
 

 

Climate Change and Malaria: 

An Integrated Risk Assessment of Rural 

Communities in East Africa 

 

 

 

Esther Achieng Onyango 

B.Sc., M.Sc. Biological Sciences 

 

 

 

 

School of Environment 

Sciences Group 

Griffith University Australia 

 

 

 

 

Submitted in fulfilment of the requirements of the degree of Doctor of Philosophy 

 

July 2017 



i 

 

ABSTRACT 

 

Climate change is the biggest global health threat of the twenty-first century, responsible 

directly or indirectly for approximately 12.6 million of all deaths globally and projected to 

cause an additional 250,000 deaths each year. A key area of concern is how climate change 

will influence the incidence, and spread of infectious diseases such as malaria. 

Approximately 3.3 billion, or half of the world’s population, are at risk from malaria and 

under climate change projections; this number is estimated to rise by 1.6 million by the year 

2030 and by 1.8 million by the year 2050. Thus, understanding climate change and malaria 

risk is of significant public health concern, and this is particularly important for East Africa 

where current research shows that the disease is already spreading into areas where 

communities were previously unexposed to the disease.  

Studies on the impact of climate change on malaria transmission show that even the smallest 

variation in temperature can have an exponential change in the transmission of the disease. 

Temperature changes facilitate faster development of the parasite within the mosquito, faster 

reproduction of the mosquitoes, and more biting by the mosquitoes. Rainfall is also a driver 

of malaria transmission and can influence the development of the mosquito by creating 

suitable habitats for larvae and increasing mosquito abundance. Malaria is a disease with a 

complex transmission cycle which is also influenced at the local level, mainly by land cover, 

land use and land use change. These changes can introduce the mosquito into new locations, 

thus extending their range, creating suitable micro-habitat conditions for mosquitoes to breed, 

and also increasing mosquito abundance.  

While climate change does influence the global distribution of malaria, the spatial extent 

within regions will be determined by local land use factors and by other non-climatic factors. 

The latter include biological, social, demographic and cultural factors, along with human 

behaviour, drug resistance and public health interventions. At a local level, these factors can 

influence malaria transmission independently or by modifying the effects of climate change. 

Therefore, quantifying and understanding the impact of climate change needs consideration 

of the interactions between these other factors, climate change and malaria transmission. 

While there exist multiple lines of evidence for the influence of climate change on malaria 

and the risk posed to vulnerable communities, there is insufficient understanding of the 
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factors influencing the spread of the disease at the community level. There is a need for more 

robust risk assessments that not only consider the impact of climate change on malaria 

transmission, but also consider differences in topography, characteristics of the landscape, 

land use activities and other factors influencing risk. An integrated risk assessment is suitable 

as this can incorporate, at a biophysical level, an understanding of how climate change will 

impact on the current burden of the disease and at a social level, identify vulnerable 

populations, how susceptible they are to this risk and their capacity to respond. This PhD 

study therefore aims to determine risk of malaria infection in a highland and a lowland rural 

community in East Africa, in the context of climate change, climate variability, land use and 

other local factors to suggest suitable adaptation strategies. 

This study adopted a participatory systems approach, incorporating trans-disciplinary 

thinking from climate change science, malaria ecology and epidemiology, land use and land 

use change, social science and public health. Stakeholder engagement and contribution at 

different levels was used to provide useful and context-specific insights into factors 

influencing malaria risk at a community level. A mix of quantitative and qualitative data was 

collected in western Kenya, between August 2014 and February 2015, through focus group 

discussions, key informant interviews and secondary data analysis. This data was then 

analysed and integrated using Bayesian belief network models to estimate risk of malaria 

infection under current and future climate conditions and to evaluate the efficacy of different 

adaptation options in reducing this risk.  

The results of the Bayesian belief network model showed that at the highland study site, there 

was a significant increase in risk under future climate scenarios, but not so in the lowland 

study site. This difference in risk is mainly driven by changes in temperature. The model also 

showed that this risk is seven and a half times more significant if the influence of local 

factors, such as perception, health-seeking behaviour, information provision and utility, 

malaria prevention and malaria treatment are not considered in the model.  

This thesis identified three areas of interventions as main adaptation options: i) reducing 

exposure; ii) decreasing generic susceptibility and iii) increasing coping capacity. It further 

determined that in order to achieve sustainable adaptation strategies, it is critical to consider: 

i) community engagement; ii) multi-sectoral collaboration, ii) integrated early warning 

systems, and; iv) gender-differentiated vulnerability.  Collaboration and integration between 

sectors will lead to stronger and more sustainable programs, and engaging the community 

early on during the risk assessment and adaptation process ensures that their views and needs 
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are included into adaptation solutions, which will increase the prospects for long term 

program success and sustainability. This study has demonstrated that local stakeholders’ 

values and interests will influence different adaptation outcomes. This highlights the 

importance of tailoring adaptation strategies to local circumstances, which has useful 

implications for development of climate change and health policy. 

 

 

Keywords: climate change, land use change, malaria, integrated risk assessment, 

vulnerability, systems thinking, Bayesian belief network models, climate change adaptation, 

climate change and health policy
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CHAPTER 1: INTRODUCTION TO THE THESIS 

 

"If climate change is not controlled, I'm afraid the future generation 

will not have anything” Focus group participant – Rural East Africa 

1.1. Introduction 

Malaria kills over half a million people each year, mostly children in sub-Saharan 

Africa. The disease is very sensitive to climate change and climate variability and is 

also driven at local scales by land use change, human behaviour and other socio-

economic, demographic and cultural factors. Increases in malaria transmission in East 

Africa have been linked to climate change and climate variability, while other studies 

contend that the influence of other environmental or socio-economic factors may play a 

greater role. While there has been considerable research in this region into how climate 

change may impact on malaria, there are limited integrated assessments that include 

climate change and other factors influencing risk of malaria infection at the community 

level. Additionally, there are limited risk assessments with the aim of suggesting 

suitable adaptation strategies. This PhD study therefore aimed to undertake an 

integrated assessment of risk of malaria infection at the community level in East Africa, 

in the context of climate change, climate variability, land use and other local factors to 

suggest suitable adaptation strategies. This chapter presents an overview of the 

background to this study in section 1.2 and the research rationale and aims in section 

1.3. Section 1.4 discusses the study approach; section 1.5 sets the scope and the 

boundaries of the study, followed by section 1.6, which outlines the structure of the 

thesis. The chapter concludes with a discussion on ethics in section 1.7. 

1.2. Global Climate Change and Human Health Impacts 

Climate change is seen by many commentators and experts as the biggest global health 

threat of the 21st century (Costello et al., 2009). Average temperatures are on the rise 

worldwide, glaciers are melting, sea level is rising, rainfall patterns are changing and the 

frequency and magnitude of extreme weather events are increasing. These changes and 

their associated impacts are affecting human health in various ways, directly and 

indirectly.  Climate change is a risk multiplier and will exacerbate existing health 

vulnerabilities. In 2012, the World Health Organisation (WHO) estimated that 23% 
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(approximately 12.6 million) of all deaths globally were attributable to environmental 

factors that could be influenced by climate change. Successive Inter-Governmental 

Panel on Climate Change (IPCC) Fifth Assessment report (IPCC, 2013b, 2014a, 2014b, 

2014c), recognise the influence of climate changes in multiplying already present risks 

with their most recent report (IPCC, 2014b) recommending that a shift is needed to a 

risk based-framing, which focuses on long term solutions for risk reduction. Health 

threats from climate changes are on the rise globally and climate change is projected to 

cause an additional 250,000 deaths each year from heat stress, malnutrition and the 

spread of infectious diseases such as malaria (WHO, 2014). The World Health 

Assembly Resolution 61.19, on climate change and health also sets out several priorities 

for addressing climate change and health risks, one of which is to promote research on 

assessing the risks associated with climate change impacts on human health (Campbell-

lendrum et al., 2015). 

Malaria is a leading cause of death and disease in many developing countries (CDC, 

2016d). It is estimated that at least 3.3 billion people globally (half the world’s 

population) are at risk of malaria infection (WHO, 2017a). In 2016, there were 212 

million cases of malaria and approximately  half a million people died from the disease 

(WHO, 2017a). The burden of disease mainly (90%) falls on Africa, and over two thirds 

of all malaria deaths occur in, children under five years old (WHO, 2017a). The disease 

is highly sensitive to changes in climate and is already expanding into areas where low 

temperatures previously limited its spread (WHO, 2014). Malaria is also driven at local 

scales by land use change, human behaviour and other socio-economic factors.  The 

disease is responsible for over half a million deaths each year, mostly (90%) in sub-

Saharan Africa. Current climate change projections estimate an increase in the 

population at risk of malaria by 1.6 million by 2030 and 1.8 million by 2050 (WHO, 

2014). This risk is significant in East Africa whereby rising temperatures and changes in 

other climate conditions are projected to expand the transmission range of malaria into 

geographic areas where communities were previously unexposed to the disease (Endo et 

al., 2017; Gething et al., 2010). Therefore, malaria is one of the most critical climate 

change-health relationships to understand. 

Current diseases prevention mechanisms have been designed assuming a stable climate 

and it is imperative to conduct assessments of future health risks under climate change 

scenarios to develop appropriate adaptation response policies. Vulnerability becomes 
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even more important in the face of extreme risks and local context is needed to develop 

the appropriate models, tools, technologies and policies to enable communities and 

governments to make informed decisions for sustainable adaptation. Vulnerabilities will 

be particularly magnified in developing countries with ecosystems subject to extensive 

human influences and land use change. The rural communities and agro-ecosystems of 

East Africa therefore provide good case studies for examining local impacts. 

Community-level assessments of risks are important as adaptation is delivered by local 

scales and an understanding of factors affecting risk of malaria at the community is 

important in developing sustainable adaptation strategies. 

1.3. Research Rationale 

Studies in East Africa have linked increases in malaria transmission to climate change 

and climate variability, while other studies contend that the influence of other 

environmental or socio-economic factors may play a greater role. The influence of the 

latter factors has been largely overlooked in climate change and malaria risk 

assessments where the emphasis has been on the biophysical influences on malaria 

transmission. While there is abundant evidence on the increased risk of malaria in East 

Africa as a result of changing climate (Gething et al., 2010; Paaijmans et al., 2010; 

Pascual et al., 2006; Peterson, 2009; Ryan et al., 2015), more robust understanding is 

needed of the environmental, cultural and socioeconomic factors that influence malaria 

transmission at the community and household levels. This requires an integrated 

approach, which considers climate along with the contribution of socio-economic and 

cultural factors to explore current and future risks and vulnerabilities to malaria 

transmission. There are limited studies that have assessed factors influencing risk of 

malaria at the community level and to the best of my knowledge, there are no studies in 

East Africa that have assessed both biophysical and socio-economic factors influencing 

risk of malaria in an integrated assessment for development of adaptation strategies.  

This study therefore aims to investigate risk of malaria infection at the community level 

in the context of climate change, climate variability, land use and other biological, 

socio-economic and socio-cultural drivers in an integrated manner, to suggest suitable 

adaptation strategies based on local knowledge, community practices and scientific 

information.  
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1.4. Study Approach 

Malaria is one of the most studied disease risk under climate change and although there 

have been numerous approaches assessing risk of malaria under climate change, there 

are limited studies whereby the specific components of risk have been addressed in an 

integrated framework that considers both biophysical and socio-economic influences. 

Risk in this context is conceptualized as the interaction of the malaria hazard, exposure 

to communities and vulnerability of communities as measured by the susceptibility 

(biological and generic) and adaptive capacity (community and institutional). 

This study investigated the risk of malaria infection under changing climate and other 

environmental, biological socio-economic, socio-cultural and demographic influences 

using an integrated risk assessment framework. This study is underpinned by systems 

thinking and mixed quantitative and qualitative information from secondary data, 

qualitative interviews and stakeholder input to identify local variables influencing risk 

of malaria infection in a highland and lowland community in East Africa. Further, this 

study utilised Bayesian belief network (BBN) modelling to integrate the quantitative 

and qualitative information to estimate current and future risk of malaria infection under 

different scenarios to identify appropriate response strategies and implications for 

climate change and malaria risk adaptation policy.  This study made use of a 

participatory and iterative process between the researcher, experts and other 

stakeholders. Figure 1.1 provides an overview of the thesis chapters including details of 

the main research activities and outputs. 
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Figure 1.1 Flowchart of research activities, outcomes and thesis chapters’ contribution 

The main activities undertaken were: 

1. Literature review: background literature review to contextualise and frame 

climate change and malaria risk. 

2. Methodology development: using the IPCC framework for risk and Sutherst’s 

framework for vector borne diseases to develop an integrated risk assessment 

framework. 

3. Literature review for East Africa: development of climate change and malaria 

risk profile for East Africa and identification of system variables from 

published, peer-reviewed studies. 

4. Field assessment: application of the assessment framework for data collection in 

a highland and a lowland community in East Africa to generate a local risk 

profile. 

5. System model development: developing and visualising the key variables 

involved in the systems and the relationships between them using a causal loop 

diagram 

6. Bayesian belief network modelling: Transforming the causal loop diagram into a 

baseline Bayesian belief network model. 
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7. Model testing: testing changes in malaria risk under different scenarios and 

suitable interventions to mitigate risk 

8. Malaria Risk Management Policy: identifying suitable policy responses for 

managing risk of malaria infection under climate change at the community level.  

The approach used in this study is consistent with the current IPCC recommendations 

on assessment of climate change risks with a focus on solutions for risk management. 

The use of BBN modelling results in a robust assessment of contextually relevant and 

targeted adaptation strategies for managing climate change and malaria risk that 

incorporate both scientific and community perspectives. 

1.5. Scope of the Study 

This focus of this study is limited to climate change and malaria risk in a highland and a 

lowland rural community in East Africa. Risk of malaria at the community level is 

assessed in the context of other influencing variables including deforestation, 

agriculture, health interventions, human behaviour, biological, socioeconomic, and 

culture. 

1.6. Thesis Structure 

This thesis is divided into three broad parts, comprising of 12 chapters, including the 

introduction and conclusion. Figure 1.2 illustrates these three parts and their component 

chapters. 
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Figure 1.2 Structure of the thesis 

Chapter 1 is the introductory chapter to this thesis and provides a structure for the 

research study and layout for the rest of the thesis. 

Chapter 2. This chapter reviews the background literature on climate change, land 

cover, land use, land use change and malaria transmission. This chapter presents the 

global discourse around climate change, current impacts and projected changes, while 

narrowing down the focus to the different pathways by which climate change affects 

health. Current climate change and health research priorities are discussed, one of which 

is the impact on vector borne disease incidence and spread. The impact of land use as a 

major driver of vector borne diseases alongside climate change is also discussed, 

specifically how they both influence malaria incidence and spread. A profile of malaria 

disease; incidence, geographic range, ecology and life cycle of the mosquito vector and 

the transmission cycle are also presented in this chapter. 

Chapter 3 The first part of this chapter focuses on the different influencing factors in 

malaria transmission: climate factors temperature and rainfall; land use factors 

deforestation and agriculture and; other biological, socio-economic and demographic 

factors influencing malaria transmission. The second part of this chapter discusses 

conceptualising climate change and malaria risk, determination of risk in climate change 

and malaria research and climate change and malaria risk profile for East Africa.  
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Chapter 4 This chapter presents the research methodology for this study. The 

conceptual framework for the study and research questions are discussed. Additionally, 

the study design and data collection methods are discussed. A profile of the study sites 

including rationale for their selection is also presented in this chapter.  

Chapter 5 This is the first findings chapter for this study and answers research focus 

question one. This chapter discusses the results of a comprehensive literature review of 

studies on climate change and malaria risk in East Africa. Steps taken in conducting the 

literature review and key themes arising from the literature, including research gaps and 

needs are presented. In this chapter also, the key variables of hazard, exposure and 

vulnerability are identified.  

Chapter 6: This chapter presents the steps taken during the thematic analysis of the 

qualitative field information. This chapter also presents a background and profile of the 

participants in the focus group discussions (FGDs) and the key informant (KI) 

interviews.  

Chapter 7: This is the second findings chapter for this study and answers research 

focus question two. This chapter presents a discussion of the first six emergent themes 

and 23 sub-themes from the FGD analysis and first theme and 6 sub-themes from the KI 

analysis. This chapter identifies key variables of hazard, exposure and vulnerability to 

climate change and malaria risk at the community level.  

Chapter 8: This is the third findings chapter for this study and answers research focus 

question three. This chapter presents the results of the next 6 emergent themes and 29 

sub-themes from the FGD analysis and four emergent themes and 13 sub-themes from 

the KI analysis. This chapter identifies key variables of hazard, exposure and 

vulnerability to climate change and malaria risk at the community level. 

Chapter 9: The first part of this chapter focuses on conceptualising the climate change 

and malaria risk system using variables identified in Chapters 5, 7 and 8 and how these 

identified key variables interact to influence the risk of malaria infection at the 

community level. Key influencing, relay, autonomous and dependent variables of the 

system are identified and a causal loop diagram is used to construct a representation of 

the malaria-climate change-land use change system. The second part of this chapter 

discusses transformation of the causal loop diagram into a BBN model, the process of 

the building the BBN model and data integration into the model.  



INTRODUCTION TO THE THESIS 

 

9 

 

Chapter 10: This is the fourth findings chapter for this study and answers research 

focus question four. This chapter begins with a brief discussion on interpreting and 

analysing the BBN model output while the rest of the chapter presents the results of the 

baseline risk model under current climate change conditions, final variables and their 

states and risk of malaria infection under future climate change scenarios and increased 

land use activities. 

Chapter 11: This chapter is a synthesis discussion of the study findings from the BBN 

modelling process and from the field study and their implications for climate change 

and malaria risk adaptation policy. This chapter also answers research focus question 

five. 

Chapter 12: This is the concluding chapter for this thesis. This chapter presents a 

summary of the main points findings from each research question and discusses how the 

thesis has met the research objectives. Limitations of the study and directions for future 

research are also highlighted. The chapter concludes with a discussion on the significant 

contributions of this study.  

1.7. Ethical Considerations 

This research design was approved by the Griffith University Human Research Ethics 

Committee, under Protocol No. ENV/21/14/HREC (Appendix I) and by the Kenya 

Medical Research Institute (KEMRI), under Protocol No. KEMRI/RES/7/3/1 (appendix 

II). Additionally, permission was obtained from the County representatives before 

beginning the field study. 

Study information was provided to all participants in the study and informed consent to 

participate was obtained. A copy of the research information sheet is provided as 

Appendix III and a copy of the consent form for the FGDs is provided as Appendix IV 

and for the interviews as Appendix V. All records, transcripts and notes were kept 

confidential and identifying information removed and findings are carefully presented to 

maintain anonymity of lay informants and FGD participants. Electronic records of 

research data are stored online in Griffith University’s “Research Space”, a secure 

internal portal. 
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CHAPTER 2: GLOBAL CLIMATE CHANGE, LAND USE AND 

MALARIA TRANSMISSION 

 

2.1. Introduction 

This chapter reviews the background literature on climate change, land cover, land use, 

land use change and malaria transmission. Section 2.2 reviews the global discourse 

around climate change, current impacts and projected changes. Section 2.3 specifically 

addresses climate change impacts on health, the different pathways by which climate 

change affects health and the current research priorities with a focus on vector borne 

disease incidence and spread. Section 2.4 introduces land use change as a major driver 

of vector borne disease incidence and discusses how changes in land use can influence 

global and local climate. Section 2.5 discusses the interaction of land use change and 

climate in influencing disease transmission. The chapter concludes with section 2.6, 

which presents a profile of malaria disease; incidence, geographic range, ecology and 

life cycle of the mosquito vector and the transmission cycle.  

2.2. Global Climate Change 

2.2.1. Climate change impacts 

Human-induced climate change is argued by many to be the biggest global 

environmental threat of the 21
st
 century (Costello et al., 2009) and beyond. We are now 

witnessing with increasing frequency the effects of increasing atmospheric 

concentrations of the greenhouse gases, carbon dioxide (CO2), methane (NH4) and 

nitrous oxide (NO) gases. Concentrations of these gases have increased by 40% since 

pre-industrial times, primarily from fossil fuel emissions and secondarily from net land 

use change emissions (IPCC, 2013b), leading to severe impacts on the Earth’s 

ecosystems. The period 2011 to 2015 was the warmest five-year period on record 

globally (WMO, 2016) (Figure 2.3) and for the first time, the year 2015 broke 

temperature records and was billed as the hottest year since 1880. 
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Figure 2.3 Global annual average temperature anomalies for the period 1850-2015, relative to 1961-1990 

(WMO, 2016) 

This trend continued in 2016, which was even hotter than 2015. July and August 2016 

were tied as the hottest months ever recorded in the last 136 years. Air temperatures 

were the highest ever recorded in the Arctic and this unseasonably warm weather 

resulted in unexpected sea-ice retreat in November 2016. According to the World 

Meteorological Organisation (WMO), global temperatures are already at 1.2°C above 

pre-industrial levels and the projections for the year 2017 show that temperatures are 

still on the rise and will continue to rise into the near future (WMO, 2016). This 

unprecedented rate of warming has been happening since the 1950s and in fact, each of 

the last three decades has been successively warmer at the Earth’s surface (IPCC, 

2013b). This warming is a result of human-induced perturbations to natural processes 

and is projected to continue into the next century and beyond with increasingly adverse 

impacts on climatic and biological systems (IPCC, 2013b).  

Overall, ice levels showed prolonged warming due to climate change. The Greenland 

and Antarctic ice sheets have been losing mass over the last two decades and glaciers 

worldwide have continued to shrink (IPCC, 2013b). Sea levels are on the rise at a rate 

of approximately 3.4mm per year (IPCC, 2013b; NASA, 2017). This rate is larger than 

the mean rate during the previous two millennia (IPCC, 2013b) and is projected to rise 

by as much as 1.4m by 2100 (NASA, 2017) and will affect coastal populations globally. 
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The oceans are also warming and are affecting marine ecosystems. Coral reefs such as 

parts of the Great Barrier Reef are dying under extreme and prolonged bleaching due to 

record-breaking warm ocean temperatures (approx. 1°C above average) driven by El 

Niño and climate change (Hoegh-Guldberg & Rdgway, 2016; Lesley et al., 2016). More 

than 1000km of the reef was affected as of April 2016; “the worst mass bleaching event 

in its history” per the Australian Research Council (McKenzie, 2016). There has also 

been a rise in frequency of extreme weather and climate-related events such as droughts, 

tornadoes typhoons and cyclones, which have had adverse impacts on communities 

globally (IPCC, 2013b). The oceans are also absorbing more CO2, creating changes to 

the chemical balance and increasing the acidity level. It is estimated that ocean pH has 

decreased on average by 0.1 or 26% since the beginning of the industrial revolution and 

is expected to further increase by as much as 170% by 2100  (Whitmee et al., 2015). 

While some organisms, such as seagrass and fleshy algae would benefit from the 

increased carbon concentrations, most of the impacts will be detrimental to marine 

biodiversity and will cause a reduction of calcium carbonate saturation, which is used 

by mussels, clams and corals to grow shells and will also result in reduced survival rates 

of marine animals and coral reef loss and reduction (Whitmee et al., 2015). 

The years 2015-2016 were also a turning point for climate change negotiations. In 

December 2015 at the 21
st
 Conference of Parties (COP21) to the United Nations 

Framework Convention on Climate Change (UNFCCC), the Paris Agreement was 

successfully negotiated by the world community. One hundred and eighty-eight 

countries committed to reducing their greenhouse gas emissions in an effort to combat 

temperature rise. Underlying this agreement was a commitment to take steps that would 

limit global temperature rise to well below 2°C by the year 2100 (UNFCCC, 2017) and 

to pursue efforts to limit temperature rise even further below the 1.5°C. Currently, 153 

of 197 parties to the convention have ratified the agreement, effective 4
th

 November, 

2016 (UNFCCC, 2017). The onus is now on national governments to honour this 

commitment by meeting their pledges to take the action needed to place that limit 

emissions. Successive  reports by the Intergovernmental Panel on Climate Change 

outline the projections for future global and regional climate change, impacts, 

adaptation and vulnerability of communities and the measures needed to achieve the 

agreed mitigation targets (IPCC, 2013b, 2014a, 2014b, 2014c).  
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2.2.2. Climate Change Projections 

According to the IPCC, continued emissions of greenhouse gases will continue the 

warming trend and will affect all components of the climate system. Global mean 

temperature is projected to rise between 1.4 to 5.8°C by the year 2100, depending on the 

greenhouse gas emission  pathway, leading to more frequent hot and fewer cold 

temperature extremes (daily and seasonal) over most land areas, i.e. more severe heat 

waves and some cold spells (IPCC, 2013b). Global surface temperature will likely 

exceed the 1.5°C threshold by mid-century under medium scenarios and likely to 

exceed 2°C under high scenarios (IPCC, 2013b). This warming will not be uniform, but 

will depend on regional and inter-annual-to-decadal variability. Projections of changes 

in the water cycle predict a non-uniform pattern, i.e. an increase in contrast between wet 

and dry regions and wet and dry seasons with some regional exceptions (IPCC, 2013b). 

The oceans will continue to warm, thus affecting circulation patterns. The strongest 

warming is expected in tropical regions and in the Northern Hemisphere subtropical 

regions. The Arctic sea ice will continue to shrink and thin and global glacier volume 

will further decrease as temperatures rise leading to continued sea level rise of 0.52 to 

0.98m by 2100 under high scenarios (IPCC, 2013b). The scientific consensus is that 

even if all CO2 emissions were stopped today, these impacts will continue for many 

centuries. Going forward therefore the focus will be not just on mitigating the effects of 

climate change, but taking steps towards adaptation to avoid or minimise harmful 

impacts, particularly in vulnerable and at highest risk areas, i.e. those is in the poorer 

regions of the world (Costello et al., 2009; IPCC, 2013b; McMichael, 2009; WHO, 

2014). 

2.2.3. Climate Change in Africa 

Africa is the second largest and most populous continent behind Asia. The African 

climate is naturally both highly diverse and highly variable and is driven at the macro-

level by three major processes. Conway, (2009), identifies these three processes as 

locally influenced through, a) tropical convection; b) alteration of the monsoons, which 

determine the regional and seasonal patterns of temperature and rainfall and c); 

remotely influenced through effects of the El Niño-Southern Oscillation (ENSO) of the 

Pacific Ocean, which influences the year to year rainfall and temperature patterns. The 

impact of climate change on these three processes can lead to an increase in incidence 
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of extreme events such as droughts, floods and other severe weather outcomes 

(Conway, 2009). The high diversity and variability of the African climate means 

frequent changes in climate and climate variability, often just months apart and 

sometimes indistinguishable from each other (Conway, 2009; Hulme et al., 2001; 

Verburg et al., 2010). 

Africa is particularly exposed to climate change and is projected as one of the areas at 

highest risk from adverse effects (Owens et al., 2011; UNFCCC, 2010). Warming over 

the African continent is faster than the global average and projections for the next 

century show that most areas will exceed the 2°C threshold by the last two decades of 

this century under medium scenarios (IPCC, 2013b). Under high scenarios, this 

exceedance could happen by mid-century and may reach between 3°C and 6°C by the 

end of the century (Niang et al., 2014). This means that risk levels could still remain 

elevated even under high levels of adaptation action. In a scoring index of 42 social, 

economic and environmental factors to assess national vulnerabilities, Africa had a risk 

score of 2.89 (Figure 2.4). Twenty-seven countries in the region were considered to be 

at extreme risk and 4 out of the 5 worst performing countries were also in Africa. 
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Figure 2.4 Global index of climate change vulnerability (Verisk, 2017) 

Sub-Saharan Africa (SSA), which is a region that is already exposed to multiple 

stresses, is particularly vulnerable to the impacts of climate change. The region already 

experiences high climate variability, high rates of poverty and low adaptive capacity 

(Costello et al., 2009; Niang et al., 2014). Studies suggest that some parts of may face 

up to 50% increase in the likelihood for malaria transmission due to the establishment 

of new mosquito species (World Bank, 2012). The impacts of warming are already 

being felt. There observed retreat of tropical highland glaciers in East Africa and 

projections show most regions in northern and southern Africa will record an increase in 

warm days and nights. An increase intensity and frequency of precipitation is projected 

for East Africa, which will continue the trend observed over the last 30 to 60 years 

(Williams & Funk, 2011). Additionally, droughts in East Africa will intensify in the 21
st
 

century (medium confidence) due to continued warming of the Indian Ocean and 

increased evapotranspiration (IPCC, 2013b). Other changes include enhanced summer 

monsoon precipitation in West Africa, increased short rain in East Africa due to the 

Indian Ocean warming, increased rainfall extremes and increased frequency of landfall 
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cyclones on the east coast of Africa (including Madagascar) and increased drought over 

West Africa (IPCC, 2013b). These changes will have far-reaching and adverse impacts 

on human settlements and infrastructure, biodiversity, ecosystems and most 

importantly, on human health. Climate change is a risk multiplier for many health 

vulnerabilities in Africa and will increase the burden of many climate-sensitive health 

outcomes (Niang et al., 2014).  

2.3. Climate Change and Human Health 

2.3.1. Health impacts of climate change 

Health impacts of climate change can be positive or negative although most health 

impacts are expected to be unfavourable. Impacts from climate-related extreme events 

such as droughts, heat waves, floods, cyclones and wildfires adversely impact on 

ecosystems and human health. Major threats include reduced food and water security, 

extreme weather events and changes in infectious diseases (Costello et al., 2009). A 

combination of high temperatures and humidity in some parts is projected to 

compromise normal human activities such as crop production or working outdoors 

(IPCC, 2014a). Some of the positive effects of climate change on health include 

minimal reductions in cold-related morbidity and mortality in some areas, geographical 

shifts in food production, and reduced transmission of some diseases. However, 

projections show that the magnitude and severity of negative impacts will far outweigh 

the positive impacts (IPCC, 2014b).  

The health and climate change connection was first made in the first IPCC Assessment 

report (1990), which identified major health impacts arising from changes in availability 

of water and food and because of heat stress. The report also stated that changes in 

temperature could change patterns of viral and vector borne disease by shifting them to 

higher altitudes and putting previously unexposed populations at risk (IPCC, 1990). 

Subsequent reports successively built on the climate change and health connections 

until finally in the fourth assessment report (Confalonieri et al., 2007) a comprehensive 

climate change and health assessment was performed, which identified direct and 

indirect pathways of climate change impact on health and called for increased research 

into the health impacts of climate change. In 2009, the Lancet Commission on Health 

and Climate Change issued a special report which stated that “climate change is the 
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biggest global health threat of the 21
st
 century” (Costello et al., 2009 Pg.1). In this 

report focus was on six key areas affecting health: patterns of disease and mortality, 

food security, water and sanitation, shelter and human settlements, extreme events, and 

population migration. The key message being that climate change is not just an 

environmental issue, but a health issue that will affect billions of people globally.  

The World Health Organisation currently estimates that climate change could cause 

approximately 250,000 additional deaths per year between 2030 and 2050 (WHO, 

2014). These impacts will be particularly magnified in low-income, developing 

countries in Africa, which are already vulnerable with limited coping capacity and 

under-resourced health systems (Costello et al., 2009). This number may be relatively 

small compared to the other climate change effects, partly due to historically 

insufficient emphasis and research on climate change and health impacts therefore the 

projected additional deaths may be even greater than estimated.  

2.3.2. Pathways of impact on human health 

The IPCC Fifth Assessment Report (IPCC, 2014b) identifies three major pathways by 

which climate change affects health: 

a) Direct impacts from changes in the frequency of extreme weather such as heat, 

drought and heavy rain; 

b) Effects mediated through natural systems such as disease vectors, water-borne 

diseases and air pollution, and; 

c) Effects mediated by human systems such as occupational impacts, 

undernutrition and mental stress. 

Climate change is a risk multiplier; climate change, together with other natural and 

human-made stressors, will influence human health and disease in numerous ways 

(Figure 2.5).  
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Figure 2.5. Pathways by which climate change affects human health and the different health outcomes (CDC, 

2016c).  

Climate change impacts will produce new health threats, some existing threats will be 

exacerbated and intensified, and new health threats will emerge. Impacts on health will 

be context specific and will depend on factors such as age of the population, economic 

resources, and location (CDC, 2016c). Although the negative effects of climate change 

may be reduced by improved health services, better disaster management and poverty 

alleviation, this may be at a considerable cost. Regardless, a large magnitude of climate 

change beyond 2050 will have likely health consequences that are too severe and much 

more difficult to mitigate due to underlying vulnerabilities (IPCC, 2014b).  A second 

report released by the Lancet Commission on Health and Climate Change in 2015, 

stated that “tackling climate change could be the greatest global health opportunity of 

the 21
st
 century” (Watts et al., 2016). The report, titled ‘Health and climate change: 

policy responses to protect public health,’ identified key messages and 

recommendations to accelerate action on health and climate change research for the next 

five years.  These recommendations include among others, increased investments in 

climate change and public health research. The need therefore is for focused research on 
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vulnerability to climate-induced illness with the aim of developing targeted and context-

specific adaptation strategies.  

2.3.3. Ecosystem-mediated health impacts: Vector borne diseases 

One of the areas of greatest health impacts will be the extent to which climate change 

will influence disease transmission otherwise known as ecosystem-mediated impacts of 

climate change on health (Figure 2.2).  Infectious diseases are generally classified into 

two categories based on their mode of transmission; those transmitted directly from 

person to person and those transmitted indirectly through an intermediate vector 

organism commonly known as vector-borne diseases (VBDs). Globally, VBDs 

represent more than 17% of all infectious diseases, causing more than 1 million deaths 

annually and infecting more than one billion people (WHO, 2017b). Vectors are mainly 

blood sucking insects such as a mosquito, ticks, sand flies, fleas and aquatic snails 

among others (Table 2.1).  

Table 2.1 Common vectors and the diseases they transmit (WHO, 2014) 

Vector Diseases 

Mosquitoes: 

     Aedes aegypti 

     Aedes albopictus 

     Culex quinquefasciatus 

     Anopheles (> 60 species) 

 

Dengue, yellow fever, chikungunya, Zika virus 

Chikungunya, dengue, West Nile virus 

Lymphatic filariasis 

Malaria, lymphatic filariasis (in Africa) 

Hemagogus Yellow fever 

Sandflies Leishmaniasis 

Triatomine bugs Chagas disease 

Ticks Crimean-Congo haemorrhagic fever, tick-borne encephalitis, 

typhus, Lyme disease 

Fleas Plague, Murine typhus 

Flies (various species) Human African trypanosomiasis, onchocerciasis 

2.3.4. Climate change and vector borne diseases 

VBDs are sensitive to changes in climate because both the vector and the infectious 

agent (bacteria, virus, parasite etc.) are small and cannot self-regulate internal 

temperature and fluid levels. Therefore, they are susceptible to changing environmental 

conditions and even natural variations in climate can affect transmission. Climate 

change impact on VBDs is dependent on the unique transmission cycle of the particular 

disease involving a complex interaction between the host (human/animal), the pathogen 

(agent of infection) and the vector (mosquito, tick, fly or snail) interacting with a variety 

of ecological and environmental factors (Figure 2.6). 



GLOBAL CLIMATE CHANGE, LAND USE AND MALARIA TRANSMISSION 

 

20 

 

 

Figure 2.6 Relationships between host, pathogen , vector and ecological factors in disease emergence and 

transmission, (Patz et al., 2003). 

The biological relationships between the three components are the basis of VBD 

transmission. These relationships are bounded by time and space and when conditions 

change due to anthropogenic activities, the boundaries of transmission will shift 

resulting in changes in disease transmission risk (Patz et al., 2003). The greatest 

influences are exerted on the vector, which is the most sensitive component of the triad. 

Most vector-borne diseases occur in tropical and subtropical regions of the world and 

are exacerbated in areas with poor living conditions; lack of adequate housing, safe 

drinking water and sanitation, malnourished people and those with weakened immunity.  

As early as the 19
th

 century, climate was determined to have an influence on VBD 

transmission and distribution, the seasonal variations and climatic sensitivities are well 

known for a variety of VBDs. (Table 2.2). 
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Table 2.2 The link between vector borne diseases and climate change  

(Costello et al., 2009; Hunter, 2003; Mcmichael, 2002; Millenium Ecosystem Assessment, 2005; WHO, 2003, 2013) 

Disease Vector Host Climate-epidemic link Temporal 

climate 

sensitivity 

Malaria Mosquito Humans Changes in temp and rainfall 

associated with epidemics 

Very strong 

Dengue fever 

(arboviral 

disease) 

Mosquito Humans, 

monkeys 

High temperature, humidity and 

rainfall associated with 

epidemics in some areas. 

Non-climatic factors also have 

an important impact 

Strong 

Rift valley fever Mosquito Humans, 

animals 

Heavy rains associated with 

onset of epidemic. Cold weather 

associated with end of epidemic. 

Reservoir animal factors are 

also important 

Strong 

Lymphatic 

filariasis 

(elephantiasis) 

Mosquito Humans, 

animals 

Temperature and rainfall 

determine geographical 

distribution of the disease 

Strong 

Leishmaniasis Sandflies Humans, small 

mammals, 

rodents 

Increases in temperature and 

rainfall associated with 

epidemics 

Strong 

Yellow fever Mosquito Humans, 

monkeys 

High temperature and heavy 

rain associated with epidemic. 

Intrinsic population factors are 

also important 

Strong 

West Nile virus 

(emerging) 

Mosquito Humans, birds, 

horses 

High temperatures and heavy 

precipitation associated with 

onset of epidemic. Non-climatic 

factors may have more 

important impact 

Strong 

African 

trypanosomiasis 

(sleeping 

sickness) 

Tsetse fly Humans, wild 

game, large 

mammals, 

cattle 

Changes in temperature and 

rainfall may be linked to 

epidemics. Cattle density and 

vegetation patterns are also 

relevant factors 

Somewhat 

strong 

Schistosomiasis 

(bilharzia) 

Snails Humans, 

animals 

Increases in temperature and 

rainfall can affect seasonal 

transmission and geographical 

distribution 

Weak 

Onchocerciasis 

(river 

blindness) 

Blackflies Humans Evidence for spatial distribution 

and seasonal vector-biting rates, 

but not temporal variation in 

disease 

Weak 

Chikungunya 

(emerging) 

Mosquito Humans Possible association with 

drought/ la-Nina 

Not available 

 

The tropical African climate is particularly favourable to most VBDs (Figure 2.7), such 

as malaria, schistosomiasis, dengue fever, onchocerciasis, trypanosomiasis, lymphatic 

filariasis, leishmaniasis, plague, Rift Valley fever, yellow fever and West Nile fever 

(Githeko et al., 2000).  
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Figure 2.7 a. Incidence of deaths caused by mosquito-borne diseases; b. Worldwide disability adjusted life year 

(DALY) estimates for a range of VBDs (McGraw & O’Neill, 2013)  

The main vectors involved in transmission are the mosquito vector species Anopheles 

(malaria); Aedes (dengue, chikungunya, lymphatic filariasis, yellow fever) and; Culicine 

(Rift Valley fever, West Nile fever). The high diversity of vector species found within 

the African continent coupled with high population vulnerability to climate changes 

means a greater risk of health impacts resulting from changes in rates of disease 

transmission and in some instances, expansion of disease transmission ranges (Githeko 

et al., 2000). 

Distribution of VBDs is mediated by a complex dynamic of environmental and socio-

economic factors such as climate change, trade and travel, migration, urbanisation and 

changes in agricultural practices. The temporal and spatial changes in temperature, 

precipitation and humidity that are projected under different climate change scenarios, 

will have an impact on the biology and ecology of vectors, their intermediate hosts and 

will influence risk of transmission (McMichael, 2009; Gage et al., 2008; Patz et al., 

2003; Hunter, 2003; Githeko et al., 2000). For example, increased rainfall was 

associated with the epidemics of Rift Valley fever during the 1997–1998 El Niño event 

(Zell, 2004), while summer precipitation and changes thereof were strongly associated 

with West Nile Virus transmission and recorded human outbreaks in South Africa 

(Uejio et al., 2012).  
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2.4. Land Cover and Land Use Change 

Apart from climate, disturbance of habitats due to land cover and land use change is the 

largest environmental cause of altered VBD risk (Patz, 2004; Patz et al., 2008). Human 

beings are altering landscapes across the globe, creating disturbances in habitats, in the 

relationships between disease vectors and their hosts and shifting patterns of disease 

leading to outbreaks and even epidemics.  

2.4.1. Nidality of disease 

In the 1900s Koppen proposed a system that classified the Earth’s surface into five 

broad climatic regions that coincided with correlated patterns of vegetation and 

soils.  Each region was designated as follows: i) A - Tropical moist climates where all 

months have average temperatures above 18° Celsius; ii) B - Dry climates, which have 

deficient precipitation during most of the year; iii) C - Moist mid-latitude climates with 

mild winters; iv) D - Moist mid-latitude climates with cold winters and; v) E - Polar 

Climates: with extremely cold winters and summers (“Koppen Climate Classification,” 

2017). He called these geographic patterns biomes defined as a large geographical area 

of distinctive plant and animal groups that are adapted to that particular environment. 

The climate of the region is a major determinant of what plants grow and what animals 

will inhabit it. Between 1951 – 2000, the Koppen classification system has been 

updated to broadly define ecosystems that are able to support different vectors, hosts 

and pathogens (Reisen, 2010). Increasing human populations and anthropogenic 

activities, particularly agriculture and settlements, have destabilised some ecosystems. 

At the time Landscape Ecology emerged as a science, in the early 1930s, Russian 

Scientist Pavloskiy proposed the concept of “nidality (or focality) of disease”, where 

VBDs are generally associated with distinct landscapes or ecological settings where 

vector, host and pathogen intersect within a permissive climate (Figure 2.8). 
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Figure 2.8 How host, vector and pathogen populations intersect within a permissive environment to enable 

disease transmission (Reisen, 2010) 

The nidus of pathogen transmission contains three elements: a) Competent and 

infectious vectors, b) Competent vertebrate reservoirs and c) Susceptible recipient, i.e. 

human or animal hosts (Reisen, 2010). This concept of nidality together with landscape 

ecology led to the emergence of the science of landscape epidemiology. In the context 

of human-induced activity in biomes, the nidus can range from forests to bare areas or 

from sparsely inhabited landscapes to urban settings or areas of high agricultural 

activities. Therefore, diseases emergence is a function of suitable climate, landscape, 

vegetation, hosts and vectors and pathogens. There are a variety of land use and land 

use change (LULUC) that result in habit changes and affect the incidence and spread of 

VBDs. These include deforestation, agricultural activity, urbanisation, population 

movement, road construction, mining, wetland modification, dam building, and 

irrigation. For the purposes of this thesis I will limit the scope to two of the main 

LULUC drivers of habitat change namely, deforestation and agriculture. 

2.4.2. Deforestation and land cover change 

Forest biomes offer important ecosystem services such as carbon sequestration, 

provision of clean water, timber and other products and provide suitable habitats for a 

variety of animal and plant species. According to the Global Forest Resources 

Assessment (FAO, 2015), the total area covered by forests declined by 3% between 

1990 and 2015, but this still represents 50% reduction in rate of loss over the past 30 

years (Figure 2.9). 
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Figure 2.9 Map showing global annual change in forest area for the period 1990-2015 (FAO, 2015) 

Since 2000, human beings have cut down more than 2·3 million km² of primary forest 

(Whitmee et al., 2015). Most of this forest loss is occurring in the tropics, which 

recorded a net loss of approximately 7 million hectares per year between 2000 to 2010 

(Foley et al., 2005; Smith et al., 2016). Approximately seven trillion tonnes of carbon 

dioxide equivalent are stored in forests and other terrestrial ecosystems (IPCC, 2013b; 

Locke & Mackey, 2009). Following clearing, much of this biomass carbon is released 

into the atmosphere further contributing to the greenhouse effect and driving changes in 

climate (Conway, 2009; Foley et al., 2005; Whitmee et al., 2015; World Bank, 2012). 

Deforestation also leads to altered habitat conditions for VBDs. Changes in land cover 

and land surface can influence microclimatic conditions for mosquito habitats, such as 

temperature, evapotranspiration and surface run-off (Githeko et al., 2012; Patz et al., 

2008). Changes in land use can lead to increase in photosynthesis and algae availability 

for mosquito larvae, therefore increasing the suitability and availability of mosquito 

habitats (Githeko et al., 2012). Changes in land cover and land use occur on different 

spatial and temporal scales with local changes likely to result in adverse health 

outcomes (Figure 2.10).  
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Figure 2.10 Spatial and temporal ranges of ecosystem responses to land use change (DeFries et al., 2004)  

Deforestation in Africa is driven by the need for arable land and is one of the most 

disruptive LULUC affecting parasitic vector borne diseases in Africa. Forests are 

cleared and converted into cropland, grazing land for cattle, small-scale agricultural 

plots, and human settlements or, left as open areas (land cover change). As population 

increases habitat conversion will continue at a rapid pace, driven by a growing demand 

for food and animal products (Whitmee et al., 2015).  

Intact forest biomes have a large diversity of hosts and will contain fewer breeding sites 

for vectors. When deforestation occurs the result is habitat fragmentation, which creates 

more vector breeding sites, increasing the abundance of disease causing vectors and 

reducing the number of hosts as animals retreat or die thus raising the risk of human 

infection  as potential hosts (Whitmee et al., 2015). There are also more human-animal 

interactions and increased exposure to diseases as the forest is cleared and animal 

habitats destroyed. Increased transmission of Marburg virus, Chagas disease, yellow 

fever, trypanosomiasis, loiasis, leishmaniasis and malaria have been associated with the 

loss of primary forests for agriculture (Sutherst, 2004).  
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2.4.3. Agriculture 

Land use change for agricultural expansion represents the largest driver of land cover 

change across the earth especially in Africa (Patz et al., 2008). 70% of all Africans 

primarily work in agriculture, accounting for about 20- 30% of gross domestic product 

(GDP) and 55% of the total value of exports (Verburg et al., 2010). Large scale 

agriculture accounts for 40% of deforestation while small-scale subsistence agriculture 

accounts for 33% of deforestation in the tropics and subtropics (Smith et al., 2016).  

Croplands and pastures have become one of the largest terrestrial biomes, occupying 

40% of the land surface (Patz et al., 2008). In Africa, this area may increase further by 

as much as 25% percent to meet growing demands for food, feed and fuel (Patz et al., 

2008) in fact, between 2000 to 2010, the areas of agricultural land in Africa increased 

by 6 million hectares per year (Smith et al., 2016).  In sub-Saharan Africa, small-scale 

agriculture is the bigger driver for deforestation and driven largely by population 

growth, changing food patterns, agricultural development, policy interventions and land 

governance (Smith et al., 2016). One third of productive land area in Africa is already 

classified as dryland (Conway, 2009). Population increase will put further stress on 

available arable land, rendering approximately 2·9 million additional hectares (10 000–

29 000 km²) per year of agricultural land unsuitable for cultivation (Whitmee et al., 

2015). 

Increased agriculture also means an increased requirement for crop irrigation, which 

fuels water scarcity and also provides suitable breeding sites for disease vectors. Other 

impacts of agricultural activities are changes to the ecosystem and biodiversity, changes 

in the distribution of vector species and the introduction of vector species to new areas. 

Species reduction from extensive land use change can result in the loss of competent 

vector hosts leading to increased transmission of VBDs to human beings (Whitmee et 

al., 2015). The mosquito is the most lethal disease vector, spreading malaria, dengue 

and yellow fever, which together are currently the largest cause of morbidity and 

mortality worldwide, causing several million deaths and hundreds of millions of cases 

every year (WHO, 2015b) (Figure 2.4).  
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2.5. Climate Change, Land Use Change and Vector Borne Disease Transmission  

Climate change and land use can interdependently or independently influence incidence 

and spread of VBDs (Patz et al., 2008) and at local scales, changes in land cover, and 

local differences in topography, may result in micro-climatic variability, raising air 

surface temperatures by up to 2°C (Zhong et al., 2016) and possibly impacting climate 

more than global warming (Foley et al., 2005; IPCC, 2013a; Kirtman et al., 2013; 

Leemans & Eickhout, 2004; Patz et al., 2008; Sutherst, 2004; Tompkins & Caporaso, 

2016). Air temperature is key as it impacts parasite and vector development, vector 

mortality rate, water temperature for mosquito larval development (Tompkins & 

Caporaso, 2016). Changes in land cover will also affect land surface energy water 

balances. For example, removal of plant canopy cover will affect evapotranspiration and 

soil moisture content and increase run-off. In places whereby mosquito development is 

limited by rainfall, run-off can create temporary pools, which can serve as mosquito 

breeding sites (Bomblies & Eltahir, 2009; Stryker & Bomblies, 2012). 

Currently, the most critical mosquito borne disease that is influenced by climate and 

land use is malaria (Patz et al., 2008; Patz et al., 2003; Sutherst, 2004; Zhang et al., 

2008). There has been considerable research focus on malaria, which has a very strong 

temporal sensitivity to climate change and whose emergence drivers include 

deforestation and agricultural intensification. Malaria has been linked to LULUC such 

as deforestation, irrigation, agriculture and habitat fragmentation (Patz et al., 2004). The 

replacement of forests with agricultural activities such as crop farming and livestock 

farming can create a supportive habitat for malaria parasites and their host vectors 

(Bodker et al., 2000; Patz et al., 2000) and provide nutritional sources for mosquito 

larvae abundance (Chaves & Koenraadt, 2010; Ye-Ebiyo et al., 2000). The changes are 

heavily influenced by human activity. Projected changes in temperature from climate 

change and ecosystem changes from local land use activities will accelerate life cycles 

of malaria mosquitoes and parasites, increase mosquito abundance and expand the 

disease into highland areas (Alimi et al., 2015; Caminade et al., 2014; Ermert et al., 

2013; Haines et al., 2006; Peterson, 2009; Tonnang et al., 2014). 
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2.6. Malaria Incidence, Distribution and Transmission Cycle 

2.6.1. Incidence and geographic range 

Malaria is a parasitic disease spread by the bite of infected female Anopheline 

mosquitoes. There are approximately 430 species of Anopheles but only about 40 

transmit malaria (CDC, 2015c).  There are five species of the Plasmodium parasite that 

cause malaria: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, 

Plasmodium ovale and Plasmodium knowlesi. All except for Plasmodium knowlesi have 

a preference for humans. Half of the world’s population are at risk of the disease and 

currently, 91 countries have ongoing transmission (WHO, 2015b). Globally there has 

been concerted effort to reduce disease incidence and as a result, between 2010 – 2015 

approximately 6.8 million deaths were prevented. In the last decade and a half (2000 – 

2015), there has been a global decline of the disease by approximately 60% (Bhatt et al., 

2015; Gething et al., 2010). The fight however is far from over as malaria is still 

responsible for approximately half a million deaths each year and 212 million cases 

reported in the year 2015 (WHO, 2015b).  

In Africa, malaria is of great public health significance due to its high incidence and 

mortality. Sub-Saharan Africa bears the greatest malaria disease burden (WHO, 2015b). 

This high burden of disease is partly due to optimal climate conditions for mosquito and 

parasite development and survival and partly because the majority of infections are 

caused by P. falciparum, which causes the most severe form of the disease (Ndiath et 

al., 2015; Nelson & Williams, 2014). Also, the two dominant vectors, Anopheles 

gambiae s.s. and Anopheles funestus have a very strong preference for humans for their 

blood meal (anthropophilic) and are consequently two of the most efficient malaria 

vectors (CDC, 2015d). Anopheles gambiae s.s. is especially difficult to control due to its 

long life expectancy and high abundance (Ndiath et al., 2015; WHO, 2015b). 

In 2015, Africa recorded 90% of malaria cases and 92% of malaria deaths, 70% of 

which occurred in children under five years, essentially taking the life of a child every 

two minutes (WHO, 2015b). Other vulnerable groups include pregnant women, 

HIV/AIDS patients, non-immune migrants, mobile populations and travellers (Connor 

et al., 2006; WHO, 2015b). Lower socio-economic communities in rural areas with 

limited health facilities are also at high risk of infection. Most of the malaria burden in 

Africa is borne by populations in areas where the disease is endemic (native/constantly 
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present). These areas are relatively warm, allowing the mosquito and the parasite to 

develop quickly (Connor et al., 2006) and there is generally stable transmission year-

round. Epidemics will occur in areas of unstable transmission which are generally at the 

edges of the epidemic areas. When environmental conditions change, changes will 

occur in the balance between humans, P. falciparum and Anopheles leading to a sharp, 

but temporary increase in disease incidence (Connor et al., 2006). This could be due to a 

variety of local human activities such as irrigation scheme in a warm, semi-arid 

environment, the displacement of non-immune populations between highland and 

lowland regions, or a breakdown in pre-existing levels of malaria control (Connor et al., 

2006) or due to changes in climate, climate variability and land use change. Populations 

in epidemic-prone areas are more vulnerable to malaria due to their limited exposure to 

the disease (Costello et al., 2009; S. W. Lindsay & Martens, 1998). More than 124 

million Africans live in malaria epidemic-prone areas, experiencing approximately 12 

million malaria episodes and up to 310,000 deaths annually (Worrall et al., 2004).  

