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ABSTRACT

Background & objectives: Weather and climate are directly linked to human health including the distribution and 
occurrence of vector-borne diseases which are of significant concern for public health. 
Methods: In this review, studies on spatiotemporal distribution of dengue, Barmah Forest Virus (BFV) and Ross 
River Virus (RRV) in Australia and malaria in Papua New Guinea (PNG) under the influence of climate change and/
or human society conducted in the past two decades were analysed and summarised. Environmental factors such as 
temperature, rainfall, relative humidity and tides were the main contributors from climate. 
Results: The Socio-Economic Indexes for Areas (SEIFA) index (a product from the Australian Bureau of Statistics 
that ranks areas in Australia according to relative socio-economic advantage and disadvantage) was important in 
evaluating contribution from human society. 
Interpretation & conclusion:  For future studies, more emphasis on evaluation of impact of the El Niño-Southern 
Oscillation (ENSO) and human society on spatio-temporal distribution of vector borne diseases is recommended 
to highlight importance of the environmental factors in spreading mosquito-borne diseases in Australia and PNG.
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INTRODUCTION

Vector-borne diseases are of significant concern for 
society and the economy: they account for more than 17% 
of all infectious diseases, and more than 700,000 people 
die annually from vector-borne diseases, including ma-
laria and dengue1. Vector-borne diseases are sensitive 
to weather and climate conditions. As climate is rapidly 
changing on a global scale, manifesting in continuing 
temperature increase, changes in rainfall patterns, and 
increase in frequency and severity of extreme weather 
and climate events, this leads to changes in geographi-
cal distribution of vector-borne diseases. In addition to 
climatic factors, human society factors are equally impor-
tant in affecting spread of vector-borne diseases. It should 
be noted that resistance to insecticides also is a problem 
for increasing the vector-borne diseases. In this review, 
studies of mosquito-borne diseases in Australia and Papua 
New Guinea (PNG) under the influence of climate change 
and human society were analysed providing recommen-
dations for future implementation of Climate Risk and 
Early Warning Systems (CREWS) activities in the health 
sector. 

Developing countries, least developed countries 

(LDCs) and small island developing states (SIDS) are 
particularly vulnerable to impact of climate change and 
climate extremes, and at the same time, vector-borne dis-
eases are more common and widespread in these coun-
tries compared with developed countries. Recognising 
the urgency of enhancing early warning systems to as-
sist vulnerable countries with climate change adaptation, 
CREWS international initiative was established in 2015. 
Key priorities for CREWS are aligned with the priority 
areas of the Global Framework for Climate Services: agri-
culture and food security; disaster risk reduction; energy; 
health; and water. Weather and climate are directly linked 
to human health including the distribution and occurrence 
of various diseases; climate variability affects the envi-
ronment favourable for proliferation of communicable 
vector-borne diseases. As such, the role of climate servic-
es in developing reliable health and climate-related tools 
for various time scales - from weeks to months to seasons 
and longer - in order to support public health is paramount. 
In this way, climate services will support health priorities 
such as improving disease surveillance and extending the 
lead-time to prevent and prepare for climate related dis-
ease outbreaks. 

In particular, CREWS in PNG develops improved 
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monitoring and sub-seasonal to seasonal prediction of 
rainfall that can foster better decision-making for agri-
culture, health, water management and other climate-sen-
sitive sectors aiming to create end-to-end early warning 
systems. As the abundance of mosquitoes is correlated 
with rainfall, CREWS climate monitoring and prediction 
products, including rainfall products, could be valuable 
for assessment of malaria risk. On the other hand, to cre-
ate effective early warning systems, knowledge about the 
spatiotemporal patterns of mosquito-borne diseases are 
essential, together with the understanding of the com-
bined impacts of climate change and human society on 
the distribution of vectors. In this review, we focused on 
analysing studies of vector-borne diseases prevalent in 
two neighbouring countries in the Asia-Pacific region-
Australia and PNG. 

Mosquito-borne diseases in Australia and Papua New 
Guinea (PNG)

Mosquito-borne diseases are continuous concerns 
in Australia2, especially in the tropical regions3–4. As one 
of the most common arboviral human diseases in tropi-
cal and subtropical regions5–6, dengue fever has spread in 
Australia mainly by Aedes aegypti (Diptera: Culicidae)7 
carrying one of at least four serotypes of dengue virus8–9 
since 187910. While dengue is not an endemic disease in 
Australia because travellers from overseas bring most of 
the cases11, the real number of cases is usually underes-
timated10. Additionally, local mosquitoes become vec-
tors of dengue fever biting overseas travellers infected 
with the virus12. Continual annual dengue outbreaks in 
Queensland in 1990–2014 were originally from infected 
overseas travellers13. 

