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SUMMARY

Mosquito-borne arboviruses are of considerable public health importance as they cause some
of the most important emerging and re-emerging infectious diseases affecting humans and
animals in many parts of the world including southern Africa. The threat of large epidemics of
mosquito-borne arboviruses are often associated with climatic conditions, global warming,
animal migrations, surface water, wind, topography, harbourage, vegetation, food supply and
abundance of competent mosquito vectors. The goal of this project is to provide an in depth
understanding of mosquito community dynamics and the importance of mosquito vector
populations in the maintenance and transmission of mosquito-borne diseases in southern

Africa.

Firstly, a review of past and current literature was conducted to highlight: (a) the current state
of knowledge regarding the most important mosquito-borne viruses of medical significance
in southern Africa (b) lesser known mosquito-borne arboviruses with the potential of causing
zoonotic health threats for humans in southern Africa. (c) key aspects of the ecology of
mosquito vectors of medically significant mosquito-borne viruses in southern Africa. d) gaps
in knowledge regarding southern African arbovirus mosquito vectors. Most of the studies on

mosquito-borne viruses in southern Africa can be clustered into specific programmes led by



Kokernot and Smithburn in the 1950s, Mcintosh in the 1970s and 1980s, Swanepoel in the
1970s, Venter and others in more recent years, and have largely been restricted to South
Africa, Mozambique and Zimbabwe. Twenty-six (26) arboviruses have been isolated from
mosquitoes in southern Africa. Of these, Chikungunya (CHIK), Sindbis (SIN), West Nile (WN),
Wesselsbron (WES), Spondweni (SPO), Banzi (BAN), Dengue (DEN), Bunyamwera (BUN),
Germiston (GER) and Rift Valley fever (RVF) viruses are known to cause human illness.
Middelburg (MID) and Shuni (SHUN) viruses are also important, causing neurological
symptoms in animals with zoonotic potential for humans in South Africa. There are eight
mosquito-borne arboviral infections most likely to impact humans in southern Africa (CHIK,
MID, SIN, DEN, WES, WN, SHUN and RVF viruses). Mosquitoes in the subfamily Culicinae
(mostly Aedes and Culex mosquitoes) are the most frequently associated with arbovirus
transmission (115 and 105 types of arbovirus, respectively). Understanding the role of
mosquito vector species in arbovirus transmission is vital for the development of new
strategies to control the spread of arboviral diseases. In southern Africa, a few species in the
genera Anopheles, Coquillettidia and Mansonia have also been implicated as vectors of
arboviruses. Surveys over multiple decades across southern Africa have provided an insight
regarding which species of mosquitoes are involved in the transmission of at least the most
common of the mosquito-borne zoonotic arboviruses. These cluster within the genera Aedes
and Culex, each representing a different transmission strategy. Aedes-borne viruses such as
CHIK, DEN and WES tend to have primate or human reservoir hosts (Mclntosh, 1986), while
Culex-borne viruses often use birds as reservoir hosts, and these factors influence the
distribution and epidemiology of the diseases they cause in humans and animals. Aedes and
Culex have different breeding strategies and preferences which also represent fundamental
differences. These mosquitoes are Aedes aegypti, Aedes furcifer/cordellieri, Aedes
circumluteolus, Aedes unidentatus, Aedes mcintoshi, Aedes caballus, Aedes juppi, Culex

theileri, Culex zombaensis, Culex univittatus, Culex neavei and Culex rubinotus.

To determine mosquito community dynamics and mosquito vector distributions, sampling
mosquito vectors at six sentinel sites in three provinces in the northern part of South Africa
where recent cases had been detected in animals. Adult mosquitoes were collected from two
horse properties in Gauteng Province; two wildlife reserves in Limpopo Province and at Orpen

Gate in Kruger National Park and Mnisi Area in Mpumalanga Province between 2014-2017,
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using carbon dioxide-baited light and tent traps. Culex poicilipes, was the most abundant
species caught during the study period. Highest diversity and species richness were found at
Lapalala Wilderness Reserve, while the lowest diversity and abundances were at Orpen in
Kruger National Park. Aedes aegypti, Ae. mcintoshi, Ae. metallicus, Ae. vittatus, Cx. pipiens
sensu lato, Cx. theileri and Cx. univittatus, which are potential arbovirus vectors, had the
widest geographical distribution in northern South Africa. Also collected were Anopheles
arabiensis and An. vaneedeni, both known malaria vectors in South Africa. Therefore,
arbovirus surveillance and vector control programs should be augmented in peri-urban and
mixed rural settings where there is greater risk for arbovirus transmission to humans and

domestic stock.

Since climate has reportedly been associated with disease transmission, it’s important to
understand the extent of its influence on mosquito abundance and distribution in northern
South Africa. Thus, population composition, abundance and diversity of mosquitoes collected
over a three-year period were determined and correlated to diverse climatic conditions
during those years in order to determine seasonal trends in occurrence, abundance and
distribution. Marked differences in the temporal distribution and seasonal abundances of the
seven medically important mosquito vectors encountered from the two distinct geographic
regions and climates. Statistical models have shown that climatic factors play a crucial role in
shaping the population dynamics of Ae. mcintoshi, Ae. vittatus, An. arabiensis, Cx. pipiens s.1.,
Cx. poicilipes, Cx. theileri and Cx. univittatus both in Highveld Grassland and Middleveld
Bushveld regions of northern South Africa. High summer temperatures and rainfall lead to
increased vector density which might trigger outbreaks of RVF, SIN and WN viruses on the
inland plateau of South Africa. This study also showed that abundances of RVF and WN virus
vectors are related to elevation. These findings will be important in predicting the timing of
onset and spread of future epidemics such as WN and RVF viruses, in southern Africa and

other geographical settings with similar climates.
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CHAPTER ONE

Overview of medically-important mosquito-borne arboviruses
and their vectors in southern Africa

1.0 Introduction

Arboviruses or arthropod borne viruses are a group of viruses that are maintained in nature
mainly through biological transmission between susceptible vertebrate hosts by blood-
feeding arthropods such as mosquitoes, ticks, midges and sandflies (WHO, 1967). These
viruses are of considerable public health importance as they cause some of the most
important emerging and re-emerging infectious diseases affecting humans and animals in
many parts of the world (Gubler, 2002) including southern Africa (Jupp, 2001, Venter and
Swanepoel, 2010). Examples include dengue virus, West Nile virus, yellow fever virus and
chikungunya virus. They frequently cause clinical disorders of varying severity in both humans
and animals, ranging from mild, or more severe febrile iliness to meningo/encephalitis and/or

haemorrhagic fever, that can lead to coma and death (Ochieng et al., 2013).

Taxonomically, arboviruses are comprised of different families such as Flaviviridae (genus
Flavivirus), Togaviridae (genus Alphavirus), Bunyaviridae (genus Nairovirus, Orthobunyavirus,
Phlebovirus and Tospovirus), Rhabdoviridae (genus Vesiculovirus), Reoviridae (genus Orbivirus
and Coltivirus) and Orthomyxoviridae (genus Thogotovirus), as partly reflected in Table 1.
Most of the zoonotic arboviruses affecting humans are in the families Flaviviridae and
Togaviridae. However, there are several other important human and animal arboviruses
belonging to the Bunyaviridae, such as Rift Valley fever virus (mosquito-borne), Crimean-
Congo hemorrhagic fever virus (tick-borne) and Toscana virus (sandfly-borne) (Go et al.,

2014).



Table 1: Arthropod-borne viruses isolated from mosquitoes and other sources in southern Africa

ARBOVIRUS GLOBAL DISTRIBUTION OCCURRENCE IN SOUTHERN  VECTORS HOST PLACE OF REFERENCES
AFRICA DISCOVERY
FAMILY:
GENUS: FLAVIVIRUS
BANZI East & South Africa Botswana Culex rubinotus Rodents Ndumu, RSA (Jupp, 1996, Mclintosh,
Namibia Humans 1986, Jupp, 2004b,
Mozambique Domestic animals Jupp et al., 1976,
South Africa Mclintosh et al., 1976b,
Zimbabwe Venter, 2018)
DENGUE Worldwide in the tropics Occasional outbreaks in Aedes aegypti Primates Durban, RSA (MclIntosh, 1986, Jupp,
Mozambique, RSA & Namibia Humans 1996, Rautenbach,
2011, Gubler, 2001,
Guzman et al., 2010,
Kemp and Jupp, 1991,
Msimang et al., 2013)
SPONDWENI South & West Africa Mozambique Aedes circumluteolus Humans? Lake Simbu, RSA* (Mclntosh, 1980,
South Africa Aedes fryeri/fowleri Swanepoel, 2003,
Aedes cumminsi Kokernot et al., 1962a,
Eretmapodites silvestris Mclintosh et al., 1962,
Mansonia uniformis Venter, 2018)
Mansonia africana
UGANDA S Central, East, West & South Africa Anopheles coustani Birds Port Shepstone, RSA (Swanepoel, 2003,
South Africa Anopheles brucei Primates Mclintosh, 1980,
Culex spp Venter, 2018)
USUTU Africa & Europe South Africa Culex neavei Birds Ndumu, RSA (MclIntosh, 1980,
Humans Swanepoel, 2003,

Domestic animals

Venter, 2018)



TABLE 1:
CONTINUED

WESSELSBRON

WEST NILE

Central, East, South &
West Africa, Asia

Some parts of Africa,
Madagascar & Central
Europe

Mozambique
South Africa
Botswana
Namibia
Zimbabwe

Lineage 2: Southern Africa

Domestic animals
Rodents?
Humans

Aedes mcintoshi

Aedes luridus

Aedes unidentatus

Aedes caballus

Aedes juppi

Aedes circumluteolus

Aedes (Neomelaniconion) spp
Culex univittatus

Mansonia uniformis

Aedes caballus sensu lato (s.l.) Birds

Aedes circumluteolus Humans
Coquilletidia microannulata Domestic animals
Culex neavei

Culex pipiens

Culex theileri

Culex univittatus

Wesselsbron, RSA

Ndumu, RSA

(Jupp, 1996, Burt et al.,
2014, Kokernot et al.,
1958, Jupp, 2004b,
Mclintosh, 1980,
Swanepoel, 2003,
Mclntosh, 1986,
Venter, 2018)

(Burt et al., 2014,
Gubler, 2007, Hubalek
and Halouzka, 1999,
Jupp and NK, 1986,
Jupp, 2005, Jupp,
1996, Jupp, 2001,
Kulasekera et al., 2001,
Mclintosh et al., 197643,
Mclintosh, 1980,
Murgue et al., 2001,
Petersen and Roehrig,
2001, Sejvar, 2003,
Uyar, 2013, Swanepoel
and Cruickshank, 1974,
Zehender et al., 2017,
Swanepoel, 2003,
Mclintosh, 1986,
Venter, 2018)



TABLE 1:
CONTINUED

TOGAVIRIDAE

ALPHAVIRUS
CHIKUNGUNYA

MIDDELBURG

NDUMU

Africa, Europe, Middle Southern Africa
East, Asia, North, Central

& South America, Oceania

South Africa
Zimbabwe

East, West & South Africa

Central, South, East &
West Africa

Southern Africa

Aedes furcifer/cordellieri
Aedes aegypti
Aedes fulgens
Aedes vittatus

Aedes juppi

Aedes caballus

Aedes (Neomelaniconion) spp
Aedes circumluteolus
Aedes albocephalus
Aedes marshalli

Aedes dentatus-leesoni
Aedes cumminsii

Aedes tarsalis

Aedes subdentatus
Aedes lineatopennis (Ae.
mcintoshi)

Culex theileri

Aedes circumluteolus
Mansonia uniformis

Primates
Humans

Birds

Domestic animals
Wildlife

Humans

Domestic animals
Humans

Letaba, RSA

Middelburg, RSA

Ndumu, RSA

(Jupp, 2005, Jupp,
1996, Gudo et al.,
2016, Anonymous,
2017a, Burt et al.,
2014, Gubler, 2001,
Jain et al., 2008, Jupp
and Mclintosh, 1990,
Prinsloo, 2006,
Swanepoel and
Cruickshank, 1974,
Swanepoel, 2003,
Mclntosh, 1980,
Mclntosh, 1975,
Mclintosh, 1986)

(MclIntosh, 1980, Burt
et al., 2014, van
Niekerk et al., 2015a,
Jupp PG et al., 1987,
Venter, 2018)

(MclIntosh, 1980,
Swanepoel, 2003,
Kokernot et al., 1961,
Venter, 2018)



TABLE 1:
CONTINUED
TOGAVIRIDAE
ALPHAVIRUS
SEMLIKI FOREST

SINDBIS

OLIFANTSVLEI

BUNYAVIRIDAE
PHLEBOVIRUS
RIFT VALLEY FEVER

East, West & South Africa

East, North, South & West
Africa, Middle East,
Europe, Australia, South
East Asia

East, North & South Africa

Africa, Madagascar &
Middle East

Mozambique
South Africa

Southern Africa

South Africa

Southern Africa

Aedes argenteopunctatus Primates
Aedes circumluteolus Humans
Aedes (Aedimorphus) spp

Aedes circumluteolus Birds
Aedes cumminsii Domestic animals
Culex neavei Humans

Culex tigripes
Culex univittatus
Mansonia africana

Culex pipiens Unknown

Aedes aegypti Domestic animals
Aedes dentatus Wildlife

Aedes circumluteolus Rodents

Aedes mcintoshi Humans

Aedes juppi

Aedes caballus

Anopheles coustani

Culex neavei

Culex pipiens

Culex theileri

Culex zombaensis
Eretmapodites quinquevittatus

Namacurra, MOZ

Springs, RSA

Johannesburg, RSA

Johannesburg, RSA

(Mclntosh, 1980,
Swanepoel, 2003,
Smithburn and
Haddow, 1944, Venter,
2018)

(MclIntosh, 1980, Jupp,
1996, Burt et al., 2014,
Jupp, 2005, Jupp and
NK, 1986, Swanepoel
and Cruickshank, 1974,
Venter, 2018)

(Swanepoel, 2003,
Mclintosh, 1980,
Mclintosh, 1978b)

(Alexander, 1951,

Anonymous, 2017b,
Blomstrom et al.,
2016, Davies, 2010,
Fafetine et al., 2016,
Gubler, 2001,
Mclntosh, 1972,
Mclintosh, 1986,
Pienaar and
Thompson, 2013,
Prinsloo, 2006,
Rautenbach, 2011,
Swanepoel and
Coetzer, 2004,
Swanepoel, 2003,
Jupp, 1996, Swanepoel
and Cruickshank, 1974,
Venter, 2018)
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BUNYAVIRIDAE
PHLEBOVIRUS
ARUMOWOT

ORTHOBUNYAVIRU
S
BUNYAMWERA

GERMISTON

LUMBO

PONGOLA

SHUNI

SIMBU

East, Central & West
Africa

Central, East, South &
West Africa

East & South Africa

Southern Africa

East, Central, South &
West Africa

West & South Africa,
Middle East

Central, South & West
Africa

South Africa

Mozambique
South Africa
Zimbabwe

Mozambique
South Africa
Zimbabwe

Mozambique
South Africa

Mozambique
South Africa

Mozambique
South Africa
Zimbabwe

South Africa

Culex rubinotus

Aedes circumluteolus
Aedes pembaensis
Aedes bevisi

Aedes (Stegomyia) spp
Culex rubinotus

aa . .-

Culex rubinotus
Culex theileri

Aedes pembaensis

Aedes mcintoshi
Aedes circumluteolus

Culex theileri

Aedes circumluteolus

Rodents?

Domestic animals
Rodents
Humans
Primates

Rodents
Domestic animals
Humans

Rodents?
Primates?

Humans

Domestic animals
Humans
Wildlife

Domestic animals

Port Shepstone, RSA

Ndumu, RSA

Germiston, RSA

Lumbo, MOZ*

Lake Simbu, RSA

Onderstepoort, RSA

Lake Simbu, RSA

(Swanepoel, 2003,
Mclntosh, 1980,
Mclintosh et al., 1976b,
Kemp et al., 1974)

(Mclntosh, 1980,
Swanepoel, 2003,
Smithburn, 1958,
Venter, 2018)

(MclIntosh, 1986,
Mclintosh, 1980,
Kokernot et al., 1960,
Jupp et al., 1976,
Mclintosh et al., 1976b,
Venter, 2018)

(Kokernot et al.,
1962a, Mclintosh,
1980)

(MclIntosh, 1980,
Swanepoel, 2003,
Kokernot et al., 1957b,
Venter, 2018)

(van Eeden et al.,
2012a, Swanepoel,
2003, Causey et al.,
1972, Golender et al.,
2015, Venter, 2018)

(Swanepoel, 2003,
Mclntosh, 1980,
Weinbren et al., 1957,
Causey et al., 1972)
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ORTHOBUNYAVIRU
S

TAHYNA

SHOKWE

WITWATERSRAND

RHABDOVIRIDAE
MOSSURIL

REOVIRIDAE
LEBOMBO

RSA* = South Africa
MOZ* = Mozambique

Southern Africa, Europe,
Asia

East, South & West Africa

East & South Africa

Southern Africa

Southern Africa

Mozambique

Mozambique
South Africa
Zimbabwe

Mozambique
South Africa
Zimbabwe

Mozambique
South Africa

South Africa

Aedes pembaensis

Aedes circumluteolus
Aedes cumminsii
Mansonia africana

Culex rubinotus

Culex sitiens
Culex neavei

Aedes circumluteolus

Unknown

Humans

Rodents

Unknown

Unknown

Lumbo, MOZ

Ndumu, RSA

Germiston, RSA

Lumbo,
Mozambique

Ndumu, RSA

(Bardos and Danielova,
1959, Mclintosh, 1980,
Swanepoel, 2003,
Hannoun et al., 1966,
Lu et al., 2009)

(Swanepoel, 2003,
Mclintosh, 1980,
Mclntosh et al., 1972,
Venter, 2018)

(Swanepoel, 2003,
Jupp et al., 1976,
Mclintosh et al., 1976b)

(Kokernot et al.,
1962b, Swanepoel,
2003, Mclntosh, 1980)

(Brown et al., 1991,
Mclintosh, 1980)



Of the over 600 recognized arboviruses worldwide, approximately 150 are important
human/animal pathogens (Cleton et al., 2012, Burt et al., 2014). Most arboviruses are known
to primarily circulate among wildlife while some can be maintained in mosquito eggs which
remain dormant until rain or flooding triggers hatching of infected larvae (Liang et al., 2015).
These can lead to mosquito-borne disease outbreaks especially in urban environments
without the need for animal reservoir hosts. The urban transmission cycle plays an important
role in perpetuating some of these viruses. Large epidemics are often associated with climatic
extremes such as episodes of heavy rainfall, but also migrations of animals or viruses into new
areas (Chevalier et al., 2010, Cleton et al., 2012), temperature, humidity, surface water, wind,
topography, harbourage, vegetation and food supply. Mosquito-borne viruses are mostly
confined to specific habitats and become seasonally abundant with transmission
corresponding to the abundance of competent mosquito vector species (Day and Shaman,

2011).

The purpose of this review is to highlight: a) the current state of knowledge regarding the
most important mosquito-borne viruses of medical significance in southern Africa b) lesser
known mosquito-borne arboviruses with the potential of causing zoonotic health threats for
humans in southern Africa. c) key aspects of the ecology of mosquito vectors of medically
significant mosquito-borne viruses in southern Africa. d) gaps in knowledge regarding

southern African arbovirus mosquito vectors.

1.1 Mosquito-borne zoonotic arboviruses of known or potential importance in
southern Africa

Most of the studies on mosquito-borne viruses in southern Africa, largely restricted to South
Africa, Mozambique and Zimbabwe, can be clustered into specific programmes led by
Kokernot and Smithburn in the 1950s, Mclntosh in the 1970s and 1980s, Swanepoel in the
1970s and in more recent years Venter and colleagues (Venter, 2018). This review will
therefore reflect this geographic emphasis, but other findings relating to neighbouring
southern African nations will be provided as available. The northern geographic boundary of
southern Africa corresponds with the upper limits of Namibia, Botswana, Zimbabwe and the

Zambezi River where it flows through Central Mozambique (Branch, 1998, Apps et al., 2008).



A literature search suggests that 26 arboviruses have been isolated from mosquitoes in
southern Africa as summarized in Table 1. Of these, Chikungunya (CHIK), Sindbis (SIN), West
Nile (WN), Wesselsbron (WES), Spondweni (SPO), Banzi (BAN), Dengue (DEN), Bunyamwera
(BUN), Germiston (GER) and Rift Valley fever (RVF) viruses are known to cause human illness
(Swanepoel and Cruickshank, 1974, Mclintosh, 1986, Prinsloo, 2006, Burt et al., 2014,
Rautenbach, 2011). Recent reports by Venter and others (Venter et al., 2014) have shown
that Middelburg (MID), and Shuni (SHUN) viruses are also important, causing neurological
symptoms in animals with zoonotic potential for humans in South Africa. The discussion
below focuses on eight mosquito-borne arboviral infections most likely to impact humans in
southern Africa, based on historic and recent epidemiological findings (Mclntosh, 1986,
Swanepoel and Cruickshank, 1974, Jupp, 1996, Jupp, 2005, Prinsloo, 2006, Rautenbach, 2011,
Venter, 2018).

1.2 Togaviridae: Alphavirus

The family Togaviridae is classified into two genera: Rubivirus and Alphavirus. Alphaviruses

are comprised of 29 virus species and are mostly mosquito-borne (Korsman et al., 2012).

1.2.1 Chikungunya virus (CHIKV)

Chikungunya virus (Table 1) was first isolated from a febrile patient in Tanzania in 1953 (Jain
et al., 2008). The virus was subsequently described from South Africa by Gear (Gear and Reid,
1957). Prior to 2013, CHIKV outbreaks occurred in tropical areas of Africa, Indian and Pacific
Ocean Islands, southern and south-eastern Asia. However, by late 2013, the virus had spread
to the Caribbean and South America (Burt et al., 2014). Since then local transmission has been
detected in 17 countries or territories throughout the Americas where more than 1.7 million
suspected cases have been recorded (Fischer and Staples, 2014). In South Africa, CHIKV
occurs in the tropical and subtropical eastern lowlands of Mpumalanga and Limpopo
Provinces as well as coastal northern KwaZulu-Natal (Jupp and Mcintosh, 1990). Other
outbreaks of the disease were also reported in Zimbabwe in 1961/1962 and 1971. Since the

last outbreakin 1977, only periodic cases have been confirmed in travellers returning to South



Africa from endemic areas (Burt et al., 2014). However, recent serological evidence has
revealed virus circulation among febrile patients in southern Mozambique (Gudo et al., 2015,
Gudo et al., 2016). CHIKV is presently spreading in North and South America, with over 1
million suspected cases and at least 22,000 laboratory-confirmed cases (Anonymous, 2017a).
The major vectors of CHIKV in southern Africa are Aedes furcifer and the closely related Ae.
cordellieri. Vervet monkeys and baboons are the primary vertebrate hosts for the virus (Jupp,
1996, MclIntosh, 1986). The disease is associated with joint pain, headache and muscular pain

and maculo-erythematous rash (Burt et al., 2014).

1.2.2 Middelburg virus (MIDV)

Middelburg virus was first isolated from Culex theileri, Ae. caballus and pools of mixed species
of Aedes in South Africa in 1957 (MclIntosh, 1980). Mosquito surveys conducted in the Free
State Province suggested that Ae. juppi might be a reservoir vector for MIDV (Jupp PG et al.,
1987). Almost twenty years later, the virus was isolated from the spleen of a horse which died
in Zimbabwe after it showed symptoms resembling African horse sickness (Attoui et al., 2007).
Middelburg and Shuni nucleic acids were also detected in a horse with symptoms of fever and
anorexia in South Africa (van Eeden et al., 2012a). Although the significance of such
coinfection and illness remains unclear, it does indicate that lesser known arboviruses should
not be ignored as they may have potential significant health impacts on humans and animals.
Recent disease and vector surveillance studies have shown that Middelburg (and also Shuni)
virus is a potential zoonotic virus which can cause severe and fatal neurological diseases in
horses and several wildlife species in South Africa (van Niekerk et al., 2015a, Venter et al.,

2014, van Eeden et al., 2012a).

1.2.3 Sindbis virus (SINV)

Sindbis virus was first isolated from Cx. univittatus mosquitoes in 1952 at Sindbis in the Nile
Delta in Egypt (Taylor et al., 1955). Three subtypes of the virus were initially isolated in South
Africa in 1954 (Weinbren et al., 1956) from pools of mosquitoes comprising Culex pipiens,
Culex quinquefasciatus, Cx. univittatus, Cx. theileri, Culex tigripes and Culex annulioris

collected from near Johannesburg (Burt et al., 2014). SINV has also been detected in other



species of mosquitoes in many countries in Africa, Europe, South-East Asia and Australia,
Culex bitaeniorhynchus in the Philipines, Culex annulirostris and Coquilletidia fuscopennata in
Uganda (Mclntosh, 1980). SINV infection in humans is widespread in southern Africa but in
South Africa the virus is most prevalent in the northwestern Highveld regions of the country.
Cx. univittatus is the principal vector of SINV in the inland plateau regions of southern Africa,
while Culex neavei is the main vector in the coastal lowlands of KwaZulu-Natal Province in
South Africa (Jupp, 1996, McIntosh, 1986). SINV is maintained in transmission cycles between
various species of birds and the mosquito vectors Cx. univittatus (Jupp and NK, 1986) and Cx.
neavei (Jupp, 1996). The virus is often associated with fever, headache, malaise,

maculopapular rash, joint and tendon pains (Burt et al., 2014).

1.3 Flaviviridae: Flavivirus

Flaviviruses are a highly diverse group of cosmopolitan arboviruses, in some cases causing
significant human disease. Flaviviruses are mainly tick-borne, although some members are
mosquito-borne (Culex or Aedes-transmitted), or have unknown vectors while some viruses

only infect mosquitoes and are incapable of infecting vertebrates (Coffey et al., 2013).

1.3.1Dengue virus (DENV)

First reports of epidemics thought to be dengue emanated from three continents (Asia, Africa
and North America) in 1779 (Gubler, 1998). However, the first confirmed outbreak of dengue
haemorrhagic fever (DHF) occurred in the Philippines between 1953 and 1954 and became
the leading cause of hospitalizations and deaths throughout Southeast Asia 20 years later.
Dengue fever (DF) and DHF are potentially fatal diseases caused by any of 4 dengue viruses
strains (DENV1-4) (Sharp et al., 2015). By 1998, DEN was the 2" most important tropical
infectious disease after malaria, with an estimated 100 million cases of dengue fever, 500,000
dengue haemorrhagic fever and approximately 25,000 deaths annually (Gubler, 1998). DENV
is currently spreading at an alarming rate across the globe and is causing major epidemics in
urban settings (Msimang et al., 2013). DENV has caused major outbreaks in many countries
in tropical and subtropical Africa, Asia and South America in the recent past (Guzman et al.,

2010). DENV has been infrequently recorded in southern Africa, but is probably under-
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recorded and misdiagnosed where it has readily been introduced to infection-free areas
(Sharp et al., 2015). In 1984, Mozambique experienced the first outbreak of DENV 3 while
Angola experienced a large epidemic in 2013 (Sharp et al., 2015, Gubler et al., 1986, Sessions
et al., 2013). In 2014, Mozambique experienced yet another outbreak, thirty years after the
first reported outbreak , involving 193 cases (Kampango and Abilio, 2016, Massangaie et al.,
2016). Several DENV outbreaks have occurred in what is now the KwaZulu-Natal Province of
South Africa in 1897, 1901 and again between 1926 and 1927, when DENV 1 caused 50,000
cases and 60 deaths along the coast in and around Durban (Jupp, 2005). DENV is readily
transmitted between humans by the urban form of Aedes aegypti (Mcintosh, 1986). Unlike
other mosquito-borne viruses, DENV has a limited vertebrate host range, which although
initially were nonhuman primates now affects mainly humans (Coffey et al., 2013, Braack et
al., 2018). The symptoms of dengue are by fever, frontal headache, retro-orbital pain, body
pains, nausea and vomiting, joint pains, weakness and rash. In some cases, patients may
experience anorexia, altered taste sensation and mild sore throat. However, DHF is
characterized by skin haemorrhages, gum bleeding, epistaxis, menorrhagia and

gastrointestinal haemorrhage (Gubler, 1998).

1.3.2 Wesselsbron virus (WESV)

Wesselsbron virus was first discovered and described from Aedes circumluteolus at Simbu
(South Africa) in 1955. The virus was later isolated from Aedes caballus and pools of Aedes
(Neomelaniconion) spp., which were probably Aedes lineatopennis (now referred to as Aedes
mcintoshi) and Aedes luridus during a disease outbreak in sheep in the Middelburg area of
the Eastern Cape Province of South Africa (Mcintosh, 1980, Kokernot et al., 1958). WESV has
also been isolated from Aedes mcintoshi in Zimbabwe. Aside from southern Africa, the virus
has been detected in camels, humans and mosquitoes in three West African countries,
namely Nigeria, Senegal and Cameroun respectively. WESV has also been isolated from
mosquitoes in Madagascar and Aedes spp. in the Central African Republic (McIntosh, 1980,
Burt et al., 2014).

The major vectors of WESV on the temperate inland plateau of South Africa are Aedes

caballus-juppi and the Aedes mcintoshi-luridus-unidentatus group, while Aedes
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circumluteoulus is the likely vector in the coastal lowlands of northern KwaZulu-Natal
Province and Mozambique (Jupp, 1996). Aedes mcintoshi is the major vector of WESV on the
Zimbabwean Highlands (Jupp, 2004b). The primary modern-day vertebrate hosts are most
likely domestic animals, with epizootic cycles involving sheep, cattle and flood water Aedes
mosquitoes (Kokernot et al., 1958). One virus isolation has been recorded from the gerbil
Desmodillus auriculatus, thus implicating rodents as possible hosts (Jupp, 1996). In sheep, the
virus causes fever, hepatitis, icterus, haemorrhage and abortion. WESV is associated with
congenital defects in both sheep and cattle. Human infection is characterized by fever,

headache, body pains, insomnia and rash (Mcintosh, 1986).

1.3.3West Nile virus (WNV)

West Nile virus was first discovered in the blood of a febrile woman from north-western
Uganda in 1937 (Hubalek and Halouzka, 1999, Smithburn et al., 1940) but has since been
isolated from birds, humans and mosquitoes in many countries around the world (Sejvar,
2003, Kokernot et al., 1956, Petersen and Roehrig, 2001, Kulasekera et al., 2001). However,
the first outbreak of neuroinvasive disease linked to WNV was reported in Israel in 1957. WNV
has also been isolated from horses with confirmation of zoonotic transmission to humans
(Venter et al., 2014). Since humans and horses are poorly vireamic, they are considered
incidental or dead end hosts in the transmission cycle (Jupp, 2001, Jupp, 2005). Although
infection has occurred in domestic stock and wildlife, recurrent isolations from wild birds has
incriminated them as primary hosts of the virus. WNV is an emerging infection which is spread
by birds through migrations. Bird migrations create a mechanism for the dispersal and
establishment of WNV into new regions often very distant from where the infection was
originally acquired (Rappole et al., 2000, Dusek et al., 2009, Hagman et al., 2014). The virus is
now recognized as widespread and is an important causative agent of viral encephalitis
worldwide, with a geographic distribution that covers much of Africa, Europe, Asia, Australia,
North, Central and South America (Chancey et al., 2015, Kramer et al., 2008, Gubler, 2007,
Murgue et al., 2001, Jupp and NK, 1986).

