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Abstract. Southern Africa harbors exceptional biodiversity that is increasingly threatened by climate
change, land use, and other pressures. However, risks to the regional ecosystems and quality and consis-
tency of adaptation strategies remain understudied, making conservation and restoration efforts chal-
lenging. Here, we reviewed scientific articles published during the period 2000–2020, which (1)
addressed observed and projected impacts of climate change on different species, populations, and
ecosystems in nine southern African countries, and (2) formulated management and policy responses
aiming to mitigate these impacts. We identified and evaluated 28 papers meeting these search criteria.
We found that the three components of our investigation, that is, ecosystem type, type of impact, and
management and policy responses, were covered by research rather fragmentarily. However, the
reviewed publications addressed a large variety of species and ecosystems and a variety of processes,
from local extinction, range contraction, and increased mortality to modified inter-specific interactions.
The identified human responses included active vegetation and animal management, improved conserva-
tion policies, and monitoring. Most of the publications highlighted severe data limitations, lacking coor-
dination of conservation policies, and insufficient consideration of transient environmental conditions in
management and policy planning. We conclude that the current level of understanding of climatic threats
to species and ecosystems is limited in southern Africa, and new coordinated research and monitoring
actions are needed. This review characterized the high diversity of climate change risks to ecosystems
and related social responses, potentially helping to attract further research attention and inform regional
adaptation strategies.
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INTRODUCTION

Climate change is a major threat to global bio-
diversity at all levels, from genes to biomes
(Bellard et al. 2012, Pecl et al. 2017, Runting et al.
2017). Despite the commitments to halt these
losses, including the Convention on Biological

Diversity and United Nations Sustainable Devel-
opment Goals, the outcomes today have been
poor (Waldron et al. 2017). Africa harbors excep-
tional biodiversity values, which are increasingly
threatened by climate change and other pres-
sures (L�opez-Carr et al. 2014, Palazzo et al. 2017,
Vogel et al. 2019). Increased human population,
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urbanization, and limited alternative sources of
livelihoods exert more pressure on natural
resources and hamper conservation efforts
(Darkoh 2009, Wangai et al. 2016). In many parts
of Africa, these pressures have resulted in the
degradation of ecosystems, further increasing
their vulnerability to climate change (Sintayehu
2018). This concerns a broad range of ecosys-
tems, including savannas, tropical forests, coral
reefs, aquatic habitats, wetlands, and montane
ecosystems (Thiaw 2015, Sintayehu 2018). The
range collapse and steep decline in African ele-
phants and rhinoceros’ populations are examples
of the most distinct impacts on wildlife
(Dinerstein et al. 2019). Vegetation productivity
is projected to decline over most of southern
Africa (Lawal et al. 2019), with severe impacts on
the structure and functioning of the savanna
ecosystems (Ryan et al. 2016, Osborne et al.
2018). Climate change-driven sea-level rise
affects coastal areas of southern Africa, causing
increased coastal erosion, loss of coral reefs, and
the salination of groundwater and river systems
(Bauer and Scholz 2010). The valuable man-
groves in southern Africa are experiencing ele-
vated mortality due to excessive river flooding
and heavy cyclonal rains (Nikolau et al. 2017).

Extreme temperatures, erratic rainfall, and
increasing evapotranspiration demand, coupled
with high intensity of human activities, are likely
to exceed the resilience limits of many ecosystems
and trigger irreversible landscape transformation
(IPCC 2019). These impacts are particularly pro-
nounced in southern Africa, where recent
changes in climate severely affected various
ecosystems and disrupted their services to society
(Kusangaya et al. 2014, Rosendo et al. 2018). The
recurrent droughts experienced in most parts of
the region have seriously affected many ecologi-
cal systems (Guo et al. 2016), including those of
high conservation value. For example, recent
increases in fire intensity and frequency have led
to the decline of woody biomass in the African
savanna woodlands, including the Miombo
woodland (Kuyah et al. 2014), which was defined
by the World Wildlife Fund (WWF) to be one of
the Priority Places harboring exceptional biodi-
versity values (Warren et al. 2018).

The progressive loss of biodiversity and
ecosystem degradation have been increasingly
scrutinized because of the high dependence of

human populations in Africa on ecosystem ser-
vices (Wangai et al. 2016). The human popula-
tions, particularly in rural areas, depend on
essential ecosystem services, including food,
water, medicine, recreational, aesthetic, cultural,
and spiritual values (Chirwa et al. 2008, Thiaw
2015, Ryan et al. 2016). It is estimated that more
than ten million people in southern Africa reside
within hazard-prone areas, and their livelihoods
vitally depend on hazard-exposed agricultural
practices (Global Drought Observatory 2019).
Mitigating these impacts will be increasingly dif-
ficult because sub-Saharan Africa is expected to
be one of the regions with the highest increase in
population density (Jones and O’Neill 2016).
Southern African countries have recently made

progress in many areas of ecosystem manage-
ment (Darkoh 2009), including research and
monitoring, biodiversity conservation, educa-
tion, and awareness-building (Wisely et al. 2018).
Such progress has been facilitated by initiatives
such as The Southern Africa Development Com-
munity (SADC) Forestry Strategy, promoting the
sustainable utilization of forest resources; The
Regional Biodiversity Strategy, providing a
framework for cooperation on transboundary
environmental issues (SADC 2008); and The Pro-
tocol on Shared Watercourses Systems, defining
the principles for managing shared water ecosys-
tems in the region (Muller 2018).
Halting the progressive biodiversity loss,

restoring disturbed ecosystems, and adapting
them to climate change requires a profound
understanding of ecosystem dynamics affected
by climate change (Walther 2010, Hruska et al.
2017, Inman et al. 2020, Malhi et al. 2020). Such
understanding facilitates, for example, the for-
mulation of policies accommodating transient
ecosystem dynamics into conservation planning
(Heller and Zavaleta 2009, Watson et al. 2012,
Wisely et al. 2018). However, southern Africa—
except for South Africa, is relatively understud-
ied concerning vulnerabilities related to climate
change, social perception of these risks, and
effects of local management practices, which can
both enhance and erode the adaptive capacity of
ecosystems (Kusangaya et al. 2014). This situa-
tion is related to the poorly developed research
and monitoring infrastructure, insufficient
human capacities, and institutional settings
(Kusangaya et al. 2014, Haselip and Hughes
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2018, Wisely et al. 2018). The lack of human
resources was identified as a significant factor
hampering the ability of local governments to
address critical risks for coastal ecosystems, such
as erosion, uncontrolled development, unsustain-
able utilization of resources, and habitat degra-
dation in parts of South Africa and Mozambique
(Rosendo et al. 2018).

