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1) Introduction

The aim of QWeCl deliverable D1.1.a was to ascertain the potential effects of changes in climate
upon selected infectious diseases of Africa. Initially, the work-package partners needed to decide
which infections would be of greatest interest to the QWeCl project, and after discussion the short-
list included Malaria, Rift Valley Fever and the tick-borne diseases Theileriosis, Babesiosis,
Anaplasmosis, Tick-bite Fever and Cowdriosis. Work-package partners were apportioned specific
diseases which they were to work on as a part of the work-package.

Information exported from the ENHanCEd Infectious Diseases (EID2) database was used to ascer-
tain the names of vector species involved in the transmission of the chosen African diseases, and
the geographical range of each of these vector species. The names of these vectors, along with
the names of the diseases and the pathogens which cause them and any associated acronyms
and synonyms were then used to undertake semi-automated literature searches to identify litera-
ture which potentially contained evidence for the effects of climate drivers upon some aspect of the
chosen African diseases.

Work-package partners were provided with links to the literature identified by the searches and
they examined each of these papers in order to write a review of the effects of climate upon each
disease or set of diseases.

2) Methodologies
a) ENHanCEd Infectious Diseases database to ascertain vector species of each disease

The effects of climate upon disease were to be examined by utilising resources which were set up
for a previous project, the ERA NET funded ENHanCE project. The main resource used was a
unique database, the ENHanCEd Infectious Diseases (EID2) database [1], which contains informa-
tion on both the pathogens of all animals (not including fish), including mankind, and their occur-
rence not just in Europe, but around the globe. The EID2 is a relational database which was cre-
ated using s#arp architecture version 2.0 [2] within Visual Studio 2010. The database was de-
signed via classes using domain driven design. As of June 2012, it consists of 38 tables and 31
C# classes. Its core is the NCBI Taxonomy database [3] which provides a hierarchal structure
based on the phylogenetic tree to information on each host, vector or pathogen (here-after referred
to as ‘organism’) node, such that outputs can be obtained for organisms and higher taxonomic
groups (for instance Flaviridae, Ruminantia). The information on each organism node includes evi-
dence of alternative names or synonyms, which were mostly provided as a part of the information
from the NCBI Taxonomy database. Where it was felt that these were not specific enough, we
were able to annotate these names and this information is also stored within the EID2 structure. If
phylogenetic information for an organism had not previously been included within the NCBI Taxon-
omy database, they could be added artificially into the EID2 structure at the correct place within the
phylogenetic tree. Further information about each organism, such as their taxonomic rank (genus,
species etc) or their taxonomic division for pathogens (algae, bacteria, fungi, helminths — including
thorny-headed worms and pentastomids, protozoa, viruses - including prion agents) has then been
stored using a series of statements which are linked into the classes. These statements can be
created using semi-automated methods such as data-mining of meta-data held within the NCBI
Taxonomy database or the NCBI Nucleotide database [4], or they can be nominated by an indi-
vidual using evidence from a publication. Data on publications described within PubMed [5] is also
held as a part of the EID2, with papers included based upon the organisms which they describe,
and abstract information available for recently published papers.

The EID2 is available in a web-based format and is publically accessible (after user registration),
on the world-wide web. It serves as a portal for pathogen information, allowing interrogators to look
at organism data in the context of the evidence available within PubMed or NCBI databases.
http://www.zoonosis.ac.uk/ElID2/

b) Host-pathogen and organism-country information within EID2

Specific information on pathogens affecting a certain host (termed a ‘host-pathogen interaction’) or
pathogens occurring within a country (an ‘organism-country interaction’) was mined from meta-data
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held within the NCBI Nucleotide database [4] and added to the EID2. The last update from the Nu-
cleotide database was undertaken in December 2011. A further source of information utilised for
organism-country interactions came from automated searches of the PubMed database [5] and the
NCBI MeSH library [6]; when the name of an organism and the (minor subject) MeSH term for a
country co-occurred within a certain number of publications, an assumption was made about the
occurrence of that organism within that country.

c) Testing the validity of automatically mined organism-country information in EID2

The threshold number of papers in which to infer a pathogen-location interaction from automated
searches of the PubMed database [5] and the NCBI MeSH library [6] was investigated using two
different approaches.

i) Positive predictive value approach

The positive predictive value (PPV) of a test for whether papers showed a ‘true’ relationship be-
tween a pathogen and country MeSH term was established. This involved using a sub-sample of
papers stratified according to the pathogen and continent on which the MeSH term country was
located, after which papers were selected for inclusion in PPV calculation using a random number
generator. Differences in the likelihood of a truly positive assumed relationship (not previously de-
scribed using NCBI Nucleotide database metadata; [4]) arising as a result of pathogenic status or
taxonomic division were examined using a generalised linear model with binomial errors and logit
link function.

i) Binomial regression modelling approach

A generalised linear model (GLM) with binomial errors and logit link function was used to ascertain
the likelihood of an assumed pathogen-country interaction being correct. The outcome variable
within the model was if a pathogen-country interaction had been reported in metadata from the
NCBI Nucleotide database for at least one Nucleotide sequence. The explanatory variable was the
number of papers from a PubMed search in which a pathogen and country MeSH term had co-
occurred. Non-linear relationships in the data were investigated using generalised additive model-
ling (GAM) and inclusion of polynomial terms or piecewise regression functions in GLMs. The
break points within the piecewise regression functions were explored using an iterative process
where the break increased from the minimum in discrete steps representing the number of papers.
Significantly improved GLM model fits were established by comparing models using Chi-squared
analysis; the final GLM model was ascertained using deviance residuals with the smallest value
being the best fit. The final GLM model included log10(n+1) transformation of the covariate. Fur-
ther to the piecewise GLM analysis, linear spline models were also tested, again exploring breaks
using an iterative process, as this technique would smooth the regression lines together rather
than allowing the model to fit multiple separate lines in order to explain the data.

d) Semi-automated literature searches

Included within the literature searches were each pathogen/disease/vector name, a MeSH term for
Africa [6] to limit the literature collated to the African region, and a climate term from a list of cli-
mate terms which had been finalised after discussion with work-package partners (table 1). All
pathogen/disease/vector hames were run in literature searches with all climate terms, and the
searches period was limited to the years 1900-2010 inclusive. The bibliographic index used for lit-
erature searches was the PubMed database [5], and searches were undertaken using the title and
abstract fields.