2.6.2. Ecology and life cycle of the Anopheles mosquito 

The environment in malaria-endemic areas is conducive to mosquito survival and 

growth, i.e. areas have pools of surface water for the Anopheles mosquitoes to lay eggs 

and humid conditions conducive to adult mosquito survival (Connor et al., 2006). 

Anopheles breed primary in rice fields, shallow pools of water or  small, open sunlit 

pools (Diboulo et al., 2015; Nelson & Williams, 2014; Yamana & Eltahir, 2013) such as 

those formed from rainfall, swamps or accumulated in open containers. The mosquito 

goes through the four typical stages of insect growth, i.e. egg, larva, pupa and adult, 

over a period of 7-20 days (Nelson & Williams, 2014). The first three stages are aquatic 

and will typically last 5-14 days, while the adult stage will typically be 1-2 weeks when 

the mosquito can transmit malaria (CDC, 2015d). Duration of each stage is dependent 

on the species, ambient temperature and other environmental conditions. 

The female Anopheles requires protein from a blood meal for egg production, therefore 

only the female feeds on blood and is responsible for transmitting malaria. Mating 

occurs shortly after emerging as an adult and before their first blood meal. The 

Anopheles mosquito mates only once and stores the sperm; laying between 200 to 1000 

eggs in 3 to 12 batches over its lifetime (Nelson & Williams, 2014). Before each batch 

of eggs is developed and laid, a fresh blood meal is required. Anopheles has a strong 
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preference for human hosts as a source for their blood meals and will generally feed 

from dusk to dawn on people sleeping indoors. Some mosquitoes prefer to feed indoors, 

while others feed outdoors. After a blood meal, the mosquito will seek a resting place 

for 24 to 36 hours to digest the blood meal (Nelson & Williams, 2014). Indoor feeders 

will generally rest outdoors, on a nearby wall or a covered place such as bushes, 

containers, pits or cow sheds while outdoors feeders will rest indoors. During its 

lifetime, Anopheles will take a blood meal every two to three days, each time potentially 

transmitting malaria until it dies. Efficiency of transmission is dependent on how 

susceptible the mosquito is to Plasmodium, host choice and how long the mosquito lives 

(CDC, 2015d).  

2.6.3. Transmission cycle 

Malaria has a two-stage transmission cycle in which the parasite interacts with two 

hosts; humans and the female Anopheles (Figure 2.11).  

 

Figure 2.11 Malaria transmission cycle (Mayo Foundation for Medical Education and Research, n.d.) 

The malaria transmission cycle begins when a mosquito that is infected with malaria 

bites a non-infected human and releases the parasite into their bloodstream. The 
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parasite, P. falciparum¸ will migrate from the bloodstream to the liver where it will 

grow and multiply in the cells. Once the parasites mature, they leave the liver and infect 

the red blood cells (Nelson & Williams, 2014). Humans are infective during this blood 

phase, which is typically also when malaria symptoms start to appear. This period from 

the first infective bite to the time when the first symptoms appear is known as the 

incubation period and can be from 7 to 30 days depending on the parasite species (CDC, 

2015a). The parasite P. falciparum has the shortest incubation period and can progress 

very quickly from uncomplicated to complicated (severe) malaria. Common symptoms 

of uncomplicated malaria are flu-like, including fever, chills, diarrhoea, headaches, 

muscle pain, nausea, sweating, vomiting and general malaise/weakness (“Parasites in 

Humans,” 2016a). These symptoms typically last 6 to 10 hours and will occur every 

second day after infection with P. falciparum (CDC, 2015b). If left untreated the 

infection will quickly become severe and can be complicated by organ failures or other 

abnormalities in the patient’s blood or metabolism. Some symptoms of complicated 

malaria include anaemia, haemoglobin in the urine, acute respiratory distress, 

abnormalities in blood clotting, low blood pressure, kidney failure, excessive acidity in 

the blood and tissues, low blood glucose and seizures (CDC, 2015b; “Parasites in 

Humans,” 2016b). Additionally, the parasite can clog small blood vessels and when this 

occurs in the brain, it becomes cerebral malaria, which can be fatal (CDC, 2016b). 

Pregnant women are at high risk of complicated malaria, which can lead to premature 

birth or babies with low weight at birth (CDC, 2015b).  

When the female Anopheles takes a blood meal from a human during this infective 

blood phase, it will ingest the parasite and after about 10 to 21 days of development, the 

parasite will infect the mosquito’s salivary glands. This is also known as the extrinsic 

incubation period (EIP). The mosquito has to survive longer than EIP in order to 

transmit malaria. When the mosquito takes another blood meal, the parasite present in 

its salivary glands is injected into another separate human and continues the 

transmission cycle. Once infected with malaria, the mosquito can transmit the parasite 

with each blood meal. In this manner the mosquito acts as a vector that carries the 

disease from one human to another (CDC, 2016a).  

Development of the parasite in the mosquito and the intensity of transmission depend on 

type of vector species, temperature, rainfall, land use and land use change and human 

behaviour / interventions (Table 2.3). 
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Table 2.3 Important factors influencing malaria transmission (CDC, 2015a; van Lieshout et al., 2004; WHO, 

2016) 

Variable Vector 

species 

dependent 

Temperature 

dependent 

Rainfall 

dependent 

Landscape 

dependent 

Human 

behaviour 

dependent 

Daily human biting rate Yes Yes No No Yes 

Human susceptibility 

(efficiency of infection) 

Yes No No Yes Yes 

Mosquito infection by parasite Yes No No No No 

Daily survival probability of 

mosquito 

Yes Yes No No Yes 

Parasite incubation within 

mosquito 

No Yes No No No 

Density of parasite reservoir 

hosts 

Yes Yes Yes Yes Yes 

Vector abundance Yes Yes Yes Yes Yes 

 

Efficiency of transmission is measured by the entomological inoculation rate (EIR) and 

the vectorial capacity. The EIR is the number of infective bites received per person per 

night while vectorial capacity is the number of potentially infective contacts that an 

individual human can acquire in an area per unit of time. According to Patz (2004), 

there are four major factors that may have an impact on the vector and vectorial 

capacity, i.e. the efficiency of transmission. These are: day length,  temperature, 

humidity and habitat and they are largely influenced by climate, latitude, geography and 

human activity (CDC, 2015b; Patz, 2004). 

2.7. Conclusion 

This chapter provided a background on the global issues and priorities in the climate 

change discourse. Projections into the 21
st
 century show that global average 

temperatures are on the rise and that the result will be adverse impacts on the health and 

wellbeing of human populations. Current threats and projections for the future in a 

warming world are discussed with a focus on climate change impacts on human health 

and specifically impacts on malaria risk in Africa. The influence of land cover and land 

use change was reviewed as another major driver for disease incidence. The chapter 

concluded with a discussion on the incidence, geographic range, ecology, life cycle and 

transmission cycle of malaria. The next chapter will discuss in detail how different 

aspects of climate change and land use influence malaria transmission.  
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CHAPTER 3: CLIMATE FACTORS, HABITAT CHANGE AND 

OTHER FACTORS INFLUENCING RISK OF MALARIA INFECTION 

 

3.1. Introduction 

The previous chapter presented the background literature on climate change, land use 

and malaria transmission. This chapter focuses partly on how the different aspects of 

these three systems interact and how climate change and land use influence malaria 

transmission and partly on conceptualising risk in the context of climate change and 

malaria transmission with a focus on East Africa. Section 3.2 discusses the different 

variables of climate change and their influence on malaria transmission. Section 3.3 

focuses on habitat change because of land use change and how this influences malaria 

transmission while section 3.4, discusses other biological, socio-economic and other 

factor that may also influence malaria transmission. Section 3.5 discusses the concept of 

risk, and its constituent measures in climate change research, followed by section 3.6 

which is a discussion on climate change and malaria risk in East Africa. The chapter 

concludes with section 3.7 which focuses on assessment of climate change and malaria 

risk.  

3.2. Climate Change and Malaria Transmission 

Current climate change projections estimate that the number of people at risk from 

malaria will increase by 1.6 million by 2030 and by 1.8 million by 2050 (WHO, 2014). 

For sub-Saharan Africa, this means a fifty percent chance or higher increase in malaria 

transmission risk (Béguin et al., 2011). In areas with optimum climatic conditions and 

where the mosquito lifespan is longer, transmission will be more intense because the 

parasite has time to complete its life cycle inside the mosquito. The malaria 

transmission cycle is influenced by air temperature, water temperature, rainfall and 

humidity. Both the Anopheles mosquito and the Plasmodium parasites are climate 

sensitive and will respond to even the slightest changes in climate conditions (Costello 

et al., 2009; Shuman, 2011; WHO, 2004; WHO and WMO, 2012).  

Impact of climate change on malaria is noticeable in the expansion and shifting of the 

geographic range of the disease into communities previously unexposed to the disease 

or those who have had limited exposure. There are also instances where malaria 
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incidence can rise when climate and other conditions suddenly favour transmission. 

Both situations can lead to epidemics in areas where people are very vulnerable to 

infection due to little or no immunity to the disease. Less noticeable would be changes 

within a population that already has high exposure to the disease (Gage et al., 2008). An 

epidemic is defined as a 100% or a twofold or greater increase in confirmed malaria 

cases above the long term mean while increases below this threshold are considered 

seasonal outbreaks (Githeko et al., 2014).  

Temperature increase in the East African highlands is much faster than the global 

average and has risen by 0.50°C since 1980 and during the same period there has been a 

sharp increase in mosquito populations (Conway, 2009) and current malaria-climate 

modelling projections across Africa predict an increase in malaria vector suitability in 

eastern Africa as temperatures rise (Gething et al., 2010; Paaijmans et al., 2010; Pascual 

et al., 2006; Peterson, 2009; Ryan et al., 2015). 

3.2.1. Temperature  

The internal body temperature of the mosquito changes with the environment, therefore 

temperature can independently act as a determinant in the geographic distribution of 

mosquitoes and can also increase rate of parasite and mosquito development (Patz et al., 

2003; Patz et al., 2004). There are minimum and maximum temperature boundaries 

within which transmission can take place, allowing both the parasite and mosquito to 

cope with some variation in climate (Lafferty, 2009). 

Temperature is a key driver of Anopheles survival (gonotrophic cycle), biting rate and 

rate of Plasmodium development within the mosquito (sporogonic cycle) (Gage et al., 

2008; Gwitira et al., 2015; Leedale et al., 2016). The influence of temperature is non-

linear therefore even moderate warming can greatly influence transmission. For 

Anopheles, its lifespan is approximately 21 days. At temperatures of 20°C the parasite 

will take 23 days to develop, which is more than the lifespan of the mosquito, while at 

30°C the parasite will develop in 9 days. This equates to less than half the time taken for 

parasite development for a temperature difference of 10°C (Nelson & Williams, 2014). 

Generally, under favourable climate conditions, the mosquito can survive at least one 

month, which is enough time for the parasite to develop (7-12 days) (Nelson & 

Williams, 2014). For Plasmodium falciparum the temperature threshold is 16°C to 19°C 
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(Gage et al., 2008), which means temperature rise above this threshold is favourable for 

parasite development and raises the risk of infection (Leedale et al., 2016). Malaria will 

increase with air temperature until transmission peaks at 25-30°C (Lunde et al., 2013; 

Tompkins & Caporaso, 2016) and at temperatures between 33°C to 39°C, parasite 

development cannot occur therefore transmission will stop (Gage et al., 2008).   

Specifically, as illustrated in Figure 3.12, higher temperatures above minimum 

transmission threshold will reduce larval maturity time, leading to an increase in vector 

density as well as vector abundance. Higher temperatures can also shorten the 

development time of the parasite in the vector, i.e. the extrinsic incubation period (EIP), 

leading to an increase in the infection rate (Githeko et al., 2000; Patz et al., 2003; 

Sutherst, 2004). Another manner by which high temperature can affect transmission risk 

is by shortening of the gonotrophic cycle (time taken between a mosquito blood meal 

and laying of egg), which leads to faster biting frequency also leading to potentially 

higher infection rates (Patz et al., 2003).  
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Figure 3.12 Pathways by which climate change, through changes in temperature and rainfall influences 

malaria transmission 

3.2.2. Rainfall  

Precipitation/rainfall is another key driver of malaria transmission, although the 

relationships between rainfall and malaria is more complicated than with temperature 

(McCord, 2016). The rainfall-malaria relationship is less defined in the literature and 

this is partly because projections of changes in rainfall are less consistent between 

global climate models and less robust at smaller regional scales (Campbell-lendrum et 

al., 2015). Rainfall impacts on malaria transmission through creation of temporary 

breeding sites for Anopheles. In some cases, excess rain or high intensity rain may have 

the opposite effect by flushing out Anopheles breeding sites (Diboulo et al., 2015; 

Paaijmans et al., 2007). Peak malaria transmission periods in Africa are often during or 

just after the rainy season. Changes in rainfall can have short and long-term impacts on 

Anopheles habitats. Increased changes in rainfall patterns will mainly impact on habitats 

through drought or flooding and will affect vector populations at the larval and adult 

stages (Gage et al., 2008). Flooding especially will increase habitat productivity for 

mosquito growth (DeFries et al., 2004; Githeko et al., 2000; Patz et al., 2003) leading to 
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an increase in vector abundance (Yamana & Eltahir, 2013), while droughts will result in 

less quality of vector breeding sites thus reducing vector abundance (Gage et al., 2008) 

(Figure 3.12).  

3.2.3. Relative humidity  

The high surface area to volume ratio of mosquitoes makes them especially sensitive to 

dehydration and reduced survival at low humidity levels (Yamana & Eltahir, 2013). 

Rainfall patterns will affect humidity, which will in turn influence adult mosquito 

survivorship. Higher temperatures may also mean higher humidity if water is present, 

which is favourable to transmission while low humidity can shorten the lifespan of the 

mosquito despite optimum temperatures therefore limiting mosquito distribution (Gage 

et al., 2008; Patz et al., 2004).   

3.2.4. El Niño-Southern Oscillation (ENSO) 

The ENSO system has remained variable for the past 7,000 years and will likely remain 

the dominant driver for interannual climate variability in the future (IPCC, 2013b, 

2014a). The ENSO impacts on both temperature and precipitation. In the past fifty 

years, extreme Indian Ocean dipole (IOD) events have occurred eight times and the 

strong ENSO event in 1997 coincided with an IOD event (Hashizume et al., 2009). In 

future projections precipitation anomalies will increase in frequency under the effect of 

the ENSO. The impact will be increased warming and precipitation in the western 

Indian Ocean, which will influence precipitation in East Africa (IPCC, 2014b). Major El 

Niño events occur every two to every seven years and are associated with above average 

rainfall in East Africa (M Pascual et al., 2006).  

3.3. Habitat Change and Malaria Transmission 

Significant changes in LULUC and land cover can affect Anopheles abundance. These 

changes are on the mosquito habitat through the influence of topography, habitat 

fragmentation, micro-habitat changes and the edge effect. LULUC will influence 

malaria transmission mainly through changes on mosquito larval breeding habitats, 

changes in human host behaviour and increase in the density of reservoir hosts (DeFries 

et al., 2004). Land cover and the type of vegetation also influence Anopheles abundance 

(Connor et al., 2006). Changes in land use introduce the mosquito into new habitats, 

extending their range, altering composition of Anopheles populations and increasing 
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mosquito abundance (DeFries et al., 2004; Patz et al., 2008; Patz et al., 2004; Patz, 

2004) through habitat fragmentation, changes in the micro-habitat and increased 

exposure through an edge effect (Figure 3.13). 

 

Figure 3.13 Pathways by which land use and land use change through deforestation and agriculture influence 

malaria transmission 

3.3.1. Topography 

Malaria transmission is temperature-dependent and is influenced by topographical 

factors such as elevation/altitude and slope angle, aspect and topographic position 

(Alimi et al., 2015). Areas elevated 1,500m above sea level or higher with temperature 

below transmission threshold are unsuitable for Anopheles development. Poorly drained 

U-shaped valley ecosystems will have more likelihood of malaria infections than V-

shaped valley ecosystems (Githeko et al., 2014; Wanjala et al., 2011). This is because 

U-shaped valleys have a broader valley bottom with slow-moving water and therefore 

water is likely to accumulate and create suitable Anopheles breeding sites (Githeko et 

al., 2014) while V-shaped valleys have a narrow bottom and fast-flowing water 
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allowing little opportunity for the creation of Anopheles breeding sites (Githeko et al., 

2014). 

3.3.2. Habitat fragmentation  

Deforestation and resulting development and human settlement can create breeding sites 

for malaria-transmitting mosquitoes, increasing Anopheles abundance (Whitmee et al., 

2015). Changes in land use are likely to lead to a shortening of the gonotrophic cycle 

(average number of days between a blood meal and laying eggs), increase Anopheles 

biting rate, reproductive fitness and vectorial capacity of the mosquito (Afrane et al., 

2005; Afrane et al., 2006). In Tanzania, changes in land use led to increases in the 

length of the malaria transmission season from one to two months (Tompkins & 

Caporaso, 2016). 

3.3.3. Micro-habitat changes  

Land use change because of agricultural practices can speed up mosquito larval 

development by providing nutritional sources. For example, maize pollen and other 

cultivated crops have been linked to enhanced mosquito larval development (Chaves & 

Koenraadt, 2010; Ye-Ebiyo et al., 2000). 

Deforestation will result in an increase in local temperature and humidity, creating 

microclimates that are warmer and with more moisture content than the surrounding 

environment and favourable to mosquitoes for survival and reproduction i.e. will speed 

up Anopheles reproduction rates and development times of P. falciparum (Whitmee et 

al., 2015). Deforestation also results in a reduction in microhabitat biodiversity 

including predator populations which in turn increase vector abundance (Whitmee et al., 

2015). 

Changes in deforestation can impact transmission by increasing the suitability and 

availability of mosquito larval breeding habitats through elevation of water temperatures 

and by increasing photosynthesis and algae availability (Githeko et al., 2012). Increase 

in both habitat productivity and availability may lead to increase in vector abundance 

(Figure 3.2). 



CLIMATE FACTORS, HABITAT CHANGE AND OTHER FACTORS INFLUENCING RISK OF MALARIA 

INFECTION 

 

41 

 

3.3.4. Edge Effect 

Expansion of roads and building of settlements can create a forest fringe which is a 

more favourable habitat for mosquitoes (Barros & Honório, 2015; Meyer Steiger et al., 

2016). As the forest retreats, the pattern of human settlement will change; new settlers 

will be drawn to the edge of the forest (edge effect), where they will be particularly 

vulnerable to exposed Anopheles habitats, putting them at increased risk of infection. 

Changes in agricultural practices may also influence human host behaviour and put 

humans in contact with exposed mosquito breeding sites thereby potentially increasing 

infection rate (Patz et al., 2003). 

3.4. Other Factors that Influence the Malaria Transmission Cycle 

Malaria has a complex transmission cycle which is influenced by changes in climate 

and ecological factors. Although climate change does influence the global distribution 

of the disease, the spatial extent within regions will be dependent on other non-climatic 

factors. The development of the malaria parasite (extrinsic cycle) and the intensity of 

transmission also depends on several other biological, socio-economic and socio-

cultural factors, human behaviour, drug resistance and public health interventions. At a 

local level, there are human interventions including malaria prevention, control and 

treatment that can significantly lower risk of infection. These factors can influence 

malaria transmission independently or by modifying the effects of climate change and 

land use change at a local level (Campbell-lendrum et al., 2015; IPCC, 2013a; Kirtman 

et al., 2013) therefore quantifying the impact of climate change needs consideration and 

better understanding of the interactions between these factors, climate change and 

malaria transmission (Parham et al., 2015). 

Most communities in Africa remain vulnerable because they lack the infrastructure 

necessary to mitigate against this risk. There have been efforts to quantify the burden of 

malaria that is specifically attributable to climate change (WHO, 2004) but the process 

is made difficult by the array of influencing variables. These include age, immune 

status, socio-economic status, population migration and transportation, trade and travel, 

malaria prevention and control, insecticide resistance, drug resistance, and malaria 

treatment (Gage et al., 2008). Risk factors can be separated into two classes: main and 

modifying factors. Main factors such as climate and land use will directly affect malaria 
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transmission while modifying factors will contribute to a more conducive environment 

for mosquito breeding and development (Stresman, 2010). 

Intensity of transmission also depends on other factors such as individual’s age, gender 

and other demographics like education, occupation, dwelling type, rural, urban or 

ecological zones and time. Also, the species of parasite, length of infection, level of 

parasite present in the blood (parasitaemia), drug treatment and immune status of 

infected individuals have an influence on the incidence and rate of malaria transmission. 

The IPCC projects that there will still be 200 million people at risk of malaria infection 

due to changes in climate, despite interventions and treatment (IPCC, 2014b). 

Therefore, it is imperative to understand how climate change and land use interact with 

other risk influences of malaria transmission, impact on vulnerable communities and 

how we can mitigate this risk and empower communities with the adaptive tools to 

manage this risk.  

3.4.1. Biological influences 

Age and immunity are important factors in transmission, especially in areas that are 

prone to epidemics. Partial acquired immunity to malaria generally develops over years 

of exposure and is not permanent, but it does provide some protection and reduces the 

risk of malaria infection or risk of severity. Young children (typically those under five 

years of age) in areas of high transmission are thus very susceptible to malaria 

infections as they have not had sufficient time to build up their immunity. In areas of 

low transmission or in epidemic prone areas, all age groups will be at risk. Age, lack of 

acquired immunity and the severity of P. falciparum are the main reasons why most 

malaria deaths in Africa occur in young children (WHO, 2015b). Also, people with a 

pre-existing disease burden such as HIV/AIDS, will be at higher risk of infection 

because of their lowered immunity. 

3.4.2. Socio-economic and socio-cultural influences 

Malaria is also sensitive to, and influenced by socio-economic factors such as housing 

structure, education, poverty, gender, superstition, religious beliefs and perception (Luis 

F Chaves & Koenraadt, 2010; Wandiga et al., 2009) Risk of malaria infection is higher 

in houses built of mud and thatch (semi-permanent) as opposed to those built using 

cement and iron sheets (permanent) (Atieli et al., 2009; Connor et al., 2006; Lindsay et 
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al., 2003; Ndiath et al., 2015). In such houses, the mud walls and thatch roofing provide 

suitable resting sites for mosquito (Atieli et al., 2009; Lindsay et al., 2003). 

Additionally, the typical overhanging roof construction and open eaves allows 

mosquitoes easy access into the house when occupants are asleep; this is particularly 

true for Anopheles gambiae, which will fly upwards when encountering a vertical 

surface (Atieli et al., 2009). Housing location is also important as houses built in close 

proximity to Anopheles breeding sites and those closer to rivers or other pools of 

stagnant water will increase the likelihood of exposure to and infection with malaria 

(Ndiath et al., 2015; Ochien’g, 2016). There is also a higher risk of malaria in 

economically disadvantaged communities and areas of low socio-economic status 

(Wandiga et al., 2009; Yanda et al., 2006). In these areas, inadequate health care 

systems and increasing poverty levels will reduce coping capacity of households in 

managing malaria epidemics (Wandiga et al., 2009). 

Movement of people due to migration, transportation, trade and travel also increases 

risk of malaria. There is a chance of infected Anopheles mosquitoes being carried by 

people moving from areas of high malaria incidence to low/no incidence and 

introducing the mosquito and parasite to the new population. Also, movement of people 

from an area of low exposure to a region of high exposure leaves them vulnerable to 

malaria.  

3.4.3. Malaria control and treatment  

Malaria control, prevention and treatment activities also influence transmission and risk 

of infection. In areas with low socio-economic status, many people lack access to 

effective control and treatment of malaria and many will depend on traditional therapy 

(Yanda et al., 2006). Recommended prevention and control for malaria are use of long-

lasting insecticidal nets (LLINs) and indoor residual spraying (IRS) (WHO, 2015b). 

LLINs are impregnated with a WHO recommended pyrethroid insecticide during 

manufacture and therefore act as a physical barrier to reduce mosquito-human contact 

and also as a chemical barrier that kills or repels mosquitoes on contact (Parham & 

Hughes, 2015). LLINs are generally effective for three to five years, before the effect of 

the insecticide wears off and effectiveness depends on cost, appropriate net use and 

duration of protection (Parham & Hughes, 2015). IRS is the spraying inside of houses 

with insecticide to repel mosquitoes and to kill mosquitoes that land or rest indoors. 
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Spraying is done one to three times a year and effectiveness depends on the type and 

cost of insecticide used, residual efficacy, seasonality of transmission and emergence of 

resistance (Parham & Hughes, 2015). LLNs are currently distributed free of charge in 

39 out of 43 countries with ongoing P.falciparum in Africa while IRS is currently 

recommended by malaria control programmes in 40 out of 43 countries (Parham & 

Hughes, 2015). 

When control measures are inadequate, then malaria distribution will be closely linked 

to seasonal patterns of climate and the local environment (Connor et al., 2006). In high 

risk areas of East Africa, malaria is generally restricted by climate conditions and 

therefore risk management will be largely dependent on capacity to develop and sustain 

strong malaria prevention and treatment programmes. The likelihood of severe malaria 

infection and even mortality is increased when insecticide resistance, drug resistance, 

inappropriate drug administration, self-medication  and failure to seek treatment become 

prevalent in the population (Parham & Hughes, 2015; Zhou et al., 2004). 

The risk of increase in incidence and distribution of malaria can be counteracted by 

economic development and aggressive treatment (Béguin et al., 2011; Parham & 

Hughes, 2015). If we keep climate constant and assume strong economic growth and 

social development, current model projections to 2050 show a reduction in the number 

of people at risk by at least half (IPCC, 2014b), which may reduce the risk of 

transmission from climate impacts alone by approximately 3 billion people (Béguin et 

al., 2011). However, even under such scenarios, 200 million additional people would be 

at risk of malaria under climate change (IPCC, 2014c), and interactions between climate 

change and land use change will contribute to this risk through changes in Anopheles 

composition, distribution and abundance.  

3.5. Conceptualising Risk in the Context of Climate Change  

The IPCC Fifth Assessment Report defines risk of impacts from climate change as “the 

probability of occurrence of hazardous events or trends multiplied by the impacts if 

these events or trends occur” (IPCC, 2014b Pg. 40). Risk in this case, is understood to 

result from the interaction of vulnerability, exposure and hazard (Figure 3.14).  
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Figure 3.14 The interaction of exposure, vulnerability and hazard to produce risk in the climate system (IPCC, 

2014b)  

This IPCC definition recognises that the risk of climate related hazards can occur due to 

many interacting influences and that focus should be on solutions for risk reduction. It is 

a major shift from the Fourth Assessment Report, which defined vulnerability as a 

function of the exposure, sensitivity and adaptive capacity of a given population (IPCC, 

2014c). Shifting the focus to solutions for risk reduction and risk management facilitates 

policy making. Within this current framework, climate change is not a risk per se, but 

changes in climate and in climate-related hazards will interact with exposure and 

vulnerability of systems to determine risk to a society.  

3.5.1. Hazard 

Hazard in this context is malaria, which is influenced by climate change and climate 

variability. Hazard interacts with vulnerability of societies in exposed systems to 

determine risk of infection. 

3.5.2. Exposure 

In the context of vector borne diseases such as malaria as exposure is “a combination of 

a change in exposure of humans to pathogens with environmental change and the 

sensitivity of the population to that change” while adaptive capacity consists of 

“…technologies, cultural tools and the public health infrastructure and resources that are 
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available to implement appropriate management responses” (Sutherst, 2004 p.6-7). 

Exposure, much like vulnerability, is context specific and factors such as wealth, 

education, ethnicity, religion, gender, age, class or disability will contribute to 

differential exposure to malaria (IPCC, 2014c). 

3.5.3. Vulnerability 

Vulnerability within the IPCC definition (Figure 3.1) is placed within a holistic 

framework that includes the impact of climate-related hazards and exposure of human 

and natural systems, which combined contribute to risk. In this context, vulnerability to 

disease and injury due to climate variability and climate change is defined as “the 

propensity or predisposition to be adversely affected” (IPCC, 2014b Pg. 40). This 

includes susceptibility to the climate-induced hazard and the capacity to cope. 

Susceptibility can be generic and biological; factors such as education, income, health 

status and responsiveness of government are considered generic causes of vulnerability 

while biological susceptibility includes factors such as age, gender and immunity 

(IPCC, 2014 Pg.717). 

Two philosophical paradigms have emerged from studies of vulnerability; the positivist 

paradigm, which emphasises top-down biophysical vulnerability and the constructivist 

paradigm, which emphasises bottom up social vulnerability (Vincent, 2004). 

Biophysical vulnerability focuses on the potential for loss from the exposure of a 

population to a hazard and the methodology is often centred on modelling of global 

impacts, while social vulnerability emphasizes the susceptibility of social groups or 

society at large to potential losses from hazard events and disasters and their capacity to 

cope with or recover from these events, and the methodology is centred on local level 

case studies (Cutter, 1996; Kelly & Adger, 2000; Vincent, 2004). Vulnerability can be 

the starting point or the end point of analysis whereby the former considers vulnerability 

as a pre-existing state and seeks to identify the drivers and causes, while the latter 

considers vulnerability in terms of net impacts once adaptation has occurred and seeks 

to evaluate what can be done to protect the population (Eriksen & Kelly, 2007; Kelly & 

Adger, 2000).  

In climate change and malaria studies, vulnerability will depend on the existing burden 

of ill health, climate and health infrastructure, livelihoods and how sensitive these are to 
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changes in climate, technological capacity, public service delivery of mitigation and 

adaptation actions and the prevailing political climate.  Hence, vulnerability can be 

understood as a property of coupled social-environmental systems of complex feedback 

relationships (Adger et al., 2009). Vulnerability is very context specific and dependent 

on the hazard and nature of the socio-ecological system (Brooks et al., 2005; Vincent, 

2004). The extent to which a population is vulnerable to malaria is dependent on the 

level of exposure and coping capacity. The same influencing factors for a modern 

developed country will not be the same as those for rural communities in a developing 

country. Different countries have different levels of exposure to risk. Developing 

countries are particularly vulnerable to the impacts of climate change because of their 

limited capacity to cope and adapt and because of their economic reliance on climate-

sensitive activities such as rain-fed agriculture. Climate change will influence the nature 

of the hazards that communities are exposed to and will also contribute to reducing 

coping and adaptive capacity especially for those with limited resources.  

An assessment of climate change and malaria risk is assessed by integrating all the three 

elements of risk, i.e. hazard, exposure and vulnerability. There are two aspects of risk; i) 

the probability of adverse events occurring and; ii) the impact or consequences of those 

events (IPCC, 2014b).  

3.6. Malaria Risk and Vulnerability in East Africa  

3.6.1. East African Climate and Geography 

The African continent is divided into four major climatic sub-regions; Sahara (SAH), 

Western Africa (WAF), Eastern Africa (EAF) and Southern Africa (SAF). Climate 

variability in EAF is influenced mainly by variations in the Indian Ocean sea surface 

temperatures (SSTs), Indian Ocean dipole (IOD) and also by the ENSO (IPCC, 2013b). 

The EAF has an arid/semi-arid climate and a semi-annual rainfall cycle. The major 

rainfall season occurring during March-April-May (MAM). This is also known as the 

long rains season. A second rainfall season occurs during October-November-December 

(OND), otherwise known as the short rains season. The rainfall seasons are driven by 

the inter-tropical convergence zone (ITCZ) (IPCC, 2013b), which is a belt of low 

pressure that circles the earth near the equator and where trade winds of northern and 

southern hemisphere converge. The effect of the Indian Ocean SST/IOD is more 
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pronounced during the short rains season leading to increased short rains consistent with 

differential warming of 21st century Indian Ocean SSTs (IPCC, 2013b). In recent years, 

there has been an increase in droughts in the EAF due to decline in rainfall during the 

long rains and projections also show an increase in the frequency of extreme events 

such as droughts or heavy rain (Niang et al., 2014). Long term projections however, do 

show an increase in intensity and frequency of precipitation for EAF, particularly during 

the short rains due to projected shifts in ITCZ and an increase in the frequency and 

intensity of El Niño events  (Niang et al., 2014; Williams & Funk, 2011). Williams & 

Funk (2011) ascribe this to warming of the Indian Ocean SSTs while (Yang et al., 2015) 

state that this is part of a Pacific-centred decadal variability in rainfall.  Long term 

projections for the long rains are inconsistent. Some studies project a decrease in 

rainfall, while others are inconclusive (IPCC, 2013b) (Figure 3.15). 

 

Figure 3.15 Observed and simulated variations in past and projected annual average temperature and rainfall 

over the East African Community (IPCC, 2014a) 

Since the early 1980s the equatorial and southern parts of eastern Africa have 

experienced a significant increase in seasonal mean temperatures particularly in 

Ethiopia, Kenya, South Sudan, and Uganda over the last 50 years (IPCC, 2014a). 

Maximum projections of temperature over equatorial eastern Africa show a significant 

increase in the number of warm days (>2°C) above the 1981–2000 average by the 

middle and end of the 21st century under various climate change scenarios (IPCC, 

2014a) (Figure 3.15). 

3.6.2. Malaria transmission in East Africa 

There are five countries that form the East African Community (EAC), which are 

considered in this study i.e. Kenya, Uganda, Tanzania, Rwanda and Burundi. 

Collectively these five countries have a total population of 168.5 million people 
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covering 2.5 million km
2
. Some of the countries have high malaria endemicity, the 

highest malaria prevalence rates and the highland areas are prone to malaria epidemics 

(Figure 3.16).  

 

Figure 3.16 Countries in Africa that have experienced malaria epidemics between 2005 – 2010 (RBM, 2010).   

Higher temperature and favourable rainfall conditions will extend the transmission 

season of malaria in some endemic areas and expand the transmission range into 

neighbouring highland epidemic-prone areas thus increasing the frequency of 

epidemics. Since 1980, temperatures in the east African highlands have risen by 0.5, 

much faster than the global average and accompanied by a corresponding increase in 

mosquito populations  (Conway, 2009). Any changes in transmission however, can be 

mitigated by strong public health systems therefore any assessments of climate change 

and malaria risk must include the effectiveness of public health systems and other 

government interventions. 

3.7. Measuring Climate Change and Malaria Risk 

An assessment of risk is a measurement of how a society, community or socio-

ecological system is exposed to malaria, which would take into account the 

predisposition or factors that would cause the society to be adversely affected 
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(vulnerability) and the potential adverse consequences when hazard interacts with 

vulnerability in exposed systems and the ability of the system to cope with or adapt 

(IPCC, 2014b).  

In the context  of the environment and policy concerns related to the environment 

Rothman & Robinson (1997), proposed a conceptual framework within which 

individual integrated assessment studies can be placed and evaluated, based on research 

on modelling, science-policy, energy policy and climate change. Building on their work,  

Füssel & Klein (2006), provided a review of the evolution of climate change 

vulnerability assessments. They contended that even though vulnerability can be 

defined in many ways, they distinguish three main models for conceptualising and 

assessing vulnerability. These are: (i) the risk-hazard framework, which places emphasis 

on an external hazard to the system and its adverse effects; (ii) the social-constructivist 

framework, which defines vulnerability from a socio-economic lens and; (iii) the 

hazards of place model, which seeks to integrate biophysical and social determinants of 

vulnerability otherwise known as integrated assessments or second-generation 

vulnerability assessments: (Table 3.4).   

Table 3.4 Properties of four different stages of climate change vulnerability assessments (Füssel & Klein, 2006) 

 Types of Vulnerability Assessments 

  Impact 

Assessment 

First Generation Second 

Generation 

Adaptation 

Policy 

Assessment 

1.  Main Policy focus Mitigation  Mitigation Resource 

allocation 

Adaptation 

2.  Main result Potential 

impact 

Pre-adaptation 

vulnerability 

Post-adaptation 

vulnerability 

Recommended 

adaptation 

strategy 

3.  Time horizon Long term Long term Mid-long term Short-long term 

4.  Spatial Scale National-global National-global Local-global Local-national 

5.  Climate variability, 

non-climatic factors 

and adaptation 

Little Partial Full  Full 

6.  Uncertainty Little Partial Partial Extensive 

7.  Integration: natural and 

social sciences 

Low Low-medium Medium-high High 

8.  Stakeholder 

involvement 

Low Low Medium high 

3.7.1. Integrated Assessments 

An integrated assessment (IA) is an interdisciplinary approach for evaluation of a 

specific problem usually with the aim of providing useful information to inform policy. 
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Integrated risk and vulnerability assessments differ from the traditional top-down 

(biophysical) or bottom-up (social) approaches, and involve the integration of climate 

with other drivers to explore current and future vulnerabilities while considering 

potential adaptive measures. This type of assessment is trans-disciplinary and 

recognizes the place-specific connections between the environment, people, and their 

social arrangements, to provide the necessary insights into the underlying causes of 

vulnerability and risk at multiple levels and especially at the local level. An integrated 

assessment of climate change and malaria risk incorporates the threat of current and 

future climate change, the risk of malaria infection under future climate change 

scenarios and policy measures that focus on social aspects while considering current 

coping strategies in the community, government interventions and other programs. It is 

important to consider factors that increase exposure such as local geography and 

climate, social, economic and other environmental factors. Susceptibility can be 

biological, i.e. age or immunity, or generic such as education, income or gender, among 

other attributes. Specific human behaviours that may reduce, increase or generate 

differential exposure may also be considered as part of adaptive capacity. The 

assessment is a participatory process with stakeholder engagement at different levels. 

Empirical knowledge is particularly important in an integrated assessment and local 

action is important as adaptation is delivered at local scales and should be informed by 

community needs and capabilities. Representatives of the community are included as 

stakeholders and used to inform the research. 

Conducting an integrated assessment is not an easy process, because of the need for 

extensive stakeholder involvement, reliance on qualitative data and multidisciplinarity 

and partly due to lack of a clear methodology. Previous studies have proposed 

methodologies for integrated assessments of climate change and infectious diseases. 

From a health perspective Lindsay & Martens (1998), proposed a framework that 

illustrated the environmental, socio-economic and biological factors affecting malaria 

incidence in the African highlands. In their paper, they contended that an estimation of 

future trends in malaria requires the use of integrated models that include variables of 

climate, vector, parasites, human populations and health impact and that risk 

assessments will need to integrate the (global) climate-based analysis with local 

socioeconomic and environmental factors to guide comprehensive and sustainable 
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preventive health strategies (Lindsay & Martens, 1998). Building on this work 

(Martens, 1998), defined this as an ecoepidemiologic modelling approach and reiterated 

the need for integrated modelling built on systems-oriented analyses that considers the 

interactions and feedback mechanisms between different sub-systems rather than 

focusing on each system in isolation. This is because mainstream methods are not 

always suited to adequately address health impacts that arise when ecologic and other  

biophysical processes have non-linear relationships and feedbacks (Martens, 1998).  

Chan et al. (1999) proposed a detailed integrated assessment framework for infectious 

diseases including malaria, which presented a means by which cross-disciplinary 

research could be used to integrate the biologic, epidemiologic, ecologic and sociologic 

knowledge of climate impact on disease transmission to provide a reliable estimate of 

the climate-induced impact on the disease. Sutherst (2004) presented a comprehensive 

review of global change and vector borne diseases, which highlighted the complexity of 

malaria transmission and the major challenges involved in vulnerability assessments of 

the same and proposed an integrated assessment framework for the study of these 

diseases (Figure 3.17). He further suggested that more studies were needed that focused 

not just on vulnerability, but on designing adaptation options to changes in transmission 

risk.  
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Figure 3.17 Integrated framework for assessment of risks to humans from vector borne diseases under global 

change (Sutherst, 2004) 

According to Sutherst, a systems approach with comprehensive testable predictive 

models that removed the subjectivity from qualitative judgements was needed. The 

common themes from these studies are that an integrated vulnerability assessment of 

vector-borne diseases such as malaria should have the following features: 

a) Trans-disciplinary: integrate different fields of knowledge, which in the case of 

malaria would include biology, ecology, epidemiology, sociology and climate 

change science (Chan et al., 1999; Parson, 1995; Weyant et al., 1996);  

b) Consider the whole system, i.e. climate, vector, parasite and host; the different 

variables within each system and subsystem and how they influence the risk of 

infection (Lindsay & Martens, 1998); 

c) Consider the interactions and feedbacks within and between variables in the 

different systems and sub-systems and how they influence the risk of infection 

(Lindsay & Martens, 1998); 

d) Consider both biophysical and socio-economic factors and how they influence 

risk of infection;  
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e) Consider not only what scientists know about the climate-health relationship, but 

also what stakeholders need to know for effective decision-making (Ebi, 2007) 

and; 

f) Have the aim of designing adaptation options for managing changes in 

transmission risk (Robert W Sutherst, 2004).  

In summary, a systems approach with comprehensive testable predictive models that 

removes the subjectivity from qualitative judgements is needed to assess risk of 

infection (Robert W Sutherst, 2004). This is particularly important for areas projected to 

be at risk of malaria expansion with rising temperatures such as East Africa. 

3.8. Conclusion 

The previous chapter provided background and contextual information on climate 

change, land use and land use change and malaria transmission. This chapter builds on 

the broader literature review presented in chapter 2 and narrows down the focus to East 

Africa. This chapter focused on how different variables of climate change and land use 

change influence malaria transmission and risk of malaria infection. The chapter 

discussed the complexity of the array of influences on malaria transmission and o 

reviewed the concepts of risk as defined by the IPCC and in the context of climate 

change and malaria risk. The chapter concluded with a discussion on the importance of 

using integrated assessments to evaluate risk of malaria in the context of climate 

change.
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CHAPTER 4: RESEARCH AIM, DESIGN AND METHODOLOGY 

 

4.1. Introduction 

The purpose of this chapter is to present the research methodology for this study. 

Section 4.2 presents the conceptual framework for this study while section 4.3 presents 

the research questions. The remainder of the chapter covers three main areas: the study 

design and methods; data collection; and data analysis. In sections 4.4 and 4.5, the 

conceptual underpinnings of the study design and modelling process are discussed and 

section 4.5 presents a profile of the study sites including the rationale for their selection.  

Section 4.6 describes the data collection methods and section 4.7 the methods used for 

the qualitative data analysis.  

4.2. Conceptual Framework 

The conceptual framework for this study is developed from the background literature on 

climate change and malaria risk presented in Chapter 2 and Chapter 3 (Figure 4.18). 

This is a systems conceptual framework that illustrates the complexity of factors 

influencing risk of malaria infection. The different sub-systems are highlighted as 

follows: blue for climate change variables, green for land cover, land use and land use 

change, pink for malaria transmission and light orange for biological, human behaviour 

and interventions, social, cultural and demographic variables. A plus sign denotes a 

positive relationship between variables and a minus sign denotes a negative relationship 

between variables. Lack of a plus or minus sign illustrates that the relationship is yet to 

be determined and may be dependent on the specific study area. 
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Figure 4.18 Systems conceptual framework highlighting the complexity of factors influencing risk of malaria infection  
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4.3. Research Questions 

In the context of the background presented in Chapters 1 to 3 and the identified gaps in 

previous studies, this research study investigated the biophysical and socioeconomic 

variables influencing climate change and malaria risk and vulnerability in East Africa. 

This research addressed two key primary research questions and five focus questions as 

detailed in sections 4.3.1. and 4.3.2. 

4.3.1. Primary research questions 

The two primary research questions for this thesis were: 

1. How do climate, climate variability, land use and other drivers influence risk of 

malaria infection in a highland and lowland community in East Africa?  

2. What are the possible adaptation options based on local knowledge, community 

practices and scientific information? 

4.3.2. Focus questions  

To address the two primary research questions, the following five focus questions were 

investigated: 

Focus Question 1. How is malaria related to climate change, land use and land 

use change in East Africa? 

This question provided important contextual information and was used for scoping, 

study site selection and selection of the candidate set of system variables. This question 

is answered in Chapter 5. 

Focus Question 2. What are the household and community factors that could 

influence risk of malaria infection in a highland and lowland 

community in East Africa? 

This question investigated factors at the community level that influence risk of malaria 

infection in one highland and one lowland rural community in East Africa. These 

investigations also looked into generic and biological factors influencing susceptibility 

of the community to malaria infection.  This question is answered in Chapter 7. 

Focus Question 3. What are the current community coping strategies and 

institutional interventions applied to managing risk of malaria 

infection in a highland and lowland community in East Africa? 
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This question investigated coping strategies and interventions in one highland and one 

lowland community in East Africa. Coping strategies were evaluated at household and 

community level, while interventions were evaluated at institutional level. This question 

is answered in Chapter 8. 

Focus Question 4. How does risk of malaria infection in a community change 

under future climate and land use scenarios in a highland and 

lowland community in East Africa? 

This question investigated how risk of malaria infection would change under different 

scenarios of climate change, land cover, land use and interventions. This question is 

answered in Chapter 10 

Focus Question 5. What are the potential adaptation options for managing risk of 

malaria infection at the community level in the context of 

climate change and land use in East Africa? 

This question investigated pathways for development of adaptation strategies for 

malaria risk control in the context of climate change, climate variability and other 

drivers. This question is answered in Chapter 11. 

4.4. Study Design 

The links between climate change, land use, human behaviour and malaria transmission 

are complex with multiple interacting non-linear relationships and feedbacks, which 

vary across space and time. Therefore, this study utilises a systems approach, 

incorporating trans-disciplinary thinking from climate change science, malaria ecology 

and epidemiology, land use and land use change, social science and public health. This 

methodology utilised a participatory process with heavy reliance on stakeholder input 

and contribution at different levels to provide useful and context-specific insights into 

factors influencing malaria risk at a community level. The method of study is an 

integrated risk and vulnerability assessment using mixed methods, systems thinking and 

BBN modelling to synthesise published and empirical knowledge of important systems 

variables influencing risk of malaria infection in a community with the aim of 

suggesting suitable adaptation options for risk management. The next sections (4.4.1 to 

4.4.3.) discuss in more detail the different elements of the study design. 
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4.4.1. Integrated risk assessment 

This study constituted an integrated risk and vulnerability assessment of risk of malaria 

infection in a community with a focus on the influence of climate change and land use 

changes. The reader is referred to Chapter 3.6.1 for background information in 

integrated assessments (also refer to Chapter 3.2). The conceptual underpinnings of this 

assessment are from the IPCC risk and vulnerability assessment framework (IPCC, 

2014b) and Sutherst's (2004) integrated assessment framework for vulnerability to 

vector borne diseases as discussed in Chapter 3.2 and 3.3. The assessment draws from 

different fields of knowledge with stakeholder participation at all levels of the 

assessment. Mixed methods and systems thinking were used in conducting and 

analysing the results of the assessment. 

4.4.1.1. Assessment framework 

The integrated risk assessment framework considers both biophysical and socio-

economic influences on malaria transmission (Figure 4.19).   

 

Figure 4.19 Integrated assessment framework for measuring risk of malaria infection at a community level, 

based on exposure, hazard and vulnerability 

In this framework, malaria is the climate-related hazard, which is influenced by 

exposure to changes in climate, climate variability, land use and land use change and 

malaria vector attributes. Vulnerability to risk of malaria infection is constituent of 

biological susceptibility, generic susceptibility and coping strategies at community and 
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institutional levels. The assessment framework was operationalised using BBN models 

as these allow for sensitivity analysis and exploration of the efficacy of policy 

recommendations under different scenarios. Variables included in the assessment were 

from a variety of sources including literature review, secondary data, qualitative field 

data and climate change scenarios. Data integration into the framework is Chapter 9.6.  

This framework was operationalised using BBN models to explore different scenarios 

of malaria risk and to suggest contextually relevant and targeted adaptation strategies 

for dealing with malaria transmission, that incorporate both scientific and community 

perspectives. More on the development of the BBN model is discussed in Chapter 9.  

4.4.2. Mixed methods 

Given the transdisciplinarity of systems thinking, mixed methods are used to study the 

problem under inquiry. Creswell & Clark, (2007), define mixed methods research as a 

research design whose “central premise is that the use of quantitative and qualitative 

approaches in combination provides a better understanding of research problems than 

either approach alone” (pg.5). This is a mixed methods approach from a pragmatic point 

of view. This is an inductive process whereby the aim to find solutions for risk 

reduction in climate change and malaria risk through exploratory questions. Data 

collection, analysis and mix of quantitative and qualitative approaches were guided by 

the philosophical assumptions while methodologically, quantitative and qualitative data 

was collected, analysed and mixed in a single study. 

There are various mixed methods approaches, the most common of which is the 

triangulation design which collects quantitative and qualitative data and interprets 

results based on both data sets. The aim of triangulation is to utilise the differing 

strengths and non-overlapping weakness of both methods for a more rigorous study 

design (Creswell & Clark, 2007). There are different models of the triangulation design 

and for this study the data transformation model was utilised (Figure 4.3). 
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Figure 4.20 Mixed methods triangulation design: Data transformation model (Creswell & Clark, 2007)  

In the data transformation model, there is separate collection and analysis of 

quantitative and qualitative data. After the initial analysis, one data type (typically 

qualitative data) is transformed into the other data type. Transformation allows mixing 

of the data for final analysis, comparison and interrelation (Creswell & Clark, 2007).  

4.4.3. Systems thinking  

Systems thinking involves framing a problem in several dimensions often transcending 

disciplines. In this case our problem is climate change, land use change and the risk of 

malaria infection. This is framed by ecological, epidemiological social-cultural and 

governance constructs on a given scale from individual to global. Systems thinking was 

utilised to consider the relationships among variables within each sub-system and how 

the sub-systems interact with each other.  

A system is essentially an interconnected set of elements, organised in such a way as to 

achieve something or a set of things that are interconnected in such a way that they 

produce their own pattern of behaviour over time (Meadows, 2008). The 

interconnectedness of a system functions through a flow of information or flow of 

influence from one element of the system to another. Elements that can be seen, felt or 

counted are described as stocks (variables) (Meadows, 2008). The flow of information 

can be described as the relationships that hold the system together. These relationships 

can be amplifying, i.e. increase the properties of the stock, or dampening, i.e. decrease 

the properties of the stock. Human beings can modify or influence the system by 

making decisions that can increase or decrease the stock as necessary to maintain 
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acceptable ranges. A pattern of consistent behaviour over time creates a feedback loop, 

which can cause stocks to maintain their range, grow or decline. Feedback loops affect 

the flow into or out of the same stock and act as control mechanisms to stabilise the 

system. Not all systems have feedback loops, but these are rare. Feedback loops can be 

balancing (negative, self-correcting), i.e. act to keep the stock level within acceptable 

range, or they can be reinforcing (positive or self-reinforcing), i.e. act to reinforce or 

increase the stock (Meadows, 2008; Sterman, 2000). All systems, no matter how 

complex, are made up of a network of positive and negative feedback loops. Systems 

modelling consists of defining and mapping out the relationships (flows) between these 

loops and with different variables (stocks) as well as feedback processes. Flows and 

feedback processes in a system are visualised using a causal loop diagram (CLD). 

4.5. The Systems Modelling Process 

Systems modelling is an iterative and creative process hence there is no set protocol for 

the model formulation process. There are however key elements and steps as defined by 

Sterman (2000) which must be drawn upon for successful modelling (Figure 4.21), 

which I have adapted for my study. The steps in Figure 4.21 are not linear and can go 

through cycles of questioning, testing and refinement as new information emerges.  

 

Figure 4.21 Steps in the systems modelling process used for this study 
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Building the model was an iterative process that involved literature review and problem 

definition in consultation with experts, stakeholder engagement and integration of 

quantitative and qualitative data.  Once the model was built, there were several cycles of 

testing done in which new insight or information about the system was generated and 

this information was then incorporated back into the model development. Finally, 

different scenarios of risk and vulnerability were run and adaptation response options 

were suggested based on the outputs. Thus, modelling should be seen as a continuous 

iterative and participatory process with the key stakeholders. Sections 4.6 to 4.10 

provide an overview of the stakeholder engagement, problem definition, field 

assessment, data collection and development of the analytical framework. The first two 

steps; the stakeholder engagement, field assessment, data collection and data analysis. 

Construction of the systems model, structural analysis and development of the BBN 

model are discussed in Chapter 9. 

4.6. Stakeholder engagement 

Stakeholder input and participation was a key element of the study design. Stakeholder 

engagement is useful for integrating expert opinion as well as the knowledge, attitudes, 

perceptions, interests and experiences of the community into the research process. 

Empirical knowledge from stakeholders can be used where there are data limitations to 

understand present and historical behaviour in identifying suitable coping strategies. 

The stakeholder engagement followed a three-stage process as detailed in Figure 4.22. 