In southern Africa, the largest recorded epidemic occurred in the Karoo and Northern Cape

Province of South Africa in 1974, affecting tens of thousands of people over a 2500km? area
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(McIntosh et al., 1976a). Another outbreak occurred between 1983 and 1984 in the
Witwatersrand-Pretoria region of South Africa (Jupp and NK, 1986). Periodic outbreaks of
WNYV have also been recorded from Limpopo, Mpumalanga and Free State Provinces while
serological evidence exists from cattle in Zimbabwe (Blackburn and Swanepoel, 1980, Jupp
and NK, 1986, Burt et al., 2014). The virus utilises a wide range of bird hosts and its primary
vectors are the ornithophilic mosquitoes Culex univittatus and Culex neavei (Jupp and NK,
1986). Culex univittatus is the major vector in the temperate inland plateau areas of southern
Africa (Jupp, 2001, Jupp, 1996). WNV has also been isolated from Culex pipiens, Aedes
caballus, Aedes circumluteolus and Coq. microannulata (Mclntosh, 1980). Although primarily
ornithophilic, Culex univittatus also feeds on humans and occasionally enters houses. In
humans, WNV infection is mostly associated with fever, headache, fatigue, malaise, muscle
pain, and weakness (Hayes et al., 2005) while horses are associated with neurological disease

(Venter et al., 2010).

1.4 Bunyaviridae: Phlebovirus

The Bunyaviridae family is the largest and most diverse group of RNA viruses and has a
worldwide distribution. The Phlebovirus genus contains 70 viruses, which comprise 9 species
and 33 tentative species. These viruses infect vertebrates, invertebrates and plants but most

of are transmitted by arthropods (Elliott and Brennan, 2014).

1.4.1Rift Valley fever virus (RVFV)

Rift Valley fever is a zoonotic disease of wildlife, domesticated livestock (especially sheep and
cattle) and humans throughout Africa as well as the Arabian Peninsula (Pienaar and
Thompson, 2013, Swanepoel and Coetzer, 2004, Bird et al., 2009). Although RVF is infectious
to a variety of wild and domestic animals, sheep are the most affected (Swanepoel and
Coetzer, 2004). The disease was first diagnosed in the Rift Valley of Kenya in the 1930s (Davies,
2010). In southern Africa, severe outbreaks of RVF became evident in countries such as South
Africa, Namibia and Zimbabwe in the 1950s (Pienaar and Thompson, 2013). A major outbreak
of RVF in South Africa caused the deaths of an estimated 100,000 sheep and 500,000
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abortions among ewes between 1950 and 1951 (Swanepoel and Coetzer, 2004, Alexander,
1951). This major epidemic also affected cattle but unlike the sheep only a few cattle losses
were recorded (Swanepoel and Coetzer, 2004). Smaller outbreaks of the disease have been
reported in South Africa in 1952-53, 1955-59, 1969-71, 1981, 1996 (Swanepoel and Coetzer,
2004, Pienaar and Thompson, 2013). The most recent outbreak which lasted from 2008 to
2011 spread to all provinces in South Africa resulting in over 19,000 cases in livestock and 26
fatal cases in humans (Pienaar and Thompson, 2013, Glancey et al., 2015). RVF has
subsequently given rise to several smaller periodic epizootics in livestock and wildlife, as well
as epidemics in humans in South Africa (Pienaar and Thompson, 2013) and other countries in
southern Africa such as Namibia and Zimbabwe (Nanyingi et al., 2015). These outbreaks have
often been triggered by heavy rains which favour the breeding of mosquito vectors, affecting
mainly cattle, sheep, goats and wildlife (Nanyingi et al., 2015, Pienaar and Thompson, 2013,
Swanepoel and Coetzer, 2004). RVF is now endemic to all countries in southern Africa except
Lesotho and Swaziland (Anonymous, 2017b). However, no epizootics or epidemics of RVFV have
been reported in Botswana and Mozambique (Nanyingi et al., 2015, Blomstrom et al., 2016,
Fafetine et al., 2016). In 2000, a major outbreak of RVF affecting sheep and goats was
reported in Saudi Arabia and Yemen. This outbreak lasted from late 2000 to early 2001 and
resulted in the deaths of 245 humans and the loss of thousands of sheep and goats

(Swanepoel and Coetzer, 2004).

In southern Africa, several species of mosquitoes from different genera have been implicated
in the transmission of Rift Valley Fever virus. Current evidence suggests that Aedes mcintoshi
(formerly known as Ae. lineatopennis) and Ae. dentatus are the most important vectors of
RVFV in Zimbabwe whereas Anopheles coustani and Cx. theileri have been implicated as
epidemic vectors through virus isolations in field collected mosquitoes in both South Africa
and Zimbabwe (Swanepoel and Coetzer, 2004, Mcintosh, 1972). In South Africa, Ae.
mcintoshi, Ae. dentatus, Ae. unidentatus, Ae. juppi, Ae. caballus and Cx. theileri are the most
important mosquito vector species on the inland plateau while Ae. circumluteolus and Cx.
zombaensis are the main vectors in the KwaZulu-Natal coastal lowlands. Aedes
argenteopuntatus appears to be an important potential maintenance vector on the coastal
lowlands but is less common (Jupp and Cornel, 1988). Culex poicilipes has also been

implicated as a potential epidemic vector occurring within the same area (Jupp and Cornel,
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1988, Swanepoel and Coetzer, 2004). Eretmapodites quinquevittatus has been implicated as
a vector of RVFV in the coastal lowlands around Port Shepstone in KwaZulu-Natal Province

(Mclntosh, 1972).

1.4.2 Shunivirus (SHUV)

In southern Africa, Shuni virus was first isolated from Cx. theileri mosquitoes caught at
Olifantsvlei near Johannesburg and from cattle in Pretoria in 1967, and cattle and a goat in
the KwaZulu-Natal Province of South Africa (McIntosh, 1980). This detection took place during
the same period the virus was discovered in Culicoides midges and livestock in Nigeria (West
Africa) as part of arbovirus surveys conducted between 1964 and 1970 (Causey et al., 1972,
Lee, 1979, Moore et al., 1975). Shuni virus was later isolated from the brains of 2 horses that
died of neurological diseases, 1 in South Africa and the other in Zimbabwe (van Eeden et al.,
2012a). The role of SHUV as a possible cause of unexplained neurological diseases in humans
and other animals in Africa is potentially underestimated (van Eeden et al., 2012a). Very little

additional published information appears to be available regarding this virus.

1.2  Ecology of mosquito species known to transmit medically significant
arboviruses in southern Africa

Arboviruses have developed the capability to infect both mosquito and vertebrate hosts,
thereby creating the platform for optimized spread of human and animal ailments. A
substantial number of mosquito species are known vectors of arboviruses in the wild, while
many others are capable vectors under laboratory settings (Conway et al., 2014).
Approximately 300 mosquito species are known to transmit arboviruses (Liang et al., 2015).
Mosquitoes in the subfamily Culicinae (mostly Aedes and Culex mosquitoes) are the most
frequently associated with arbovirus transmission (115 and 105 types of arbovirus,
respectively). Understanding the role of mosquito vector species in arbovirus transmission is
vital for the development of new strategies to control the spread of arboviral diseases. In
southern Africa, a few species in the genera Anopheles, Coquillettidia and Mansonia have also

been implicated as vectors of arboviruses (Mclntosh, 1980, MclIntosh, 1975).
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Historic and recent epidemiological studies have established that CHIK, SIN, WN, WES, BAN,
DEN and RVF viruses are the most important mosquito-borne viruses in southern Africa
(Rautenbach, 2011, MclIntosh, 1986, Jupp, 1996, Swanepoel and Cruickshank, 1974). A review
by Burt (Burt et al., 2014) addresses some of the medically important mosquito-borne viruses,

but focuses more on lesser known arboviruses in South Africa.

Surveys over multiple decades across southern Africa (Jupp and NK, 1986, Kokernot et al.,
1962a, Kokernot et al., 1962b, Mclintosch et al., 1972, Mclintosh et al., 1983, Mcintosh et al.,
1976b, Worth et al., 1961, Kokernot et al., 1961, Gear and Reid, 1957) have provided good
insight regarding which species of mosquitoes are involved in the transmission of at least the
most common of the mosquito-borne zoonotic arboviruses. These cluster within the genera
Aedes and Culex, each representing a different transmission strategy. Aedes-borne viruses
such as CHIK, DEN and WES tend to have primate or human reservoir hosts (McIntosh, 1986),
while Culex-borne viruses often use birds as reservoir hosts, and these factors influence the
distribution and epidemiology of the diseases they cause in humans and animals. Aedes and
Culex have different breeding strategies and preferences which also represent fundamental
differences. In the discussion below emphasis is given to the 7 most important Aedes species,
followed by the 4 most important Culex species, summarizing the known ecology of each.
These mosquitoes are Aedes aegypti, Aedes furcifer/cordellieri, Aedes circumluteolus, Aedes
unidentatus, Aedes mcintoshi, Aedes caballus, Aedes juppi, Culex theileri, Culex zombaensis,

Culex univittatus, Culex neavei and Culex rubinotus.

1.2.1 Aedes (Stg.) aegypti

Aedes aegypti is the key vector of yellow fever, DEN and CHIK viruses. This mosquito is widely
distributed in most tropical and subtropical regions of the world (Service, 1992, Brown et al.,
2014) between latitudes 35°N and 35°S below an elevation of 1000m (Muktar et al., 2016).
Ae. aegyptiis originally from Africa where its ancestral form Ae. aegypti formosus is a zoophilic
treehole breeding mosquito (Kraemer et al., 2015). This species was initially introduced into
new areas, especially seaports, by watercraft before spreading inland (Cheong et al., 1986).
Likely, ships transporting slaves and goods carried eggs and adults of these mosquitoes to the

Caribbean islands and other tropical and subtropical parts of the world. Ae. aegypti is a
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complex species which can exist in two or three forms: domestic, peridomestic and sylvatic
(Tabachnick et al., 1979). Domestic forms live and breed in small containers such as discarded
tins, bottles, tyres, plant-pots or similar holders in urban settings, which are often in and
around houses. The peridomestic form is often found in altered environments (often located
between urban and rural zones) and farms while the sylvatic forms inhabit tree holes, tree
stumps, pools in river beds and natural containers in forests (Tabachnick et al., 1979).
Embryonic development can take two days in the tropics until hatching, while in temperate
regions eggs can take up to a week to hatch (Nelson, 1986). Once embryonic development is
completed, eggs can withstand long periods of desiccation before hatching when submerged
in water (Toma et al.,, 2011). Ae. aegypti is a competent vector because it is highly
anthropophilic and has adapted to breeding in containers in or around households and adults
often rest in houses (Service, 1992). The multiple blood feeding within each ovarian cycles,
on humans and high survival rates (Reiter, 2007b) jointly contribute to Ae. aegypti causing
serious epidemics of disease in urban areas. Ae. aegypti also has the ability to distribute a few
eggs at different sites, a practice called skip oviposition which serves as a driver for dispersal

in this species (Reiter, 2007a).

Ae. aegypti has been widely recorded across southern Africa. In South Africa, it is commonly
encountered in the tropical and subtropical areas of the country (Muspratt, 1956). The
distribution of this species is probably governed by climate and its geographical range lies
around the 20°C isotherm (Muspratt, 1956, Kemp and Jupp, 1991) with the south-western
part of the Western Cape Province falling outside the isothermal zone (Edwards, 1941). This
species has established disjunct populations at different altitudes and locations in South
Africa and is mainly associated with wooded savannah, forest and urban environments
(Muspratt, 1956). As in other parts of the world, several mosquito surveys conducted in the
Eastern Cape Province and southern KwaZulu-Natal coastal areas have confirmed that local
Ae. aegypti populations are highly anthropophilic and have adapted to the peridomestic
environment (Kemp and Jupp, 1991, Edwards, 1941, Mattingly, 1953). Ae. aegypti
populations found in the Free State Province and the north-eastern parts of Limpopo and
Mpumalanga Provinces are sylvatic and have become adapted to a wide range of larval
habitats including natural tree holes and leaf axils (Kemp and Jupp, 1991). Ground and rock

pools are occasionally exploited when they contain dead leaves (Muspratt, 1956). Although
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females of the domestic or urban forms of Ae. aegypti exhibit a strong preference for human
blood, they also feed on other animals, mostly mammals (Edwards, 1941). Sylvatic or rural
forms appear not to be as strongly attracted to humans as urban forms (Kemp and Jupp,
1991). Aedes aegypti bites mostly during daylight hours, typically with a preference for the
period about two hours after sunrise and several hours before sunset, but will also bite at
night (Anonymous, 2018b). Aedes aegypti aegypti was the most dominant vector in the
northern towns of Mozambique during an outbreak of dengue in 2014 while Ae. aegypti

formosus was the most dominant in the capital, Maputo (Higa et al., 2015).

1.2.2 Aedes (Dic.) furcifer/cordillieri

The Aedes furcifer group in the Afrotropical Region comprises of three species: Ae. furcifer,
Ae. taylori, and Ae. cordellieri (Huang, 1986). Ae. furcifer and Ae. cordellieri are
indistinguishable morphologically except by the confirmation of differences in male genitalia
(Jupp, 1998). Ae. furcifer and Ae. cordellieri are key vectors of CHIKV in southern Africa (Jupp,
1996) and have both allopatric and sympatric distributions in the sub-continent (Jupp, 1998).
Studies by Jupp (Jupp, 1998) show that Ae. cordellieri is found primarily within the tropical
region (east of 18°C mean midwinter isotherm), while Ae. furcifer is more common in the
subtropical areas (west of this isotherm line). In South Africa, the two species are usually
found in northern KwaZulu-Natal coastal lowlands, Kruger National Park, and the moist

eastern part of Mpumalanga and Limpopo Provinces (Jupp, 1996, Jupp and Mclntosh, 1990).

Peak population numbers follow periods of heavy rainfall, and such population peaks are
often linked with outbreaks of CHIKV in humans. Ae. furcifer and Ae. cordelieri prefer to breed
in tree holes usually in wooded savanna or evergreen forest (Huang, 1986). Both species feed
mostly at night when primates are resting in trees or rocky outcrops but will readily bite

humans they encounter on the ground (Jupp, 2005).

1.2.3 Aedes (Neo.) circumluteolus

In southern Africa, Ae. circumluteolus is one of the dominant mosquito species and most

abundant in the tropical/sub-tropical coastal lowlands of northern KwaZulu-Natal northwards
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into Mozambique (Jupp, 2004b, Mclntosch, 1971). Like other congeners, Ae. circumluteolus
is associated with floodwater and often oviposits at the edge of rivers and pans located within
flood plains. Overwintering transovarially infected eggs then hatch when inundated with
water and may give rise to disease outbreaks [111]. Larvae have often been associated with
temporary shallow grassy pools of water on bush fringes (De Meillon et al., 1957). Ae.
circumluteolus prefers to feed at ground level where it mostly targets humans, dogs, cattle,

sheep and antelope (Mclntosch et al., 1972, Paterson et al., 1964, Jupp, 2004a).

1.2.4 Aedes (Neo.) unidentatus

Aedes unidentatus is the primary vector of WESV and can become abundant at times in the
higher rainfall areas of the Highveld and Middleveld of the Free State Province of South Africa
(McIntosch, 1971). Prior to the revision of the subgenus Neomelaniconion by Mclntosh
(McIntosch, 1971), a few collections of this species in the Johannesburg area of South Africa
were identified as Aedes lineatopennis (Mclntosch, 1971, Jupp, 2004b, McIntosh, 1980). Ae.
unidentatus is also one of several maintenance vectors of RVFV on the inland plateau of South
Africa (Swanepoel and Coetzer, 2004). It is probably the most dominant species of the
subgenus Neomelaniconion in these two areas where it breeds in temporary pools. Ae.
unidentatus is a diurnal and nocturnal feeder with peak biting commencing shortly before
sunset. The host preferences for this species includes goats, cattle, sheep and humans (Jupp,

2004b, Mcintosch, 1971).

1.2.5 Aedes (Neo.) mcintoshi

Aedes mcintoshi is morphologically nearly indistinguishable from Ae. lineatopennis and
closely resembles other African members of the subgenus Neomelaniconion, including
circumluteolus, luridus, luteolateralis, and unidentatus (Huang, 1985a). Aedes mcintoshi is
known to have a wide distribution across Africa, including Central, East, southern (Botswana,
South Africa and Zimbabwe), North and West Africa. The species appears to be adapted to
areas with intermediate temperatures (Jupp, 2004b). Ae. mcintoshi is widely distributed in
areas with varying climate such as the Karoo, north-eastern Highveld, Lowveld and the coastal

region of KwaZulu-Natal of South Africa and the Zimbabwean Highlands. Field studies on Ae
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mcintoshi during an outbreak of RVF among cattle in Zimbabwe in 1969 revealed two strains
of RVFV, 17 of WESV and two of MIDV (Mclntosch, 1971, Huang, 1985a). Ae. mcintoshi is
acknowledged as an important maintenance vector of RVFV in Zimbabwe and possibly also
on the inland plateau in South Africa (Swanepoel and Coetzer, 2004). Although evidence for
transovarial transmission of RVFV in Ae. mcintoshi remains elusive in South Africa (Jupp,
2005), isolates from field collected larvae and laboratory studies conducted in Kenya did
confirm transovarial capacity and therefore potential for maintaining or initiating outbreaks
in subsequent seasons (Linthicum et al., 1985, Romoser et al., 2011, Jupp, 2005). The peak
biting period for Ae. mcintoshi is late afternoon until sunset with lesser peaks around dawn
(Jupp, 2004a). Field observations showed a clear link between adult emergence of Ae.
mcintoshi and wet season flooding of dambos (Linthicum et al., 1985, Jupp, 2004b). Ae.
mcintoshi seems to occupy similar habitats with Ae. unidentatus in Gauteng Province and with
Ae. luteolateralis along the northern coastal area of Kwa-Zulu Natal Province (Huang, 1985a).
In South Africa, larvae of this species are encountered mostly in vegetated (especially sedge-
grasses) flooded lakes, ground pools and to a lesser extent in dambos (Jupp, 2004b, Huang,
1985a). Preferred bloodmeal hosts for this species include goats, cattle, sheep and humans

(McIntosch, 1971, Jupp, 2004a, Mcintosh, 1972).

1.2.6 Aedes (Och.) caballus

Ae. caballus is a key vector of WESV and RVFV (Jupp, 2004b, Jupp, 1996). Ae. caballus
populations have been encountered in the Karoo and southern Free State Province of South
Africa, but their relative abundances require further investigation. This species is adapted to
higher temperatures and lower rainfall but appears to be absent from the coastal belt of
KwaZulu-Natal Province and Mozambique (Jupp, 2004b, McIntosh, 1973). Ae. caballus was
the most prevalent mosquito encountered during an outbreak of WESV in the Eastern Cape
Province (Kokernot et al.,, 1958). The preferred breeding habitat for this species is
characterized by sedge or grassland in small or large temporary depressions after heavy
rainfall (Jupp, 2004b). Ae. caballus tends to be a diurnal species, which feeds shortly before

and after sunrise, mostly on goats, sheep, cattle and humans (Jupp, 2004b, McIntosh, 1973).
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1.2.7 Aedes (Och.) juppi

Aedes juppi is one of the key vectors of WES and RVF viruses and has similar ecological
requirements to Ae. caballus (Jupp, 1996, Mcintosh, 1980, Jupp, 2004b, Swanepoel and
Coetzer, 2004, Mclintosh et al., 1980). This species is probably the largest and easiest to
recognize in the Ae. caballus group. Ae. juppi is endemic to temperate regions of southern
Africa and probably the most abundant member of the caballus group in the Highveld of
South Africa (MclIntosh, 1973). Aedes juppi is present in the Western Cape Province of South
Africa, a region not known to host Ae. caballus. Studies in the Free State Province of South
Africa suggested that the sedge, Mariscus congestus, is an excellent indicator of Ae. juppi
oviposition sites (Gargan et al., 1988). Like Ae. caballus, Ae. juppi prefers feeding during the
day, especially before and after sunrise, on goats, sheep, cattle and humans (Mclntosh, 1973,

Jupp, 2004b).

1.2.8 Culex (Cux.) theileri

Culex theileri is broadly distributed in Africa, Europe, Asia and the Middle-East (Becker et al.,
2003). In southern Africa, this species occurs in Namibia, South Africa and Zimbabwe
(Anonymous, 2018a). Culex theileri is one of the main epidemic vectors of RVFV in domestic
animals in South Africa and Zimbabwe (Swanepoel and Coetzer, 2004, MclIntosh, 1980,
Mclntosh, 1986). Field studies and viral transmission experiments have implicated this
species as the most efficient mosquito vector of RVFV on the inland plateau of South Africa
(McIntosh et al., 1980). Not only is Cx. theileri the most highly susceptible to RVFV during
natural infection and experimental transmission, but it is also the most important vector as
it occurs in large numbers throughout the epizootic area and adults remain active over an
extensive period from early summer to midwinter (Mclntosh et al., 1980). This species is rare
in the KwaZulu-Natal coastal lowlands and in the Limpopo-Mpumalanga Lowveld (Jupp,
2004b, Jupp et al., 1980). Culex theileri breeds in a wide range of pools from clear water and
vegetation to polluted water with animal waste (Jupp, 1967). It is relatively ornithophilic but
also feeds on goats, cattle, sheep and humans, with a preference for biting during the first

few hours after sunset (Jupp, 2004a).
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1.2.9 Culex (Cux.) zombaensis

Culex zombaensis is a sub-tropical species absent from the temperate inland plateau of South
Africa. This species is moderately common and widely distributed in the northern KwaZulu-
Natal coastal lowlands but rare in the south (Mcintosh et al., 1983, McIntosch et al., 1972).
Culex zombaensis was the major vector of RVFV during an epizootic in the KwaZulu-Natal
coastal lowlands in 1981(Mcintosh et al., 1983), being the only mosquito species of high
abundance and yielding multiple isolations of RVFV during the outbreak. Culex zombaensis
prefers rivers and permanent pans with clean water and emergent vegetation. Although it is
predominantly a ground-hunting species which feeds on cattle, sheep, goats, antelope and
humans at night, Cx. zombaensis also feeds on monkeys in the canopy of trees (Jupp, 2004b,

Mclntosch et al., 1972).

1.3.0 Culex (Cux.) univittatus

This species is widely distributed in the temperate highlands of the Afrotropical region,
straddling countries across southern and East Africa and also reaching Madagascar and
Yemen (Mixdo et al., 2016). The univittatus group is comprised of two species: univittatus and
neavei (Jupp and Harbach, 1990, Jupp, Mixdo et al., 2016). Culex univittatus is common in
South Africa especially in the Highveld and Karoo regions where it is a key vector of WN and
SIN viruses (Jupp, 1971). In addition to being the maintenance vector of WN and SIN viruses,
Cx. univittatus is considered a mosquito of public health importance in South Africa for its role
as a competent vector in the transmission of WN, SIN and Usutu viruses (Jupp and NK, 1986,
Braack et al., 2018). Epidemics of West Nile fever are possibly triggered by increased Cx.
univittatus feeding on humans during periods of high vector densities (Causey et al., 1972).
Culex univittatus reaches maximum abundance during periods of high rainfall coinciding with
high temperatures (van Der Linde, 1982, Jupp, 1973). Adult females are known to overwinter
in a nulliparous rather than parous state (Jupp, 2004b). Laboratory studies confirmed that Cx.
univittatus females can survive, in a quiescent state in relatively low temperatures of up to
114 days at 14°C (Cornel et al., 1993). Culex univittatus utilizes breeding habitats ranging from

seasonal to permanent pools with clear water and vegetation. Culex univittatus primarily
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feeds on birds but may also use mammals and humans during periods of peak abundance

(Jupp et al., 1980).

1.3.1 Culex (Cux.) neavei

Culex neavei was initially described as a sibling species of Cx. univittatus but subsequently
elevated to distinct species after discovery of subtle morphological differences and also
reproductive isolation (Jupp). The two species are mostly allopatric with Cx. neavei occurring
in the subtropical coastal lowlands of eastern and northeastern KwaZulu-Natal regions of
South Africa but with some overlap occurring between the two species in the Lebombo
mountains (Jupp, 1971). Unlike Cx. univittatus which is largely ornithophilic, Cx. neavei is both
anthropophilic and ornithophilic (Jupp, 1971, McIntosch et al.,, 1972). This species is an
important vector of RVF and SIN viruses (Mclntosh, 1980, McIntosh et al., 1980, Jupp, 1996).

1.6 Gaps in knowledge about southern African arbovirus mosquito vectors

Ever since the introduction of Yellow fever from Africa to the Caribbean Islands and South
America in the 1600’s, mosquito-borne arboviruses have increased their spread and impact
globally. Brief successes were achieved in vector control in the mid-20™" century which
brought some relief, but proved of temporary nature. Recent decades have seen a strong
upsurge in the scale of public health threat by an increasing number of mosquito-borne
viruses spreading across the globe, examples being Chikungunya, West Nile virus, and Zika.
The ability to counter these challenges has proven inadequate and is attributable to a number
of factors. These include:

I.  Improved vector identification

II.  Vector biology

lll.  Anthropological behaviour

IV.  Climate change

I.  Improved vector identification
Entomological expertise is essential for guiding surveillance and vector control programs, but

there is currently a serious shortage of entomologists, more especially taxonomists. There are
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relatively few African countries promoting entomology programmes at undergraduate level
while some countries only have a few practicing expert entomologists (WHO, 2014). The
scarcity of expert taxonomists can eventually lead to a pool of many wrongly identified
mosquito vector species in the region. For example, the identification of some cryptic species
such as the Culex pipiens complex has to some extent been successful with male mosquitoes,
it has in most cases been problematic with females. A better understanding of cryptic species
and diagnostic tools to identify such species is required. Thus, correct identification of known
and potential mosquito vectors is especially important for any mosquito-based arbovirus

surveillance program to be successful.

II.  Vector biology
The spatial spread of mosquito-borne diseases (MBDs) is generally dependent on the
distribution of suitable vector species. Factors affecting the species diversity, abundance and
seasonal distribution of vector mosquitoes is in large measure related to climate and various
environmental parameters. However, the impact and extent of these factors on mosquito
distribution and abundance in southern Africa remains poorly understood. Thus, an
understanding of the diversity and abundance of mosquito vectors across different
landscapes and season is essential in determining the risk for MBDs and their dispersal across
different geographic regions. Furthermore, mapping the distribution of changing mosquito
populations in response to climatic variation and other factors may provide valuable
information for evaluating risk potential for the transmission of arboviruses in southern

Africa.

lll.  Anthropological behaviour

Large-scale land transformation due to anthropogenic activities are resulting in rapidly
escalating changes in previously existing ecosystems, the organisms they support, the
diseases associated with such land systems, and the consequences on human populations.
Mosquitoes are reportedly among the most sensitive to human-induced environmental
changes such as temperature, humidity, favourable breeding sites which ultimately affect
their survival, density and distribution (Uneke, 2009). Habitat disturbance can therefore
greatly affect the abundance and richness of mosquitoes (Junglen et al., 2009). Deforestation

was shown to influence the biting rate of the malaria vector, Anopheles darlingi, in South
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America (Vittor et al., 2006), whereas human-driven land use changes are associated with
both altered abundance of arbovirus vector mosquitoes for West Nile virus and malaria
mosquitoes in Europe (Pongon et al., 2007b, Pongon et al., 2007a). Global movement of
people and goods through international trade and travel may also promote the spread of
mosquito-borne viruses to areas where potential vectors exist (Tatem et al., 2006b, Tatem et
al., 2006a, Wilson, 1995, De La Rocque et al., 2011). This tendency is believed to be worsened
by climate change, which is increasing the suitability for vector-disease transmission in

previously non-endemic areas (De La Rocque et al., 2011, Githeko et al., 2000).

IV.  Climate change
Mosquitoes are sensitive to changes in climate because temperature and humidity affect their
survival rates (Uneke, 2009). Temperature is a major determinant of viral replication rates in
mosquitoes and vector population growth rates (Dar and Wani, 2010, Kilpatrick et al., 2008).
The period between one blood meal and the next is also influenced by temperature, thus
increasing the chances of disease transmission (Martens et al., 1995, Scott et al., 2000, Morin
et al., 2013). As to whether climate change influences mosquito populations in southern
Africa, remains unclear. It is also currently not known if novel mosquito-borne viruses may
emerge and spread and whether climate change will make the region more suitable to vectors
and pathogens. There is speculation that changes in climate might result in epidemics of
mosquito-borne diseases because of varying mosquito vector lifecycles and species' range
shifts but this has not been proven in southern Africa (Dar and Wani, 2010, Mellor and Leake,

2000, Davis and Vincent, 2017, Campbell et al., 2015, Elbers et al., 2015, Reiter, 2001).

1.7 Aims and objectives

The PhD was designed to answer the questions listed in the objectives. Although the PhD
candidate was involved in preparing the protocols, collection and identification of

mosquitoes, the candidate was not involved in identifying and setting up of the sentinel sites.
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1.7.1 Aims

1. To gain an understanding of the diversity and abundance of mosquito species

in a range of climate and landscape zones in southern Africa.

2. To evaluate current knowledge of mosquito vector/arbovirus interactions in

southern Africa.

1.7.1.1 Secondary objectives

1. To determine the mosquito species diversity and relative abundance in key landscape
zones known to be subject to periodic arbovirus outbreaks.

2. To investigate the influence of environmental variables on mosquito population
dynamics under field conditions.

3. To identify potential mosquito vectors and their association with arboviruses in southern
Africa.

1.7.2 Hypothesis

The population composition of arbovirus vector mosquitoes varies with season and
landscape gradients in southern Africa.
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CHAPTER TWO

Mosquito community composition and abundance at
contrasting sites in northern South Africa, 2014—-2017*

Abstract

Most data on species associations and vector potential of mosquitoes in relation to arboviral
infections in South Africa date back from the 1940s to late 1990s. Contextual information
crucial for disease risk management and control such as the sampling effort, diversity,
abundance and distribution of mosquitoes in large parts of South Africa still remains limited.
This paper investigates the spatial variation in community composition, diversity, distribution,
and abundance as well as the sampling effort on mosquito vectors at six sentinel sites in three
provinces in the northern part of South Africa where recent arboviral cases had been detected
in animals. Adult mosquitoes were collected from two horse properties in Gauteng Province;
two wildlife reserves in Limpopo Province and at Orpen Gate in Kruger National Park and
Mnisi Area in Mpumalanga Province between 2014-2017, using carbon dioxide-baited light
and tent traps. Culex poicilipes, was the most abundant species caught during the study
period. Highest diversity and species richness were found at Lapalala Wilderness Reserve,
while the lowest diversity and abundances were at Orpen in Kruger National Park. Aedes
aegypti, Ae. mcintoshi, Ae. metallicus, Ae. vittatus, Cx. pipiens sensu lato, Cx. theileri and Cx.
univittatus, which are potential arbovirus vectors, had the widest geographical distribution in
northern South Africa. Also collected were Anopheles arabiensis and An. vaneedeni, both
known malaria vectors in South Africa. Therefore, arbovirus surveillance and vector control
programs should be augmented in peri-urban and mixed rural settings where there is greater

risk for arbovirus transmission to humans and domestic stock.

