Understanding the ecology of Ross River virus;
novel approaches and insights into non-human
reservoirs.
by

Eloise Birgitta Stephenson
BSc, MSc

Submitted in fulfilment of the requirements of the degree

Doctor of Philosophy
School of Environment and Science
Griffith University

August 2019

Acknowledgements
This dissertation does not represent the work of a sole individual; instead it is the product of
generous support, guidance and inspiration from many people whom have woven into the
fabric of my life.
I would like to start off by thanking my supervisors, Prof. Hamish McCallum, Dr. Alison Peel,
Dr. Cassie Jansen, Dr. Lara Herrero, and Ass. Prof. Simon Reid, who have been incredibly
supportive of both my research and my overall growth throughout my PhD. I have a large
supervisory team and have been very fortunate to receive advice, guidance and support from
each of them in many shapes and forms.
Very special thanks to Hamish, not just for sharing his vast knowledge on R, analyses and
models with me, but for his quick wit and willingness to expand my networks through
introductions. I owe a large thank you also to Ali, who has inspired and challenged me
throughout my PhD. Ali is an incredible researcher who taught me to formulate and present
my research questions clearly, and broadened my critical analysis skills. Ali is also a great
mentor, and I am inspired by her work, her family and her fabulous earrings. I am also very
grateful to Cassie, whose faith in me over the years has been unflappable! Thank you to Lara
for her laboratory supervision and willingness to think outside the box across the multiple
disciplines covered in this project, and to Simon who helped guide this project.
Amanda Murphy has been a shining light during this PhD; and together we have tackled
fieldwork, RRV notification data and many wines across Brisbane. Amanda is a fabulous
sounding board and is always bubbling with ideas and enthusiasm for the disease system we
both work on. She has kept me motivated, sane and excited about my research. I thank her, and
her colleagues, for all of this.
I am very lucky to work among two research groups at Griffith and am grateful for the support,
laughter and feedback from the members of these groups; Lara Herreros’ group (Penny, Joyce,
Aroon, Elina, Elisa, Eugene and Julie), and Hamish McCallums’ group (Doug, Laura, Tamika,
Thais, Will, Mandy, Manuel, Remy and the bat catching team!). Griffith has taught me much
about research, but in particular, the importance of a good support team. So I would also like
to thank Dian, Isaac and Christina at EFRI for their assistance with much of the paperwork and
applications that are required throughout a PhD.

ii

My project has led me to meet, and collaborate with many other researchers and institutions
all over the world. I have had the great pleasure of discussing this project and ideas with
many people, and ultimately sometimes these have led to my best analyses or interpretations.
My family is a big part of my life, and throughout this PhD they offered to proof read sections,
cook dinners, or just simply distract me. My family have been with me for all the moments of
triumph and angst along the way. I am so fortunate to be able to speak with my Mum, Dad,
sisters, grandparents and parents-in-law almost every week, and am always offered support,
empathy and encouragement. The love and support of my family extends far beyond the
duration of this project, and I wouldn’t have committed to a PhD without their encouragement
to pursue my passions.
To my friends, whether in academia or not, I am grateful for being able to share ideas, beers
and tears with you along the way. I am inspired and motivated by so many of my friendships.
My PhD friends, Jenna, Pat and Steph have been especially empathetic to the process and I can
only wish that my future colleagues are as supportive and inspirational as you have been.
Finally, I would like to thank my husband and best friend, Tim. Somewhere in between the
lines of these pages we managed to travel, move house, get married and start a family. You
have kept me grounded during all of this, recognising the little moments – like tea to keep
going, a break to stop working, or even just space – as well as the big moments. Thank you for
not just for supporting me to follow my dreams, but for being a part of them too. I am just as
much excited about our future, as I am when I look back on our past.

iii

This work has not previously been submitted for a degree or diploma in any university. To
the best of my knowledge and belief, the dissertation contains no material previously
published or written by another person except where due reference is made in the dissertation
itself.
--Eloise B. Stephenson

iv

Abstract
Arboviruses contribute a significant burden to human and animal health. Circulation of
arboviruses comprises three components; blood-sucking arthropods, vertebrate hosts, and
viruses that can infect vertebrates and invertebrates. Interaction of these components is
dependent on ecological factors (such as species distributions and climate), epidemiological
factors (including vector and host immunity) and behavioural determinants (such as vector
feeding host preference or host defensive behaviours). Identifying these drivers of disease
emergence can be complicated but informs efforts to mitigate on-going circulation. This
dissertation generates new perspectives on the transmission dynamics of Australia’s most
common arbovirus, Ross River virus (RRV), with a particular focus on non-human reservoirs.
Specifically, I (a) critically analysed current and historic knowledge for non-human reservoirs
and vector feeding patterns, (b) examined the natural exposure of RRV in human, free-living
and domestic vertebrate populations, and (c) assessed the vertebrate and vector community
ecology across areas of varying human notification rates.

I began by undertaking a systematic literature review (Chapter 2) assessing evidence for nonhuman reservoirs of RRV. This chapter synthesised published serological, virus isolation and
experimental infection studies in light of the long-held dogma that marsupials are the primary
reservoir of RRV. A key finding of this chapter was emerging evidence that placental mammals
and birds were also capable of transmitting RRV to mosquito vectors, suggesting a broader
reservoir potential than marsupials alone. To further assess the current and historic knowledge,
a meta-analysis was performed on mosquito blood meal analysis studies (Chapter 3). It was
evident from this chapter that Australian mosquitoes have highly varied feeding patterns which
did not reflect their taxonomic classification or larval ecology.

To understand the natural exposure of RRV in vertebrate populations I used both existing
literature and performed serological surveys. Although humans are largely thought to be RRV
dead-end hosts (species which are incapable of pathogen amplification), circulation of the virus
in human populations is well documented and provides insights into spatial-temporal patterns
of transmission relevant to the understanding of non-human reservoirs. In Chapter 4, I assessed
spatial-temporal patterns of seroprevalence in human populations reported from across the
natural distribution of RRV in Australia and the Pacific Island Countries from 1958 to present
day. A key finding was that RRV circulated in human populations at least since 1975 when
v

human seropositivity between 20 and 34% was reported in Indonesia and Papua New Guinea.
This is important because these countries have different vertebrate fauna to Australia,
suggesting different transmission cycles.

I then assessed RRV exposure in non-human vertebrate species, focussing on South East
Queensland, a RRV endemic area (Chapter 5). Samples were collected through a network of
veterinary clinics over a 12-month period, and a total 595 samples from 31 species were
obtained. The results showed that taxonomic relatedness is not an important determinant for
seropositivity, but rather the ecology and physiology of a species including diet, body size and
longevity is most important for exposure to RRV. This study not only tests the greatest diversity
of vertebrate species in a single RRV seroprevalence study, but is also novel because it provides
methodological advances for analysing seroprevalence data for other zoonotic pathogens.

In my last data chapter (Chapter 6), I assessed the vertebrate-vector communities across sites
with varied RRV human notification rates. Field surveys assessing ‘abundance’ and ‘diversity’
in light of human notifications were undertaken for six months. Human notifications were
positively correlated with vertebrate biomass and total mosquito abundance. Although
informative in highlighting variables for ongoing investigations, the data from this chapter was
insufficient to determine whether this pattern was unique to the specific habitats in which the
data was collected, or a true relationship between disease in humans and non-human reservoirs.
Nevertheless, this result lends support to the complex transmission dynamics of RRV and the
need to apply multi-disciplinary approaches to understand transmission.

Throughout the dissertation, I present compelling new evidence that species other than
marsupials are involved in the transmission ecology of RRV. My analyses support the notion
that transmission is locally dependent on the availability, diversity and ecology of vertebrate
hosts, in combination with the diversity and abundance of mosquito vectors. Moreover, by
uncovering the feeding patterns of vectors, identifying exposure rates of vertebrate species, in
combination with abundance and availability of both vectors and vertebrates, the research in
this dissertation provides much of the information required to build a next-generation matrix
model for RRV. Throughout the dissertation I have addressed my research aims and present
important new methodological techniques (such as combining serological and ecological
analyses) for assessing vertebrate reservoirs of arboviruses, whilst carrying out investigations
of disease ecology.
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Chapter 1
General Introduction
The overarching objective of this dissertation is to investigate the non-human reservoirs of
Ross River virus using different methods and, ultimately, identify particular species or taxa
which may play a key role in amplifying or diluting transmission of the pathogen to
mosquitoes. Investigating this issue is vital because, globally, the majority of communicable
diseases have a non-human vertebrate reservoir (Taylor, Latham, and Woolhouse 2001), yet
means to identify these species and their role in transmission remain vague (Viana et al. 2014).
Identifying non-human vertebrate species involved in transmission is particularly challenging
for mosquito-borne diseases, as the processes driving vector-host contact, host and vector
immunity, and host and vector populations are complex. This literature review highlights the
importance of arboviruses to vertebrate health and describes both mosquito and vertebrate
biology and ecology in light of disease transmission. Following this, evidence used to identify
reservoirs of arboviruses is comprehensively reviewed. Finally, a detailed overview of Ross
River virus transmission ecology and aetiology are described, and this information is drawn
together to emphasise the importance of this current study.

1.1 Zoonoses; global threats, local challenges
Zoonoses are infectious pathogens which circulate between non-human vertebrates and
humans. Zoonoses are a significant cause of morbidity and mortality globally; more than 75%
of human emerging infectious diseases are zoonotic, and at least 60% of existing infectious
pathogens of humans have a non-human vertebrate origin (Taylor, Latham, and Woolhouse
2001). The emergence of zoonotic pathogens has been attributed to anthropogenic
environmental change, and the globalisation of agriculture, commerce and human travel (Jones
et al. 2008; Daszak, Cunningham, and Hyatt 2001; Taylor, Latham, and Woolhouse 2001). The
serious impact that zoonoses can have on global health has been witnessed in pandemics over
the last 20 years, which have included Ebola virus (Ross, Olveda, and Yuesheng 2014), Zika
virus (Lucey and Gostin 2016) and severe acute respiratory syndrome (SARS) (Lau et al.
2008).
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A critical challenge for managing and preventing zoonotic spillover locally is to identify the
source of infection. This can be complicated because there are often a number of contributing
factors that result in a spillover event, reliant on the host-pathogen dynamics, host ecology, and
human contact with infected individuals (Plowright et al. 2017). Of the large diversity of
zoonotic pathogens (viral, bacterial, fungal or eukaryotic) and transmission routes (such as
airborne, direct contact or vector-borne), understanding the complex population biology of
multi-host pathogens has been named as one of the major challenges to biomedical science in
the 21st century (Woolhouse, Taylor, and Haydon 2001).
1.1.1. Zoonotic arboviruses
Zoonotic arboviruses (viruses transmitted by arthropod vectors) are particularly important from
a global health perspective. More than 100 arboviruses cause disease in humans (LaBeaud,
Bashir, and King 2011), with a handful of these responsible for more than 400 million human
infections annually (Liang, Gao, and Gould 2015). While current efforts to eliminate the global
threat posed by some arboviruses may be progressing rapidly (via vaccines and targeted vector
and virus control (Moreira et al. 2009; Hoffmann et al. 2011; Villar et al. 2015)), minimising
the global burden of all arboviruses is far from achievable (Patz and Olson 2006).
The causes of arboviral infections are multifactorial: the immediate cause is a bite by an
infected vector, however, underlying factors relate to vector-host interactions, climatic and
environmental variables enabling transmission, and immune responses of host populations
(Weaver and Barrett 2004; Kuno and Chang 2005). Different transmission cycles are
recognised as contributing to arboviral infections in humans, including epidemic and enzootic
cycles (Figure 1.1). Zoonotic arboviruses are specifically maintained in enzootic cycles, with
frequent transmission between vectors and non-human vertebrate species (Weaver and Barrett
2004). Viral emergence in humans usually coincides with the uptake of an enzootic virus by
anthropozoophilic arthropods (those which bite both humans and non-human vertebrates).
These complex interactions underpin the mechanisms which drive arboviral maintenance
cycles and spillover events in humans. While much of the management of arboviruses has been
concentrated in the diagnostics and treatment (Webster et al. 2014), the emergence of Zika
virus in South America, and West Nile virus (WNV) in North America has served to heighten
awareness of potential outbreaks and spillover of zoonotic arboviruses (Lanciotti et al. 1999;
Lucey and Gostin 2016). The multifactorial drivers of infection require management of
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arboviruses to also be multifactorial, necessitating collaboration from a variety of disciplines
working at the direct and underlying causes of arboviral exposure.

Figure 1.1. Epidemic and enzootic arbovirus transmission cycles involving single or multiple
hosts and vectors
The transmission ecology of arboviruses can vary in its complexity. Some arboviruses are
considered specialists and persist in a limited number of vectors and/or host species (such as
dengue virus; Figure 1.1) (Teixeira et al. 2002). Zoonotic arboviruses must have at least two
host species (human and non-human vertebrates) which adds to the complexity of transmission
and mitigation strategies. For arboviruses with more complex transmission cycles, treatment
of humans alone is insufficient to disrupt the maintenance cycle (Garchitorena et al. 2017), as
the virus is frequently maintained in non-human vertebrates (Figure 1.1). Multi-host, multivector arboviruses are, therefore, generalist viruses which can persist in a range of vertebrate
hosts or mosquito vectors (Figure 1.1). Conceptually, spillover of these viruses is particularly
challenging to predict, as it is reliant on the immunity of different vertebrate and vector species
at both the individual (such as whether a species is competent at transmitting a virus) and the
community level (such as whether there is a high herd immunity against a virus).

1.2 Identifying vectors and reservoirs of zoonotic arboviruses
1.2.1 Mosquito vectors
Arthropoda is the most diverse phylum in the animal kingdom, consisting of more than one
million species. Mosquitoes comprise only a fraction of these species with an estimated 3500
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identified to date (Klowden 2007). The majority of mosquito species are not considered vectors
of disease. To be a vector of a specific virus, a mosquito species must; (i) be hematophagous
(blood feeding), (ii) be capable of supporting viral replication, and (iii) have host feeding
behaviour(s) relevant to the given virus (Figure 1.1).
Vector competence studies are often used to determine whether a mosquito is capable of
permitting viral replication (Lee et al. 2019). In these studies, mosquito species are exposed to
known doses of a given virus. The proportion of mosquitoes that become infected, often
followed by the proportion of mosquitoes that can transmit the virus, is measured (Doggett,
Klowden, and Russell 2001). Mosquitoes have several antiviral mechanisms that may prohibit
viral infection, progression and replication. Following the up-take of an infected blood meal, a
virus will infect the epithelial cells of the mosquito midgut (Lee et al. 2019). For a mosquito to
transmit the virus, it must disseminate to, and replicate in, various tissues before infection of
the salivary glands occurs. Mosquito species differ in their antiviral mechanisms, and this is
one of the critical factors that mediate the vector competence of a given species.
Vector-host feeding behaviour can be assessed both under controlled or natural conditions.
Under controlled conditions, mosquitoes are released in an environment in which they can
choose a host. These experiments may be conducted in a laboratory, for example with a ‘Y’
shaped tube, in which different hosts (or host cues) are placed at the end of the tube and a
mosquito is released at the opposite end (Williams, Kokkinn, and Smith 2003). Alternatively,
in outdoor settings, mosquitoes may be released in an enclosure housing caged or tethered
vertebrates, with feeding mosquitoes aspirated from the vertebrate. A more common method
to assess vector feeding patterns is blood meal analysis (Takken and Verhulst 2013). This
involves capturing blood fed mosquitoes and identifying the vertebrate source of the bloodmeal
via either serological or genetic techniques. This method is very informative, however,
capturing blood fed mosquitoes is challenging and often yields low numbers (Stephenson et al.
2019). Each of these methods are associated with caveats in determining mosquito feeding
patterns. In particular, it is recognised that patterns can vary across generations, locations and
seasonally for the same species of mosquito (Takken and Verhulst 2013).
1.2.2 Vertebrate reservoirs
A critical challenge in identifying vertebrate reservoirs is that different vertebrate species may
play different roles in transmission. Species may act as amplifiers, diluters, or dead-end hosts.
An ‘amplifier’ is a species, which following the bite of infected vector, is capable of replicating
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a pathogen to a viraemia high enough that a susceptible vector may become infected.
Collectively these species increase transmission in a community (Keesing, Holt, and Ostfeld
2006). In contrast, ‘diluter’ species are those which following the bite of an infected vector, are
poor amplifiers of a pathogen, and collectively can reduce transmission of a pathogen at a
community level (Ostfeld and Keesing 2012; Luis, Kuenzi, and Mills 2018). In multi-host
disease systems, it is challenging, but critically important to identify whether a species may be
an amplifier or a diluter for a given pathogen (Woolhouse, Taylor, and Haydon 2001).
A reservoir can be defined as a set of epidemiologically connected populations (such as
mosquito vectors and vertebrate species) that permanently maintain a pathogen and transmit
infection to target populations (such as humans) (Haydon et al. 2002; Viana et al. 2014).
Several frameworks and criteria have been developed to identify a species as a reservoir of a
pathogen. For arboviruses, the criteria commonly used to identify a vertebrate reservoir have
been developed from virological principles. The criteria require a potential vertebrate reservoir
to have demonstrated; (i) viraemia under controlled experimental infection conditions, (ii)
successful virus isolation under natural conditions, and (iii) relatively high antibody prevalence
in free-living specimens (Kuno and Chang 2005). While these criteria have strengths in
identifying the capability of a species to amplify a pathogen to mosquito vectors, they are
limited in identifying broader disease ecology, and in particular, demonstrating a natural
association between potential vertebrate reservoir and vector.
Methods used to identify vertebrates as potential reservoirs include experimental infection,
serosurveys, virus isolation and ecological surveys. Use of any defined method alone can be
misleading if applied generically (Viana et al. 2014). Incorrect identification of reservoirs hosts
could result in counter-productive control measures. Investigations of non-human reservoirs of
a given pathogen are best when using a combination of conceptual frameworks and empirical
evidence which identify a species as a capable amplifier and a reservoir under natural
conditions. One example of using a combination of frameworks to identify reservoirs of vectorborne diseases is in the identification of Leishmania reservoirs (Silva, Gontijo, and Melo 2005;
Chaves et al. 2007). Leishmania is a genus of trypanosomes transmitted by sandflies
(Phlebotamus spp.), which cause a variety of human leishmaniasis diseases (Burza, Croft, and
Boelaert 2018). The criteria used to identify reservoir hosts required a vertebrate species to
have; (i) an overlapping geographical and temporal distribution with vectors, (ii) presence of
the pathogen in non-human vertebrates, (iii) persistence of the pathogen at sufficient
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parasitaemia to infect vectors, (iv) seroprevalence higher than 20% and, (v) high species
survival of sufficient duration to ensure potential transmission to vectors (Silva, Gontijo, and
Melo 2005). Although these criteria add to the framework more commonly used for arboviruses
(described above), they has also been criticised for not distinguishing between dead-end or
incidental hosts and reservoir species (Chaves et al. 2007).

1.3 Ross River virus; an important zoonotic arbovirus
In Australia, at least twelve arboviruses are implicated in human disease (Table 1.1) (Russell
2009, 1995). With the exception of dengue virus, the majority of these arboviruses are
maintained in enzootic transmission cycles (Russell 1995). While non-human species are
critical for the persistence of these arboviruses in Australia, management of zoonotic
arboviruses are currently either vector centric or focus on personal protection measures. In
general, the vector-host interactions of Australian arboviruses are not well understood.
Table 1.1. Summary of Australian mosquito-borne viruses known to cause disease in humans
Virus
Alphaviruses
Ross River
Barmah Forest
Sindbis
Flaviviruses
Murray Valley encephalitis
West Nile (subtype Kunjin)
Japanese encephalitis
Dengue
Edge Hill

Kokobera

Stratford
Bunyaviruses
Gan Gan
Trubanaman

Distribution of human cases

Transmission cycle

Nationwide
Nationwide
Nationwide, excluding
Tasmania

Enzootic
Enzootic
Enzootic

Endemic in northwest,
epidemic in southeast
Endemic in northwest
Torres Strait islands, far north
Queensland
Northern coastal Queensland
Northern Territory,
Queensland, Western Australia
and New South Wales
Northern Territory,
Queensland, Western Australia
and New South Wales
New South Wales, Western
Australia

Enzootic

Endemic in southeast
Endemic in southeast

Enzootic
Enzootic
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Enzootic
Enzootic
Epidemic
Unknown

Unknown

Unknown

Ross River virus (RRV) is responsible for the greatest number of reported mosquito-borne
infections in Australia, averaging 4800 human notifications each year (Australian Government
2018). The virus is a multi-host, multi-vector Alphavirus of the Togoviridae family. Ross River
virus is one of six Alphaviruses known to cause human joint disorders (Lwande et al. 2015),
and circulates endemically in Australia and the Pacific. Ross River virus is unique because it
has been isolated in more than 40 species of mosquitoes and persists in several non-human
vertebrate species (Harley, Sleigh, and Ritchie 2001). This, in combination with the large
public health and economic burden it has on human populations has led to the suggestion that
RRV could be an important emerging infectious disease globally, with pandemic potential
(Shanks 2019; Flies et al. 2018; Levi and Vignuzzi 2019).
1.3.1. Ross River virus disease and treatment
First isolated in 1959, RRV is now widely believed to have been responsible for historic
outbreaks referred to as “epidemic polyarthritis” in 1928 in Narrandera, New South Wales in
1928, and possibly earlier in 1886 in Natimuk, western Victoria (Kelly-Hope, Purdie, and Kay
2004). Suspicions that the virus was vector-borne were confirmed following the isolation of
RRV from an Aedes vigilax (Skuse) mosquito near the Ross River in Townsville, Queensland
(Doherty et al. 1963).
Ross River virus is not associated with mortality, however it is associated with various clinical
symptoms and signs in humans including rash (lasting 5-10 days) (>50% of infections), fever
(30-50%) and fatigue (>50%), myalgia (58%), and arthritis (especially in knees, wrists, ankles
and fingers; (Mudge 1977; Fraser 1986; Barber, Denholm, and Spelman 2009; Condon and
Rouse 1995; Harley et al. 2002). Symptoms typically resolve in 3-6 months. However, in some
individuals joint pain has been reported to persist for prolonged periods of time (up to years).
Following a bite from an infected mosquito, the intrinsic incubation period typically lasts 7-9
days (but has been reported between 3-21 days; (Kay and Aaskov 1989) before the display of
signs in humans (Harley, Sleigh, and Ritchie 2001).
Notifications of RRV disease occur more frequently in adults (20-60 years old), with cases
peaking in 30-50 year olds (Australian Government 2018). Disease in children is less
frequently reported, and tends to be milder and shorter in duration than in adults (Fraser 1986).
Children and adults exposed to RRV are also generally believed to develop life-long protective
antibodies (Harley and Suhrbier 2013). Estimates of the proportion of asymptomatic cases in
humans vary greatly, however the most widely accepted ratio is from 1.2:1 (Russell et al. 1998)
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to 3.0:1 (Aaskov et al. 1981) asymptomatic to symptomatic cases. The highest estimate is 50:1
asymptomatic to symptomatic (Aaskov et al. 1981) but is largely considered a miscalculation
as the study population included a group of non-resident soldiers which may have acquired
infections elsewhere (Harley, Sleigh, and Ritchie 2001).
At present there is no specific treatment for RRV and only the symptoms can be managed
supportively. For prevention, an inactive whole-virus Vero cell vaccine has been developed for
RRV and underwent phase 3 testing (Wressnigg et al. 2015). A total of 1755 healthy younger
adults (16-59 years old) and 209 healthy older adults (aged 60+) were involved in the study
across 17 locations in Australia. The results from this trial found that this vaccine was safe and
effective. This vaccine, however, has not been widely adopted or supported as a profitable
investment by pharmaceutical companies, and is not currently commercially available
(Aichinger et al. 2011; Holzer et al. 2011; Wressnigg et al. 2015).
Aside from human populations, horses are the only species reported to develop clinical signs
with RRV (Dhama et al. 2014). Early evidence for RRV causing clinical disease in horses was
conflicting. Numerous anecdotal reports suggested that RRV infection caused clinical disease
in horses (Azuolas 1997; El-Hage, McCluskey, and Azuolas 2008), however experimental
infection of 14 horses reported no clinical signs in any individuals (Kay et al. 1987). More
recently, it is accepted that, similar to humans, RRV is associated with clinical disease in horses
but that it does not occur in all infected individuals (Kay et al. 1987; Azuolas 1998; Gummow
et al. 2018). Disease in horses manifests as fever, lameness, stiffness, swollen joints, reluctance
to move and mild colic (Dhama et al. 2014). Clinical signs have been reported to persist for
weeks to months in horses and, in some instances, can reoccur (Azuolas 1998; Studdert et al.
2003).
1.3.2 Economic burden of RRV
The economic burden of RRV includes per person costs associated with diagnosis, treatment
of symptoms, loss of income and inability to care for dependents. Estimates of costs also need
to include vector control and social costs such as the potential loss of tourism when outbreaks
occur. Only conservative estimates for diagnostic costs have been calculated for RRV,
estimating $US 10 million is spent each year based on an average of 4745 cases per year
(Aaskov et al. 1998) with the direct cost estimated at $AU 1018 per patient (Mylonas et al.
2002).
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The economic burden of RRV may also be greatly underestimated when considering the impact
of the disease on the horse racing industry. The horse racing industry is considered a large
contributor to national GDP valued at more than $AU 6.3 billion in 2001, and employs more
than 250,000 people (Russell 2002). At present, linkages between clinical signs and under
performance are largely anecdotal, but correlations of RRV IgM antibodies with reduced racing
performance have been observed (Johnston 2019). To date, no formal assessments of economic
impact have been made for the racehorse industry, which also incorporates gambling turn-over.
1.3.3 Distribution and recent outbreaks of RRV
Human notifications of RRV are reported from every state and territory in Australia, with the
greatest number of cases consistently reported from Queensland (Figure 1.2) (Australian
Government 2018). Until the last decade, RRV was predominantly associated with rural areas
(Hill, Power, and Deane 2009). More recently, increasing incidence has been recorded in major
urban centres of Australia including Brisbane, Adelaide, Melbourne and Sydney (Jansen et al.
2009). The largest outbreak of RRV occurred in Queensland in the summer of 2014-2015 with
over 5,000 cases reported (Jansen et al. 2019), and, more recently, an epidemic of RRV was
reported in the Melbourne region in 2016-2017 with human cases totalling more than state
notifications of RRV for the previous three years combined (Australian Government 2018).
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Figure 1.2. Number of human RRV notifications in each state between 1993 and 2018
(Source: National Notifiable Disease Surveillance System)
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Outside Australia, RRV has been detected in several countries in the Pacific Islands (Figure
1.3). Between 1979 and 1980, RRV was responsible for major epidemics involving Fiji,
American Samoa, New Caledonia, Wallis & Futuna, Vanuatu and the Cook Islands (Aaskov et
al. 1981; Bennett et al. 1980; Goettel, Toohey, and Pillai 1980). Since this outbreak in the
Pacific Islands, there has been limited information published on the persistence of RRV in these
areas, but it seems likely that RRV is still circulating, supported by case reports of travellers
returning from the Pacific Islands with locally acquired RRV (Lau, Weinstein, and Slaney
2012; Klapsing et al. 2005; Artsob and Spence 1991). In 2014, the known distribution of RRV
was expanded to include French Polynesia (Figure 1.3), following a serosurvey which found
34% of blood donors to have positive serology for RRV antibodies (Aubry et al. 2015b, 2015a).
There have been no previous reports of RRV in French Polynesia, suggesting the disease may
be silently circulating other Pacific Islands, despite limited data. More empirical research is
needed in these areas to determine the prevalence of RRV in the Pacific region.