 

Figure 4.22 Steps in the stakeholder engagement process 

The targeted stakeholder groups were as identified in section 4.2.4. The following 

sections will detail the processes involved in selecting, analysing and mapping the 

stakeholders to the research aims and priorities.  
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4.6.1. Scoping 

Key stakeholders in this vulnerability assessment consisted of four main groups: i) 

subject matter experts; ii) county, sub-county and ward administration; iii) community 

organisations (NGOs, media and academic) and; iv) representative members of the 

general community.  

Stakeholder input was incorporated from the onset of the research and in the delivery of 

research outcomes. Expert stakeholders provided the necessary contextual knowledge 

while empirical knowledge from local stakeholders and the general community was 

used to identify specific determinants of vulnerability. Stakeholders’ roles were mapped 

according to their research contribution. For this purpose, the study was separated into 

seven thematic areas and each stakeholder group was assigned to different thematic 

areas dependent on their knowledge and expertise (Figure 4.23).  

 

Figure 4.23 Stakeholders roles and responsibilities according to seven literature-derived themes  

4.6.2. Tool selection 

According to Nadkarni & Shenoy (2004) unstructured methods are best suited for 

eliciting information to build the BBN model. This is because they allow inductive 

exploration of the problem at hand and thus provides a richer understanding of the issue 

and of the decision-making processes. In the unstructured process, concepts that emerge 
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from stakeholder narratives are used to build the BBN model. I used an exploratory 

unstructured approach to capture stakeholders’ knowledge and insights. This involved 

focus group discussions with the general community and semi-structured key informant 

interviews with the rest of the stakeholders. Questions to stakeholders were based on the 

seven research thematic areas as discussed in Section 4.5.1.1. 

4.6.3. Data integration 

The information needed to construct the BBN model came from a variety of sources 

using different qualitative and quantitative techniques including literature review, semi-

structured interviews, observation and secondary data.  Table 4.1 summarises the 

different sources of data collected, tools used and analyses performed. More on the data 

collection is discussed in section 4.9. Data analysis for the qualitative assessment is 

discussed in Chapter 6 while data analysis for the Bayesian network model is discussed 

in Chapter 9. 

Table 4.5 Summary of data collection and data analyses methods 

N
o
 Focus Question Data Collection Data Analysis 

1. How is malaria related to climate change, land 

use and land use change in East Africa? 
 Literature review 

 Expert interview 

 Structural Analysis 

 BBN modelling 

2. What are the household and community factors 

that could influence risk of malaria infection in 

a highland and lowland community in East 

Africa?  

 Literature review 

 Secondary data 

 Key informant 

interviews 

 Focus group 

discussions 

 Thematic analysis 

 BBN modelling 

3. What are the community coping strategies and 

institutional interventions applied to managing 

risk of malaria infection in a highland and 

lowland community in East Africa? 

 Secondary data 

 Key informant 

interviews 

 Focus group 

discussions 

 Field observations 

 Thematic Analysis 

 BBN modelling 

 

4. How does risk of malaria infection in a 

community change under future climate and 

land use scenarios in a highland and lowland 

community in East Africa? 

 Key informant 

interviews 

 Focus group 

discussions 

 Expert consultation 

 Secondary data 

 BBN Modelling 

5. What are the potential adaptation options for 

managing risk of malaria infection at the 

community level and in the context of climate 

change and land use in East Africa? 

 Key informant 

interviews 

 Focus group 

discussions 

 Expert consultation 

 BBN Modelling 
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4.7. Problem definition 

The most important step in the modelling process is the problem definition. In this 

stage, the scope and boundary of the model are set in place by defining the issue or 

problem, key variables and concepts. Questions such as “what is the problem?”, “why is 

it a problem?” and what is the purpose of the model?” are asked at this stage. A clear 

definition of the problem at hand and the purpose of the model are critical for successful 

modelling (Sterman, 2000). Every model is a representation of a system or a group of 

connected systems and for the model to be useful, it must address a specific problem 

rather than just mapping out the entire system for some undefined generic purpose as all 

systems have multiple and often interacting variables. Without a defined scope and 

boundary, the model would include an overwhelming number of variables which would 

make useful analysis difficult if not impossible. Therefore it is necessary to know which 

variables to exclude from the model. This can be done subjectively in consultation with 

experts or through structural analysis, i.e. an examination of the different system 

variables and ranking them in order of influence (Sterman, 2000). Once the problem has 

been articulated and the scope and boundary of the model is defined, then the model can 

be used to answer the research questions. This requires knowledge of current and future 

theories of the problem at hand and data acquired must be dynamic in that it is subject 

to revision as the modelling process proceeds or as additional knowledge is acquired.  

For this study the key issue at hand is the potential increased risk of malaria due to 

changes in climate and land use and how this impacts on vulnerable communities. The 

problem definition phase was a combination of literature review (Chapter 5) and expert 

consultation to map out the relationships between key variables influencing climate 

change and malaria risk in East Africa. The literature review was used to identify the 

candidate set of variables involved in malaria transmission and the experts were used to 

validate the identified variables from the literature review, identify the key variables and 

provide insights on the current research priorities, gaps and needs in climate change and 

malaria research. Three subject matter experts were selected through purposive 

sampling and were identified from their publication history on climate change and 

malaria transmission in East Africa. The expert group was kept small and limited to 

three. Experts were provided with contextual information regarding the research and 

were interviewed on their knowledge of the connections between climate change and 
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malaria transmission. A copy of the semi-structured expert interview is attached as 

Appendix VI. 

4.8. Field Assessment 

The study was conducted at two locations in western Kenya; one highland and one 

lowland. Sections 4.6.1. to 4.6.3. provide an overview of climate change and malaria 

risk in Kenya and the rationale for study site selection. 

4.8.1. Kenya: Demographic, climatic and malaria profile 

4.8.1.1. Geography and Climate 

Kenya lies on the Eastern side of the African continent, astride the Equator and 

bordering the Indian Ocean in between Somalia and Tanzania. The country occupies a 

total of 580,367km
2
, including 536km of coastline. The terrain is varied with average 

elevation of 762m and the highest point is Mount Kenya at 5,199m. The capital city 

Nairobi sits at an altitude of 1,795m above sea level (Figure 4.24).  
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Figure 4.24 Altitude map for Kenya illustrating varied elevation (map generated from GIS vector data) 

Kenya has a devolved system of governance, consisting of a national government 

headed by the president and forty-seven county governments headed by Governors 
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(Figure 4.25). The Counties are divided into four administrative units, i.e. Sub-County, 

Ward and Village and headed by Sub-County Administrator, Chief and Assistant Chief 

respectively (Figure 4.8).  
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Figure 4.25 Administrative map of Kenya showing the forty-seven Counties (Map generated from GIS vector 

data) 

There are two rainfall seasons; long rains in March to May as the ITCZ moves 

northwards and short rains in October to December as the ITCZ moves southwards. 
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There is a hot dry season mid-December to mid-March, while June to August is 

generally cool and dry and in some cases especially near Lake Victoria, substantial rain 

is received throughout the year (ICPAC, 2007). There is significant spatial and inter-

annual variation of rainfall. The coast and the highlands receive on average 890mm to 

1,270mm yearly, heavy rainfall is experienced around Lake Victoria; average 1390mm, 

while the Northern region and interior East are relatively dry. Some parts of the North 

can receive less than 500mm a year (Huhne & Slingo, 2011).  

Kenya is susceptible to droughts and floods, which are generally linked to rainfall 

cycles. Flooding is caused by heavy rains during the rainy seasons while droughts occur 

when there is failure of rains, especially in the arid and semi-arid regions in the eastern 

and northern parts (Huhne & Slingo, 2011). Approximately 23 million people were 

affected by widespread drought in Kenya in 1999 (Butterfield, 2011). There is a cycle of 

major droughts occurring approximately every ten years and moderate droughts or 

floods occurring approximately every three to four years (Huhne & Slingo, 2011; Parry, 

Echeverria, Dekens, & Maitima, 2012). Some notable events were flooding in 2003, 

characterised by the wettest conditions in seventy years in some areas; drought in 2003 

to 2005 in which only 50% of expected rainfall was receives and flooding in 2010 from 

weeks of heavy rainfall resulting in one of the worst floods in more than a decade 

(Huhne & Slingo, 2011; Murphy, 2016). 

4.8.1.2. Projected changes in climate 

There has been an increase in average minimum and maximum temperatures over the 

last 50 years in most regions in Kenya by as much as 2.9°C in some areas with the 

exception being the coastal region, which recorded a decrease in temperatures of 0.3°C 

to 1.0˚C (Murphy, 2016). Climate change is projected to impact on Kenya’s average 

annual climatic conditions and also climate extremes. Average temperatures over East 

Africa are likely to increase by 0.8°C to 0.9°C by 2030 and between 1.5°C to 1.6°C by 

the year 2050 under medium scenarios (Murphy, 2016). Under medium high scenarios 

temperature rise will be between 3°C to 4°C and under high scenarios, temperature rise 

will be between 4.5°C to 6°C by 2100. Downscaled projections for Kenya show an 

average temperature rise of 3C by 2100 (Huhne & Slingo, 2011) (Figure 4.26), resulting 

in increased severity of droughts in some parts of the country (Butterfield, 2011; Huhne 

& Slingo, 2011; Murphy, 2016)  
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Figure 4.26 Percentage change in average annual temperature for sub-Saharan Africa by 2100 from 1960-1990 

baseline (Huhne & Slingo, 2011) 

Projections for rainfall are less certain and reflect either an increase or decrease in 

precipitation depending on the model used (Murphy, 2016). The short rains season is 

likely to become wetter and the intensity of rainfall and extreme rainfall events is also 

expected to increase by 2100, in some cases by as much as 20% (Huhne & Slingo, 

2011), resulting in increased frequency and severity of flooding events (Butterfield, 

2011) (Figure 4.27). However on average the IPCC Fifth Assessment projects a 

decrease in precipitation of approximately 20% under high scenarios (IPCC, 2013a). 
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Figure 4.27 Percentage change in average annual precipitation for sub-Saharan Africa by 2100 from 1960-

1990 baseline (Huhne & Slingo, 2011)  

The ENSO also has a big influence on climate in Kenya and intensifies rainfall and 

floods (Butterfield, 2011), although there are uncertainties in how climate change will 

affect the ENSO cycle (Conway, 2009). 

4.8.1.3. Climate change impacts 

Agriculture is the backbone of the Kenyan economy; serving as the primary source of 

employment and food security for many livelihoods.  Approximately 80% of the 

Kenyan population work at least part time in the sector and over 75% of output is from 

small-scale, rain-fed farming and livestock production (CIA, 2017; Parry et al., 2012). 

Rain-fed agriculture is responsible for 48.1% of total land use, accounting for 67% of 

employment, directly generating about 25% of annual GDP and another 27% indirectly 

(CIA, 2017; Murphy, 2016). Agricultural productivity is therefore directly influenced 

by changes in climate and Kenya being of the most vulnerable countries in East Africa, 

will face severe food security challenges as a result of climate change (IPCC, 2014b). 

The projected impact of floods and droughts will put added stress on arable land 

resulting in competition for land, the displacement of communities and migration 
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(Murphy, 2016). Projected changes in climate will also impact on health, especially in 

influencing the incidence and distribution of malaria 

4.8.1.4. Malaria 

Malaria is the leading cause of morbidity and mortality in Kenya with over 50% of the 

population at risk of the disease (ROK-MOH, 2017). The most vulnerable groups are 

children under five years and pregnant women. Malaria is responsible for 30 to 50% of 

all outpatient cases, and approximately 20% of all hospital admissions and is estimated 

to cause 20% of all deaths in children under five years (ROK-MOH, 2017). Overall, 

there has been a reduction in the burden of disease attributable to malaria due to 

interventions and treatment from approximately 60 deaths per 1000 people in 2010 to 

approximately 40 in 1000 deaths in 2015 (Figure 4.28) (WHO, 2015a). 

 

 

Figure 4.28 Malaria admissions and deaths per 100,000 people (NOTE: there is no recorded data for the 

period 2006 to 2009) (WHO, 2015a) 

Malaria outbreaks occur shortly after the rainy season, in the western parts of the 

country and in the coastal region, generally between July and September and are 

influenced by variations in maximum temperature and rainfall (Githeko et al., 2014; 

Wandiga et al., 2009). The main Anopheles species involved in transmission are 

Anopheles gambiae, Anopheles arabiensis, Anopheles funestus, Anopheles merus and 

the major parasite species is Plasmodium falciparum and Plasmodium vivax. The main 

interventions in malaria control and treatment are use of long-lasting insecticidal nets 

(LLIN), case management, surveillance, health education and behaviour change 

communication. Additional management strategies are epidemic preparedness and 
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response in epidemic-prone areas, and intermittent preventive treatment during 

pregnancy (IPTp) in the endemic areas (National Malaria Control Programme, 2016). 

Kenya has four main malaria epidemiological zones (Figure 4.29) based on infection 

risk and influenced by altitude, rainfall patterns, temperature and malaria prevalence.  

 

Figure 4.29 Zones of malaria endemicity Kenya. (Kenya malaria indicator survey 2015) 
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The research is focused on the highland epidemic-prone and neighbouring lakeside 

endemic zone. Two study sites, one in each zone were selected for this study and 

hereafter will be referred to as highland and lowland sites. More information on the 

study sites and selection process are detailed in sections 4.6.2. and 4.6.3.  

4.8.2. Highland study site  

4.8.2.1. Profile 

The highland study site was located in Ikolomani Sub-County, Kakamega County in the 

western part of Kenya. The county is predominantly rural with only 15% urbanised with 

a population of 1,843,320 (KNBS, 2012a). The County is divided into nine sub-counties 

and the study area was located in Ikolomani sub-county (Figure 4.30). 

 

Figure 4.30 Map showing field study locations and elevation in Western Kenya (Map generated using GIS 

vector data) 

Ikolomani is mainly rural and has an average altitude range of 1401m to 1600m and 

covers an area of 144 km
2
 with an estimated population of 115,927 (Male – 47%, 
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Female – 53 %) (KNBS, 2012b). Temperatures are relatively cool with an annual mean 

daily temperature of 20.5°C and a temperature range of 10.3°C to 30.8°C and annual 

rainfall of 1250 to 1750mm (“County Government of Kakamega,” 2017).  Ikolomani is 

sub-divided into four wards each headed by a Chief: Idakho East, Idakho South, Idakho 

North and Idakho Central (Figure 4.31).  

 

Figure 4.31 Kakamega Country structure showing Idakho South and associated sub-locations  

The final study highland site was in Idakho South Ward. This selection was based on 

previous research literature on climate change and malaria risk. Idakho South is divided 

into six sub-Locations each headed by an Assistant Chief. 

4.8.2.2. Malaria risk and Vulnerability 

Kakamega County is in the highland epidemic-prone area (Figure 4.29) and is classified 

as a mixed endemic and epidemic-prone malaria transmission area. The area has 

seasonal malaria transmission with yearly variations. Epidemics occur when 

temperature increases above 18°C during the long rains period, creating favourable 

conditions for mosquito breeding and development and resulting in increased intensity 

of transmission (National Malaria Control Programme, 2016). In the year 2015, 

Kakamega County had a reported 918,000 malaria cases. The entire population is 

vulnerable due to their limited exposure to the disease and case fatality rates can be as 

much as ten times higher than in regions where there is regular transmission of malaria 

(National Malaria Control Programme, 2016). Anopheles gambiae  is the primary vector 
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involved in transmission (Omukunda et al., 2013). Malaria interventions include use of 

LLINs, case management, surveillance, health education, behaviour change 

communication and epidemic preparedness and response. Land use activities in the area 

include small scale agriculture and large-scale sugar and tea farming.  

4.8.3. Lowland study site 

4.8.3.1. Profile 

The lowland study site was located in Siaya County in the western part of Kenya. The 

County is almost all rural with only 0.8% urbanised and a population of 963,007 

(KNBS, 2012a). The county lies in the inter-tropical convergence zone (ITCZ) with a 

modified equatorial climate and at an altitude range of 1000m - 1200m (Figure 4.30). 

Average annual temperatures are 22.5°C with a temperature range of 15°C to 30°C. 

Average annual rainfall is 800-1600mm and there are two rainy seasons: Long rains 

from March-May and short rains from October-November. Land use activities involve 

small-scale subsistence farming, livestock keeping, artisanal fishing, rice farming and 

sand quarrying. Agricultural products grown include are maize, sorghum, beans, 

cowpeas, groundnuts, cassava, sweet potatoes, kale, bananas.  

The county is divided into five sub-counties of which and the study area was in Rarieda 

sub-county (Figure 4.30). Rarieda covers an area of 403 km
2
 with an estimated 

population of 134,558 (Male – 48%, Female – 52%) (KNBS, 2012a). Almost half of 

this area, 1,253 km
2
 is water mass. The Great Lake Victoria covers 1,000 km

2
 while 253 

km
2
 is inland surface runoff. There are five rivers Nzoia, Yala, Nyando, Sio, Sondu-

Miriu and the county also hosts the largest wetland in Kenya: the Yala swamp, which 

covers an area of 175Km
2
. Rarieda is sub-divided into five wards each headed by a 

Chief: East Asembo, West Asembo, North Uyoma, South Uyoma and West Uyoma 

(Figure 4.32). 
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Figure 4.32 Rarieda County structure showing North Uyoma ward and associated sub-locations 

The final lowland study site was in North Uyoma Ward. This selection was based on the 

fact the North Uyoma has one of the highest malaria prevalence rates in Siaya County. 

North Uyoma is further divided into four sub-Locations each headed by an Assistant 

Chief. 

4.8.3.2. Malaria risk and Vulnerability 

Siaya is classified as malaria endemic (Figure 4.29) and has stable and intense malaria 

transmission year-round.  The County also has the highest malaria prevalence rates in 

Kenya. The dominant vector species is Anopheles gambiae. malaria transmission is 

influenced by rainfall, temperature and humidity The mosquito life cycle is usually 

short and with a high survival rate due to suitable climatic conditions, (National Malaria 

Control Programme, 2016). 

4.9. Data Collection 

4.9.1. Literature review 

A comprehensive literature review was performed to answer focus question one as 

defined in section 4.3. The objectives of the literature review were to: 

a) Synthesise the current research on the relationship between climate change, land 

use and malaria in East Africa including the complex interactions between them; 
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b) Identify the extent to which assessments of climate change and malaria risk have 

considered the socioeconomic determinants and;  

c) Identify variables influencing climate change and malaria risk. 

The identified relationships and variables were validated through expert consultation. 

The results of the literature review are discussed in Chapter 5 

4.9.2. Qualitative field study 

The qualitative field study was designed to answer research focus questions two and 

three as defined in section 4.3. The objectives of the field study were to assess: 

a) Current community awareness of climate change and malaria management; 

b) Current land use patterns; 

c) Strategies for coping with malaria risk and climate change in the community; 

d) Climate change and malaria programs or interventions by the government or 

other organisations; 

e) Community needs and possible barriers to adaptation, and; 

f) Identify variables influencing climate change and malaria risk at the community 

level  

The field study was conducted at the regional and community level through key 

informant interviews and focus group discussions, between August 2014 and February 

2015. The data analysis and results of the qualitative field study are discussed in 

Chapter 6 Chapter 7 and Chapter 8. 

4.9.2.1. Key informant interviews 

Semi-structured key informant interviews we conducted with different stakeholders 

from the national to the community level. Key stakeholders from the county 

government officials and other community representative groups were selected using an 

exponential non-discriminative snowball sampling method (Figure 4.33) whereby initial 

contact was made through the Sub-County Administrator for each field study site.  
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Figure 4.33 Exponential non-discriminative snowball sampling method 

An information sheet with the research aims and objectives was presented to the sub-

County CEO to review. Once reviewed the CEO provided a formal letter grating 

research access and also provided referrals to representatives within the ministries of 

meteorology, public health, agriculture, environment and forestry in the County. After 

interviewing each representative, a referral for participants at the sub-county level was 

sought by the researcher. In this manner, the snowball sampling process continued 

through to the Ward level. The interviews were approximately 45minutes and were 

conducted using the seven research thematic areas (Table 4.6).  

Table 4.6 Research themes assigned to stakeholder groups (refer also to section 4.6.1) 

N
o
 Stakeholder Group Research Theme 

1. Subject matter experts 1 to 7 

3.  County, sub-county and ward administration 1 to 3; 5 to 7 

4.  Academic and research institutes 1 to 3; 6 to 7 

5. Media 1 to 3; 5 

6.  Community organisations 1 to 7 

7. General community 1 to 7 

The reader is referred to Chapter 4.6.1 for research themes and stakeholder mapping. 

Copies of the stakeholder interview questions are attached as Appendix VI for the 

experts and Appendix VII for the other stakeholders. 
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4.9.2.2.Focus group discussions (FGDs) 

Focus group discussions were conducted with the members of the community. Initial 

contact was made through the ward Chief to whom the purposes and the objectives of 

the research were explained, including the need to have representative participants from 

all villages in the Ward. The Chief provided a list of suitable candidates from which 

twelve to fourteen names were selected for the group discussions.  

Prior to the beginning of each FGD, participants were briefed on study objectives and 

were assured of their confidentially and the voluntary nature of the research after which 

they signed consent forms. Background information was then collected from each 

participant before the discussions commenced. Discussion questions were structured 

around the seven literature-derived themes (Table 4.3). Questions within each theme 

were open ended, allowing for free discussions. The discussion was moderated by a 

facilitator while the researcher observed and took notes. The discussions were 

conducted in both English and Swahili as needed for participant understanding. The 

discussions lasted an average of two hours and were recorded and transcribed as soon as 

possible after the interview with the help of the discussion notes. Any translation of 

Swahili into English was done during the transcription process. Copies of the focus 

group discussion questions are attached as Appendix VIII. Key informant interviews 

were also conducted with the Chiefs from both sites.  

4.9.2.3.Field Observations 

Field observation of events in natural settings can provide critical research information 

that may not be included in participant responses due to cultural or social norms or other 

factors. Mapping of features of a field site can help organise events and also convey an 

accurate picture of a field site to others. Observations of land use change, coping 

strategies, climate change impacts and farming practices were recorded in the form of 

notes and pictures. These observations are included in the presentation of qualitative 

results in Chapter 5 and Chapter 6. 

4.9.3. Secondary data 

Secondary data to support the model was also collected for the two study locations. The 

data were from a variety of sources and included temperature and rainfall data, land 

cover and land use GIS data, malaria incidence, age distribution, household head gender 
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and education, availability of health facilities, mosquito bed net distribution and 

pregnancy rate. This data including the results from the literature review (section 4.9.1) 

and the qualitative field assessment (section 4.9.2) was used to build the Bayesian 

belied network model (Chapter 9) and to answer the research focus questions four 

(Chapter 10) and five (Chapter 11) as defined in section 4.3. A table of data collected 

and type and source is presented in Chapter 9.7.3. 

4.10. Bayesian belief network (BBN) modelling 

A Bayesian belief network (BBN) is a graphical model that maps relationships among 

variables of interest in a system. BBNs are multivariate statistical models based on 

Bayes Theorem, which estimated the probability of an event based on prior knowledge 

of conditions that might be related to the event. BBNs are represented at two levels, 

qualitative and quantitative (Aguilera et al., 2011). At the qualitative level, nodes 

represent variables and arrows from a parent node to child node describe the cause-

effect relations among the variables. More on the BBN structure is discussed in Chapter 

9.5.  

This is known as a directed acyclic graph (DAG); arrows are directed to represent 

relationships from parent to child nodes and there are no feedback relationships from 

child to parent nodes, therefore acyclic. Each node in the DAG will have a limited 

number of states that the variable can have. At the quantitative level, there are 

conditional probability tables (CPTs) that show the strengths of the links in the graph 

(Aguilera et al., 2011). The process of building the BBN models used in this study is 

discussed in Chapter 9.5 to 9.8. 

4.11. Research Rigour 

4.11.1. Triangulation 

Data for this research was collected from a variety of sources and from stakeholders at 

multiple levels to identify the different variables involved in climate change and malaria 

transmission risk. During this process, steps were taken to guard against selectivity in 

the use of the data, through triangulation and expert consultation.  
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4.11.2. Validity 

The data collected was from a variety of sources including, semi-structured interviews, 

focus group discussions, observations, secondary data, literature review and expert 

consultation. Also, different methods were used for data analysis. Obtaining data from a 

variety of sources and utilising different methods can confirm findings. Expert 

consultation was also elicited to review important aspects of the research such as 

identification of system variables.  

4.11.3. Reliability 

The steps taken in the collection and analysis of data are clearly explained for each 

stage and for each data type. The process of selection of the key system variables is also 

clearly documented.  

4.12. Conclusion 

This chapter presented the research methodology for this study starting with a 

presentation of the underpinning conceptual framework, the research aim and the 

questions addressed by this study. In this chapter I also described the study design 

which is a systems approach and gave a background to and justification for selection of 

the study approach and its strengths, benefits and limitations. This chapter also 

presented the steps taken in the modelling approach, field assessment and qualitative 

data analysis. The next chapter is the first findings chapter for this thesis, which is the 

outcomes of the literature review and identification of the candidate set of system 

variables.
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CHAPTER 5: CLIMATE CHANGE, LAND USE AND OTHER FACTORS 

INFLUENCING MALARIA RISK IN EAST AFRICA 

 

5.1. Introduction 

The previous chapter provided a discussion of the methodological approach used in this 

study and the questions that were used to investigate the study aim. This is the first 

findings chapter for this study and is a focused literature review on climate change, land 

use and other factors influencing malaria risk in East Africa. This chapter answers 

research focus question one: “How is malaria related to climate change, land use and 

land use change and other factors in East Africa?” The objectives of this question were 

to i) Synthesise the research on climate change and malaria risk in East Africa; ii) 

Determine the research gaps and needs, and; iii) Identify hazard variables of exposure, 

hazard and vulnerability that are involved in climate change and malaria transmission 

risk. Section 5.2 describes the steps taken in conducting the literature review, followed 

by sections 5.3 through to 5.8 which discuss the key themes arising from the literature 

in terms of climate change, land cover and land use, biological, socio-economic, 

cultural, demographic, human behaviour and interventions and how they influence 

malaria risk. In section 5.9, a discussion on risk assessments is provided and in section 

5.10 the research gaps and needs are identified based on the information synthesised and 

presented in the earlier sections. The chapter concludes with a summary of the literature 

and identification of key variables of hazard, exposure and vulnerability. 

5.2. Steps in the Literature Review 

East Africa is an area that has generated significant research interest into the 

connections between climate change and malaria transmission. A synthesis of this 

research is presented in section 5.3 to 5.10. 

The reader is referred to Chapter 4.9.1 for the objectives of the literature review. A 

search of primary published studies on climate change and malaria risk was conducted 

from the following five scientific databases:  

a) PubMed 

b) EBSCOHost 
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c) SCOPUS 

d) Science Direct 

e) Web of Science 

Additionally Google scholar search limited to the first ten pages was performed. 

Keywords used in the search were:  

Climate, climate change, climate variability, global warming, malaria, risk, land cover, 

land use, land use change, land use activities. Other inclusion / exclusion criteria are 

detailed in Table 5.7.  

Table 5.7 Inclusion / exclusion criteria used to conduct a literature review of climate change and malaria risk 

in East Africa 

 Inclusion Criteria Exclusion Criteria 

Primary   

 English language Non-English language 

 Africa continent All continents except Africa 

 Studies from year 2000 to January 2017 Studies prior to year 2000 

Secondary   

 East Africa as Kenya, Uganda, Tanzania, 

Rwanda, Burundi 

Greater East Africa: Ethiopia, 

Somalia, Sudan, Eritrea, 

Djibouti 

 Primary research studies, review papers Others 

 Studies on influence on climate or land use and 

land use change on malaria 

Other disease studies  

5.3. Malaria incidence and distribution in the East African highlands 

The highland areas of East Africa are considered malaria epidemic-prone areas and are 

located at the fringes of malaria endemic areas (McMichael et al., 1998; Patz & Kovats, 

2002). Since the 1980s, the highland areas have experienced seasonal outbreaks of 

epidemic malaria with yearly variations (Hay et al., 2002; WHO, 2009), prior to which 

there were no recorded malaria epidemics (Yanda et al., 2006). The risk of infection 

may also vary per season, being highest at the end of the rainy season or soon after 

(WHO, 2015b). Generally, P. falciparum prevalence is higher during the long rains 

season (Drakeley et al., 2005). Also Anopheles gambiae abundance is higher during the 

rainy seasons than in the dry seasons (Himeidan et al., 2009; Munga et al., 2009; Zhou 

et al., 2007). Overall and aligned with the global trend, there has been a decline in 
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incidence of malaria over much of East Africa (Stern et al., 2011). However; some 

highland areas have experienced an increase in disease rates (IPCC, 2014a).  

In the 1980s there was a series of malaria epidemics connected to increases and 

anomalies in mean monthly maximum temperatures and increase in rainfall in the 

highlands of East Africa (Githeko & Ndegwa, 2001; Omumbo et al., 2011; Paaijmans et 

al., 2010; Pascual et al., 2008). Since then, the frequency and size of epidemics have 

increased with serious outbreaks in 1995, 1998 and 2002, corresponding to climate 

variations such as significant increase (≥ 3°C) in mean temperatures (Githeko & 

Ndegwa, 2001), high rainfall (Pascual et al., 2008) and drought and El Niño events 

(Chaves et al., 2012; Hashizume et al., 2009; Wandiga et al., 2009; Zhou et al., 2004). 

The beginning of the 1980s also coincided with P. falciparum resistance to the malaria 

drug chloroquine that was used then. This led to instances of unsuccessful treatment 

(Pascual et al., 2006).  

5.4. Impact of climate change and climate variability 

5.4.1. Temperature 

Malaria spread in the highlands has historically been limited by average temperatures of 

18°C (Githeko & Ndegwa, 2001). Changes in climate and variability have caused 

temperatures to shift beyond this threshold and facilitate faster development of P. 

falciparum to complete its development within the mosquito, raising the risk of 

infection and leading to occurrences of seasonal epidemics (Gilioli & Mariani, 2011; 

Githeko & Ndegwa, 2001; Githeko et al., 2014; Sewe et al., 2015). Optimum 

temperatures for Anopheles development are between 25°C to 27°C and terminate at 

10°C (lower limit) and at 40°C (upper limit) (Imbahale et al., 2011).  

Increase in malaria incidence has been positively associated with an increase in ambient 

temperatures and maximum temperature anomalies in the highlands (Alonso et al., 

2011; Githeko et al., 2014; Omumbo et al., 2011; Paaijmans et al., 2010; Paaijmans et 

al., 2009; Pascual et al., 2006; Ruiz et al., 2014; Sewe et al., 2016; Wandiga et al., 

2009). Using monthly temperature time series data over fifty years, Pascual et al., 

(2006) found a significant warming trend since the 1970s of approximately 0.5°C at four 

high-altitude sites in East Africa.  Similarly Paaijmans et al. (2010), used air 

temperature records for a highland site in Kenya, applied retrospectively under 1°C 
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suggested warming (Pascual et al., 2009) to the last 30 years (1970 to 2010) and found 

that Anopheles larval developmental periods were reduced from 47 to 37 days, which 

lead to an increase in Anopheles population growth rate of 17%. 

Alonso et al. (2011)found that warming of approximately 1°C over 30 years in the 

highlands played a significant role in increasing malaria transmission from the 1970s to 

1990s, but they could not conclusively state how much of the increase was due to 

climatic factors alone, while Omumbo et al. (2011), showed clear evidence of increases 

in daily minimum (Tn), daily maximum (Tx) and daily average (Tmean) temperatures 

of 0.21°C, 0.24°C and 0.21°C respectively between 1979 to 2009 over a highland area 

of Western Kenya. Using mean weekly temperature for the period 2003 - 2008, (Sewe 

et al., 2015), showed a linear correlation between risk of death in children from malaria 

and an increase in temperatures >24°C. This effect was more pronounced between 

weeks 13 and 16.  

When estimating malaria risk due to changes in temperature, it is important to consider 

the impact of daily temperature fluctuations because temperature fluctuations could 

enable P. falciparum to complete its development within the mosquito lifespan at 

previously lower temperatures than predicted.  For example, at the transmission 

threshold constant 18°C, the parasite extrinsic incubation period (EIP) (parasite 

development rate within the mosquito), is completed within 46 days, but under a 

temperature daily fluctuation of 7°C, the EIP is shortened by as much as 14 days, which 

can result in parasites being able to develop at average temperatures below the current 

minimum threshold (Paaijmans et al., 2009). The impact of temperature fluctuation will 

be much larger in areas with average temperatures below 20°C than in areas with 

temperature averages above 22°C. At temperatures above 24°C a daily temperature 

fluctuation of 7°C will have a reverse effect and actually lengthen EIP (Paaijmans et al., 

2009). 

Paaijmans and colleagues (2009) also caution that use of air temperature alone may not 

be appropriate for estimation of mosquito development or for setting threshold 

temperatures. From their analyses they found that water temperatures in their highland 

study sites were generally higher than corresponding air temperatures with mean water 

temperature exceeding mean air temperature by 4.5 to 5.8°C, depending on pool size 

and location. Therefore, use of air temperature alone may underestimate Anopheles 
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population growth rates, which are much higher than predicted when based on water 

temperature.   

5.4.2. Rainfall, relative humidity and El Niño 

Changes in rainfall mainly impact mosquito habitats through drought or flooding; 

Flooding especially increases habitat productivity and availability for mosquito larvae. 

Chaves et al. (2012) found that rainfall significantly increased monthly malaria 

incidence in three highland sites in the Lake Victoria Basin, Kenya while McCann et al. 

(2014), found more Anopheline larval habitats in months with more precipitation 

compared to the same area in months with less precipitation. A minimum of 150 mm of 

mean monthly rainfall is a reported threshold for a resultant increase in the population 

of Anopheles to cause malaria epidemics in the highlands (Githeko & Ndegwa, 2001). 

The influence of rainfall is not immediate and mostly evident after a time lag of 

approximately one week to two months, depending on seasonal variability and 

topography (Githeko et al., 2014; Jones et al., 2007; Koenraadt et al., 2004; Sewe et al., 

2015; Zhou et al., 2004). Studies in the Lake Victoria Basin found that it took about two 

months for malaria transmission to peak following large rainfall events (Chaves et al., 

2012; Wandiga et al., 2009). Additionally, rainfall-associated humidity can lengthen the 

life-span of malaria vectors, which would increase risk of transmission (Hashizume et 

al., 2009).  

On the other hand, heavy rainfall in a short period of time can flood Anopheles breeding 

habitats and flush out mosquito eggs and larvae (Paaijmans et al., 2007; Vries, 2001b), 

which can lead to a reduction in larvae and nutrient availability, a decrease in emerging 

vectors and a decrease in malaria (Paaijmans et al., 2007). Most of the larval flushing is 

related to runoff, which creates small temporary streams that carry the larvae away, 

rather than rainfall that falls directly into Anopheles habitat (Paaijmans et al., 2007). 

Flushing of larvae does not necessarily guarantee their death of mosquito larvae as they 

can still survive in moisture rich soil (Cohen et al., 2008; Paaijmans et al., 2007). When 

flushed out of the habitat into muddy surroundings, a percentage of the Anopheles 

gambiae larvae are able to move actively over moist soil to a new body of water and 

sometimes even return to the same habitat depending on factors such as duration and 

intensity of rainfall, topography and distance to the nearest water body (Paaijmans et al., 

2007). 
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5.4.3. Synergistic influences of temperature and rainfall 

The use of temperature or rainfall alone is inadequate when measuring impact of 

climate change on malaria transmission. Changes in rainfall changes will influence 

malaria transmission in synergy with changes in temperature as the effects of 

temperature and rainfall are often inter-dependent (Alonso et al., 2011; Githeko et al., 

2014; Zhou et al., 2004). For example, the 1997 to 1998 El Niño caused serious malaria 

epidemics in the East African highlands. This event was characterised by 4°C anomalies 

in the mean monthly maximum temperatures, concurrent with heavy rainfall (Githeko & 

Ndegwa, 2001; Githeko et al., 2014). Another study found that inter-annual variability 

in Tmin and Tmax correlated with inter-annual patterns of very wet and dry years such 

as those observed during El Niño/La Niña events (Wandiga et al., 2009). 

High temperatures and high rainfall will increase the risk of an epidemic. Additionally, 

extended rainfall will increase the size of the epidemic (Githeko et al., 2014). For an 

epidemic to happen, a mean monthly temperature anomaly (>2°C) is first observed, 

followed by rainfall above a certain threshold of 150mm to 300mm/month (Githeko et 

al., 2014). Therefore, an accurate assessment of climate change impacts on malaria 

transmission should consider the extent of temperature and inter-annual rainfall 

variability (Zhou et al., 2004a), because temperature can only exert a stronger influence 

on transmission when there is sufficient rainfall for vector development and survival 

(Githeko et al., 2014).  

Despite the evidence presented for the influence of climate change on malaria 

transmission, other studies concluded that mean temperature and rainfall have not 

significantly changed in the highlands and that other factors such as drug resistance and 

migration might be the main drivers of observed changes in transmission (Hay et al., 

2002; Omumbo et al., 2011; Shanks et al., 2000; Shanks et al., 2002; Wandiga et al., 

2009; Zhou et al., 2004; Zhou et al., 2005). Omumbo et al. (2011) suggested that this 

variance in findings is due to the lack of reliable and quality controlled meteorological 

data that may not take into account the influence of local climate variability and change 

on larger scaled climatic processes. Also, most studies have used mean monthly 

temperatures, which may underestimate parasite development while daily temperature 

variation may be a better predictor of malaria risk based on studies of EIP (Blanford et 
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al., 2013; Omumbo et al., 2011) while other studies do not account for the influence of 

water temperature (Paaijmans et al., 2010). 

5.5. Land Cover, Land Use and Land Form 

5.5.1. Land cover 

As previously explained in Chapter 2.5, malaria is strongly influenced by changes in 

habitat due to land cover, land use and land use change. Forest cover plays a buffer role 

in maintaining ambient temperature of Anopheles resting sites. The high canopy cover 

in forests reduces the amount of solar radiation reaching larval habitats and thus 

maintains lower temperatures (Afrane et al., 2005; Munga et al., 2006).  Ambient 

temperature regulation is important as this will influence the duration of Anopheles 

gonotrophic cycle i.e. the period between taking a blood meal and laying of eggs. Forest 

cover also extends the survivorship of the Anopheles mosquito, extending its lifespan by 

at least 5 days in the dry season and 7 days in the rainy season (Afrane et al., 2006). The 

association between land cover type and Anopheles larvae abundance is more 

pronounced during the rainy season than in the dry season (Afrane et al., 2006). Similar 

observations were also recorded by Munga et al., (2006).  

5.5.2. Deforestation 

Deforestation, which reduces forest canopy cover, can lead to the creation of temporary 

freshwater pools that are suitable for mosquito breeding (Brooker et al., 2004). Munga 

et al. (2009), recorded 89,000m
2
 of forest land converted into farmland, in the western 

Kenya highlands over a four-year period. Deforestation will also increase the amount of 

solar radiation reaching larval habitats because canopy cover, which maintains lower 

water temperatures, will be removed (Munga et al., 2006). Reduction of forest canopy 

cover in forests will raise the water temperate and nutrient concentration of the 

mosquito habitat. Increases in temperature will lead to increases in survival and 

reproductive fitness of Anopheles (Afrane et al., 2006; Afrane et al., 2007) and increase 

P. falciparum development within the mosquito (Afrane et al., 2008).  

5.5.3. Agriculture/Farming 

Increasing human population in the highlands has led to an increase in land use changes 

that in turn have enhanced vector production including deforestation, farming, livestock 
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rearing, swamp cultivation, forest clearing, use of shallow wells to conserve water for 

irrigation and creation of water drainage channels (Cohen et al., 2010; Lindblade et al., 

2000; McCann et al., 2014; Munga et al., 2006, 2009). 

In the western Kenya highlands, land cover is predominantly pasture or forest. The main 

land use change is the conversion of pasture and forest into farmland (Munga et al., 

2009). Open, sunlit pastures contained the highest percentage of anopheline habitats 

followed by farmlands and swamps. Creation of drainage channels for farming also 

leaves behind standing water, which act as suitable habitats for Anopheles gambiae 

larvae (McCann et al., 2014). 

Zhou et al. (2007), found that Anopheles larvae-to-adult survivorship was only 2% in 

habitats located in forested areas, compared with 49% for habitats located in farmlands. 

Additionally, it took three weeks versus two weeks for Anopheles larvae-to-adult 

development in forested versus farmlands, respectively. Minakawa et al. (2005) also 

found the presence of more Anopheline-positive habitats in farmlands during the rainy 

season, but in swamps during the dry season. The presence of maize (which can provide 

a nutrition source for mosquito larvae) near households was positively associated with 

increased malaria risk (Cohen et al., 2008; Ernst et al., 2009). 

5.5.4. Topography 

Outbreaks of malaria epidemics are ecosystem specific depending on topography. In 

their study, (Wanjala et al., 2011), found that U-shaped valley ecosystems in the 

western Kenya highlands had 8.5 times more malaria infections compared to V-shaped 

valley ecosystems and that malaria epidemics will occur within a shorter time frame in 

poorly drained U-shaped valley ecosystems than in well drained V-shaped valley 

ecosystems. In a separate study, (Wanjala & Kweka, 2016) found that U-shaped valleys 

had five times greater P.falciparum prevalence than V-shaped valleys and also that 

children in U-shaped valleys were infected with malaria 4 to 6 times in a year versus 1 

to 2 infections per year in the V-shaped valleys. Githeko et al. (2014), explains that in 

the U-shaped valley ecosystems, there’s usually a lag of two months between 

temperature changes and malaria epidemics (3 months if rains are prolonged) and in the 

V-shaped valleys, there’s a lag of three months between temperature changes and 

epidemics.  U-shaped valleys are considered transmission hotspots while V-shaped 

valleys are epidemic hotspots (Githeko et al., 2014; Wanjala et al., 2011). For an 
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epidemic to occur in the V-shaped valley ecosystems, there needs to be temperatures 

above normal and rainfall over an extended period (Githeko et al., 2014). 

Larval breeding habitats are generally concentrated in the valley bottoms near rivers or 

streams (Himeidan et al., 2009; Munga et al., 2009; Zhou et al., 2007). These areas are 

characterised by well-established malaria transmission (Githeko et al., 2006). U-shaped 

valley bottoms have slow-flowing water, which allows for extensive breeding of 

mosquitoes while V-shaped valley bottoms have fast-flowing water and fewer stable 

breeding sites. Consequently malaria transmission is unstable in V-shaped versus U-

shaped valleys (Githeko et al., 2014). In poorly drained valley bottoms, floods and 

runoff can create stagnant pools of water, which, if forests are cleared, become suitable 

breeding sites for Anopheles (Chaves et al., 2012).  

5.5.5. Altitude/Elevation 

There is usually less risk of malaria infection at altitudes above 1500m, although in 

favourable climatic conditions the disease can occur at altitudes up to almost 3000m. 

Zhou et al. (2007) recorded a 3-fold higher abundance of Anopheles gambiae in houses 

located at elevations ≤1,470m above sea level. Outbreaks of epidemics in the highland 

areas have been increasing in severity and frequency (Yanda et al., 2006), while at 

lower altitudes (<1500m), especially around the Lake Victoria Basin, there has been a 

decrease in malaria incidence since the 1980s likely due to self-regulation of 

transmission either through rising population immunity or reduced inbound migration of 

susceptible people (Chaves et al., 2012). Household location on the slope also 

influences malaria transmission. P. falciparum prevalence decreases with increasing 

altitude (Drakeley et al., 2005; Munga et al., 2006). 

5.5.6. Wetlands and water bodies 

The presence of wetlands and water bodies is also a determinant of malaria 

transmission, Houses with malaria cases tended to be closer to swamps, rivers or 

streams (Ernst et al., 2009; Himeidan et al., 2009; Munga et al., 2009; Zhou et al., 

2007). Using a topographic wetness index (TWI) as an approximate measure of 

predicted water accumulation, Cohen et al. (2008, 2010), found that houses in which 

individuals were infected with malaria in multiple years were located within 500m of 

areas of highest predicted wetness within swampy habitats, than houses without malaria. 
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Zhou et al. (2007) also found that houses within 500m of the Yala River, in western 

Kenya, had five to six times more mosquitoes than houses more than 1000m from the 

river.  

There were more Anopheles gambiae  larvae and larval habitats in small streams and 

unshaded aquatic habitats in farmlands and pastures in the wet season (Brooker et al., 

2004; Minakawa et al., 2005; Munga et al., 2006, 2009; Omukunda et al., 2012). In their 

modelling study (McCann et al., 2014), found that the most important landscape 

variables for predicting Anopheles gambiae larval habitat presence was distance to the 

nearest stream and TWI. They caution however, that formation of these habitats also 

depends on human behaviour, which could account for the fact that some of the habitat 

locations were incorrectly identified by the models. Therefore, in assessments of 

malaria transmission, it is not enough to consider only the physical and environmental 

factors, but other factors influencing transmission such as biological, socio-economic, 

cultural, demographic and human behaviour and interventions. 

5.6. Biological Influences on Malaria Transmission 

5.6.1. Immunity 

Partial immunity to malaria is acquired from long term exposure to the disease therefore 

populations such as those in epidemic hotspots in the highland areas and in V-shaped 

valleys, (Ruiz et al., 2014; Wanjala et al., 2011) that have limited exposure to malaria 

will have lower/no immunity to the disease are vulnerable and at high risk of 

complicated malaria during epidemics.   

5.6.2. Age 

In areas where malaria is endemic with stable malaria transmission, younger 

populations will be more vulnerable as they have had less time to build their immunity. 

Due to this, children in these areas are especially susceptible to malaria (Brooker et al., 

2004; Drakeley et al., 2005). In areas of unstable malaria transmission or epidemic 

hotspots, all age groups are susceptible (DeVries, 2001). 
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5.7. Socio-Economic and Cultural Influences on Malaria Transmission 

5.7.1. Household Education and Socio-Economic Status 

Ernst et al. (2009) found that malaria risk was reduced in households where the female 

head had completed secondary education. Also, houses that had a higher socio-

economic status/wealth index had positive health-seeking behaviour and were more 

likely to access formal health care rather than self-medicate (Brooker et al., 2004; 

Wandiga et al., 2009). Independent of socio-economic status, children from households 

that had malaria medicines stocked in the home are at a lower risk of malaria 

complications (Brooker et al., 2004).  

5.7.2. Type of Dwelling 

Other factors such as having a separate kitchen from the sleeping area increased the risk 

of malaria (Ernst et al., 2009). A lot of households still use open wood stoves for 

cooking and will therefore build a separate kitchen area to contain the smoke. If the 

kitchen area is in the same unit as the sleeping area, then there is less likelihood of 

Anopheles presence while the residents are sleeping as the smoke will act as a natural 

repellent.  

Some houses are mud-walled with grass-thatched roofs and have windows without 

screens. In these houses risk of malaria is high as mosquitoes have easy access to the 

house through open windows, while grass thatched roofs and mud walls provide 

suitable resting sites for mosquitoes after a blood meal (Zhou et al., 2007). Having a 

house with a ceiling was also associated with a decreased risk of malaria (Ernst et al., 

2009). 

5.7.3. Perception 

Some superstitious beliefs and general lack of knowledge about malaria transmission 

may also contribute to increased risk. Wandiga et al. (2009) reported beliefs that food 

cooked with local edible oil activated malaria and that eating maize meal instead of 

bananas cause malaria, while Ernst et al. (2009) documented a belief that only those 

living near swamps in the highlands were at risk of malaria.   
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5.8. Human behaviour and interventions 

5.8.1. Population migration, transportation and travel 

Increased malaria risk may be related to human-mosquito contact through migration and 

travel. Movement of people facilitates the spread of malaria in two ways; i) A person 

who is already be infected with the parasite may transmit the disease when they move to 

another area and; ii) A person moves from an area of low transmission to an area of 

high transmission therefore exposing themselves to the disease. Migration is largely 

driven by the search for arable land in the East African highlands leading to crowding of 

people in agriculturally suitable areas raising the possibility of infection (Zhou et al., 

2007). Some people settle in less desirable areas such as valley bottoms, which contain 

suitable Anopheles habitats thus raising their risk of infection (Chaves et al., 2012; Zhou 

et al., 2004). Overnight travel e.g. to attend funerals where it is common to sleep in the 

open air, also raises the risk of infection (Ernst et al., 2009). 

5.8.2. Mosquito (vector) control 

The main mosquito control strategies are clearing of bushes around households and use 

of bed nets at night (Ernst et al., 2009). However, affordability of bed nets and usage is 

dependent on household socioeconomic status (Brooker et al., 2004; Wandiga et al., 

2009). In some cases, those who owned bed nets did not use them for their intended 

purpose, primarily because they perceived their risk of infection to be low (Ernst et al., 

2009). 

5.8.3. Malaria Treatment 

Malaria treatment is generally affordable for most communities, however households 

reported that they can be forced to sell livestock and/or land, or take loans to access 

treatment during malaria epidemics (Wandiga et al., 2009). Other treatment options 

were the use of traditional herbs (Wandiga et al., 2009). Lack of qualified medical 

personnel and poorly equipped laboratories n health facilities increases the likelihood of 

malaria misdiagnosis and also reduces capacity to deal with malaria epidemics 

(Wandiga et al., 2009).  
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5.9. Assessments of Climate Change and Malaria Risk in East Africa 

5.9.1. Vulnerability Assessments in Climate Change and Malaria Research 

Few vulnerability assessments on climate change and malaria in East Africa have been 

documented in the published literature. A conceptual and methodological framework for 

modelling of social vulnerability for the East African region in a spatially explicit 

manner and independent of current disease prevalence, in order to provide options for 

targeted interventions, was documented by (Kienberger & Hagenlocher, 2014). Risk 

and vulnerability was framed within the recent IPCC definition (IPCC, 2014b) in a 

dynamic and holistic manner and a number of related factors influencing disease risk 

were considered. Analysis and results established links to risk governance, climate 

change adaptation and relevant intervention strategies to several water-related vector 

borne diseases, including malaria. They mapped the main indicators of social 

vulnerability to malaria at East African regional levels (Figure 5.34). Regions of high 

social vulnerability were found in the areas surrounding Lake Turkana, Kenya, at the 

Kenyan-Ugandan and Kenyan-Tanzanian border, as well as in the central part of 

Burundi. Medium to high levels were found in Rwanda with very high levels in Kigali, 

as well as in the north eastern and southwestern part of Tanzania.  

 

Figure 5.34 Map showing levels of social vulnerability in East Africa (Kienberger & Hagenlocher, 2014) 
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Some areas in the East African highlands that are currently malaria-free or epidemic 

prone recorded high levels of social vulnerability, but this is primarily due to the 

lowered immunity of populations in these regions because of their lack of exposure to 

the disease (Kienberger & Hagenlocher, 2014). 

In a related study, (Bizimana et al., 2015) applied a composite indicator approach to 

assess social vulnerability to malaria transmission at a district level in Rwanda. The 

adapted vulnerability assessment framework of Kienberger & Hagenlocher (2014) was 

used to identify indicators of different components of vulnerability in terms of generic 

susceptibility (i.e., lacking capacity to anticipate) and biological susceptibility (i.e., 

lacking capacity to cope or recover). They mapped areas of social vulnerability in 

Rwanda at a district level (Figure 5.35). 

 

Figure 5.35 Map showing levels of social vulnerability in Rwanda, East Africa (Bizimana et al., 2015) 

While both studies provide useful tools for decision-making, only social vulnerability to 

malaria was considered. Also, there was an assumption of homogeneity of the 

population and landscape, which suggests uniformity of indicators while there are 

differences in population and factors such as topography that will have an impact on 

weighting the indicators. Both papers acknowledge these limitations by suggesting that 
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interventions should take into account the relevance of specific indicators of malaria 

vulnerability for different regions (Kienberger & Hagenlocher, 2014) and that future 

research should focus on an integrated vulnerability assessment that combines both 

environmental and social drivers (Bizimana et al., 2015).  

Further research by Hagenlocher and Castro  (2015) addressed some of the above 

limitations by modelling multi-dimensional vulnerability in Tanzania in a holistic and 

spatially explicit manner, using estimates of entomological inoculation rate (EIR), i.e. 

risk of infective bite, as a proxy for malaria hazard. Causes of malaria risk and 

vulnerability were demonstrated to vary considerably across the country and risk, 

hazard and vulnerability maps that allow prioritisation of areas for malaria control were 

produced (Figure 5.36).  

