 

9.3. Year was not statistically associated with mosquito peaks but retained in the 

model to control for yearly variation. 

 

Figure 9.4. Weekly Ae. vigilax counts from Karama EVS trap 
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Table 9.1. Peaks of Ae. vigilax in Karama trap, by calendar month 

Month <500 Ae. vigilax peaks   ≥500 Total 

1 37 1 38 

2 20 0 20 

3 19 0 19 

4 29 0 29 

5 31 0 31 

6 29 0 29 

7 33 0 33 

8 39 1 40 

9 36 5 41 

10 40 7 47 

11 28 17 45 

12 41 6 47 

Total 382 37 419 

 

 

Table 9.2. Comparison between maximum tide height with peaks of Ae. vigilax ≥500 

in Karama trap 

Ae. vigilax numbers Weeks Mean SD 95% CI 
0-499 382 7.057 0.510 7.006 7.108 
Peak≥500 37 7.131 0.586 6.936 7.326 
Combined 419 7.064 0.517 7.014 7.113 
T-test result, p=0.406      
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Table 9.3. Model 1: Final explanatory model for Ae vigilax peaks at Karama trap, 1998-2009 

 All variables 9-13 days prior 
to trapping 

OR p 95% CI 

Peak Ae 
vigilax ≥500 
~e 

Max Tide 1.146 0.724 0.538 2.440 

 Cumulative rainfall for 
Northern suburbs 

1.009 0.037 1.001 1.017 

 Larvacidal control     
 >20 ha 1.913 0.169 0.759 4.821 
 >100 ha 0.252 0.046 0.065 0.977 
 Calendar month     
 2 (empty)    
 3 (empty)    
 4 (empty)    
 5 (empty)    
 6 (empty)    
 7 (empty)    
 8 2.000 0.639 0.111 36.068 
 9 11.164 0.040 1.119 111.343 
 10 12.840 0.024 1.402 117.584 
 11 45.399 0.001 5.249 392.679 
 12 5.353 0.143 0.568 50.444 
 Year 1.112 0.101 0.979 1.262 
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Discussion 

Findings from this study indicate that build-up season months, rather than intuitive 

‘wet season months’ were more associated with peaks in Ae. vigilax in the Karama 

trap. Peaks mostly occurred in November, with an increased risk OR of 45 associated 

with November versus January. Unseasonal rainfall during the build-up (September-

November) rather than wet season months (December- April) was associated with 

peaks of Ae. vigilax over 500 in the Karama trap. These findings are supported by 

other published findings that Ae. vigilax larval densities are highest between October 

and December each year (Jacups et al., 2009, Kurucz et al., 2009a, Kurucz et al., 

2009b). 

 

Appreciable rains in Darwin usually commences in December, with heavy rains in 

the months following. However in some years, light to heavy rains commence 

earlier. Unlike tides, with clear demarcation lines, Figure 6.2, rainfall is variable in 

intensity, and less predictable, even between suburbs adjacent to each other. With 

higher build-up season rainfall, pooling can create a greater area of potential 

mosquito breeding habitat. Furthermore, unlike tides, rainfall can occur 

unpredictably from location to location. This creates a moving target for Medical 

Entomology larval control teams who conduct the bulk of their surveys and control 

efforts with the aid of helicopters over a broad landscape. Although larvae control 

efforts are conducted using B.t.i. or the insect growth regulator s-methoprene, 

following tide or rainfall events, the results of this study suggest that control efforts 

presently in place are inadequate at reducing Ae. vigilax number peaks. This could be 

due to larval habitats not being adequately treated, or perhaps the Karama trap 
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routinely captures an influx of adults from outside the 5 km control radius area from 

the northern suburb boundary. Aedes vigilax larval control is redundant later in the 

wet-season, as the wetland becomes seasonally flooded creating the opportunity for 

larval predation by fish and offering fewer sites for oviposition (Jacups et al., 2009, 

Ritchie, 1984).  

 

From the mid dry season, increasing spring tides progressively inundate potential Ae. 

vigilax breeding habitat, thus progressively increasing Ae. vigilax productivity, with 

rain in November to December further increasing Ae. vigilax breeding. After 

inundation by tides or rain, the water does not drain, and mosquito breeding occurs in 

very high densities in the pools, until the area is seasonally flooded and no more 

breeding habitat is available. Findings from this study indicate that maximum tide 

height was not associated with peaks in the crude or adjusted analysis. In the adjusted 

analysis, although tide had an OR 1.1, this was not statistically significant at 

reducing adult Ae. vigilax numbers after adjusting for larval control efforts, routinely 

applied after high tides. These results also indicate that larval control 9-13 days after 

high tides using B.t.i. is adequate at reducing peaks, but not adequate at controlling 

larvae after rainfall when coupled with high tides. These results are biologically 

feasible, as rain events cause breeding over a much wider area than the prescribed 

areas following tide only events, and this breeding is both harder to locate, especially 

concentrations, and harder to control over a much wider area in a limited time. 
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To maximise the efficiency of salt-marsh mosquito control operations in Darwin, 

larval control should be implemented with increased emphasis after rain events 

during the build-up months between September and November each year. This study 

reiterates the importance of applying statistical methods to service provider 

programs, and thus enabling insights into solutions without the need for additional 

field experiments. This method of evaluation may have applications for other 

mosquito surveillance and control programs in other areas. 
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Section 4 – The evaluation of habitat modification for mosquito 

control in Alice Springs  

This chapter is set in arid Central Australia. The Ilparpa Swamp, is only a few 

kilometres from urban Alice Springs, following numerous outbreaks of MVEV, a 

government initiative financed the draining and rehabilitation of the Ilparpa Swamp. 

