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Abstract 
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Thesis abstract

A major contributor to the transmission of vector-borne disease in many countries are mosquitoes 

that emerge from saltmarshes. This is particularly the case for Australia, where saltmarsh 

mosquitoes are arguably the most important for vector-borne infections. The saltmarsh habitat 

influences the distribution, abundance and success of adult mosquitoes. This occurs through the 

intrinsic nature of environmental and ecological factors in saltmarshes and can also be impacted by 

anthropogenic factors. In this thesis, my research is focused on Aedes camptorhynchus, the 

temperate mosquito vector of Ross River virus (RRv); the most prominent and ecologically 

important vector-borne disease in Australia. Understanding the diversity of saltmarsh habitats and 

the ecology of saltmarsh mosquitoes within these habitats has potential to improve mosquito vector 

management and human disease.  

I conducted a high-level scoping review of research literature undertaken on saltmarsh mosquito 

vectors in Australia (Chapter 2). I found that saltmarsh ecology, in particular the ecology of 

saltmarsh mosquito vectors, is poorly understood partly due to the expanse and diversity of 

saltmarsh habitats across the country, and the number of vectors involved in the transmission of 

disease. I emphasise the utility of ecological health and ecosystem function with respect to human 

health, vector management and the need for greater knowledge surrounding local saltmarsh ecology 

and mosquito vector dynamics.  

In Chapter 3, I conducted a comparative study between three superficially similar temperate 

saltmarshes to identify how environmental conditions and aquatic invertebrate assemblage influence 

mosquito vector abundance. I identified distinct differences in mosquito assemblage between 

saltmarsh systems and seasons. Environmental variables were dominant in predicting mosquito 



3 

 

numbers and vegetation (samphire) cover was ubiquitous among saltmarshes in predicting first 

instar mosquito abundance. Aquatic conditions differed in ability to predict the numbers of Ae. 

camptorhynchus first instars or pupae. The abundance and diversity of aquatic invertebrates 

contrasted between saltmarsh habitats. Saltmarshes with the least anthropogenic disturbance had 

greater aquatic invertebrate diversity and fewer vector mosquitoes. This work demonstrates the 

value in understanding natural saltmarsh aquatic ecology in the context of vector ecology and 

saltmarsh ecosystem health. 

Having identified ecological differences among saltmarsh systems and their influence on vector 

abundance, I (Chapter 4) conducted a fine-scale field evaluation of the saltmarsh with the highest 

density of mosquito vectors to determine specific environmental drivers and locations of mosquito 

egg distribution. I determined that vegetation, particularly samphire (Sarcornia quinquiflora), was 

preferred by Ae. camptorhynchus for oviposition relative to shrubby glasswort (Tecticornia 

arbuscula), runnels and bare soil. No correlation between aquatic invertebrates, tidal connectivity, 

soil moisture and elevation on oviposition habitat selection was found. I discovered that this 

saltmarsh was less influenced by regular tidal inundations relative to rainfall, resulting in dryer 

habitat conditions. By understanding oviposition habitat selection and factors determining hatching 

success we can improve vector surveillance, and management efforts can be more targeted and 

efficient. 

Lastly (Chapter 5), I investigated if a prominent ostracod micro-crustacean affected local 

populations of Ae. camptorhynchus. My aim was to identify if Ae. camptorhynchus competed with 

this abundant microcrustacean leading to changes in development and survival or if the main 

limitation was resources. I found that the most limiting factor for Ae. camptorhynchus survival and 

development was resources, rather than competition. When resources were limited it resulted in 

delayed mosquito development, decreased larval survival and smaller emergent adult mosquitoes. 

Of these three parameters only adult mosquito size changed when food resources were abundant 
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and ostracod density increased, resulting in decreased adult mosquito size. I conclude that 

underlying effects of non-culicid aquatic interactions on mosquito development and survival are 

context dependent and could have the potential to impact vector-borne disease transmission. 

In summary, the work presented in this thesis has contributed to a greater understanding of the 

ecology of mosquitoes in saltmarshes. This research demonstrates the complexity of superficially 

similar saltmarsh systems and how detailed knowledge of these systems can inform vector 

surveillance and management; and how aquatic invertebrate interactions within saltmarsh systems 

may influence vector mosquito abundance, distribution, and potentially disease transmission. The 

contributions I have made to temperate saltmarsh habitats and mosquito vector research provide 

insights into the ecology of a prominent RRv vector and the ecological significance of saltmarsh 

habitats. Moreover, this thesis contributes to the growing knowledge around ecosystem health, with 

emphasis on the requirement to understand the ecology of vectors in saltmarsh habitats and the 

potential impact manipulation of these habitats can have to human health through influence on 

vectorial abundance and life history. 
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Chapter 1 

General introduction 



6 

 

 – General introduction 

 

1.0 Saltmarsh ecology and mosquito vectors 

Globally, there are more than 350,000 hectares of saltmarsh ecosystems, excluding regions 

dominated by mangrove or seagrass (Himes-Cornell et al. 2018). These habitats hold 

significant ecological value from storage of blue carbon to providing refuge, foraging and 

breeding grounds for a range of vertebrates (Boorman 1999, Saintilan and Rogers 2013, Rogers 

et al. 2016), however, they are also important habitats for mosquitoes that transmit pathogens 

of human health concern (Russell and Dwyer, 2000). Some of the viruses capable of being 

transmitted by saltmarsh mosquitoes include Japanese encephalitis, Murray Valley 

encephalitis, Barmah Forest and Ross River viruses (Dale and Knight 2008). Although only 

the latter two are considered high risk in Australia. 

The past decade has seen worldwide increases of vector-borne disease (Gratz 1999, Gubler 

2001, Lounibos 2002). Undoubtedly, the expansion of urban development to coastal areas 

exposes people to greater risk of mosquito contact and disease transmission (Weinstein 1997) 

but mosquito-borne disease in humans has also been linked with declining ecosystem health 

(Gratz 1999, Rapport 1999, Cook et al. 2004, Weaver and Reisen 2010, Bader and Williams 

2011). Worldwide, saltmarsh habitats continue to be impacted by both direct and non-direct 

human interference including (but not limited to) habitat modification, chemical applications, 

nutrification, livestock grazing and the spread of invasive weeds (Adam 2002, Prahalad and 

Pearson 2013). As a result, the health of these ecosystems is declining with many plant and 
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animal species now threatened. Yet, research examining the underlying mechanisms driving 

the spatial differences in vector abundance within saltmarsh systems is rare, and ecological 

processes within these habitats are poorly understood. 

A major factor for the paucity of research on the ecology of saltmarsh systems and vector 

abundance is the spatial heterogeneity and complexity of these systems (Saintilan and Rogers 

2013). It is generally understood that environmental aspects such as geographic location, 

climate, and hydrological connections contribute to the diversity of vegetation and fauna 

(Laegdsgaard 2006, McCall and Pennings 2012, Saintilan and Rogers 2013) Geographic 

location also contributes to diversity with an increase in species richness in cooler climates 

(Adam 1990, 2002, Saintilan 2009, Zedler 2010, McCall and Pennings 2012). Changes in 

saltmarsh habitats are particularly evident in Australia, where coastal saltmarshes occupy more 

than 9,000 km2 of the coastline, ranging from temperate to tropical climatic zones (Rogers et 

al. 2016). Across this range the most obvious change is differences in vegetation, with the 

absence of mangroves in the south of the continent, and this is accompanied by many other 

ecological differences, including vector mosquito distribution and associated disease 

incidences (Russell and Dwyer, 2000) 

 

1.1 Australian saltmarsh mosquitoes and vector-borne disease 

In terms of incidence, the two most important vector-borne pathogens transmitted by Australian 

saltmarsh vectors are Ross River virus (RRv) and Barmah Forest virus (BFv). Nationally, these 

account for more than 5,000 infections per year and cost the Australian economy in excess of 

AU$10 million/year (Harley et al. 2001). Common symptoms of these diseases include severe 

joint pain, malaise, fatigue and rash (Doherty et al. 1972, Harley et al. 2001). Transmission 

naturally occurs between mosquito vectors and reservoir hosts, principally macropod 
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marsupials (Russell 2002), although other vertebrates may be involved (Doherty et al. 1972, 

Harley et al. 2001, Stephenson et al. 2018). Humans also appear to have a role as amplification 

hosts, but do not support the long-term persistence of the virus (Aaskov et al. 1981, Tesh et al. 

1981). 

Throughout Australia there are several mosquitoes capable of transmitting both RRv and BFv 

and potentially amplify transmission in peak seasons. Some of the freshwater species include 

Culex annulirostris (Skuse), Cx. australicus (Dobrotworsky and Drummond), Cx. 

quinquefasciatus (Say) and Ae. notoscriptus (Skuse) (Russell 1998, Harley et al. 2000, 

Willaims and Rau 2010). Although the most important vectors are the saltmarsh mosquitoes 

(Table 1.1) with Aedes vigilax (Skuse) and Ae. camptorhynchus (Thomson) being the two most 

prominent saltmarsh vectors responsible for most disease transmission events (Ballard and 

Marshall 1986, Vale et al. 1992, Harley et al. 2001, Kay and Jennings 2002, Russell 2002, van 

den Hurk et al. 2010). Distribution of these species range from coastal saltmarshes and 

mangroves to inland brackish and saline waterbodies within the wheatbelt of Western 

Australia. Aedes camptorhynchus is most common across southern Australia and is replaced 

by Ae. vigilax north of its range (Kokkinn et al. 2009).  
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Table 1.1: The distribution, pathogen transmission, habitat and biology, and public health importance of key saltmarsh mosquitoes in Australia. 
 

Mosquito speciesa Distributionb 
Associated 

pathogensc Habitat and biologyd Public health importance 

Aedes alternans SA, Vic., NSW, Qld, 

NT, WA 

RRv 

 

SW/FW; found in coastal 

saltmarshes and inland areas. 

Capable of dispersing widely. The 

larvae are predatory.  

Potential nuisance-biting 

pest active day and night. 

Vector status is poor 

Aedes camptorhynchus Tas., SA, Vic., NSW, 

WA (Southern) 

BFv, RRv, MVE 

 

SW/B; commonly found in coastal 

saltmarshes, inland saline regions 

and grasslands. Larvae have extreme 

salt tolerances and can tolerate a 

range of aquatic temperatures. They 

can disperse several kilometres from 

their habitat. 

Severe nuisance biting pest, 

with crepuscular activity. 

One of the most important 

vectors of RRv and BFv in 

southern Australia 

Aedes vigilax SA, Vic., NSW, Qld, 

NT, WA 

BFv, RRv, MVE SW/B; common in coastal 

saltmarshes and mangroves but can 

be found in flooded sedgelands. 

Exceptional dispersal capabilities 

and is autogenous. 

Severe nuisance biting pest 

day and night. One of the 

most important pest species 

in coastal regions of NSW, 

Qld, NT and WA 

Verrallina funerea NSW, Qld, NT RRv, BFv SW/B; common in coastal 

saltmarshes and mangrove swamps. 

Does not disperse  

Severe nuisance biting pest 

and is suggested to be an 

important amplification 

vector during outbreaks  

 

a Compiled from various sources: (Russel 1998; Hugo et al. 2003; Jeffery et al. 2006; Webb 2013) 
b States and Territories: NSW = New South Wales; NT = Northern Territory; Qld = Queensland; SA = South Australia; Vic. = Victoria; WA = Western 

Australia, and Tas. = Tasmania. 
c Arboviruses; BFv = Barmah Forest virus; RRv = Ross River virus; MVE = Murray Valley encephalitis. 
d Habitat: SW= salt-water, FW = fresh water, B = brackish. 
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It is well documented that RRv and BFv outbreaks are seasonal, coinciding with climatic 

conditions that compliment growth and development of mosquitoes, such as greater than 

average rainfall events, warmer temperatures and higher than average tides (Kelly-Hope et al. 

2004). As such, this information is used to inform public health interventions (Tall et al. 2014). 

Quite often these predictions are modelled on regional climatic data and National Notifiable 

Disease Surveillance data (NNDSS 2019). However, these models become intrinsically 

unreliable given the temporally changing climatic conditions, spatial diversity of saltmarshes 

and disease epidemiology (Weaver and Reisen 2010, Koolhof et al. 2019).  

 

1.2 The biology of saltmarsh mosquitoes 

The lifecycle of saltmarsh mosquitoes is such that they have an obligation to aquatic habitats 

for the larval stages. Eggs are typically laid on vegetation surrounding waterbodies whereby 

hatching occurs between 2-3 days after hydrological events, such as rainfall or tidal inundations 

(Bader and Williams 2011). Both larvae and pupae are dependent on standing water for growth 

and survival with adults emerging after 12-15 days, depending on temperature (Figure 1.1) 

Consequently, adult females tend to lay eggs in specific regions of the saltmarsh that maximise 

offspring hatching (Sinclair 1976, Navarro-Silva et al. 2009) often displaying a preference for 

saltmarsh vegetation, such as dominant herbs including marine couch (Sporobolus virginicus) 

Kunth, samphire (Sarcornia quinquiflora) and seablight (Sueda australis) (Kay and Jorgensen 

1986, Gislason and Russell 1997, Webb and Russell 1999), located in areas of increased soil 

moisture and proximity to tidal inundations (Gislason and Russell 1997, Dale et al. 2008).  
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Figure 1.1 Lifecycle of Aedes mosquito displaying egg, larva, pupa and adult stages. 

 

Other factors influencing mosquito oviposition is the presence of antagonistic vertebrates and 

invertebrates (competitors and predators). Research has demonstrated how both predators and 

competitors can alter mosquito oviposition (Eitam and Blaustein 2004, Wachira et al. 2010), 

with others describing the impact these encounters have to larval survival, growth and 

development (Mokany and Shine 2003, Knight et al. 2004, Stav et al. 2005, Juliano 2009, 

Vonesh and Blaustein 2010), potentially altering mosquito fitness and vector capacity (Alto et 

al. 2005, Bara et al. 2015). However, female mosquitoes select oviposition locations according 

to a range of site-specific cues which can vary between species (Vonesh and Blaustein 2010) 

and there is little research on the spatial differences between mosquito oviposition sites within 

saltmarshes. 

Saltmarsh mosquitoes also demonstrate many physiological adaptations which enable them to 

survive in environmental extremes such as hypersaline conditions, excessive temperatures and 

extremely ephemeral environments (Barton and Aberton 2005, Kokkinn et al. 2009, van Schie 
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et al. 2009). Regional adaptations to environmental extremes have been shown to occur 

between species and even within mosquito species (van Schie 2006). With the diversity and 

ephemeral nature of saltmarsh systems, determining local outbreaks of mosquitoes important 

to human disease encompasses many environmental and ecological aspects (Carver et al. 2010) 

and the degree and magnitude of such are not only species specific but also vary both regionally 

and locally (Jacups et al. 2008). One historic example of exceptional local knowledge, 

surveillance and vector control was the eradication of Ae. camptorhynchus in New Zealand 

during 1998. This program contributed significantly to research on surveillance and 

management strategies and remains the only program to successfully eradicate an invasive 

mosquito in a country/region (Kay and Russell 2013). Thus, demonstrating that by 

understanding the spatial distribution and abundance of mosquitoes within the saltmarsh, 

opportunities exist in improved control and management of mosquito populations as well as 

minimising human disease. 

 

1.3 Research applications 

Interest in saltmarsh habitats has steadily increased owing to the encroachment of urban 

development and elevated risk of mosquito transmitted disease (Lyth et al. 2005). Expanding 

our understanding of saltmarsh ecology, the diversity of these habitats and the species that 

utilise these environments will not only improve the perceived value of these systems but 

benefit restorative efforts. Of importance are the saltmarsh mosquitoes in these habitats that 

vector human disease. Early research was largely focused on improved methods of vector 

control (Dale and Knight, 2012), with generalisations of the adverse impacts of chemical 

control to other aquatic invertebrates through laboratory tests or indicator species (Brown et al. 

1999). Furthermore, models informing early warning systems have been calculated by climatic 
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models and abundance of vectors obtained from adult traps (Jacups et al. 2015, Jacups et al. 

2008b), with little regard to the diversity and influence potential aquatic fauna could have 

towards mosquito intervention. With improved knowledge of the aquatic ecology in saltmarsh 

habitats and the comparative differences among saltmarsh systems we can better understand 

mosquito productivity and disease and provide mechanisms that will improve mosquito 

management and thus human health. 

 

1.4 Thesis objectives and structure 

The purpose of this thesis is to investigate the ecology of a saltmarsh vector in Tasmania, Ae. 

camptorhynchus (Figure 1.2), and to better understand environmental features, in temperate 

landscapes, that determine mosquito populations, abundance and survival. To address these 

objectives, I present four core chapters (Figure 1.3), in the form of independent publishable 

units, bound by this general introduction and a general discussion (Chapter 6). I outline each 

of these chapters below. 

 

 

Figure 1.2: Aedes camptorhynchus, a focal mosquito of this PhD thesis. Photo courtesy of Scott 

Carver. 
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Figure 1.3: Schematic overview of thesis structure. 

 

Chapter 2 addresses the history and research themes of saltmarsh vector-borne disease research 

in Australia and has been submitted to EcoHealth for publication. The paper focuses on 

mosquitoes that vector Ross River virus – Australia’s most prominent vector-borne disease. 

While this research has historically been related to mosquito control (Dale and Knight 2012), 

there is yet to be a comprehensive synthesis of what has been done particularly identifying 

current research gaps surrounding saltmarsh vectors. Hence, in this chapter, I present a high-

level review on the research themes associated with saltmarsh vectors in Australia and highlight 

important future areas for saltmarsh mosquito research. This provides important context to the 

subsequent chapters of this thesis.  

Saltmarsh habitats are commonly distinguished by their similarity in vegetative floral structure 

and composition (Saintilan 2009); however, these habitats can be distinctively different. 