Ross River Fever is the most common arboviral hu-
man disease in Australia14 caused by Ross River virus 
(RRV). More than 40 species of mosquito are the poten-
tial vectors of RRV15. Although RRV disease is a non-fatal 
human disease, it has significant impact on the Australian 
society with annual health care cost estimated at US$4.1–
US$4.7 million16–23. More efforts should be put into moni-
toring and predicting RRV disease since the number of 
reported RRV cases can be very high in some years, e.g., 
9544 in 2015 and 6928 in 201624. Barmah Forest virus 
(BFV) disease is the second most prevalent arboviral hu-
man disease in Australia caused by mosquitoes such as 
Aedes vigilax (Diptera: Culicidae) and Culex annuliros-
tris (Diptera: Culicidae) with BFV25. No known deaths 
have been caused by BFV, however, some of the infected 
population may have symptoms as arthralgia and myalgia 
up to a year26–27.

The complicated relationships among the environ-

ment, climate change, human society, mosquito-borne 
diseases and vectors led to the changing spatiotemporal 
patterns of mosquito-borne diseases in Australia. Due to 
human mobility and convenient transport28, dengue fever 
was prevalent among capital cities and fast-growing cit-
ies29–30, although the maximum travel distance of Ae. ae-
gypti was 512m and 77% of the Ae. aegypti experimental 
sample moved no further than one house from indoor31. 
The spatiotemporal distribution of dengue fever and its 
vectors has changed in accordance with the socioeconom-
ic development in Australia. In the past, the geographical 
distribution of dengue vectors expanded to the coastal cit-
ies of  New South Wales and Queensland by roads, railways 
and coastal steamers32. However, the usage of piped-water 
networks rather than household rainwater tanks, introduc-
tion of fridges to replace water-cooled ‘Coolgardie’ safe, 
and transition from steam to diesel locomotives could 
confine the dissemination of dengue virus and reduce the 
population quantity of dengue vectors10. 

Traditionally, RRV disease was prevalent in rural 
areas across Australia22 because Culex annulirostris was 
the main inland rural vector living in natural reservoirs21. 
Nevertheless, since the 1980s, RRV cases have appeared 
in Australian metropolitan cities such as Sydney and Mel-
bourne33–36 due to the expansion of housing37 and exposure 
to infected mammals21 during urbanization. Human inter-
vention in wetlands and irrigation practices also led to an 
increasing trend of BFV cases around Australia in recent 
years2, 38–39. Some studies considering socioeconomic in-
fluence on the risk of mosquito-borne diseases utilised 
Socio-Economic Indexes for Areas (SEIFA) - a product 
from the Australian Bureau of Statistics that ranks areas in 
Australia according to relative socio-economic advantage 
and disadvantage40.

Meanwhile, the risk of mosquito-borne diseases was 
influenced by survival and propagation of both the viruses 
and the vectors, which in turn are affected by climatic fac-
tors41. For example, increased air temperature extended 
altitudinal and latitudinal range of mosquitoes42. Tropi-
cal climate pattern facilitated the silent transmission of 
dengue virus after detectable epidemic happened years 
ago43–44. Studies suggested that dengue fever existed in 
places with at least 16°C annual mean temperature45, 
which conformed to the well-known facts of dengue vi-
rus46–47. Increased rainfall (mean monthly rainfall of about 
400 mm during wet season months of January, February 
and March) was associated with the increase of Ae. aegyp-
ti population, but excessive rainfall was associated with 
decreased population of Ae. aegypti due to the flushing of 
breeding sites48. Additionally, state of the El Niño-South-
ern Oscillation (ENSO) has become a popular predictor 
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for forecasting the influence of climate on occurrences 
of vector-borne diseases49–50. ENSO is a significant con-
tributor to climate variability on a global scale and one of 
the most important drivers of annual climate variability in 
Australia51. The ENSO manifests in the periodic changes 
in sea surface temperatures, atmospheric pressure, sea 
level and patterns of precipitation in most regions of 
the equatorial Pacific Ocean. Warm phase of the ENSO 
known as El Niño is characterised by above average sea 
surface temperatures in the equatorial central Pacific; on 
the other hand, the ENSO’s cold phase - La Niña, brings 
cooler than average waters to this region. However, the 
geographical distribution of mosquito-borne diseases in 
Australia is difficult to forecast using the ENSO state as a 
sole independent predictor due to the complex interaction 
between the environment and human society. The rela-
tive importance of climatic, environmental and socioeco-
nomic drivers in assessing mosquito-borne diseases such 
as dengue remained a topic of continuous research52–54. 

