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Abstract 

Southern Africa is characterized by a wide range of ecosystems, including savannas, grasslands, 

forests, and wetlands, as well as a mixture of rural and urban communities. These social and 

ecological systems are, however, being significantly impacted by climate change. 

This thesis uses systematic literature review, ecosystem modelling, GIS, vulnerability 

assessment approaches, and the social-ecological system framework to investigate the impact of 

climate change on social and ecological systems of southern Africa, covering eighteen countries 

(36% of the continent) and local populations’ responses to these challenges. The thesis consists of 

four original scientific publications addressing various aspects of climate change impacts and 

adaptation in southern Africa.  

Two studies, Kapuka et al., (2022) and Kapuka & Hlásny, (2021) focused on literature review 

to identify knowledge gaps in the current understanding of climate change impacts and adaptation 

in ten southern African countries. The results revealed significant advances in climate change 

research in southern Africa since 2005 in terms of the number of publications and African authors 

in first positions, however, regional inequalities are noticeable. The findings further identified 

barriers in climate change research in the region, such as insufficient use of modern technologies, 

models, climate change scenarios, and Earth Observation products. The review also revealed high 

diversity of observed and projected climate change impacts on terrestrial, marine, and freshwater 

ecosystems of southern Africa, including local extinction, increased mortality, and loss of habitats. 

Measures aiming to mitigate these impacts included active ecosystem management, policy 

development, and increased research and monitoring. 

The study, Kapuka et al., (2022) modelled the vulnerability of eight major woody species to 

climate change in southern Africa, covering eighteen countries, as well as implications for the 

provisioning of ecosystem services such as timber, energy, and food. The results portrayed distinct 

regional differences in species range vulnerability, including hotspot and coldspot areas (i.e., areas 

where climatic suitability of multiple species are projected to retreat or persist). The baseline 

suitability range of Mopane (Colophosperm mopane) was least affected by climate change, 

rendering it a regional winner. While the baseline range of African rosewood (Guibourtia 

coleosperma) declined entirely rendering the species a regional loser. Timber provision was the 

most affected, while species providing food and energy were affected less. 
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Finally, Kapuka & Hlásny (2020) focused on identifying patterns of socio-ecological 

vulnerability in Namibia. The results show that populations with the poorest socio-economic 

performance were mostly distributed in the northern districts, which are also exposed to the highest 

frequency and severity of natural hazards, particularly to floods and wildfires. This coincidence of 

highly sensitive populations with high exposure to hazards renders these populations particularly 

vulnerable.  

The results of the thesis can inform targeted adaptation and conservation actions and strategies, 

which are currently lacking in many African regions. The results can support the development of 

national and regional management strategies and investment priorities and contribute towards 

achieving the Sustainable Development Goals. The findings further have implications for climate 

change adaptation and ecosystem conservation, and the formulation of future research priorities for 

southern Africa.  

Keywords: southern Africa, vulnerability, ecosystem management, climate change adaptation, 

social-ecological system. 
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1 Background 

Climate change continues to threaten the sustainability of ecosystems and the wellbeing of 

many human populations globally (Fedele et al., 2019). It generates cascading risks propagating 

through the global social, ecological, and economic systems (Fortini & Schubert, 2017; Lindner et 

al., 2009; Littell et al., 2011; Williams et al., 2008).  

Extreme temperatures, erratic rainfall, and increasing evapotranspiration demand are likely 

to result in major impacts on human populations and exceed the resilience limits of many 

ecosystems and trigger irreversible landscape transformations (IPCC, 2019). Millions of human 

communities and various ecosystems are projected to be exposed to the impacts of climate change 

in the coming decades (IPCC, 2018), resulting in limited access to key ecosystem services (Godde 

et al., 2020; Schewe et al., 2014; Schmidhuber & Tubiello, 2007; Thornton et al., 2014; Van Vliet 

et al., 2013). For example, climate change can drive complex changes in ecosystem structure and 

their interactions with the environment over a range of spatial and temporal scales and thus affect 

the ecosystem services rendered by these ecosystems. As a result, the wellbeing of human 

communities who heavily rely on these ecosystem services for their livelihoods are affected too 

(Díaz et al., 2006). Therefore, the human societies and ecosystems will require support to adapt to 

climate change-driven impacts  (Fedele et al. 2019).  

There is ample evidence attesting that variability in global climate continues to have adverse 

impacts on the world’s social, ecological and economic systems (Fortini & Schubert, 2017; Lindner 

et al., 2009; Littell et al., 2011; Williams et al., 2008), as there has been an increase in the intensities 

and frequencies of extreme events, such as floods, heat waves and droughts (Hoegh-Guldberg et 

al., 2018; IPCC, 2019; Vishwambhar, 2015), including negative impacts on human health (Ebi et 

al. 2018; Foley et al., 2005; Thompson et al., 2010), and the acceleration of the process of land 

degradation (IPCC, 2019). Other observed impacts include early greening of natural vegetations in 

springs due to longer growing seasons (Lindner et al., 2009). The current vulnerability to climate 

change and inequality within systems is expected to intensify in some parts of the world (Otto et 

al., 2017). A system’s vulnerability and adaptation to climate change impacts greatly depends on 

the frequency and intensity of climate change related hazards in a particular region, the sensitivity 

of the system and adaptation measures being implemented (Barry & Wandel, 2006; Brian et al., 

2017; Littell et al., 2011). 
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Climate change, however, is not affecting human populations and ecosystems equally around 

the world, but it generates complex pattern of vulnerability depending on the level of climatic 

exposure, political and governance context, social-economic conditions of the populations, and 

their adaptive capacity (Smit & Wandel, 2006; Brian et al., 2017; Littell et al., 2011; Thomas et 

al., 2019). The current vulnerability to climate change and inequality within systems are expected 

to intensify in some parts of the world, such as Africa (Otto et al., 2017). 

1.1 Climate change and why it matters in Africa 

The African continent, with a considerable proportion of poor population, is one of the most 

vulnerable continents to climate change, with disproportionately threatened social and ecological 

systems (Hély et al., 2006; López-Carr et al., 2014; Palazzo et al., 2017).  Moreover, the distribution 

of climate change vulnerability hotspots indicates that Africa is one of the regions where moderate 

and high multi-sector vulnerabilities predominantly occur (Byers et al., 2018; Hély et al., 2006; 

López-Carr et al., 2014; Palazzo et al., 2017). According to the IPCC (2019), impacts of the 

changing climate (i.e., extreme temperatures and high evapotranspiration) coupled with high 

dependence of human populations on ecosystems for their livelihoods, have transformed 

ecosystems in the region at an accelerating rate. Many African populations are directly and 

indirectly threatened by climate change due to their poor social-economic conditions and low 

capacity to implement effective adaptation measures (Baarsch et al., 2020; Thompson, et al., 2010).  