Figure 1.3. Locations of reported local transmission of RRV to humans

1.3.4. Ross River virus transmission ecology
Although complicated, a detailed understanding of RRV transmission is critically important to
prevent and predict localised outbreaks. To date, much of the research on RRV transmission
has been vector-centric, with particular attention placed on common or abundant mosquito
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species. A significant gap in understanding, however, is how important non-human vertebrates
are for the maintenance and spillover of RRV.
RRV Vectors
Ross River virus has been isolated from 42 mosquito species; successful transmission from ten
of these species has been confirmed under laboratory conditions (Russell 2002). Generally the
main vectors are considered to be Aedes vigilax and Ae. camptorhynchus in coastal, saltwater
regions and Culex annulirostris inland, with Ae. notoscriptus as the probable vector in urban
areas (van den Hurk and Jansen 2016). Other species such as Coquillettidia linealis and Ae.
procax are also thought to be important vectors in some regions (Ryan, Do, and Kay 2000) or
during outbreaks (Jansen et al. 2019), but broadly, the relative importance of different mosquito
species for maintaining RRV in the environment, and transferring infection from reservoirs to
humans, is unknown.
Under vector competence experiments, Aedes vigilax and Aedes camptorhynchus have
demonstrated some of the highest levels of competency by having a short extrinsic incubation
period (as little as 4-5 days) and with the highest proportion of females able to transmit (or
become infected) at 9-10 days (Ballard and Marshall 1986; Ryan, Do, and Kay 2000). These
species have also demonstrated high transmission rates of RRV with 50-57% (Ae. vigilax) and
100% (Ae. camptorhynchus) capable of transmission following a feed from an infected
bloodmeal (Kay et al. 1986; Ballard and Marshall 1986; Watson and Kay 1999).
Comparatively, Ae. notoscriptus are infectious 4 days following a feed on an infectious host,
but not capable of transmitting RRV until 9 days post-infection and with transmission rates
highest between 12-14 days post-feeding (Ryan, Do, and Kay 2000). Aedes notoscriptus also
have relatively low peak transmission rates of 13%. Despite this, given the high abundance of
Ae. notoscriptus in urban areas, and their frequent feeding on both humans and non-human
vertebrates, they are considered an important bridge vector in urban areas (Boyd and Kay
2001). Although understudied in vector competence studies, other species including Ae.
procax, Cx. australicus and Cx. globocoxitus have been implicated as potential vectors based
on correlations with their increasing abundance and outbreaks of RRV in humans (Dhileepan,
Azuolas, and Gibson 1996; Jansen et al. 2019).
Vertical transmission (transmission from breeding female to larvae) across different species of
mosquitoes is yet to be quantified to determine its potential importance more broadly in the
transmission dynamics of RRV. RRV has been isolated from pools of male adult Ae. vigilax,

11

Ae. tremulus and Ae. camptorhychus mosquitoes under natural conditions (Dhileepan, Azuolas,
and Gibson 1996; Lindsay et al. 1993). As males of these species do not blood feed, this
provides some evidence for vertical transmission of RRV, which could be an important overwintering strategy of the virus, but is currently unexplored.
RRV Reservoirs
The long-held dogma for RRV reservoirs has been that marsupials (macropods in particular)
are better reservoirs of RRV than placental mammals, which in turn are better reservoirs than
birds. The evidence for this largely arose from experimental infection studies which
demonstrated that marsupials had one of the highest, longest-lived viraemias compared to other
species (Kay et al. 1986). In the last decade, however, this dogma has been called into question
following the discovery of endemic RRV circulation in the Pacific islands where marsupials
are absent (Flies et al. 2018; Aubry et al. 2015b). Presently, there is increasing speculation that
transmission dynamics are locally unique (Claflin and Webb 2015) with different vectors and,
more than likely, different reservoirs playing important roles across inland, metropolitan and
coastal areas.
The earliest investigations of the non-human reservoirs of RRV were in response to the
isolation of the virus in Townsville in 1959. This research included experimental infection
studies (Whitehead 1969), serosurveys of wild and domestic species (Whitehead et al. 1968;
Doherty et al. 1966), serosurveys of humans (Doherty et al. 1966) and virus isolation attempts
(Doherty et al. 1968; Doherty et al. 1971). The results from the studies so far had indicated that
the seroprevalence in mammals was typically higher compared to birds (Marshall, Woodroofe,
and Hirsch 1982; Doherty et al. 1966). These studies yielded the first three isolates of RRV in
vertebrates which surprisingly came from three bird species; a magpie-lark Grallina
cyanoleuca, a flycatcher Myiagra rubecula and a masked finch Poephila personata. Ross River
virus has since been isolated from fifteen horses Equus callabus and two agile wallabies
Macropus agilis (Azuolas 1998; Pascoe, George, and Cybinski 1978; Doherty et al. 1971).
With a greater focus now on mammals, epidemiological studies began in Tasmania in 1974
and assessed the seroprevalence of RRV in marsupials and cattle. A high seroprevalence was
noted for marsupials, particularly brushtail possums Trichosurus vulpecula, pademelons
Thylogale billardierii and red-necked wallabies Macropus rufogriseus (McManus and
Marshall 1986). Around the same time brushtail possums were recognised for their ability to
maintain and spread bovine tuberculosis in New Zealand (Coleman 1988). Investigations into
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the diseases of brushtail possums were launched in Australia, and a study on Kangaroo Island
identified RRV seropositive brushtail possums (O'Callaghan and Moore 1986). With the
spotlight on brushtail possums in previous studies and their high abundance in urban areas,
they were further investigated in an experimental infection study. Brushtail possums were
found to have a higher titre than other experimentally infected species, and were capable of
infecting susceptible mosquitoes (Boyd et al. 2001). Since this study, brushtail possums were
implicated as a key reservoirs of RRV in urban environments (Kay et al. 2007). However, this
has been questioned in more recent years after a study assessing the seroprevalence of possums
in urban Sydney all returned negative results (Hill, Power, and Deane 2009), despite noted
human incidence in the area.
Seroprevalence studies have been useful to determine vector-host interactions and the presence
of RRV in a given location, but are limited in their ability to implicate a given species as a
reservoir as they only determine previous exposure to RRV. Seroprevalence studies have
identified RRV exposure in a broad range of species. In general, marsupials have reported the
highest seropositivity, followed by horses (Stephenson et al. 2018). Investigations into the
seroprevalence of bird species have been limited with only 13 species assessed, of which only
two species (Tawny frogmouth Podargus strigoides and Australian gannet Morus serrator)
had seropositivity. Only one study has investigated the relationship between seroprevalence,
age and sex, across multiple populations for a single species, Western grey kangaroos
Macropus fuliginosus. The results from this study found that location was a driving factor in
seroprevalence, suggesting local transmission dynamics, including vector availability, are
important for RRV (Potter et al. 2014).
In addition to experimental infection and serological studies, models have been developed to
understand the transmission dynamics of RRV, and predict disease outbreaks (Jacups et al.
2015; Williams 2015; Williams, Fricker, and Kokkinn 2009; Koolhof and Carver 2017; Yu et
al. 2014; Ng et al. 2014; Jacups, Whelan, and Harley 2011; Hu et al. 2010). Most of these are
reliant on climatic factors such as temperature, rainfall and tidal patterns. Yet, despite climatic
conditions conducive to an outbreak of mosquito-borne disease, it does not always occur when
predicted (Lindsay 1995). Crucially, only a handful of these models incorporate the host
ecology, and it is likely that reservoir dynamics (and thereby force of infection) are dampened
due to immunity in reservoir populations (Lindsay 1995; Carver, Bestall, et al. 2009; Carver,
Spafford, et al. 2009). The fragmentary understanding of the role of non-human vertebrate
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species in the spread and maintenance of RRV limits our ability to accurately predict and
mitigate outbreaks of RRV.

1.4 Thesis objectives
In response to public health concerns of RRV in Australia, and limited understanding of the
role of non-human reservoirs in the maintenance and transmission of this disease, this thesis
develops a multifaceted research agenda to address key priorities and knowledge gaps related
to 1) identifying key vertebrate hosts and their vector associations; 2) characterising host
availability and their exposure to RRV in South East Queensland; and 3) identifying host
variables most important for human notifications of RRV. Figure 1.4 provides a schematic
guide to these research aims and their associated chapters and publications or manuscripts in
this dissertation.

Figure 1.4. Schematic graph of project aims and corresponding chapters, publications and
manuscripts associated with each.
Chapters 2 and 3 address the first aim of this dissertation. Before undertaking field and
laboratory investigations on the non-human reservoirs it was critical to review all existing
evidence for species. Both chapters used systematic literature review methods to collect and
filter relevant literature. In Chapter 2, evidence for reservoirs was reviewed in light of the longheld dogma that marsupials are better reservoirs than placental mammals, which in turn are
better than birds. Assessments were made on the methods used to identify potential reservoirs,
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the species selected and limitations within studies. Chapter 3 considered Australian mosquito
species and their association with potential vertebrates by assessing mosquito feeding patterns.
A meta-analysis of the literature was undertaken and mosquito feeding patterns were analysed.
The findings suggested that mosquito species in Australia each have unique feeding patterns,
which did not correspond to their taxonomic relatedness or larval ecology. It was apparent that
only one of the mosquito blood meal studies in Australia undertook a vertebrate survey at the
time of mosquito collection. As preference is a function of usage relative to availability it was
not possible to determine whether the patterns observed for mosquitoes in Australia reflected
a preference for a given vertebrate, or more so what was most abundant. These chapters have
both been published in Parasites & Vectors.
Chapter 4 and chapter 5 considered potential RRV hosts, with humans and other vertebrates
examined, respectively. Outside of epidemics, humans are broadly not considered to be
important reservoirs of RRV. Yet, as a species that experiences clinical signs and symptoms
and is frequently tested for arboviruses, human serology provides a large amount of data and
information on RRV transmission in Australia and the Pacific. Literature describing human
exposure to RRV, dengue and BFV in Australia and the Pacific was collated and assessed using
a meta-analysis in Chapter 4. In Chapter 5, non-human vertebrates were assessed in a highly
endemic area for RRV, South-East Queensland.
Finally, to address the third aim of this dissertation a field study was undertaken in Brisbane,
the capital city Queensland, located in the southeast of the state (Chapter 6). Data were
collected across a gradient of human notification rates and the composition of both vertebrate
and vector communities assessed. A number of variables were analysed, including species
diversity, species abundance and vertebrate biomass.
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The non-human reservoirs of Ross River
virus: a systematic review of the evidence
Eloise B. Stephenson1*, Alison J. Peel1, Simon A. Reid2, Cassie C. Jansen3,4 and Hamish McCallum1

Abstract: Understanding the non-human reservoirs of zoonotic pathogens is critical for effective disease control,
but identifying the relative contributions of the various reservoirs of multi-host pathogens is challenging. For Ross
River virus (RRV), knowledge of the transmission dynamics, in particular the role of non-human species, is important.
In Australia, RRV accounts for the highest number of human mosquito-borne virus infections. The long held dogma
that marsupials are better reservoirs than placental mammals, which are better reservoirs than birds, deserves critical
review. We present a review of 50 years of evidence on non-human reservoirs of RRV, which includes experimental
infection studies, virus isolation studies and serosurveys. We find that whilst marsupials are competent reservoirs of RRV,
there is potential for placental mammals and birds to contribute to transmission dynamics. However, the role of these
animals as reservoirs of RRV remains unclear due to fragmented evidence and sampling bias. Future investigations of
RRV reservoirs should focus on quantifying complex transmission dynamics across environments.
Keywords: Amplifier, Experimental infection, Serology, Virus isolation, Host, Vector-borne disease, Arbovirus

Background

transmission dynamics among arboviruses has resulted in
multiple definitions for the key term “reservoir” [9]. Given
the diversity of virus-vector-vertebrate host interactions,
there is unlikely to be a single definition suitable for all
systems or for all applications [9]. Here, we are concerned
with identifying which vertebrate hosts contribute most to
the pathogen pressure on humans (via infected vectors).
We therefore adopt the notion that an arbovirus “reservoir” is a vertebrate host species which, if present in sufficient abundance, will contribute to the pathogen pressure
on humans. This will require that it has frequent contact
with vector populations, is attractive to a vector as a blood
meal source, is susceptible to infection, and can produce
sufficient viraemia to infect another vector [9–11]. Kuno
and Chang [3] identified three commonly used criteria for
classifying vertebrate reservoirs of arboviruses: (i) virus
isolation from suspected animals; (ii) relatively high antibody prevalence in the animals captured in the field; and
(iii) demonstration of viraemia (of high virus titre and duration) in the suspected animals typically obtained under
lab conditions. Methods commonly adopted to address
these criteria include virus isolation, serosurveys and experimental infection studies, respectively.

Vertebrate reservoir hosts

Globally, most pathogens of medical and veterinary importance can infect multiple host species [1]. Indeed, an
estimated 60–75% of emerging infectious diseases are
multi-host zoonoses [2]. Zoonotic arboviruses, such as
Rift Valley fever virus, West Nile virus, and Japanese encephalitis virus, have complex transmission cycles that include multiple host and vector species in maintenance
and spillover [2–4]. Identifying optimal approaches to
mitigate spillover of multi-host pathogens requires an understanding of how the transmission cycles of zoonotic viruses and non-human hosts contribute to spatiotemporal
changes in the patterns of human disease [1, 5, 6]. The
challenge of understanding the complex population biology of multi-host pathogens comes not only from identifying potential reservoir host species, but in disentangling
which species contribute most to transmission and pathogen pressure, and whether any species are crucial to persistence within the reservoir community [7, 8].
The definition of a “reservoir” in infectious disease
epidemiology is not straightforward [7]. This is especially
the case for arboviruses, where complex and novel
* Correspondence: eloise.stephenson@griffithuni.edu.au
1
Environmental Futures Research Institute, Griffith University, Brisbane,
Queensland 4111, Australia
Full list of author information is available at the end of the article

Ross River virus

Ross River virus (RRV) is a zoonotic alphavirus and
human infection is nationally notifiable in Australia. It
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that RRV circulates in countries in the Pacific, where
marsupials are absent [29–31].
This review aims to: (i) critically review the evidence
supporting the hypothesis ‘marsupials are better reservoirs of RRV than placental mammals, which in turn are
better reservoirs than birds’; (ii) characterise the limitations of that evidence; and (iii) identify research gaps
with regards to RRV transmission cycles.

is responsible for the greatest number of mosquitoborne infections in humans across every state and territory of Australia [12]. On average there are 4800
cases of RRV notified per year Australia-wide, with the
majority from Queensland [12]. There are occasional
large outbreaks of RRV involving a significantly higher
number of human cases. In 2015, there were 9800 notifications of RRV - almost double the national average, 6192
of which were reported from Queensland. In 2017, an
outbreak occurred in Victoria, with some 1200 notifications reported in January and February alone, exceeding the state counts for the previous four years
combined [12].
Ross River Virus is not usually fatal [13]. However, patients with disease caused by RRV infection present with
symptoms that include polyarthritis, myalgia, and fever
and chronic joint pain which may last several weeks and,
in some cases, months [14–16]. The economic costs of
illness were estimated to be A$1070 per case in 2002,
averaging more than A$5 million each year [17]. This is
likely a conservative estimate of RRV cost as it does not
include broader implications of infection, such as the inability for an individual to work or care for children
[13]. Presently, there is no treatment or commercially
available vaccine for RRV and the best means to reduce
the risk of infection is through mosquito management
and avoidance of mosquito bites [14, 18].
More than 40 species of mosquitoes have yielded isolates of RRV (summarised in [19]), although many are
likely to only have a minor role in transmission. Species
most commonly associated with transmission include
saltmarsh mosquitoes Aedes camptorhychus, presenting
in southern Australia and is replaced by Ae. vigilax north
of its range, and the freshwater mosquito (Culex annulirostris) that is present throughout Australia, excluding
Tasmania [14].
A definitive description of the host-vector relationships
in the transmission cycle of RRV is currently not available.
Non-human reservoirs of RRV are thought to play a
significant role in RRV endemicity [20–22]. While several authors have suggested that human-mosquito-human
transmission of RRV may occur during epidemics [23–25],
such transmission is not believed to be sufficient to account for the total number of reported cases each year in
Australia [19], nor to be responsible for the long-term persistence of RRV.
Marsupials are generally considered better reservoirs
of RRV than placental mammals, which in turn are better reservoirs than birds [13, 19, 26, 27]. This hypothesis
first appeared in the literature in 1971 following epidemiological studies in northern Queensland where high
rates of RRV seropositivity were detected in macropods
(kangaroos and wallabies) [28]. However, the hypothesis
deserves critical re-evaluation because there is evidence

Methods
We systematically identified original research papers on
RRV reservoir as follows. First, we searched electronic databases (Web of Science, ProQuest, Science Direct,
PubMed and Google Scholar) for articles published between 1950 and May 2016 using combinations (Additional
file 1: Table S1) of the following keywords: ‘Ross River
virus’, ‘Ross River fever’, ‘endemic polyarthritis’, ‘host’, ‘reservoir’, ‘wild*’, ‘captive’, ‘population’, ‘serolog*’, ‘serosurvey*’, ‘antibod*’, ‘virus’, ‘viral’, ‘viraemia’, ‘viremia’, ‘PCR’, ‘patholog*’,
‘serum’, ‘RNA’, ‘vector*’. The asterisk (*) operator was used
as a wildcard to search for all the possible variations of
keywords. We then manually searched bibliographies for
additional references. Review papers, studies involving
only humans, and studies not reporting original data were
excluded. A flow chart showing the article selection
process is presented in Additional file 2: Figure S1. A list
of the publications included is provided in Additional file
1: Table S2. One person (EBS) was responsible for determining if a paper was included and extracting data. By following the inclusion and exclusion criteria there were no
discrepancies for selecting papers.
For each article, we recorded the following information:
year of publication, location of study, type of study (experimental infection, serosurvey, virus isolation/detection),
method (e.g. for experimental infection studies: the dose,
infection technique, strain of RRV used and post infection
analysis), species investigated, sample size and results.
Species examined in each study were assigned to a species group (marsupial, placental mammal, bird) for
interpretation.
Statistical analysis

A meta-analysis of results across experimental infection
studies was not possible as methods of infection and
viral detection were highly variable. Instead, we conducted
two one-way analysis of variance (ANOVA) for the one
experimental infection study that assessed the greatest
number of species (n = 10 species, [27]) to test the hypothesis that the duration of viraemia and peak viral titre
differs between species groups (marsupial, placental mammal and bird).
For serosurveys, the seroprevalence range was calculated for each species group (marsupial, placental mammal
or bird), and plotted as a boxplot. An ANOVA was used
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Within each study there was substantial variability in the
viraemic response reported for different species of animal
within each species group and study (i.e. marsupials, placental mammals and birds; Table 3). Whitehead [37] reported the highest peak titres in Antichinus spp. of 8 LD50
lasting 144 hours, in contrast to 4.75 LD50, lasting 48
hours in rabbits (Oryctolagus cuniculus). Kay et al. [27] reported the highest viremia in horses (Equus caballus) at
6.3 SMIC, compared to black ducks (Anas rubripes) developing a peak titre of 1.8 SMIC. Pigeons (Columba livia
domestica), cats (Felis catus) and dogs (Canis lupus familiaris) were the only animals that did not develop a detectable viraemia.
Statistical analysis of the results from Kay et al. [27],
the experimental infection study with the greatest number of species (n = 10) and largest number of individuals
tested (n = 92), showed that although viraemia in grey
kangaroos (Macropus giganteus) attained moderately
high levels and lasted the longest duration (Fig. 1), there
was no significant difference (between species groups
(marsupial (n = 11 individuals, 2 species), placental
mammals (n = 45 individuals, 5 species) and birds (n = 35
individuals, 3 species) for both duration of viraemia
(F(2, 9) = 2.312, P = 0.169) and peak titre level (F(2, 9) =
3.177, P = 0.104).
For horses (Equus caballus) and little corellas (Cacatua sanguinea), Kay et al. [27] also used susceptible Cx
annulirostris vectors to feed on infected hosts to determine the percentage of mosquitoes that became infected
with RRV. Despite low titre and short duration viraemias
(2.3 SMIC, 50 hours; Fig. 1), little corellas infected 14%
of an unknown number of recipient vectors. Horses developed the highest titre viraemeia (6.3SMIC), of one of
the longest durations (112 hours), and infected a comparable 11% of recipient vectors.

to test for differences in seroprevalence between species
groups across different studies.

Results
We identified a total of 38 research papers that met our
criteria. Of these studies, seven described experimental
infections, five described virus isolation and 29 utilised
serosurveys (Table 1) (three studies used multiple methods,
Additional file 1: Table S2). All experimental infection
studies were undertaken in Queensland. Virus isolation
studies were undertaken in Queensland and Victoria. We
identified a single article that performed molecular
identification of virus from horses [32], but this was excluded from the analysis as the paper was methodological, describing the novel test method. Serosurveys were
performed in every state in Australia and the Northern
Territory, as well as other countries including Fiji (n = 1),
New Guinea (n = 1) and New Zealand (n = 2) (Table 1).
The earliest studies of RRV reservoirs included serosurveys
in 1966 and virus isolation in 1968.
Experimental infection studies

The seven experimental infection studies included infection of 18 vertebrate species with RRV (summarised in
Table 2). At least two strains of RRV were used: the prototype T48, isolated from a human Townsville in 1959 [13],
and B94/20, isolated from a human during an epidemic in
Queensland in 1994 [33]. Two studies did not state which
strain was used [27, 34]. The most common route of infection was via infected mosquito (n = 5), although
subcutaneous (n = 2) and intravenous (n = 1) routes
were also used. All studies assessed the titre of viraemia
in blood, but methods and metrics differed. Four of the
seven studies subsequently exposed infected animals to
susceptible vectors to determine infectiousness of potential reservoirs. Across all studies, the median sample
size was 9 individuals, Kay et al. [27] using the largest
sample size of 20 chickens (Gallus gallus domesticus).
More than half (4 of 7) of the experimental infection
studies undertaken for RRV simultaneously co-infected
the same animal with other viruses in addition to RRV,
including Barmah Forest virus, Murray Valley encephalitis or Sindbis virus [27, 35–37].
Comparison of viral titres across experimental infection
studies is hampered by different measures of viraemia.

Virus isolation studies

Isolation of RRV from non-human vertebrate species has
been reported in 20 instances in published studies. The
majority (n = 15) of isolates were recovered from horses
(Equus caballus), whilst two isolates were recovered
from agile wallabies (Macropus agilis) and three isolates
came from birds (Table 4). Virus was isolated from the
heart tissue of birds [38] and from serum of horses and
wallabies [28, 39]. Virus isolation was achieved using

Table 1 Summary of study types included in the literature review of Ross River virus reservoir studies comprising the number of
studies of each type, location and dates of publications
Study type

Total no. of studies

Location of studies

Experimental infection

7

Queensland

Date range of studies
1969–2001

Virus isolation

5

Queensland, Victoria

1968–2003

Serosurvey

29

Queensland, New South Wales, Western Australia, Victoria, South Australia,
Northern Territory, Tasmania, New Guinea, Fiji, New Zealand

1966–2015

26

27

T48

Whitehead [38]

Infection route

Subcutaneous infection

Subcutaneous infection

Infected vector bite

Intravenous injection and
infected vector bite

Infected vector bite

Infected vector bite

Infected vector bite

Vector used

No

No

Yes

Yes

Yes

Yes

Yes

Magnitude and duration of viraemia
(LD50)

Magnitude and duration of viraemia
(LD50)

Infection of a vector; magnitude and
duration of viraemia (SMIC)

Infection of a vector; magnitude and
duration of viraemia (SMIC)

Infection of a vector; magnitude and
duration of viraemia (TCID)

Infection of a vector; magnitude and
duration of viraemia (CCID50)

Infection of a vector; magnitude and
duration of viraemia (SMIC)

Virus detection methods

Rabbit Oryctolagus cuniculus (4); rat Rattus spp. (4);
bandicoot Isoodon macrourus (4); marsupial mouse
Antechinus spp. (6); chicken Gallus gallus domesticus
(16); pigeon Columba livia domestica (5)

Sheep Ovis aries (3); pig Sus scrofa domesticus (3)

Agile wallaby Macropus agilis (9); grey kangaroo
Macropus giganteus (3); rabbit Oryctolagus cuniculus
(9); sheep Ovis aries (8); pig Sus scrofa (11); horse
Equus ferus (11); cattle Bos taurus (6); chicken Gallus
gallus domesticus (20); black duck Anas rubripes (3);
little corella Cacatua sanguinea (12)

Horse Equus ferus (11)

Grey-headed flying fox Pteropus poliocephalus (10)

Cat Felis catus (10); dog Canis lupus familiaris (10)

Brushtail possum Trichosurus vulpecula (10)

Vertebrate species tested (sample size)

Abbreviations: SMIC, suckling mouse intracerebral injection; CCID50, cell culture infectious dose; TCID, tissue culture infectious dose; LD50, lethal dose per gm of whole blood

T48

Not stated

Kay et al. [34]

Spradbrow [55]

B94/20

Ryan et al. [33]

Not stated

B94/20

Boyd & Kay [58]

Kay et al. [27]

B94/20

RRV strain

Infection method

Boyd et al. [35]

Reference

Table 2 Summary of Ross River virus experimental infection studies included in the review with description of methods and vertebrate species used

Simultaneous infection
with Sindbis virus

Simultaneous infection with
Murray Valley encephalitis

Simultaneous infection with
Murray Valley encephalitis

Simultaneous infection with
Barmah Forest virus

Virus co-infection
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Whitehead [38]

Marsupial mouse Antechinus spp.

28
4

Ryan et al. [33]
Whitehead [38]
Kay et al. [27]
Whitehead [38]

Grey-headed flying fox Pteropus poliocephalus

Rat Rattus spp.

Rabbit Oryctolagus cuniculus

0

0.5

0.67

Not reported

0.95

Not reported

0.67

Not reported

0.25

0

0

0.16

1

0.91

0.64

1

0.1

Not reported

Not reported

1

0.78

0.33

Proportion with
viraemic response

0

2.3 SMIC

1.8 SMIC

5.0 LD50

2.8 SMIC

4.7 LD50

3.1 SMIC

7.4 LD50

2.2 TCID

0

0

2.3 SMIC

Not reported

3.0 SMIC

Not reported

3.8 SMIC

6.3 SMIC

8 LD50

7.2 LD50

4.6 SMIC

5.6 SMIC

7.5 CCID

Peak titre level

0

50.4

96

120

69.6

48

55.2

72

Not reported

0

0

48

48

81.6

120

57.6

96

144

144

144

81.6

48

Viraemia duration (h)

Not reported

Yes

Not reported

Not reported

Not reported

Not reported

Not reported

Not reported

Yes

No

No

Not reported

Not reported

Not reported

Not reported

Not reported

Yes

Not reported

Not reported

Not reported

Not reported

Yes

Infected recipient vectors

Abbreviations: SMIC, suckling mouse intracerebral injection; CCID50, cell culture infectious dose; TCID, tissue culture infectious dose; LD50, lethal dose per gm of whole blood

5

12

Kay et al. [27]
Whitehead [38]

Little corella Cacatua sanguinea

Pigeon Columba livia domestica

16

Whitehead [38]
3

20

Kay et al. [27]

4

10

10

Kay et al. [27]

Black duck Anas rubripes

Chicken Gallus gallus domesticus

Bird

9

Boyd & Kay [58]

Dog Canis lupus familiaris

10

Boyd & Kay [58]

Cat Felis catus

3
6

Kay et al. [27]

Cow Bos taurus

Spradbrow [55]

11

14

Kay et al. [27]

Spradbrow [55]

Pig Sus scrofa domesticus

8

Kay et al. [27, 34]
Kay et al. [27]

Sheep Ovis aries

11

6

4

3

9

10

Sample size

Horse Equus caballus

Placental mammal

Kay et al. [27]
Whitehead [38]

Grey kangaroo Macropus giganteus

Kay et al. [27]

Bandicoot Isoodon macrourus

Boyd & Kay [37]

Agile wallaby Macropus agilis

Reference

Brushtail possum Trichosurus vulpecula

Marsupial

Species

Table 3 Summary of species, sample size, viraemia and antibody response to experimental infection of vertebrate species with Ross River virus

0.6

0

1

0.75

0.55

1

Not reported

1

0.33

0.1

0.1

0.16

1

0.45

1

1

0.6

Not reported

1

1

1

0.8

Proportion with antibody
response
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Fig. 1 Mean peak titre and duration of viraemia measured in different animals experimentally infected with Ross River virus, data extracted from
Kay et al. [27]. Squares represent marsupials, circles represent mammals and triangles represent birds. Species in order of number: 1, Cow; 2, Little
corella; 3, Rabbit; 4, Sheep; 5, Chicken; 6, Pig; 7, Black duck; 8, Agile wallaby; 9, Horse; 10, Grey kangaroo

specific [41] and have been used throughout the decades.
These methods are generally considered more labour
intensive, require trained personnel and a minimum of
five days to perform. More recent serosurveys have
used enzyme linked immunosorbent assay (ELISA)
which can be purchased in commercial kits and are
more commonly used in human diagnostic labs (Fig. 2a).
In the first decade (1966–1975) of seroprevalence studies, 80% of all species sampled were birds (Fig. 2b). In
the following decade (1976–1985) more than 82% of
serosurveys were performed on placental mammal species. In the subsequent two decades (1986–2005) marsupial species were sampled most frequently (between
50–60% of serosurveys), followed by placental mammals
(between 32–40% of serosurveys) and birds (between
0–17% of serosurveys).
Figure 3 shows the mean seropositivity in each of the
three species groups. Half of all species sampled were
marsupials (n = 39 species), followed by placental mammals (n = 27 species) and birds (n = 13 species).

intracerebral inoculation into infant mice [28, 38] or incubation of tissue culture plates with serum followed by
identification with antiserum raised in rabbits [40].
Serosurvey studies

We identified a total of 30 serosurveys studies (Additional
file 1: Table S2) that tested more than 17,000 serum samples from 77 host species. The majority of these studies
were undertaken in Australia, with a small number in
New Zealand, Fiji and Papua New Guinea (Table 1). Serosurveys for RRV in non-human species have spanned almost 50 years and, as such, the methods within these
studies vary substantially. Studies were grouped by decade
of publication to accommodate the different serological
methods and species groups tested (Fig. 2). Earlier studies
favoured haemoglobin inhibition. This technique has now
largely been superseded in favour of assays with better
sensitivity and specificity. Virus neutralisation, either
through Plaque Reduction Neutralisation (PRNT) (the
gold standard) or serum microneutralisation are highly

Table 4 The number, study and study sample size for isolates of Ross River virus collected from non-human vertebrates
Species

Reference

Sample size

Number of RRV isolations

Doherty et al. [28]

17

2

Azuolas et al. [40]

750

13

Pascoe et al. [39]

8

1

Campbell et al. [76]

Not reported

1

Whitehead et al. [38]

775 (104 species)

1

Marsupial
Agile wallaby Macropus agilis
Mammal
Horse Equus callabus

Bird
Magpie lark Grallina cyanoleuca
Flycatcher Myiagra rubecula

1

Masked finch Poephila personata

1

29
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Fig. 2 a The number and types of method used to test Ross River
virus seroprevalence by decade. b The percentage of different
vertebrate groups sampled in each decade for Ross River virus
seroprevalence. The numbers in each bar represent the number of
species tested for each species group

Fig. 3 Boxplot of serosurvey results for each vertebrate group with
the number of sera sampled in brackets. Minimum, median and
maximum values are represented with the box and whiskers, and
outliers are represented by circles

Placental mammals comprised the largest number of
sera (n = 10,126), more than double that of marsupial
sera (n = 4304) and quadruple that of bird sera (n =
2621). Within placental mammals, cattle have been sampled most frequently (28.9% of samples), closely followed
by horses (28.8% of samples). For marsupials, 46% of serosurveys were from one study with a focus on western
grey kangaroos, Macropus fuliginosus [42]. Within birds,
chickens were the most sampled species, contributing
38% of all samples in this species group.
Overall, there was a significant difference in seroprevalence between species groups (F(2, 76) = 7.091, P =
0.001). Across studies, the median seroprevalence in
marsupials was greater when compared with placental
mammals and birds (44%, 16% and 0%, respectively; Fig.
3). The interquartile range of seroprevalence was greatest in the marsupial group (5–75%) and smallest in the
bird group (0–6%) (Fig. 3). Outliers in the bird seroprevalence results included black ducks (Anas superciliosa, 2 of 3 positive) and little corellas (Cacatua
sanguinea, 6 of 12 positive). For placental mammals, the
highest seroprevalence was observed in red foxes
(Vulpes vulpes, 3 of 4 positive) followed by rabbits

(Oryctolagus cuniculus, 6 of 10 positive). All of the following marsupial species have tested positive to RRV:
the eastern barred bandicoot Perameles gunnii (n = 2/
2), the eastern bettong Bettongia gaimardi (n = 1/1),
the long-nosed potoroo Potorous tridactylus (n = 2/2),
the northern nail-tail wallaby Onychogalea unguifera (n
= 1/1), the Tasmanian devil Sarcophilus harrisii (n = 4/
4) and the tiger quoll Dasyurus maculatus (n = 1/1).