In this chapter I evaluate the effects on vector numbers and chicken seroconversions 

following this drainage intervention.  
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Chapter 10 – Habitat modification for mosquito control in the Ilparpa Swamp, 

Northern Territory, Australia 

 

This work is ‘in-press”, accepted for publication in JOVE, December 2011 issue- 

Jacups, S. P., N. Kurucz, R. Whitters, and P. I. Whelan (2011), Habitat modification 

for mosquito control in the Ilparpa Swamp, Northern Territory, Australia, Journal of 

Vector Ecology. 36(2). 

Statement of contributions of each author: 

Jacups & Whelan conceptualised and designed the study. Jacups performed all 

analyses, reviewed the literature and produced the manuscript. Whelan and Kurucz 

provided the data. Kurucz edited and Whelan edited and guided the writing of the 

manuscript.  

 

 

Introduction 

Mosquito (Diptera: Culicidae) borne flavi-viruses, such as Murray Valley 

encephalitis virus (MVEV) and Kunjin virus (KUNV) disease are present throughout 

the Northern Territory (NT) of Australia (Kurucz et al., 2005, Merritt et al., 1998b, 

Whelan et al., 2003). Infection with MVEV can be fatal (25% fatality) or have 

severely debilitating sequelae (Burrow et al., 1998, Merritt et al., 1998b, Spencer et 

al., 2001), while KUNV disease is less severe and not recognised as fatal (Brown et 

al., 2002b, Muller et al., 1986). The intermediate hosts implicated for these 

arboviruses are water birds (herons and egrets) (Brown et al., 2002b, Muller et al., 

1986, Russell and Dwyer, 2000). As there is no available vaccine and treatment 
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consists of symptomatic relief alone, mosquito avoidance remains the highest priority 

for prevention. Public health warnings frequently advocate mosquito avoidance and 

the use of protective clothing and personal repellants to reduce exposure to vector 

mosquitoes. However, the potential for disease transmission can be further reduced 

by minimising vector-human interactions through public health initiated integrated 

vector control. In the NT, Medical Entomology of the Department of Health and 

Families (DHF) conducts routine surveillance of adult mosquitoes in all major towns, 

including Alice Springs Township (Whelan et al., 2003, Whelan et al., 1993b). The 

NT DHF regional division of “Alice Springs rural” (~525 000 km2) contains “Alice 

Springs urban” (~148 km2), which is defined as Alice Springs Township and the 

surrounding semi-rural areas, Figure 12.1. Larval control, for the reduction of 

mosquito-borne disease transmission, is conducted by Medical Entomology in the 

vicinity of residential areas, often in conjunction with local Environmental Health 

Officers and local government agencies. 
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Figure 10.1. Alice Springs urban within Alice Springs rural Health regions 

 

Alice Springs (23o 42’ S), located in a desert environment, is the largest township 

(population 27,877, in 2009) in Central Australia and a major tourist centre 

(Australian Bureau of Statistics, 2010). The Ilparpa Swamp, (Figure 10.2), an area of 

approximately 130 hectares, is within Alice Springs urban (Figure 10.1), and in close 

proximity to Alice Springs Township. Originally it was a lignum clay-pan swamp 

with characteristic shrub-land ecology; dominated by lignum (Muehlenbeckia 
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florulenta) and sparsely populated with grasses, aquatic ferns such as nardoo 

(Marsilea drummondii), and trees such as the coolabah (Eucalyptus coolabah). 

However, since the early 1970s sewage effluent up to 1600 ml/ per annum has been 

released directly into the Ilparpa Swamp (Natural Resources, 2003). The effluent 

discharge transformed the dominant vegetation species to bullrush reeds (Typha 

domingensis) and grasses including couch (Cynodon dactylon) (Natural Resources, 

2003). This change in ecology created ideal larval habitat for the common banded 

mosquito Culex annulirostris (Skuse), a NT vector for MVEV and KUNV (Whelan 

et al., 2003, Whelan et al., 1993b). Natural wetlands with shallow vegetated margins, 

poor water quality and limited predator access have similarly been associated with 

high numbers of mosquitoes in Queensland, Western Australia and South Australia 

(Breeze et al., 2005, Dale et al., 2002, Dale et al., 2007, Sarneckis, 2002). 

 

Initially, excess effluent was primarily discharged to the swamp during the winter 

months (dry season) when overnight temperatures were low, and the common 

banded mosquito production was at its lowest. However, insufficient winter 

evaporation and heavy summer rain led to maximum storage levels in the ponds, 

triggering effluent discharge into the swamp during summer (wet-season) months. 

Summer discharges further expanded the volume of the swamp and provided 

additional nutrients for mosquito larvae and vegetation growth (larval habitat), often 

resulting in extreme numbers of vector mosquitoes, and hence creating an increased 

potential for arbovirus transmission (Kurucz et al., 2002). Additionally, the 

expansion of the swamp created optimal environmental conditions for migratory bird 

populations that became resident in the Ilparpa Swamp and adjacent sewage ponds. 
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Bird surveys in the Ilparpa Swamp conducted since the 1970s have recorded over 60 

water bird species, including; swans, stilts, herons, egrets, ducks, dotterels, and 

spoonbills (Brown et al., 2002b, Natural Resources, 2003, Spencer et al., 2001). 