1.1.1 Regional perspective 

Southern Africa, (Fig. 1) represent a region with varying social-economic and natural 

conditions that are increasingly threatened by climate change-related events (e.g., unpredictable 

rainfall, floods, and recurrent droughts), land use, and other pressures  (Guo et al., 2016; Rippke et 

al., 2016). It is one of the regions in Africa that is facing extreme temperatures, changes in rainfall 

pattern, increasing aridity, and rise in sea level (Girvetz et al., 2019). Moreover, various studies 

have suggested the presence of climate change hotspots of global importance in southern Africa 

(Bauer & Scholz, 2010; Hoegh-Guldberg et al., 2019). Climate projections have further predicted 

an increase in droughts, frequency and intensity of wildfires, and increased land degradation in the 

region (Keja-Kaereho & Tjizu, 2019; Midgley et al., 2005). Decrease in rainfall, leading to drier 

summers with extreme temperatures are also projected to affect large parts of the southern African 

region  (Archer et al., 2017; Engelbrecht et al., 2011).  
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Major climate change-related impacts in the region include limited access to clean water, 

increase in water-borne diseases, and reduced agricultural productivity, leading to increased food 

insecurity (Archer et al., 2017). Changes in climate may also compromise the region’s natural and 

cultural values and its rich biodiversity with severe implications for tourism that is an important 

source of income for many local communities in the region (Mushawemhuka et al., 2018). 

Increasing risk of wildfires and droughts affects adversely many ecological systems, mainly in arid 

and semi-arid areas (Pricope et al., 2015; Sintayehu, 2018). 

The high climatic exposure of the southern African region coincides with societal issues such 

as extreme poverty, poor governance, low awareness of climate change-related risks and the 

population’s high dependence on climatically vulnerable natural resources for their livelihoods 

(Dieckmann et al., 2013; Makate et al., 2017). Climate change-related risks are therefore 

particularly high for disadvantaged, rural and poor communities due to high vulnerability to climate 

change, and the lack of capacity to plan, finance, and effectively coordinate adaptation initiatives.  

Facing such risks requires swift and coordinated actions which are supported by profound 

understanding of the dynamics within social-ecological systems under climate change and 

transferring such understanding into informed decisions and policies  (Cochrane et al., 2017; 

Posada et al., 2018).  

Therefore, in the face of global challenges such as climate change, there is a need to understand 

the complex interactions between human communities and ecological systems. There is a need to 

assess possible societies’ responses to climate change-related risks, to better inform effective 

strategies for maintaining ecosystems’ resilience and sustainable development for the human 

communities. However, climate change related risks to regional ecosystems and human 

populations are understudied in southern Africa, leading to lack of understanding of climate change 

processes and their interactions with the social and ecological systems. Such a lack of knowledge 

undermines efforts on addressing climate change risks in the region, making climate change 

mitigation and adaptation efforts challenging.  
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2 Objectives 

The thesis presents a framework that utilizes the interdisciplinary approaches and the social-

ecological framework to enhance knowledge on the dynamics of the social-ecological systems 

under climate change in southern Africa. It focuses on selected aspects of climate change impacts 

on ecosystems and societies in southern Africa based on well-established vulnerability concepts, 

which may facilitate the development of effective adaptation strategies. The focus of the thesis is 

on southern Africa due to high complex ecological and social settings of the region, which is crucial 

to the transfer of the research findings to other region with similar socio-economic settings.  

The main objectives of the thesis are to: 

i. understand the current state of knowledge on various aspects of climate change in southern 

Africa. Specifically, we aimed to (1) understand the temporal development of climate 

change research, its geographical differences, coverage of different thematic areas, and 

level of research internationalization in ten southern African countries, and (2) understand 

observed and projected impacts of climate change on various species, populations, and 

ecosystems, with management and policy recommendations aiming to mitigate these 

impacts in nine southern African countries. 

ii. assess projected climatic vulnerability of major woody species in southern Africa and risk 

for the provisions of main ecosystem services. Specifically, we aimed to investigate how 

climate change threatens the potential current and future distributions of eight major woody 

species and the ecosystem services they provide in southern Africa. 

iii. evaluate the patterns of vulnerability of the human societies to natural hazards in Namibia 

as a case study. Specifically, we aimed to identify the main factors influencing social 

vulnerability in the districts of Namibia and evaluate how the socio-economic fitness of 

populations coincide with the distribution of high-hazard areas.  
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3 Literature review 

3.1 The social-ecological system framework 

The strong relationship between human communities and the environment has led to the 

emergence of the social-ecological system (SES) framework (Barreteau et al., 2016). It 

characterizes conditions where different components of human community (e.g., economic, 

cultural, and political) and environment (e.g., biological, geological, chemical, and physical) are 

strongly coupled and interact with each other (Herrero-Jáuregui et al., 2018). The interactions 

within the SES play a vital role in shaping ecosystems. For instance, the environment provides 

ecosystem services to human society and the society manipulate the ecological processes through 

various management interventions (Thonicke et al., 2020).  

The concept of SES provides insights, as well as the need for multidisciplinary approaches to 

understand the dynamic relation between human society and the environment (Stojanovic et al., 

2016). The study of SES has therefore, increasingly become a crucial framework for understanding 

the interactions between social and environmental systems (Leenhardt et al., 2015). The SES 

framework has also been widely used across the world and form an important part of many 

adaptation initiatives and policy formulations (e.g., Sustainable Development Goals) (Fischer et 

al., 2015).  

Despite the progress in the applications of the SES framework, the concept still faces many 

challenges and uncertainty as an interdisciplinary framework (Fischer et al., 2015).  This includes 

the challenge of assessing and quantifying the interactions within the SES, the need to determine 

key drivers of climatic vulnerability and measures to address climate extremes (Thonicke et al., 

2020), and the lack of a common definition for SES  (Colding & Barthel, 2019; Herrero-Jáuregui 

et al., 2018). 

3.2 The concepts of vulnerability and resilience to climate change 

Vulnerability and resilience concepts have gained increasing attention in literature (Noy & 

Yonson, 2018). The term vulnerability has been defined in numerous ways in literature. For 

example, Cutter et al., (2003) defined it as the probability of a system or its processes being 

negatively impacted by climate change related hazards, Kantamaneni, (2019) described it as the 

ability of a population to cope with and adapt to external stress such as environmental hazards, and 

Leichenko & O’Brien, (2002) defined vulnerability as a measure of the degree to which an entity 
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may be impacted or influenced by an object or event. However, most authors agree on the three 

key components of vulnerability of a system as being composed of exposure, sensitivity, and 

adaptive capacity (Birkmann, 2006).  

Although resilience has been an important concept in literature since its emergence, it is still not 

well understood on its application in various disciplines, as the concept has been evolving (Li et 

al., 2020; Mumby et al., 2014). Like vulnerability, resilience has various definitions. For example, 

the United Nations (UN) define resilience as: “the ability of a system, community or society 

exposed to hazards to resist, absorb, accommodate, to transform, and recover from the effects of a 

hazard in a timely and efficient manner, including through the preservation and restoration of its 

essential basic structures, and functions through risk management” (United Nations, 2016). Some 

authors define resilience as the magnitude of a stressor that a social and ecological system is 

capable of enduring and its ability to recover to its original characteristics in the presence of shocks 

(Cutter et al., 2008), while others (e.g., Adger, 2000) attempt to differentiate resilience between 

social and ecological by defining social resilience as the ability of groups or communities to cope 

with external stresses and disturbances due to social, political, and environmental change, and 

ecological resilience as a characteristic of ecosystems to maintain themselves in the face of 

disturbance. Mumby et al., (2014) categorized resilience into ecological (ability of a system to be 

able to exhibit recovery trajectories through disturbance) and engineering resilience (measures the 

rate of recovery to an equilibrium state). However, there is no significant differences in the 

meanings of the above definitions of resilience, and all definitions demonstrate that the main 

characteristic of resilience is maintaining a balanced state of the social-ecological systems.  