Understanding the factors in which these habitats differ provides valuable insight to studies of 
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vector dynamics. In Chapter 3, I present detailed investigations into three local saltmarsh 

habitats, each with distinct historical anthropogenic influences, which has been published in 

Medical and Veterinary Entomology (Rowbottom et al. 2020). The alteration of saltmarsh 

habitats for development and mosquito control have been common practice all over the globe 

(Gedan et al. 2009, Rochlin et al. 2012). However, an often-neglected aspect of saltmarsh 

mosquito management is how ecological health (often disturbed through these processes) can 

influence the balance of pest species (Corvalán et al. 2005). Thus, this chapter provides 

valuable insight to the benefits of understanding saltmarsh ecology for mosquito management. 

In Chapter 4, I present environmental factors that determine the spatial distribution of Ae. 

camptorhynchus within temperate saltmarsh habitats, which has been published in the Journal 

of Vector Ecology (Rowbottom et al. 2017). While oviposition preferences are known for other 

vectors and regions, oviposition by temperate mosquitoes is relatively unknown. Through this 

research I identified regions of the saltmarsh that are key features for mosquito production, 

allowing me to contextualize the landscape characteristics associated with increased mosquito 

activity. These results contribute to the body of literature surrounding vector distribution and 

provide key information for predicting potential vector habitat which will contribute to future 

management of Ae. camptorhynchus in southern temperate regions. 

Understanding the physiological consequences of biotic interactions on mosquito vectors can 

reveal compounding factors that lead to changes in mosquito development or mortality which 

provides the potential for management practices. In Chapter 5, I explore the physiological and 

developmental impacts of a putative aquatic competitor on Ae. camptorhynchus which has been 

published in PLoS one (Rowbottom et al. 2015). I reveal that recognising the 

fundamental/inherent ecology of mosquitoes and that of other biotic organisms within these 

habitats could provide considerable improvements towards understanding disease dynamics 

and management. 
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Finally, in Chapter 6, I synthesise my findings and discuss the broader contribution of this 

thesis to our understanding of saltmarsh vector ecology within Australia. I discuss management 

strategies for Ae. camptorhynchus, and for the broader management of vector mosquitoes in 

saltmarshes. I also propose several directions for future research that I have highlighted through 

my work. 

The three saltmarsh habitats which were used for research in this thesis can be viewed in 

Appendix I. 
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2.0 Abstract 

Australian saltmarshes are important habitats for mosquito vectors of disease. Synthesising 

research themes surrounding vector ecology within saltmarsh habitats can inform research 

directions and improved mosquito management practices. There were 50 relevant peer-

reviewed publications between 1970 and 2019 identified for review. Studies were classified 

into four broad topics: distribution and abundance (n=29), management and control (n=15), 

biology/physiology (n=5) and ecological interactions (n=1), with most studies (66%) from 

Queensland and New South Wales. Temporal trends in research foci included moving from 

vector management and control by habitat modification and insecticides (pre- 1980s), to vector 

distribution and abundance (1980s-90s) and back to vector control, but by saltmarsh restoration 

and vector biology/ecology (late 1990s onwards). The most common suggested topic of future 

research was improved surveillance measures, vector control and saltmarsh hydrology. 

Knowledge gaps identified in the literature included comprehensive spatial mapping of 

mosquito vector abundance and distribution, detailed understanding of local saltmarsh 

hydrology, environmental influences on vector mosquito biology, and the regulatory effects of 

aquatic ecological interactions to vector populations. With a growing demand for less 

conventional, chemical control measures, more research is required on saltmarsh ecology and 

aquatic interactions that may prove effective in managing mosquito vectors, and benefit human 

health. 

 

Keywords 

Saltmarsh, ecology, ecosystem health, human health, vectors, mosquito, RRv, BFv 
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2.1 Introduction 

Healthy, biodiverse, well-functioning ecosystems provide services to human populations - 

services that sustain healthy human populations, and come in the form of provisions (food, 

water, fibre), regulation (climate control, disease regulation), and culture (sense of place, 

recreation) (Corvalán et al. 2005). When ecosystems are disrupted, as a result of human 

activity, ecosystem services are also disrupted. For example, allowing stock to graze in water 

catchments contaminates the water supply; clearing forests contributes to global warming; and 

urbanisation leads to a loss of contact with nature. In coastal saltmarshes, suburban 

encroachment, drainage, eutrophication, pollution, hydrological and climatic changes all have 

the potential to damage the integrity and functionality of these fragile ecosystems. It is now 

well-established that such ecosystem disruptions can lead to loss of biodiversity and disease 

regulation (Ostfeld and Keesing 2000, Corvalán et al. 2005), often because of an increase in 

disease vectors that have been released from the pressures of competition and predation 

(O'Sullivan et al. 2008). Carver et al. (2011) and Rowbottom et al. (2020) showed that this was 

likely the case in Tasmanian saltmarshes, where species diversity declined with increasing 

abundance of the Ross River virus vector, Aedes camptorhynchus (Thomson), as well as more 

human infections with the virus. With a growing environmental consciousness and in the 

consideration of alternatives to mosquito control by habitat destruction or insecticides, we felt 

it timely to review the vector ecology of mosquitoes in saltmarshes with the aims of (1) 

providing an evidence base and reference resource for saltmarsh mosquito research within 

Australia, and (2) identifying gaps in knowledge and targets for future research.  

Saltmarshes are arguably the most important habitat for mosquito borne disease in Australia 

(Russell 1995). The two most prominent Australian arboviruses, Ross River virus (RRv) and 

Barmah Forest virus (BFv) are largely vectored by the saltmarsh mosquitoes, Aedes vigilax 

(Skuse) and Ae. camptorhynchus, although freshwater and brackish water vectors can also be 
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involved (e.g. Culex annulirostris, Ae. notoscriptus, Ae. normanensis, Ae. procax and 

Verrallina. funerus ) (Russell 1995). Together, notifications of these viruses have reached 

approximately 115,000 over the past 20 years (NNDSS 2019) and more than a decade ago were 

estimated to cost approximately AU$10-15 million/year (Woodruff and Bambrik 2008). 

Saltmarsh habitats hosting RRv vectors cover approximately 13,000 km2 of the Australian 

coastline (Rogers et al. 2016). Most saltmarshes are coastal, whereas others can extend inland, 

and these habitats vary substantially in flora, fauna, climatic conditions, tidal influences and 

other factors (Saintilan 2009). For example, saltmarsh habitats in the southern parts of the 

continent are dominated by prostrate herbaceous grasses and succulent shrubs, whereas 

northern saltmarshes are often fringed by mangroves (Saintilan and Rogers 2013). Because of 

their variable conditions, the diversity and abundance of mosquito assemblages in saltmarshes 

across Australia also varies both in space and time. This variation creates challenges for the 

management of saltmarsh vector mosquito populations. 

Saltmarsh vector research in Australia dates to the early 1970s, covering multiple disciplines 

and phases of RRv activity (Table 2.1). Notifications of this disease have exhibited a general 

increase over time (Figure 2.1), and in recent years the focus of mosquito vector research has 

shifted from habitat modification and insecticide control to conservation and restoration of 

these habitats to improve ecosystem function and biodiversity (Brady et al. 2002, Dale and 

Knight 2012). Collectively this has highlighted significant knowledge gaps, especially the 

benefits provided by natural saltmarsh ecosystems to society and mosquito vector management 

(Prahalad 2019). It is important to acknowledge that there have been other reviews undertaken 

in related fields (Supplementary I), however, there has yet to be any synthesis of mosquito 

vector research associated with saltmarsh habitats in Australia. Accordingly, we posed the 

following key questions (1) What have been the research themes surrounding mosquitoes in 

Australian saltmarshes to date? (2) Where are the critical research gaps for saltmarsh vector 
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mosquito research in Australia? And (3) what are key future research directions? To achieve 

this, we (i) first systematically quantified and summarised the literature on saltmarsh mosquito 

research in Australia and then (ii) provided a narrative discussing the major research themes 

contextualising the gaps and future directions. 
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Table 2.1: List of broad research themes associated with peer reviewed published papers from the final selection of articles based on the selection 

criteria on mosquitoes in Australian saltmarshes since 1970. Developmental stages include E (egg), L (larval), and A (adult) or a combination of 

each. 

 

  

Topic Date range State  

(# articles) 

Publications by 

developmental stage 

Key focus within major topics 

   E L A E/L L/A  

Distribution & Abundance 1992-2018 Qld (10) 

NSW (7) 

Vic (1) 

SA (5) 

WA (2) 

NT (2) 

Tas (2) 

4 

4 

 

 

 

 

1 

2 

 

 

 

 

 

1 

2 

2 

1 

3 

2 

2 

 

1 1 

1 

 

2 

Seasonal trapping, environmental factors, habitat 

proximity (urban vs saltmarsh), vector diversity and 

abundance. 

Management & Control 1973-2012 Qld (11) 

NSW (2) 

NT (2) 

 

1 

 

11 

1 

1 

 

 

1 

  Chemical, surveillance, saltmarsh modifications 

Biology/physiology 1996-2010 Qld (3) 

SA (1) 

WA (1) 

 

1  

1 

 

1 

2 

 

 

  Salinity tolerance, egg longevity, vector 

competence, and autogeny 

Ecological interactions 2015 Tas (1) 
 

1    Resource and competition 



24 

 

 

 

Figure 2.1: Number of notified cases of RRv in Australia by year from 1999–2019, with linear 

regression trendline (NNDSS 2019). 

 

2.2 Methods 

We conducted a systematic literature search to identify the research themes that have been 

conducted on mosquitoes in Australian saltmarshes, particularly on mosquito vectors of human 

disease. First, we searched the title, topic, keywords and abstracts within electronic databases 

(Web of Science, PubMed and Scopus) for articles published between 1970 and 2019 using the 

following search criteria: (saltmar* OR “salt mar*”) AND (Aust* OR “New South Wales” OR 

Tasmania* OR Queensland OR “Northern Territory” OR “West* Austral*” OR Vic* OR 

“South Austral*”) AND (mosq*). The asterisk (*) operator was used as a wildcard to search 

for all possible variations of the word. Following the systematic literature review method 

outlined by Pickering et al. (2015), only original works on saltmarsh mosquitoes within 
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Australia were included; review papers, reports of freshwater culicid species and articles 

exclusively on mangrove habitats were excluded as these are entirely different systems. From 

selected articles, the bibliographies were searched for further references. The selection criteria 

used to include articles are provided (Figure 2.2), along with a complete list of publications 

used in this scoping review (Supplementary II). For each article, we recorded the following 

information: authors, primary author, year of publication, location of study, disease studied, 

mosquito species studied, laboratory/field/combination study, type of study (vector distribution 

and abundance, management and control, epidemiology, biology and ecology), variables 

assessed (e.g. for control studies: chemicals used, application, mosquito response (increase, 

decrease, neutral), non-target assessment, post application analysis), key results and future 

directions. Given that the epidemiology of vector-borne disease has recently been reviewed 

(Stephenson et al. 2018), and that epidemiological research generally did not directly relate to 

saltmarshes, we removed articles under the topic “epidemiology”. 
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Figure 2.2: Methodology and search criteria used in the scoping literature review following 

review methods by Pickering et al. (2015) 
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2.3 Results 

Fifty original articles met our selection criteria. Of these, one investigated the ecology of a 

saltmarsh mosquito, five researched aspects of vector biology or physiology, 15 focused on 

vector management within saltmarshes and 29 described vector abundance and distribution 

(Table 2.1). The largest proportion of studies (48%) was from Queensland, followed by New 

South Wales (18%), and South Australia (12%), with Northern Territory, Tasmania, Western 

Australia, and Victoria making up the remaining 22% (8%, 6%, 6% and 2% respectively).  

Prior to 1980 the focus of mosquito research was management and control, especially using 

insecticides (Table 2.1). From early 1980 through to the early 21st century research on mosquito 

distribution and abundance was ten times greater than any other topic and was the largest field 

of research spanning 32 years. Towards the end of the 1990s, the research focus shifted back 

to management and control, but chiefly by saltmarsh restoration. Of the five studies focusing 

on mosquito biology/physiology, each concentrated on different aspects of biology; these were 

published between 1986 and 2011 with each publication being separated by several years. The 

field least covered was ecological interactions, with only one study based in Tasmania.  

Approximately equal effort was expended on adult (30%) and larval (38%) research, with adult 

research focussed in the topic distribution and abundance (80%) while larval research was 

mostly management and control topics (68%). Research on mosquito eggs comprised 22% of 

the literature (81% of which concerned distribution and abundance), while the remaining 10% 

of studies investigated more than one stage of mosquito life history.  

We summarised the future directions proposed across the reviewed articles and identified seven 

themes: aquatic ecology, control, epidemiology, hydrology, local environment, surveillance, 

and vector ecology (Table 2.2). Of these categories, the most prominent topic for future 

research commonly identified was improved surveillance (31%), with vector ecology and 
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control equally recommended (18%). Improved understanding of local environment and 

hydrology were equally suggested within the literature (12% and 13% respectively). The area 

of research least mentioned was aquatic interactions and epidemiology (both 4%). 
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Table 2.2: Summary of future direction themes suggested from articles across the four study topics.  

⸸ Control includes; timing, location and chemical selectivity. 

ꝔHydrology includes; saltmarsh rehabilitation, saltmarsh modification, understanding local hydrology 

⁎surveillance includes; design, methods, risk assessment/prediction and collaboration with other technologies such as GIS and Remote sensing. 

 

Future Direction Study Topic Total Future Direction 

 Distribution & 

Abundance 

Management & 

Control 

Biology/physiology Ecological 

interactions 

 

1. Aquatic interactions 2 - - 1 3 

2. Control⸸ 6 6 - - 12 

3. Epidemiology 2 - 1 - 3 

4. HydrologyꝔ 2 7 - - 9 

5. Local environment 5 1 2 - 8 

6. Surveillance⁎ 16 4 1 - 21 

7. Vector ecology 9 1 2 - 12 
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2.4 Discussion 

The discussion is focused on the categorised themes of current research surrounding saltmarsh 

mosquito vectors, with the aim to emphasise gaps in knowledge surrounding saltmarsh systems 

and required future research. It is important to emphasise that although mangrove systems were 

excluded from this review, these habitats are important for mosquito vectors and there is a 

wealth of knowledge published that has applications for the future development of public health 

assessment, disease risk and implementation of mosquito vector management.  

2.4.1 Theme 1: Distribution and abundance 

Surveillance of vector distribution and abundance is a vital component for understanding the 

potential threats of disease. Evaluation of saltmarsh vegetation and habitat structure suitable 

for oviposition and mosquito distribution has improved management of vectors through more 

targeted control and provided information of current and potential habitats for vector 

distribution (Dale et al. 2008, Jacups et al. 2009, Jacups et al. 2012, Rowbottom et al. 2017). 

Regular surveillance of mosquito populations provides information on local seasonal 

abundance and status of vectors (Turner 2002, Jacups et al. 2008b) and predictive models have 

been developed for mosquito vectors through research on environmental drivers (Woodruff et 

al. 2003, Yang et al. 2009, Jacups et al. 2015). However, continual assessment of the 

effectiveness of surveillance methods and control is also important. 

Given the biology of mosquitoes, there is an intimate relationship with habitat hydrology and 

aquatic conditions (Webb and Russell 1999, Jacups et al. 2012, Jacups et al. 2015). 

Hydrological conditions of coastal saltmarshes differ from those in more estuarine situations 

(Adam 2002) and many aquatic conditions affect mosquito species differently (Russell et al. 

1992, de Little et al. 2009, Kokkinn et al. 2009, Carver et al. 2011) changing both the spatial 

distribution and abundance of vectors (Miller et al. 2005, Williams et al. 2012, Johnston et al. 
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2014, Walker et al. 2018). While reassessing surveillance techniques and methods for regions 

is useful, many of these techniques are both time consuming and costly. With advances in 

technology, we now have the capability of combining traditional surveillance methods with 

mapping large areas remotely through geographic information systems and remote sensing 

(Dale et al. 1998, Walker et al. 2018). However, there is little mention of additional costs 

involved with these methods and for these to be effective clear management objectives and 

direction for the future of vector surveillance is required. 

To date, much of the surveillance within Australia has been focussed on improved 

understanding, prediction and management of nuisance vectors and outbreaks of disease. While 

much surveillance in Australia has been initiated in a reactional manner, it has provided 

direction for future research with gaps evident in vector/reservoir host systems, longer seasonal 

data, and site-specific information on hydrology, vegetation, species composition and ecology. 

With the changing focus on vector control and saltmarsh management, consideration of the fit 

of current surveillance is required to continue to effectively move forward. For example, if the 

focus is saltmarsh restoration, better understanding of saltmarsh ecology and the local aquatic 

invertebrate communities that can influence mosquito populations is necessary (Carver et al. 

2011, Jacups et al. 2012). For regions with highly dynamic seasonal and yearly mosquito 

numbers and variable outbreak seasons, investment in topographical models focusing on 

hydrology may be worthwhile, although in some regions where tide predictability is low 

(Rowbottom et al. 2020) further assessment of the habitat may be necessary. Overall, for future 

surveillance of vectors to be cost effective and efficient, the objectives need to be clear and 

commensurate with intended outcomes and applications of the data acquired. 
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2.4.2 Theme 2: Management and control 

Over the past two decades, more than 60% of RRv outbreaks occurred in Queensland (37%), 

New South Wales (14%) and Western Australia (13%) (NNDSS 2019), and hence management 

and control research has been focused in these regions. Furthermore, given the absence of Ae. 

camptorhynchus outside of southern temperate regions, the primary mosquito studied has been 

Ae. vigilax.  

Pre 1980, the form of control utilised was chemical control, mainly in the form of larvicides 

typically the organophosphate larvicide “Abate” active ingredient temephos (Kay et al. 1973). 