Herons and egrets in particular have previously been implicated as hosts in the 

enzootic cycle of MVEV disease (Russell and Dwyer, 2000, Whelan et al., 2003). 

 

Figure 10.2. The Ilparpa Swamp early 1980’s colonised by Typha species 

 

In 1974, two cases of MVEV in Alice Springs sparked discussions between public 

health officials, councils and government agencies to intervene to reduce mosquito 

breeding in the Ilparpa Swamp (Brown et al., 2002b). Initial methods to mitigate 

mosquito pest and disease problems throughout the 1970s to the 1990s included 

physical modifications, such as the development of evaporation ponds, an irrigated 

tree plantation, sprinkler irrigation systems at the adjacent Blatherskite Park and the 

establishment of pipes to direct the effluent into the lower parts of Ilparpa Swamp. 

Chemical interventions included a regular adult mosquito insecticide fogging 
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program around the swamp edge and occasional aerial larval spraying with synthetic 

bacteria Bacillus thuringiensis var  israelensis or s-methoprene during high risk 

disease outbreak periods (Kurucz et al., 2002). In addition to mosquito mitigation 

efforts, sentinel chicken flocks were established in Alice Springs to forewarn of 

potential risk of MVEV and KUNV transmission to humans (Brown et al., 2002b, 

Whelan et al., 2003).  Following these interventions, no further human MVEV cases 

presented in the Alice Springs region, although sentinel chickens seroconverted in 

some years.   

 

Following heavy summer rain and effluent discharge in early 2000, notifications of 

MVEV disease increased in the Alice Springs rural region (3.6/100 000 persons) 

(Communicable Diseases Australia, 2010c) and vector numbers around the Ilparpa 

Swamp increased dramatically. Mosquito numbers continued to increase throughout 

summer 2001, with even higher numbers of Cx. annulirostris collected from traps 

around the Ilparpa Swamp, and two cases of MVEV and two cases of KUNV were 

notified from Alice Springs urban (Brown et al., 2002b). This outbreak provided 

additional impetus to drain the swamp to reduce mosquito breeding habitat and 

rehabilitate it to its original form of an ephemeral lignum clay-pan swamp.  

 

Drainage of the Ilparpa Swamp commenced in early 2001, initially with a small 

diesel powered pump (30/L per second), which was later upgraded to a larger electric 

pump (130/L p/s) in May 2001. The water was transferred by gravity flow using un-

formalized drains to St Mary’s Creek, where it rapidly infiltrated into a very pervious 
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sand aquifer (Kurucz et al., 2002). These drainage attempts were inadequate to 

effectively drain the swamp. Consequently, after traditional owners granted approval, 

plans commenced for the construction of a permanent large-scale incision to drain 

the Ilparpa Swamp in July 2001. The NT Government funded an engineer designed 

open-unlined incision gravity drain with minor (finger) extensions into the body of 

the swamp, which was completed in March 2002. This enabled floodwater and 

effluent drainage from the swamp at 700/L p/s into St Mary’s Creek, Figure 10.3 

(Kurucz et al., 2002).  
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Figure 10.3. Ilparpa Swamp gravity drain to St Mary’s Creek, 2004 and 2009 

 

This chapter assesses the use of habitat modification in a high nutrient inland 

freshwater swamp as an intervention to reduce mosquito larval habitat; a practice 

previously undocumented in Australia. Mosquito numbers and sentinel chicken 

seroconversions are compared before and after the construction of the drainage 

system.  

Methods 

Environmental data 

Rainfall data were provided by the Australian Bureau of Meteorology (BOM) for the 

study period from Alice Springs airport (Australian Bureau of Meteorology, 2010). 

These data required transformation to normalize their distribution, prior to using t-

tests to compare rainfall averages between the two periods (before and after 

engineering intervention measures). A square root transformation was chosen as it 

offered the most accurate transformation to a normal distribution. 

Total rainfall by calendar month was included in the mixed effects model, as rainfall 

varies greatly by calendar month in this desert environment, and it is an independent 

predictor of vector numbers, which needed to be controlled for in the model.  

Human cases and sentinel chicken seroconversion data and analyses 

Human cases and sentinel chicken seroconversions to MVEV and KUNV for the 

Alice Springs area were provided by Medical Entomology (counts of human cases), 

and the NT Sentinel Chicken Surveillance Programme. Chicken blood samples were 

tested for general and specific flaviviruses using an epitope-blocking enzyme 
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immunoassay (Hall et al., 1995, Whelan et al., 2003). Flocks of 10-12 birds from two 

sites located in semi-urban areas in Alice Springs, were bled monthly and replaced 

after each MVEV season or upon seroconversion as previously described (Brown et 

al., 2002b, Whelan et al., 2003). Seroconversion to MVEV in one or more chickens 

per flock initiates a media warning. Flock counts and seroconversion information 

were combined across the two flock locations. Following this, seroconversions to 

MVEV and KUNV were compared before versus after drainage intervention using 

Fisher’s exact test.  