Table 1. Climate driver terms used within semi-automated literature searches of PubMed.

absolute humidity

AD (Atlantic Dipole)
aerosol/s

air temperature/s
altered rainfall pattern/s

altitude

ambient temperature/s
AMO (Atlantic Multidecadal
Oscillation)

AMOC (Atlantic Meridional
Overturning Circulation)
annual rainfall

annual temperature variation
AO (Arctic Oscillation)

AAO (Antarctic Oscillation)
arid climate

break cycle

changes in climate

climate

climate change

climate condition/s

climate driver

climate variable/s
climate variance
climate-driver

climatic condition/s
coldwave/ cold wave
convection

convective rainfall

cool temperature/s
cooler temperature/s
cyclone

day-degrees

days of temperature
daytime temperture
decreased temperature/s
dew point

dew point temperature
diurnal range

drizzle

drought

dry

dry conditions

dry seasonal

dry spell

dust

dusty

elevated temperature/s

ENSO (El Nino Southern
Oscillation)/El Nino/El Nifio/La
Nina/La Nifia

extreme weather

flood

flooding

fog

freezing

freezing level

freezing point

frost

heatwave/ heat wave

heavy rain

heavy rainfall

high night-time temperature/s
high rainfall

high summer temperature/s

high temperature/s
higher temperature/s
humid

humidity

hurricane

ice day

increased temperature/s
10D (Indian Ocean Dipole)
IPD (Indian Pacific Dipole)
LAl (Leaf Areaindex)

large rainfall event

light rain

light rainfall

long rains

longwave radiation

low night-time temperature/s
low rainfall

low summer temperature/s
low temperature/s

lower temperature/s
maximum relative humidity

maximum summer temperature
maximum temperature
maximum wind speed
maximum winter temperature
mean annual temperature

mean summer temperature
mean temperature

mean wind

mean wind speed

mean winter temperature
microclimate

minimum relative humidity
minimum summer temperature
minimum temperature
minimum wind speed
minimum winter temperature
MJO (Madden Julian Oscillation)
Monsoon

Monsoon onset

NAO (North Atlantic Oscillation)
NDVI (Normalised Difference
Vegetation index)

night-time temperature

NOI (Northern Oscillation Index)
PNA (Pacific North American
Index )

PDO (Pacific Decadal Oscillation)
precipitation

precipitation seasonality
pre-monsoon

QBO (Quasi Biennal Oscillation)
radiosonde

radio sonding

rain

rainfall

rain-gauge

rainy season

relative humidity (RH)

runoff

salinity

SAM (Southern Anular Mode)
satellite

saturation deficit

sea level pressure
sequential days with rain
sequential days without rain
shortwave radiation

small rainfall event

SOI (Southern Oscillation Index)
saturation vapour pressure

short rains

soil moisture

solar flux

southern oscillation

squall

squall line

storm

summer rainfall

summer temperature/s

TAD (Tropical Atlantic Dipole)
temperature seasonality

THC (ThermoHaline circulation)
thermometer

total annual rainfall
total summer rainfall
total winter rainfall

turbidity

upper temperature/s
vapour pressure
vapour pressure deficit
warm temperature/s
warm years

warmer temperature/s
weather station

wet conditions

wet season

wind

wind speed

windy

winter rainfall

winter rainy day/s
winter temperature/s
XBT

3) Results

a) ENHanCEd Infectious Diseases database to ascertain vector species of each disease

A list of 158 names of pathogens, potential vectors and disease names was used for the literature
searches. This included 7 bacteria species or genus, 45 flies, 20 protozoans, 84 ticks and 2 vi-

ruses.

b) Testing the validity of automatically mined organism-country information in EID2

i) Positive predictive value approach
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If there was no direct evidence available from the NCBI Nucleotide database, a threshold (t) of five
papers from PubMed in which a pathogen name and MeSH term for a country co-occurred within a
paper was used as evidence of pathogen occurrence. This was based upon a preliminary study in
which papers had been stratified according to the pathogen and the continent to which they were
linked via a MeSH term for a country. The evidence within papers was then checked to ascertain
true evidence of a pathogen occurring within a MeSH term country. This allowed the calculation of
the PPV of the test (1-((1-PPV)"t)). The PPV for each paper was 0.95 (SE=0.05), and so a thresh-
old of 5 papers was chosen which would mean that we could be 99.9% certain of a ‘true’ relation-
ship. The likelihood of an assumed relationship between a pathogen and a MeSH term country be-
ing true was not affected by pathogenic status (P=0.393) or taxonomic division (P>0.05).

i) Binomial regression modelling approach

Having explored GAM results and a fifth order polynomial term within GLMs, a log10(n+1) trans-
formation of the explanatory variable within a final binomial regression model included a piecewise
function with two breaks. The regression results suggest that the number of papers identified using
PubMed is positively related to the likelihood of a pathogen-country interaction having been re-
ported in the NCBI Nucleotide database, but the significance and characteristics of this relationship
change dependent upon the number of PubMed papers (Overall results, df=5,3223, P<0.001). The
breaks points for lines were between 2 and 3 papers and 6 and 7 papers, with the likelihood of Nu-
cleotide evidence increasing as PubMed papers change from 3-6, to 1-2, to 7 and above. The al-
ternative linear spline model explained slightly less of the residual deviance in the model (3974.8
as opposed to 3970.7, respectively) and thus less of the variation between data points; however, it
too suggested two breaks points with similar differences in the characteristics of each section of
the regression line.

c) Semi-automated literature searches

The 25,754 individual literature searches undertaken returned a total of 2889 rows of data which
potentially describe the effect of a single climate driver upon a pathogen, vector species or dis-
ease. This included 2031 rows for Malaria, 262 rows for Rift Valley Fever, and 596 rows for tick-
borne diseases.

4) Bibliography for introduction, methodologies and results sections

1. University of Liverpool (2011) The ENHanCEd Infectious Diseases database (EID2). National
Centre for Zoonosis Research, http://www.zoonosis.ac.uk/eid2

2. Inc. Cl (2009) S#arp Architecture Indiana, https://github.com/sharparchitecture/Sharp-
Architecture

3. National Center for Biotechnology Information USNLoM (2012) The NCBI Taxonomy database
homepage, http://www.ncbi.nim.nih.gov/Taxonomy/

4. National Center for Biotechnology Information USNLoM (2012) The NCBI Nucleotide database
homepage, http://www.ncbi.nlm.nih.gov/nuccore

5. Anon. PubMed, Bethesda, Maryland, US, http://www.ncbi.nlm.nih.gov/pubmed/
National Center for Biotechnology Information (NCBI), National Library of Medicine (NLM).

6. National Center for Biotechnology Information USNLoM (2012) The NCBI Medical Subject
Headings (MeSH) database homepage, http://www.ncbi.nlm.nih.gov/mesh

5) Results of the literature reviews including integral bibliographies

a) Review of the effects of climate drivers upon Malaria in Africa

i) Introduction

Malaria affects large parts of Africa and Asia and is responsible for nearly 800,000 deaths annu-
ally. Despite interventions resulting in reduction in global malaria mortality in the last 10 years
[WHO, 2010], much concern still exists that in regions where malaria is either endemic, seasonal
or has been present in the recent past, climate change might affect its presence and/or prevalence.
In most African countries, more than 75% of cases are due to Plasmodium falciparum, whereas in
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most other countries with malaria transmission, other, less virulent plasmodial species predomi-
nate. Almost all malarial deaths are caused by P. falciparum (WHO, 2008).

In Ghana, malaria is the most frequent cause of morbidity and mortality and constitutes approxi-
mately 40% of all out-patient department diagnosis across the country (Koram, 2003).

Malaria kills an African child every thirty seconds with 90% of all malaria deaths occurring in Sub-
Saharan Africa (www.rbm.who.int. History of malaria). Malaria, apart from its public health impor-
tance, is also of economic significance (Gallup and Sachs, 2001).

