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Abstract: The impact of climate change over the coming decades will increase the likelihood of
many species undergoing genetic alterations or even becoming extinct. Vegetation and belowground
organisms are more vulnerable to the intensified impact of climate change due to a possible lack of
genetic plasticity and limited mobility. Organisms are inter-dependable in ecosystems; hence, this
study focused on the impact of climate change, examining the soil condition in Africa, vegetation
responses and the overview of species’ responses to climate change through a bibliometric study and
an analysis of remote sensing information. The bibliometric study examines climate change-related
literature published from 1999 to 2019, collected from the Web of Science and Scopus database
platforms, and this reveals an overall rapid increase in the number of climate change publications in
Africa, with South Africa occupying a leading position in all the studied parameters. The spatially
based information on soil moisture, temperature and the photosynthetic activities of vegetation
affirmed that there is increasing amount of drought in Africa with more impact in northern, southern
and eastern Africa. African countries, especially in the above-mentioned regions, need to urgently
invest in support programs that will ease the impact of climate change, particularly on food security.
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1. Introduction

Climate change caused by anthropogenic activities is currently gaining global aware-
ness due to obvious alterations in the spatial distribution of rainfall and the impact on
many species [1]. It is generally perceived that global climate change is human-induced,
while others consider it to be a natural phenomenon [2]. An increase in population growth
and economies does, no doubt, have a direct impact on the environment and biota [1]. To
convince the general public of the impact of rapid climate change, scientists are challenged
to predict and develop models on how species populations and distributions will be im-
pacted. The models should be able to explain how the flow of energy will be modified by
changes in the structure and function of biotic communities and, subsequently, how an
ecosystem component will respond to a shift in the climate. Predicting and reversing the
consequences of global climate change is a huge challenge and may be impossible for the
scientific community [1,3].

The concepts of most predictive models are based on the principle of the susceptibility
of species to climate change, combined with exposure level, sensitivity, genetic adaptation
and the species’ ability to geographically shift. Geographical shifting and dispersal may
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have been the most spontaneous response of several species to avert the consequences of
climate change [4]. Nevertheless, most predictive models represent the impact of climate
change with naive algorithms that do not fully consider some factors that can complicate
the prediction of the models, such as species body physiology, genetic change, phenotypic
plasticity, interspecies or intraspecies interactions, the rates of environmental change and
exposure levels [5]. The impact of climate change has been reported on different biomes,
including aquatic [6], desert [7], grassland [8], rain forest and tundra forest [9,10], by many
scientists in various papers.

The increasing global human population and the exploitation of the environment
have been the major drivers of climate change [11], which subsequently negatively impacts
communities’ structure, population abundance and individual physiology [11]. The general
perception that climate change alters the behaviour and physiology of many plants and
animals species is now obvious [5]. The study of the effects of climate change in Africa
predicts that indigenous communities will be the most vulnerable to the impacts of climate
change [12,13] due to their high dependence on the climate for agriculture, their under-
developed economies and their poor institutional capacity to deal with the precipitation
variability caused by climate change [13]. Africa is already facing water and food crises
caused by climate change, and these crises are affecting the continent’s increasing popula-
tion growth [14]. Climate change has caused a high variability of rainfall [12] and has a
strong repercussion on the continent’s deserts and forests [10].

In order to monitor species extinction due to the consequence of anthropogenic activi-
ties and the impact of climate change leading to a decline in biodiversity, the International
Union for Conservation of Nature (IUCN) developed a conservation Red List for both plant
and animal species [15]. Presently, there are about 120,000 species on the IUCN Red List,
with approximately 32,000 species declared to be threatened with extinction, among which
are 26% of mammals, 14% of birds, 33% of reef-building corals, 34% of conifers and 41% of
amphibians globally [16]. Recently, the IUCN has been able to provide data that could be
deployed as a metric to estimate the rates of species extinctions, but this algorithm may
not accurately estimate possibly extinct species due to imprecise data regarding species’
adaptations to climate change, geographical shifting and anthropogenic activities [17].

Climate change and intensive land use complement each other, thus severely de-
creasing soil total biomass [18]. In addition, over the past decades, grasslands and
forests biomes have been gradually transformed notably due to increased droughts and
a decrease in soil health [19]. This has altered plant distribution and aided tolerant
invasive plant species with the consequence of a loss of plant diversity [20]. Organisms
are inter-dependable in an ecosystem, and recurring or prolonged drought, as recorded
in the sub-Saharan region of Africa, could lead to the extinction of plant species with
adverse effects on other species biodiversity [21].