We focused here on nine southern African
countries, which have poorly developed research
infrastructure and human resources, and where
our understanding of climate change risks and
adaptation measures significantly lags behind
more developed countries and regions. Aiming
to narrow the existing knowledge gaps, we
reviewed the scientific literature published dur-
ing the last 20 yr that was dedicated to climate
change impacts on different ecosystems and, at
the same time, formulated measures aiming to
mitigate these impacts. Because the science pro-
duction in the studied region is relatively low,
our research is intended to highlight the diversity
of impacts and social responses rather than pro-
vide consistent framework supporting manage-
ment and policy decisions. Still, the countries
addressed share many ecosystems and manage-
ment practices, and this review can thus inform
conservation and adaptation efforts in different
locations.

MATERIAL AND METHODS

Study area
We investigated nine countries in the southern

African region: Angola, Botswana, Swaziland/
Eswatini, Lesotho, Malawi, Mozambique,
Namibia, Zambia, and Zimbabwe (Fig. 1). We
deliberately omitted South Africa in this
research, as the country`s high science produc-
tion would dominate the review, potentially dis-
tracting from our idea to evaluate the situation in
countries where the gap between climate change
risk and adaptation options is most severe. At
the same time, the addressed countries cover
diverse social–economic contexts and a range of
natural conditions, suggesting a high diversity of
impacts and adaptation strategies. Still, we con-
sider numerous transnational ecosystems shared
by the target countries and South Africa, and we
discuss the options for transnational knowledge
transfer when it comes to adaptation strategies.

Southern Africa is arid to semi-arid region con-
taining diverse ecosystems such as savannas,
wetlands, woodlands, deserts, marine, and fresh-
water ecosystems. The region contains
biodiversity-rich ecosystems with transboundary
conservation significance, such as the Kavango-
Zambezi and Lubombo (Fox et al. 2017). The
region comprises four ecoregions: tropical and
subtropical moist broadleaf forests; tropical and
subtropical grassland savannah and dry forests;
montane grasslands and shrubland; and dryland
desert and Mediterranean woodland (Abson
et al. 2012). The Miombo and mopane wood-
lands are some of the dominant ecosystems
(Dewees et al. 2010, Ryan et al. 2016). The region
also contains important transboundary freshwa-
ter ecosystems such as the Okavango delta,
Orange River Basin, Cuvelai Basin, Zambezi
Basin, and the marine ecosystem of the Benguela
Current along the coast of Angola, Namibia, and
South Africa.
The study region represents one of the global

climate change hot spots due to its erratic cli-
matic regimes and high observed and projected
climatic risks (Hoegh-Guldberg et al. 2019). Cli-
mate extremes, particularly droughts, regularly
trigger wildlife mortality, cause habitat degrada-
tion, reduce the abundance of different species,
and place conservation objectives at risk (Kupika
et al. 2017, Sintayehu 2018). Climate-mediated
risks in the region include deforestation and
desertification, forest fires, floods, and recurring
droughts. For example, the region has experi-
enced extremely poor rainfalls in 2014/2015,
2015/2016, and 2018/2019 (Archer et al. 2017) and
devastating cyclones in 2019 (Idai and Kenneth),
which mainly affected Malawi, Mozambique,
and Zimbabwe (Baltazar and Rossetto 2020,
Mavhura 2020, Chari et al. 2021).

Methods
Literature review.—We conducted a systematic

literature review aiming to identify scientific
papers dealing with climate change impacts on
different ecosystems of nine countries in the
southern African region and, at the same time,
formulating measures aiming to mitigate these
impacts. The publications were extracted from
the Scopus database (SciVerse Scopus 2013) fol-
lowing the PRISMA workflow (Appendix S1:
Fig. S1) (Moher et al. 2009). The search covered
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the period from January 2000 to April 2020. We
used the following search criteria:

("climate change" OR "climatic change" OR "cli-
mate warming" OR "global warming" OR "global
change") AND (adaptation OR mitigation OR
management) AND ("Africa")

The search was then limited to the following
countries:

"Angola" OR "Botswana" OR "Eswatini" OR
"Swaziland" OR "Lesotho" OR "Malawi"
OR "Mozambique" OR "Namibia" OR "Zambia"
OR "Zimbabwe"

We further limited the search results to publi-
cations in English and to subject areas: "environ-
mental sciences", "social sciences", "earth and
planetary sciences" and "agricultural and biological

sciences". Publications pertaining to "review" cat-
egory were excluded.
Further, we used the Google Scholar data-

base to identify papers not captured by the
previous SCOPUS-based search. In this way,
we added seven more papers. This search
yielded 438 publications. Next, we reviewed
these publications and retained only those
addressing explicitly different species, popula-
tions, and ecosystems in the target region. We
retained 118 publications in this phase. Finally,
we identified a subset of publications, which
explicitly provided information about (1) cli-
mate change-related impacts on ecosystems,
species, or populations, (2) provided evident
characteristics of these ecological units, and (3)
informed about management actions support-
ing adaptation to climate change. We retained
28 publications in this phase, that is, 6% of the
original dataset (n = 438).

Fig. 1. Southern African countries investigated in this study and their location in Africa. The Biodiversity
Habitat Index (Wendling et al. 2020) is shown.
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The retained studies were subjected to a
detailed review in order to extract information
such as the geographical location of the ecosys-
tems, type of climate change-related impacts,
and proposed management strategies and
actions.

