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Global eutrophication and climate warming exacerbate production of cyanotoxins such as microcystins (MCs),
presenting risks to human and animal health. Africa is a continent suffering from severe environmental crises,
including MC intoxication, but with very limited understanding of the occurrence and extent of MCs. By ana-
lysing 90 publications from 1989 to 2019, we found that in various water bodies where MCs have been detected
so far, the concentrations were 1.4-2803 times higher than the WHO provisional guideline for human lifetime
exposure via drinking water (1 ug/L) in 12 of 15 African countries where data were available. MCs were rela-
tively high in the Republic of South Africa (averaged 2803 pg/L) and Southern Africa as a whole (702 pg/L) when
compared to other regions. Values were higher in reservoirs (958 pg/L) and lakes (159 pg/L) than in other water

types, and much higher in temperate (1381 pg/L) than in arid (161 pg/L) and tropical (4 pg/L) zones. Highly
significant positive relationships were found between MCs and planktonic chlorophyll a. Further assessment
revealed high ecological risk for 14 of the 56 water bodies, with half used as human drinking water sources.
Recognizing the extremely high MCs and exposure risk in Africa, we recommend routine monitoring and risk
assessment of MCs be prioritized to ensure safe water use and sustainability in this region.

1. Introduction

Eutrophication is a widespread global phenomenon, with the fre-
quency, intensity, duration, and geographical extent of resulting cya-
nobacterial (blue-green algal) blooms increasing [1,2]. These increases
are linked to deterioration of water quality and increased threats to
human sustainable development, social and economic welfare, and
health. Cyanobacterial blooms are one of the main problems that
endanger the ecological function of lakes [3]. They can produce me-
tabolites that are potentially toxic and have distinct odours, such as
geosmin and methylisoborneol, and cause night-time oxygen depletion
resulting in fish kills and loss of benthic fauna and flora [4]. The pro-
duction of potent cyanotoxins may threaten the health of animals,
including humans [5,6]. Algal toxins can be produced widely along with
cyanobacterial blooms in the world [7]. MC-producing species of
aquatic bloom-, scum- and mat-forming genera including Microcystis,
Dolichospermum, Anabaenopsis, Planktothrix, Aphanizomenon, Cylin-
drospermopsis, Raphidiopsis, and Nodularia have been documented [8,9].
Cyanotoxins have been found in fresh, brackish, and marine waters [10,
11]. Based on their modes of action and targets, cyanotoxins can be
divided into various types, including hepatotoxins, neurotoxins, der-
matotoxins, and cytotoxins [12,13]. According to their chemical struc-
tures, the toxins can be divided into different categories, including cyclic
peptides, alkaloids, organophosphorus and lipopolysaccharides (LPS)
compounds [14].

Microcystins (MCs) are the most frequently reported cyanotoxins
found in freshwater, brackish water and marine habitats [11]. Micro-
cystis blooms occur in at least 108 countries, and MCs have been re-
ported in at least 79 of them [15]. MCs are primarily produced by
Microcystis spp., but also by species of other genera, such as Dolicho-
spermum, Oscillatoria, and Nostoc [16]. The continuing re-classification
of cyanobacteria and examination of their MCs-producing abilities
extend the current known potential of species and genera to produce
these toxins, including Anabaenopsis, Dolichospermum, Fischerella, Lep-
tolyngbya, Nostoc, Phormidium, Planktothrix, Radiocystis, and Synecho-
coccus [8]. The most common congeners of the characteristic cyclic
heptapeptide  structure = are = MC-leucine-arginine =~ (MC-LR),
MC-tyrosine-arginine (MC-YR), MC-arginine-arginine (MC-RR) and
MC-leucine-alanine (MC-LA) [17]. Currently, more than 279 structural
variants of MCs are known [18], with MC-LR being one of the most toxic
and most commonly found variants [19,20]. MCs characteristically
display hepatotoxicity, with the liver being the primary target organ in
vertebrates [21]. Gastrointestinal effects of MCs typically include
enterocyte deformation, gastroenteritis and hemorrhage [22]. MCs can
also induce damage to the kidney cortex and medulla [23,24], and to the
reproductive system [25]. MCs also appear to have tumor-promoting
properties [26]. In addition, these toxins can cause neurotoxicity [27],
developmental toxicity [28], and immunotoxicity [29]. MCs-exposure

can cause harm to human health to differing extents. One of the most
severe incidents causally involving MCs included the deaths of 76 pa-
tients in northern Brazil after receiving routine hemodialysis treatment
due to intravenous exposure to MCs via the dialysis water [30]. MCs
have also been detected in serum samples of fishermen at Lake Chaohu,
China [31]. The World Health Organization (WHO) has recommended a
provisional guideline value of 1 pg/L MC-LR in drinking water for human
lifetime exposure and 12 pg/L for short-term exposure, respectively [32,
331.