Beyond 1980 synthetic compounds were tested for control including further organophosphates 

but also insect growth regulators (pyriproxyfens and s-methoprene) (Brown et al. 1999, Webb 

et al. 2012), and more selective mosquito control larvicides emerging such as Bacillus 

thuringiensis israelensis (Brown et al. 1998, Brown et al. 2001). It was also during this time 

period that the approach to control began to focus on implementing passive methods through 

the restoration of saltmarsh hydrology. Some of the methods utilised have been runnelling 

(Dale et al. 1993), grid ditching and open marsh water management (Dale et al. 2002), however, 

in some circumstances, the environmental impact of these techniques outweighed the impact 

on control (Saffigna and Dale 1999, Turner and Streever 1999). 

The top priorities to emerge for future research among management and control articles were 

a better understanding of saltmarsh hydrology (37%) and improved vector control (32%), with 

more than half of the future research outcomes mentioning these topics. The next most 

mentioned field of future research was better surveillance techniques. Through improved 

understanding of both mosquito distribution within a saltmarsh and abundance over time, future 

control measures can be optimised, thereby reducing cost, time and improving efficiency.  
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2.4.3 Theme 3: Biology/physiology 

There are many aspects of mosquito biology that can influence its ability to vector diseases. In 

the case of saltmarsh mosquitoes, the ability to develop and survive in highly changeable 

conditions is impressive. From the five identified studies on saltmarsh vector biology, all 

researched different aspects of saltmarsh vector biology/physiology, with most studies driven 

by species invasions or disease outbreaks/risk. 

Recent research has begun to uncover intrinsic vector associations within saline aquatic 

habitats and saltmarshes (van Schie et al. 2009, Bader and Williams 2011). From this research, 

we have a better understanding of how these prominent vectors can withstand the harsh 

environmental conditions often present in these environments. For example, a laboratory study 

driven by an eradication program in New Zealand, demonstrated the ability of Ae. 

camptorhynchus eggs to remain viable for 15 months without water (Bader and Williams 

2011). Furthermore, with increasing inland dryland salinity research has discovered the range 

of salinity tolerances is both vast and varied between inland (8-30 ppt.) and coastal (>50 ppt.) 

Ae. camptorhynchus populations (van Schie et al. 2009). However, what remains unclear from 

this research is how the local environment and the presence of other fauna affect mosquito 

biology and physiology (Table 2.2). Hugo et al. (2003) has provided some evidence, through 

description of changes in autogeny rates of Ae. vigilax between two separate saltmarsh habitats 

with laboratory tests proving that vector diet and body size influence autogeny and fecundity. 

Given that research by Hugo et al. (2003) and altered vector development in the presence of 

other aquatic fauna (Rowbottom et al. 2015), there is strong reason to contextualise studies of 

vector biology/physiology with relevant conditions vectors experience in nature (see Theme 4).  
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2.4.4 Theme 4: Aquatic ecology  

The relevance of the aquatic ecosystem for vector mosquitoes in Australia is vastly under 

researched, particularly given the range of habitats, climatic conditions and biotic interactions 

that are potentially occurring. In Australia, only two states, Tasmania and Western Australia, 

were represented in which environmental variability and vector abundance amongst saltmarsh 

habitats have been being investigated. From this research, we can begin to understand how 

mosquito assemblages within saltmarsh habitats change with surrounding land use (Carver et 

al. 2011), extremes in environmental conditions, changes in aquatic fauna (Carver et al. 2009, 

Rowbottom et al. 2020) and how differences between habitat conditions influence aquatic 

fauna and in turn mosquito assemblages (Rowbottom et al. 2020). Greater in-depth 

understanding of these habitats, their aquatic assemblages and hence ecological interactions 

within have the potential for improved vector management. 

 

2.5 Conclusions 

The overall emphasis is that prominent saltmarsh vectors important to human disease in 

Australia are highly versatile, competent vector mosquitoes, capable of adapting to a broad 

range of environmental conditions. With such adaptability and the wide distribution of 

mosquito vectors across a range of climatic regions in Australia, there is a need for greater 

research on individual populations of vector mosquitoes in their local conditions and how this 

varies spatially. Few studies have established clear ecological drivers of mosquito abundance 

within a saltmarsh, and such an understanding could be a critical consideration of limited or 

non-insecticidal control of vector breeding. It remains unclear, for example, why some regions 

are more prone to mass abundance of mosquitoes than others; and by enhancing such 

understanding it may be highly beneficial for the effective control of mosquito vectors to 
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protect public health. Effective control will require better long-term hydrological data, 

vegetation mapping, aquatic invertebrate diversity surveys, and an assessment of how changes 

to climate may alter the dynamics of these habitats in the future. To help researchers and public 

health practitioners move in that direction, we hope that this review will provide a valuable 

synthesis of the data available, as well as guide research areas for the future. 
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Supplementary Material – Chapter 2 

 

I: List of review themes related to Ross River virus research and the associated references. 

 

Topic References 

RRv epidemiology and ecology (Weinstein 1997, Harley et al. 2001, Russell 

2002, Jacups et al. 2008a, Aaskov et al. 2012, Tall 

et al. 2014, Liu et al. 2017, Stephenson et al. 

2018) 

Climate change and vector-borne 

disease 

 

(Aaskov et al. 1985, Tong et al. 2002, Zhang et al. 

2008, McMichael and Lindgren 2011, Yu et al. 

2014, Lyth and Holbrook 2015) 

Vector-borne disease in urban areas (Dale and Knight 2008, Eder et al. 2018) 

Surveillance and control (Russell and Kay 2008, van den Hurk et al. 2012) 

Coastal habitats, their vulnerability 

and adaption 

(Adam 2002, Saintilan and Rogers 2013, Leo et 

al. 2019) 
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3.0 Abstract 

Saltmarsh breeding mosquitoes are an important source of vectors for arboviral transmission. 

In southern Australia the most prominent vector-borne disease, Ross River virus (Togaviridae: 

Alphavirus) (RRv) is transmitted by the saltmarsh mosquito (Diptera: Culicidae) Aedes 

camptorhynchus (Thomson). However, factors driving abundance of this mosquito within and 

among saltmarshes are poorly understood. To predict the abundance of this mosquito within 

saltmarshes we monitored the environmental conditions and aquatic invertebrate ecology of 

three temperate saltmarshes habitats over two seasons. Up to 44% of first instar mosquito 

numbers and 21% of pupal numbers were accounted for by environmental variables. Samphire 

vegetation cover was a common predictor of first instar numbers across sites although, between 

saltmarshes, aquatic factors such as high salinity, temperatures less than 22°C and water body 

volume were important predictors. Identified predictors of pupal numbers were more variable 

and included high tides, waterbody volume and alkalinity. The composition of invertebrate 

functional feeding groups differed between saltmarshes and showed that increased diversity 

led to fewer mosquitoes. It was evident that seemingly similar saltmarshes can vary markedly 

in invertebrate assemblages, water availability and conditions through tidal inundations, 

rainfall or waterbody permanency. This study advances insight into predictors of vector 

mosquito numbers that drive the risk of RRv outbreaks. 

 

Keywords 

Aedes camptorhynchus, functional feeding groups, habitat comparison, RRv, seasonal 

variability, Tasmania 
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3.1 Introduction 

Saltmarshes are an important source of halotolerant mosquitoes in Australia and many other 

parts of the world (Russell and Dwyer 2000, Gubler 2002). The two principal saltmarsh 

mosquito vectors along coastal regions across Australia are Aedes vigilax (Skuse) and Ae. 

camptorhynchus (Thomson), which are responsible for the majority of Ross River virus (RRv) 

outbreaks - Australia’s most important vector-borne disease (Russell 1998). Research has been 

directed towards understanding the life history and development of these mosquitoes emerging 

from saltmarsh habitats (Bi et al. 2003, de Little et al. 2009, Yang et al. 2009, Werner et al. 

2012). However, less is understood about predictors of mosquito abundance in relation to both 

aquatic environmental parameters and other invertebrate communities occupying saltmarshes 

and how comparably different these seemingly simple ecosystems are in space and time 

(Carver et al. 2010a). Enhancing our knowledge of saltmarsh ecology may have important 

consequences for understanding the dynamics of vector populations and the changes in biotic 

and abiotic factors that regulate vector mosquito abundance, and therefore the risk of outbreaks 

of RRv. 

Saltmarshes are generally ecologically simple environments, owing to low species richness of 

plants and animals (Adam 1990, Saintilan 2009). Nevertheless, differences in both 

environmental conditions and invertebrate assemblages occur among saltmarshes that are 

seemingly similar, and these can influence mosquito populations. For example, variation in the 

nature and number of aquatic competitors and predators in saltmarshes has been reported to 

influence mosquito oviposition (Mokany and Shine 2003, Eitam and Blaustein 2004, Vonesh 

and Blaustein 2010) thereby altering the spatial distribution of mosquito assemblages. Research 

also has shown that presence of competitors and predators within aquatic environments can 

impede mosquito larval development resulting in reduced larval survival, slower 

developmental rate and smaller adult mosquitoes (Knight et al. 2004, Alto et al. 2005, Vonesh 
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and Blaustein 2010, Farjana et al. 2012, Rowbottom et al. 2015, Rowbottom et al. 2017). 

Similar changes to mosquito development, size  and survival can also be observed with 

environmental stress, such as increases in water temperatures and salinity and eutrophication 

(Clark et al. 2004, van Schie 2006, Kokkinn et al. 2009, van Schie et al. 2009, Williams et al. 

2009, Chaves et al. 2011, Muturi et al. 2011), which can, in turn, influence vector competence, 

and virus transmission intensity (Paaijmans et al. 2012).  

Given that saltmarshes occur in an array of different regions, from coastal, to inland lagoons 

and estuaries, it is important for local public health management to understand variation in 

conditions and driving forces behind mosquito assemblages within them. In some cases, 

variation of taxa has been observed over small spatial scales with habitats of a range of sizes, 

differences in surrounding land use, and with changes in vegetation types (Pinder et al. 2005, 

Banerjee et al. 2010, Carver et al. 2010b, Roiz et al. 2015, Haynert et al. 2017). An appreciation 

for the invertebrate community structure and the local environmental processes that vary 

among saltmarshes will enlighten understanding of spatially varying mosquito abundance and 

potentially vector-borne disease (Wisz et al. 2013).  

Epidemiologically, RRv causes the most commonly reported mosquito-borne disease, 

epidemic polyarthritis, in Australia, averaging 4800 clinical notifications a year (NNDSS 

2019). Outbreaks of RRv are complex and difficult to predict, involving local knowledge of 

vectors, aquatic conditions and the zoonotic reservoir host populations (Claflin and Webb 

2015). In Australia, the majority of RRv notifications occur in proximity to saltmarsh habitats, 

where the virus is largely vectored by Ae. camptorhynchus in the south and Ae. vigilax north 

of the range of Ae. camptorhynchus. In southern Tasmania, the location of this study, Ae. 

camptorhynchus is responsible for infecting an average of 26 people per annum, with outbreaks 

years reaching 117, and cases occurring predominantly in suburbs adjoining saltmarshes 

(Robertson et al. 2004, Carver et al. 2011, Rowbottom et al. 2017). Aedes camptorhynchus 
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rapidly colonises waterbodies after significant rainfall and tidal inundations and is capable of 

tolerating salinities exceeding that of sea water (Carver et al. 2009, van Schie et al. 2009). Other 

aquatic conditions, such as pH and the presence of predators, have been recorded to influence 

Ae. camptorhynchus numbers (Carver et al. 2009, Carver et al. 2010b). At present, little is 

understood about the ecology of Ae. camptorhynchus within temperate saltmarsh habitats, the 

taxonomic diversity within these habitats that may influence this mosquito’s abundance, and 

how this varies amongst saltmarshes.  

The aims of this study are to compare the ecology of temperate saltmarshes by studying three 

environmentally distinct saltmarsh habitats. Our objective is to: (1) to explore differences in 

invertebrate functional feeding groups within the saltmarsh aquatic environments; and (2) to 

quantify aquatic invertebrate diversity and environmental conditions in relation to mosquito 

vector abundance over the immature lifecycle stages of mosquitoes. By doing so our goal is to 

identify key ecological processes that may impact vector abundance in temperate saltmarshes, 

and thereby potentially inform the targeted management of RRv.  

 

3.2 Materials and Methods 

3.2.1 Field Sampling 

This study was conducted at three saltmarshes that were selected for having differing tidal and 

environmental parameters in Southern Tasmania; Primrose Sands (42.88° S, 147.66° E), 

Cambridge (42.38° S, 147.49° E,) and Richmond (42.76  S, 147.45° E) (Figure 3.1). These 

regions of Tasmania are close to the Hobart population centre and are known for seasonally 

large populations of Ae. camptorhynchus (Robertson et al. 2004, Carver et al. 2011). The 

Primrose Sands saltmarsh is situated on the Carlton River, a saline and tidal area of the river 

near its terminus into the ocean. Both the Cambridge and Richmond saltmarshes are situated 
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on the Coal River. The Cambridge saltmarsh is tidally influenced and is close to the river 

terminus into Frederick Henry Bay. The Richmond saltmarsh is 12 km upstream from 

Cambridge towards the river headlands, although still saline and tidally influenced. 

  

Figure 3.1: Map of Tasmania showing the population centre (red dot) with the locations of the 

three saltmarshes expanded, A, Primrose, B, Cambridge, C, Richmond.  

 

Light Detection and Ranging (LiDAR) data were acquired on the 2nd October 2012 during a 

phase of neap tides, whereby no tidal inundation occurred at the saltmarshes. A digital elevation 

model of the three saltmarshes was derived from LiDAR ground-only point data with a pixel 

spacing of 1 m using the package ‘raster’ (version 2.9-23) in R (version 3.3.3) (R Core Team 

2019). Tidal lines were overlaid on the maps with ArcGIS (ESRI 2014) (Figure 3.2).  
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Figure 3.2: Digital elevation models of the three saltmarshes showing grey-shaded elevation 

(meters) with coloured contour lines indicating inundation markers of tidal heights (m). Green 

dots indicate the ten waterbodies sampled within each site. 

 

The three saltmarshes were sampled over the peak season of RRv and mosquito abundance in 

Tasmania (October-March, 2011-2012 and 2012-2013) (Werner et al. 2012). From each 

saltmarsh, ten waterbodies, distributed across the entire saltmarsh, were opportunistically 

selected for repetitive weekly sampling. Each week the volume of the waterbodies was 

calculated by measuring the maximum length, width and five depth measurements taken at 

random. In addition, aquatic environmental parameters were measured for the given depth of 

each water body at the time of measurements which included; pH, temperature (°C), and 

salinity (ppt) using a handheld instrument (YSI Incorporated; Model 63 Handheld pH, 

Conductivity, Salinity and Temperature System, Yellow Springs, Ohio. www.YSI.com). For 

Primrose Sands 
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invertebrate sampling we used a 125 mm diameter mosquito larval dipper (Australian 

Entomological Supplies, E920). Individual dips were then poured through a 99 µm (0.0039 

inch) sieve and backwashed into the 50 mL screw cap vials, numbered, and returned to the 

laboratory for processing. 

Daily precipitation data (mm) were obtained from the Australian Bureau of Meteorology 

(BOM). For all sites the closest BOM station was chosen for precipitation data. Spatially 

matched sites included: Sorell (Abbatoirs) (42.74° S, 147.45° E) for Primrose Sands, Hobart 

Airport for Cambridge (42.83° S, 147.50° E), and Richmond (Lowlands) for Richmond (42.74° 

S, 147.45° E). 

Daily maximum and minimum temperatures (°C) were also obtained by the Australia Bureau 

of Meteorology. As the Bureau of Meteorology has no temperature recording sites near all 

three locations, we used a single temperature monitoring station that is closest to all collection 

sites. The site is Campania (Kincora) (42.69° S, 147.43° E) approximately 27.65 km South 

East from Primrose Sands, 15.80 km south from Cambridge and 7.15 km from Richmond 

saltmarshes. 

Daily tidal data were collected from the Bureau of Meteorology containing tidal height in 

metres. The tidal station used for all sites was Hobart (42.88° S, 147.33° E). 

3.2.2 Laboratory processing of samples 

At the completion of weekly collections, samples were poured through a 99 µm (0.0039 inch) 

sieve and backwashed into the screw cap vials using ethanol (70%) and stored in a refrigerator 

(Austral Insulation A/N 2181) at 4°C until processed. Samples were processed in quartered 

Petri dishes under a dissecting microscope (Nikon: SMZ800). For samples with large numbers 

of invertebrates, a single quarter was assessed for all invertebrates and multiplied by four (Mogi 
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and Okazawa 1990). All culicids were identified to species, other dipterans to family and all 

remaining invertebrates identified to order.  

3.2.3 Statistical analysis 

3.2.3.1 Differences in environmental conditions & functional feeding groups (FFG) 

We investigated how environmental conditions varied between the saltmarshes and if these 

differences relate to saltmarsh community composition. Firstly, we assigned all invertebrates 

scored from field samples into functional feeding groups (FFGs): filter feeders, predators, 

collector & gatherers, shredders and grazers with mosquitoes assigned to a separate group 

(Cummins and Klung 1979, Ford et al. 2013, Ramírez and Gutiérrez-Fonseca 2014, 

Alexandridis et al. 2017) (Table 3.1). Changes in community composition in each water body 

were visualised using unconstrained ordinations (non-metric multidimensional scaling – 

NMDS – based on Bray-Curtis dissimilarity measures) computed from square-root transformed 

abundance data using the function ‘metaMDS’ in the ‘vegan’ package (Oksanen 2019). The 

relationships with environmental predictor variables and the dissimilarities were tested using 

permutational ANOVA (marginal tests from the ‘adonis2’ function in ‘vegan’ using 

waterbodies as blocks to account for repeated sampling; 5000 permutations). Significant 

relationships were plotted as vectors on the unconstrained ordinations. Secondly, we explored 

how the overall invertebrate composition of waterbodies changed between sites and sampling 

seasons by computing median abundance for each FFG and larval mosquito for each waterbody 

across sampling dates within each sampling season.  
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Table 3.1: Invertebrates identified from waterbody sampling divided into their functional 

feeding groups (FFG). 