Mosquito sampling and analyses 

The analysis included all female Cx. annulirostris mosquitoes collected weekly from 

three overnight encephalitis virus surveillance (EVS) CO2 baited-light traps (Rohe 

and Fall, 1979), between 1990 to April 2010, located  at the  Ilparpa Swamp. These 

locations were chosen as representative sites to monitor the dispersal of mosquitoes 

from the swamp into the nearby semi-rural and urban areas. Mosquito identifications 

were performed by Darwin Medical Entomology staff, with subsamples of 300 

mosquitoes identified to species level for large collections, after which the total was 

estimated by weight (Kurucz et al., 2005). Average counts of Cx. annulirostris for 

the three sites were cumulated monthly for the study period (210 months). Numbers 

of female Cx. annulirostris numbers were log transformed prior to t-tests. Following 

this, cross sectional negative binomial mixed effects models were applied to the total 

numbers of female mosquitoes, modelled over time against total monthly rainfall. 

The best model was determined by Akaike's information criterion, Bayesian 

information criterion and maximum log-likelihood methods. 

Mixed effects model: controls for seasonal variation of rainfall and time 
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Log(yit) = β0 + Xitβ + Ziγ + αi + uit,  

where yit is the dependent variable observed for individual i at time t, Xit is the time-

variant regressor, Zi is the time-invariant regressor. All analyses were performed 

using STATA version 11.0 (Stata Corp., College Station, TX, USA).  

 

Ethical approval 

This study was approved by the joint Human Research Ethics Committee of 

Northern Territory Department of Health & Community Services and Menzies 

School of Health Research, approval number 06/28. 

 

Results 

Since the 2002 engineering intervention, there have been no sentinel chicken 

seroconversions to MVEV or KUNV in Alice Springs, Table 10.1. This resulted in a 

statistically significant difference after drainage of the Ilparpa Swamp for MVEV (p< 

0.0001), and a significantly statistical difference for KUNV chicken seroconversions 

(p= 0.025). T-tests showed no statistical difference in rainfall when it was averaged 

across the two study periods, before and after drainage completion (p = 0.45), Table 

10.2. T-test on log transformed mosquito numbers indicated a significant difference 

between the two periods (before and after drainage intervention) (p<0.0001), Table 

10.2. The final cross-sectional negative binomial regression model supported this 

finding, while adjusting for time and monthly rainfall throughout the study period 

(p<0.0001), Table 10.3. Mean numbers of mosquitoes for the three traps are 
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graphically displayed by season (wet and dry) pre and post drainage intervention 

(habitat modification), Figure 10.4. 
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Table 10.1. MVEV and KUNV human disease cases and sentinel chicken seroconversions, Alice Springs urban, 1996-2010.  

 

 

 

 

 

 

 

 

*Drainage system completed March 2002, marked with black line.

Alice Springs urban 
area 

Human cases Chicken seroconversions- 
Arid Zone Research Institute 
commenced November 1996 

Chicken seroconversions- 
Ilparpa 

commenced January 2002 

Arbovirus MVEV KUNV MVEV KUNV MVEV KUNV 
1996/97 1 0 7 0 . . 
1997/98 0 0 0 0 . . 
1998/99 0 0 0 0 . . 
1999/00 0 0 5 1 . . 
2000/01 2 2 8 2 . . 
2001/02* 0 0 2 0 . . 
2002/03* 0 0 0 0 0 0 
2003/04 0 0 0 0 0 0 
2004/05 0 0 0 0 0 0 
2005/06 0 0 0 0 0 0 
2006/07 0 0 0 0 0 0 
2007/08 0 0 0 0 0 0 
2008/09 0 0 0 0 0 0 
2009/10 0 0 0 0 0 0 
Totals 3 2 22 3 0 0 
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 Table 10.2. T-test comparison of rainfall and Cx. annulirostris mosquito numbers (transformed) before and after habitat modification 

(year 2002) 

T-tests   Mean Mean 
(transformed) 

95% CI P 

1 Rainfall 
(square root transformed) 

Before drains 134 3.87 3.29-4.45  

  After drains 76 3.51 2.81-4.21 0.44 

2 Cx. annulirostris numbers 
(log transformed) 

Before drainage 134 5.49 5.11-5.87  

  After drainage 76 3.710843 3.15-4.26 <0.0001 

 

Table 10.3. Final model- comparing Cx. annulirostris counts before and after habitat modification 

Model  Coefficient P 95 % CI 

Female Cx. annulirostris  counts~ Time (monthly) 0.007 0.08 0.00-0.015 

 Rainfall (monthly) 0.009 0.01 0.002-0.017 

 Drainage intervention (established Feb 2002)  -2.587 <0.0001 -3.75 - -1.43 
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Figure 10.4. Mean annual Cx. annulirostris females from three EVS traps, wet 

season versus dry season, Ilparpa Swamp - 1990-2010 

 

Discussion 

Results from this investigation show rainfall to be consistent across the study period, 

indicating that variation in mosquito numbers across the study period cannot be 

attributed to differing rainfall patterns. Furthermore, rainfall was included in the 

mixed effects model, and although it had an independent association with numbers of 

mosquitoes, when retained in the model, habitat modification was shown to be 

independently and negatively associated with female Cx. annulirostris numbers, 

Table 10.3, Figure 10.4. This is further elucidated by crude mosquito counts of Cx. 

annulirostris numbers, which reduced from maximum > 17,000 per EVS trap per 

night in February 2001; to maximum < 600 per EVS trap per night in February 2002 

(Kurucz et al., 2002). By early March 2002, maximum <50 per trap per night was 

recorded around the Ilparpa Swamp (Kurucz et al., 2002). Culex annulirostris 

numbers in Ilparpa Swamp remained low after the drainage system was 
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implemented, until early 2010 when heavy rains coupled with effluent release 

resulted in a slight increase of Cx. annulirostris numbers (to a maximum of 200 per  

EVS trap per night). This increase in Cx. annulirostris numbers was controlled with 

an aerial application of s-methoprene pellets; it did not reduce the magnitude of the 

highly statistical significance of the engineering intervention.  