Discussion
Identifying reservoirs of multi-host viruses is challenging
due to the complex interactions that sustain and promote
pathogens and spillover events. For arboviruses, three
commonly used criteria for classifying vertebrate reservoirs include: viraemia, virus isolation and relatively
high antibody prevalence [3]. In light of these criteria,
this study aimed to review the evidence for non-human
reservoirs of RRV against the hypothesis: marsupials are
better reservoirs of RRV than placental mammals, which
are better reservoirs than birds.
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The role of marsupials as reservoirs of RRV

from horses and passerine birds and the majority of
RRV cases in humans do not overlap with macropod
home ranges [13].
Across all studies, marsupials had the highest RRV seroprevalence (44.3%), compared with placental mammals
(22.7%) and birds (11.1%). Although informative, these
data must be interpreted with caution because it is evident
that marsupials were more likely to be targeted during
sampling efforts in the decade 1986–1995 (Fig. 2b). This
shift in targeted species group followed the results of experimental infection studies demonstrating marsupials as
competent amplifiers of RRV in 1986. Further, without information on the age of individuals, seroprevalence data
should be compared between studies with caution.
Sampling biases are likely to have arisen from the frequent use of convenience sampling or ‘active surveillance’
methods (where investigator-driven data collection is designed to meet specific information needs [45]). The focus
on marsupials as hosts for RRV to the exclusion of other
host species is premature, and is unlikely to be uniform
across all marsupial species. For example, brushtail possums were hypothesised to be the urban reservoir of RRV,
being both marsupials and living in close proximity to
humans [35], resulting in a focus on this species. However,
targeted surveillance of this species between February and
December 2005 in Sydney failed to identify any seropositive individuals [35, 46] of the 10 possums sampled. This
number of animals is insufficient to draw strong conclusions about the host status, and further studies are required [46]. Furthermore, it is interesting to note that
whilst brushtail possums are an abundant urban marsupial,
ringtail possums are more commonly reported in major
metropolitan areas including Brisbane, Sydney, Perth,
Adelaide and Hobart [47] but only two studies (testing four
individuals in total) have been undertaken serological assessments of the species (50% seropositivity) [48, 49].

Results from experimental infection, virus isolation and
serosurvey studies on 31 marsupial species support the
hypothesis that marsupials are competent reservoirs and
likely contribute significantly to RRV transmission. However, the evidence is fragmentary and subject to sampling
bias, which limits our ability to extrapolate across species,
broad geographical areas, habitat and land use types.
Across experimental infection studies, marsupials generally developed high and long-lasting viraemia. This has
previously been interpreted as evidence that marsupials
are better reservoirs than other species groups, yet we
found no significant difference between the mean duration
of viraemia or peak viraemia of marsupials, placental
mammals or birds. At least two factors must be considered when interpreting results of experimental infection
studies. First, experimental infection studies are often constrained by small sample sizes both in the number of species and the number of studies that can be compared.
Although we statistically analysed results from the RRV
experimental infection study with the greatest number
and diversity of species [27], sample sizes were still limited
and likely influenced the statistical power of the results. In
particular, the diversity of methods used limits comparisons and the effect of simultaneous co-infection with
other viruses cannot be discounted. Secondly, while viraemia plays an important role in the maintenance and
transmission of arboviruses, using this measure alone to
identify potential reservoirs has limited value. For example,
in experimental infection studies of West Nile virus, another zoonotic arbovirus, viraemia alone did not definitively identify vertebrate reservoirs: blue jays (Cyanocitta
cristata), house finches (Haemorhous mexicanus) and
house sparrows (Passer domesticus) were identified as the
most competent reservoirs on the basis of viraemia profile
[43]. Yet subsequent field investigations identified that
American robins (Turdus migratorius), a less viraemic and
relatively uncommon avian species, were responsible for
the majority of WNV vector infections due to host feeding
preferences [44].
The isolation of virus from naturally infected hosts is
interpreted as evidence that the species can infect vector
mosquitoes and, thus, infect humans. For marsupials,
the isolation of RRV from two free-living agile wallabies
(M. agilis) (from a total of 17 tested) demonstrates a
vector-host relationship under natural conditions and
suggests that this species is capable of infecting susceptible vectors, thereby supporting the argument for the
species as reservoirs of RRV. Together with Kay et al.’s
[27] observation of viraemia in grey kangaroos, this has
led to the hypothesis that macropods are important RRV
reservoirs within their range. However, the relative importance of this group of species as a reservoir is not
clear, given that RRV has been isolated more frequently

The role of placental mammals as reservoirs of RRV

Placental mammals comprise the greatest diversity of species tested, including ungulates, carnivorous and small
urban species. While placental mammals meet the three
criteria for arboviral reservoirs as a species group, there
are significant differences among species.
Ungulates

Ungulate species, including pigs, horses, sheep and cattle,
are recognised as reservoirs for other zoonotic arboviruses
[4]. Interestingly for RRV, horses are the only ungulate
likely to amplify the disease and act as reservoirs. High,
long-lasting viral titres, the ability to infect susceptible mosquitoes, frequent virus isolations and high seroprevalences
suggest that horses could contribute significantly to ongoing RRV transmission, particularly during epidemic periods [50], although it is unclear whether they play a role in
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Ae. funereus vectors in close proximity to a mixed-species
flying fox colony in Brisbane found that all of the 16 mosquitoes analysed had fed on black flying foxes and none
on grey-headed flying foxes [33]. When considering the
possibility of flying foxes as reservoirs of RRV, it is important to consider the height at which different vectors feed
and move. Known vectors of RRV, including Ae. vigilax
and Ae. camptorhyncus are likely to feed close to the
ground, potentially avoiding roosting flying foxes [61].
Further blood meal analysis studies are needed to determine this.
Given their small body size, rats, rodents and flying
foxes may be considered less desirable as blood-meals
for vectors [62]. However, they may exist in high densities close to human populations. A blood-meal analysis
of RRV vectors found rabbits and rats comprised up to
33% of Cx annulostris blood-meals in urban areas [63].
Serological data supporting the hypothesis that small
mammals may be playing a role in the transmission of
RRV is currently lacking due to limited numbers tested.

ongoing endemic circulation of RRV. A possible explanation for the high number of RRV isolates from horses is
that they are both a domestic species and one of the only
known species that develops clinical symptoms to RRV [51]
and therefore, are more likely to be sampled, particularly if
they were infected and symptomatic. The horse population
in Australia may exceed 1.2 million individuals [52], and
whilst they are rare in highly urbanised environments, they
are abundant in peri-urban areas, where some of the highest prevalence of human RRV infection exists [53].
In contrast, RRV has not been isolated from cattle,
pigs and sheep [54–56], and these species have demonstrated low viraemic responses in experimental infection
studies [27] and in serosurveys [55]. Large numbers of
cattle sera are tested for antibodies to RRV due to the
use of cattle as sentinel species in the National Arbovirus
Monitoring Program, which is designed to detect incursions of exotic arboviral infection, such as bluetongue
viruses [57].
Cats and dogs

Cats and dogs are the only carnivores that have been
assessed as potential reservoir hosts of RRV. Viraemias
were not detected following experimental infection and
only 10% of these cats and dogs developed neutralising
antibodies to RRV [58]. Seroprevalence studies of domestic cats not experimentally infected, found they have
a relatively low antibody prevalence (12.1%). The poor
amplifier capacity and low seroprevalence suggest these
domestic species are unlikely to be significant reservoirs
of RRV.

The role of birds as reservoirs of RRV

Birds are the most common arboviral reservoir for zoonotic flaviviruses and alphaviruses globally [4]; however,
their contribution as reservoirs of RRV has been largely
overlooked. On the basis of experimental infection viraemia data alone, birds appear to be poor amplifiers of
RRV. Four species of birds (chickens, pigeons, little corellas and black ducks) have been experimentally infected
with RRV. Across experimental infection studies, birds
had the lowest peak titre and the shortest duration of
viraemia in comparison to marsupials and placental
mammals (Table 3). Furthermore, pigeons were one of
the only species that did not develop a detectable viraemia. However, little corellas (Cactua sanguinea) were
capable of infecting 14% of susceptible Cx annuilostris
mosquitoes, despite having a low and short viraemia.
This is important because in the same study, horses
developed the highest titre but only infected 11% of
susceptible vectors. Possible reasons for this were not
discussed in the original paper, but we suggest the capability of a vertebrate species to infect susceptible mosquito vectors with RRV may be a more relevant
measure of reservoir capacity than viraemia.
The isolation of RRV from birds further supports their
capacity as amplifiers. More than 750 virus isolation attempts, across 104 species, yielded the first 3 isolates of
RRV from the heart muscle of passerine birds in Northern Queensland: a magpie lark, a flycatcher and a
masked finch (Table 4). Passerine birds are recognised as
important amplifiers of other arboviruses including flaviviruses such as West Nile virus [43], tick-borne pathogens such as Borrelia burgdorferi - the causative agent
for Lyme disease [64] and an arthritic alphavirus closely

Small mammals (< 2 kg)

The potential role of small placental mammals, such as
rodents, rabbits and flying foxes, as reservoir hosts of
RRV is ambiguous. Under experimental infection conditions Whitehead [37] found rodents were capable of developing viraemia higher than bandicoots, a marsupial, yet
the viraemia was short lived compared to marsupials. Rabbits developed mid-range titre peaks of short duration.
In experimental infection, grey-headed flying foxes
(Pteropus poliocephalus) did not develop a detectable
viraemia, but were capable of infecting 3% of recipient
Ae. vigilax vectors [33]. Flying foxes are a unique species
group because they have been shown to be the reservoir
host for several zoonotic pathogens including, henipaviruses lyssaviruses and filoviruses, often without detectable
viraemia [6, 59]. Similar observations have been made for
arboviruses. In an experimental infection of black flying
foxes (Pt. alecto) with Japanese encephalitis virus, all 15 individuals had a low viraemic response; however, two were
capable of infecting susceptible mosquitoes [60]. Only the
grey-headed flying fox has been investigated as a potential
reservoir host of RRV, yet a blood meal analysis of 20
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kangaroos and brushtail possums. Overall these studies
found that one host alone was insufficient to maintain virus
in vector populations. Glass [72] concluded that although
marsupials such as kangaroos and wallabies are generally
assumed to be the most important reservoir hosts, the virus
survived longed under all models when the marsupial host
was replaced with one with a shorter infectious period and
higher birth rate. Further, the same study reported that very
large host populations (> 100,000 individuals) were required for the virus to survive for four years. Choi et. al.
[70] similarly found that a kangaroo reservoir did not impact the number of human infections due to a small population size in the region. Carver et al. [20] reported a
significant negative relationship between the abundance of
a marsupial reservoir and RRV transmission. These findings are in contrast to the putative reservoir hypothesis.
Tompkins & Slaney [73] noted that different species may
be reservoirs in different environments, such as highdensity urban areas and protected environmental habitats,
which can result in different transmission cycles. These
modelling studies highlight the importance of investigating alternative species as potential reservoirs of RRV.
Ideally, the system should be explicitly modelled as a
multihost system, but obtaining the necessary data to
parameterise such models is challenging [74].

related to RRV, Sindbis [65]. Indeed, the isolation of the
alphavirus Sindbis from passerine birds, in combination
with genetic studies and antibody prevalence investigations has implicated birds as the reservoir host of Sindbis [62].
Serological surveys have found low seroprevalence of
RRV in birds. However almost 40% of bird sera tested
has been from sentinel chickens. Chickens are considered appropriate sentinels for flaviviruses such as Murray valley encephalitis because they display a strong
antibody response [66], however experimental infections
suggest this is not the case for RRV [27, 37]. Notably,
birds with positive serology for RRV were free-living native species: a Tawny frogmouth owl in NSW [48] and
an Australasian gannet (Morus serrator) sampled in New
Zealand [67]. Thus, the tendency towards sampling
chickens in RRV serosurveys may underestimate the
rates for birds as a whole, and future serosurveys would
benefit from inclusion of greater bird species diversity.
Alternative evidence for non-human reservoirs

This review has focused on the intrinsic host variables
important to reservoir capacity. There are other lines of
evidence that can be important for investigating potential reservoirs such as blood meal analysis and modelling
studies. Determining vector preferences, may indicate a
higher feeding frequency, and thus if a capable reservoir,
higher transmission rate. Blood meal analysis studies investigate the relationship between the vector and the
host. Vector-host choice is a complicated matter, with
factors such as host body size, carbon dioxide emission,
olfaction, availability, abundance and vector genetics
impacting feeding preferences [62, 68]. Blood meal studies are further complicated as they are easily confounded
by the environment in which study took place, and as
such these studies are best when accompanied with animal abundance and diversity measures. Of the 12 blood
meal analysis papers in Australia, only one [69] has done
this by asking the human residents to estimate numbers
of animals. Further research is needed to investigate
vector-host preferences in Australian urban, peri-urban
and rural environments and determine the influence this
may have on a species capacity to act as a reservoir.
Mathematical models are valuable way of describing
and understanding complex disease systems such as
RRV. Models can test assumptions of a disease system
and generate predictions which can be used for management decisions. For RRV, five studies [20, 70–73] have
utilised mechanistic modelling techniques (e.g. SusceptibleInfectious-Recovered models) to better understand the
transmission dynamics underpinning the maintenance of
the pathogen. Although the models differ in parameters, location and methods, all include a marsupial reservoir. Species that have been modelled as reservoirs are western grey

Ross River virus: a multi-host pathogen

Despite the evidence supporting marsupials as reservoirs
of RRV, questions remain. Recent studies have found a
high seroprevalence of RRV in the Pacific Islands in the
absence of marsupial populations [29, 31], suggesting
that marsupials are not the only species group capable
of increasing the community infection for RRV. Studies
modelling RRV reservoirs have suggested that the pathogen has a multi-host system [23, 72]. However, none of
the studies reviewed in this paper specifically examined
this hypothesis. Multi-host systems are not uncommon
for arboviruses but quantifying these systems is challenging, requiring coordinated data collection over temporal and geographical scales for multiple species [3].
To understand RRV as a multi-host pathogen, two issues
must be considered. First, as RRV has an international distribution spanning different environmental and social bounds
it is important to define the ecological transmission of RRV
across different ecosystems. Expansion of Claflin & Webb’s
[14] categorisation of potential RRV vectors, habitats and
reservoirs across inland, metropolitan and coastal regions to
include transmission cycles is warranted. Secondly, to better
understand the reservoir capacity between different host
communities, identification of amplifying or diluting reservoir hosts is required. Given that humans are not considered
significant maintenance reservoirs of RRV outside of epidemic periods in Australia, this may provide a benchmark
for relative comparison of seroprevalence. For example,
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RRV seroprevalence in blood donors shows that the human
IgG seroprevalence ranges from 8.38% in Australia in 2011
[75] to 34.4% in French Polynesia between 2011 and
2013 [29]. Whilst this only gives an indication of the
number of people exposed and does not consider other
contributing factors such as duration of antibody response, these data may be compared with animal serosurvey data to identify species with higher infection
rates than humans. Vector-host preference may be key
to understanding reservoir and transmission dynamics in
other zoonotic arboviruses [3]. Overall, consideration of
RRV as a multi-host pathogen may disentangle the complex ecological dynamics that may be taking place.
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Abstract
Background: Mosquito-borne pathogens contribute significantly to the global burden of disease, infecting millions
of people each year. Mosquito feeding is critical to the transmission dynamics of pathogens, and thus it is important
to understanding and interpreting mosquito feeding patterns. In this paper we explore mosquito feeding patterns
and their implications for disease ecology through a meta-analysis of published blood meal results collected across
Australia from more than 12,000 blood meals from 22 species. To assess mosquito-vertebrate associations and identify
mosquitoes on a spectrum of generalist or specialist feeders, we analysed blood meal data in two ways; first using a
novel odds ratio analysis, and secondly by calculating Shannon’s diversity scores.
Results: We find that each mosquito species had a unique feeding association with different vertebrates, suggesting
species-specific feeding patterns. Broadly, mosquito species could be grouped broadly into those that were primarily ornithophilic and those that fed more often on livestock. Aggregated feeding patterns observed across Australia
were not explained by intrinsic variables such as mosquito genetics or larval habitats. We discuss the implications for
disease transmission by vector mosquito species classified as generalist-feeders (such as Aedes vigilax and Culex annulirostris), or specialists (such as Aedes aegypti) in light of potential influences on mosquito host choice.
Conclusions: Overall, we find that whilst existing blood meal studies in Australia are useful for investigating mosquito feeding patterns, standardisation of blood meal study methodologies and analyses, including the incorporation
of vertebrate surveys, would improve predictions of the impact of vector-host interactions on disease ecology. Our
analysis can also be used as a framework to explore mosquito-vertebrate associations, in which host availability data is
unavailable, in other global systems.
Keywords: Blood meal, Associations, Vector, Vertebrate, Disease risk, Blood-feeding
Background
Mosquitoes are the most important disease vector globally, responsible for infecting millions of people and
animals annually with pathogens that influence human
health, livestock and economic trade and wildlife biodiversity [1]. Mosquitoes comprise a broad taxonomic
group with more than 3000 species recognised across 40
genera [2], but not all species are involved in pathogen
transmission. Pathogen transmission requires a mosquito

to take a blood meal from a source host and then to subsequently feed on a recipient host. Understanding the
feeding patterns of mosquitoes can inform disease management strategies (such as targeted vector control to
reduce vector-host contact) and can contribute to models forecasting future disease risk in human and animal
populations [3].
Mosquito host choice is complex; both intrinsic and
extrinsic factors can influence feeding preference [3, 4].
Intrinsic variables can include genetics, whereby individuals are more likely to feed on the same host as previous
generations [5, 6], and the nutritional state of the mosquito, with nutrition-poor individuals being more likely
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to feed on non-preferred hosts [4]. Extrinsic host-seeking
behaviour is predominantly guided by detection of heat
and carbon dioxide (CO2), and is also affected by host
abundance, biomass, various odorants and chemicals
that are released by hosts, and host defensive behaviour
[7–13]. Other extrinsic factors may include climatic variables such as relative humidity, along with habitat characteristics that determine availability and diversity of hosts
[12, 14]. In addition to these broad intrinsic and extrinsic
variables, evidence suggests that mosquitoes may adjust
their host-seeking behaviours based on positive and negative experiences, in essence, adapting feeding choices
according to their individual circumstances [4].
Mosquito-host relationships in Australia are largely
understudied. The island biogeography of Australia
and its varied climatic zones and bioregions promote a
unique endemic biodiversity for mosquito and vertebrate
host species. Along with a high diversity of native marsupials, placental mammals and birds in Australia, there are
more than 300 species of mosquitoes described, many of
which are unique to the continent [15]. The interactions
between these populations of mosquitoes and vertebrate
hosts across different climatic zones provide opportunities for maintenance and emergence of mosquito-borne
pathogens. The transmission of numerous medicallyimportant arboviruses has been documented in Australia
to date, including dengue (DENV), Ross River (RRV),
Murray valley encephalitis (MVEV), Barmah Forest
(BFV) and Kunjin [16] viruses.
Taking into account the complexity of contributing factors, critical analysis of the feeding patterns of mosquitoes may represent an important approach to explore
disease risks for both human and animal populations.
This study aims to synthesise existing literature describing blood meal studies in Australia, specifically assessing the most likely mosquito-host associations, and the
diversity of feeding patterns for common mosquito species. In light of these feeding patterns, we discuss broad
implications for disease ecology.

this review if they were original peer-reviewed research
articles, undertaken on mainland Australia (e.g. [17] was
undertaken in Badu Island in the Torres Strait and thus
excluded), analysed field-collected mosquitoes that had
fed under natural conditions on free-living vertebrates
(e.g. [18] used tethered animal baits and was excluded),
and assessed at least 3 potential vertebrate species (e.g.
[19] only tested for a single flying fox species, and was
excluded).
The following information was extracted from identified articles: the geographical area in which the study
took place, including site location, bioregion of each site
(as defined by Thackway & Cresswell [20]), the mosquito
collection method used (including the year, month and
collection method/trap type), and the methods used to
determine the vertebrate origin of blood meals (including the vertebrate species investigated, the source of
vertebrate reference samples and laboratory technique).
Additional notes were made on stated limitations (if any)
of each paper and whether data on vertebrate abundance
and diversity was included. A database of blood meal
results was populated and is reported in Additional file 1:
Table S1.
Data analysis
Mosquito‑vertebrate associations

Odds ratios were used to calculate the direction (positive
or negative) and strength of associations in the database
between each mosquito species and vertebrate taxon. For
this analysis, the blood meal origin data compiled from
the literature were aggregated such that each vertebrate
species was grouped into the broader taxonomic groups
of humans, Carnivora (cats, dogs and foxes), Aves (all
birds), Diprotodontia (all possum and kangaroo species),
Artiodactyla (cows, sheep, pigs and goats) and Perissodactyla (horses). Flying fox [21], rodent [22, 23] and rabbit [22, 24] species were excluded from this analysis, as
the sample size of blood meals from these species was too
small (either one or two studies, with these species comprising less than 9% of blood-meal origins within each).
To be included in the analysis, mosquito species needed
to meet all minimum data criteria of (i) their blood meal
origins being reported more than twice in the literature;
and (ii) having an arbitrary minimum of 35 blood meals
identified.
Log odds ratios were calculated between each mosquito and vertebrate taxon using two by two feeding
frequency tables, derived from the raw data (Additional
file 1: Table S2). Positive log odds ratios indicate a positive feeding association between a given mosquito species
and vertebrate host, whereby there is a higher likelihood
than random chance that a blood meal of that mosquito
species would originate from the given vertebrate taxon.

Methods
Data collection

Original research articles were systematically searched
by using the following search terms in different combination across five search engines (Web of Science, ProQuest, Science Direct, PubMed and Google Scholar):
‘bloodmeal*’, ‘blood meal’, blood-meal’, ‘feeding’, ‘habit’,
‘pattern*’, ‘preference*’, ‘interaction*’, ‘mosquito*’, ‘vector*’, ‘vector-host’, ‘host*’, ‘vertebrate*’, ‘animal*’ and ‘Australia’. The asterisk (*) operator was used as a wildcard to
search for all possible variations of keywords. We then
manually searched the reference lists of papers to identify additional relevant articles. Papers were included in
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To collect blood-fed mosquitoes, most studies (n =
8) used Centers for Disease Control (CDC) CO2-baited
miniature light traps [28], supplemented with 1-octen3-ol in some cases (Table 1). Other methods included
unbaited BioGent® (BG) sentinel traps [22] and aspiration of resting sites [21, 29, 30]. One study [29] also used
vehicle-mounted traps. To analyse blood meals, early
studies employed precipitin tests [29–31] and serological
gel diffusion techniques [32, 33] (Table 1). More recent
studies adopted enzyme-linked immunosorbent assay
(ELISA) and various molecular techniques including polymerase chain reaction (PCR) and gene sequencing [22–
24, 34]. Vertebrate reference sources most commonly
employed in immunoassays and gel diffusion techniques
were commercially-available anti-sera and included
horse, rabbit, rat, dog, chicken, cat, bird, kangaroo, cow
and pig. Molecular studies which included wildlife used
vertebrate references provided through wildlife hospitals, zoos and roadkill. These studies also included DNA
sequence data available on GenBank.

The greater the log odds ratio, the stronger the feeding
association. Conversely, a negative log odds ratio suggests
a negative feeding association, whereby there is a lower
likelihood that a blood meal from the mosquito species
would originate from the given vertebrate taxon. Log
odds ratios close to 0 indicate no association between the
mosquito species and vertebrate taxon.
The log odds ratios were plotted in a heatmap chart
and sorted using hierarchical clustering. The clustering grouped mosquitoes with similar feeding patterns
together by similarity in log odds ratio across all vertebrate taxa. All calculations and graphs were generated
using R software, with packages gplots and RColorBrewer
[25] with modified script from Raschka [26].
Mosquito feeding diversity

We used the Shannonʼs diversity index to place mosquito
species on a spectrum between generalist or specialist
feeders. The inclusion criteria for this analysis were that
each mosquito species needed to have fed on greater
than three vertebrate species and had to have a minimum
number of 10 blood meals analysed. Vertebrates were
not aggregated by taxonomic group in this analysis but
remained at the level reported in the literature (mostly as
species but, for the case of birds, several studies reported
as class). A total of 15 vertebrate species were included
in this analysis as blood-meal origins, and 13,934 blood
meals from 21/41 mosquito species met the criteria
(Additional file 1: Table S1).
Shannonʼs diversity index was calculated for each mosquito species [27] and expressed as an h-index. A higher
h-index is associated with a greater feeding diversity, as
it suggests a mosquito species has fed on a greater number of vertebrate species and/or feeds evenly across vertebrates. Conversely, a lower h-index suggests mosquito
species have a low feeding diversity, and are associated
with feeding on fewer vertebrate species and/or a greater
number of feeds on a small number of vertebrates.
Within this dataset, we categorised an h-index in the top
quartile as ‘high feeding diversity’, whilst an h-index in
the lowest quartile was considered a ‘low feeding diversity’. Shannon’s diversity index was calculated in Excel.