RESULTS

The 28 studies that met our search criteria
were published between 2006 and 2020, with
most of them (18) appearing after 2014. The lar-
gest number of publications addressed Namibia
(8) and Zimbabwe (6). Spatially, 43% of studies
addressed geographically restricted systems,
while the remaining studies addressed the entire

study region or were part of continental or larger
scale assessments (Fig. 2).

Addressed ecosystems, populations, and species
The identified publications addressed both ter-

restrial (86%, 24 papers) and aquatic (14%, four
papers) ecosystems (Table 1). In the case of terres-
trial ecosystems, 14 publications (58%) addressed
vegetation, six publications (25%) addressed
mammals, three publications (13%) birds, and
one publication addressed insects.
In the case of aquatic ecosystems, we identified

three papers addressing coral reefs (Mcclanahan
et al. 2011), African penguins (Spheniscus demer-
sus) (Sherley et al. 2017), and Cape fur seals (Arc-
tocephalus pusillus pusillus) (Kirkman et al. 2011).

Fig. 2. Impacts of climate change on ecosystems, species, and populations in nine southern African countries
identified in the reviewed publications. The silhouettes were obtained from https://silhouette-ac.com.
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Table 1. Ecosystems, species, and populations addressed by the reviewed publications.

Ecosystem
type Group Ecosystem, population, or species Geographical location

Terrestrial Mammals Elephants (Loxodonta africana) Ten national parks across southern African savannas:
Namibia (Etosha and Khaudum National Parks);
Botswana (Chobe National Park, Moremi Wildlife
Reserve, and Ngamiland); South Africa (Kruger
National Park); Zambia (Lower Zambezi, the
northern, and southern parts of Kafue and South
Luangwa National Parks)

Burchell’s zebra (Equus quagga burchellii) Botswana, Moremi Game Reserve, Okavango Delta
African lions (Panthera leo) 27 sites across Africa, including Botswana (Chobe,

Moremi, Makgadikgadi, Central Kalahari and
Gemsbok); Namibia (Kunene and Etosha); South
Africa (Kalahari-Gemsbok, Kruger, and Hluhluwe-
Imfolozi); Zambia (South Luangwa and Kafue);
Zimbabwe (Mana Pools)

African Wild Dog (Lycaon pictus) Southern Africa
Small mammals, including Bushveld gerbils
(Gerbilliscus leucogaster), Desert pygmy mouse
(Mus indutus), Brant’s climbing mouse
(Dendromus mesomelas), Fat mouse (Steatomys
pratensis), and multimammate mice (Mastomys
natalensis and Mastomys coucha)

North-western Botswana, Okavango Delta

Population of herbivores Hwange National Park, Zimbabwe
Birds Large-bodied savanna birds Southern Kalahari savannas

Different bird assemblages Fynbos and grassland biomes of South Africa, Lesotho
and, Eswatini

Bank Cormorant (Phalacrocorax neglectus) Robben Island (South Africa) and Mercury Island
(Namibia)

Insects Desert locust (Schistocerca gregaria gregaria) and
(Schistocerca gregaria flaviventris)

Southern Africa

Vegetation Vegetation sensu lato Main biomes of Southern Africa
Woody species (Acacia erioloba; Acacia karroo;
Baikiaea plurijuga; Boscia albitrunca; Burkea africana;
Colophospermum mopane; Combretum imberbe;
Faidherbia albida; Guibourtia coleosperma;
Pterocarpus angolensis)

Namibian savanna

Woodland vegetation Northern Botswana, Chobe district
Mountain vegetation Great Escarpment of South Africa and Lesotho
African savanna woody species (Acacia polyacantha,
Acacia sieberana, Bauhinia thonningii, Dichrostachys
Cinerea, and Ziziphus abyssinica)

Savanna of Central Zambia

Woody vegetation Mozambique, Miombo woodland
Shrubs Acacia erioloba and Grewia flava Southern Africa, southern Kalahari savannas
Perennial grass Namibia, central Kalahari savanna
Wild teak Pterocarpus angolensis Southern Africa Kalahari
Baikiaea-Pterocarpuswoodland Kavango—Zambezi Trans-frontier Conservation Area

(KAZATFCA)
Welwitschia mirabilis Hook Namibia, Namib Desert
African wild loquat Uapaca kirkiana South-central Africa, including Angola, Malawi,

Zambia, and Zimbabwe
Julbernardia globiflora and Julbernardia paniculata Miombo woodlands of central, eastern and southern

Africa including Angola, Malawi, Mozambique,
Zambia and Zimbabwe

Asiatic witchweed Striga asiatica Zimbabwe, 10 provinces
Marine Mammals Cape Fur Seal (Arctocephalus pusillus pusillus) South Africa, Namibia and, Angola; The Benguela

Current Large Marine Ecosystem (BCLME)
Birds African penguins (Spheniscus demersus) South Africa and Namibia; The Benguela Current

Large Marine Ecosystem (BCLME)
Coral Coral reefs Eastern coast of Mozambique and South Africa

Freshwater Wildlife Freshwater, Malilangwe Reservoir South-eastern lowveld of Zimbabwe
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The only study on freshwater systems addressed
the effects of climate change on water quality in
the Malilangwe Reservoir in Zimbabwe and the
cascading effects on humans and wildlife (Dalu
and Wasserman 2018).