The two concepts have become increasingly vital in social and environmental policy 

formulation and in informing environmental and development discourse (Cannon & Muller-Mahn, 

2010). Moreover, the concepts can be seen as being strongly interrelated, as vulnerability is viewed 

by some as a component of sensitivity and resilience capacity (Lei et al., 2014). For example, 

assessing the vulnerability of a system can also reveal the level of resilience of that system to 

withstand shocks, and the lack of resilience capacity can increase vulnerability of a system to the 

impacts of various stressors (Nunes, 2021).  

Within the SES, vulnerability can be significantly minimized by collectively maintaining the 

resilience capacity of the ecological components. For example, reducing pressure on the ecosystem 
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and conserving biodiversity through effective management practices and enhancing adaptive 

capacity of the social components of the system to cope with adverse changes within the 

environment (Mumby et al., 2014; Thonicke et al., 2020). Vulnerability and resilience assessments 

thus form an essential step in mapping and identifying patterns and level of sensitivity or exposure 

to external stressors (Dintwa et al., 2019), and provide knowledge which can support the 

formulation of area-specific solutions to enhance a system’s adaptative capacity (Chakraborty et 

al., 2019). 

3.2.1 Assessment of vulnerability and resilience of the social-ecological systems 

Vulnerability and resilience assessments have become crucial components of decision-

making across the world (Skondras et al., 2020),  which can be carried out at micro or macro level 

(Leichenko & O’Brien, 2002). The key focus of vulnerability assessments was either on the social 

system (e.g., vulnerability of people) or on the biophysical assessment of natural hazards and their 

impacts to various sectors such as agriculture (Adger, 2006). However, increasing pressure from 

various stressors on human communities and environmental components have stimulated an 

increase in demand for transdisciplinary approaches to examine the complex interactions and 

vulnerability of human societies and the environment (Stojanovic et al., 2016).  

Since SES is an interdisciplinary framework, it requires approaches which integrate different 

scientific disciplines to conduct effective transdisciplinary assessments (Folke et al., 2010; Holzer 

et al., 2019). As a result, various methodological approaches, concepts, theories, and models which 

may be applied to describe and analyze the characteristics of SES, including their vulnerability and 

resilience, have been developed and tested in academia (e.g., Epstein et al., 2014; Fischer et al., 

2015; Metzger et al., 2005; Nguyen et al., 2016; Otto et al., 2017). This includes, for example, 

methods for identifying main indicators, integrated assessment approaches comprising both 

biophysical and social components of vulnerability, the development and application of 

vulnerability indices, and recommending appropriate adaptation strategies (Kapuka & Hlásny, 

2020).  

In vulnerability assessments, indicator-based approaches are some of the most common 

methods (e.g., Kapuka & Hlásny, 2020; Nguyen et al., 2016; Noy & Yonson, 2018). However, 

collective approaches such as climate change vulnerability assessments has been also applied in 

mapping and identifying environmental components with higher risk of decline due to climate 
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impacts (see, Kapuka et al., 2022; Pacifici et al., 2015). Metric-based approaches have been used 

to assess the vulnerability of rural communities to flood risks (see, Adeloye et al., 2015).  

Assessment of resilience, however, can be approached through the analysis of the ability of 

a system to withstand stressors, re-organize, respond, and maintain its basic functions in the 

presence of disturbances (Osbahr et al., 2010). For example, the use of resilience indices to measure 

the effect of disturbance absorption and determine a system’s qualities to cope with current and 

future challenges (Briguglio et al., 2009). Some authors (e.g., Stanickova & Melecký, 2018) have 

noted that resilience can be determined through the analysis of available adaptation strategies. 

These underlying adaptation strategies can then be used to establish how well a system is likely to 

resist any current and future shocks.  

Although there are no standard methods of assessing resilience currently available, some 

models and approaches have shown great success in their applications (e.g., Cross-scale resilience 

model, Network analysis, Agent modelling etc) (Li et al., 2020; Siders, 2019). Multivariate 

statistical approaches and software such as ANOVA, regression, spearman's rank correlation, 

logistic regression, cluster, and principal component analyses are also useful tools for exploring 

the relationships between interacting systems (Menzie et al., 2007). The concept of exposure-

sensitivity-adaptive capacity has also been widely used to assess and understand the level of 

vulnerability of a system to climate variability and climate change in a spatially explicit manner 

(e.g., Fortini & Schubert, 2017; Lindner et al., 2009; Pandey et al., 2015). 

Despite efforts in the development of conceptual and analytical knowledge of vulnerability 

and resilience assessments, several challenges persist and limits the realization of full potential that 

integrated approaches can offer to the assessment of vulnerability (Bruno Soares et al., 2012). For 

example, the complexity of theoretical and conceptual frameworks applied in the assessments of 

vulnerability makes it difficult to assess vulnerability and compare different assessments and 

results at different spatial scales (Malone & Engle, 2011).  

3.3 Adaptation strategies to climate change impacts 

It is apparent that the progress of human development and environmental processes are being 

hindered by the aggravating impacts of climate change around the world (IPCC, 2019). The 

intensity and severity of current climatic regimes has become a cause for concern (De Souza et al., 

2015) and has prompt human societies to take collective actions to address the impacts of climate 
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change. To enable sustainable development, multiple adaptation strategies are being implemented 

around the world, including where extreme climate conditions always prevail and exhibit high 

vulnerability, such as the arid part of sub-Saharan Africa (Bunting et al., 2013). Effective 

adaptation efforts, however, need to be area-specific and consistent with the underlying settings of 

the specific system (Abson et al., 2012), as adaptation approaches are influenced by various factors, 

including the structure of the system, temporal and spatial scale, key beneficiaries, type of response 

required, and sector involved (Holman et al., 2019). 

Adaptation strategies to climate change can take different forms, including reducing the 

populations’ dependence on natural resources. This can be done through the provision of various 

alternative sources of livelihoods, technology inputs, effective natural resources management, 

effective implementation of climate change policies and strategies (Thompson et al., 2010). For 

example, in some parts of southern Africa, collective adaptation strategies such as the adoption of 

Climate-Smart Agriculture (CSA), which involve a shift in agricultural practices and the 

participatory Community Based Natural Resource Management (CBNRM) programme, have 

shown major improvements in enhancing populations’ resilience to climate change related stress 

(Osbahr et al., 2010).  

A system’s response to external stress was for example, categorized by Fedele et al., (2019) 

into three major types: coping responses, incremental adaptation, and transformative adaptation. 

Coping strategies are usually applied by the affected populations to resist or minimize the impacts 

from external challenges and maintain the original characteristics of the affected systems (Whitney 

et al., 2017). This type of adaptation approach is usual short term and might not be the ideal strategy 

to enhance a system’s adaptive capacity in the long run.  