Ecological studies in many areas of Africa show that altitude and bioclimatic structures have an
important impact on vector distribution (Mwagangi et al 2007). Temperature, rainfall, relative hu-
midity and altitude are the four major factors affecting the presence and abundance of anopheles
mosquitoes in any given area (Maxwel et al 2003). This review discusses the effects of environ-
mental factors such as altitude and topography as well as climatic factors such as rainfall, ambient
and water temperature, and relative humidity that influences the dynamics of the vector population
and vectorial capacity of the main Afro-tropical vectors involved in malaria transmission. Notably
Anopheles arabiensis, An. gambiae s.s. and A. melas of the An. gambiae complex. Others are; A.
funestus, A. nili and A. pharoensis.

ii) A. gambiae s.s
1) Ecological requirement

The A. gambiae Giles complex comprises six hamed species, one unnamed species and several
‘incipient’ species. It includes two of the most effective vectors and a third minor vector of malaria
parasites in Africa (Gillies & Coetze, 1987, Hunt et al. 1998). The breeding habitats of these spe-
cies, notably A. gambiae s.s. A. arabiensis, and A. Melas, are generally similar with slight varia-
tions. The larvae of A. gambiae are commonly found in clear, sunlit pools of water in small depres-
sions such as foot or hoof prints, the edges of bore holes and burrow pits, roadside puddles formed
by tire tracks, irrigation ditches and other man-made shallow water bodies [Mutuku et al 2007].
They have also been found breeding in polluted water rich in organic matter [Keating et al
2004,Castro et al 2010], in large bodies of water such as flood plains, and in pools of water along
lake shores especially when there are fluctuations in water level as occurs in Lake Victoria in
Kenya [Minakawa et al 2008]. Environmental alterations due to deforestation, swamp reclamation
mainly for agriculture, excavation of sand and building stones, brick making and vegetation clear-
ance may lead to an increase in larval habitats [Carlson et al 2004]. Grass growing in the larval
habitats seems to be an additional requirement, since habitats with grass growing in them have
been found to have more larvae than habitats with other vegetation types or open habitats [Imba-
hale et al 2011], Fillinger and others [2004]. These observations suggest that grass protects mos-
quito larvae from being swept or flushed away by running water [Paaijmans et al 2007]. Grass
could also be convenient in offering newly emerged adult and gravid mosquitoes a shaded resting
site. Consequently, this may lead to an increase in mosquito-human contact, eventually leading to
an increase in malaria transmission.

2) Altitude and temperature and rainfall

As altitude increases, temperature declines. Development and survival of A. gambiae and its para-
site are critically dependent on the ambient temperature; as the temperature drops so does the risk
of infection. Models focusing on the impact of temperature on parasite development time in the
vectors, assume a highland zone with malaria vectors, but without malaria transmission. Such
zones would be prone to epidemics if temperatures temporarily increase and permit sporogony in
the existing vector population.

The primary effect of increasing altitude is a log-linear reduction in vector abundance and, to a
lesser extent, a reduction in the proportion of infective mosquitoes [Bodker et al., 2003]. Along an
altitude transect in the Usambara mountains in Tanzania, Bodker et al (2003) observed that be-
tween a village at 300m altitude with temperature of 20.2 and 30 °C (Min & Max), and a highland
village at 1700m with temperatures between 11.7 (Min) and 20.6°C (Max), there was a reduction of
>1000-fold in malaria transmission intensity. Below 16 °C, the aquatic stages of tropical Anophe-
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les fail to develop or take a long time to develop (24 days) [Koenraadt et al., 2006], for instance in
the cold temperatures of the highlands. Adult mosquitoes breed locally in the highlands [Bodker et
al 2003] or they are dispersed from the lowlands [Koenraadt et al 2006].

Whichever way breeding occurs, highland malaria transmission is maintained at extraordinarily low
vector densities. This is because, A. gambiae s.I can avoid extreme temperatures by resting in
more favourable microclimates; for example, inside occupied houses the temperatures can be 3-
6.5 °C warmer than outside [Bodker et al 2003]. Paaijmans et al (2007) showed that the mean
daily water temperatures (in small, medium and large pools preferred by A. gambiae) in the high-
lands were generally higher than the mean air temperature, which eventually led to rapid develop-
ment times. Koenraadt et al., (2006) observed A. gambiae s.s. was a better survivor than A. arabi-
ensis.

Several authors have reported malaria transmission in the highlands of East Africa being main-
tained by A. gambiae s.s. A sporozoite rate of up to 10% has been reported for A. gambiae at high
altitudes from 1000m to >1500m in Tanzania (Mboera et al 2006). Shililu et al (1998) in the high-
lands of western Kenya observed entomological inoculation rates (EIRs) of 29.2 infective bites per
person per year due to A. gambiae s.s with a sporozoite rate of 6.3%. It is known that in the high-
lands, low temperatures prevented parasite development in mosquitoes during the cool season
rains; highland transmission is therefore limited to the warm dry season when vector densities
were low. It goes without saying that in the event of climate change, when the highlands experi-
ence elevated temperatures, malaria epidemics would be expected.

3) Humidity and rainfall

For a period of two years, Imbahale et al (2011) studied the ecology of A. gambiae, A. arabiensis
and A. funestus in the highland villages of western Kenya. The area had altitudes ranging from
1,520-1,560 m, characterized by the cold and undulating hills that often form basin-shaped valleys
that are prone to flooding, offering excellent mosquito breeding habitats. They observed that peaks
in relative humidity coincided with higher amounts of rainfall and led to increases in larvae density
in the following month. Cross correlation analysis showed that with no time lag, weekly rainfall sig-
nificantly led to high densities of early instars in both temporary and permanent habitats. With a
two-week time lag, early instars increased in density with increased rainfall, while late instars in-
creased with a three-week time lag in both permanent and temporary habitats. Overall average,
weekly temperatures of >19°C and relative humidity >80% was optimal.

Similar to the larval abundance dynamics, the relative proportion of A. gambiae s.s. in the adult
population peaked shortly after the onset of the rainy season, while A. arabiensis is the more
dominant species during the dry season [Awolola et al., 2002]. A comparable differentiation can be
observed on a spatial scale with A. arabiensis occurring in the more arid areas of Africa [Gillies and
Coetzee, 1987]. On a finer spatial scale, adult A. gambiae s.s. were collected more frequently in
the foothills of western Kenya, while A. arabiensis was more abundant on the plains that received
less rain [White, 1972]. This difference has been explained by the different sensitivities of A. gam-
biae s.s. and A. arabiensis towards humidity conditions [Coz, 1973].

