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Abstract

Southern Africas characterized bywide rangeof ecosystems, including savannas, grasslands,
forests, and wetlands, as well as a tomi& of rural and urban communitie¥hesesocial and

ecological systemare, however, beingignificanty impacedby dimate change

This thesis usessystematic literature review, ecosystem modelling, GIS, vulnerability
assessment approaches, and the seci@bgical system framework to investigate the impact of
climate change on social and ecological systensoothernAfrica, coveringeighteencountries
(36% of the continepa nd | oc al popul ationsd responses to
four original scientific publications addressing variaspects of climate change impacts and

adaptation irsouthernAfrica.

Two studiesKapuka et al.(2022)andK a p u k a & (2021)f§cssedyoniterature review
to identify knowledge gaps ithecurrent understanding efimate changémpacs and adaptation
in ten southernAfrican countries The results revealesgnificant advancs in climate change
researchn southern Africasince 205in terms of theanumber ofpublications and African authors
in first positions however,regional inequalitiesare noticeableThe findings furthelidentified
barriersin climate change research in the regguch as insufficient use of modern technologies,
modelsclimate change scenarios, and Earth Observation prodinetseviewalso revealedhigh
diversity ofobserved and projectadimate change impacts aearresrial, marine, and freshwater
ecosystems of southern Afaicincludinglocal extinction, increased mortality, and loss of hahitats
Measures aiming to mitigate thesapacts included active ecosystem management, policy

development, and increased researah monitoring

The study, Kapuka et ak2022) modelledthe vulnerability of eight major woody specie®
climate changen southern Africa covering eighteen countries, as wellimmplications forthe
provisioning ofecosystenservicessuch agimber, energy, and foodhe resultgortrayed distinct
regional differences in species range vulnerability, including hotspot and coldspdt.areaseas
where climatic suitability of multiple species are projected to retreat or peiistpaseline
suitability range of MopaneCplophosperm mopahevas leastaffected by climate change,
renderingit a regional winnerWhile the baseline range of African rosewoo&uibourtia
coleospermpdeclined entirely rendering the species a regionat.ldsenber provision was the
most affectedwhile species providing foaahd energy were affected less.



Finally, Ka pu k a & (2020) f®ecaiseq on identifyingoatterns of soci@cological
vulnerability in Namibia.The results show that populations withe thoorest soci@conomic
performance were mostly distributed in tiegtherndistricts which are also exposed to the highest
frequency and severity of natural hazards, particularly to floods and wildfliesscoincidence of
highly sensitivepopulations with higlexposure to hazards renders these populations particularly

vulnerable

The results of the thesgan inform targeted adaptation and conservation actions and strategies,
which are currently lacking in many African regioiifie resultsansupport the development of
national and regional management strategies and investment priorities and contribute towards
achieving the Sustainable Development GoHle findingsfurther havamplications for climate
change adaptation aedosystenconservation, and the formulation of future research priorities

southern Africa

Keywords: southern Africavulnerability, ecosystem managemenlimate change adaptation,

sociatecological system.



1 Background

Climate change continues to threaten th&tanability of ecosystems and the wellbeing of
many human populations globalliredele et al., 2019}t generates cascading risks propagating
through the global social, ecological, and economic sys{earéini & 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 trigg irreversible landscape transformati¢i3CC, 2019) Millions of human
communities and various ecosystems are projected to be exposed to the impacts of climate change
in the coming decad€dPCC, 2018)resulting in limited access to key ecosystenvises(Godde
et al., 2020; Schewe et al., 2014; Schmidhuber & Tubiello, 2007; Thornton et al., 2014; Van Vliet
et al., 2013)Forexample, climate change can drive complex changes in ecosystem structure and
their interactions with the environment owerange of spatial and temporal scaled 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 liveliaoeddfected too
( D2 az @6) Theréfare, thehiman societies and ecosystems will require support to adapt to

climate chang@riven impacts(Fedele et al. 2019)

There is ample evidence attesting that variability in global climate continues to have adverse
impactsonthewor | dés social, ecological and economic
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 waldsoaights (HoegiGuldberg 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). Othersaloved 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 systemssexpected to intensify in some parts of the wo@dtd et
a.,2017) . A systemdbs vulnerability and adaptat.
the frequency and intensity of climate change related hazards in a particular region, the gensitivit
of the system and adaptation measures being implemented (Barry & Wandel, 2006; Brian et al.,
2017; Littell et al., 2011).



Climate change, however, is not affecting human populations and ecosystems equally around
the world, but it generates complex pattef vulnerability depending on the level of climatic
exposure, political and governance context, saahomic conditions of the populatigrasd
their adaptive capacitfsSmit & 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 Af(#o et al., 2017)

1.1 Climate change and why it matters in Africa

The African continent, with a consideralgroportion of poor population, is one of the most
vulnerable continents to climate change, with disproportionately threatened social and ecological
systemg H®l y et aiCarretaR, Q004 Palazzo epad,20Q1Mpreover, the distribution
of climate change vulnerability hotspots indicates that Africa is one of the regions where moderate
and high multisector vulnerabilities predominantly ocduBy er s et al . , 2018;
L - p-@arr et al., 2014; Palazzo et al., 2Q1&ycording to the IPCC Z019) 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 acceilegarate. Many African populations are directly and
indirectly threatened by climate change due to their poor sectalomic conditiongnd low

capacity to implement effective adaptation meas{Baarsch et al., 2020; Thompson, et al., 2010)

1.1.1 Regional perspective

Southern Africa (Fig. 1) represent a region with varying soesdonomic and natural
conditions that are increasingly threatened by climate chealgieed events (e.g., unpredictable
rainfall, floods,and recurrent droughts), land used other pressurd&uo 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 ld@tvetz et al., 2019)Moreover, various stlies
have suggested the presence of climate change hotspots of global importance in southern Africa
(Bauer & Scholz, 2010; HoegBuldberg et al., 2019 Climate projections have further predicted
an increase in droughts, frequency and intensity of wéldfiand increased land degradation in the
region(Keja-Kaereho & Tjizu, 2019; Midgley et al., 2009)ecrease 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)



Major climate changeelated impacts in the region include limited access to clean water,
increase in watelborne diseases, and reduced agricultural productivity, leading to increased food
insecurity(Archer etal., 2017) Changes i n climate may al so compr
cultural values and its rich biodiversity with severe implications for tourism that is an important
source of income for many local communities in the redidushawemhuka et al 2018)

Increasing risk of wildfires and droughts affects adversely many ecological systems, mainly in arid
and semyarid areagPricope et al., 2015; Sintayehu, 2018)

The high climatic exposure of the southern African region coincidesswiietal issues such
as extreme poverty, poor governance, low awareness of climate ealetatge risks and the
popul ationds high dependence on climatically
(Dieckmann et al., 2013; Makate et al., 201T)imate changeelated 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 sich risks requires swift and coordinated actions which are supported by profound
understanding of the dynamics within so@ablogical systems under climate change and
transferring such understanding into informed decisions and polig@xhrane et al.2017;
Posada et al., 2018)

Therefore,m 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 possi bnhses toschmate ehangeaied risksete petter inform effective
strategies for mai ntaining ecosystemsod resild@
communities. However, climate change related risks to regional ecosystems and human
populations arenderstudied 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 regiomgraknate change

mitigation and adaptation efforts challenging.