Incremental adaptation strategies on the other hand involves minor, but effective changes to a 

system’s settings, with the main purpose of enhancing its resilience to shocks (Kates et al., 2012). 

For instance, shifts in agricultural and land management practices (e.g., introduction of irrigation 

systems, reduction of livestock numbers) to adapt to the challenges affecting the agricultural sector 

(Nguyen et al., 2016).  

Society can also respond to environmental shocks and reduce their vulnerability to 

environmental stress through transformative adaptation. For example, by completely rehabilitating 

degraded landscapes. Transformative adaptation strategies are long term and focuses on addressing 
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or tackling the main sources of environmental challenges (Olsson et al., 2004). They create changes 

that leads to new interactions between social and ecological systems (Wahid et al., 2019) .  

Despite various adaptation approaches being implemented across the world, there is still a 

growing demand for increased external financial investments into adaptation mechanisms, 

particularly in developing countries with limited resources and human capacity (Osbahr et al., 

2010). For example, different cultural beliefs in most part of the southern African region makes it 

difficult to effectively implement some of the underlying adaptation strategies. Some parts of 

southern Africa, farmers and some ethnic groups with strong cultural and religious beliefs are often 

unwilling to take up adaptation measures, such as the reduction of the livestock herd size during 

droughts. Adaptation interventions in the southern African region are further being hindered by the 

predominant lack of quality information on regional precipitation patterns and specific future 

climate change impacts (Bauer & Scholz, 2010). Furthermore, efforts aimed at enhancing resilience 

will require some adjustments in the policies to effectively address the dynamics of social-

ecological systems and achieve priorities needed for adaptation (Garmestani & Benson, 2013). 
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4 Material and Methods 

4.1 Study area 

The study focused on the southern African region (Fig.1), which is already facing the impacts 

of climate extremes, leading to severe economic and social implications in most parts of the region. 

As a result, at both national and regional levels, southern African countries are focused on 

understanding the impacts associated with climate change on social and ecological systems and 

formulating effective response strategies through research, particularly on climate change 

vulnerability in agriculture and other sectors.  

 
Figure 1. Areas in southern Africa investigated in this study and their locations in Africa.  

Most parts of the southern African region are characterized of high proportion of poor 

population with limited access to essential services, escalating unemployment, and high levels of 

human inequalities. Agricultural practices, which greatly depends on rainfall is one of the main 
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sources of livelihoods and economic development in southern African countries. However, 

agriculture, including forests and rangelands are also some of the most vulnerable economic sectors 

to climate change and variability (Kamali et al., 2019; Rapolaki et al., 2019). 

The southern Africa region is categorized as a climate hot-spot due to erratic climatic 

regimes, diverse social and ecological conditions, and low human adaptive capacity (Bunting et 

al., 2013). Climatic conditions vary from arid to temperate and savanna in small parts of the region, 

with annual average rainfall ranging between 100 - 2000 mm (Spear et al., 2015). Vegetation types 

in the region are miombo, mopane, baikiea, acacia, and tropical moist and mangroves.  In most 

parts of the southern Africa, seasonal patterns of precipitation and temperature are strongly related 

to inter-annual and inter-decadal variability, as well as influenced by El Nino Southern Oscillation 

(ENSO) (Archer et al., 2017; Bunting et al., 2013).  

The southern African region is also subjected to frequent natural hazards such as droughts, 

wildfires, and floods which threaten food security. For example, the region has already experienced 

extreme poor rainfall in the 2014/2015, 2015/2016 and 2018/2019 rain seasons, resulting in some 

of the worse drought events  (Archer et al., 2017). Climate change projections predict that the 

impacts of climate change are likely to intensify in the region (Zinyengere et al., 2013). The 

southern African region is likely to experience extreme temperatures, changes in rainfall patterns, 

and increasing aridity, as well as an increase in sea level and result in significant consequences for 

main development areas (Serdeczny et al., 2017). Other projected impacts include reduction in the 

availability of clean water, increased water-borne diseases, and reduction in agricultural 

productivity (Archer et al., 2017).  

The southern African region also belong to some of world’s favorite tourist destinations, due 

to the region’s diverse cultural and biodiversity attractions. Erratic climatic regimes in the region, 

however, have significant impact on nature-based tourism, which greatly relies on climate 

conditions to maintain its diverse natural ecosystem (Hambira, 2017). In addition, extreme 

temperatures, incidence of wildfire, and decreasing rainfall are expected to have significant impacts 

on the structure and functions of the ecological system of arid and semi-arid areas of the southern 

Africa (Pricope et al., 2015). Vulnerability to climate change in southern Africa is mainly driven 

by the level of exposure to underlying environmental and climatic conditions, poor governance, 

and other socio-economic settings of the population (Kusangaya et al., 2014; Spear et al., 2015). 
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4.2 Methods 

The methodology of the thesis entails integrative and interdisciplinary approaches to explore 

the concept of social-ecological system framework in order understand the dynamics of social-

ecological systems under climate change and support the formulation of effective adaptation 

mechanisms in southern Africa. Transdisciplinary research approaches were used to examine the 

characteristics of selected southern African social and ecological systems facing climate change. 

The social-ecological framework was used to answer the main question addressed by the thesis: 

“How different social-ecological systems are influenced by climate change in southern Africa and 

how the societies respond to these challenges?”. Detailed methodologies are explained in the 

individual original research articles that are included in this thesis. Here, we briefly describe main 

methodological approaches used in the presented research papers: 

Identifying knowledge gaps in current understanding of climate change impact and adaptation 

options in Sub-Saharan Africa 

We conducted a systematic literature review aiming to identify scientific papers dealing with 

various aspects of climate change in the southern African region. The publications were extracted 

from Scopus (SciVerse Scopus 2013) and Web of Science (WoS) databases following the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) workflow. The search 

covered the period from January 2000 to April 2019. We then reviewed the retrieved publications 

and retained only those that met our selection criteria. The retained publications were further 

subjected to a detailed review to extract relevant information such as geographical location of the 

ecosystems, type of climate change-related impacts, thematic areas, and author’s affiliations. 

Identifying climate change impact on trees species distribution and ecosystem services provision 

in Sub-Saharan Africa 

Species distribution modelling was conducted using MaxEnt algorithm to model the 

investigated species' current and future climatic suitability. We developed a MaxEnt model for 

each species using occurrence records from the Global Biodiversity Information Facility database 

(GBIF) and bioclimatic variables from AFRICLIM dataset. The models' predictive performances 

were evaluated by the Area Under the Curve (AUC) of the Receiver Operating Characteristic 

(ROC) and the True Skill Statistics (TSS). We further used two complementary metrics to evaluate 

the relative importance of climatic predictors to the models: percent contribution and permutation 
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importance. We used a logistic output of MaxEnt to produce continuous distribution maps with 

suitability values ranging from 0 (unsuitable) to 1 (highly suitable). We deployed the trained 

models with future climate data to produce maps of species-specific climatic suitability for 2071–

2100. 

Identifying patterns of socio-economic vulnerability in Namibia 

The vulnerability of the Namibian population was evaluated based on the interaction between 

socio-economic conditions approximated by the Social Vulnerability Index (SVI) and the level of 

exposure to natural hazards approximated by the introduced hazard index. Based on district 

positions in the space defined by the SVI and the aggregate hazard index, we categorized the 

districts into three vulnerability classes using the K-means clustering technique. In the final 

evaluation, we conducted the analysis based on composite indices with socio-economic or hazard 

profiles constructed for each district using the full set of underlying variables. 