Increases in rainfall has been found to significantly correlate with an increase in number of larval
A. gambiae s.l. habitats and the number of female A. gambiae s.l. collected from CDC-light traps
housed following a one week time lag. The one week lag most likely reflect the time it takes to
colonize habitats plus the time for eggs to develop into adults. It has also been observed that both
larval and adult populations show a significant increase in the proportion of A. gambiae s.s. within
the mixed population of A. gambiae s.s. and A arabiensis over time. The ratio of rainfall over pre-
cipitation/potential evapo-transpiration (P/PE), indicative of the humidity conditions in the area, is
the driving force of this increase (Konraadt et al 2004).

iif) Anopheles arabiensis

A. arabiensis and A. gambiae are the principal vectors of malaria in sub-Saharan Africa, but in
some areas, such as the Great Rift Valley in East Africa, A. arabiensis is the predominant malaria
vector species (Minakawa et al. 2002). A. arabiensis is better adapted to dry environments than A.
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gambiae [Lindsay et al. 1998]. A. arabiensis, when compared to A. gambiae, is described as a
zoophilic, exophagic and exophilic species [White 1972]. However, it is also known to have a wide
range of feeding and resting patterns, depending on geographical location [Gillies and Coetzee et
al 1987]. This behavioural plasticity allows A. arabiensis to adapt quickly to counter indoor IRS
control, where suitable genotypes occur [Coluzzi et al 1979].

1) Ecological requirement

A. arabiensis is considered a species of dry, savannah environments and sparse woodland [Coet-
zee et al 2000], yet it is known to occur in forested areas, but only where there is a history of recent
land disturbance or clearance [Coetzee et al 2000]. Its larval habitats are similar to those of A.
gambiae: generally small, temporary, sunlit, clear and shallow fresh water pools [Gimnig et al
2001], although A. arabiensis is able to utilize a greater variety of locations than A. gambiae, in-
cluding slow flowing, partially shaded streams [Shililu et al 2003] and a variety of large and small
natural and man-made habitats. It has been found in turbid waters [Gimnig et al 2001, 2000] and,
on occasion, in brackish habitats [Bagh et al 2003]. It readily makes use of irrigated rice fields,
where larval densities are related to the height of the rice, peaking when the plants are still rela-
tively short and then dropping off substantially as the rice plants mature [Mutero et al 2000, Mwan-
gangi et al 2007, Dolo et al 2000]. A. arabiensis rapidly colonize rice fields where land use land
cover change occurs (Dolo et al 2000).

2) Altitude and temperature

As a general rule, temperature decreases with increasing altitude and temperature is a key deter-
mining factor in malaria transmission. A. arabiensis seems by far to be the most ubiquitous in its
reported distribution. Okara et al (2010) found A. gambiae in several habitats in Kenya; ‘along the
coast, across Western Kenya and central Kenya including the arid areas of the North West in Tur-
kana district. The ubiquitous extent of A. arabiensis in both urban and rural settings has important
implications for the broader success of vector control approaches promoted in Kenya (Okara et al
2010). The distribution of A. arabiensis is concentrated in the lower rainfall zones, which represent
the drier savannah areas.

A. arabiensis is a vector that predominantly rests outdoors with a general preference for biting
animals, which may have implications for the expansion of IRS into areas where transmission in-
tensity is high and demands accelerated attacks on the vectorial capacity. There are also sugges-
tions that this sibling species of the A. gambiae complex is beginning to dominate over A. gambiae
in recent years, coincidental with expanded ITN coverage across East Africa.

3) Physico chemical characteristics of habitat

Ovipositing female mosquitoes are known to choose among water bodies based on cues such as
temperature, light, water depth, turbidity, and presence of competitors [Lee 1991]. A number of
workers have documented the effects of temperature on the development and relative abundance
of rice land mosquito larvae [Lacey and Lacey 1990]. The influence of environmental covariates in
the abundance of A. arabiensis mosquitoes, in the central province of Kenya has been examined
[Mwagangi et al 2007]. Larval abundance was found to be highest between the transplanting and
vegetative stages. Water temperatures at the experimental plots were highest during these stages
of the rice growth cycle. However, when the rice was at the reproductive stage, water temperatures
declined subsequently and so does the larval density.

Water turbidity is an important parameter associated with the abundance of A. arabiensis larvae in
the habitats. Most larvae are collected from water with either clear or low turbidity. Gimnig et al.
(2001) found increasing A. gambiae s.l. larvae densities with increasing turbidity. Robert et al.
(1998) found a clear-water preference by A. arabiensis breeding in wells in urban Dakar. A study
by Ye-Ebiyo et al. (2003) found that the production of A. arabiensis was favoured in moderately
turbid water, although excessive turbidity limited the production of larvae. Water that is turbid from
particles not edible by Anopheles sp. larvae, could disfavour the production of larvae, whereas wa-
ter that is turbid from food particles represents a very suitable habitat [Mwagangi et al 2007]. Appli-



cation of fertilizer to rice paddies reduces turbidity of the habitat and thus, is an important cue for
mosquito oviposition and consequent increasing larval densities.

Other important factors for the abundance of anopheline mosquito larvae in the habitats were pH
and conductivity. In rice agro ecosystems, pH and conductivity have been shown to be important
factors affecting larval abundance [Case and Washino 1975]. Fertilizer application increases pH
and conductivity, which result in a rise in larval abundance due to greater oviposition by the gravid
Anopheles mosquitoes. Nitrogenous fertilizers have been documented to increase Anopheline and
culicine larvae densities in rice agro ecosystems [Mutero et al. 2004b]. pH was key factor associ-
ated with an increase in Anopheline larval abundance observed by Mwagangi et al 2007.

4) Altitude

A. arabiensis is one of the principal vectors of malaria in throughout sub-Saharan Africa often oc-
curring sympatrically with A gambiae s.s,. However, in some areas, such as the Great Rift Valley in
East Africa, A. arabiensis is the predominant malaria vector species (Minakawa et al. 2002). Nan-
jom et al 2003 also found A. arabiensis to be the principal vector responsible for malaria transmis-
sion in Ethiopia and Eritrea, also known as the horn of Africa. These countries have similar high-
land topographies and high elevation characterized by unigue mountainous areas, rugged plateaus
and interspersed with towering mountains and deep chasms. Hot and humid low lands and semi-
desert areas. With average elevation of 2000 m above sea level and scarce rainfall, this confirms
that A. arabiensis is better adapted to dry environments than A. gambiae (Lindsay et al. 1998).

Observations of Imbahale et al (2011) from Fort Ternan in western Kenyan highlands, indicate that
A. arabiensis comprised 71% of A. gambiae s.l. collected. This is the highest proportion of this
species that has ever been recorded in the highlands of western Kenya. Fort Ternan has average
weekly air temperature of >19°C and an average maximum relative humidity of >80% providing
conducive conditions for malaria transmission. However, the valleys in Fort Ternan are narrow
with steep slopes, causing a rapid drainage of water unless human activities create or construct
water-retaining structures. The presence of A. arabiensis in Fort Ternan can be attributed to the
slow changes in land use, such as deforestation, that leads to changes in micro-climatic conditions
favouring the survival of this species. The air temperatures found were lower than the correspond-
ing water temperatures in the sampled habitats, a factor that seems to favour the existence of A.
arabiensis in high altitude areas.