FFG Order Family 

Collector & Gatherer Amphipoda  

 Diptera Stratiomyidae 

 Diptera Ceratopogonidae 

 Diptera Ephydrididae 

 Diptera Chironomidae 

 Diptera Psychodidae 

   

Filter feeder Podocopida 

(Class: Ostracoda) 

 

 Cyclopoida 

(Subclass: Copepoda)  

 Cladocera  

 Anostraca  

 Diptera Simuliidae 

   

Predator Diptera Sciomyzidae 

 Diptera Athericidae 

 Diptera Empididae 

 Diptera Dolichopodidae 

 Diptera Tipulidae 

 Hemiptera Gerridae 

 Acarina  

   

Shredders & Grazers Isopoda  

 (Class Gastropoda)  

 (Class Collembola)  
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3.2.3.2 Quantification of environmental conditions in relation to vector mosquitoes 

Firstly, we excluded any sample dates for a given waterbody if the waterbody was dry. We 

focussed the analysis on first instar and pupal mosquitoes as these are the most important 

determinants of hatching success and recruitment to adults, respectively. Temporal lags 

account for effects of environmental predictors on the lifecycle of vector mosquitoes. 

Therefore, we determined the optimal time-lags between environmental predictors and 

mosquito abundance using cross-correlation analysis for each environmental variable at each 

site (Table 3.2). Cut-off points for maximum lags used were 5 d for first instar larvae and 30 d 

for pupae (Barton and Aberton 2005, Dale and Breitfuss 2009). Additionally, we computed the 

accumulated rainfall (mm), maximum temperature (°C) and maximum tidal height (m) prior to 

peak mosquito observations for each site. 

 

Table 3.2: Number of lag days for each environmental predictor at each site for first instar (I) 

and pupae (P). 

Variable Primrose Sands Cambridge Richmond 

Rainfall (mm)    

I -5 -1 -1 

P -12 -13 -12 

Temperature (°C)    

I -5 -3 -3 

P -20 -2 -20 

Tide (m)    

I -5 -2 -2 

P -13 -4 -4 
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All environmental variables were checked by scatterplot matrices for multi-collinearity; where 

there were high correlations (|r| > 0.7), the more biologically relevant variable was retained, 

and the redundant variable removed prior to analysis. The maximum correlation between 

retained environmental variables was r = 0.42. 

Because the randomisation tests used above only detect, at best, linear or monotonic 

relationships, we used machine learning techniques to identify the best predictive models of 

mosquito abundance. We used Random Forests (RF), which constructs multiple regression 

trees (non-linear models) using bootstrapped training samples from the original data and 

outputs an average of their prediction results (Breiman 2001). Within a tree, each node 

considers a randomized subset of the original variables. Bootstrapping, variable randomization 

and averaging are critical features that make RF robust, especially for analysis of complex, 

nonlinear and highly dimensional data (Cutler et al. 2007). We used Increased Mean Square 

Error (IncMSE) as a measure of the prediction accuracy of the RF model. If the random 

permutation drastically changes the predicted value (as measured by the IncMSE), then the 

original variable is considered critical. We set the number of trees at 5000 for each model and 

tuned the random forests to minimise out of bag (OOB) error for first instars and pupae for 

each site separately. Approximately one-third (1/e = 0.3678: Breiman 2001) of samples were 

OOB in each training set. All random forests were fitted using the ‘randomForest’ package 

(Liaw and Wiener 2002) in R version 3.5.3 (R Core Team 2019). The best-fit forests were then 

interpreted using the Interpretable Machine Learning (‘iml’) package (Molnar et al. 2018). To 

visualise the relationships between the response variables and the two most important predictor 

variables, we used 30 randomisations of the predictor variables of each RF model using 

accumulated local effects (ALE) plots. For all important predictor variables individual 

conditional expectation (ICE) plots were inspected.  
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3.3 Results 

3.3.1 Differences in environmental conditions & functional feeding groups (FFG) 

We collected a total of 6,300 samples from 30 waterbodies, ten waterbodies at each of the three 

saltmarshes during the collection periods. The significant environmental predictors for FFG 

assemblage across the waterbodies for the three saltmarshes were: salinity (F(2. 763) = 9.434, p 

<0.002), rainfall (F(2. 763) = 10.093, p <0.001), pH (F(2. 763) = 5.390, p <0.001), temperature (F(2. 

763) = 36.023, p <0.001), number of days waterbody was wet (F(2. 763) = 17.867, p <0.001) and 

samphire vegetation cover (F(2. 763) = 18.736, p <0.001). Over both seasons, Cambridge had the 

greatest number of filter feeders and these assemblages were influenced by pH and longer 

periods of waterbodies remaining wet (Table 3.3). Richmond saltmarsh waterbodies had the 

greatest overall abundance of FFG and waterbodies were on average warmer than both 

Primrose Sands and Cambridge with lower levels of salinity (Table 3.3 and Figure 3.3). Greater 

numbers of mosquitoes were observed for both seasons at Primrose Sands compared to the 

other two saltmarshes, with abundance being driven by higher average rainfall and greater 

samphire cover (Figure 3.3). Seasonal composition of invertebrates within waterbodies differed 

(F(2, 763) = 9.254, p <0.001) with environmental predictors fluctuating across the two collection 

seasons (Table 3.3). 
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Table 3.3: Environmental variables for the two seasons (2011-2012 and 2012-2013) that were significant predictors of functional feeding group 

(FFG) assemblage at the three saltmarshes; Primrose Sands, Cambridge and Richmond, Tasmania. Seasonal ranges of salinity, rainfall, pH, 

temperature and number of days waterbodies were wet data include averages ± SD. Numbers in parenthesis equal the sample size. 

Variable 2011-2012 2012-2013 

 Primrose Sands Cambridge Richmond Primrose Sands Cambridge Richmond 

Salinity (ppt) 

Mean ± SD 

12.3–89.4 

49.0 ± 14.0 (115) 

10.0–75.8 

12.9 ± 50.9 (170) 

19.9–79.2 

12.5 ± 47.2 (127) 

11.5–101.3 

18.0 ± 52.7 (109) 

11.6–90.4 

15.6 ± 57.9 (159) 

13.1–72.5 

12.9 ± 49.8 (130) 

Rainfall (mm) 

Mean ± SD 

0–15 

1.6 ± 4.0 (40) 

0–15 

1.4 ± 3.8 (52) 

0–15 

1.6 ± 4.0 (42) 

0–10 

1.5 ± 2.7 (55) 

0–10 

1.3 ± 2.6 (62) 

0–3 

0.6 ± 0.9 (64) 

pH 

Mean ± SD 

6.2–10.0 

7.7 ± 0.2 (115) 

6.4–9.6 

7.5 ± 0.6 (170) 

6.2–10.4 

7.8 ± 0.3 (127) 

5.9–9.3 

7.6 ± 0.1 (109) 

6.2–9.2 

7.1 ± 0.6 (159) 

5.4–9.4 

7.2 ± 0.3 (130) 

Temperature (°C) 

Mean ± SD 

11.4–29.4 

19.0 ± 4.6 (115) 

12.0–31.7 

21.9 ± 4.2 (170) 

13.7–33.2 

23.6 ± 5.1 (127) 

11.1–33.3 

20.0 ± 4.8 (109) 

12.4–34.9 

22.2 ± 4.5 (159) 

13.1–40 

23.1 ± 5.5 (130) 

# days wet 

Mean ± SD 

7–91 

19.5 ± 16.1 (115) 

7–49 

22.5 ± 12.3 (170) 

7–42 

14.7 ± 7.9 (127) 

7–56 

17.9 ± 11.3 (109) 

7–56 

21.97 ± 13.9 (159) 

7–42 

17.1 ± 9.6 (130) 
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Figure 3.3: Non-metric multidimensional scaling (NMDS) ordination plots displaying both 

collection seasons (2011-12 and 2012-13) and site (Primrose Sands (P), Cambridge (C), and 

Richmond (R)). Plots include axis of significant predictor variables (p>0.05), with response 

variables as symbols overlaid on the plot. NMDS stress = 0.128. 
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Both season and site differed in relation to FFG assemblage (F(2, 763) = 16.501, p <0.001 and 

F(2, 763) = 8.780, p <0.001, respectively) (Table 3.3). Overall, the first season had relatively 

more mosquitoes than the second season, with the second season being dominated by filter 

feeders and collector & gatherers. Composition of invertebrates remained relatively constant 

over both seasons for the Cambridge saltmarsh, whereas fewer predators and collector & 

gatherers were observed in the second season for the Richmond saltmarsh. Primrose Sands 

invertebrates shifted from mosquitoes in the first season towards filter feeders in the second 

season (Figure 3.4).  

 

  

Figure 3.4: Non-metric multidimensional scaling (NMDS) ordination plot displaying the 

changes in functional feeding groups for both seasons (2011-12 (light grey) and 2012-13 (dark 

grey)) and between the three collection sites (Primrose (circle), Cambridge (triangle) and 

Richmond (square)). Plots include axis of significance, with response variables as symbols 

overlaid on the plot. NMDS stress = 0.098 
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3.3.2 Quantifying environmental conditions in relation to vector mosquitoes 

Moderate amounts of variability were accounted for among sites and instars. For both Primrose 

Sands and Richmond saltmarshes, greater variability in mosquito numbers was explained in 

first instars (28.5% and 44.33%, respectively), relative to pupae (11.68% and 20.62%), whereas 

more variability was explained for pupae at Cambridge (17.46%) than first instars (12.65%). 

Samphire (Sarcocornia quinqueflora [Bunge ex Ung.-Sternb.] A. J. Scott) cover was the 

common predictor variable for abundance of first instars, with pupae having little similarity in 

predictor variables across sites. Although, no sites shared the same set of predictor variables 

for both first instars and pupae (Figure 3.5 and Figure 3.6).  
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Figure 3.5: Accumulated local effects (ALE) partial dependence plots for the two most 

important predictor variables, at each site, for the abundance of first instars. Mosquito first 

instar abundance is indicated on the y-axis. 
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Figure 3.6: Accumulated local effects (ALE) partial dependence plots for the two most 

important predictor variables, at each site, for the abundance of pupae. Pupae abundance is 

indicated on the y-axis 
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Greater numbers of first instar larvae were observed in the Primrose Sands saltmarsh with 

between 10% and 40% cover of samphire, followed by waterbodies with volumes of approx. 7 

litres. Similarly, samphire cover between 15% and 40% was the second primary predictor for 

number of first instar larvae at both Cambridge and Richmond saltmarshes. The top ranked 

environmental predictor for Cambridge was high salinity conditions (40-50 ppt), whereas for 

Richmond saltmarsh, greater numbers of first instar larvae were observed with temperatures 

between 18 and 22°C (Figure 3.5), with a sharp decline in numbers at temperatures greater than 

22°C and very few past 30°C. 

Tide was an important predictor for Primrose Sands with higher tides (>1.3 m) predicting 

numbers of pupae. The other important predictor at Primrose Sands was the presence of fourth 

instar larvae, with higher numbers of fourth instar larvae predicting the abundance of pupae. 

Cambridge saltmarsh also had a greater number of pupae present when higher numbers of 

fourth instar were recorded, with increased waterbody volume (>5 cm3) as the primary 

prominent predictor for pupae. Alkaline conditions (pH 7.5-8.3) predicted more pupae in the 

Richmond saltmarsh and greater numbers of pupae were present when tides were between 1.2 

and 1.3 m (Figure 3.6). 

 

3.4 Discussion  

Some of the most important arboviruses can be transmitted by saltmarsh derived mosquitoes 

such as; RRv and Barmah Forest virus (Russell 1998). Within Australia, the primary saltmarsh 

vectors responsible for virus transmission of epidemiological importance include Ae. vigilax 

and Ae. camptorhynchus. In this study, we focused on comparing the differences in ecology 

between three superficially similar local saltmarsh habitats in southern Tasmania, known to 

harbour vector mosquitoes. We found each of these superficially similar saltmarshes to be 
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unique in both environmental conditions and aquatic diversity. We revealed that environmental 

predictors of presence of immature mosquitoes differed between first instar and pupae and that 

sites and abundance was impacted by changes in FFG assemblage. Also, assemblages of FFG 

were affected by environmental conditions with the presence of distinct groups changing 

between the saltmarshes. 

Among our three study sites we observed significant differences in FFG assemblages relating 

to changes in environmental conditions. Out of the three saltmarshes, the Primrose Sands 

saltmarsh has experienced the greatest anthropogenic disturbance, from vehicle traffic, rubbish 

dumping and man-made grid ditching, a technique used to drain saltmarsh habitats for 

agricultural use (pers comm G. Roberts). Of the three sites, Primrose Sands had the highest 

mosquito abundance and lowest taxonomic diversity. It has long been recognised that human 

interference in fragile environments has lasting impacts particularly for ecosystem health 

(Weinstein 1996). Analogous to the Primrose Sands site, populations of Ae. vigilax have also 

increased in degraded mangrove habitats (Claflin and Webb 2017). In comparison, both 

Cambridge and Richmond saltmarshes, are classified as Ramsar sites because of their high 

conservation value, with the Richmond saltmarsh also being a wildlife protected region under 

the Protected Areas on Private Land Program (Prahalad and Pearson 2013). Both these sites 

had greater representation of other FFGs, which reflects the overall health of these saltmarsh 

ecosystems (Cadotte et al. 2011). Therefore, indicating that increased biodiversity and habitat 

health are some of the key factors underlying the RRv vector in these systems (O'Sullivan et 

al. 2008). 

The topography of saltmarshes can impact environmental conditions, particularly aquatic 

habitats via the frequency of tidal inundations. A study by Richardson et al. (1998) 

investigating crustacean diversity in saltmarshes described saltmarsh topography, particularly 

elevation, as the strongest influence on crustacean assemblage due to water permanency. This 
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physical feature of the Primrose Sands saltmarsh is a contributing factor to the differences 

observed in waterbody environmental conditions compared to Cambridge and Richmond 

saltmarshes. Most of the perimeter of the saltmarsh sits between 1.5-2.0 meters high, therefore, 

inundations of the marsh seldom occur with regular daily high tides being insufficient to breach 

the banks of the saltmarsh. This and the relatively low levels of rainfall during our study 

resulted in waterbodies evaporating, increasing the salinity to levels that are incompatible to 

many aquatic invertebrates (Evin and Talley 2000, Silberbush et al. 2005, Carver et al. 2009). 

As such, these conditions resulted in an absence of many other FFG and consistently high 

numbers of mosquitoes, particularly Ae. camptorhynchus as they can tolerate quite saline 

conditions (van Schie et al. 2009, Bader and Williams 2011). By comparison, both the 

Cambridge and Richmond saltmarshes, despite their relative similarity in elevation, had 

dissimilar aquatic environmental conditions. Like Talley and Talley (2008), who report 

declining salinity with distance from the sea, we observed lower salinity levels at the Richmond 

saltmarsh, as well as warmer waterbodies. These conditions were favourable to predators and 

collector and gatherers, which have been shown to prefer less saline habitats and are also likely 

driving the relatively lower presence of mosquitoes observed at this site (Carver et al. 2010b). 

In comparison, the Cambridge saltmarsh waterbodies had more consistent neutral pH with 

greater retention of water than both Richmond and Primrose Sands. Water persistency is an 

important element for many aquatic invertebrates, especially filter feeder survival, particularly 

ostracods and cladocerans (Eitam et al. 2004), which were the dominant class of filter feeders 

found at Cambridge.  

Increased samphire cover was the only shared predictor amongst sites for mosquito abundance. 

Previous studies on vector distribution within saltmarshes have shown a strong preference for 

regions with samphire, (Gislason and Russell 1997, Dale et al. 2008, Jacups et al. 2009, 

Rowbottom et al. 2017) as this habitat provides substrate for eggs of aedine mosquitoes. Other 
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well-known indicators of mosquito abundance include combinations of rainfall and high tides 

(Tong and Hu 2002, Kelly-Hope et al. 2004, Jacups et al. 2008, de Little et al. 2009, Werner et 

al. 2012, Koolhof et al. 2017), as these provide hatching triggers for Aedes mosquitoes (Bader 

and Williams 2011). In this study rainfall was absent from mosquito predictions, although we 

experienced lower than average monthly rainfall during our study period, particularly in the 

2012-2013 season. Furthermore, the absence of tides as a predictor, particularly for first instars, 

is likely due to the inadequacy of the central tidal records to reflect the unique tidal relationship 

each marsh has in its location.  

Saltmarshes are dynamic habitats, with constant changes in environmental conditions from 

temperature, rainfall and tide (Adam 2002). As such, the dynamic nature of these environments 

contributes to the variability within a saltmarsh (Carver et al. 2010b, Cadotte et al. 2011). At 

all sites we observed significant abiotic and biotic variability both within sites and between 

seasons. This variability contributed to the low mosquito predictability of our models. This was 

evident at the Primrose Sands site, which had the lowest mosquito abundance predictability 

and the highest variability in mosquito numbers and aquatic conditions of all three sites.  

Here we have shown that seemingly similar saltmarshes can vary markedly in aquatic 

invertebrate FFGs owing to minor changes in water availability and conditions either through 

tidal inundations, rainfall or waterbody permanency. These aquatic differences were found to 

be important for seasonal persistence of a RRv vector mosquito. Our analysis also showed that 

the only constant predictor was samphire, which serves as oviposition habitat for the vector. 