4.2.1 Data 

Key data for southern Africa including forest vegetation, socioeconomic, and climate data 

were obtained from publicly available datasets. A comprehensive literature search of Web of 

Science (WoS) and SCOPUS was conducted, including the assessment of scientific studies 

published during the recent two decades (2000 –2019) on different aspects of climate change in 

southern Africa. Past and future climate data were obtained from various sources including Cordex 

Africa climate projections under different emission scenarios until 2100 and WorldClim data for 

the reference period 1950-2000. Data on the distribution of key woody species in southern Africa 

were retrieved from GBIF. Social, economic, and demographic data for the social vulnerability 

study for the Namibian population were obtained from the Namibia Inter-censal Demographic 

Survey of 2016 conducted by the Namibia Statistics Agency (NSA), while data representing natural 

hazard indicators, inducing fire, flood, and drought were obtained from various sources. The 

collected data were then processed and stored in Microsoft Access and ArcMap geodatabases that 

were used to support the entire research.  
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5 Results 

The thesis’ objectives were addressed through four original studies published in scientific 

journals with impact factors (IF). The studies were in line with the topic of the thesis, focusing on 

various aspects of climate change impacts and adaptation in southern Africa.  

Identification of knowledge gaps in current understanding of climate change impact and 

adaptation options in Sub-Saharan Africa were addressed in two research papers. 

The first study under this objective addressed the trends and pattern in climate change research 

in Sub-Saharan Africa: 

5.1 Kapuka, A., Hlásny, T., Helmschrot, J., 2022. Climate change research in southern Africa 

in recent two decades: progress, needs, and policy implications. Reg Environ Change 22, 1–16. 

https://doi.org/10.1007/S10113-022-01886-3 

The second paper addressed knowledge gaps in climate change impacts on ecosystems, 

species, and populations and adaptation options in nine countries in southern Africa. 

5.2 Kapuka, A., Hlásny, T., 2021. Climate change impacts on ecosystems and adaptation options 

in nine countries in southern Africa: What do we know? Ecosphere 12, e03860. 

https://doi.org/10.1002/ECS2.3860 

Climate change impact on trees species distribution and ecosystem services provision in Sub-

Saharan Africa were addressed in the following study: 

5.3 Kapuka, A., Dobor, L., Hlásny, T., 2022. Climate change threatens the distribution of major 

woody species and ecosystem services provision in southern Africa. Sci Total Environ 850, 

158006. https://doi.org/10.1016/j.scitotenv.2022.158006 

Patterns of socio-ecological vulnerability in Namibia were addressed in the following study: 

5.4 Kapuka, A., Hlásny, T., 2020. Social Vulnerability to Natural Hazards in Namibia: A 

District-Based Analysis. Sustainability 12, 4910. https://doi.org/10.3390/su12124910 

 

 

 

https://doi.org/10.1007/S10113-022-01886-3
https://doi.org/10.1002/ECS2.3860
https://doi.org/10.1016/j.scitotenv.2022.158006
https://doi.org/10.3390/su12124910
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The above scientific publications are complemented by other two research papers, which I 

published during my study: 

Nikodemus, A., Abdollahnejad, A., Kapuka A., Panagiotidis, D., Hájek, M., 2023. Socio-economic 

benefits of Colophospermum mopane in a changing climate in northern Namibia. Forests 14(2), 

290; https://doi.org/10.3390/f14020290 

Phiri, J., Malec, K., Kapuka, A, Maitah, M., Appiah-Kubi, SNK., Gebeltová, Z., Bowa, M., Maitah, 

K., 2021. Impact of Agriculture and Energy on CO2 Emissions in Zambia. Energies 14(24):8339. 

https://doi.org/10.3390/en14248339 

  

https://doi.org/10.3390/f14020290
https://doi.org/10.3390/en14248339
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5.1 Climate change research in southern Africa in recent two decades: progress, needs, and 

policy implications 
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5.2 Climate change impacts on ecosystems and adaptation options in nine countries in 

southern Africa: What do we know? 
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5.3 Climate change threatens the distribution of major woody species and ecosystem 

services provision in southern Africa 
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5.4 Social Vulnerability to Natural Hazards in Namibia: A District-Based Analysis 
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6 Discussions 

6.1 Summary of addressed knowledge gaps and objectives 

Southern Africa is particularly vulnerable to the impacts of climate change due to the 

populations’ high dependence on climatically vulnerable natural resources, high levels of poverty, 

and low adaptive capacity. This thesis contributed to the knowledge of the dynamics of southern 

African social-ecological systems exposed to climate change in. The thesis particularly focused on:  

(i) understanding the temporal development of climate change research, its geographical 

differences, coverage of different thematic areas, and level of research 

internationalization southern African countries, and how international collaboration 

and the role of African authors in climate change research have been developing 

between 2000-2019. The thesis further evaluated how publication performance was 

associated with different demographic, economic, and other characteristics of the 

investigated countries; 

(ii) understanding observed and projected impacts of climate change on various species, 

populations, and ecosystems, with management and policy recommendations aiming 

to mitigate these impacts in southern African countries;  

(iii) investigating how climate change threatens major woody species' potential current and 

future distributions and identify regional winner and loser species, i.e., species gaining 

and losing areas with climatically suitable conditions, and assess the implications for 

providing crucial ecosystem services by identifying areas where conditions for one or 

several species providing various ecosystem services are projected to persist, decline, 

or expand, and  

(iv) identifying patterns of social vulnerability of the Namibian population based on a 

number of demographic, economic and other indicators, identify the main drivers that 

influence the social vulnerability and their variability between the administrative 

districts of Namibia, and evaluate the relationship between social vulnerability and the 

distribution of high-hazard areas in the country. 

 The thesis’ objectives were addressed through the original set of studies published in scientific 

journals with Impact Factors. The publications were in line with the topic of the dissertation, 

focusing on various aspects of climate change impacts and adaptation in southern Africa. 
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6.2 Summary of used methodological approaches 

Integrative and interdisciplinary approaches are required to understand the impacts of climate 

change on social-ecological systems and to support the formulation of effective adaptation 

mechanisms. This thesis therefore utilized such interdisciplinary research which explores the 

concept of social-ecological systems, with the main aim of enhancing the understanding of 

dynamics of social-ecological systems under climate change in southern Africa. Transdisciplinary 

research approaches were used to examine the characteristics of selected southern African social-

ecological under climate change. The thesis employed various research approaches, including 

systematic literature review of publications extracted from Scopus and Web of Science databases 

based on the PRISMA framework, vulnerability assessment based on the concept of “exposure-

sensitivity-adaptive capacity“, and ecosystem modelling based on the MaxEnt algorithm. The 

social-ecological system approach is a useful framework for understanding the interaction between 

social and ecological systems in the face of climate change. The social-ecological framework was 

used to answer the main question addressed by the dissertation: “How different social-ecological 

systems are influenced by climate change in southern Africa and how the societies respond to these 

challenges?” The dissertation was guided by the following key activities:  

i. collection of social-economic, natural conditions, including climate and other data on 

southern Africa. 

ii. creation of geodatabases in MS access and Arc GIS for the whole of southern African 

region to address specific research objectives. 

iii. statistical analyses of the collected data using STATISTICA software and spatial 

analysis in ArcGIS. 

iv. study trips aimed at the presentation of research findings and developing international 

collaborations. 

v. publication of research findings and their presentations on different media. 