Climate change impacts
We categorized the identified impacts as local

extinction, increased mortality, habitat loss and/
or change in distribution, and other specific
impacts (Appendix S1: Table S3). From the time
perspective, 13 publications reported observed
impacts with the dominance of habitat loss and
range contraction, and 15 publications addressed
future impacts relying on various analytical pro-
jections (Appendix S1: Tables S1, S2). Most of the
projections addressed the period between 2040
and 2070 (Fig. 3). However, two studies (Mcclana-
han et al. 2011, Scherer et al. 2016) informed about
the future risks to coral reefs and birds without
specifying the target period. Most of the future
impacts also addressed habitat loss and range
contraction, while only two publications reported

the projected mortality (Tews et al. 2006, de
Cauwer et al. 2014). We note that we included
only those impacts, which were explicitly associ-
ated with climate change by the authors.
Local extinction.—Potential local extinction of

the Cape Fur Seals was identified in the Benguela
Current Large Marine Ecosystem in the Western
coast of South Africa, Namibia, and Angola
(Kirkman et al. 2011). The extinction was mainly
associated with the wide-scale changes in the
marine environment, including a reduced abun-
dance of seals’ prey due to projected changes in
climate.
Local extinction was predicted for large-

bodied bird species in the semi-arid African
savannas using a trait-based functional type
model (Scherer et al. 2016). The main driver of
the extinction was habitat loss due to increased
shrub encroachment and degradation of herba-
ceous plant cover, driven by climate change and
poor land management.
Climate change and industrial fishing were

found to cause the depletion of forage fish stocks,

Fig. 3. Observed and projected impacts identified in the reviewed publications. The type of projected impacts
and the addressed time horizons are indicated. We note that two papers, which addressed the projected impacts
but did not specify the time frame, are not indicated in the figure. Publication codes: 1—Scherer et al. (2016); 2—
Jinga et al. (2020); 3—De Cauwer et al. (2014); 4—Tews et al. (2006); 5—Peterson et al. (2014); 6—Bentley et al.
(2019); 7—Bombi (2018); 8—Jones et al. (2016); 9—Lohman et al. (2012); 10—Saito et al. (2014); 11—Lawal et al.
(2019); 12—Mudereri et al. (2020); 13—Meynard et al. (2017).
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reducing the population of African penguins on
the western coast of Namibia and South Africa
(Sherley et al. 2017). The observed impact was
pronounced in the juvenile individuals.

A decrease in species richness of bird assem-
blage of fynbos and grassland biomes by 30–40%
was identified in South Africa, Lesotho, and
Eswatini by 2085 (Huntley and Barnard 2012).
This included the prominent pollinators such as
the Cape Sugarbird (Promerops cafer), Malachite
Sunbird (Nectarinia famosa), and Orange-breasted
Sunbird (Anthobaphes violacea). The authors pre-
dicted the risk of complete extinction for two
species, the Rudd’s lark (Heteromirafra ruddi) and
Botha’s lark (Spizocorys fringillaris) by 2055.

The risk of local extinction resulting in the
reduced natural range of distribution was
identified for commercially and ecologically
important tree species, the African wild loquat
(Uapaca kirkiana M€ull.) in south-central Africa.
This risk was identified under different climate
scenarios for the time horizons 2050 and 2070 by
means of the maximum entropy method (Jinga
et al. 2020).

Finally, the potential loss of coral reefs was
predicted to occur in some parts of the eastern
coast of Mozambique and South Africa
(Mcclanahan et al. 2011). The authors used a
multivariate stress model to identify the risks of
coral bleaching due to projected high tempera-
ture, light, and sea current variability.

Increased mortality.—Elevated mortality was
reported in ten national parks in southern Africa
for African elephants (Loxodonta africana), partic-
ularly for young individuals. The mortality was
pronounced in enclosed reserves limiting the ele-
phant’s migration and was likely associated with
the reduced rainfall (Shrader et al. 2010).

Increased mortality risk was identified for the
Bank Cormorant (Phalacrocorax neglectus) occur-
ring on the southern African coastline of Robben
Island (South Africa) and Mercury Island
(Namibia) (Sherley et al. 2012). The authors used
the Mayfield method and parametric survival
approaches to attribute the mortality to heat-
waves, level of sea waves, and strength of
storms, which cause the nest failure, reduce chick
survival, and compromise breeding productivity.

Increased mortality, particularly in the seed-
ling stage, and decline in the distribution of
shrub Velvet raisin (Grewia flava) were projected

to occur in the southern African Kalahari savan-
nas due to decreased annual precipitation and
droughts (Tews et al. 2006).
A warmer climate was found to cause the

decline in seedling emergence and mortality of
seedlings of savanna woody species, such as Aca-
cia polyacantha, Bauhinia thonningii, Dichrostachys
cinerea, and Ziziphus abyssinica (Chidumayo
2008).
Climate change is expected to reduce the range

of Wild teak (Pterocarpus angolensis) in the west-
ern part of southern Africa, with a risk of species
decline by up to 50% across Namibia and Bots-
wana (de Cauwer et al. 2014).
The increased seasonal climate variability is

expected to increase the mortality of woody veg-
etation in north-eastern Botswana (Chobe dis-
trict), leading to a decline in woodland cover in
the savanna and an increase in shrublands. These
processes were mediated by the intensified cli-
mate–fire feedback (Fox et al. 2017).
Habitat loss and range contraction.—Range con-

traction of the population of African lion (Pan-
thera leo) was projected to occur across southern
and western Africa by means of ecological niche
models. The drivers of the contraction were par-
ticularly the increasing temperature and decreas-
ing rainfall (Peterson et al. 2014).
Habitat loss and related population decline

were identified for the population of Burchell’s
zebra (Equus quagga burchellii) in the Moremi
Game Reserve of the Okavango delta. This
mainly concerned the loss of floodplains main-
tained by the climatically sensitive seasonal
flooding regime (Bartlam-Brooks et al. 2013).
Small mammals of the Okavango Delta (north-

western Botswana), such as Bushveld gerbils
(Gerbilliscus leucogaster), Desert pygmy mouse
(Mus indutus), Brant’s climbing mouse (Dendro-
mus mesomelas), Fat mouse (Steatomys pratensis),
and multimammate mice Mastomys natalensis
and M. coucha, were found to experience the loss
of their microhabitats, which are the key determi-
nant of the population recovery after fire. The
habitat loss was mainly associated with the
expansion of wildfires driven by climate change
(Plavsic 2014).
Range suitability for the African Wild Dog

(Lycaon pictus) was projected to decline by 2050,
particularly in Namibia, Botswana, Zimbabwe,
and Mozambique. The decline is mainly related
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to the changes in climatic conditions and land
use and high interspecific competition with the
African lion (Panthera leo) (Jones et al. 2016).