2 Objectives

The thesis presents a framework that utilizes the interdisciplinary approaches and the social
ecological framework to enhance knowledgetle dynamics of the soctakological sgtems
under climate change in southern Africa. It focuses on selected aspects of climate change impacts
on ecosystems and societies in southern Africa based omestablished vulnerability concepts,
which may facilitate the development of effective adtiph 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 otlegion with similar socieconomic settings.
The main objetives of the thesis are to:

i.  understand the current state of knowledge on various aspects of climate change in southern
Africa. Specifically, we aimed t@l) understand the temporal development of climate
change research, its geographical differences,rageeof different thematic areas, and
level of research internationalizationten southern Africa countries and(2) understand
observed and projected impacts of climate change on various species, populations, and
ecosystemswith management and policcecommendationgiming to mitigate these
impactsin nine southern African countries.

ii. assess projected climatic vulnerability ofjoravoody species in southern Africa and risk
for the provisions of main ecosystem servicegecifically, we aimed tovestigate how
climate change threatens the potential current and future distributieightrhajor woody
speciesand the ecosystemrséies they providén southern Africa

iii.  evaluate the patterns of vulnerability of the human societies to natural hazards in Namibia
as a case studypecifically, we aimed tadentify the main factors influencing social
vulnerability in the districts of Naibia and evaluate how the so@oonomic fitness of

populations coincide with the distribution of hibhzard areas



3 Literature review

3.1 The sociatecologicalsystemframework

The strong relationship between human comnmesidnd the environment has led tthe
emergence of thesocialecological system (SES) framewor(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 otfiderrereJ 8§ u r et gl.u 2018) The interactions
within the SESplay a vital role in shaping ecosystems. Hmtance the environment provides
ecosystem services lmmansocietyand the society manipulate the ecological processes through

variousmanagemenhnterventions (Thonicke et al., 2020)

The concept c8ESprovides insightsas well as the need for multidisciplinary approaches to
understand the dynamic relation between huswretyand the environmer(Stojanovic et al.,
2016) The study of SES hasdtefore increasingly become a crucial framework for understanding
the interactions between social and environmental systgmenhardt et al., 2015he SES
framework has also been widely used across the world and form an important part of many
adaptation initiatives and poyidormulatiors (e.g., Sustainable Development dg) (Fischer et
al., 2015)

Despite the progress in the applications of the SES frametarkoncept still faces many
challenges and uncertainty as an interdisciplinary frameaskher et al., 2015)Thisincludes
the challenge ofssessing and qoifying the interactionsvithin the SESthe need taletermine
key drivers of climat vulnerability and masureso addres<limate extremeg¢Thonicke et al.,
2020) and the lack of a common definition for SESolding & Barthel, 2019; Herrerd 8 ur e g u i
et al., 2018)

3.2 The concepts of vulnerability and resilienceo climate change

Vulnerability and resilience concepts have gained increasing attention in litefistuyres
Yonson, 2018) The term vulnerability has beatefined in numerous ways in literaturéor
example Cutter et al.(2003) defined it as the probability of a system or its processes being
negatively impacted by climate change related haz&maistamaneni(2019)described it as the
ability of a population to cope with and adapt to external stress such as environmendis, lagazhr

Leichenko& O 6 B r, (2a02)defined vulnerability as a measure of the degree to which an entity



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 beingpas®ad ofexposure, sensitivity, and
adaptive capacit{Birkmann, 2006)

Although resilience has been an important concept in literature since its emergence, it is still not
well understoodn its application in various disciplines, as the concept has éeolving(Li et
al., 2020; Mumby et al., 2014)ike vulnerability, resilience has various definitions. For example,
the United Nations (UN) define resilience as
exposed to hazards to resist, absorbp@mroodate, to transform, and recover from the effects of a
hazard in a timely and efficient manner, including through the preservation and restoration of its
essenti al basic structur es, (UaitediNatiomsn20it6omma@ s t hr
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 disturbandas tosocial, political, and environmental change, and
ecological esilience as a characteristic of ecosystems to maintain themselves in the face of
disturbance. Mumby et .al(2014)categorized resilience into ecological (ability of a systetmeto
able to exhibit recovery trajectories through disturbance) and engineering resilience (measures the
rate of recovery to an equilibrium state). Howeubere is no significant differences in the
meanings of the above definitions of resilience, alddefinitions demonstrate that the main

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

The two concepts have become increasingly vital in social and environmental policy
formulation and in informing environmenihd development discour@@annon & MullerMahn,
2010) Moreover, the concepts can be seen as being strongly interrelated, as vulnerability is viewed
by some as a component of sensitivity and resilience capaeiyet al., 2014) For example,
assessig 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 stressdfdunes, 2021)

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

resilience capacity of the ecological componefts examplereducing pressure on the ecosystem



and conserving biodiversity through effective management practices and enharajigead

capacity of the social components of the system to cope with adverse changes within the
environmen{Mumby et al., 2014; Thonicke et al., 2020uInerability and resilience assessments

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

to external stressorfDintwa et al., 2019)and provide knowledge which can support the
formulationofaress peci fi ¢ sol utions t o enh(@akeabortyget sy st e
al., 2019)

3.2.1 Assessment ofulnerability and resiliencef the socialemlogical systems

Vulnerability and resilience assessments have become crucial components of decision
making across the worl@kondras et al., 2020)which can bearried out at micro or macro level
(Lei chenko & .OHeBReyfocesmofyuln@rébilitpaysessments wagher on the social
system (e.gvulnerability of peopleor on thebiophysicalassessment of natural hazaadsl their
impacts to various sectors suah agriculturgd Adger, 2@6). However, hcreasing pressure from
various stressors on humaoemmunitiesand environmentatomponentshave stimulated an
increase in demand for transdisciplinary approaches to examine the complex interactions and

vulnerability of human socigtsandthe environmengStojanovic et al., 2016)

SinceSESis an interdisciplinary framework, it requires approaches which integrate different
scientific disciplines to conduct effective transdisciplinary assessiftesike et al., 2010; Holzer
et al., 2019)As a result, various methodological approaches,amsctheories, and models which
may be applied to describe and analyze the characteris8&sSincluding their vulnerability and
resilience, have been developed and tested in academigEpstein et al., 2014; Fischer et al.,
2015; Metzger et al2005; Nguyen et al., 2016; Otto et al., 20IIAis 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 strafeglea puka & HI §s
2020)

In vulnerability assessments, indicabmsed approaches are some of the most common
methods (egKapuka & HI 8sny, 2020, N g u 2048) Howeaver,a | . |, z
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



impacts (seeKapuka et al., 2022; Pacifici ek,a2015) Metric-based approaches have been used

to assess the vulnerability of rural communities to flood risks fsdspye et al., 2015)

Assessment of resilience, however, can be approached through the analysis of the ability of
a system to witstand stressors, 4@ganke, respond, and maintain its basic functions in the
presence of disturbanc@3sbahr et al., 2010For example, the use of resilience indices to measure
the effect of disturbance abs orcopdwitoourreatiardl det e
future challengeéBriguglio et al., 2009)Some authors (e.gSt ani ckova & hawel eckT
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 thereare no standard methods of assessing resilience currently available, some
models and approaches have shown great success in their applications (e-gcdleassilience
model, Network analysis, Agent modelling e(t) et al., 2020; Siders, 2019Multivariate
statistical approaches and software such as ANOVA, regression, spearman'’s rank correlation,
logistic regressiongluster,and principal component analyses are also useful tools for exploring
the relationships between interacting systéMenzie et al., 2007) The concept of exposure
sensitivityadaptive capacity haalso 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 vulnerd@liho Soares et al., 201Hor
example, the complexity of theoretical and conceptual frameworks applied in the assessments of
vulnerability makes it difficult to assess vulnerability atampare different assessments and

results at different spatial scal@dalone & 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 aggvating impacts of climate change around the w@ifRCC, 2019) The
intensityand severity of current climatic regimes has become a cause for cdee®ouza et al.,