The global climate is warming at an unprecedented rate [34].
Increased global temperatures favor growth of cyanotoxin-producing
species and strains [4], and can lead to increased toxin release [35,
36]. Africa is experiencing severe palatable water-depletion, environ-
mental contamination such as eutrophication, and warming. The Afri-
can continent is also one of the fastest warming regions in the world
[37], and the association of key areas where waterborne cyanotoxin
poisoning incidents may occur is clear especially in high-risk regions
where climate warming has been reported [38].

Africa is a continent where cyanobacterial blooms are common, and
from where early reports were published ( from 1914 to the 1940, in
South Africa) of the deaths of large numbers of farm livestock (sheep,
cattle, swine and horses), wild animals and waterbirds, associated with
the ingestion of cyanobacterial (mainly Microcystis) blooms and scums
[39]. It is also notable that the first complete chemical structure of a MCs
(MC-LA; initially named as cyanoginosin-LA) was elucidated in South
Africa [40]. However, an enquiry to relevant national organizations (e.g.
water resource management, public health and agriculture) in 57
countries of Africa revealed wide variations in institutional awareness,
and the application of management actions in only a minority of African
countries [41,42]. However, there have been continuing reports of
cyanotoxins causing poisoning and death in small-bodied African ani-
mals (including birds, fish, and turtles) [43-45] as well as the suspected
cause of the (mass) mortalities in African medium and large-sized
terrestrial mammals [46]. Mammalian victims of cyanotoxin poisoning
range from fenced livestock, to fenced wildlife and even non-wading
wildlife [38]. The mass mortality of more than 330 African elephants
in Botswana in 2020 has been attributed to cyanotoxins [38]. These
continuing, although isolated, reports indicate that an updated and
systematic assessment and understanding of the status of MCs is needed
for African inland waters. However, relevant studies are limited [47,48],
and have mostly focused on only a few waterbodies. In a review
reporting cyanotoxin distribution in Africa from 2006 to 2016, among
54 studied African countries, only 21 had notable research information
concerning cyanobacterial blooms within the last decade; and only 11
out of 21 countries had recorded toxicity accompanied by physico-
chemical parameters related to cyanobacterial blooms [49]. The domi-
nant cyanotoxins reported from Africa are MCs (77%; 77 out of 100),
which have been identified in 14 countries and in 76 freshwater
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ecosystems, predominantly in lakes, reservoirs, and ponds [50]. In the
context of global warming and accelerating eutrophication, Africa re-
quires more attention, considering its lagging socioeconomic develop-
ment and insufficient infrastructure [49].

Based on a meta-analysis of 90 publications, spanning a period from
1989 to 2019, this study explores the effects of different climate types,
physical and chemical properties of waterbodies, and lake basin
morphology on MCs, aiming to describe the spatial distribution pattern
and influencing factors of MCs on the African continent. Optimized risk
quotient (RQp) was used to study the risks of MCs causing ecological
impacts. It is crucial to understand the distribution and environmental
drivers of MCs in African inland waters, elucidate the current status of
MCs production and fates in these waters, and to formulate effective
monitoring and management programs to reduce human and animal
health risks.

2. Materials and methods
2.1. Data collection

The geographical coverage in this study was the entire African
continent, and the distribution of MCs was considered on both national
and regional scales. The publications related to MCs in Africa were
retrieved through the Web of Science database. The keywords in the
“topic” field included “Africa or African” and “Microcystin or Cyano-
bacteria or Cyanotoxin”, with specific country searches, from 1950 to
2021. The literature collection for this study was carried out in 2021.
The retrieved literature was further screened, and the inclusion criterion
was quantitative information on the concentration of MCs in the waters.
In total, 90 papers from 1989 to 2019 which reported concentrations of
MCs in various waterbodies from African countries were found.