Accordingly, our research has two essential implications; 1) availability of oviposition habitat 

should be a key environmental feature when assessing potential vector habitats and the 

vectorial risk of disease transmission; and 2) rich opportunities exist for research into the subtle 

differences characterising seemingly similar saltmarsh habitats, over a greater number than in 

the present study, to resolve the most important environmental drivers of aquatic invertebrate 
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FFG composition and mosquito disease risk. Our work has contributed knowledge that will 

help inform modelling and management of RRv and highlighted the importance of biodiversity 

conservation for the benefit of protecting public health.
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4.0 Abstract 

Two saltmarsh mosquitoes dominate the transmission of Ross River virus (RRv, Togoviridae: 

Alphavirus), one of Australia’s most prominent mosquito-borne diseases. Ecologically, 

saltmarshes vary in their structure, including habitat types, hydrological regimes, and diversity 

of aquatic fauna, all which drive mosquito oviposition behavior. Understanding the distribution 

of vector mosquitoes within saltmarshes can inform early warning systems, surveillance, and 

management of vector populations. The aim of this study was to identify the distribution of Ae. 

camptorhynchus, a known vector for RRv, across a saltmarsh and investigate the influence that 

other invertebrate assemblages might have on Ae. camptorhynchus egg dispersal. We 

demonstrate that vegetation is a strong indicator for Ae. camptorhynchus egg distribution, and 

this was not correlated with elevation or other invertebrates located at this saltmarsh. Also, 

habitats within this marsh are less frequently inundated, resulting in dryer conditions. We 

conclude that this information can be applied in vector surveillance and monitoring of 

temperate saltmarsh environments and provides a baseline for future investigations into 

understanding mosquito vector habitat requirements. 
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4.1 Introduction 

Saltmarsh mosquitoes include major vectors of disease worldwide. This is particularly notable 

across the continent of Australia, where two saltmarsh mosquito species dominate transmission 

of Ross River virus (RRv), Australia’s most prominent mosquito-borne disease. Accordingly, 

these habitats are a focus of major vector control and surveillance efforts targeting egg and 

larval stages of mosquito development. However, there is little knowledge about egg 

distribution of target mosquitoes within the complexity of saltmarsh environments. This 

knowledge is informative for determining potentially preferred oviposition habitats or areas of 

optimal egg survival, and thus can support control efforts, supplement early warning systems, 

and assist in more effective surveillance and management of vector mosquito populations. It 

can also contribute fundamental information on the natural history of this ecologically 

important environment.  

Saltmarshes vary in their ecological structure, including habitat types, hydrological regimes, 

and diversity of aquatic fauna, all of which drive mosquito oviposition behavior (Adam 2002, 

McCall and Pennings 2012). Across Australia, saltmarsh vegetation is unique in the overlap of 

mangroves and halophytic succulent plants, grasses, and sedges between the tropics and cooler 

temperate regions, with mangroves being absent from Tasmania (Laegdsgaard 2006, Saintilan 

and Rogers 2013). This provides a mosaic of habitats and environmental conditions that can be 

utilized by mosquito vectors. Females of aedine mosquito species oviposit eggs on damp 

substrate or regions of the saltmarsh where water periodically occurs from tides or rainfall 

(Dale and Knight 2008). For example, several studies have associated Aedes vigilax (Skuse) 

with oviposition regions near drainage channels that are subject to tidal inundations (Gislason 

and Russell 1997, Jacups et al. 2009). Similarly, aquatic interactions between mosquitoes and 

predator/competitors within saltmarshes can also impact mosquito oviposition, larval 

development, survival, adult size (Mokany and Shine 2003b, Knight et al. 2004, Vonesh and 
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Blaustein 2010), and potentially egg survival. Consequently, these effects have potential to 

change mosquito fitness and vector capacity (Alto et al. 2005, Bara et al. 2015). 

In southern Tasmania, Ae. camptorhynchus (Thomson) (Diptera: Culicidae) is a recognized 

vector of RRv (Harley et al. 2001, Russell 2002, Cutcher et al. 2017). This halotolerant species 

is the dominant mosquito in saltmarsh habitats and notoriously bites humans (Barton et al. 

2004, Williams et al. 2009), with populations in southern Tasmania most abundant from Spring 

to Autumn (October-April) (Werner et al. 2012). The presence of other fauna 

(microcrustaceans) was formally proposed to have a role in regulating Ae. camptorhynchus 

abundance within saltmarshes (Carver et al. 2011). However, more recent laboratory evidence 

suggests this form of competition may have limited effects on Ae. camptorhynchus 

development (Rowbottom et al. 2015). Currently, little is understood about the distribution of 

Ae. camptorhynchus or its potential competitors within the saltmarsh. 

At present, larval abundance of Ae. camptorhynchus is known to be associated with samphire 

(Sarcocornia sp.) habitats (Carver et al. 2011). Similar affiliations with samphire (Sarcocornia 

quinqueflora (Scott)) and salt-water couch (Sporobolus virginicus (Kunth)) have been 

identified for populations of Ae. vigilax, an ecologically similar species, although more 

prevalent in warmer Australian climates (Dale et al. 2008). However, other environmental 

conditions, such as hydrology, and/or competition with other aquatic fauna can also alter 

mosquito distribution. Therefore, the aims of this study were to (1) determine saltmarsh habitats 

in which Ae. camptorhynchus eggs are most abundant, (2) investigate environmental conditions 

that may favour mosquito abundance within saltmarsh habitats, and (3) examine the use of the 

same sites by ostracods, the dominant microcrustacean species and putative competitor of Ae. 

camptorhynchus in this saltmarsh, and other invertebrates. 
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Given the spatial occurrence of both Ae. vigilax and Ae. camptorhynchus throughout mainland 

Australia, we expect to observe greater egg distribution among samphire (Sarcocornia sp.). We 

also expect that hydrological influences, such as tidal inundations and heavy rainfall, would 

affect egg dispersal and abundance. Considering the absence of significant predator species in 

this saltmarsh, we do not expect the presence of other invertebrates to influence egg 

distribution, but given the dynamic nature of saltmarsh habitats, we discuss other mechanisms 

that may have a role in egg distribution. 

 

4.2 Methods 

4.2.1 Field sampling 

This study was conducted at a saltmarsh in Primrose Sands (42.87° S, 147.65° E) in southern 

Tasmania (Figure 4.1). This saltmarsh is known for its seasonally large populations of Ae. 

camptorhynchus (Robertson et al. 2004, Carver et al. 2011). Overall, this marsh ranges in 

elevation from 0.38 m to 3.2 m with a bank that reaches above 1.5 m along the Carlton River, 

a saline and tidal area of the river near its terminus with the ocean. Cores of vegetation and soil 

were collected from the saltmarsh to evaluate egg distribution of Ae. camptorhynchus and other 

invertebrates, including dormant microcrustaceans. We sampled the saltmarsh by categorizing 

the environment into four dominant habitat types; 1) bare soil (BS), 2) runnels (human-made 

from early 1950s) (R), 3) samphire/beaded glasswort (Sarcocornia quinqueflora) (S), and 4) 

shrubby glasswort (Tecticornia arbuscula (Sheph and Wilson)) (SG). The saltmarsh was 

longitudinally divided into three 1 km sections that allowed for sampling from the river side of 

the marsh, centre marsh, and the embankment. Each transect was separated by 47 m and 

followed a bearing of 030 along the main edge of the Carlton River. To make sure each habitat 

type was sampled evenly across the saltmarsh, all three transects were divided into 200 m 
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quarters in which all four dominant habitat types were sampled (Figure 4.1). Field samples 

were collected over the peak season of RRv and mosquito abundance in Tasmania (October-

March) at times when an abundance of larvae and pupae were observed. These collections also 

coincided with an absence of excessive rainfall and tidal inundations for approximately one 

week to allow enough time for adult emergence, mating, feeding, and oviposition to occur 

(Gillett 1971). 
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Figure 4.1. A map of the study area in southern Tasmania, displaying the saltmarsh region of 

Primrose Sands along the Carlton River. Sampling design including transect lines and core 

locations are presented in (a), and tidal hydrology (b). Detailed images of the saltmarsh are 

tilted to the east for aesthetics. 
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There were three sampling periods, October, December, and February 2012-2013. To maintain 

random sampling of habitat types within each quarter of each transect, a random starting point 

(distance in meters from the beginning of each transect) was allocated for each transect. From 

the start of each transect, increments of 10 m were travelled at which point a core sample was 

taken, providing there was a suitable un-sampled habitat type. If not, the distance was travelled 

again until all four habitat types were sampled within each quarter. At each consecutive 

sampling period, December and February, the starting point of sampling from each transect 

line was taken at 6 m and 32 m, respectively. This was to ensure core samples were not from 

the same locations as the previous sampling periods. Stainless steel circular cores (589 cm3) 

were used for all core samples. Once extracted, each core was placed in 20 cm round plastic 

containers for transport and laboratory inundations. The drainage systems, due to their 

positioning in the marsh and possibility of being un-sampled in the above system, were 

individually targeted within each quarter.  

At each sampling location, for each habitat type, a GPS location was recorded as well as 

temperature using a hand-held logger. In addition, the soil water content was measured for each 

habitat type for each transect by taking a 141 cm3 soil core sample. These were placed in a 21 

x 15 cm zip-lock bag and the wet weight recorded. To assess the dry weight of these soil cores, 

each sample was removed from the zip lock bags and placed in 25 x 14 cm foil trays and dried 

in an oven (Qualtex 68 R4) at 105°C for approximately two weeks. At the completion of the 

drying period all cores were placed back in their zip-lock bags and re-weighed. 

4.2.2 Environmental data 

Rainfall, temperature, and tide height were all recorded over the collection period. Daily 

maximum and minimum temperature were recorded using temperature loggers (Thermocron 

TC, On Solution Pty. Ltd) set to record every hour. These were positioned at the saltmarsh 1 m 



 

80 

 

above the ground in Stevenson screens and data were extracted monthly. Rainfall was 

measured from rain gauges situated in the centre of the marsh that were emptied weekly. Tidal 

height was obtained from titanium HOBO water level loggers (Onset Solutions, U20-001-04 

Ti) placed in stilling wells. Stilling wells consisted of 25 cm long, 8 cm diameter PVC pipes 

with sealed caps on either end. Seven horizontal incisions were cut at the base of the pipes to 

allow for water flow/drainage. Inside the pipes sat the titanium HOBO water level loggers 

which were encased in PVC tube sitting on a bolt. Each stilling well was attached to a star 

picket to prevent damage and allow accuracy of readings. 

4.2.3 Laboratory conditions 

To assess which habitat type was most likely for Ae. camptorhynchus egg distribution, the top 

10 cm of soil from each core was cut from each sample and placed back into the plastic 

containers (along with any plant material). All cores were kept at 10°C for 48 h then placed in 

a temperature controlled unit (Andrew Thorn Limited Qualtex 68 R4) set to 20 ± 0.3°C 12:12 

day:night cycle, and inundated with 250 ml saline water at 35 ppt (“Red Sea Salts”; at 35 ppt 

elements are: 8.2-8.4 pH, 7.8-8.3 Alk (dKH), 420440 Ca (mg/liter), 1250-1310 Mg (mg/liter), 

and 380-400 K (mg/liter)). Cores were inundated to promote hatching of dormant eggs and to 

examine the species assemblage of the different habitat types as a means of assessing the 

relationship between mosquito and macroinvertebrate egg distribution (Banerjee et al. 2010). 

The temperature chosen for laboratory conditions was based on the average spring/summer 

daily temperatures of water bodies in the field near Hobart (Rowbottom, unpublished data).  

All cores were monitored daily to make sure they remained submerged, with water being 

replaced ad-libitum. To prevent the water going stagnant, a 19 gauge 1½ inch hypodermic 

needle (Neolus Terumo needles 1938) connected to one of two Resun AC4000 Air Pumps 

using 8 mm plastic PVC hosing was placed inside each soil core container. All cores remained 
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wet for five days at which time all the water was strained through a 150-micron sieve (99 µm) 

so that invertebrate emergence could be scored. The core was then placed back in the 

temperature cabinet and left dry for seven days prior to a second inundation following the same 

procedure. Two wetting cycles were used to simulate environmental inundations from rainfall 

or tide and to allow for instalment hatching (Bader and Williams 2011). All cores were 

randomly placed within the cabinet for both wetting cycles. All culicids were identified to 

species, with other invertebrates identified to order. 

4.2.4 Data analysis 

To identify Ae. camptorhynchus egg distribution, we evaluated how extrinsic components of 

the saltmarsh affected mosquito abundance. The bayesian model, described below, was the 

preferred analysis for all response variables because it is able to determine coefficients in mixed 

models with more accuracy (Gelman and Hill 2006) and the Poisson error distribution was 

most appropriate to handle over-dispersion given the use of count data.  

Mosquito egg distribution was evaluated using Bayesian regression with habitat and elevation 

as the fixed effects, with month as a linear and quadratic term. Yi was the average number of 

emerged mosquitoes within each replicate i = 1,…,ni. The distribution of eggs among replicates 

was assumed to have a Poisson distribution with parameter πi: 

Yi|πi ~ Poisson (πi) 

where πi is the modelled egg distribution of replicate i. We modelled the egg density, πi, based 

on the effects of environmental variables, 

πi = αi + βixi 
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where α and β are the model intercept and slope, respectively, for replicate i and x was the 

assigned environmental variable for replicate i. Prior distributions for all model parameters in 

the hierarchy were given with the goal of providing conjugate priors that contain little to no 

influence on the posterior distributions of all the model parameters. We assumed normal prior 

distributions on slopes, α, and intercepts, β, with mean µ and variance σ2: 

α ~ Normal(µα, σ2
α) β ~ Normal(µβ, σ2

β) 

For the variance parameters, σ2, we determined and utilized non-informative uniform prior 

hyperparameter distributions, specified as σ2~Uniform (0, 100), which was used across all 

models. Models were fitted in R (v 3.0.3) (R Core Team 2019) using the ‘MCMCglmm’ 

package, with MCMC chains run for 13,000 iterations after a burn-in period of 1,000 iterations, 

ensuring convergence of model parameters, assessed following Gelman and Hill (2006). We 

summarized posterior distributions of model coefficients, β, by the Bayesian median and 95% 

credible intervals and MCMC simulated p-values. The effect of extrinsic variables on ostracod 

density and other invertebrate assemblage was also assessed using the above method.  

 

4.3 Results 

Sampling covered the primary months when mosquito presence was expected to be observed 

in southern Tasmania. During this time, weather conditions remained constant with monthly 

daily maximum temperatures averaging 33.4°C (Table 4.1). There were no tidal events that 

resulted in the inundation of the entire saltmarsh, with the highest recorded tide reaching 1.84 m 

(Table 4.1).  
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Table 4.1. In situ weather data for the Primrose Sands saltmarsh, Tasmania, over the collection period (October 2012–February 2013). Rainfall, 

temperature, and tide height data include monthly ranges and averages ± SD. Missing data are due to local bushfires. 

 

Variable Oct Nov Dec Jan Feb Overall Range 

Rainfall (mm)  

Mean ± SD 

0 – 12 

4.25 ± 5.32 

0 – 21 

6.4 ± 9.45 

0 – 6 

2.5 ± 3 

0 – 2.5 

0.5 ± 1.12 

0 – 6 

3.33 ± 3.06 

0 – 21 

4.21 ± 5.41 

Temperature (°C)  

Mean ± SD 

3 – 30 

13.52 ± 7.04 

5 – 33 

16.68 ± 7.46 

5.5 – 33 

11.88 ± 11.58 

0 

0 

6.5 – 35.5 

13.70 ± 11.25 

3 – 35.5 

12.21 ± 10.05 

Tide (m)  

Mean ± SD 

0.71 – 1.64 

1.01 ± 0.21 

0.72 – 1.62 

0.97 ± 0.21 

0.65 – 1.78 

1.06 ± 0.25 

0.84 – 1.84 

1.09 ± 0.26 

0.83 – 1.70 

1.00 ± 0.21 

0.64 – 1.84 

1.03 ± 0.23 
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The water content of soil cores varied between habitat types of the Primrose saltmarsh (26% to 

55%; samphire and runnels, respectively). Runnels had the greatest water content followed by 

bare soil with samphire and shrubby glasswort having the least water content (Figure 4.2 and 

Table 4.2). There was no association with water content and elevation. The water content of 

soil samples increased with each consecutive month of sampling (Table 4.2). 

A total of 12,265 invertebrates emerged and was counted from the soil cores throughout the 

study period; of these, 3.6% (438) were Ae. camptorhynchus and 7.7% (947) were ostracods. 

A large constituent of the remaining invertebrates was a ubiquitous Copepoda (Table 4.3) with 

79% (9688) individuals identified, however, both copepods and other invertebrates did not 

influence the distribution of Ae camptorhynchus eggs (Table 4.4). 
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Figure 4.2: Percent water content from each habitat type for the three months of collection. 

Habitat types are as follows; (BS) bare soil, (R) runnel, (S) samphire and (SG) shrubby 

glasswort. 
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Table 4.2: Bayesian mixed-effects regression results showing the differences in water content for habitat type (bare soil, runnel, shrubby glasswort, 

samphire), elevation, and month of collection. Variables with significantly different water content are in bold. Credible intervals are 95%.  

Variable Coeff. 2.5% CI 97.5% CI pMCMC 

(intercept) -0.716 -1.326 -0.097 0.030 

Runnel 0.318 0.118 0.513 0.004 

Samphire -0.400 -0.613 -0.213 <0.001 

Shrubby glasswort -0.320 -0.506 -0.124 0.006 

Elevation -0.397 -1.125 0.380 0.326 

Month.L 0.197 0.078 0.313 <0.001 

Month.Q -0.061 -0.193 0.055 0.312 

 

L - linear and Q - quadratic. 
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Table 4.3: A complete list of the remaining taxa identified from each habitat type in the core samples from the collection months. 