2015)and hagprompt human societies to take collective actiimnaddresshe impacts of climate
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changeTo enabé sustainable developmemultiple adaptation strategies are being implemented
around the world, including where extreme climate conditions always peevwdikxhibit high
vulnerability, such as the arid part efib-Saharan Africa(Bunting et al., 2013)Effective
adaptation efforts, however, need to be @m@ecific and consistent with the underlying settings of

the specific systerfAbson et al., 2012as 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 involvéHolman et al., 2019)

Adaptation strategies to climate clgancan take different forms, includingducingthe
populatiors dependence on natural resourcHsis can be dontrough the provision of various
alternative sources of livelihoods, technology inputs, effective natural resources management,
effective impementation of climate change policies and strate@eesmpson et al., 2010}-or
example, in some parts of southern Africa, collective adaptation strategies such as the adoption of
ClimateSmart Agriculture (CSA), which involve a shift in agriculturptactices and the
participatory Community Based Natural Resource Management (CBNRM) programme, have
shown major improvements in enhancing populati@esilience to climate change related stress
(Osbahr et al., 2010)

A sy st e mob sextermabspesswasfor example, categorize&dujele et al.(2019)
into three major types: coping responses, incremental adaptation, and transformative adaptation.
Coping strategies are usually appliedthgaffected populatiosto resist or minimizéhe impacts
from external challenges and maintain the original characteristics of the affected gyghéimay
et al., 2017)This type of adaptation approach is usual short term and might not be the ideal strategy

to enhance a sysdytndhmbbrggrua.dapti ve capaci

Incremental adaptation strategies on the other hand involves minor, but effective changes to a
s y s ssettimgs, with the main purpose of enhancing its resilience to sfi¢ates et al., 2012)
For instance shifts in agriculturahnd land management practices (grgroduction of irrigation
systems, reduction of livestock numbers) to atlafite challenges affecting the agricultural sector
(Nguyen et al., 2016)

Society can also respond to environmental shocks and reduge vilieerability to
environmental stress through transformative adaptation. For example, by completely rehabilitating

degraded landscapes. Transformative adaptation seséeglong term and focuses on addressing

11



or tackling the main sources of environmtad challengefOlsson et al., 2004Theycreate changes

that leads to new interactions between social and ecological sy$&ahgl 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 cag@sbahr 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 strate§mse parts of
southern Africa, farmers and some ethgricups 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 th
predominant lack of quality information on regional precipitation patterns and specific future
climate change impactBauer & Scholz, 2010Furthermore, efforts aimed at enhancing resilience

will require some adjustments in the policies to effecyivatidress the dynamics of soeial

ecological systems and achieve priorities needed for adapt&@mestani & Benson, 2013)
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4 Material and Methods

4.1 Study area

The study focused on the southern African regig.1), whichis already facing the impacts
of climate extremedeading tosevere 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 changec@i &ad ecological systems and
formulating effective response strategies through research, particularly on climate change

vulnerability in agriculture and other sectors.
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Figure 1. Areas in sathern Africainvestigated in this study and their locasam Africa.

Most parts ofthe southern African region are characterized of high proportion of poor
population with limited access to essential services, escalating unemplognethigh levels of
human inequieties 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 vuleeoalol@ic sectors
to climate change and variabilifilamali et al., 2019; Rapolaki et al., 2019)

The uthern Africa region is categorized as a climatedpat due to erratic climatic
regimes, diverse social and ecological conditi@amsl low human adaptive capac{Bunting et
al., 2013) Climatic conditions vary from arid to temperatedsavannan small parts of the region
with annual average rainfall ramgy between 100 2000 mm(Spear et al., 2015Yegetation types
in theregion are miombo, mopane, baikiea, acaaraltropical moist and mangroves. In most
parts of the southern Africa, seasonal patterns of precipitation and temperature are strongly related
to interannual and intedecadal variability, as well as influezat by El Nino Southern Oscillation
(ENSO)(Archer et al., 2017; Bunting et al., 2013)

The southern African regiors also subje@dto frequent natural hazards such as droughts,
wildfires, and floods which threaten food security. For example, thendwgis already experienced
extreme poor rainfall in the 2014/2015, 2015/2016 and 2018/2019 rain seasons, resulting in some
of the worse drought event§Archer et al., 2017)Climate change projections predict that the
impacts of climate change are likely intensify in the regior{Zinyengere et al., 2013)lhe
southern African regiors likely to experience extreme temperatures, changes in rainfall patterns
and increasing aridity, as well as an increase in sea level and result in significant caresetpren
main development areéSerdeczny et al., 20LApther projected impacts include reduction in the
availability of clean water, increased waberne diseasesand reduction in agricultural
productivity (Archer et al., 2017)

The southern Afian r egi on al so belong to some of wor
to the regionbés diverse cul tural and biodiver
however, have significant impact on natibwesed tourism, which greatly redieon climate
conditions to maintain its diverse natural ecosysi{gtambira, 2017) In addition, extreme
temperatures, incidence of wildfj@nd decreasing rainfall are expected to have significant impacts
on the structure and functions of the ecological system of arid aneasenareas of the southern
Africa (Pricope et al., 2015)/ulnerability to climate change in southern Africa is mhadriven
by the level of exposure to underlying environmental and climatic conditions, poor governance

and other soci@conomic settings of the populatifiusangaya et al., 2014; Spear et al., 2015)

14



4.2 Methods

The methodology of the thesis entails griive and interdisciplinary approaches to explore
the concept of sociacological systenframeworkin orderunderstand the dynamics of soeial
ecological systems under climate charagel support the formulation of effective adaptation
mechanisms in soutin Africa. Transdisciplinary research approaches were used to examine the
characteristics of selected southern African samlecological systems facing climate change.
The seoccoilaolgi c al framewor k was used thoe atnhsenseirs :1
iHow di f f eerceonlto gsioccailalsystems are influenced by
how the societies r e Dptaladnethtodlogieslare sxplainedhimthd e n g e ¢
individual original research articles that are included in this thelgse, we briefly describe main
methodological approaches used in the presented research papers:

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

optionsin 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\WeScience (WoS) databases following®meferred
Reporting Items for SystematReviews and Meténalyses(PRISMA) workflow. The search
covered the period from January 2000 to April20Ne then reviewed the retrieved publications
and retained only tise that met our selection criteria. The retaipablicationswere further
subjected to a detailed review to extract relevant informatimh as gographical location of the

ecosystemgaype of climate changeelated impactd h e mat i ¢ ar eaffilatonsand aut h

Identifying climate change impact on trees species distribution and ecosystem services provision
in Sub-Saharan Africa

Species distribution modellingvas conducted usindMaxEnt algorithm to model the
investigated species' current afudiure climaticsuitability. We developed a MaxEnt model for
each species using occurrence rectmalm theGlobal Biodiversity Information Facilitgatabase
(GBIF) and bioclimatic variables from AFRICLIMatasetThe models' predictive performarsce
were evaluated by the Area Undéine Curve (AUC) of the Receiver Operating Characteristic
(ROC)and the True Skill Statistics (TSSYefurtherused two complementargetrics to evaluate

the relative importancef climatic predictors to the models: percent cimttion and permutation
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importance We used a logistic output of MaxEttt producecontinuous distributiomapswith
suitability values ranging fron® (unsuitable) to 1 (highlguitable) We deployed the trained
models with future climate data psoducemaps of speciespecificclimatic suitability for 2071
2100