*This chapter has been accepted for publication the Journal of Vector Ecology.
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2.0 Introduction

In southern Africa, the species associations and vector potential of mosquitoes in relation to
arboviral infections received particular attention during the period early 1940s to late 1990s
(Edwards, 1941, Gear et al., 1955, Jupp et al., 1980, Kokernot et al., 1957a, Worth et al., 1961,
Jupp and Phillips, 1998). South Africa is a known hotspot for the occurrence of arboviruses of
medical importance (Venter et al., 2014, Venter, 2018, Braack et al., 2018). Despite the
research of earlier decades and the increasing recognition of the importance of mosquitoes
as agents of public health concern, there is little or no information on the diversity,
distribution, and relative abundance of mosquito vectors in large parts of South Africa and
the sub-region (van Der Linde, 1982). A recent published survey (Cornel et al., 2018) did
attempt to partially address this information gap by describing the species composition,
diversity, distribution, and relative abundance of mosquitoes at selected broadly distributed

localities within the country, but the study was very limited in time and space.

Several landscape attributes have been shown to be important in predicting mosquito
abundance and composition (Reisen, 2010). Land cover/vegetation, canopy cover, soil
properties, elevation, and hydrology are but a few of the known environmental factors that
have been associated with abundance of mosquitoes (Burkett-Cadena et al., 2013). An
understanding of the abundance and spatial distribution of mosquito vectors across different
landscapes is essential in determining the risk for mosquito-borne diseases (Ostfeld et al.,
2005, Roche et al., 2012). In mosquito borne disease systems, pathogen transmission may
vary with changes in host and mosquito species diversity, abundance, and distribution across
a landscape (Smith et al., 2004, Roiz et al., 2015, Burkett-Cadena et al., 2013). Since vectors
are not evenly distributed within their geographical range, aggregation occurs within the
landscape (Smith et al., 2004, Zhou et al., 2004, Ellis, 2008). Similarly, the spatial pattern of

disease risk is patchy, with highest risk being in areas with consistent or periodic high numbers
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of prime vector species combined with patches of pathogen reservoir (Ostfeld et al., 2005,
Eisen and Eisen, 2008). Thus, vector diversity, density and distribution of species are

important elements of the spatial dynamics of mosquito borne diseases (Borg et al., 2007).

The present study was undertaken to provide greater detail and granularity regarding spatial
variation in community composition, diversity, distribution, and abundance of mosquito
vectors in sentinel monitoring areas of northern South Africa known to be prone to regular
occurrence of zoonotic arbovirus outbreaks in humans or animals, and assessment of the
effect of sampling effort. Collected mosquitoes were also subjected to virus assays for vector

incrimination to confirm or improve on current understanding regarding vector status.

2.1 Materials and Methods

2.1.1 Study sites

Monthly mosquito collections were carried out from 2014-2017 at four core sites: two nature
reserves (Marakele National Park and Lapalala Wilderness Reserve) in Limpopo Province and
two horse farms at Boschkop (East of Pretoria) and Kyalami (Midrand/Johannesburg) in
Gauteng Province in South Africa. Opportunistic sampling was also conducted at two other
sites: Orpen Gate in Kruger National Park and Mnisi in the Ehlanzeni District Municipality in
Mpumalanga Province (Figure 2.1). The ecological features associated with these sites include
Highveld grassland (Boschkop and Kyalami), Middleveld Bushveld (Lapalala and Marakele)
and Lowveld Bushveld (Orpen and Mnisi) ecosystems (Rutherford et al., 2006). The Lowveld
Bushveld is a region which varies between 150 and 600m in elevation while the Middleveld
Bushveld lies between 600 and 1200m above sea level. The largest subregion is the plateau
which makes up a 1200-1800m high central area known as the Highveld. Physical
characteristics associated with the sampling localities are shown in Figure 2.2. The sites also
occur in different climatic zones ranging from warm semi-arid, subtropical oceanic highland
to humid subtropical climates (Peel et al., 2007). Some of these aspects are discussed in

greater detail later in this paper.
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Figure 2. 1: Map of South Africa showing the six vector surveillance sites. Red stars show the 4 core sites with
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Figure 2. 2: Some of the physical features found at the sampling locations in northern South Africa. A:
Boschkop. B: Kyalami. C: Lapalala. D: Marakele. E: Mnisi. F: Orpen.
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2.1.2 Geographic and climatic attributes of sampling sites

The key geographic and climatic attributes of the various sampling areas are summarized in

Table 2.1. These attributes are critically important in enabling interpretation and

understanding of mosquito diversity and abundance at the various collection sites. Also

important to note is that the regular monthly sampling sessions at Boschkop, Kyalami,

Lapalala, and Marakele meant that collections were made in both dry and wet seasons, over

multiple years. This also means that data distortions due to infrequent collections at Orpen

and Mnisi during predominantly dry periods are compensated for and enable a more accurate

reflection of true diversity and abundance.

Table 2. 1: Geographic and climatic features associated with mosquito sampling sites in northern South Africa,

2014-2017.
Lapalala Marakele Boschkop Kyalami Orpen Mnisi
Location  (GPS | S23°53'59.8" S24°17'37.4 $25°49'40.2” $25°59'22.3" $24°28'55.8" S24°40'41.2"
coordinates) E28°17'50.1" E27°30'11.7" E28°25'12.4” E28°01'56.1" E31°23'08.9" E31°16'15.5"
Province Limpopo Limpopo Gauteng Gauteng Mpumalanga Mpumalanga
Land-use Wildlife Reserve | Wildlife Reserve | Horse farm Horse farm Wildlife Reserve | Mixed rural
cattle/wildlife/h
uman use
Landscape Mountains and | Open plain with | Peri-urban Peri-urban Flat, natural | Flat, significantly
description hills with fairly | moderate to | grassland grassland fairly dense | transformed
dense savanna | sparse savanna savanna open  savanna
woodland, woodland, one woodland woodland
several river- | narrow river
courses
Ecological zone Middleveld Middleveld Highveld Highveld Lowveld Lowveld
Bushveld Bushveld Grassland Grassland Bushveld Bushveld
Annual rainfall | 400-900 556-630 (van | 677-697** 723-790** 550-600 600-700
(mm) (Ruwanza and | Staden and (Gertenbach, (Gertenbach,
Mulaudzi, 2018, | Bredenkamp, 1980)* 1980, Gaudex,
Hulsman et al., | 2005)* 2014)*
2010, Ben-
Shahar, 1987)*
Annual  mean | 30.9%* 30.2%* 27.7%* 25.6%* 29.6** 29.4%*
maximum
temperature
(*9)
Annual mean | 16.1*** 14.5%** 12.5%%* 12.6%** 17.1%** 17.1%%*
minimum
temperature
(*9)
Altitude (m) 1163 969 1372 1415 452 468
Blood-meal Abundant and | Abundant and | Horses, humans | Horses, humans | Abundant and | Plentiful mix of
availability diverse range of | diverse range of | and limited | and limited | diverse range of | cattle, humans,
birds and | birds and | range of other | range of other | birds and | birds and low
mammals mammals mainly domestic | mainly domestic | mammals abundance  of
animals and | animals and wildlife species.
some wild birds some wild birds
*References

**Source: Climate-Data.org
***Based on 3 year (2014-2016) climatic data provided by the South African Weather Service (SAWS). Means were
computed on data from the SAWS Station close to the study site.
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2.1.3 Mosquito collection

Mosquito sampling for this study commenced in January 2014 and continued until May 2017.
Sampling took place once every month for three consecutive nights at the nature reserves
and for two nights at the horse farms, with each sampling period running from 4:00pm to
6:00am. Mosquitoes were collected using mouth aspirators, polystyrene cups and two types
of CO,-baited traps: Centers for Disease Control (CDC) (Newhouse et al., 1966) miniature light
traps and Mosquito Tent traps (MTT). Two light (ultraviolet and incandescent) and three to
five tent traps were erected each night at the nature reserves while two light and three tent
traps were placed per night at the horse farms. Traps were emptied at or very soon after
dawn, all collection containers placed in cooler boxes with dry ice at -80°C until
microscopically sorted and identified on cold plates (to ensure virus preservation) a few hours

later, and immediately returned to cold storage.

2.1.4 Mosquito identification

A stereomicroscope was used to separate mosquitoes placed on an ice brick. Mosquitoes
were sorted by locality, trap type, and date of collection, and then morphologically identified
to species level using regional keys and descriptions (Edwards, 1941, Gillies and Coetzee,
1987, Gillies and De Meillon, 1968, Jupp, 1996). Damaged specimens lacking key
morphological identification characteristics were identified to genus level and recorded as
such. Specimens destined for PCR assay (An. funestus group and An. gambiae complex) were
placed in silica gel tubes, while other species were pooled maximum 50 specimens per tube,

each species was separated, for virus assays. Although Cx. quinquefasciatus and Cx. pipiens are

sympatric in the highveld region, no attempt was made to identify the two to species level using taxonomic

keys. In this particular case, individual specimens from both species were referred to as Cx. pipiens s.I.

2.1.5 Data Analysis

Kolmogorov-Smirnov (Lilliefors modification) and Shapiro-Wilk tests were used to analyse
mosquito count data for normality, while Levene’s test was used to test for homogeneity of

variance with Statistica 13.3 (Drezner and Turel, 2011, Royston, 1982, Shapiro and Wilk, 1965,
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Gastwirth et al., 2009). Due to the lack of normality of the data, large standard deviations and
lack of homogeneity of variance, non-parametric tests were used to analyse mosquito
densities. Since mosquito abundance data were not normally distributed, the non-parametric
test, Kruskal-Wallis (> two samples) test was used to assess differences in mosquito
density/trap-night across localities and ecological zones. Chi-square tests were applied to
investigate whether there were any differences in abundance of known or suspected
mosquito vector species between sites. Species diversity, evenness, and equitability were
calculated for all localities in the three Provinces, localities compared by category; peri-urban
(Boschkop and Kyalami), mixed rural (Mnisi) and sylvatic (Lapalala, Marakele, and Orpen). As
the performance of diversity estimators varies among data, the following well-known species
diversity estimators were assessed using PAST software (Hammer et al., 2001): Shannon and
Simpson diversity indices. Shannon H’ is a measure of the diversity itself, shown in a
comparative way. This calculated as H' = -3”i-1 piIn(p;), where p;i= ni/N. The Shannon Index is
based on the uncertainty that an individual taken at random from the dataset is predicted
correctly as a certain species. Larger values represent larger uncertainty, thus greater
diversity. Simpson’s Index of Diversity was calculated; 1-D = 1-3(ni(ni-1)/N(N-1), where n; is
the number of the it" species and N is the total number of specimens in the study area or
habitat. Simpson’s Index of Diversity reflects the probability that two individuals taken at
random from the dataset are not the same species. Values for Simpson’s Index of Diversity
range between 0 and 1, with larger values representing greater diversity. This method is
sensitive to sample size, whereas the Simpson’s Index puts more weight on dominant species
and is hardly influenced by a few rare species. The Shannon Evenness (E) is a measure of how
much the species are equal in the sense of number of specimens, for each time of collection.
It is a similar measure to equitability and is given by E = eAH’/S where H’ is the observed
diversity index, and e is the base of the natural logarithms. The quantity e”H’ is the minimum
number of equally common species which could yield the observed diversity H’. The
equitability (J) concept assumes that J = S’/S, where S’ is the theoretical number of species
which would yield the observed diversity H’ if their relative abundances followed the broken-
stick model of MacArthur. In order to ensure that estimates of S were reliable, estimates of
total species number based on extrapolations from species accumulation curves were
computed using the Chaol richness estimator, for each organism in PAST and compared them

with the observed total species. The Chaol was used because individual counts of species in
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samples usually underestimate species richness and greatly depend on sampling effort and
sample completeness (Chao and Chiu, 2001). To verify whether sufficient trapping effort was
made during the mosquito surveys to achieve a statistically sound estimate of species
diversity, rarefaction curves of the species and the number of collected mosquitoes were
generated using PAST software. Rarefaction is an interpolation of a biodiversity sample to a
smaller number of individuals for comparison among samples. For species incidence data,

rarefaction interpolates between a specific sample and a smaller number of sampling units.

2.2 Results

2.2.1 Interpolating species richness and sampling effort with rarefaction

Using two different trap types at core and opportunistic sites in northern South Africa, a total
of 42,286 mosquitoes were collected from 1,654 trap-nights between January 2014 and May
2017. Rarefaction curves suggest that species richness is higher at Lapalala followed by
Marakele while it was similar at Kyalami and Boschkop but much lower than what was
recorded at the two nature reserves (Figure 2.3). Mosquito abundance data from core sites
are shown in Table 2.2. Estimates of total species number based on trap type showed that
observed richness values likely underestimated total richness as the rarefaction plots for
Marakele and Lapalala are almost beyond their exponential curves and thus, begin to level off
just beyond sixty species. This suggests that there is a likelihood of discovering more species

with further sampling and increased effort as estimated by the Chaol in Table 2.3.
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Figure 2. 3: Sampling effort. Species based rarefaction curves generated from tent (A) and light (B) trap collection
data showing number of species against number of specimens recorded at core sampling sites within South
Africa. A: Tent traps. B: Light traps.
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Table 2. 2: Mosquito sampling effort of two trapping techniques and their associated yield at six localities in
northern South Africa, 2014-2017.

Locality Number of catch efforts / trap-nights | Mean number of catches | Total number of catches

Light trap Tent trap | Light trap Tent trap
Boschkop 308 19.6 10.5 1922 2208
Kyalami 299 27.3 18.2 2678 3664
Lapalala 507 51.1 16.9 9345 6042
Marakele 432 37,0 17.7 4994 5599
Mnisi 64 8,0 73.6 20 4610
Orpen 44 11.5 36.4 185 1019

2.2.2 Diversity indices

Mosquito species richness was highest at Lapalala Wilderness Reserve where a total of 74
species was documented over a period of 3 years (507 trap nights); the lowest richness of 29
species was recorded in a period of less than two years at Orpen (44 trap nights; Table 2.3).
Biodiversity estimates on total collections of both core and opportunistic catches were
calculated per locality (Table 3). A comparison of diversity using the Shannon and Simpson
indices showed that Lapalala (H'=2.842, A=0.9066) had the highest diversity while Orpen had
the least (H'=0.8914, A=0.314). The Simpson dominance index confirmed the presence of
dominant species at Orpen (D=0.686), which is less diverse than the other sites. Species
evenness (E) ranged from 0.08409 in Orpen to 0.2317 in Lapalala (Table 2.3). In this study, the

mosquito community was somewhat evenly distributed at Lapalala but less so at Orpen.

2.2.3 Species composition and relative abundance of mosquitoes

Ninety-five species representing 10 genera: Aedeomyia, Aedes, Anopheles, Coquillettidia,
Culiseta, Culex, Ficalbia, Mansonia, Mimomyia, and Uranotaenia were collected in either or
both the tent and light traps (Figure 2.4 and Table 2.4). The most abundant genera were Culex
(38.4%), Anopheles (32.2%) and Aedes (21.2%) (Table 2.4 and Figure 2.4). This is a simplistic
and generalized representation which neglects the underlying distortions of greater sampling
intensity and habitat diversity at specific sites, but nevertheless does facilitate some general
overall impression of mosquito composition. Culex poicilipes, represented by 5,793 specimens

was the most abundant species caught in this survey, comprising 13.7% of the total (Table
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2.4), but most individuals were collected from Marakele (where it represented 35.8% of the
catches) and Mnisi (where it represented 38% of the catches) (Figure 2.5). However, it was
not among the seven most widely distributed species. Aedes aegypti, Ae. mcintoshi, Ae.
metallicus, Ae. vittatus, Cx. pipiens s.l., Cx. theileri and Cx. univittatus had the widest
geographical distribution in northern South Africa (Table 2.5). In the savanna regions
(Middleveld and Lowveld) An. coustani (Lapalala), Cx. poicilipes (Marakele, Mnisi) and Ae.
vittatus (Orpen) were the most dominant mosquito species. In the Central Highlands, at
Boschkop and Kyalami, Cx. theileri and Cx. univittatus were the most abundant species. A
sizeable population of Cx. pipiens s.I. accounting for approximately 20% was among the three
most dominant species at Kyalami. Species with relative abundances of less than 2.5% at a
given habitat were considered as ‘rare or other’, with eighty-three taxa falling into this

category (Table 2.4), which represents 15.4% of total species recorded.
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Figure 2. 4: Total abundance. Mosquito numbers grouped by genera including the total number of adults
collected from all six sampling localities.
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Figure 2. 5: Species composition and relative abundance of mosquito vectors collected from the six localities
irrespective of trap type. A: Boschkop. B: Kyalami. C: Lapalala. D: Marakele. E: Mnisi. F: Orpen.

- 115%

°
5 =®
w A
a o -
°
| g ¢ %
~ ~
I - o I
B RS O S S o
N ? o i R
@ < o Q % S
N & S
-3 -Q\ \}’b ‘_O
Clp °<‘ N\ "0- vc.
¢ oF ¥
D o MARAKELE
%
w
-
o S
~ =
& ]
2 ) o
S &8 . o .
w8
I m o™ o
I | [ | ]
< 5\ &) > \ o Gl &
o DU SIS SR R S
NV (O o' & o N 2 X
BT AT A & & v
v o ) 0 N AN
o > < N TR N
QA e & ¢
) . XA S S )
S R e
o
x ¥
F & ORPEN
B
~
@
o
= s
fn = =
w © b
~
=] e B
Q o O o
R o < et
2 Q,* <
e - 2 le)
g N 2
: e
v ks

KYALAMI

When the landscape of northern South Africa is differentiated into peri-urban, mixed rural,

and sylvatic locales, there are detectable differences in the species composition and relative

abundances of the most dominant species (Figure 2.6). In rural settings such as the Mnisi area,

the two most abundant species were Cx. poicilipes and Ma. uniformis while in peri-urban

areas east of Pretoria and north of Johannesburg, Cx. theileri, Cx. univittatus and Cx. pipiens

were the most dominant. However, in sylvatic areas which are all wildlife sanctuaries, the

most dominant species were Cx. poicilipes, An. coustani and Ae. mcintoshi.
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Figure 2. 6: Composition and relative abundance of dominant mosquito species. Mosquitoes were collected
from both tent and light traps in three landscape settings within northern South Africa. A: Peri-urban. B: Mixed
rural. C: Sylvatic.

2.2.4 Geographic distribution of mosquito species across localities and landscapes

The mean abundance of the most dominant mosquito species caught in both trap types at
core sites in northern South Africa is shown in Figure 2.7. The species are arranged
alphabetically by genus from Aedes to Culex. Although present at all core sites, the mean
abundance for Ae. mcintoshi was almost zero at Boschkop, Kyalami and Orpen but averages
ranged between three and five mosquitoes/trap-night at Lapalala, Mnisi and Marakele

respectively (Kruskal-Wallis = 115, P<0.001).
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Figure 2. 7: Mean abundance of most dominant mosquito species. These species were collected from core sites
within South Africa between January 2014 and May 2017. The whiskers and boxes on the bars represent SDs
and SEs of the mean of mosquitoes/trap-night for tent and light trap collections.
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Anopheles coustani, although present at all sites except Orpen, attained higher abundances
at Lapalala where the mean was almost six mosquitoes/trap-night (Kruskal-Wallis = 282,
P<0.001. In the remaining three regions, this species was less abundant with the mean being
<2 mosquitoes/trap-night. The average abundance of Anopheles squamosus was low at all
sites with the highest mean value recorded being slightly above five mosquitoes/trap-night in
tent traps at Mnisi (Kruskal-Wallis = 126, P<0.001). This species was completely absent in both
tent and light traps at Orpen. Anopheles theileri though only recorded at Boschkop, Kyalami,
Lapalala and Marakele, only reached high numbers from light traps at Lapalala. The mean
abundance of this species from light traps was nine mosquitoes/trap-night compared to less

than two mosquitoes/trap-night in tent traps.

Coquillettidia fuscopennata, was recorded only at Kyalami, Lapalala, Marakele and Mnisi, with
a mean of five mosquitoes/trap-night at Lapalala and almost zero at Kyalami, Marakele and

Mnisi (Kruskal-Wallis = 183, P<0.001).

Although present at all localities, Cx. theileri was the most abundant species at Kyalami with
average catches reaching six and 11 mosquitoes/trap-night in tent and light traps
respectively. Culex univittatus, though present at all sites, was only common at Boschkop and

Kyalami.

The abundance for Culex pipiens s.l. was generally low at all localities except Kyalami where
the mean was above three mosquitoes/trap-night. Culex poicilipes was the most abundant at
Mnisi where it attained an average of 26 mosquitoes/trap-night from tent traps. However, at
Marakele, mean was highest in light traps. Although there was a significant difference in
mosquito density between sites for each of the species (Kruskal-Wallis test P-value for all
species was <0.001), high standard deviations from the mean were registered for most

species (Figure 2.7).

In the Lowveld, Culex poicilipes reached a peak density of 13 mosquitoes per trap from <1
mosquito per trap in the Highveld region. The mean density for An. squamosus increased from
<2 mosquitoes per trap in the Highveld to more than two mosquitoes per trap in the Lowveld

region. Mansonia uniformis reached a high of seven mosquitoes per trap in the Lowveld from
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<1 in the Highveld. The mean density for Culex pipiens s.I. decreased from the Highveld (>2
mosquitoes/trap) to the Middleveld (almost zero mosquitoes/trap) but then a slight increase
was noticed in the Lowveld (<1 mosquitoes/trap). A clear decline in mosquito density was
noticed for Cx. univittatus and Cx. theileri from the Highveld to the Lowveld. As for Ae.
mcintoshi, there was a tendency for the mean density to increase towards the centre of the
distribution range for this study which is the Middleveld. Similar tendencies were also

observed for An. coustani and Cq. fuscopennata.

2.2.5 Abundance and distribution of mosquitoes of known medical importance

From this survey, two species complexes known to contain vectors of malaria, Anopheles
gambiae s.l. and Anopheles funestus s.I., were collected. Of the Anopheles gambiae complex,
An. arabiensis was collected from Lapalala, Marakele, Orpen and Mnisi, albeit in very low
numbers except for Marakele were it was among the most dominant vectors. Of the
Anopheles funestus group, the species identified by PCR assays was An. vaneedeni, a
secondary vector for malaria in the region (Burke et al., 2017, Mouatcho et al., 2018). There
was a significant difference between locality and mosquito abundance for the seven widely
distributed potential vectors of arboviruses with the Chi-Square test P-value for all species
being <0.001). Aedes dentatus which is a vector for Middelburg (MID) and Rift Valley fever
(RVF) viruses while Ae. unidentatus is a vector for RVF virus are quite common in the Highveld
Grassland region (MclIntosch, 1971, Mcintosh, 1980, Braack et al., 2018, Venter, 2018,
Mclntosh, 1972). This also applies to Ae. juppi which is a known vector for MID, Wesselsbron
(WES) and RVF viruses in the same region (Jupp PG et al., 1987, McIntosh, 1980, McIntosh et
al.,, 1980, Braack et al., 2018, Venter, 2018). While Ae. aegypti was present at all the six
localities, it occurred in low numbers. Ae. vittatus, a potential vector for Babanki (BBK),
Chikungunya (CHIK), Ngari (NRI), Pongola (PGA), WES, Yellow fever (YF) and Zika (ZIK) viruses
though present at all localities was recorded in higher numbers at Lapalala with catches
exceeding 500 mosquitoes for the entire duration of the study (Braack et al., 2018, McIntosh,
1980, Jupp and Mclintosh, 1990, Venter, 2018, Diallo et al., 2014, Diagne et al., 2015). The
presence of such a diversity of arbovirus vectors at the various collection sites explains the
periodic outbreaks of arbovirus cases recorded from these sites and emphasizes the risk of

continued outbreaks in future. These aspects are discussed in a subsequent chapter.
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2.3 Discussion

The main limitation with species richness estimates is their dependence on sampling effort
which is seldom documented (Gaston and Biodiversity, 1996). This creates a dilemma of
determining the absolute species richness of a taxonomic group or geographic area because
the frequency at which new species are being noted is an important variable (May, 1990,
Simon, 1983). The inadequacy of information on sampling effort hinders the comparison of
the richness of different regions (Gaston and Biodiversity, 1996). Nevertheless, the use of new
estimators such as the individual-based and sample-based assessment protocols help to
correct the situation. In this survey, estimates of species richness from the individual-based
rarefaction curves reveal that the spatial distribution of mosquitoes in the selected rural,
semi-urban and wildlife sites in the Northern part of South Africa is random (Gotelli and
Colwell, 2011). If mosquito species were spatially aggregated, individual-based rarefaction
would have overestimated species richness when all trap type catches are combined. The
sample size for the rarefaction models was large and the curves were flattened towards the
right suggesting high species turn-over. A steep rise in the curves denotes a quick increase in
the number of species obtained during sampling from each of the core sites. The flattening of
the graph at a later stage signifies repetition of similar species at Lapalala and Marakele. In
addition, flattening of the graph probably implies that a good representative coverage of
individual species has been measured. This shows that sampling effort was enough for
obtaining a representative number of species in the two localities. However, more intensive
sampling is needed to yield the maximum number of species at other sites. Despite
reasonable sampling being achieved, it is possible that additional intensive sampling may
continue to yield new species as suggested by the Chaol estimate (Table 2.3), if larger
sampling habitats are explored. Estimates of species richness will continue to increase as
more sites are thoroughly examined over an extended period. For effective sampling to occur,
special attention should be given to the species abundance distribution as it needs greater
sampling effort where evenness is low (Lande et al., 2000, Yoccoz et al., 2001). Overall,
estimates of species richness based on rarefaction predicted higher species numbers from
tent than light traps at both Lapalala and Marakele for the same number of individuals while
the opposite was true at Boschkop (Figure 2.3). Therefore, due to the significant differences

in species yields between tent and light traps, there is a need to use both trap types for
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ecological, arbovirus and malaria vector surveillance (Cornel et al., 2018). Although there is
variation in the degree to which different mosquito species are attracted to light traps, this
method is among the most widely used tools for vector surveillance. However, one of the
disadvantages of using light traps, is that they are usually biased in ways that may affect data
interpretation for epidemiological studies. If used alone, light traps often fail to collect
important or infected vectors, and can be unproductive when competing ambient light is

present (McDermott and Mullens, 2017).

Mosquito species richness and diversity were higher in protected areas within the savanna
such as Lapalala Wilderness Reserve and Marakele National Park. The number of equally
abundant species needed to obtain the same mean proportional species abundance or
effective number of species (ENS) based on Shannon indices was almost double that of
Marakele and Mnisi at Lapalala. The Shannon index along with the Simpson diversity index
are widely used for the estimation of richness and diversity in most ecological studies
(Chiarucci et al., 2011, Spellerberg and Fedor, 2003). However, for disproportionate relative
abundance distributions, evenness depends greatly on species richness rather than diversity
indices (Gosselin, 2006). In a similar study, Cornel and colleagues (Cornel et al., 2018) also
found high levels of diversity at Lapalala and other wildlife reserves which are located within
the savanna such as Kruger National Park and the Okavango Delta in Botswana. These
patterns of diversity are probably related to the availability of diverse breeding habitats,
ecological integrity, abundant wildlife as sources of bloodmeals, abundance of
vegetation/canopy cover, landscape/topographic heterogeneity, an array of microclimates,
favourable climate and plenty of water in these areas (Cornel et al., 2018, Chaves et al., 2011,
Moncayo AC et al., 2000, Rueda et al., 1990, Gillies, 1953). Seasonal patterns of rainfall play a
significant role for many Aedes species whose drought-resistant eggs only hatch after
occasional flooding leading to peaks in mosquito abundance (Braack et al., 2018, Swanepoel
and Coetzer, 2004). The arrangement and diversity of mosquito fauna in these woodlands can
also be affected by the variation in habitat traits. For example, light, temperature, and
humidity vertical gradients exist in tropical broadleaf forests while larval habitats, hosts, and
resting sites may differ across forest layers (Bates, 1949, Yanoviak, 1999). The rich structural
complexity at Lapalala and Marakele has led to fine partitioning of habitat space. As a result,

species abundance has become more uniform with differences in the abundance of many
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species that coexist in untransformed areas being more gradual or evenly distributed
(Verberk, 2012). These results seem to suggest that mosquito species richness decreased
along landscape-level drivers such as climate, elevation, vegetation and host availability from
the Middleveld savanna portion of Limpopo Province to Lowveld savanna areas. Conversely,
the decrease in species richness from Middleveld to Highveld Grassland areas in Gauteng
Province reveals the presence of more cold adapted species such as Ae. dentatus, Ae. juppi,
Cx. theileri and Cx. univittatus. These are mosquitoes associated with temperate or high
altitude areas receiving significant amounts of rainfall (Mclntosh et al., 1980, McIntosh, 1973,

Jupp, 1971, Mcintosch, 1971, Jupp, 1996).

As part of a major wildlife reserve, Kruger National Park, Orpen has constant presence of
wildlife including non-human primates but is located in a dry woodland setting with low
availability of surface water for much of the year. In this study, species homogeneity and
equitability were lowest at Orpen. The level of diversity was also much lower than in the two
other wildlife sanctuaries at Lapalala and Marakele. The Chaol index also shows that there
was a considerable underestimation of species richness at Orpen (Table 3). The Chaol index
unlike the Jaccard and Sorensen classic indices which are negatively biased if under sampling
occurs, is better suited for estimating richness between samples of different sizes, are known
or suspected to be under sampled, or contain many rare species (Chao et al., 2005). Reasons
for this low diversity may well have been related to relatively few collection events and the
generally dry conditions which prevailed preceding all these Orpen collection periods. The
importance of taking such local context into account is reflected in the findings of Cornel and
colleagues (Cornel et al., 2018), where certain localities such as Shingwedzi, Lower Sabie and
Tshokwane had high but different diversity indices, in contrast to the low diversity findings at
Orpen in this current study, despite all these locations being within the same wildlife reserve
(Kruger National Park). The same need for an understanding of local contextual differences in
habitat are essential to understand the low richness at nature reserves such as Rooipoort
(Northern Cape, SA), Kogelberg (Western Cape, SA), Tswalu (Northern Cape, SA) and Vilankulo

district in southern Mozambique.