In PNG, the major malaria transmission vectors are 
members of the An. punctulatus group55–58. Malaria trans-
mission varies across environmentally diverse zones of 
PNG, ranging from intense perennial transmission in the 
northern coastal lowlands to seasonal moderate transmis-
sion in the southern coast and unstable transmission at 
higher altitudes59. With increasing altitude, malaria trans-
mission decreases significantly, becoming unstable at an 
altitude of 1300–1600m (i.e., changes in incidences are 
large and uneven, and the occurrence of outbreaks/epi-
demics is relatively common) whilst intense transmission 
is normally limited to local epidemics which tend to fol-
low the rainy season (November–March). Above 1700m, 
the temperature becomes too cold inhibiting malaria 
transmission. Furthermore, Mueller et al.60–61 also showed 
that substantial heterogeneities exist across broad envi-
ronmental gradients and within villages short distances 
apart. This variation may be due to the topography of the 
highlands region as they contain step gradients and deep 
inter-montane valley bottoms62 and basin-like depres-
sions than in the hills, therefore become major breeding 
sites for malaria transmission. 

Malaria incidence in PNG has decreased dramatically 
in recent years due to consistent preventive efforts includ-
ing widespread distribution of bednets58, 63 and improve-
ments in diagnosis and treatment of malaria64. Prevalence 
in the general population for Plasmodium spp. decreased 
from 14% in 2009 to below 7% in 201165.  Since 2004, 
the incidence of malaria in PNG dropped from 400 cases 
per 100,000 population to 200. The incidence of malaria 
admissions to public health facilities dropped by 83% 
and malaria death rates in health facilities fell by 76% be-

tween 2009 and 2015. However, malaria risk is still pres-
ent throughout the country at the altitude of below 1800 
meters, including urban areas.

Similar to its influence on Australian climate, the 
ENSO is one of the key drivers of interannual climate 
variability in PNG. During El Niño events, cooler than 
average ocean waters and shift in atmospheric circula-
tion/convection towards the central equatorial and eastern 
Pacific often results in severe rainfall deficit leading to 
drought conditions across the country. On the other hand, 
during La Niña events opposite changes in oceanic and 
atmospheric conditions occur (i.e., warmer than average 
ocean waters and enhanced convection over the Maritime 
continent) which typically results in extreme precipitation 
over PNG often leading to flooding. These climate ex-
tremes take a severe toll on PNG people and the economy, 
and to some extent have an impact on malaria incidence. 

The first aim of this review is to compare and assess 
previous studies of evaluating and predicting the spatio-
temporal distribution of mosquito-borne diseases (i.e., 
dengue fever, RRV and BFV diseases in Australia and ma-
laria in PNG) under the influence of climate change and 
human society from the perspective of location, risk fac-
tors, statistical methods, and outcomes. The second aim 
of this review is to provide recommendations for further 
research directions and in this way to produce research 
outcomes that are useful for assisting government offi-
cials to control and prevent mosquito-borne diseases in 
Australia and PNG, and in this way assist CREWS with 
implementation of its activities to enhance early warning 
systems for the health sector.

RESULTS

A comprehensive literature search was performed 
using the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines. Search 
engine (Bing academic) and major academic database and 
indices including Academic Search Complete, Comple-
mentary Index, JSTOR Journals, MEDLINE, Science 
Citation Index, ScienceDirect, Scopus and Supplemental 
Index were used to select studies on the spatiotemporal 
distribution studies of vector borne diseases. The follow-
ing terms were used during the literature search process: 
Australia, Barmah Forest Virus, climate anomalies, cli-
mate change, climate model, climate variability, dengue, 
dengue fever, ENSO, El Niño, land cover change, land 
use change, malaria, modelling, PNG, population density, 
regression analysis, risk factors, Ross River Virus, socio-
economic drivers, spatiotemporal models, water storage 
practice. Only articles that were published in the past two 
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decades were considered. The selected research papers 
included 11 dengue studies, 10 BFV studies and 23 RRV 
studies including 13 papers on influence of human society. 
Among them, 2 papers were focused on the spatiotempo-
ral studies of both BFV and RRV66–67 and 1 study on the 
evaluation of geographical distribution of dengue, BFV 
and RRV in Australia68. Regarding the study area, of the 40 
studies, 25 studies were focused on Queensland, 4 studies 
on Western Australia, 2 studies on the Northern Territory, 
2 studies on South Australia, 1 study on Victoria and 1 
study on New South Wales. Two studies examined oc-
currences of vector-borne diseases in contiguous areas of 
the New South Wales, Victoria and South Australia and 1 
study in four epidemic-prone cities across Australia. Only 
2 studies were focused on the spatiotemporal distribution 
of mosquito-borne diseases in all the Australian states68–69. 
Twenty-one papers on malaria in PNG have  also been 
reviewed. 