Identifying patterns of socieeconomicvulnerability in Namibia

The vulnerability of the Namibian population was evaluated based on the interaction between
socioeconomic conditions approximated by ®ecial Vulnerability Index$VI) and the level of
exposure to naturahazards approximated by the introduced hazadéxn Based on district
positions in the space defindy the SVI and the aggregate hazard index, we categorized the
districts into three vulnerability classesing the Kmeans clustering technique. In the final
evaluation, we conducted the analysis basedomposite indices with soceconomic or hazard

profiles constructed for each district using the $elt of underlying variables

4.2.1 Data

Key data for southern Africa including forest vegetation, socioeconomic, and climate data
were obtained from publiclavailable 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 (20B@19) on different aspects of climate change in
southerrAfrica. 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 195WD00. Data on the distribution of key woodesies in southern Africa
were retrievedfrom GBIF. Social, economic, and demograpldata for the social vulnerability
study for the Namibian populatiomere obtained from the Namibia Inteensal Demographic
Survey of 2016 conducted by the NamiStatigics Agency (NSA)while dataepresenting natural
hazard indicatorsinducing fire, flood, and droughtere obtained from various sourcddie
collected data were then processed and stored in Microsoft Access and ArcMap geodatabases that

were used to suppt the entire research.
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5 Results
The thesisd objectives were addressed throu
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 adaptationtireso Africa.

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

adaptation options in StBaharan Africavere addressed in two research papers.

The first study under this objective addressed the trends and patténmate change research

in SubSaharan Africa:

51Kapuka, A. , Hl 8sny, T. , Hel mschrot, J ., 20
in recent two decades: progress, needs, and policy implications. Reg Environ Charigk622, 1
https://doi.org/10.1007/S1011822-018863

The second paper addressetbwledge gaps in climate change impacts on ecosystems
species, and populatioasd adaptation options in nine caes in southern Africa

52Kapuka, A., HI 8sny, T., 2021. Climate chang
in nine countries in southern Africa: What do we know? Ecosphere 12, e03860.
https://de.org/10.1002/ECS2.3860

Climate change impact on trees species distribution and ecosystem services provisien in Sub
Saharan Africa were addressed in the following study:

53Kapuka, A., Dobor , LechangélthrGatemsyhe distribution @ th&de . Cl
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 sockecological vulnerability in Namibia were addressed in the following study:

54Kapuka, A. HlI 8sny, T. , 2020. Soci al Vul n
District-Based AnalysisSustainability 12, 4910ttps://doi.org/10.3390/sul12124910
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The abovescientific publicationsare complemented by oth&wo research papers, which |

published during my study:

Ni kodemus, A., Abdoll ahnejad, A., Kaepondmx A. ,
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., Appihu bi , SNK., Gebeltovs§, Z.
K., 2021. Impact of Agriculture and Energy on CO2 Esions in Zambia. Energies 14(24):8339.
https://doi.org/10.3390/en14248339
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Abstract

Southern Africa is a diverse region harbouring exceptional natural and cultural values, which are increasingly threatened by
climate change. We investigated the progress of climate change research in ten countries in the region during 2000-2019.
We reviewed 972 publications included in the Scopus database, which addressed different aspects of climate change and
explicitly referred to the management, adaptation, or mitigation actions. We found that the number of such focused publica-
tions started to increase rapidly after 2004. The majority of publications addressed South Africa, while the coverage of the
remaining countries was unequal. The largest proportion of the publications addressed agriculture, although social aspects
of climate change started to prevail in recent five years. Local case studies dominated, while studies addressing the regional
scale and employing model- and Earth Observation—-based approaches were less abundant. The proportion of African authors
occupying leading positions in the author teams was increasing during the investigated period. International collaboration
was an important research driver, and it was particularly developed with European organizations. Publication frequency
was mainly driven by the level of social and economic globalization expressed by the KOF Globalization Index. Although
we identified numerous positive trends, issues such as geographical imbalance, the prevalence of local studies, and insuf-
ficient use of advanced methodologies are aspects deserving recognition in future research planning. Our findings suggest
an increasing ability of African authors to contribute to the global discussions about climate change as well as improving
options for the science-based formulation of continental and regional policies.

Keywords Africa - Literature review - Scopus - Adaptation - Research internationalization - Research investments

Introduction

Climate change is a prominent threat to the sustainability of
many human populations (Fedele et al. 2019). Hundreds of
millions of people will be exposed to the impacts of climate
in the coming decades (IPCC 2018), facing reduced access
to vital resources such as water and food (Schmidhuber and
Tubiello 2007; van Vliet et al. 2013; Schewe et al. 2014;
Thornton et al. 2014; Godde et al. 2020). Climate change
is not affecting human populations equally worldwide, but
it generates complex patterns of vulnerability depending
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on the level of climatic exposure, political and governance
context, social-economic conditions of people, and their
adaptive capacity (Littell et al. 2011; Thomas et al. 2019).
The distribution of climate change vulnerability hotspots
indicates that moderate and high multi-sector vulnerabili-
ties occur predominantly in southern Asia, and spread to
Sub-Saharan Africa (Byers et al. 2018). For example, many
African populations are directly and indirectly threatened by

@ Springer
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climate change because of their poor socio-economic con-
ditions, dependence on natural resources, and low capacity
to take efficient adaptation actions (Thompson et al. 2010;
Tucker et al. 2015; Baarsch et al. 2020).

Southern Africa is a climatically highly exposed region
(Bauer and Scholz 2010), facing increasing extreme tem-
peratures, changing rainfall patterns, increasing aridity,
sea-level rise, and desertification (Zinyengere et al. 2013;
Girvetz et al. 2019; IPCC 2019). Drier summers with more
extreme temperatures and high risks of wildfires are pro-
jected to affect large parts of southern Africa (IPCC 2019),
mainly Zimbabwe and Botswana (Engelbrecht et al. 2011).
Decreasing rainfall is projected to occur in subtropical
southern Africa, particularly in Angola and South Africa
(Archer et al. 2017), potentially causing a decrease in agri-
cultural yield (IPCC 2019).

High climatic exposure of the southern African region
coincides with societal issues such as poor governance, low
awareness of climate change-related risks, and dependence
of many populations on climatically vulnerable natural
resources (Kusangaya et al. 2014; Makate et al. 2017). Major
impacts of climate change in the region include reduced
availability of clean water, increase in water-borne diseases,
and reduced agricultural productivity (Archer et al. 2017).
Climate changes may also compromise the region’s natu-
ral and cultural values, biodiversity, and safety, with severe
implications for tourism that is an essential source of income
for many communities (Mushawemhuka et al. 2018). The
increasing risk of wildfires and droughts adversely affects
many ecological systems, mainly in arid and semi-arid areas
(Pricope et al. 2015; Sintayehu 2018).