Climate-driven fluctuations of surface water
affected the distribution of large herbivores in
the Hwange National Park (Zimbabwe)
(Chamaill�e-Jammes et al. 2007). The variability in
annual rainfall mainly drove the water level vari-
ation.

Climate warming caused the retreat of mon-
tane woody vegetation toward higher elevations
in the Great Escarpment of South Africa and
Lesotho (Bentley et al. 2019). This is expected to
result in the overall contraction of the distribu-
tion of the constituent species.

De Cauwer et al. (2016) identified potential
range decline of species such as the Wild syringa
(Burkea Africana), Wild Plum (Ochna pulchra), and
Kalahari podberry (Dialium englerianum) in the
woodlands of the Kavango-Zambezi Transfron-
tier Conservation Area (KAZA TFCA) in Nami-
bia and Angola. The range contraction was likely
driven by climate change, particularly increasing
temperatures and droughts.

Several woody species of the Namibian
savanna, such as the African teak (Baikiaea pluri-
juga), Wild syringa (Burkea Africana), African
rosewood (Guibourtia coleosperma), and Wild teak
(Pterocarpus angolensis) were found to experience
decline in their physiological performances,
resulting in the decrease of their distribution. The
range decline was driven by reduced rainfall and
increased temperature, and the associated water
deficit (Burke 2006).

The severe decline in perennial grasses, lead-
ing to the reduction in the carrying capacity of
the grassland ecosystem, was projected to occur
in the central Kalahari savanna, Namibia. The
main drivers of the decline were decreased pre-
cipitation, higher temperature, and increased
interannual climatic variation (Lohmann et al.
2012).

The climatically driven increase in fire fre-
quency and intensity was projected to reduce
aboveground woody biomass and the mean tree
size in the Miombo woodland in Mozambique
(Saito et al. 2014). The authors also predicted the
future warming and CO2 increase to significantly
affect woody plants in the Miombo woodland,
compensating for some adverse effects of future
fire regimes.

The decrease in the distribution range of the
evergreen tree Julbernardia paniculata was
observed in the Miombo woodlands in central,
eastern, and southern Africa. The range contrac-
tion was mainly driven by high mean annual
maximum temperatures and increased evapo-
transpiration. The increasing temperatures were
found to favor the cooccurring J. globiflora at the
expense of the J. paniculata (Chidumayo 2017).
Finally, climate warming was projected to cause
a range contraction of the Welwitschia mirabilis in
the northern part of the Namib Desert (Bombi
2018).
Other impacts.—Climate change is expected to

increase the range of Desert locust (Schistocerca
gregaria flaviventris) in southern Africa (Meynard
et al. 2017). Such an expansion can have serious
implications for agricultural production and food
security.
Projected range expansion of Striga weed

(Striga asiata) was predicted to occur in some
agro-ecological regions of Zimbabwe. Although
the expansion was not large, it is expected to
compromise the productivity of arable land, in
addition to severe degradation of the environ-
ment. The weed’s expansion is likely driven by
the increasing temperature and increasing pre-
cipitation variability (Mudereri et al. 2020).
A rather complex impact was identified by

Dalu and Wasserman (2018), who reported an
increase in the harmful algal species due to cli-
mate change, deteriorating the quality of fresh-
water in the Malilangwe reservoir (south-eastern
lowveld of Zimbabwe). The reduced water qual-
ity represents a potentially high risk from toxi-
genic cyanobacteria to animals and humans in
the region.
A temperature increase by 1.5–2°C was pro-

jected to drive the productivity decline of south-
ern African woody vegetation, particularly in
Mozambique, Namibia, Botswana, Zimbabwe,
and Zambia (Lawal et al. 2019).

Responses
We identified a broad range of human

responses to the earlier described impacts, which
we organized in three major categories (Appen-
dix S1: Table S4): (1) active vegetation and wild-
life management; (2) improved management
strategies and policies; and (3) improved
research, education, and monitoring. Each
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response type addressed each of the earlier
described impact categories (Fig. 4).

Active management interventions.—
1. Wildlife.—Measures aiming to protect ele-

phant populations included establishing new
artificial water sources and removing the fences
to increase the range of elephant movement,
which will likely reduce elephant mortality due
to water shortage (Shrader et al. 2010).

Testing the different allocation of artificial
water points in the Hwange National Park was
proposed to control the herbivores’ distribution
to reduce the pressure on vegetation (Chamaill�e-
Jammes et al. 2007). This measure needs to be
integrated into the management plans of the
National Park.

Measures for increasing habitat connectivity of
the African Wild Dog were proposed to halt the

progressive loss of genetic diversity experienced
by the species due to the increasing isolation of
local populations (Jones et al. 2016). Supportive
measures included the African Wild Dog’s rein-
troduction, the establishment of conservation
areas on private lands, and the implementation
of ecotourism programs.
A comprehensive system of measures to main-

tain the flood levels in the Okavango Delta was
proposed to prevent the loss of seasonal flood-
plains, representing an essential habitat for the
Burchell’s zebra and other wildlife (Bartlam-
Brooks et al. 2013).
Measures aiming to reduce the impact of cli-

mate change on the Bank Cormorant (Phalacroco-
rax neglectus) on the southern African coastline
included establishing artificial structures provid-
ing new nesting conditions. This is expected to

Fig. 4. Connections between the identified impacts of climate change (left) and response actions (right). The
values on the left represent the number of reviewed publications under each category. The values on the right
represent the number of identified responses under each category. The belts represent the connections between
impacts and responses. The belt width is proportional to the number of identified responses. We note that while
the number of impacts corresponds with the number of reviewed publications (n = 28), the number of responses
is higher because some publications suggested more response actions.

 v www.esajournals.org 10 December 2021 v Volume 12(12) v Article e03860

SOCIO-ECOLOGICAL SYSTEMS KAPUKA AND HL�ASNY



support the bird’s breeding and even expand the
breeding range to new locations (Sherley et al.
2012).

The fishing suspension was proposed to be
implemented in the western coast of South Africa
and Namibia to allow for the recovery of
depleted forage fish stocks to preserve the popu-
lation of African penguins (Spheniscus demersus)
(Sherley et al. 2017).