The spatiotemporal distribution of mosquito-borne 
diseases in Australia was influenced by various risk fac-
tors led by climate change and human society. Rainfall 
and temperature were the top most common risk factors 
in dengue, BFV and RRV studies. Tides were the second 
and the third most common risk factor in the studies of 
BFV and RRV respectively. Relative humidity was the 
second common factor in dengue and RRV studies only, 
and SEIFA index, a socioeconomic risk factor, was at the 
third place in BFV studies. Among the studies of three 
mosquito-borne diseases, RRV studies had the most di-
verse risk factors from residents’ feedback70 and living 
habits71 to soil salinity72 and sea surface temperature73–74. 
However, only 2 studies were focused on only socioeco-
nomic factors69–71. As a result, the impact of  human soci-
ety on dengue, BFV and RRV was not fully investigated.

Various statistical methods were used in the studies of 
the spatiotemporal distribution of mosquito-borne diseas-
es in Australia. Poisson regression and the AutoRegres-
sive Integrated Moving Average (ARIMA) model with 
its variation with an additional seasonal effect - Seasonal 
AutoRegressive Integrated Moving Average (SARIMA) 
models, appeared most in the time-series analyses, to 
forecast the relationship between weather, sea levels and 
outbreaks68, 75–83. Negative binomial regression and lo-
gistic regression models involved inclusive independent 
variables67, 72–73, 84–89 from river flow and vegetation cover, 
to ethnic groups and population density84–89. Most of lin-
ear regression and Bayesian Conditional Auto Regressive 
(CAR) models concentrated on the impacts of SEIFA and 
cases brought from overseas combined with influence 
from local temperature and rainfall conditions, on the spa-
tiotemporal distribution of mosquito-borne diseases69, 90–

92. Spatial analyses were performed in GIS software such 
as ArcGIS, QGIS and SaTScan to find the potential inci-
dence of diseases and mosquito biting around wetlands, 
introduced cases, and residents’ complaints25, 37, 70, 93. The 
degree of spatial autocorrelation of mosquito-borne dis-
eases was calculated by classic Moran’s I statistic67, 92, 94–96 
and spatial regression models92 in some studies. There 
were 2 studies that used graphical models97–98 and models 
for epidemiology71, 99 respectively as well.

Major findings from dengue studies revealed that den-
gue cases brought from overseas and human movements 
affected the spatiotemporal distribution of autochthonous 
dengue cases69, 88, 91, 97–100. From December to February in 
the following year, overseas-acquired dengue virus was 
carried by Australian overseas travellers from Southeast 
Asia, Africa and the Americas to northern, western and 
eastern coastal Queensland cities, and was influenced by 
rainfall and SEIFA index69, 91. This imported dengue virus 
caused the highest dengue incidence ratio in the 20-49 
years-old group, between January and April88 and deter-
mined the continuation and the size of subsequent autoch-
thonous dengue cases99. However, local dengue outbreaks 
and transmissions could be triggered in wet seasons and 
the periods with increased rainfall, temperature, and rela-
tive humidity only91, 97, 99–100. Other environmental fac-
tors, such as the Southern Oscillation Index (SOI) and 
wind directions were predictors of magnitude and direc-
tion of dengue outbreaks as well82, 93. However, studies 
showed that short extrinsic incubation period of dengue 
virus instead of warm weather and human movements led 
to the large dengue outbreak between 2008 and 2009 in 
Queensland101. In addition, studies indicated that prompt, 
intense vector control actions were effective in decreasing 
future mosquito population and dengue risks93, 101.