 

December to March average monthly Cx. annulirostris numbers of ≥300 mosquitoes 

per trap and MVEV seroconversions in sentinel chickens has previously provided a 

valid quantitative threshold measure of expected MVEV activity in the Alice Springs 

urban area (Whelan et al., 2003). Since completion of the drainage system in 2002, 

no human cases of MVEV or KUNV have been notified (Communicable Diseases 

Australia, 2010c) and and no sentinel chickens have seroconverted from the Alice 

Springs area. Furthermore, there have been no peaks in average weekly Cx. 

annulirostris numbers per trap ≥ 300 mosquitoes. This indicates a change reflecting 

the absence of ecological conditions that would favour the reemergence of MVEV or 

KUNV, and further indicates that the Ilparpa Swamp no longer supports sustained 

vector numbers in the transmission season. In addition to the reduction in vector 

numbers, changes in habitat vegetation dominance and decreased water volume has 

reduced water bird populations (Natural Resources, 2003). Many species have 

relocated to the adjacent open-water sewage ponds, but those requiring sheltered 

habitats have been forced to move elsewhere (Natural Resources, 2003). This 

relocation of water birds may have played an appreciable role in the reduction of 

MVEV and KUNV transmission and the subsequent lack of seroconversions in 

sentinel chickens in the Alice Springs area since the Ilparpa drainage channels were 
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completed. It is possible that a reduction in birdwatchers to the swamp has also 

reduced MVEV and KUNV transmission exposure to humans, however it would be 

difficult to attribute any change in human behavior to the reduction in MVEV and 

KUNV cases.  

 

Previous studies highlight the Forbes hypothesis, where MVEV transmission risk is 

increased following two years of above average rainfall in eastern Australian river 

catchments reported from eastern Australian states: Queensland, Victoria and New 

South Wales (Forbes, 1978). However, this does not hold true for Alice Springs, 

where sentinel chicken conversions and MVEV cases occurred following two years 

of below average rainfall (Whelan et al., 2003). This latter finding implies that 

MVEV was endemic in Alice Springs rural, Central Australia, including Alice 

Springs urban (Brown et al., 2002b, Whelan et al., 2003). However the present 

findings suggest a change in ecology of the Ilparpa Swamp since the drainage system 

was implemented, such that local MVEV and KUNV activity has now apparently 

ceased indicating no current enzootic presence of these arboviruses in the Alice 

Springs urban area.  

 

Habitat modification is one of three broad categories of mosquito control, with the 

others being, chemical treatment and biological control. Each method reduces 

mosquito numbers by targeting the larval growth stages, with minimal impact on 

non-target species (Dale and Breitfuss, 2009, Dale et al., 1989, Dale and Knight, 

2008, Dale and Hulsman, 1990, Saintilan, 2009). Habitat modification for mosquito 
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control was first developed in the mid-20th century and has evolved into a variety of 

methods, such as ‘ditching, runnelling and impounding’ to address differing water 

retention issues, particularly in salt-marsh or tidal habitats (Dale et al., 1989, Dale 

and Knight, 2006, Ferrigno and Jobbins, 1968). Documented disadvantages include 

the occurrence of soil or water content changes, with faunal and floral impacts 

considered relatively minor for runnelling, but more extensive for ditching (Breitfuss 

et al., 2005, Dale and Knight, 2006, Saintilan, 2009). Although habitat modification 

is well documented for long-term mosquito control in salt-marsh environments 

(Alsemgeest et al., 2005, Breitfuss et al., 2005, Dale and Knight, 2008, Jones et al., 

2004, Saintilan, 2009), it has not been documented as a best practice option for 

mosquito control in extensive fresh water environments. It offers an effective 

alternative to repeated chemical treatments, as it is a practical cost-effective long-

term solution to reduce mosquito abundance, and is potentially more ‘eco-friendly’ 

than the alternative strategies (Dale et al., 1989, Dale and Hulsman, 1990).  

 

There is limited information on mosquito management in freshwater systems, with 

most information available on constructed wetlands that are considered separately to 

naturally occurring wetlands (Dale and Knight, 2006). Worldwide, the literature 

describing drainage in freshwater systems for mosquito control is limited to a few 

papers (Dale and Knight, 2006). Shililu et al. describe mosquito control through 

source reduction, which may involve draining or filling larval habitats, as a 

mechanism to reduce malarial vectors in Africa (Eritrea) (Dale and Knight, 2006, 

Shililu et al., 2007), and Gu showed this theoretically, again pertaining to malaria 

vectors (Dale and Knight, 2006, Gu et al., 2006). Finally, Sun et al. noted the 
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secondary effects on mosquito numbers following drainage for forestry purposes in 

the southern United States (Dale and Knight, 2006, Sun et al., 2001).  

 

More recently, vegetation has begun a redistribution process with some areas now 

rehabilitated to resemble the original lignum swamp; however couch grass persists in 

many areas and efforts continue to rehabilitate the swamp to its original ecosystem. 