 Copepods Diptera Gastropod Collembola Coleoptra Acari Amphipod Oligochaetes Unidentified 

October 

Bare soil 

Runnel 

Shrubby glasswort 

Samphire 

 

1,509 

1,838 

1,177 

2,527 

 

9 

16 

42 

78 

 

0 

4 

3 

1 

 

0 

0 

1 

2 

 

6 

0 

9 

3 

 

4 

1 

15 

29 

 

1 

0 

1 

0 

 

0 

6 

66 

47 

 

2 

1 

7 

29 

December 

Bare soil 

Runnel 

Shrubby glasswort 

Samphire 

 

183 

315 

367 

327 

 

5 

30 

4 

70 

 

0 

1 

0 

1 

 

3 

1 

11 

2 

 

1 

0 

6 

1 

 

15 

10 

32 

32 

 

0 

0 

1 

0 

 

2 

0 

32 

95 

 

0 

0 

0 

2 

February 

Bare soil 

Runnel 

Shrubby glasswort 

Samphire 

 

57 

193 

784 

411 

 

6 

14 

78 

106 

 

0 

0 

0 

2 

 

0 

0 

1 

0 

 

1 

1 

4 

9 

 

2 

2 

9 

23 

 

0 

0 

3 

0 

 

3 

1 

82 

78 

 

0 

1 

12 

14 
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Table 4.4: Bayesian negative binomial results showing the effects of other invertebrates on Ae. 

camptorhynchus egg distribution. None of the variables contributed to Ae. camptorhynchus 

densities. Credible intervals are 95%. 

 

 

 

 

 

 

 

 

Variable Coeff. 2.5% CI 97.5% CI pMCMC 

Copepoda -0.006 -0.023 0.007 0.408 

Chironomidae 0.132 -0.155 0.394 0.318 

Amphipoda -2.442 -8.531 3.175 0.396 

Acari 0.257 -0.296 0.764 0.334 

Coleoptera 0.660 -1.626 2.763 0.532 

Collembola -3.317 -7.764 0.505 0.090 

Diptera 0.470 -0.453 1.390 0.304 

Gastropoda -2.939 -9.895 2.189 0.294 

unidentified 0.364 -0.269 0.997 0.258 
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Mosquitoes identified from the samples were exclusively Ae. camptorhynchus larvae. Habitat 

explained more variance in the Ae. camptorhynchus egg distribution than any other tested 

variable with 67.1% of mosquitoes emerging from cores collected from samphire habitats 

(Figure 4.3 and Table 4.5). Of the remaining habitats, 29.9% emerged from shrubby glasswort 

cores with only 1.4% and 1.6% from bare soil and runnels, respectively. In comparison, 

ostracod numbers dominated the bare soil and runnel samples with a total of 82.3%. Shrubby 

glasswort and samphire habitats consisted of only 5.9% and 11.8% of ostracods, respectively. 

However, both the sporadic distribution and extreme fluctuations of ostracods resulted in no 

significant habitat preference (Figure 4.3 and Table 4.5). Despite the dominant habitat 

distribution of both ostracods and Ae. camptorhynchus being dissimilar, increases densities of 

these arthropods were from neighbouring sites within the marsh (Figure 4.4). There was no 

significant association between ostracod abundance and Ae. camptorhynchus abundance (Table 

4.5). There was little evidence that month affected the number of mosquito eggs present (Table 

4.5). Apparent temporal increases in mosquito numbers (51, 116, 271 mosquitoes for October, 

December, and February respectively; Figure 4.3) were, also, driven by high egg numbers in a 

small number of samples with observed mosquito numbers ranging between 1 and 132 from a 

single core. By comparison, ostracod numbers peaked earlier in the sampling season with a 

maximum of 369 ostracods observed in bare soil samples in October and 296 in December. By 

February, numbers of ostracods fell below 75 individuals per habitat type. However, month did 

not significantly affect ostracod densities (Figure 4.3 and Table 4.5). The range of ostracods 

observed from a single core sample ranged between 1 and 230. 
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Figure 4.3: Total emergence Ae. camptorhynchus larva (a) and ostracods (c) from core samples 

for the three months of collection and total Ae. camptorhynchus (b) and ostracods (d) 

emergence from wetting cycles. Habitat types are as follows; (BS) bare soil, (R) runnel, (S) 

samphire and (SG) shrubby glasswort. 
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Table 4.5: Bayesian negative binomial results showing the effects of habitat type (bare soil, runnel, shrubby glasswort, samphire), elevation, month 

of collection and density of ostracods on Ae. camptorhynchus egg distribution. Effects of ostracod densities with Ae. camptorhynchus abundance 

is shown as the final variable. Variables that contributed to Ae. camptorhynchus or ostracod densities are in bold. Credible intervals are 95%. 

 

Variable Coeff. 2.5% CI 97.5% CI pMCMC Coeff. 2.5% CI 97.5% CI pMCMC 

 Ae. camptorhynchus Ostracods 

Runnel -0.037 -5.222 4.604 0.982 0.107 -1.851 2.058 0.914 

Samphire 4.801 0.931 9.488 0.012 -0.936 -2.877 1.051 0.356 

Shrubby glasswort 1.882 -2.488 5.993 0.390 -0.940 -3.103 0.964 0.328 

Elevation 4.112 -11.980 20.695 0.590 4.195 -3.773 12.425 0.312 

Month. L -1.230 -3.592 0.986 0.284 -1.098 -2.497 0.107 0.094 

Month. Q 0.472 -2.023 2.844 0.732 -0.744 -1.954 0.476 0.248 

Ostracods -0.047 -0.162 0.030 0.330     
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Figure 4.4: Collective density and distribution of Ae. camptorhynchus (a) and ostracods (b) 

from cores collected over the study period. 

 

4.4 Discussion 

Where a mosquito deposits eggs is an essential element in its life history, shaping individual 

fitness, development, and vectorial capacity (Bentley and Day 1989, Stone et al. 2012). 

Because of this, research into understanding the drivers that influence mosquito egg dispersal, 

especially of vector mosquitoes, is essential for mosquito management, control, and evaluating 

disease risk. However, globally these habitats are extremely variable both environmentally and 

ecologically (Laegdsgaard 2006), thus resulting in variability of mosquito egg distribution. For 

example, populations of Ae. taeniorhynchus in Florida are driven by substrate moisture and 

frequency of tidal inundations (Knight and Baker 1962, Ritchie and Addison 1992), whereas 

in Argentina, separate environmental factors drove abundance of two mosquito species in 

relation to their ovipositional strategies (Cardo et al. 2012).  

Notably, the Australian coastline spans several degrees of latitude with saltmarsh and 

mangrove habitats being ecologically variable from the northern, tropical regions to the 

southern-most temperate regions (Adam 2002). Mosquito research in Australia has focused on 

vector mosquitoes that utilize these coastal saline environments as they produce the majority 

of endemic vector mosquitoes (Russell 1993, Russell 1995, Dale et al. 2008). When 
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determining mosquito egg dispersal and oviposition locations within these environments, it 

may be difficult to disentangle oviposition site preferences from potential field predation and 

egg survival. However, Aedes species display less predator avoidance with oviposition which 

has been proposed to be due to their egg-laying strategy and egg longevity in the field (Bentley 

and Day 1989, Vonesh and Blaustein 2010). Given the variability in mosquito oviposition and 

environmental conditions, local studies of saltmarsh habitats and the mosquito vectors within 

these environments contribute to current and future vector management by explaining 

knowledge of the most productive habitat and environmental conditions for vectors to emerge 

from, and thereby target, for control. 

We conducted preliminary investigations of a southern Tasmanian saltmarsh that is a known 

region of large populations of Ae. camptorhynchus (Robertson et al. 2004). This mosquito is a 

prominent vector for RRv in Australia and the only vector for the virus in Tasmania (McManus 

and Marshall 1986, McManus 1994). Several studies have identified environmental drivers of 

Ae. camptorhynchus populations (Dhileepan et al. 1997, Barton et al. 2004, Werner et al. 2012), 

but there are no empirical data on egg distribution or site selection cues. Therefore, 

understanding the dynamics of this saltmarsh and the components that drive egg distribution 

of Ae. camptorhynchus will be useful in the management, surveillance, and implementation of 

any future targeted mosquito control (Webb and Russell 1999, Griffin et al. 2010, Kay and 

Russell 2013). 

We determined samphire (S. quinqueflora) to be a dominant habitat type for Ae. 

camptorhynchus egg distribution in the Primrose saltmarsh, which is consistent with our 

understanding of aedine mosquito oviposition (Sinclair 1976). In Australia, a large proportion 

of research for vectors of disease in saltmarshes has focused on Ae. vigilax, with vegetation, in 

particular Sarcocornia spp., being the dominant determinant of oviposition sites (Dale et al. 

1986, Gislason and Russell 1997, Dale et al. 2008). Yet in this study, the distribution of Ae. 
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camptorhynchus was not as extensive as the distribution of S. quinqueflora, suggesting that not 

all regions occupied by this habitat are suitable. Saltmarsh vegetation is characterized by the 

tidal frequency, salinity, and the influence of surrounding land use (Saintilan 2009a). Changes 

to these conditions, such as increases in sea level or increased nutrient input from surrounding 

regions, can drastically influence floral composition (Prahalad et al. 2012) and therefore 

mosquito presence. Thus, both soil moisture and elevation may be relevant factors contributing 

to egg distribution.  

Generally, there are strong correlations among elevation, tide height, and soil moisture within 

saltmarshes (Saintilan 2009b, Prahalad et al. 2012), which also correspond to mosquito 

abundance (Dale et al. 2008, Jacups et al. 2009). Moisture is an essential component in 

saltmarsh mosquito egg conditioning (Knight and Baker 1962, Kay and Jorgensen 1986) and 

hatching (Andreadis 1990, Rydzanicz et al. 2011, Cardo et al. 2012) and many studies correlate 

Aedes spp. with wet, lower regions of saltmarshes that are periodically flooded by tide (de 

Little et al. 2009, Jacups et al. 2009, Cardo et al. 2012). We found that soil moisture was 

greatest in bare soil and runnel habitat than shrubby glasswort and samphire, but there was no 

relationship between soil moisture and elevation. Ae. camptorhynchus egg distribution within 

the Primrose saltmarsh was greatest in samphire and unrelated to elevation, showing 

oviposition preference for habitat containing the least soil moisture. While this result appears 

counterintuitive, two non-mutually exclusive causes may explain this result: periodic 

inundation (flooding) of the saltmarsh by (1) very high tides and (2) heavy rainfall. The 

Primrose saltmarsh has a distinct bank, approximately 1.8 m along the river front of the marsh, 

which the tide would need to exceed to infiltrate the marsh. Thus, when flooding of the 

saltmarsh does occur it tends to be widespread. Similarly, Kokkinn et al. (2009) in South 

Australia report one of the factors determining abundance of Ae. camptorhynchus to be 

maximum tide heights, with peaks in adult abundance occurring only after such events. Given 
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the extent of egg viability for Ae. camptorhynchus (Bader and Williams 2011), and the stability 

of environmental conditions during this study, it may be advantageous for egg distribution of 

Ae. camptorhynchus to occur in normally dryer, more protected habitats in the saltmarsh to 

benefit survival and development. 

Aside from habitat preference, another element in mosquito egg distribution is the presence of 

other invertebrates, namely, competitors and predators. Avoidance of both competitors and 

predators has been identified among mosquitoes, however, this behavior is not ubiquitous 

(Vonesh and Blaustein 2010). Therefore, we sought to understand the distribution and 

abundance of a putative competitor, a micro-crustacean ostracod (Carver et al. 2011). 

Significant inputs of water into these habitats are associated with mass hatching of eggs (Carver 

et al. 2011) at this site. During this study, we discovered that ostracods in this system are widely 

distributed across the saltmarsh with greater abundance in wetter regions but no differentiation 

in habitat type, which could be a result of recruitment by tide or shifts of egg banks by heavy 

rainfall or tidal inundation (Boulton and Lloyd 1992). In addition, there was no evident 

relationship between ostracod presence and mosquito distribution, suggesting that their 

significance as an aquatic competitor on mosquito egg distribution choices is minimal, and 

potentially ostracods and Ae. camptorhynchus may occupy separate niches within the water 

bodies (Rowbottom et al. 2015). Furthermore, there was no evidence that the presence of any 

other invertebrates found in these soil cores had any importance on Ae. camptorhynchus 

oviposition. The apparent lack of oviposition avoidance of Ae. camptorhynchus may also be a 

result of the ability to lay eggs above the water surface (Vonesh and Blaustein 2010, Yoshioka 

et al. 2012, Gonzalez et al. 2016) where they are protected from aquatic fauna that may 

consume them. 
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The results of our study demonstrate that vegetation are strong indicators for Ae. 

camptorhynchus egg distribution and that this is a dryer habitat within the saltmarsh. Also, it 

appears that Ae. camptorhynchus egg distribution is not influenced by elevation or other 

invertebrates, albeit a depauperate fauna, located at this saltmarsh. Given that this saltmarsh is 

surrounded by a singular uniform land type and that different surrounding land use has been 

associated with changes in mosquito productivity (Claflin and Webb 2017), it would be 

informative to compare mosquito abundance with other local saltmarshes with a diversity of 

surrounding land types. 

Knowledge of egg distribution and vector emergence patterns has many applications for future 

management. At present, there is little management or surveillance of mosquito populations 

within Tasmania. In fact, there is little empirical data on the spatial distribution of this vector 

in the state (Lee 1949, Robertson et al. 2004). Considering that there are discrepancies with 

habitat types and egg densities within mangrove systems (Dale et al. 2014), and that oviposition 

preferences are highly complex, the information from this study will act as a guide for future 

mosquito surveillance and knowledge of habitats that are likely regions for mosquito vectors. 

This is particularly important given the projected increase in human proximity to saltmarsh and 

inland wetland regions where Ae. camptorhynchus populations are likely to be (Lyth and 

Holbrook 2015). Furthermore, current models used to predict outbreaks of RRv based on 

environmental data (Werner et al. 2012) can benefit from understanding the spatial distribution 

of vector eggs within saltmarsh habitats and how this translates to sea level rise and tidal 

inundations. 
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We conclude that although habitat preference of Ae. camptorhynchus may be like other Aedes 

spp., other environmental preferences such as soil moisture and tidal height are species specific 

and may vary in different spatial contexts. This study has management applications in that 

vector control efforts for Ae. camptorhynchus should consider samphire habitat, even at higher 

elevations in the saltmarsh and that mass saltmarsh inundation events may be the main driver 

of Ae. camptorhynchus abundance. 
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5.0 Abstract 

Aquatic environments are subject to changes in both food resources and aquatic community 

structure as a result of competition and predation. Mosquito larvae, in particular, are sensitive 

to such changes resulting in altered developmental and adult traits. Resource limitation, 

predation and inter-, intra-specific competition within and between mosquito species are 

known to affect both mosquito development and survival, however, much less is understood 

about the effects of non-culicid controphic competitors (species that share the same trophic 

level). To address this knowledge gap, we investigated and compared mosquito larval 

development, survival and adult size in the presence of non-culidid controphic conditions and 

resource limiting conditions. We used Aedes camptorhynchus, a saltmarsh breeding mosquito 

and a prominent vector for Ross River virus in Australia. It generally lacks competitors due to 

its level of saline tolerance but does often co-occur with a sympatric ostracod micro-crustacean, 

which are found in dense populations in the same saltmarsh habitats. From our trials, resource 

limiting conditions caused significant effects by increasing mosquito developmental times and 

decreasing survival with significant decreases in adult size. However, context dependence 

aquatic conditions may be important in the similarity between observed adult traits amongst 

experiments as competition density did not affect larval development or survival. We conclude 

that the alterations of adult traits between non-culicid controphic competition may have 

impacts that extend to vector-borne disease transmission. 

 

 

Keywords 
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5.1 Introduction 

The effectiveness of competition for available food resources is driven by the presence of 

species within the same trophic level (controphic species) (Jennings and Kay 1999, Mitchell-

Foster et al. 2012) that share the same resources and functional feeding group (Blaustein and 

Chase 2007, Juliano 2009). For mosquitoes, the presence of other species that are filter- and 

suspension-feeders can limit the amount of available food (Merritt et al. 1992). Consequently, 

the outcomes of controphic resource (exploitative) competition on mosquito development and 

survival should be equivalent to intraspecific increased resource limitation with greater effects 

on mosquito development, survival and adult size with increasing competition; however, this 

hypothesis is yet to be investigated.  

Over the last two decades, significant effort has been directed to understanding the diverse 

effects that biotic interactions have on the ecology of mosquito vectors (Juliano 1998, Knight 

et al. 2004, Beketov and Liess 2007, Blaustein and Chase 2007, Werner et al. 2012). The larval 

life-stages of mosquitoes are the most sensitive to biotic interactions with impacts in 

developmental times, survival or changes to adult size, effecting fecundity and, for vectors of 

disease, vector competence capacity (Nasci and Mitchell 1994, Mokany and Shine 2003a, 

Schneider et al. 2011). To date, investigations have largely focused on larval predation, inter- 

and intra- specific mosquito competition (particularly with Aedes aegypti (Linnaeus) and Aedes 

albopictus (Say)) and mosquito oviposition behaviour as a means of predation and competition 

avoidance (Mokany and Shine 2003b, Eitam and Blaustein 2004). The importance of 

competitive interactions with other non-culicid invertebrates, particularly non-culicid 

controphic species, is poorly understood yet can play an important role in mosquito 

management (Mokany and Shine 2003a, Duquesne et al. 2011). 
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Across southern Australia Ae. camptorhynchus (Thomson) (Ballard and Marshall 1986, Russell 

2002) is a major vector of Ross River virus (RRv: Togaviridae: Alphavirus). 

Epidemiologically, RRv is Australia’s most important vector-borne disease with clinical 

notifications ranging between 1451–7754 per annum, resulting in an annual economic impact 

of approximately AU$10 million/year (Harley et al. 2001, Woodruff and Bambrick 2008). 

Saltmarshes are particularly important habitats for this halo-tolerant vector due to the hyper-

saline aquatic conditions. Such physiologically extreme environments result in lower species 

diversity and hence fewer predators and competitors which is indicative of hyper-saline regions 

across Australia (Chapman et al. 1999, Russell 2002, van Schie et al. 2009, Carver et al. 2010b). 