Although there is a clear difference in the physiognomy of the urban or peri-urban landscape

from that of natural habitats on the globe including South Africa, few studies have focused on
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the species diversity of mosquitoes in urban ecosystems. Several studies suggest that urban
communities can alter the environment in many ways that impact on the diversity of
mosquitoes by either reducing or increasing abundances and even causing extinction of some
local species (McKinney, 2008, Gibson and Russell, 2006, Robert, 2009, Grimm et al., 2008,
Newbold et al., 2015, Kark et al., 2007, Lowe et al., 2016, Beck et al., 2002, Costa and
Magnusson, 2002, Klein et al., 2002). Nevertheless, peri-urban and urban areas still consist of
different types of habitats (housing, green areas, roads) giving rise to highly organized areas
with many interfaces between them (Grimm et al., 2008). While the features used to describe
‘urban’ sites differ greatly among studies, this study found lower species diversity in peri-
urban areas compared with sylvatic habitats but not mixed rural settings. This level of
diversity recorded at Boschkop and Kyalami can be attributed to the availability of diverse
breeding habitats both natural and artificial, plenty of surface water (ponds, dams, rivers) and

animal hosts such as domestic stock and birds.

Several theories have been proposed to explain variations in species richness and diversity.
One of them is the niche diversification hypothesis, which states that diversity is a function of
the range of habitats and of the degree of specialization of resident species. In this hypothesis
stable ecosystems such as forests or woodlands are more likely to have higher species
diversities. The intermediate disturbance hypothesis (IDH) states that regular disturbances
create nonequilibrium conditions that lessen the likelihood of competitive exclusion between
coexisting species, subsequently promoting high species richness and diversity (Connell, 1978,
Sousa, 1979). The IDH was advanced to explain species diversity patterns in species rich
ecosystems. However, tests of the IDH in tropical settings are scarce, limited and controversial
(Wilkinson, 1999, Bongers et al., 2009). This study did not find major differences in species
diversity between Lapalala and Marakele, both of which are in the savanna ecosystem.
Nevertheless, this work supports the findings by Cornel and colleagues (Cornel et al., 2018)
and other workers (Mari and Jiménez-Peydrd, 2011, Reiskind et al., 2017) suggesting that

mosquito diversity is highest in untransformed natural areas such as nature preserves.

This study, which was mainly focused on adult mosquitoes, found Culex and Anopheles as the
most prevalent genera across all surveyed sites in the northern part of South Africa, however,

differences between sites were observed. Other studies carried out in close proximity to the
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study area in the past decades have revealed different findings. Steyn and colleagues (Steyn
and JJ, 1955) collected 538 mosquitoes comprising 21 species in three genera in the upper
Limpopo River Valley not far from Lapalala. In a similar study conducted over a short period,
Cornel and colleagues (Cornel et al., 2018) found Anopheles and Coquillettidia to be the most
dominant at Lapalala whereas, in this study conducted over a period of 38 months in the same
area, recorded a total of 15,387 mosquitoes composed of 74 species from nine genera with a
predominance of Anopheles and Aedes. However, in Kruger National Park, Cornel and
colleagues (Cornel et al., 2018) catches were predominantly made up of Mansonia species
followed by Culex and Anopheles. In their survey, Schultz and colleagues (Schulz et al., 1958)
collected four genera comprising 25 species with Aedes and Culex being the most abundant
at multiple collection sites including Orpen. Contrastingly, we caught a total of 1,204 adult
mosquitoes at Orpen which were composed of 29 species from three genera, with a
predominance of Aedes (95%) and Culex (3.5%) species in a period of 15 months. Despite the
limited number of breeding sites available for sampling at Orpen, the number of aedine
species caught was slightly more than what Schultz and colleagues (Schulz et al., 1958)
collected from Kruger National Park. The use of tent and light traps was effective in sampling
a variety of species over an extended period in a confined area despite the hot and dry

weather conditions experienced during the survey.

The general goal of biogeography and population ecology is to understand the distribution of
species abundances across spatial scales (Gaston and Blackburn, 2003, Vandermeer and
Goldberg, 2013). For instance, there is a tendency for species to be most abundant in the
centre of their geographic ranges (Hengeveld and Haeck, 1982, Brown, 1984, Holt et al., 1997,
McGill and Collins, 2003). In this study, the abundances for Cx. pipiens s.l., Cx. theileri and Cx.
univittatus were greatest in the Highveld Grassland region while Ae. mcintoshi, An. coustani,
An. theileri and Cq. fuscopennata populations were higher in the Middleveld Bushveld region.
As for An. squamosus, Cx. poicilipes and Ma. uniformis, they were most abundant in the
Lowveld Bushveld region. Aedes mcintoshi, Cx. pipiens s.l., Cx. theileri and Cx. univittatus are

the most widely distributed species in the study area (Figure 8).
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Figure 2. 8: Geographic distribution of the most abundant species. Mosquitoes were caught in tent and light
traps from the three ecological zones. Median values are represented by the lines within each box, while the
box ends show the interquartile range (1 — 99%). The whiskers on each box indicate minimum and maximum
data point values, and do not include outliers.

These species seem to have a strong ecological plasticity that allows them to adapt to a wide
range of habitats. Populations of widespread species are known to adapt to variable climates

and landscapes, from equatorial to temperate climates (Verberk, 2012). As with earlier
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findings from other studies, this study confirms that Cx. theileri is the most abundant
mosquito potential vector in the Highveld Grassland region (Jupp, 2004b, Mcintosh et al.,
1980). This analysis also suggests that Cx. theileri is rare in the Limpopo-Mpumalanga Lowveld
(Jupp, 2004b) while Cx. univitattus is widely distributed in the temperate highlands of
southern Africa (Mixdo et al., 2016, Jupp, 1971).

Aedes mcintoshi appears to be adapted to areas with intermediate temperatures and is
widely distributed in the Karoo, north-eastern Highveld, Lowveld and the coastal region of
KwaZulu-Natal of South Africa and the Zimbabwean Highlands (Mcintosch, 1971, Jupp,
2004b). This species occurs in high densities at sites with aquatic/floating vegetation in the
Middleveld and Lowveld regions. A positive association between Cx. poicilipes and habitats
with floating vegetation has been confirmed in Kenya (Muturi et al., 2007). Culex poicilipes
though not as widely distributed as Ae. mcintoshi, Cx. pipiens s.l., Cx. theileri and Cx.
univittatus, does seem to have a strong ecological plasticity that allows for its adaptation in
the three ecological zones. In a similar study, Cornel and colleagues (Cornel et al., 2018) also
found Cx. poicilipes and Cx. pipiens to be among the most widespread species though Ma.
uniformis was equitably abundant over the subregion. In this study, Ma. uniformis was one of
the most dominant species collected from Mnisi, a site in the Lowveld region not far from one

of Cornel and colleagues (Cornel et al., 2018) collection sites.

It is important to note that of the 95 species of mosquito observed in this work, eight have
never been recorded previously in the study area. This study allowed the capture of species
poorly and irregularly found in northern South Africa such as Ae. luteolateralis, Ae. pachyurus,
Cx. sitiens, Ficalbia. circumtestacea, Fi. uniformis, Mimomyia lacustris and Mi. pallida. In
Gauteng Province, several specimens were identified as Ae. pachyurus, a species previously
known to occur in KwaZulu-Natal and the Cape Provinces (Jupp, 1996, Worth and Paterson,
1961, Muspratt, 1955). Aedes luteolateralis previously believed to only occur in Free State
(Jupp, 1996), KwaZulu-Natal (Jupp, 1996, Huang, 1985b) and Cape Provinces (Jupp, 1996) was
discovered in Limpopo Province. Culex sitiens, initially known to occur in Mozambique (Jupp,
1996, Worth and Meillon, 1960), was also found in Limpopo. Ficalbia circumtestacea, a
species only found in KwaZulu-Natal in the early 1960s (Worth and Paterson, 1961, Jupp,

1996) has probably extended its geographical range into Limpopo while Fi. uniformis
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previously detected in Mozambique and Zimbabwe between the mid-1950s and early 1960s
is now also found in Limpopo Province which is adjacent to the two countries (Leeson, 1958,
Worth and Meillon, 1960). In most cases, species with restricted geographic boundaries tend
to be scarce (Verberk, 2012). There is a possibility that Mi. lacustris and Mi. pallida have
extended their known geographical limit from KwaZulu-Natal to Limpopo. From this study and
many others, it is not easy to explain the complete absence of some species from certain
localities at times (i.e. periods of many years between collection events) and their occurrence
within the same environs at other times (i.e. different times of the year) in large numbers.
There is, however, a likelihood that they continue to survive in refugia or localities from which
they are assumed to have disappeared, albeit in small numbers that they are most often
disregarded. In addition, spatial distribution of hosts might also have a profound effect on the

distribution, composition and abundance of mosquito vectors in the study areas.

Thirty species known or suspected vectors of arthropod-borne viruses (arboviruses) in
southern Africa and elsewhere (Table 5) were collected during this survey (McIntosh, 1980,
Braack et al., 2018, Venter, 2018). Each of the surveyed localities had more than nine species
and at least three genera that are suspected vectors. The highest diversity of potential vectors
was recorded at Lapalala and Marakele with the least being from Orpen. The presence of such
a diversity of arbovirus vectors at the various collection sites explains the periodic outbreaks
of arbovirus cases recorded from these sites and emphasizes the risk of continued outbreaks
in future. Mosquito species considered as medically important for their role in arboviral
transmission in northern South Africa based on their abundance are Ae. mcintoshi, Cx. pipiens
s.l., Cx. poicilipes, Cx. theileri and Cx. univittatus. They are all known or potential vectors of
arboviruses in southern Africa. Aedes mcintoshi is major vector of Wesselbron virus (WESV)
on the temperate inland plateau of South Africa and on the Zimbabwean Highlands (Jupp,
1996, Jupp, 2004b). It is also acknowledged as an important maintenance vector of Rift Valley
fever virus (RVFV) in Zimbabwe and possibly also on the inland plateau in South Africa
(Swanepoel and Coetzer, 2004). Culex pipiens s.l. because of its high degree of anthropophily
was more prevalent in the urban areas in Gauteng Province and to a lesser extent in touristic
wildlife regions such as Marakele National Park. This species is a potential vector for West
Nile (WN) and (RVF) viruses including the lesser known Olifantsvlei (OLI), Semliki Forest (SF),
Sindbis (SIN) and Usutu (USU) viruses (Mclntosh, 1978b, Mcintosh, 1980, Swanepoel, 2003,
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Swanepoel and Coetzer, 2004, Mcintosh, 1986, Venter, 2018). Culex poicilipes is an epidemic
vector for RVF in the Lowveld (Swanepoel and Coetzer, 2004), thus presenting the possibility
of triggering zoonotic outbreaks of the disease in an area which has a
wildlife/livestock/human interface. Culex theileri is one of the main epidemic vectors of RVFV
in domestic animals in South Africa and Zimbabwe (Swanepoel and Coetzer, 2004, Mcintosh,
1980, Mclintosh, 1986). Culex univittatus is a competent vector in the transmission of WN, SIN
and USU viruses (Jupp, 1971, Jupp, 1973, Mixdo et al., 2016) in the Highveld and Karoo
regions. Outbreaks of WN (Venter et al., 2017), SIN, MID (van Niekerk et al., 2015b) and Shuni
(van Eeden et al., 2012b) viruses which have recently been recorded in animals around our 6
surveillance spots contributed to these sites being selected for this study. Future
investigations should focus on identifying virus in the mosquito collections. Widespread
distribution of Aedes aegypti was recorded in this study although at low levels. This should be

monitored for its epidemic potential of emerging or imported viruses.

In the context of malaria vectors, the eastern regions of Limpopo and Mpumalanga Provinces
(as well as KwaZulu-Natal, but the latter is well outside the current study area) are malaria
endemic regions where the main vector is considered to be An. arabiensis (a member of the
An. gambiae complex) with An. vaneedeni (a member of the An. funestus group) playing a
secondary role (Burke et al., 2017). Nevertheless, this information is of importance and value
from a public health and tourism perspective in creating awareness among health department
officials and tourism operators regarding the potential for malaria transmission. Munhenga
et al. (Munhenga et al., 2014) recorded high numbers of An. gambiae complex in the northern
Kruger National Park (part of Limpopo Province), while La Grange & Coetzee (La Grange and
Coetzee, 1997) found 85% of mosquito catches in Thomo Village (also north-eastern Limpopo
Province) to comprise An. funestus complex. These results contrast with the findings of this
study, yet again emphasizing locational differences and the dangers associated with
extrapolating findings from one area to likely mosquito composition and abundance in
localities even within the same geographic Province. Further evidence is that Mbokazi et al.
(MclIntosh et al., 1980) recorded the malaria vector An. merus (also a member of the An.
gambiae complex) to be abundant in the southern region of Mpumalanga Province,
geographically not very distant from the Orpen and Mnisi collections sites where no presence

of An. merus was found.
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2.4 Conclusion

These findings suggest that mosquito diversity and richness are greater in untransformed
natural areas especially the Middleveld Bushveld region and mixed rural settings compared
to peri-urban areas in the northern part of South Africa. Landscape-related factors such as
land use, vegetation, host presence and hydrological characteristics appear related to
mosquito abundance, distribution and mosquito composition. The most widely distributed
known and potential arbovirus vector species detected in this study were Ae. aegypti, Ae.
mcintoshi, Ae. metallicus, Ae. vittatus, Cx. pipiens s.l., Cx. theileri and Cx. univittatus. The most
important malaria vector in northern South Africa is An. arabiensis while An. vaneedeni plays
a lesser role in malaria transmission in the region, and this project confirmed its presence at
Orpen and Mnisi. Arbovirus surveillance and vector control programs should be augmented
in urban and mixed rural settings where there is greater risk for arbovirus transmission to

humans and domestic stock.

51



Table 2. 3: A comparison of various diversity indices based on total mosquito collections at both core and opportunistic sites sampled in South Africa, 2014-2017.

Boschkop Kyalami Lapalala Marakele Mnisi Orpen

Taxa_S 38 39 74 60 41 29
Total number of

individuals sampled 4130 6342 15387 10593 4630 1204
Simpson dominance (D) 0.2179 0.2305 0.09339 0.193 0.2082 0.686
Simpson diversity (1-D) 0.7821 0.7695 0.9066 0.807 0.7918 0.314
Shannon H’ 2 1.882 2.842 2.219 2.079 0.8914
Shannon Evenness

(E)_e™H/S 0.1945 0.1684 0.2317 0.1533 0.1949 0.08409
Equitability (J) 0.5499 0.5138 0.6603 0.542 0.5597 0.2647
Chaol 40.63 40.11 79.63 62.55 45.2 55
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Table 2. 4: Relative abundance of mosquito species collected from all sampling localities in the northern part
of South Africa, 2014-2017.

Genus Species Light trap Tent trap Light + tent trap Relative abundance (%)
Aedeomyia Aed. furfurea 27 20 47 0,111
Aedes Ae. aegypti 71 86 157 0,371
Ae. albothorax 5 2 7 0,017
Ae. argenteopunctatus 6 13 19 0,045
Ae. caballus 2 0 2 0,005
Ae. cumminsii 10 15 25 0,059
Ae. dentatus 10 70 80 0,189
Ae. dentatus group 94 18 112 0,265
Ae. dentatus/leesoni group 47 48 95 0,225
Ae. durbanensis 0 1 1 0,002
Ae. fascipalpis 1 2 3 0,007
Ae. filicis? 5 2 7 0,017
Ae. fowleri 83 49 132 0,312
Ae. furcifer/cordellieri 5 2 7 0,017
Ae. haworthi 0 2 2 0,005
Ae. heishi 1 0 1 0,002
Ae. hirsutus 88 94 182 0,430
Ae. juppi 40 13 53 0,125
Ae. ledgeri 13 0 13 0,031
Ae. leesoni group 19 3 22 0,052
Ae. luteolateralis 0 1 1 0,002
Ae. marshalli 2 0 2 0,005
Ae. mcintoshi 1430 2178 3608 8,532
Ae. metallicus 24 21 45 0,106
Ae. microstictus 32 38 70 0,166
Ae. ochraceus 1 18 19 0,045
Ae. pachyurus 53 12 65 0,154
Ae. quasiunivittatus 404 239 643 1,521
Ae. simpsoni 6 0 6 0,014
Ae. species 850 2026 2876 6,801
Ae. sudanensis 5 15 20 0,047
Ae. unidentatus 10 5 15 0,035
Ae. unilineatus 32 9 41 0,097
Ae. vexans 0 2 2 0,005
Ae. vexans group 5 0 5 0,012
Ae. vittatus 350 284 634 1,499
Anopheles An. coustani 1622 2486 4108 9,715
An. funestus s.l. 237 204 441 1,043
An. gambiae s.I. 75 397 472 1,116
An. longipalpis 0 1 1 0,002
An. maculipalpis 0 4 4 0,009
An. marshalli 119 66 185 0,437
An. natalensis 4 2 6 0,014
An. pharoensis 20 44 64 0,151
An. pretoriensis 72 86 158 0,374
An. rhodesiensis 2 0 2 0,005
An. rufipes 158 235 393 0,929
An. species 1034 573 1607 3,800
An. squamosus 1275 2157 3432 8,116
An. theileri 1789 722 2511 5,938
An. ziemanni 18 222 240 0,568
Coquillettidia | Cq. cristata 48 120 168 0,397
Cq. fuscopennata 986 219 1205 2,850
Cq. maculipennis 15 4 19 0,045
Cq. species 7 196 203 0,480
Culiseta Cs. longiareolata 1 0 1 0,002
Culex Cx theileri 1686 2140 3826 9,048
Cx. annulioris 62 110 172 0,407
Cx. antennatus 6 55 61 0,144
Cx. argenteopunctatus 2 0 2 0,005
Cx. bitaeniorhynchus 0 4 4 0,009
Cx. duttoni 3 19 22 0,052
Genus Species Light trap Tent trap Light + tent trap Relative abundance (%)

53



Table 2.4:

Continued
Cx. ethiopicus 54 107 161 0,381
Cx. horridus 0 2 2 0,005
Cx. neavei 2 71 73 0,173
Cx. nebulosus 1 0 1 0,002
Cx. pipiens s.. 597 1081 1678 3,968
Cx. poicilipes 3160 2633 5793 13,700
Cx. rubinotus 0 30 30 0,071
Cx. simpliciforceps 1 1 2 0,005
Cx. simpsoni 3 4 7 0,017
Cx. sitiens 1 4 5 0,012
Cx. species 477 171 648 1,532
Cx. terzii 8 16 24 0,057
Cx. thalassius 0 2 2 0,005
Cx. tigripes 4 9 13 0,031
Cx. trifilatus 0 2 2 0,005
Cx. trifoliatus 5 19 24 0,057
Cx. tritaeniorhynchus 0 4 4 0,009
Cx. univittatus 1427 2272 3699 8,748
Cx. zombaensis 0 1 1 0,002
Ficalbia Fi. circuntestacea 1 0 1 0,002
Fi. species 9 4 13 0,031
Fi. uniformis 39 14 53 0,125
Mansonia Ma. africana 0 41 41 0,097
Ma. species 8 66 74 0,175
Ma. uniformis 235 1213 14438 3,424
Mimomyia Mi. hispida 17 3 20 0,047
Mi. lacustris 68 4 72 0,170
Mi. mediolineata 4 0 4 0,009
Mi. mimomyiaformis 2 6 8 0,019
Mi. pallida 15 0 15 0,035
Mi. species 12 3 15 0,035
Uranotaenia Ur. species 22 5 27 0,064
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Table 2. 5: Known or suspected disease vector mosquitoes and their abundances at six localities in northern South Africa.

Species Known or suspected vector for Boschkop | Kyalami | Lapalala | Marakele | Mnisi | Orpen | References
An. coustani Malaria; Viruses (Bwamba, PGA, Uganda S & RVF) 16 185 3053 822 32 0 (ACAV, 2019, Nepomichene et al., 2015,
Lutwama et al., 2002, McIntosh, 1980)
An. funestus s.|. Malaria; Viruses (Bwamba; O’Nyong-Nyong) 2 2 295 113 29 0 (Gillies and Coetzee, 1987, Braack et al.,
2018)
An. gambiae s.I. Malaria; Viruses (Bwamba; O’Nyong-Nyong) 0 0 106 353 4 9 (Gillies and Coetzee, 1987, Braack et al.,
2018)
Ae. aegypti CHIK, Chaoyang, Dengue (1-4), RVF, Uganda S, YF and ZIK viruses 35 42 15 14 20 31 (Ochieng et al., 2013, ACAV, 2019,
Braack et al., 2018)
Ae. argenteopunctatus RVF and SF viruses 0 0 7 12 0 0 (Swanepoel and Coetzer, 2004,
Mclntosh et al., 1961)
Ae. caballus MID, RVF and WES viruses 0 0 0 2 0 0 (ACAV, 2019)
Ae. cumminsii RVF, Spondweni and Shokwe viruses 5 1 5 14 0 0 (ACAV, 2019, Braack et al., 2018)
Ae. dentatus MID and RVF viruses 0 80 0 0 0 0 (Mclintosh, 1972, Mclintosh, 1980)
Ae. fowleri RVF, Spondweni and WES viruses 1 4 99 28 0 0 (ACAV, 2019, Venter, 2018, Tantely et
al., 2015)
Ae. furcifer/cordellieri CHIK, Dengue and YF viruses 0 0 5 1 0 1 (Jupp and Mclintosh, 1990, Jupp, 1998)
Ae. juppi MID, WES and RVF viruses 33 18 0 2 0 0 (Jupp PG et al., 1987, ACAV, 2019)
Ae. mcintoshi BBK, Bunyamwera, MID, Ndumu, NRI, Pongola, RVF and WES viruses 29 6 1063 2212 294 4 (Jupp, 1996, Ochieng et al., 2013,
Swanepoel and Coetzer, 2004, Jupp and
Kemp, 1998)
Ae. metallicus YF virus 2 21 7 1 13 (Fontenille et al., 1997)
Ae. ochraceus Ndumu and RVF viruses 0 4 15 0 (Braack et al., 2018)
Ae. simpsoni BBK, NRI and YF viruses 4 0 0 (ACAV, 2019)
Ae. unidentatus WES and RVF viruses 2 11 2 0 (Jupp, 1996, Jupp and Cornel, 1988)
. . (Braack et al., 2018, Jupp and Mclintosh,
Ae. vittatus BBK, CHIK, NRI, PGA, YF and ZIK viruses 2 2 544 17 3 66 1990, Diallo et al., 2014, ACAV, 2019)
Cq. fuscopennata SIN virus 0 2 1192 6 5 0 (MclIntosh, 1980)
Cx. annulioris SIN virus 5 3 160 0 4 0 (Burt et al., 2014)
Cx. antennatus RVF, SIN and WN viruses 0 2 a7 8 2 2 (ACAV, 2019, Taylor et al., 1956)
Cx. neavei Bagaza, Mossuril, SIN, Spondweni, USU, WES and WN viruses 0 0 5 3 67 0 (ACAV, 2019, Traore-Lamizana et al.,
1994, Jupp, 2004b, Braack et al., 2018)
Cx. pipiens s.l. OLI, RVF, SF, SIN, Uganda S, USU and WN viruses 372 992 97 138 75 4 (Swanepoel and Coetzer, 2004, ACAV,
2019, Braack et al., 2018, Mclintosh,
1978a)
Cx. poicilipes RVF, Bagaza, BBK and WN viruses 1 5 234 3794 1759 | 0 (Jupp and Cornel, 1988, Traore-
Lamizana et al., 1994)
Cx. rubinotus Arumowot, Bunyamwera, Banzi, Germiston, Ndumu and Witwatersrand 0 0 29 1 0 0 (MclIntosh et al., 1976b, Braack et al.,
viruses 2018)
Cx. sitiens Mossuril virus 0 0 3 1 0 1 (ACAV, 2019)
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Species Known or suspected vector for Boschkop | Kyalami | Lapalala | Marakele | Mnisi | Orpen | References

Cx. thalassius Bagaza virus 0 0 0 2 0 0 (ACAV, 2019)

Cx. theileri Germiston, RVF, Shuni and WN viruses 759 2528 70 329 12 1 (MclIntosh, 1972, Braack et al., 2018)

Cx. tigripes BBK, Mossuril and SIN viruses 0 2 6 0 5 0 (ACAV, 2019, Burt et al., 2014)

Cx. univittatus Bagaza, SIN, WES, USU and WN viruses 1641 1036 824 268 46 11 (Jupp and NK, 1986, Braack et al., 2018)

Cx. zombaensis RVFV 0 0 0 1 0 0 (MclIntosh et al., 1983, Jupp and Cornel,

1988)

Ma. africana Bancroftian filariasis; Viruses (Bunyamwera, MID, Ndumu, RVF, Shokwe, SIN, 0 0 0 0 41 0 (Braack et al., 2018, ACAV, 2019, Worth
Spondweni, USU) and Meillon, 1960)

Ma. uniformis Bancroftian filariasis; Viruses (Bwamba, Ndumu, O’Nyong-Nyong, 0 2 366 147 933 0 (Lutwama et al., 2002, Braack et al.,

Spondweni, WES, ZIK)

2018, ACAV, 2019, Worth and Meillon,
1960, Ughasi et al., 2012)
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Chapter 3

Seasonal dynamics of mosquito populations in relation to
environmental factors in northern of South Africa

Abstract

Knowledge on the spatiotemporal dynamics of mosquito populations is necessary for
implementing control measures including the risk of mosquito-borne disease incidence. Since
climate has reportedly been associated with disease transmission, it’s important to
understand the extent of its influence on mosquito abundance and distribution in South
Africa. This study attempts to investigate the role of environmental factors such as elevation,
rainfall, temperature and humidity on the population dynamics and seasonality of potential
vector mosquitoes of arboviruses and malaria in two ecosystems of northern South Africa.
Mosquitoes were collected from two horse farms and two wildlife sanctuaries in Gauteng and
Limpopo Provinces respectively from January 2014 to March 2017, using carbon dioxide-
baited light and tent traps. There were vivid differences in the temporal distribution and
seasonal abundances of the seven medically important mosquito vectors encountered from
the two distinct geographic regions and climates. Statistical models have shown that climatic
factors play a crucial role in shaping the population dynamics of Ae. mcintoshi, Ae. vittatus,
An. arabiensis, Cx. pipiens s.l., Cx. poicilipes, Cx. theileri and Cx. univittatus both in Highveld
Grassland and Middleveld Bushveld regions of northern South Africa. High summer
temperatures and rainfall lead to increased vector density which might trigger outbreaks of
RVF, SIN and WN viruses on the inland plateau of South Africa. This study also showed that
abundances of RVF and WN virus vectors are related to elevation. These findings will be
important in predicting the timing of onset and spread of future epidemics such as WN and

RVF viruses, in southern Africa and other geographical settings with similar climates.

Keywords

Mosquito, abundance, arboviruses, elevation, populations, rainfall, temperature, humidity,
landscape, climate
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3.1 Introduction

The existence of seasonal variations in tropical insect communities, including mosquitoes, is
well recorded (Wolda and Wong, 1988, Wolda, 1989, Trueman and Mclver, 1986, Helson et
al., 1980, Hewitt and PH, 1982). Understanding the spatiotemporal dynamics of mosquito
populations is important for implementing control measures as well as evaluating mosquito-
borne disease incidence and risk (DeGroote et al., 2007, Godsey Jr et al., 2005), especially
during this time when global warming is expected to result in climate change. Since the impact
of climate change on mosquito-borne diseases is still controversial there is a sense of urgency
to understand to what extent climate influences will impact on mosquito abundance, the
latter one being one of the key factors involved in disease transmission (Roiz et al., 2014). If
global warming is likely to result in significant changes in temperature and rainfall which in
turn may influence mosquito-borne diseases, it is essential to study the impact of climate on
mosquito vector density and seasonality. Relative humidity is also known to be an important
factor affecting the life history patterns of mosquitoes (Wu et al., 2007). Landscape and
climatic factors are known to influence the seasonality and distribution of mosquitoes

(DeGroote et al., 2007).

Mosquitoes are sensitive to changes in temperature and humidity, these factors affecting
their survival, density and distribution (Uneke, 2009). The link between climatic factors and
seasonal abundance of mosquitoes can provide information that is crucial in determining
parasite activity as well as disease risk and dispersal (Wegbreit and Reisen, 2000, Camargo et
al., 1994, Rubio-Palis and Zimmerman, 1997, Conn et al., 2002, Vittor et al., 2006, Rosa-Freitas
et al., 2007). Accurate data on the seasonal prevalence of mosquito species is also essential

for the development of efficient vector control programs (Alten et al., 2000).

Landscape or environmental factors such as elevation can in some circumstances serve as
better surrogates for mosquito species range prediction than time-dependent climatic factors
because it is easier to measure or access relevant data (Watts et al., 2017). Elevation is
currently used as an ecological proxy for Aedes aegypti range because it is linked to diverse
environmental factors which are important for mosquito development such as temperature

(Brady et al., 2014). Whereas elevation does not have a direct effect on arbovirus transmission
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it could be used by policy makers to issue warnings to travellers to remain within certain
elevational thresholds in endemic areas; as example, the risk of yellow fever virus (YFV)
acquisition in parts of Africa and South America is limited to areas below 2,300m altitude

(Jentes et al., 2011).

The occurrence, abundance and distribution of mosquitoes in southern Africa have been
documented in a number of studies (Edwards, 1941, Steyn and JJ, 1955, Muspratt, 1955,
Muspratt, 1956, Worth and Paterson, 1961, Gillies and De Meillon, 1968, Jupp, 1969, van Der
Linde, 1982, Coetzee et al., 1993, Jupp, 1996, La Grange, 1995, Jupp, 2004b, Cornel et al.,
2018, Munhenga et al., 2014, Leeson, 1958, Schulz et al., 1958, Sande et al., 2015, Kamwi et
al., 2012). An attempt to understand the seasonality of specific arbovirus mosquito vectors
and their association with certain environmental factors was conducted in the late 1970s in
the Free State Province of South Africa (Hewitt and PH, 1982). However, none of these studies
examined the linear relationship between potential arbovirus/malaria vectors and climatic

factors affecting mosquito populations in southern Africa.

In this survey, the spatiotemporal patterns and seasonality of mosquito vector abundance
were explored while the environmental variables (elevation, rainfall, temperature and
humidity) and abundance of potential vectors of arboviruses (Ae. mcintoshi, Ae. vittatus, Cx.
pipiens s.l., Cx. poicilipes, Cx. theileri, Cx. univittatus) and malaria (An. arabiensis) in two
ecological zones (Middleveld Bushveld and Highveld Grassland) of northern South Africa were

also assessed.

3.2 Materials and methods

3.2.1. Study sites

This study was conducted at four sites which include two nature reserves. These sites are
Marakele National Park (S24°17'37.4 E27°30'11.7") and Lapalala Wilderness Reserve
(523°53'59.8" E28°17'50.1") in Limpopo Province and two horse farms namely Liberty Stables
at Boschkop (525°49'40.2” E28°25'12.4”) and Glenfox Stables at Kyalami (525°59'22.3"

E28°01'56.1") in Gauteng Province in South Africa. The sites are located in Middleveld
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Bushveld (Lapalala and Marakele) and Highveld Grassland (Boschkop and Kyalami)
ecosystems (Rutherford et al., 2006). The vegetation found at Lapalala is mostly woodland
while Marakele is dominated by mixed grassland/sparse woodland. The sites also occur in two
different climatic zones, namely semi-arid (Marakele and Lapalala) and subtropical oceanic or
temperate highland (Boschkop and Kyalami) (Peel et al., 2007, Beck et al., 2018). The height
above sea level is 1372m at Boschkop, Kyalami 1415m, Lapalala 1163m and 969m at

Marakele.