Medical Entomology continues to advise and work closely with council, government 

and community groups to rehabilitate the swamp, and manage mosquitoes, to reduce 

the risk of mosquito-borne disease in the area. Since 2008, effluent discharge to the 

swamp has been reduced using additional treatment by a Dissolved Air Floatation 

plant and by the Soil Aquifer Treatment infiltration facility constructed by the NT 

government. Releases currently occur following heavy seasonal (summer) rain or by 

intermittent release over winter, allowing wetting and drying cycles to reduce the 

opportunity for mosquito breeding. Summer releases are now rare, only occurring 

when pond systems are overloaded after heavy rain. Excess effluent releases require 

notification to Medical Entomology prior to release for implementation of alternate 

mosquito control interventions. There are ongoing discussions with government 

agencies about regular swamp drain maintenance, which is critical for effective long-

term drainage and mosquito control. Issues also remain for the complete 

rehabilitation of the swamp to a lignum clay-pan swamp. The planning for this 

requires the incorporation of integrated mosquito control measures during periods of 

high summer rain. Government agencies need to ensure that effluent is released into 

the lowest part of the swamp to minimise the area of mosquito breeding and allow 

more rapid and effective drainage. Additionally, effluent release into the swamp, 



217 
 

where possible, should only occur during winter months when it is unlikely to cause 

appreciable Cx. annulirostris breeding and hence reduce the risk of mosquito-borne 

disease outbreaks.  

This chapter quantifies the success of habitat modification, specifically for mosquito 

control, in an extensive inland freshwater environment, in Australia. Furthermore, it 

emphasises the importance of understanding links between habitats, environmental 

factors and the lifecycle of mosquitoes to maximize mosquito control efforts. Habitat 

modification together with vigilant effluent management has successfully reduced 

mosquito numbers and the potential risk for mosquito-borne disease in the Ilparpa 

area and for Alice Springs urban residents. Mosquito management and wetland 

management are working together to sustain a balance between ecological health and 

human health.  
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Section 5 – Discussion and references 
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Chapter 11 –General discussion 

In this thesis, I have described and discussed the arbovirus disease environment in 

the NT. I have applied statistical modelling to mosquito datasets; to produce 

environmental early-warning systems, which assist disease prediction and can guide 

larval control. I have evaluated mosquito control practices in order to tighten the 

precision of operations that reduce mosquito abundance, to aid in the selection of 

best practice applications for the unique, and often harsh, NT environment.  

 

The strength of this thesis lies in its immense mosquito surveillance dataset, with 

over 30 years of weekly collections from Darwin, plus routine collections from other 

major townships in the NT. These data have been collected under strict quality 

control supervision, and entered into a specifically designed database; they constitute 

an irreplaceable resource of NT mosquito ecology, over 30 years. Another strength 

of this thesis, is the rigorous linkage between human disease incidence with mosquito 

and landscape ecology, including weather parameters and tide height; in this way, an 

holistic approach has incorporated the gross ecology of vector species within the 

region. The understanding of each these components and their knitting together has 

the capacity to vastly improve mosquito control in the NT.  

 

Mosquitoes share the web of life: although largely perceived as pests, they are 

essential components of the food cycle. Mosquitoes constitute the food source of 

many animals; insects including dragonfly larvae (Johnson and Bryan, 2001, Singh et 

al., 2003); and higher animals such as fish, bats, frogs and reptiles (Griffin et al., 



220 
 

1960, Willems et al., 2001), (Fradin, 1998, Lloyd, 1987). Complete eradication is 

therefore both impractical and deleterious to environmental equilibria. But 

mosquitoes as disease carrying vectors and incessant pest biting species are 

detrimental to human comfort and safety, especially when breeding occurs in close 

proximity to residential dwellings or recreation areas. Medical entomology units in 

Australia therefore aim to reduce mosquito abundances; specifically pest biters and 

disease vector species, rather than aim for complete eradication. It is for this reason I 

have investigated the mosquito control issues of the NT, to reduce mosquito 

abundance for an improvement to quality of life and a reduction in disease risk, with 

the goal of broader applicability to neighbouring countries and future times. 

 

Much of this thesis focussed on RRV disease in the NT, the most abundant and the 

most expensive arbovirus to the health care system in Australia. Although the 

majority of RRV disease cases occur in the tropical zones of Australia, Figure 1.1, 

my literature review in chapter 2 (Jacups et al., 2008a), confirmed that little had been 

published on the unique relationship between RRV disease and environmental 

factors in the tropical north (Gatton et al., 2005). This thesis has created a knowledge 

base of local RRV epidemiology in Darwin and to a lesser extent, RRV 

epidemiology for the major townships of the NT. The historical review in chapter 2 

fills the RRV knowledge gap for the NT, laying down the foundations for the 

modelling exercises which follow. All RRV models created in chapters 3 and 4 

combined local weather information with RRV infections counts to create robust 

models specific to each area; as such, they are thus more accurate than models 

created over larger areas (Woodruff et al., 2006) (Jacups et al., 2011c, Jacups et al., 
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2008b). The predictive models created in chapter 3, can operate as early warning 

systems to facilitate public risk warnings; while the rainfall cut-points in chapter 4 

take prediction one step further. Here I have created simple indicators of rainfall that 

forewarn of approaching RRV epidemic conditions for December and January, the 

months in which RRV pre-epidemic conditions are established. The cut-points 

provide timely notification, enabling pre-emptive larval control. In this way, vector 

numbers can be reduced before an outbreak commences. Additionally, cut-points 

supersede predictive models that require data collection but do not provide timely 

notification of approaching RRV epidemic conditions.  