 

Figure 5.36 Map showing malaria risk and vulnerability in Tanzania, East Africa (Hagenlocher & Castro, 2015) 

By integrating malaria risk, vulnerability, and contributing factors in a holistic 

framework, evidence of issues that needed to be addressed locally to reduce malaria risk 

while accounting for variability within districts was provided. A useful output was an 

easily adaptable modelling framework. However, limitations of the approach included 

incompatibility of the model with data that were not available in a spatially 

disaggregated format. This meant that key vulnerability indicators such as acquired 



CLIMATE CHANGE, LAND USE AND OTHER FACTORS INFLUENCING MALARIA RISK IN EAST AFRICA 

 

100 

 

immunity to malaria, availability of malaria drugs, migration patterns, quality of the 

healthcare system, personal beliefs, behaviours and social networks were not included 

in the final model (Hagenlocher & Castro, 2015). 

More recently, Bizimana et al. (2016) integrated a set of weighted vulnerability 

indicators to define homogenous regions of social vulnerability to malaria in Rwanda. 

Although a useful approach in determining targeted interventions to specific high-risk 

areas and focus on factors that influence vulnerability, the model limitations did not 

allow for inclusion of key vulnerability indicators that did not have quantitative 

measurements such as social networks, migration and behavioural change. While these 

studies provide suitable frameworks for assessment of social vulnerability to malaria, 

none of them considered climate change or climate variability and the associated 

biophysical and social vulnerability at the same time. Biophysical and socio-economic 

factors are interdependent and must be considered simultaneously within an integrated 

systems framework that assesses risk and vulnerability of communities to malaria. 

Wandiga et al. (2009) studied both the biophysical and social influences of malaria 

transmission in East Africa within the context of climate change. This study aimed to 

assess the vulnerability and coping capacity of target populations as well as the excess 

risk to which they are exposed because of climate change using both quantitative and 

qualitative methods. They demonstrated a positive relationship between changes in 

malaria cases and variations in monthly minimum and maximum temperatures and also 

identified other socio-economic factors at the household level that reduced the coping 

capacity of the community (refer to Chapter 3.6.5). However, the data analysis was not 

conducted in an integrated manner and no sensitivity analysis was used, therefore we 

are not able to determine which of these factors would have a stronger influence on 

malaria transmission. 

5.9.2. Integrated Assessments  

Integrated assessments of climate change and malaria risk in East Africa are limited in 

published literature. DeVries (2001) presented a spatially explicit model to evaluate 

malaria transmission risk and malaria disease risk in western Kenya. In his model, he 

included ecological and socio-economic factors that influence risk such as land cover, 

gender, age, infection, immunity and movement of populations. From his model, he 

found that the percentage of infected humans in a population exposed to high 
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transmission risk does not increase over time and that transmission risk fluctuates over 

time, either seasonally or with regular intervals over a few years, thus except for the 

highest transmission risks, malaria cannot be maintained in the population.  

van Lieshout (2005) provided an assessment of the impact of environmental and socio-

economic changes on risk of malaria in a high transmission risk area of western Kenya. 

Model parameters included temperature, land cover, precipitation, infrastructure, land 

use, population density, age structure, dwelling and costs of treatment and prevention. 

Scenarios of future malaria risk were created by combining quantitative and qualitative 

information in the model. Based on these simulated scenarios, van Lieshout (2005) 

found that a combination of lack of access to health infrastructure, lack of economic 

means, and climate change have made increased risk of malaria for populations living at 

high altitudes. This projected risk may also change dependent on the type of land use. 

For example, if there is a shift towards cash crops, then risk of malaria is considerably 

reduced while a shift towards more small-scale agriculture raises risk of malaria. The 

projected impacts of El Nino and increasing population density also raises risk of 

malaria (VanLieshout, 2005). 

5.10. Research Gaps and Needs 

5.10.1. Biophysical determinants 

Most of the identified malaria-climate change studies have focused on various climatic 

and biophysical variables and few have examined the interactions between climatic 

variables and land use. Furthermore, there is a lack of published research on these 

interactions from a malaria life cycle perspective. Alonso et al. (2011) suggested that 

further analysis of climatic influence on malaria risk should consider the variation in 

minimum and maximum daily temperatures and human population distribution with 

measures of altitude. It is also important to dynamically study shifting patterns of 

malaria epidemics in high risk regions by addressing seasonal malaria outbreak patterns 

together with long term climatic changes (Pascual et al., 2008).  Other important 

variables to consider are low humidity (Blanford et al., 2013), non-uniformity in 

measurements of rainfall due to small variations in altitude and geography, soil 

characteristics, vegetation differences, differences in topography (Cohen et al., 2008, 

2010; Sewe et al., 2015), hydrological characteristics of the landscape, seasonal and 
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annual variations in transmission (Carlson et al., 2004; Mbogo et al., 2003; Paaijmans et 

al., 2014), micro-heterogeneity of transmission (Drakeley et al., 2005), correlation 

between air temperature and rainfall, biology of mosquito habitats (Gilioli & Mariani, 

2011), biological influences on transmission risk such as P. falciparum genotypes, 

malaria vector species composition, drug resistance and immunity (Ernst et al., 2009; 

Mbogo et al., 2003; Zhou et al., 2004b) and whether observed associations are 

characteristic throughout the distribution range of Anopheles  (Koenraadt et al., 2004).  

5.10.2. Human behaviour and interventions 

There has been little research conducted to assess human behaviour and interventions at 

the local level and how they influence malaria risk. While there is multiple evidences 

for the influence of climate change on malaria and the risk posed to vulnerable 

communities, there is insufficient understanding of the complexity that underlines the 

spread of the disease at the community level (Lyth & Holbrook, 2015) and little has 

been documented about the sensitivity of these communities to projected risk and how 

well they are prepared to cope. Human behaviour that is important in influencing 

malaria transmission includes population migration and transportation, trade and travel, 

health seeking habits, quality of healthcare, vector control mechanisms and cultural 

roles in land management and agricultural activities. At the local level, these 

behavioural factors, along with the influence of land use, can have a substantially 

greater influence on malaria than climatic factors and an assessment of their relative 

contribution to malaria risk will be useful in designing better response strategies. In 

recent years there has been an increasing call for the inclusion of these other factors 

influencing malaria transmission in a holistic and integrated manner when conducting 

climate change and malaria risk and vulnerability assessments (Caminade et al., 2014; 

Ermert et al., 2013; IPCC, 2013). 

5.10.3. Research Needs 

In climate change and malaria research, it is important to understand how changes in 

climate will impact on the current burden of the disease (biophysical vulnerability), and 

to identify vulnerable populations and also the capacity of these populations to respond 

(social vulnerability) while taking into account other factors that affect the current 

burden of malaria and the effectiveness of current policies and programmes to manage 
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the disease (Ebi, 2007; WHO, 2010). Risk and vulnerability to malaria transmission is 

influenced in part by human activities or interventions at the local level and therefore 

assessments of the same must take into account the impact of the climate change on 

malaria risk as while considering other factors influencing malaria risk such as land 

cover, land use, differences in topography socio-cultural and human behaviour 

influences in transmission (Alonso et al., 2011; Carlson et al., 2004; Cohen et al., 2008, 

2010; Drakeley et al., 2005; Ernst et al., 2009; Mbogo et al., 2003; Paaijmans et al., 

2014; Sewe et al., 2015; Zhou et al., 2004b) 

More studies that address the complex interactions between the parasite, host and vector 

on multiple spatial and temporal scales are needed (Alonso et al., 2011; Mbogo et al., 

2003). A sufficiently accurate determination of risk must start with an understanding of 

the causal pathways of this array of influences. Also, any projected increases in malaria 

transmission due to changes in climate should be analysed in the context of local 

disease prevention and treatment efforts (Caminade et al., 2014; Ermert et al., 2013; 

IPCC, 2013b) as these have contributed to the global decline of the disease by 60% 

from 2000 to 2015 (Bhatt et al., 2015; Gething et al., 2010; WHO, 2015b).This type of 

assessment needs an integrated and multi-disciplinary approach that recognizes the 

place-specific connections between the environment, people, and their social 

arrangements to provide the necessary insights into the underlying causes of 

vulnerability and risk at different levels and especially at the local level to design 

appropriate adaptation strategies. 

5.11. Identification of Systems Variables from the Literature Review 

There are studies that have developed suitable environmental, socio-demographic and 

behavioural indicators of malaria risk at regional, community and household levels 

(Bates et al., 2004a; Bates et al., 2004b; Ernst et al., 2009; Protopopoff et al., 2009; 

Sutherst, 2004; Wandiga et al., 2009). This previous knowledge and the summary of 

literature reviewed (section 5.2 to 5.9) was used to identify variables of the system. 

These variables were confirmed and validated through expert consultation and were 

separated into biophysical and socio-economic as discussed in section 5.11.1 and 5.11.2 

respectively. 
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5.11.1. Biophysical Variables 

Twenty-one biophysical variables influencing risk of malaria infection were identified 

as listed in Table 5.8: 

Table 5.8 Biophysical variables influencing risk of malaria infection as identified through literature review 

N
o
 Variables Description Source 

1.  
Air temperature Air temperature suitable for malaria 

transmission i.e. between 16˚C and 

34˚C 

Beck-Johnson et al., 2013; 

Colón-gonzález et al., 2016; 

Gilioli & Mariani, 2011; Githeko 

et al., 2014; Imbahale et al., 

2011; Lyons et al., 2012; 

Protopopoff et al., 2009; Sewe et 

al., 2015 

2.  
Water 

temperature 

Mosquito habitat temperature suitable 

for breeding 

Gilioli & Mariani, 2011; Munga 

et al., 2006; Paaijmans, 2008; 

Tuno et al., 2005 

3.  
El- Niño Periods of extreme rainfall Chaves et al., 2012; Hashizume 

et al., 2009; Van Lieshout, 2005; 

Protopopoff et al., 2009; van 

Lieshout et al., 2004; Wandiga et 

al., 2009; Zhou et al., 2004a 

4.  
Average 

rainfall/ 

precipitation 

Mean monthly rainfall of at least 

150mm; rainfall season 

Cohen et al., 2008; Colón-

gonzález et al., 2016; Githeko & 

Ndegwa, 2001; Githeko et al., 

2014; McCann et al., 2014; 

Paaijmans et al., 2007; 

Protopopoff et al., 2009; 

Sutherst, 2004 

5.  
Relative 

humidity 

Amount of water vapour present in air Afrane et al., 2005, 2007; 

Minakawa et al., 2002; 

Omukunda et al., 2013  

6.  
Altitude Height/distance above sea level Afrane et al., 2005, 2007; 

Drakeley et al., 2005; Paaijmans 

et al., 2009; Protopopoff et al., 

2009 

7.  
Micro-habitat 

changes 

Changes in mosquito habitat micro-

climate due to loss of forest cover or 

other environmental controls such as 

clearing of bushes. 

Afrane et al., 2005, 2008, 2006, 

2007; Brooker et al., 2004; 

Githeko et al., 2012; Minakawa 

et al., 2005; Munga et al., 2006, 

2009; Zhou et al., 2007  

8.  
Topography  Physical land surface including hills 

and valleys, elevation 

Ernst et al., 2009; Protopopoff et 

al., 2009; Tompkins & Caporaso, 

2016; Wanjala et al., 2011 

9.  
Topographic 

wetness index 

Percentage of ground water saturation 

of at least 5% for suitable mosquito 

breeding site 

Cohen et al., 2008, 2010 

10.  
Wetlands and 

water bodies 

Proximity to swamps and other 

stagnant water bodies 

Brooker et al., 2004; Ernst et al., 

2009; Minakawa et al., 2005; 

Munga et al., 2006, 2009; 

Omukunda et al., 2012; Zhou et 
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al., 2007  

11.  
Bare areas Land without forest cover or other 

vegetation 

Ernst et al., 2009; Patz et al., 

2003; Patz et al., 2004; Patz, 

2004  

12.  
Forest edge Human proximity to forest boundaries 

and potential exposure to exposed 

mosquito breeding sites due to 

deforestation 

Ernst et al., 2009; Tuno et al., 

2005 

13.  
Agriculture Land clearance, planting, livestock and 

maize farming, swamp drainage and 

farming, and water management i.e. 

water conservation using shallow wells, 

small-scale irrigation and creation of 

water drainage channels 

Bates et al., 2004a; Chaves & 

Koenraadt, 2010; Cohen et al., 

2008; Ernst et al., 2009; Gleckler 

et al., 2012; Himeidan et al., 

2009; Munga et al., 2009; 

Protopopoff et al., 2009; Ye-

Ebiyo et al., 2000; Zhou et al., 

2007 

14.  
Vector 

abundance 

Increase in numbers of malaria 

mosquitoes 

Gilioli & Mariani, 2011; Githeko 

et al., 2000; Patz et al., 2003; 

Sewe et al., 2015 

15.  
Vector biting Likelihood of an infective bite from a 

mosquito 

Afrane et al., 2005; Patz et al., 

2003; Protopopoff et al., 2009 

16.  
Vector infection 

rate 

Efficiency of transmission and 

infection with the malaria parasite by 

the mosquito 

Afrane et al., 2006; Patz et al., 

2003; Protopopoff et al., 2009 

17.  
Vector adaptive 

behaviour 

Changes in mosquito vector behaviour 

such as early biting or indoor resting 

Expert input 

18.  
Population 

under 5 years 

Number of individuals under five years 

old 

Bates et al., 2004; Brooker et al., 

2004; Protopopoff et al., 2009 

19.  
Immune status Lowered immunity to malaria due to 

pregnancy or limited exposure; 

acquired immunity to malaria from 

long term exposure 

Bates et al., 2004a; Bodker et al., 

2000; Protopopoff et al., 2009; 

Ruiz et al., 2014; Wanjala et al., 

2011  

20.  
Interactions Co-infections with other diseases such 

as HIV increase likelihood and severity 

of infection 

Bates et al., 2004b; Wandiga et 

al., 2009 

21.  
Drug resistance Resistance of the malaria parasite to 

drugs/ parasite evolution 

Bates et al., 2004; Protopopoff et 

al., 2009; Wandiga et al., 2009 

5.11.2. Socio-Economic Variables 

Fifteen socio-economic variables influencing risk of malaria infection were identified as 

listed in Table 5.9: 

Table 5.9 Socio-economic variables influencing risk of malaria infection as identified through literature review 

No Variables Description Source 

1.  
Urbanisation Expansion of urban areas and 

overcrowding in cities 

Bates et al., 2004a 

2.  
Population 

migration/travel 

Movement of people from low risk 

areas to malaria-endemic or epidemic-

Bates et al., 2004a; DeVries, 

2001; Protopopoff et al., 2009 
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prone areas and vice versa 

3.  
Nutritional 

status 

Poor health as a result of undernutrition 

or malnutrition 

Bates et al. 2004a; Protopopoff 

et al. 2009  

4.  
Gender  Gender roles, expectations and cultural 

customs 

Bates et al. 2004a; Protopopoff 

et al. 2009 

5.  
Poverty Socio-economic conditions; household 

income, food and household assets 

Bates et al., 2004a; Brooker et 

al., 2004; Protopopoff et al., 

2009; Wandiga et al., 2009 

6.  
Religious 

beliefs 

Religion or superstitions in 

understanding or managing malaria 

and/or climate change impacts 

Bates et al. 2004a; Wandiga et 

al. 2009 

7.  
Perception Knowledge and understanding of 

disease 

Bates et al., 2004a; Ernst et al., 

2009; Wandiga et al., 2009 

8.  
Type of 

dwelling 

House with grass-thatched roof and 

mud walls (semi-permanent) or Brick 

house with tiled or aluminium roof 

(permanent); house with separate 

kitchen, house with ceiling and house 

with open eaves 

Bates et al. 2004a; Ernst et al. 

2009; Protopopoff et al. 2009  

9.  
Education level 

of household 

head 

Education level of male or female head 

of household 

Ernst et al. 2009 

10.  
Health-seeking 

behaviour 

Willingness to seek treatment for 

malaria; households with malaria 

medicine in stock, self-medication, 

tradition/cultural norms and practices 

in malaria management 

Bates et al. 2004a; Protopopoff 

et al. 2009 

11.  
Bed net use Use of insecticide-treated bed nets to 

prevent malaria infection  

Brooker et al., 2004; Ernst et al., 

2009; Wandiga et al., 2009 

12.  
Environmental 

controls 

Keeping area around the houses cleared 

of shrubs and other  overgrowth; safe 

disposal of plastics  and other water-

retaining containers 

Ernst et al. 2009; Wandiga et al., 

2009 

13.  
Quality of 

health systems 

Health services and policy; availability 

of health facilities; access to healthcare; 

quality of healthcare and capacity for 

malaria treatment 

Lindsay & Martens 1998; Bates 

et al., 2004b; Protopopoff et al., 

2009; Wandiga et al. 2009 

14.  
Malaria vector 

control  

Distribution and coverage of 

insecticide-treated bed nets by the 

government; Coverage of households 

sprayed with malaria insecticide 

(indoor residual spraying) 

Protopopoff et al. 2009; 

Wandiga et al. 2009 

15.  
Quality of 

information 

Reliable and easy to understand 

information systems for 

communicating weather and climate 

information or early warning systems 

for malaria epidemics 

Bates et al., 2004b Wandiga et 

al. 2009; Githeko et al. 2014 
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5.11.3. Including Identified Candidate Set of Variables into the Integrated Risk 

Assessment Framework 

The thirty-six identified candidate set of variables were added to the integrated risk 

assessment framework (Chapter 4.4.1.1.) depending on whether they were elements of 

hazard, exposure or vulnerability. This is illustrated in Figure 5.37 

 

Figure 5.37 Inclusion of candidate set of system variables into the integrated risk assessment framework 

5.12. Conclusion 

This chapter provided a synthesis of published research on climate change and malaria 

risk in East Africa. Risk in this context is a function of the interactions among 

vulnerability, exposure and hazard. The current research consensus is that there needs to 

be more studies at the local level, which should also include the different variables apart 

from climate change that may influence malaria transmission. Also, any projected risks 

of malaria infection due to climate change must be analysed in context of prevention 

and treatment in mitigating against this risk. This chapter also provided a candidate set 

of system variable as identified through the literature review and expert consultation. 

The next chapter presents the data analysis and background information for the 

qualitative field study.  
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CHAPTER 6: BACKGROUND AND PROFILE OF THE CASE STUDY 

COMMUNITIES 

 

6.1. Introduction  

The previous chapter provided a detailed literature review on climate change and 

malaria risk and vulnerability in East Africa. The chapter revealed that there is still a 

significant research gap in our understanding and mapping of the different variables 

influencing malaria transmission especially those arising from human behaviour. 

Further, the review highlighted the need to understand community vulnerability to risk 

of malaria infection and the relative contribution of climate change in influencing risk 

of malaria infection in a community. This chapter presents the background information 

of the case study communities as identified during the field assessment and also 

discussed the steps taken during the thematic analysis of the qualitative field 

information. Sections 6.2 presents the participant profiles for the Focus Group 

Discussions (FGDs) and Key Informant (KI) interviews, followed by section 6.3, which 

presents the steps taken in the thematic analysis of the qualitative information. Sections 

6.4, 6.5 and 6.6 respectively present the results of the open, axial and selective coding 

processes and the chapter concludes with a list of emergent themes and sub-themes 

from the FGDs and the KI interviews.  

6.2. Participant Profiles 

6.2.1. Focus group discussions 

Three FGDs were conducted for each site; one composed of women (W) only from the 

general community, one with men (M) only from the general community and a final one 

with community workers otherwise known as the professional group (P) (Figure 6.38).  
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Figure 6.38 Summary of focus group composition for the lowland and highland study sites 

A total of 76 participants were involved in the focus group discussions. The average 

number of participants on the lowland site (North Uyoma) was 10, while on the 

highland site (Idakho South) the number was slightly higher at 15 (Figure 6.39).  

 

Figure 6.39 Total number of FGD participants for the highland and lowland study sites 

Participants in the general community group had lower levels of education compared to 

those in the professional group (Figure 6.40).  
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Figure 6.40 Background information on education level for all participants from both study sites 

Participants in the lowland group, North Uyoma, had less tertiary education than those 

in the highland group, Idakho South (Figure 6.41).  
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Figure 6.41 Education level comparison of FGD participants between the highland (Idakho South) and 

lowland (North Uyoma) groups 

Participants represented most villages in the study area as illustrated in Figures 6.42 and 

6.43 for the lowland and highland groups respectively. 
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Figure 6.42 Village identifier for participants in the lowland focus group discussions 
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Figure 6.43 Village identifier for participants in the highland focus group discussions 

Most of the respondents depend on small-scale farming for their subsistence with the 

exception of some members of the professional groups who are wage earners or run 

small businesses (Figure 6.44).  
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Figure 6.44 Main occupational activities for focus group participants in both study sites 

Land ownership is predominantly communal and ancestral, and located no more than 

2km (furthest) from the household. This is consistent across both groups. The major 

crops grown are maize, kale, vegetables and beans. There isn’t much crop 

diversification within and between seasons and most participants reported reduction in 

cultivation of indigenous crops. Some farmers in the highland groups reported that they 

may occasionally try to plant sugar cane for sale to off-set losses from their regular 
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subsistence crops, but this is still done on a small scale. Some fishing takes place in the 

lowland areas around Lake Victoria, but declining fish stocks over the years have forced 

most residents to rely on farming as a primary means of survival.  

Both the highland and the lowland study areas are predominantly rural and of low 

socio-economic status. This is reflected in the type of housing construction, which is 

either made from mud and roof made from iron sheet, or semi-permanent, i.e. mud 

walls and floor, plastered with cement and with roof made of iron sheet. Houses made 

of brick with tiled roofs (permanent) are in the minority. The highland area (Idakho 

South) has a higher socio-economic status than the lowland area (North Uyoma). IN 

Idakho South, there were no respondents with mud-walled and grass thatched houses 

and the number of permanent housing was slightly more compared to North Uyoma 

(Figure 6.45). 

 

Figure 6.45 Housing construction type for participants from both study sites 
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6.2.2. Key Informant Interviews 

Key informant interviews were conducted with various stakeholders from county to 

community level. Other interviews included an academic institution, two regional 

organisations and media (Figure 6.46). 

 

Figure 6.46 Key informant interviews conducted with stakeholders at different levels of government 

Twenty-eight semi-structured interviews (14 highland, 14 lowland) were conducted 

with key stakeholders involved in climate change, land use and malaria policy and 

programs in Western Kenya. Interviews were conducted with representatives from the 

Ministries of Agriculture, Environment, Forestry, Public Health and Meteorology at 

three levels of governance i.e. Ward (W), Sub-County (SC) and County (C). Other 

stakeholders included members of the academic and research community, Non-

governmental organisations (NGOs), media and the local Chiefs (Figure 6.47).  
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Figure 6.47 Summary of stakeholders interviewed from both highland and lowland study sites 

6.3. Thematic Analysis of Qualitative Field Focus Group Discussions and 

Interviews 

6.3.1. Steps in the thematic analysis 

Final interview transcripts were uploaded into the QSR Software Nvivo® 10 for 

qualitative thematic analysis. This is an inductive approach, which involves analysis of 

transcripts to identify themes within data from participant responses. The data analysis 

for the focus group discussions followed an iterative five-step process as illustrated in 

Figure 6.48: 
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Figure 6.48 Steps in the thematic analysis process for the focus group discussions 

The process of data analysis for the key informant interviews followed the same steps as 

illustrated in Figure 6.10 with some slight variation in the process. The key informant 

interviews were specific for each group of stakeholders as defined in Chapter 4.7.2.1. 

Apart from background information, the questions were different between stakeholder 

groups. For this reason, word frequencies and text search queries were not used to create 

initial categories and taxonomies. Instead, pre-determined categories were used and 

phrases and words were coded into these categories during the open coding process. 

Further analysis of categories led to the creation of taxonomic nodes, sub-themes and 

themes during axial coding, selective coding and content analysis steps.  

6.3.2. Create project 

The first step was to create a project in N-Vivo and upload transcripts, recordings and 

associated notes of FGDs and key informant interviews. Once uploaded, audio 

recordings were played while reviewing transcripts to ensure accuracy and to correct for 

grammar. While listening initial notes were made on key quotes, concepts and themes. 

Participant background information, which was collected separately, was also added 

into the N-Vivo project file. 

6.4. Open coding 

6.4.1. Focus group discussions 

This is the first level of coding, whereby an open analysis of data is done to look for 

concepts and categories. For the FGDs, a word frequency query was used to explore 
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common terms within each thematic area. Word frequency queries are useful as an 

initial step in selecting coding categories from the data. Words can be identified on a 

scale ranging from “Exact” to “Similar” as defined in Table 6.10 below: 

Table 6.10 Word frequency query parameters and associated meanings 

Word Frequency  

Parameter 

Associated Meaning 

Exact Exact match only 

Level 2 Including stemmed words 

Level 3 Including synonyms 

Level 4 Including specialisations 

Similar Including Generalisations 

Running the word frequency query result displayed the words most frequently used 

from the transcripts. For this analysis, the query parameters of the word frequency 

search were set as follows: 75 most frequent words, with minimum length of 4 and at 

level 3, i.e. including synonyms. Since these discussions were focused on key themes 

and questions, 75 words was considered adequate to capture the range of words used.  

Not all results from the word frequency queries were considered meaningful. Therefore, 

using personal judgement based on literature, knowledge of the area and the nature of 

the discussions, relevant words were selected and grouped and placed into categories 

according to similarities in concept and meaning. Within each category a click on the 

word would highlight all the textual references within which that word appeared. This 

helped with putting the words in context and informing final decisions regarding 

creation of initial taxonomies.  

The word frequency query grouped the 75 most frequently used words according to 

similarities. When visualised as a word cloud (Figure 6.49), the issue of biggest concern 

for the community is rain, followed closely by malaria while climate change is still a 

growing concept.  
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Figure 6.49 Word cloud showing 75 most commonly used words according to weighted percentage 

Nine categories of grouped similar words across all topics of discussion were created 

from the results of the word frequency query (Table 6.2). Some words could be matched 

with more than one category. The full table of words generated and associated similar 

words is attached as Appendix IX.  

Table 6.11 Summary of categories created from word frequency results.  

N
o
 Word frequency results Category 

1. Household, people, children, child, house, farmers Background 

2. Rain, change, water, time, weather, climate, year, 

forecasts, affected, problem, early, late, enough, 

experience, wind, increased, lake, cold, rivers 

Climate change 

3. Plant, change, land, water, harvest, year, management, 

food, decisions, trees, farming, livestock, maize, early, 

late, crops, farmers, enough, experience, lake, 

activities, ploughing, rivers 

Land use and land use change 

4. Malaria, people, sick, diseases, hospital, children, 

mosquitoes, medicine, treatment, management, nets, 

child, chws, problem, test, biting, increased, doctor, 

lake, sleep 

Malaria transmission 

5. Household, people, women, community, money, child, 

decisions, woman, traditional, responsibility, wife, 

house, husband, family, activities, mother 

Gender and culture and social 

6. People, government, community, forecasts, 

information, education, chws, activities, facilities 

Programs and information 

7. Household, people, government, help, community, 

management, decisions, trees, responsibility, sell, 

house, early, late, experience, increased, doctor, clean, 

Coping 
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activities 

8. Household, people, water, help, community, medicine, 

money, problem, enough 

Community needs 

9. Affected, something, different, understand, places, 

always, ways, sleep, agree 

Other 

6.4.2. Key informant interviews 

Three pre-determined categories and sub-categories were used for the analysis of key 

informant interviews for stakeholders at the County, Sub-County and Ward levels as 

below: 

a) Current programs: agriculture, environment and natural resources, public health 

and medical and meteorology 

b) Program implementation: strategies, barriers and challenges 

c) Community profile: climate change, malaria transmission, land use, barriers to 

adaptation and community needs 

The reader is referred to Chapter 4.7.2.1. for the stakeholder groupings. Therefore six 

literature-derived themes were used to guide the thematic analysis (Figure 6.11) and 

analysed as above. Responses from the chiefs were compared to the main outcomes 

from the FGDs.  

 

Figure 6.50 Summary of literature-derived themes that were used to guide the key informant interview with 

the Chief  
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6.5. Axial coding 

6.5.1. Focus group discussions 

The next step in the FGD analyses was the contextual analysis of word categories 

created in the previous step to confirm that the categories created accurately represented 

the respondents’ views and to explore relationships among categories. Text search 

queries were used in this step to explore the use, context and meanings of the words 

within each category and to explore relationships among categories. Text search queries 

are useful for finding all occurrences of words, phrases and concepts in the text. To run 

the query, the entire group of words in a category was added to the text search criteria 

box. The text search query also operates on a scale similar to that of the word search 

query (Table 1). For this step however, the query was set at level 1, i.e. exact matches of 

the word to avoid unnecessary duplications and ambiguities (Table 6.1). Coding was 

spread to a broad context to capture all related associations of the word within the text. 

Text search query outputs were grouped into taxonomic nodes according to similarities 

in context and meaning.  

Nine taxonomic node trees were developed from the categories identified in the 

previous section (Figure 6.51) and further analysis proceeded based on these nine 

taxonomies.  
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Figure 6.51 Taxonomic node trees of focus group discussions created from the axial coding process 

6.5.2. Key informant interviews 

Three taxonomic node trees were developed for each group of stakeholders as illustrated 

in Figure 6.52.  

 

Figure 6.52 Taxonomic node tress from key informant interviews created from the axial coding process 
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6.6. Selective coding, content analysis and theme development 

Each taxonomic node generated in the previous step was reviewed again to reconfirm 

meaning in context of the text. During this process, several conceptually similar themes 

and sub-themes emerged. A node hierarchy list was used in this step to organise these 

initial themes and sub-themes into taxonomic trees. Transcripts were reviewed again to 

confirm that the emerging themes and sub-themes matched with participant responses 

and to selectively code for related quotes and phrases for each sub-theme. Sub-themes 

were reviewed once again to reconfirm suitability within each theme. Themes were also 

reviewed and the relationship between different themes and sub-themes was also 

explored. From this step the dominant emergent themes from the FGDs were revealed.  

6.7. Emergent themes and sub-themes 

6.7.1. Focus group discussions 

Analysis of taxonomies and the relationships between them generated 12 themes and 52 

sub-themes as illustrated in Table 6.12: 

Table 6.12 Summary of key themes and sub-themes emergent from the qualitative analysis of focus group 

discussions 

N
o
 Theme Sub-themes Source  

1.  Climate change 

understanding 

Awareness  Highland and lowland 

 Causes Highland and lowland 

2.  Climate change impacts Seasonal changes in rainfall Highland and lowland 

  Changes in wind direction Lowland 

  Increase in temperatures Highland 

  Negative agricultural impacts Highland and lowland 

3.  Land use and land use 

change 

Destructive land use Highland 

 Tree harvesting Highland 

  Land overuse Highland 

  Water edge farming Highland and lowland 

  Maize farming Highland and lowland 

4.  Malaria transmission Malaria incidence and prevalence Highland and lowland 

  Rainfall and malaria Highland and lowland 

  Changes in malaria transmission Highland and lowland 

  Changes in mosquito behaviour Highland and lowland 

  Malaria and climate change Highland and lowland 

  Sanitation Highland and lowland 

5.  Vulnerable groups Children under five Highland and lowland 

  Pregnant women Highland and lowland 

6.  Poor quality of life Water insecurity Lowland 

  Food insecurity Highland and lowland 

  High cost of living  Highland and lowland 

  Poor health Highland and lowland 

7.  Climate change coping Change of clothing 

Tree planting 

Biannual planting 

Dry planting 

Lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 
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Crop diversification 

Soil conservation 

Water harvesting 

Commercial tree planting 

Nutritional education 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

8.  Malaria prevention Use of bed nets 

Waste management 

Environmental controls 

Closing windows 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

9.  Malaria treatment Self-medication 

Treatment at facility 

Traditional remedies 

Highland and lowland 

Highland and lowland 

Highland and lowland 

10.  Information and 

Education 

Information receipt 

Information utility 

Indigenous knowledge 

Highland and lowland 

Highland and lowland 

Highland and lowland 

11.  Barriers and challenges 

to adaptation 

Low social capital 

Quality of health systems 

Lack of motivation for treatment 

Misuse of mosquito nets 

Inequitable net distribution 

Perception 

Gender bias 

Lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

12.  Community needs Education 

Better weather forecasts 

Better government programs 

Highland and lowland 

Highland and lowland 

Highland and lowland 

6.7.2. Key informant interviews 

Analysis of taxonomies and the relationships between them generated 5 themes and 19 

sub-themes as illustrated in Table 6.13: 

Table 6.13 summary of key themes and sub-themes from the qualitative analysis of the key informant 

interviews 

N
o
 Theme Sub-theme Source 

1.  Community 

profile 

Climate change awareness and impacts 

Climate change impacts 

Malaria transmission 

Land use 

Barriers to adaptation 

Community needs 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

2.  Climate change 

interventions 

Climate change sensitisation 

Participatory scenario planning 

Agroforestry 

Carbon credit programs 

Energy saving mechanisms 

Soil and water conservation 

Highland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

Highland and lowland 

3.  Malaria 

prevention 

Targeting vulnerable groups 

Environmental controls 

Mosquito nets distribution 

Highland and lowland 

Highland and lowland 

Highland and lowland 

4.  Malaria treatment Early case management 

Routine surveillance 

Highland and lowland 

Highland and lowland 

5.  Information and 

education 

Weather and climate information 

Malaria management 

Highland and lowland 

Highland and lowland 
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The qualitative analysis process was performed with the aid of the software QSR 

Nvivo® 10 for Windows. The Nvivo® software was used to organise the data and to 

run initial queries during the open and axial coding steps. In between each step, the 

query outputs were reviewed for contextual fit and reorganised as needed. Final 

selective coding and organisation into themes was performed by the researcher based on 

contextual knowledge and organised into nodes using the software. The process was 

iterative and cyclic with multiple references back to the transcripts and revising and 

regrouping of concepts with each read through and as new themes emerged. 

6.8. Conclusion 

This chapter serves as an introductory chapter to the qualitative analysis results. This 

chapter provides relevant background information and profiles of participants in the 

FGDs and KIs in section 2, which sets the scene for the reader. The rest of the chapter 

presents the results of the thematic analysis for the open, axial and selective coding 

steps in section 3, 4, 5 and 6. The chapter concludes with a summary of the identified 

themes and sub-themes in section 7. The next chapter presents a discussion of the 

research question “What are the household and community factors that could influence 

risk of malaria infection in a highland and lowland community in East Africa?” This 

question will be answered from the emergent themes and sub-themes identified from the 

FGDs and KI. 
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CHAPTER 7: FACTORS INFLUENCING RISK OF MALARIA 

INFECTION AT THE COMMUNITY LEVEL 

 

7.1. Introduction  

This chapter presents a discussion of the first six emergent themes and 23 sub-themes 

from the FGD analysis and first theme and 6 sub-themes from the KI analysis. The 

reader is referred to Chapter 6.3 to Chapter 6.7 for the steps taken in identifying the 

themes and sub-themes.  This chapter specifically answers the research focus question 

two “What are the household and community factors that could influence risk of malaria 

infection in a highland and lowland community in East Africa?” The objectives of this 

question were to investigate: i) Current community awareness of climate change and 

malaria management; ii) Current land use patterns, and; iii) Identify variables involved 

in climate change and malaria risk at the community level 

Section 7.2 gives an overview of the communities’ awareness and conceptualisation of 

climate change and its causes and in section 7.3, some of the observed impacts of 

climate change are discussed. Section 7.4 is specific to land use and land use change 

activities within the community, section 7.5 talks about malaria transmission and some 

of the factors influencing transmission in the two sites and section 7.6 is about groups 

that are vulnerable to malaria transmission. Other issues that influence the communities’ 

vulnerability to risk of malaria infection are discussed in section 7.7 and a comparative 

summary of themes across from highland and lowland groups is presented in section 

7.8. This section also includes a summary of identified variables and their inclusion into 

our integrated risk assessment framework. Pictures of field observations are added to 

support the text where applicable and illustrative quotes from interviews are used to 

provide examples within sub-themes.  

7.2. Climate Change Understanding 

7.2.1. Awareness 

Awareness of climate change was expressed by all groups. Participants in the highland groups 

gave more information and were more descriptive with regard to their experiences with climate 

change, causes and impacts on their activities and livelihoods. Community awareness and 
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understanding of climate change is limited by education (Figure 5.8). During the discussions it 

was evident that the concept of climate change for participants in the lower educated groups in 

both sites was limited to seasonal weather variations rather than long term changes in weather 

patterns and they used the terms ‘weather’ and ‘climate’ interchangeably and that the 

professional groups had a better conceptualisation of climate change and were able to relate the 

current changes in weather patterns back to human-induced influences.   

“the climate [weather] has definitely changed” (W-FGD-H) 

 “when we experience this climate change, we also consider the 

environment has also been changed by human beings” (P-FGD-L) 

The community awareness and conceptualisation of climate change was confirmed in 

the stakeholder interviews. When we asked the other stakeholders if the community was 

aware of climate change, the general sentiment was that the community may not 

scientifically understand what climate change is, but that they were aware of changes in 

rainfall or temperature that have impacted on their agricultural yield. 

“they may not understand climatic changes from the scientific point 

of view, but now they can tell you that their granaries are not as full 

anymore (rainfall has changed)” (A-C-H) 

“They will also tell you - "this month it used to be hot, but right now 

it's cold" (A-C-H) 

“they may not know climate change scientifically, but they say the 

seasons have changed - they used to plant by 15th of March and they 

knew it would rain, but these days, they can't predict for sure - they 

wait for the rain to come so that they can plant” (ASDSP-H) 

The key informant interview with meteorological services in the highland area revealed 

that an assessment to gauge climate change awareness in the community showed that 

the community awareness of climate change and its effect was limited. 

 “I administered a questionnaire to gauge level of climate change 

awareness in the community...but they were not answering it very 

well. No. 12 asked "are you aware of climate change and its effect".... 
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"in your opinion and experience, briefly describe the manifestation” - 

some were leaving it blank” (KMS-H) 

This assessment however, was not verifiable as no other stakeholder group had 

undertaken such a formal assessment. Moreover, it was not clear how the question was 

framed as this may have contributed to how the community responded.  

7.2.2. Causes 

When asked their reasons for why they thought some of these changes were happening, 

it was clear that the lower educated male and female groups had no concept of global 

climate change and there was a lack of clear understanding of what was causing the 

changes in weather that they were experiencing. There was one vague reference to a 

greater change, which was deemed responsible for the observed changes in wind 

direction in the lowland area: 

“the winds have changed and it must be that something has changed 

that has caused this” (W-FGD-L) 

In the professional groups, a little more detail was provided with regard to how humans 

have influenced the climate. 

“there is this problem of something we call Ozone layer...it kicked off 

heavily in the early 90s and that is why you can see several 

governments meet and discuss these issues of air pollution. This issue 

of air pollution has brought changes, which we cannot predict” (P-

FGD-H) 

Other responses on causes of climate change varied; from air pollution from industries, 

urbanisation, population increase and deforestation: 

“the population has increased. We used to have space, but now we 

are crowded, our lands have become small” …“population has 

increased and this has affected the weather” (M-FGD-H) 

“these changes have come about due to deforestation and not this 

alone. There must be a change in winds - those that bring rain to 
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Eastern Africa as a whole and this is why we are now having longer 

rains as per now [short rain season]”(P-FGD-H) 

Responses from the key informant interviews confirmed these sentiments with regard to 

limited understanding of climate change and generally connecting climate change to 

deforestation: 

“they are aware of changes, but they cannot be able to describe it or 

articulate it. And they're also generally unaware of the causes, but of 

course they know that there is a human influence, but they mostly 

refer this back to deforestation, but [still] they cannot link agricultural 

activities and climate change (population expansion and land not 

expanding)” (KMS-H) 

“sometimes they attribute the changes in rains to people having 

cleared trees and bushes” (A-SC-L) 

7.3. Climate Change Impacts 

7.3.1. Seasonal changes in rainfall 

When asked specifically about some of the climate [weather] changes that they had 

experienced, participants mostly focused on changes in rainfall such as changes in 

seasonal rainfall patterns and mixed patterns in the intensity of rainfall: 

“sometimes we wait for the [long] rains, maybe till May, but either it 

rains too much or it's too little. Therefore, the rainfall patterns have 

changed.” (W-FGD-H) 

“When I was a child we never used to have much rain in October, but 

for example this year there's been non-stop rain this October [short 

rains]” (M-FGD-H) 

Other rainfall changes noted were delayed onset of both the long rains season (March-

April-May) and the short rains season (October-November-December). Historically, the 

long rains are more important in determining activities such as farming, fishing or trade, 

while the short rains have been used to supplement yield from the long rains when 

necessary. Participants in all groups noted that long rains, which would typically start 
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by mid-March, had shifted to April and sometimes even as late as May while the short 

rains, which typically started in late September, now generally start in December:  

“now it rains, but does not go beyond April most times [long rains]” 

(W-FGD-L) 

“[long] rains would come by February, but now rains can come as late 

as April” (W-FGD-H) 

In addition to delayed onset of rains for both seasons, there are also changes in the 

duration of the season. In fact, there seems to have been an inversion of rainfall seasons; 

the long rains now start late and terminate as early as April while the short rains extend 

all the way to the end of January: 

 “Sometimes the short rains come late and start in December [instead 

of end September/early October] all the way to January” (W-FGD-L) 

Changes in rainfall are connected to periods of flooding in the highland areas when it 

rains too much for a short period of time and to dry spells in the lowland areas because 

the long rains are terminating earlier and the short rains are starting late, thus extending 

the dry spell in between seasons: 

“there are times we expect rain and there's no rain and it can stay 

even for some month” (P-FGD-L) 

“River Yala, used to flood and burst its banks at least once a year, but 

now it can flood at least two times” (M-FGD-H) 

Similar sentiments on changes in seasons and in intensity of rainfall were expressed 

through key informant interviews with the Chiefs from both sites: 

“people used to plough from October and rainfall season started in 

February, but now the rains start in March, even going into April” (C-

L) 

“the last two years have been terrible - even the rain patterns have 

changed. Used to be March to August, lots of rains and from 

November to February, minimal [short] rains. This has changed. Right 
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now it's December and it's raining hard, therefore rain patterns have 

changed drastically” (C-H) 

7.3.2. Changes in wind direction (lowland) 

For the lowland areas changes in rainfall were connected to changes in wind direction. 

In this area, wind direction has been traditionally used to predict rainfall and also to 

signal the onset of the planting season therefore a lot of attention is paid to any change 

in the direction of the wind. Respondents noted that there are specific winds that come 

with either rain or drought and that the direction in which these winds blow had 

changed. Drought in this context may refer to the dry spell in between rainfall season 

since periods of intense drought are historically rare for this area: 

“wind direction has changed” … “the way the wind blows has 

changed” (W-FGD-L) 

“Here in Uyoma, there's a wind that can blow very early in the 

morning and this usually means there's drought coming” (W-FGD-L) 

7.3.3. Increase in temperatures (highland) 

Changes in temperature were strongly emphasised by respondents from the highland 

group while the lowland groups did not speak of any notable changes in temperature. 

Most of the responses came from elderly participants who noted that they no longer had 

need for blankets at night or even sweaters due to increasing temperature in the region. 

These responses were also confirmed by the Chief, who reiterated that current 

temperatures were higher than they used to be:  

“when I was young – I was born in 1949 – I used to find it very cold in 

a shirt [without a sweater] outside the house…but today I can spend 

the whole night out walking as I am [with just a shirt on] without 

feeling cold” (P-FGD-H) 

“temperatures have risen up. We used not to get high temperatures 

some years back. They were not as they are by now, at least some 

centigrade [difference] according to me, temperatures have gone up” 

(C-H)         
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In contrast, there was one differing response from the men’s group whereby a 

participant noted that it had gotten cooler and went on to say that sleeping with one 

blanket was no longer enough to block out the cold at night. The key informant 

interview from meteorology on the lowland site yielded the same sentiment; that 

temperatures had not increased in the Western Kenya region: 

“the temperature has really changed. When I was young, we just 

used banana leaves to sleep on and to cover ourselves. Now 

sometimes even with a blanket, we still feel cold, but back then we 

never used to feel cold”(M-FGD-H) 

“I have looked at data and the only evidence that temperatures are 

increasing is in north Eastern. There's no evidence that temperatures 

are increasing in Western Kenya” (KMS-L) 

7.3.4. Negative agricultural impacts 

The most notable impact on the environment was from the changes in intensity of 

rainfall, which results in loss of crops for the farmers at both sites. Sometimes there is 

heavy, intense rainfall during the short rains season, which causes soil erosion (Figure 

7.53) and destroys crops:  

“The manner in which rain falls has had very negative impact on the 

environment because it pours so heavily. It falls so heavily that we 

can see the amount of damage done in the form of erosion. 

Sometimes this heavy rain is during the month of September and 

October” (P-FGD-H) 



FACTORS INFLUENCING RISK OF MALARIA INFECTION AT THE COMMUNITY LEVEL 

 

134 

 

 

Figure 7.53 Example of soil erosion and surface run-off from heavy rainfall in the highland area: Achieng, 

2014© 

On the other hand, there are periods where there isn’t enough rain therefore crops 

planted do not germinate. Also, the early or late onset of rains also leads to reduced 

harvest as farmers are still very heavily reliant on rain-fed agriculture. Thus, a delayed 

or shortened rainfall season means reduced harvest, scarcity of fish in the lake and 

livestock dying forcing the community to change their feeding patterns and even resort 

to selling livestock in emergencies to try and cope with some of the changes in rainfall  

“I planted and lost all my harvest because there wasn't enough rain 

to mature my crops” (W-FGD-L)  

Other noticeable changes mentioned were with regard to biodiversity. Some plants such 

as blackjack and marigold were no longer prevalent in the area. Some plants that could 

be used for traditional malaria treatment were also not available anymore. 

7.4. Land Use and Land Use Change 

7.4.1. Destructive land use (highland) 

Shrinking land sizes and competition for arable land in the highlands is placing a lot of 

stress on the land. Some respondents have turned to alternative sources of income such 
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as gold mining, sand and stone quarrying (Figure 7.54), which contributes to soil 

destruction and makes the land unsuitable for agriculture.  

 

Figure 7.54 Picture examples of destructive land use practices i.e. sand and stone quarrying in the highland 

study site: Achieng 2014© 

In addition, sand quarrying and gold mining takes place near river beds. People dig up 

holes and pour the soils into the streams thus polluting the rivers and streams making 

the water unsuitable for bathing or even drinking. Also, the open holes left behind from 

these activities fill up with water when it rains providing suitable habitats for Anopheles 

mosquitoes (Figure 7.55): 

“the water has really been made dirty because people are digging for 

gold. We used to use the rivers for bathing, but now the water is too 

dirty because of the industries. They are doing good work, but now 

even when our cows [livestock] drink that water, then they get sick” 

(M-FGD-H) 
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Figure 7.55 Picture example of unfilled hole in which water has accumulated in the highland study site: 

Achieng 2014 © 

7.4.2. Tree harvesting (highland) 

Harvesting of indigenous trees for charcoal burning and building is also happening 

more frequently than it used to in the highland area and a lot of the indigenous forest 

around has been depleted: 

“now we are harvesting indigenous trees for economic purposes - this 

has done us a lot of damage” (P-FGD-H) 

According to the environment officials, the main drivers for tree harvesting are 

increasing demand for land due to population changes and poverty because the 

community is reliant on firewood for cooking fuel and also because they are more 

interested in cultivating sugar cane or maize, which have fast economic benefits as trees 

take too long to realise economic output. It is interesting to note that historically, in the 

highland areas, trees were highly prized and could only be cut down in cases of extreme 

necessity, but now tree cutting is common and these trees are used for firewood, 

charcoal-making (reduced) or for building while some are sold for money: 
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“trees were preserved and were considered like gold. If someone had 

a lot of trees on their land then that was wealth, but now if my child 

is sent home from school [lack of fees] there I go cutting down a tree, 

if I want firewood, there goes the tree. Therefore we have reduced 

the trees” (W-FGD-H) 

“When we harvest our trees, we don't look at how we can replace it. 

Where we are now used to be a forest, but now you can see through 

up to Makhokho [sub-location]” (P-FGD-H) 

On the lowland side, there isn’t much tree harvesting happening mainly because there 

isn’t as much tree cover and the indigenous trees are protected by the government and 

will incur a fine if cut down. 

7.4.3. Land overuse (highland) 

There is competition for arable land in the highlands due to increasing population which 

has put demands on available land. Farm sizes have become smaller, forcing farmers to 

plant twice a year to maximise yield. There’s also competition between farming and 

grazing space for livestock on the same farms and most people are not able to keep a lot 

of livestock:  

“our lands have become small. We cannot even keep more than 3 

cattle; a big herd will want to eat. There's also no space for planting 

trees. If a man has many sons and they have more sons, then these 

lands have been sub-divided so much that they have become very 

little.” (M-FGD-H) 

In the search for arable land amid population growth and competition, some respondents 

stated that hillside farming is now becoming common, which leads to creation of bare 

areas that eventually become unsuitable for agriculture (Figure 7.56):  

“I have begun to see some of the very much used lands becoming 

bare. They have reached the mountains already...all around here, the 

soil is all gone” (P-FGD-H) 
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“the driving factors is that land has become scare and population is 

high so they want to utilise every land that is available” (ENGO-H) 

 

 

Figure 7.56 Picture example of hillside farming in the highland study area: Achieng 2014© 

7.4.4. Water edge farming 

Other adverse farming practices could possibly increase exposure to malaria. Some 

respondents on the lowland side noted that they had rented land close to Lake Victoria 

for growing vegetables and tomatoes and in the highlands, increasing population and 

competition for arable land also forces residents to farm right up to the water edge 

(Figure 7.57) putting them in close contact with mosquito habitats: 

“If we go down to the river at the water collecting areas, we find that 

we have farmed right up to the water’s edge” (P-FGD-H) 

“People are digging right up to the river banks -  erosion, forms 

gulleys” (ENVR-SC-H) 
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Figure 7.57 Picture example of land cleared for farming at the edge of a River Yala in the highland study area: 

Achieng 2014 © 

7.4.5. Maize farming 

Some respondents in the highland professional group connected malaria transmission to 

maize farming. Maize is the predominant main crop grown in both areas and 

respondents noted that there is a lot of malaria when the maize plants are flowering:  

“we get a lot of malaria when the maize is flowering” … “when the 

maize [cob] is starting to harden” (P-FGD-H) 

“when maize is flowering, it's bushy, it's wet therefore likely to have 

more mosquitoes around” (A-C-H) 

The community believed that they would get malaria if they ate maize cobs which were 

still soft. During discussions with the public health officers, they stated that the reason 

the community connects malaria with maize is because sometimes there is an upsurge in 

malaria incidence after the long rains, which is also right around the time that they are 

eating the fresh maize harvest.  
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7.5. Malaria Transmission 

7.5.1. Malaria incidence and prevalence 

Respondents from both sites were aware that they were in a malaria zone. However, this 

was felt more strongly in the lowland areas where respondents expressed that malaria 

was a major disease in the area and attributed this to their proximity to Lake Victoria. In 

the highland area, respondents stated that incidence of malaria has been increasing over 

the years. 

“we are surrounded by Lake Victoria and also these winds blow in 

with mosquitoes” (P-FGD-L) 

“about malaria - we used to have very few mosquitoes and, we never 

used to sleep under a net, but now the mosquitoes are everywhere” 

(KMS-H) 

The differences in malaria transmission between the two sites are reflected in patient 

numbers. According to the Public Health officers at the county level, an average of 200 

malaria patients are recorded on a monthly basis in the highland area, while in the 

lowland area the number is between 375 to over 500 patients tested for malaria monthly. 

There are upsurges in malaria in May, June and July and sometimes up to August. This 

was reported for both sites. During these upsurges, a facility can have about 200 malaria 

patients in a week: 

“May, June, July has upsurges of malaria...this year (2014) month of 

June/July was completely out of stock for drugs” (PHM-C-H)  

7.5.2. Rainfall and malaria 

Rainfall was predominantly mentioned as an influence on patterns and intensity of 

malaria transmission. Peak periods of transmission were reported by the community and 

also the key informants as typically during or right after the rainfall seasons: from April 

to September in the lowlands and May to September in the highlands. Some 

respondents however, noted that malaria is continuous since the mosquito is always 

there, whether it’s raining or not: 
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“Highest rates are just after long rains in August and then again in 

December. There's usually a threshold for an outbreak. We have 

studied this over five years e.g. in Rarieda we can reach over 15,000 

cases per month... generally we see the numbers are too high” (PHM-

SC-L) 

“the researchers tell us that malaria is transmitted by mosquitoes. 

The same researchers tell us that these mosquitoes are there whether 

it's dry season or rainy season. Therefore, malaria is always there” 

(M-FGD-H) 

According to the meteorological department in the lowland study site, increases in 

malaria incidences generally lag four weeks behind the ITCZ and after the start of rains 

and this is a calendar that changes every season. For example, if the start of rains will be 

in September, then sometime in October or November there should be an upsurge of 

malaria. This will peak around the fourth week of November after which malaria 

incidence will start going down again and this is a calendar that changes every season. 