This article provides an overview of the potential impact of climate change on species,
emphasizes the general physiological response to heat and predicts species’ susceptibility to
climate change by analysing vegetation photosynthetic activities, soil moisture anomalies,
rainfall patterns and temperatures across Africa from 1999 to 2019. A comprehensive
bibliometric evaluation of scientific publications on climate change-related articles in Africa
was also conducted.

2. Methods
2.1. Space-Based Climate Data Analysis

Temperature and rainfall information of African countries (from January 1999 to
December 2019) was acquired from the National Aeronautics and Space Administration
(NASA) Prediction of Worldwide Energy Resource (POWER) database. This meteorological
data are produced natively on a global 1° x 1° latitude/longitude grid and remapped to a
0.5° x 0.5° latitude/longitude grid through bilinear interpolation or replication. The data
are thereafter processed, archived and made available through POWER'’s Services Suite. The
retrospective data analysis was derived from NASA’s GMAO MERRA-2 assimilation model
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and GEOS 5.12.4 FP-IT MERRA-2, a new version of NASA’s Goddard Earth Observing
System (GEOS) [22]. The GEOS version 5.12.4 has the same grid resolution as MERRA-2
(they use the same physics model, fewer selected observations and surface rain gauge
normalized precipitation). The GEOS 5.12.4 data are processed by the POWER project team
daily and appended to MERRA-2 daily time series to provide low-latency products, which
are usually ready within 2 days. The MERRA-2 values are updated every month. The data
on rainfall and temperature for this study were collected from MERRA-2 and the retrieved
data were reanalysed using ArcGIS 10.5.

African vegetation was studied from the year 1999 to 2019 using Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR) and data were collected from the Global
Drought Observatory (GDO) database. However, substantial data were collected for the
years 2001 and 2019 because of the availability of data. For vegetation photosynthetic
activity, FAPAR was used to quantify the fraction of the solar radiation absorbed by plants.
FAPAR data depend on the structure of the canopy, the optical properties of the vegetative
part of plants, the atmospheric conditions and the angular configuration. The data collected
for the years 2001 and 2019 for this study on the global drought observatory (study area:
Africa Continent) system were evaluated using the web-based software provided by the
Copernicus Emergency Management Service (CEMS). The technique used in this study
helped in identifying the conditions of relative vegetation stress (negative anomalies) in
extreme climatic conditions, such as drought or extreme heat, during the study period.
Various vegetation conditions were identified using this method, including photosynthetic
activities that were lower than normal, near normal and higher than normal. Soil moisture
anomalies, temperature and rainfall distribution over Africa were assessed during the
study period. More importantly, the soil moisture was evaluated in this study to assess the
soil health using belowground species as bioindicators, with a preference for earthworms.

2.2. Bibliometric Data and Analysis

In the systematic section of this paper, data were collected electronically from Scopus
and ISI Web of Science (WoS). These databases are considered to be suitable and reliable for
bibliometric analyses due to the wide scope of scientific articles [23,24]. Articles related to
climate change in Africa were collected using the keywords “climate change” and “species
interaction” and “Africa” in combinations to query the databases. The keywords were
connected with the Boolean operator “AND” in the databases and two-word keywords
were enclosed using Boolean strings in Scopus.

The query was run in the Scopus and WoS search engines in “All fields” of the
databases from January 1999 to December 2019, which returned 1343 and 349 articles, re-
spectively. Afterwards, the articles were limited to countries in Africa, returning 283 articles
in Scopus and 266 articles in WoS. The data were further cleaned manually, eliminating
articles that did not fit the scope of the study, using two specific measures to determine
whether the paper was appropriate for the bibliometric analysis.

(1) Inclusion criteria: the literature was limited to research articles, reviews and book
chapters. Articles from Africa and/or literature whose data were from Africa were con-
sidered. Articles with predictive models for species” responses to climate change and
laboratory-simulated climate change targeting species’ responses were considered.

(2) Exclusion criteria: non-English articles, letters, proceeding papers, correction addi-
tion, case reports and editorial materials were excluded. Articles addressing the impacts of
climate change, but on a global scale, although relevant, were considered to be outside the
scope of this study.

The analytics tools of WoS and Scopus were used to export the data in BibTeX file
format. The files were imported to RStudio version 3.6.3 with the installed bibliometric
package and dependencies as described [25-27]. The bibliometric parameters, including
annual scientific production, most productive authors, total citations per country, most
cited articles, collaboration networks, citation networks and bibliographic coupling, were
extracted from the BibTeX file with appropriate command codes. The relationship between
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topics, authors, institutions and countries was studied using clustering algorithm software,
VOSviewer version 1.6.15, as described by Perianes-Rodriguez et al., (2016) [28]. VOSviewer
was used to construct and visualize desired bibliometric maps from the bibliographic
database files, using fractional counting mode of calculation. The bibliometric maps were
then used to illustrate the co-authorship network, keywords co-occurrence, bibliographic
coupling and conceptual structure of the citation network. The size of circles in the R
analysis and VOSviewer visualization maps represents strength, the thickness of links and
the distance between two terms indicates the correlation. Additionally, terms related to
each other are grouped in clusters with a certain colour.