Raw data were extracted from available literature sources for sub-
sequent analysis. The data mainly came from text, tables and figures,
and the data in the figures were extracted using the GetData Graph
Digitizer (version 2.26). The concentrations and type of MCs reported
were then recorded, with the time and location of sampling and physio-
chemical conditions of the respective waterbodies, and waterbody
characteristics.

2.2. Data processing

Google Earth (https://www.google.com/intl/zh-CN/earth/) was
used to supplement the data for unrecorded latitude and longitude of
sampling points by searching location names. The LakeNet’s World
Lakes Website (http://www.worldlakes.org/index.asp) was used to
supplement information on lake physical characteristics, including
volume, surface area, elevation, mean depth, maximum depth, etc. The
Koppen climate classification type was determined based on the latitude
and longitude coordinates of the study locations [51]. On the African
continent, there are 3 climate zones including Arid (B), Tropical (A) and
Temperate (C) and 8 climate types, including tropical rainforest climate
(Af), tropical monsoon climate (Am), tropical savanna climate (Aw),
steppe climate (Bs), desert climate (Bw), warm temperate climate with
fully humid (Cf), warm temperate climate with dry summers (Cs), and
warm temperate climate with dry winters (Cw) [51].

In total, 90 papers were screened, covering 15 African countries and
133 waterbodies spanning from 1989 to 2019. A total of 1485 data sets
was obtained. The collected raw data information and publications are
presented in Supplemental Table 1. The data used for analyses follow the
principles: (1) MC concentrations were determined by internationally
recognized methods with limits of quantification (LOQ) lower than 1 pg/
L, including High Performance Liquid Chromatography (HPLC), Liquid
Chromatography-Mass Spectrometry (LC-MS), Enzyme-Linked Immu-
nosorbent Assay (ELISA) and Protein Phosphatase Inhibition Assay
(PPIA) [33,52]; (2) total MCs (the sum of all dissolved and particulate
MCs congeners and total MC-LR (the sum of dissolved and particulate
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MC-LR) were selected as indicators to assess the occurrence, localization
and abundance of MCs; (3) except for the comparison of MCs concen-
trations in different water categories using all data, only MCs data from
lakes, reservoirs and rivers were selected for further analyses.

Figures were drawn with OriginPro 2022, R soft 4.1.3 and ArcGIS Pro
2020. Linear regression analysis was performed to identify relationships
between MCs and Chl a concentration, physio-chemical conditions of
waterbodies, and waterbody characteristics.

2.3. Risk assessment

Assessment of the ecological risk of MCs was based on the optimized
risk quotient (RQf) [53]. RQf based on the detected environmental
concentration and toxicity of MCs to representative aquatic organisms at
various trophic levels [54]. The RQ¢ value was calculated according to
the following equation:

RQ=RQxF=(MEC/PNEC) x F
F=NO,/NO,

where RQ is the risk quotient, MEC is the measured environmental
concentration (ug/L), PNEC is the predicted no effect concentration (the
PNEC of MC-LR is 5.73 pg/L [55]), F is the frequency with which MEC
exceeds PNEC, NO; is the number of samples greater than PNEC, and
NO; is the total number of samples. The RQ is divided into five risk
levels: high risk (RQf > 1), moderate risk (1 > RQs > 0.1), endurable risk
(0.1 > RQ¢ > 0.01), negligible risk (0.01 > RQs > 0), and safe (RQ¢ = 0).

We downloaded global population distribution data at LandScan
(https://landscan.ornl.gov/) (accessed on 13 October 2022). We
downloaded lake database at HydroLAKES (https://www.hydrosheds.
org/pages/hydrolakes) [56].

3. Results
3.1. Occurrence and distribution of MCs

Ninety publications from 1989 to 2019 reported the concentrations
of MCs in various waterbodies from 15 African countries (Fig. 1) (Sup-
plemental Table S2). Table S3 shows the list of dominant phytoplankton
species in the lakes and reservoirs where MCs were detected. The
dominant species reported were mainly Microcystis and Anabaena.

Geographically, these 15 countries are located in: (1) Northern Af-
rica (Algeria, Tunisia, Morocco and Egypt); (2) East Africa (Kenya,
Uganda, Ethiopia and Tanzania); (3) West Africa (Nigeria, Ghana and
Mauritania); and (4) Southern Africa (South Africa, Mozambique,
Namibia and Zimbabwe). The size of the data set was largest in East
Africa (624) (Fig. 1B), followed by Northern Africa (423), Southern
Africa (321), West Africa (117), and Central Africa (0). Nationally,
Kenya (400), South Africa (278) and Egypt (192) had the largest data
availability.