The highest peak for malaria incidences as reported is around July to August after the 

long rains and the second highest peak is from November to December after the short 

rains. This is because the mosquitoes wait for the water to settle before they can start 

breeding: 

“when it rains (April), mosquitoes will not breed on dirty water, they 

will wait for the water to settle, therefore much of the breeding starts 

when the water has become clear and that's why the peak is around 

July” (PHM-C-L)  

Additionally, during the rainy season, there is a lot of vegetation growth and the 

surrounding areas become bushy and can provide resting areas for mosquitoes. 

Sometimes small pools of stagnant water collect in the area, which provide suitable 

breeding grounds for mosquitoes.  

7.5.3. Changes in malaria transmission 

In general, there is a lack of understanding about the dynamics of malaria transmission 

in the lowland area, in spite of the fact that this is a malaria endemic zone. Respondents 
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were concerned that drinking dirty water or changes in diet may be responsible for 

rising incidences of malaria in the area: 

“when the weather changed, we started eating a lot of new things 

and sometimes we find that there is a lot of malaria during these 

rainy seasons, when people are eating these new foods. I cannot tell 

for sure if it's the food causing malaria, or if mosquitoes are laying 

eggs in the food, then we eat the eggs...I don't know” (M-FGD-L) 

“people are going to fetch water from the lake, which might be full of 

mosquito eggs [larvae], which they drink without boiling or filtering, 

therefore introducing these larvae into their bodies, leading to 

malaria” (P-FGD-L) 

In the highland groups, some respondents lay blame for malaria on the introduction of 

new tree species such as eucalyptus at the expense of indigenous species which were 

used to make traditional medicines for malaria while others were unsure of what had 

caused the changes in malaria:  

“malaria has become a threat, maybe because of the changes in 

climate. The malaria that we used to have in 1972 and the one that 

we have right now are different” (M-FGD-H) 

As expressed earlier, peak times for malaria transmission is during or right after the 

rainy seasons, but respondents also understood that malaria can be transmitted 

throughout the year and that this had increased in recent years; particularly in the 

highland groups. The area Chief stated that there was research that revealed that rising 

temperatures had led to increase in mosquitoes that spread drug-resistant malaria: 

“that effect [rising temperatures] has led to complicated type of 

mosquitoes. KEMRI research was here for five years and came up 

with a report that this region along river Yala had different types of 

mosquitoes, which are spreading malaria that is resistant to the 

drugs that we are using right now” (C-H) 

Respondents reported that the type of malaria that they were experiencing was stronger 

and more resistant to treatment. They noted that there was an increase in hospital 
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admissions because of this complicated malaria, which is typically accompanied by 

convulsions and in the highland area, the blame was put on malaria for the increasing 

death rate: 

“long time ago, deaths were few, but now people are dying all the 

time because of malaria. We don't even get shocked anymore when 

someone dies” (P-FGD-H) 

“malaria never used to kill so many people and we never used to take 

medicine for it like we do now, but now people are really getting sick 

and a lot of the hospital cases are malaria” (W-FGD-L) 

7.5.4. Changes in mosquito behaviour 

Others attributed the changes in the malaria transmission to changes in biting behaviour 

of the mosquitoes. They reported that mosquitoes were now biting them as early as 6pm 

and sometimes 4pm or even 5pm, but they were not sure whether these changes were 

due to climate change. However, in the professional groups, there seemed to be a better 

understanding of the different vectors that transmit malaria and awareness that daytime 

mosquitoes may not necessarily carry the malaria parasite:  

“we have always been told that the mosquitoes that transmit malaria 

start biting from 10pm, but our experience is that from around 6pm 

even while we are cooking till about 9pm when we go to sleep there 

are lots of mosquitoes [biting]” (W-FGD-L) 

 “We should understand that malaria is only transmitted by the 

Anopheles mosquito and that it’s active at night, so those biting us 

during the day are not this mosquito” (M-FGD-H) 

However, early biting and indoor resting by the mosquitoes was also expressed by 

public health official in the lowland site: 

“Nowadays mosquitoes are even biting as early as 7pm and some of 

them instead of resting in the house, will rest outside especially 

Anopheles gambiae” (PHM-C-L) 
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Another change in the mosquito behaviour as reported was that they were now resting 

indoors and that they will no longer make the distinctive sharp whining sound when 

coming in to take a blood meal from someone. Hence, some people do not realise that 

they have been bitten until after the fact:  

“these mosquitoes are now resting in the house, even now if we were 

to look in the corner we will see mosquitoes. These mosquitoes are 

not resting outside, they are inside our houses therefore we are living 

with this disease in the house” (M-FGD-H) 

“I’ve discovered that now when mosquitoes come to land on you, 

they don’t come with a zooming noise, these mosquitoes will land 

elsewhere and come slowly until they reach, so we will never know 

that the mosquito is coming” (P-FGD-H) 

7.5.5. Malaria and climate change 

There were some vague references to possible changes in climate having influenced the 

changes in malaria. However, respondents stated that they did not quite understand how 

exactly malaria was influenced by climate. Further probing about their perceptions on 

whether they felt these changes were due to changes in climate brought lack of clarity. 

Participants from both groups were not sure how the two were connected or if climate 

change was responsible for changes in malaria transmission. 

“What I don't understand if it's the changing winds or the changing 

climate that has brought about these changes in malaria” (W-FGD-L) 

 “We all believe that malaria comes from mosquitoes, so we don't 

really understand, is it the mosquitoes or is it climate?” (M-FGD-H) 

However, the area Chief on the highland side reiterated that the increase in incidences 

of complicated malaria was connected to rising temperatures in the area and in the 

lowland area, a public health official stated that they have never explored the 

connections between climate change and malaria, a sentiment which was shared by 

other key informants: 
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“I think this is connected to the temperatures, because if you go to 

Mombasa, they also have mosquitoes and the malaria is different, 

not complicated compared to the type of malaria here” (C-H) 

“this issue of malaria and climate change has NEVER been addressed 

anywhere except on this piece of paper [research summary] in front 

of me” (PHM-C-H) 

7.5.6. Sanitation 

Sanitation issues were also blamed for the rising malaria transmission. There is careless 

littering of the environment with plastic bags and other plastics, which fill up with water 

when it rains providing suitable breeding habitats for Anopheles. Other suitable 

breeding sites mentioned were the solid waste disposal sites: 

“the environment is littered and dirty - there are paper bags 

everywhere and then there are places that were dug for disposal pits, 

which accumulate water, plus the bushy areas. These are collecting 

the ground for diseases” (P-FGD-L) 

7.6. Vulnerable Groups 

All FGD participants and key informants were in agreement that those most vulnerable 

to malaria infection are children under five, pregnant women and immunocompromised 

individuals. The elderly are not as vulnerable likely due to long-term exposure to the 

disease, which gives them some immunity. On the other hand, they are also less likely 

to go to hospital when they are sick. Others considered vulnerable were those living 

close to rivers or streams as well as those that are immunocompromised due to other 

diseases such as HIV: 

“malaria affects infants more, followed by pregnant women, then by 

general public…children immune system is not developed; a pregnant 

woman's immune system is also lowered” (ENVR-SC-H) 

“people along river Yala and the many streams along Makokho do 

experience a lot of malaria during these rainy seasons” (C-H) 
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7.7. Poor quality of life 

7.7.1. Water insecurity (lowland) 

The combined impacts of changes in climate, mainly through reduced rainfall, and also 

on malaria transmission have lowered the quality of life for the communities leaving 

them even more vulnerable to climate change impacts. Water insecurity is rife in the 

lowland areas due to changes in weather patterns and also a lot of run-off when it rains, 

but does not seem to be a problem for the highland group. Respondents stated that there 

were plenty of rivers and streams in the area and that they also had access to piped 

water. 

“Water comes in and we are not even sure where it goes…we have 

rivers and even shallow wells, which used to provide us with water 

[when it rains], but now it rains, but does not go beyond April most 

times” (W-FGD-L) 

“no matter how much it rains, the rivers never fill up because there is 

a lot of run-off” (W-FGD-L) 

7.7.2. Food insecurity 

Changes in rainfall and temperature impact on agricultural production and also affect 

livelihoods. Excessive rainfall leads to flooding and displacement of people while a 

delayed or shortened rainfall season means loss of crops, reduced harvest, scarcity of 

fish in the lake, negative impacts on livestock. All of these will make the community 

food insecure, leading to stress and strain to provide using other sources and sometimes 

residents are forced to plant twice a year to get enough to eat. Rainfall changes impact 

on the harvest causing hunger, possible undernutrition or malnutrition and poor health 

due to reduced harvest and the lack of crop diversification.  

“when I hear of climate change, what comes to mind is hunger” (M-

FGD-L) 

“because of these weather changes, there's a lot of hunger and we 

cannot plan our farming like we used to. Too much rain spoils our 

crops and it's difficult to plant horticultural products because of these 

changes”              (M-FGD-H) 
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7.7.3. High cost of living 

Communities in both areas are still largely dependent on subsistence farming and very 

few have alternative sources of income. Sometimes food has to be supplemented due to 

the weather changes and reduction in yield and there may not be enough money to buy 

food and malaria medicine. Also, the communities rely on selling livestock to deal with 

emergencies, therefore any negative impacts on their livestock further reduces their 

financial security.  

“these changes have reduced our quality of life” … “Cost of living has 

gone up” … “I don't understand, but it seems these changes have also 

come about with a loss in money [income]” (W-FGD-L) 

“if you're a family of eight and 5 children are sick with malaria. If you 

had some money to buy a sack of maize to eat for the month, you will 

spend that money you would have used to buy maize, you will spend 

that money to buy drugs to treat malaria. So that effect of malaria 

has a big effect on our lives and homes. It reduces our earnings” (P-

FGD-H) 

Cost of living has gone up and some respondents feel that a lot of funds will be diverted 

to manage the impacts of climate change leaving very little for other development 

activities in the area. 

“if the rain is too much it means that there is a lot of problems with 

infrastructure; the road has been washed away...that means that 

now the government will put a lot of money repairing infrastructure. 

So the money which could have been used in other sectors of the 

economy is now being diverted through some repairs” (P-FGD-L) 

"If it [climate change] is not controlled, I'm afraid the future 

generation will not have anything"   (P-FGD-H) 

7.7.4. Poor health 

The hunger, food security and water insecurity leaves the community vulnerable to 

undernutrition, which makes them susceptible to diseases such as malaria. Diseases are 
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on the rise as reported by respondents from both sites. In the highland groups, deaths are 

no longer unusual and infections with multiple diseases are common.  

“there are times we expect rain and there's no rain and it can stay 

even for some months. So in this case we see negativity, people 

spending a lot of money, stress to people, diseases increasing” (P-

FGD-L) 

“diseases have increased, chest diseases” “there are now more 

diseases; children are always having chest diseases...diseases have 

increased” (W-FGD-H) 

There was no mention of increased diseases from any of the key informant interviews as 

a challenge that was facing the community 

7.8. Summary of Themes and Variables Identified 

The communities at both sites are experiencing changes in climate, which results in 

various impacts as summarised in Figure 7.58. These impacts can be classified as 

immediate and direct, such as seasonal changes in rainfall to long term and indirect 

impacts, such as poor quality of life and changes in malaria transmission.  
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Figure 7.58 Summary of short to long term climate change impacts as emergent from focus group discussions 

with the community 

These changes have been explored through 23 sub-themes as discussed in previous 

sections. These sub-themes were converted into measures of climate change and malaria 

risk and then integrated with the identified candidate set of system variables as 

presented in Chapter 5.11.3.  

7.9.  Identification of Systems Variables from the Qualitative Interviews 

A list of identified variables, source of information, their corresponding measure of risk 

and how they are integrated into the system is listed in Table 7.14: 
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Table 7.14 Summary table of variables identified in FGDs with the highland community and their representative measure of risk 

N
o
 Qualitative variables Source Risk Measure System Integration 

1.  Water edge farming FGD, KI Exposure Agriculture 

2.  Maize farming FGD, KI Exposure Agriculture 

3.  Pregnant women FGD, KI Susceptibility Immune status 

4.  Land overuse FGD, KI (highland) Exposure Bare areas 

5.  Destructive land use FGD, KI (highland) Exposure Micro habitat changes 

6.  Tree harvesting FGD, KI (highland) Exposure Micro habitat changes 

7.  Negative agricultural impacts FGD, KI Susceptibility Nutritional status 

8.  Food insecurity FGD Susceptibility Nutritional status 

9.  Poor health FGD Susceptibility Nutritional status 

10.  Climate change awareness FGD, KI Susceptibility Perception 

11.  Climate change causes FGD, KI  Susceptibility Perception 

12.  Children under five FGD, KI Susceptibility Population under 5 

13.  High cost of living FGD Susceptibility Poverty 

14.  Seasonal changes in rainfall FGD, KI Exposure Precipitation 

15.  Changes in wind direction FGD (lowland) Exposure Precipitation 

16.  Water insecurity FGD (lowland) Susceptibility Precipitation 

17.  Increase in temperatures FGD, KI (highland) Exposure Air temperature 

18.  Rainfall and malaria FGD, KI Hazard Vector abundance 

19.  Sanitation FGD, KI Exposure Vector abundance 

20.  Malaria and climate change FGD, KI Hazard Vector abundance / vector biting 

21.  Malaria incidence and prevalence FGD, KI Hazard Vector biting 

22.  Changes in mosquito behaviour FGD, KI Hazard Vector biting 

23.  Changes in malaria transmission FGD, KI Hazard Vector infection rate 



FACTORS INFLUENCING RISK OF MALARIA INFECTION AT THE COMMUNITY LEVEL 

 

151 

 

7.10. Conclusion 

In this chapter, the results of the qualitative analysis of factors influencing risk of malaria 

infection at the two study sites (highland and lowland) are presented. Several themes and sub-

themes covering community understanding, perspectives and responses to climate change, 

land use and malaria transmission risk are emergent from the analysis of FGDs and KIs. A 

comparative analysis between the lowland and highland sites reveals that most of the 

experiences are similar with the exception of conceptualisation of risk, some land use 

practices, education, awareness and perception. Within the selected sites, there were also 

differences in terms of how those with higher education understood climate change and its 

impacts versus those with a lower education level. These differences are highlighted within 

each sub-theme. We have concluded the chapter with a summary of how the identified sub-

themes are indicators of hazard, exposure and susceptibility of the population to risk of 

malaria infection and how these variables correspond to the candidate set of system variables 

identified in Chapter 5. This chapter addressed research focus question two, which sought to 

identify the factors that could influence risk and vulnerability to climate change and malaria 

transmission in the target communities. The next chapter will address research focus question 

three in which coping strategies as described by the community as well as some of the 

government programs and interventions for climate change, agriculture and malaria 

transmission are discussed.  
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CHAPTER 8: CURRENT COMMUNITY COPING STRATEGIES 

AND INSTITUTIONAL INTERVENTIONS FOR MANAGING RISK OF 

MALARIA INFECTION 

 

8.1. Introduction 

This chapter presents the results of the next 6 emergent themes and 29 sub-themes from 

the FGD analysis and four emergent themes and 13 sub-themes from the KI analysis. 

The reader is referred to Chapter 6.3 to Chapter 6.7 for the steps taken in identifying the 

themes and sub-themes.  This chapter specifically answers research focus question 

three: “What are the current community coping strategies and institutional interventions 

applied to managing risk of malaria infection in a highland and lowland community in 

East Africa?” The objectives of this question were to evaluate: i) Strategies for coping 

with malaria risk and climate change in the community; ii) Climate change and malaria 

programs or interventions by the government or other organisations; iii) Community 

needs and possible barriers to adaptation, and; iv) Identify variables involved in climate 

change and malaria risk at the community level. The chapter begins with a discussion of 

various ways in which the community are trying to cope with the impacts of climate 

change followed by a discussion on government interventions on the same in section 

8.2. Section 8.3 follows the same format with regard to malaria coping by the 

community and interventions by the government. Section 8.4 addresses the information 

and education available to the community including utility and usefulness of the 

information, while section 8.5 lists the barriers and challenges to adaptation as 

identified from the discussions. Section 8.6 discusses the needs of the community in the 

context of climate change and malaria risk and this is followed by section 8.7 which 

presents a comparative summary of themes across from highland and lowland groups. 

The chapter concludes with section 8.8 which tables a summary of identified variables 

and their inclusion into the integrated risk assessment framework. 



COMMUNITY COPING STRATEGIES AND INSTITUTIONAL INTERVENTIONS FOR MANAGING RISK OF 

MALARIA INFECTION 

 

153 

 

8.2. Climate Change Impacts and Coping Strategies at Community Level  

A summary of climate change impacts on the community as emergent from the FGDs 

was presented in Chapter 7.8. Sections 8.2.1 and 8.2.2 will present some of community 

coping strategies and institutional interventions to address these climate change impacts.  

8.2.1. Community coping 

The community is limited in the strategies that they are using to try and cope with the 

impacts of climate change. The main strategy is planting of trees, but even this is 

constrained by lack of capital to purchase seedlings and lack of knowledge on proper 

care of seedlings when they do plant them. They also try to cope with the changes in 

rainfall by planting twice a year to maximise yield, others are going back to planting 

their traditional vegetables and some community members will plant tea for extra 

income. The agricultural officers try to encourage the community to plant sisal or cactus 

to prevent soil erosion. Water scarcity is addressed by constructing water pans, which 

fill up with water when it rains. Regarding malaria, the primary coping method is the 

use of bed nets at night followed by environmental controls, such as clearing bushes and 

draining stagnant water. The main coping strategies are summarised in Table 8.15: 

Table 8.15 Summary of climate change impacts and coping strategies to address these impacts in the highland 

and lowland study sites 

Coping strategy Illustrative quotes 

 FGDs KIs 

8.2.1.1. Change of clothing 
“Sometimes I have to change 

clothes from heavy ones worn 

during rainfall to light ones when 

the sun is out” (M-FGD-L) 

N/A 

8.2.1.2. Tree planting 
“when it rains a lot, we might plant 

trees (W-FGD-H) 

“we advise people to plant trees, 

but they have to use their own 

resources and labour although 

some organisations come in to 

empower the communities to 

establish tree nurseries” (ENVR-

C-H) 

 “Change of climate has brought 

with it great winds - we try to tell 

people to plant trees and cover 

crops to prevent the land drying up 

from the hot sun” (M-FGD-H) 

“I have seen them planting trees, 

but not on a large scale. I feel 

these activities are not adding 

value/very minimal” (C-H) 
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8.2.1.3. Biannual planting 
“in previous years, especially 

around the lake region, we didn't 

have the two planting seasons, but 

now due to climate change, we have 

adopted planting twice in a 

year”(P-FGD-L) 

“we used to have only one 

planting season, but now we try to 

plant in two seasons (due to the 

rainfall changes)” (C-L) 

“generally they just try to get as 

much harvest as they can” (C-L) 

8.2.1.4. Dry planting 
“we used to know exactly when the 

rains will come, but now most 

people just dry plant and wait for 

rain. Hopefully if some rain comes 

and if it comes soon enough the 

seeds will be in the soil and can 

germinate” (W-FGD-L) 

“the farmers’ dates for planting 

have not changed, even though 

the rainfall patterns have 

changed...what farmers will do 

now sometimes, is to prepare the 

land and just wait for rain, and 

when the rains strike is when they 

also plant” (A-SC-H) 

8.2.1.5. Crop 

diversification 
“We also try to promote planting of 

traditional vegetables” (M-FGD-H) 

“we link with the agricultural office 

and they have advised us to plant 

indigenous crops and also provide 

seeds for the same” (P-FGD-H) 

“some are trying to plant trees, 

but their survival rate is very low. 

We might as well just let the 

indigenous trees grow because 

these others do not thrive” (C-L) 

“in so many years nobody has 

carried out soil sampling in this 

community and we need this 

information to know what type of 

crops to plant” (C-H) 

8.2.1.6. Soil conservation 
“we teach farmers the soil 

conservation methods, which they 

can adopt to prevent run-off such as 

physical methods like trenches or 

biological methods like planting 

cactus or sisal  (P-FGD-L) 

“they are improvising their own 

way of surviving. The survival is 

not positive; it is now negative. 

They are destroying the 

environment in order to try to 

feed themselves, but what they are 

doing [for conservation] is very 

little, compared to what we expect 

them to do” (C-H) 

8.2.1.7. Water harvesting 
“we instruct farmers or the 

community, they should have some 

tanks to harvest water, which they 

can use for kitchen gardens or boil 

to use for their home use” (P-FGD-

L) 

“we have got these water-

retaining tanks” (ENVR-SC-H) 

8.2.1.8. Commercial tea 

planting 
“when it rains a lot, we might plant 

trees or even tea, especially for tea 

because we will get a good harvest 

if it rains a lot” (W-FGD-H) 

“some have small items that they 

sell - vegetables or fish” (C-L) 

“if it's about economy - we 

encourage them to plant trees 

which grown fast and they can 

convert to timber or firewood for 

economic gain” (ENVR-W-H) 

8.2.1.9. Nutritional 

education 
“we try to educate people on how 

to prevent diseases and also how to 

eat a balanced diet” (M-FGD-H) 
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8.2.2. Institutional interventions   

There are limited climate change interventions from the government as expressed by the 

community from both sites. The general consensus in the highlands is that the 

government is not doing anything about climate change, except to tell them to plant 

trees and even then they do not provide the tree seedlings and the community has to 

purchase these seedlings from the Ministry of Forestry. The community is limited in 

their knowledge of climate change and they confessed that the little they knew was only 

through what they heard on radio or saw on TV.  

“when it comes to climate disasters like drought or floods, there's no 

help or assistance” (P-FGD-H) 

According to the Chief of the highland study site, the only time there is talk about the 

environment is on World Environment Day, when there are some educational programs 

planned for the community, but as far as he is concerned this is not sufficient:  

“It's only during World Environment Day, which is the only time there 

are government initiatives on the environment and usually it's to 

plant trees. What they do is give trees and tell you to plant at a 

particular place, but no education of the public on why we're 

planting, maintenance etc... I went to an area once after four 

months, people had grazed their livestock all over the place and the 

trees were gone” (C-H) 

There are some non-governmental organisations (NGOs) working with the community, 

but according to them, since 2013 most of them have pulled out. The respondents did 

not give a clear reason for why the organisations had pulled out. 

8.2.2.1. Climate change sensitisation 

On the other hand, agricultural officers state that they have sensitised the farmers on 

effects of climate change and some people comply while some don’t care. They also 

stated that they have trained farmers on how to be smart and predict the start of rain, but 

they indicated that farmers are still insistent on using their traditional forecasts. There’s 

also promotion of agroforestry and sensitising communities near forests on climate 

change and sustainable management of forests: 
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“other initiatives to support climate change is tree planting - 

agroforestry. There's a global policy of 10% tree cover, so every farm 

is supposed to conform to this” (A-C-H) 

8.2.2.2. Participatory scenario planning 

There is also a new government initiative called the Agricultural Sector Development 

Support Program (ASDSP), which is a collaborative program between the department 

of meteorology and agriculture that is focused on increasing coping capacity and 

promotion of agribusiness. Representatives of ASDSP were working with the 

community at both study sites: 

“there's another [climate change programme], which is now being 

carried out by the met department at the County level being 

supported by the Agricultural Sector Development Programme 

(ASDSP). Different ministries have come together. They called a 

seminar in Siaya and they have been telling farmers, the community 

about climate change” (P-FGD-L) 

They also do participatory scenario planning with the community whereby they have a 

workshop with the local people and get experiences even from those who know are 

knowledgeable about the weather (indigenous forecasters). They then combine the 

scientific forecast with the local one and put one out for the next season in a format that 

farmers can understand. This information is disseminated to farmers through barazas 

(Chief meetings with the community that are held once a week), radio and CDs, which 

are given to the officers.  

8.2.2.3. Agroforestry 

At the Sub-county and County level, tree planting is strongly emphasised. There is a 

global policy of 10% tree cover and the strategy is for every farm to conform to this 

policy. The Ministry of agriculture encourages farmers to plant indigenous trees that are 

friendly to the environment. There is also a partnership with the forestry services and an 

NGO that encourages farmers to plant acacia trees for two reasons; i) they are 

indigenous, thus beneficial to the soil and; ii) they are the best species for charcoal, 

therefore the community can use these trees for charcoal production: 
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“KFS has legalised charcoal production from acacia trees which grow 

naturally in this area. This is in partnership with Practical Action. We 

encourage farmers to plant these on their farms and right now have 

about 70 hectares and are in the process of forming the charcoal 

producers’ association. Acacia is the best species for charcoal” (ENVR-

SC-L) 

On the highland side, the Ministry of Environment is in the process of setting up 

programs that encourage the planting of environmentally friendly and ecologically 

unique species such as bamboo, which recharge and purify water, instead of eucalyptus. 

Bamboo can also be used to reclaim the hilltops and increase vegetation cover since it 

can colonise an area very fast. 

Other NGOs are focused on natural resource management and conduct training with the 

community on establishment of tree nurseries, coping with environmental degradation, 

improvement of the environment, flood mitigation, and community empowerment i.e. 

helping the community to prioritise and plan their own development activities and 

supporting them through capacity building and planning. 

8.2.2.4. Carbon credit programs (highland) 

The ASDSP program is also considering carbon trading in line with REDD+ program 

and the Ministry of Environment on the highland side has an on-going carbon credit 

program whereby communities can plant trees in the forest to create carbon sinks:  

 “we have come in strong with tree planting so that we can hold more 

of carbon from the environment. This is one way of mitigating” 

(ENVR-C-H) 

There were also some NGOs mentioned on the highland site that engage the community 

on carbon sequestration and carbon credits through planting of trees and sustainable 

land management 
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8.2.2.5. Energy-saving Devices 

Other measures focus on use of alternative energy sources apart from firewood. The 

Ministry of Environment is planning on conducting sensitisation of the community on 

energy saving devices for cooking, but it is not clear when this will happen: 

“there are new technologies that we try to pass to them e.g. energy-

saving mechanisms. We try to encourage them to use this. World 

vision gives some of these items for free within groups, but most 

people still can't afford these” (ENVR-C-L) 

8.2.2.6. Soil and water conservation 

The Ministry of Agriculture focuses on educating the community on soil and water 

conservation measures. These activities are in conjunction with some of the local NGOs 

who assist in constructing the water pans and also advise on farming issues. 

“we have a section which is dealing with soil and water conservation 

whereby we try to conserve our soils” (A-C-H) 

“one - water conservation through construction of water pans - this is 

to prevent reliance on rain-fed agriculture...these water pans can 

serve the community and their livestock” (A-C-H) 

8.3. Malaria Transmission and Coping Strategies at Community Level 

There were several factors mentioned as influencing malaria transmission in the 

community as summarised in Figure 8.59.  
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Figure 8.59 Summary of factors influencing changes in malaria transmission at the community level 

Malaria is also influenced by the behaviour of the mosquito and of humans as expressed 

by the community (Figure 8.1). Coping by the community is either through prevention 

or treatment 

8.3.1. Prevention 

8.3.1.1. Community coping 

The community uses several strategies to prevent malaria as summarised in Figure 8.60: 
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Figure 8.60 Summary of malaria prevention strategies as practised by the community at both study sites 

Other prevention methods practiced by the community are environmental in nature, 

which include the clearing of bushes around households, and covering holes. They are 

also advised on proper waste management by encouraging correct disposal of tins, 

bottles and other containers that can accumulate water, pouring paraffin into pools of 

stagnant water to discourage mosquito larvae survival by blocking their access to air 

and draining of stagnant water around households. Other measures included closing 

windows before dusk and some respondents said that they shake out their clothes once 

in a while, since mosquitoes are now likely to rest/hide in between clothes:  

“sometimes mosquitoes can hide in the house amongst clothes that 

are hung up so it's good to 'shake' then once in a while. Sometimes 

we don't have anything to spray so we just shake out the 

mosquitoes” (W-FGD-L) 

8.3.1.2. Institutional interventions 

From an institutional perspective, there are two aspects to malaria prevention. 

According to the public health officer on the lowland site. The first is by targeting the 
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most vulnerable groups i.e. pregnant mothers and children under five years old. 

Pregnant mothers get intermittent preventive malaria treatment and receive nets from 

the government. For children, the focus is on them completing their routine 

immunisations and also by making sure that their mothers / caretakers have the correct 

information on managing malaria. The children get free malaria treatment at 

government hospitals. The second aspect of prevention is through education; by 

advising the community to keep their environment clean, drain stagnant water, to stop 

farming close to households and to use insecticide treated bed nets at night. The 

Ministry of Agriculture also reinforces these strategies by advising the community to 

clear bushes around the household, drain stagnant water and to make sure there are no 

waterlogged places that could be suitable breeding habitats for mosquitoes.  

The government relies heavily on the community health workers / volunteers (CHWs or 

CHVs) program to execute their health initiatives at the community level. 

Representative CHWs who took part in the professional group discussions stated that 

they are the first line of response at the household level. Their daily activities involve 

visiting homes to assess the health situation and to assist the household in taking the 

necessary steps towards positive health. Each CHW is responsible for 100 households 

and they must visit every one of these households in a month. During their visits, they 

encourage health promotion strategies, educate the community on prevention of malaria 

and advise them on correct use of mosquito nets.   

Prior to being sent out into the community, the CHWs are given an intensive 3-day 

training on malaria transmitting mosquito species, where they are found, signs and 

symptoms for uncomplicated and complicated malaria and also signs and symptoms for 

expectant mothers. Apart from education on malaria prevention, the CHWs also collect 

household demographic and other health information, which they submit as a report 

every month. 

Use of bed nets is the primary prevention mechanism advocated by the government. 

Almost all respondents stated that they sleep under a net for protection against 

mosquitoes. Approximately every three years, the government distributes one long 

lasting insecticidal net (LLIN) per every two household occupants while pregnant 

women are given free nets when they go for their ante-natal visits. The CHWs share 

information on how many people there are per household to guide the net distribution. 
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They also educate the community on proper use and disposal of the nets after their 

lifespan of 1-2 years: 

“we give the CHWs mosquito nets to give out when they identify 

gaps. Sometimes the government is not able to supply everyone with 

a mosquito net” (HNGO-L) 

The government has also increased the number of health facilities in the area and that 

treatment is more accessible now, however the community members mentioned that 

sometimes they face challenges with finances and not having enough money to seek 

treatment:  

“the government has given us nets, medicines, and they also supply 

the hospitals with medicines. And also, they have the CHWs 

[community health workers] who educate us on malaria 

management” …”net distribution is two people in a household per 

one net” (W-FGD-H) 

There is also spraying of stagnant water during the rainy season to kill mosquito larvae 

and also use of high spread oil for the same purpose. Indoor residual spraying (IRS) is 

only done in areas that have the potential to spread malaria, based on health surveillance 

activities. 

8.3.2. Treatment 

8.3.2.1. Community coping 

There are three aspects of treatment for malaria practised by the community: i) self-

medication; ii) traditional remedies and; iii) going to a health facility for treatment. 

Many respondents acknowledged that they will take Panadol or any other analgesic and 

if they can afford it, buy malaria medicine over the counter and self-medicate. Some 

take a combination of therapies which can include malaria medicine, analgesics and 

traditional medicines:  

"I use a medicine called Coartem® and I usually try to keep it in stock 

in my house"... Once I see symptoms of malaria (as I have been told 

from hospital), then I will take Coartem® direct” (M-FGD-L) 
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“sometimes we will take traditional herbs (when malaria is still in the 

early stages) and if they don't work then we will go to the doctor” 

…“Sometimes if the medicine we take doesn't work, then we may 

again take the traditional herbs” (M-FGD-H) 

When they take the analgesics, they may feel better the next day and will assume that 

they are fine and will not see a doctor after that. Others prefer to take traditional 

remedies such as the tea made from the neem tree, which they boil and drink. Some 

respondents resorted to traditional remedies because they felt the medicine they were 

taking was not working. Men are more likely than women to self-medicate and are less 

inclined to go to hospital for treatment: 

“More women will appear to have more malaria, but this is because 

they tend to seek health services faster and more readily than men” 

(PHM-SC-H) 

“mostly men are busy so they will use painkillers and generally will 

not want to come to hospital for treatment. The culture also depicts 

men as tough and hard and they are not supposed to get sick” (PHM-

W-L) 

Other respondents stated that they go to hospital for treatment because they have been 

advised that a blood test is necessary to confirm malaria. In most cases, it is the women 

who are more concerned with bringing the child to the hospital: 

“nowadays they insist that you have to test the blood for malaria, but 

we just used to go to the hospital and the doctor would be able to 

just observe you physically and determine if you had malaria 

especially if you told them that you/your child was vomiting yellow” 

(M-FGD-L) 

8.3.2.2. Institutional interventions 

Some CHWs are also equipped with Rapid Test Kits, which they can use to test for 

malaria and then treat only if it is uncomplicated malaria. Afterwards, they will conduct 

follow-up visits to make sure that the treatment regimen is being followed. They 
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confirm this based on symptoms and also physical evidence, such as used medicine 

packets. They will refer complicated cases and sick pregnant women to their linked 

health facility. The focus is on early case management; impressing on the community 

the importance of seeking medical help at the earliest sign of symptoms. The public 

health officials routinely perform surveys in schools to screen children for malaria and 

treat those that are infected. 

There is also routine surveillance of patients who come to the hospitals for malaria 

treatment after a positive diagnosis. This helps to track transmission levels for malaria. 

Surveillance is done daily and data is reported by the institutions every week, therefore 

the Health Ministry can monitor the trend for signs of an outbreak. 

The NGOs work in partnership with the Ministry of Health for net distribution and 

working with the community to strengthen the government strategies for malaria 

interventions. 

8.4. Information and Education 

8.4.1. Weather and climate information 

8.4.1.1. Receipt and Content 

Apart from malaria government programs and NGO support, the community also 

receives information on weather and climate through various media such as radio, 

newspaper, notices by the assistant Chiefs, from Chief “Barazas” (weekly town hall 

meetings seminars hosted by the chief), schools, churches, funerals and markets. The 

information includes forecasts on rainfall, temperature, wind speed, wind direction, 

humidity and soil moisture. 

There were differing responses on whether the information also included diseases or 

disease outbreaks, especially malaria. Based on community responses, this was not 

inclusive, but according to the agricultural department it was inclusive as evidenced by 

the separate responses below from the community, the Chief and a member of the 

Agriculture Ministry: 
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“we only hear about diseases when they are expecting an outbreak, 

especially when they are carrying out an immunisation exercise, such 

as those for polio” (M-FGD-L) 

“this information does not also come with any information about 

diseases. in case of any disease outbreaks expected, then the health 

department will conduct campaigns” (C-L) 

“the met department does a lot on infectious diseases and climate 

change. They are able to tell farmers about the rainfall density and 

the problems associated with this, such as malaria. They also suggest 

mitigation measures which refer the community to the relevant 

departments for further information” (A-SC-H) 

8.4.1.2. Utility 

There was mixed trust and utility of this information. Most respondents from both sites 

said that even though they receive this information they do not use it for planning 

purposes as they find it inaccurate.  

“yes, we receive weather forecasts; “this information is not useful. We 

do not use it for planning our activities” … “weather forecasts need to 

be more accurate, then we can trust the information” (W-FGD-L) 

“I don't trust their information …for example they said there would be 

El Niño rain in October and we haven't seen that. Yesterday they said 

there would be rain in Western [here], instead the day was very hot” 

(M-FGD-H) 

The perception by the community is that following the forecast is misguided and that 

reliance on their own knowledge for predicting rain is better. In any case, the general 

sentiment is that matters of weather are not for man to predict and it depends on god’s 

plan. A minority in the professional groups said that they do use the information and 

find it helpful for their farming practices. It is important to note that these comments 

came from those who might be in a better position to understand and interpret weather 

forecasts due to their higher education levels: 
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“I feel that things to do with rain, weather etc. all depend on god's 

plan. Because sometimes what they tell us on the radio is not as it 

happens, therefore it's only god who knows these things” (W-FGD-H) 

“we cannot say that forecasts are unreliable and although, god has a 

plan [forecasts help]. I have been doing farming for a long time and I 

rely on [and use] weather forecasts a lot” (P-FGD-L) 

8.4.2. Indigenous knowledge 

The communities prefer to use their traditional knowledge on indicators of weather to 

plan their activities. They mentioned several indicators that they look for such as the 

presence of cumulous clouds, lightning, presence of butterflies, frogs croaking, the cry 

of a certain bird, trees that shed their leaves during dry seasons, dew on the grass in the 

morning, high water level, clouds gathered and unusual behaviour among livestock and 

other animals (Figure 8.61). They also stated that within the community there were 

traditional weather forecasters; those that could sense and predict rainfall and 

rainmakers who could even create rain and that they would often rely on these members 

to provide guidance.  
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Figure 8.61 Some indigenous indicators of rain as expressed by the highland and lowland communities 

8.4.3. Education  

8.4.3.1. Research collaboration 

On the lowland side, there was mention of collaboration with researchers from a local 

institution, Jaramogi Oginga Odinga University, on giving out information to help the 

community handle climate change issues. Other NGOs conduct community training on 

malaria management and health promotion. 

There's also CDC (USA) that has partnered with the Kenya Medical Research Institute 

(KEMRI) to provide some help with malaria awareness campaigns from the Ministry of 

Health, CHWs and chiefs. Officials from KEMRI also conduct routine research 

activities to evaluate malaria prevalence in the highland area and also educate the 

community on malaria transmission:  

“KEMRI was going from house to house and would spray in that 

house and those mosquitoes that were there, fell down on a sheet. 

They took those mosquitoes with them to their laboratories. Then 
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when they finished that programme, we discovered that malaria was 

not on the rampage as it was before” (P-FGD-H) 

“these researchers who move around here in research vehicles seem 

to be doing something very positive. When they started to move 

around and making us understand about mosquitoes, we have 

improved our understanding” (P-FGD-H) 

8.4.3.2. Farmer field schools 

The Ministry of Environment conducts farmer field schools whereby they carry out 

training about proper planting of the tree seedlings that they issue. They do this in 

liaison with individuals who volunteer a section of their land as demonstration plots. 

Every rainy season the officials will go by the plots to see how the trees are faring. The 

Department of Agriculture also carries out community field days to educate the 

community on good farming practices.  

8.4.3.3. Climate Change and Malaria Education 

There is not much that is being done with regard to climate change education. With 

regard to malaria, the CHWs educate the community on best practices in malaria 

prevention and treatment and there have also been some joint forums at the county and 

sub-county level to propose solutions on how to address issues of malaria. 

8.5. Barriers and Challenges to Adaptation  

During the FGDs, some barriers and challenges to adaptation were identified mostly 

with regards to malaria management as discussed in sections 8.5.1 to 8.5.7. 

8.5.1. Low social capital 

There is low social capital in the lowland areas. There is also a general apathy and lack 

of interest in attending training programs and seminars in the lowland area:  

“As a community, I find that the biggest challenge now is that people 

do not like to come together to find solutions.” (W-FGD-L) 
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“Sometimes very few people show up [to meetings] and if there is 

useful information, very few members of the community will receive 

it” (W-FGD-L) 

There are also no proper community-led organisations or co-operatives in the lowland 

areas and the respondents also feel that there are no government groups that can offer 

help.  

8.5.2. Quality of health systems 

Several other respondents from both sites stated that poorly equipped health facilities, 

which lacked the necessary drugs and commodities or had fake drugs were barriers to 

effective treatment.  

“sometimes when we go to the facilities, we find that these drugs are 

limited or even unavailable” (M-FGD-L) 

“as much as health has been devolved, sometimes the hospital 

doesn't have sufficient supply of medicine” (C-H) 

Although the government has tried to introduce health facilities and dispensaries closer 

to them, sometimes the nearest facility did not have malaria drugs prompting them to go 

to a facility further away and at times they had no money to travel to these further 

facilities.  Other issues mentioned were abuse and nepotism by medical staff prompting 

residents to stay away from facilities where they have been mistreated:   

“some doctors/ medics are abusive; therefore, patients will shun 

these facilities in future even if they're the closest” (M-FGD-L) 

8.5.3. Lack of motivation to access professional malaria treatment 

There is also a lack of motivation with regard to accessing malaria treatment. About half 

the respondents noted that they were not inclined to go for treatment and instead would 

take Action or Panadol (analgesics) and believe that their malaria had been cured. Any 

hospital visits thereafter would be prompted when they started getting symptoms of 

malaria complications such as shakes, fever and headaches: 
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“People do not want to go to hospital. They take painkillers from the 

chemist, some take medicines [that are meant] for cold and flu” (P-

FGD-L) 

“Some people believe that you give a child Panadol and will only take 

the child to hospital when things become worse” (C-H)  

8.5.4. Misuse of mosquito nets 

While it appears that weather changes have influenced mosquito breeding and 

transmission and that the vector itself has also evolved and is now biting earlier, there 

are also other behavioural influences that are driving the transmission of malaria in 

these communities. Insecticide-treated mosquito nets are the primary means of malaria 

prevention. Although the community did report that they were using bed nets for 

malaria prevention, it was revealed during the discussions that these nets are sometimes 

used for fishing (Figure 8.62). These activities are more common along the lakeshore, 

where malaria prevalence is already high. In some households, they don’t even bother to 

use the nets: 

“as a CHW [Community Health Worker] from the lakeshore. I have 

walked through all those households and they do not use nets at all, 

sleep without one. The nets were distributed, but now some are old 

and some they have used for fishing” (P-FGD-L) 
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Figure 8.62 Mosquito net that has been used for fishing and being used to harvest water hyacinth: Achieng 

2014 © 

In other instances, the nets will be used to cover vegetables to protect them from poultry 

(Figure 8.63).  

“I have seen people protecting sukuma wiki [kale] with mosquito 

nets!” (C-H) 

 

Figure 8.63 Examples of mosquito nets use to cover vegetables: Achieng 2014 © 
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According to the Chief, some members of the community complain that they cannot use 

mosquito nets because they do not own a bed to wrap the net around 

“I was at a public baraza [town hall meeting] once, when someone 

mentioned I don't have a bed, in fact not even a mattress, yet we are 

told to wrap that net around the bed and mattress - how do you 

expect me to use that mosquito net?" (C-H) 

8.5.5. Inequitable net distribution 

According to the community, the mosquito nets are not equitably distributed. In 

addition to the previous misuse of nets, there is also inequitable distribution of nets. 

Sometimes a child may be away at school when they are counting household occupants 

for the net distribution. During this time, the children will not be counted and thus fewer 

nets will be given to the household: 

“sometimes this net distribution is a problem because I may have a 

child who is away (school, work etc) yet they still live in my household. 

When they distribute nets these children are not counted and when it 

comes time to use the nets are not enough. Sometimes it means that I 

give the net to my child” (W-FGD-L) 

Other times, the husband and wife do not share the same bed, yet they will get one net 

for the two of them leaving one person without a net to sleep under: 

“there is a big gap there [net distribution] because sometimes when 

we register household members for a net we may find that the man 

and woman have separate beds, but they get one net therefore 

malaria is not effectively controlled in that household” (W-FGD-L) 

8.5.6. Community Perception of Climate Change and Malaria 

The community responses regarding climate change awareness, treatment and 

knowledge and malaria management and treat were different based on whether the 

respondent was religious, superstitious or coming from a point of knowledge. 

According to the public health officers, the community would insist on treatment for 
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malaria anytime they had a fever while some believed that they could only get malaria 

during the rainy season: 

“malaria is part of the community, they believe that malaria is the 

only disease that they have. They will go to the health facilities and 

always insist that they have malaria. Any fever is malaria” (PHM-SC-

L) 

“the communities are empowered. They will come to the facility and 

tell you that they have malaria. Sometimes they get diarrhoea or 

nausea and they say this is malaria that starts from the stomach 

(could be typhoid). some believe being rained on or children playing 

in the mud will give them malaria” (PHM-W-L) 

Those who are religious believe that only god can cure diseases and they don’t need 

medicine while others believe that they have been bewitched when they fall sick. In 

both cases they are less likely to seek treatment at the health facilities: 

"I just treat myself, I do not go to hospital for treatment. In any case, 

there's a higher power than the hospital called Jesus" (M-FGD-L) 

“Sometimes people get malaria and believe they have been 

bewitched (when they take the traditional herbs) and this is how we 

keep losing people” (M-FGD-H)  

8.5.7. Gender bias  

Care of sick in the households was left primarily to the women, with the men taking a 

secondary role. When it comes to lack of nets, women are more likely to give up their 

nets in favour of their children. Women are typically responsible for care of the sick in 

the household even when they themselves are sick. They are also expected to cook for 

the family and to provide a balanced diet. Women also take care of a lot of the farming 

needs once ploughing has been done by the men. Everything else, which includes 

planting, weeding, harvesting is left upon the women to take care of. The men see their 

roles as providing the finances/money needed to take the sick child to hospital. Other 

duties they performed were herding, planting trees and building: 
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 “When the mother is not around, fathers may take responsibility 

[with sick children], but the Community Health Workers (CHWs) must 

really assist them a lot” (W-FGD-L) 

“My job [as a man] is to give money and to find transport to the 

hospital. And if the child gets really sick and has to be admitted, I've 

gone there and they've told me to go home and asked my wife to 

stay” (M-GFD-H) 

When asked who was responsible for making decisions within the family, the responses 

from the focus group discussions were about equal; on one hand, some respondents 

stated that that men are decision-makers and on the other hand, some respondents 

advocated for equality in decision-making. Men regard themselves as the head of the 

household and primary decision-maker and they feel that they can make household 

decisions and sell assets without consulting their wives. Women also can’t sell any 

assets except for chickens unless they get permission from the man. Therefore, in the 

case of any emergencies such as a sick child and the man is away then their coping 

capacity is limited: 

“if you as a woman makes decisions without involving your husband, 

then there will be problems”…”he can however, go ahead and make 

decisions sometimes without consulting you as the head of the 

house” (W-FGD-L) 

“we can sell chicken, for example, if you have a sick child, but never 

cows”…“If your husband is far away then you can ask permission if 

there is a great need for the cash, such as school fees for the 

children” (W-FGD-H) 

On the other hand, some respondents in the lowland group stated that decision-making 

was largely dependent on who brought in the most money and that sometimes this could 

be the woman while others from both sites felt that decision-making was now more of a 

shared responsibility. The women attributed this largely to more women being educated. 

Interestingly some men complained that the same education has left them without 

power. Women are also better at getting themselves organised in groups, are more likely 



COMMUNITY COPING STRATEGIES AND INSTITUTIONAL INTERVENTIONS FOR MANAGING RISK OF 

MALARIA INFECTION 

 

175 

 

to attend training and seminars and apply the information and have better access to 

microfinance loans. Therefore some men recognise this as an advantage and will be 

more likely to include their wives’ input in household decisions: 

“Women are also more empowered. Sometimes we contribute even 

more from the support we get from our groups and can even pay 

school fees for one term. I find that men respect us a bit more 

because of this and we are not as marginalised as before” (W-FGD-L) 

“the household runs smoother when the woman's input is included” 

(M-FGD-L) 

In general though, the women still have limited decision-making power and they 

shoulder more responsibilities within the household. Further, it was clear that for the 

most part men felt that women had no place to object once they had made a decision. 

8.6. Community Needs 

Finally, the respondents expressed their needs as a community with regard to climate 

change, weather, malaria management and land management matters. Information and 

education is lacking in the community. Generally participants in both groups expressed 

a desire for more community training, education and awareness with regard to climate 

change malaria and agriculture: 

“we need more trainings in groups on malaria management, 

agriculture, climate change and then use these groups to go out into 

the community to spread awareness” (W-FGD-L) 

Specific community needs are discussed in sections 6.6.1 to 6.6.5. 

8.6.1. Education 

With regard to malaria management, the community again expressed a desire for more 

training on management of the disease in the community. They feel that they are lacking 

proper direction on malaria management and that they don’t see how the government 

can have such thorough awareness campaigns for diseases such as polio, but not for 

malaria:  
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“When the government is doing the polio vaccinations, that 

campaign is so thorough and the community is informed, but this is 

not the case with malaria, apart from the net distribution, not much 

else is done” (P-FGD-L) 

They stated that the need to empower the CHWs with training on ways to treat stagnant 

water to kill malaria larvae and also to supply them with RDTs so that they are able to 

diagnose malaria quickly: 

“all this dirty water around, why can't they treat the water or even 

spray the area around this water?” (M-FGD-L) 

“the CHWs need more training and also test kits and other equipment 

to help community with malaria management… the volunteers are 

there, it's just the equipment that they lack” (W-FGD-L) 

The community would also like to know other methods of malaria prevention other than 

using nets. Environmental spraying was mentioned several times as a means of 

controlling the disease in the lowland area: 

“we have never heard of spraying [for malaria] around here, maybe 

that would help” (W-FGD-L) 

The community also stated the need for education on tree planting and how they can do 

this in a manner that supplements their income and also add value to the environment. 

Other needs expressed were education on environmental conservation and more 

research that benefits the community. 

“What people really need is education. On how to conserve the 

environment. giving them free things does not help. We need to also 

have some [environmental] laws being reactivated and implemented” 

(C-H) 

“we also need more research and utilise the outcomes/share and 

interpret the outcomes with the community. then maybe the 

community can have that positive outlook with regards to conserving 

the environment” (C-H) 
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8.6.2. Better weather forecasts 

There was a lot of interest in getting more climate and weather information from both 

sites. The respondents were particularly interested in specific, more accurate and timely 

weather and climate information tailored to their specific needs and preferably 

translated into the local language:  

“we would like to be given information on rainfall, that it will rain on 

a particular date, or a particular month and even the amount of rain 

we should expect; when we will have a lot of rain and when we don't 

have too much rain” (W-FGD-H) 

Others stated the need for more education on how to correctly interpret these forecasts 

and also for the content to include information on climate change and climate-sensitive 

diseases: 

“if climate is coming with diseases (especially malaria), then we need 

to know which ones and have trained people who understand how 

these diseases are coming We don't have this information ourselves, 

we would like to hear more” (M-FGD-L) 

There was also an expressed need for more government initiative and collaboration 

between health, agriculture and the farmers in order to deliver forecast information 

tailored to community needs:  

“The most important thing the community or the farmers should do, 

first of all is to partner with the metro so they forecast for us. So the 

forecasting if they forecast that we will be having drought, on the 

side of land use now we tell the farmers plant drought-tolerant or 

early maturing varieties, which can utilise the little rain available so 

that we don't have crop loss” (P-FGD-L) 

8.6.3. Better government programs 

Finally it was expressed that the current government programs are insufficient to meet 

the community’s needs. Areas of improvement mentioned were the need for soil 

sampling to know what type of crops to plant, building dams to take care of run-off 
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water and health personnel to come and treat water. Also government programs on 

climate change are non-existent and the community would like more knowledge on how 

to cope with climate change impacts. According to the Chief, in the highland site, they 

would also like some of the weather personnel to be present at their barazas when they 

give the community weather information so that they can be sure that what they are 

giving is accurate.  

8.7. Summary of Themes and Variables Identified 

Coping capacity can be summarised for both sites as being low particularly with regard 

to climate change impacts on health. Several barriers to adaptation were identified and 

at the community level, there is lack of a clear strategy for dealing with the changing 

weather patterns for the lowland areas. In the highland areas there are some initiatives to 

mitigate against climate change impacts. 31 sub-themes were identified and these were 

converted into variables of climate change and malaria risk and then integrated with the 

identified candidate set of system variables as presented in Chapter 5.11.3.  