3. Results
3.1. Vegetation Response to Climate Change

The information in Figure 1 presents the vegetation response to climate change based
on the Fraction of Absorbed Photosynthetically Active Radiation (FAPAR) data and their
anomalies for the years 2001 and 2019. Plant photosynthetic activities are vegetation
biomarkers that appear in response to environmental stressors, especially climate-related
events. The results from the analysis highlight the conditions of relative vegetation stress
(negative anomalies) in extreme climatic conditions, such as drought or extreme heat,
during the study period. Various vegetation conditions were identified: (1) photosynthetic
activities are lower than normal, (2) near normal and (3) higher than normal.

In 2001, it was observed that there were variations in the spatial distribution of the
vegetation response to climate-related factors. The north of the continent (Morocco and
Tunisia) and Central Africa (South Sudan and Central Ethiopia) have higher-than-normal
photosynthetic activity, whereas Cameroon, Kenya, Uganda, Burundi and part of Tanzania
experienced lower-than-normal and near-normal conditions. The southern parts of the
continent show a diverse range of photosynthetic activity from below normal, near normal
to above normal. Zimbabwe, South Africa, Lesotho and Eswatini, among others, are
examples of countries with diverse photosynthetic activity determined using data from
FAPAR anomalies (Figure 1A).

Surprisingly, in western Africa (Nigeria, Benin, Togo, Ghana, Burkina Faso, Cote
d’Ivoire, Liberia and Sierra Leone), vegetation photosynthetic activities seem to increase
from the year 2001 to 2019. On the contrary, the photosynthetic activity of southern and
Central African vegetation is reduced from 2001 to 2019 (Figure 1B). This is an indication
and can be interpreted as showing increasing levels of drought. The northern and central
parts of the continent remain unchanged in the year 2019 as compared to the photosynthetic
activity in the year 2001. The variation in the distribution patterns, as stated above, may be
caused by climate-related stressors [29,30] and anthropogenic activities [29]. The variation
leading to a decrease in photosynthetic activities, as shown in Figure 1A,B, may be caused
by the direct or indirect impact of the soil and belowground organisms, which could
subsequently affect agriculture and, hereafter, threaten food security [31].

The observed FAPAR activity shown in Figure 1C,D reveals that there is no significant
difference between the vegetation distribution pattern across the continent in 2001 and 2019
as presented (Figure 1C,D). The northern and warmer regions of the continent, however,
show no photosynthetic activities.

3.2. Soil Moisture Anomaly, Temperature and Rainfall Distribution

Soil moisture anomalies for the years 2001 and 2019 are represented in Figure 2A,B.
The temperature and rainfall distribution in Africa in the year 1990 to 2019 are presented
in Figure 2C,D. Soil moisture was evaluated in this study to assess the performance of
belowground species with a preference for the earthworm, which could be used as a
bioindicator for soil health assessments [32].
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Figure 1. FAPAR anomalies and FAPAR for the years 2001 and 2019. FAPAR: Fraction of Absorbed
Photosynthetically Active Radiation. (1) Photosynthetic activities are lower than normal, (2) near
normal and (3) higher than normal. (A) In 2001, there was a spatial distribution of vegetation with
lower photosynthetic activity, majorly in the southern, western, and eastern parts of Africa. (B) From
2001 to 2019, the photosynthetic activity of vegetation increased in the southern and eastern African
countries but decreased in the south. (C,D) represent FAPAR. There is no significant difference in the
vegetation distribution pattern across African countries between 2001 and 2019.
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Figure 2. (A) Soil moisture anomalies for the year 2001. (B) soil moisture anomalies for the year 2019.
(C) Temperature from 1990 to 2019. (D) Rainfall distribution over Africa in the period from 1990 to 2019.