Ae. camptorhynchus lays desiccation resistant eggs that undergo mass hatching with large 

pulses of rainfall or tidal inundations (Carver et al. 2009, Bader and Williams 2011). Likewise, 

these pulses of water also result in high densities of invertebrates such as micro-crustaceans 

that are capable of surviving dry periods (Williams 1997, Rossi et al. 2011). The Diacypris 

spp. (Crustacea: Ostracoda) that are prominent in these environments (pers comm, Walsh 2015) 

are detritovores/herbivores, occupying the same functional feeding group as Ae. 

camptorhynchus. Ostracods have also been implicated in decreasing available food resources 

for container-inhibiting mosquitoes (Merritt et al. 1992). Therefore, we need to understand how 

these interactions impact mosquito development. We expect that mosquitoes and ostracods 

compete for the same food resources within these habitats based on similarities in feeding and 

that these direct interactions will impact mosquito vector development, survival, abundance 

and size (Carver et al. 2011).  

In this study we test the hypothesis that non-culicid controphic competition with ostracods 

reflects intra-specific resource limitation but with greater effects on mosquito development and 

survival with increasing controphic competition. We examined this using two experiments, an 

intra-specific resource limitation experiment with low densities of Ae. camptorhynchus and a 
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controphic resource limitation experiment with ostracods in increasing densities. Between the 

two experiments we contrast the changes in larval developmental times and survival, and 

effects on adult size. For both experiments, we predict decreased larval survival, increased 

development time, and reduced adult size as resources become limiting and controphic 

competition increases. We observed development and survival changes with intra-specific 

resource limitation and changes in adult size for both intra-specific resource limitation and 

controphic competition treatments. However, these changes are context dependant suggesting 

that the alterations of adult traits observed with non-culicid controphic competition may have 

impacts that extend to vector-borne disease transmission. 

 

5.2 Materials and methods 

5.2.1 Invertebrate collections 

All mosquitoes and ostracods used in this study were sourced from the Primrose Sands 

saltmarsh (42.87° S, 147.65° E), east of Hobart, Tasmania, whereby permission to access the 

marsh was granted by the landowner. Water bodies found in the Primrose Sands saltmarsh are 

very ephemeral, lasting on average only 14 days after inundation over the peak of summer 

(Rowbottom et al. unpublished data). Such environments are very depauperate of aquatic 

species diversity as shown by Carver et al. (2011) where, after rainfall, 89% species diversity 

comprised of Ae. camptorhynchus (56%) and ostracods (33%), increasing to 91% in drying 

conditions (Ae. camptorhynchus 46% and ostracods 45%), a situation which could result in 

increased disease transmission (Keesing et al. 2010). As shown, this saltmarsh has only one 

abundant putative competitor of Ae. camptorhynchus (Carver et al. 2011), Diacypris spp. 

(Crustacea: Ostracoda) (identified by: Walsh 2015) and this was used in the competition 

experiment. Mosquitoes and ostracods were collected either after substantial rainfall or tidal 
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inundations that submerged most of the saltmarsh which provided newly hatched Ae. 

camptorhynchus larvae (1st instars, < 24 hours old). While every attempt was made to collect 

early first mosquito instars, age was difficult to control in practice, so for consistency 

examination of developmental rates in this study is restricted to the second instar onwards. All 

invertebrates were collected using a 350 mL plastic larval dipper (Australian Entomological 

Supplies Pty. Ltd.). 

5.2.2 Laboratory conditions 

Following field collections, mosquito larvae were placed into 500 mL translucent cylindrical 

plastic containers with 200 mL of water at 35 ppt salinity (“Red Sea Salts”; at 35 ppt elements 

are 8.2-8.4 pH, 7.8-8.3 Alk (dKH), 420-440 Ca (mg/L), 1250-1310 Mg (mg/L) and 380-400 K 

(mg/L)), with containers placed randomly in temperature cabinets (Andrew Thorn Limited 

Qualtex 68 R4) at 23°C ± 0.05 S.E., 14:10 day/night. The temperature and salinity were chosen 

for laboratory conditions based on the average summer daily temperatures (°C) and salinity 

(ppt) of water bodies in the field near Hobart (Rowbottom et al. unpublished data). 

Invertebrate food consisted of ground “Nutrafin Max Fish Flakes” (Pets Domain). Four grams 

were ground using a mortar and pestle and suspended in 1 L distilled water. At each feed the 

solution was agitated to allow for homogeneity and refrigerated at 6°C between feeds to 

standardise the potential growth of microbes. Although not entirely analogous to their field 

based diets, food levels and type were representative of other laboratory studies of culicid 

nutrition and development (Jennings and Kay 1999, Tun-Lin et al. 2000, Farjana et al. 2012, 

Mitchell-Foster et al. 2012) and helped standardise nutritional quantity and quality which could 

otherwise vary if using field collected resources. New food was prepared fortnightly.  
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5.2.3 Experimental design 

We conducted a paired experimental design to examine the effects of both intra-specific 

resource limitation and competition on mosquito development and survival. While a fully 

crossed design would have been optimal, this was beyond the scope of this study owing to the 

logistics of available incubators and number of ostracods required. Instead this study provides 

a paired design where intra-specific resource limitation and controphic resource limitation 

experiments are contrasted. In the resource limitation experiment 50 larvae were exposed to 

one of four food resource levels (0.1 mL, 0.2 mL, 0.4 mL or 0.6 mL food/day), with six 

replicate cylinders per treatment. For the competition trials 50 larvae were exposed to one of 

four treatments of competitor (ostracod) density (0 (control), 150, 300 and 600 

ostracods/cylinder). This reflects the observed range of ostracod densities per 350 mL larval 

dippers (Australian Entomological Supplies) in water bodies at Primrose Sands between 2011 

and 2012 (1-2144, n=442) (Rowbottom et al. unpublished data). Food resources remained at a 

constant level of 0.4 mL/day. Each treatment consisted of 10 replicate cylinders, with the 

competition control treatment being comparable to the 0.4 mL/day treatment in the resource 

experiment. Two replicates from each treatment from both experiments were dispersed evenly 

among three (resource experiment) or five (competition experiment) independent incubators 

(akin to blocks), with the position of replicates randomised within each incubator. 

Daily counts of mosquito larvae included the number of larvae, instar of each larva, number of 

pupae and number and sex of adults. Any mosquito larvae or pupae that died were recorded 

and removed from the container. All emergent mosquitoes were collected, sexed and their 

wings removed and mounted using water onto glass slides and sealed with clear nail varnish. 

The average length of left and right wings were used as a proxy for adult size (Lounibos 1994). 

These were measured at 25× magnification from the wing tip (excluding the fringe) to the 
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arculus (Packer and Corbet 1989, Schneider et al. 2011) using Las EZ software (Leica 

Microsystems, Switzerland). Developmental time for instars – pupae in each replicate container 

was recorded as the day at which 50% of surviving larvae reached the next stage of 

development.  

To account for size variation of ostracods amongst treatments, a subsample of five ostracods 

from each controphic resource limiting replicate was removed at the beginning of the 

experiment and again at the end of the experiment (when the last mosquito emerged or died in 

each replicate container). Measurements of the carapace, from posterior to anterior, were 

conducted using an ocular micrometer (0.016 mm units per graticule unit) on a Nikon SM2800 

dissecting microscope at 6.3×magnification. All remaining ostracods in each replicate were 

scored for survival. 

 

5.3 Analyses 

In both experiments we evaluated how treatment affected larval developmental times, survival 

probabilities, and adult size of both sexes. The bayesian model, described for developmental 

times below, was the preferred analysis for all response variables, including the effect of 

competition treatment on ostracod mortality and size. as it is able to determine coefficients in 

mixed models with more accuracy (Gelman and Hill 2006).  

Larval development time was evaluated using Bayesian mixed effects regression with 

treatment as the fixed effect and incubator as the random effect. Yij was the average 

developmental time when 50% of surviving larvae had reached the next instar or stage of 

development within each replicate cylinder i = 1,…, nj for incubator j = 1,…, k. The distribution 

of developmental times among replicates was assumed to have a Gaussian distribution with 

parameter πij: 



 

107 

 

Yij| 𝜋𝑖𝑗 ~ Gaussian(𝜋𝑖𝑗) 

where πij is the modelled developmental time of replicate i in incubator j. We modelled the 

developmental time, πij, based on the effects of treatment 

𝜋𝑖𝑗 =  𝛼𝑗𝑖 +  𝛽𝑗𝑖𝑥𝑖 

where α and β are the model intercept and slope, respectively, for replicate i varying by 

incubator j, and x was the assigned experimental treatment (intra-specific resource or 

controphic resource limiting level) for replicate i. Prior distributions for all model parameters 

in the hierarchy (incubators) were given with the goal of providing conjugate priors that contain 

little to no influence on the posterior distributions of all the model parameters. We assumed 

normal prior distributions on slopes, α, and intercepts, β, with mean µ and variance σ2: 

αj ~ Normal(µα, σ
2

α), for j = 1,…,k 

βj ~ Normal(µβ, σ
2

β), for j = 1,…,k 

For the variance parameters, σ2, we determined and utilized non-informative uniform prior 

hyperparameter distributions, specified as σ2~Uniform (0, 100), which was used across all 

models. Models were fitted in R (v 3.0.3) (R) using the ‘MCMCglmm’ package (Hadfield 

2010), with MCMC chains run for 13,000 iterations after a burn-in period of 3,000 iterations, 

ensuring convergence of model parameters, assessed following Gelman and Hill (2006). We 

summarized posterior distributions of model coefficients, β, by the Bayesian median and 95% 

credible intervals and MCMC simulated p-values.  

The effect of treatment on both survival and mean adult size (including effect of sex with wing 

length and treatment) were assessed using the above method. Survival over time could not 

consistently be identified at an individual level precluding assessment by Cox hazard models. 
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Therefore, we evaluated the effects of treatment on survival as total percent alive to adult for 

each replicate. 

To assess consistency of results between experiments the 0.4 mL/day intra-specific resource 

limiting treatment and the controphic resource limiting treatment at the same food level without 

ostracods were compared for development, survival and adult size. 

We also investigated ostracod size (measured through sub-samples) and mortality amongst 

competition treatments (end count of ostracods) to ensure that this was not a compounding 

factor to Ae. camptorhynchus developmental times, survival and size or ostracod development 

and mortality. 

 

5.4 Results 

5.4.1 Development time 

Developmental time for Ae. camptorhynchus within each larval stage was increased through 

intra-specific resource limitation (Table 5.1). Developmental time from second through to 

fourth instar were significantly different amongst treatments with no effect of treatment on 

pupal developmental time. Mean developmental time to adult was 35 d with a range of 21-70 d 

for maximum developmental time among treatments (Figure 5.1; Supplementary III). In 

contrast, the time taken for Ae. camptorhynchus larvae to develop was only significant for third 

instar with all other instar and pupal stages having no significant affect by controphic resource 

limitation treatments (Table 5.1). Mean time to develop to adult was 27 d ranging between of 

33-39 d maximum developmental time among treatments (Figure 5.1; Supplementary III). The 

overall developmental time between the 0.4mL/day intra-specific resource limitation treatment 



 

109 

 

and the controphic resource limiting treatment, without ostracods, at the same food level did 

not differ (p = 0.176) (Figure 5.1).  

5.4.2 Survival 

Aedes camptorhynchus survival decreased as intra-specific resource limitation increased 

(Table 5.1). The mean range of percent survival was between 61.4–96.1 (Figure 5.1; 

Supplementary III). By comparison, increasing competition did not affect Ae. camptorhynchus 

survival (Table 5.1), with a mean range of percent survival between 60.8–72.6 (Figure 5.1; 

Supplementary III). Survival between the 0.4mL/day intra-specific resource limitation 

treatment and the controphic resource limiting treatment, without ostracods, at the same food 

level was higher in the resource limitation than the competition experiments (p=0.028) (Figure 

5.1). 
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Table 5.1. Bayesian mixed-effects regression results showing effects of both resource limitation and competition treatments on Ae. camptorhynchus 

larval development time (in days) between instar, pupae and total developmental time to adult, the effect of treatment on survival and the effect of 

both treatment and sex on adult wing length (mm) for both resource limitation and competition treatments. Significant p values are in bold.  

Experiment Resources Competition 

Variables coefficient 2.5%CI 97%CI p Coefficient 2.5%CI 97%CI p 

 
Development (days) 

Larval Stages 
        

Second instar -0.710 -1.169 -0.189 0.006 -4.74e-5 -2.15e-3 1.55e-3 0.984 

Third instar -3.379 -4.594 -1.789 <0.001 0.002 0.260-3 0.003 0.008 

Fourth instar -1.431 -2.405 -0.293 0.004 0.003 -0.002 0.008 0.262 

Pupae 0.036 -0.137 0.207 0.654 0.002 -0.003 0.008 0.398 

Overall -6.893 -8.658 -5.205 <0.001 0.003 -0.007 0.013 0.55 

 Survival 

Treatment 11.257 8.088 14.201 <0.001 0.006 -0.024 0.036 0.696 

 Wing length (mm) 

Treatment 0.069 0.061 0.077 <0.01 <-0.001 <-0.001 <-0.001 <0.01 

Sex 0.038 0.007 0.068 0.02 -0.093 -0.037 0.017 0.526 
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Figure 5.1: Effects of resource limitation (left panel) and competition (right panel) on Ae. camptorhynchus mean development time and survival 

to adult. Error bars represent the standard deviation. Treatments with open symbols are directly comparable. 
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5.4.3 Adult size 

Size of Ae. camptorhynchus wing length declined as intra-specific resources became more 

limiting (Table 5.1). Overall, adults emerging from treatments with the most resources were 

9.86% larger than all other resource treatments (Figure 5.2). There was also a sex-specific 

significance in size with males being 0.15 mm larger than females, however this was only in 

the most limiting resource treatment. Likewise, increased controphic resource limitation 

resulted in decreased size of Ae. camptorhynchus adults (Table 5.1). On average adults 

emerging from the control were 4% larger than adults from the highest ostracod density 

treatment (Figure 5.2). There was no significant sex-specific size difference between treatments 

(Table 5.2). Adult size in both the 0.4 mL food/day resource treatment and the competition 

treatment without competitors at the same food level did not differ (p=0.91, Figure 5.2).  

5.4.4 Ostracod mortality and size 

Ostracods within the controphic resource limitation experimental treatments averaged 

0.842 mm in length with no significant difference in size over the duration of the experiment 

(p=0.624). Similarly, ostracod survival was not significantly different between experimental 

treatments (p=0.628), with an overall average 17% loss of ostracods. 
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Figure 5.2: Mean wing length (mm) for Ae. camptorhynchus adult females (dark grey) and 

males (light grey) with standard deviation bars for both resource limitation (left panel) and 

competition (right panel) treatments. 
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5.5 Discussion  

Like resource limitation, competitive interactions can affect mosquito life history thereby 

having an important role in the ecology of disease vectors. The results of our intra-specific 

resource limitation experiments are consistent with previous work that has investigated the 

effects of resource limitation on mosquito development and survival (Bevins 2007, Juliano 

2007, Gilles et al. 2011, Padmanabha et al. 2011, Mitchell-Foster et al. 2012) showing 

increased developmental times, decreased survival and reduced adult sizes. However, this 

study also indicates that when numbers of ostracod controphic competitors are increased the 

intensity of the interactions are not significant enough to impact Ae. camptorhynchus 

developmental traits but do affect adult size. Adult body size decreased when controphic 

resource limitation with ostracods intensified reflecting, to a lesser degree, adult size effects 

observed with intra-specific resource limitation. Our study is the first to directly test non-

culicid controphic competition with ostracods. We demonstrate that this interaction is an 

important component to mosquito ecology providing insight into the complexity of aquatic 

interactions with an important vector species. 

As expected, increased intra-specific resource limitation drove increased developmental times 

for Ae. camptorhynchus (Jennings and Kay 1999, Bevins 2007, Gilles et al. 2011, Padmanabha 

et al. 2011, Mitchell-Foster et al. 2012) through intra-specific competition. In fact, in 

challenging resource conditions Ae. camptorhynchus extend their developmental time well 

beyond the mosquitoes within the controls (0.4 mL food/day treatment). Similar extension of 

developmental time has been demonstrated for both Ae. albopictus (Skuse) and Ae. aegypti in 

extremely limiting diets and this was inferred to indicate effective accumulation, assimilation 

and storage of energy gained from food resources (Barrera 1996). However, prolonged larval 

developmental times could have negative impacts in the field, especially in conditions where 

water bodies are extremely ephemeral such as saltmarshes. For example, extended 
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developmental durations in these aquatic habitats increase exposure to habitat loss through 

water bodies drying up (Knight 2011), thereby having the potential to result in decreased 

population sizes and reduced disease transmission. 

Controphic competition is a relatively new field of research, with few studies detailing 

increased developmental times in the presence of non-culicid competitors (Knight et al. 2004, 

Stav et al. 2005, Blaustein and Chase 2007). In these situations, where resources are shared, it 

is common to expect exploitation competition of one species over the other, although this 

would normally result in the decline of one species (Morin 1999, Amarasekare 2003). It was 

expected that our non-culicid resource limiting treatments would negatively impact Ae. 

camptorhynchus development through ostracods utilizing greater resources (Merritt et al. 1992, 

Blaustein and Chase 2007, Rossi et al. 2011). Some examples include Duquesne et al. (2011) 

and Stav et al. (2005) where both authors presented decreased developmental times of Culex 

pipens by up to 5 days with Daphnia magna (Crustecea: Cladocera). Despite their use of greater 

numbers on controphic competitors than what we presented in our trials, the only significant 

decline in development we observed was during the III instar, with no effect of overall 

developmental times between treatments. While it is plausible that the densities within our 

trials were inadequate to result in exploitative competitive outcomes on Ae. camptorhynchus 

life history, the number of ostracods used in these trials reflect ostracod densities found in 

natural water bodies (Carver et al. 2011, Rowbottom, unpublished data). Therefore, given that 

Ae. camptorhynchus maintained development within the greatest density of ostracods and 

hence the most resource limiting treatment, and ostracod mortality was not significant across 

treatments, exploitative competition is unlikely to be the interaction in this situation. 