8.8. Identification of Systems Variables from the Qualitative Interviews 

A list of identified variables, source of information, their corresponding measure of risk 

and how they are integrated into the system is listed in Table 8.16:
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Table 8.16 Summary table of variables identified in focus group discussions with the highland community and their representative measure of risk 

N
o
 Variables Source Risk Measure System Integration 

24.  Biannual planting FGD, KI Community coping Agriculture 

25.  Dry planting FGD, KI Community coping Agriculture 

26.  Crop diversification FGD, KI  Community coping Agriculture 

27.  Soil conservation FGD, KI Community coping Agriculture 

28.  Water harvesting FGD, KI  Community coping Agriculture 

29.  Tree planting FGD, KI  Community coping Environmental controls 

30.  Commercial tree planting FGD, KI (highland) Community coping Environmental controls 

31.  Waste management FGD, KI Community coping Environmental controls 

32.  Bush clearing FGD, KI Community coping Environmental controls 

33.  Self-medication FGD Community coping Health-seeking behaviour 

34.  Treatment at facility FGD Community coping Health-seeking behaviour 

35.  Traditional remedies FGD, KI Community coping Health-seeking behaviour 

36.  Lack of motivation FGD Generic susceptibility  Health-seeking behaviour 

37.  Inequitable net distribution FGD Institutional coping Malaria vector control 

38.  Use of bed nets FGD, KI Community coping Net use 

39.  Misuse of mosquito nets FGD, KI Generic susceptibility Net use 

40.  Nutritional education FGD, KI  Institutional coping Nutritional status 

41.  Perception FGD Generic susceptibility Perception 

42.  Increased health facilities KI Institutional coping Quality of health systems 

43.  Quality of health systems FGD, KI Institutional coping Quality of health systems 

44.  Weather and climate information receipt FGD, KI Community coping Quality of information 

45.  Weather and climate information utility FGD, KI Community coping Quality of information 

46.  Research collaboration FGD Institutional coping Quality of information 

47.  Farmer field schools KI Institutional coping Quality of information 

48.  Change of clothing FGD (lowland) Community coping Undefined Community coping 

49.  Closing windows FGD (lowland) Community coping Undefined Community coping 

50.  Low social capital FGD (lowland) Generic susceptibility Undefined Generic susceptibility 

51.  Gender bias FGD, KI Generic susceptibility Undefined Generic susceptibility  

52.  Carbon credit programs KI (highland) Institutional coping Undefined Institutional coping 

53.  Energy saving devices KI Institutional coping Undefined Institutional coping 

54.  Climate change sensitisation KI Institutional coping Weather and climate information 

55.  Participatory scenario planning KI Institutional coping Weather and climate information 

56.  Indigenous knowledge FGD, KI Community coping Weather and climate information 
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8.9. Conclusion 

In this chapter, the results of the qualitative analysis of community coping strategies and 

government interventions in climate change and malaria risk and vulnerability are discussed. 

This chapter reveals that there although there are some strategies for the community to cope 

with climate change, the utility of this information by the community is low and they prefer 

to use their traditional knowledge instead. Regarding malaria, there are several strategies used 

by the community and the government program with the CHWs however, there is still a lack 

of knowledge on malaria transmission and limited knowledge on how climate or climate 

variability can influence malaria transmission. A summary of identified sub-themes and their 

corresponding measures of risk is presented in the chapter. The next chapter will discuss the 

process of conceptualising the system using the indicators identified from the literature 

review and the qualitative studies and the steps taken in the construction of the Bayesian 

belief network model. 
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CHAPTER 9: SYSTEMS CONCEPTUALISATION AND DATA 

INTEGRATION USING A BAYESIAN BELIEF NETWORK MODEL 

 

9.1. Introduction 

Chapters 7 and 8 presented a summary of key variables influencing malaria 

transmission identified through qualitative focus group discussions with communities in 

the two study sites and key informant interviews with community leaders, local 

government representatives and NGOs. In this chapter, the focus is on conceptualising 

how the identified key variables interact to influence the risk of malaria infection at the 

community level. Sections 9.2 and 9.3 outline the steps taken in identification of the 

candidate system variables and method of ranking them. Section 9.4 provides a 

representation and visualisation of the system using a causal loop diagram. Section 9.5 

discusses the process of building the baseline BBN model structure and sections 9.6 to 

9.8 discuss the steps taken in parameterising and calibrating the model. The chapter 

concludes with a discussion in section 9.9 on the purposes and use of sensitivity 

analysis conducted for the models. 

9.2. Building the System 

The system under study is understood as comprising four interconnected systems: i) 

climate change and climate variability; ii) land use and land use change; iii) malaria 

transmission and iv) malaria risk in East Africa. There were two steps in building the 

systems conceptual model:  

a) Structural analysis, which was used to identify a parsimonious number of system 

variables and interactions from the candidate set; and  

b) Representing the systems by using a causal loop diagram (CLD) to visualize the 

key variables and interactions among them. These two steps are discussed in 

detail in sections 9.3 and 9.4 respectively. 

9.3. Structural Analysis 

The malaria transmission cycle is a complex system with multiple non-linear and often 

interacting variables of climate change, environmental, biological and socio-economic 

influences. Hence, there are many variables and conceptualizing such a system is 
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challenging. I used the structural analysis method suggested by Godet (2006) to reduce 

the complexity of the system’s representation by identifying the key variables. 

Structural analysis is used to identify the influential and dependent variables, which are 

essential to the system. According to (Godet, 1994, 2006), the aim of structural analysis 

is to show the nature of the relationships among system variables and through analysis, 

identify which are the main or key variables. This is a four-step iterative process also 

known as the Cross-Impact Multiplication Method (CIMM): 

a) Compilation of a candidate set of variables from the literature review, expert 

consultations and qualitative field study; 

b) Description of the relationships between variables based on contextual 

knowledge and expert opinion; 

c) Creating a matrix of all identified variables and analysis of the impact matrix to 

map the relationships among the identified key system variables, and;  

d) Identification of key variables using the CIMM Method (Godet, 2006), which 

calculates the intensity of influence and dependency between variables first 

through direct classification and then by indirect classification. 

The structural analysis was a process that took several months and was undertaken 

using the software MicMac® for Windows from the Max Planck Institute for 

Demographic Research, Rostock. 

9.3.1. Identification and description of a candidate set of system variables 

In this step, all relevant sources of information were explored to identify a 

comprehensive list of internal and external system variables. The process was iterative 

and participatory. Methods of exploration included extensive literature review, 

document review, expert consultation/interviews, focus group discussions (FGDs) and 

key informant (KI) interviews with various stakeholders. To comprehesively 

characterise the system, exploratory and open-ended questions were used for the expert 

interviews and semi-structured questions for the key informant interviews. The reader is 

referred to Chapter 5 for the discussion of the literature review and to chapter 6, 7 and 8 

for discussions of the FGDs and KIs.  

A candidate set of 21 biophysical system variables (Table 9.17) and 21 socio-economic 

system variables (Table 9.18) were identified from the literature review (Chapter 5.11), 



SYSTEMS CONCEPTUALISATION AND DATA INTEGRATION USING A BAYESIAN BELIEF NETWORK 

MODEL 

 

183 

 

focus group discussions (FGD) and key informant (KI) interviews from the qualitative 

field study (Chapter 7.8 and Chapter 8.7). 

After the candidate variables were identified, a description of each variable was 

provided to distinguish between them and to identify which variables are external and 

drive the system and which ones are internal. Short labels were created for each 

identified variable and a brief description, variable source and measure of risk are 

provided in Table 9.17 and Table 9.18.
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9.3.1.1. Biophysical variables 

Table 9.17 Candidate list of biophysical system variables and their corresponding measure of risk as identified from literature review, expert consultation, focus group discussions 

and key informant interviews with stakeholders  

N
o
 Variable Short 

Label 

Description Source Risk Measure 

1.  Air temperature AirTmp Air temperature suitable for malaria transmission i.e. between 

16˚C and 34˚C 

Literature, Expert opinion Climate Exposure 

   Increase in temperatures (highland) FGD, KI   

2.  Water temperature WtrTmp Mosquito habitat temperature suitable for breeding Literature, Expert opinion Climate Exposure  

3.  El- Niño ENin Periods of extreme rainfall Literature, Expert opinion Climate Exposure 

4.  Average rainfall/ precipitation AvRfal Mean monthly rainfall of at least 150mm; rainfall season Literature, Expert opinion Climate Exposure 

   Seasonal changes in rainfall FGD, KI Climate Exposure 

   Changes in wind direction (lowland) FGD Climate Exposure 

   Water insecurity (lowland) FGD Climate Exposure 

5.  Relative humidity RelHmd Amount of water vapour present in air Literature, Expert opinion Climate Exposure 

6.  Altitude Alt Height/distance above sea level Literature, Expert opinion Land Form Exposure 

7.  Micro-habitat changes McrHbt Changes in mosquito habitat micro-climate due to loss of forest 

cover or other environmental controls such as clearing of 

bushes. 

Literature, Expert opinion Land Use Exposure 

   Destructive land use FGD, KI  Land Use Exposure 

   Tree harvesting FGD, KI  Land Use Exposure 

8.  Topography Tpgr Physical land surface including hills and valleys, elevation Literature, Expert opinion Land Form Exposure 

9.  Topographic wetness index TWI Percentage of ground water saturation of at least 5% for suitable 

mosquito breeding site 

Literature, Expert opinion Land Form Exposure 

10.  Wetlands and water bodies WlndsWtr Proximity to swamps and other stagnant water bodies Literature, Expert opinion Land Cover Exposure 

11.  Bare areas Bare Land without forest cover or other vegetation Literature, Expert opinion Land Cover Exposure 

   Land overuse leading to bare areas FGD, KI Land Cover Exposure 

12.  Forest edge FrstEdg Human proximity to forest boundaries and potential exposure to 

exposed mosquito breeding sites due to deforestation 

Literature, Expert opinion Land Cover Exposure 

13.  Agriculture Agr Land clearance, planting, livestock and maize farming, swamp 

drainage and farming, and water management i.e. water 

conservation using shallow wells, small-scale irrigation and 

creation of water drainage channels 

Literature, Expert opinion Land Use Exposure 

   Water edge farming FGD, KI  Land Use Exposure 

   Maize farming FGD, KI  Land Use Exposure 
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   Biannual planting FGD, KI  Land Use Exposure 

   Dry planting FGD, KI  Land Use Exposure 

   Crop diversification FGD, KI  Land Use Exposure 

   Soil conservation FGD, KI  Land Use Exposure 

   Water harvesting FGD, KI  Land Use Exposure 

14.  Vector abundance VecAbun Increase in numbers of malaria mosquitoes Literature, Expert opinion Hazard 

   Rainfall and malaria FGD, KI  Hazard 

   Sanitation FGD, KI  Hazard 

   Malaria and climate change FGD, KI  Hazard 

15.  Vector biting VctBtng Likelihood of an infective bite from a mosquito Literature, Expert opinion Hazard 

   Malaria incidence and prevalence FGD, KI  Hazard 

   Changes in mosquito behaviour FGD, KI  Hazard 

16.  Vector infection rate VInfR Efficiency of transmission and infection with the malaria 

parasite by the mosquito 

Literature, Expert opinion Hazard 

   Changes in malaria transmission FGD, KI Hazard 

17.  Vector adaptive behaviour VctrAdpt Changes in mosquito vector behaviour such as early biting or 

indoor resting 

Expert opinion Hazard 

18.  Population under 5 years Pop<5 Number of individuals under five years old Literature, Expert opinion Biological 

Susceptibility 

   Children under five FGD, KI Biological 

Susceptibility 

19.  Immune status ImmStat Lowered immunity to malaria due to pregnancy or limited 

exposure; acquired immunity to malaria from long term 

exposure 

Literature, Expert opinion Biological 

Susceptibility 

   Pregnant women FGD, KI Biological 

Susceptibility 

20.  Interactions Intns Co-infections with other diseases such as HIV increase 

likelihood and severity of infection 

Literature, Expert opinion Biological 

Susceptibility 

21.  Drug resistance DrgRes Resistance of the malaria parasite to drugs/ parasite evolution Literature, Expert opinion Biological 

Susceptibility 
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9.3.1.2. Socio-economic variables 

Table 9.18 Candidate list of socio-economic system variables and their corresponding measure of risk as identified from literature review, expert consultation, focus group 

discussions and key informant interviews with stakeholders  

N
o
 Variable Short 

Label 

Description Source Risk Measure 

1.  Urbanisation Urbnsn Expansion of urban areas and overcrowding in cities Literature, Expert opinion Land Use Exposure 

2.  Population migration/travel Popmig Movement of people from low risk areas to malaria-

endemic or epidemic-prone areas and vice versa 

Literature, Expert opinion Generic Susceptibility 

3.  Nutritional status Ntrnstat Poor health because of undernutrition or malnutrition Literature, Expert opinion Generic Susceptibility 

   Negative agricultural impacts leading to crop losses FGD, KI Generic Susceptibility 

   Food insecurity from reduced harvest FGD Generic Susceptibility 

   Poor health – more incidences of disease FGD Generic Susceptibility 

   Nutritional education FGD, KI  

4.  Gender Gndr Gender roles, expectations and cultural customs Literature, Expert opinion Generic Susceptibility 

5.  Poverty Pvrt Socio-economic conditions; household income, food and 

household assets 

Literature, Expert opinion Generic Susceptibility 

   High cost of living FGD, Generic Susceptibility 

6.  Religious beliefs RelBlf Religion or superstitions in understanding or managing 

malaria and/or climate change impacts 

Literature, Expert opinion Generic Susceptibility 

7.  Perception Pcptn Knowledge and understanding of disease Literature, Expert opinion Generic Susceptibility 

   Climate change awareness FGD, KI  Generic Susceptibility 

   Climate change causes FGD, KI  Generic Susceptibility 

   Perception FGD  

8.  Type of dwelling TypDwl House with grass-thatched roof and mud walls (semi-

permanent) or Brick house with tiled or aluminium roof 

(permanent); house with separate kitchen, house with 

ceiling and house with open eaves 

Literature, Expert opinion Generic Susceptibility 

9.  Education level of household 

head 

EdLvlHh Education level of male or female head of household Literature, Expert opinion Generic Susceptibility 

10.  Health-seeking behaviour HltSkBhv Willingness to seek treatment for malaria; households with 

malaria medicine in stock, self-medication, 

tradition/cultural norms and practices in malaria 

management 

Literature, Expert opinion Community Coping 

11.  Net use NetU Use of insecticide-treated bed nets to prevent malaria 

infection  

Literature, Expert opinion Community Coping 
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   Use of bed nets FGD, KI  Community Coping 

   Misuse of mosquito nets FGD, KI  Community Coping 

12.  Environmental controls EnvCtrl Keeping area around the houses cleared of shrubs and 

other overgrowth; safe disposal of plastics and other water-

retaining containers 

Literature, Expert opinion Community Coping 

   Tree planting FGD, KI  Community Coping 

   Commercial tree planting (highland) FGD, KI  Community Coping 

   Waste management FGD, KI  Community Coping 

   Bush clearing FGD, KI  Community Coping 

13.  Quality of health systems QltHltSys Health services and policy; availability of health facilities; 

access to healthcare; quality of healthcare and capacity for 

malaria treatment 

Literature, Expert opinion Institutional Coping 

   Targeting vulnerable groups KI Institutional coping 

   Increased health facilities KI Institutional coping 

   Quality of health systems FGD, KI Institutional coping 

14.  Malaria vector control MalCtrl Distribution and coverage of insecticide-treated bed nets 

by the government; Coverage of households sprayed with 

malaria insecticide (indoor residual spraying) 

Literature, Expert opinion Institutional Coping 

   Inequitable net distribution FGD  

15.  Quality of information QltInf Reliable and easy to understand information systems for 

communicating weather and climate information or early 

warning systems for malaria epidemics 

Literature, Expert opinion Institutional Coping 

   Weather and climate information receipt FGD, KI  Community coping 

   Weather and climate information utility FGD, KI  Community coping 

   Research collaboration FGD Institutional coping 

   Farmer field schools KI Institutional coping 

   Climate change sensitisation KI Institutional coping 

   Participatory scenario planning KI Institutional coping 

   Indigenous knowledge FGD, KI Community coping 

16.  Change of clothing ChngClth Changing clothes due to change in weather (lowland) FGD  Community Coping 

17.  Closing windows ClsWin Closing windows in the evening to prevent mosquitoes 

from coming into the household (lowland) 

FGD Community Coping 

18.  Low social capital SocCptl Network of community groups or relationships (lowland) FGD  Generic Susceptibility 

19.  Gender bias GndrBs Limited decision-making power of women in households FGD, KI Generic Susceptibility 

20.  Carbon credit programs Ccred Carbon trading in line with REDD+ program (highland) KI Institutional Coping 

21.  Energy saving devices EnrgSv Alternative sources of energy apart from firewood KI Institutional Coping 
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9.3.2. Determination of strength of relationships between variables using impact 

matrix 

A matrix of the identified variables was created and used to evaluate the strength of the 

relationships between variables. In determination of causality, questions that examined the 

relationships between variables were considered such as: “does variable x affect variable y or 

vice versa?”; “what is the impact of variable x on variable y?”; and “is the relationship 

between variable x and variable y direct or indirect?” (Godet, 2006). An example of the 

impact matrix showing the first ten variables is illustrated in Table 9.19. The full matrix is 

attached as Appendix X. 

Table 9.19 Example of impact matrix used to describe the relationships between variables according to the degree of 

influence from one variable to the other 
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1 : AirTmp 0 3 0 2 2 0 0 0 1 0 

2 : WtrTmp 0 0 0 0 0 0 3 0 0 0 

3 : ENin 3 3 0 3 3 0 0 0 2 2 

4 : AvRfal 2 1  0 0 3 0 0 0 3 2 

5 : RelHmd 0 0 0 0 0 0 0 0 1 0 

6 : Alt 3 0 0 2 0 0 0 0 0 0 

7 : McrHbt 0 0 0 0 0 0 0 0 0 0 

8 : Tpgr 0 0 0 0 0 0 0 0 0 2 

9 : TWI 0 0 0 0 0 0 0 0 0 0 

10 : WlndsWtr 0 0 0 0 0 0 0 0 0 0 

Both rows and columns were populated with the variables and the degree of influence 

between them was evaluated on a scale of 1 to 4 as follows: The degree of influence between 

variables was rated 0 if there was no evidence of direct influence between two variables. 

Otherwise, the strength of the relationship was rated 1(low), 2 (medium), 3 (high).  

Completion of the matrix was done line by line in consultation with experts and literature. 
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9.3.3. Influence-dependence map 

Each variable in the system is associated with an influential or dependence indicator. This 

can be either through a direct or indirect influence. Not only do the variables in the system 

directly influence risk of malaria infection, but they also interact with and influence each 

other. This was visualised using an influence-dependence map, which separates the variables 

into four types according to degree of influence as follows:  

i) Influential variables which influence the system but are not dependent on other 

variables and are generally driving the system;  

ii) Relay variables, which influence the system and are dependent on influential 

variables and can easily destabilise the system as they can feedback to amplify or 

dampen the system;  

iii) Dependent variables, which represent the system’s output variables and are 

influenced by both the influential and relay variables;  

iv) Autonomous variables, which are neither influential nor dependent and may or 

may not significantly, affect the system depending on the strength of their 

relationships.  

Variables were visualised according to their level of direct influence or dependence as 

illustrated in Figure 9.64. From the analysis, the main influencing variables of the system 

under direct relationships are El Niño, average rainfall, malaria vector control, quality of 

information, air temperature, agriculture and quality of health systems while the main 

dependent variables are vector infection rate, environmental controls, net use and health-

seeking behaviour. 

In some instances a variable may be considered weak on its own, but could influence a 

number of other variables, which collectively exert a stronger influence on the system 

(Arcade et al., 1999) therefore a consideration of indirect influences of the system is 

important. Variables were visualised according to their level of indirect influence/dependence 

as illustrated in Figure 9.65. From the analysis, quality of health systems and agriculture are 

no longer influential variables, malaria vector control is now a relay variable, vector biting 

and vector abundance are now dependent variables instead of relay variables. 

When comparing the two graphs, we can see that under indirect influence, agriculture is a 

strong autonomous variable rather than an influential variable under a direct relationship. 

Also under the indirect relationship, environmental controls, malaria vector control, and 
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mosquito net use are additionally dependent combined with vector biting, vector abundance 

and vector infection rate, while health-seeking behaviour is no longer a dependent variable 

(direct), rather it is now a moderate autonomous variable (indirect). These differences in 

influence dependent on a direct or indirect pathway is best represented using a displacement 

map (Figure 9.66)., which shows the range across which a variable is influential or dependent 

on the system The displacement map can combine two or more simple influence-dependence 

maps in a single output. 



SYSTEMS CONCEPTUALISATION AND DATA INTEGRATION USING A BAYESIAN BELIEF NETWORK MODEL 

 

191 

 

 

Figure 9.64 Direct influence-dependence map, showing the strength of direct  relationships between variables in the system. The lines indicate the range of uncertainty for the 

particualr variable.   
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Figure 9.65 Indirect influence-dependence map, showing the strength of indirect relationships between variables in the system. The lines indicate the range of uncertainty for the 

particualr variable.
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Figure 9.66 Displacement map illustrating the range at which variables are influential or dependent. The lines indicate the range across which a variable is influential or dependent 

on the system when both direct and indirect pathways are considered
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9.3.4. Ranking variables according to influence and dependence 

The structural analysis process is important in reducing the complexity of the system by 

focussing in on key variables. The software MICMAC® uses a system of matrices applied to 

the initial matrix to study impacts through reaction paths and loops. In this manner, a 

hierarchy can be developed for the variables; in order of influence, by considering the 

number of paths and loops of length 1, 2, …n, arising from each variable, and in order of 

dependence, by considering the number of paths and loops of length 1, 2… accruing to each 

variable (Godet, 1994, 2006). Thus, variables are ranked both in an influential or dependent 

capacity (Table 9.20).  

Table 9.20 Table of variable ranking according in order of decreasing influence and dependence 

N
o
 Variable Direct 

Influence 

Variable Direct 

Dependence 

Variable Indirect 

Influence 

Variable Indirect 

Dependence 

1 ENin 812 VecAbun 980 ENin 1053 VInfR 1496 

2 AvRfal 672 HltSkBhv 980 MalCtrl 730 EnvCtrl 1132 

3 MalCtrl 588 NetU 896 AvRfal 719 NetU 1074 

4 QltInf 560 VctBtng 728 QltInf 583 HltSkBhv 915 

5 AirTmp 504 EnvCtrl 700 AirTmp 561 MalCtrl 902 

6 Agr 504 VInfR 672 VctBtng 509 VctBtng 830 

7 VctBtng 504 MalCtrl 476 QltHltSys 502 VecAbun 769 

8 VecAbun 476 Agr 448 VecAbun 492 ClsWin 736 

9 QltHltSys 476 WtrTmp 420 Alt 374 VctrAdpt 662 

10 Gndr 392 ImmStat 336 VInfR 373 ImmStat 469 

11 VInfR 364 McrHbt 252 Pop<5 325 DrgRes 231 

12 Pop<5 308 Chng Clth 252 Agr 297 QltHltSys 168 

13 Urbnsn 308 ClsWin 252 WtrTmp 281 Popmig 92 

14 Alt 252 AirTmp 224 EnvCtrl 281 McrHbt 89 

15 VctrAdpt 252 RelHmd 224 VctrAdpt 279 Agr 71 

16 Pvrt 252 VctrAdpt 224 Gndr 253 Intns 67 

17 RelBlf 252 Popmig 224 WlndsWtr 193 Bare 62 

18 EdLvlHh 252 Pcptn 224 NetU 189 Ntrnstat 62 

19 WtrTmp 224 AvRfal 196 EdLvlHh 172 FrstEdg 41 

20 SocCptl 224 TWI 196 Bare 155 TWI 29 

21 EnvCtrl 196 Bare 196 Urbnsn 152 Chng Clth 26 

22 Bare 168 WlndsWtr 168 Tpgr 146 RelHmd 22 

23 NetU 168 QltHltSys 168 McrHbt 142 WtrTmp 17 

24 WlndsWtr 140 TypDwl 140 RelBlf 134 AirTmp 9 

25 ImmStat 140 Intns 112 TypDwl 128 WlndsWtr 9 

26 Pcptn 140 DrgRes 84 Pvrt 127 AvRfal 8 

27 HltSkBhv 140 Ntrnstat 84 SocCptl 127 ENin 0 

28 Tpgr 112 FrstEdg 56 ImmStat 104 Alt 0 

29 GndrBs 112 GndrBs 56 HltSkBhv 84 Tpgr 0 

30 RelHmd 84 Urbnsn 28 RelHmd 77 Pop<5 0 

31 McrHbt 84 ENin 0 Pcptn 64 Urbnsn 0 

32 TypDwl 84 Alt 0 DrgRes 52 Gndr 0 

33 Ntrnstat 56 Tpgr 0 TWI 47 Pvrt 0 

34 TWI 28 Pop<5 0 Popmig 47 RelBlf 0 

35 FrstEdg 28 Gndr 0 FrstEdg 46 Pcptn 0 

36 DrgRes 28 Pvrt 0 Chng Clth 46 TypDwl 0 

37 Popmig 28 RelBlf 0 ClsWin 46 EdLvlHh 0 

38 Chng Clth 28 EdLvlHh 0 GndrBs 44 QltInf 0 
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39 ClsWin 28 QltInf 0 Ntrnstat 22 SocCptl 0 

40 Ccred 28 SocCptl 0 Ccred 21 GndrBs 0 

41 Intns 0 Ccred 0 Intns 0 Ccred 0 

42 EnrgSv 0 EnrgSv 0 EnrgSv 0 EnrgSv 0 

When considering direct influence, the most influential variable was El Niño, while the least 

influential variable was energy saving devices. The same case applies when considering 

indirect influence. Other major direct influence variables were: average rainfall, malaria 

vector control, quality of information, air temperature, agriculture, vector biting, vector 

abundance and quality of health systems. 

When considering dependence, vector abundance had the highest degree of dependency 

directly and vector infection rate had the highest degree of dependency indirectly. The least 

dependent variable directly and indirectly was energy saving devices. Other major direct 

dependent variables were: health-seeking behaviour, mosquito net use, vector biting, 

environmental controls, vector infection rate, malaria control, agriculture and water 

temperature. Ranking the variables in order of influence and dependence assists in 

simplifying the system under investigation and summarising the scope and boundaries of the 

model, all if which forms the basis to building a conceptual model of the system using a 

causal loop diagram (CLD).
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9.4. Representing the System Using a Causal Loop Diagram 

Causal loop diagrams (CLD) are useful for conceptually representing systems inclusive of 

feedback relationships. The CLD allows the researcher to characterise the relationships 

between the different variables and provides the intermediate step for building the BBN 

model. Constructing CLDs is a useful step towards building BBNs because they capture 

expert knowledge about the system and represent domain knowledge more descriptively than 

other statistical models. CLDs are also more comprehensive and provide easy visualisations 

of the relationships within a system. These characteristics are important in the context of 

decision-making as policy-makers can visually comprehend and understand how one variable 

may change another or how one decision may affect variables in the system. Following the 

structural analysis phase, a CLD was constructed to visualize the key variables and 

interactions in the system using the software Vensim® DSS for Windows Version 6.3.  

9.4.1. Variables included in the CLD 

The influence-dependence map (Figure 9.1) and variable rankings (Table 9.4) were used to 

select key variables to include in the building of a conceptual system diagram. The process of 

conceptualising the model was subjective; however there is a high degree of reliability 

through use of the expert consultation and literature references. The CLD was built by 

answering the question “Which impact of variable i on variable j can be observed at present?” 

(Godet, 2006). In addition, identification of the most important relationships that allow 

logical construction of the CLD was performed using the direct and indirect influence graphs 

generated by the MICMAC® software. For purposes of this thesis and to reduce complexity, 

only direct relationships were considered from this point forward. 

The main influential, relay and dependent variables were included as key variables of the 

system (Figure 9.64). Autonomous variables with strong relationships (location near axis of 

influence or dependence) were also included as key system variables. This was determined 

using a direct influence graph which illustrated the relationships between variables from 

strong to weak dependent according to the number and intensity of direct and indirect 

relationships in which they are involved (Figure 9.67).
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Figure 9.67 Graph illustrating number and intensity of direct relationships between variables in the system
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In total 27 key variables of the system were identified (Table 9.21). These included seven 

influential variables, two relay variables, four dependent variables, eight autonomous 

variables on the influential scale and six autonomous variables on the dependence scale. 

There was one exception; urbanisation, a strong autonomous variable was excluded as it was 

out of the scope of this study as defined in Chapter 2.5.1.   

Table 9.21 Table of key variables included in the causal loop diagram and used to build our systems model 

 Variable Short 

Label 

Type Risk Measure  

1.  El Niño ENin Influential Climate exposure 

2.  Average rainfall AvRfal Influential Climate exposure 

3.  Air temperature AirTmp Influential Climate exposure 

4.  Agriculture Agr Influential Land use exposure 

5.  Malaria vector control MalCtrl Influential Institutional coping 

6.  Quality of information QltInf Influential Institutional coping 

7.  Quality of health systems QltHltSys Influential Institutional coping 

8.  Vector biting VctBtng Relay Hazard 

9.  Vector abundance VecAbun Relay Hazard 

10.  Vector infection rate VInfR Dependent Hazard 

11.  Mosquito net use NetU Dependent Community coping 

12.  Environmental controls EnvCtrl Dependent Community coping 

13.  Health-seeking behaviour HltSkBhv Dependent Community coping 

14.  Gender Gndr Autonomous – influential Generic susceptibility 

15.  Population under five Pop<5 Autonomous – influential Biological susceptibility 

16.  Education level household head EdLvlHh Autonomous – influential Generic susceptibility 

17.  Religious beliefs RelBlf Autonomous – influential Generic susceptibility 

18.  Poverty Pvrt Autonomous – influential Generic susceptibility 

19.  Altitude Alt Autonomous – influential Land Form exposure 

20.  Social capital SocCpt Autonomous – influential  Generic susceptibility 

21.  Vector adaptive behaviour VctrAdpt Autonomous – influential Hazard 

22.  Water temperature WtrTmp Autonomous – dependent Climate exposure 

23.  Immune status ImmStat Autonomous – dependent Biological susceptibility 

24.  Micro-habitat changes McrHbt Autonomous – dependent Land use exposure 

25.  Change clothing ChngClth Autonomous – dependent Community coping 

26.  Closing windows ClsWin Autonomous – dependent Community coping 

27.  Perception Pcptn Autonomous – dependent  Generic susceptibility 

The 27 variables listed in Table 9.21 were used to implement the integrated risk assessment 

framework described in chapter 4.4.1.1 and as further illustrated in Figure 9.68. Each of the 

27 variables can be considered as relevant to modelling either exposure, hazard or 

vulnerability, recognizing that vulnerability is a function of susceptibility and coping 

strategies. 
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Figure 9.68 Integrated risk assessment framework with key variables; this was used as the basis for the development 

of the BBN structure 

9.4.2. Visualising the system CLD 

A CLD consists of variables visualised as boxes that are connected by arrows which show the 

direction of causal influences (i.e. cause-effect relationships) between the variables (Gilioli & 

Mariani, 2011). Each arrow is assigned a polarity, either negative (+) or positive (-) to define 

the relationship between the independent and dependent variable (Gilioli & Mariani, 2011). If 

the relationship is positive, then the dependent variable will increase as the independent 

variables increases and if the relationship is negative, the dependent variable will decrease as 

the independent variable increases and vice versa. It is important to note that polarities only 

describe what would happen if there was a change in any of the variables, they do not 

describe the behaviour of the variables.  

A CLD is also used to capture feedback loops, which are illustrated by a loop identifier and 

can be reinforcing (R) or balancing (B) as described in Chapter 4.4.3. The relationships 

between variables and feedback loops are not static and are subject to change as new 

information is received or as the system changes. The CLD is used to illustrate the system 

components and the relationships between them, which when positive, will amplify whatever 

is happening in the system and will counteract and oppose change if negative (Sterman, 

2000). The system CLD was built using the program Vensim® DSS for Windows Version 

6.3 (x32) as illustrated in Figure 9.69.
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Figure 9.69 Causal Loop Diagram illustrating the causal relationships among variables and sub-systems that 

influence risk of malaria infection in East Africa. 

In figure 9.69, hexagons represent influential variables, rectangles are dependent variables 

and circles are autonomous variables. The colours represent major sub-systems as follows: 

blue = climate, climate change and variability variables; green = land use and land use 

variables; and pink = malaria hazard. Additional to these biophysical variables are the socio-

economic variables that are colour coded orange. The strength of relationships between 

variables is represented by solid lines (stronger relationships) and dotted lines (weaker 

relationships). The red arrows represent a positive relationship (+) (i.e., the recipient 

variable’s state or quality increases) between variables while blue arrows represent negative 
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relationships (-). Lack of a polarity sign or black arrow indicates that the relationship can be 

either positive or negative or that the relationship has not been determined. 

9.4.3. Transforming the Causal Loop Diagram into a Bayesian Belief Network Model 

Once the CLD is completed, then the simulation model can be constructed, here using a 

Bayesian belief network (BBN) modelling approach. BBNs are useful in determining the 

relevance of one variable on another, the influence of mediating variables and the relevance 

of variables in the system. Transforming a CLD into a BBN is not straightforward because an 

arrow between two variables in a CLD represents a dependence relationship but the absence 

of an arrow between them does not imply independence. Also, a direct link between two 

variables in the CLD does not mean it is a direct relationship; it can be either direct or 

indirect. On the other hand, the absence of an arrow between variables in a BBN implies 

conditional independence. Transforming a CLD into a BBN requires determining whether 

relationships in the CLD are independent or dependent and direct or indirect. An added 

complication is that BBNs cannot directly incorporate feedback loops and therefore they must 

be eliminated from the model. At the same time, however, their relevance in influencing the 

system must still be accounted for. The steps taken in development of the BBN model were 

adapted from Marcot et al., (2006). The software Netica® 5.18 for Bayes and decision nets 

(Norsys Software Corp. Canada) was used for model development.  

9.5. Structuring the Bayesian belief network model  

Integrating different types and sources of data in a meaningful way can be a challenging 

process. For this reason BBN models are useful because they can assimilate different kinds of 

data and information including qualitative social survey results, quantitative biophysical 

response functions, spatial environmental data, qualitative knowledge, expert opinion and 

even missing data (Fenton & Neil, 2013). BBN can also be used for undertaking scenario 

simulations and to explore how policy and management interventions can reduce the risk of 

malaria infection. There are two different approaches used to construct Bayesian networks; 

these are the data-based approach and knowledge-based approach. The data-based 

approaches use conditional independence values in the network to produce models from data 

while the knowledge-based approach uses causal knowledge of domain experts in 

constructing the network (Nadkarni & Shenoy, 2004). The latter approach is particularly 
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useful where there is limited data. Here I constructed a knowledge-based BBN model to 

answer the research focus questions 4 and 5 (Chapter 4.3.2), which were: 

a) How does risk of malaria infection in a community change under future climate and 

land use scenarios in a highland and lowland community in East Africa? 

b) What are the potential adaptation options for managing risk of malaria infection at the 

community level in the context of climate change and land use in East Africa? 

Therefore, the objectives of the BBN model were to: 

a) Assess the current baseline malaria risk in a community based on biophysical and 

socio-economic factors; 

b) Project how risk of malaria in a community will change under future climate change 

and land use scenarios in a highland and lowland community in East Africa;  

c) Reveal the relative significance or leverage of driving variables by conducting a 

sensitivity analysis; and 

d) Suggest potential adaptation options for managing risk of malaria infection at the 

community level and in the context of climate change and land use in East Africa. 

9.5.1. Directed acyclic graph (DAG) 

As discussed in Chapter 4.10, the BBN is represented by a Directed Acyclic Graph (DAG) at 

the qualitative level, i.e. a network in which each system variable within the BBN model is 

represented as a node and nodes are linked to each other by arrows. There are four types of 

nodes used in the DAG; “parent”, “child”, “intermediate” and “input” nodes. When one node 

is dependent on the other, the independent node is called the parent node, while the 

dependent node is the child node. Intermediate nodes can be used in some instances to 

summarise connections between parent and child nodes to reduce complexity of the model 

while input nodes are parentless nodes that contain real case data (Figure 9.7).   

There are three types of connections that illustrate the flow of information among nodes in a 

DAG: “serial”, “diverging” and “converging” (Aguilera et al., 2011). Serial connections have 

a direct one-way flow of information from one variable to the next (parent to child) and 

therefore knowledge of one variable provides information about the other. However, 

information does not flow in the opposite direction (i.e. from child to parent). Diverging 

connections will have a flow of information from one variable to two or more other variables 
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of interest, while converging connections will be influenced by two or more variables, which 

are not necessarily connected to each other (Figure 9.70). 

 

Figure 9.70 Example of a Directed Acyclic Graph (DAG) of a Bayesian belief network model illustrating the four 

types of nodes and the serial, diverging or converging connections among them  

Since the BBN model developed here was largely informed by literature and qualitative 

interviews, and was intended to be used in adaptation scenario testing, it was important to 

keep the BBN DAG structure sufficiently simple to understand and apply in a real-world 

context. Therefore, the following key guidelines as suggested by Marcot et al., (2006) were 

followed:  

i) Keep the number of parent nodes to any given node to three or fewer; 

ii) Use, where possible, existing data for input (parentless) nodes. For these models, 

this included data on climate change scenarios, land cover and land use, malaria 

prevalence, population and education;  

iii) Use intermediate nodes to summarise variables to reduce complexity of the 

associated conditional probability tables; 

iv) Make sure that nodes were observable and testable, except for some intermediate 

nodes; and 

v) Use the fewest discrete states possible to represent influences without 

compromising precision of the Conditional Probability Tables (CPT). This is 
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because while more states may provide greater precision, fewer states may 

provide a more accurate prediction. 

Marcot et al., (2006) further advised that the depth of the model or number of layers be kept 

to four or fewer for three main reasons:  

a) Deep models with many intermediate nodes may contain unnecessary uncertainty 

propagated from input to output nodes;  

b) The sensitivity of the output node to input nodes may be dampened by intermediate 

nodes; and  

c) Output nodes in models with asymmetric structures may be far less sensitive to more 

distant input nodes if there are a lot of intervening intermediate nodes. 

There were several cycles of iteration and simulation involved before arriving at an optimum 

structure of the DAG for the baseline BBN model. It was not entirely possible to keep the 

model structure shallow as the relationships among risk of malaria infection and influencing 

variables are complex. The depth of the model was five layers in most instances and six in 

one instance. While this depth could be argued to compromise sensitivity of the network, the 

nature of my BBN model is that there are two separate networks, i.e. Exposure and 

Vulnerability, which are influencing risk. The sensitivity of the network is therefore 

maintained by breaking the BBN model into two major sub-components. 

9.5.2. Baseline BBN Model Structure 

Building the BBN model involved a process of iteration and refinement based on contextual 

knowledge and expert consultation. In the process, some adjustments were made to the final 

model structure including: 

i) The autonomous influential variable ‘altitude’ was excluded from the final model 

structure because the influence of this variable was captured by the two models 

built, one for the lowland site (1000m – 1200m) and one for the highland site 

(1401m to 1600m). 

ii) The influential variable ‘El Niño’ could be excluded from the final model because 

the historical climate data and projections used in building the model were 

parameterised to include the influence of El Niño. 
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iii) The autonomous dependent variable ‘water temperature’ was excluded from the 

final model. Measurements of air temperature were considered sufficient for the 

purposes of this study.  

iv) The relay variables ‘vector abundance’ and ‘vector biting’ and the dependent 

variable, ‘vector infection rate’ are all separate measures of malaria transmission. 

These variables were replaced with one variable named “malaria prevalence” 

which is commonly used as a measure for intensity of malaria transmission 

(Tompkins & Caporaso, 2016).  

v) The autonomous influential variable “poverty” was removed from the final model. 

This decision was based on expert opinion that although the evidence shows that 

poverty is a determinant of malaria risk, an injection of external funding to fight 

the disease would significantly lower this risk.  

Following these modifications, the final baseline BBN model consisted of 21 key variables as 

illustrated in Figure 9.71: 

 

Figure 9.71 Integrated assessment framework with the 21 key variables used to build the baseline BBN model. 

9.5.3. Data Integration into the BBN model 

The variables included in the BBN models were parameterised using secondary data (Chapter 

4), literature review on climate change and malaria risk in East Africa (Chapter 5), along with 

expert opinion, focus group discussions with the community and key informant interviews 



SYSTEMS CONCEPTUALISATION AND DATA INTEGRATION USING A BAYESIAN BELIEF NETWORK MODEL 

 

206 

 

with other stakeholders (Chapter 7 and 8). The data type and sources for each variable are 

detailed in Table 9.22.
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Table 9.22 Variables, data type and source used to parameterise the Bayesian belief network models 

 Variable Parent nodes Data Type Data Source  Calculation 

1.  Average Rainfall     

  Climate Change Scenarios  Secondary data: 

Monthly min and 

max rainfall  

 Climate change 

projections to 2070 

Kenya Meteorological Services  

 

Worldclim (CMIP5) 

30 years: 1982 – 2011  

 

 

Downscaled to study 

area sub-county level 

2.  Air Temperature     

  Climate Change Scenarios  Secondary data: 

Monthly min and 

max rainfall  

 Climate change 

projections to 2070 

Kenya Meteorological Services  

 

Worldclim (CMIP5) 

30 years: 1982 - 2011  

 

 

Downscaled to study 

area sub-county level 

3.  Agriculture NA  GIS  Kenya government  

4.  Micro-habitat changes     

  Soil erosion  Qualitative FGDs, KIs  

  Tree harvesting  Qualitative FGDs, KIs  

  Destructive land use  Qualitative FGDs, KIs  

5.  Hazard     

  Malaria Prevalence  Secondary data Kenya Malaria Indicator Survey 2015  3% prevalence for 

highland epidemic zone 

  Vector adaptive behaviour  Qualitative Expert input, FGDs  

6.  Population under 5   Secondary data: 

Age distribution 

2009 Kenya Population and Housing 

Census Analytical Report on Population 

Projections, Volume XIV 

 

7.  Immune Status   Belief Literature review  

  Pregnancy-related 

immunity 
 Secondary data: 

Kenya crude birth 

rate per 1,000 

people 

World Bank Birth rate, crude (per 

1,000 people). Total 

pregnant calculated 

from population growth 

rate of 34. 

  Immunity from malaria 

exposure 
 Qualitative Literature review  

8.  Gender   Secondary data: 

population 

2009 Kenya Population and Housing 

Census Analytical Report on Population 
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distribution by 

gender on 

household head 

gender 

Projections, Volume XIV 

9.  Education Level of 

Household Head 

  Secondary data Kenya Population and Housing Census 

2009, Volume XII 

 

10.  Religious Beliefs   Qualitative FGDs, KIs  

11.  Social Capital   Qualitative FGDs, KIs  

12.  Perception   Qualitative Literature review  

13.  Health-seeking Behaviour   Qualitative FGDs, KIs  

  Gender  Secondary data Kenya Population and Housing Census 

2009, Volume XII 

 

  Household head education  Secondary data Kenya Population and Housing Census 

2009, Volume XII 

 

14.  Mosquito Net Use   Qualitative FGDs, KIs  

15.  Environmental Controls   Qualitative FGDs, KIs  

16.  Change Clothing   Qualitative FGDs, KIs  

17.  Closing Windows   Qualitative FGDs, KIs  

18.  Malaria Vector Control     

  Mosquito bed net 

distribution 
 % households with 

at least one 

mosquito net 

Kenya Malaria Indicator Survey 2015  

  Indoor residual spraying  Qualitative Literature review, FGDs, KIs  

19.  Quality of Information     

  Weather and climate 

information 
 Qualitative FGDs, KIs  

  Malaria information  Qualitative FGDs, KIs  

  Research activity  Qualitative FGDs, KIs  

  Information utility  Qualitative FGDs, KIs  

20.  Quality of Health Systems     

  No. of health facilities  Secondary data Kenya Government: opendata.go.ke  

  Adequate trained health 

personnel 
 Qualitative FGDs, KIs  

  Availability of 

Commodities 
 Qualitative FGDs, KIs  

  Efficiency of Health 

Facilities 
 Qualitative FGDs, KIs  
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9.6. Assigning States to the Baseline BBN Variables  

Parameters of a BBN are defined in two steps: first, identification of possible states for each 

variable; and second, calculating the conditional probabilities (i.e., the values for the CPT) 

associated with the variable (Aguilera et al., 2011; Fenton & Neil, 2013). Identification of 

states requires precise definition of the concept represented by the variable and the scope of 

the variable (Fenton & Neil, 2013). The variables used to build the BBN model were 

assigned no more than three possible states which were selected through use of contextual 

knowledge, published literature, qualitative interviews, secondary data and expert 

consultation as discussed in section 9.6.1 to 9.6.3. However, before adding these data to the 

model, they had to be standardised to a variable type; either discrete, continuous or hybrid. 

Traditionally BBN models have been discrete, although hybrid models are gaining popularity 

and while hybrid models do have restrictions in the structure of the network and the 

probability distributions, they have generally been proven to perform better than discrete 

models (Aguilera et al., 2011).  

I built hybrid BBN models, one for each of the two study sites (lowland and highland) and 

consisting of both discrete and continuous variables. The continuous variables were 

standardized through a process called discretization, in which the variables were delineated 

into intervals so that they could be treated as a discrete node. Also, intermediate nodes were 

used, where appropriate, to summarise variables and reduce complexity of the associated 

CPTs (refer to section 9.5.1). The variables, intermediates, node types, states and 

discretization for exposure, hazard and vulnerability are discussed in Chapter 10.2.1 through 

10.2.4. 

9.7. Conditional Probability Tables (CPTs) for the Baseline BBN Model 

The second step in defining the parameters of the BBN involved calculating the conditional 

probabilities associated with each variable (Aguilera et al., 2011; Fenton & Neil, 2013). CPTs 

are the set of probabilities underlying each node. The conditional dependence or strength of 

the relationship between the parent and child node is quantified through probability 

distributions; one for each possible combination of parent nodes (Fenton & Neil, 2013). Child 

nodes will have CPTs that represent combinations of all possible states of their parent nodes 

while input nodes have unconditional probability tables that represent some prior knowledge 

(Marcot et al., 2006). An example is risk of malaria infection (child node), which is 

influenced by exposure and vulnerability and hazard (parent nodes). The associated CPT for 



SYSTEMS CONCEPTUALISATION AND DATA INTEGRATION USING A BAYESIAN BELIEF NETWORK MODEL 

 

210 

 

the ‘risk of malaria infection’ will therefore contain all possible combinations of the states for 

the three parent nodes – exposure, vulnerability and hazard as illustrated in Figure 9.72. 

 

Figure 9.72 Example of a Bayesian belief network conditional probability table  

Conditional probabilities express uncertainty in the relationships between variables in the 

BBN and are based on prior knowledge. Uncertainty is measured through probability by the 

BBN and the higher the uncertainty, the wider the probability distribution. One fundamental 

strength of BBNs is that uncertainty will decrease as more data becomes available (Landuyt 

et al., 2013). The value of a variable can be assigned to multiple states of probabilities to 

manage uncertainties in the relationships and states and probability assignments can change 

every time new information is learned about the variables (Carriger et al., 2013). Multiplying 

the conditionals for each variable will provide the joint probability distribution for all 

variables in the BBN (Nadkarni & Shenoy, 2004). Determination of states and CPTs for the 

BBN model was again a rigorous iterative process drawing on the literature review presented 

in Chapter 5, consultation with expert stakeholders, and transformation and integration of 

results from the qualitative field study, to give the prior joint distribution of the DAG.   
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9.8. Calibration of the BBN Models 

After determining the states and assigning conditional probabilities, the models were tested 

by simulating different combinations of the inputs nodes, observing how the resulting 

probabilities in the model structure, especially risk of malaria infection, changed, and 

determining if this reflected reality. If the resultant probability seemed unrealistic, a 

calibration of the relevant variable and associated CPT was undertaken, either by adjusting 

the CPTs values, splitting states, combining states, redefining nodes or readjusting the overall 

model structure. This again was an iterative process that was repeated as necessary until the 

model reflected the documented knowledge of the system.  

9.9. Sensitivity Analysis  

Sensitivity analysis in BBN models is used to evaluate how much a finding at one node 

influences outcomes at another. According to Marcot et al. (2006), sensitivity analysis can 

also help verify correct initial model structure and parametrization and in this context can 

also reveal which variables have a greater influence on risk of malaria infection and be used 

to confirm that the model is correctly representing system reality as understood. The results 

of the sensitivity analysis also calculate the expected reduction in variance of expected real 

value of the target node due to a finding at another node, also known as variance reduction 

for continuous variables or mutual information for discrete variables.  

The sensitivity analysis was conducted to: 

a) Verify that the model structure and parametrization reflected reality; 

b) Evaluate the degree to which the posterior probability distribution of risk of malaria 

infection was influenced by other variables; and 

c) Reveal the relative significance or leverage of driving variables to provide an 

objective basis to identify a subset of variables for testing suitable adaptation options 

under different scenarios of risk. 

The sensitivity analysis for the models was performed using the in-built Netica® function, 

which calculates how much the posterior probability (belief) of the target node is influenced 

by a single finding at each of the other nodes in the network. The results of the sensitivity 

analysis are presented in Chapter 10 alongside each scenario result. 
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9.10. Limitations of the Model Development Process 

There were some limitations in the process used for structural analysis and in the 

development and parameterisation of the BBN models as discussed further below. 

9.10.1. Variable identification process 

A system can have an overwhelming number of variables therefore it can be challenging to 

set the boundaries for the study. Climate change and malaria risk is a complex system 

comprised of several with many interacting and complex relationships between variables 

hence it is not possible to exhaustively map the entire system. This study limitation was 

overcome to some extent by utilising a triangulation of data sources including literature, 

government reports, expert opinion and community views to identify variables of the system. 

Additionally, the process of identifying the candidate set of system variables and determining 

relationships between system variables was subjective in nature.  However, the process was 

iterative and the structural analysis was used to objectively map the influential, relay, 

autonomous and dependent variables in the system. The results of the structural analysis were 

also used to provide feedback to experts for further refinement. 

9.10.2. Limited ability to capture feedback loops 

BBN models have a limited ability to capture feedback loops from the response variable back 

to the drivers (Fenton & Neil, 2013). Therefore, the full suite of variables and interactions 

identified in using the causal loop diagram (Chapter 9.4) cannot be represented within a 

single BBN model. If needed, multiple BBN models can be constructed that capture 

feedbacks and enable more detailed inspection of system subcomponents. 

9.10.3. Parameterisation of Conditional Probability Tables 

Parameterisation of Conditional Probability Tables (Chapter 9.7) can be a hard task even for 

expert modellers, which is complicated further when mapping the complex systems involved 

in climate change and malaria risk. Holding domain expert workshops are best to facilitate 

the process as they allow for real time brainstorming amongst the group. Expert workshops 

are also useful for validating the final model. Due to budget limitations, there were no expert 

workshops conducted. However, experts were individually interviewed and contacted 

regularly during the model development process. 
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9.11. Conclusion 

In this chapter, I presented the conceptualisation of the focal system for risk of malaria 

infection and integrated the findings from the literature review, qualitative study and the 

secondary data into a BBN model. A system causal loop diagram is used to construct a 

representation of the malaria-climate change-land use change system defined in terms of a set 

of candidate system variables. This conceptualisation is then implemented using a Bayesian 

belief network (BBN) model approach, drawing upon various data sources including sources 

documented in earlier chapters. Initially, the scope and boundaries of the system were 

established by defining the problem and identifying the variable involved in risk of malaria 

infection. To simplify the systems model, a structural analysis of the key variables to identify 

the most influential and dependent variables in the system was undertaken. The system was 

then visualised using a causal loop diagram and then transformed into a Bayesian belief 

network model which included the important task of parameterising the Conditional 

Probability Tables. The next chapter presents the results of the BBN model development and 

analysis.  
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CHAPTER 10: RISK OF MALARIA INFECTION UNDER CURRENT 

AND FUTURE CLIMATE AND LAND USE ACTIVITY IN EAST AFRICA 

 

10.1. Introduction 

The previous chapter presented the key system variables and causal loop diagram used 

in building the baseline Bayesian belief network model for both study sites and the 

different types of data included in the model. This is the fourth findings chapter for the 

study and answers research focus question four: “How does risk of malaria infection in 

a community change under future climate and land use activity in a highland and 

lowland community in East Africa?” The objectives of this question were to assess: i) 

baseline risk of malaria infection at the two study sites based on a synthesis and 

integration of literature review, community knowledge, secondary data and scientific 

knowledge; ii) how risk of malaria infection will change under future climate conditions 

and; iii) Suggest suitable adaptation options.  This chapter begins with a brief discussion 

on interpreting and analysing the BBN model output in section 10.2. Section 10.3 

presents and explains baseline BBN structure for both study sites, followed by section 

10.4 which presents the final model variables, states and nodes included in the BBN 

models for each study site. Section 10.5 presents the baseline risk of malaria infection 

under current climate conditions for both study sites and section 10.6 presents risk of 

malaria infection under future climate change scenario for both sites. In section 10.7, a 

summary of variables influencing risk of malaria under current and future conditions is 

presented and in section 10.8, a sensitivity analysis is performed to identify key 

leveraging variables in the system. In section 10.9 suitable adaptation options for the 

highland study site based on key variables as identified through the sensitivity analysis 

are presented. The chapter concludes with a presentation of suitable conditions for low 

exposure, low vulnerability and high coping capacity for the highland study site.  

10.2. Understanding and Interpreting the Bayesian Belief Network Results 

The value of a BBN is the ability to calculate posterior probabilities based on a set of 

prior information (Chapter 9.7) otherwise known as inference, evidence propagation or 

belief updating (Aguilera et al., 2011). Through this process, change in the probability 

of variable(s) can be observed given the value of another in any direction. There are 
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three types of inferences that can be made with BBN: i) Predictive inference from 

parent to child node; ii) Diagnostic inference from child to parent node, and; iii) Mixed 

inference in both directions, i.e. parent-to-child and child-to-parent. Running an 

inference does not change the knowledge base of the network; rather it will only change 

the set of state beliefs at each node. This is represented by belief bars for each variable 

state in the Directed Acyclic Graph (DAG). For example, in Figure 10.73A, risk of 

malaria infection (child node) is influenced by exposure, vulnerability and hazard as 

parent nodes. In Figure 10.73B, we can observe the change in malaria risk, as indicated 

by the changes in the black belief bars and state values when we run a predictive 

inference at 100% probability of high exposure and 100% probability of low exposure.  