Earthworms show optimum growth and reproduction at 20-25% soil moisture, as
reported by Berry and Jordan (2001) [33]. This range is considered to be normal and near
normal at (—1 to 1) in this study. Soil moisture anomalies were categorized into: drier
than normal (—1 to —2 and less), near normal (—1 to 1) and higher than normal (1 to 2 and
higher). Figure 2A reveals that most countries in southern and eastern Africa have soil
moisture that is ‘near normal’, and very few areas in these regions have soil moisture ‘wetter
than normal (—2 to 1.5)". Figure 2B reveals that southern and eastern Africa currently have
lots of regions with soil moisture that is ‘drier than normal’. Central and western African
regional data reveal that most countries have soils that were ‘drier than normal’ in the
year 2019. Northern African regions, such as Morocco, Algeria, Tunisia and Libya, had
some parts with soil that was ‘wetter than normal, (1-2)" in the year 2001, but these areas
became “near normal” in the year 2019. There is an obvious increase in the level of drought,
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as shown in Figure 2. The continuous decrease in soil moisture threatens belowground
species; thus, soil with a lesser richness of belowground organisms may quickly lose the
buffering capacity and resistance toward the detrimental effects of climate change [34].
Consequently, food production and food security could be severely negatively impacted.
Elevated temperature and less moisture reduce belowground species richness [33,35],
wherein earthworms play a big role in buffering the warming of the belowground ecosys-
tem [34]. In order to predict the prevalence of belowground species with a preference for
the earthworm, the optimum temperature (20 °C) and soil moisture (20-25%) reported for
earthworms [33,35] were used as a benchmark. The soil surface temperature and rainfall
distributions were used to predict the soil species richness and soil health. Figure 2C,D
show different variations across the continent. Figure 2C reveals that South Africa, Mada-
gascar, Ethiopia, Burundi, Morocco and Tunisia have soil temperatures ranging from 22
to 25 °C; however, all these countries are close to the coastlines. This temperature range
favours belowground species. It is worth noting that among these countries, southern
Africa has a low rainfall of 317-633 mm annually (Figure 2D), which might reduce the
soil moisture below 20%; hence, most of the soils may be unfavourable to soil species,
particularly earthworms. The coastal countries, such as Cameroon, Gabon, Equatorial
Guinea and Kenya, are probably likely to support a high diversity of belowground species
due to the temperature (26 to 29 °C) and high amount of rainfall. Other coastal coun-
tries, including Senegal, Guinea Bissau, Sierra Leone, Liberia, Ghana, Nigeria, Eritrea and
Djibouti, with temperatures below 33 °C, very high rainfall and high relative humidity,
are also likely to support a moderate diversity of soil species. High soil biodiversity is
beneficial to agriculture, particularly in countries with a high reliance on the climate for
crop production [13]. The countries with temperatures of 34-37 °C, as shown in Figure 2C,
and low rainfall (317-633 mm) annually (Figure 2D) are likely to experience seasonal or
extended drought. They are the most vulnerable to the impact of climate change in Africa.

3.3. Progress of Research on African Climate Change from 1999 to 2019

Bibliometric studies have been a very useful tool for creating a structure from large
amounts of information, deducing research impact, predicting research trends over time,
quantifying scientific publications and identifying shifts in discipline boundaries [26]. In
this study, a total of 55 and 103 articles met the inclusion criteria and were considered to be
eligible for the study.

The articles from the two databases were merged and the duplicates were removed,
resulting in a total of 150 articles from 112 publishers. There was a total of 692 contributing
authors; 6 of the articles are single-authored, and the rest have an average number of
authors of 4.61 per article. The articles received an average number of 27.85 citations
(Table 1) each. This is an indication of the relevancy and impact of the articles. However,
citation distributions for articles aged 5 years or more are highly skewed [36]. It was
observed that articles aged 5 years old and above in this study contributed more to the
reference distributions. The publications increase steadily each year, with an expected
increase in the number of citations per article and the relevancy of climate change-related
articles. Figure 3 shows the annual contributions of research tailored to African climate
change in the two databases from 1999 to 2019. According to the data collected, there was a
quiet time for researchers on climate change in Africa until 2008. The number of research
outputs, however, increased rapidly from 2008 to 2019, indicating an exponential trend of
awareness and rise in climate change-related research in Africa. It is noteworthy that the
year 2019 published the highest number of scientific articles (n = 37), which could be due to
an increase in awareness of climate change.
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Table 1. Summary of data collected from Scopus and WoS on African climate change (1999-2019).

Description Value
Article 127
Book chapter 5
Review 18
Total publications 150
Sources (journals, books, etc.) 112
Authors 692
Author appearances 813
Authors of single-authored documents 5
Authors of multi-authored documents 687
Single-authored documents 6
Authors per document 4.61
Average citations per document 27.85
Collaboration index 4.77
Keywords plus (ID) 1099
Author’s keywords (DE) 622
Most relevant keyword Climate change
Source with the highest number of articles Plos one
Most productive country South Africa
Most affiliated institute Stellenbosch University
40
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Figure 3. Annual number of scientific publications in Africa focusing on climate change. The
combined column, line graph and trendline illustrate the number of climate change publications in
the Scopus and ISI Web of Science (WoS) databases for the last two decades. The trendline indicates
the rapid progress of research on climate change in Africa.