2. Vegetation.—The overall improvement of
rangeland quality in the savanna of Namibia
requires the introduction of desirable grass spe-
cies (Lohmann et al. 2012). Suitable areas for
regeneration trials should be identified to pre-
serve and increase the distribution of a commer-
cially important tree, the Wild teak (Pterocarpus
angolensis) (de Cauwer et al. 2014). Preventing
the anticipated contraction of the natural range
of African wild loquat (Uapaca kirkiana) may
require this species to be domesticated and intro-
duced in protected areas, such as national parks
(Jinga et al. 2020).

Changing the current fire management prac-
tices was proposed to protect woody vegetation
from the intensified wildfires in the Miombo
woodland of Mozambique (Saito et al. 2014). The
authors proposed abandoning frequent burning
and promoting more rigorous fire control, such
as low-intensity prescribed fires and seasonal
mosaic burning. Improved fire management
strategies were also proposed to be applied in
the fire-prone areas of the Chobe District’s wood-
lands, particularly the fuel load control, fire
reduction, and thinning (Fox et al. 2017). Finally,
fire refuge areas were proposed to be established
in the KAZA TFCA to reduce the impacts of fire
on vegetation (de Cauwer et al. 2016).

Adaptation strategies aiming to stabilize the
population of J. globiflora and J. paniculata in the
Miombo woodlands include preserving the old-
growth woodland and reducing human distur-
bances in designated areas, such as forest
reserves and national parks (Chidumayo 2017).

3. Aquatic systems.—Measures aiming to pro-
tect the coral reef require complex strategies,
including improved watershed and waste man-
agement and reduced air pollution in the most
vulnerable coastal areas of Mozambique and
South Africa (Mcclanahan et al. 2011).

The quality and availability of water need to
be maintained in order to mitigate the harmful

effects on ecosystems connected with the Mali-
langwe Reservoir. The proposed measure
included the ex situ potable water purification
and distribution (Dalu and Wasserman 2018).
Policy and strategic planning.—Adaptive conser-

vation strategies were proposed to halt the antici-
pated decline in range suitability for the African
Wild Dog, particularly in Namibia, Botswana,
Zimbabwe, and Mozambique (Jones et al. 2016).
These strategies include adaptive conservation
measures focused on the African Wild Dog’s dis-
tribution and measures aiming to control the
high competition with the African lion. The need
for regional management plans to protect the
threatened lion’s populations in southern and
western Africa was also highlighted by Peterson
et al. (2014).
New management policies are required to mit-

igate the impacts of wildfire on the ecosystems in
the Okavango delta. This should include, for
example, functional fire response strategies for
small mammals based on their life history,
resource use, and behaviors (Plavsic 2014). A
revision of conservation policies and designing
new conservation measures is required to accom-
modate the projected range shift of bird assem-
blages of fynbos and grassland biomes in South
Africa, Lesotho, and Eswatini (Huntley and Bar-
nard 2012).
Mitigating the adverse effects of climate

change on mountain vegetation of the great
Escarpment requires the unification of South
Africa and Lesotho’s management policies to
protect and monitor the regional ecosystems and
services they provide (Bentley et al. 2019).
New management policies are needed to facili-

tate the removal of invasive vegetation and the
reduction of livestock stocking. This is a precon-
dition for enlarging the existing grassland
patches in the semi-arid African savannas, which
provide a living environment for numerous spe-
cies, including threatened large-bodied birds
(Scherer et al. 2016).
Rangeland degradation in central Kalahari,

which includes the transition of woody vegeta-
tion toward the perennial grasslands, requires
new policies that consider the projected decline
in shrub distribution and increased mortality of
plants, such as Velvet raisin (Grewia flava). The
Kalahari savannas also require new policies facil-
itating the shift from commercial to sustainable
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management practices, which is necessary to
enhance the resilience of these ecosystems to cli-
mate change (Tews et al. 2006).

Finally, targeted conservation plans are needed
to face the climate change-mediated range con-
traction of Welwitschia mirabilis, particularly in
the northern part of the Namib Desert (Bombi
2018); and of Wild syringa (Burkea Africana), Wild
Plum (Ochna pulchra), and Kalahari podberry
(Dialium englerianum) in the woodlands of
Kavango-Zambezi Transfrontier Conservation
Area (de Cauwer et al. 2016).

Research and monitoring.—Better coordination
and improvement of the existing monitoring ini-
tiatives was recommended for seal populations,
mainly aiming to understand mechanisms driv-
ing this species’ mortality (Kirkman et al. 2011);
for cormorants, to better understand their feed-
ing patterns (Sherley et al. 2012); and for small
mammals in the Okavango Delta to better under-
stand their life-history attributes and fire
responses (Plavsic 2014). With regard to the dev-
astating ecological and commercial effects of the
desert locust, monitoring of the insect’s popula-
tion aimed at expanding and contracting edge of
the insect’s distribution was proposed (Meynard
et al. 2017).

Improved monitoring of vegetation dynamics
affected by climate change was considered to be
a high priority too. This particularly concerned
the vulnerable woody vegetation in the Namib-
ian savannas (Burke 2006) and the Okavango
Delta (Bartlam-Brooks et al. 2013); and land-use
changes in the woodland landscapes of Bots-
wana and the associated impacts on biodiversity
(Fox et al. 2017).

Climatically sensitive areas at the transition of
woodlands and shrub vegetation in the KAZA
TFCA in Namibia and Angola should be increas-
ingly monitored to identify early signs of climate
change impacts (de Cauwer et al. 2016). Particu-
lar species required to be monitored systemati-
cally were Welwitschia mirabilis in the Namib
Desert (Bombi 2018) and the Pterocarpus angolen-
sis in Namibia and Botswana (de Cauwer et al.
2014). The monitoring should aim to identify
early signals of decline and extend the knowl-
edge of the adaptive potential of these species.