As an Australian mosquito-borne endemic, none of 
the BFV studies contained international tourism and hu-
man movements as risk factors in the examined literature. 
SEIFA index was the only socioeconomic factor that posi-
tively associated with BFV outbreaks85, 87, 92. Temperature, 
rainfall, tides and relative humidity were significantly as-
sociated with BFV outbreaks with a lag of 0-5 months66, 

79, 85, 92. Other environmental factors such as wetlands and 
climate zones were also significant contributors of BFV 
cases25. In addition, the SOI index could predict BFV 
outbreaks 3 months in advance. By monitoring monthly 
abundance of mosquito, BFV endemic could be forecast-
ed before 0-4 months, depending on mosquito species66. 
Studies showed that the highest BFV incidence often ap-
peared from January to May68, 85, 96 and occurred mainly 
in central Queensland, inland and northern Queensland 
coastal cities96. However, most of BFV studies were fo-
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cused on Queensland as the study area; no reports incor-
porated human intervention as risk factors.

The annual temporal patterns of RRV outbreaks were 
similar to the one of BFV cases, although RRV was a more 
powerful infectious disease than BFV67–68. Temperature, 
rainfall, tides, and relative humidity were significantly as-
sociated with future RRV cases66–68, 73–78, 80–83, 86, 89–90, 102–104, 
however, the relative impact of these factors varied in 
different cities103, catchment areas104, and spatial scales76, 
and were differed between coastal and inland regions as 
well77. Aside from the SOI index81, 84, more oceanic and 
atmospheric factors that related to the ENSO state such 
as sea surface temperature73 and vapour pressure89 linked 
to the increased amount of RRV cases. In addition, Nor-
malised Difference Vegetation Index (NDVI) was a pre-
dictor for RRV outbreaks at a lag of up to 24 months74. 
Nevertheless, studies showed that salinity and water log-
ging in soil72, and SEIFA index90 were not associated with 
RRV cases because of the inappropriate selection of spa-
tial scale, short study period90 and insufficient density of 
RRV cases72. RRV studies that included the impact from 
human society suggested that lower-education popula-
tion, labour workers and indigenous population had high-
est RRV risks comparing with other groups84. Ensuring 
residents live at least 1 km away from mosquito breeding 
sites and reducing camping will control the RRV risk to the 
lowest level, although mosquito-repelling tools and light-
colored clothing decreased the risk by 3-fold at most37, 71. 
Complaints from residents living in high RRV risks areas 
were also used to assess spatial clustering patterns of RRV 
diseases and mosquitos’ population70.

Numerous studies on malaria in PNG demonstrate 
progress in combating this mosquito-borne disease in 
recent years59, 105–109. However, PNG’s mountainous ter-
rain and poor transport infrastructure creates challenges 
in assessing risk of and providing treatment for malaria, 
particularly in remote communities. While the malaria 
situation in the coastal lowlands has been studied in detail, 
the current malaria situation in the highland communities 
has not been studied in depth since the 1960s. Recently, 
an assessment of the epidemiology of malaria in the PNG 
highlands has been conducted60–61, 110–114. As a result of 
these comprehensive studies, importance of local factors 
in risk of malaria in highlands was emphasised. 

Survey conducted in 24 villages in Western High-
lands Province of PNG (Fig. 1) demonstrated strong cor-
relation of malaria with altitude, ranging from 1.6% at 
altitudes of 1500–1800 m to over 30% in villages below 
900 m; malaria outbreaks were observed at the end of the 
rainy season60. In Eastern Highlands Province of PNG the 
epidemiology of malaria was characterised by generally 

very low-level or no local malaria transmission but a con-
siderable risk of epidemics61. 

Within Simbu Province of PNG, two very distinct  
malaria zones were found111. The north of the province 
was characterised by the absence or very low level of lo-
cal malaria transmission, but there was a considerable risk 
of epidemics prevalent in the lower-lying parts. On the 
other hand, in south Simbu Province malaria was clearly 
endemic with an overall prevalence of 35%, combined 
with a strong age-dependence of infections i.e., the ma-
laria epidemiology in south Simbu was more similar to 
the lowlands than to other highlands areas111. The authors 
concluded that epidemic prevention, surveillance and re-
sponse in the north, and bednet distribution and strength-
ening of curative services in the south, should be the pri-
orities for malaria control in Simbu Province.

Of all Papua New Guinea provinces, Enga has the 
largest proportion of people living at altitudes that pre-
clude malaria transmission. A series of surveys conducted 
in both wet and dry seasons showed that lower-lying val-
leys to the north and east of the province were the main 
areas in Enga with high risk of malarial infection112. How-
ever, over the last decades the risk of malarial infection 
has increased substantially in areas < 1200 m (from 10% 
to 37–41%) while in areas above 1200 m overall preva-
lence rates (0–9%) have not changed112. Sleeping under a 
bednet was associated with a significant reduction in risk 
of malaria infection. It was concluded that malaria control 
in malarious areas of Enga province could therefore be 
based on the distribution of bednets in combination with 
health education of population112.