3.4. Most Productive Countries in Africa Regarding Climate Change

South Africa produced a total of 58 articles (38.6%) in the study period, among which
39 articles are Single-Country Publications (SCP) (Figure 4). Astonishingly, other countries
outside Africa, including Germany, the United Kingdom, the United State of America and
France, also partake in the study of climate change in Africa, with a total publication of 11,
7,7 and 5 articles, respectively. However, African researchers are the major collaborators
in these articles (Multiple-Country Publications (MCP)). Belgium surprisingly published
three SCP on climate change in Africa within the study period (Figure 4). Kenya, Benin,
Ethiopia, Ghana, Madagascar and a few other African countries also contributed to climate
change-related articles within this study period (Figure 4).
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Countries
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Figure 4. Twenty most productive countries in terms of scientific publications on climate change in
Africa. The data were analysed using the corresponding author’s country.

3.5. Distribution of Climate Change Publications and Citation Network

A total of 48 countries were identified in the bibliometric analysis of climate change
papers in Africa in this study. The collaboration network was limited to the 20 most
productive countries. South Africa is the most productive country (Table 1 and Figure 4)
with the highest amount of collaboration (Figure 5). The bibliometric analysis reveals that
South Africa is ranked first in most of the studied parameters, which might indicate the
academic strength and research potential of the country. Germany, the United Kingdom and
France are ranked high in research collaboration with African researchers on climate change,
demonstrating their level of involvement. Figure 6 shows a co-authorship network that
illustrates the top productive authors, presented in four clusters with different colours. The
results reveal that co-authorship is stronger from the year 2010 to recent years, indicating
better collaboration compared to previous years (Figure 6). Figure 7 illustrates the most
frequent keywords in the analysed papers. The most frequently occurring keywords
were arranged into four clusters: Cluster 1 (peach) consists of terms related to species
and their responses to climate change. Cluster 2 (green) terms are related to species’
geographic distribution and adaptability. Cluster 3 (blue) is related to species distributions
and biodiversity. Cluster 4 (yellow) has conservation-related terms and cluster 5 (purple)
includes terms related to climate change and its impact. The relatedness of researchers’
work using bibliographic coupling networks is illustrated in Figure 8. The clusters are
grouped around the publications of Midgley et al., (2003) [37], Travers et al., (2009) [38],
Hecky et al., (2010) [39] and Jackson et al., (2016) [40], indicating research relatedness
to different degrees. The relatedness of researchers’ work is determined by the level of
cross-referencing between different authors [28].

The historiography (Figure 9) represents a chronological network of the most significant
direct citations in the bibliographic data. Erasmus et al., (2002) [41] and Midgley et al,,
(2003) [37] begin the historiography with a paper each focusing on the conservation and
protection of South African species that are vulnerable to climate change. Midgley et al.,
(2003) [37] reported on the biodiversity of species in the Cape Floristic region and their
vulnerability to the effects of climate change in their study. Erasmus et al., (2002) [41]
modelled the effect of elevated CO, with an increase in temperature on 179 South African
animal species. It was concluded that Flagship and Kruger National Park conservation
may lose up to 66% of the species under extreme climate change conditions [41,42]. The
two articles were authored by South African scientists, an indication of their long-term
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awareness of and research into climate change. The papers also have significant numbers
of citations and contributed to the number of publications on climate change, as shown in

Figure 3.
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Figure 5. Collaboration network of the most productive twenty countries on climate change study in
Africa. The circles represent the country within or around the circle. The circle size and thickness
of linked lines indicate the collaboration strength of a country. This network was compiled with
R-project version 3.6.3.

poncesreyes, r. bickford, d. .mldw gf F”C*r .
pIump;,re,.La.j: watson, j.e.m. akcakaya, h.r. ‘thu“r w0 % ’
ayebare,’s. garcia, r.a. @ aradigy m.b, db‘ .

,ﬁ% VOSviewer

2010 2012 2014 2016 2018 2020

Figure 6. Co-authorship network map (Fractional counting), 1999-2019. Out of 692 authors, 47 had
at least 2 publications in the articles collected. For each of the authors, the total strength of the
co-authorship links was calculated and the authors with the greatest link strength are presented.
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Figure 7. Keywords co-occurrence (fractional counting). The minimum number of occurrences of
keywords was set at 3. Out of 622 keywords, 24 met the threshold.
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Figure 9. Direct historical citation network of articles from 2002 to 2019.