The ongoing expansion of the Striga weed in
Zimbabwe requires increased monitoring and
the development of an early warning system

combining ground and remote sensing data.
These actions are required for the effective con-
tainment of the species (Mudereri et al. 2020).
In the marine ecosystem, progressive coral

bleaching requires determining the priority areas
for conservation, particularly in the southern part
of Mozambique (Mcclanahan et al. 2011).

DISCUSSION

Climate change increasingly threatens global
biodiversity (Malhi et al. 2020); however, infor-
mation about the direction and magnitude of
impacts remains incomplete for many regions
and ecological systems. This particularly applies
to southern Africa, where underdeveloped
research infrastructure and human resources
limit our understanding and hamper the imple-
mentation of knowledge-based adaptation strate-
gies. Our findings highlighted the high diversity
of climate change impacts on different species
and ecosystems, as well as the high diversity of
possible adaptation responses. We found that the
current level of understanding is incomplete in
many aspects, and further systematic research
and monitoring is needed. We further discuss the
implications of our findings for climate change
adaptation and conservation, and the formula-
tion of future research priorities.

Literature review
We combined the search outputs from the two

bibliographic databases, which suggest that a
large proportion of relevant papers could have
been identified (Bramer et al. 2017). Still, the
number of studies that met all the defined criteria
was surprisingly low, given the broadly recog-
nized vulnerability of African ecosystems and
large-scale impacts reported by different global
assessments (Dai 2011, Brian et al. 2017,
Sintayehu 2018). This undoubtedly accounts for
the strict criteria for the inclusion of papers, that
is, the clear identification of the addressed spe-
cies or ecosystem, attribution of the impact to cli-
mate change, and the provision of management
and policy recommendations. Moreover, we con-
sidered only papers published in English, which
could have discriminated countries where Eng-
lish is not commonly used (e.g., Mozambique
and Angola). In our review, we also did not con-
sider publications related to South Africa, where
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science production outperforms the remaining
region (Sooryamoorthy 2018). However, South
Africa shares numerous species, ecosystems, and
management practices with the neighboring
countries, highlighting the importance of knowl-
edge transfer and transnational collaboration in
narrowing the existing knowledge gaps (Boshoff
2010). We discuss such options in the remaining
discussion. Finally, we found a relatively high
geographical imbalance in the number of identi-
fied publications, dominated by Namibia (28%)
and Zimbabwe (21%). Such a pattern should not
be interpreted in terms of the higher vulnerabil-
ity of these countries but rather in terms of their
size and research environment that outperforms
the remaining countries. These limitations need
to be considered in the following interpretations.

Impacts
We found that publications addressing vegeta-

tion prevailed (50%) and were mainly focused on
increased mortality and range shift. This agrees
with Midgely and Thuiller (2011), who suggested
that research on plant species in southern Africa
is currently further developed than that on ani-
mals. On the contrary, we identified only a minor
portion of publications addressing aquatic (mar-
ine and freshwater) systems. In fact, a number of
the papers identified in the initial phase of the lit-
erature search (n = 438) focused on different
hydrological aspects of climate change impacts,
such as changes in river flow, discharge. and
water availability (Andersson et al. 2006, 2011,
Beck and Bernauer 2011, Zhu and Ringler 2012).
Only a few papers, however, addressed the
impacts on biodiversity and wildlife. This agrees
with Pereira et al. (2010), who noted that quanti-
tative scenarios focusing on the impacts of global
change on freshwater and marine organisms are
lacking. A similar lack of research was identified
for insects; Midgely and Thuiller (2011) noted a
dearth of studies addressing the impacts on
insect species in southern Africa.

We identified high diversity of impacts, rang-
ing from extinction to range contraction and
expansion to changing interspecific competition.
Habitat loss and range contraction were the most
frequently reported processes, potentially lead-
ing to the loss of keystone species such as preda-
tors (e.g., African Wild Dog) and pollinators
(e.g., Promerops cafer, Nectarinia famosa, and

Anthobaphes violacea). These impacts were often
accompanied by the increase in the abundance of
undesired invasive and competitor species. This
agrees with Sintayehu (2018), who found that the
impacts of climate change have resulted in signif-
icant shifts in species’ geographical ranges in
many parts of Africa. In fact, the shift in geo-
graphical locations is the most common response
of many species to climate change (Pecl et al.
2017).
The increased temperature is one of the most

proximate factors leading to species extinctions
globally due to species’ physiological intolerance
to high temperatures (Cahill et al. 2013). This
impact was also distinctly shown in the reviewed
papers: local extinctions associated with high
temperatures were reported, for example, for
coral reefs (Mcclanahan et al. 2011) and Bank
Cormorants (Sherley et al. 2012). The combina-
tion of heat and drought is particularly threaten-
ing (Allen et al. 2015), and it was manifested by
increased mortality of African elephants (Shrader
et al. 2010), range contraction of the population
of the African lion (Peterson et al. 2014), and
decline in the distribution range of several
woody species (Burke 2006, Chidumayo 2017).
Several publications reported a climatically

driven increase in the abundance of harmful spe-
cies, which cause ecosystem degradation in some
parts of the region. For example, the climatically
driven bush encroachment in southern African
savannas was found to be an essential driver of
habitat loss, leading to the potential extinction of
large-bodied bird species (Scherer et al. 2016).
The prominence of this effect was also high-
lighted by Muntifering et al. (2005), who indi-
cated that bush encroachment threatens the
population of carnivores such as cheetahs (Aci-
nonyx jubatus) in the Namibian savanna, and
Sirami et al. (2009), who found that bush
encroachment reduces the richness of bird spe-
cies. The other indications of habitat deteriora-
tion concerned the expansion of J. globiflora in the
Miombo woodlands, which is an important com-
petitor of the valuable J. paniculate, and the
expansion of invasive weed Striga asiata, which
deteriorates the productivity of agroecosystems
(Chidumayo 2017, Mudereri et al. 2020).
The impacts identified in the reviewed papers

represent only some of the climate change effects
documented in the literature. This is likely
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related to the limited science production in the
target region and our requirement to identify
studies that inform about both impacts and man-
agement and policy responses. For example,
southern Africa is thought to be one of the
important pathways of climatically driven bio-
logical invasions (Wang et al. 2017, Sintayehu
et al. 2020). Our search, however, did not include
any publications on this. The same applies, for
example, to large-scale projections of species dis-
tribution or effects of CO2 fertilization on future
vegetation productivity. Although such studies
exist in the study region (Bond and Midgley
2000, 2012, Ndlela et al. 2018, Conradi et al.
2020), they did not explicitly address the connec-
tion between impacts and management
responses and therefore were not included.
Therefore, we recommend future studies consid-
ering different selection criteria (e.g., without
requiring the connection to management
responses) to investigate the impacts on ecosys-
tems more comprehensively.