 

The current practices of mosquito control in the Darwin area are discussed in detail 

in section 3. Over numerous chapters, a number of questions are addressed with the 

goal in each- to identify ways to improve current strategies. Findings from chapters 6 

and 7 include identification of vegetation categories most associated with Ae. vigilax 

larvae production and larval control in the Leanyer Swamp (Jacups et al., 2009, 

Kurucz et al., 2009b). These chapters revealed that maximum larval control can be 

obtained if efforts are concentrated on the extensive areas of 

Schoenoplectus/mangrove, tide-affected reticulate and the drains; to further reduce 

the Ae. vigilax larval survey time, indicator sites can be used for each of these 

vegetation categories to verify control requirements. Furthermore, this information 

when linked with modelling results from section 2 can tighten mosquito control and 

further assist the reduction of RRV transmission. Pre-emptive spraying can be 

performed with greater precision now that vegetation categories most associated with 

mosquito breeding habitat had been more fully described. Drainage channels were 
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discovered to be highly associated with Ae. vigilax breeding. This finding confirmed 

results from engineering modifications to Leanyer Swamp, presented in chapter 5. 

The drainage modifications were designed to reduce mosquito breeding; however, at 

this location they have become breeding habitats themselves. Thus the long-term 

mosquito control measures had become the part of the problem rather than the 

solution. The quantification of this phenomenon will enable Medical Entomology to 

seek additional funding for drainage de-silting and vegetation clearage to increase 

tidal flows and reduce preferable larval habitat.  

 

The Medical Entomology unit conducts weekly adult mosquito trapping in numerous 

locations, counting, sexing and speciating the mosquitoes collected in over 20 traps 

in Darwin urban alone. Findings from chapters 8 and 9 indicate that the majority of 

Medical Entomology’s current trapping and surveillance practices are necessary and 

should be continued (Jacups and Whelan, 2011, Jacups et al., 2011b). However 

weekly trapping operations in some ecosystems in Darwin urban, such as tidal creeks 

could be reduced to bi-weekly operations to maximise service delivery. Furthermore, 

analysis of one urban Darwin adult mosquito trap in Karama revealed that the most 

important time for adult salt-marsh mosquito control operations in Darwin, is during 

build-up months between September and November each year, concentrating 

especially on larval control efforts after rain events (rather than tidal). These chapters 

reiterate the importance of applying statistical methods to service provider programs 

as quality control measures.  
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Later, I investigated the rectification of wetlands for mosquito control. The analysis 

of wetland rectification quantifies drainage interventions set up for long-term 

mosquito control in two unique applications, the salt-marshes of urban Darwin, 

chapter 5, and an inland freshwater swamp, near Alice Springs, chapter 10 (Jacups et 

al., 2011a, Jacups et al., 2011-in process). At each location anthropogenic change 

transformed a functional ecosystem with seasonal mosquito breeding, into a less 

predictable, extreme mosquito breeding habitat. In each location, habitat 

modification was undertaken to reduce mosquito abundance, with ecosystem 

rectification a serendipitous side-effect. Mosquito abundances were reduced by long-

term drainage interventions, and habitats were restored to closer to their original 

ecosystems, at all locations. Following habitat modification, mosquito abundance 

management includes Bacillus thuringensis israelensis and methoprene applications, 

as with other similar wetland locations (Carlson et al., 1999, Carlson et al., 1991). 

 

Limitations 

The many limitations to this thesis have mostly been discussed specifically 

throughout the chapters. Some of the models have not been completely validated and 

would benefit from validation to ensure they remain applicable rather than purely 

theoretical. There may well be biases in the collection of mosquito data, however 

these are long-term collections from over 30 years, and trap sites have remained 

consistent throughout this period, thus any biases would probably be diluted when 

data were pooled.  
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Future modelling using simulation and Bayesian methodologies 

There are many ways to apply the findings of this thesis to other settings, in Australia 

and internationally. Firstly, the use of previously developed statistical methods has 

proven to be a highly effective tool in both an experimental setting and in field trials. 

An example of the cross application of statistical methodology can be taken from this 

thesis. The statistical method which generated rainfall cut-points in chapter 4 (Jacups 

et al., 2011c), was adopted from the methodology created for cut-points of malaria 

parasitaemia in the presence of fever (Smith et al., 1994), further extrapolation could 

be expanded to other fields and datasets. Of course, methodologies are expanded 

upon and their applications broadened constantly. Poisson models, originally 

developed for analyses of soldiers killed by horse kicks (Bortkiewicz, 1898); it has 

since been applied to mosquito counts using spatial data (Ryan et al., 2004). In the 

same way, further applications can be made from methodologies in this thesis. 

 

Another application of the findings of this work is in the use of simulation modelling. 

With this methodology, the outcomes or findings from similar studies are used as 

background information, upon which assumptions are made, and future predictions 

are based. These assumptions are used to generate rates of movements between 

states, such as simple Susceptible-Infected-Resistant (SIR) models used to explain 

many infectious disease pathogens as they move through a population (Gordo et al., 

2009, Taylor and Carr, 2009, Zaman et al., 2008). By utilising these methodologies, 

the outcomes of disease outbreaks or ecological change scenarios can be estimated 

without the requirement of first-hand experience of potentially fatal outcomes, or 

before events occur, such as climate change. Accurate simulation modelling requires 
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more than disease prevalence, vector population estimates and breeding rates, the 

best models also include habitat knowledge (Depinay et al., 2004). The 

quantification of vegetation parameters associated with Aedes vigilax breeding from 

the salt-marsh Leanyer Swamp are invaluable information to incorporate into 

accurate simulation models. Results from analyses on operational tasks can similarly 

be incorporated into simulation models to predict future mosquito abundance should 

changes occur to vegetation categories distributions, due to expected global climate 

change projections, or changes in current larval control strategies (Burattini et al., 

2008, Egger et al., 2008, Pongsumpun et al., 2008).  