4. Responses of Climate in Fauna and Flora

The main factor assumed to underlie climate change is the rise in temperature due
to elevated levels of greenhouse gases in the atmosphere. However, life on Earth would
not have been possible without the greenhouse effect. The Earth’s surface temperature
would be about —19 °C without GHGs [43]. Anthropogenic greenhouse gas (GHG) emis-
sions contributed to the imbalance and increased GHGs in the Earth’s atmosphere that
provokes extreme climate change. Soils also serve as an important source or sink for the
three major GHGs. Nearly 20% of global carbon IV oxide emissions come from soils, as
do at least one-third of global methane emissions and two-thirds of nitrous oxide (N;O)
emissions [44]; hence, better land management and agricultural practices could help to
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combat global warming. Many field studies suggested that elevated CO, leads to in-
creased carbon assimilation in plants and carbon storage in soils; however, Carney et al.,
(2007) [45], in their research, observed that elevated CO, levels do not necessarily lead to
increases in soil carbon due to an equilibrium increase in soil microbial activity, resulting
in rapid carbon turnover [45]. In 2012, it was reported that ambient concentrations of the
three primary greenhouse gases (GHGs), including nitrous oxide (N;O), carbon IV oxide
(CO,) and methane (CHy), increased by 41%, 160% and 20%, respectively, compared to
pre-industrial levels [46], contributing to the current 1 °C increase in the average world
temperature [47]. Atmospheric composition, temperature and moisture are the major cli-
mate change variables that affect the complex interactions of biotic and abiotic components
of the ecosystem, resulting in changes that are difficult to predict. Organisms, particularly
those with limited mobility, such as vegetation and belowground organisms, may likely
show both behavioural and physiological changes to climate patterns, leading to long-term
as well as large-scale responses, which could range from reduced genetic diversity to rising
rates of extinction [4]. Brevik (2013) [48] found that Africa and South Asia stand the highest
risk of food insecurity and deteriorating soil health due to soil organisms and vegetation
being impacted by climate change [48].

4.1. Heat Stress Response

Changes in climatic factors, such as temperature, humidity and radiation, have been
reported as potential threats to growth and increased stress levels for most organisms. Stress
is described as the response of the body to stimuli that disrupt normal physiological balance
or homeostasis, sometimes with negative effects [43]. It is the product of environmental
factors that act on organisms, resulting in the disruption of the process of homeostasis,
thereby leading to new adaptive responses that could either be harmful or beneficial to the
organism. Guillot et al., (2019) [49] demonstrated, in their work, that soil microorganisms
can considerably change their stoichiometry on exposure to heat stress [49]. Riah-Anglet
et al., (2015) [50] also demonstrated that heat stress at 50 °C significantly reduced the total
microbial biomass and fungal abundance in the soil of permanent grassland and arable
cropping plots [50]. The negative consequences of climate change can result from the direct
or indirect effects of the cumulative influence of alterations in air temperature, rainfall and
the intensity and frequency of severe weather conditions [51]. Extreme weather conditions
may have a wide biological impact on both plants and animals. Looking at these events
from a physiological point of view, they can trigger significant physiological stress, decrease
reproduction and perhaps result in mortality [52]. Riah-Anglet et al., (2015) [50] reveal
that heat stress has a devastating effect on arable cropping land more than on permanent
grassland due to the abundancy and high biodiversity of the microbial community in the
latter [50]. Osborne et al., (2018) [53] found that the savanna biome covers more than 50% of
the African continent. However, most African countries are losing their grasslands to land
mismanagement, anthropogenic activities and climate change [53]. The combination could
contribute to the extreme weather events in Africa, which can serve as a selective driver
from an evolutionary standpoint and could also influence or even control the evolution of
the physiological abilities and tolerance [54] of many species in the continent. Long-term
exposure to heat stress with high intensity may negatively affect animal health, for instance,
by triggering oxidative stress, metabolic changes, immune suppression and sometimes
mortality [51]. Climate change may indirectly affect organisms by influencing microbial
abundance and distribution, the spread of diseases [55] and food and water scarcity, which
is already been reported in many parts of Africa [56]. Insects, which are economically
important in agriculture, respond to global climate change by undergoing a decrease in
their populations and changes in distribution compared to other taxa [57].

4.1.1. Heat Stress Responses at the Molecular Level: Oxidative Stress

Oxidative stress occurs as a result of the disruption in the levels of both pro-oxidants
and antioxidants, which leads to the excessive production of reactive oxygen species (ROS)
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and free radicals, as well as a reduction in antioxidant resistance [58]. Heat stress has been
reported to be responsible for the activation of oxidative stress in summer periods among
livestock [58]. Oxidative stress can also be involved in many pathological states, such as
parasite infections and other diseases [59]; however, food rich in natural antioxidants due
to their accumulated secondary metabolites are linked with reducing the risks of some
diseases and oxidative stress [60]. Increasing amounts of GHGs aggravate extreme changes
in climatic conditions, such as floods, droughts and heat, which trigger oxidative stress and
reactive oxygen species (ROS) in plants [43]. The accumulation of ROS causes oxidation,
leading to cellular organelle dysfunction or even cell death. This becomes a huge challenge,
particularly in agriculture. The major sources of ROS during stress conditions are enhanced
photorespiration, the b-oxidation of fatty acids NADPH oxidase (NOX) production and
abnormalities in the electron transport chains of mitochondria, as well as chloroplasts [43].
However, reactive oxygen species (ROS) are constantly produced by plants under normal
conditions, but they are enhanced in response to different abiotic stress conditions. Among
the most significant implications of climate change-related stresses at the molecular level is
the response of ROS inside the cells in plants [61].