 

6.2.1  Limitations of the methodological approaches 

Despite the use of application of integrative and interdisciplinary approaches in our analyses, 

the methodological approaches still had their shortcomings.  The systematic review of the impacts 

of climate change on ecosystems utilized the search outputs from the two bibliographic databases, 

which suggest that a large proportion of relevant papers could have been identified (Bramer et al., 
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2017). Still, the number of studies that met all the defined criteria was surprisingly low, given the 

broadly recognized vulnerability of African ecosystems and large-scale impacts reported by 

different global assessments (Dai, 2011; Sintayehu, 2018). This undoubtedly accounts for the strict 

criteria for the inclusion of papers that was applied in this analysis, that is, the clear identification 

of the addressed species or ecosystem, attribution of the impact to climate change, and the provision 

of management and policy recommendations. Moreover, we considered only papers published in 

English, which could have discriminated countries where English is not commonly used (e.g., 

Mozambique and Angola). In our review, we also did not consider publications related to South 

Africa, where science production outperforms the remaining region (Sooryamoorthy, 2018). 

However, South Africa shares numerous species, ecosystems, and management practices with the 

rest of the southern African countries, therefore, highlighting the importance of knowledge transfer 

and transnational collaboration in narrowing the existing knowledge gaps (Boshoff, 2010). 

Another limitation in the applied methodology involved the use of correlative models (i.e. 

models predicting species distribution as a function of environmental conditions) such as MaxEnt. 

Such models assume that species occurrence data characterize species fundamental niche 

adequately, i.e., the entire range of conditions where species can survive was sampled (Booth, 

2014). This is not true for many species because the sampling often does not cover their current 

distribution entirely, and their current distribution often does not correspond with their fundamental 

niche (Botella et al., 2020). The quality of climate data and choice of a dataset are other aspects 

affecting the presented predictions (Abdulwahab et al., 2022; Datta et al., 2020). For example, the 

used AFRICLIM contains an RCM-based climate change signal (Platts et al., 2015), making it 

superior to Worldclim, which uses GCM-based anomaly values. On the other hand, the used version 

of AFRICLIM uses Worldclim 1.4 as a baseline, though Worldclim 2.1 based on a denser station 

network has already been released (Fick & Hijmans, 2017). Further, the 30′ resolution of the used 

climate data limits smaller scale assessment such as the identification of microclimatic refugia 

(Barrows et al., 2020), yet this limitation should not be severe in the presented large-scale 

assessment. Using higher-resolution data that better captures the effects of terrain-induced climate 

transitions, water bodies, and other features would increase these projections' applicability at 

smaller scales. However, effective resolution that depends on the density of underlying station data 

(Daly, 2006) is particularly limited in sub-Saharan Africa, where monitoring infrastructure is 

largely underdeveloped (Haselip & Hughes, 2018; Posada et al., 2018). 
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Our analysis considered two Representative Concentration Pathway (RCP) scenarios to 

capture the variability of future developments. However, we used the average ensemble of climate 

projections produced by different combinations of General Circulation Models (GCMs) and 

Regional Climate Models (RCMs) driven by each RCP. This averaging likely underestimated 

future projections' variability, particularly concerning precipitation-related variables, which 

typically vary between the RCM-GCM pairs more than between the RCPs  (Saini et al., 2015).  

The proposed methodology for mapping species distribution vulnerability hotspots and 

coldspots by identifying areas where climatic conditions for multiple species were projected to 

persist or decline. Although this approach is straightforward, the interpretations should be cautious. 

This approach, for example, assumes that the baseline species pool is equal across the study region 

and that the social or ecological impact of different species retreats is similar. However, 

compensatory dynamics emerging from species diversity and functional asynchrony, which may 

involve species not included in this analysis, can potentially mitigate some impacts, and stabilize 

the provision of ecosystem services (Gonzalez & Loreau, 2008; Winfree & Kremen, 2008). This is 

particularly relevant for highly diverse and species-rich ecosystems such as the Miombo and 

Mopane woodlands, where such dynamics can be anticipated (Gonçalves et al., 2017). Therefore, 

the identified hotspot and coldspot areas need to be interpreted with respect to the baseline 

distribution of the eight addressed species, which is obviously limiting. We strived to mitigate this 

limitation by carefully selecting ecologically and socially relevant species, which could thus 

approximate the overall pattern of future risks. 

Finally, the scale of the districts used in the analysis of social vulnerability of the Namibian 

population is particularly limiting if inhabitants are unevenly dispersed across their territory, and 

within-district variation in social and biophysical vulnerability is large. Moreover, districts in 

Namibia are influenced by the colonial era, where indigenous people were being largely relocated, 

without respect to their cultural, ethnic and historical background. Use of district specific data in 

vulnerability and other studies has, therefore, obvious limitations and findings should be interpreted 

with caution.   
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6.3 Key findings 

This thesis is presented as a set of original scientific articles, each containing detailed 

discussions on the researched issue. Here, we briefly discuss the key findings of the presented 

scientific articles. 

6.3.1 Knowledge gaps in current understanding of climate change impact and adaptation 

options in Sub-Saharan Africa 

Progress in climate change research in Southern Africa 

While climate change research is increasing globally, geographical differences in our 

understanding of major impacts, drivers, and responses remain large (Arnell et al., 2019; Blicharska 

et al., 2017). Southern Africa represents one of the world’s most understudied regions with poor 

research infrastructure and human resources (Kusangaya et al., 2014). Literature review of the 

progress in climate change research demonstrated that the region has experienced remarkable 

progress between 2000-2019. The identified increase in climate change research corresponds with 

the findings from Zinyengere et al., (2013) and Ford et al., (2015). The latter authors demonstrated 

that research on adaptation to climate change in southern and eastern Africa outperformed the 

remaining African regions. This is good news for the southern African region and Africa in general, 

as this development complies with the continent’s strategic framework, the Africa 2063 Agenda. It 

also corresponds with the increasing involvement of the African governments in global discussions, 

including those leading to the formulation of strategic documents such as the Paris Agreement 

adopted at “The 2015 United Nations Climate Change Conference in Paris” (United Nations 2015), 

and the “Sustainable Development Goals” adopted by the United Nations in 2015.  

However, geographical differences in research performances still prevail, with South Africa 

being the most researched country, accounting for more than half of the publications in the 

reviewed period. The results show that climate change research focused on social impacts and 

populations’ responses to these impacts have received more attention since 2015. Climate change 

research in southern Africa have also seen an increase in research collaborations (i.e., mixed of 

African and non-African affiliated authors) since 2008, increasing between 33 and 38% after 2013. 