Mosquito‑vertebrate associations

Of the 10 studies of blood meal origins, data on 41 mosquito species were reported, and data on 12 of these met
the criteria to be included in analysis: Aedes normanensis, Ae. notoscriptus, Ae. procax, Ae. vigilax, Anopheles annulipies, An. bancroftii, Coquillettidia linealis,
Cq. xanthogaster, Culex annulirostris, Cx. sitiens, Cx.
quinquefasciatus and Mansonia uniformis (Fig. 2). All
species, except Ae. procax, showed significant positive
associations with at least one vertebrate host. The strongest positive log odds ratio was between Cx. annulirostris
and the Diprotodontia taxa (possums and kangaroos; log
odds ratio (LOR) = 2.77), followed by Ma. uniformis and
humans (LOR = 2.2). All mosquito species except Ae.
vigilax and Cq. xanthogaster had strong negative association with at least one vertebrate taxon. The strongest
negative log odds ratio was between Cx. quinquefasciatus
and Diprotodontia (LOR = -3.8), followed by Ae. notoscriptus and Artiodactyla (cows, sheep, pigs and goats;
LOR = -2.8).
The mosquito species clustered together in two broad
groups. The first cluster group consisted of seven mosquito species (Cx. quinquefasciatus, Ae. vigilax, Cq. xanthogaster, Ae. procax, Cq. linealis, Cx. sitiens and Ae.
notoscriptus), of which most shared a negative association with the Artiodactyla (6 of the 7 species) and Diprotodontia vertebrates (5/7), and a positive association with
humans (7/7) and Aves (6/7). Within this cluster, Ae.
vigilax and Cq. xanthogaster were in the same clade and
shared a strong positive association with Perissodactyla.
Coquillettidia linealis and Cx. sitiens also shared a clade

Results
Characteristics of the selected studies

We identified ten papers that met the search criteria,
comprising 14,044 mosquito blood meals across 48 mosquito species. Study characteristics and methodologies
are summarised in Table 1. These studies took place at
32 sites across 14 bioregions, in all mainland states and
territories in Australia (Fig. 1). The selected studies were
undertaken over a 62 year-period, from 1954 to 2016.
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Cairns (Queensland),
Urban
Brisbane (Queensland),
Newcastle (New South
Wales), Sydney (New
South Wales)

Brisbane (Queensland)

Shoalwater Bay
(Queensland)

Cape York, Gulf Plains
(Queensland)

Beatrice Hill (Northern
Territory)

Charleville (Queensland) Rural

Jansen et al. [22]

Kay et al. [21]

Frances et al. [32]

van den Hurk et al. [33]

Muller et al. [29]

Kay et al. [30]

Rural

Rural

Rural

Urban

Urban and rural

32 sites (Western
Australia)

Johansen et al. [24]

Urban and rural

Rural

Adelaide Hills, Adelaide
City, Murray River valley (South Australia)

Flies et al. [23]

February (1976)

All year round
(1974–1976)

January–May (1995–
2001)

All year round
(1998–2000)

September–April
(2000–2001)

All year round
(2005–2008)

All year round
(1993–2004)

February, March, October (2002–2006)

August–May (2006–
2015)

Site habitat type Collection months
(years)

Hall-Mendelin et al. [34] (Queensland, Northern
Territory)

Site name (state)

Reference

Aspiration of resting
sites

Light trap (not
specified) and vehicle
mounted trap

CDC + CO2 +/− OCT

EVS + CO2

CDC + CO2 +/− OCT

CDC, EVS + CO2
Unbaited BG sentinel
traps

EVS + CO2

CDC + CO2 +/− octenol

EVS + CO2

Mosquito collection
method

5431 (16)

1628 (18)

2582 (15)

763 (15)

865 (10)

1180 (15)

2606 (29)

1128 (1)

199 (8)

No. of blood meals
(no. of species)
analysed

Table 1 Location and methods for mosquito collection and blood meal analysis for the studies included in this review

Precipitin test

Precipitin test

Gel diffusion immunoassay

Gel diffusion immunoassay

Gel diffusion immunoassay

Indirect ELISA; PCR
using avian- and
mammalian-specific
primers, gene
sequencing

Double-antibody ELISA

Double-antibody ELISA

Cytochrome b PCR
using vertebrate,
avian and mammalian primers, gene
sequencing

Blood-meal analysis
method

Reptile, amphibian, bird,
pig, dog, cat, man,
cow, horse, rodent, bat,
marsupial, carnivore

Cow, horse, dog, human,
marsupial, chicken

Horse, rabbit, rat, human,
dog, chicken, cat, bird,
kangaroo, cow, pig

Human, kangaroo, bird,
dog, horse, cow

Bird, kangaroo, cat, dog,
horse, human, brushtail
possum, flying fox
species

Horse, rabbit, rat, human,
dog, chicken, cat, bird,
kangaroo, cow, pig, 50
wild bird species

Cow, sheep, goat, pig,
rabbit, horse, donkey,
human, cat, fox, dog,
brushtail possum,
quokka, Western grey
kangaroo, mouse,
chicken, duck

Horse, rat, human, dog,
cat, bird, kangaroo,
cow, pig

Dog, cat, cow, sheep,
pig, chicken, brushtail
and ringtail possum,
red kangaroo, koala,
rainbow lorikeet, galah,
Australian magpie

Vertebrate species tested
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48

December–January
(1951–1952)

Aspiration of resting
sites

Mosquito collection
method

14,044 (48)

1231 (15)

No. of blood meals
(no. of species)
analysed

Precipitin test

Blood-meal analysis
method

Human, chicken, cow,
dog, rabbit, horse, marsupial (unspecified)

Vertebrate species tested

Abbreviations: EVS, encephalitis vector survey; CO2, carbon dioxide; CDC, centers for disease control; BG, BioGent; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; OCT, octane

Total

Moree, Hornsby (New
Mostly rural
South Wales), Texas
(Queensland), Golburn
Valley (Victoria),
Canberra (Australian
Capital Territory)

Lee et al. [31]

Site habitat type Collection months
(years)

Site name (state)

Reference

Table 1 (continued)
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Fig. 1 Bioregions in which blood meal studies took place (indicated in red) across Australia (derived from Google Map Data ©)

was reported in five mosquito species; of these, Ae. vigilax had the highest diversity (h-index = 2.17).

and strong negative association with both Artiodactyla
and Carnivora.
The second major cluster group consisted of five mosquito species (Cx. annulirostris, Ae. normanesis, An.
annulipies, An. bancroftii and Ma. uniformis). These species all shared a positive association with Artiodactyla
and a negative association with Aves. Culex annulirostris
and Ae. normanesis were on the same clade and shared
a strong positive association with Perissodactyla and
Diprotodontia. Although they both also had a negative
association with Aves, Carnivora and humans, this was
strongest only for Ae. normanensis. Anopheles annulipies
and Ma. uniformis were on a single clade and were both
had high associations with humans.

Discussion
Our analysis revealed that each mosquito species had a
unique feeding association with different vertebrates,
suggesting species-specific feeding patterns. The hierarchical clustering from the odds ratio analysis sorted mosquitoes into two broad groups: mosquitoes that either
had a positive association with birds (Aves) and negative
association with livestock (Artiodactyla), or vice-versa.
Interpreting the feeding patterns of these particular mosquito species is important, given that at least half of these
mosquitoes have been found to be competent vectors for
notifiable arboviruses in Australia [35–40], whilst the
other half have been demonstrated to carry some viruses,
although their ability to transmit them has not been fully
investigated [41–43].
Intrinsic drivers of mosquito host choices (such as
genetics, larval ecology and dispersal) did not explain
feeding patterns in this analysis. Specifically, mosquito
species did not group together by taxonomic relatedness (e.g. genus). Studies examining the effect of genetics on mosquito host choices have found that offspring

Mosquito feeding diversity

Twenty-two mosquito species met the criteria for inclusion in the diversity analysis based on Shannonʼs index
(Fig. 3), comprising 12,424 individual blood meals in
total. The median h-index reported across all species
was 1.40, and the mean was 1.34. Low feeding diversity (h-index = < 0.99) was observed in five mosquito
species; of which Ae. aegypti had the lowest diveristy
(h-index = 0.72). High feeding diversity (h-index = > 1.64)
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Fig. 2 Feeding associations between Australian mosquito species and vertebrate taxa. Log odds ratio for mosquito species (right hand side)
indicate feeding likelihood on vertebrate taxa (bottom). Mosquito species are sorted in the chart using a hierarchal cluster (left) according to how
similar their vertebrate feeding patterns are

Fig. 3 Shannon’s diversity (h-index) of blood meal origins for Australian mosquitoes, error bars represent the standard error for all measures
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despite being exposed to the same vertebrates in a single
location.
In the odds ratio analysis, Cx. annulirostris exhibited
an unexpected feeding pattern. This species is considered an important vector for medically-important arboviruses [36, 49, 50]; however, the meta-analyses which
included more than 5700 blood meals, found that Cx.
annulirostris had only a weak feeding association with
humans (LOR = -0.74). This is consistent with an early
field study assessing mosquito feeding preferences using
live baits, in which Cx. annulirostris preferred cows, pigs
and dogs more than humans [37]. The analysis based on
Shannonʼs diversity, along with other studies, have identified Cx. annulirostris as a generalist feeder with plastic
feeding patterns that may shift temporally or spatially
[51, 52]. This knowledge, in combination with the widespread distribution of Cx. annulirostris across Australia,
suggests that localised studies of Cx annulirostris feeding
are required to assess the role the species plays in disease
transmission for which it is theoretically an important
vector.
In addition to Cx. annulirostris, Aedes vigilax and Ae.
notoscriptus were identified as generalists due to their
high diversity scores in the Shannon’s diversity analysis. International studies [53–55] suggest that generalist
feeders are capable of playing a role as bridge vectors due
to their ability to acquire pathogens from animal hosts,
and subsequently transmitting the pathogen to humans.
Bridge vectors are particularly important for enzootic
amplification of arboviruses and are often associated with
outbreaks [53]. For the species identified in this analysis as generalists, they have been demonstrated to be
competent vectors of zoonotic arboviruses in Australia
[45, 56–58], and as such should be closely monitored to
reduce transmission between vectors and humans.
The disease ecology associated with specialist feeders is
also important to consider. Here we identified Ae. aegypti
as having the lowest feeding diversity, indicating the species is a specialist feeder. Indeed, more than 70% of the
blood meals originated from humans. The anthropophilic
feeding observed in Ae. aegypti is similar to that reported
in international studies, where 80–99% of all blood meals
are human in origin [59, 60]. This feeding pattern for Ae.
aegypti is consistent with its role as an important vector
of several arboviruses which are transmitted between
humans without an animal reservoir, including dengue,
Zika and chikungunya viruses. Interestingly, although the
importance of Ae. aegypti is recognised, under laboratory
conditions the species has been observed to demonstrate
relatively poor transmission rates for DENV, when compared to other mosquito species [61, 62]. In this case,
being a specialist feeder, preferring mainly humans, is

are more likely to feed on the same host as previous
generations [5, 6]. However, this has only been demonstrated within-species and is unlikely to be important
between species belonging to same genus, particularly
since potential for rapid evolution (due to short generation span) likely reduces the influence that taxonomic
relatedness may have on mosquito feeding host behaviour. Another intrinsic factor, mosquito larval ecology,
may partially explain some clustering. For example, Ae.
normanensis and Cx. annulirostris grouped together and
larvae of both typically inhabit inland freshwater; similarly, the larval habitat of both An. bancroftii and Ma.
uniformis is freshwater swamps. Although this pattern
did not explain all clusters, it implies that local environmental influences, at least partially, drive mosquito host
choice. This is perhaps not surprising when considering
potential limitations on dispersal from larval habitats for
various mosquito species. For example, Ae. vigilax is recognised as having large dispersal capability, being found
more than 50 km from potential saltwater larval habitats,
albeit likely wind-assisted in some cases [44]. This high
dispersal potential suggests that Ae. vigilax can move
readily between locations, allowing feeding on a diversity
of vertebrate taxa, as reflected in our feeding diversity
analysis. As such, whilst genetics and larval habitats may
be important within species on a local scale, they do not
explain the aggregated feeding patterns observed across
Australia.
Extrinsic variables, such as species abundance and
diversity, explain in part some of the feeding associations in this analysis, but not all. Mosquitoes have complex interactions with their environment. Thus, factors
broader than vertebrate abundance alone are important
to consider for mosquito feeding patterns. For example,
mosquito flying/resting height has been linked to host
feeding patterns [45–48]. In two Australian studies, more
Cx. sitiens and Cx. quiquefasciatus were caught in traps
set at least 8 m off the ground, whilst a higher abundance
of Ae. vigilax were found in traps 1.5 m off the ground,
for the same locations [47, 48]. In our meta-analysis, Cx.
sitiens and Cx. quinquefasciatus had strong positive associations with blood meals originating from tree dwelling
bird species (i.e. Australasian figbirds Sphecotheres vieilloti, common myna Sturnus tristis and helmeted friarbirds Philemon buceroides [22]), whilst Ae. vigilax had the
strongest positive associations with ground-dwelling species (horses and humans). This could suggest that whilst
overall vertebrate abundance within a given environment
can influence the availability of a particular host, mosquitoes are highly mobile and may seek a blood meal across
ecological niches within a given habitat. Thus, different
mosquito species can exhibit different feeding patterns
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likely influenced by a suite of intrinsic and extrinsic variables. Broader ecological considerations alongside these
feeding patterns could be useful for the interpretation of
these complex biological systems, but at present data available to do this are limited. Future studies should utilise
multidisciplinary approaches to collect data on vertebrate
communities in parallel with mosquito communities. More
data from both top-down (broad assessments of blood
meals) and bottom-up approaches (specialised host choice
experiments) are needed in conjunction with modelling
techniques to bring these data together for meaningful
interpretation of arbovirus transmission risk in Australia.

what determines the status of Ae. aegypti as an important
disease vector, rather than its competence [63].
Future directions

An absence of data on host availability in the regions
where mosquitoes were collected limits inferences on
host preference specifically. Of the blood meal studies
reviewed here, only one considered host abundance [21].
That study assessed abundance through a local resident
survey on the number of pets, people and estimated
number of possums in the vicinity, adding confidence to
the interpretation of vector-feeding patterns. Such collection of host ecology data in conjunction with bloodfed mosquitoes can be considerably labour-intensive;
however, it provides a more thorough assessment of how
host abundance and biomass may influence observed
mosquito feeding patterns and informs the selection of
appropriate reference samples against which to compare blood meals in the laboratory. Although limited in
their application, other blood-meal studies [64, 65] have
utilised databases, such as the Atlas of Living Australia
(ALA) or the Global Biodiversity Information Facility
(GBIF), to identify potential available vertebrates in the
absence of formal vertebrate surveys. Whilst they are no
substitute for vertebrate surveys, these datasets could be
beneficial for noting the presence of common hosts in
future blood meal studies but are limited in estimating
host density or true absence of a given species.
Although a range of reference vertebrates were often
included in Australian blood-meal studies, they were
rarely a true representation of the vertebrates available to
mosquitoes for feeding. At present there are large gaps in
understanding the role of cryptic, migratory or smaller
mammalian species in mosquito feeding patterns. For
example, only two studies included rabbits [22, 24] and
rodents [22, 23] in their analysis. Despite their small
size, rabbits and rodents were identified to be the origin
of blood meals for Cx. sitiens and Cq. linealis [22]. Mosquito-rodent associations have also been identified in the
literature, where by at least 27% of mice were seropositive
to RRV [58, 66]. It is therefore important that, despite
small body size, rats and rodents are included in future
investigations of mosquito blood meals.

Additional file
Additional file 1: Table S1. Reported blood-meal results for Australian
mosquito species. Numbers in the columns representing number of blood
meals for each vertebrate. Table S2. Derivation of 2 × 2 contingency
tables for mosquito feeding preferences.
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3.9 Supplementary Information
Supplementary Table 1: Derivation of 2x2 contingency tables for mosquito
feeding preferences
Focal host taxon All other hosts
Totals
Focal mosquito species
All other mosquito species
Totals

a

A-a

A

B-a

N-A-B+a

N-A

B

N-B

N

a
Number of records of the focal mosquito species feeding on the focal host taxon
A
Total number of records for the focal mosquito species
B
Total number of records for the focal host taxon
N
Overall number of records
Values in grey shaded cells are obtained by subtraction
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Supplementary Table 2: Reported blood meal results for Australian mosquito species. Numbers in the columns representing number
of blood meals for each vertebrate.
Reference
studies

Human

Dog

Cat

Horse

Bird

Possum

Ae aegypti

[22]

131

23

2

0

10

-

Ae alboannualtus

[31]

2

-

-

-

-

Ae alternans

[31]

-

-

-

-

-

Ae camptorhynchus

5

0

0

-

0

1

0

0

0

1

Ae queenslandis

[23]
[22]
[29]
[22]
[30]
[29]
[33]
[23]
[22]
[30]
[21]
[22]
[21]
[31]

Ae reesi

[29]

Ae subauridorsum
Ae theobaldi

Mosquito species

Ae lineatopennis
Ae multiplex
Ae normanensis

Ae notoscriptus
Ae procax

Ae vigilax

Ae vittiger
An amictus

An annulipes

Marsupial

Flying fox

Cattle

Pig

Rabbit

Sheep

Goat

Fox

Rat

Total

0

-

0

-

1

-

-

-

0

174

-

2

-

-

-

1

-

-

-

-

5

-

-

-

1

-

-

-

-

-

-

1

7

2

-

-

83

-

-

21

2

2

1

125

0

0

-

3

-

5

-

0

-

-

-

0

9

0

0

0

-

1

-

0

-

0

-

-

-

0

1

3

0

17

5

-

54

-

21

2

-

-

-

-

-

104

38

63

4

0

32

44

16

4

2

0

0

0

0

0

2

207

3

17

0

1

8

0

5

0

2

-

0

-

-

-

0

36

5

-

-

-

-

-

24

-

-

-

-

-

-

-

-

29

0

0

-

0

-

-

1

-

1

-

-

-

-

-

-

2

[31]

1

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1

[31]
[32]
[22]
[30]
[21]
[31]
[29]
[33]
[21]
[31]
[33]
[30]
[29]
[23]
[22]
[30]
[31]
[29]

1

-

-

-

1

-

-

-

-

-

2

-

-

-

-

4

37

47

3

25

45

12

30

1

37

2

30

-

-

-

6

278

6

2

0

3

1

1

1

0

1

0

-

-

-

-

-

15

0

3

0

0

0

-

0

-

2

0

-

-

-

-

-

5

41

187

18

29

62

0

104

-

276

3

579

0

0

0

0

1332

56

An hilli

[30]
[29]
[30]
[29]
[30]

An meraukensis

[29]

0

0

-

0

-

-

0

-

2

-

-

-

-

-

-

2

An novaguinensis

[29]

0

0

-

0

-

-

0

-

6

-

-

-

-

-

-

6

An stigmaticus

-

-

-

-

-

-

2

-

-

-

-

-

-

-

-

2

4

3

0

4

7

1

8

0

1

-

10

0

0

0

2

41

0

15

1

5

17

0

10

0

7

-

0

-

-

-

0

55

183

673

42

258

503

57

2884

1

808

347

143

11

0

0

44

6089

0

1

0

5

17

2

0

0

0

-

0

-

-

-

0

25

0

3

0

0

2

-

6

-

0

0

-

-

-

-

-

11

Cx fatigans

[31]
[23]
[22]
[21]
[22]
[21]
[29]
[23]
[32]
[34]
[22]
[24]
[30]
[21]
[31]
[29]
[33]
[22]
[21]
[30]
[29]
[33]
[31]

54

12

-

15

197

-

-

-

2

-

-

-

-

-

-

280

Cx globocoxitus

[23]

2

0

2

-

9

0

-

-

1

-

-

0

0

0

0

14

Cx halifaxii

[22]

0

0

0

0

1

-

0

-

0

-

0

-

-

-

0

1

Cx hilli

[22]
[30]
[29]
[23]
[22]
[22]

3

1

0

0

0

-

0

-

0

-

0

-

-

-

0

4

10

6

3

0

5

-

0

-

3

0

-

-

-

-

-

27

3

1

0

0

10

0

0

-

3

-

0

0

0

0

0

17

1

0

0

0

1

-

0

-

1

-

0

-

-

-

0

4

0
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Thesis chapter statement:
The primary focus of this PhD is on the transmission dynamics of RRV. Rarely, however, do
viruses circulate between organisms independently. The primary vectors of RRV are also
capable of transmitting dengue and Barmah Forest virus, both of which cause clinical disease
in humans. This chapter compiles published seroprevalence reports or RRV, dengue and BFV
in humans throughout the distribution of RRV. In doing so, the results inform Chapter 5
through the assessment of serological methods to be used later in this thesis.
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4.1 Abstract
4.1.1 Introduction
Dengue (DENV), Ross River (RRV) and Barmah Forest viruses (BFV) are the commonest
human arbovirus infections in Australia and the Pacific Island Countries and Territories
(PICTs), and are associated with debilitating symptoms. All are nationally notifiable in
Australia, but routine surveillance is limited to a few areas in the PICTs. Understanding the
level of human exposure to these viruses would inform disease management and mitigation
strategies. So, we conducted a systematic literature review of all quantitative serosurveys
published for these viruses in Australia and the PICTs over a 52-year period (1966-2018).
4.1.2 Methods
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The Preferred Reporting of Items for Systematic Reviews and Meta-Analyses (Checklist S1:
PRISMA Checklist) procedures were adopted to produce a protocol to systematically search
for published studies reporting the seroprevalence of DENV, RRV and BFV in Australia and
the PICTs. We identified 34 papers. Data for year, location, study population, serosurvey
methods, results and study limitations were extracted.
4.1.3 Results
The 34 papers reported 74 serosurveys of DENV, RRV and BFV including 109,440 samples.
Seroprevalence varied depending on the assay used and location of the study population.
Dengue seroprevalence ranged from 0.16% to 95.59% seropositivity, while RRV and BFV
ranged from 0.00% to 73.97%, and 0.28% to 6.47%, respectively. We discuss some of the
causes of variation including serological methods used (such as sensitivity and specificity of
assays), study populations (including age), and study site.
4.1.4 Conclusion
Human serosurveys provide important information on the extent of human exposure to
arboviruses across: 1) time, 2) location, and 3) person (e.g. age and gender). Interpreting results
obtained at these scales has the potential to inform us about transmission cycles, improve
diagnostic surveillance, and mitigate future outbreaks. Future research should streamline
methods and reduce bias to allow a better understanding of the burden of these diseases and
the factors associated with seroprevalence.
4.2 Author summary:
Mosquito-borne viruses contribute significantly to the global burden of diseases.
Understanding infection rates in human populations is important for informing management.
Serosurveys measure population immunity consequent upon arbovirus infections. Here we
systematically review serosurveys conducted for three viruses associated with large public
health burdens in Australia and the PICTs; dengue virus (DENV), Ross River virus (RRV),
and Barmah Forest virus (BFV). We identified 34 studies reporting 74 serosurveys between
1966 and 2018. For DENV we found the highest seroprevalence was reported in the Pacific
with surveys in American Samoa, French Polynesia and Papua New Guinea reporting
seropositivity greater than 80%. For RRV we found early evidence (before 1975) of circulation
outside Australia. There were fewer studies of BFV and these reported low seroprevalence
(<6%) and were conducted in Australia. Researchers used different serological methods so
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study comparisons must be nuanced and it is often not appropriate to pool results from different
years and locations. This limits ability to identify risk groups within populations.
Keywords: Exposure, epidemiology, risk factor, public health, transmission dynamics
4.3 INTRODUCTION

Arboviruses are considered a global public health priority with more than four billion people
at risk (1). Efforts to manage the global spread of arboviruses are hampered by asymptomatic
infections, complicated vector-host dynamics, and environmental change (2, 3). This has been
most evident through the globally increasing number and severity of arboviral epidemics,
including Zika, West Nile, and dengue viruses, over the past 50 years (2, 4). Human
serosurveys are an epidemiological tool regularly adopted to better understand and inform the
management of arboviruses. When serosurveys are conducted over wide temporal and spatial
scales, they can be used to: 1) identify exposure rates and viruses currently circulating within
a population, 2) identify susceptible populations and thus potential outbreaks, 3) and
distinguish symptomatic from asymptomatic infections. Serosurveys measure population
immunity and this is useful for assessing population risk and building predictive transmission
models.
Several arboviruses have been reported to circulate in Australia and the Pacific Island Countries
(PICTs), including dengue virus (DENV), Ross River virus (RRV) and Barmah Forest virus
(BFV). Of these, DENV is associated with the greatest public health threat. Dengue is a single
stranded, positive-sense RNA flavivirus. It comprises four serotypes (DENV-1, DENV-2,
DENV-3 and DENV-4) with the genome 65% identical, near identical clinical syndromes, and
the occupation of the same ecological niche (5). Infection ranges from asymptomatic, to classic
dengue fever or more severe forms of disease, such as haemorrhagic fever and dengue shock
syndrome (6). Severe DENV cases are associated with high human morbidity and around
20,000 deaths per year globally (7). The cost of DENV disease management in Australia is
around AU$17 million annually (8). Recently, there has been an increase in number of dengue
cases reported in some of the PICTs, including the Solomon Islands, Vanuatu, Fiji and Palau
(9). Dengue transmission is primarily via human-mosquito-human transmission involving
Aedes aegypti. Regional variation in epidemiology arises because of host (e.g. behaviour,
population age structure), agent (e.g. co-circulation of serotypes, extrinsic incubation period)
and environmental (e.g. Aedes aegypti behaviour, built environment, global climate change)
factors (10).
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Both RRV and BFV are single stranded positive-sensed RNA alphaviruses (11). Ross River
virus is the most common and widespread arbovirus in Australia, accounting for more than
64% of all human vector-borne infection notifications since 1991 (12). Although RRV and
BFV have a nation-wide distribution in Australia, the number of notifications for BFV is
approximately half those of RRV, averaging around 2,500 notifications annually (12). Ross
River and BFV are zoonotic, maintained in multiple vector and host species (13, 17). Patients
infected with RRV or BFV may be asymptomatic; present with mild symptoms such as a fever
and rash; or succumb to debilitating polyarthralgia or arthritis (11, 13). Reports of RRV in the
PICTs date back to the 1970’s, however until recently, RRV was thought to be endemic only
in Australia (14). There is evidence for transmission of RRV outside Australia, including
French Polynesia and American Samoa (15, 16). No evidence exists for the circulation of BFV
outside Australia.
The significant public health and economic burden strongly justifies assessment of past and
current circulation of DENV, RRV and BFV. Consequently, we systematically reviewed
serosurveys for these three viruses in Australia and the PICTS. Thorough synthesising these
studies, we aim to identify trends in seroprevalence and critique study designs.

4.4 METHODS

4.4.1 Search strategy and selection criteria
We searched Web of Knowledge TM Thomson Reuters, PubMed, Google Scholar and Science
Direct for original research articles on the seroprevalence of Barmah Forest (BFV), Dengue
(DENV) and Ross River virus (RRV) among humans in Australia and the Pacific Island
Countries and Territories (PICTs). Broad search terms were used to maximise the chances of
capturing all relevant research articles. The following combinations of keywords were used to
search the literature: ‘Ross River virus’, ‘Ross River fever’, ‘Barmah Forest virus’, ‘Dengue
virus’,

‘sero-prevalence’,

‘seroprev*’,

‘serosurv*’,

‘serolog*’,

‘sero-epidemiology’,

‘seroepidemiology’, ‘serum’, ‘antigen’, ‘antibod*’, ‘hemagglutination’, ‘hemagglutination
inhibition’, ‘IgM’, ‘IgG’, ‘immunoglobulin’, ‘neutralization’, ‘neutralisation’, ‘assay’,
‘enzyme-linked immunosorbent assay’, ‘ELISA’, ‘patholog*’. We used the asterisk * operator
as a wildcard to search for all possible variations of a keyword. We also searched reference
lists of selected papers to identify additional articles. All the retrieved articles were screened
by three authors (EBS, ETM and JAW) based on inclusion and exclusion criteria (Table 1).
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Table 1. Article selection criteria.
Inclusion criteria
Quantitative serological survey conducted
using the following assays:
1) ELISA (IgM or IgG),
2) Neutralisation tests (NT) and,
3) Hemagglutination Inhibition test (HI)
Study conducted on humans

Exclusion criteria
Case Reports

Serological testing for DENV, RRV or BFV

The following studies:
1) Modelling studies
2) Genetic analysis of known cases
3) Retrospective analysis of an outbreak
4) Studies focusing only on optimising
methods
Studies not conducted in geographical
region of interest (i.e. Australia or the
PICTs)
Studies not conducted on DENV, RRV or
BFV

Study conducted on non-human species

Study undertaken within Australia or the
PICTs
Studies written in English

4.4.2 Data extraction
For each reference we extracted the study year(s), site, risk factors (such as age or sex),
virus(es) investigated, serological method(s) used, number of samples tested, and the number
of serologically positive samples. Data were extracted by a single author for a single virus and
once complete, all extracted data were cross-checked by a different author. Table S2 shows all
the data extracted from each study.
4.4.3 Data analysis
Forest plots were made incorporating serosurvey results (Figures 2a, 2b and 2c) using the
method developed by Bailey (18). Results were ordered by the serological method
(Hemagglutination inhibition (HI), neutralisation test (NT), enzyme-linked immunosorbent
assay (ELISA) IgM and ELISA IgG) used. Studies using multiple methods therefore produced
more than one result. Statistical heterogeneity between included studies reporting
seroprevalence using different serological methods was determined by calculation of
Cochrane’s Q and the I2 score as described by Neyeloff et al (S3 Table) (19). We then used
ArcGIS (version 10.4.1), to visualise seroprevalence during 1960 to 1979, 1980 to 1999, and
2000 to 2018.
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4.5 RESULTS

4.5.1 Reported seroprevalence for DENV, RRV and BFV
Of 1684 studies identified, 34 met our inclusion criteria (Figure 1) and these reported 74
serosurveys. Serosurveys spanned 52 years (1966 – 2018) and included 109,440 human
samples. The majority of samples were tested for RRV (n = 52,201), followed by DENV (n =
30,134) and BFV (n = 27,105). Dengue virus had the largest seropositivity range (between
0.16% to 95.59%, Figure 2a). Dengue virus also had the highest median seroprevalence of
23.05% positivity, compared to 9.10% and 1.60% in RRV and BFV, respectively. Studies
assessing RRV also reported a large range of seropositivity (0.00% to 73.97%, Figure 2b).
However, in contrast to DENV and RRV, the reported seroprevalence range for BFV was small
(0.28% to 6.47%, Figure 2c).
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Figure 1. Flow diagram of the systematic search strategy used to identify and include studies into our systematic review of reported DENV, RRV and BFV
seroprevalence among humans in Australia and the PICTs.
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There was high variability of reported seroprevalence using the HI, NT, ELISA IgM and
ELISA IgG methods for DENV and RRV but low variability for BFV serosurveys across all
serological methods (Figure’s 2a-c). For each virus, Cochrane’s Q was greater than the number
of degrees of freedom and the I2 score exceeded 75% indicating high variability among studies
(Figures 2a-c).