 

Figure 10.73 Example of the node ‘risk of malaria infection’ findings as represented by the value of the black 

belief bars under each state.  

Inference using BBNs is useful for analysing different scenarios and the sensitivity of 

relationships among variables. The following sections will present the results of the 

BBN models in the following order based on the model objectives as defined in Chapter 

9.5: 

a) The structure of the baseline BBN model and the variables, states and node 

types included for each study site (section 10.3); 

b) Baseline malaria risk under current climate conditions (section 10.4); 

c) Baseline malaria risk under future climate change scenario and high land use 

activity RCP 8.5 (section 10.5); 

d) The results of the sensitivity analysis and identification of driving variables of 

risk (section 10.6); 

e) Suitable adaptation options under future climate change scenarios based on 

sensitivity analysis (section 10.8); and 
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f) Running predictive inferences to suggest optimum conditions to maintain low 

malaria risk under future climate change and high land use activity scenarios 

(section 10.9). 

10.3. Baseline BBN Model Structure 

The baseline BBN model is illustrated in Figure 10.74 for the lowland study site and in 

Figure 10.75 for the highland study site. Magnified versions of both models are attached 

as Appendix XI for the lowland study site Appendix XII for the highland study site. In 

the model, risk of malaria infection is represented as influenced by exposure, 

vulnerability and hazard, each with subsequent intermediate and child nodes. The 

variables are colour coded according to their measure of risk. The top of the node 

contains the variable name with the states below that. Next to each state are black belief 

bars indicating the probability percent value of each state. 
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Figure 10.74 Baseline Bayesian belief network model of variables influencing risk of malaria infection in a community for the lowland study site
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Figure 10.75 Baseline Bayesian belief network model of variables influencing risk of malaria infection in a community for the highland study site
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10.4. Variables, States and Node Types included in the Baseline Bayesian belief 

network models 

The reader is referred to Chapter 9.6 for explanation on how states were selected for the BBN 

models. Variables, states and node types under each measure of risk are detailed in section 

10.2.1 to section 10.2.4.  

10.4.1. Exposure module 

Six variables inclusive of continuous and intermediate nodes were included in the exposure 

module of the final baseline BBN model constructed for each study site. The following risk 

scale was used for the continuous variable ‘Exposure’: Low: 0 – 0.3; Medium 0.3 – 0.7 and 

High 0.7 – 1.0. The variables, variable type, states, discretisation and node type are listed in 

Table 10.23: 

Table 10.23 Variables included in the exposure module of the baseline BBN model and their associated states 

N
o
 Variable Variable Type States Discretisation Node Type 

1.  Climate Change 

Scenarios 

Discrete  Current climate 

conditions 

 Three degrees plus 

world 

NA Input (Scenario) Node 

2.  Average 

Rainfall 

Continuous  0mm to 150mm 

 150mm to 999mm 

0, 150, 9999 

 

Parent Node 

3.  Air temperature Continuous  0
o
C to 16

o
C 

 16
o
C to 34

o
C 

 34
o
C to 100

o
C 

0, 16, 34, 100 

 

Parent Node 

4.  Climate 

suitability 

Discrete  Low 

 High 

 Intermediate Node: air 

temperature and 

average rainfall 

 

5.  Agriculture 

 

Discrete  Agriculture dense 

 Agriculture sparse 

 Waterbody 

 Parent Node 

6.  Vector habitat 

suitability 

Discrete  Unsuitable 

 Suitable 

 Intermediate Node 

(Agriculture, micro-

habitat changes) 

 Exposure Continuous   Low 

 Medium 

 High 

0, 0.3, 1, 2 Child Node (climate 

suitability and vector 

habitat suitability) 

10.4.2. Hazard module 

Four variables were included in the hazard module of the final baseline BBN model 

constructed for each study site. The variables, variable type, states and node type are as listed 

in Table 10.24: 
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Table 10.24 Variables included in the hazard module of the baseline BBN model and their associated states 

N
o
 Variable Variable Type States Node Type 

1.  Malaria 

prevalence 

Discrete  Low  

 High  

Parent Node 

 

2.  Vector adaptive 

behaviour 

Discrete  Normal biting 

 Early biting 

Parent Node 

3.  Climate 

suitability 

Discrete  Low 

 High 

Parent Node 

4.  Hazard Discrete  Low 

 High 

Child Node (malaria prevalence, vector 

adaptive behaviour and climate suitability) 

10.4.3. Vulnerability module 

10.4.3.1. Biological susceptibility 

Six variables inclusive of intermediate nodes were included in the biological susceptibility 

part (vulnerability module) of the final baseline BBN model built for each study site. The 

variables, variable type, states and node type are as listed in Table 10.25. 

Table 10.25 Variables included in the biological susceptibility part of the vulnerability module of the baseline BBN 

model and their associated states 

N
o
 Variable Variable Type States Node Type 

1.  Population by age 

group 

Discrete  Zero to four years 

 Five years and 

above 

Parent Node 

2.  Malaria exposure Discrete  Intermittent 

 Consistent 

Parent Node 

3.  Pregnancy rate Discrete  Not pregnant 

 Pregnant 

Parent Node 

4.  Age-related 

susceptibility 

Discrete  Low 

 High 

Intermediate Node (population by age 

group and malaria exposure) 

5.  Pregnancy related 

immune status 

Discrete  No added risk 

 Added risk 

Intermediate Node (pregnancy rate and 

malaria exposure) 

6.  Biological 

susceptibility 

Discrete  Low 

 High 

Child Node (age related susceptibility 

and pregnancy related immune status) 

10.4.3.2. Generic susceptibility 

Five variables were included in the generic susceptibility part (vulnerability module) of the 

final baseline BBN model constructed for each study site. The variables, variable type, states 

and node type are as listed in Table 10.26 

Table 10.26 Variables included in the generic susceptibility part of the vulnerability module of the baseline BBN 

model and their associated states  

N
o
 Variable Variable Type States Node Type 

1.  Perception Discrete  CC or malaria 

knowledge 

 Limited or no 

Parent Node 
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knowledge 

2.  Gender  Discrete  Female 

 Male 

Parent Node 

3.  Religious beliefs Discrete  Not religious 

 religious 

Parent Node 

4.  Household head 

education 

Discrete  Low 

 High 

Parent Node 

5.  Generic 

susceptibility 

Discrete  Low 

 High 

Child Node (perception, gender, 

religious beliefs, household head 

education) 

10.4.3.3. Community coping 

Seven variables were included in the community coping part (vulnerability module) of the 

final baseline BBN model built for each study site. The variables, variable type, states and 

node type are as listed in Table 10.27: 

Table 10.27 Variables included in the community coping part of the vulnerability module of the baseline BBN model 

and their associated states 

N
o
 Variable Variable Type States Node Type 

1.  Health-seeking 

behaviour 

Discrete  Treatment at facility 

 Self-medication 

 Traditional remedy 

Parent Node 

2.  Malaria treatment Discrete  Ineffective 

 Effective 

Intermediate Node (health-seeking 

behaviour) 

3.  Environmental 

controls 

Discrete  Bush clearing 

 Waste management 

Parent Node 

4.  Mosquito bed net 

use 

Discrete  Not used 

 Used  

Parent Node 

5.  Malaria 

prevention 

Discrete  Ineffective 

 Effective 

Intermediate Node (environmental 

controls, mosquito bed net use) 

6.  Information 

utility 

Discrete  No  

 Yes  

Parent Node 

7.  Community 

coping 

Discrete  Low 

 High 

Child Node 

10.4.3.4. Institutional Coping 

Fifteen variables were included in the community coping part (vulnerability module) of the 

final baseline BBN model constructed for each study site. The variables, variable type, states 

and node type are as listed in Table 10.28: 

Table 10.28 Variables included in the institutional coping part of the vulnerability module of the baseline BBN model 

and their associated states 

N
o
 Variable Variable Type  States Node Type 

1.  Community 

health worker 

program 

Discrete  Not widespread 

 Widespread  

Parent Node 

2.  Health education Discrete  No 

 Yes 

Parent Node 



RISK OF MALARIA INFECTION UNDER CLIMATE AND LAND USE ACTIVITY IN EAST AFRICA 

 

222 

 

3.  Research activity Discrete  Low 

 High 

Parent Node 

4.  Malaria 

information 

Discrete  Not adequate 

 Adequate 

Intermediate Node (community 

health worker program, health 

education and research activity 

5.  Weather and 

climate 

information 

Discrete  Not adequate 

 Adequate 

Intermediate Node (research activity) 

6.  Quality of 

information 

Discrete  Low 

 High 

Child Node (malaria information, 

weather and climate information and 

information utility) 

7.  Number of 

facilities 

Discrete  Inadequate 

 Adequate 

Parent Node 

8.  Trained health 

personnel 

Discrete  No 

 Yes 

Parent Node 

9.  Availability of 

commodities 

Discrete  Not available 

 Available 

Parent Node 

10.  Efficiency of 

health facilities 

Discrete  Inefficient 

 Efficient 

Parent Node 

11.  Quality of health 

systems 

Discrete  Low 

 High 

Child Node (no. of facilities, trained 

health personnel, availability of 

commodities and efficiency of health 

facilities) 

12.  Indoor residual 

spraying 

Discrete  No 

 Yes 

Parent Node 

13.  Bed net 

distribution 

Discrete  None 

 Mosquito net 

Parent Node 

14.  Malaria control Discrete  Inefficient 

 Efficient 

Intermediate Node (indoor residual 

spraying and bed net distribution) 

15.  Institutional 

coping 

Discrete  Low 

 High 

Child Node (quality of information, 

quality of health systems, malaria 

vector control) 

 Vulnerability Continuous  Low 

 Medium 

 High 

Child Node (susceptibility and 

coping capacity) 

10.4.4. Study site specific variables and their states 

Once the baseline BBN models had been constructed, study site specific variables were 

included in the model, states and CPTs for the lowland and the highland study site were 

created according to Tables 10.29 and 10.30 respectively. 

Table 10.29 Lowland study site-specific variables and their associated states and node type 

Generic Susceptibility 

N
o
 Variable Variable Type States Node Type 

1.  Social capital Discrete  Low 

 High 

Parent Node 

Community Coping 

2.  Change clothes Discrete  No 

 Yes  

Parent Node 

3.  Closing windows Discrete  No 

 Yes 

Parent Node 
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Table 10.30 Highland study site-specific variables and their associated states and node type 

Exposure 

N
o
 Variable Variable Type  States Node Type 

1.  Soil erosion Discrete  Yes 

 No 

Parent Node 

2.  Destructive land 

use 

Discrete  Sand quarrying 

 Stone quarrying 

 Gold mining 

Parent Node 

3.  Tree harvesting Discrete  Yes 

 No 

Parent Node 

4.  Micro-habitat 

Changes 

Discrete  Low 

 High 

Child Node (Soil 

erosion, destructive 

land use, tree 

harvesting) 

10.5. Risk of Malaria Infection under Current Climate Conditions  

The BBN models were used to predict the risk of malaria infection under current climate 

conditions, exposure, hazard and vulnerability. Thirty years (1982 to 2011) time series data of 

average monthly temperature and rainfall data were used to assess the current baseline risk of 

malaria. 

10.5.1. Lowland study site  

Current climate conditions for the lowland area are very suitable for malaria transmission, at 

least 96.5% probability (Figure 10.76). There are also local land use activities creating 60.9% 

probability of suitable habitat conditions for the vector. Under these two influences there was 

a 58.8% high probability of exposure. The high climate suitability in addition to the current 

malaria prevalence leads to 54.2% probability of high hazard. The high exposure and hazard 

is mitigated by the 47.7% (medium) probability. Vulnerability is a combination of the high 

(51.7% probability) susceptibility and low (66.1% probability) coping capacity. The three 

main measures of risk - hazard, exposure and vulnerability their related parent and 

intermediate nodes - contributed to risk of malaria infection, which was relatively low (61.5% 

probability) under current climate change conditions.   

If the impact of exposure and hazard without vulnerability are considered, then there is a 

47.41% rise in the probability of risk of infection (Figure 10.77), resulting in a 53.5% 

probability of infection under current climate change conditions. 
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Figure 10.76 Bayesian belief network of main variables influencing risk of malaria infection under current climate conditions for the lowland study site 
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Figure 10.77 Bayesian belief network of exposure variables, hazard variables and their influence on risk of malaria infection under current climate conditions for the lowland study 

site

Exposure

Low
Medium
High

1.38
39.8
58.8

0.701 ± 0.21

Vector Habitat Suitability

Unsuitable
Suitable

39.1
60.9

Climate Suitability

Low
High

3.52
96.5

Climate Change

Current Climatic Conditions
Three Degree Plus  World

 100
   0

1 ± 0.58

Monthly Precipitation

0 to 150
150 to 9999

73.9
26.1

1380 ± 2600

Air Temperature

0 to 16
16 to 34
34 to 100

1.67
98.3

   0

24.7 ± 5.6

Risk of Malaria Infection for a Community

Low
Medium
High

19.3
27.1
53.7

0.858 ± 0.55

Hazard

Low
High

45.8
54.2

Vector Adaptive Behaviour

Normal Biting
Early Biting

60.0
40.0

Agriculture

Waterbody
Agriculture dense
Agriculture sparse

43.0
55.0
2.00

Malaria Prevalence

Low
High

73.0
27.0



RISK OF MALARIA INFECTION UNDER CLIMATE AND LAND USE ACTIVITY IN EAST AFRICA 

 

226 

 

10.5.2. Highland study site 

Climate suitability for malaria transmission in the highland site is about medium, 52.1% low 

probability and 47.9% high probability and hazard is low, 61.0% probability (Figure 10.78). 

On the other hand, vector habitat suitability is high at 83% probability while the vulnerability 

level is low to medium 45% to 47% probability. Vulnerability is due to medium susceptibility 

(37% medium probability) and medium coping capacity 36.3% (probability). The three main 

measures of risk - hazard, exposure and vulnerability their related parent and intermediate 

nodes - contributed to a risk of malaria infection of a relatively low 55.8% probability under 

current climate change conditions. When the influence of exposure and hazard without 

vulnerability is considered, the probability of risk of malaria infection is 36.2% representing a 

23.2% increase in probability (Figure 10.79). 
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Figure 10.78 Bayesian belief network of primary variables influencing risk of malaria infection under current climate conditions for the highland study site 
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Figure 10.79 Bayesian belief network of exposure variables and hazard variables influencing risk of malaria infection under current climate conditions for the highland study site 
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10.6. Risk of Malaria Infection under Future Climate Change Scenario 

The BBN models were used to predict the risk of malaria infection under a worst-case 

scenario of a 3°C plus world, extensive land use change (100% vector habitat suitability), 

assuming increased incidences of El Nino events. Climate change projections up to the year 

2070, under the representative concentration pathway (RCP) 8.5 (worst case climate change 

scenario) downscaled to the study area were used. 

10.6.1. Lowland study site 

When the model is set to future climate conditions of 3°C plus world, the change in risk of 

malaria infection for the lowland study site only rises by 0.13% probability under high risk 

(Figure 10.80). The same applies to the values under hazard or climate suitability, which do 

not even register a 1% difference. When a predictive inference for 100% vector habitat 

suitability is set under future climate change scenario, then there is a 4.21% rise in risk under 

high probability and exposure increases to 98.5% high probability compared to 58.8% high 

probability under current climate conditions and 60% high probability under future climate 

change scenario without the influence of habitat change (Figure 10.81).
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Figure 10.80 Bayesian belief network of main variables influencing risk of malaria infection under future climate change scenario for the lowland study site 
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Figure 10.81 Bayesian belief network of primary variables influencing risk of malaria infection under future climate change scenario and high vector habitat suitability for the 

lowland study site 
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10.6.2. Highland study site 

Under future climate change scenario of 3°C plus world for the highland study site, there was 

an increase in probability of risk from 13% to 19.8% under high state (Figure 10.82). 

Exposure increased to 62.1% high probability from 40.1% and hazard registered increased to 

41.9% high probability from 39%. When the model is run under future climate change 

scenario with a predictive inference of 100% habitat suitability, there is a further increase in 

probability of risk of malaria infection to 23.5% high state (Figure 10.83). 
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Figure 10.82 Bayesian belief network of primary variables influencing risk of malaria infection under future climate change scenario for the highland study site 
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Figure 10.83 Bayesian belief network of primary variables influencing risk of malaria infection under future climate change scenario and high vector habitat suitability for the 

highland study site
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10.7. Summary of Exposure and Hazard Variables Influencing Risk of Malaria 

Infection under Current and Future Climate Conditions 

A summary of exposure and hazard variables influencing risk of malaria infection for both 

study sites is detailed in Table 10.31. There are no values recorded for vulnerability as this 

was used (in conjunction with the sensitivity analysis) to identify points of intervention under 

future climate conditions. The table reveals changes across all scenario measures, i.e. 

exposure, climate suitability and habitat suitability. The highland study site had a higher 

percentage increase compared to the lowland study site. Risk of malaria infection increased 

by an average of 8.5% on the highland site compared to 2.64% for the lowland site.  

Table 10.31 Summary of variables influencing risk of malaria infection under current and future climate conditions 

for both study sites 

Nodes  States  Scenarios  

  Lowland % 

Change 

Highland % 

Change 

  Current Future  Current Future  

Risk of malaria infection        

 Low 61.5 52.6 8.9 55.8 43.2 12.6 

 Medium 32.2 36.8 4.6 31.2 33.3 2.1 

 High 6.29 10.5 4.21 13.0 23.5 10.5 

Exposure        

 Low 1.38 0 1.38 8.48 0 8.48 

 Medium 39.8 1.52 38.28 51.4 25.8 25.6 

 High 58.8 98.5 39.7 40.1 74.2 34.1 

Climate suitability        

 Low 3.52 1.52 2 52.1 25.8 26.3 

 High 96.5 98.5 2 47.9 74.2 26.3 

Habitat suitability        

 Unsuitable 39.1 0 39.1 16.3 0 16.3 

 Suitable 60.9 100 39.1 83.7 100 16.3 

Hazard Low 45.8 45.5 0.3 61.0 58.1 2.9 

 High 54.2 54.5 0.3 39.0 41.9 2.9 

10.8. Sensitivity Analysis 

It is important to consider the hierarchy of the modelled network when conducting the 

sensitivity analysis. Nodes that are more distant from the target node will have less weight 

than nodes that are closer to the target node. The key is in identifying the nodes that overlap 

the hierarchy, i.e. those nodes that are further from the target node, but bear more influence 

when a sensitivity analysis of the target node is run. Identifying these nodes can reveal 

possible intervention points in the model. The results of the sensitivity analysis also calculate 

the expected reduction in variance of expected real value of the target node due to a finding at 

another node, also known as variance reduction for continuous variables or mutual 
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information for discrete variables. The higher the percent variance reduction, the more 

influential the variable is on the target node. Knowing which variables are more influential is 

useful for decision-makers to select which interventions would be most effective.  

The results of the first 20 variables influencing risk of malaria infection under current climate 

conditions and future climate change and habitat suitability scenario are listed in Table 10.9 

for the lowland study site and in Table 10.10 for the highland study site. The reader is 

referred to Chapter 9.9 for the objectives of the sensitivity analysis.  

Sensitivity analysis revealed that the first five influential variables were consistent under 

current conditions and future scenario (Table 10.32), i.e. their estimated probabilities varied 

only slightly. These were, in descending order vulnerability; susceptibility; generic 

susceptibility; biological susceptibility; and exposure. The single most influential variable 

was agriculture under current climate conditions and perception under future scenario. 

Climate and climate change variables did not solely seem to greatly influence the risk of 

infection. Under current conditions, air temperature ranked 14th with a variance reduction of 

only 0.26% and rainfall was not listed in the top 20 influencing variables, suggesting its 

influence on the system was less than 0.1% probability.  

Table 10.32 Sensitivity of the node “Risk of Malaria Infection for a Community” to findings at another node under 

current climate conditions and future climate and habitat suitability scenario for the lowland study site 

 Current Climate Conditions Future Climate Change and 

Habitat Scenario 

Node Rank Percent 

Variance 

Reduction 

Rank Percent 

Variance 

Reduction 

Risk of Malaria Infection 1.  100 1. 100 

Vulnerability 2.  46.3 2. 58.1 

Susceptibility 3.  22.5 3. 29.6 

Generic Susceptibility 4.  11.4 4. 14.8 

Biological Susceptibility 5.  7.01 5. 9.27 

Exposure 6.  6.27 10. 0.27 

Vector Habitat Suitability 7.  5.66  0 

Coping Capacity 8.  3.1 6. 3.76 

Agriculture 9.  2.46  0 

Institutional Coping 10.  0.91 7. 1.09 

Community Coping 11.  0.78 8. 0.94 

Climate Suitability 12.  0.58 11. 0.27 

Perception 13.  0.38 9. 0.49 

Air Temperature 14.  0.26  0 

Social Capital 15.  0.18 12. 0.23 

Age Related Susceptibility 16.  0.10 13. 0.13 

Quality of Information 17.  0.1 14. 0.12 

Malaria Control 18.  0.08 15. 0.1 

Information Utility 19.  0.08 19. 0.09 

Gender 20.  0.08 18. 0.10 
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There is more variation in the influencing variables for the highland site under current climate 

conditions compared to future scenario (Table 10.33). Vulnerability was still the most 

influential variable under both current conditions and future scenario. Exposure, which was a 

strong influencing variable under current conditions (variance reduction, 19.6%) was not as 

influential under future scenario (variance reduction, 9.49%). The top five most influential 

variables, under future scenario in descending order were: vulnerability; susceptibility; 

generic susceptibility; biological susceptibility; and exposure. Other variables with greater 

than 1% influence on risk of malaria infection were climate suitability (9.49%), age-related 

susceptibility (6.36%), coping capacity (3.27%) and institutional coping (1.07%). 

Table 10.33 Sensitivity of the node “Risk of Malaria Infection for a Community” to findings at another node under 

current climate conditions and future climate and habitat suitability scenario for the highland study site 

 Current Climate 

Conditions 

Future Climate and 

Habitat Scenario 

Node Rank Percent 

Variance 

Reduction 

Rank Percent 

Variance 

Reduction 

Risk of  Malaria Infection 1.  100 1 100 

Vulnerability 2.  29.8 2 43 

Exposure 3.  19.6 6 9.49 

Susceptibility 4.  18.9 3 27.4 

Climate Suitability 5.  14.2 7 9.49 

Generic Susceptibility 6.  8.16 4. 11.8 

Biological Susceptibility 7.  7.27 5 10.6 

Air Temperature 8.  6.99  0 

Vector Habitat Suitability 9.  4.52  0 

Age Related Susceptibility 10.  4.35 8 6.36 

Coping Capacity 11.  2.36 9. 3.27 

Micro-Habitat Changes 12.  0.87  0 

Institutional Coping 13.  0.776 10 1.07 

Community Coping 14.  0.628 11 0.87 

Monthly Precipitation 15.  0.57 13 0.43 

Pregnancy Related Immune Status 16.  0.46 12 0.67 

Population by Age Group 17.  0.247 14 0.36 

Perception 18.  0.21 15. 0.30 

Hazard 19.  0.177  0.09 

Malaria Exposure 20.  0.127 16 0.19 

In summary, the biggest percentage change in risk of malaria infection is observed in the 

highland study site while in the lowland study site risk level for malaria infection does not 

vary much. Therefore, when considering suitable adaptation options, the focus was placed on 

the highland study site, based on the results of the future risk scenarios and the sensitivity 

analysis. The following sections (9 and 10) will discuss some potentially suitable adaptation 

pathways. 



RISK OF MALARIA INFECTION UNDER CLIMATE AND LAND USE ACTIVITY IN EAST AFRICA 

 

238 

 

10.9. Suitable Adaptation Pathways under Future Climate Change Scenario for the 

Highland Study Site 

The BBN model results including the sensitivity analyses can be used to examine possible 

policy interventions that could help manage current and projected risks. The robustness of 

different policy options therefore can be tested using BBNs under a range of different 

scenarios and uncertainties.  

10.9.1. Vulnerability 

Vulnerability was the most influential variable under current conditions and future scenario 

(section 10.8, Table 10.32). Vulnerability was modelled here as a function of susceptibility 

(biological and generic) and coping capacity (community and institutional) Figure 10.84).

 

Figure 10.84 Bayesian belief network of main variables influencing vulnerability under future climate change and 

habitat suitability scenario for the highland study site. 

A sensitivity analysis identified influencing variables in descending order as: susceptibility; 

generic susceptibility; biological susceptibility; age-related susceptibility; coping capacity; 

institutional coping; community coping; and pregnancy related immune status (Table 10.34). 
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Table 10.34 Sensitivity of vulnerability to findings at another node under future climate and habitat suitability 

scenario for the highland study site 

Node Variance Reduction Percent 

Vulnerability 0.05827 100 

Susceptibility 0.02916 50 

Generic Susceptibility 0.0129 22.1 

Biological Susceptibility 0.0111 19 

Age Related Susceptibility 0.006646 11.4 

Coping Capacity 0.004208 7.22 

Institutional Coping 0.001413 2.42 

Community Coping 0.001139 1.95 

Pregnancy Related Immune Status 0.0007017 1.2 

The feasibility of adaptation options is important when suggesting suitable points for 

interventions. In this instance, the most logical areas of interventions would be on generic 

susceptibility and coping capacity (community and institutional). This is because biological 

susceptibility, which is dependent on age and pregnancy immunity, cannot be realistically 

changed. 

10.9.1.1. Generic susceptibility 

By focusing on generic susceptibility as the target node, the most influential variables and 

most feasible for intervention are perception and health-seeking behaviour (Table 10.35).  

Table 10.35 Sensitivity of the variable generic susceptibility to findings at another node under future climate and 

habitat suitability scenario for the highland study site 

Node Mutual Info Percent Beliefs 

Perception 0.01871 1.87 

Gender 0.00533 0.53 

Health-Seeking Behaviour 0.00237 0.24 

Malaria Treatment 0.00066 0.07 

Religious Beliefs 0.00028 0.03 

Household Head Education 0.00001 0.001 

An intervention on perception would be an increase in climate change or malaria knowledge, 

while an intervention on health-seeking behaviour would be encouraging the community to 

access malaria treatment at a facility as opposed to self-medication or using traditional 

medicines. When a predictive inference (100% positive) is run to increase in climate change 

and malaria knowledge and encourage treatment at facility, the probability of risk of malaria 

infection is reduced by 2.4% and 1.4%. A predictive inference to increase knowledge and 

encourage treatment at facility had the greatest reduction in probability of risk of malaria 

infection by 4.1% (Table 10.36): 
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Table 10.36 Changes in the variables generic susceptibility, susceptibility, vulnerability and risk of malaria infection 

when a positive predictive inference of 100% is run for different interventions under future climate and habitat 

suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Increase CC or 

malaria 

knowledge (%) 

Encourage 

treatment at 

facility (%) 

Increase knowledge 

+ treatment at 

facility 

Generic Susceptibility 52.0 42.1 49.1 37.9 

Susceptibility 35.7 29.0 33.7 26.1 

Vulnerability 7.93 6.47 6.71 5.20 

Risk of malaria infection 23.5 21.1 22.1 19.4 

10.9.1.2. Coping capacity 

Focus on coping capacity as the target node reveals the most influential institutional coping 

variables are quality of information and malaria control and the most influential community 

coping variables are information utility, malaria treatment and malaria prevention, in 

descending order (Table 10.37). 

Table 10.37 Sensitivity of the variable coping capacity to findings at another node under future climate and habitat 

suitability scenario for the highland study site 

Node Variance Reduction Percent 

Quality of Information 0.005456 6.32 

Information Utility 0.003922 4.54 

Malaria Control 0.003663 4.24 

Malaria Treatment 0.002326 2.69 

Malaria Prevention 0.002292 2.66 

Interventions can be made for any of these variables, by increasing the quality of information, 

encouraging utility of this information by the community, improving on malaria control and 

ensuring effective malaria treatment and prevention by the community. When a 100% 

positive predictive inference is run to increase quality of information and improve efficiency 

of malaria control the probability of risk of malaria infection is reduced by 1.5% and 1% 

respectively (Table 10.38). 

Table 10.38 Changes in the variables community coping, institutional coping, coping capacity, vulnerability and risk 

of malaria infection when a positive predictive inference of 100% is run for institutional coping interventions under 

future climate and habitat suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Increase 

quality of 

information 

Improve efficiency 

of malaria control 

Community coping 53.6 57.5 NC 

Institutional coping 48.3 63.7 51.0 

Coping capacity 26.7 36.6 33.6 

Vulnerability 7.93 6.16 6.75 

Risk of malaria infection 23.5 22.0 22.5 
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When predictive inferences (100% positive) are run to encourage utility of information, 

effective malaria treatment and effective malaria prevention, the probability of risk of malaria 

infection is reduced by 1.8%, 1.2% and 0.6% respectively (Table 10.39). 

Table 10.39 Changes in the variables community coping, institutional coping, coping capacity, vulnerability and risk 

of malaria infection when a positive predictive inference of 100% is run for community coping interventions under 

future climate and habitat suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Encourage 

utility of 

information 

100% effective 

malaria treatment 

100% effective 

malaria prevention 

Community coping 53.6 71.6 66.4 63.0 

Institutional coping 48.3 55.4 NC NC 

Coping capacity 26.7 39.5 32.7 31.2 

Vulnerability 7.93 5.82 6.68 7.17 

Risk of malaria infection 23.5 21.7 22.3 22.9 

 

A combination of predictive inferences (100% positive) at all intervention points revealed 

that the highest reduction in probability of risk of malaria infection (3.7%) was through 

improving the quality and utility of information and increasing malaria control while the least 

effective was by targeting malaria treatment and prevention, which resulted in 1.9% 

probability of risk reduction (Table 10.40 and Table 10.41). 

Table 10.40 Changes in the variables community coping, institutional coping, coping capacity, vulnerability and risk 

of malaria infection when a positive predictive inference of 100% is run for coping capacity interventions under 

future climate and habitat suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Quality + 

utility of 

info (%) 

Quality info 

+ efficient 

malaria 

control (%) 

Utility of info 

+ efficient 

malaria 

control (%) 

Quality + 

utility + 

malaria 

control 

(%) 

Malaria 

treatment 

+ malaria 

prevention 

Community coping 53.6 71.6 57.5 71.6 71.6 77.0 

Institutional coping 48.3 63.7 82.3 70.7 82.3 NC 

Coping capacity 26.7 45.4 47.1 50.4 58.5 37.6 

Vulnerability 7.93 5.09 4.44 4.47 3.46 5.84 

Risk of malaria 

infection 

23.5 21.2 20.6 20.7 19.8 21.6 

Table 10.41 Changes in the variables community coping, institutional coping, coping capacity, vulnerability and risk 

of malaria infection when a positive predictive inference of 100% is run for coping capacity interventions under 

future climate and habitat suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Malaria 

treatment + 

malaria 

prevention 

Malaria 

treatment, 

prevention + 

quality of info 

Malaria 

treatment, 

prevention + 

efficient control 

Malaria 

treatment, 

prevention + 

utility of info 

Community coping 53.6 77.0 79.8 77.0 90.0 

Institutional coping 48.3 NC 63.7 61.0 55.4 

Coping capacity 26.7 37.6 50.6 47.4 49.6 

Vulnerability 7.93 5.84 4.33 4.79 4.24 

Risk of malaria infection 23.5 21.6 20.3 20.7 20.2 
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Targeting improvement in quality and utility of information and at the same time increasing 

climate change and malaria knowledge (100% predictive inferences) reduced the probability 

of risk of malaria infection by 4.6% (Table 10.42). 

Table 10.42 Changes in combination of generic susceptibility and community coping variables when a predictive 

inference of 100% is run under future climate and habitat suitability scenario compared to the baseline level for the 

highland study site 

 Baseline 

(%) 

Malaria treatment + malaria 

prevention+ efficient malaria 

control (%) 

Quality info + Utility of info + 

Increase CC or malaria 

knowledge (%) 

Generic Susceptibility 52.0 50.7 42.1 

Susceptibility 35.7 34.8 29.0 

Community coping 53.6 77.0 71.6 

Institutional coping 48.3 61.0 63.7 

Coping capacity 26.7 47.4 45.4 

Vulnerability 7.93 4.79 4.15 

Risk of malaria infection 23.5 20.7 18.9 

10.9.2. Exposure 

Based on the results of the sensitivity analysis (section 10.8, Table 10.32), the next logical 

area of intervention under future climate and habitat suitability scenario was exposure. 

Exposure is constituent of vector habitat suitability and climate suitability. As there is not 

much that can be changed about climate suitability in this context, the emphasis therefore was 

on interventions with respect to vector habitat suitability, which was a constituent of micro-

habitat changes and agriculture (Figure 10.85). 



RISK OF MALARIA INFECTION UNDER CLIMATE AND LAND USE ACTIVITY IN EAST AFRICA 

 

243 

 

 

Figure 10.85 Bayesian belief network of variables influencing exposure under future climate change and habitat 

suitability scenario for the highland study site 

A sensitivity analysis identified the most influencing variables in descending order as: 

monthly precipitation; tree harvesting; soil erosion; agriculture; and destructive land use 

(Table 10.43). 

Table 10.43 Sensitivity of the node exposure to findings at another node under future climate change scenario for the 

highland study site 

Node Variance Reduction Percent 

Exposure 0.2682 100 

Monthly Precipitation 0.00546 2.04 

Tree Harvesting 0.001805 0.67 

Soil Erosion 0.0006386 0.24 

Agriculture 0.0004801 0.18 

Destructive Land Use 0.0001073 0.04 
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The logical areas for intervention would be with tree harvesting and soil erosion or by 

encouraging sustainable land use. Targeting these interventions yielded a reduction in 

probability of risk of malaria infection by 2%, 0.6% and 2.5% respectively for reducing tree 

harvesting, reducing soil erosion and a combination of the two (Table 10.44). 

Table 10.44 Changes in the variables community coping, institutional coping, coping capacity, vulnerability and risk 

of malaria infection when a positive predictive inference of 100% is run for community coping interventions under 

future climate and habitat suitability scenario compared to the baseline level for the highland study site 

 Baseline 

(%) 

Reduce tree 

harvesting 

Reduce 

soil erosion 

Reduce tree 

harvesting and 

soil erosion 

Micro-habitat changes 74.2 44 61.5 37.0 

Vector habitat suitability 83.7 75.2 81.3 72.7 

Exposure 62.1 55.8 60.3 53.9 

Risk of malaria infection 19.8 17.8 19.2 17.3 

10.10. Testing Suitable Risk Reduction Options under Best Case Scenario of Low 

Exposure and Low Vulnerability 

10.10.1. Exposure 

Ideal conditions for low exposure (100% predictive inference) are average monthly 

precipitation under 150mm, temperature suitability of 0°C to 16°C and low micro-habitat 

changes (Figure 10.86). 

 

Figure 10.86 Changes in variables influencing exposure under 100% predictive inference of low probability for the 

highland study site 
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10.10.2. Vulnerability 

Ideal conditions for low vulnerability (100% predictive inference) are low susceptibility 

(60.7% probability) and medium coping capacity (42.9% probability) (Figure 10.87). 

 

Figure 10.87 Changes in variables influencing vulnerability under 100% predictive inference of low probability for 

the highland study site 

10.10.3. Generic susceptibility 

For this scenario, the conditions for generic susceptibility are 48.3% probability of climate 

change and malaria knowledge and 16.7% probability of secondary education or higher 

(Figure 10.88). 

 

Figure 10.88 Changes in variables influencing generic susceptibility under 100% predictive inference of low 

probability for the highland study site 
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10.10.4. Community coping 

At 100% high predictive inference for community coping, the following conditions are 

suitable: 50.5% probability of treatment at facility, 83.6% probability of bush clearing and 

88.2% use of mosquito bed nets (Figure 10.89). 

 

Figure 10.89 Changes in variables influencing community coping under 100% predictive inference of low probability 

for the highland study site 

10.10.5. Institutional coping 

The following conditions must be satisfied for high institutional coping (100%) predictive 

inference: 78.5% probability of efficient malaria control, 71.2% high quality health systems 

and 70.1% probability of high quality information (Figure 10.90). 

 

Figure 10.90 Changes in variables influencing institutional coping under 100% predictive inference of low probability 

for the highland study site 
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Conclusion 

This chapter presented the results of the BBN models and associated sensitivity and scenario 

analyses which drew upon and integrated the various sources of data and information 

generated from the outcomes of the research documented in Chapters 5 to 8. The final 

Bayesian belief network models for both study sites were illustrated and details presented on 

the key variables influencing risk of malaria at a community level. The results suggest that 

risk of malaria will change under future climate change particularly in the highland study site. 

This risk, however, can be mitigated through various community and institutional based 

policy interventions. In summary, the adaptation interventions which the model results 

suggested would yield the biggest reduction were a combination of interventions aimed at the 

variables of generic susceptibility, community coping and institutional coping rather than 

interventions at singular variables. The next chapter discusses in detail the results of the 

model outputs in the context of findings from related published research and suggests 

recommendations for malaria risk management in the context of climate change and habitat 

change. 
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CHAPTER 11: IMPLICATIONS FOR CLIMATE CHANGE AND 

MALARIA RISK ADAPTATION POLICY AT THE COMMUNITY LEVEL 

 

11.1. Introduction 

The previous chapter provided detailed results of the data integration and analysis using 

the Bayesian belief network models for the two study sites. This chapter discusses these 

finding, potential adaptation options for managing risk and the implications for climate 

change and malaria risk adaptation policy and practice at the community level. This 

chapter answers research focus question five: What are the potential adaptation options 

for managing risk of malaria infection at the community level in the context of climate 

change and land use in East Africa?” The objectives of this question were to: i) Identify 

possible adaptation options based on local knowledge, community practices and 

scientific information and ii) provide suggestions for climate change and malaria risk 

policy and practice at the community level. The chapter begins with a summary in 

Sections 11.2 and 11.3 of the main results   considered in the context of previously 

published findings. Sections 11.4 to 11.6 discuss the contributions of this research to the 

field of study in terms of methodology, the identification of specific adaptation 

strategies and the implications for future public policy options.  

11.2. Summary of Main Findings 

This study analysed the risk of malaria infection for communities in two case study 

locations - a highland site and a lowland site - in East Africa under future climate 

change and habitat suitability scenario.  This risk however, is also influenced by 

community activities at the local level, which significantly mitigate the influence of 

climate on malaria. Based on the results of sensitivity analyses, intervention points for 

community based adaptation were identified. 

The objectives of the Bayesian belief network BBN modelling were to:  

e) Assess the current baseline malaria risk in a community as a function of 

biophysical and socio-economic factors selected from a literature review of 

previous studies; 
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f) Analyse how risk of malaria in a community may change under future climate 

change and land use scenarios in a highland and lowland community in East 

Africa;  

g) Estimate the relative significance or leverage of driving variables by conducting 

a sensitivity analysis; 

h) Identify potential adaptation options for managing risk of malaria infection at 

the community level and in the context of climate change and land use in East 

Africa. 

A discussion of the results around these objectives is presented in sections 11.2.1 to 

section 11.2.4. The reader is referred to Chapter 10.5.1 for the BBN model output of 

hazard, exposure, vulnerability and risk of malaria infection under current climate 

conditions for the lowland study site and to Chapter 10.5.2 for the highland study site 

results. The reader is additionally referred to Chapter 10.6.1 for the BBN model output 

of hazard, exposure, vulnerability and risk of malaria infection under future climate and 

habitat suitability scenario for the lowland study site and Chapter 10.6.2 for the 

highland study site.  

11.2.1. Hazard 

Hazard was a constituent measure of malaria prevalence and changes in vector 

behaviour, which collectively was influenced by climate suitability. The modelled 

hazard probability under current climate conditions for both the lowland study site and 

the highland study site was consistent with the empirical evidence. The lowland site, as 

previously explained (Chapter 4.8.3) is in Siaya County, which is classified as malaria-

endemic and has the highest malaria prevalence rates in the Country. The highland 

study area on the other hand is classified as mixed; some areas are malaria endemic 

while some areas are malaria-epidemic and malaria prevalence is lower (Chapter 4.8.2).  

Under future climate change, hazard conditions for the lowland study site do not change 

by much, whereas for the highland study site there is a slight increase in probability of 

2.9%. While this level of increase may seem insignificant, it is important to remember 

that the Anopheles mosquito, like any other disease vector, is sensitive to even 

apparently minor changes in climate conditions as the biological responses to changes 

in temperature and rainfall are non-linear. Therefore, a relatively marginal projected 

increase under future climate may translate into a significant increase in mosquito 
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abundance and malaria incidence. Several studies have documented the increase in 

malaria hazard due to changes in climate especially in East Africa (Caminade et al., 

2014; Gething et al., 2010; Leedale et al., 2016; Paaijmans et al., 2010; Pascual et al., 

2006; Peterson, 2009; Ryan et al., 2015). The evidence is clear on the sensitivity of the 

risk of malaria due to changes in climate. This risk is particularly magnified in 

epidemic-prone regions, which lie at the fringes of endemic areas. This study identified 

additional risk factors that may be responsible for increase in malaria hazard, notably, 

changes in the biting behaviour of the mosquito. Typically, a dusk to dawn biter, the 

mosquito is now reportedly biting earlier in the evening, which may be connected to the 

use of long lasting insecticide-treated bed nets (LLINs) at night (Moiroux et al., 2012, 

2014). These observations were made during one of the expert interviews and also 

confirmed through the FGDs with the community. There are of course several mosquito 

species, some of which are daytime biters, therefore it cannot be confirmed if these are 

Anopheles mosquitoes that are biting early before individuals are asleep. Biting 

behaviour in connection to persistently high malaria prevalence rates in a region in 

western Kenya was investigated by Bayoh et al. (2014) and they found no evidence to 

support the contention that Anopheles mosquitoes were biting earlier. However, in 

another study by Cooke et al., (2015), two malaria vector species, Anopheles funestus 

and Anopheles arabiensis were found to be active and biting at least two and a half 

hours before the average bedtime for residents in a highland community of Western 

Kenya. These findings were further confirmed by Wamae et al. (2015) who found that 

approximately 16% of the population of Anopheles gambiae studied were biting indoors 

between 6pm and 9pm with the highest levels occurring during the peak rainy season in 

May and June. Other studies in Africa have also associated changes in mosquito biting 

behaviour with long-term use of LLINs and other insecticide based interventions 

(Geissbühler et al., 2007; Moiroux et al., 2012, 2014; Yohannes & Boelee, 2012). 

There are also other environmental factors that contribute to malaria hazard in rural 

communities such as poor sanitation, inadequate waste disposal, collection and 

conservation of water in untreated shallow wells and water pans and dwelling type. The 

reliance of farming as a primary means of subsistence and income also means a higher 

likelihood of stagnant pools of water and vegetation overgrowth, which create suitable 

breeding habitats for malaria vectors.  
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11.2.2. Exposure 

11.2.2.1. Climate Suitability 

According to the BBN model output, current climate conditions for the lowland area are 

very suitable for malaria transmission and within the transmission limits; this is again 

consistent with reality. It is interesting to note that under future climate scenario for the 

lowland study site, there is not much difference in temperature values which stay in the 

suitable transmission range of 16°C to 34°C; however there is a significant increase in 

monthly average precipitation of at least 150mm. This suggests that for the lowland 

area, rainfall might drive changes in malaria transmission in a 3°C plus world. This is 

consistent with current literature that defines the upper limit for malaria transmission 

between 34°C to 39°C (Gage et al., 2008; Imbahale et al., 2011) after which there is no 

transmission. Projected increases to the year 2070 would raise temperatures in the 

lowland study area closer to the upper limit for transmission, while rainfall moves into 

suitable transmission range.  

For the highland area, temperatures under current climate conditions are suitable for 

transmission approximately 50% of the time. Under the future climate change scenario 

used here however, projected average monthly temperatures still fall within the 

transmission range of 16°C to 34°C while there is a reduction in monthly average 

precipitation under 150mm. These projections suggest that for the highland study area, 

change in air temperature is driving changes in malaria risk. This is consistent with 

other studies that have found that air temperature is the main climate variable driving 

malaria risk in the East African highlands (Alonso et al., 2011; Githeko et al., 2014; 

Omumbo et al., 2011; Paaijmans et al., 2010; Paaijmans et al., 2009; Pascual et al., 

2006; Ruiz et al., 2014; Sewe et al., 2016; Wandiga et al., 2009). Additionally, focus 

group discussions with the community revealed that their experiences suggest that 

temperatures have been increasing over the years. Older residents reported that “it 

wasn’t as cold as is used to be” and that they “didn’t even have to sleep with blankets at 

night and could walk around without a sweater” (Chapter 7). The highland areas are 

cooler; particularly at night when temperatures drop thus the anecdotal evidence from 

these elderly participants that sweaters and blankets have become unnecessary signifies 

an increase in temperatures over time. 
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11.2.2.2. Vector Habitat Suitability 

Land use has been identified as a major driver of malaria transmission alongside climate 

change (Patz et al., 2004; Patz et al., 2008) and in the East African highlands 

deforestation leads to changes in indoor temperatures and micro-climate of mosquito 

habitats to facilitate increased malaria transmission (Afrane et al., 2005; Afrane et al., 

2006). Increasing population in the highlands has led to intense competition for land 

and contributed to deforestation and loss of tree cover in the area. Deforestation has 

been implicated in literature as a contributor to global climate change and micro-

climatic changes, which can negatively affect ecosystems resulting in biodiversity loss, 

reduction in rainfall, increased soil erosion and degradation, flooding and habitat 

fragmentation. These changes can influence the transmission of malaria by causing 

changes in the mosquito vector habitat and composition.  

This study identified specific land use activities such as gold mining, stone mining and 

sand harvesting that are creating favourable changes in the climate suitability and 

habitat suitability for malaria transmission. Other studies have reported similar 

associations between local land use changes and malaria transmission risk in the East 

African highlands (Carlson et al., 2004; Lindblade et al., 2000; Munga et al., 2009). In a 

study in Colombia, malaria incidence was positively associated with gold mining areas 

and this mining activity acts as a barrier to the elimination of malaria in these regions 

(Castellanos et al., 2016). At a regional scale, assessments of land use change impact on 

malaria transmission in Africa are limited (Ermert et al., 2012; Tompkins & Caporaso, 

2016). Tompkins & Caporaso (2016) used a dynamic model to attempt to isolate the 

impact of land use change on malaria transmission in Africa via its impact on climate 

change. They concluded that land use change has a limited impact on malaria via 

climate change at a regional scale and that local changes may be more significant.   

The results of the BBN model revealed that local land use activities in the highland 

areas interact with changes in climate and increase community exposure to malaria. 

When considering habitat changes creating suitable conditions for the Anopheles 

breeding under current climate conditions, the highland area ranks higher than the 

lowland area, again showing consistency with empirical evidence. Results from this 

study show that increasing population in the highlands has led to competition for land 

and adverse land use practices, which in turn have led to suitable conditions for 
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Anopheles breeding (Chapter 5.3.3). These findings must be evaluated in the context of 

other driving risk factors such as community level activities and interventions. When 

the impact of some of these interventions at the community level was removed from the 

model, there was approximately 7.5-fold increase in probability of risk of malaria 

infection. This is a significant result as it means that the influence of community level 

activities and interventions should be considered when conducting climate change and 

malaria risk assessments and it strengthens arguments to maintain and sustain 

funding/investment in such activities. 

11.2.3. Vulnerability 

Vulnerability was assessed as a measure of how susceptible (biological and generic) the 

community is to climate change and malaria risk and their capacity to cope (both 

community and institutional). Both study sites reflected medium vulnerability under 

current climate conditions and future climate and habitat suitability scenarios. The 

differences lay in generic susceptibility, based on generic differences and coping 

capacity. This result again is consistent with the empirical evidence as the highland area 

has a more favourable socio-economic profile compared to the lowland study site 

(Chapter 4.8.1 and Chapter 4.8.2) and there have been numerous assessments of climate 

change and malaria risk conducted in the region. Areas with higher socio-economic 

status will in general have less malaria risk compared to areas of lower socio-economic 

status (Wandiga et al., 2009). 

11.2.3.1. Perception 

Perception was the most influential variable driving malaria risk in the highland 

community: defined as a measure of knowledge and awareness of climate change risks 

and impacts and knowledge of malaria transmission and prevention. Disease knowledge 

is an important aspect of prevention and eradication efforts. This knowledge includes 

malaria signs and symptoms, risk factors for malaria transmission, malaria treatment 

options and ways to protect oneself from getting malaria. Rural communities in East 

Africa are still limited in some respects regarding their knowledge of malaria. This is in 

spite of the endemicity of the disease in certain areas. Wandiga et al., (2009) found that 

communities in the Lake Victoria Basin in East Africa had limited knowledge of 

malaria transmission; some residents believed that eating food cooked with an oil called 
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Chipsy activates malaria immediately when coincidentally that brand of edible oil was 

introduced in 1990 – a year that coincided with El Niño rains and malaria epidemics. In 

the group discussions, residents particularly in the lowland endemic areas stated that 

they are sometimes forced to drink dirty water, which may have mosquito larvae or eggs 

and that when they drink this water they can get malaria when in fact malaria cannot be 

directly transmitted via contaminated water (Chapter 7). In a separate study, similar 

sentiments with regard to drinking water were shared (Mutua et al., 2016). Other 

findings from the same study stated that it was widely believed that eating mangoes, 

fatty foods, sugary foods, green maize and cowpeas, sugarcane and maize stalks all 

caused malaria and that these beliefs were negatively associated with education. 

Knowledge of climate change impacts, risks and coping mechanisms is equally 

important. During the focus group discussions with the community, there was high 

awareness of climate change and its impacts on the community. There was even 

connection of local impacts to larger global scale processes. However, the 

conceptualisation of climate change by the community is still limited to seasonal 

variations and changes in rainfall patterns which are affecting their crop production and 

harvest. Similar results were reported by another study of a rural community in Malawi 

(Nkomwa et al., 2014) and in Tanzania (Mayala et al., 2015). 

11.2.3.2. Health-seeking behaviour 

During the focus group discussion with the community, symptoms of malaria infection 

fever mentioned included vomiting, fatigue, joint pain, feeling cold when hot and 

headaches. The focus group participants reported that they managed malaria by: i) 

seeking treatment at a health facility; ii) self-medicating with over the counter malaria 

drugs or analgesics; or iii) using indigenous medicine, in no particular order. Although 

seeking treatment at health facilities is the first course of action advised by the 

community health workers, some community members preferred to self-treat 

themselves using over the counter drugs. Other community members claimed that they 

effectively used a local tree called marubaini to treat malaria.  

The practice of taking analgesics as a primary treatment for malaria is common in other 

communities of East Africa as described by (Mutua et al., 2016) and is not advisable as 

this will only reduce fever and lead residents to think they are getting better while they 

are not. Also, self-medication with malaria drugs and/or a combination of therapies can 
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contribute to drug resistance through improper use and can also lead to increasing 

incidences of complicated malaria cases. There were some reservations about seeking 

treatment at health facilities as reported by the community. In general, men are less 

likely to seek formal treatment and will self-medicate, but other community members 

prefer self-treatment due to their perceived inefficiency of these health facilities, 

including lack of qualified health personnel, nepotism and corruption (Chapter 8). Some 

reported that health facilities were too far away and for others they did not have enough 

money to buy the required drugs. Similar sentiments with regard to accessing formal 

treatment were reported in a study in Rwanda (Ingabire et al., 2015). This is interesting 

because part of the government strategy to eliminate malaria includes increasing the 

number and availability of health facilities and malaria treatment is heavily subsidised, 

especially in rural areas. Further to this, there is free health screening and malaria 

treatment offered to the vulnerable groups in endemic areas, i.e. children less than five 

years and pregnant women. Therefore, the inability to access formal treatment seems 

more skewed towards community apathy or distrust in health care providers, rather than 

the lack of facilities or the affordability of the treatment. Men are also less likely to seek 

treatment at the health facilities as identified through the FGDs and KIs. The same 

observation was made by Mutua et al. (2016). 

When evaluating health-seeking behaviour we also have to consider the influence of 

dominant spiritual and religious beliefs in these rural communities (Adefemi et al., 

2015; Ingabire et al., 2015; Mutua et al., 2016). There were repeated mentions of health 

and well-being connected to God. Malaria infections, especially those that come with 

convulsions are also commonly associated with evil spirits and in these instances 

individuals will resort to seeking spiritual healers rather than getting the proper medical 

care and treatment for the disease. This points to the need to work closely with spiritual 

leaders to assist with malaria education and health promotion. 