A series of malaria surveys in Morobe province which 
encompasses large highlands areas of Aseki, Menyamya 
and Wau-Bulolo conducted in both the wet and dry sea-
sons found malaria to be clearly endemic in areas below 
1400 m in Menyamya and Wau-Bulolo, with overall prev-
alence rates in the wet season (25.5%) greatly exceed-
ing those in the dry season (8.3%); a low prevalence of 
malaria was found in the Aseki area113. As a result of this 
survey, it was recommended that all villages below 1500-
1600 m in Morobe Province should be included in malaria 
control activities.

Madang, predominantly a lowland province, also in-
cludes highland areas such as Simbai and Bundi. A se-
ries of recent surveys found that the malaria situation has 
changed little since the 1960s in both Simbai and Bundi. 
In the Simbai area there was little malaria transmission 
in villages above 1400 m, with prevalence rates of 2.5–
4.2%, and moderate to high transmission (8.6–24.7%) - 
below 1400 m; prevalence rates of malaria infection were 
low in all Bundi villages (2.5–8.5%)114. In 2003-2005, a 
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series of rapid malaria surveys was conducted in differ-
ent parts of Southern Highlands Province. Malaria was 
found to be highly endemic in Lake Kutubu (prevalence 
rate 17–33%), moderate to highly endemic in Erave (10–
31%) and moderately endemic in low-lying parts (< 1500 
m) of Poroma and Kagua (12–17%), but was rare or absent 
elsewhere115. Based on the surveys’ results, areas of differ-
ent malaria epidemiology were delineated and options for 
malaria control in each area suggested.

PNG is a country with fragmented malaria surveil-
lance because of its large area, complex terrain and dif-
ficult accessibility of remote areas; application of modern 
technology such as Geographical Information Systems 
(GIS) is of great assistance for public health system. GIS 
mapping is an important part of spatial epidemiology as 
it not only provides an efficient and unique method for 
displaying distributions of phenomena in space but more 
so in revealing spatial patterns that are quite difficult to 
detect by a tabular or statistical form. In PNG, very few 
epidemiological studies have addressed the importance of 
the spatial dimensions of public health problem such as 
malaria at the local or national level. 

One of the few studies was mapping the prevalence of 
malaria in rural PNG using a GIS116. The application of GIS 
technology to malaria surveillance presents an opportu-
nity for focusing intervention and prevention activities in 
the areas most affected. In this study, GIS technology was 
used to map the prevalence of malaria in the Wosera Health 
and Demographic Surveillance Site, East Sepik Province 
of PNG between 2001 and 2003. Malaria, demographic 

and GIS data were collected, aggregated and analysed; 
the results suggested that malaria was endemic with high 
prevalence as observed across the three surveyed years116. 
The dependence of malaria transmission on rainfall and 
temperature factors is well known and accepted fact due to 
their significant roles in influencing population dynamics 
of mosquito vectors. Furthermore, apart from tempera-
ture and rainfall, humidity and land use117 together with 
hydrology, all affect mosquito population and influence 
malaria transmission in many ways118. Unfortunately, the 
omission of these important environmental factors in the 
above studies makes it difficult to critically assess and 
evaluate the link between malaria transmission and the 
climatic factors. In recognition of this oversight, Namo-
sha et al.116 has strongly recommended the inclusion, par-
ticularly elevation, rainfall, temperature and humidity as 
major factors influencing the ecology of mosquitoes and 
the distribution of the disease. This would greatly enhance 
the quality of such a study. The study demonstrated that 
optimised implementation of GIS can be highly beneficial 
in assessment of risk of malaria in PNG.

Recently, strengthening the National Health Informa-
tion System (NHIS) in PNG has been achieved using mo-
bile technologies and GIS to provide timely, high quality, 
geo-coded, case-based malaria data required for malaria 
elimination. Since 2015, 160,750 malaria testing records, 
including village of residence, have been reported to the 
NHIS; the system maps malaria to the village level in near 
real-time as well as the availability of treatment and diag-
nostics to health facility level119. In summary, significant 
progress has been achieved in assessment, prevention and 
treatment of malaria in PNG; however, more dedicated ef-
forts are still required to improve control of this dangerous 
vector-borne disease across the country.  