Figure 2a. Forest plot for DENV. Reported seroprevalence within each study (square brackets),
categorised by serological method (HI, NT, ELISA IgM and ELISA IgG). For each study; the size of
the square represents the total number of samples tested, while the horizontal line indicates the range
with the midpoint of each square being the total reported seroprevalence rate. The diamond represents
the pooled (“Overall meta”) estimate, whereas the dashed line signifies the overall mean of the pooled
estimate and the tips of the diamond on the left and right side represent the lower and upper range limits.
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Figure 2b. Forest plot for RRV. Reported seroprevalence within each study (square brackets),
categorised by serological method (HI, NT, ELISA IgM and ELISA IgG). For each study; the size of
the square represents the total number of samples tested, while the horizontal line indicates the range
with the midpoint of each square being the total reported seroprevalence rate. The diamond represents
the pooled (“Overall meta”) estimate, whereas the dashed line signifies the overall mean of the pooled
estimate and the tips of the diamond on the left and right side represent the lower and upper range limits.
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Figure 2c. Forest plot for BFV. Reported seroprevalence within each study (square brackets),
categorised by serological method (HI, NT, ELISA IgM and ELISA IgG). For each study; the size of
the square represents the total number of samples tested, while the horizontal line indicates the range
with the midpoint of each square being the total reported seroprevalence rate. The diamond represents
the pooled (“Overall meta”) estimate, whereas the dashed line signifies the overall mean of the pooled
estimate and the tips of the diamond on the left and right side represent the lower and upper range limits.

4.5.2 Serosurvey methods adopted
The majority of DENV (n = 7/14) and BFV (n = 7/15) surveys utilised ELISA methods for IgG
antibodies (Table 2). For RRV, the HI assay was the most common (15 of 45 studies and 41%
of samples) (Table 2). Neutralisation assays were used only in RRV serosurveys (n = 14/45).
ELISA (IgM) was used in fewer studies but more individuals were analysed than any other
single method (9/74 = 12% and 52129/109440 = 47.63%, respectively).
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Table 2. Serological methods used to test samples for each virus
Virus

ELISA (IgG)

ELISA (IgM)

HI

NT

Total

No. of
studies

No. of
samples

No. of
studies

No. of
samples

No. of
studies

No. of
samples

No. of
studies

No. of
samples

No. of
studies

No. of
samples

DENV 7

10,233

3

16,256

2

2,723

2

924

14

30,134

RRV

13

8,942

3

18,050

15

21,314

14

3,895

45

52,201

BFV

7

2,839

3

17,825

2

5,550

3

891

15

27,105

Total

27

22,014

9

52,129

19

29,587

19

5,710

74

109,440

Studies that used ELISA IgM produced the smallest variability in seroprevalence (median
values = 1.00%, 0.90%, and 1.90% for DENV, RRV and BFV, respectively). A significant
number of studies (DENV = 54.50%; RRV = 53.80%; and BFV = 75.00%) reported a
seroprevalence below the pooled estimate (“Overall meta” in Figures 2a, 2b and 2c).
4.5.3 Spatiotemporal trends in reported seroprevalence
Dengue virus serosurveys were performed in eight countries plus two Australian states (Figure
3). The majority of human samples tested for DENV originated from Queensland (66.95%, n
= 20177/30134). The highest DENV seroprevalence was reported in American Samoa
(95.59%, n = 759/794), followed by French Polynesia (76.89%, n = 1055/1372) and Indonesia
(69.29%, n = 2216/3198). The lowest DENV seroprevalence was reported in Victoria (4.78%,
n = 59/1232), Queensland (6.56%, n = 1324/20177) and the Philippines (9.01%, n=77/854).
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Figure 3: The spatiotemporal trends in reported DENV, RRV and BFV seroprevalence in Australia and the PICTs between 1960 and 2018. The
figure shows variation in reported seroprevalence within Australia and in individual PICTs (coloured) across different time periods, and notes
areas within Australia and the PICTs which were not tested for each virus across these time periods.
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Ross River virus serosurveys were undertaken in 13 countries, and additionally within
Australia each state and territory (with the exception of the Australian Capital Territory (ACT)
(Figure 3). One third (n = 17932/52201) of the samples were collected in Queensland. The
highest RRV seroprevalence was reported in American Samoa (64.2%, n = 145/226), followed
by Papua New Guinea (33.8%, n = 204/604) and New South Wales (29%, n = 3439/11827).
All samples originating from Malaysia (n = 219), New Caledonia (n = 72), the Philippines (n
= 344), Taiwan (n = 36) and Vanuatu (n = 104) were seronegative for RRV.
Serological surveys for BFV have only been undertaken in Australia, but were reported in every
state and territory except the ACT (Figure 3). The majority of samples were collected in
Queensland (n = 11686/27105). The Northern Territory reported the highest BFV
seroprevalence (3.7%, n = 13/354), followed by New South Wales (2.4%, n = 103/4368).
Tasmania and Western Australia had the lowest BFV seroprevalence with only 0.8% (n =
3/355) and 1.2% (n = 8/680) samples testing positive for BFV, respectively.
4.5.4 Reported risk factors
Of the 14 DENV studies, four reported age-specific seroprevalence. Within these, three tested
for statistical associations between seroprevalence and age, and two reported a significant
positive relationship (Table 3). For RRV, more studies reported age-specific seroprevalence (n
=7). However only two studies statistically tested associations with one reporting an increasing
seroprevalence with increasing age. Three Barmah Forest virus studies reported age-specific
seroprevalence and two statistically tested the relationship, with one finding a positive
association (Table 3).
Most studies included age, gender, Indigenous status and occupation. Most studies in which
age was measured showed higher seropositivity with increasing age in both males and females.
Very few studies collected occupational data.
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Table 3. Studies reporting risk factors
Study (Year)
[Reference]

Risk
factor(s)
measured

Statistical test

Major findings

Prayitno et al (2017)
[31]
Faddy et al (2013) [32]

Age

Odds ratio

Age

Test not specified

Ratnam et al (2012) [33]

Age

Aubry et al (2018) [35]

Age

Univariate regression
analysis
Fishers exact test

McBride et al (1998)
[34]
Ross River virus

Age

Not assessed

Seroprevalence increased with age
(p<0.0001).
Seroprevalence increased with age
(p<0.05).
Age was not significantly associated with
seropositivity.
Seroprevalence among schoolchildren
was significantly lower than in the
general population.
Seroprevalence increased with age.

Faddy et al (2015) [20]

Age

Odds ratio,
multivariate logistic
regression analysis
Odds ratio,
multivariate logistic
regression analysis
Fishers exact test

Dengue virus

Sex

Aubry et al (2017) [29]

Age

Phillips et al (1990) [27]
Fraser et al (1986) [23]

Age
Sex
Age

Age group 45-54 and >65 had a
significant relationship (p<0.001) with
IgG seropositivity.
Males were significantly more likely to
be IgG positive (p<0.001)

Liehne et al (1976) [21]

Sex
Age

Not assessed
Not assessed
Logistic regression
coefficients
Not assessed
Not assessed

Seroprevalence among schoolchildren
was significantly lower than in the
general population.
Seroprevalence increased with age
Seroprevalence was greater in males
Seroprevalence increased with age
(p<0.001)
Not reported
Not reported

Tesh et al (1975) [22]

Age

Not assessed

Not reported

Doherty et al (1968)[24]

Age

Not assessed

Not reported

Stallman et al (1976)
[25]
Dodsley et al (2001)[26]

Age
Sex
Age

Not assessed
Not assessed
Not assessed

Not reported
Not reported
Not reported

Doherty (1971) [28]

Age
Sex

Not assessed
Not assessed

Not reported
Not reported

Age

Age group 45-54 and >65 had a
significant relationship (p<0.001) with
IgG seropositivity.
Males were significantly more likely to
be IgG positive (p<0.001).

Age

Odds ratio,
multivariate logistic
regression analysis
Odds ratio,
multivariate logistic
regression analysis
Test not specified

Age
Sex

Not assessed
Not assessed

Barmah Forest virus
Faddy et al (2015) [20]

Sex

Hawkes et al (1987)
[30]
Phillips et al (1990) [27]
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Seroprevalence increased with age
(p<0.05).
Seroprevalence increased with age
Seroprevalence was greater in males

4.6 DISCUSSION
Our review of DENV, RRV and BFV human seroprevalence in Australia and the PICTs reveals
variability in serological methods, study populations and potential risk factors assessed. Study
heterogeneity makes it challenging to estimate human exposure. The findings from this
research have practical implications for management of these arboviruses in Australia and the
Pacific. Specifically, they can inform public health authorities on the historical and spatial
transmission dynamics of DENV, RRV and BFV. Policies that develop from these findings
could target areas of high risk, or better inform local and migrating populations of potential
transmission risks.
4.6.1 Dengue virus seroprevalence
Globally the highest burden of DENV is in low- and middle-income countries (37, 38). This
was also true in the studies reviewed here. Several countries in the PICTs, including Papua
New Guinea, Fiji and the Samoan Islands are low income countries. These countries have
limited resources and infrastructure, and consequently do not undertake routine active
surveillance for DENV (39). This may be why there are no published DENV serosurveys
between 1966 and 1979, and between 1980 and 1999 serosurveys were only undertaken in
Australia and New Zealand (34, 40). Serosurveys conducted in more recent decades (2000–
2018) reported a higher DENV seroprevalence in the PICTs than in Australia, with as much as
95% and 77% of all samples in American Samoa and the French Polynesia, respectively, testing
seropositive (35, 41). Several factors cause the high burden of DENV in the Pacific. Firstly,
the abundance of competent anthropophilic vectors (including Aedes albopictus and Aedes
aegypti) in the PICTs maintain on-going transmission in human populations. Secondly,
resource availability to manage vector populations and diagnose DENV cases is limited. In
most of these countries, diagnostic testing is reliant on healthcare practitioners and laboratory
staff and the requisite expertise and equipment are not readily available (41). Efforts for
surveillance of DENV are on-going in these areas, and while serological surveys can provide
a measure for exposure rates of DENV in humans to identify future at risk populations, more
surveys are needed in the PICTs.
Geographical aggregation of DENV serosurvey results may be misleading. The time and place
at which serosurveys were conducted reflect the epidemiology and ecology of the virus, but
are also determined by the research interests, funding and infrastructure. Dengue
seroprevalences in Victoria and New Zealand (4.40% and 10.00%, respectively) do not result
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from authochthonous transmission (33, 40). Study samples comprised returning travellers who
had acquired infection elsewhere, most commonly Southeast Asia and the Pacific, where
DENV is endemic. Infected travellers potentially pose a threat to local populations. This is
particularly important in Northern Queensland where the primary vector of DENV, Ae. aegypti,
is well established.
4.6.2 Ross River virus seroprevalence
Ross River virus was first isolated in 1954 in Townsville and is considered endemic in Australia
(11) consequent upon the presence of competent vectors and hosts (42). However, RRV may
have been circulating outside Australia at least since 1975 when human seropositivity between
20 and 34% was reported in Indonesia and Papua New Guinea (22). An outbreak of RRV
involved New Caledonia, Fiji, Samoa and the Cook Islands between 1979 and 1980 (43, 44).
Rates of infection up to 90% inferred from serosurveys (14) suggested the people were
serologically naïve. However, it is possible that RRV was transmitted before 1979 but was only
studied and reported during the outbreak.
Our review indicates that transmission is increasing in some countries in this region.
Seroprevalence in the Solomon Islands was 0% in 1972 (22, 44) but 43.80% in 1980 (22), and
74% in 2017 (16). Ross River virus can be transmitted by several mosquito vectors and
amplified by a number of vertebrate hosts (17). Consequently, it is geographically mobile and
has been reported to move into serologically naïve human populations. The clinical signs can
appear similar to that of chikungunya (CHIKV) or DENV, and so may have been
misdiagnosed. Testing should be performed in areas where CHIKV and DENV occur but RRV
is thought not to, such as the Philippines, Taiwan and Malaysia.
4.6.3 Barmah Forest seroprevalence
Barmah Forest virus was first isolated in 1974 (45) and there were no serosurveys until 1986
(46). Cases may have been misdiagnosed as RRV as these viruses share the same geographical
distribution, clinical symptoms, vectors, and possibly reservoir hosts (13). The highest
seroprevalence was 6%. The causes for rarity relative to RRV are unknown. Infection with one
of these alphaviruses may protect against the other (47) so high RRV population immunity may
limit the number of BFV infections. Barmah Forest virus serosurveys have been conducted in
all states and territories in Australia but not in the PICTs (20, 27, 30, 46, 48-50). Future
serological surveys conducted in the PICTs should also include BFV.
4.6.4 Serological assays
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The gold standard for serological testing is the plaque reduction neutralisation test (PRNT)
(51). Although highly specific this is labour intensive, requires skilled personnel, takes several
days for a result and requires the handling of live virus within biosafety facilities.
Consequently, in lower to middle income countries this assay is rarely available. Alternative
methods such as ELISA assays with high sensitivity and lower specificity are more readily
available. Neutralisation assays were used in earlier studies but ELISA is more common in
more recent years. This may reflect greater accessibility of ELISA assays in low- and middleincome countries.

Generally IgM antibodies are produced immediately after exposure to a pathogen and can only
rarely be detected several years post-exposure (52). Immunoglobulin G (IgG) levels rise a few
weeks post-infection and can sometimes be detected several years following exposure (52).
More than half of the samples in this review were tested for IgM antibodies. This explains the
consistently low seroprevalence reported using ELISA IgM assays because outside outbreak
events, only a small proportion of the population is likely to be currently or to have been
recently infected with DENV, RRV or BFV. The primary aim of studies investigating the IgM
seroprevalence of these arboviruses was to quantify the current risk of infecting people through
blood transfusions from donor blood supplies (20, 32, 53).

4.6.5 Risk factors
A number of social and demographic variables are associated with arboviral infections. Socialeconomic variables, including housing and income, are also important. People in developed
countries are more likely than others to have piped water, insect screening and air-conditioning,
which reduce breeding of and contact with disease vectors (64). These factors, however, are
highly dependent on the study area and the disease system. We note a higher reported
seroprevalence of DENV in low- or middle-income countries, which may be attributed to
housing conditions or finite medical resources [36]. For RRV and BFV, however, this pattern
is not observed. Across all studies reviewed here, none collected data on socio-economic
variables, and thus no conclusions can be drawn on a finer, local scale.

Despite age being importantly associated with arboviral disease, few studies reviewed
statistically tested the relationship between age and seroprevalence. Contradictory significant
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positive and negative associations were reported for each virus. This might be because the
reported serosurveys include biased samples. Several of the studies here used opportunistic
sampling (such as blood donors or volunteers) [20, 32], which are not representative of age
groups and sexes within the population. More representative sampling for serosurveys would
ameliorate this.
Limitations
This review aimed to summarise all published research documenting human seroprevalence of
RRV, DENV and BFV in Australia and the PICTs. One key limitation of this is that a lack of
published seroprevalence reports does not indicate that one of these viruses does not circulate
in each region or at a given time period. As such the aggregated findings of this literature
review are limited to identify long-term spatial and temporal trends for the circulation of these
viruses, but valuably highlights the spatial and temporal trends in diagnostic testing.

4.7 CONCLUSION
Serosurveys are an important tool to measure human exposure to arboviruses. They are more
powerful when standardised and conducted using highly sensitive and specific diagnostic
methods. This review aimed to identify epidemiologically relevant trends, potential biases and
risk factors associated with DENV, RRV and BFV seropositivity in Australia and the PICTs.
There is variability in reported seroprevalence, study designs, and methods adopted for DENV,
RRV and BFV seropositivity. Most studies did not conduct statistical analyses to determine the
significance of risk factors, or the accuracy of the method used to detect seroconversion. To be
able to rationally compare studies and therefore reach statistically significant results in a metaanalysis, we believe future serosurveys conducted in Australia and the PICTs should be
standardised. The emergence of medically important arboviruses in new geographical areas
(e.g Japanese Encephalitis virus in India, West Nile virus in North America, and Zika virus in
Brazil [65]) emphasises the importance of building knowledge of the transmission and
maintenance of these viruses. Serosurveys provide important data to this end. Knowledge of
DENV, RRV and BFV transmission is important for understanding these viruses in Australia
and the PICTs and will translate to a better understanding of other arboviruses.
Acknowledgements
We would like to broadly acknowledge the LJH’s lab members for their guidance and revisions
of this manuscript. We would also like to acknowledge Hamish McCallum, Alison Peel, Simon

78

Reid and Cassie Jansen for being part of a supervisory team, for which this research contributes
to.
Funding
LJH is the recipient of the Australian National Health and Medical Research Council Career
Development Award (ID: 105760).
EBS is the recipient of an Australian Government Research Training Program
Author Contributions
Conceptualisation: LJH, ETM, EBS, JAW, DH.
Data curation: ETM, EBS, and JAW.
Formal analysis: ETM and EBS.
Funding acquisition: LJH.
Investigation: ETM, and EBS.
Methodology: ETM and EBS.
Project administration: LJH and DH.
Supervision: LJH.
Visualisation: ETM and EBS.
Writing – original draft: ETM and EBS.
Writing review and editing: ETM, EBS, JAW, DH, and LJH.

4.8 REFERENCES
1.
Shaw WR and Catteruccia F. Vector biology meets disease control: using basic research
to Fight vector-borne diseases. Nature Microbiology, 2018; p. 1.
2.
Weaver SC. Prediction and prevention of urban arbovirus epidemics: A challenge for
the global virology community. Antiviral Research, 2018; 156: p. 80 - 84.
3.
Wilder-Smith A, Gubler DJ, Weaver SC, Monath TP, Heymann DL, Scott TW.
Epidemic arboviral diseases: priorities for research and public health. The Lancet infectious
diseases. The Lancet Infectious Diseases, 2017; 17(3): p. e101 - e106.
4.
Calvez E, Mousson L, Vazeille M, O'Connor O, Cao-Lormeau VM, Mathieu-Daude F,
et al. Zika virus outbreak in the Pacific: Vector competence of regional vectors. PLoS
Neglected Tropical Diseases, 2018; 12(7): p. e0006637.
5.
Halstead SB. Dengue virus–mosquito interactions. Annual Review of Entomology,
2008; 53: p. 273 - 291.
6.
Bandyopadhyay S, Lum LC, Kroeger A. Classifying dengue: a review of the difficulties
in using the WHO case classification for dengue haemorrhagic fever. Tropical Medicine &
International Health, 2006; 11(8): p. 1238 - 1255.
7.
Fitzpatrick C, Haines A, Bangert M, Farlow A, Hemingway J, Velayudhan R. An
economic evaluation of vector control in the age of a dengue vaccine. PLoS Neglected Tropical
Diseases, 2017; 11(8): p. e0005785.

79

8.
Canyon DV. Historical analysis of the economic cost of dengue in Australia. Journal of
Vector Borne Diseases, 2008; 45: p. 245 - 248.
9.
International Federation of Red Cross and Red Crescent Societies. Solomon Islands:
Dengue outbreak Emergency Plan of Action (EPoA) DREF Operation MDRSB005, 2016.
10.
Akter R, Naish S, Hu W, Tong S. Socio-demographic, ecological factors and dengue
infection trends in Australia. PLoS One, 2017; 12(10): p. e0185551.
11.
Harley D, Sleigh A, Ritchie S., Ross River virus transmission, infection, and disease: a
cross-disciplinary review. Clinical Microbiology Reviews, 2001; 14(4): p. 909 - 932.
12.
Government of Australia. National Notifiable Disease Surveillance System. 2018.
13.
Jacups SP, Whelan PI, Currie B. Ross River virus and Barmah Forest virus infections:
A review of history, ecology, and predictive models, with implications for tropical northern
Australia. Vector-Borne and Zoonotic Diseases, 2008; 8(2): p. 283 - 297.
14.
Aaskov JG, Mataika JU, Lawrence GW, Rabukawaga V, Tucker MM, Miles JA et al.
An epidemic of Ross River virus infection in Fiji. American Journal of Tropical Medicine and
Hygiene, 1981; 30(5): p. 1053 - 1059.
15.
Aubry M, Finke J, Teissier A, Roche C, Broult J, Paulous S et al. Silent Circulation of
Ross River Virus in French Polynesia. International Journal of Infectious Diseases, 2015; 37:
p. 19 - 24.
16.
Lau C, Aubry M, Musso D, Teissier A, Paulous S, Despres P et al. New evidence for
endemic circulation of Ross River virus in the Pacific Islands and the potential for emergence.
International Journal of Infectious Diseases, 2017; 57: p. 73 - 76.
17.
Stephenson EB, Peel AJ, Reid SA, Jansen CC, McCallum H. The non-human reservoirs
of Ross River virus: a systematic review of the evidence. Parasites & Vectors, 2018; 11(1): p.
188.
18.
Bailey TM. ForestPlot Tool version 504 (MS Excel workbook). 2009.
19.
Neyeloff JL, Fuchs S, Moreira LB. Meta-analyses and Forest plots using a Microsoft
excel spreadsheet: a step-by-step guide focusing on descriptive data analysis. BioMedCentral
Research Notes, 2012; 5(52): p. 1 - 6.
20.
Faddy H, Dunford M, Seed C, Olds A, Harley D, Dean M et al. Seroprevalence of
Antibodies to Ross River and Barmah Forest Viruses: Possible Implications for Blood
Transfusion Safety After Extreme Weather Events. Ecohealth, 2015; 12(2): p. 347 - 353.
21.
Liehne CG, Stanley NF, Alpers MP, Paul S, Leihne PF and CHAN KH. Ord River
Arboviruses - Serological Epidemiological. Australian Journal of Experimental Biology and
Medical Science, 1976; 54(5): p. 505 - 512.
22.
Tesh RB, Gajdusek DC, Garruto RM, Cross JH, Rosen L. The distribution and
prevalence of group A arbovirus neutralizing antibodies among human populations in
Southeast Asia and the Pacific islands. American Journal of Tropical Medicine and Hygiene,
1975; 24(4): p. 664 - 675.
23.
Fraser JR, Christie DG, Gust ID, White J, Leach R, Macaulay ED et al. Arbovirus
Infection in a Murray valley Comunity. Australian and New Zealand Journal of Medicine,
1986; 16: p. 52 - 57.
24.
Doherty RL, Standfast HA, Wetters EJ, Whitehead RH, Barrow GJ, Gorman BM. Virus
iolation and Serological Studies of Arthropod-borne virus infectios in a high rainfall area of
North Queensland. Transactions of the Royal Society of Tropical Medicine and Hygiene, 1968;
62(6): p. 862 - 867.
25.
Stallman ND, Wiemers MA, Bourke ATC. Serology in diagnosis and surveys of man.
1976.
26.
Dodsley NA, Broom AK, Smith DW, Plant AJ, Lindsay MD. Ross River virus:
Determining the Prevelance in the South West of Western Australia. Arbovirus Research in
Australia, 2001; 8: p. 122 - 125.

80

27.
Phillips DA, Murray JR, Aaskov JG, Wiemers M. Clinical and subclinical Barmah
Forest virus infection in Queensland. Medical Journal of Australia, 1990; 152: p. 463 - 466.
28.
Doherty RL. Surveys of Haemagglutination-Inhibiting Antibody to Arboviruses in
Aborigines and Other Population Groups in Northern and Eastern Australia, 1966–1971.
Transactions of the Royal Society of Tropical Medicine and Hygiene, 1973; 67(2): p. 197 205.
29.
Aubry M, Teissier A, Huart M, Merceron S, Vanhomwegen J, Roche C et al. Ross River
Virus Seroprevalence, French Polynesia, 2014 - 2015. Emerging Infectious Diseases, 2017;
23(10): p. 1751 - 1753.
30.
Hawkes RA, Boughton CR, Naim HM, Myrick BA, Ramsay LG. Barmah Forest virus
infections in humans in New South Wales. The Medical Journal of Australia, 1987; 146: p. 569
- 573.
31.
Prayitno A, Taurel A-F, Nealon J, Satari HI, Karyanti MR, Soedjatmiko S et al. Dengue
seoprevalence and force of primary infection in a representative population of urban dwelling
Indonesian children. PLoS Neglected Tropical Diseases, 2017; 11(6): p. e0005621.
32.
Faddy HM, Seed CR, Fryk JJ, Hyland CA, Ritchie SA, Taylor CT et al.,, Implications
of Dengue Outbreaks for Blood Supply, Australia. Emerging Infectious Diseases, 2013; 19(5):
p. 787 - 789.
33.
Ratnam I, Black J, Leder K, Biggs B-A, Matchett E, Padiglione A et al.,, Incidence and
seroprevalence of dengue virus infections in Australian travellers to Asia. European Journal of
Clinical Microbiology and Infectious Disease, 2012; 31: p. 1203 - 1210.
34.
McBride WJH, Mullner H, LaBrooy JT, Wronski I. The 1993 Dengue 2 Epidemic In
North Queensland: A Serosurvey and Comparison of Hemagglutination Inhibition with an
ELISA. American Journal of tropical Medicine and Hygiene, 1998; 59(3): p. 457 - 461.
35.
Aubry M, Teissier A, Huart M, Merceron S, Vanhomwegen J, Mapotoeke M et al.
Seroprevalence of Dengue and Chikungunya Virus Antibodies, French Polynesia, 2014-2015.
Emerging Infectious Diseases, 2018; 24(3): p. 558 - 561.
36.
World Health Organization. Dengue and severe dengue. 2014.
37.
Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL et al. The global
distribution and burden of dengue. Nature, 2013; 496(7446): p. 504.
38.
Shepard DS, Undurraga EA, Halasa YA, Stanaway JD. The global economic burden of
dengue: a systematic analysis. The Lancet Infectious Diseases, 2016; 16(8): p. 935 - 941.
39.
Beatty ME, Stone A, Fitzsimons DW, Hanna JN, Lam SK, Vong S et al. Best practices
in dengue surveillance: a report from the Asia-Pacific and Americas Dengue Prevention
Boards. PLoS Neglected Tropical Diseases, 2010; 4(11): p. e890.
40.
Maguire T. Do Ross River and dengue viruses pose a threat to New Zealand? The New
Zealand Medical Journal 1994; 107(989): p. 448 - 450.
41.
Duncombe J, Lau C, Weinstein P, Aaskov J, Rourke M, Grant R et al. Seroprevalence
of Dengue in American Samoa, 2010. Emerging Infectious Diseases, 2013; 19(2): p. 324 - 326.
42.
Claflin SB and Webb C. Ross River Virus: Many Vectors and Unusual Hosts Make for
an Unpredictable Pathogen. PLoS Pathogens, 2015; 11(9): p. e1005070.
43.
Rosen L, Gubler DJ, Bennett PH.,, Epidemic polyarthritis (Ross River) virus - infection
in the Cook Islands. American Journal of Tropical Medicine and Hygiene, 1981; 30(6): p. 1294
- 1302.
44.
Tesh RB, McLean RG, Shroyer DA, Calisher CH, Rosen L. Ross River virus
(Togaviridae, Alphavirus) infection (epidemic polyarthritis) in American Samoa. Transactions
of the Royal Society of Tropical Medicine and Hygiene, 1981; 75(3): p. 426 - 431.
45.
Marshall ID, Woodroofe GM, Hirsch S.,, Viruses recovered from mosquitoes and
wildlife serum collected in the Murray Valley of Southeastern Australia February 1974 during

81

an epidemic of encephalitis. Australian Journal of Experimental Biology and Medical Science,
1982; 60(5): p. 456 - 470.
46.
Vale TG, Carter IW, McPhie KA, James GS, Cloonan MJ.,, Human Arbovirus
Infections along the Eastern South Coast of New South Wales. Australian Journal of
Experimental Biology and Medical Science, 1986; 64(3): p. 307 - 309.
47.
Partidos CD, Paykel J, Weger J, Borland EM, Powers AM, Seymour R et al.,, Crossprotective immunity against o'nyong-nyong virus afforded by a novel recombinant
chikungunya vaccine. Vaccine, 2012; 30: p. 4638 - 4643.
48.
Humphery-Smith I, Cybinksi DH, Byrnes KA, St George TD.,, Seroepidemiology of
arboviruses among seabirds and island residents of the Great barrier Reef and Coral Sea.
Epidemiology and Infection, 1991; 107: p. 435 - 440.
49.
Dean MM, Dunford M, Flower RL, Faddy HM.,, Biological markers of infection may
assist in the identification of early stage viral infection and serve as a surrogate biomarker to
identify asymptomatic Ross River or Barmah Forest virus infection. The Journal of
Immunology, 2016; 196(1): p. 124 - 136.
50.
Johansen CA, Mackenzie JS, Smith DW, Lindsay MDA.,, Prevalence of neutralising
antibodies to Barmah Forest, Sindbis, and Trubanaman viruses in animals and humans in the
south-west of Western Australia. Australian Journal of Zoology, 2005; 53: p. 51 - 58.
51.
Hobson-Peters J. Approaches for the development of rapid serological assays for
surveillance and diagnosis of infections caused by zoonotic flaviviruses of the Japanese
encephalitis virus serocomplex. Journal of Biomedicine and Biotechnology, 2012; 2012: p.
379738.
52.
Smith DW, Speers DJ, Mackenzie JS. The viruses of Australia and the risk to tourists.
Travel Medicine and Infectious Disease, 2011; 9(3): p. 113 - 125.
53.
Faddy Tran TV, Hoad VC, Seed CR, Viennet E, Chan HT et al. Ross River virus in
Australian blood donors: possible implications for blood transfusion safety. Transfusion, 2018;
58(2): p. 485 - 492.
54.
Alera MT, Srikiantkhachorn A, Velasco JM, Tac-An IA, Lago CB, Clapham HE et al.
Incidence of Dengue Virus Infection in Adults and Children in a Prospective Longitudinal
Cohort in the Philippines. PLoS Neglected Tropical Diseases, 2016; 10(2).
55.
Luang-Suarkia D, Ernst T, Alpers MP, Garruto R, Smith D, Imrie A. Serological
evidence for transmission of multiple dengue virus serotypes in papua New Guinea and West
Papua prior to 1963. PLoS Neglected Tropical Diseases, 2017; 11(4): p. e0005488.
56.
Darcy A, Clothier H, Phillips D, Bakote'e B, Stewart T. Solomon Islands dengue
seroprevalence study - previous circulation of dengue confirmed. PNG Mdeical Journal, 2001;
44(1): p. 43 - 47.
57.
Clarke JA, Marshall ID, Gard G. Annually Recurrent Epidemic Polyarthritis and Ross
River virus Activity in A Coastal Area of New South Wales I. Occurrence of the Disease*. The
American Journal of tropical Medicine and Hygiene 1973. 22(4): p. 543 - 550.
58.
Doherty RL, Gorman BM, Whitehead RH, Carley JG. Studies of Arthropod-borne
Infections in Queensland. Australian Journal of Experimental Biology and Medical Science,
1966; 44: p. 365 - 378.
59.
Hawkes RA, Pamplin J, Boughton CR, Naim HM. Arbovirus infections of humans in
high-risk areas of south-eastern Australia: a continuing study. Medical Journal of Australia,
1993; 159(3): p. 159 - 162.
60.
Aubry M, Finke J, Teissier A, Roche C, Broult J, Paulous S et al. Seroprevalence of
arboviruses among blood donors in French Polynesia, 2011-2013. International Journal of
Infectious Diseases, 2015; 41: p. 11 - 12.