 

One example of simulation modelling applied to mosquito data, is that of CIMSiM 

(Focks et al., 1995). This model simulates different environmental conditions to 

predict Ae. aegypti abundance in specified areas; it can be used to estimate 

proliferation of a particular species (Williams et al., 2010). This program has already 

been validated for use in Cairns, and a sensitivity analysis can be used to identify key 

parameters where money should be spent to maximise effectiveness of programs. 

Using a program like CIMSiM, information collected and quantified, such as from 

this thesis, can be easily applied to international areas. If the environmental 

conditions are similar, simulated data may provide answers to management 

questions, without the need to collect data and conduct trials in places with limited 

capacity (Burattini et al., 2008). Additional to simulations already performed on Ae. 

aegypti survivorship in Australia (Williams et al., 2010), simulations on the impacts 

of Ae. albopictus establishment would be valuable to identify. Findings may echo 

those of others who observed Ae. aegypti  and other Aedes species were displaced 
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post arival of Ae. albopictus (Lounibos et al., 2001). This would be invaluable for 

northern Australia; there have been recent incursions of this species in the Torres 

Strait (Barrera et al., 2004), and establishment could be devastating for the NT, 

which has maintained Ae. aegypti, and thus dengue free since eradiation in the 1960s 

(O'Gower, 1958). 

 

Another example of partial-simulation modelling is the use of Bayesian 

methodologies. These have the capacity to value-add to small or limited data sets, 

using previously modelled information that becomes statistically incorporated into a 

new model (Ogle, 2009). In these circumstances, previous results become “priors” 

that facilitate development of analyses that may lack the power of a larger data set. 

Bayesian modelling could be applied to international datasets which are small, but 

have similar environmental conditions such that assumptions are not violated 

(Staubach et al., 2002).  

 

These examples of methodologies, applicable to other data sets both local and 

international, enable work generated for one purpose to be transferable to another, 

for local application. Future directions for work in this field, following on from this 

thesis could involve simulation modelling, and or Bayesian methodologies, 

especially for our poorer neighbouring countries that lack the resources for accurate 

data collection, and struggle to provide adequate health services. If simulation 

methodologies are applied in these situations, future predictions can be made using 

background information from results in this thesis. Most countries in the Australasian 
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region contain similarities in habitat, mosquito species compositions, or 

environments that would be of benefit to modelling, requiring minimal local input. 

These models create a range of possible outcome scenarios from which to base 

resource allocation, allowing service provision rather than research to take priority. 

 

Climate change 

Climate change predictions for the NT are varied. In Australia, temperatures are 

expected to rise by 0.3-1.4o C by 2030, along with higher, more irregular rainfall 

patterns (PMSEIC Independent Working Group 2007, 2007) However, predictions 

for the NT are less precise, ranging between 1.0 to 2.0° C by 2030, with an increase 

in predicted dry-season rainfall, and an increase in wet-season cyclone occurrence 

and intensity (CSIRO, 2001, PMSEIC Independent Working Group 2007, 2007). For 

mosquitoes, warmer temperatures usually result in a shortening of time between 

larval development stages and quicker extrinsic incubation times for viruses. The 

corollary of warmer temperatures is a shorter adult life expectancy with fewer days 

available for potential viral transmission (Russell, 1998a). In the north, if predictions 

on temperature and rainfall are accurate, I would expect increases in numbers of the 

northern salt-marsh mosquito, Ae.  vigilax and the freshwater mosquito Cx. 

annulirostris. Climate change and mosquito dynamics are complex, the change in 

balance of rainfall and tides may result in a shift in the dominance of vector mosquito 

species, different to what has previously been anticipated. And, despite predictions 

for warmer and wetter weather patterns, a worsening of mosquito favourable 

conditions, mosquitoes can be controlled with larvicidal agents that will ameliorate 

increases in mosquito abundance to reduce mosquito-borne disease transmission 
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potential. Findings from this thesis and further statistical simulation modelling over a 

range of temperature, rainfall, ecological, tidal scenarios may identify more accurate 

predictions of climate change effects on mosquito populations at a local level 

(Williams et al., 2010). These models could be instigated soon, or as future 

conditions become more apparent. 

 

Conclusions 

This thesis brings together environmental data, mosquito species ecology, mosquito 

control strategies, and human disease epidemiology; and addresses the problem of 

mosquito control in the NT. The linking of these fields strengthens and quantifies our 

understanding of the mechanisms involved with mosquito breeding ecology; and this 

combined knowledge base improves the precision of mosquito control strategies and 

operations in the NT. The fundamental information gained on mosquito ecology can 

be directed to practical applications of mosquito reduction to minimalize the risk of 

mosquito-borne disease transmission. The findings in this thesis are genuine 

advances towards controlling mosquitoes; to such an extent, that future epidemics are 

curtailed (Tai, 1992).  
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