4.1.2. Cellular and Metabolic Responses to Heat Stress

Heat stress directly impacts both the flexibility and the resilience of cell membranes
and disrupts receptors, along with transmembrane transport protein activities [62]. Unlike
thermotolerant cells, an increase in the fluidity of cell membranes induced by heat has
been observed in thermosensitive cells [63]. Cell membranes are also important targets of
heat-induced cell death. This knowledge has helped us to better understand the variability
in membrane potential, the rise in intracellular sodium and calcium levels and the increase
in potassium flux during extreme conditions of heat [64]. It has been shown that heat
stress causes several variations in the cytoskeletal structure, including the cell type, the
mitotic apparatus as well as intracytoplasmic membranes, such as lysosomes and the
endoplasmic reticulum. Moreover, protein synthesis, as well as DNA and ribonucleic acid
(RNA) polymerization, is broken when exposed to heat stress. While protein and RNA
synthesis quickly recover after exposure to heat, DNA synthesis stays impeded over a
prolonged period [65], resulting in a favourable or unfavourable mutation. Research has
shown that heat stress is not only responsible for protein denaturation; it is also responsible
for its assembly into the nuclear matrix. That accumulation increases nucleic protein
concentrations [66]. Thus, various molecular functions, such as DNA synthesis, repair and
replication, nuclear enzymes and cell division, as well as functions of DNA polymerases, are
altered [65]. Heat stress reduces protein deposition and production [66]. It induces protein
catabolism (characterized by increased plasma uric acid levels) and reduces aspartic acid
(Asp), tyrosine (Tyr), cysteine (Cys) and serine (Ser) plasma concentrations [67]. In animals,
chronic heat exposure knocks down protein synthesis and reduces protein breakdown, with
relatively low plasma levels of amino acids (particularly sulphur as well as branched-chain
amino acids), elevated serum aspartic acid (Asp) and glutamic acid (Glu). Chronic heat
stress also affects the lipid metabolism.

Global warming has led to strong heat waves that have severely impacted plants
and animals’ growth and development. The changes that have been observed in different
metabolic pathways in plants is unfavourable and reported to inhibit plant adaptive
responses to different stress conditions [68]. Some animals respond to climate change with
a behavioural, morphological or physiological alteration, hence adapting to the change,
unlike plants. However, biomarkers have indicated that there are alterations in the protein
and gene patterns of animals due to chronic exposure to heat and stress conditions [69].
Furthermore, climate change not only impacts plants and animals, but it also affects
humans and the socio-economy of many countries, particularly African countries, where
food insecurity is on the increase due to the changes.

7
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5. Discussion

The results of this study revealed various thermal land surface and vegetation distri-
butions between 1999 and 2019. Spatiotemporal distribution using FAPAR and MERRA-2
was used to examine soil moisture, temperature, rainfall distributions and their potential
implications on vegetation and soil organisms. The earthworm, used as a sentinel in the
study, has been proven to correlate with healthy soil and help in the buffering of heat stress
caused by climate change [34]; hence, temperature, rainfall and soil moisture optimums
for soil organisms [33] were used to assess the soil health. Land use and climate change
predominantly influence soil properties, which subsequently determine the density and
biomass of soil organisms [18]. Changes in vegetation and their potential impact on earth-
worm populations are presented in Figure 1. The spatial distribution of soil communities
is typically complex, and their numbers vary with the influence of soil type, temperature,
soil moisture, various abiotic interactions and land-use patterns [70]. In the study, the
vegetation photosynthetic activities in many countries are quite consistent with the soil
moisture and temperature. For instance, southern African countries, such as South Africa,
Lesotho and Botswana, have a scattered distribution of vegetation and lower-than-normal
photosynthetic activities, as indicated by the FAPAR data (Figure 1). This predicts the
possibility of poor biodiversity of underground species, which correlates with vegetation
in the region.