More than half of these publications had a first author with an African affiliation. A remarkable 

finding is that the main driver of publication performances was the level of social and political 

globalization rather than, for example, expenditures on education. This finding should be 
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considered in regional development policies. This analysis can play an important role in better 

understanding of the patterns and drivers of the regional research, which are critical entries to 

informed decisions about research investments, infrastructure development, and education 

transformation. 

Climate change impacts on ecosystems and management responses in Southern Africa 

Climate change increasingly threatens global biodiversity (Malhi et al., 2020), however, 

information about the direction and magnitude of impacts in southern Africa is still lacking. The 

underdeveloped research infrastructure and human resources in the southern African region limits 

our understanding and hamper the implementation of knowledge-based adaptation strategies 

(Wangai et al., 2016).  

The analysis showed that there is a high diversity of climate change-related impacts on human 

society, species, and various ecosystems in southern Africa. Observed and projected climate 

change-related impacts in the region included, for example, local extinctions, increased mortality, 

and species range shifts in terrestrial, marine, and freshwater ecosystems. Habitat loss and range 

contraction were the most frequently reported processes, potentially leading to the loss of keystone 

species such as predators (e.g., the African Wild Dog) and pollinators (e.g., Promerops cafer, 

Nectarinia famosa, and Anthobaphes violacea). This agrees with Sintayehu, (2018), who noted that 

the impacts of climate change have resulted in significant shifts in species’ geographical ranges in 

many parts of Africa. We found a relatively high geographical imbalance in the number of identified 

publications, with the dominance of Namibia (28% of all cases) and Zimbabwe (21%). However, 

it is worth noting that such a pattern should not be interpreted in terms of the higher vulnerability 

of these countries but rather in terms of their size and research environment that outperforms the 

remaining countries.  

Our analysis showed that most of the reviewed publications addressed vegetation (50%) and 

were mainly focused on increased mortality and range shift. This is consistent with other previous 

research, such as (Midgley & Thuiller, 2011), who suggested that research on plant species in 

southern Africa is currently further developed than that on animals. On the other hand, aquatic 

(marine and freshwater) systems were the least addressed in the reviewed publications. This finding 

conforms with that of Pereira et al., (2010), who found that quantitative scenarios focusing on the 

impacts of global change on freshwater and marine organisms are lacking. The impacts identified 
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in this analysis represent only some of the climate change effects documented in the literature. This 

is likely related to the limited science production in the target region and our strict selection criteria 

to identify studies that addressed both impacts and management and policy responses. We also 

found that many of the reviewed studies (57%) addressed the projected impacts of climate change, 

while the remaining papers addressed actual observed impacts. This suggests an increasing 

recognition of model-based approaches and the use of climate projections in research in the region, 

which was previously found marginal (Kusangaya et al., 2014). 

The review of active management measures demonstrated the high diversity of approaches 

which need to be considered, including building artificial nesting spots and water points, revising 

fire management approaches, reintroducing threatened species, or regulating industrial fishing. 

Although these cases were somewhat fragmented and challenging to synthesize, they may inspire 

the development of adaptive management plans elsewhere in the region. The reviewed publications 

repeatedly indicated a limited understanding of climate change impacts and vulnerability of 

different species and ecosystems as a factor hampering adaptation actions. Therefore, the authors 

mostly recommended further intensive and coordinated monitoring of vegetation and animal 

populations, which seems to be particularly needed for marine and freshwater ecosystems 

(Kirkman et al., 2011; Sherley et al., 2012).  

The implementation of active management measures needs to be embedded within an efficient 

policy framework, which is often missing in southern Africa. Therefore, some of the reviewed 

publications suggested targeted policy improvements to facilitate the operational mitigation of 

climate change impacts (Huntley & Barnard, 2012). The policy recommendations highlighted the 

need to incorporate transient ecosystem dynamics into nature conservation and management 

planning, coordinate transboundary conservation policies, and strengthen and coordinate different 

monitoring systems. These recommendations are well consistent with the emergent concepts on 

biodiversity conservation under climate change (Heller & Zavaleta, 2009).  

We found an increasing tendency in the number of publications addressing the interface of 

climate change and management and policy. Such an increase corresponds with the global 

recognition of climate change-related threats and the urgency of coordinated actions (Ford et al., 

2015; Siders, 2019).  
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6.3.2 Climate change impact on trees species distribution and ecosystem services provision in 

Sub-Saharan Africa 

Climate change is a global phenomenon that is currently affecting human populations and the 

environment around the world. In southern Africa, woody vegetation provides essential ecological, 

regulation, and cultural ecosystem services (ES), yet many species and ecosystems are increasingly 

threatened by climate change and land-use transformations. Therefore, this analysis can inform 

targeted adaptation and conservation actions and strategies, which are currently lacking in most 

parts of Africa. 

Species perspective 

Our investigation showed that climate change is projected to have significant impacts on the 

vegetation in the region under different climatic scenarios. The results portrayed distinct regional 

differences in species range vulnerability. The projection highlighted remarkable differences in 

climatic sensitivity of species distribution, rendering a specific pattern of winners and losers and 

the distinct geographical pattern of multi-species vulnerability. Generally, the distribution of 

species with a small baseline range, such as B. plurijuga, and G. coleosperma, were found to be 

the most threatened by climate change, i.e., the climatic suitability within their baseline range 

declined, and future gains were insignificant. At the same time, species with large baseline 

distributions, such as S. rautanenii, C. imberbe, and C. mopane, benefited from climate change in 

terms of (i) the persistence of suitable conditions within their baseline range and (ii) large future 

gains. Our assessment indicated that C. mopane is a regional winner, which is particularly 

important regarding the broad range of ES the species provides, including timber, food, medicine, 

and energy (Makhado et al., 2014; Sekonya et al., 2020). While the baseline range of G. 

coleosperma declined entirely rendering the species a regional loser. 

The investigation identified several distinct hotspots of species range vulnerability, where 

climatic suitability for multiple species was projected to decline, and coldspots of potential species 

persistence. Interestingly, while coldspot were unstable under the two RCPs, and their area shrunk 

significantly under RCP8.5, the hotspot areas exhibited high stability. The central hotspot area was 

located at the borders of Angola, Zambia, Namibia, and Botswana in the Miombo and Mopane 

woodlands. This finding is alarming because of the potential loss of vital ecological functions over 

the large areas of the woodlands, which support the livelihood of ca 10 million rural people and 50 
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million urban dwellers. The findings of our analysis on high vulnerability of these woodlands has 

is consistent with previous studies, including risks such as phenological disruption and species 

turnover driven by a shorter and shifted growing season, reduced water availability, and fire regime 

shift  (Prichard et al., 2017). 

Ecosystem services perspective 

Climate change is also projected to result in the decline in the provision of key ecosystem 

services for the local communities of southern Africa, with the provision of timber projected to be 

the most affected (Kapuka et al., 2022). The analysis identified the hotspots and coldspots of 

ecosystem services provision based on the decline and persistence of land climatic suitability for 

species providing specific ecosystem service. Species important for timber production (B. 

plurijuga, P. angolensis, and G. coleosperma – except for C. mopane) were affected the most, 

rendering this ecosystem service the most vulnerable. The high risks to key timber species of the 

Miombo woodland in Angola and Zimbabwe were also highlighted by other previous analysis, e.g., 

Catarino et al., (2021), and Pelletier et al., (2019). The former authors particularly underscored the 

vulnerability of G. coleosperma due to its restricted distribution and high market value; we 

identified this species as a regional loser. The major hotspot emerged in the same area as the species 

retreat hotspot discussed above, and it was significantly larger under RCP8.5 than under RCP4.5. 