5) Ambient temperature and flooding

A. arabiensis is the single malaria-transmitting vector found in the desert-flanked Dongola Reach of
the Nile River in Northern State of Sudan and the island of La Reunion. The flooding of the Nile
and changes in ambient temperature determines the spatial changes in A. arabiensis density
[Dukeen et al 1986]. The Nile reaches its highest levels in September coinciding with the lowest
density of A. arabiensis. As the river level falls, suitable breeding sites form, but low winter tem-
peratures delay the resurgence in mosquito numbers. By March, the river level is down almost to
its minimum, but the temperature has not yet reached the summer maxima resulting in the peak of
A. arabiensis density. A month later the temperatures are much higher and mosquito numbers drop
to an intermediate level which is mostly sustained throughout the summer until the flood [Dukeen
et al 1986, Ageep et al 2009].

iv) Anopheles funestus

A. funestus is a member of the Funestus subgroup [Garros et al 2005], which includes A. aruni, A.
confusus, A. funestus, A. parensis and A. vaneedeni. The members of this subgroup exhibit impor-
tant variation in their biology and behaviour, especially in regard to malaria vectorial capacity and
are only morphologically distinguishable during certain stages in their development [Cohuet et al
2003]. However, only A. funestus is regarded as an important vector of malaria from in this sub-
group [Coetzee et al 2004].

Some A. funestus were collected during the study period. However, this species is known to thrive
well in hot and humid environments as opposed to the hot and dry conditions [Taylor et al 1993,
Munga et al 2006]. It is also possible that lack of suitable long-lasting habitats preferred by this
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species may partly account for the low densities witnessed in the current study [ljumba et al 2002].
However, A. funestus complex appeared to be more important at 1,000 m. Here, the high rainfall
probably provided perennial breeding in the permanent pools formed by a stream running through
the middle of the village.

1) Altitude and ecological requirements

A. funestus is present in most of tropical Africa, and is the second most important vector of malaria.
Abundant in open savannah but also in highlands up to 2,000m, the characteristic breeding site is
a large deep and permanent pool of water shaded by vegetation, but mosquitoes also breed in
swamps, lakeshores, streams, ponds, floating vegetation, low grass and rice, provided optimum
breeding conditions persist. A typical A. funestus larval habitat is a large, permanent or semi-
permanent body of fresh water with emergent vegetation, such as swamps, large ponds and lake
edges. Larvae have been found in shaded and sunlit environments and Gillies & de Meillon [1968]
concluded that A. funestus uses emergent vegetation as a refuge against predation while the
shading it casts, or the presence of shade from overhanging plants, is of lesser importance. In
some areas, A. funestus larvae, as with A. arabiensis, are associated with rice cultivation (e.qg.
Madagascar, Mali) [Carnevale et al 1999]. Where they are found, their favoured environmental
conditions are very different to those of A. arabiensis. A. funestus replaces A. arabiensis in a suc-
cessive temporal process during rice plant growth, exhibiting higher densities in older, maturing
fields compared to the preceding open conditions preferred by A. arabiensis [Carnevale et al
1999]. A. funestus is considered to be highly anthropophilic [Duchemin et al 2006], which led
Charlwood et al. [1996] to propose that A. funestus may have been the first Anopheline species to
specialize on biting humans, surmising that its preferred larval sites (permanent water bodies in
savannah-like environments) are likely to have been areas where humans first settled.

v) Anopheles melas

There is relatively little contemporary information about the behaviour of A. melas, perhaps be-
cause it is generally considered to be a vector of lesser importance, specifically where it occurs in
sympatry with A. gambiae or A. arabiensis.

A study of the species composition of the A. gambiae complex in different vegetation zones in
Ghana reveals the predominance of A. gambiae with a local presence of A. melas in areas with
brackish water along the southern coast (Appawu et al. 1994). Bryan et al. (1987) studied the bio-
nomics of sympatric populations of A. melas and A. gambiae in Gambia, western Africa and re-
ported that the distribution of A. melas was limited to the vicinity of breeding sites associated with
mangrove swamps, and it was less anthropophilic and more exophilic than A. gambiae. However,
Awolola et al. (2002) reported that both A. gambiae and A. melas were anthropophagic in south-
western Nigeria. A. melas was reported to be present all year long and consisted of 36.9% of the
mosquito population found in the holo-endemic area of coastal Lagos, south-western Nigeria,
(Awolola et al 2002). In this area A. melas was reported to be predominantly anthropophagic with
1.9% of them infected with P. falciparum. A. melas contributed significantly to the malaria trans-
mission in this area, and was actually found to be the main vector that maintained transmission of
P. falciparum during the dry season in Coastal Nigeria (Awolola et al 2002). Bogh et al 2003,
sampled mosquito larvae and pupae in specific habitats in the flooded alluvial soils bordering the
river in the central region of rural Gambia, during the rainy seasons of 1996 and 1997. The largest
numbers of larvae were found during September, one month after the peak rains. A. melas (Theo-
bald) was the dominant species (81.5%), followed by A. gambiae sensu stricto (Giles) (18.0%). A.
melas coexisted with A. gambiae s.s. often but whereas A. melas were found in water with a salin-
ity of up to 72% sea water (25.2 g NaCl I(-1)), A. gambiae s.s. only occurred in water with up to
30% sea water (10.5 g NaCl I(-1)). A. melas larvae were found in association with plant communi-
ties dominated by sedges and grasses (Eleocharis sp., Paspalum sp., Sporobolus sp.) and sea-
purslane Sesuvium portulacastrum (L.) and the presence of cattle hoof prints, as reported by Diop
and others (2002) in an entomological study of villages located in the Delta's Saloum (Senegal).
This study allowed a better understanding of the contribution of A. melas to malaria transmission in
mangrove swamp in Senegal. They observed that two villages (Djifere and Diakhanor) located be-
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tween the sea and the river, are colonized entirely by A. melas. However, during the rainy season
and at the beginning of the dry season, A. melas and A. arabiensis are sympatric. But the ratio of
A. melas/A. arabiensis increases towards the coast, where A. melas exclusively predominates.
They observed that when A. melas is predominant, endophagy, endophily and anthropophily are
very marked. During the period of sympatry, A. arabiensis is responsible for the transmission and
when it is absent, A. melas is the vector. Transmission occurs from July to March with a maximum
at the beginning of the dry season. In the villages of the mangrove swamp, its prolongation until
the middle of the dry season is due to A. melas.

Bryan (1983). A. melas has a comparably lower sporozoite rate than either A. arabiensis or A.
gambiae (e.g. 0.35% compared to 3.5% for A. gambiae in The Gambia) [Bryan 1983, White et al
1974], yet in coastal areas where it can occur in very high densities it is still a problematic vector of
malaria. Tuno et al (2010) reported that A. melas is highly dominant on the western coast of
Ghana. And that A. melas showed high human blood rates in indoor resting mosquito samples de-
spite the availability of a range of hosts. Tuno et al 2010 observed that, the exophily of A. melas
(also reported by Bryan et al. (1987) is due to the year-around higher humidity in coastal areas and
the people’s habit of more frequent outdoor sleeping along the coast. It was thus concluded that
the blood feeding behaviour of A. melas, and their successive resting behaviours may be largely
influenced by environmental factors in addition to their inherent characteristics.