In the study, regions with a temperature higher than 30 °C, soil moisture less than
20%, low rainfall and lower than normal vegetative photosynthetic activities are predicted
to be impacted by climate change. The most affected areas in these regards are Mauritania,
Mali, Burkina Faso, Niger, Chad, Sudan and Somalia (Figures 1 and 2). These countries
are highly susceptible to the impact of climate change. Drought is on the increase and
the soil in the region is losing its integrity. The above-mentioned countries need support
programs that aid tree planting, soil amelioration and the increased use of irrigation for
agriculture. However, according to our bibliometric analysis, these countries perform little
or no research on climate change-related studies, which suggests that there is little action to
combat climate change.

It has been established that temperature is one of the most important drivers of
climate change because it influences biota activities and the processes of decomposition [71].
Species interactions in many communities have been reported to change due to temperature
elevations caused by climate change [3,72]. Some studies have highlighted the possibility
of a decline in some macro-detritivore species, including earthworms, due to elevated
soil temperatures [72]; this, in turn, affected the vegetation at large. The interactions
between temperature and soil moisture are crucial to soil health. The areas with high
temperature and low soil moisture, as seen in Figure 2, have less vegetation and must have
lost belowground species biodiversity. This could have been the situation in a few arid
areas in Africa that have been recently going through extended droughts. The price of the
combination of climate change and anthropogenic activities has been paid.

This study also demonstrates the trend of climate change research in Africa, from 1999
to 2019, and performed a comprehensive analysis of the most productive countries, the
distribution of climate change publications and geographical information on vegetative
responses to climate change in Africa. The responses of species to climate change are also
discussed in this study.

The quality and quantity of scientific publications of a country could be a measure of
its advancement in technology and research [73]. A rapid change in the number of publica-
tions, especially multi-author articles, supports scientific advancement. This bibliometric
study analysed a selected set of published papers dealing with research on climate change
in Africa and presents a multitude of quantitative data. The number of publications in
climate change research increased steadily from 2006 and exhibited a doubling from 2016,
as shown in this study (Figure 3). This exponential growth in the number of publications
on climate change correlates with the increasing published related literature globally [74].
Publications in this field may have increased over time due to the obvious impact of climate
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change on vegetation [75], the increase in drought [10], accelerated global warming [76]
and greater awareness of the possible severe impact of climate change on people’s liveli-
hoods [12]. This publication growth may also have been stimulated by policymaking,
education and awareness created by the Intergovernmental Panel on Climate Change
(IPCC), the Environmental Protection Agency (EPA) and the United Nations Environment
Programme (UNEP), among others.

Most African countries publish their research outputs on climate change in collaboration
with countries such as Germany, the United Kingdom, the USA and France (Figures 4 and 5).
South Africa, however, has more single-country publications compared to other African
countries. According to Haunschild et al., (2016) [74], the above-mentioned countries have
contributed at least 1000 climate change papers each between 1980 and 2012. South Africa
was reported to have published 2161 papers, among which 3.17% are in the top 1% of
high-impact climate change papers between 1980 and 2012 [74]. The result of this study
is consistent with previous bibliometric studies; thus, South Africa and the developed
countries, such as Germany, the United Kingdom, the USA, France and Australia, have
a high number of publications on climate change-related research with a high number
of citations [77].

As shown in Figures 5 and 6, the network nodes represent countries and authors,
respectively, and the links represent collaboration and co-authorship [26]. Scientific research
collaboration has increased globally, which may have been encouraged by government
policies and private and government research agencies. Collaboration helps to develop
a unified improved study model, integrated into multiple scientific disciplines [78,79].
This collaboration has helped many African scientists to put their fingerprints on climate
change-related research (Figures 3, 4, 6 and 7), resulting in a high number of Multiple-
Country Publications (MCP). This study is a first attempt to evaluate research articles
related to climate change and vegetation response in Africa. A coherent bibliometric study
may be needed to analyse climate change publications in Africa from a quantitative and
ecological perspective. Just like other bibliometric analyses, limitations, including the
multiple expression of terms, discipline variation, differences in databases output and
errors in the elimination of publications in other languages aside from English, cannot be
excluded in this study. Thus, it is difficult to attain a perfect literature inclusion on the
subject matter, even though the literature was screened manually.

6. Conclusions

The research output of African researchers in the field of climate change is growing at a
corresponding rate to the global increase in related literature and this is expected to continue
in the future. Climate changes, leading to dryer and warmer environmental conditions, are
detrimental to underground species and vegetations. Thus, various climate change drivers,
such as temperature, precipitation and soil moisture, have a significant influence on the
photosynthetic activities of vegetation and soil health. This study concluded that there is
an increasing amount of drought in Africa. African leaders must encourage tree planting
programs, support agriculture with modern irrigation and fund research on climate change
and heat stress-tolerant crops to combat the expected food crisis. Finally, the findings of
this study provide a valuable basis for future research directions and research collaboration
in the field of environmental study in climate change.
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