Research and management implications
Active human-aided adaption actions are

essential in southern Africa to halt the progres-
sive biodiversity loss (Biggs et al. 2008, Bauer
and Scholz 2010) and maintain the provision of
ecosystem services that support the majority of
human populations in the region (Wisely et al.
2018). Adaptation actions need to be closely con-
nected with and guided by research and moni-
toring (Swart et al. 2014, Janetos 2020). However,
such connection is insufficient globally (Swart
et al. 2014), and its lack can be critical in regions
such as southern Africa.

Most of the publications identified in the initial
phase of the literature search (n = 438) were
rather vague regarding management and policies
and mainly aimed to address different ecological
processes. The criterion on providing specific
policy and management recommendations was
thus the most restrictive one, resulting in the sev-
ere reduction of the initial dataset. This situation
corresponds with the chronically loose connec-
tion of research with management and policies,
which is recognized across different sectors and
disciplines (Arvai et al. 2006, England et al.
2018).

Even though the number of the investigated
papers was limited (n = 28), they provided a

rather complex perspective on the regional per-
ception of how to face climate change risks. Most
importantly, the papers collectively highlighted
the importance of connecting active adaptation
actions, underlying policy frameworks, and
research and monitoring. The review of active
management measures demonstrated the high
diversity of approaches which need to be consid-
ered, 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 challeng-
ing to synthesize, they may inspire the develop-
ment of adaptive management plans elsewhere
in the region. The limitation of these approaches
is that they are mostly recommended based on
scientific understanding rather than on their pre-
vious implementation experience and testing.
Therefore, logistic and policy issues, and incon-
sistency with traditional practices may limit their
applicability.
The reviewed publications repeatedly indi-

cated a limited understanding of climate change
impacts and vulnerability of different species
and ecosystems as a factor hampering adaptation
actions. Therefore, the authors extensively called
for more 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, de Cauwer et al. 2014). In fact,
earth monitoring and climate change research
infrastructure in the region has significantly
advanced in the last decade (Kaspar et al. 2015,
Helmschrot et al. 2018, Muche et al. 2018). Still,
further development is needed, particularly in
moving the focus from the monitoring toward
more integrative approaches, which account for
the feedback between environmental drivers,
biodiversity, ecosystem services, and socioeco-
nomic conditions and developments (Pereira
et al. 2010, England et al. 2018).
The implementation of active management

measures needs to be embedded within an effi-
cient policy framework, which is often missing in
southern Africa (SADC 2008). Therefore, some of
the reviewed publications suggested targeted
policy improvements to facilitate the operational
mitigation of climate change impacts (Huntley
and Barnard 2012, Lohmann et al. 2012, Bentley
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et al. 2019). The recommendations highlighted
the need to incorporate transient ecosystem
dynamics into nature conservation and manage-
ment planning, coordinate transboundary con-
servation policies, and strengthen and coordinate
different monitoring systems. These recommen-
dations are well consistent with the emergent
concepts on biodiversity conservation under cli-
mate change (Heller and Zavaleta 2009, Watson
et al. 2012). These new ideas and their implemen-
tation can benefit from the existing policy frame-
works, such as the Regional Biodiversity
Strategy for SADC (SADC 2008) and the SADC
treaty of 1992 (SADC 1992), which collectively
highlight the importance of ecosystem manage-
ment and conservation through regional integra-
tion and cooperation.

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,
Nalau and Verrall 2021). We also found that many
of the reviewed studies (57%) addressed the pro-
jected impacts of climate change, while the remain-
ing papers addressed actual observed impacts.
This suggests an increasing recognition of model-
based approaches and the use of climate projec-
tions in research in the region, which was previ-
ously found marginal (Kusangaya et al. 2014).
These facts, along with the development of
advanced research and monitoring infrastructure,
and the increasing ability of local researchers to
acquire external research funding, hold the pro-
mise of improved and knowledge-based adapta-
tion strategies and policies in the region.

These positive tendencies do not negate that
the level of understanding of climate change
impacts and responses remains low. To narrow
the major knowledge gaps, we suggest that
knowledge transfer from South Africa should be
increasingly considered in regional adaptation
planning (Boshoff 2010). The South African expe-
rience can, for example, help address the knowl-
edge gaps identified herein concerning the
control of biological invasions (Bezeng et al.
2020, Mapaura et al. 2020), and infrastructure
and capacity building (Ziervogel et al. 2014).
Moreover, the cooler climate in South Africa rep-
resents potentially important climatic refugium,

which should be considered in regional adapta-
tion and conservation strategies, including
assisted migration and translocation (Butt et al.
2021). For example, Foden et al. (2007) found the
range of Aloe dichotoma to contract in Namibia
and expand in South Africa, highlighting the
importance of transboundary conservation efforts.
Finally, we 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
(Ford et al. 2015).

CONCLUSIONS

The nine southern African countries investi-
gated here are characterized by an exceptionally
diverse natural and cultural environment that is
being increasingly threatened by climate change
and other pressures. Facing these challenges
requires swift and coordinated actions, which
must be supported by a sound understanding of
anticipated impacts and effects of different man-
agement actions. This understanding is currently
limited, highlighting the importance of synthetic
studies aiming to collate the available and often
fragmented knowledge. We collected here publi-
cations, which investigated and purposely rec-
ommended management and policy responses.
This research has demonstrated the high frag-
mentation of the available knowledge and an
urgent need for coordinated research and moni-
toring actions.
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