i) Ecological requirements

A. melas is commonly associated with brackish water and can utilize saline environments that
other species, for example, A. gambiae, cannot tolerate [Bogh et al 2003], yet does not appear to
require brackish water for larval stage development [Gelfand et al 1955]. It is generally restricted to
coastal areas [Gelfand et al 1955] but has been found up to 150 km inland along the Gambia
River, where salt water can intrude great distances (up to 180 km) upriver [Bryan et al 1897]. The
density fluctuations of A. melas are closely associated with tidal changes rather than seasons, for
example, Gelfand [1955] identified a peak in adult numbers 11 days after spring tides. The larvae
of this species are associated with salt marsh grass (Paspalum spp.) and mangroves, but only
trees of the genus Avicenna, which include white, grey and black mangrove, and not those from
the genus Rhizophora ('true’ or red mangrove spp.) [Muirhead-Thomson et al 1948]. These posi-
tive and negative associations with mangroves are thought to be strongly influenced by the pre-
dominant soil type associated with the different tree genera. A. melas preferentially oviposits on
damp ground at low tide, rather than in open water, where the eggs are able to survive some de-
gree of desiccation until the tides rise again, and appears to prefer the poorly drained, peaty-like
soil common to Avicenna forests compared to the sandy, gravelly or smooth, fibrous peat soils
common to the Rhizophora stands. Giglioli [1965] surmised, that this behaviour guarantees that the
larvae will have sufficient time to complete their larval development and pupate in the less saline,
relatively permanent waters of the new tide before it begins to recede and the water either be-
comes too salty, or dries out completely.

vi) Anopheles nili complex

A. nili is one of the most important vectors of human malaria in the equatorial forest domain of cen-
tral Africa. It occurs in sympatry with A. moucheti along river networks where their immature stages
are usually found at the edge of large rivers or islands within. These mosquitoes are found in forest
villages and have a broad distribution from Nigeria to Uganda, with A. nili extending its range in the
savannas of Western and Eastern Africa (Gillies and De Meillon, 1968). A. nili is largely exophilic
and feeds on a variety of vertebrates, yet with a high proportion of blood meals taken on humans.
Despite the public health importance of both A. nili and A. moucheti [Awono-Ambene et al., 2004,
Antonio-Nkondijio et al., 2006], the A. nili complex has been generally overlooked in African vector
studies despite being described as a highly efficient vector [Manguin et al 2008]. Amongst mem-
bers of the complex, A. nili is considered the most important vector, although A. carnevalei and A.
ovengensis are implicated as secondary vectors of P. falciparum in Cameroon [Antonio-Nkondjio et
al 2006,].

1) Ecological requirements
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Recent investigations of the ecological requirements of A. nili in Cameroon, a country in Central
Africa at the core of the species range, showed that lotic rivers exposed to sunlight, with vegetation
or debris were the best predictors of A. nili larval abundance [Antonio-Nkondjio et al 2009] and that
habitats characterized by high water vapour pressure and rainfall, as typically observed in forest-
savannah transition areas were of highest quality for the development of the species [Ayala et al
2009]. A. nili however, is scarce in deep forest environments, where it is replaced by other mem-
bers of the group, namely A. carnevalei and A. ovengensis [Awone-Ambene et al 2009, Antonio-
Nkondjio et al 2009]. Larvae of all members of the A. nili complex are found in vegetation at the
edges of fast flowing streams and rivers [Manguin et al 2008]. However, A. ovengensis and A.
carnevalei appear to be restricted to areas of deep forest, whereas A. nili is more abundant along
rivers in degraded forest and savannah [Antonio-Nkondjio et al 2009]. A comprehensive survey of
the river systems across Cameroon found A. nili larvae associated with sunlit sites whereas A.
carnevalei larvae were more commonly found in shaded areas [Antonio-Nkondjio et al 2009].

2) Human biting behavior and vectorial capacity

A. nili is considered to be strongly anthropophilic and will readily bite both indoors and out [Antonio-
Nkondjio et al 2006 and, 2002]. Others have described biting patterns that exploited the behaviour
of their human hosts [Carnevale & Zoulani 1975], biting outdoors in the early evening when people
are socializing, and then continuing to bite indoors once people move inside, with peak feeding oc-
curring after midnight [Antonio-Nkondjio et al 2002]. The resting habits of A. nili are also described
as ‘variable’ [Gillies et al 1968]. Krafsur [1870], in a lowland region of western Ethiopia, rarely
found A. nili resting indoors despite the high densities found biting indoors, are indicative of exo-
philic behaviour. Conversely, Antonio-Nkondjio et al. [2006] examined populations across Camer-
oon and reported A. nili overwhelmingly resting indoors (466 females), with only one female cap-
tured in an outdoor shelter. In the same study they found no A. carnevalei females resting indoors
or in outdoor shelters whereas all resting A. ovengensis captured were found indoors. Conversely,
Awono-Ambene et al. [2004] stated that A. ovengensis was rarely found resting indoors and con-
cluded it had ‘exophilic habits’.

3) Climatic and environmental factors and malaria transmission

Adja et al [2011], observed in southern forested area of Cote d’lvoire, that the most common ma-
laria vectors were A. nili s.s. that helps maintain a high level of malarial transmission during the dry
season. A. nili was present throughout the year and sustained malaria transmission all year round
with the P. falciparum sporozoite rate reaching 2.4%. The estimated EIR for A. nili was very high
i.e. 210 infective bites /person-year. A. nili has also been found to play a major role in malarial
transmission in some villages in a forested area of Cameroon (Carnevale et al., 1992). A. nili (s.1.)
can be said to be a very efficient vector of P. falciparum.

Carnevale et al 1992 reported from the villages near Sanaga river, in the forest zone of south
Cameroon, that, A. nili is the main species of mosquito regularly found biting man inside houses.
Its densities are related to the flow level of the river. It is also the main malaria vector in terms of
intensity and seasonal duration of transmission. The yearly malaria inoculation rate due to A. nili
alone is 104 infective bites/man, varying between 3 infective bites/man in October and 20 in March.

vii) Anopheles pharoensis

The range of A. pharoensis extends throughout the Afrotropical Region, except the central rain-
forest area, spreading into the Palaearctic Region along the Nile up to the Mediterranean coast.

1) Ecological requirements

A. pharoensis is found in marshes, ponds, rice fields, lake shores, swamps, old water lands and
often extensive wet season flooding and floating vegetation. The highest densities of A. pharoensis
are associated with large vegetated swamps, where the main larval habitat is characterized by
floating plants such as Pistia and Potamogeton.

2) Human biting behavior and transmission potential
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A. pharoensis is weakly anthropophilic, and it bites humans and animals indoors or outdoors, rest-
ing outdoors after feeding. Females will enter houses and bite man, but prefer domestic animals.
They feed from dusk to dawn with a peak at about 01:00 (Gillies and deMeillon 1968). The malaria
vector status of A. pharoensis is well established in Egypt (Barber & Rice, 1937), but uncertain in
Africa south of the Sahara, despite several records of sporozoite-positive specimens (Gillies & De
Meillon, 1968; Gillies & Coetzee, 1987). These contrasting views on the vector role of A. pharoen-
sis might be correlated with the existence of different sibling species, as suggested by Miles et al.
(1983) from polytene chromosome studies on material from different African localities. Egyptian
vector populations of A. pharoensis are characterized by the chromosomal Xu inversion, whereas
the alternative standard arrangement X+“allows the recognition of markedly zoophilic and exopha-
gic non-vector A. pharoensis. Both karyotypes occur in sub-Saharan Africa, where apparent varia-
tions in the biting behaviour of A. pharoensis lead to a puzzling situation when analyzing its role as
a vector, particularly in areas where most of the malaria transmission is due to A. funestu.s and A.
gambiae s.1. The finding of five CS-positive specimens, their distribution in time and the scarcity
of other malaria vectors, strongly support the involvement of An. pharoensis in the maintenance of
meso-endemic P. falciparum malaria in the Senegal River delta.