DISCUSSION

The first aim of this review is to compare and assess 
studies on evaluating and predicting the spatiotemporal 
distribution of mosquito-borne diseases (i.e., dengue  
fever, RRV and BFV diseases in Australia and malaria in 
PNG) under climate change and human society from the 
perspective of location, risk factors, statistical methods, 
and outcomes.

The geographical location of study areas of mosqui-
to-borne diseases in Australia was not evenly distributed. 
More than half of the studies (i.e., 25 of 40) were focused 
on Queensland as the study area. Meanwhile, only 4 stud-
ies were concentrated on New South Wales and Victoria 
where two largest populated cities (i.e., Sydney and Mel-
bourne) are located. There is a great demand for future 

Fig. 1:	Province-level division of PNG: 1. Central; 2 Chimbu 
(Simbu); 3 Eastern Highlands, 4 East New Britain; 5 East 
Sepik; 6 Enga; 7 Gulf; 8 Madang; 9 Manus; 10 Milne Bay; 
11 Morobe; 12 New Ireland; 13 Northern (Oro Province); 14 
Bougainville (autonomous region); 15 Southern Highlands; 
16 Western Province (Fly); 17 Western Highlands; 18 West 
New Britain; 19 West Sepik (Sandaun); 20 National Capital  
District (Port Moresby); 21 Hela; 22 Jiwaka.
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detailed BFV studies in New South Wales since there 121 
BFV notifications occurred in that state in 2017, which ac-
counted for more than one fourth of total national cases120. 

More oceanic and atmospheric risk factors and indi-
ces such as vapour pressure, the SST and the SOI index 
that related to the ENSO state should be included in the 
future studies of mosquito-borne diseases in Australia. 
Although most of the examined studies that considered 
environmental factors utilised temperature, rainfall and 
relative humidity as predictors for outbreaks of mosquito-
borne diseases, their relative importance varied consider-
ably76–77, 103–104 and further investigations are required to 
determine the key factors. 

Similarly, impact of the ENSO should be thoroughly 
investigated. The ENSO is a powerful driver of annual 
climate variability in Australia, e.g., 90% of driest winter-
spring periods were associated with El Niño in eastern 
Australia51. In southern Australia, El Niño contributed 
to warmer-than-average temperatures in the spring and 
summer months; the warmer temperatures were further 
exacerbated by the decreased cloud covers during El Niño 
events51. Warmer temperature may allow mosquitos to 
survive in winters, to reach maturity faster, and to have 
RRV with shorter extrinsic incubation periods121. Exam-
ined studies also confirmed that the outbreak of BFV in the 
coastal cities of New South Wales in 1994 was a result of 
large numbers of mosquitoes propelled by above-average 
rainfall and high tides96. The forecast of mosquito-borne 
diseases influenced by environmental factors could be im-
proved by incorporating ENSO changing patterns73.

Regarding the risk factors from human society, cur-
rently, only SEIFA index was widely used as a socioeco-
nomic index69, 85, 87, 90–92 but the future SEIFA index was 
unavailable in mosquito-borne disease studies87. Investi-
gating demographic information and daily activities will 
help to find the most vulnerable groups and the most effec-
tive way to prevent mosquito-borne diseases71, 84. 

Although various statistical methods were found in 
this review, the outcomes of the studies may be highly 
affected by the combined effects of data, risk factors and 
statistical methods due to relatively short study period71, 

84, 90–101, 122, limited risk factors 67– 68, 82, 96, 103, 122, and com-
plicated models101. It is also necessary to distinguish the 
primary species of mosquitoes in transmitting RRV and 
BFV to get an accurate judgment as well66.

The second aim of this review is to provide recom-
mendations for further research directions and in this way 
to produce research outcomes that could be useful to as-
sist government officials to control and prevent mosquito-
borne diseases in Australia and PNG. 

Results of this review for Australia highlights that 

(i) Queensland is a vulnerable state to mosquito-borne 
diseases, and (ii) BFV received the least attention among 
mosquito-borne diseases. It is also necessary to derive 
spatiotemporal patterns of the diseases in more populat-
ed areas and across Australia using both environmental 
and socioeconomic risk factors. Although temperature, 
rainfall and relative humidity were common predictors 
to forecast outbreaks, impact of the ENSO state was un-
derestimated, and socioeconomic factors were not fully 
investigated. The evolution of the ENSO and Australian 
climate patterns were monitored and skillfully forecasted 
by the Australian Bureau of Meteorology providing stake-
holders with nationwide seasonal prediction of both the 
ENSO123 and associated precipitation in Australia124. In 
2018, the introduction of a new dynamical climate model 
with an improved spatial resolution of about 60 km over 
the Australasian region – the Australian Community Cli-
mate Earth-System Simulator (ACCESS)125 significantly 
strengthened operational capacity of the Australian Bu-
reau of Meteorology in providing sub-seasonal (multi-
week) to seasonal climate forecasts. Consequently, more 
long-term, nationwide models should be developed to 
predict spatiotemporal patterns of mosquito-borne dis-
eases incorporating impacts of the ENSO, climate change 
and human society.