Namibia ... Botswana

P Lapalala Wilderness
Marakele NP ¢ ™™ .
borong Dk
pretogs BOSChKOR..: | wsons
"ﬁk: \
Kyalamvi Eswatini

«Lesotho

South Africa

Figure 3. 1: Map of South Africa showing the four vector surveillance sites where regular monthly sampling
was conducted from January 2014 to May 2017.

3.2.2 Mosquito collection

Adult mosquitoes were collected for more than three years from January 2014 to May 2017
from the four study localities described above. Sampling took place once every month at the
two nature reserves and at the two horse farms. Mosquitoes were collected using two types
of CO»-baited traps: CDC (Centers for Disease Control) miniature light traps and Mosquito

Tent traps (MTT), with the aid of mouth aspirators. Two light (ultraviolet and incandescent)
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and three to five tent traps were used for three consecutive days at each wildlife reserve
while two light and three tent traps were placed for two days at each of the horse farms.
Trapping of mosquitoes began around 4:00pm in the afternoon and lasted until 6:00am the
following morning. After collection, adult mosquitoes in polystyrene cups were stored in

cooler boxes with dry ice at -80°C before and after identification.

3.2.3 Mosquito identification

A stereomicroscope was used to separate mosquitoes placed on an ice brick. Mosquitoes
were sorted by locality, trap type, and date of collection, and then morphologically identified
to species level using regional keys and descriptions (Edwards, 1941, Gillies and Coetzee,
1987, Gillies and De Meillon, 1968, Jupp, 1996). Damaged specimens lacking key
morphological identification characteristics were identified to genus level and recorded as
such. Specimens destined for PCR assay (An. funestus group and An. gambiae complex) were
placed in silica gel tubes, while other species were pooled maximum 50 specimens per tube,
each species pooled separately, for virus assays. Although Cx. quinquefasciatus and Cx. pipiens
are sympatric in the highveld region, no attempt was made to identify the two to species level
using taxonomic keys. In this particular case, individual specimens from both species were

referred to as Cx. pipiens s.|.

3.2.4 Climatic data

Daily rainfall, humidity and temperature data for each of the four sites were obtained from
the South African Weather Service (SAWS). Four SAWS weather stations in the study area
were selected to be included in the analysis based on the following criteria:
e The weather station has daily rainfall, daily humidity, maximum temperature, and
minimum temperature data.

e The weather station sampled consistently from January 2014 to May 2017.
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3.2.5 Data analysis

Statistical analyses were performed on abundance data of the predominant species captured
during this study to establish which environmental variables were linked to species
distributions as well as abundance in the focus areas. The Kolmogorov-Smirnov (Lilliefors
modification) and Shapiro-Wilk tests were used to analyse mosquito count data for normality,
while Levene’s test was used to test for homogeneity of variance with Statistica 13.3 (Drezner
and Turel, 2011, Royston, 1982, Shapiro and Wilk, 1965, Gastwirth et al., 2009). Due to the
lack of normality of the data, large standard deviations and lack of homogeneity of variance,
non-parametric tests were used to analyse mosquito densities. Since mosquito abundance
data were not normally distributed, the non-parametric test, Kruskal-Wallis (> two samples)
test was used to assess differences in mosquito density/trap-night across localities and
ecological zones. To characterize the seasonal distribution of female mosquito abundance,
we calculated the mean pooled mosquito abundance per trap-night. Pearson correlation
coefficients were computed for the dominant genera and species using Statistica 13.3 to study
the correlations between mosquito abundance and environmental variables. Mosquito count
data for the most prevalent species were fitted to general regression models using simple
regression to analyse designs with a single continuous predictor variable (rainfall,
temperature, humidity). Three mosquito species collected from both light and tent traps in
the Highveld Grassland region and Lapalala Wilderness reserve and five from Marakele
National Park were selected for use in statistical analyses based upon their relative

abundances in sampling collection and/or their status as a potential arbovirus vector.

3.3 Results

3.3.1 General abundance and distribution of mosquitoes

During the three year investigation presented in this chapter, a total of 36,452 specimens
belonging to 10 genera (Aedes, Aedeomyia, Anopheles, Coquillettidia, Culiseta, Culex, Ficalbia,
Mansonia, Mimomyia and Uranotaenia) and 87 species were captured in 1546 trap-nights
from the four sampling stations (Table 3.1). The most widely distributed species were Ae.

aegypti, Ae. cumminsii, Ae. fowleri, Ae. hirsutus, Ae. mcintoshi, Ae. metallicus, Ae.
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quasiunivittatus, Ae. vittatus, An. coustani, An. rufipes, An. squamosus, An. theileri, Cx.
ethiopicus, Cx. pipiens, Cx. poicilipes, Cx. theileri and Cx. univittatus (Table 3.1). The most
abundant species at Boschkop and Kyalami in the Highveld Grassland ecosystem were Cx.
pipiens sensu lato, Cx. theileri and Cx. univittatus. In the Middleveld Bushveld, the situation
was different from the temperate highlands with the most dominant species at Lapalala
Wilderness reserve being Ae. mcintoshi, Ae. vittatus, An. coustani, An. squamosus, An. theileri,
Cq. fuscopennata and Cx. univittatus and. However, at Marakele National Park, the most
abundant species recorded in this study were Ae. mcintoshi, An. coustani, An. gambiae s.1.,
An. squamosus, Cx. poicilipes, Cx. theileri and Cx. univittatus. From the lesser known genera,
Ma. uniformis was frequently encountered at Lapalala and Marakele. In terms of genera,
Aedes, Anopheles and Culex were the most dominant at the four areas or localities sampled

(Table 3.1).

Table 3.1: Total number of mosquitoes collected per species including trap-nights from all sampling localities in
northern South Africa between January 2014 and May 2017.

Genera Species Boschkop Kyalami Lapalala Marakele
(308 trap-nights) (299 trap-nights) 507 trap-nights) (432 trap-nights)
Aedes Ae. aegypti 35 42 15 14
Ae. albothorax 0 0 5 2
Ae. argenteopunctatus 0 0 7 12
Ae. caballus 0 0 0 2
Ae. cumminsii 5 1 5 14
Ae. dentatus 0 80 0 0
Ae. dentatus group 98 14 0 0
Ae. dentatus/leesoni group 45 50 0 0
Ae. durbanensis 1 0 0 0
Ae. fascipalpis 0 0 1 1
Ae. fowleri 1 4 99 28
Ae. furcifer/cordellieri 0 0 5 1
Ae. heishi 0 0 1 0
Ae. hirsutus 3 5 60 108
Ae. juppi 33 18 0 2
Ae. ledgeri 0 0 13 0
Ae. leesoni group 15 6 0 0
Ae. marshalli 0 0 2 0
Ae. mcintoshi 29 6 1063 2212
Ae. metallicus 2 1 21 7
Ae. microstictus 0 0 65 5
Ae. ochraceus 0 0 4 15
Ae. pachyurus 40 25 0 0
Ae. quasiunivittatus 276 24 321 11
Ae. simpsoni 4 2 0 0
Ae. species 420 181 561 237
Ae. sudanensis 1 0 6 11
Ae. unidentatus 2 11 2
Ae. unilineatus 0 0 26 3
Ae. vexans 0 0 0 2
Ae. vexans group 2 0 3
Ae. vittatus 2 2 544 17
Aedeomyia Aed. furfurea 0 44 0 3
Anopheles An. coustani 16 185 3053 822
An. funestus s.. 2 2 295 113
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Table 3.1: Continued

Coquillettidia

Culiseta
Culex

Ficalbia

Mansonia

Mimomyia

Uranotaenia

An. gambiae s.1.
An. longipalpis
An. marshalli

An. natalensis
An. pharoensis
An. pretoriensis
An. rhodesiensis
An. rufipes

An. species

An. squamosus
An. theileri

An. ziemanni

Cq. cristata

Cq. fuscopennata
Cq. maculipennis
Cq. species

Cs. longiareolata
Cx. annulioris

Cx. antennatus
Cx. argenteopunctatus
Cx. bitaeniorhynchus
Cx. duttoni

Cx. ethiopicus

Cx. neavei

Cx. nebulosus

Cx. pipiens s..

Cx. poicilipes

Cx. rubinotus

Cx. simpsoni

Cx. sitiens

Cx. species

Cx. terzii

Cx. thalassius

Cx theileri

Cx. tigripes

Cx. trifilatus

Cx. trifoliatus

Cx. tritaeniorhynchus
Cx. univittatus
Cx. zombaensis
Fi. circuntestacea
Fi. species

Fi. uniformis

Ma. uniformis
Ma. species

Mi. hispida

Mi. lacustris

Mi. mediolineata
Mi. mimomyiaformis
Mi. pallida

Mi. species

Ur. species
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3.3.2 Seasonality and abundance of potential arbovirus vector mosquitoes in

the Highveld Grassland region

Culex pipiens s.l., Cx. theileri and Cx. univittatus were the most abundantly captured

mosquitoes suspected or known to transmit arboviruses in the Highveld Grassland region of
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South Africa. Culex pipiens s.l. and Cx. univittatus are known or potential vectors of Sindbis
(SIN) and West Nile (WN) viruses (ACAV, 2019, Jupp, 2001, McIntosh, 1986) whereas Cx.
theileri is a suspected vector for Rift Valley fever (RVF) and WN viruses (ACAV, 2019, Jupp,
2001, Mclntosh, 1972). The seasonal distributions of these species reveal population
fluctuations in different months. Although there were variations in mean abundances for a
greater part of the sampling period, mosquito catches were predominantly made up of Cx.
univittatus at Boschkop (Figure 3.2). Culex univittatus attained the highest peak density of
26.2 mosquitoes per trap-night followed by Cx. theileri at 9.2 mosquitoes in the month of
January. Culex pipiens s.l. only achieved a peak of 3.7 mosquitoes/trap-night in the month of
November which is less than what was recorded for the two other species. The frequency of
Cx. theileri in trap catches was continuous throughout 2015 and 2016 while Cx. univittatus
was absent for three months (May, July, September) in 2015 and one month (June) in 2016.
Culex pipiens s.l. was caught repeatedly throughout 2016 with the month of June being an
exception. However, for all three species maximum population peaks were attained in the

months of November and January, more especially in the 2014 and 2017 sampling season.

All three vector species Culex pipiens s.l., Cx. theileri and Cx. univittatus attained high mean
abundances between November and April at Kyalami. Culex theileri and Cx. univittatus
reached their highest population peaks of 23.9 and 10 mosquitoes/trap-night in the months
of December and February respectively while a maximum abundance of 7.2 mosquitoes/trap-
night was recorded for Cx. pipiens in December (Figure 3.1). Culex theileri was the most
frequently encountered mosquito vector at this site for the entire study period. The
seasonality of Culex theileri adults remains active over an extensive period including winter
months (June and July) at Kyalami (Figures 3.2). The Kruskal-Wallis Test showed that the mean
abundances of mosquitoes changed significantly over the study years in the Highveld (Cx.
theileri: y* = 11.36, DF = 3, P=0.01; Cx. pipiens s.l.: x* =32.35, DF = 3, P < 0.001; Cx. univittatus:
x> =16.46, DF = 3, P = 0.0009) while the Mann-Whitney U Test indicated significant differences
in mean abundances between sites for Cx. theileri (Mann-Whitney U = 28,133.50; P < 0.001)
and Cx. pipiens s.l. (Mann-Whitney U = 39,833.50; P = 0.004).
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3.3.3 Seasonality and abundance of potential arbovirus and malaria vector
mosquitoes in the Middleveld Bushveld region

Mosquito species considered to be medically important for their role in arboviral transmission
at Lapalala Wilderness reserve are Ae. mcintoshi, Ae. vittatus and Cx. univittatus. These
mosquito species are important vectors of arboviral diseases such as dengue, Chikungunya,
Middelburg, Yellow fever, RVF, SIN, WN and Zika viruses (Mclntosh, 1980, Jupp, 1996,
Mclntosh, 1972, Sudeep and Shil, 2017). The mean densities per trap-night for malaria vectors
was quite low at this location, so they were no considered in this analysis. While populations
of both Ae. mcintoshi and Ae. vittatus are most common between November and February of
each year at Lapalala, Cx. univittatus populations continue surviving in the field throughout
the year. During this survey, Ae. mcintoshi reached a peak of 9.2 mosquitoes/trap-night in
January while Ae. vittatus and Cx. univittatus attained maximum population peaks of 4.6 and
4.4 mosquitoes/trap-night in November and March respectively (Figure 3.3). Populations of
Ae. mcintoshi and Ae. vittatus declined in 2015 and 2016. The Kruskal-Wallis Test showed that
the mean abundances of mosquitoes changed significantly over the study years at Lapalala
(Ae. mcintoshi: x* = 99.58, DF = 3, P < 0.001; Ae. vittatus: y*> = 16.79, DF = 3, P = 0.0008; Cx.
univittatus: x> = 88.1, DF = 3, P < 0.001).

The most important species in Marakele National Park are Ae. mcintoshi, An. arabiensis, Cx.
poicilipes, Cx. theileri and Cx. univittatus based on relative abundance and their role as
potential arbovirus/malaria vectors. Anopheles arabiensis is an important vector for malaria
(Gillies and Coetzee, 1987) while Ae. mcintoshi, Cx. poicilipes, Cx. theileri and Cx. univittatus
are suspected vectors for arboviral diseases such as Middelburg, RVF, SIN and WN viruses
(Mclntosh, 1980, Jupp, 1996, Mcintosh, 1972). The seasonality of Ae. mcintoshi populations
ranged from January to April but reached a maximum peak of 34.2 mosquitoes/trap-night in
the month of March although population numbers were depressed in 2015 and 2016. The
malaria vector, An. arabiensis (Gillies and Coetzee, 1987) emerged in September after being
absent from trap catches in the months of July and August. Its seasonality ranges between
December and June but the highest peak of 2.6 mosquitoes/trap-night was only recorded in
April. From this study, Cx. theileri and Cx. univittatus were the only mosquito vectors found

throughout the year with population peaks of 2.5 and 3.3 mosquitoes/trap-night being
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achieved in April respectively. Culex poicilipes also occurs throughout the year except for the
month of September. The average catch/trap-night for Cx. poicilipes and the other four
species was highest in the period between January and May (Figure 3.3). The Kruskal-Wallis
Test showed that the mean abundances of mosquitoes changed significantly over the study
years at Marakele (Ae. mcintoshi: x> = 109.91, DF = 3, P < 0.001; An. arabiensis: x*> = 99.79, DF
=3, P < 0.001; Cx. poicilipes: x* = 81.25, DF = 3, P < 0.001; Cx. theileri: x> =17.47, DF =3, P =

0.0006; Cx. univittatus: 25,08327, DF = 3, P < 0.001).
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Figure 3.2: Monthly distribution and abundance of potential arbovirus vector mosquitoes caught per trap-night
at Boschkop and Kyalami in the Highveld Grassland region of South Africa between January 2014 and May 2017.
Median values are represented by the lines within each box, while the box ends show the interquartile range
(25-75%). The whiskers on each box indicate minimum and maximum data point values, and do not include
outliers.
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Figure 3.3: Monthly distribution and abundance of potential arbovirus vector mosquitoes caught per trap-night
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range (25-75%). The whiskers on each box indicate minimum and maximum data point values, and do not
include outliers.
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3.3.4 Influence of landscape variables on abundance of potential arbovirus vector
mosquitoes in the Highveld Grassland and Middleveld Bushveld regions

Bivariate Spearman correlation analyses of most abundant and medically important species
in relation to landscape variables at Marakele showed that the abundance of three species,
Ae. mcintoshi, Cx. poicilipes and Cx. theileri had highly significant but weak correlations with
elevation (Table 3.2). At Kyalami, there were no significant correlations between abundance
of the two most dominant species, Cx. theileri and Cx. univittatus and elevation. There were
also no significant correlations reported between elevation and dominant species at
Boschkop and Kyalami in the Highveld. The Kruskal-Wallis Test showed that there were
significant differences in the abundances of Ae. mcintoshi (Kruskal-Wallis = 104, P < 0.001), Cx.
poicilipes (Kruskal-Wallis = 389, P < 0.001) and Cx. theileri (Kruskal-Wallis = 516, P< 0.001) with

elevation (Figure 3.4).
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Figure 3.4: Abundance of potential arbovirus vector mosquitoes with increasing elevation in northern South
Africa between January 2014 and May 2017. Median values are represented by the lines within each box, while

the box ends show the interquartile range (1 — 99%). The whiskers on each box indicate minimum and maximum
data point values, and do not include outliers.
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Table 3.2: Analysis of correlation between Landscape parameters and mosquito density of dominant mosquito
species in the Highveld and Middleveld regions. Marked correlations are significant at P < 0.05.

Pair of Variables Locality N Spearman r t(N-2) p-value
Cx. theileri & Elevation (m) Marakele 451 0,131470 2,81018 0,005168
Cx. poicilipes & Elevation (m) Marakele 451 0,191169 4,12691 0,000044
Ae. mcintoshi & Elevation (m) Marakele 451 0,099828 2,12593 0,034054

3.3.5 Influence of climatic variables on seasonal dynamics of potential
arbovirus vector mosquitoes in the Highveld Grassland and Middleveld
Bushveld regions

The seasonal dynamics of the most abundant species revealed population variations in
different months at all the study sites. Culex pipiens s.l., Cx. theileri and Cx. univittatus were
the dominant vectors present almost throughout the year with major peaks occurring during
the rainy season (September—May) in the Highveld while smaller peaks were sometimes
recorded in June and August at Boschkop and Kyalami respectively (Figures 3.5 and 3.6). In
the 2017 sampling season the mean density/trap for Cx. pipiens s.I. was exceptionally high at
Kyalami compared to Cx. theileri and Cx. univittatus in the months of February, March and

May (Figure 3.6).

Although Ae. mcintoshi, Ae. vittatus and Cx. univittatus were the most prevalent at Lapalala,
the seasonality of Ae. mcintoshi and Ae. vittatus was restricted to the rainy season, unlike Cx.
univittatus which was present throughout the year (Figure 3.7). During the 2013/2014 and
2014/2015 rainy seasons, the mean abundances for Ae. mcintoshi and Cx. univittatus were
much higher than for Ae. vittatus. In contrast, in the 2015/2016 rainy season the average
catches/trap-night increased for Ae. vittatus compared to the other two species (Figure 3.7).
The 2015/2016 and 2016 rainy season received moderately low to low rainfall compared to
the other years with the highest rainfall of 95mm being recorded in February 2016. The 2017

sampling season was dominated by Cx. univittatus from February to May.

In Marakele National Park, the seasonality of Ae. mcintoshi and An. arabiensis was limited to
the rainy season while the incidence of Cx. poicilipes, Cx. theileri and Cx. univittatus was more
or less throughout the year with occasional breaks in some months. During the 2013/2014

rainy season, the trap catches were mostly dominated by Ae. mcintoshi, Cx. poicilipes and Cx.
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univittatus while the end of the 2014/2015 rainy season favoured mostly Cx. poicilipes.
Interestingly, in the 2016 and 2017 rainy season, there was an increase in the average

catch/trap-night for all species (Figure 3.8).

In this study, fluctuations in rainfall, mean maximum and minimum temperatures were
positively correlated with the occurrence of Cx. pipiens s.I., Cx. theileri and Cx. univittatus in
at Boschkop. At Kyalami, the relationship between Cx. theileri with mean maximum and
minimum temperatures was insignificant and was thus not included in the analysis. The lack
of correlation between relative humidity and Cx. theileri was observed at both Boschkop and
Kyalami (Table 3.3). The correlations of rainfall (rs = 0.6; P <0.001) and minimum temperature
(rs=0.61; P<0.001) with the mean abundance of Cx. univittatus were moderately strong and

positive at Boschkop.

There was positive correlation of average abundances for Ae. mcintoshi, Ae. vittatus and Cx.
univittatus with all climatic variables except for minimum and maximum temperatures with
Cx. univittatus at Lapalala. As for Marakele, mean abundances for Ae. mcintoshi, Ae.
arabiensis, Cx. poicilipes and Cx. univittatus were positively correlated with rainfall while Ae.
mcintoshi, An. arabiensis and Cx. poicilipes were positively correlated with minimum
temperature. Culex poicilipes was the only species with a positive correlation with maximum
temperature at Marakele. Aedes mcintoshi, An. arabiensis, Cx. theileri and Cx. univittatus
were negatively correlated with maximum temperature while Cx. theileri and Cx. univittatus

were both inversely correlated with rainfall and minimum temperature (Table 3.3).

General regression models (GRM) showed that all climatic factors have a significant effect on
the abundance or presence/absence of all mosquito vectors with humidity being an exception
for Cx. theileri at Boschkop. The most significant factors for Cx. pipiens s.l. abundance were
rainfall and humidity while minimum and maximum temperature played a major role in the
abundance of Cx. theileri at Kyalami. As for Cx. univittatus, all climatic variables except for
maximum temperature were important for the occurrence and abundance of this species at
Kyalami (Table 3.4). In the Middleveld, all four climatic variables had a notable influence on
the abundance or presence of Ae. mcintoshi, Ae. vittatus and Cx. univittatus at Lapalala

although minimum and maximum temperatures were an exception for Cx. univittatus and Ae.
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mcintoshi respectively (Table 3.5). At Marakele, the presence or abundance of Cx. theileri was
highly influenced by all climatic factors tested. Rainfall, minimum temperature and humidity
had a significant influence on the presence/absence of Ae. mcintoshi, An. arabiensis and Cx.
poicilipes. As for Cx. univittatus, humidity, minimum and maximum temperatures were the

main climatic factors influencing the presence/absence of this species at Marakele (Table 3.4).
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Table 3.3: Analysis of correlation between climatic variables and mosquito density of dominant mosquito species
in the Highveld and Middleveld regions. Marked correlations are significant at P < 0.05.

Pair of Variables

Locality N Spearman r t(N-2) p-value
Cx. pipiens s.I. & Rainfall Boschkop 308 0,406562 7,78430 0,000000
Cx. pipiens s.l. & Min temp Boschkop 308 0,426398 8,24614 0,000000
Cx. pipiens s.l. & Max temp Boschkop 308 0,372459 7,02050 0,000000
Cx. pipiens s.I. & Avg humidity Boschkop 308 0,192034 3,42293 0,000704
Cx. theileri & Rainfall Boschkop 308 0,443717 8,66119 0,000000
Cx. theileri & Min temp Boschkop 308 0,368263 6,92893 0,000000
Cx. theileri & Max temp Boschkop 308 0,342544 6,37793 0,000000
Cx. univittatus & Rainfall Boschkop 308 0,603459 13,23842 0,000000
Cx. univittatus & Min temp Boschkop 308 |0,605851 13,32122 0,000000
Cx. univittatus & Max temp Boschkop 308  |0,485902 9,72505 0,000000
Cx. univittatus & Avg humidity Boschkop 308 |0,316808 5,84284 0,000000
Cx. pipiens s.I. & Rainfall Kyalami 299 0,364182 6,738978 0,000000
Cx. pipiens s.l. & Min temp Kyalami 299 0,283383 5,092500 0,000001
Cx. pipiens s.l. & Max temp Kyalami 299 0,114298 1,982773 0,048314
Cx. pipiens s.I. & Avg humidity Kyalami 299 0,421004 7,998884 0,000000
Cx. theileri & Rainfall Kyalami 299 0,126277 2,193780 0,029026
Cx. univittatus & Rainfall Kyalami 299 0,347716 6,391244 0,000000
Cx. univittatus & Min temp Kyalami 299 0,343614 6,305677 0,000000
Cx. univittatus & Max temp Kyalami 299 0,138978 2,418575 0,016183
Cx. univittatus & Avg humidity Kyalami 299 0,486254 9,590040 0,000000
Ae. mcintoshi & Rainfall Lapalala 541 0,301057 7,32949 0,000000
Ae. mcintoshi & Min temp Lapalala 541 0,279764 6,76525 0,000000
Ae. mcintoshi & Avg humidity Lapalala 541 0,378138 9,48311 0,000000
Ae. vittatus & Rainfall Lapalala 541 0,241924 5,78854 0,000000
Ae. vittatus & Min temp Lapalala 541 0,517540 14,04226 0,000000
Ae. vittatus & Max temp Lapalala 541 0,470389 12,37535 0,000000
Ae. vittatus & Avg humidity Lapalala 541 -0,170865 -4,02608 0,000065
Cx. univittatus & Min temp Lapalala 541 -0,088561 -2,06418 0,039478
Cx. univittatus & Max temp Lapalala 541 -0,258382 -6,20955 0,000000
Cx. univittatus & Avg humidity Lapalala 541 0,353680 8,77854 0,000000
Ae. mcintoshi & Rainfall Marakele 451 0,446149 10,5633 0,000000
Ae. mcintoshi & Min temp Marakele 451 0,224836 4,8894 0,000001
Ae. mcintoshi & Avg humidity Marakele 451 0,496656 12,1251 0,000000
An. arabiensis & Rainfall Marakele 451 0,327753 7,3510 0,000000
An. arabiensis & Max temp Marakele 451 -0,123918 -2,6462 0,008427
An. arabiensis & Avg humidity Marakele 451 0,453182 10,7725 0,000000
Cx. poicilipes & Rainfall Marakele 451 0,393444 9,0683 0,000000
Cx. poicilipes & Min temp Marakele 451 0,303216 6,7424 0,000000
Cx. poicilipes & Avg humidity Marakele 451  [0,523175 13,0082 0,000000
Cx. theileri & Rainfall Marakele 451  [-0,291732 -6,4628 0,000000
Cx. theileri & Min temp Marakele 451 -0,426013 -9,9778 0,000000
Cx. theileri & Max temp Marakele 451 -0,452110 -10,7404 0,000000
Cx. theileri & Avg humidity Marakele 451  [0,266099 5,8494 0,000000
Cx. univittatus & Min temp Marakele 451 -0,165172 -3,5487 0,000428
Cx. univittatus & Max temp Marakele 451 -0,268288 -5,9013 0,000000
Cx. univittatus & Avg humidity Marakele 451 0,316520 7,0704 0,000000
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at Marakele from January 2014 to May 2017.
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Table 3.4: Best fitting General Regression (GRM) models explaining the effects of climatic variables on mosquito
abundance or presence/absence for all species considered in the Highveld Grassland region. Marked correlations
are significant at P < 0.05.

Boschkop Rainfall Min temp Max temp Avg humidity
Culex pipiens s.I.
R 0,123 0,347 0,295 0,156
(Std. error) 0,006 0,032 0,030 0,014
(p-value) 0,033 0,000 0,000 0,006
(Confidence Interval -95%) 0,001 0,146 0,105 0,011
(Confidence Interval +95%) 0,024 0,274 0,224 0,067
Culex theileri
R 0,187 0,179 0,163 0,056
(Std. error) 0,009 0,114 0,105 0,048
(p-value) 0,001 0,002 0,004 0,326
(Confidence Interval -95%) 0,012 0,139 0,096 -0,047
(Confidence Interval +95%) 0,047 0,589 0,511 0,141
Culex univittatus
R 0,420 0,379 0,303 0,238
(Std. error) 0,013 0,169 0,159 0,073
(p-value) 0,000 0,000 0,000 0,000
(Confidence Interval -95%) 0,079 0,875 0,573 0,169
(Confidence Interval +95%) 0,129 1,538 1,200 0,455
Kyalami Rainfall Min temp Max temp Avg humidity
Culex pipiens
R 0,123 0,093 0,034 0,207
(Std. error) 0,006 0,109 0,135 0,042
(p-value) 0,033 0,109 0,562 0,000
(Confidence Interval -95%) 0,001 -0,039 -0,188 0,071
(Confidence Interval +95%) 0,024 0,389 0,345 0,237
Culex theileri
R 0,011 0,141 0,193 0,063
(Std. error) 0,013 0,241 0,296 0,096
(p-value) 0,852 0,014 0,001 0,281
(Confidence Interval -95%) -0,023 0,119 0,419 -0,293
(Confidence Interval +95%) 0,028 1,069 1,586 0,085
Culex univittatus
R 0,318 0,204 0,101 0,304
(Std. error) 0,007 0,131 0,165 0,051
(p-value) 0,000 0,000 0,081 0,000
(Confidence Interval -95%) 0,026 0,214 -0,036 0,178
(Confidence Interval +95%) 0,053 0,731 0,615 0,377

79



Table 3.5: Best fitting General Regression (GRM) models explaining the effects of climatic variables on mosquito
for all species considered in the Middleveld Bushveld region. Marked
correlations are significant at P < 0.05.

abundance or presence/absence

Lapalala Rainfall Min temp Max temp Avg humidity
Aedes mcintoshi
R 0,148 0,231 0,029 0,172
(Std. error) 0,005 0,058 0,116 0,035
(p-value) 0,001 0,000 0,506 0,000
(Confidence Interval -95%) 0,008 0,204 -0,151 0,073
(Confidence Interval +95%) 0,030 0,431 0,306 0,210
Aedes vittatus
R 0,140 0,197 0,299 0,150
(Std. error) 0,002 0,022 0,042 0,013
(p-value) 0,001 0,000 0,000 0,000
(Confidence Interval -95%) 0,003 0,059 0,221 -0,072
(Confidence Interval +95%) 0,011 0,145 0,385 -0,020
Culex univittatus
R 0,124 0,007 0,134 0,248
(Std. error) 0,003 0,028 0,054 0,016
(p-value) 0,004 0,872 0,002 0,000
(Confidence Interval -95%) 0,002 -0,050 -0,277 0,064
(Confidence Interval +95%) 0,013 0,059 -0,064 0,128
Marakele Rainfall Min temp Max temp Avg humidity
Aedes mcintoshi
R 0,223 0,116 0,065 0,261
(Std. error) 0,017 0,199 0,327 0,084
(p-value) 0,000 0,014 0,168 0,000
(Confidence Interval -95%) 0,048 0,102 -1,093 0,317
(Confidence Interval +95%) 0,113 0,882 0,191 0,648
Anopheles arabiensis
R 0,246 0,104 0,042 0,291
(Std. error) 0,002 0,020 0,033 0,008
(p-value) 0,000 0,027 0,370 0,000
(Confidence Interval -95%) 0,006 0,005 -0,094 0,038
(Confidence Interval +95%) 0,012 0,083 0,035 0,070
Culex poicilipes
R 0,126 0,156 0,079 0,156
(Std. error) 0,019 0,223 0,369 0,097
(p-value) 0,007 0,001 0,092 0,001
(Confidence Interval -95%) 0,014 0,309 -0,102 0,135
(Confidence Interval +95%) 0,089 1,186 1,347 0,518
Culex theileri
R 0,243 0,266 0,284 0,218
(Std. error) 0,001 0,014 0,024 0,006
(p-value) 0,000 0,000 0,000 0,000
(Confidence Interval -95%) -0,009 -0,113 -0,194 0,018
(Confidence Interval +95%) -0,004 -0,056 -0,101 0,043
Culex univittatus
R 0,083 0,102 0,243 0,312
(Std. error) 0,001 0,012 0,019 0,005
(p-value) 0,079 0,031 0,000 0,000
(Confidence Interval -95%) -0,004 -0,048 -0,135 0,024
(Confidence Interval +95%) 0,000 -0,002 -0,062 0,043
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3.4 Discussion

This study showed a general increase in the abundance of Ae. mcintoshi, Ae. vittatus, An.
arabiensis, Cx. pipiens s.l., Cx. poicilipes, Cx. theileri and Cx. univittatus during the wet season
compared with the dry season in both the Highveld and Middleveld regions. At all sites, high
mosquito densities were observed during the September—May period each year. The most
dominant species were Cx. pipiens s.l., Cx. theileri and Cx. univittatus at Boschkop and Kyalami
in the Highveld. These populations occurred at low densities throughout winter and early
autumn, with a noticeable absence from April to July in 2014 for Cx. theileri and April to
August for Cx. univittatus at Boschkop. It appears that both Cx. theileri and Cx. univittatus may
overwinter as adults but this investigation did not include the larvae of these mosquitoes.
Other studies conducted at the southern tip of the Highveld in the Free State Province of
South Africa and at Olifantsvlei in Johannesburg found Cx. pipiens, Cx. theileri and Cx.
univittatus to be the most prevalent even during dry summer months (Jupp et al., 1980, van
Der Linde, 1982, Jupp, 1969) while Cx. theileri was the most active in winter (van Der Linde,

1982).