3) Rainfall, irrigation and malaria transmission

In the Ziway area of central Ethiopia where irrigation schemes have improved the lives of the peo-
ple, Kibret et al (2010) found that the abundance of A. pharoensis was significantly higher than that
of A. arabiensis during the dry irrigated period of the year. They also observed that canal leakage
pools, irrigated fields and irrigation canals were the major breeding habitats. Larval and adult
abundance of the malaria vectors, A. pharoensis, was higher in the irrigated than in the non-
irrigated village throughout the period of study. P. falciparum sporozoite infection rates of 0.66%
were determined in A. pharoensis in the irrigated village. Peak biting activities of A. pharoensis oc-
curred before 22:00 h, which is a source of concern that the effectiveness of ITNs may be com-
promised as the mosquitoes feed on blood before people go to bed. The area receives between
700 and 800 mm of annual rainfall, with the main rains from June to September and short rains in
April and May. The mean annual temperature is 20°C. Malaria transmission in Ziway is generally
unstable and seasonal, with peak transmission between September and November, immediately
after the main rainy season and a secondary transmission period between April and May in the
short rainy season. P. falciparum is the most prevalent malaria parasite, responsible for 60—70% of
malaria cases, followed by P. vivax (Abose et al. 1998b). However, there are increasing levels of
malaria prevalence in the dry season as a result of A. pharoensis breeding all year round in the
irrigation area.

viii) Plasmodium falciparum
1) Altitude, temperature and humidity

At 17°C, parasites develop but not rapidly enough to cause an epidemic. On the other hand, tem-
peratures =20°C are sufficient to catalyze an epidemic. External ambient air temperatures of 17°C
may correspond to indoor temperatures of around 20°C, i.e. those experienced by the parasite
within the indoor-resting vector. P. falciparum fails to develop between 16°C and 19°C (Mollneaux
et al 1988). This is the temperature at high altitudes with an average elevation of 2000m above sea
level. Importantly, inhabited houses can be warm enough to allow the parasite to develop, even if
it is too cold for development in an unoccupied house or outside. Moreover, in an occupied house
the relative humidity may stabilize at around 60%, which fevers mosquito survival; outside relative
humilities may vary considerably (12- 80%).

Although the greatest increase was recorded at the highest elevation where the impact of cold
nights were dramatically reduced by 6.5°C due to higher indoor temperatures. At this elevation,
houses were generally more draft-proof and often had ceilings as an adaptation to the cool climate
(29% had ceilings at 1,700 m compared with 0.3% in the other villages). We only detected sporo-
zoites in A. gambiae s.I. and A. funestus complex indicating that the major highland vectors were
the same as those in the plains. Sporozoite rates in A. gambiae s.I. declined from 300 m to 800 m
(April-June) suggesting that decreasing temperatures increased parasite development time, the
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first time a systematic decrease has been documented along a temperature transect in Africa.
(Bodker et al 2003) observed that in the highlands, low temperatures prevented parasite develop-
ment in mosquitoes during the cool season rains, and highland transmission was therefore limited
to the warm dry season when vector densities were low.

ix) Plasmodium malariae

P. malariae is a parasitic protozoon that causes malaria in humans. It is closely related to P. falci-
parum and P. vivax which are responsible for most malarial infection. While found worldwide, it is a
so-called "benign malaria" and is not nearly as dangerous as that produced by P. falciparum or P.
vivax. P. malariae causes fevers that recur at approximately three-day intervals (a quartan fever),
longer than the two-day (tertian) intervals of the other malarial parasites, hence its alternate names
guartan fever and quartan malaria.

1) Epidemiology and geographic distribution

P. malariae is the one of the least studied species that infects humans, in part because of its low
prevalence and milder clinical manifestations compared to the three other species. It is widespread
throughout sub-Saharan Africa, much of Southeast Asia, Indonesia, on many of the islands of the
western Pacific and in areas of the Amazon Basin of South America [Westling et al 1997]. In en-
demic regions, prevalence ranges from less than 4% to more than 20%, [Bruce et al 2006], but
there is evidence that P. malariae infections are vastly underreported [Mohapatra et al 2008].

X) Plasmodium ovale

P. ovale is a species of parasitic protozoa that causes tertian malaria in humans. It is closely re-
lated to P. falciparum and P. vivax, which are responsible for most malaria. It is rare compared to
these two parasites, and substantially less dangerous than P. falciparum. P. ovale has recently
been shown by genetic methods to consist of two subspecies, P. ovale curtisi and P. ovale wallikeri
[Sutherland et al 2010]. Ovale malaria produces a tertian fever clinically similar to that of vivax
malaria but somewnhat less severe. It exhibits relapses for the same duration as is seen with vivax
malaria throughout the tropics, but it tends to appear in isolated pockets and at relatively low fre-
guency compared to P. falciparum or P. vivax. Chloroquine resistant P. malariae has been re-
ported from southern Sumatra, Indonesia [Maguire et al., 2002].

1) Epidemiology and geographical distribution

Microscopically confirmed P. ovale is exceedingly rare in eastern Indonesia, New Guinea, and the
Philippines but is relatively common in West Africa (Hombhange, 1998). While it is frequently said
that P. ovale is very limited in its range being limited to West Africa [Faye et al 1998], the Philip-
pines, eastern Indonesia, and Papua New Guinea, and to discrete areas of the western pacific
[Baird and Hoffman 2004]. It has been reported from Bangladesh [Fuehrer et al 2010], Cambodia
and India [Snounou et al 1993], Thailand and Vietnam [Gleason et al 1970]. The reported preva-
lence is low (<5%) with the exception of West Africa, where prevalences above 10% have been
observed.

xi) Plasmodium vivax

P. vivax infection is called benign tertian or vivax malaria. Red blood cells infected with P. vivax are
enlarged and when properly stained with Giemsa often show stippling on the erythrocyte mem-
brane, known as schuffners dots. All stages of the parasite are present in the peripheral circulation,
single infections of invaded erythrocytes are characteristic; gametocytes appear simultaneously
with the first asexual parasites. The duration of the viability of the sexual stages appears to the less
than 12 hours. P. vivax produces the classic relapsing malaria initiated from hypnozoite in the liver
that have resumed development after a period of latency. Relapses can occur at periods ranging
from every few weeks to a few months for up to five years after the initial infection, the specific pe-
riodicity of the relapses is a characteristic of the geographic strain of the parasite. Vivax malaria
also has recrudescence due to persistent circulating parasites.