Moreover, remotely sensed data acquired from sat-
ellites and aerial photographs can derive the relations 
between mosquito-borne diseases and earth surface con-
ditions such as land use types126–127 or assess the key deter-
minants and the spatiotemporal characteristics of mosqui-
to-borne diseases74, 128–129. The interaction between human 
society and mosquito-borne diseases can be gained by 
field surveys of control measures and land-use change, 
and interviews among residents and travellers from over-
seas of personal opinions, living habits, and population 
mobility. All seasonal climatic patterns and socioeconom-
ic factors should be parameterised into a model and tested 
by historical notifications of mosquito-borne diseases. 
The evaluation and prediction results of mosquito-borne 
diseases can be published online finally to promote public 
health protection strategies. 

Analysis of studies for malaria in PNG indicates com-
plexity of influencing factors on outbreaks of the disease 
including global climate impact and local conditions. 
Historically, malaria in PNG was considered as a major 
health problem for populations in most coastal, lowland 
and foothill areas130–131; malaria at higher elevations above 
1500 m was considered intermittent115. However, global 
climate change results in warmer temperatures e.g. the 20 
warmest years on record have been in the past 22 years, 
with the top four in the past four years, according to the 
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World Meteorological Organization132.
Rapidly changing climate creates the environment in 

PNG highlands which could be favourable for breeding 
malaria-transmitting vectors. In one such study, it was 
notable that the increasing trend of malaria incidence was 
prominent in the highlands region of PNG with corre-
sponding increases in rainfall and temperature133. This in 
turn could lead to malaria outbreaks due to the low level 
of naturally acquired immunity in highland populations. 
Climate change also manifests in increase in frequency 
and severity of extremes such as drought and heavy pre-
cipitation. Droughts typically affect PNG during El Nino 
events134. Drought conditions usually result in substan-
tial increase of pools of standing water in areas that are 
normally associated with fast-flowing water permitting 
rapid increase in population of malaria-transmitting vec-
tor. Droughts lead to water and food shortages contribut-
ing to increased demographic movement and population’s 
exposure to highrisk malaria endemic lowlands. In addi-
tion, malaria outbreaks may be further exacerbated by the 
population’s compromised nutritional status because of 
severe shortages of staple foods. 

Local weather factors could be equally important as 
the global climate change factors. After examining the as-
sociation between malaria and local and global climate 
variability in five regions in PNG, it has been shown that 
malaria incidence was associated with local weather fac-
tors in most regions but at the different lag times and in di-
rections; there were also trends in associations with global 
climate factors by geographical locations of study sites135. 
All these influencing factors, global and local, as well as 
Plasmodium spp. resistant to antimalarial drug need to be 
taken into consideration when dealing with prevention of 
malaria.

CONCLUSION

Through this review, we attempt to provide recom-
mendations for climate research and services commu-
nity assisting with understanding public health needs and 
challenges of the health community to interpret and apply 
available climate information. Studies on spatiotemporal 
distribution of dengue, BFV and RRV in Australia and 
malaria in PNG under the influence of climate change and/
or human society conducted in the past two decades were 
analysed and summarised. Environmental factors such 
as temperature, rainfall, relative humidity and tides were 
main contributors from climate change, and the SEIFA 
index was important in evaluating contribution from hu-
man society. However, insufficient evaluation of impacts 
of the ENSO and human society, and short study periods 

confined conclusions about relative importance of the 
environmental factors in spreading mosquito-borne dis-
eases in Australia and PNG. It is recommended for future 
studies to further investigate the spatiotemporal patterns 
of mosquito-borne diseases, specifically considering the 
combined impacts from climate change and human soci-
ety, and include ENSO effects and comprehensive socio-
economic factors to build a solid surveillance and forecast 
system of mosquito-borne diseases in Australia and PNG. 
This is an important recommendation for future devel-
opment of CREWS international initiative for improv-
ing early warning systems to protect the most vulnerable 
populations against hydro-meteorological hazards and 
implementing the initiative’s activities to enhance early 
warning systems for the health sector.
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