Seasonality and abundance of mosquitoes were related to climatic variables, yet the main
factors did vary with the species and temporal scale used. This analysis revealed that the
Highveld and Middleveld regions within northern South Africa may experience a single or
double, concentrated peak in vector abundance during the rainy season between September
and May, with distinct annual periodicity. These peaks probably represent distinct
generations which seem to coincide with upper and lower thresholds of humidity, rainfall,
temperature both in the rainy (most species) and dry season (non-hibernating species). This
pattern is comparable to the seasonality of WN and RVF viruses in South Africa (Jupp, 2001,

Pienaar and Thompson, 2013, Swanepoel and Coetzer, 2004).

Temperatures were significantly related to mosquito abundance and can have an effect on
oviposition, survival rates, mortality, larval productivity and other population parameters
(Reiter, 2001, Lafferty, 2009). It is worth noting that these temperature-dependencies at each
stage are not the same, thus leading to the nonlinearities observed in population responses

to temperature (Beck-Johnson et al., 2013). Monthly minimum temperatures were related to
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seasonal abundance patterns in Cx. pipiens s.l., Cx. theileri and Cx. univittatus at Boschkop
while the same effect was observed for Cx. theileri and Cx. univittatus at Kyalami. As for
Lapalala, Ae. mcintoshi and Ae. vittatus abundances were closely linked to minimum
temperature. Minimum temperatures were also highly related to Ae. mcintoshi, An.
arabiensis, Cx. poicilipes, Cx. theileri and Cx. univittatus abundances at Marakele. Seasonal
abundance of Cx. pipiens s.l., Cx. theileri and Cx. univittatus at Boschkop and Cx. theileri at

Kyalami were also highly dependent on maximum temperatures.

As previously shown by the statistical relationships presented above, higher temperatures
can lead to an increase in mosquito densities (Figures 4, 5, 6 and 7). Conversely, upper or
lower mean temperatures during the season might cause a decrease in mosquito abundance
(Paaijmans et al., 2010) (Figures 4, 5, 6 and 7) due to the balance between two opposite
events. Earlier studies have also revealed that temperature variations have a profound effect
on estimates of mosquito and malaria parasite development time (Paaijmans et al., 2009,
Paaijmans et al., 2010). Higher temperatures reduce the survival rates (especially in adults)
(Alto and Bettinardi, 2013) while lower temperatures can impede the developmental rates of
immature stages (Paaijmans et al., 2010). Culex univittatus was absent from traps for one- or
two-months during the winter months when minimum temperatures were in the range of
5.8-8.3°C at Kyalami in Johannesburg. Previous studies have also demonstrated the absence
of Cx. univittatus adults from traps during the month of July possibly due to a transient form
of hibernation (Jupp, 1969). The vast temperature tolerance of Cx. theileri and Cx. univittatus
most likely made a remarkable contribution to their varied temporal distributions (Hewitt and
PH, 1982). These environmental factors are thought to have triggered a rise in the density of
Cx. univittatus leading to the incidence of SIN and WN viruses in the Highveld in 1984 (Jupp
and NK, 1986). These results agree with previous findings suggesting that Culex theileri and
Cx. univittatus are associated with temperate or high altitude areas receiving significant
amounts of rainfall (Jupp, 1996, Jupp, 2004b, McIntosh et al., 1980, Jupp, 1971, Jupp, 2001,
Jupp and NK, 1986).

The situation was different at Lapalala where Aedes mcintoshi, Ae. vittatus and Cx. univittatus
were the most prevalent, while Aedes mcintoshi, An. arabiensis, Cx. poicilipes, Cx. theileri and

Cx. univittatus were the most common vectors at Marakele. This study also found that the
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abundance and onset of Cx. univittatus at Lapalala and Marakele was negatively correlated
with average minimum temperatures (i.e., lower minimum temperatures delay the onset).
The emergence of Cx. theileri during winter was also interrupted by lower minimum
temperatures at Marakele. The observed year-round presence of Cx. univittatus at Lapalala
suggests that both the rate of development and oviposition activity of Cx. univittatus are not
restricted by the minimum temperatures occurring in this area. Most notably, these results
are consistent with previous studies in South Africa, Russia and the USA that relate high
summer temperatures to increased vector density and WN virus outbreaks (Jupp, 2001,
Platonov et al., 2001, Reisen et al., 2014, Ruiz et al., 2010). In addition, regression models
have also shown that temperature plays a crucial role in shaping the population dynamics of

Ae. mcintoshi, Ae. vittatus, An. arabiensis, Cx. poicilipes, Cx. theileri and Cx. univittatus.

As expected, increasing monthly total rainfall was associated with an increase in the mean
abundance of mosquito vectors at all sampling sites. Although mosquito vector populations
tended to change gradually over the study period, maximum abundances were attained in
the rainy season between October and May or during periods succeeding months with high
rainfall activity. Climatic factors, especially rainfall, are known to influence mosquito
abundance and distribution (Ahumada et al., 2004, Reisen et al., 2008). In this assessment,
monthly rainfall was positively related to the mean abundances of Cx. pipiens s.I., Cx. theileri
and Cx. univittatus at Boschkop. As for Kyalami, rainfall had a significant impact on the
seasonality and abundance of Cx. pipiens s.. and Cx. univittatus. At both Lapalala and
Marakele there was a positive and highly significant association between rainfall and
mosquito abundance for all potential vectors except for Cx. univittatus. The absence or low
numbers of Ae. mcintoshi at Lapalala and Marakele as well as Ae. vittatus at Lapalala during
some months in the 2014/2015 and 2015/2016 rainy season, was clear proof that the
seasonality of these two floodwater species is linked to rainfall as suggested by the regression
models. Previous studies suggest that Ae. mcintoshi is probably adapted to areas with
different climates and is widely distributed in the Karoo, north-eastern Highveld, Lowveld
(Limpopo and Mpumalanga) and the coastal region of KwaZulu-Natal of South Africa and the
Zimbabwean Highlands (Mclntosch, 1971, Jupp, 2004b). However, heavy rainfall activity in
some months caused a decline in the abundance of Ae. mcintoshi and Ae. vittatus at Lapalala

and Marakele. In Mozambique, heavy rainfall has been observed to disrupt mosquito
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breeding sites by washing away larvae or killing them (Charlwood and Braganca, 2012) and
this is also true for puddle-breeding mosquitoes (Charlwood et al., 2011). Rainstorms have
also been found to have a profound effect on mating and oviposition on gravid Anopheles
funestus females in Mozambique (Charlwood and Braganca, 2012) while studies from Papua
New Guinea found that heavy rainstorms did disrupt host-seeking behaviour in Anopheles
farauti (Charlwood et al., 1988). Increased rainfall activity can also result in the death of
mosquitoes due to flooding thus reducing ideal habitats required for larval development

(LaPointe et al., 2012).

General regression models found mean humidity to be significantly associated with the
abundance of Cx. pipiens s.I. and Cx. univittatus at both Boschkop and Kyalami in the Highveld.
In the Middleveld Bushveld region, relative humidity was highly associated with the
abundance of all medically important species (Ae. mcintoshi, Ae. vittatus, An. arabiensis, Cx.
poicilipes, Cx. theileri, Cx. univittatus). Elevated levels of humidity can sustain basic survival
rates of mosquitoes and promote excellent hatching rates (Nielsen and Nielsen, 1953, Costa
et al.,, 2010). From this study, monthly mean humidity had a significant effect on the
abundances of Cx. univittatus at Boschkop, Cx. theileri at Kyalami, Ae. mcintoshi at Lapalala
and Marakele when humidity was above 71%, 64%, 66% and 80% respectively but this positive
effect could also be due to other interactions between climatic factors. High humidity is
known to increase longevity in mosquitoes (Wang et al., 2011) but can also be a warning of
impending rainfall which might affect the development of larvae, mosquito dispersal and
oviposition depending on the intensity of rainfall. In contrast, low humidity is likely to cause
desiccation of eggs while adult mosquito longevity gets reduced (Day, 2016, Yamana and

Eltahir, 2013, Sota and Mogi, 1992).

Mosquito abundance was highly correlated with landscape factors such as elevation for
species such as Ae. mcintoshi, Cx. poicilipes and Cx. theileri at Marakele. Aedes mcintoshi and
Cx. poicilipes were associated with areas of moderate to low elevations, especially the
Marakele. This survey has shown that Ae. mcintoshi and Cx. poicilipes populations decline
with increasing altitude from Marakele in the Middleveld to Kyalami in the Highveld while the
opposite is true for Cx. theileri. Culex theileri is associated with temperate or high altitude

areas receiving significant amounts of rainfall (Jupp, 1996, Jupp, 2004b, McIntosh et al., 1980,
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Jupp, 1971, Jupp, 2001, Jupp and NK, 1986). These results suggest a high potential for
mosquito-borne RVF (Mclntosh, 1972, Swanepoel and Coetzer, 2004) and WN (Jupp, 2001,
Jupp, 1996) virus transmission above 1,200m in South Africa. Since Cx. theileri is the most
widespread and dominant mosquito in the Highveld with the ability to breed in pools with
polluted organic waste from domestic animals and can feed on a wide range of hosts such as
birds, domestic stock and humans, its chances of transmitting RVF or WN viruses are high on

the inland plateau.

3.5 Conclusion

This study, based on seven medically important vector mosquitoes in northern South Africa,
has revealed marked differences in temporal distribution and seasonal abundances between
distinct geographic regions and climates. Differences in the number of rainy months, relative
humidity and temperature may give rise to markedly different seasonal mosquito abundances
and provide interesting perceptions on how possible climatic change can affect the future
density of mosquito vectors in the Highveld, Middleveld and similar areas. Regression models
have shown that climatic factors play a crucial role in shaping the population dynamics of Ae.
mcintoshi, Ae. vittatus, An. arabiensis, Cx. pipiens s.l., Cx. poicilipes, Cx. theileri and Cx.
univittatus. High summer temperatures lead to increased vector density which can trigger
outbreaks of RVF, SIN and WN viruses on the inland plateau of South Africa. This study also
showed that abundances of RVF and WN virus vectors are related to elevation. Indeed, the
mosquito abundance for two important potential vectors of RVF (Ae. mcintoshi and Cx.
poicilipes) decreased with increasing elevation while that of Cx. theileri, a suspected vector
for RVF and WN viruses increased with rising altitude. These findings will be important in
predicting the timing of onset and spread of future epidemics such as WN and RVF viruses, in

northern South Africa and other geographical settings with similar climates.
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CHAPTER FOUR

4.0 General Conclusion

A study on the population composition and seasonal dynamics of mosquito communities in
peri-urban, mixed rural and sylvatic areas was necessary due to increasing incidence of new
and emerging zoonotic arboviruses being diagnosed from fatalities in wildlife and domestic
animals, as well as from hospitalized human patients, in South Africa. The importance of
several of these arboviral diseases, and the increasing threat of introduction of mosquito-
borne pathogens such as Zika, there is a lack of recent collections and publications on
distribution of specifically Aedes and Culex species. Despite the strong contributions made
over many decades by medical entomologists (Jupp and McIntosh, 1967, Mcintosh et al.,
1967, Mclintosh et al., 1978, Cornel et al., 1993, Uejio et al., 2012); existing knowledge tends
to focus on certain species and particular geographic disease “Hotspots” such as endemic
malaria areas or regular Rift Valley Fever outbreaks (Gear et al., 1955, Pienaar and Thompson,
2013). To address some of these knowledge gaps, a comprehensive assessment of mosquito
vectors and the diseases that they transmit in southern Africa with a focus on arboviruses was
adequately tackled in Chapter 1. An understanding of the mosquito vector/arbovirus
interaction is an important milestone towards consolidating existing surveillance and

mosquito-borne disease control programs.

This study also provided an understanding of the mosquito population diversity, distribution
and abundance along landscape gradients in northern South Africa. Our findings, both field
observations and extrapolations from sampling suggest that mosquito diversity and richness
are greater in untransformed natural and mixed rural settings compared to peri-urban areas
in the northern part of South Africa. Models based on the sampling effort seem to suggest
that spatial distribution of mosquitoes in the selected mixed rural, peri-urban and wildlife
sites is random. These results seem to suggest that mosquito species richness decreased
along landscape-level drivers such as climate, elevation, vegetation and host availability from

the Middleveld savanna portion of Limpopo Province to Lowveld savanna areas. Conversely,
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the decrease in species richness from Middleveld to Highveld Grassland areas in Gauteng
Province reveals the presence of more cold adapted species such as Ae. dentatus, Ae. juppi,
Cx. theileri and Cx. univittatus. These are mosquitoes associated with temperate or high
altitude areas receiving significant amounts of rainfall (Mclntosh et al., 1980, McIntosh, 1973,
Jupp, 1971, Mcintosch, 1971, Jupp, 1996). However, peri urban and mixed rural areas with a
high concentration of humans and domestic stock were associated with mosquito vectors
known to have a greater potential to transmit diseases especially Rift Valley fever, Sindbis and
West Nile viruses. This survey, which was mainly focused on capturing adult mosquitoes,
recorded thirty species known or suspected vectors of arthropod-borne viruses (arboviruses)
in southern Africa and elsewhere (Mcintosh, 1980, Braack et al., 2018, Venter, 2018). The
presence of such a diversity of arbovirus vectors at the various collection sites explains the
periodic outbreaks of arbovirus cases recorded from these sites and emphasizes the risk of
continued outbreaks in future. However, the most widely distributed known and potential
arbovirus vector species detected in this study were Ae. aegypti, Ae. mcintoshi, Ae. metallicus,
Ae. vittatus, Cx. pipiens s.l., Cx. theileri and Cx. univittatus. Anopheles arabiensis, which is a
major vector of malaria in the northern part of South Africa was recorded while the role of
An. vaneedeni as a secondary vector in malaria transmission in the region remains unclear. In
addition, this analysis allowed the capture of species poorly and irregularly found in study
area such as Ae. luteolateralis, Ae. pachyurus, Cx. sitiens, Fi. circumtestacea, Fi. uniformis, Mi.

lacustris and Mi. pallida some of which have probably extended their geographical range.

In this survey, we managed to determine trends for mosquito abundance with landscape and
climate factors, and also how potential arbovirus and malaria vector mosquitoes are strongly
affected by environmental variables. The Highveld which is an area highly populated was
associated with greater numbers of mosquitoes known to transmit arboviruses. The
abundances for Cx. pipiens s.I., Cx. theileri and Cx. univittatus were greatest in the peri-urban
areas of the Highveld Grassland region while Ae. mcintoshi, An. coustani, An. theileri and Cgq.
fuscopennata populations were higher in the sylvatic areas of the Middleveld Bushveld
region. As for An. squamosus, Cx. poicilipes and Ma. uniformis, they were most abundant in
mixed rural areas of the Lowveld Bushveld region. Aedes mcintoshi, Cx. pipiens s.I., Cx. theileri
and Cx. univittatus are the most widely distributed species in the study area. As with earlier

findings from other studies, this study confirms that Cx. theileri is the most abundant
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mosquito potential vector in the Highveld Grassland region (Jupp, 2004b, Mcintosh et al.,
1980). This analysis also suggests that Cx. theileri is rare in the Limpopo-Mpumalanga Lowveld
(Jupp, 2004b) while Cx. univitattus is widely distributed in the temperate highlands of
southern Africa (Mixdo et al.,, 2016, Jupp, 1971). Culex poicilipes though not as widely
distributed as Ae. mcintoshi, Cx. pipiens s.l., Cx. theileri and Cx. univittatus, does seem to have
a strong ecological plasticity that allows for its adaptation in the three ecological zones. We
were able to determine that mosquito populations increase with increased temperature and
rainfall, however, heavy downpours may decrease the abundance. High summer
temperatures lead to increased vector density which can trigger outbreaks of RVF, SIN and
WN viruses on the inland plateau of South Africa (van Der Linde, 1982, Jupp, 1973, Swanepoel
and Coetzer, 2004). This study also showed that abundances of RVF and WN virus vectors are
related to elevation. Indeed, the mosquito abundance for two important potential vectors of
RVF (Ae. mcintoshi and Cx. poicilipes) decreased with increasing elevation while that of Cx.
theileri, a suspected vector for RVF and WN viruses increased with rising altitude. These
findings will be important in predicting the timing of onset and spread of future epidemics
such as WN and RVF viruses, in northern South Africa and other geographical settings with

similar climates.

4.1 Suggestions for Future Research

Future investigations should focus on identifying viruses in mosquitoes while arbovirus
surveillance and vector control programs should be augmented in urban and mixed rural

settings where there is greater risk for arbovirus transmission to humans and domestic stock.

Widespread distribution of Aedes aegypti, a potential vector for Zika virus was recorded in
this study although at low levels. This should be monitored for its epidemic potential to
transmit emerging or imported viruses such as Zika. Aedes vittatus, was found in large

numbers, therefore it should be tested for its ability to transmit CHIK, YF and Zika viruses.

Mosquito surveillance is important to understand how species composition and abundance
change over time, with possible introduction of new species and the loss of resident species,

as climate change may result in shifts in species distributions and possible disease spread.

88



Although this study was limited both geographically and in type of trap used, moderate to
high diversity and species richness were found at all sites except Orpen in Kruger National
Park. Future studies should consider setting up different types of traps to evaluate trap
efficiency, mosquito abundance, breeding habitats, species composition as well as individual

stages.

Since the potential for further outbreaks of SIN, WN and RVF viruses during summer months
is high, surveillance of mosquito populations should continue to provide early detection and

prevent disease outbreaks in “hotspot areas”.

Our findings suggest that there is a decrease in mosquito abundance for Ae. mcintoshi and
Cx. poicilipes with increasing altitude from the Middleveld Bushveld to the Highveld Grassland
region while the opposite seems to be true for Cx. theileri. Does this mean species such as Ae.
mcintoshi and Cx. poicilipes are adapted to warm climates and lower elevations while Cx.
theileri is a cold adapted species found at higher elevations? If the hypothesis that elevation
is an important driver in the distribution and abundance of mosquitoes, then further studies
covering a wider geographical area should be conducted along an elevational gradient from
the Middleveld Bushveld in Limpopo to the lower coastal areas in KwaZulu Natal, Eastern and
Western Cape Provinces. Such studies would also help to dispel or support earlier studies

which suggested that highest diversity occurred at lower altitudes.

Our climatic models did suggest that temperature and rainfall strongly affect mosquito
seasonality and abundance. There is need for further surveillance in other parts of South Africa
with different climatic conditions but presence of common Highveld species and similar species

of flood water Aedes species such as the Karoo, Eastern Cape and Free State Provinces.

89



REFERENCES

ACAV 2019. The International Catalog of Arboviruses Including Certain Other Viruses of Vertebrates.
Centers for Disease Control and Prevention. https://wwwn.cdc.qov/arbocat/.

AHUMADA, J. A,, LAOOINTE, D. & SAMUEL, M. D. 2004. Modeling the population dynamics of Culex
quinquefasciatus (Diptera: Culicidae), along an elevational gradient in Hawaii. Journal of
Medical Entomology, 41, 1157-1170.

ALEXANDER, R. 1951. Rift Valley fever in the Union. Journal of the South African Veterinary Association
22,105-112.

ALTEN, B., BELLINI, R., CAGLAR, S., SIMSEK, F. & KAYNAS, S. 2000. Species composition and seasonal
dynamics of mosquitoes in the Belek region of Turkey. Journal of Vector Ecology, 25, 146-154.

ALTO, B. W. & BETTINARDI, D. 2013. Temperature and dengue virus infection in mosquitoes:
independent effects on the immature and adult stages. American Journal of Tropical Medicine
and Hygiene, 88, 497-505.

ANONYMOUS 2017a. Chikungunya Virus. . Centers for Disease Control and Prevention.
www.cdc.qov/chikungunya/qeo/index.html.

ANONYMOUS 2017b. Rift Valley Fever. National Center for Emerging and Zoonotic Infectious Diseases.
Centers for Disease Control and Prevention. www.cdc.qgov/vhf/rvf/index.html|

ANONYMOUS 2018a. Culex theleri: Distribution. Walter Reed Biosystematics
Unit.http.//www.wrbu.org/mqlD/mq_medspc/AD/CXthe hab.html.

ANONYMOUS 2018b. Dengue and the Aedes aegypti mosquito.
http://mosquitoturlock.com/pdf/aedes-aeqypti-and-denque-fact-sheet.pdf.

APPS, P., ABBOTT, C. & MEAKIN, P. 2008. Smither's mammals of Southern Africa: a field guide. Struik
Publishers.

ATTOUI, H., SAILLEAU, C., JAAFAR, F. M., BELHOUCHET, M., BIAGINI, P., CANTALOUBE, J. F., DE MICCO,
P., MERTENS, P. & ZIENTARA, S. 2007. Complete nucleotide sequence of Middelburg virus,
isolated from the spleen of a horse with severe clinical disease in Zimbabwe. Journal of
General Virology, 88, 3078-3088.

BARDOS, V. & DANIELOVA, V. 1959. The Tahyna Virus-a Virus isolated from Mosquitoes in
Czechoslovakia. Journal of Hygiene Epidemiology Microbiology and Immunology, 3, 264-76.

BATES, M. 1949. The adaptations of mosquitoes to the tropical rain forest environment. American
Philosophical Society Year Book.

BECK-JOHNSON, L. M., NELSON, W. A., PAAIJIMANS, K. P., READ, A. F., THOMAS, M. B. & BJBRNSTAD,
0. N. 2013. The effect of temperature on Anopheles mosquito population dynamics and the
potential for malaria transmission. PLOS one, 8, €79276.

BECK, H. E., ZIMMERMANN, N. E., MCVICAR, T. R., VERGOPOLAN, N., BERG, A. & WOOD, E. F. 2018.
Present and future Koppen-Geiger climate classification maps at 1-km resolution. Scientific
data, 5, 180214.

BECK, J., SCHULZE, C. H., LINSENMAIR, K. E. & FIEDLER, K. 2002. From forest to farmland: diversity of
geometrid moths along two habitat gradients on Borneo. Journal of Tropical Ecology, 18, 33-
51.

BECKER, N., PETRIC, D., BOASE, C., LANE, J., ZGOMBA, M., DAHL, C. & KAISER, A. 2003. Mosquitoes and
their control. Springer Handbook of Auditory Research, 2.

BEN-SHAHAR, R. 1987. Grasses and habitat relationships on a sour bushveld nature reserve. Vegetatio,
72, 45.

BIRD, B. H., KSIAZEK, T. G., NICHOL, S. T. & MACLACHLAN, N. J. 2009. Rift Valley fever virus. Journal of
the American Veterinary Medicine Association 234, 883-893.

BLACKBURN, N. & SWANEPOEL, R. 1980. An investigation of flavivirus infections of cattle in Zimbabwe
Rhodesia with particular reference to Wesselsbron virus. Epidemiol Infect, 85, 1-33.

90


https://wwwn.cdc.gov/arbocat/
www.cdc.gov/chikungunya/geo/index.html
www.cdc.gov/vhf/rvf/index.html
http://www.wrbu.org/mqID/mq_medspc/AD/CXthe_hab.html
http://mosquitoturlock.com/pdf/aedes-aegypti-and-dengue-fact-sheet.pdf

BLOMSTROM, A.-L., SCHARIN, I., STENBERG, H., FIGUEIREDO, J., NHAMBIRRE, O., ABILIO, A., BERG, M.
& FAFETINE, J. 2016. Seroprevalence of Rift Valley fever virus in sheep and goats in Zambézia,
Mozambique. Infection Ecology and Epidemiology, 6, 31343.

BONGERS, F., POORTER, L., HAWTHORNE, W. D. & SHEIL, D. 2009. The intermediate disturbance
hypothesis applies to tropical forests, but disturbance contributes little to tree diversity.
Ecology Letters, 12, 798-805.

BORG, C., LINDSAY, S. W., CLARKE, S. E., DEAN, A., JAWARA, M., PINDER, M. & THOMAS, C. J. 2007.
High spatial resolution mapping of malaria transmission risk in the Gambia, west Africa, using
LANDSAT TM satellite imagery. American Journal of Tropical Medicine and Hygiene, 76, 875-
881.

BRAACK, L., DE ALMEIDA, A. P. G., CORNEL, A. J., SWANEPOEL, R. & DE JAGER, C. 2018. Mosquito-
borne arboviruses of African origin: review of key viruses and vectors. Parasites & Vectors, 11,
29.

BRADY, O. J., GOLDING, N., PIGOTT, D. M., KRAEMER, M. U., MESSINA, J. P., REINER JR, R. C., SCOTT,
T.W., SMITH, D. L., GETHING, P. W. & HAY, S. |. 2014. Global temperature constraints on Aedes
aegypti and Ae. albopictus persistence and competence for dengue virus transmission.
Parasites & Vectors, 7, 338.

BRANCH, W. R. 1998. Field guide to snakes and other reptiles of southern Africa. Struik Publishers.

BROWN, J. E., EVANS, B. R., ZHENG, W., OBAS, V., BARRERA-MARTINEZ, L., EGIZI, A., ZHAO, H.,
CACCONE, A. & POWELL, J. R. 2014. Human impacts have shaped historical and recent
evolution in Aedes aegypti, the dengue and yellow fever mosquito. Evolution, 68, 514-525.

BROWN, J. H. 1984. On the relationship between abundance and distribution of species. American
Naturalist, 124, 255-279.

BROWN, S., MORRISON, H., KARABATSOS, N. & KNUDSON, D. 1991. Genetic relatedness of two new
Orbivirus serogroups: Orungo and Lebombo. Journal of General Virology, 72, 1065-1072.

BURKE, A., DANDALO, L., MUNHENGA, G., DAHAN-MOSS, Y., MBOKAZI, F., NGXONGO, S., COETZEE,
M., KOEKEMOER, L. & BROOKE, B. 2017. A new malaria vector mosquito in South Africa.
Scientific Reports, 7, 43779.

BURKETT-CADENA, N., MCCLURE, C., ESTEP, L. & EUBANKS, M. 2013. Hosts or habitats: What drives
the spatial distribution of mosquitoes? . Ecosphere, 4, 30.

BURT, F. J., GOEDHALS, D. & MATHENGTHENG, L. 2014. Arboviruses in southern Africa: are we missing
something? Future Virology, 9, 993-1008.

CAMARGO, L. M. A, FERREIRA, M. U, KRIEGER, H., DE CAMARGO, E. P. & DASILVA, L. P. 1994. Unstable
hypoendemic malaria in Rondonia (western Amazon region, Brazil): epidemic outbreaks and
work-associated incidence in an agro-industrial rural settlement. American Journal of Tropical
Medicine and Hygiene, 51, 16-25.

CAMPBELL, L. P., LUTHER, C., MOO-LLANES, D., RAMSEY, J. M., DANIS-LOZANO, R. & PETERSON, A.T.
2015. Climate change influences on global distributions of dengue and chikungunya virus
vectors. Philosophical Transactions of the Royal Society of London B, 370, 20140135.

CAUSEY, 0., KEMP, G., CAUSEY, C. & LEE, V. 1972. Isolations of Simbu-group viruses in Ibadan, Nigeria
1964-69, including the new types Sango, Shamonda, Sabo and Shuni. Annals of Tropical
Medicine & Parasitology, 66, 357-362.

CHANCEY, C., GRINEV, A., VOLKOVA, E. & RIOS, M. 2015. The global ecology and epidemiology of West
Nile virus. Biomed Res Int., 2015.

CHAO, A., CHAZDON, R. L., COLWELL, R. K. & SHEN, T. J. 2005. A new statistical approach for assessing
similarity of species composition with incidence and abundance data. Ecology Letters, 8, 148-
159.

CHAO, A. & CHIU, C. H. 2001. Nonparametric estimation and comparison of species richness. eLS, 1-
11.

91



CHARLWOOD, J., GRAVES, P. & MARSHALL, T. D. C. 1988. Evidence for a ‘memorized’home range in
Anopheles farauti females from Papua New Guinea. Medical and Veterinary Entomology, 2,
101-108.

CHARLWOOD, J., TOMAS, E., SALGUEIRO, P., EGYIR-YAWSON, A., PITTS, R. & PINTO, J. 2011. Studies
on the behaviour of peridomestic and endophagic M form Anopheles gambiae from a rice
growing area of Ghana. Bulletin of Entomological Research, 101, 533-539.

CHARLWOOD, J. D. & BRAGANCA, M. 2012. The effect of rainstorms on adult Anopheles funestus
behavior and survival. Journal of Vector Ecology, 37, 252-256.

CHAVES, L. F.,, HAMER, G. L., WALKER, E. D., BROWN, W. M., RUIZ, M. O. & KITRON, U. D. 2011. Climatic
variability and landscape heterogeneity impact urban mosquito diversity and vector
abundance and infection. Ecosphere, 2, 1-21.

CHEONG, W., RUDNICK, A. & LIN, T. 1986. The vectors of dengue and dengue hemorrhagic fevers in
Malaysia. Inst Med Res Bull, 23, 155-167.

CHEVALIER, V., PEPIN, M., PLEE, L. & LANCELOT, R. 2010. Rift Valley fever-a threat for Europe? Euro
Surveillance, 15.

CHIARUCCI, A., BACARO, G. & SCHEINER, S. M. 2011. Old and new challenges in using species diversity
for assessing biodiversity. Philosophical Transactions of the Royal Society of London B, 366,
2426-2437.

CLETON, N., KOOPMANS, M., REIMERINK, J., GODEKE, G.-J. & REUSKEN, C. 2012. Come fly with me:
review of clinically important arboviruses for global travelers. Journal of Clinical Virology, 55,
191-203.

COETZEE, M., HUNT, R., BRAACK, L. & DAVIDSON, G. 1993. Distribution of mosquitoes belonging to
the Anopheles gambiae complex, including malaria vectors, south of latitude 15° S. South
African Journal of Science, 89, 227-231.