82

61.
Campbell J, Aldred J, Davis G. Some aspects of the natural history of Ross River virus
in South East Gippsland, Victoria. Arbovirus Research in Australia - Proceedings 5th
Symposium, 1989; p. 24 - 28.
62.
Cloonan MJ, O'Neill BJ, Vale TG, Carter IW, Williams JE. Ross River Virus Activity
Along the South Coast of New South Wales. Australian Journal of Experimental Biology and
Medical Science, 1982; 60(6): p. 701 - 706.
63.
Weinstein P, Worswick D, McIntyre A, Cameron S. Human sentinels for arbovirus
surveillance and regional risk classification in South Australia. Medical Journal of Australia,
1994; 160(8): p. 494 - 499.
64.
World Health Organisation. A global brief on vector-borne diseases. No.
WHO/DCO/WHD/2014.1). World Health Organization, 2014.
65.
Gubler DJ. The global emergence/resurgence of arboviral diseases as public health
problems. Archives of medical research. 2002; 33(4):330-42.

83
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5.1 Abstract:
Background: Ross River virus (RRV) is a mosquito-borne zoonotic arbovirus associated with
high public health and economic burdens across Australia, but particularly in South-East
Queensland. Despite this high burden, humans are considered incidental hosts. Transmission
of RRV is maintained among mosquitoes and many non-human vertebrate reservoir hosts,
though the relative contributions of each of these hosts is unclear.
Methods: To clarify the importance of a range of vertebrates in RRV transmission in SouthEast Queensland, a total of 595 serum samples from 31 species were examined for RRV
exposure using a gold-standard plaque reduction neutralisation test. Data was analysed
statistically using a random forest analysis and a coefficient inference tree, and spatially.
Results: RRV exposure was highly variable between and within species groups. Critically,
species group (‘placental mammal’, ‘marsupial’ and ‘bird’) which has previously been used as
a proxy for reservoir hosts, was a poor correlate for exposure. Instead, we found that ‘diet’,
‘body mass’ and ‘longevity’ species traits were most important in determining seropositivity.
We also identified significant differences in seropositivity between the two major possum
species (ringtail possums and brushtail possums), which are ecologically and taxonomically
different. Lastly, we identified distinct hotspots and coldspots of seropositivity in non-human
vertebrates which correlated with human notification data.
Conclusion: This is the largest diversity of species tested for RRV in a single study to date. The
analysis methods within this study provide a framework for analysing serological data in
combination with species traits for other zoonotic disease, but more specifically for RRV
highlights areas to target further public health research and surveillance effort.
Keywords: arbovirus; exposure; immunology; random forest regression; reservoir;
seroprevalence.
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5.2 Introduction
Ross River virus (RRV) accounts for the greatest number of human arboviral infections in
Australia (1). It is an alphavirus of the Togaviridae family, and is associated with clinical
symptoms including polyarthritis, rash, fever and myalgia (2). At present there is no vaccine
or treatment available for RRV and management of individual human cases focuses on
symptomatic care (2). As RRV is a zoonotic arbovirus that is maintained in complex
transmission dynamics between multiple vectors and non-human vertebrate hosts, current
vector-centric efforts to reduce RRV transmission would be enhanced by also considering the
roles of environmental drivers and reservoir communities in transmission (3).
The vectors of RRV are diverse: the virus has been isolated from more than 40 species of
mosquitoes to date (2, 4). These species are predominantly of the Aedes and Culex genera and
persist in a range of climates and habitats, including freshwater and saltwater environments.
The different vertebrate feeding patterns exhibited by these mosquitoes may also alter their
importance as vectors (5). A recent review of the non-human reservoirs of RRV found that a
broad range of vertebrate species may play a role in the maintenance and transmission of the
virus, including marsupials, birds, horses and flying foxes (6). Along with reports of RRV
transmission in humans in the Pacific Island Countries, in the absence of marsupial hosts (79), these studies challenge the long held dogma that marsupials are more important reservoirs
than placental mammals, which in turn are more important than birds.
For other zoonotic arboviruses, including West Nile virus (WNV), Sindbis virus and Murray
Valley encephalitis virus, serosurveys have been informative in understanding transmission
among non-human vertebrate species (10-13). Serosurveys provide evidence of past exposure
by measuring antibodies in blood, which are easier to detect and typically longer lasting than
the infectious agent itself (14). Ross River virus serosurveys in non-human vertebrates have
previously targeted marsupial populations due to them being considered the primary vertebrate
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reservoir. To date, other potentially important reservoir hosts, such as birds and flying foxes
have been greatly underrepresented in the literature (6).
Serosurveys are most informative when combined with additional data, such as spatial,
temporal or species trait information. This can be challenging in free-living populations as it
requires repeated sampling from the same individuals or populations (14). A recent metaanalysis took a novel approach to interpreting RRV serology by assessing life-history traits for
any mammalian species that had been reported in the literature to have previous exposure to
RRV (15). The findings of that study were that diet range, population density and length of
gestation positively correlated with exposure to RRV. The addition of life-history traits to
serological assessments provides informative data which can be used to in management and
prevention strategies.
This study aims to identify putative non-human vertebrate hosts of RRV in South-East
Queensland (SEQ), and ecological and spatial determinates of seroprevalence. The majority of
human notifications for RRV originate in this region (1). This, in combination with its
subtropical climate (promoting a diversity of habitats and species) makes it an ideal location to
study the disease ecology of a multi-host vector borne disease.
5.3 Materials and methods
5.3.1 Sample collection and storage
The cross-sectional study included wildlife and domestic horse populations in SEQ from
February 2017 to June 2018 and was performed in accordance with Griffith University Animal
Ethics Committee standards (approval number: ENV/04/17/AEC). Clinics were largely
recruited through the Australian Veterinary Association and Wildlife Health Australia. Serum
samples were collected from horses of consenting owners and wildlife admitted for veterinary
care. This study excluded horses with clinical symptoms of RRV (pyrexia, ataxia, stiffness,
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lameness, swollen joints, reluctance to move, lethargy, inappetence, mild colic and ‘poor
performance’) up to one year prior to admission. Each sample was accompanied with the
following information: species, sex, age (either number of years for horses, or age class
(juvenile, sub-adult, adult, mature-adult) for wildlife), location animal was found/housed,
reason for veterinary attention and any additional relevant notes (such as body condition score).
For horses, samples were collected using a 19 gauge needle from the jugular vein, into a plain
tube and allowed to coagulate at ambient temperature. For wildlife, samples were collected in
serum separator tubes using a 22-27 gauge needle from either the jugular vein, caudal vein or
medial metatarsal vein, depending on the species and the individual animal. A minimum of 400
uL of whole blood was collected from each individual, unless this exceeded 10 % of their body
weight, in which case no more than 10 % of whole blood was collected. Whole blood samples
were labelled, centrifuged at 5514 g for 6 minutes and stored at -20 C until analysis.
5.3.2 Sample analysis
Vero cells (ATTC # CCL-81) were seeded at 4 x 105 cells/mL in with 1 mL added in each well
for 12-well plates and cultured at 37°C for 24 hours. Serum samples were inactivated for 30
minutes in a 56°C water-bath and diluted 1:10 in serum-free Opti-MEM media (Gibco). Ross
River virus (T48) was diluted to 350 PFU in 500uL and mixed with an equal volume of diluted
serum and incubated for 1 hour at 37°C. A volume of 400 ul virus/serum mixture (giving a
final virus concentration as 140 PFU per well) was then inoculated onto the vero cells after
removing the culture media and incubated for an additional 2 hours at 37°C with gentle shaking
every 10-15 minutes. The mixture was removed and 1ml of a 1 % agarose overlay containing
1 % penicillin/streptomycin (Gibco) and 2 % foetal bovine serum (FBS) was added to each
well. Plates were incubated for 48-60 hours at 37°C after which, the agarose overlay was
removed, and cells were stained with 0.1 % crystal violet solution (in 20 % EtOH). Plates were
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washed with tap water, dried, and the plaques were counted. Samples were considered to have
neutralising antibodies if the test serum sample had at least 50 % less plaques than the virusonly control wells.
5.3.3 Species trait data
A dataset of ecological and life-history traits potentially relevant for RRV exposure was
compiled for each of the vertebrates (Supplementary Table 1). Traits included: longevity; mean
number of offspring per season; mean body mass diet rank based on increasing protein and
energy content [1 = grass/leaves, 2 = seeds, forbs, grass, roots and fungi, 3 = nectar, gum and
insects (insects <50% of the diet), 4 = insects of vertebrates (>50% of the diet)]; habitat number
(number of categories of vegetation structure in which the species occurs); sex of the
individual; estimated age class of the individual; latitude and longitude of the individual; season
the sample was collected in and associated taxonomic information (order, family, genus and
species group). For mammals this data was obtained from the PANTHERIA dataset (16) and
for birds it was obtained from Garnett, Duursma (17).
5.3.4 Statistical analysis
To test for associations between the each species’ seroprevalence and the ecological and lifehistory traits a random forest regression tree was constructed using all species, following the
methodology described by Cutler et al. (18). This classification method attempts to develop
rules to assign individuals into known classes (here, seropositive or seronegative) according to
potential predictor or explanatory variables. The method develops rules by using explanatory
variables to recursively partition data into groups that are increasingly homogenous with
respect to the known classes (19). This method was chosen as it can identify interactions in
which the same variable repeatedly enters a model at different levels (20). To visualise the
results of this analysis, the variables identified as most important in the random forest analysis
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were used to construct a conditional inference tree using the function "ctree” in the R package
“party” (21).
To analyse spatial trends for RRV serology in non-human vertebrates, a two step-approach was
used. First, point maps demonstrating positive and negative results were constructed for the
most commonly assessed species and taxa, namely, brushtail possums, ringtail possums, koalas
(Phascolarctos cinereus), horses (Equus caballus), flying foxes (Pteropus alecto and P.

poliocephalus) and all bird species. Second, to identify spatial clusters of positive or negative
vertebrates, a hotspot analysis was undertaken in ArcGIS, which uses the Getis-Ord Gi*
statistic (22). This analysis works by assessing each point in the context of surrounding points.
For example, if a single sample is positive, but the samples surrounding it are negative, it would
not be statistically significant as a hot spot of seropositivity. Instead, hotspots of seropositivity
must be positive and also in close proximity to other positive samples.
5.4 Results
5.4.1 Collected samples
Serum samples from a total of 595 individuals from 31 species were tested for the presence of
RRV antibodies. Of these, 327 individuals or 54.96% (95% CI: 40.17-69.1) from 23 species
were seropositive (Supplementary Table 2). Antibodies to RRV were detected across all
species groups (marsupials, placental mammals and birds) (Figure 1), with the highest average
seroprevalence reported in placental mammals (70.83%; 95% CI: 61.84-78.78) and lowest in
birds (28.87%; 95% CI: 20.11-38.95), though high heterogeneity was observed between
species and within species groups. Results for individual species are reported in the Supporting
Information (Supplementary Table 2).
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Figure 1: The prevalence of RRV antibodies, expressed as a proportion on the y-axis, for species (x-axis) with a
minimum of nine samples, grouped by a) birds, b) marsupials and, c) placental mammals. Numbers above
columns indicate the total number of samples tested, and error bars are exact 95% binomial confidence intervals.

5.4.2 Species traits
The random forest model was used to determine the relative importance of all species traits for
seropositivity. The importance of a species trait was assessed using the ‘varImpPlot’ and
‘importance’ functions on the output of the model (Figure 2). From this, log body mass,
maximum longevity, number of offspring per season, social group size, diet and latitude of the
individual were identified as the variables most likely to be accurately predicting seropositivity
(known as the Mean Decrease Accuracy), and thus selected for the conditional inference tree
analysis.
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*
*
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Figure 2. Variable importance as determined by the Random Forest model. The length of the horizontal bar
indicates the variable importance for explaining seropositivity, based on the Mean Decrease Accuracy. Variables
with an * at the end were identified as most important and used in the coefficient inference tree.

The conditional inference tree (Figure 3) indicated that diet, log body mass, number of
offspring and longevity drive key splits in the dataset between seropositive and seronegative
individuals, and that the crucial (first) dichotomous split was based on diet. Species with the
lowest protein intake (diet ≤1: namely grazers including horses and macropod species) had
higher seropositivity than all other species (Figure 1). The second node split species based on
their log mass, with heavier animals (in this case horses) having higher seropositivity. Log
mass also separated pigeons (0% seropositive) from ringtail possums (69.7% seropositive) in
node 10. Amongst animals with higher protein diets, carnivores (diet >3) had lower
seropositivity than the combined omnivore group (diet ≤ 3), which then split according to
number of offspring per season, effectively separating ringtail possums from the other possum
species, as well as separating birds from flying foxes. Finally, the longevity split in node 7
largely separated flying foxes from brushtail possums and short-eared possums.
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Figure 3: Conditional inference tree based on the six traits most strongly associated with seropositivity (as
determined by the random forest model). The numbered ellipses identify the nodes and variables that best split
the data for seropositivity at each point in the tree, with Bonferroni adjusted P values shown together with the
cut-off values for the split along the branches. At the bottom of the tree, shading in the boxes representing the
terminal nodes shows the proportion of seropositive individuals (darkest shading), and n= the number of
individuals in each of the final groups. Although social group size and latitude were included in the analysis,
they did not generate a significant split between seropositive or seronegative individuals.

There was a highly significant difference in seropositivity between ringtail possums
Pseudocheirus peregrinus and brushtail possums Trichosurus vulpecula (x²=26.276, p=
<0.001), with the odds of a ringtail possum being seropositive 3.2 times higher (CI 2.02-5.34)
than for a brushtail possum being seropositive.
5.4.3 Spatial analysis
Point maps showing seropositive and negative results were derived for ringtail possums,
brushtail possums, koalas, horses, flying foxes and birds, separately (Figure 4a). No strong
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spatial patterns were observed for the three marsupial species (ringtail possums, brushtail
possums and koalas). Conversely, horses, flying foxes and birds had a greater aggregation of
negative samples in northern SEQ and a greater aggregation of positive samples in southern
SEQ (Figure 4a). This trend was more apparent in the hotspot analysis, which identified a
significant cold spot (99% confidence) of RRV seropositivity in the northern SEQ locations,
and a significant hotspot (99% confidence) formed around southern SEQ (Figure 4b).
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Figure 4. Maps of South-East Queensland representing locations and results of samples tested for RRV.
Specifically, the: a) spatial distribution of positive (red) and negative (blue) results for ringtail possums, brushtail
possums, koalas, horses, flying foxes and birds; and b) a hotspot analysis across all samples and reported
significance of these spots in the right-hand legend.

5.5 Discussion
Ross River virus is Australia’s most epidemiologically important arbovirus and effectively
managing transmission requires an understanding of the natural exposure rates of RRV in nonhuman vertebrates. This study tested a greater diversity of vertebrate species for RRV
seroconversion than previous studies, using a plaque reduction neutralisation assay (PRNT50),
which is recognised as the gold standard for arboviruses (23). In contrast to the dogma that that
marsupials are the most important reservoirs of RRV, we found that placental mammals as a
group had higher seropositivity than marsupials or birds. However, these aggregated results
may be misleading as there is high heterogeneity of RRV seropositivity within each taxonomic
group indicating that these groupings may not be useful predictors of RRV seropositivity.
Rather than taxonomic relatedness, ecological and life-history traits could be driving some
heterogeneity in seroprevalence results. In particular, ringtail possums had a much higher
seroprevalence against RRV than brushtail possums, despite both being marsupials. This is
interesting because brushtail possums have long been implicated as an important urban
reservoir of RRV (24). Experimental infection studies have demonstrated that brushtail
possums are competent amplifiers of RRV, capable of infecting 53% of susceptible Ae. vigilax
vectors (24). However, a recent serosurvey of 72 brushtail possums in urban Sydney failed to
detect any RRV antibodies in the surveyed population (25). By comparison, ringtail possums
have been greatly understudied as reservoirs of RRV, with no experimental infection studies
undertaken and only four free-living individuals being previously tested for RRV exposure (26,
27). Brushtail possums and ringtail possums are both abundant in Brisbane and other Australian
urban areas. They differ somewhat ecologically: brushtail possums primarily inhabit roofs in
urban areas whereas ringtail possums build nests in trees (28, 29). These differences could
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bring ringtail possums into contact with mosquitoes more frequently than brushtail possums,
but more studies, including mosquito bloodmeal analyses, would be needed to test this
hypothesis.
Vector-host interactions are critical for the transmission of arboviruses and are influenced by a
number of factors. Mosquito host-seeking behaviour is predominantly guided by detection of
heat and carbon dioxide (CO2), but can also be influenced by various odorants and chemicals
that are released by hosts, host abundance and host defensive behaviour (5, 30). In the
conditional inference tree analysis ‘diet’ was the first characteristic influencing an individual’s
likelihood of being seropositive or seronegative. Diet is closely linked with CO2 production
(31). In general, large-bodied herbivores produce larger quantities of CO2, in part due to the
rumination and fermentation process required to digest their meal, than carnivorous or
omnivorous species (32). In this study, species with herbivore diets (category 1) were split
from other species and had a higher than average seroprevalence. Within this group the larger
bodied vertebrates (horse) had the highest seroprevalence, which could be due to a larger body
surface area and heat for mosquitoes to detect and feed on (33, 34). By comparison, species
with the greatest protein intake (in this case insectivorous and carnivorous birds), had a lower
than average seroprevalence, which may be a result of smaller body sizes or exhibiting host
behaviours which may include feeding on mosquitoes (35).
Although horses are assumed to be the only species other than humans to have clinical signs to
RRV (36), this has been based largely on prospective case studies, as opposed to experimental
infection results (37, 38). Regardless, the high seroprevalence in horses in our study echo that
of other published seroprevalence studies (39, 40) and is of interest for several reasons. Firstly,
the individuals in this study had no previous signs of RRV infection within the past 12 months,
suggesting either that infections were asymptomatic (or sufficiently so to be unobserved by
their owners and veterinarian) or that infections occurred more than 12 months prior to sample
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collection, indicating that RRV antibodies may be long-lasting in horses. Long-term immunity
for RRV in horses requires further investigation given that early experimental studies
demonstrate the hemagglutination-inhibition response lasting ~100 days (Kay et al. 1987),
whereas anecdotal reports from horse racing in Australia has found detectable IgG more than
12 years post original infection (41). Secondly, whilst naïve horses have a demonstrated ability
to transmit RRV to mosquitoes when experimentally infected (Kay et al. 1986), the high herd
immunity reported here and in other studies may suggest that they could reduce ongoing
transmission via a dilution effect if infected mosquitoes bite previously exposed, and immune,
horses. Having a large body size, and limited host defensive strategies, horses are an ideal target
for mosquitoes, which is reflected in their frequent detection in blood feeding studies (5). The
duration of RRV antibodies in horses, and the association between antibody levels and
immunity against reinfection, are therefore critical areas for further research to assess the role
of horses in maintaining RRV in peri-urban environments.
Differences in immune responses and abilities of producing neutralising antibodies among
vertebrate species might influence serological findings across the species studied here. For
example, no experimentally infected little corellas seroconverted, despite 50% developing
detectable viraemias and being capable of infecting susceptible mosquitoes (42). Similarly,
experimentally infected grey-headed flying foxes showed highly variable immune responses,
and were capable of transmitting RRV to susceptible mosquitoes despite undetectable
viraemias (43). As such, the immune response and assay sensitivity needs to be assessed on a
species by species basis to fully evaluate whether seroprevalences observed in this study are a
true reflection of RRV exposure under natural conditions. To date, no long-term studies for the
persistence of RRV antibodies in non-human vertebrates have been done. Such studies would
be critical in quantifying the variability and detectability of RRV in non-human vertebrates.
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Human notification patterns of RRV share both similarities and inconsistencies with the results
of the hotspot analysis. Consistent with our results, the south-eastern hotspot in Brisbane has
previously been identified as a hotspot of human infections over 1991-1996 time period (44),
and again in 2001 (45). This could suggest the area experiences frequent spill-over from
reservoir species and could be of interest for management interventions. In contrast, more
recent data on human notifications in SEQ (from 2018) identify the Sunshine Coast (a cold
spot in our analysis) as consistently reporting the highest notification rates (number of
notifications/human population) compared to the rest of SEQ (1). Human notification data
differs from the seroprevalence data presented here, in that notifications occur closer to the
timing of an infection, and only represent those infections that were associated with clinical
signs of RRV in humans (as opposed to asymptomatic infections). This, in combination with
the complicated disease ecology of RRV (involving multiple vectors and vertebrate hosts)
suggest that transmission patterns between humans and non-human vertebrates may vary
and/or be highly localised (46, 47).
5.5.1 Ecological applications
The random forest model, in combination with the conditional inference tree, has practical
applications for targeted management of RRV. For example, if there are high levels of exposure
identified in a given species that is known to amplify RRV, mosquito control measures can be
put in place to reduce mosquito-host contact rates. The output of the results in a decision tree
makes it easy to visualise which populations are best to target. A limitation with this method is
that the results are only applicable to the species and life history traits that are included in the
random forest analysis. Whilst our study has assessed the greatest diversity of vertebrate
species tested for RRV, it does not reflect the full biodiversity of species in SEQ and there may
be other important life history traits that we have not yet considered. However, the framework
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will be a valuable addition to future studies incorporating more species and to assess the
outcomes of management efforts when used over a temporal scale.
5.5.2 Future directions
Serosurveys provide an informative tool to understand patterns of transmission, however for
vector-borne diseases they are limited in identifying reservoir hosts. An individual that has a
detectable immune response to RRV has previously been infected, but this does not correlate
to an acute infection capable of amplification. Few experimental infection studies have been
undertaken to determine which vertebrates can infect susceptible mosquitoes with RRV, and
without this information it is unclear whether or not the seropositive species identified here are
amplifying or diluting RRV in this complex transmission system. Experimental infection
studies which utilise multiple vector species to infect and measure infectivity of vertebrates
with RRV are needed to fill this gap.
Equally important is long-term serological sampling of a community. For WNV, the use of
localised studies which incorporated i) vector availability, ii) host abundance, iii) host exposure
rates and, iv) human infections were successful in identifying migratory bird species as a key
reservoir (10). For RRV, there are no published studies which take repeated samples from a
community. Repeated sampling from a free-living community in combination with climatic
and vector variables would provide novel insights into the local transmission dynamics of
RRV.
5.6 Conclusion
Seroprevalence data provides critical information about the transmission and distribution of
pathogens in non-human species. Here we interpret the RRV seroprevalence data across the
greatest diversity of species in a single study, using a novel modelling methodology. We
confirm that non-human vertebrates are frequently infected with RRV across SEQ. The highest
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seroprevalence was reported in horses, followed by koalas and ringtail possums. Species traits,
in particular diet and body mass, may play a role in vector-host contact rates, ultimately
influencing exposure and ongoing transmission. Ringtail possums seroprevalence was
significantly higher than brushtail possums, which is particularly interesting as only the latter
have been investigated as potential reservoirs for RRV. Further research is needed
encompassing experimental infection studies and long-term serosurvey studies to identify the
transmission dynamics between vectors and hosts. The results from this study provide a
framework to examine serological results and ultimately inform management of pathogens
more broadly.
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5.8 Supplementary Information
Supplementary Table 1: Species and their associated traits assessed in the Random Forest model
Species

Birds
Australian
figbird
Sphecotheres
vieilloti
Australian
magpie
Cracticus
tibicen
Australian
white ibis
Threskiornis
moluccus
Common
bronzewing
Phaps
chalcoptera
Common koel
Eudynamys
orientalis
Common
myna Sturnus
tristis

Order

Family

Genus

Longevity
(months)

Mean
body
mass
(g)

Log
body
mass

Mean
number
offspring

Social
group
category

Diet
rank

Number
habitats
occupied

Passeriformes

Oriolidae

Sphecotheres

203

123

2.09

2.7

5

3

3

Passeriformes

Artamidae

Gymnorhina

289.5

280

2.45

3.3

6

4

2

Pelecaniformes

Threskiornithidae

Threskiornis

316.8

1810

3.26

2.8

5

4

2

Columbiformes

Columbidae

Phaps

73.23

331

2.52

1.8

3

2

2

Cuculiformes

Cuculidae

Eudynamys

121

243

2.39

1

3

3

3

Passeriformes

Sturnidae

Acridotheres

148.23

113

2.05

4

6

3

3
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Crested pigeon
Ocyphaps
lophotes
Grey
butcherbird
Cracticus
torquatus
Laughing
kookabuura
Dacelo
novaeguineae
Magpie lark
Grallina
cyanoleuca
Noisy friarbird
Philemon
corniculatus
Noisy minor
Manorina
melanocephala
Pied
butcherbird
Cracticus
nigrogularis
Pied
currawong
Strepera
graculina
Masked
lapwing
Vanellus miles
Rainbow
lorikeet