Climate change generates cascading risks propagating
through physical systems, ecosystems, economy, and society
(Adger et al. 2018). Facing such risks requires a profound
understanding of multisectoral vulnerabilities and transfer-
ring such understanding into informed decisions and policies
(Cochrane et al. 2017; Posada et al. 2018). However, large
regional differences in the engagement in scientific endeav-
ours related to climate change compromise global adaptation
efforts. For example, Blicharska et al. (2017) described a
striking divide in the research relevant to climate change pol-
icies between northern (mostly OECD) and southern coun-
tries primarily located in parts of Asia, Africa, and Latin
America. Such a divide may impact most on least developed
countries, which are the most vulnerable to climate change,
while their contribution to relevant research is dispropor-
tionally small. A similar imbalance can be observed at the
continental scale—for example, 80% of African authorships
in geosciences were found to stem from only five countries
(North et al. 2020).

@ Springer

Although climate change—related research in southern
Africa has significantly advanced (Ford et al. 2015; Vogel
et al. 2019), it still faces challenges such as insufficient avail-
ability of data, research infrastructure, and human resources
(Haselip and Hughes 2018). For example, the poor availabil-
ity of reliable climate data is an essential obstacle to under-
standing current and future risks to human populations and
their environment (Ziervogel et al. 2014; Posada et al. 2018).
Other limitations include the lack of methodologies and tools
for monitoring climate change and assessing the vulnerabil-
ity of different social and ecological systems (Posada et al.
2018). African authors are significantly underrepresented in
high-impact publications and rarely occupy leading positions
in author teams (Tarkang and Bain 2019; North et al. 2020).

Research internationalization and social-economic globali-
zation are essential drivers of scientific performance, alleviating
inequalities between countries in the access to the most recent
understanding (Kwiek 2015). In Africa, initiatives such as Cli-
mate Research for Development (CR4D), the Collaborative
Adaptation Research Initiative in Africa and Asia (CARIAA),
the Science Service Centre for Climate Change, and Adaptive
L.and Management in southern and western Africa (SASSCAL
and WASCAL) have been implemented to support interna-
tional collaboration in different areas, including climate change
research. Historical relationships between Africa and the Euro-
pean Union (EU) led to the establishment of agreements such
as the Joint Africa — EU Strategy (JAES) that addresses key
areas of climate change mitigation and adaptation, with a strong
focus on international collaboration, research, and social and
technological innovations (Haselip and Hughes 2018).

Although there is a body of literature on different aspects
of climate change in southern Africa (Crespo et al. 2011;
Kusangaya et al. 2014; Hoffman et al. 2019; Lawal et al. 2019),
studies mapping the temporal development of climate change
research, its geographical differences, coverage of different
thematic areas, and level of research internationalization are
lacking (but see, for example, Thompson et al. 2010; Mpan-
deliet al. 2020). Such information. however, is vital to setting
future research and funding priorities and an understanding
of mechanisms driving research performance in the region.

Here, we strived to fill this knowledge gap by reviewing
studies published during the recent two decades (2000-2019)
dedicated to different aspects of climate change. We particu-
larly focused on studies providing information relevant for
adaptation, mitigation, and management of natural resources.
We also strived to understand how international collaboration
and the role of African authors in climate change research
have been developing. Finally, we evaluated how publication
performance was associated with different demographic, eco-
nomic, and other characteristics of the investigated countries.
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Materials and methods
Study area

We investigated ten countries in the southern African region,
which are part of the Southern African Development Com-
munity (SADC). The study region includes Angola, Bot-
swana, the Kingdom of Eswatini (further Eswatini), Lesotho,
Malawi, Mozambique, Namibia, South Africa, Zambia, and
Zimbabwe (Fig. 1a). These countries cover 19.8% of the
African continent and shelter 170 million inhabitants. The
countries exhibit significant differences in political, social-
economic, and natural conditions. The average GDP per
capita in the region is 3000 USD. ranging from 360 USD
in Malawi to 7600 USD in Botswana (Table S1 in Online
Resources) (The World Bank World Development Indica-
tors. 2020). According to The Economist Intelligence Unit’s
Democracy Index (2020), Botswana exhibits the highest
level of democracy (7.81 score), followed by South Africa
(7.24) and Lesotho (6.54). On the other hand, Eswatini
(3.14), Zimbabwe (3.16), and Angola (3.75) are the least
democratic countries in the region (Fig. 1b).

Population growth, food insecurity, and diseases such
as HIV/AIDS severely compromise the region’s ability to
achieve political stability and economic and social devel-
opment (Shackleton and Shackleton 2012). Approximately
half of the population in the region lives below the pov-
erty line (Osabohien et al. 2020). Southern Africa has also
experienced increased population migrations due to con-
flicts, social and economic inequalities, increased natural

a . .
(.Luanda ] — .y
L y
R
o
g :
Fa Angola \-\
JJ Zambia
)‘ Lusaka
Ve Harare
)Y\ Zlmbabwe
\\ Namibia ® Capital Cities
\ Butswana National boundaries
5' Wlﬂdhﬂk ’ Literacy rate (%)
Gabomne/ o4
L []46 -85
N~ 66 -85
4 (e
)
! A
\
i\ South Africa
\
J
5 Cape Town

e

Fig. 1 Southern African countries investigated in this study and their
location in Africa (a). Countries’ position is defined by the Gross
Domestic Product per capita and the Democracy Index (b). The

hazards, and environmental changes (Flahaux and de Haas
2016; Mpandeli et al. 2020). Still, the region has devel-
oped rapidly with the support of different development
programmes and due to overall economic and political glo-
balization (Leichenko and O’Brien 2002). Despite regional
differences, a widespread acceptance and increasing uptake
of new technologies, such as mobile communication, sup-
ports economic development (Aker and Mbiti 2010), while
traditional industries such as agriculture and mining remain
dominant.

The region represents one of the global climatic vulner-
ability hotspots due to its erratic climatic regimes and high
current and projected climate risks (Hoegh-Guldberg et al.
2019). Climate extremes, particularly drought, regularly
trigger wildlife mortality, cause habitat degradation, reduce
the abundance of different species, and place conserva-
tion objectives at risk (Sintayehu 2018). Climate-mediated
risks in the region include deforestation and desertification,
forest fires, floods, and recurring droughts (Davis-Reddy
and Vincent 2017). For example, the region has experi-
enced extremely poor rainfalls in the seasons 2014/2015,
201572016, and 2018/2019 (Archer et al. 2017). The most
damaging recent event was the tropical Cyclone [dai (March
2019) that affected more than 3 million people, particularly
in Malawi, Mozambique, and Zimbabwe (Mercy Corps
2019; Mavhura 2020; Chari et al. 2021). In the same year,
the cyclone Kenneth hit the northern part of Mozambique,
affecting millions of people (Unicef 2019; Baltazar and Ros-
setto 2020).
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dashed lines indicate the average value of either indicator. The data
are for 2015-2019 (Source: The World Development Indicators, The
World Bank 2019; The Economist Intelligence Unit 2020)
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Methods
Literature review

‘We performed a literature search using the Scopus database
(SciVerse Scopus 2013) that is frequently used in system-
atic reviews (Biesbroek et al. 2013; Jurgilevich et al. 2017).
The review followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) (Fig. S1in
Online Resources) (Moher et al. 2009). We aimed to iden-
tify studies that address different aspects of climate change
research in southern Africa and, at the same time, have man-
agement or policy implications. We addressed observed and
projected changes in climate, empirical and modelling stud-
ies, effects of climatic extremes and long-term trends, and
impacts on various sectors, ecosystems, and human com-
munities. The search was conducted on April 27, 2020, and
addressed title, keywords (both author and index keywords),
and abstract. We set the cut-off year for the inclusion of
the records to the year 2019. We used the following search
criteria:

(“climate change” OR “climatic change™ OR “climate
warming” OR “global warming” OR *“global change™) AND
(adaptation OR mitigation OR management) AND Africa.