11.2.3.3. Information 

Although there is weather and climate information provided by the meteorological 

department, the results from the focus group discussions suggest that the community is 

mistrustful of this information and tend not to utilise it, relying instead on their 

indigenous knowledge of weather patterns to plan their activities. This  was also 

reported in another study of rural communities in Western Kenya (Onyango et al., 
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2012). A minority in the professional groups said that they do use the information and 

find it helpful for their farming practices. It is important to note that these comments 

regarding the usefulness of the forecasts came from those who might be in a better 

position to understand and interpret weather forecasts due to their higher education 

levels. 

11.2.3.4. Malaria prevention 

The principal malaria prevention intervention by the government is encouraging the use 

of LLINs. The government distribute these nets to the community every three years and 

there is also routine distribution of nets to pregnant women through antenatal care 

(National Malaria Control Programme, 2016). Nets are allocated as one net per every 

two people in the household. According to the latest malaria indicator survey report, 

approximately 73% of households in the highland epidemic prone areas and 88% of 

households in the lake endemic areas owned at least one mosquito net. However, only 

46% and 54% of households owned one LLIN for every two people respectively for the 

highland epidemic and lake endemic areas (National Malaria Control Programme, 

2016). Other strategies for vector control include indoor residual spraying (IRS), which 

is aimed at reducing the disease burden in malaria endemic areas and as an epidemic 

response. However there has been no implementation of IRS since 2012 due to 

insecticide resistance management (National Malaria Control Programme, 2016). The 

third option for vector control is through larval source management (LSM), which is 

recommended in areas where mosquito breeding sites may be easily identified. 

However, there were no data available on how widespread or effective this strategy is.   

At the community level, the primary means of malaria prevention is through use of 

LLINs.  Houses are not built with screens and use of repellent is unheard of. The 

effectiveness of malaria prevention using LLINs is measured not just by the distribution 

and coverage, but also by proper use of the nets. Owning an LLIN does not always 

increase prevalence of use. In an area that is already food insecure because of seasonal 

weather changes, there is competition between the need for food versus protection 

against malaria. The evidence from the qualitative study and the field observations 

confirmed that mosquito nets are being used for fishing and for covering vegetables 

(Chapter 8). The use of mosquito nets for fishing is not a new phenomenon and has 

been described elsewhere in East Africa (Bush et al., 2016; Minakawa et al., 2008; 
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Mulualem & Fentie, 2015). There is now legislation against fishing with mosquito nets, 

but these are hard to enforce. Use of bed nets are not just hampered by the need for food 

security, but also by other socio-economic and cultural factors such as education, 

wealth, the colour and shape of the nets, and sleeping arrangements. Also in another 

study, it was found that families of lower socioeconomic status would opt to sell their 

nets, often at a very low price, to get money for basic needs (Ingabire et al., 2015). 

11.2.3.5. Malaria treatment 

Treatment of malaria is dependent on whether it presents as complicated or 

uncomplicated. Uncomplicated malaria is managed using artemisinin-based 

combination therapy (ACT) and can be diagnosed by community health workers 

(CHWs) who have rapid diagnostic test (RDT) kits. The CHWs are also able to dispense 

treatment to the community in such instances. Severe or complicated malaria cannot be 

managed at the community level and must be referred to health facilities. Malaria 

treatment at the health facilities is hampered by several constraints including drug stock-

outs, inadequate trained personnel, corruption and nepotism and for some residents; the 

distance to the health facility is a barrier to access (Chapter 8). Similar challenges to 

malaria treatment were reported by (Mutua et al., 2016)  

11.2.4. Climate change and malaria risk in a highland community in East Africa 

Risk of malaria infection for the lowland study site was low despite the high climate 

suitability, high hazard and high exposure predicted by the BBN model under current 

climate conditions and future climate and habitat suitability scenarios. This again 

underscores the importance of community interventions in mitigating risk.  

Similarly, the same observations were recorded from the model outputs of the highland 

study site. Although there was a definite increase in malaria risk, this was still in the 

low range despite high climate suitability and high exposure. It is worth noting that even 

though risk level is considered low, what is important is the fact that this risk level will 

change under future climate and habitat suitability scenarios for the highland study site 

therefore presenting challenges to the community regarding their generic susceptibility 

and capacity to cope. 
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11.3. The Changing Risk of Malaria Infection in a Warmer World 

The impact of climate change on malaria transmission in the East African highlands has 

long been a controversial topic that has generated evidence both in support and against 

the influence of climate change (Chapter 2, 3 and 5). Amid this debate there has been an 

increasing call for inclusion of other drivers of malaria risk particularly socio-economic 

and socio-cultural drivers at a local level in assessments. Other studies have suggested 

that biological factors such as clinical immunity can act as a buffer to mitigate the 

increase in malaria risk due to climate change (Laneri et al., 2015). What is clear is that 

these other factors play an important role in determining how vulnerable communities 

are to malaria infection thus influencing risk.  

There have been numerous climate change and malaria risk assessments conducted in 

the East African highland; however the literature investigating household and 

community influences is limited. This study investigated the biophysical and socio-

economic factors influencing risk of malaria at the community level in the context of 

climate change and in an integrated manner. The results have contributed to the 

literature on climate change and malaria risk assessments in three main ways: i) 

methodologically through the use of  BBN models as an approach to risk assessment 

that, among other things, enables integration of quantitative and qualitative data; ii) 

identifying suitable and context-specific adaptation strategies for climate change and 

malaria risk at the community level and; iii) providing insights into the implications for 

climate change and malaria risk management policies. These three areas are discussed 

further below.   

11.4. Bayesian Belief Network Modelling in Climate Change and Malaria Risk 

Studies 

While BBN models have been widely applied in many disciplines such as ecology, 

medicine, agriculture, environmental science, engineering, economics, natural resource 

management and artificial intelligence (Fenton & Neil, 2013; Landuyt et al., 2013; Lau 

& Smith, 2016), their application in climate change and public health assessments has 

been limited. To the best of my knowledge, this study is the first in East Africa that 

utilises BBN models to map both biophysical and socio-economic variables involved in 

climate change and malaria risk using mixed methods and a variety of data sources 
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including temporal climate data and regionally downscaled climate change projections, 

to identify suitable and context specific adaptation options.  

The Bayesian belief model used in this study was built on a selection of key biophysical 

and socioeconomic variables identified from the literature as influencing the risk of 

malaria infection in agricultural communities at two study sites in Western Kenya. The 

construction of the BBN model involved first identifying key system variables using 

structural analysis, generating a causal map of these key variables and then converting 

the causal map into a BBN model. This method is similar to one proposed by Nadkarni 

& Shenoy (2004) who  referred to BBN models derived in this manner as Bayesian 

causal maps. They further identified five strengths of utilising Bayesian causal maps: i) 

Clarifying the cause-effect relationships between variables as shown in the causal maps; 

ii) Combining the strengths of causal maps and Bayesian networks and reduce the 

limitations of both, i.e. the dependence between variables is determined based on causal 

mapping, while the lack of dependence is based on a BBN approach, to consider the 

underlying reasoning of cause-effect relations between variables as perceived by 

individuals; iii) Strengthening the validity of direction of causal relations as presented in 

the causal map; iv) Providing a framework for representing uncertainty of variables 

included in the map as well as those not included in the map; v) Allowing the researcher 

to make inferences between variables in the map using evidence propagation algorithms 

(Nadkarni & Shenoy, 2004). 

From the model results, there is an evident increase in risk of malaria infection under 

future climate change scenario. This increased risk is particularly evident in the 

highland study area, but is also buffered by community and institutional coping 

activities at the community level. Factors such as perception, malaria control, malaria 

prevention and malaria treatment proved to be influential at the community level in 

reducing risk. In a similar study, Semakula et al., (2016) used a Bayesian belief network 

model to identify household factors influencing risk of malaria parasitaemia in children 

under five years in sub-Saharan Africa. They found that drinking water sources, 

household wealth status, main wall materials, type of toilet facility and main roof 

materials were the top 5 factors significantly influencing malaria parasitaemia while 

cattle rearing and type of residence were the least influential. The results of their 

modelling show the importance of BBN models in prediction of malaria risk factors at 

the household level through an integrated and robust modelling approach. However, 
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they did not include regional temporal and spatial data such as temperature, 

precipitation, land cover and elevation and they do acknowledge that their model would 

benefit from temporal and spatial environmental data for more accurate risk prediction.  

Other non-BBN Bayesian methods have been used in malaria risk studies. Magalhães et 

al. (2012) used Bayesian geostatistical modelling to investigate the role of individual-

level and physical environment factors influencing malaria risk in Angola. In their 

study, risk of malaria infection was positively associated with maternal awareness of the 

disease, household roofing type, distance to health centre and distance to rivers. They 

also found that there was considerable spatial variation in malaria at the community 

level, thus highlighting the need for more community-based studies to identify priority 

areas for interventions. In another study (Mutegeki et al., 2016) investigated individual 

and household risk factors influencing malaria in a South African village using a cross-

sectional survey and found that at the individual level, income, illiteracy, family size 

and knowledge of malaria disease were associated with malaria risk. Onyiri (2015) used 

Bayesian geostatistical modelling to evaluate environmental factors for malaria risk 

mapping. The model results estimated a positive relationship between malaria and 

distance to water bodies up to 4 km. Other studies have also found that at the 

community level, malaria risk is associated with age, ethnicity, proximity to forest and 

household density (Haque et al., 2011), knowledge of the disease, environment around 

the household, distance from swamps and absence of trees (Ernst et al., 2009). These 

studies underscore the importance of community, household and even individual factors 

in influencing malaria transmission risk and the need for more integrated malaria risk 

assessments that include biophysical and socio-economic factors. 

11.4.1. Advantages of using Bayesian belief network models in climate change and 

malaria risk assessments 

Bayesian belief network models are useful to aid decision-making particularly in 

situations where cause-effect relationships are critical in informing decision outcomes. 

The BBN network allows visualisation of important variables and drivers in the system, 

which can be easily manipulated and changed in different scenario contexts. This 

process and the changing states of variables and decision outcomes are easily 

observable by decision-makers. Additionally, the model is dynamic and allows 

integration of additional or new data as these become available. Therefore, the relevance 
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of decisions under changing conditions can also be explored. Furthermore, the BBN 

model utilised in this study used both quantitative and qualitative information - such as 

that gained from stakeholder interviews - allowing for a more comprehensive and robust 

assessment of causal understanding as knowledge is iteratively developed and 

integrated into the model. BBNs are also well suited for dealing with uncertainty as 

nodes are modelled through probability distributions and not mean values. Through 

probability distributions, cause and effect can be assessed from parent to child node or 

the other way around; effects to cause, from child to parent node. In this manner BBNs 

can be used as both predictive models (cause-effect) and diagnostic models (effect-

cause). 

11.4.2. Benefits of using expert and stakeholder opinions to parametrize the BBN 

model 

Expert input and stakeholder opinions are useful for BBN modelling of climate change 

and malaria risk systems as they can help guide correct model structure by focusing on 

the important variables and also to validate the final model structure (Aguilera et al., 

2011). Experts participate in the process of parameterisation of the CPTs and/or 

validation by incorporating their knowledge through a participatory process. The 

process of variable modification and relationships is easily visualised through the 

Directed Acyclic Graph (DAG), which can be manipulated by the experts/policy 

makers. Therefore, experts and policy makers can identify with and better understand 

the model, which can lead to improved decision-making outcomes.  

11.4.3. Applicability of BBN models in climate change and malaria risk 

assessments 

Bayesian belief network models are able to model complex systems and sub-systems 

which contain a large number of variables (Aguilera et al., 2011), making them  useful 

for studies of climate change and malaria risk. BBN models are also able to manage 

missing data and are particularly useful in areas with limited case data as qualitative 

beliefs from experts and stakeholders can be used to complete the model. BBN models 

therefore provide a robust and powerful procedure for understanding the complex 

interrelationships in climate change and malaria risk systems, can be used to assess 



IMPLICATIONS FOR CLIMATE CHANGE AND MALARIA RISK ADAPTATION POLICY 

 

262 

 

cause and effect, and aid decision-making and the development of targeted adaptation 

strategies. 

11.5. Suitable Adaptation Strategies for Malaria Risk Management in the 

Context of Climate Change and High Habitat Suitability 

As previously defined (Chapter 4.4.1.1), climate change and malaria risk is a function of 

malaria hazard, climate change and land use exposure and vulnerability (susceptibility 

and coping capacity). Using the BBN models, suitable areas of intervention to 

reduce/mitigate risk were investigated as discussed in Chapter 10. Priority areas for 

interventions to reduce risk were identified based on sensitivity analysis and are 

presented in Chapter 10.10. These areas of interventions can be summarised broadly 

into three main adaptation options: i) Reducing exposure; ii) Decreasing generic 

susceptibility and iii) Increasing coping capacity. These are discussed further in section 

11.5.1 to 11.5.3.  

11.5.1. Reducing exposure to climate change and malaria risk 

Reducing exposure to climate change and malaria risk involves both long term and 

short-term strategies at the community and household level. Reduction in exposure can 

be either through modifying land use or reducing exposure of the community to the 

hazard. There are multiple factors at play which are driving exposure especially in the 

highlands, e.g. competition for arable land amidst increasing population and shrinking 

land sizes, which are further compounded by how changes in climate have influenced 

the seasonal farming calendars, which has led to reductions in the expected harvest. 

Encouraging sustainable land use practices such as intercropping, planting of 

indigenous plants and trees and terracing to prevent soil erosion are long term strategies 

that would reduce micro-habitat changes that create suitable habitats for mosquito 

breeding. 

The community can be encouraged to plant indigenous trees instead of eucalyptus trees. 

The latter are good at absorbing water from the ground and have been used to reclaim 

waterlogged areas, but planting them in water stressed regions adds additional stress in 

an area that is already experiencing water scarcity because of the altered rainfall 

regimes from climate change. 



IMPLICATIONS FOR CLIMATE CHANGE AND MALARIA RISK ADAPTATION POLICY 

 

263 

 

In addition, there is farming happening near water bodies which creates temporary pools 

of water that are suitable for Anopheles breeding. Irrigation from farming can also 

create man-made pools of stagnant water and water conservation using water pans and 

shallow wells provide suitable breeding sites for mosquitoes. Draining or treatment of 

these pools of water will reduce the number of suitable habitats available for mosquito 

breeding. At the household level, encouraging environmental sanitation, including 

recycling or proper disposal of plastics and clearing of bushes where mosquitoes can 

hide and breed, are also important mitigating actions. 

11.5.2. Decreasing generic susceptibility 

Perception and health-seeking behaviour came out as very strong influencing variables 

of generic susceptibility and risk. Investment in climate change and health education is 

key to raising perception and increasing appropriate health-seeking behaviour. 

Education in this sense does not mean formal education but rather comprehensive 

education that also considers the existing indigenous knowledge and prevailing cultural 

attitudes and beliefs surrounding climate change and malaria transmission. Education 

can involve climate change awareness, impacts and coping strategies, how malaria is 

transmitted, how changes in climate influence malaria risk, benefits of seeking early 

treatment and compliance with prescribed treatment and discouraging self-treatment 

using over-the-counter medicines and training on the correct use of LLINs during all 

seasons. To ensure community ownership and long-term sustainability, this kind of 

education can be channelled through community leaders and workers, who as 

previously demonstrated, have a better grasp of climate change concepts and impacts. 

11.5.3. Increasing coping capacity 

While the communities are already utilising some strategies to help them cope with the 

impact of climate change and malaria risk, there are some barriers to increasing coping 

capacity as identified in Chapter 8.5. Introducing programs that increase coping 

capacity without addressing some of these barriers will be ineffective in the long term. 

Some suggestions therefore for increasing coping capacity are as follows: 

a) Improving quality of health systems – improving quality of health systems 

consists of making sure there are enough trained personnel who can correctly 

diagnose and treat malaria. Additionally, health facilities must always have 
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adequate commodities for malaria testing and treatment. Addressing issues of 

corruption and nepotism are also essential to improve service delivery and to 

improve the confidence of residents in accessing formal malaria treatment.  

b) Ensuring net distribution is equitable – making sure that net distribution to 

households is equitable so that mothers do not have to give up their nets for their 

children. 

c) Encouraging proper use of mosquito nets – use of LLINs can be very effective 

in controlling malaria if they are used properly. Follow-up programs after net 

distribution can be undertaken to ensure that nets are utilised for malaria 

protection.  

d) Collaboration between agriculture and health sectors to strategise and provide 

fit-for-purpose nets for crop pest management.  

11.6. Implications for Climate Change and Malaria Risk Adaptation Policy 

When implementing adaptation measures, it is important to keep in mind the adage that 

“one size does not fit all”. Although the root cause of climate change is the result of 

aggregate global emissions, climate change risks vary regionally. Therefore, adaptation 

responses must always be tailored to local circumstances and will be largely dependent 

on the vulnerability of communities which is context-specific and influenced in part by 

activities at the local level. Thus, the same influencing factors for a modern developed 

country will not represent the same risks as those for rural communities in a developing 

country. Putting risk and vulnerability in local context enables the creation of suitable 

and sustainable adaptation policies that protects what stakeholders (including the local 

community) value as different values and interests will influence different adaptation 

outcomes. 

Risk and vulnerability assessments are typically conducted at regional and national 

scales and few documented cases have been found that incorporate community views. 

This study has taken what is often considered a global issue of the impact on malaria 

risk due to climate change and applied it to a community level using a risk assessment 

framework, as recommended by the IPCC, to identify local factors influencing hazard, 

exposure and vulnerability, and develop suitable adaptation strategies informed by 

scientific information and community perspectives. From the summary of results 

presented above, this study identified four main areas of policy focus for sustainable 
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adaptation at the community level. These are discussed further in section 11.6.1 to 

11.6.4. 

11.6.1. Community engagement 

Community engagement and participation is an essential aspect of adaptation policy 

development. Most vulnerable communities are already undertaking some coping and 

decision-making activities in response to climate change and malaria risk. Engaging the 

community early on during the risk assessment and adaptation process ensures that their 

views and needs are integrated into adaptation solutions, which will increase the 

prospects for long term program success and sustainability. Areas of community 

engagement that were identified as important are discussed below in sections 11.6.2.1 to 

11.6.2.4. 

11.6.2.1. Including indigenous knowledge 

Local perceptions of risk, indigenous climate knowledge and indigenous malaria 

knowledge can be included through a participatory scenario planning process, involving 

all stakeholders. Collaboration between meteorologists and traditional weather 

forecasters can be used to develop weather forecasts and plan for seasonal changes in 

rainfall and temperature. 

11.6.2.2. Increasing financial and social capital  

Social capital in this context, refers to the social programs and resources available 

through community networks while financial capital refers to assets, wealth or financial 

resources within households and in the community. Increasing social capital can be 

through promotion of farmer groups, climate change awareness groups or small 

business groups. Creating such groups could help empower the community to access 

services that they would not otherwise be able to on an individual level basis such as 

microfinance, credit lines and even training programs. Additionally, group membership 

has been shown to have a positive influence on climate change adaptation strategies in 

communities as they allow sharing of information on suitable coping strategies (Aldrich 

& Meyer, 2014). 
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11.6.2.3. Behaviour change programs 

Strong and consistent communication is essential in improving mosquito net utility by 

the community. Consistent behavioural change communication can also help in 

delinking malaria infection from superstitions such as being bewitched. Part of the drive 

for behaviour change may include infrastructure and innovation in provision for 

alternative protective gear for crops in order to reduce/eliminate the use of mosquito 

nets for the same. 

11.6.2.4. Empowering vulnerable groups 

The most vulnerable groups identified in this study’s assessment of climate change and 

malaria risk are children due to their developing immune systems and women due to 

their limited decision-making capacity in households and in the community (Chapter 7 

and Chapter 8). Women are generally expected to take care of the sick in the household 

even when they themselves are sick and are also likely to give up their bed nets to their 

children in households where the net distribution is inadequate. Additionally, they have 

less decision-making power within the household and some cannot access money or 

assets without the husband’s permission. This places barriers and constraints on them in 

times of climate disasters or malaria epidemics leaving them more vulnerable. In 

malaria-endemic areas there are already active programs of continuous surveillance, 

testing and treatment (if necessary) of school age children. There would be benefit 

therefore from initiating in the community similar programs on gender sensitisation and 

the importance of collective household decision-making that includes women. 

11.6.2. Collaboration and coordination 

Adaptation to climate change and malaria risk needs an integrated inter-sectoral 

approach involving meteorology, public health and medical, agriculture, forestry and 

environment sectors. Climate change scenarios can be used for long term planning for 

malaria risk management alongside projections of other determinants of malaria 

transmission such as land use, population distribution and economic development.  
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11.6.3. Integrated early warning systems 

Development of early warning systems that can predict and plan for malaria epidemics 

due to changes in weather or climate weeks or even months before they happen to allow 

targeting of early interventions.   

11.6.4. Gender considerations 

As discussed above, gender sensitivity is a necessary component in policy responses to 

climate change and malaria risk. An understanding of existing inequalities between men 

and women in the community is therefore necessary, including recognition of gender 

differentiated vulnerability and capacity to cope with climate change and malaria risk 

and how this can inform the development of adaptation programmes and policies that 

promote gender equity. 

11.7. Conclusion 

This chapter presented a summary discussion of the results of our BBN modelling and 

discusses the implications of the BBN modelling results. Suitable adaptation strategies for 

risk management are identified as reducing exposure to malaria hazard, decreasing generic 

susceptibility by increasing perception and awareness of climate change and malaria risks, 

encouraging treatment at health facilities and increasing coping capacity by strengthening 

health systems, ensuring equitable distribution of mosquito nets and proper net use by the 

community. Implication for climate change and adaptation risk policy are also discussed 

including the importance of contextualising vulnerability, engaging the community, multi-

sectoral collaboration, development of integrated early warning systems and gender 

considerations. Study limitations are also discussed. The next chapter is the concluding 

chapter for this thesis and will present the research conclusions, chapter summaries, study 

limitations and recommendations for future research.
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CHAPTER 12: CONCLUSION AND RECOMMENDATIONS 

 

12.1. Introduction 

The previous chapters have presented the conceptualisation, development and 

application of a framework for an integrated assessment of climate change and malaria 

risk and operationalisation of the framework using Bayesian belief network models. 

This conclusion chapter presents in section 12.2 a summary of the main finding of the 

research with regard to the aim and research questions. Section 12.3 presents the 

limitations of the study and suggestions for future research, followed by section 12.4 

which highlights some key recommendations for climate change and malaria risk 

adaptation policy. The chapter concludes with the significance and innovation of this 

study.  

12.2. Summary of Main Findings 

This study was focused on two primary research questions: 

1. How do climate, climate variability, land use and other drivers influence risk of 

and vulnerability to malaria infection in a highland and lowland community in 

East Africa?  

2. What are the possible adaptation options based on local knowledge, community 

practices and scientific information? 

These primary research questions were investigated through the following five focus 

questions:  

1. How is malaria related to climate change, land use and land use change and 

other factors in East Africa? 

2. What are the household and community factors that could influence risk of 

malaria infection in a highland and lowland community in East Africa? 

3. What are the current community coping strategies and institutional interventions 

applied to managing risk of malaria infection in a highland and lowland 

community in East Africa? 

4. How does risk of malaria infection in a community change under future climate 

and land use activity in a highland and lowland community in East Africa? 
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5. What are the potential adaptation options for managing risk of malaria infection 

at the community level in the context of climate change and land use in East 

Africa? 

The results as summarised in section 12.2.1 through to 12.2.6 addressed the two main 

research questions by determining how climate, climate variability, land use and other 

factors influence risk of malaria infection in a highland and lowland community in East 

Africa and by suggesting suitable adaptation options based on community and scientific 

information. 

12.2.1. Climate change, land use, land use change and malaria risk in East Africa 

Research focus question one, which was focused on identifying climate change and land 

use variables influencing malaria transmission at the local level, was addressed in 

Chapter 5. Additionally, through this same literature, these system variables of the 

system were identified and classified as being either biophysical or socio-economic. A 

synthesis of published primary studies from the year 2000 to 2016 on variables 

influencing climate change and malaria risk in East Africa was discussed in the chapter. 

The literature revealed that there is an abundance of evidence of the influence of climate 

change, land use and land use change on malaria transmission, but there is not enough 

on other factors that may be influencing risk, particularly those factors at the local level 

such as human behaviour and interventions, socio-economic and socio-cultural 

influences. The current research consensus is that there needs to be more studies at the 

local level (Caminade et al., 2014; Ermert et al., 2013; IPCC, 2013), which should also 

include the different variables apart from climate change that may influence malaria 

transmission. Also, any projected risks of malaria infection due to climate change must 

be analysed in context of malaria prevention and treatment, which may mitigate 

projected risk.  

12.2.2. Household and community factors influencing risk of malaria infection at 

the community level in East Africa 

Chapter 7 addressed research focus question two which sought to identify the factors 

that could influence risk and vulnerability to climate change and malaria transmission at 

the community level. Seven emergent themes and twenty-nine sub-themes from the 

qualitative analysis of the FGDs and KI interviews were identified and discussed in the 
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chapter. The findings indicate that there is some awareness of climate change and its 

impacts in the communities, although conceptualisation of climate change is mainly 

limited to seasonal changes in weather. In the highland communities, there is evidence 

of rising temperatures as reflected in the interviews with the older residents. 

Additionally, the highland communities have high exposure mainly due to land use 

compared to the lowland communities. The identified sub-themes were classified into 

indicators of hazard, exposure and vulnerability according to the integrated risk 

assessment framework. 

12.2.3. Current community coping strategies and institutional interventions 

applied to managing risk of malaria infection at the community level in 

East Africa 

Research focus question three was addressed in Chapter 8 which identified the current 

community coping strategies and institutional interventions applied to managing risk of 

malaria infection in the target communities. Ten emergent themes and forty-two sub-

themes from the qualitative analysis of the FGDs and KI interviews were identified and 

discussed. The findings indicated that the community is endeavouring  to cope with the 

impacts of climate change by changing the crops they plant, intercropping, through 

water conservation and by planting trees. With regard to malaria, a number of strategies 

are used, mainly protection through the use of LLINs. At the institutional level, there 

are limited strategies to cope with the impacts of climate change. The main local 

government recommendation is to plant trees. For malaria, the government, in 

partnership with international donors has implemented a community health worker 

(CHW) program whereby, volunteers from the community are trained on malaria and 

health education and are responsible for delivering the same knowledge to the 

household. Each CHW is linked to a health facility and responsible for a hundred 

households. Despite the coverage of the program, the findings from my study indicate 

that there is still limited knowledge on how malaria is transmitted.  

12.2.4. Changing risk of malaria infection in a community under future climate 

and land use scenarios in East Africa 

Chapter 10 addressed research question four which sought to assess how the risk of 

malaria infection in a community will change under future climate and land use activity 



CONCLUSION AND RECOMMENDATIONS 

 

271 

 

in the target communities. The results of the BBN modelling as presented in Chapter 10, 

revealed that under future climate change RCP 8.5 (worst case scenario), the probability 

of increased risk of malaria infection in the highland is 10.5% and this is associated 

with increasing temperatures. The model also showed that without the mitigating 

influence of the various community and institutional interventions, the change in risk 

level was approximately 7.5 fold higher than previously predicted by the model under 

current climate conditions. This underscores the importance of investment in stronger 

health systems, health and climate education and malaria prevention and treatment at 

the community level. On the other hand, the probability increase in risk of malaria 

infection for the lowland side was only 0.13% under future climate conditions. 

Temperature also remained within the same range, but there was a shift in average 

monthly rainfall to >150mm, potentially providing more suitable breeding conditions 

for Anopheles. This is in stark contrast to the highland site where temperature increase 

is the dominant influencing factor. These different results highlight the need for 

contextual adaptation measures even within the same region as different communities 

will not have the same baseline environmental influences or experience climate change 

impacts the same way.  

12.2.5. Potential adaptation options for managing climate change and malaria risk 

at the community level in East Africa 

Chapter 11 addressed research focus question five, which sought to identify potential 

adaptation options for managing climate change malaria risk at the community level. 

The chapter provided a synthesis discussion in terms of factors influencing climate 

change and malaria risk in the context of findings from other published research and 

suggested suitable adaptation options for reducing exposure, reducing generic 

susceptibility and increasing coping capacity based on these results. The results of this 

study are consistent with other studies that have associated increased malaria risk with 

changes in temperature for the highland site. Other factors influencing hazard such as 

changes in mosquito biting behaviour were also identified. Exposure was mainly 

through micro-habitat changes due to adverse land use practices at the highland site and 

vulnerability was mainly influenced by perception, health-seeking behaviour, 

information provision and utility, malaria prevention and malaria treatment. Based on 

the findings, this chapter identified some key variables for adaptation, highlighting the 
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importance of community engagement, collaboration across sectors and gender 

considerations for sustainable adaptation policy creation. 

12.2.6. Overall research findings and main study outcomes 

The influence of climate change on malaria is not easily explained through simple cause 

and effect relationships as malaria is also influenced by several interacting factors, 

which underscore the complexity of its transmission. While it is difficult to exhaustively 

map the entire system and influencing variables, the application of systems thinking and 

mixed methods in this study enabled the integration of concepts from different 

disciplines to map and study the system’s key influencing variables. The approach used 

here addressed the complexity of climate change and malaria risk by identifying a 

parsimonious set of variables for an integrated approach for the risk assessment at the 

community level. I employed tools and methods for ranking and identifying key system 

variables through structural analysis, visualisation of the system by using causal loop 

diagrams and quantitative and qualitative data integration using Bayesian belief network 

models. This approach was also shown to be suitable for targeted and context-specific 

adaptation policy creation. 

This study aimed to assesse risk of malaria infection in the context of climate change, 

climate variability, land use and other biologic, socio-economic and socio-cultural 

drivers, at the community level to suggest suitable adaptation strategies. This thesis has 

successfully fulfilled this aim and this study has advanced understanding of climate 

change and malaria risk and adaptation responses through undertaking an integrated risk 

assessment. The approach developed and applied here utilised the latest IPCC risk 

assessment framework for climate change adaptation (IPCC, 2014, 2012) to identify and 

evaluate key biophysical and socio-economic factors influencing malaria risk at the 

community level. Additionally, the approach illustrated how quantitative and qualitative 

information can be integrated using BBN models to explore the efficacy of different 

adaptation options under climate change and land use scenarios for decision-making.  

There are three main outcomes from this study. Firstly, the results of the BBN model 

analyses project an increase in malaria risk in the highland areas under future climate 

RCP 8.5 (worst case climate change scenario) downscaled to the study area for the year 

2070. Secondly, this study has highlighted the importance of perception, health-seeking 

behaviour, information provision and utility, malaria prevention and malaria treatment 
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in influencing risk at the local level. Thirdly, this study also points to the potential 

benefits from investing in risk management through three main pathways: 

a) Reducing exposure through sustainable land use, environmental sanitation and 

treatment of water pans and shallow wells;  

b) Reducing generic susceptibility by educating the community on climate change 

awareness, impacts and coping strategies, how malaria is transmitted, how 

changes in climate influence malaria risk, the benefits of seeking early treatment 

and compliance with prescribed treatment, discouraging self-treatment using 

over-the-counter medicines and training on the correct use of LLINs during all 

seasons; and 

c) Increasing the coping capacity of the community by investing in quality health 

systems, ensuring equitable mosquito net distribution, and encouraging proper 

use of mosquito nets, which may involve collaboration between agriculture and 

health sectors that could provide separate fit-for-agriculture nets to the 

community.  

In summary, this study shows that although climate change will increase risk of malaria 

infection in the highland community of Kenya studied, an investment in climate change 

awareness and mitigation, health education, increase in social capital and strengthening 

public health systems can empower communities to cope with the impacts of climate 

change. 

12.3. Limitations of the Study and Suggestions for Future Research 

Spatially explicit land use change scenarios were not used to populate the BBN model, 

instead qualitative belief information obtained from the FGDs and KI interviews was 

used. Using spatial land use and land use change GIS data sets and projections would 

enable a more geographically accurate representation of the exposure of communities to 

specific hazard and particular interventions related to, for example, more sustainable 

land use practices. Utilising GIS-based analyses to improve projections of future risk 

and adaptation efforts, remains another task for future research. Future research 

investigations could also consider expanding the assessment of adaptation interventions 

to include a micro-economic analysis that evaluates the costs and benefits of different 

adaptation options as an additional source of information for decision makers when 

considering the most effective intervention strategies. 
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Exploring whether decision makers could in fact assimilate and make use of the results 

of the BBN model and related scenario analysis was not possible within the scope of 

this study. Further research is needed therefore into evaluating the utility and usefulness 

of the BBN model for decision makers and how readily it translates with policy makers 

and experts involved in climate change and malaria risk policy formulation and 

programme development. Future research in this field of study should include the 

validation and refinement of the BBN models through expert workshops and using real 

case data, where available, to test the usefulness of the suggested adaptation options and 

also to test other scenarios of risk dependent on expert input and opinion. This kind of 

workshop would have the added benefit of familiarising the policy makers with the 

BBN model and its application in assessments of climate change and malaria risk. 

12.4. Recommendations for Climate Change and Malaria Risk Adaptation Policy 

and Practice 

Based on the findings of this study, the following recommendations for climate change 

and malaria risk adaptation policy are made: 

Initiatives should be continued like the recently established Agriculture Sector 

Development Programme (ASDSP), which is a collaborative program in Kenya 

between agriculture, meteorology and the local community and whose objectives are to 

increase coping capacity of the community through promotion of agribusiness and 

through participatory scenario planning with indigenous weather forecasters in the 

community to deliver local forecasts in a format that is easy for farmers to understand 

and use. Investment in the continuation of this kind of initiative would encourage utility 

and uptake of weather and climate information by the community.  

Climate change and health impacts can be prioritised through the establishment of a 

climate change and health department with representatives from the community and 

from agriculture, meteorology, forestry, public health and medicine sectors. This 

department could be used to: set priorities, targets and guidelines for assessment of 

climate change and health impacts on health; focus on equitable distribution of bed nets 

and correct use while also providing alternatives for crop protection; ensure access to 

quality health services and adequate commodities for malaria testing and treatment;  

implement bottom-up approaches that start with stakeholder dialogues in the assessment 
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of climate change and health risks; and encourage participatory research approaches to 

complement science-based risk assessments. 

Environment and Health sectors can collaborate and make use of the CHW program, 

which already has established structures at the community level, to deliver climate 

change awareness and adaptation education and strategies.  

12.5. Significance of the Study 

Although the need for integrated assessments has been rising, the uptake is slow partly 

due to the need for multiple methods and integration of data and knowledge across 

disciplines. This study has advanced the field of study, and addressed some of the 

limitations of climate change and malaria risk assessments by providing a method of 

classifying and ranking systems variables to identify a subset of influential and 

dependent variables of the system for subsequent modelling and combining information 

from a range of quantitative and qualitative sources and integrating them using BBNs 

results in a more robust model, informed by community needs and capabilities. The 

results have led to further knowledge generation and identification of targeted response 

strategies for decision-making and policy. Therefore, significant contributions of this 

study include: 

a) Utilising systems thinking to comprehensively frame the issue of climate change 

and malaria risk along with the use of mixed methods to integrate knowledge 

from different fields with stakeholder participation at different geographical 

scales and levels of governance;  

b) Application of an integrated risk assessment framework in data-poor regions 

using qualitative narratives from stakeholders to complement quantitative data; 

c) Advancing the use of BBN models for studies of climate change and health 

impacts where there are many inter-related pathways of causality and 

demonstrated how a BBN model can be used by policy makers to explore how 

the risk of malaria will change under different scenarios and the consequences of 

different adaptation strategies; and 

d) Improving the evidence base linking climate change and malaria risk and 

increasing knowledge to enhance local adaptation response options for 

managing climate change and health impacts. 
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It is also worth noting that the integrated assessment framework developed here is 

applicable to the study of the impacts of climate change, land use and land use change 

on other kinds of transmittable diseases and provides a methodological basis for 

addressing climate change adaptation research in Africa or other areas globally with 

similar risk profiles. 

12.6. Conclusion 

When implementing adaptation measures, it is important to keep in mind the adage that 

“one size does not fit all”. Although the root cause of climate change is the result of 

aggregate global emissions, climate change risks vary regionally. Therefore, adaptation 

responses must always be tailored to local circumstances and will be largely dependent 

on the vulnerability of communities which is context-specific and influenced in part by 

activities at the local level. Thus, the same influencing factors for a modern developed 

country will not represent the same risks as those for rural communities in a developing 

country. And even in differing rural communities in the same developing country, 

community experience and knowledge, access to health services and social capital may 

differ.  Putting risk in local context enables the creation of suitable and sustainable 

adaptation policies that protects the values that stakeholders (including the local 

community) have because different values and interests will influence different 

adaptation outcomes.  

This study has made innovative use of systems thinking and Bayesian belief network 

modelling in climate change and malaria risk assessment at the community level. The 

approach developed here provides a conceptual framework and methods for assessing 

baseline risks and evaluating different adaptation options under future climate change 

scenarios for malaria risk management in East Africa. Additionally, this study provided 

recommendations for future research on integrated climate change and malaria risk 

assessments and considered the implications for climate change and malaria risk policy 

that are focused on community needs. 

Climate change and malaria risk assessments are typically conducted at regional and 

national scales and few documented cases have been found that incorporate community 

views. This study has taken what is often considered a global issue of the impact on 

malaria risk due to climate change and applied it to a community level using an 

integrated risk assessment framework, as recommended by the IPCC, to identify local 
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factors influencing hazard, exposure and vulnerability, and suggest suitable adaptation 

strategies informed by scientific information and community perspectives. 
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APPENDIX VIII: FOCUS GROUP DISCUSSION QUESTIONS 
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APPENDIX IX:  WORDS GENERATED WORD FREQUENCY ANALYSIS 

Word Length Count 
Weighted Percentage 

(%) 
Similar Words 

rain 4 607 2.07 rain, rained, rainfall, raining, rains, rainwater 

malaria 7 599 2.04 malaria 

plant 5 448 1.46 established, found, institutions, plant, planted, planting, plants, sets 

change 6 403 1.34 change, changed, changes, changing, exchange, interchanging, switch, transferring, varieties 

household 9 492 1.26 families, family, home, homes, house, household, households, houses 

people 6 360 1.22 mass, people, peopls 

land 4 462 1.15 acre, acres, domain, earth, farm, farmed, farming, farms, ground, grounds, land, lands, national, soil, soils, stated, states 

water 5 294 1.00 irrigation, water, waters 

women 5 257 0.88 women 

government 10 285 0.82 authority, control, controlled, controlling, established, government, governments, orders, organic, organisations, organise, 
organised, organiser, organising, organism, organisms, regulate, regulations, rule 

time 4 272 0.80 season, seasonal, seasons, time, timely, times, timing 

harvest 7 287 0.78 crop, cropping, crops, harvest, harvested, harvesting, reap, reaped 

sick 4 233 0.77 cast, disturbed, illness, sick, sickness, vomit, vomited, vomiting, vomitting 

diseases 8 227 0.77 disease, diseases 

hospital 8 218 0.74 hospital, hospitals 

weather 7 217 0.73 conditions, weather 

climate 7 203 0.69 climate, climateical, climatic, climatical 

help 4 210 0.62 aids, assist, assistance, assistant, assisting, availability, available, facilitating, facilites, help, helped, helpful, helping, 
helps, services, supports 

children 8 169 0.58 children 

year 4 168 0.57 days, year, years 

mosquitoes 10 155 0.53 mosquito, mosquitoes 

community 9 162 0.49 communal, communicate, communication, communities, community, national, passed, transmit, transmitted 

medicine 8 140 0.48 medic, medical, medication, medicine, medicines, medics 

forecast 8 143 0.47 figure, forecast, forecasters, forecasting, forecasts, predicting 

treatment 9 165 0.46 discuss, discussed, discussion, handle, handling, intervention, interventions, treatment, treatments 

management 10 159 0.45 achieved, careful, caring, cope, coping, directions, director, handle, handling, manage, managed, management, manager, 
managing, supervise, supervising 

nets 4 162 0.45 clear, cleared, clearing, clearly, earnings, nets, profitable, sack 

food 4 132 0.44 food, foods, nutrients 
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information 11 132 0.42 conversation, inform, information, informed, instruct, instructions, source, sources, sourcing 

money 5 123 0.42 money 

affected 8 168 0.41 affect, affected, affects, impact, impacts, manner, move, moving, regard, regarding, touch, warm 

education 9 155 0.40 breed, breeding, civil, cultivate, cultivation, develop, developing, development, educate, educated, education, educational, 
educations, extracting, instruct, instructions, preparation, school, schools, teach 

child 5 113 0.39 child, kids 

decisions 9 112 0.38 decision, decisions 

trees 5 113 0.38 corner, tree, trees 

something 9 108 0.37 something 

woman 5 104 0.35 woman 

different 9 103 0.35 differ, difference, differences, different, differently, differs, divergent, otherwise, unlike, unlikely 

traditional 11 102 0.35 customs, tradition, traditional, traditions 

farming 7 192 0.32 agricultural, agriculture, farm, farmed, farming, farms, grow, growing, produce, raised 

responsibility 14 94 0.32 duties, duty, reaction, responses, responsibilities, responsibility, responsible 

livestock 9 98 0.31 livestock, stock, stocked 

maize 5 91 0.31 maize 

sell 4 90 0.28 market, markets, sell, selling, sells, trading 

wife 4 81 0.28 wife 

understand 10 119 0.27 agreement, clear, cleared, clearing, clearly, comprehensive, realise, realised, translate, translated, understand, 
understanding 

house 5 156 0.26 firm, house, houses, sign, signs, trapping 

chws 4 73 0.25 chws 

places 6 148 0.25 directions, grade, identify, laying, local, localised, locality, location, office, officer, officers, orders, place, places, position, 
positive, property, putting, rate, rates, send, sets, shoes, situation, situations, space, stations, targeted 

problem 7 74 0.24 jobs, problem, problems, trouble 

test 4 66 0.22 examine, exams, test, tested, testing, tests 

early 5 76 0.22 early, others 

crops 5 130 0.21 crop, cropping, crops, cultivate, cultivation, graze, grazing 

enough 6 66 0.21 adequate, enough, plenty, sufficient 

farmers 7 62 0.21 farmer, farmers 

late 4 62 0.20 deep, late, later, latter, previous, previously, recent, recently 

experience 10 62 0.19 experience, experienced, experiences, experiencing, received 

wind 4 57 0.19 nose, wind, winds 

husband 7 68 0.19 conservation, conserve, economic, economics, husband, husbands 
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biting 6 62 0.18 bite, bites, biting, burn, burned, burning, sharp 

increased 9 61 0.18 addition, additives, growth, increase, increased, increases, increasing, progress 

doctor 6 58 0.18 doctor, doctors, fixed, repairing, repairs 

always 6 52 0.18 always, constant, constantly 

clean 5 87 0.17 clean, clear, cleared, clearing, clearly, fresh, lighting, white 

family 6 107 0.17 families, family, inherited, transmission, transmit, transmitted 

ways 4 57 0.17 directions, manner, ways 

lake 4 49 0.17 lake, lakes 

activities 10 59 0.17 action, active, activities, activity, fight, participate 

ploughing 9 50 0.17 plough, ploughed, ploughing, turns 

cold 4 48 0.16 cold, colds, cool 

sleep 5 48 0.16 sleep, sleeping 

mother 6 51 0.16 father, fathers, generate, generating, maternal, mother, mothers 

rivers 6 47 0.16 river, rivers 

facilities 10 61 0.16 facilities, facility, quick, quickly, ready 

agree 5 52 0.16 accordance, according, agree, agreed, concur, concurring 
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14 : VecAbun 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3 2 0 2 0 0 3 0 0 0 0 

15 : VctBtng 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 0 3 0 0 3 0 0 0 0 

16 : VInfR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 3 2 2 0 3 0 0 0 0 0 0 0 

17 : VctrAdpt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 2 0 0 0 0 

18 : Pop<5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 2 3 0 0 3 0 0 0 0 0 0 0 

19 : ImmStat 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 : Intns 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 : DrgRes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

22 : Urbnsn 0 0 0 0 0 0 3 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 : Popmig 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 : Ntrnstat 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 : Gndr 0 2 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 0 3 2 1 0 0 0 0 0 0 0 0 0 

26 : Pvrt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3 3 0 0 0 0 0 0 0 0 0 0 

27 : RelBlf 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 3 0 0 0 0 0 0 0 0 0 0 0 

28 : Pcptn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 2 0 0 0 0 0 0 0 0 0 0 

29 : TypDwl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 : EdLvlHh 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 0 0 0 0 0 0 0 0 0 

31 : HltSkBhv 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 : NetU 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

33 : EnvCtrl 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 : QltHltSys 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 0 0 0 2 0 0 0 0 0 0 0 0 0 0 2 2 2 0 0 0 0 0 0 0 0 0 

35 : MalCtrl 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 2 0 0 0 1 0 0 0 0 
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36 : QltInf 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 3 3 3 3 2 0 0 0 0 0 0 0 

37 : ChngClth 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

38 : ClsWin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

39 : SocCptl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 2 0 0 0 0 0 0 0 0 0 

40 : GndrBs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1 0 0 0 0 0 0 0 0 0 0 

41 : Ccred 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

42 : EnrgSv 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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APPENDIX XI: MAGNIFIED BASELINE BBN MODEL LOWLAND 

 

Vulnerability

Low
Medium
High

39.5
42.7
17.8

0.424 ± 0.27

Biological Susceptibility

Low
High

20.7
79.3

0.207 ± 0.4

Pregnancy Related Immune Status

No Added Risk
Added Risk

84.9
15.1

Age Related Susceptibility

Low
High

31.8
68.2

Population by Age Group

Zero to Four Years
Five Years and Above

16.2
83.8

Malaria Exposure 

Intermittent
Consistent

20.0
80.0

Pregnancy Rate

Not Pregnant
Pregnant

96.5
3.50

Malaria Treatment

Ineffective
Effective

40.8
59.2

Malaria Prevention

Ineffective
Effective

67.9
32.1

Community Coping

Low
High

54.7
45.3

Susceptibility

Low
Medium
High

35.7
12.6
51.7

0.556 ± 0.33

Generic Susceptibility

Low
High

34.5
65.5

Community Health Worker Program

Not Widespread
Widespread

30.0
70.0

Exposure

Low
Medium
High

0.99
39.6
59.4

0.704 ± 0.2

Vector Habitat Suitability

Unsuitable
Suitable

39.1
60.9

Coping Capacity

Low
Medium
High

66.1
14.8
19.1

0.336 ± 0.29

Institutional Coping

Low
High

59.2
40.8

Quality of Information

Low
High

58.5
41.5

Health Education

No
Yes

60.0
40.0

Climate Suitability

Low
High

2.52
97.5

Climate Change

Current Climatic Conditions
Three Degree Plus  World

50.0
50.0

1.5 ± 0.65

Monthly Precipitation

0 to 150
150 to 9999

57.8
42.2

2190 ± 3100

Air Temperature

0 to 16
16 to 34
34 to 100

0.84
99.2

   0

24.9 ± 5.4

Quality of Health Systems

Low
High

64.8
35.2

Risk of Malaria Infection for a Community

Low
Medium
High

61.2
32.4
6.35

0.336 ± 0.32

Hazard

Low
High

45.7
54.3

Vector Adaptive Behaviour

Normal Biting
Early Biting

60.0
40.0

Agriculture

Waterbody
Agriculture dense
Agriculture sparse

43.0
55.0
2.00

Malaria Prevalence

Low
High

73.0
27.0

Perception

CC or Malaria Knowledge
Limited or no Knowledge

25.0
75.0

Gender 

Male
Female

48.0
52.0

Religious Beliefs

Low
High

15.0
85.0

Social Capital

Low
High

90.0
10.0

Mosquito Bednet Use

Not Used
Used

30.0
70.0

Environmental Controls

Bush Clearing
Waste Management

72.2
27.8

Closing Windows

No
Yes

40.0
60.0

Change Clothes

No
Yes

40.0
60.0

Health-Seeking Behaviour

Treatment at Facility
Self Medication
Traditional Remedy

43.0
39.9
17.2

Household Head Education 

Primary or None
Secondary or Higher

88.1
11.9

Malaria Control

Inefficient
Efficient

37.1
62.9

Information Utility

No
Yes

70.0
30.0

Malaria Information

Not Adequate
Adequate

61.4
38.6

Efficiency of Health Facilities

Inefficient
Efficient

65.0
35.0

Bed Net Distribution

None
Mosquito Net

11.8
88.2

Indoor Residual Spraying

No
Yes

 100
   0

Trained Health Personnel

No
Yes

70.0
30.0

Number of Facilities 

No
Yes

84.0
16.0

Availability of Commodities

Not Available
Available

40.0
60.0

Weather and Climate Information

Not adequate
Adequate

58.0
42.0

Research  Activity

Low
High

70.0
30.0
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APPENDIX XII: MAGNIFIED BASELINE BBN MODEL HIGHLAND 

 

 

Vector Habitat Suitability

Unsuitable
Suitable

16.3
83.7

Susceptibility

Low
Medium
High

27.3
37.0
35.7

0.529 ± 0.29

Coping Capacity

Low
Medium
High

37.0
36.3
26.7

0.464 ± 0.29

Biological Susceptibility

Low
High

31.3
68.7

0.313 ± 0.46

Generic Susceptibility

Low
High

48.0
52.0

Age Related Susceptibility

Low
High

29.1
70.9

Pregnancy Related Immune Status

No Added Risk
Added Risk

83.0
17.0

Population by Age Group

Zero to Four Years

Five Years and Above

16.8

83.2

Malaria Exposure 

Intermittent

Consistent

40.0

60.0

Pregnancy Rate

Not Pregnant
Pregnant

96.5
3.46

Community Coping

Low
High

46.4
53.6

Institutional Coping

Low
High

51.7
48.3

Hazard

Low
High

59.5
40.5

Air Temperature

0 to 16

16 to 34

34 to 100

24.9

75.1

   0

20.8 ± 8.9

Monthly Precipitation

0 to 150

150 to 9999

66.1

33.9

1770 ± 2900

Indoor Residual Spraying

No

Yes

70.0

30.0

Malaria Control

Inefficient

Efficient

37.8

62.2

Bed Net Distribution

None

Mosquito Net

27.1

72.9

Climate Suitability

Low
High

39.0
61.0

Climate Change Scenarios

Current Climatic Conditions

Three Degree Plus  World

50.0

50.0

2 ± 1.2
Malaria Treatment

Ineffective

Effective

42.4

57.6

Malaria Prevention

Ineffective
Effective

29.1
70.9

Agriculture

Agriculture Dense
Agriculture Sparse
Waterbody

99.0
0.50
0.50

Micro-Habitat Changes

Low
High

31.5
68.5

Tree Harvesting

No
Yes

30.0
70.0

Destructive Land Use

Sand Quarrying
Stone Quarrying
Gold Mining

40.0
20.0
40.0

Soil Erosion

No
Yes

65.0
35.0

Vector Adaptive Behaviour

Normal Biting

Early Biting

65.0

35.0

Malaria Prevalence

Low

High

97.0

3.00

Perception

CC or Malaria Knowledge
Limited or No Knowledge

40.0
60.0

Gender

Female
Male

53.0
47.0

Religious Beliefs

Not Religious
Religious

30.0
70.0

Household Head Education 

Primary or None
Secondary or Higher

84.0
16.0

Health-Seeking Behaviour

Treatment at Facility
Self Medication
Traditional Remedy

40.6
43.1
16.3

Environmental Controls

Bush Clearing

Waste Management

85.0

15.0

Mosquito Bednet Use

Not Used

Used

15.0

85.0
Information Utility

No
Yes

65.0
35.0

Quality of Information

Low

High

46.8

53.2 Malaria Information

Not Adequate

Adequate

39.0

61.0

Community Health Worker Program

Not Widespread
Widespread

20.0
80.0

Health Education

No
Yes

30.0
70.0Weather and Climate Information

Not Adequate
Adequate

36.0
64.0 Research Activity

Low
High

40.0
60.0

Quality of Health Systems

Low

High

36.2

63.8

Efficiency of Health Facilities

Inefficient
Efficient

60.0
40.0

Availability of Commodities

Not Available
Available

40.0
60.0

Number of Facilities

Inadequate
Adequate

15.0
85.0

Trained Health Personnel

No
Yes

30.0
70.0

Exposure

Low
Medium
High

6.34
42.6
51.1

1.05 ± 0.53

Risk of Malaria Infection for a Community

Low
Medium
High

51.9
31.7
16.4

0.442 ± 0.42

Vulnerability

Low
Medium
High

45.0
47.0
7.93

0.37 ± 0.24
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