Vivax malaria also constitutes an important burden on public health throughout most of the tropical
and many subtropical or temperate latitudes. Although less often fatal, this infection causes a se-
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verely debilitating disease with frequent and sometime multiple episodes of relapse. Moreover, re-
cent reports reveal cases of severe malaria caused by P. vivax [Andrade et al. 2010c] display pat-
terns of inflammation and immunopathology similar to those seen in severe P. falciparum malaria
cases. These findings suggest that different Plasmodium species can trigger strikingly similar host
responses that can result in severe disease with significant risk of severe disease and death
caused by the same spectrum of syndromes typically linked to P. falciparum malaria [Genton et al.,
2008].

1) Epidemiology and geographical distribution

P. vivax accounts for 65% of malaria cases in Asia and South America. P. vivax is uncommon in
sub-Saharan Africa, but common in South Asia and Central America, and is predominant in South
America. It can also be found in mainly in Latin America, and in some parts of Ethiopia. P. vivax
can cause death due to splenomegaly (a pathologically enlarged spleen), but more often it causes
debilitating — but non-fatal — symptoms [Lindsay et al 2006].

2) Endemic and epidemic malaria

Important, and rarely appreciated, endemic and epidemic malaria need different approaches to
their control and prevention. Endemic malaria heeds ongoing routine measures, whereas the con-
trol of epidemic malaria relies on measures being applied in the right place at the right time. This is
particularly important where resources to tackle the disease are limited. Developing epidemic ma-
laria early warning and response approaches that includes seasonal forecasts and climate monitor-
ing, as well as vulnerability assessment, case surveillance and response planning holds promise
not only in Africa but for use beyond Africa in malarial areas of Asia and Latin America (Hellmuth et
al. 2007).
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b) Review of the effects of climate drivers upon Rift Valley Fever in Africa

i) Introduction

Rift Valley fever (RVF) is an acute fever causing viral disease that affects domestic animals (such
as cattle, buffalo, sheep, goats, and camels, among others), and humans. RVF is most commonly
associated with mosquito-borne epidemics during years of unusually heavy rainfall events. The
RVF virus, a member of the genus Phlebovirus in the family Bunyaviridae, is responsible for the
disease. RVF was first reported among livestock by veterinary officers in Kenya in the early 1900s.

Numerous epidemic/epizootic outbreaks have been reported periodically in many African countries
during the past 30 years, including Egypt in 1977 (Meegan 1979, Hoogstraal et al., 1979) and in
1993 (Arthur et al. 1993); Mauritania in 1987 (Jouan et al., 1988, Digoutte and Peters 1989), 1993
(Zeller et al., 1997), and 1998 (Nabeth et al., 2001); and Somalia and Kenya in 1997-1998 (Woods
et al. 2002). The virus has been recently located for the first time outside of the African continent,
in Saudi Arabia and Yemen during 2000-2001 (Miller et al., 2002, Jupp et al., 2002).

i) RVF carrying vectors in Senegal

In Senegal, many mosquito species (Fontenille et al.1995; Diallo et al., 2000) as well as humans
and livestock (Wilson et al., 1994; Thonnon et al., 1999) have been found to be infected with the
RVF virus.

After the RVF outbreak of 1987, entomological studies were conducted in Senegal from 1991 to
1996 to identify the sylvatic vectors of the virus. During the rainy season in 1993 and for the Bark-
edji site in the Ferlo region, viruses were carried by Aedes vexans and by Ae. ochraceus. Using
CO2-CDC light traps (from October to November 1993), they were sampled in the vicinity of three
temporary ponds, and cattle watering holes. In November, a virus was sampled from one sheep. In
1974 and 1983, the virus had also been isolated from Ae. dalzieli (Fontenille et al., 1998; Sall,
2001).
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In 1998, following the re-emergence of RVF virus in southeastern Mauritania and in the Diawara
region, an entomological survey was undertaken at the northern border of Senegal to assess the
extent of the virus circulation. During this study (Diallo et al., 2000), the virus was isolated for the
first time from Culex poicilipes.

In Senegal, the epidemiological role of the mosquitoes species involved in RVF transmission cycle
(Aedes sp. and Culex sp.) is peculiar. The environmental maintenance of the virus is mainly due to
so-called ‘vertical transmission’ (Wilson, 1994) while Culex sp. mosquitoes amplify the phases of
the virus cycle (Diallo, 2000; Ndione et al, 2003 ; Ndione et al, 2005; Ndione et al, 2008).

Although all of the above vectors differ from those in East and South Africa (Meegan, 1988), they
all use the same type of breeding sites and feed on cattle and sheep (Fontenille et al., 1998; Ba et
al., 2006).

iii) RVF and rainfall in Senegal

Linthicum et al. (1999), by using the Normalized Difference Vegetation Index (NDVI) as a proxy for
rainfall (Davies et al., 1985; Anyamba and Tucker, 2005; Tucker and Nicholson, 1999) have high-
lighted possible linkages between rainfall and Rift Valley Fever (RVF) epidemics. Anyamba et al.
(2001) have also studied relationships between RVF occurrence, inter-annual variability of the
warm phase of El Nifio-Southern Oscillation (ENSO), and excess rainfall over Kenya (Linthicum et
al., 1999). Kelly-Hope and Thomson (2008), GEO (2010a, 2010b) produced a comprehensive re-
view related to infectious diseases and climate drives.

In West Africa, more precisely over Senegal and southern Mauritania, RVF epidemics (Diallo et al.,
2005), do not seem to follow the same relationships as that over East Africa. The spatio-temporal
distribution of discrete rainfall events (such as squall-lines) during the rainy/summer monsoon sea-
son (contrary to the seasonal amount of total rainfall over East Africa) appears to be the confound-
ing parameter for mosquitoes' production (Ndione et al., 2003). In accordance with Ba et al. (2005),
Mondet et al. (2005a, b), Ndione et al. (2008), rainfall frequency (including intra-seasonal variabil-
ity) is a key factor modulating Ae. vexans population abundance (Figures land 2). Interestingly
enough, rainfall events seem to have very little effect on the Cx. poicilipes abundance (Ba et al.,
2005).

Figure 1: Rainfall, ponds levels and daily abundance of Aedes vexans arabiensis females in Bark-
edji region (Ferlo, Senegal) during the 2002 and 2003 rainy seasons (Mondet et al., 2005)
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This is particularly true for the Ae. vexans mosquitoes whose eggs are often laid along the edges
of the ponds. When the time lag between two rainfall events is large enough (10-to-15 days), the
number of eggs present along the already dried-up ponds' edges becomes quite important. Intense
rainfall events (i.e., more than 20 mm, as produced by squall-lines), trigger powerful mechanisms
for enhanced hatching (Mondet et al., 2005a and b). Recently, modelling results by Porphyre et al.
(2005) linking ponds' dynamics, discrete rainfall events, and mosquitoes' abundance involved with
RVF, have been successfully implemented.

Finally, a better understanding of the biological mechanisms driving RVF would contribute to the
development of early warning systems (EWS) in a constantly changing climate and environment.
Health information systems (HIS), agencies and organizations, decisions makers and other na-
tional stakeholders over West Africa will thus have a panoply of additional products in support of
appropriate measures to apply in regions under threat.
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iif) Review of the effects of climate drivers upon tick-borne diseases of Africa
A review document was not delivered by the relevant work-package partner.

This was due to the resignation and departure from the University of Pretoria, to take up a new
post, of the expert in tick borne diseases.
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