Columbiformes

Columbidae

Ocyphaps

210.9

192

2.28

2

4

2

2

Passeriformes

Artamidae

Cracticus

245.37

90.8

1.96

3.2

6

4

3

Coraciiformes

Alcedinidae

Dacelo

206.33

312

2.49

3

4

4

3

Passeriformes

Monarchidae

Grallina

147.73

88

1.94

3.8

2

4

2

Passeriformes

Meliphagidae

Philemon

119.43

100

2.00

3

6

3

3

Passeriformes

Meliphagidae

Manorina

151.43

71.3

1.85

2.9

5

3

3

Passeriformes

Artamidae

Cracticus

269.57

123

2.08

3

3

4

3

Passeriformes

Artamidae

Strepera

293.83

308

2.49

3.1

6

4

3

Charadriiformes

Charadriidae

Vanellus

169.33

316

2.50

3.5

4

4

1

Psittaciformes

Psittaculidae

Trichoglossus

250.37

126

2.10

2.5

5

3

3
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Trichoglossus
moluccanus
Rock dove
Columba livia
Spotted dove
Streptopelia
chinensis
Tawny
frogmouth
Podargus
strigoides
Torresian crow
Corvus orru
Wedgtail eagle
Aquila audax
White headed
pigeon
Columba
leucomela
Marsupials
Brushtail
possum
Trichosurus
vulpecula
Eastern grey
kangaroo
Macropus
gigantus
Koala
Phascolarctos
cinereus
Red necked
wallaby

Columbiformes

Columbidae

Columba

133.37

306

2.49

2

2

2

2

Columbiformes

Columbidae

Streptopelia

119.97

161

2.21

2

6

2

2

Caprimulgiformes

Podargidae

Podargus

217.9

277

2.44

2.3

6

4

3

Passeriformes

Corvidae

Corvus

29.82

582

2.76

4.6

6

4

3

Accipitriformes

Accipitridae

Aquila

144.5

3470

3.54

2

6

4

4

Columbiformes

Columbidae

Columba

119.97

420

2.62

1

3

2

2

Diprotodontia

Phalangeridae

Trichosurus

176.4

2700

3.43

1.03

1

3

3

Diprotodontia

Macropodidae

Macropus

288

33600

4.53

1

5

1

2

Diprotodontia

Phascolarctidae

Phascolarctos

240

6580

3.82

1

1

1

3

Diprotodontia

Macropodidae

Macropus

228

16800

4.23

1

2

1

2
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Macropus
rufogriseus
Ringtail
Diprotodontia
possum
Pseudocheirus
peregrinus
Short-eared
Diprotodontia
possum
Trichosurus
caninus
Placental mammals
Black flying
Chiroptera
fox Pteropus
alecto
Grey headed
Chiroptera
flying fox
Pteropus
poliocephalus
Horse Equus
Perissodactyla
caballus

Pseudocheiridae

Pseudocheirus

98

894

2.95

1.94

4

3

3

Phalangeridae

Trichosurus

204

3140

3.50

1.03

1

3

3

Pteropodidae

Pteropus

85.2

607

2.78

1

5

3

3

Pteropodidae

Pteropus

85.2

702

2.85

1

5

3

3

Equidae

Equus

744

400000

5.60

1

4

1

2
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Supplementary Table 2: Serology results for each species, including total number tested, apparent prevalence and confidence intervals
Species

Total seropositive/Total tested

Apparent prevalence (lowerupper confidence interval)

Birds
Australian figbird Sphecotheres vieilloti
Australian magpie Cracticus tibicen
Australian white ibis Threskiornis moluccus
Common bronzewing Phaps chalcoptera
Common koel Eudynamys orientalis
Common myna Sturnus tristis
Crested pigeon Ocyphaps lophotes
Grey butcherbird Cracticus torquatus
Laughing kookabuura Dacelo novaeguineae
Magpie lark Grallina cyanoleuca
Noisy friarbird Philemon corniculatus
Noisy minor Manorina melanocephala
Pied butcherbird Cracticus nigrogularis
Pied currawong Strepera graculina
Masked lapwing Vanellus miles
Rainbow lorikeet Trichoglossus moluccanus
Rock dove Columba livia
Spotted dove Streptopelia chinensis
Tawny frogmouth Podargus strigoides
Torresian crow Corvus orru
Wedgtail eagle Aquila audax
White headed pigeon Columba leucomela
Marsupials
Brushtail possum Trichosurus vulpecula
Eastern grey kangaroo Macropus gigantus
Koala Phascolarctos cinereus

28/97
2/2
6/33
1/1
1/1
1/1
1/1
0/1
0/3
1/5
0/1
0/7
1/1
1/4
0/1
0/2
2/5
0/2
1/2
3/4
6/18
0/1
1/1
214/378
75/182
5/6
24/35

28.9 (20.1-38.9)
100.0 (84.2-100.0)
18.2 (11.2-35.5)
100.0 (97.5-100.0)
100.0 (97.5-100.0)
100.0 (97.5-100.0)
100.0 (97.5-100.0)
0.0 (0.0-97.5)
0.0 (0.0-70.8)
20.0 (19.5-71.6)
0.0 (0.0-97.5)
0.0 (0.0-40.9)
100.0 (97.5-100.0)
25.0 (24.4-80.6)
0.0 (0.0-97.5)
0.0 (0.0-84.2)
40.0 (34.7-85.3)
0.0 (0.0-84.2)
50.0 (48.7-98.7)
75.0 (55.6-99.4)
33.3 (19.9-59.0)
0.0 (0.0-97.5)
100.0 (97.5-100.0)
56.6 (51.4-61.7)
41.2 (7.2-48.7)
83.3 (47.5-99.6)
68.6 (17.9-83.2)
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Red necked wallaby Macropus rufogriseus
Ringtail possum Pseudocheirus peregrinus
Short-eared possum Trichosurus caninus
Placental mammals
Black flying fox Pteropus alecto
Grey headed flying fox Pteropus
poliocephalus
Horse Equus caballus
Total

3/3
101/145
6/7
85/120
5/29
3/9

100.0 (70.8-100.0)
69.7 (8.2-77.0)
85.7 (43.6-99.6)
70.8 (61.8-78.8)
17.2 (11.4-35.8)
33.3 (25.8-70.1)

77/82
327/595

93.9 (7.6-97.9)
54.96
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6.1 Abstract:
Vector-borne disease transmission can vary in complexity from single-vector, single-host
systems through to multi-vector, multi-host community and vertebrate systems.
Understanding the dynamics of transmission is important for disease prevention efforts but is
dependent on disentangling complex interactions within coupled natural systems. Ross River
virus (RRV) is a multi-vector, multi-host pathogen responsible for the greatest number of
notified vector-borne pathogen infections in humans in Australia. Yet, there is a limited
knowledge of which mosquito vector species and amplifying vertebrate host species are most
important for spillover of RRV to humans.
We conducted field surveys of vertebrates and mosquitoes in the RRV-endemic city
of Brisbane, Australia, to assess the effect of vector and host community structure on human
RRV notifications. Six suburbs were selected across a gradient of human disease notification
rates. Differences in vertebrate and mosquito compositions were observed across all suburbs.
Suburbs with higher RRV notification rates contained significantly a higher vertebrate
biomass and mosquito abundances. This study suggests that horse-mosquito interactions
should be considered in more detail; and that future RRV studies incorporate vertebrate
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biomass and mosquito abundance into modelling and public health strategies for RRV
management.
6.2 Introduction
Obtaining a detailed understanding of pathogen-host-vector dynamics within a given
environment is particularly challenging for multi-vector, multi-host pathogens. The relative
role of different vectors and/or vertebrate reservoir species in supporting pathogen circulation
is often largely unknown under natural conditions. However, knowledge of these
determinants of transmission are essential for the design of effective prevention and control
strategies (Gardner et al., 2017; Hoffmann, Ross, & Rašić, 2015; Janousek et al., 2014;
Weinstein, 1997), both for predicting net effects on human populations, and for evaluating
management and prevention of zoonotic mosquito-borne diseases.
Mosquito-borne diseases contribute significantly to the global burden of infectious
disease in both human and animal populations (Hill et al., 2005). Widely distributed across
Australia, Ross River virus (RRV) is Australia’s most common mosquito-borne disease in
humans and is nationally notifiable (Australian Government, 2018). Ross River virus is a
multi-host, multi-vector pathogen with a complex ecology: it persists in all Australian
bioregions and climates and has been isolated from more than 30 species of mosquito under
field conditions (Russell, 2002). Humans are generally not considered important amplifying
or maintenance hosts of RRV (Harley, Sleigh, & Ritchie, 2001); however, the relative roles
of various non-human vertebrate host species in maintaining transmission of RRV are poorly
understood. Strong experimental evidence supports marsupials as competent reservoirs, but
amplification and transmission competence has also been demonstrated in other species
groups, including placental mammals and birds (Kay et al., 1986; Stephenson et al., 2018). It
is unclear how transmission competence of hosts in an experimental setting reflects their
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relative role in transmission in natural settings (Claflin & Webb, 2015) and many potential
reservoir species have not yet been investigated.
Although at least 20 mosquito species have been demonstrated to have some level of
vector competence of RRV in the laboratory, it is unclear what the relative contributions of
each species are to both enzootic transmission and/or human disease outbreaks (Jansen et al.,
2019; Russell, 2002; van den Hurk et al., 2010). It is likely that the vectors associated with
human outbreaks vary across different bioregions of Australia, and this may also be the case
with reservoir hosts (Claflin & Webb, 2015). Simply, the key vectors and hosts associated
with the maintenance of RRV, and its spillover into humans, in different regions of Australia
remain unclear.
Of the approximately 5,000 human RRV notifications reported in Australia each year,
the majority are reported from the state of Queensland (Australian Government, 2018).
Residents of Queensland’s capital city, Brisbane (27.4698° S, 153.0251° E), consistently
represent the highest proportion of the state’s cases. In 2014-2015, Queensland experienced
the largest outbreak of RRV ever recorded in Australia, totalling nearly 3,000 human
notifications (Queensland Government, 2019; Jansen et al., 2019). Brisbane has a subtropical
climate, which accommodates a diversity of habitats for both vector and reservoir species.
This diversity, in combination with the persistent high human notification rates of RRV,
makes the city an ideal location to study RRV disease ecology.
This study aims to assess mosquito and vertebrate host community ecology across
suburbs of Brisbane encompassing locations with a range of RRV notification rates.
Specifically, we aim to identify relationships between abundance, diversity and biomass of
potential vertebrate reservoirs; mosquito vectors; and human notification rates of RRV.
6.3 Materials and Methods
6.3.1 Human notification data
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Long-term human notification data for Brisbane suburbs were obtained for 2001 to
2016 (inclusive) from the Queensland Department of Health (Ethics application: QIMRB
HREC ref no. P2238). Notifications were based on laboratory evidence of probable or
confirmed RRV infection, determined either via (i) isolation of RRV from patients, (ii)
detection of RRV by nucleic acid testing, or (iii) IgG seroconversion or a significant increase
in IgG antibody level in previously tested patients (Australian Government, 2019) and the
suburb of residence of notified cases was recorded. As human notifications of RRV had high
levels of interannual variability (Supplementary Table 1), mean annual notification rates from
2001 to 2016 were calculated to account for this and identify areas with persistently high or
low cases of RRV. These were expressed relative to the population size of the suburb.
Suburbs were represented spatially using the ‘State Suburb (SSCs)’ geographical unit.
Notifications for each of Brisbane’s SSCs were matched to population data from the 2016
census, available from the Australian Bureau of Statistics (Australian Bureau of Statistics,
1999).
6.3.2 Site selection
Six SSCs were chosen across Brisbane (Figure 1). SSCs were chosen so that they (i)
included a diverse range of human RRV notification rates, and (ii) varied geographical and
ecological environments (urban, suburban, coastal, inland), and preferentially (iii) were
included in Brisbane City Council (BCC) mosquito monitoring scheme. Study sites were
identified within each of these SSCs, as described below.
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Figure 1: a) Location of Brisbane Local Government Area within Australia, b) Distribution of
SSCs in which study sites were located, and from which data was collected in Brisbane. BR =
Bracken Ridge, CW = Chermside West, IN = Indooroopilly, CO = Corinda, WI = Wishart, LO
= Lota.
Table 1. Ecological, geographical and social characteristics of suburbs as containing study
sites. Human population size and density are derived from the 1Australian Bureau of Statistics
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2016 census (Australian Bureau of Statistics, 2016) and the RRV notification rate is averaged
from 2001-2016, from 2Queensland Department of Health data.
Suburb (SSC)
name in which
study sites
were located

Ecosystem(s)
classification

Human
pop. Size1
(2016)

Human
pop.
Density1
(2016)

Average
annual RRV
notification
rate2 (20012016)

North,
coastal

Metropolitan,
wetland

16,741

19.92
people/ha

43/100,000

27.4667° S,
153.1833° E

South,
coastal

3,401

16.85
people/ha

17/100,000

27.3814° S,
153.0122° E

North

Metropolitan,
wetland
Metropolitan,
riparian
bushland, dry
eucalypt forest
Metropolitan,
parkland
Metropolitan,
parkland
Metropolitan,
parkland

5,883

17.3
people/ha

33/100,000

Geocordinates

Geography
within
Brisbane
City

Bracken Ridge

27.3190° S,
153.0340° E

Lota

Chermside
West
Wishart
Indooroopilly
Corinda

27.5500° S,
153.1000° E
27.4984° S,
152.9712° E
27.5443° S,
152.9824° E

South
South-west,
on the river
South-west,
on the river

11,238
12,800
5,084

23.44
people/ha
17.04
people/ha
17.63
people/ha

18/100,000
24/100,000
50/100,000

6.3.3. Vertebrate surveys
Within each SSC, three study sites were selected so that they satisfied two additional
criteria: (a) Sites were required to be an accessible public park or nature reserve where it was
feasible to establish transects of adequate size, and (b) at least one site within each SSC had
to include the location of the mosquito trap (selected by Brisbane City Council). Each study
site comprised a 100 m x 100 m transect (marked using hand-held GPS devices; Garmin-62S)
between 50m-1000m apart from other sites. Dawn and dusk vertebrate surveys were carried
out monthly in each site over a 6-month period that encompassed the peak RRV transmission
season, between October 2017 and March 2018. Methods were adapted from the ‘Standard
Early Bird Search’ and ‘Arboreal Spotlight Search’ detailed in the Queensland Fauna Survey
Guidelines (Eyre et al., 2014). In brief, dawn surveys commenced 30 minutes before sunrise
and ran for 30 minutes in each site, sites within a SSC were sampled sequentially, and the
order was mixed at each visit. The following data was recorded for all non-human vertebrate
species: species, number of individuals, record type (i.e. seen, heard, seen and heard),
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microhabitat (i.e. on the ground, in the canopy, above the canopy), and whether the
observation was in, near (<50m) or off (>50m) the transect. The same data were also
recorded for evening surveys, which commenced after sunset and were carried out in each
transect for 30 person minutes. Equipment used to identify vertebrates included binoculars,
handheld torches, field guides and the Birds of Australia mobile device application (Knight &
Menkhorst, 2010; Morcombe, 2003).
Mosquito surveys
Mosquitoes were collected across the six SSCs in Brisbane using light traps (Pacific
Biologics, Scarborough, Australia) baited with carbon dioxide (CO2; as approximately 1kg
dry ice) and 1-octen-3-ol. Trapping was undertaken by BCC as part of its ongoing mosquito
surveillance and control program. Traps were set once per week before dusk (starting the 5th
of September 2017, ending the 26th of March) and collected the following morning. A single
trap was located within one of the three sites in each SSC used for vertebrate surveys. Traps
were set 1.5 m off the ground in proximity to a productive larval mosquito habitat.
Mosquitoes were identified to species level by a single experienced entomologist from BCC
familiar with the mosquito fauna of Brisbane, with the aid of morphological keys (Lee et al.,
1989; Webb, Russell, & Doggett, 2016).
6.4 Data analysis
6.4.1 Variable analysis
Community ecology variables, including biomass (vertebrates only), abundance and
species diversity, were calculated for vertebrate and mosquito communities within each site.
Species diversity was calculated using the Shannon-Weiner index (Boyle, Smillie, Anderson,
& Beeson, 1990). Biomass was calculated by multiplying the total number of observed
individuals for a given species by the average adult body mass (kg) of that species, and log
transformed for analysis. Body mass was derived from PANTHERIA dataset for mammals
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(Jones et al., 2009) and Garnett et al. (2015) was used for birds. Linear regression models
were used to test whether human notification rate for RRV was correlated with a given
community ecology variable.
6.4.2 Community analysis
Vertebrate and mosquito communities within each SSC were analysed in two ways.
First, stacked column charts were constructed to visually represent community composition.
Secondly, to examine the effect of community compositions on human notification rates,
non-metric multidimensional scaling (NDMS) analyses were performed using the vegan R
package (Oksanen et al., 2010) and BiodiversityR (Kindt, 2019). These ordinations analysed
community composition of vertebrates and mosquitoes (separately) for each month at each
SSC. The data were auto-transformed and scaled using Bray Curtis dissimilarity indices using
the ‘metaMDS’ function. The degree of stress for each NDMS plot was calculated, which
indicates the reliability of the outcome, i.e. lower stress corresponds with a higher reliability.
The ordination of elements was considered arbitrary for stress values of 0.3 or above. The
dissimilarity matrixes were based on abundances for both vertebrates and mosquitoes, and an
additional biomass ordination was generated for vertebrates.
6.5 Results
6.5.1 Human cases of RRV within each SSC
The mean annual notification rate across all Brisbane suburbs was 31 cases/100,000
people over year. The six SSCs selected for our study exhibited wide variation in the rate of
reported RRV (Figure 2). Of these, Corinda reported the highest mean annual notification
rate, followed by Bracken Ridge, Chermside West, Indooroopilly, Wishart and Lota,
respectively.
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Figure 2. Mean annual notification rate (per 100,000 population) for SSCs in Brisbane with a population
greater than 1000. SSCs shown in orange are those within which study sites were located, and the dashed
black line represents the average notification rate across all SSCs (31/100,000).

6.5.1 Vertebrate and mosquito survey summary statistics
Given the limited number of sites, and complexity of the system, the power to detect
statistically significant results overall is limited. However, of the variables tested, log
vertebrate biomass had a strong association with human notification rate (GLM: R-squared =
0.11, p=0.03, d.f. = 31). The suburbs reporting the highest human notification rates, Corinda
and Bracken Ridge, had the greatest vertebrate biomass, which was followed by a decline in
biomass in suburbs with lower human notification rates (Figure 3a). Total mosquito
abundance was also significantly correlated with human notification rate (R-squared =
0.2271, p<0.01, d.f. = 31). However, this trend was not linear, with the Bracken Ridge SSC
reporting the highest mosquito abundance, and the Wishart SSC reporting the lowest (Figure
3b). There were statistically significant differences in mosquito diversity, placental mammal
abundance, marsupial diversity and marsupial abundance across suburbs, but these significant
differences did not correlate with human notification rates (Supplementary Figure 1c, d, f, g).
No significant differences between SSCs, nor associations with human notification rates were
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observed for vertebrate abundance and diversity, bird abundance and diversity, or placental
mammal diversity (Supplementary Table 2, Supplementary Figure 1a, b, e, h, i).

Figure 3. Boxplots of (a) vertebrate biomass (on a log scale) and (b) mosquito abundance per
suburb. Suburbs are ordered from highest human notification rate on the left to lowest on the
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right. The boxes and whiskers show the extent of variation between months for the relevant
variable per suburb.

6.5.3 Community composition
The following mosquito species were frequently reported across all SSCs: Culex
annulirostris, Aedes procax, Ae. notoscriptus, Ae. vigilax, Anopheles annulipes,
Coquillettidia linealis, and Cx. sitiens (Figure 4). SSCs with the highest RRV notification
rates were not distinguishable from other SSCs in terms of mosquito species composition. In
all SSCs, except Bracken Ridge, both Cx. annulirostris and Ae. procax contributed > 55% of
the species composition. Compared with other SSCs, Bracken Ridge had a unique species
composition where Cx. annulirostris and Ae. procax comprised less than one third, while Ae.
vigilax and Cq. linealis dominated (>62% combined). At least 20% of the species
composition in Wishart and Lota (SSCs with the lowest RRV notification rates) were species
that have not previously been considered as candidate vectors of RRV and, thus, their vector
status is unknown (such as Cx. orbostiensis and Ae. vittiger (Harley et al., 2001; Jansen et al.,
2019)).
The two SSCs with the highest notification rates were distinguishable from all other
SSCs based on the vertebrate biomass composition (Figure 5). Specifically, Corinda and
Bracken Ridge had high total vertebrate biomass, almost entirely dominated by
Perissodactyla (horses), which was driven by the proximity of horses to a single sampling
site. Otherwise, the composition patterns were relatively similar across the remaining four
SSCs. Minor differences included a larger proportion of marsupials (Diprotodonts) in
Chermside West and Indooroopilly compared to other SSCs, and a greater proportion of
avian species (including Pscittaformes, Passeriformes and Pelicaniformes) in SSCs with the
lowest human notification rates. Overall, the relative composition of Carnivores was
generally consistent across SSCs with mid-range or low human RRV notification rates
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(Chermside West, Indooroopilly, Wishart and Lota) ranging from 33.8% in Indooroopilly to
45.8% in Wishart.

a)

Mosquito community composition

100%
90%
80%
70%

Other mosquito species

60%

Cx sitiens

50%

Cq linealis

40%

An annulipes

30%

Ae vigilax
Ae notoscriptus

20%

Ae procax

10%

Cx annulirostris

0%

b)
14000

Total number mosquitoes

12000
Other mosquito species

10000

Cx sitiens
8000

Cq linealis
An annulipes

6000

Ae vigilax
4000

Ae notoscriptus

2000

Ae procax
Cx annulirostris

0

Figure 4. Ross River virus mosquito community composition within each SSC, represented as
(a) proportions and (b) totals. SSCs are ordered from highest (left) to lowest (right) RRV
notification rate.
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a)
Vertebrate biomass community composition

100%
90%
Psittaciformes

80%

Pelecaniformes

70%

Passeriformes
60%

Diprodontia

50%

Coraciiformes

40%

Perissodactyla
Chiroptera

30%

Charadriiformes
20%

Carnivora

10%

Anseriformes

0%
Corinda

Bracken
Ridge

Chermside Indooroopilly
West

Wishart

Lota

b)
25000
Psittaciformes

Total biomass (kg)

20000

Pelecaniformes
Passeriformes
Diprodontia

15000

Coraciiformes
Perissodactyla
Chiroptera

10000

Charadriiformes
Carnivora
5000

Anseriformes

0
Corinda

Bracken
Ridge

Chermside Indooroopilly
West

Wishart

Lota

Figure 5. Vertebrate community biomass (kg) categorised by taxonomic class within each SSC,
represented as (a) proportions and (b) totals. SSCs are ordered from highest human notification
rate (left) to lowest (right) notification rate.
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6.5.4 Ordinations
Dissimilarity matrices resulting from NMDS analyses had moderately high stress, and
demonstrated no clear groupings of suburbs with higher or lower RRV notification rates
based on vertebrate biomass, vertebrate abundance or mosquito abundance. In general,
surveys grouped most closely together by the SSC they were undertaken in (i.e. Bracken
Ridge, or Indooroopilly), but showed no trend in grouping between the highest to lowest
human notification rate (Figure 6).
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Figure 6. Results of NMDS analysis for the (a) vertebrate biomass (auto-transformation =
square root, stress = 0.1922) and (b) mosquito abundance (auto-transformation = square root,
stress = 0.2051). Each point represents a unique monthly survey within each SSC. SSCs are
labelled on the right-hand side and coloured from highest (dark red) to lowest (light yellow)
notification rate.

6.6 Discussion
By integrating data on the abundance, diversity and biomass of potential RRV
vertebrate reservoirs and mosquito vectors, we identified associations between high RRV
notification rates in humans, total mosquito abundance and total vertebrate biomass
(particularly due to the presence of horses).
While variability existed between study sites, the overall positive relationship
observed between total mosquito abundance and long-term human notification rates of RRV
is as expected for a mosquito-borne virus. This result is also consistent with previous
investigations, which found that a greater number of mosquitoes (Lindsay et al., 1996;
Lindsay et al., 1997), or closer proximity to mosquito habitats (Jardine, Neville, & Lindsay,
2015) corresponded with higher human notification rates (Ryan, Do, & Kay, 1999).
Importantly, however, this measure of overall mosquito abundance does not necessarily take
the vector competence or vectorial capacity of specific species into account. Ross River virus
is a multi-vector pathogen that has been isolated from more than 30 species of mosquitoes,
each differing in general biology, ecology and, most notably, host feeding patterns (Claflin &
Webb, 2015; Stephenson et al., 2019). Thus, it is likely that some species are more important
than others as enzootic and/or bridge vectors. Further investigations are required to implicate
specific mosquitoes as the most important vectors of RRV in Brisbane, however we observed
notable differences in mosquito communities between suburbs. The dominance of Ae. vigilax
and Cq. linealis in Bracken Ridge is of interest as these two species have demonstrated
relatively high vector competence under laboratory investigations (Jeffery et al., 2002; Ryan,
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Do, & Kay, 2000) and frequently feed on both humans and horses (which were abundant in
this suburb) (Stephenson, Murphy, et al., 2019). For suburbs that reported low RRV
notification rates several of the mosquito species collected have not previously been
investigated as vectors of RRV (no virus isolations, or transmission studies; e.g. Cx.
orbostiensis and Ae. vittiger (Harley et al., 2001)). While these species are present in
relatively low proportions in these sites, the lack of data on their competence and feeding
patterns makes it difficult to determine their contribution to RRV transmission.
The significant positive relationship between vertebrate biomass and RRV
notification rate is novel, and of interest when mosquito host seeking behaviour is considered.
Studies on mosquito bloodmeals have found that mosquitoes can feed preferentially on
particular vertebrate species, independent of their relative abundance (Janousek et al., 2014;
Kilpatrick et al., 2006; Lyimo & Ferguson, 2009). When seeking a bloodmeal, mosquitoes
detect hosts through CO2 and body heat (Takken & Verhulst, 2013), in addition to numerous
olfactory factors. Both CO2 and heat emission increase with vertebrate body size (Franz et al.,
2010). Biomass accounts for the size of vertebrates as well as their total abundance. As such,
although marsupials are considered potential reservoirs of RRV, their biomass contributed
less than 5% of the community composition in four of the six SSCs. In SSCs with relatively
low RRV notification rates, there was a moderate biomass of species that have an unknown
or limited reservoir potential, including Carnivores (namely cats and dogs) and Psittaformes
(namely rainbow lorikeets Trichoglossus moluccanus and little corellas Cacatua sanguinea)
(Boyd et al., 2001; Stephenson et al., 2018). By comparison, sites with higher notification
rates were dominated by a relatively large biomass of horses, which are competent amplifiers
when experimentally infected (Kay et al., 1987; Stephenson et al., 2018), have demonstrated
high exposure under natural conditions (Gummow et al., 2018; Stephenson, Rudd, et al.,
2019) and have yielded multiple RRV isolates (Azuolas, 1998). The potential role of horses
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in the maintenance and transmission of RRV should be explored further, as their high
biomass and interactions with vectors may be important for spillover of RRV to human
populations. Overall, our findings suggest that vertebrate biomass rather than abundance
alone should be assessed in greater detail for RRV ecology, but it is most informative when
combined with existing knowledge on the amplification potential of vertebrate species.
The ordinations offered little insight into the disease ecology of RRV. Specifically, no
relevant groupings of sites or human notification were ascertained from either the vertebrate
or mosquito communities. One possible explanation may be that all sites are situated within
the same bioregion (‘South Eastern Queensland’), characterised by similar climatic
conditions, with the furthest distance between sites ~30 km. Although it is assumed that most
vertebrates and mosquitoes did not disperse widely outside of the sites, flying foxes (Roberts
et al., 2012; Tidemann & Nelson, 2004), some bird species (Smith & Smith, 2012) and Ae.
vigilax (Chapman et al., 1999; Webb & Russell, 2019) readily travel distances greater than 10
km. In general, while the total community did not vary significantly by SSC within this study,
it is unlikely that this would be the case if sites with a greater geographic separation were
considered, particularly since RRV has a nationwide distribution which supports diverse
mosquito and vertebrate communities.
6.6.1 Limitations and future directions
Confounding factors within this study include the number of replicates, inherent
survey method bias, and the choice of sites based on human notifications. First, the limited
number and purposeful selection of sites and survey months means that our findings may not
be generalisable across Brisbane or to other cities. Nevertheless, this study provides the most
comprehensive assessment of vertebrate and mosquito communities in comparison to human
notifications to date. The nature of the data collection, both for mosquito and vertebrate
communities is time consuming and costly. We found the use of a single mosquito trap in
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each SSC successful for capturing a diversity of mosquito communities which largely
corresponded to the habitat conditions (such as freshwater or saltwater habitats). Future
studies, however, would benefit from additional traps. There would be great value for future
investigations to expand data collection with additional SSCs across the gradient of human
notifications, as well as additional mosquito traps and host surveys.
A caveat of selecting study sites on the basis of human notifications is that it may not
accurately represent locations with high or low infection rates of RRV. Not all cases of RRV
cause clinical manifestations and/or are notified, and the place of residence of an infected
person may not have been the place of infection. We found a long-term notification rate to be
most suitable to identify areas with persistent RRV cases, which we assume are more likely
to be locally acquired. The sparsity of RRV cases on an annual basis limits that ability to
match human notifications to the same sample period as the vertebrate and mosquito data was
collected, as these are relatively low numbers.
Future studies on RRV community ecology would benefit from including broader
vertebrate survey methods (such as trapping and mosquito blood meal analysis) to
incorporate a wider diversity of vertebrates. For example, small and/or cryptic vertebrates,
such as murids, were infrequently detected in this study. However, some serological evidence
suggests that these species are exposed to RRV (Vale, Spratt, & Cloonan, 1991). Inclusion of
mosquito blood meal analyses would further inform the potential role of the vertebrates
considered in this study, by demonstrating which mosquito vectors readily interact with
which vertebrate hosts. Of three published blood-feeding studies conducted in Brisbane
between 1995 and 2001, birds, humans, placental mammals and marsupials were all variously
dominant among the vertebrate species fed on by mosquitoes, but this was likely influenced
by differing mosquito collection sites between the studies (Jansen et al., 2009; Kay et al.,
2007; Ryan et al., 1997). Only one of these three studies attempted to quantify the relative
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availability of host species in trapping sites, finding that, overall, dogs were the most
dominant blood meal relative to their abundance, but this was based largely on subjective
householder survey (rather than vertebrate observation surveys) and was undertaken in SSCs
where animals with higher biomass such as horses were not abundant (Kay et al., 2007). This
also supports the inclusion of vertebrate and blood meal surveys, plus consideration of the
effect of biomass in future studies.
6.7 Conclusion
Improved understanding of both mosquito and vertebrate communities can lead to a
better prediction and management of transmission for zoonotic mosquito-borne diseases.
Here, we find that for RRV vertebrate biomass (particularly horses) and mosquito abundance
had the strongest association with human notification rates of RRV in selected suburbs of
Brisbane. Further investigations, including ongoing vertebrate surveillance and modelling
studies, are needed to quantify the importance of vector competences and mosquito feeding
patterns in association with the novel finding of vertebrate biomass from this study. This
study adopts a multidisciplinary approach to consider both vertebrate host and vector
contributions to RRV ecology, and highlights both the benefits and challenges associated
with this study design.
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6.9 Supplementary Information
Supplementary Table 1. Reported RRV notifications between 2001 and 2016 for SSC’s included in this
study, and the average annual notification rate within each SSC (calculated per 100,000 people).
Year