COFFEY, L. L., FORRESTER, N., TSETSARKIN, K., VASILAKIS, N. & WEAVER, S. C. 2013. Factors shaping
the adaptive landscape for arboviruses: implications for the emergence of disease. Future
Microbiol, 8, 155-176.

CONN, J. E., WILKERSON, R. C., SEGURA, M. N. O., DE SOUZA, R. T., SCHLICHTING, C. D., WIRTZ, R. A. &
POVOA, M. M. 2002. Emergence of a new neotropical malaria vector facilitated by human
migration and changes in land use. American Journal of Tropical Medicine and Hygiene, 66,
18-22.

CONNELL, J. H. 1978. Diversity in tropical rain forests and coral reefs. Science, 199, 1302-1310.

CONWAY, M. J.,, COLPITTS, T. M. & FIKRIG, E. 2014. Role of the vector in arbovirus transmission. Annual
Review of Virology, 1, 71-88.

CORNEL, A. J,, JUPP, P. G. & BLACKBURN, N. K. 1993. Environmental temperature on the vector
competence of Culex univittatus (Diptera: Culicidae) for West Nile virus. Journal of Medical
Entomology, 30, 449-456.

CORNEL, A. J., LEE, Y., ALMEIDA, A. P. G., JOHNSON, T., MOUATCHO, J., VENTER, M., DE JAGER, C. &
BRAACK, L. 2018. Mosquito community composition in South Africa and some neighboring
countries. Parasites & Vectors, 11, 331.

COSTA, E. A. P. D. A,, SANTOS, E. M. D. M., CORREIA, J. C. & ALBUQUERQUE, C. M. R. D. 2010. Impact
of small variations in temperature and humidity on the reproductive activity and survival of
Aedes aegypti (Diptera, Culicidae). Revista Brasileira de Entomologia, 54, 488-493.

COSTA, F. & MAGNUSSON, W. 2002. Selective logging effects on abundance, diversity, and
composition of tropical understory herbs. Ecological Research, 12, 807-819.

DAR, J. A. & WANI, K. A. Environmental changes and emerging vector-borne diseases: a review.
Biological Forum, 2010. Satya Prakashan, 78-83.

DAVIES, F. G. 2010. The historical and recent impact of Rift Valley fever in Africa. American Journal of
Tropical Medicine and Hygiene, 83, 73-74.

DAVIS, C. L. & VINCENT, K. 2017. Climate risk and vulnerability: A handbook for Southern Africa. CSIR.

DAY, J. F. 2016. Mosquito oviposition behavior and vector control. Insects, 7, 65.

92



DAY, J. F. & SHAMAN, J. 2011. Mosquito-borne arboviral surveillance and the prediction of disease
outbreaks. InTech. InTech.

DE LA ROCQUE, S., BALENGHIEN, T., HALOS, L., DIETZE, K., CLAES, F., FERRARI, G., GUBERTI, V. &
SLINGENBERGH, J. 2011. A review of trends in the distribution of vector-borne diseases: is
international trade contributing to their spread? Revue Scientifique et Technique, 30, 119-130.

DE MEILLON, B., PATERSON, H. & MUSPRATT, J. 1957. Studies on arthropod-borne viruses of
Tongaland. Il. Notes on the more common mosquitoes. South African Medical Journal, 22, 47-
53.

DEGROOTE, J., MERCER, D. R., FISHER, J. & SUGUMARAN, R. 2007. Spatiotemporal investigation of
adult mosquito (Diptera: Culicidae) populations in an eastern lowa county, USA. Journal of
Medical Entomology, 44, 1139-1150.

DIAGNE, C. T., DIALLO, D., FAYE, O., BA, Y., FAYE, O., GAYE, A,, DIA, I., WEAVER, S. C. & DIALLO, M.
2015. Potential of selected Senegalese Aedes spp. mosquitoes (Diptera: Culicidae) to transmit
Zika virus. BMC Infect Dis, 15, 492.

DIALLO, D., SALL, A. A,, DIAGNE, C. T., FAYE, O., FAYE, O., BA, Y., HANLEY, K. A.,, BUENEMANN, M.,
WEAVER, S. C. & DIALLO, M. 2014. Zika virus emergence in mosquitoes in southeastern
Senegal, 2011. PloS One, 9, €109442.

DREZNER, Z. & TUREL, O. 2011. Normalizing variables with too-frequent values using a Kolmogorov—
Smirnov test: A practical approach. Computers & Industrial Engineering, 61, 1240-1244.

DUSEK, R. J., MCLEAN, R. G., KRAMER, L. D., UBICO, S. R., DUPUIS II, A. P., EBEL, G. D. & GUPTILL, S. C.
2009. Prevalence of West Nile virus in migratory birds during spring and fall migration.
American Journal of Tropical Medicine and Hygiene, 81, 1151-1158.

EDWARDS, F. W. 1941. Mosquitoes of the Ethiopian Region. HI.-Culicine Adults and Pupae. Mosquitoes
of the Ethiopian Region. HI.-Culicine Adults and Pupae.

EISEN, R. J. & EISEN, L. 2008. Spatial modeling of human risk of exposure to vector-borne pathogens
based on epidemiological versus arthropod vector data. Journal of Medical Entomology, 45,
181-192.

ELBERS, A., KOENRAADT, C. & MEISWINKEL, R. 2015. Mosquitoes and Culicoides biting midges: vector
range and the influence of climate change. Revue Scientifique et Technique, 34, 123-137.

ELLIOTT, R. M. & BRENNAN, B. 2014. Emerging phleboviruses. Current Opinion in Virology, 5, 50-57.

ELLIS, A. M. 2008. Linking movement and oviposition behaviour to spatial population distribution in
the tree hole mosquito Ochlerotatus triseriatus. Journal of Animal Ecology, 77, 156-166.

FAFETINE, J. M., COETZEE, P., MUBEMBA, B., NHAMBIRRE, O., NEVES, L., COETZER, J. A. & VENTER, E.
H. 2016. Rift Valley fever outbreak in livestock, Mozambique, 2014. Emerging Infectious
Diseases, 22, 2165.

FISCHER, M. & STAPLES, J. E. 2014. Notes from the field: chikungunya virus spreads in the Americas—
Caribbean and South America, 2013-2014. MMWR Morb Mortal Wkly Rep, 63, 500-1.
FONTENILLE, D., DIALLO, M., MONDO, M., NDIAYE, M. & THONNON, J. 1997. First evidence of natural
vertical transmission of yellow fever virus in Aedes aegypti, its epidemic vector. Transactions

of the Royal Society of Tropical Medicine and Hygiene, 91, 533-535.

GARGAN, T. P, JUPP, P. G. & NOVAK, R. J. 1988. Panveld oviposition sites of floodwater Aedes
mosquitoes and attempts to detect transovarial transmission of Rift Valley fever virus in South
Africa. Medical and Veterinary Entomology, 2, 231-236.

GASTON, K. & BIODIVERSITY, A. 1996. A biology of numbers and difference. London, UK.

GASTON, K. J. & BLACKBURN, T. M. 2003. Dispersal and the interspecific abundance-occupancy
relationship in British birds. Global ecology and biogeography, 12, 373-379.

GASTWIRTH, J. L., GEL, Y. R. & MIAO, W. 2009. The impact of Levene’s test of equality of variances on
statistical theory and practice. Statistical Science, 24, 343-360.

GAUDEX, L. I. 2014. A health and demographic surveillance system of cattle on communal rangelands
in Bushbuckridge, South Africa: Baseline census and population dynamics over 12 months.
University of Pretoria.

93



GEAR, J., DE MEILLO, B., LE ROUX, A., KOFSKY, R., ROSE, R., STEYN, J., OLIFF, W. & SCHULZ, K. 1955.
Rift valley fever in South Africa: A study of the 1953 outbreak in the Orange Free State, with
special reference: To the vectors and possible reservoir hosts. South African Medical Journal,
29.

GEAR, J. & REID, F. 1957. The Occurrence of a Dengue-Like Fever in the North-Eastern Transvaal. I.
Clinical Features and Isolation of Virus. South African Medical Journal, 31, 253-7.

GERTENBACH, W. D. 1980. Rainfall patterns in the Kruger National Park. Koedoe, 23, 35-43.

GIBSON, G. & RUSSELL, I. 2006. Flying in tune: sexual recognition in mosquitoes. Current Biology, 16,
1311-1316.

GILLIES, M. 1953. The duration of the gonotrophic cycle in Anopheles gambiae and Anopheles
funestus, with a note on the efficiency of hand catching. East African Medical Journal, 30.

GILLIES, M. & COETZEE, M. 1987. A supplement to the Anophelinae of Africa south of the Sahara
(Afrotropical region). South African Institute of Medical Research, 55.

GILLIES, M. T. & DE MEILLON, B. 1968. The anophelinae of Africa south of the Sahara (Ethiopian
zoogeographical region). The Anophelinae of Africa south of the Sahara (Ethiopian
Zoogeographical Region).

GITHEKO, A. K., LINDSAY, S. W., CONFALONIERI, U. E. & PATZ, J. A. 2000. Climate change and vector-
borne diseases: a regional analysis. Bulletin of the World Health Organization, 78, 1136-1147.

GLANCEY, M. M., ANYAMBA, A. & LINTHICUM, K. J. 2015. Epidemiologic and environmental risk factors
of Rift Valley fever in southern Africa from 2008 to 2011. Vector-Borne and Zoonotic Diseases,
15, 502-511.

GO, Y. Y., BALASURIYA, U. B. & LEE, C.-K. 2014. Zoonotic encephalitides caused by arboviruses:
transmission and epidemiology of alphaviruses and flaviviruses. Clinical and Experimental
Vaccine Research, 3, 58-77.

GODSEY JR, M. S., BLACKMORE, M. S., PANELLA, N. A., BURKHALTER, K., GOTTFRIED, K., HALSEY, L. A.,
RUTLEDGE, R., LANGEVIN, S. A., GATES, R. & LAMONTE, K. M. 2005. West Nile virus
epizootiology in the southeastern United States, 2001. Vector-Borne and Zoonotic Diseases,
5, 82-89.

GOLENDER, N., BRENNER, J., VALDMAN, M., KHINICH, Y., BUMBAROV, V., PANSHIN, A., EDERY, N.,
PISMANIK, S. & BEHAR, A. 2015. Malformations Caused by Shuni Virus in Ruminants, Israel,
2014-2015. Emerging Infectious Diseases, 21, 2267.

GOSSELIN, F. 2006. An assessment of the dependence of evenness indices on species richness. Journal
of Theoretical Biology, 242, 591-597.

GOTELLI, N. J. & COLWELL, R. K. 2011. Estimating species richness. Biological diversity: frontiers in
measurement and assessment, 12, 39-54.

GRIMM, N. B., FAETH, S. H., GOLUBIEWSKI, N. E., REDMAN, C. L., WU, J., BAI, X. & BRIGGS, J. M. 2008.
Global change and the ecology of cities. Science, 319, 756-760.

GUBLER, D., SATHER, G., KUNO, G. & CABRAL, J. 1986. Dengue 3 virus transmission in Africa. American
Journal of Tropical Medicine and Hygiene, 35, 1280-1284.

GUBLER, D. J. 1998. Dengue and dengue hemorrhagic fever. Clinical Microbiology Reviews, 11, 480-
496.

GUBLER, D. J. 2001. Human arbovirus infections worldwide. Annals of the New York Academy of
Sciences, 951, 13-24.

GUBLER, D. J. 2002. The global emergence/resurgence of arboviral diseases as public health problems.
Archives of medical research, 33, 330-342.

GUBLER, D. J. 2007. The continuing spread of West Nile virus in the western hemisphere. Clinical
Infectious Diseases, 45, 1039-1046.

GUDQO, E. S., BLACK, J. F. & CLIFF, J. L. 2016. Chikungunya in Mozambique: A Forgotten History. PLoS
Negl Trop Dis, 10, e0005001.

94



GUDOQ, E. S., PINTO, G., VENE, S., MANDLAZE, A., MUIANGA, A. F., CLIFF, J. & FALK, K. 2015. Serological
evidence of Chikungunya virus among acute febrile patients in southern Mozambique. PLoS
Neglected Tropical Diseases, 9, e0004146.

GUZMAN, M. G., HALSTEAD, S. B., ARTSOB, H., BUCHY, P., FARRAR, J., GUBLER, D. J., HUNSPERGER, E.,
KROEGER, A., MARGOLIS, H. S. & MARTINEZ, E. 2010. Dengue: a continuing global threat.
Nature Reviews Microbiology, 8, S7-S16.

HAGMAN, K., BARBOUTIS, C., EHRENBORG, C., FRANSSON, T., JAENSON, T. G., LINDGREN, P.-E.,
LUNDKVIST, A., NYSTROM, F., WALDENSTROM, J. & SALANECK, E. 2014. On the potential roles
of ticks and migrating birds in the ecology of West Nile virus. Infection Ecology & Epidemiology,
4,20943.

HAMMER, @., HARPER, D. & RYAN, P. 2001. PAST: Paleontological Statistics Software Package for
Education and Data Analysis Palaeontology Electronica, 4.

HANNOUN, C., PANTHER, R. & CORNIOU, B. 1966. Isolation of Tahyna virus in the south of France.
Acta Virologica, 10, 362-4.

HAYES, E. B., SEJVAR, J. J,, ZAKI, S. R., LANCIOTTI, R. S., BODE, A. V. & CAMPBELL, G. L. 2005. Virology,
pathology, and clinical manifestations of West Nile virus disease. Emerging Infectious
Diseases, 11, 1174.

HELSON, B., SURGEONER, G. & WRIGHT, R. 1980. The seasonal distribution and species composition
of mosquitoes (Diptera: Culicidae) collected during a St. Louis encephalitis surveillance
program from 1976 to 1978 in southwestern Ontario. The Canadian Entomologist, 112, 865-
874.

HENGEVELD, R. & HAECK, J. 1982. The distribution of abundance. |. Measurements. Journal of
Biogeography, 303-316.

HEWITT, A. & PH, V. D. L. 1982. Temporal fluctuations in the numbers of female mosquitoes trapped
at a site in the western Orange Free State. Journal of the Entomological Society of Southern
Africa, 45, 69-92.

HIGA, Y., ABILIO, A. P., FUTAMI, K., LAZARO, M. A. F., MINAKAWA, N. & GUDO, E. S. 2015. Abundant
Aedes (Stegomyia) aegypti aegypti mosquitoes in the 2014 dengue outbreak area of
Mozambique. Trop Med Health, 43, 107-109.

HOLT, R., LAWTON, J., GASTON, K. & BLACKBURN, T. 1997. On the relationship between range size and
local abundance: back to basics. Oikos, 183-190.

HUANG, Y.-M. 1985a. A new african species of Aedes (Diptera: Culicidae). SMITHSONIAN INSTITUTION
WASHINGTON DC.

HUANG, Y.-M. 1985b. A new african species of Aedes (Diptera: Culicidae). Mosquito Systematics, 17,
109.

HUANG, Y.-M. 1986. Notes on the Aedes (Diceromyia) furcifer group, with a description of a new
species (Diptera: Culicidae). Smithsonian Institution Washington DC Dept of Entomology.

HUBALEK, Z. & HALOUZKA, J. 1999. West Nile fever--a reemerging mosquito-borne viral disease in
Europe. Emerging Infectious Diseases, 5, 643.

HULSMAN, A., DALERUM, F., SWANEPOEL, L., GANSWINDT, A., SUTHERLAND, C. & PARIS, M. 2010.
Patterns of scat deposition by brown hyaenas Hyaena brunnea in a mountain savannah region
of South Africa. Wildlife Biol, 16, 445-452.

JAIN, M., RAI, S. & CHAKRAVARTI, A. 2008. Chikungunya: a review. Tropical Doctor, 38, 70-72.

JENTES, E. S., POUMEROL, G., GERSHMAN, M. D., HILL, D. R., LEMARCHAND, J., LEWIS, R. F., STAPLES,
J. E.,, TOMORI, O., WILDER-SMITH, A. & MONATH, T. P. 2011. The revised global yellow fever
risk map and recommendations for vaccination, 2010: consensus of the Informal WHO
Working Group on Geographic Risk for Yellow Fever. The Lancet infectious diseases, 11, 622-
632.

JUNGLEN, S., KURTH, A., KUEHL, H., QUAN, P.-L., ELLERBROK, H., PAULI, G., NITSCHE, A., NUNN, C.,
RICH, S. M. & LIPKIN, W. I. 2009. Examining landscape factors influencing relative distribution
of mosquito genera and frequency of virus infection. Ecohealth, 6, 239-249.

95



JUPP, G. & NK, T. 1986. Sindbis and West Nile virus infections in the Witwatersrand-Pretoria region.
South African Medical Journal, 70, 218-220.

JUPP, P. The Taxonomic Status of Culex (Culex) univittatus Theobald--(Diptera: Culicidae) in South
Africa.

JUPP, P. 1967. Larval habitats of culicine mosquitoes (Diptera: Culicidae) in a sewage effluent disposal
area in the South African Highveld. Journal of the Entomological Society of Southern Africa,
30, 242-250.

JUPP, P. 1969. Preliminary studies on the overwintering stages of Culex mosquitoes (Diptera:
Culicidae) in the highveld region of South Africa. Journal of the Entomological Society of
Southern Africa, 32, 91-98.

JUPP, P. 1971. The taxonomic status of Culex (Culex) univittatus Theobald (Diptera: Culicidae) in South
Africa. Journal of the Entomological Society of Southern Africa, 34, 339-357.

JUPP, P. 1973. Field studies on the feeding habits of mosquitoes in the highveld region of South Africa.
South African Medical Journal, 38, 69-83.

JUPP, P. 1998. Aedes (Diceromyia) furcifer (Edwards) and Aedes (Diceromyia) cordellieri Huang in
southern Africa: distribution and morphological differentiation. Journal of the American
Mosquito Control Association, 14, 273-276.

JUPP, P. 2004a. Vectors: mosquitoes. Infecfious Diseases of Livestock, 137-152.

JUPP, P. 2005. Mosquitoes as vectors of human disease in South Africa. South African Family Practice,
47, 68-72.

JUPP, P. & CORNEL, A. 1988. Vector competence tests with Rift Valley fever virus and five South African
species of mosquito. Journal of the American Mosquito Control Association, 4, 4-8.

JUPP, P. & KEMP, A. 1998. Studies on an outbreak of Wesselsbron virus in the Free State Province,
South Africa. Journal of the American Mosquito Control Association, 14, 40-45.

JUPP, P. & MCINTOSH, B. 1967. Ecological studies on Sindbis and West Nile viruses in South Africa. Il.
Mosquito bionomics. South African Journal of Medical Sciences, 32, 15.

JUPP, P. & MCINTOSH, B. 1990. Aedes furcifer and other mosquitoes as vectors of chikungunya virus
at Mica, northeastern Transvaal, South Africa. Journal of the American Mosquito Control
Association, 6, 415-420.

JUPP, P., MCINTOSH, B. & ANDERSON, D. 1976. Culex (Eumelanomyia) Rubinotus Theobald as Vector
of Banzi, Germiston and Witwatersrand Viruses IV. Observations on the biology of C.
rubinotus. Journal of Medical Entomology, 12, 647-651.

JUPP, P., MCINTOSH, B. & NEVILL, E. 1980. A survey of the mosquito and Culicoides faunas at two
localities in the Karoo region of South Africa with some observations of bionomics.
Onderstepoort J Vet Res, 47, 1-6.

JUPP, P. & PHILLIPS, J. 1998. An electron microscopical study of Rift Valley fever and Sindbis viral
infection in mosquito salivary glands (Diptera: Culicidae). African Entomology, 6, 75-81.

JUPP, P. G. 1996. Mosquitoes of Southern Africa: Culicinae and Toxorhynchitinae. Ekogilde Publishers.

JUPP, P. G. 2001. The ecology of West Nile virus in South Africa and the occurrence of outbreaks in
humans. Annals of the New York Academy of Sciences, 951, 143-152.

JUPP, P. G. 2004b. ‘Vectors: Mosquitoes’. In: COETZER, J. A. W. & TUSTIN, R. C. (eds.) Infectious
Diseases of Livestock. 2nd ed. Cape Town: Oxford University Press.

JUPP PG, THOMPSON DL & AJ, C. 1987. Isolations of Middelburg virus from Aedes (Ochlerotatus) juppi
Mclintosh (Diptera: Culicidae) suggestive of a reservoir vector. Journal of the Entomological
Society of Southern Africa, 50, 393-7.

JUPP, P. G. & HARBACH, R. E. 1990. Crossmating and morphological studies of Culex neavei and Culex
perexiguus (Diptera: Culicidae) to elucidate their taxonomic status. WALTER REED
BIOSYSTEMATICS UNIT WASHINGTON DC.

KAMPANGO, A. & ABILIO, A. P. 2016. The Asian tiger hunts in Maputo city—the first confirmed report
of Aedes (Stegomyia) albopictus (Skuse, 1895) in Mozambique. Parasites & Vectors, 9, 76.

96



KAMWI, R., MFUNE, J., KAAYA, G. & JONAZI, J. 2012. Seasonal variation in the prevalence of malaria
and vector species in Northern Namibia. Journal of Entomology and Nematology, 4, 42-48.

KARK, S., IWANIUK, A., SCHALIMTZEK, A. & BANKER, E. 2007. Living in the city: can anyone become an
‘urban exploiter'? Journal of Biogeography, 34, 638-651.

KEMP, A. & JUPP, P. 1991. Potential for dengue in South Africa: Mosquito ecology with particular
reference to Aedes aegypti. Journal of the American Mosquito Control Association, 7, 574-583.

KEMP, G. E., CAUSEY, O. R., SETZER, H. W. & MOORE, D. L. 1974. Isolation of viruses from wild
mammals in West Africa, 1966-1970. Journal of Wildlife Diseases, 10, 279-293.

KILPATRICK, A. M., MEOLA, M. A,, MOUDY, R. M. & KRAMER, L. D. 2008. Temperature, viral genetics,
and the transmission of West Nile virus by Culex pipiens mosquitoes. PLoS Pathog, 4,
€1000092.

KLEIN, A. M., STEFFAN-DEWENTER, I., BUCHORI, D. & TSCHARNTKE, T. 2002. Effects of land-use
intensity in tropical agroforestry systems on coffee flower-visiting and trap-nesting bees and
wasps. Conserv Biol, 16, 1003-1014.

KOKERNOT, E., DE MEILLON, B., PATERSON, H., HEYMANN, C. & SMITHBURN, K. 1957a. Middelburg
virus, a hitherto unknown agent isolated from Aédes mosquitoes during an epizootic in sheep
in the eastern Cape Province. South African Medical Journal, 22.

KOKERNOT, E., SMITHBURN, K., WEINBREN, M. & DE MEILLON, B. 1957b. Studies on arthropod-borne
viruses of Tongaland. VI. Isolation of Pongola virus from Aedes (Banksinella) circumluteolus
Theo. South African Medical Journal, 22, 81-92.

KOKERNOT, R., MCINTOSH, B. & WORTH, C. B. 1961. Ndumu virus, a hitherto unknown agent, isolated
from culicine mosquitoes collected in northern Natal, Union of South Africa. American Journal
of Tropical Medicine and Hygiene, 10, 383-386.

KOKERNOT, R., MCINTOSH, B., WORTH, C. B., DE MORAIS, T. & WEINBREN, M. 1962a. Isolation of
Viruses from Mosquitoes Collected at Lumbo, Mozambique. American Journal of Tropical
Medicine and Hygiene, 11, 678-682.

KOKERNOT, R., MCINTOSH, B., WORTH, C. B. & DE SOUSA, J. 1962b. Isolation of viruses from
mosquitoes collected at Lumbo, Mozambique. Il. Mossuril virus, a new virus isolated from the
Culex (culex) sitiens Wiedemann group. American Journal of Tropical Medicine and Hygiene,
11, 683-4.

KOKERNOT, R., PATERSON, H. & DE MEILLON, B. 1958. Studies on the transmission of Wesselsbron
virus by Aedes (Ochlerotatus) caballus (Theo.). South African Medical Journal, 32, 546-8.

KOKERNOT, R., SMITHBURN, K., PATERSON, H. & MCINTOSH, B. 1960. Isolation of Germiston virus, a
hitherto unknown agent, from culicine mosquitoes, and a report of infection in two laboratory
workers. American Journal of Tropical Medicine and Hygiene, 9, 62-69.

KOKERNOT, R., SMITHBURN, K. & WEINBREN, M. 1956. Neutralizing antibodies to arthropod-borne
viruses in human beings and animals in the Union of South Africa. Journal of Immunol, 77,313-
323.

KORSMAN, S. N. J., VAN ZYL, G. U., NUTT, L., ANDERSSON, M. I. & PREISER, W. 2012. Togaviruses.
Virology. Edinburgh: Churchill Livingstone.

KRAEMER, M. U., SINKA, M. E., DUDA, K. A., MYLNE, A. Q., SHEARER, F. M., BARKER, C. M., MOORE, C.
G., CARVALHO, R. G., COELHO, G. E. & VAN BORTEL, W. 2015. The global distribution of the
arbovirus vectors Aedes aegypti and Ae. albopictus. Elife, 4, e08347.

KRAMER, L. D., STYER, L. M. & EBEL, G. D. 2008. A global perspective on the epidemiology of West Nile
virus. Annu Rev Entomol, 53, 61-81.

KULASEKERA, V. L., KRAMER, L., NASCI, R. S., MOSTASHARI, F., CHERRY, B., TROCK, S. C., GLASER, C. &
MILLER, J. R. 2001. West Nile virus infection in mosquitoes, birds, horses, and humans, Staten
Island, New York, 2000. Emerging Infectious Diseases, 7, 722.

LA GRANGE, J. 1995. Survey of anopheline mosquitoes (Diptera: Culicidae) in a malarious area of
Swaziland. African Entomology, 3, 217-219.

97



LA GRANGE, J. & COETZEE, M. 1997. A mosquito survey of Thomo village, Northern Province, South
Africa, with special reference to the bionomics of exophilic members of the Anopheles
funestus group (Diptera: Culicidae). African Entomology, 5, 295-299.

LAFFERTY, K. D. 2009. The ecology of climate change and infectious diseases. Ecology, 90, 888-900.

LANDE, R., DEVRIES, P. J. & WALLA, T. R. 2000. When species accumulation curves intersect:
implications for ranking diversity using small samples. Oikos, 89, 601-605.

LAPOINTE, D. A., ATKINSON, C. T. & SAMUEL, M. D. 2012. Ecology and conservation biology of avian
malaria. Annuals of the New York Academy of Sciences, 1249, 211-226.

LEE, V. 1979. Isolation of viruses from field populations of Culicoides (Diptera: Ceratopogonidae) in
Nigeria. Journal of Medical Entomology, 16, 76-79.

LEESON, H. 1958. An Annotated Catalogue of the Culicine Mosquitoes of the Federation of Rhodesia
and Nyasaland and Neighbouring Countries, together with Locality Records for Southern
Rhodesia. Philos Trans R Soc London [Biol], 110, 21-51.

LIANG, G., GAO, X. & GOULD, E. A. 2015. Factors responsible for the emergence of arboviruses;
strategies, challenges and limitations for their control. Emerg Microbes Infect, 4, el8.
LINTHICUM, K., DAVIES, F., KAIRO, A. & BAILEY, C. 1985. Rift Valley fever virus (family Bunyaviridae,
genus Phlebovirus). Isolations from Diptera collected during an inter-epizootic period in

Kenya. Epidemiol Infect, 95, 197-209.

LOWE, E., WILDER, S. & HOCHULI, D. 2016. Persistence and survival of the spider Nephila plumipes in
cities: do increased prey resources drive the success of an urban exploiter? Urban Ecosyst, 19,
705-720.

LU, Z., LU, X.-J., FU, S.-H., ZHANG, S., LI, Z.-X., YAO, X.-H., FENG, Y.-P., LAMBERT, A. J., NI, D.-X. & WANG,
F.-T. 2009. Tahyna virus and human infection, China. Emerging Infectious Diseases, 15, 306.

LUTWAMA, J. J.,, RWAGUMA, E. B.,, NAWANGA, P. L. & MUKUYE, A. 2002. Isolations of Bwamba virus
from south central Uganda and north eastern Tanzania. African Health Sciences, 2, 24-28.

MARI, R. B. & JIMENEZ-PEYDRO, R. 2011. Differences in mosquito (Diptera: Culicidae) biodiversity
across varying climates and land-use categories in Eastern Spain. Entomologica Fennica, 22,
190-198-190-198.

MARTENS, W., NIESSEN, L. W., ROTMANS, J., JETTEN, T. H. & MCMICHAEL, A. J. 1995. Potential impact
of global climate change on malaria risk. Environmental Health Perspectives, 103, 458.
MASSANGAIE, M., PINTO, G., PADAMA, F., CHAMBE, G., DA SILVA, M., MATE, I., CHIRINDZA, C., AL, S.,
AGOSTINHO, S. & CHILAULE, D. 2016. Clinical and epidemiological characterization of the first
recognized outbreak of Dengue virus-type 2 in Mozambique, 2014. American Journal of

Tropical Medicine and Hygiene, 94, 413-416.

MATTINGLY, P. F. 1953. The Sub-Genus Stegomyia (Diptera: Culicidae) in the Ethiopian Region. Il.
Distribution of Species confined to the East and South African Sub-Region. Bulletin of British
Museum, 3, 3-65.

MAY, R. M. 1990. How many species? Philosophical Transactions of the Royal Society of London B, 330,
293-304.

MCDERMOTT, E. G. & MULLENS, B. A. 2017. The Dark Side of Light Traps. Journal of Medical
Entomology.

MCGILL, B. & COLLINS, C. 2003. A unified theory for macroecology based on spatial patterns of
abundance. Evolutionary Ecology Research, 5, 469-492.

MCINTOSCH, B. 1971. The aedine subgenus Neomelaniconion Newstead (Culicidae, Diptera) in
southern Africa with descriptions of two new species. Journal of the Entomological Society of
Southern Africa, 34, 319-333.

MCINTOSCH, J., JUPP, P. & SOUSA, D. 1972. Mosquitoes feeding at two horizontal levels in gallery
forest in Natal. South Africa. with reference to possible vectors of chikungunya virus. Journal
of the Entomological Society of Southern Africa, 35, 81-90.

98



MCINTOSH, A., JUPP, P. & DOS SANTOS, I. 1983. Field and laboratory evidence implicating Culex
zombaensis and Aedes circumluteolus as vectors of Rift Valley fever virus in coastal South
Africa. South African Journal of Science, 79, 61-64.

MCINTOSH, B. 1972. Rift Valley fever: 1. Vector studies in the field. Journal of the South African
Veterinary Association, 43, 391-395.

MCINTOSH, B. 1973. A taxonomic re-assessment of Aedes (Ochlerotatus) caballus (Theobald)(Diptera:
Culicidae) including a description of a new species of Ochlerotatus. Journal of the
Entomological Society of Southern Africa, 36, 261-269.

MCINTOSH, B. 1975. Mosquitoes as vectors of viruses in southern Africa. Cabdirect.org.