Then, this search output was refined to address ten target
countries only:

“Angola” OR “Botswana” OR “Eswatini” OR “Swazi-
land” OR “Lesotho” OR “Malawi” OR “Mozambique” OR
“Namibia” OR “South Africa” OR “Zambia” OR “Zimba-
bwe” OR “southern Africa”.

Finally, we limited search results to the subject areas:

“environmental sciences”, ™ earth and

LTI

social sciences™,
planetary sciences”, and “agricultural and biological sci-
ences”, and excluded publications from the “review” cat-
egory. In total, we preserved 1902 records in this phase. We
referred to these records as the primary search output (see
Online Resources for a detailed description of the review
procedure).

Second, we conducted a manual assessment of the
retrieved records to identify studies that addressed climate
change as an organic part of the research and/or have clear
implications towards management and policy-making.
Except for titles, abstracts, and keywords, we reviewed at
this stage also the main texts. The most frequent reason for
discarding studies identified in the primary search was their
focus on African countries outside our target region and an
insufficient focus on climate change (e.g. climate change was
not a fundamental and integral part of the research design,
and formulations related to climate change were vague).
This refined set included 972 studies, i.e. 51% of the origi-
nal dataset. We referred to these records as the secondary
search output.

We collected several attributes for each publication,
including addressed countries, thematic areas, and author’s
affiliations (Table 1). In thematic categories, we aimed to
cover major sectors, such as agriculture, water manage-
ment, forestry, and fishery. However, some categories were
added ad hoc to fit better the investigated publications’ scope
(e.g. interdisciplinary, climate policy, and governance). To
understand the level of research internationalization, we col-
lected attributes on the author’s affiliations. These attributes
were also used to evaluate the proportions of African and
non-African authors in the authors’ teams and to identify
publications in which the African authors occupied the first
position. Multiple attributes were allowed for each publi-
cation (e.g. more countries or thematic categories). All
records were stored and processed in the MS Access data-
base (Microsoft, 2006-2016).

Drivers of publication frequency

‘We focused here on publications from 2015 to 2019, encom-
passing 54% of publications retained in the secondary search
(n=972). We explored the main associations between the
publication frequency and various factors explaining the
differences between the countries’ performance. We used
a number of predictors related to the countries’ social,

Table 1 Permissible ranges of attributes collected for the investigated publications

Attributes Variables

Country

Thematic area

Angola; Botswana; Eswatini; Lesotho; Malawi; Mozambique; Namibia; South Africa; Zambia; Zimbabwe

Social; Nature conservation; Agriculture; Water management; Fishery; Tourism; Education; Climate

policy & governance; Forest & Forestry; Greenhouse gas management; Interdisciplinary

Authors affiliation African; Non-African; Mixed

Non-African affiliation All world’s countries
First author’s affiliation African; Non-African
Addressed system
Scale of analysis

Methods of assessment

Ecological; Social; Social-ecological; Physical
Local, National, Regional, Continental to global (continental +international)

Empirical, Modelling, Combined (empirical and modelling), Theoretical/Conceptual
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economic, demographic, and environmental characteristics.
The underlying data were retrieved from the World Bank’s
world development indicators and other sources (Table S1
in Online Resources). We tested the predictor set for redun-
dancy using Spearman’s rank correlation coefficient with a
threshold value of 0.7. We retained the variable that showed
a greater relevance to our study from each pair of correlated
variables.

Because country-specific data on the number of publi-
cations are not comparable due to the different population
sizes of the countries, we standardized the data with respect
to actual population size in the countries. Using the num-
ber of publications per million inhabitants as an indicator
of publication performance was not feasible because of the
high differences in population size between the countries.
This caused. for example, severe downweighting of South
Africa and upweighting of sparsely populated Namibia. We,
therefore, exploited a linear relationship between the publi-
cation frequency and the number of inhabitants and retained
the residual values from this relationship (Fig. 52 in Online
Resources). The produced variable thus represents the pub-
lication performance of the countries that is free of the effect
of population size. To ease the interpretation of the residu-
als, we expressed them as the percentage of the mean value
of publications in all countries in the region (158); the final
quantity thus represents over- or under-performance of the
countries relative to the average performance of the entire
region (relative residuals, R%) (Table 2). All presented anal-
yses were conducted in Statistica 13.4 (TIBCO) (2018) and
ArcGIS Desktop v. 10.8, (ESRI 2020).

Results

Temporal and geographical patterns of climate
change research

The number of publications identified in the primary search
(n=1902) increased during the recent two decades, reach-
ing 150-250 papers published annually after 2015 (Fig. 2).
The increase started to be pronounced in 2004 and 2008;
only a few publications were recorded before 2004. Papers
published after 2015 represented 54% of all publications
since 2000.

The publications retained after their manual assessment
(i.e. the secondary search outputs, n=972) represented 51%
of the primary search, with temporal pattern closely match-
ing the pattern of the primary search. Publications address-
ing South Africa were most abundant (520 publications,
53%). Proportions of publications addressing the remaining
countries were relatively equal (Fig. 2).

Table 2 Number of inhabitants in countries in the study region and
number of publications identified in the SCOPUS database using the
search criteria described in the text. The data are for the period 2015—
2019. Relative residuals indicate the under- or over-performance of
individual countries with respect to the average performance of the
entire region

Country Number of Total number of pub-  Relative
inhabitants® lications (total)** residual
[%]
Angola 29.34 112 -59.04
Botswana 2.18 134 20.71
Eswatini 1.12 105 4.94
Lesotho 2.1 115 8.94
Malawi 17.44 156 -2.37
Mozambique 28.25 136 —41.22
Namibia 24 139 23.39
South Africa 56.59 392 52.00
Zambia 16.61 140 -10.47
Zimbabwe 14.13 152 3.13

*(millions. average, 2015-2018)

"As the same publications addressed multiple countries, the num-
ber of publications indicates how many times a country has been
addressed rather than the absolute number of publications

Thematic areas and methodologies

Agriculture, hydrology and water management, social
aspects of climate change, and nature conservation were the-
matic categories that received the greatest attention (Fig. 3).
While publications on agriculture dominated in 2000-2014,
social aspects of climate change, including climate justice,
local climate perception, and vulnerability, started to pre-
vail after 2015. The increasing proportion of social stud-
ies can also be seen in the inserted pie charts, indicating
the prominence of social research after 2015. At the same
time, the proportion of studies on ecological and physical
(atmosphere, hydrology, etc.) systems slightly decreased.
Publications on rural and urban aspects of climate change
impacts, tourism, and fishery received only minor attention
in both periods.

The largest proportion of publications (44%) addressed
the local scale, mostly represented by different case stud-
ies. Then, 27% of publications addressed the national scale.
The remaining publications presented different large-scale
assessments (Fig. 4a). The published research was mainly
was based on empirical approaches, relying on field research
and past climate observations (34%). Modelling approaches
aiming to forecast the impacts and formulate forward-look-
ing management strategies were identified, too, account-
ing for 24% of the publications (Fig. 4b). Finally, 16% of
publications employed combined empirical-modelling
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Fig.2 Temporal evolution of publications on different aspects of
climate change research in southern Africa identified in the Scopus
database. Primary search output indicates the total number of publi-
cations extracted from Scopus (n=1902). Secondary search output
(n=972) indicates studies, which were retained after the manual

approaches, and 27% of publications addressed various con-
ceptual and theoretical questions.