Unlike our intra-specific resource limiting trials whereby Ae. camptorhynchus survival was 

significantly affected by increasing intra-specific resource competition, Ae. camptorhynchus 

survival did not change with increasing densities of ostracod competitors. Declines in mosquito 
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survival have been documented in other controphic competitive studies (Mokany and Shine 

2003a, Blaustein and Chase 2007), for example, Mokany and Shine (2003a) demonstrated a 

decline in Ae. australis survival as a result of interference competition between tadpoles 

(Limnodynastes peronii), however this was a result of chemical interference which has not been 

documented within ostracods. In contrast, Daugherty and Juliano (2003) demonstrated 

improved survival of Oc. triseriatus in the presence of higher densities of scirtid beetles 

because of the quantities of faeces excreted by the scirtids and attached microorganisms that 

were consumed by the developing mosquito larvae. Although this is possible, we would have 

still expected to see some degree of change in survival or development amongst the competition 

treatments whereas no effect was observed. Nevertheless, this mechanism deserves further 

exploration.  

Even though adult size was negatively affected by intra-specific resource limitation, males 

were significantly larger than females for the most limiting resource treatment. It is known that 

larval females can take longer to develop as a trade-off for greater accumulation of resources 

which ultimately results in larger sizes and improved fecundity (Clements 1992, Blackmore 

and Lord 2000). However, under increased non-culicid resource limitation, there may be an 

effect on female Ae. camptorhynchus reproductive success. In fact, resource limitation is 

correlated with fewer oogenesis cycles resulting in reduced fecundity (Telang et al. 2006) and 

a decreased ability of mosquitoes to carry and transmit disease (Nasci and Mitchell 1994, 

Jennings and Kay 1999, Muturi et al. 2011, Mitchell-Foster et al. 2012). Due to Aedes 

camptorhynchus being anautogenous (Barton and Aberton 2005) thereby requiring a blood 

meal to complete oogenesis, it is likely that this reduction in size for Ae. camptorhynchus 

females limits vectorial abilities, although further research is necessary to understand the 

connection with Ae. camptorhynchus size and the ability to transmit RRv. A potential caveat 

is that experimental adults would not represent field adults, however, we have found substantial 
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overlap in mean wing length between field caught adults and experimental adults (competition, 

3.46 ± 0.27, resources, 3.37 ± 0.26 and field, 3.60 ± 0.44). 

Similarly, a reduction in adult size was also observed with increasing ostracod competition a 

phenomenon that has been demonstrated in previous studies (Mokany and Shine 2003a, Stav 

et al. 2005), however, given the lack of developmental or survival changes in our trials with 

increasing ostracod densities our study indicates that it may be common for Ae. 

camptorhynchus to experience exposure to large ostracod densities without substantial changes 

in resource availability. As a result, it is possible that there is a coexistence between Ae. 

camptorhynchus and ostracods in these habitats and consequentially partitioning of resources 

driven by differences in species’ niches (Amarasekare 2003) and that the changes in adult size 

observed in these trials were driven by intraspecific competition although further investigation 

is necessary.  

While it is important to realise the potential influence of controphic competition to mosquito 

development, survival and size, we must emphasise that laboratory experiments do not always 

reflect field populations. The outcome of competitive effects can change given different abiotic 

conditions (Tilman 1982, Costanzo et al. 2005, Juliano 2009). Such changes can be observed 

when habitats are drying out or with the addition of new invertebrates through rainfall or tide 

(Chase et al. 2003). For example, hatching of first instar larvae may differ to ostracods hatching 

from dormancy (Campos and Sy 2006, Khatchikian et al. 2010). Such a situation could result 

in a time window in which first instar mosquitoes have a competitive advantage both in size 

and nutrient acquisition. It might also be possible that different life stages of Ae. 

camptorhynchus larvae are more sensitive to environmental changes or intra-specific 

competition (Silberbush et al. 2014). Therefore, replicating these experiments in natural 

conditions in the field, with the addition of a fully crossed design (where all levels of resource 

limitation are also tested with ostracod densities against Ae. camptorhynchus development, 
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survival and size) would benefit our understanding on the relationship between Ae. 

camptorhynchus inter- and intra-specific interactions and provide further insight on the 

complexity of competitive systems. 

A limitation of our study is that we did not measure adult survival. Epidemiological models of 

mosquito-borne disease transmission incorporate adult longevity which can have significant 

effects on disease transmission (Reiskind and Lounibos 2009). However, environmental effects 

on larval development and survival have been demonstrated to be both condition- and species-

specific, with strong associations between adult longevity, developmental times and body size 

demonstrated for some species (Mogi et al. 1996, Reiskind and Lounibos 2009). While 

resource limitation had a greater impact on Ae. camptorhynchus survival and development it is 

possible that densities of non-culidic competitors (and resource limitation) may result in 

reduced adult longevity especially considering both treatments had an effect on adult size. 

We demonstrate that intra-specific resource limitation and controphic competition have a direct 

impact on adult sizes, however, changes to Ae. camptorhynchus life history in competitive 

environments is context dependent. We conclude that controphic competition, although quite 

complex, may have a role in influencing vector-borne disease and implications to human 

health.   
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Supplementary Information – Chapter 5 

 

III. Mean and maximum developmental time and survival for Ae. camptorhynchus larvae by 

treatment for both resource limitation and competition experiments. 

 

Treatment Development Survival 

Competition Mean Max Mean Max 

0 29.2 37 71.3 100 

150 24.1 33 60.8 92 

300 24.6 38 61.2 80 

600 29.8 39 72.6 84.2 

Resource Limitation Mean Max Mean Max 

0.6 19.3 21 96.1 100 

0.4 25.8 37 86.6 100 

0.2 36.2 37 77.4 91.7 

0.1 57.3 70 61.5 68.4 
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Chapter 6  

General discussion 
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 – General discussion 

 

6.0 Thesis overview 

Saltmarshes are important habitats globally for vector mosquitoes that transmit human disease 

(Russell and Dwyer 2000, Gubler 2002). In Australia, Ross River virus (RRv) is the most 

important vector-borne disease accounting for more than 5000 cases a year (Russell 1998). 

There are two mosquitoes, Aedes camptorhynchus and Aedes vigilax, that are responsible for 

most of the transmission across coastal regions of the country, with Ae. camptorhynchus 

occupying southern temperate saltmarshes and Ae. vigilax in northern tropical saltmarshes 

(Kokkinn et al. 2009). Prior to this work, several studies have investigated factors driving 

mosquito abundance and disease transmission including climatic drivers (Kelly-Hope et al. 

2004, Tong et al. 2005), mosquito oviposition preferences (Gislason and Russell 1997, Dale et 

al. 2002, Knight et al. 2012), and mosquito management (Webb and Russell 1999, Dale and 

Breitfuss 2009, Rochlin et al. 2012), but the ecology of mosquitoes within saltmarshes is poorly 

understood. Furthermore, much of the current research regarding vector mosquitoes within 

Australia is focused on Ae. vigilax. with few studies covering Ae. camptorhynchus in temperate 

saltmarshes. 

In this thesis, I focused on the ecology of Ae. camptorhynchus in temperate southern 

saltmarshes of Tasmania. Following an initial high-level literature review exploring historical 

areas of research on Australian saltmarsh vector mosquitoes (Chapter 2; Rowbottom et al. in 

review), I conducted an ecological comparative study and identified increased diversity of 
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aquatic invertebrates resulted in fewer vector mosquitoes, although there was variation in 

environmental factors in predicting Ae. camptorhynchus (first instar and pupal numbers), both 

within and between saltmarshes, reflecting the complexity of saltmarsh habitats (Chapter 3; 

Rowbottom et al. 2020). I then performed an environmental assessment of oviposition 

preferences of Ae. camptorhynchus, finding that vegetation (samphire) was the preferred 

substrate for oviposition and other parameters commonly observed with mosquito oviposition, 

such as soil moisture and presence of aquatic invertebrates, were less important (Chapter 4; 

Rowbottom et al. 2017). Finally, I utilised empirical laboratory data to investigate competitive 

and resource influences on vector mosquito life history. I discovered resources to be the 

primary limiting factor to mosquito life history, with inter-specific competition resulting in 

smaller adults (Chapter 5; Rowbottom et al. 2015). In summary, this thesis: 

i. highlights the importance of saltmarsh ecology to vector mosquito abundance.  

ii. identifies ecological complexity of spatially similar saltmarsh habitats and 

reveals aquatic determinants important to vector mosquito abundance in 

temperate saltmarsh habitats. 

iii. demonstrates the importance of local saltmarsh hydrological knowledge on 

vector distribution.  

iv. reveals dynamics of competitive interactions with vector mosquitoes 
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6.1 Summary of key findings 

Urbanisation of coastal regions has increased the exposure of humans to saltmarshes and 

mosquito vectors. Not only has this resulted in greater mosquito transmitted disease but the 

health of saltmarsh habitats has been increasingly compromised (Adam 2002, Jardine et al. 

2014). Healthy ecosystems provide significant value to humans through means of regulating 

the pests and disease (Weinstein 1997). However, from my literature review, I identified that 

saltmarsh ecosystems throughout Australia are largely understudied. I emphasise the 

applications gained from improving this fundamental knowledge of saltmarsh ecosystems; 

including better approaches to saltmarsh management, more efficient mosquito surveillance 

and improved understanding of other potential pathways for mosquito vector control. 

Changes to the approach of saltmarsh management and vector control are emerging with focus 

on restoring saltmarsh habitats (Laegdsgaard 2006, Boon et al. 2015). Ecological information 

in these habitats is imperative to ensure restoration efforts are beneficial to ecosystem diversity 

and human health (Hanford et al. 2020). Saltmarshes are dynamic environments with habitat 

complexity between saltmarsh systems, leading to the inability of climatic predictive models 

to be applied universally between regions (Tong and Hu 2002, Yu et al. 2014, Koolhof et al. 

2019), and discrepancies in mosquito surveillance and forecasting models (Cutcher et al. 2017). 

In my research, I have increased our understanding of the spatial and temporal ecological 

differences between temperate saltmarshes and how environmental conditions can impact 

immature Ae. camptorhynchus. Furthermore, my work demonstrates how improving site-

specific knowledge of saltmarsh ecology can reveal how ecosystem health and aquatic 

invertebrate diversity can limit abundance of vector mosquitoes.  

Previous studies have provided essential knowledge to Ae. vigilax distribution within 

saltmarshes (Evin and Talley 2000, Woodruff et al. 2003, Dale et al. 2008, Jacups et al. 2009, 
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Wisz et al. 2013) however, there has been little research understanding Ae. camptorhynchus 

distribution within temperate saltmarshes. There are many spatial complexities within 

saltmarsh systems which are attributed to the specific relationship the saltmarsh habitat has 

with hydrological events, in-situ climatic conditions, aquatic invertebrates and surrounding 

environmental factors (Saintilan 2009). The work presented in my thesis highlights how the 

key components driving vector abundance are context driven. While saltmarsh vegetation is an 

important component for Ae. camptorhynchus distribution, other known environmental 

indicators to mosquito distribution, particularly presence of aquatic competitors, were less 

important. Research within a temperate saltmarsh, known for high mosquito vector numbers, 

proposed potential implications surrounding aquatic competitors, ostracods, and Ae. 

camptorhynchus distribution and abundance (Carver et al. 2011). Although, I reveal that not 

only is the distribution of ostracods expansive within this saltmarsh, but their influence on Ae. 

camptorhynchus abundance is primarily through limiting resources and, in larger numbers, 

limiting development time. 

 

6.2 Management implications 

Saltmarshes are valuable ecosystems which are globally under threat of habitat loss and 

declining ecosystem function (Corvalán et al. 2005, Knight et al. 2017, Himes-Cornell et al. 

2018). Many global issues with increased zoonotic diseases are associated with declining 

ecosystem health (Corvalán et al. 2005). Furthermore, with the continual disruptions of these 

ecosystems, and proximity of residential developments to these habitats, the incidence of 

vector-borne disease will continue to rise (Norris 2004). Within Australia, the epidemiological, 

and environmental factor driving mosquito-borne disease is extensive, both with habitat 

changes and vector differences (Claflin and Webb 2015) and there have been recommendations 
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for more local scale investigations to improve mosquito vector management (Russell and Kay 

2004). My work provides valuable insight into the local dynamics driving mosquito abundance 

and distribution by demonstrating how ecological differences between saltmarshes with 

various degrees of external influences can impact vector mosquitoes. In particular, habitats 

with decreased aquatic ecological diversity presented higher risk of greater numbers of vector 

mosquitoes. Therefore, future management of saltmarsh habitats for vector control may 

consider understanding the aquatic macroinvertebrate ecosystem communities by 

implementing aquatic diversity evaluations that are comparable to undisturbed habitats. 

Furthermore, development of these ecosystems will need to implement ways to avoid 

ecosystem function disruptions as this will increase the risk to human health.  

Across Australia, there is a considerable amount of saltmarsh variability and complexity, each 

with unique associations with hydrology, connectivity, and invertebrate aquatic diversity 

(Saintilan 2009). Many local studies of saltmarsh habitats and the mosquito vectors within 

these environments contribute to current and future vector management. For example, 

improved knowledge of the most productive habitat and environmental conditions for vectors 

to emerge from, and thereby target, benefit control efforts. Often, mosquito distribution is 

associated with environmental factors, such as vegetation, moisture and presence of predators 

or competitors (Dale et al. 1986, Gislason and Russell 1997, Dale et al. 2008, Jacups et al. 

2009). I reveal that, although vegetation may remain a driving factor in mosquito oviposition, 

the suitability of these habitats may differ throughout the saltmarsh according to specific 

hydrological conditions. While aquatic invertebrates may influence oviposition, mosquito 

distribution and abundance are highly variable within and between saltmarshes, and the nature 

of interactions not always straightforward. With the spatial variability displayed by Ae. 

camptorhynchus in temperate saltmarshes, there are several future management strategies that 

can be implemented. Knowledge on specific tidal connectivity throughout the saltmarsh would 



 

126 

 

provide a better understanding of primary mosquito habitat for targeted control. Moreover, 

rehabilitation of tidal connectivity would contribute towards passive vector control by 

increased water movement through the saltmarsh dispersing mosquito vectors exposing them 

to increased predation or flushing them from the saltmarsh. 

 

6.3 Broader applications 

Ecological applications revealed in this thesis are not limited to Ae. camptorhynchus, but can 

be applied to other vector mosquitoes important to human transmitted disease, as well as other 

aquatic systems where vector mosquitoes reside. Mosquitoes of global importance occupy a 

range of aquatic habitats from freshwater container breeding mosquitoes to either inland or 

coastal saline mosquitoes (Dale and Knight 2008). The benefits gained from monitoring and 

evaluating ecosystems include insights in understanding cycles of disease and potential 

mechanisms underlying mosquito outbreaks in other systems. In addition, this research has 

demonstrated that revealing the underlying ecological factors driving mosquito abundance 

between saltmarshes has future applications in both ecological restoration and rehabilitation 

measures and targeted mosquito control programs for the benefit of ecosystem biodiversity and 

human health. 

Efforts to improve saltmarsh management and restoration would also benefit from 

understanding local saltmarsh aquatic diversity. Currently, there is very little known about the 

aquatic diversity in saltmarsh habitats and improving the taxonomic diversity through repairing 

ecosystem health of these regions, will have cascading effects on mosquito vector abundance. 

Furthermore, understanding the invertebrate dynamics within saltmarshes can be used as 

biodiversity indicators of ecosystem health which can be applied to other local, or regional 

saltmarshes. As climatic conditions continue to change, the dynamics of saltmarsh ecosystems 
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and vector mosquitoes will also change. Therefore, continued development of mosquito vector 

research is necessary to detect and understand how these changes will impact the future of 

vector-borne disease. 

 

6.4 Future recommendations 

The research presented in this thesis provide relevant information for the advancement of 

saltmarsh management and vector mosquito control. For many regions across Australia there 

is a lack of knowledge surrounding local environmental factors driving the ecology of 

saltmarsh system and the mosquitoes within them. More research is required on local 

hydrological cycles, in-situ environmental factors and aquatic invertebrate assemblages which 

would allow researchers to better direct management approaches for vector mosquito control. 

In a local context, this thesis has identified distinct differences in vector mosquito abundance 

between local saltmarshes and the underlying ecological factors contributing to these 

differences. Future research should be directed to improve our knowledge of vector mosquito 

distribution across the state to identify prominent regions for potential disease outbreaks. Also, 

in these areas identified, preliminary research is required to understand the aquatic ecosystem 

which will provide a baseline in our understanding of the ecosystem health of these areas which 

can be monitored and managed to minimise the potential outbreak of disease. 

 

6.5 Conclusion 

The research presented in this thesis contributes substantially to our understanding of saltmarsh 

ecology and how diverse and healthy ecosystems impact vector mosquitoes in temperate 

saltmarshes. Few studies have explored the diversity between saltmarsh aquatic ecosystems or 
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incorporated this knowledge in regular surveillance methods to better understand vector 

dynamics. To improve our ability to predict, manage and control mosquito outbreaks and 

transmission of human disease, additional research is needed to understand ecological factors 

that underpin mosquito abundance. In addition, this thesis has exposed how the spatial 

difference in mosquito distribution is dependent on specific saltmarsh factors which drive fine-

scale mosquito distribution and that aquatic interactions are context dependent. With the 

complexity of saltmarsh systems, climatic conditions and diversity of mosquito vectors, 

understanding the local dynamics of saltmarsh ecology and the changes in these habitats that 

drive mosquito abundance will allow researchers to reduce mosquito outbreaks and prevent 

human disease.
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