At the same time, the coldspot areas of timber provision were rather unstable under the two RCPs. 

Interestingly, although the projected changes in land climatic suitability for single species 

providing food and energy were substantial, they did not form any significant hotspot or coldspot 

pattern. 

6.3.3 Patterns of socio-economic vulnerability in Namibia 

The social vulnerability to natural hazard assessment shows that social vulnerability and 

exposure to natural hazards varied between the districts. We found that macro-regions with specific 

magnitudes of vulnerability exist in the country, which require different treatment and management 

responses. The results shows that populations with the poorest socio-economic performance in the 

country are mostly distributed in areas with highest frequency and severity of natural hazards, 

rendering these populations as the most vulnerable to climate change related impacts. Social 

vulnerability reached its highest values in the northern districts and culminated in Ohangwena and 

Omusati. These districts have previously received increased research attention due to their 
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prominence  (Angombe, 2012; Lendelvo et al., 2018; O’Brien et al., 2009). The southern districts 

such as Khomas, Erongo, Karas, and Hardap, on the other hand were found to have good capacities 

to cope with and respond to natural hazards.  

The social vulnerability was mainly driven by a combination of various factors, including the high 

number of elderly populations, populations with disabilities, and household income. Exposure to 

natural hazards also showed a distinct geographical pattern. While flood- and fire-prone districts 

occurred in the northern parts of the country, drought risks were high across the entire country. 

Results show lower drought risk in the central districts such as Khomas and Hardap. The most 

frequent combination of hazards was drought and flood, while the combination of drought and fire 

occurred in Otjozondjupa, Kavango East and Kavango West only. The latter two districts also 

showed a minor exposure to floods, which makes them the most hazard-prone districts in the 

country from the view of both magnitude of the impact and the number of participating hazards. 

The results of this analysis are intended to support the development of national and regional 

management strategies and the formulation of research and investment priorities, and to contribute 

towards achieving the Sustainable Development  

7 Recommendations for practice and policy 

To narrow the major knowledge gaps in climate change risks in southern Africa, we suggest that 

knowledge transfer from South Africa should be increasingly considered in regional adaptation 

planning. The South African experience can, for example, help address the knowledge gaps 

identified herein concerning the control of biological invasions and infrastructure and capacity 

building. 

We found that the current level of understanding of climate change risks is incomplete in many 

aspects, and further systematic research and monitoring is needed. Therefore, we recommend 

future studies considering different selection criteria (e.g., without requiring the connection to 

management responses) to investigate the impacts on ecosystems more comprehensively. 

Improving regional research and monitoring infrastructure, including investments in research, 

innovation, technology transfer as well as options for using more advanced mechanistic models for 

identifying future risks are crucial for promoting effective adaptation to climate change in southern 

Africa. Implementing new curricula of climate change–related subjects in masters and doctoral 

studies could be a solid incentive to improving climate change research and awareness. Improved 
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education could be an essential step towards increasing the proportion of interdisciplinary studies 

and broader use of advanced technologies and climate model outputs. 

Improving research infrastructure and availability of climate data, including bias-corrected 

climate projections, would significantly enhance the current options for process-based 

understanding of climate change impacts in the region and formulation of adaptation strategies.  

Despite advanced climate change research in southern Africa, further investments are needed to 

reach a fully operational stage to boost the existing research. Policy and institutional frameworks 

play a crucial role in improving research performance, which is another field that requires attention 

in southern Africa. An improved policy and institutional environment would be conducive to joint 

activities of academia, the private sector, citizen science, and policy, as well as to the search for 

additional resources to support African publishers and scientists. The countries should, for 

example, establish national agencies such as the National Research Foundation in South Africa 

(NRF) or the National Commission on Research Science and Technology (NCRST) in Namibia, 

which were instrumental in overseeing and coordinating research activities. 

We further advise maintaining the database of so-focused publications and update it regularly 

to support future, more comprehensive synthetic studies. A review of gray literature conducted by 

the local scientists would also be a valuable input increasing our understanding of climate change 

impacts and adaptation options in the region. 

Further research on the emergent biotic interactions and implications for ecosystem services is 

needed in southern Africa to reduce some of the most pronounced known uncertainties in assessing 

future impacts of climate change. Although our analysis considered climate predictors only, other 

predictors such as land-use, soil conditions, and nonenvironmental constraints should be 

considered, particularly at smaller scales and for species with azonal and man-altered distributions 

(Pelletier et al., 2019; Sieben, 2019). We further suggest that future research on the impacts of 

climate change on species distribution should consider all or a subset of the underlying climate 

projections, which, even if combined with different Species Distribution Models (SDMs), can 

capture the future uncertainty of vegetation responses more comprehensively (Jiang et al., 2012).  

Our analysis on social vulnerability of human population in Namibia used a coarse resolution 

of administrative districts, which was determined by the availability of used data. Although such a 

scale of assessment can support strategic planning, including targeting of investments from external 
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sources, finer-scale studies addressing the diversity of local contexts are needed for efficient 

implementation. 

8 Conclusions 

The thesis highlights the patterns and drivers of regional climate change research, which 

are critical entries to informed decisions about research investments, infrastructure development, 

and education transformation in southern Africa. Despite significant advances in the field of climate 

change research in the last 15 years, mainly in terms of the number of publications, the role of 

African researchers in author teams, and international collaboration, regional inequalities remain.  

Our analyses highlighted that vulnerabilities and climate change risks to human population 

and ecosystems in southern Africa exhibit distinct spatial patterns, which may need to be 

considered by managers, policymakers, funding organizations, and individual donors seeking 

science-based guidance. 

Our assessments revealed that despite a wide range of identified and projected climate 

change-related impacts threatening the diverse natural and cultural environment of southern Africa, 

and the availability of various possible response measures to these impacts, there is limited or 

fragmented knowledge about their directions and magnitudes. This limitation hampers the 

formulation of knowledge-based adaptation strategies in the region and highlights the need for 

further synthetic studies aiming to collate the available and often fragmented knowledge.  

The study further showed that the pattern of natural hazards and social vulnerability were 

highly variable among the districts of Namibia, as were the factors determining the social and 

economic fitness of the population. Adaptation strategies, therefore, need to consider the diversity 

of regional contexts, which is high even between adjacent districts with similar natural and cultural 

conditions. We found that macro-regions exist in the country, where multiple adverse effects 

coincided, including critically low socio-economic performance, high population density and the 

concurrent incidence of different hazard types. The increasing risk of natural disasters, which is 

often mediated by climate change, implies that tipping points can be exceeded in such 

environments and social and ecological harm can be beyond repair. 

The results of this thesis have important implications for practice. The findings can inform 

national and regional climate change and biodiversity conservation policies. Support targeted 
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adaptation and conservation actions and strategies, which are currently lacking in many African 

regions. Inform donors and funders about priorities, knowledge gaps and climate change hotspot 

regions. Increase the visibility of research on Africa in the scientific community. 
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