Authorship

We found that 42% and 39% of all studies published during
2000-2014 and 2015-2019, respectively, were published by
authors affiliated with African organizations only (Fig. 5).
The mixed authorship (i.e. authors with African and non-
African affiliations) accounted for 29% of all publications
in 2000-2014 and increased to 32% in 2015-2019. The pro-
portion of studies with mixed authorship steadily increased
during the recent two decades, peaking in 2017 and 2018
(38 and 34% of the total publications, respectively) (Fig. S4
in Online Resources).

Non-African authors in the mixed authorship category
were dominated by European affiliations accounting for
57% and 63% of all publications in the two studied peri-
ods (Fig. 5). There was no clear geographical pattern in the
frequency of publications with mixed authorship. While
Zimbabwe showed the highest proportion of mixed author-
ship studies in the former period (37%), it ranked last in the
latter period (Fig. S3 in Online Resources). Still, differences
between countries are not large. Finally, studies published by
the non-African teams accounted for 29% of all publications
in both two periods and were dominated by the European
authors (54 and 56%, respectively).

In the mix-authorship category, 55% of publications
(n=296) had the first author with an African affiliation. This
proportion increased to ca 65% in the period 2015-2019.
However, these publications represented only 17% of the
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M Primary search
output

M Secondary search
output

evaluation of the primary search. The insert shows the distribution of
the retained publications by country. Country codes: AGO — Angola;
BWA — Botswana; SWZ — Eswatini; LSO — Lesotho; MWI — Malawi;
MOZ - Mozambique; NAM — Namibia; ZAF — South Africa; ZMB —
Zambia and ZWE - Zimbabwe

total number of publications (i.e. African, non-African, and
mixed authorship; n=972), reaching 19% of all publications
during the recent 6 years (Fig. 6).

Research drivers

The standardized publication performance (R%; Table 2 and
Table S1 in Online Resources) indicates significant under-
performance of Mozambique (—41% relative to the regional
average) and Angola (— 59%) during the entire study period.
On the contrary, South Africa exceeded the regional aver-
age by 52%. The remaining countries remained in the band
of +25% of the regional average.

We found a loose correlation of R% with the GDP per
capita (Fig. 7). Mozambique and Angola showed signifi-
cantly lower values of R% than was the expected (fitted)
value. South Africa, on the other hand, was superior to the
rest of the countries in the region. It significantly outper-
formed Namibia and Botswana, which have a similar GDP.

Government spending on education (% of GDP) showed a
certain association with the publication frequency too. High
relative investments into education in Mozambique (6% of
GDP) did not materialize in publication performance, and
the country substantially lagged behind the rest of the region.
The smallest investments into education are in Angola (3.5%
of GDP), showing the most inferior standardized publica-
tion performance. Publication performance of the remain-
ing countries shows tight association with the spending on
education, with South Africa being a positive outlier.

The level of political and social globalization represented
here by the KOF Globalization Index (Gygli et al. 2019) was
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formance. Similar to the previous indicators, Angola and
Mozambique showed the smallest performance, and South
Affrica the highest.
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2019 (b) are shown. We note that if a publication addressed multiple
thematic areas, it was counted multiple times

Discussion and conclusion

Climate change research is increasing globally, yet geo-
graphical differences in our understanding of major
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impacts, drivers, and responses remain large (Blicharska
et al. 2017; Arnell et al. 2019). Although southern Africa,
except for South Africa, represents one of the world’s most
understudied regions with poor research infrastructure and
human resources (Kusangaya et al. 2014), we found that
the region has experienced remarkable progress in climate
change research during the recent two decades. We further
discuss a broader background of our findings and implica-
tions for future research planning and development in the
region.

Publication patterns and drivers

‘We found that research addressing climate change impacts
jointly with management responses received only marginal
attention before 2004. However, during the recent 15 years,
this field has accelerated, reaching up to 200 papers pub-
lished annually after 2015. Interestingly, research on the
adaptive capacity to climate change was found to accelerate
after 2004 also globally (Siders 2019), corresponding with
the recognition of climate change impacts and the need for
adaptation actions (Mcdowell et al. 2016; [PCC 2018). The
identified acceleration of climate change research agrees
with Zinyengere et al. (2013) and Ford et al. (2015). The
latter authors even found that research on adaptation to cli-
mate change in southern and eastern Africa outperformed
the remaining African regions. 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, includ-
ing 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
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Nations 2015), and the “Sustainable Development Goals™
adopted by the United Nations in 2015.

Despite the imbalanced natural and socio-economic con-
ditions amongst the countries, we found that the investigated
publications paid relatively balanced attention to all major
sectors, such as agriculture, forestry, and water management.
The geographical imbalance in the research performance
was, however, large. The investigated dataset was greatly
dominated by the South African publications (53%), while
countries such as Angola, Lesotho, and Eswatini received
only minor research attention (Sooryamoorthy 2018). How-
ever, the research environment in Angola is strongly influ-
enced by a partnership with Portugal, Brazil, and Cuba. A
certain proportion of publications was thus published in Por-
tuguese, and therefore, it was not included in our review.
This has likely underestimated this country’s performance.

The prominence of South Africa reflects on the advanced
research infrastructure, including climate observation and
monitoring programmes (Ziervogel et al. 2014) and social-
economic indicators that significantly exceed the remaining
countries. South Africa is also engaged in strategic actions
such as Climate Change Research guided by South Africa’s
National Climate Change Adaptation Strategy or different
bilateral initiatives (e.g. Swiss-South African Joint Research
Programme, UK-SA Newton Fund, South Africa/German
Collaborative Programme), which support national research
organizations. South Africa has also established the National
Research Foundation, a national funding entity missing in
the remaining countries in the region.

Our analysis of thematic areas addressed by the investi-
gated publications indicated that climate change impacts on
agriculture and adaptation actions have received the greatest
attention. Such a finding was expected because agriculture
is the most important sector supporting the majority of the
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Fig.5 International composition of the author teams in the investi-
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only Africa-affiliated authors; Non-African: only authors with affilia-

population in sub-Saharan Africa (Calzadilla et al. 2013). It
agrees with Ford et al. (2015), who found out that about one-
third of the reviewed studies on the status of climate change
adaptation in 47 countries in Africa and Asia addressed the
agriculture sector, particularly in semi-arid countries. Also,
Bizikova et al. (2015) claimed that the main climate change
adaptation priorities at the national and sectoral planning
level in the semi-arid areas of Africa and Asia are focused
on agriculture.

Non-African

Non-African
29%

tions from outside Africa; Mixed: authors with African and non-Afri-
can affiliations). The embedded pie charts indicate the contribution of
different countries to studies published by mixed teams. Results for
two periods, 2000-2014 and 2015-2019, are shown

However, a closer look at the temporal frequency of
main thematic areas reveals a certain shift in the research
focus. While the publications on agriculture dominated up
to 2014, studies on social aspects of climate change impacts
and adaptation started to prevail after 2015, likely reflect-
ing on the increasing demand to reinforce social sciences in
climate change research (Billi et al. 2019). Such a shift cor-
responds with the Sustainable Development Goals introduc-
tion, which strongly focuses on the social aspect of climate
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change (Herrero-Jauregui et al. 2018). De Vos et al. (2019)
suggested that research of coupled social-ecological sys-
tems has significantly advanced in southern Africa, com-
pared to other parts of the continent. Such a development
was also observed in water research in southern Africa,
which increasingly adopts a holistic perception, addressing
natural (water cycle) and human (social, economic, govern-
ance, and policy aspects) dimensions (de Clercq et al. 2018;
Nhamo et al. 2018; Olagunju et al. 2019). Finally, we found
that research on the fishery, tourism, climate change aware-
ness, education, and rural and urban development received
a smaller attention than the earlier mentioned major catego-
ries. However, the social-ecological dimension of rural and
urban systems seems to be understudied globally (Herrero-
Jauregui et al. 2018).