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
Average
annual
notification
rate

Bracken
Chermside
Corinda
Indooroopilly Lota
Wishart
Ridge
West
notifications notifications notifications notifications
notifications notifications
3
2
1
4
0
2
1
0
0
0
0
0
13
3
5
2
0
3
8
1
7
0
3
2
1
0
0
0
0
1
13
2
3
2
0
0
5
2
0
4
0
1
6
3
3
8
0
4
5
1
0
2
0
4
4
2
3
0
0
2
4
1
1
0
0
1
8
1
1
10
0
1
4
2
2
3
0
3
12
3
6
1
3
2
26
11
8
10
3
4
4
0
0
1
0
0
43/100,000
33/100,000 50/100,000
24/100,000
17/100,000 18/100,000

Supplementary Table 2. Reported significance for notification rates across variables
lm(Notification.Rate ~ Variable)
Variable
Significance (p-value)
R-squared
Mosquito abundance
<0.01
0.227
Mosquito diversity
0.830
-0.031
Vertebrate abundance
0.108
0.052
Vertebrate diversity
0.374
-0.006
Vertebrate biomass
<0.001
0.254
Mammal abundance
0.883
-0.032
Mammal diversity
0.388
-0.007
Marsupial abundance
0.690
-0.027
Marsupial diversity
0.520
-0.018
Bird abundance
0.091
0.060
Bird diversity
0.561
-0.021
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Supplementary Figure 1. Variance within and between monthly surveys across SSCs for vertebrate
abundance (a), diversity (b), mosquito diversity (c), placental mammal abundance (d), placental
mammal diversity (e), marsupial abundance (f), marsupial diversity (g), bird abundance (h) and bird
diversity (i). Sites are ordered from highest human notification rate on the left to lowest on the right.
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Chapter 7
Discussion and conclusions
7.1 Research summary
The research presented in this dissertation addressed the limited understanding of the reservoirs
of Ross River virus (RRV) using a multifaceted approach. The approach consisted of three
processes: interpretation of the current and historic evidence for non-human reservoirs and their
interacting vectors, assessment of contemporary serological exposure of RRV in vertebrates,
and conducting ecological investigations to quantify the availability of both vertebrates and
vectors across a spatial gradient of human infection rates. Given that the virus persists across a
broad geographic range, climates and seasons (in which multiple vectors and vertebrates
involved in transmission frequently shift), it was clear that identifying the specific reservoir
species for RRV would not be possible within a single dissertation. Regardless, the outcomes
from the work presented in this dissertation have advanced the understanding of RRV
transmission under the following themes: i) the identification of likely and unlikely RRV
reservoir species for future investigations, ii) the application of a multidisciplinary approach
for investigating arbovirus transmission communities, iii) providing the foundations of a multihost, multi-vector model for RRV, and finally iv) the identification of challenges and future
research on RRV transmission ecology. Rather than enumerate results from previous
discussion sections in this chapter, below is a general discussion on these major themes and the
implications of work within this dissertation.

7.2 Non-human reservoirs of RRV
7.2.1 Horses
This dissertation provides further evidence that horses play an important role in RRV
transmission, highlighting that critical attention should be placed on this species in future
investigations. Historically, horses have been identified as a reservoir species of interest due to
their competence under experimental infection studies (Kay et al. 1986) and their high
seroprevalence under natural conditions (Gummow et al. 2018; Azuolas 1998) (reviewed in
Chapter 2 (Stephenson et al. 2018)). Despite this knowledge, there has been a paucity of studies
investigating the importance of the role of horses in RRV transmission to humans. In this
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dissertation, new evidence that horses may be important for RRV transmission came from the
ecological study (Chapter 6), in combination with findings from the mosquito blood meal study
(Chapter 3). In the ecological study, horses were highly ‘available’ in suburbs with the highest
rates of human disease, contributing more than 90% of the available biomass. Aedes vigilax
and Cq. linealis were among the most commonly caught mosquito species in the same areas.
These species demonstrated the highest feeding correlation with horses and humans (Chapter
3), potentially highlighting the importance of their role as bridge hosts and the combination of
these species contributing to ongoing RRV transmission.
A key determining factor in assessing the role of horses as reservoirs of RRV is interpreting
the high seroprevalence reported in Chapter 5. Horses had the highest seroprevalence with
more than 90% of individuals testing positive for RRV exposure, despite the horses enrolled in
this study having displayed no symptoms in the 12 months prior to collection. As a long-lived
species, it is critical to know whether RRV antibodies in horses are protective against
reinfection and the duration of that immunity. Current knowledge on the immune response of
horses to RRV infection is limited. If horses are highly attractive to mosquito vectors of RRV
(resulting in high exposure rates) but develop a long-lived immune response to RRV, this could
result in high herd immunity in horse populations. Re-exposure of a previously infected
individual would not contribute to ongoing transmission and thus, a high herd immunity would
implicate this species as a dead-end host. This conclusion would be contradictory to the
hypothesis that horses are important as reservoirs for RRV and a new finding from this
dissertation for RRV reservoirs.
Recommendation for future research – Given the nature and longevity of the immune response
in horses is such a critical determinant of their role as potential reservoirs, the findings from
this dissertation suggests that future investigations (including modelling and long-term
immunity studies) should prioritise this knowledge gap. Furthermore, as horses are a domestic
species and are of interest from an economic perspective, studies investigating the acute and
long-term immune responses of horses to RRV infection is more feasible and accessible than
studies of wildlife.

7.2.2 Ringtail possums
Among the marsupial species investigated here, ringtail possums should be prioritised in future
studies of RRV reservoirs. Ringtail possums did not feature in historical assessments (virus
isolations, serology or experimental infections) of RRV reservoirs (Chapter 2), nor has the
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species been assessed in previous blood meal studies (Chapter 3). However, the serological
investigation undertaken in Chapter 5 indicated that they were frequently exposed to RRV, and
significantly more so than brushtail possums. Brushtail possums have previously been
demonstrated to have a high capacity as an amplifier under experimental infection studies
(Boyd et al. 2001), but may not be frequently exposed to the virus (Kay et al. 2007; Hill, Power,
and Deane 2009) under natural conditions, limiting their capacity as reservoirs. The high
seroprevalence in ringtail possums identified here, their abundance in Australian suburbs, and
a complete lack of knowledge on their amplification capabilities, or the mosquito feeding
patterns on them, make the species a priority for future investigations.
Recommendations for future research – The greatest advance in this knowledge gap would be
to undertake experimental infection studies using multiple vector species to identify whether
ringtail possums have the capacity to amplify RRV. Experimental infection studies are limited
in size due to cost and welfare considerations, so should be designed with mathematical models
in mind. One alternative would be to utilise the new population and exposure knowledge
identified in this dissertation and integrate this data in future models. A mathematical model
incorporating factors of ringtail possum biology may inform whether or not this species has the
potential to increase or decrease the transmission in a given community.

7.2.3 Flying foxes and birds
In comparison to other species, there was equivocal evidence to support birds and flying foxes
as important reservoirs of RRV. Chapter 2 highlighted that multiple species within these taxa
can infect susceptible mosquitoes with RRV, suggesting they could contribute to transmission.
Further supporting this, comparable free living populations are exposed to RRV, with Chapter
5 reporting seropositivity in flying foxes as 25.3% and seropositivity across birds (13 out of 22
species) as 28.9%. In comparison to other species in my study, these are among the lowest
exposure rates. Given that these species were identified to have high abundance counts in the
ecological study area (Chapter 6), low exposure rates may still contribute to circulation of the
virus in the environment, but this is dependent on contact rates with vectors. In Chapter 3,
flying foxes were rarely reported in mosquito blood meal studies in Australia, but this is likely
a bias as they were rarely tested. For birds, two mosquito species predominantly fed on birds;
Cx. sitiens and Cx. quiquefasciatus. These are among the 40+ species of mosquito from which
RRV has been isolated, but are not recognised as the most important vectors for RRV
transmission to humans (van den Hurk et al. 2010). As with all species within this dissertation,
little is known about the immune response to RRV in birds and flying foxes, in particular if
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they develop on-going immunity following exposure. Most other alphaviruses are commonly
maintained in a mammalian-mosquito cycles (Weaver and Barrett 2004), though Sindbis virus
is an exception (Modlmaier et al. 2002), for which passerine birds are considered important
reservoir hosts. Further investigations of birds and flying foxes as potential reservoirs would
advance knowledge on RRV reservoirs, however, if resources are finite, these are not species
of the highest priority.

7.2.4 Humans
Broadly, humans are not considered important in the maintenance of RRV. However,
understanding exposure in human population provides insight on RRV transmission cycles.
When comparing RRV transmission to that of other arboviruses (Chapter 4), RRV had a wide
geographic exposure, but was most prevalence in Australia. Human exposure may be
increasing in the Pacific Islands (Duncombe et al. 2013; Tesh et al. 1975), but data is still
lacking on the availability and relative importance of vectors and hosts in these areas. A
recommendation for future research would be to test for RRV in humans in South-East Asia
(and more broadly) to determine its full geographical extent; and in turn the potential global
threat RRV may pose (Flies et al. 2018).

7.3 A multidisciplinary approach for arboviral disease ecology
Table 7.1 summarises the key findings within each chapter of this dissertation, and importantly,
highlights the multidisciplinary methods that have been adopted to address the key research
aims. For spillover of zoonotic arboviruses to occur in human populations, a number of
intraspecific and extrinsic factors must align, including host immunity, vector availability and
contact between vectors and hosts (Zinsstag et al. 2011; Plowright et al. 2017; Tompkins and
Slaney 2014; Craft et al. 2009). To understand any one of these factors, different research
methods must be applied. This body of work brings together methods and analyses across
multiple disciplines—including veterinary medicine, virology, public health and ecology—in
an attempt to do just this. This approach is critical for investigation of multi-host vector borne
zoonotic pathogens as disease patterns in humans are inextricably linked to the ecology of and
interactions among reservoir hosts, vectors and pathogens.
A multidisciplinary approach has been advantageous in this dissertation because it provided a
more comprehensive understanding when compared with results that are typically discipline-
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specific. The best example of this is in Chapter 5, which required undertaking, interpreting and
comparing serological assays across numerous non-model species (Table 7.1). Given that many
methods are traditionally optimised for humans and were not appropriate for the diversity of
species tested within this study, multiple virological and serological methods were compared
to identify an optimal method across species. The real strength to this chapter however, was
combining the serological results with ecological and life-history traits for each individual.
This extended beyond the virology discipline and identified important traits and locations for
seroprevalence in non-human vertebrates across South-East Queensland.
Multidisciplinary approaches have been adopted successfully for other zoonotic arboviruses,
but a challenge for multidisciplinary approaches is that they are dependent on existing
infrastructure within the scientific community to support collaboration. Within Australia this
is less of an issue compared with in lower income countries because infrastructure (including
veterinary networks, nationally notifiable diseases surveillance for human health, local and
state government surveillance and control programs for vectors and pest vertebrate species) are
available for multidisciplinary studies. The same resources, however, are not as well
established elsewhere, and, as such, limits the advancement of understanding RRV
transmission throughout its distribution.
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Table 7.1. Summary of the aims, methods and main findings from this dissertation.
Chapter
2 – Literature review
- Non-human
reservoirs
Published (Stephenson et al.
2018)

3 – Data chapter –
Blood meal metaanalysis
Published (Stephenson, Murphy,
et al. 2019)

4 – Literature review
–
Human
seroprevalence
Manuscript

Aim
1. Critically review the evidence
supporting the hypothesis
‘marsupials are better reservoirs
of RRV than placental
mammals, which in turn are
better reservoirs than birds’;
2. Characterise the limitations of
that evidence;
3. Identify research gaps with
regards to RRV transmission
cycles.
1. Synthesised existing literature
describing blood meal studies in
Australia;
2. Assess the most likely
mosquito-host associations;
3. Distinguish between generalist
and specialist mosquito species
in Australia.

Method(s)
Systematic literature
review of published
papers.

Key finding(s)
1. Evidence to support the hypothesis was weaker than
expected.
2. Future research on the non-human reservoirs of RRV
should focus on investigating non-marsupial species,
including passerine birds and small placental mammals.
Ideally this would be done through ecological assessments of
vector, virus and host abundance in areas of high and low
disease in humans.

Systematic literature
review +
log odds ratio analysis.

1. Identify epidemiologically
relevant trends, potential biases
and risk factors associated with
DENV, RRV and BFV
seropositivity in humans in
Australia and the PICTs.

Systematic literature
review +
meta-analysis using
forest plots.

1. Of the Australian mosquito species tested, each had a
unique feeding pattern; however, the particular specialist or
generalist feeding patterns of mosquito species could be a
key determinant of the risk they pose for human disease.
2. Broader ecological considerations alongside these feeding
patterns could be useful for the interpretation of these
complex biological systems, but at present data available to
do this are limited. Future studies should utilise
multidisciplinary approaches to collect data on vertebrate
communities in parallel with mosquito communities.
1. RRV may have been circulating outside Australia at least
since 1975 when human seropositivity between 20 and 34%
was reported in Indonesia and Papua New Guinea.
Transmission may also be increasing in some countries in
the Pacific.
2. Locally in Queensland, average seroprevalence in humans
(since 1966-2015) has been reported as 19.7% seropositivity.

150

5 – Data chapter –
Vertebrate
seroprevalence
Submitted (Stephenson, Rudd, et
al. 2019)

1. Characterise the natural
exposure of RRV in non-human
vertebrates;
2. Classify species and/or lifehistory traits associated with
seropositivity;
3. Identify any potential hotspots
or cold spots of seropositivity.

Serological assay
(plaque reduction
neutralisation test) +
random forest
regression analysis +
spatial hotspot analysis.

6 – Data chapter –
Field ecology
investigations
Submitted –
(Stephenson, Murphy,
et al. 2019)

1. Characterise vector and host
communities across different
suburbs of Brisbane, with
varying human incidence rates
of RRV;
2. Determine if variables biomass,
abundance or diversity are most
important in areas of high or
low disease for vectors or
vertebrates .

Vertebrate surveys +
vector surveys +
ordination analysis +
linear models.
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1. Species traits, in particular diet and body mass, may play a
role in vector-host contact rates, ultimately influencing
exposure.
2. The highest seroprevalence was reported in horses,
followed by koalas and ringtail possums. Ringtail possums
were significantly more seropositive than brushtail possums,
which is particularly interesting as only the latter have been
investigated as potential reservoirs for RRV.
3. The results from this study provide a novel method to
examine serological results and ultimately inform
management of RRV in South-East Queensland.
1. Abundance of marsupials and mosquitoes was the most
important ecological value correlating with human incidence
rates.
2. When assessing vertebrates by their community
composition, biomass makes a significant difference to the
‘availability’ of potential hosts.

7.4 Towards a multi-host, multi-vector model for RRV
Modelling plays a central role in disease ecology. In principle, mathematical models are an
attempt to generalize or understand an ecological process. Modelling can be particularly useful
to generate testable hypotheses to guide the collection of data or management scenarios for
disease control (Restif et al. 2012; McCallum 2016). Mosquito-borne diseases have a long
history of use in mathematical modelling, with the earliest model for malaria developed more
than a century ago (Reiner et al. 2013; Smith et al. 2012; Ross 1915). Since then, global interest
in mosquito-borne diseases has expanded and in response, models have been developed to
include different components important to transmission including; immune response, infection
dynamics, seasonality, pathogen evolution, host and mosquito behaviour, and multiple host or
mosquito species.
In this dissertation, the primary interest is to identify non-human reservoirs most important for
the transmission and maintenance of RRV. Further insights have previously been gained
through modelling approaches (Carver et al. 2009; Denholm et al. 2017; Koolhof and Carver
2017), and future progress in RRV modelling requires consideration of the dynamics of
multiple mosquito species and multiple hosts, accounting for their differing availability, and
their differing capacity to transmit RRV. One such model would be a next-generation matrix
(NGM) model, which calculates R0 across different categories of individuals, where R0 is
defined as the average number of secondary cases caused by one infectious individual in a
population of susceptible individuals (Webster, Borlase, and Rudge 2017; Diekmann,
Heesterbeek, and Roberts 2009; Diekmann, Heesterbeek, and Metz 1990; van den Driessche
and Watmough 2002). NGM models have been adopted for several mosquito-borne diseases,
including Zika virus, dengue virus and West Nile virus (WNV) (Brauer et al. 2016; Ding, Tao,
and Zhu 2016; Hartemink et al. 2007). Most relevant to this dissertation is a NGM model for
WNV which has been used to determine the relative importance of different vector-host
combinations for increasing or decreasing WNV R0 within a community (Wonham, deCamino-Beck, and Lewis 2004).
There are several steps to building a NGM model (Figure 7.1). The collective findings from
this dissertation contribute to each of these steps, but ultimately more research is needed to
parametrise a NGM model for RRV. The first step of a NGM model is to define the categories
of individuals that will be assessed. For RRV this should represent a mixture of vertebrate hosts
and mosquitoes. Ultimately, a NGM model for RRV would include a diversity of species with
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different capacities to transmit RRV. Horses and ringtail possums have already been discussed
as key interest species based on the findings within this dissertation. Additional species of
interest to model would include; humans (given they suffer clinical disease, and their role in
transmission, particularly in the Pacific, is vague); some bird species (magpie-larks Grallina
cyanoleuca could be important to include given their nation-wide distribution in Australia, and
being one of the only species of birds which have yielded an isolate of RRV), and finally; black
flying foxes (which are known to be fed on by vectors of RRV, and are recognised as reservoirs
for other viral pathogens; Figure 7.1). To select vectors, it is important that they reflect a
diversity of feeding patterns, larval ecology and vector competence. They must also persist in
the same geographic range, and temporally, as the suggested vertebrates otherwise the
interactions assessed within the model would not be not representative of transmission
potential. From these criteria, suggested vectors would include; Ae. vigilax, Ae. notoscriptus,
Cq. linealis and Cx. annulirostris (Figure 7.1).
The second stage of a NGM model is to build two matrices (Figure 7.1). These are known as
‘whom acquires infection from whom’ (WAIF) matrices and represent the contact, availability,
infectivity and susceptibility of a given vector and a given host (Webster, Borlase, and Rudge
2017). The elements within each matrix characterise the rates of infection between all possible
combinations of species. The elements of the first matrix represent transmission from a given
mosquito species to a given host species, and the elements of the second matrix represents
transmission from a given host species to a mosquito species. R0 is then derived from the largest
eigenvalue of the multiplication of these matrices (Diekmann, Heesterbeek, and Roberts 2009).
For WNV, differential equations incorporating Susceptible-Infectious-Recovered populations
of vertebrates and Susceptible-Infectious populations of vectors have been used in NGM
modelling. Wonham, de-Camino-Beck, and Lewis (2004) collected parameters for mosquito
and vertebrate species which represented; i) the relative abundance of each species; ii) duration
of infectiousness; and iii) contact rates between the two species. Table 7.2 derives these
parameters in the context of current knowledge for RRV vertebrate hosts and mosquito vectors.
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Figure 7.1 Steps necessary to build a NGM model (derived from (Diekmann, Heesterbeek, and Roberts 2009; Wonham, de-Camino-Beck, and
Lewis 2004; Webster, Borlase, and Rudge 2017) (left) and the data appropriate for RRV (right)
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Table 7.2. Host and vector parameters needed for a NGM model for RRV, derived from Wonham, de-Camino-Beck, and Lewis (2004). Cells
coloured in green represent those with readily available information, cells in yellow represent partial information, and cells in brown represent
missing information.

Study population
Vectors Hosts

Data availability for RRV
Vectors
Source

State variables
Susceptible

SV

SH

All vectors
available

Calculated from:
AV - IV

Infectious

IV

IH

All vectors
available

Calculated from:
SV( βH αH ωV)

Recovered

RH

Larval mosquitoes

LV

Adult mosquitoes

AV

Total population

bV

All vectors
available
All vectors
available

Maturation rate

mV

bH

Source

Horses, ringtail possums, humans available.
Assumptions would need to be made for
magpie-larks and black flying foxes on the
basis of taxonomic order.
Horses and humans available. Assumptions
would need to be made for ringtail
possums, magpie-larks and black flying
foxes on the basis of taxonomic order.

Calculated from:
NH-RH-IH

Horses, ringtail possums, humans available.
Assumptions would need to be made for
magpie-larks and black flying foxes on the
basis of taxonomic order.

Ideally calculated from
virus isolation from hosts
(not currently available).
Potentially estimated from:
SH( βH αV ωH)
Derived from
seroprevalence rate in
Chapter 4 and 5

Calculated from:
AV (bV mV dL)
Derived from
count data in
Chapter 6

NH

Parameters
Birth rate

Hosts

All hosts available. Assumptions would
need to be made for total population size
from count data.
Data limited.

Data limited, but assumptions can be made
for each species

Data limited.
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Derived from count data in
Chapter 6

Parameters (cont)
Death rate

Study population
Vectors Hosts

Data availability for RRV
Vectors
Source

dL, dA

All adult
vectors
available.
Missing data
on larval
survival.
All vectors
available

Russell (1987)

Data limited, but assumptions can be made
for each species

Partially derivable
from odds ratio in
Chapter 3

Partially derivable from
odds ratio in Chapter 3

(Jeffery et al.
2002; Ryan, Do,
and Kay 2000)
(Jeffery et al.
2002; Ryan, Do,
and Kay 2000)

Horses and humans available. Assumptions
would need to be made for ringtail
possums, magpie-larks and black flying
foxes on the basis of taxonomy.
Horses and humans available. Other species
unavailable.
Horses and humans available. Other species
unavailable.

Kay et al. (1986)

Horses and humans available. Other species
unavailable.

Kay et al. (1986)

dH

βH

Vector-host contact rate

Virus transmission rate (from)

αV

αH

All vectors
available

Incubation period

ωV

ωH

All vectors
available

Recovery rate

γH
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Hosts

Source

Kay et al. (1986)

From this dissertation, new data are available which contribute towards construction of a NGM
model, to calculate RRV R0, and to test hypotheses about which combinations of hosts and
vectors are most important for increasing R0 in a community. Specifically, from Chapter 3,
contact rates between mosquitoes and hosts could be derived from the log odds ratio analysis.
For abundance and availability, population estimates could be parameterised from the field
findings collected in Chapter 6. The proportion of the host population that is susceptible would
have to be calculated, but could be derived from removing the proportion of ‘recovered’
individuals, estimated from seroprevalence results in Chapter 4 and 5, this could be further
refined by calculating the proportion of ‘infected’ individuals as a parameter of infectivity and
duration of infection based on the literature reviewed in Chapter 2. However, without additional
data, attempting to derive a plausible NGM is premature at this stage. Additional data for the
candidate mosquito vectors would need to be acquired: in particular, further detail of the
proportion that become infected after feeding on a blood meal with a given titre of RRV, the
duration of infection and the life expectancy of the mosquito species under natural conditions.
Once built the NGM model is build, its greatest benefit to understanding RRV transmission
ecology would be through hypothesis testing by modifying the parameters for each host within
the matrices. For example, if contact between vectors and horses were reduced to zero, would
this result in an increase or decrease in the community R0, compared to the original model?
Further if it did result in a decreased R0, would this be a viable control strategy for RRV, where
vector elimination is focussed on areas where mosquitoes and horses could come into contact?
Despite this approach being an advance in the understanding of RRV transmission ecology, the
model would not be without its limitations. Any model is just a representation of the real world
and an attempt to simplify complex ecology. Although it would incorporate the latest
knowledge on non-human reservoirs, host immune responses would have to be broadly
derived. The development of a NGM model, however, would still provide a foundation for
future investigations to update the model as new data is generated for host immunity for RRV.

7.5 Final conclusions and future directions
Understanding the complex transmission ecology of multi-host pathogens has been declared as
one of the major challenges to biomedical science in the 21st century (Woolhouse, Taylor, and
Haydon 2001; Webster, Borlase, and Rudge 2017). Although population biologists have been
successful in understanding the evolution and dynamics of single-host pathogens, most
infectious disease globally are capable of infecting more than one host species (Cleaveland,
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Laurenson, and Taylor 2001). To accurately target interventions and manage outbreaks of such
multi-host pathogens, knowledge of transmission dynamics must be integrated (Cleaveland,
Haydon, and Taylor 2007).
This dissertation took a systematic approach to better understand the reservoir hosts for RRV,
but has also led to new insights pertaining to each of the three components. Specifically, this
research highlighted ecological (including life-history traits), epidemiological (including
exposure rates) and behavioural (such as vector feeding patterns) insights that are important
for RRV transmission.
Arboviruses have varied transmission ecology. On one end of the spectrum, there are viruses
such as dengue viruses which are specialist viruses; mostly maintained in transmission with a
single vertebrate host (humans), and a single vector (Ae. aegypti) (Morin, Comrie, and Ernst
2013). On the opposite end of the spectrum, there are highly complex generalist viruses which
persist in multiple hosts and multiple vectors (such as WNV (Hayes et al. 2005)) and RRV.
Identifying the level of transmission complexity is a critical component for targeted
interventions against an arbovirus. For example, successful dengue virus strategies are highly
vector-centric with most recent efforts focussed on reducing the reproduction and vector
competence of Ae. aegypti (Hoffmann et al. 2011; Hoffmann, Ross, and Rašić 2015). By
comparison, management strategies for WNV have in recent years been host-centric, either
through sampling of culled birds in Italy to inform the annual timing of blood donor screening
(ultimately preventing transfusion transmission events)(Pupella et al. 2013), or increased
public education surrounding avian migration events in North America (Swetnam et al. 2018).
As RRV is a zoonotic arbovirus with one of the most complex transmission dynamics, guidance
can be derived from the complex WNV systems, however further research is necessary before
implementation of effective host-centric management strategies.
To mitigate and manage ongoing circulation in the complex RRV system, models are
required to fully explore RRV dynamics. This dissertation has provided critical information
to structure and parameterise those models, and has identified critical species of interest for
future RRV research.
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