MCINTOSH, B. 1978a. Olifantsvlei (OLI). American Journal of Tropical Medicine and Hygiene, 27, 404-
405.

MCINTOSH, B. 1978b. Olifantsvlei (OLI). Am J Trop Med Hyg., 27, 404-405.

MCINTOSH, B. 1986. Mosquito-borne virus diseases of man in southern Africa. South African Medical
Journal, 70, 69-72.

MCINTOSH, B., JUPP, P., DICKINSON, D., MCGILLIVRAY, G. & SWEETNAM, J. 1967. Ecological studies
on Sindbis and West Nile viruses in South Africa. |. Viral activity as revealed by infection of
mosquitoes and sentinel fowls. South African Journal of Medical Sciences, 32, 1-14.

MCINTOSH, B., JUPP, P., DOS SANTQOS, |. & BARNARD, B. 1980. Vector studies on Rift Valley fever virus
in South Africa. South African Medical Journal, 58, 127-32.

MCINTOSH, B., JUPP, P., DOS SANTOS, I. & MEENEHAN, G. 1976a. Epidemics of West Nile and Sindbis
viruses in South Africa with Culex (Culex) univittatus Theobald as vector. South African Medical
Journal, 72, 295-300.

MCINTOSH, B., JUPP, P., SANTQOS, I. D. & MEENEHAN, G. 1976b. Culex (Eumelanomyia) Rubinotus
Theobald as Vector of Banzi, Germiston and Witwatersrand Viruses I. Isolation of virus from
wild populations of C. rubinotus. Journal of Medical Entomology, 12, 637-640.

MCINTOSH, B., PG, J. & SANTQOS, D. 1978. Infection by Sindbis and West Nile viruses in wild populations
of Culex (Culex) univittatus Theobald (Diptera: Culicidae) in South Africa. National Institute of
Virology, Sandringham, Johannesburg. South Africa.

MCINTOSH, B., WEINBREN, M., WORTH, C. B. & KOKERNOT, R. 1962. Isolation of Viruses from
Mosquitoes Collected at Lumbo, Mozambique. American Journal of Tropical Medicine and
Hygiene, 11, 685-686.

MCINTOSH, B., WORTH, C. B. & KOKERNOT, R. 1961. Isolation of semliki forest virus from Aedes
(Aedimorphus) argenteopunctatus (theobald) collected in Portuguese East Africa.
Transactions of the Royal Society of Tropical Medicine and Hygiene, 55, 192-198.

MCINTOSH, B. M. 1980. Epidemiology of arthropod-borne viruses in Southern Africa, PhD Thesis.
University of Pretoria.

MCKINNEY, M. L. 2008. Effects of urbanization on species richness: a review of plants and animals.
Urban Ecosytem, 11, 161-176.

MCLNTOSH, B., JUPP, P. & DE SOUSA, J. 1972. Further isolations of arboviruses from mosquitoes
collected in Tongaland, South Africa, 1960-1968. Journal of Medical Entomology, 9, 155-159.

MELLOR, P. & LEAKE, C. 2000. Climatic and geographic influences on arboviral infections and vectors.
Revue Scientifique et Technique-Office International des Epizooties, 19, 41-60.

MIXAO, V., BARRIGA, D. B., PARREIRA, R., NOVO, M. T., SOUSA, C. A., FRONTERA, E., VENTER, M.,
BRAACK, L. & ALMEIDA, A. P. G. 2016. Comparative morphological and molecular analysis
confirms the presence of the West Nile virus mosquito vector, Culex univittatus, in the Iberian
Peninsula. Parasites & Vectors, 9, 601.

MONCAYO AC, EDMAN JD & FINN, J. T. 2000. Application of geographic information technology in
determining risk of eastern equine encephalomyelitis virus transmission. Journal of the
American Mosquito Control Association, 8, 28.

99



MOORE, D. A., CAUSEY, O., CAREY, D., REDDY, S., COOKE, A., AKINKUGBE, F., DAVID-WEST, T. & KEMP,
G. 1975. Arthropod-borne viral infections of man in Nigeria, 1964—-1970. Annals of Tropical
Medicine and Parasitology, 69, 49-64.

MORIN, C. W., COMRIE, A. C. & ERNST, K. 2013. Climate and dengue transmission: evidence and
implications. Environ Health Perspect, 121, 1264.

MOUATCHO, J., CORNEL, A. J., DAHAN-MOSS, Y., KOEKEMOER, L. L., COETZEE, M. & BRAACK, L. 2018.
Detection of Anopheles rivulorum-like, a member of the Anopheles funestus group, in South
Africa. Malaria Journal, 17, 195.

MSIMANG, V., WEYER, J., LE ROUX, C., LEMAN, P., KEMP, A. & PAWESKA, J. 2013. Dengue fever in
South Africa: An imported disease. National Institute for Communicable Diseases Surveillance
Bulletin, 11, 58-62.

MUKTAR, Y., TAMERAT, N. & SHEWAFERA, A. 2016. Aedes aegypti as a Vector of Flavivirus. Journal of
Tropical Diseases, 4, 2.

MUNHENGA, G., BROOKE, B. D., SPILLINGS, B., ESSOP, L., HUNT, R. H., MIDZI, S., GOVENDER, D.,
BRAACK, L. & KOEKEMOER, L. L. 2014. Field study site selection, species abundance and
monthly distribution of anopheline mosquitoes in the northern Kruger National Park, South
Africa. Malaria Journal, 13, 27.

MURGUE, B., MURRI, S., TRIKI, H., DEUBEL, V. & ZELLER, H. 2001. West Nile in the Mediterranean
Basin: 1950-2000. Annals of the New York Academy of Sciences, 951, 117-126.

MUSPRATT, J. 1955. Research on South African Culicini (Diptera, Culicidae). Ill. A check-list of the
species and their distribution, with notes on taxonomy, bionomics and identification. Journal
of the Entomological Society of Southern Africa, 18, 149-207.

MUSPRATT, J. 1956. The Stegomyia Mosquitoes of South Africa and some neighbouring Territories
including Chapters on the Mosquito-borne Virus Diseases of the Ethiopian Zoo-geographical
Region of Africa. The Stegomyia Mosquitoes of South Africa and some neighbouring Territories
including Chapters on the Mosquito-borne Virus Diseases of the Ethiopian Zoo-geographical
Region of Africa.

MUTURI, E. J., SHILILU, J. I, GU, W., JACOB, B. G., GITHURE, J. I. & NOVAK, R. J. 2007. Larval habitat
dynamics and diversity of Culex mosquitoes in rice agro-ecosystem in Mwea, Kenya. American
Journal of Tropical Medicine and Hygiene, 76, 95-102.

NANYINGI, M. O., MUNYUA, P., KIAMA, S. G., MUCHEMI, G. M., THUMBI, S. M., BITEK, A. O., BETT, B,,
MURIITHI, R. M. & NJENGA, M. K. 2015. A systematic review of Rift Valley Fever epidemiology
1931-2014. Infect Ecol Epidemiol, 5, 28024.

NELSON, M. 1986. Aedes aegypti: biology and ecology. . http://iris.paho.org/xmlui/bitstream/handle.

NEPOMICHENE, T. N., TATA, E. & BOYER, S. 2015. Malaria case in Madagascar, probable implication of
a new vector, Anopheles coustani. Malaria Journal, 14, 475.

NEWBOLD, T., HUDSON, L. N., HILL, S. L., CONTU, S., LYSENKO, I., SENIOR, R. A., BORGER, L., BENNETT,
D. J.,, CHOIMES, A. & COLLEN, B. 2015. Global effects of land use on local terrestrial
biodiversity. Nature, 520, 45.

NEWHOUSE, V. F., CHAMBERLAIN, R., JOHNSTON, J. & SUDIA, W. D. 1966. Use of dry ice to increase
mosquito catches of the CDC miniature light trap. Mosquito News, 26, 30-35.

NIELSEN, E. T. & NIELSEN, A. T. 1953. Field observations on the habits of Aedes taeniorhynchus.
Ecology, 34, 141-156.

OCHIENG, C., LUTOMIAH, J., MAKIO, A., KOKA, H., CHEPKORIR, E., YALWALA, S., MUTISYA, J., MUSILA,
L., KHAMADI, S. & RICHARDSON, J. 2013. Mosquito-borne arbovirus surveillance at selected
sites in diverse ecological zones of Kenya; 2007-2012. Virology Journal, 10, 140.

OSTFELD, R. S., GLASS, G. E. & KEESING, F. 2005. Spatial epidemiology: an emerging (or re-emerging)
discipline. Trends Ecol Evol, 20, 328-336.

PAAIJMANS, K. P., BLANFORD, S., BELL, A. S., BLANFORD, J. I., READ, A. F. & THOMAS, M. B. 2010.
Influence of climate on malaria transmission depends on daily temperature variation.
Proceedings of the National of Academy of Science, 107, 15135-15139.

100


http://iris.paho.org/xmlui/bitstream/handle

PAAIJMANS, K. P., READ, A. F. & THOMAS, M. B. 2009. Understanding the link between malaria risk
and climate. Proceedings of the National of Academy of Science, 106, 13844-13849.

PATERSON, H., BRONSDEN, P., LEVITT, J. & WORTH, C. Some Culicine mosquitoes (Diptera, Culicidae)
at Ndumu, Republic of South Africa. A study of their host preferences and host range. Medical
Proceedings, 1964. Johannesburg.

PEEL, M. C., FINLAYSON, B. L. & MCMAHON, T. A. 2007. Updated world map of the Képpen-Geiger
climate classification. Hydrol Earth Syst. , 4, 439-473.

PETERSEN, L. R. & ROEHRIG, J. T. 2001. West Nile virus: a reemerging global pathogen. Rev Biomed,
12.

PIENAAR, N. J. & THOMPSON, P. N. 2013. Temporal and spatial history of Rift Valley fever in South
Africa: 1950 to 2011. Onderstepoort J Vet Res, 80, 1-13.

PLATONOV, A. E., SHIPULIN, G. A., SHIPULINA, O. Y., TYUTYUNNIK, E. N., FROLOCHKINA, T. I,
LANCIOTTI, R. S., YAZYSHINA, S., PLATONOVA, 0. V., OBUKHQV, I. L. & ZHUKOV, A. N. 2001.
Outbreak of West Nile virus infection, Volgograd Region, Russia, 1999. Emerging infectious
diseases, 7, 128.

PONCON, N., BALENGHIEN, T., TOTY, C., FERRE, J. B.,, THOMAS, C., DERVIEUX, A., 'AMBERT, G.,
SCHAFFNER, F., BARDIN, O. & FONTENILLE, D. 2007a. Effects of local anthropogenic changes
on potential malaria vector Anopheles hyrcanus and West Nile virus vector Culex modestus,
Camargue, France. Emerging Infectious Diseases, 13, 1810.

PONCON, N., TOTY, C., AMBERT, G., LE GOFF, G., BRENGUES, C., SCHAFFNER, F. & FONTENILLE, D.
2007b. Population dynamics of pest mosquitoes and potential malaria and West Nile virus
vectors in relation to climatic factors and human activities in the Camargue, France. Med Vet
Entomol, 21, 350-357.

PRINSLOO, B. 2006. Arboviral diseases in Southern Africa: CPD. South African Family Practice, 48, 25-
28.

RAPPOLE, J. H., DERRICKSON, S. R. & HUBALEK, Z. 2000. Migratory birds and spread of West Nile virus
in the Western Hemisphere. Emerging Infectious Diseases, 6, 319.

RAUTENBACH, P. 2011. Mosquito-borne viral infections in Southern Africa: a public health perspective:
main article. Continuing Medical Education, 29, 204-206.

REISEN, W. K. 2010. Landscape epidemiology of vector-borne diseases. Annu Rev Entomol, 55, 461-
483.

REISEN, W. K., CAYAN, D., TYREE, M., BARKER, C. M., ELDRIDGE, B. & DETTINGER, M. 2008. Impact of
climate variation on mosquito abundance in California. Journal of Vector Ecology, 33, 89-99.

REISEN, W. K., FANG, Y. & MARTINEZ, V. M. 2014. Effects of temperature on the transmission of West
Nile virus by Culex tarsalis (Diptera: Culicidae). Journal of Medical Entomology, 43, 309-317.

REISKIND, M., GRIFFIN, R., JANAIRO, M. & HOPPERSTAD, K. 2017. Mosquitoes of field and forest: the
scale of habitat segregation in a diverse mosquito assemblage. Medical and Veterinary
Entomology, 31, 44-54.

REITER, P. 2001. Climate change and mosquito-borne disease. Environ Health Perspect, 109, 141.

REITER, P. 2007a. Oviposition, dispersal, and survival in Aedes aegypti: implications for the efficacy of
control strategies. Vector-Borne and Zoonotic Diseases, 7, 261-273.

REITER, P. 2007b. Oviposition, dispersal, and survival in Aedes aegypti: implications for the efficacy of
control strategies. Vector-Borne Zoonotic Dis, 7, 261-273.

ROBERT, D. 2009. Insect bioacoustics: mosquitoes make an effort to listen to each other. Current
Biology, 19, R446-R449.

ROCHE, B., ROHANI, P., DOBSON, A. P. & GUEGAN, J.-F. 2012. The impact of community organization
on vector-borne pathogens. American Naturalist, 181, 1-11.

ROIZ, D., RUIZ, S., SORIGUER, R. & FIGUEROLA, J. 2014. Climatic effects on mosquito abundance in
Mediterranean wetlands. Parasites & Vectors, 7, 333.

ROIZ, D., RUIZ, S., SORIGUER, R. & FIGUEROLA, J. 2015. Landscape effects on the presence, abundance
and diversity of mosquitoes in Mediterranean wetlands. PLoS One, 10, e0128112.

101



ROMOSER, W. S., OVIEDO, M. N., LERDTHUSNEE, K., PATRICAN, L. A., TURELL, M. J., DOHM, D. J.,
LINTHICUM, K. J. & BAILEY, C. L. 2011. Rift Valley fever virus-infected mosquito ova and
associated pathology: possible implications for endemic maintenance. Research and Reports
in Tropical Medicine, 2, 121-7.

ROSA-FREITAS, M. G., TSOURIS, P., PETERSON, A. T., HONORIO, N. A., BARROS, F. S. M. D., AGUIAR, D.
B. D., GURGEL, H. D. C., ARRUDA, M. E. D., VASCONCELOS, S. D. & LUITGARDS-MOURA, J. F.
2007. An ecoregional classification for the state of Roraima, Brazil: the importance of
landscape in malaria biology. Memdrias do Instituto Oswaldo Cruz, 102, 349-358.

ROYSTON, J. P. 1982. An extension of Shapiro and Wilk's W test for normality to large samples. Journal
of the Royal Statistical Society, 31, 115-124.

RUBIO-PALIS, Y. & ZIMMERMAN, R. H. 1997. Ecoregional classification of malaria vectors in the
neotropics. Journal of Medical Entomology, 34, 499-510.

RUEDA, L., PATEL, K., AXTELL, R. & STINNER, R. 1990. Temperature-dependent development and
survival rates of Culex quinquefasciatus and Aedes aegypti (Diptera: Culicidae). Journal of
Medical Entomology, 27, 892-898.

RUIZ, M. O., CHAVES, L. F., HAMER, G. L., SUN, T., BROWN, W. M., WALKER, E. D., HARAMIS, L.,
GOLDBERG, T. L. & KITRON, U. D. 2010. Local impact of temperature and precipitation on West
Nile virus infection in Culex species mosquitoes in northeast lllinois, USA. Parasites & Vectors,
3,19.

RUTHERFORD, M. C., MUCINA, L. & POWRIE, L. W. 2006. Biomes and bioregions of southern Africa.
The vegetation of South Africa, Lesotho and Swaziland. Pretoria: South African National
Biodiversity Institute, 30-51.

RUWANZA, S. & MULAUDZI, D. 2018. Soil physico-chemical properties in Lapalala Wilderness old
agricultural fields, Limpopo Province of South Africa. Appl Ecol Environ Res, 16, 2475-2486.

SANDE, S., ZIMBA, M., CHINWADA, P., MASENDU, H. & MAKUWAZA, A. 2015. Malaria vector species
composition and relative abundance in Mutare and Mutasa districts, Zimbabwe. Journal of
Entomological and Acarological Research, 47, 79-85.

SCHULZ, K. H., STEYN, J. & ROSE-INNES, R. 1958. A Culicine Mosquito survey of the Kruger National
Park. Koedoe, 1, 189-200.

SCOTT, T. W., AMERASINGHE, P. H., MORRISON, A. C., LORENZ, L. H., CLARK, G. G., STRICKMAN, D.,
KITTAYAPONG, P. & EDMAN, J. D. 2000. Longitudinal studies of Aedes aegypti (Diptera:
Culicidae) in Thailand and Puerto Rico: blood feeding frequency. Journal of Medical
Entomology, 37, 89-101.

SEJVAR, J. J. 2003. West Nile virus: An historical overview. Ochsner Journal, 5, 6-10.

SERVICE, M. 1992. Importance of ecology in Aedes aegypti control. Southeast Asian J Trop Med Public
Health, 23, 681.

SESSIONS, O. M., KHAN, K., HOU, Y. A., MELTZER, E., QUAM, M., SCHWARTZ, E., GUBLER, D. J. &
WILDER-SMITH, A. 2013. Exploring the origin and potential for spread of the 2013 dengue
outbreak in Luanda, Angola. Global Health Action, 6, 21822.

SHAPIRO, S. S. & WILK, M. B. 1965. An analysis of variance test for normality (complete samples).
Biometrika, 52, 591-611.

SHARP, T. M., MOREIRA, R., SOARES, M. J., DA COSTA, L. M., MANN, J., DELOREY, M., HUNSPERGER,
E., MUNOZ-JORDAN, J. L., COLON, C. & MARGOLIS, H. S. 2015. Underrecognition of dengue
during 2013 epidemic in Luanda, Angola. Emerging Infectious Diseases, 21, 1311.

SIMON, H. 1983. Research and publication trends in systematic zoology. London: The City University.

SMITH, D. L., DUSHOFF, J. & MCKENZIE, F. E. 2004. The risk of a mosquito-borne infectionin a
heterogeneous environment. PLOS Biol, 2, e368.

SMITHBURN, K. & HADDOW, A. 1944. Semliki Forest Virus. I. Isolation and Pathogenic Properties.
Journal of Immunology, 49, 141-57.

SMITHBURN, K., HUGHES, T., BURKE, A. & PAUL, J. 1940. A Neurotropic Virus Isolated from the Blood
of a Native of Uganda. American Journal of Tropical Medicine and Hygiene, 1, 471-492.

102



SMITHBURN, K. C. 1958. Problems of the arthropod-borne viruses in Africa. Ann Soc Belg Med Trop
(1920), 38, 347-358.

SOTA, T. & MOGI, M. 1992. Interspecific variation in desiccation survival time of Aedes (Stegomyia)
mosquito eggs is correlated with habitat and egg size. Oecologia, 90, 353-358.

SOUSA, W. P. 1979. Disturbance in marine intertidal boulder fields: the nonequilibrium maintenance
of species diversity. Ecology, 60, 1225-1239.

SPELLERBERG, I. F. & FEDOR, P. J. 2003. A tribute to Claude Shannon (1916—2001) and a plea for more
rigorous use of species richness, species diversity and the ‘Shannon—-Wiener’Index. Global
Ecology and Biogeography, 12, 177-179.

STEYN, K. H. & JJ, R. I. 1955. A Culicine mosquito survey of the upper Limpopo River Valley. Journal of
the Entomological Society of Southern Africa, 18, 238-246.

SUDEEP, A. & SHIL, P. 2017. Aedes vittatus (Bigot) mosquito: An emerging threat to public health.
Journal of Vector Borne Diseases, 54, 295.

SWANEPOEL, R. 2003. Classification, epidemiology and control of arthropod-borne viruses. In: TUSTIN,
J. A. C. A. R. C. (ed.) Infectious diseases of livestock in Infectious diseases of livestock. 2 ed.
Cape Town: Oxford University Press.

SWANEPOEL, R. & COETZER, J. 2004. Rift valley fever. Infectious diseases of livestock, 2, 1037-1070.

SWANEPOEL, R. & CRUICKSHANK, J. 1974. Arthropod borne viruses of medical importance in Rhodesia
1968-1973. Central African Journal of Medicine, 20, 71-9.

TABACHNICK, W. J.,, MUNSTERMANN, L. E. & POWELL, J. R. 1979. Genetic distinctness of sympatric
forms of Aedes aegypti in East Africa. Evolution, 33, 287-295.

TANTELY, L. M., BOYER, S. & FONTENILLE, D. 2015. A review of mosquitoes associated with Rift Valley
fever virus in Madagascar. American Journal of Tropical Medicine and Hygiene, 92, 722-729.

TATEM, A. J., HAY, S. I. & ROGERS, D. J. 2006a. Global traffic and disease vector dispersal. Proc Nat/
Acad Sci USA, 103, 6242-6247.

TATEM, A. J., ROGERS, D. J. & HAY, S. 2006b. Global transport networks and infectious disease spread.
Advances in Parasitology, 62, 293-343.

TAYLOR, R., HURLBUT, H., WORK, T., KINGSTON, J. & FROTHINGHAM, T. 1955. Sindbis Virus: A Newly
Recognized Arthropod-Transmitted Virusl. American Journal of Tropical Medicine and
Hygiene, 4, 844-862.

TAYLOR, R., WORK, T., HURLBUT, H. & RIZK, F. 1956. A Study of the Ecology of West Nile Virus in
Egyptl. American Journal of Tropical Medicine and Hygiene, 5, 579-620.

TOMA, L., DI LUCA, M., SEVERINI, F., BOCCOLINI, D. & ROMI, R. 2011. Aedes aegypti: risk of
introduction in Italy and strategy to detect the possible re-introduction. Vet Ital Collana
Monogr, 23, 18-26.

TRAORE-LAMIZANA, M., ZELLER, H. G., MONDO, M., HERVY, J.-P., ADAM, F. & DIGOUTTE, J.-P. 1994.
Isolations of West Nile and Bagaza viruses from mosquitoes (Diptera: Culicidae) in central
Senegal (Ferlo). Journal of Medical Entomology, 31, 934-938.

TRUEMAN, D. W. & MCIVER, S. B. 1986. Temporal patterns of host-seeking activity of mosquitoes in
Algonquin Park, Ontario. Canadian Journal of Zoology, 64, 731-737.

UEJIO, C. K., KEMP, A. & COMRIE, A. C. 2012. Climatic controls on West Nile virus and Sindbis virus
transmission and outbreaks in South Africa. Vector-Borne and Zoonotic Diseases, 12, 117-125.

UGHASI, J., BEKARD, H. E., COULIBALY, M., ADABIE-GOMEZ, D., GYAPONG, J., APPAWU, M., WILSON,
M. D. & BOAKYE, D. A. 2012. Mansonia africana and Mansonia uniformis are vectors in the
transmission of Wuchereria bancrofti lymphatic filariasis in Ghana. Parasites & Vectors, 5, 89.

UNEKE, C. 2009. Deforestation and Malaria in sub-Saharan Africa: an overview. The Internet Journal
of Tropical Medicine, 6.

UYAR, Y. 2013. Arboviral Infections around the World. Journal of Tropical Diseases.

VAN DER LINDE, A. 1982. Species richness and relative abundance of female mosquitoes at a site in
the western Orange Free State. Journal of the Entomological Society of Southern Africa, 45,
57-67.

103



VAN EEDEN, C., WILLIAMS, J. H., GERDES, T. G., VAN WILPE, E., VILJOEN, A., SWANEPOEL, R. & VENTER,
M. 2012a. Shuni virus as cause of neurologic disease in horses. Emerging Infectious Diseases,
18, 318.

VAN EEDEN, C., WILLIAMS, J. H., GERDES, T. G. H., VAN WILPE, E., VILJOEN, A., SWANEPOEL, R. &
VENTER, M. 2012b. Shuni virus as cause of neurologic disease in horses. Emerging Infectious
Diseases, 18, 318-321.

VAN NIEKERK, S., HUMAN, S., WILLIAMS, J., VAN WILPE, E., PRETORIUS, M., SWANEPOEL, R. & VENTER,
M. 2015a. Sindbis and middelburg old world alphaviruses associated with neurologic disease
in horses, South Africa. Emerging Infectious Diseases, 21, 2225.

VAN NIEKERK, S., HUMAN, S., WILLIAMS, J., VAN WILPE, E., PRETORIUS, M., SWANEPOEL, R. & VENTER,
M. 2015b. Sindbis and Middelburg old world alphaviruses associated with neurologic disease
in horses, South Africa. Emerging Infectious Diseases, 21, 2225-2229.

VAN STADEN, P. & BREDENKAMP, G. 2005. Major plant communities of the Marakele National Park.
Koedoe, 48, 59-70.

VANDERMEER, J. H. & GOLDBERG, D. E. 2013. Population ecology: first principles. Princeton University
Press.

VENTER, M. 2018. Assessing the zoonotic potential of arboviruses of African origin. Curr Opin Virol, 28,
74-84.

VENTER, M., PRETORIUS, M., FULLER, J. A., BOTHA, E., RAKGOTHO, M., STIVAKTAS, V., WEYER, C.,
ROMITO, M. & WILLIAMS, J. 2017. West Nile Virus Lineage 2 in Horses and Other Animals with
Neurologic Disease, South Africa, 2008-2015. Emerg Infect Dis, 23, 2060-2064.

VENTER, M., STEYL, J., HUMAN, S., WEYER, J., ZAAYMAN, D., BLUMBERG, L., LEMAN, P. A., PAWESKA,
J. & SWANEPOEL, R. 2010. Transmission of West Nile virus during horse autopsy. Emerging
Infectious Diseases, 16, 573.

VENTER, M. & SWANEPOEL, R. 2010. West Nile virus lineage 2 as a cause of zoonotic neurological
disease in humans and horses in southern Africa. Vector-Borne and Zoonotic Diseases, 10, 659-
664.

VENTER, M., VAN EEDEN, C., WILLIAMS, J., VAN NIEKERK, S., STEYL, J., JOOSTE, T. & SWANEPOEL, R.
2014. Arboviruses associated with neurological disease in animals in South Africa and their
zoonotic potential in humans. International Journal of Infectious Diseases, 21, 184.

VERBERK, W. 2012. Explaining general patterns in species abundance and distributions. Nature
Education Knowledge, 3, 38.

VITTOR, A. Y., GILMAN, R. H., TIELSCH, J., GLASS, G., SHIELDS, T., LOZANO, W. S., PINEDO-CANCINO, V.
& PATZ, J. A. 2006. The effect of deforestation on the human-biting rate of Anopheles darlingi,
the primary vector of falciparum malaria in the Peruvian Amazon. American Journal of Tropical
Medicine and Hygiene, 74, 3-11.

WANG, M.-H., MARINOTTI, O., VARDO-ZALIK, A., BOPARAI, R. & YAN, G. 2011. Genome-wide
transcriptional analysis of genes associated with acute desiccation stress in Anopheles
gambiae. PLoS One, 6, €26011.

WATTS, A. G., MINIOTA, J., JOSEPH, H. A., BRADY, O. J., KRAEMER, M. U., GRILLS, A. W., MORRISON,
S., ESPOSITO, D. H., NICOLUCCI, A. & GERMAN, M. 2017. Elevation as a proxy for mosquito-
borne Zika virus transmission in the Americas. PloS one, 12, e0178211.

WEGBREIT, J. & REISEN, W. K. 2000. Relationships among weather, mosquito abundance, and
encephalitis virus activity in California: Kern County 1990-98. Journal of the American
Mosquito Control Association, 16, 22-27.

WEINBREN, M., HEYMANN, C., KOKERNOT, E. & PATERSON, H. 1957. Studies on arthropod-borne
viruses of Tongaland. VII. Simbu virus, a hitherto unknown agent isolated from Aedes
(Banksinella) circumluteolus Theo. South African Medical Journal, 22, 93-102.

WEINBREN, M., KOKERNOT, R. & SMITHBURN, K. 1956. Strains of Sindbis-Like Virus isolated from Cu
Heine Mosquitoes in the Union of South Africa. I. Isolation and Properties. South African
Medical Journal, 30, 631-6.

104



WHO 1967. Arboviruses and Human Diseases: Report of a WHO Scientific Group. World Health
Organization.

WHO 2014. A global brief on vector-borne diseases. World Health Organization.

WILKINSON, D. M. 1999. The disturbing history of intermediate disturbance. Oikos, 145-147.

WILSON, M. E. 1995. Travel and the emergence of infectious diseases. Emerging Infectious Diseases,
1, 39.

WOLDA, H. 1989. Seasonal cues in tropical organisms. Rainfall? Not necessarily! Oecologia, 80, 437-
442,

WOLDA, H. & WONG, M. 1988. Tropical insect diversity and seasonality. Sweep-samples vs. light-traps.
Proceedings of the Koninklijke Nederlandse Akademie van Wetenschappen: Series C: Biological
and medical sciences.

WORTH, C. & MEILLON, B. 1960. Culicine mosquitoes (Diptera: Culicidae) recorded from the province
of Mocambique (Portuguese East Africa) and their relationship to arthropod-borne viruses.
Anais do Instituto de Medicina Tropical, 17, 231-256.

WORTH, C. B. & PATERSON, H. 1961. Culicine mosquitoes in southern Africa. Rev Ent Mogq, 4, 65-70.

WORTH, C. B., PATERSON, H. & DE MEILLON, B. 1961. The incidence of arthropod-borne viruses in a
population of culicine mosquitoes in Tongaland, Union of South Africa (January, 1956, through
April, 1960). American Journal of Tropical Medicine and Hygiene, 10, 583-592.

WU, P.-C.,, GUO, H.-R., LUNG, S.-C,, LIN, C.-Y. & SU, H.-J. 2007. Weather as an effective predictor for
occurrence of dengue fever in Taiwan. Acta tropica, 103, 50-57.

YAMANA, T. K. & ELTAHIR, E. A. 2013. Incorporating the effects of humidity in a mechanistic model of
Anopheles gambiae mosquito population dynamics in the Sahel region of Africa. Parasites &
Vectors, 6, 235.

YANOVIAK, S. P. 1999. Community structure in water-filled tree holes of Panama: effects of hole height
and size. Selbyana, 106-115.

YOCCOZ, N. G., NICHOLS, J. D. & BOULINIER, T. 2001. Monitoring of biological diversity in space and
time. Trends Ecol Evol, 16, 446-453.

ZEHENDER, G., VEO, C., EBRANATI, E., CARTA, V., ROVIDA, F., PERCIVALLE, E., MORENO, A., LELLI, D.,
CALZOLARI, M. & LAVAZZA, A. 2017. Reconstructing the recent West Nile virus lineage 2
epidemic in Europe and Italy using discrete and continuous phylogeography. PLoS One, 12,
e0179679.

ZHOU, G., MINAKAWA, N., GITHEKO, A. & YAN, G. 2004. Spatial distribution patterns of malaria vectors
and sample size determination in spatially heterogeneous environments: a case study in the
west Kenyan highland. Journal of Medical Entomology, 41, 1001-1009.

105