We identified the dominance of studies based on empiri-
cal research and focusing on the local scale. These publi-
cations were more abundant than publications exploiting
modelling approaches (including research driven by the
outputs of climate models) and covering regional and global
scales. Kusangaya et al. (2014) stated in this regard that even
though the importance of model-based climate scenarios
has been widely recognized, this information is not con-
sistently included in decision-making and lags behind more
developed regions. The reasons likely stem from the lack of
skilled experts and resources and the lack of well-funded and
coordinated initiatives on the observation and assessment of
the environmental changes.

The observed publication patterns raise questions about
the drivers responsible for the differences between countries.
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It is recognized, for example, that research expenditures per
capita correspond with quality and quantity research out-
puts (Dragos and Dragos 2014; North et al. 2020). Although
we identified this relationship in our dataset, we found that
(standardized) publication performance was best explained
by the level of social and political globalization. This is
consistent with previous studies, which identified massive
improvement in scientific research due to economic, politi-
cal, and social globalization (Simon et al. 2012). Critical
aspects of globalization such as global economy and com-
petition for market were found to be among the main drivers
of scientific collaborative research and development (Ahmad
2014). Therefore, increased investments into research, edu-
cation, and infrastructure will certainly support countries in
improving their standards but may not deliver the desired
effects unless sound globalization tendencies accompany
them. Still, the relationships identified herein should be
interpreted with caution due to the small sample size and
the use of the standardized number of publications, limiting
the comparability with other studies.

Research leadership and international collaboration

Numerous indicators are used to assess and compare insti-
tutional or national scientific performance (de Rijcke et al.
2016; Docampo and Cram 2017). We focused here on two
informative yet straightforward indicators that could have
been directly extracted from the used database: affiliation of
the first author and the proportion of publications conducted
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by the international teams involving African authors (de
Moya-Anegon et al. 2018; Fox et al. 2018).

We found that the proportion of publications with mixed
authorship (i.e. with African and non-African affiliated
authors) steadily increased after 2008, reaching between 33
and 38% after 2013, and 55% of these publications had the
first author with an African affiliation. This is comparable
with the study of (Siders 2019), who found that half of the
studies on climate change adaptive capacity conducted in
Africa had an African researcher as the first author. Despite
the positive trend, African authors’ secondary role and the
low ability to publish in international journals remain issues
deserving attention (Tarkang and Bain 2019). For example,
North et al. (2020) found out that about 25 of the most highly
cited geoscience articles in 21 surveyed journals were pub-
lished by 2744 authors and, of these, only 13 were Africans.
The non-African authors in the author teams were greatly

dominated by authors affiliated with European organizations
(56%), followed by the USA (18%). Such a proportion likely
reflects on the solid historical relationships between Africa
and the European Union (EU) that has led to the establish-
ment of different strategic agreements such as Joint Africa
— EU Strategy (JAES) (Haselip and Hughes 2018).

The first authorship provides only partial informa-
tion about the role of African authors, and more complex
approaches need to be used in future studies, for example
based on questionnaires and interviews (Breet et al. 2018).
The recent tendency of splitting the credit between the first
author, last author, and the corresponding author makes
assessing the role of African authors in the teams even more
complicated (Vasilevsky et al. 2021). Evaluating specific
authors’ contributions (e.g. based on the Contributor Roles
Taxonomy; (McNutt et al. 2018)), which are indicated by
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some journals, could provide a more comprehensive picture
(Whetstone and Moulaison-Sandy 2020).

The second indicator used to characterize the regional
research environment was the level of research internation-
alization. We found that the mixed authorship accounted for
30% of all publications, while the African teams published
40% of all studies. We, however, note that our investigation
aimed at a specific field of climate change impacts and adap-
tation; the overall level of international collaboration can
differ from these values. Still, the robustness of the herein
reported values is supported, for example, by North et al.
(2020), who found about 30% of the articles published in
geoscience journals included African authors. The large
proportion of publications authored by African teams may
also account for the Scopus strategy to include also national
journals. The use of a more selective database could provide
a different picture. Moreover, publications in non-English
languages (e.g. Portuguese), which are particularly impor-
tant in countries such as Angola and Mozambique, were not
considered. This could have underestimated the performance
of these countries.

It is noteworthy that the proportion of the international
authorship may correspond with the phase of the scientific
development of the countries (de Moya-Anegon et al. 2018).
Following this assumption, the investigated countries—
except South Africa—are in a building-up phase, i.e. starting
to participate in international networks, although their role
often remains secondary. The proportion of papers with the
international co-authorship is typically high in such coun-
tries, particularly in international journals.

Implications for research and education planning

Numerous studies have indicated an improving research
environment in southern Africa, which, as we showed
here, also applies to climate change impacts and adapta-
tion. Another sign of positive development is an increasing
contribution of the African authors to global discussions on
climate change, including contributions to the [IPCC Special
and Assessment reports. Still, these advances need to be
considered in the context of underdeveloped intra-African
collaboration, a pronounced “Brain Drain” phenomenon,
high teaching loads of researchers, limited research fund-
ing resulting in increased competition among institutions,
language barriers, and an overall lack of incentives. Such an
environment causes African research to remain underrepre-
sented in international scientific media (Mouton et al. 2008;
Boshoff 2010; North et al. 2020), and highlights a need for
coordinated actions to improve the research environment in
the region.
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Implementing new curricula of climate change—related
subjects in masters and doctoral studies could be a solid
incentive to improving climate change research and aware-
ness. Such initiative can be inspired by West Africa (ECO-
WAS countries) development, where ten doctoral and two
master graduate study programmes related to climate change
were recently established through the West African Science
Service Centre on Climate Change and Adapted Land Use
(WASCAL, www.wascal.org). Improved education could be
an essential step towards increasing the proportion of inter-
disciplinary studies and broader use of advanced technolo-
gies 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. The infrastructure
facilitating climate change research has been recently sig-
nificantly advanced in southern Africa (e.g. Kaspar et al.
(2015); Helmschrot et al. (2018); Muche et al. (2018)), yet
further investments are needed to reach a fully operational
stage to boost the existing research. It is estimated that up to
550 million € are required over the next 30 years to develop
a continent-wide observational infrastructure and human
resources for greenhouse gas emissions monitoring reach-
ing the European standards (L6pez-Ballesteros et al. 2018).

Policy and institutional frameworks play a crucial role in
improving research performance, which is another field that
requires attention in southern Africa. 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 coor-
dinating research activities. Initiatives such as the South Afri-
can Applied Centre for Climate and Earth System Science
(ACCESS) can be central to providing solutions for global
change challenges aligned with national policies. National
policies for research internationalization across the continent
can be established, as it was recommended by the African
Union’s Agenda 2063 and its Science, Technology. and Inno-
vation Strategy for Africa 2024 (STISA 2024). For example,
the Southern African Science Service Centre for Climate
Change and Adaptive Land Management (SASSCAL), which
fosters climate change research based on the collaboration of
African and German partners (Revermann et al. 2018), can
be reinforced by additional initiatives. 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 sup-
port African publishers and scientists.
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