Lakes (620) and reservoirs (461) were the most studied water types,
with ponds (27) being the least studied (Fig. 1B). Most of the data were
from the tropical zone (607), followed by the temperate zone (512) and
arid zone (366). With reference to climatic types, the data were mainly
from the warm temperate climates having dry winters (Cw) (332),
tropical savanna climate (Aw) (270), desert climate (Bw) (261), and
tropical rainforest climate (Af) (250) (Fig. 1B).

3.2. Concentrations of MCs

The average concentrations of total MCs found in the four regions
were arranged in descending order of: (1) Southern Africa (averaged
702 pg/L); (2) Northern Africa (247 pg/L); (3) East Africa (12.3 pg/L);
and (4) West Africa (3.9 pg/L) (Supplemental Table S2).

Fig. 2 shows the mean concentrations of MCs recorded in waters of
the 15 countries. The highest average concentration of MCs was
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Fig. 1. Geographic distribution of the records of microcystin (MCs) concentration in African waters (A) and Structure (B). Af, tropical rainforest climate; Am, tropical
monsoon climate; Aw, tropical savanna climate; Bs, steppe climate; Bw, desert climate; Cf, warm temperate climate with fully humid; Cs, warm temperate climate

with dry summer; Cw, warm temperate climate with dry winter.

reported from the Republic of South Africa (average 2803 pg/L), fol-
lowed by Algeria (975 pg/L), and the lowest average concentration was
from Tanzania (0.1 pg/L). Average MC-LR concentrations were only
available for eight African countries, being highest in Algeria (998 pg/
L), followed by Zimbabwe (19.9 pg/L). The MCs concentrations in three
countries, South Africa, Algeria and Ethiopia, exceeded the provisional
WHO short-term drinking water guideline value (GV) of 12 pg/L. Except
for Tunisia, Namibia, and Tanzania, the concentrations of MCs in all of
the other 12 countries exceeded the WHO provisional lifetime drinking-
water GV of 1 pg/L. MCs in South Africa were as high as 2803 times the

GV.

The concentrations of MCs and MC-LR were compared between
different water types, climatic zones, and climate types as shown in
Fig. S1. The mean concentrations of MCs and of MC-LR were generally
highest in reservoirs and lakes, and in the temperate zone.

3.3. Relationship of MCs with environmental factors

Total MCs concentrations correlated significantly and positively with
elevation, mean depth, maximum depth, water temperature, and
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Fig. 2. Concentrations of total microcystins (MCs) and of the MC-leucine-arginine (MC-LR) congener in 15 African countries. The vertical black lines indicate the
WHO provisional guideline values (GV) for MCs in drinking water proposed by World Health Organization (WHO) in 2020. Values are presented as the mean

+ standard error (SE).

planktonic Chl a concentration (Table S4), and negatively with con-
ductivity and soluble reactive phosphorus concentration. MC-LR con-
centrations correlated significantly and positively with mean depth,
surface area, and Chl a concentration, and negatively with maximum
depth. Fig. 3A and B show the relationships of the concentrations of total
MCs and MC-LR with their best predictor, Chl a. The linear relationship
varied under different water types, climatic zones, mean depths and
waterbody surface areas (Fig. S2).

Concentrations of total MCs and of Chl a and their ratios in relation to
nutrient levels are shown in Fig. S3. Significant relationships only
existed between TP and Chl a or MCs/Chl a (Fig. S3E, H). MCs and Chl a
concentration and their ratios in relation to lake basin morphology are
shown in Fig. S4. Maximum depth and MCs, Chl a or MCs/Chl a showed
significant positive correlations (Fig. S4A, D, G). Mean depth and MCs or
MCs/Chl a also showed significant positive correlations (Fig. S4B, H),
while Chl a decreased with increasing mean depth (Fig. S4E). No sig-
nificant correlation was observed between MCs and volume (Fig. S4C).
As volume increased, Chl a also increased (Fig. S4F), while MCs/Chl a
decreased (Fig. S41).

3.4. Assessing of risks of MCs-exposure

The risks of ecological impacts caused by MCs were assessed for 56
African waterbodies according to optimized risk quotient (RQp)
(Table S5). In total, 14 waterbodies were at high risk (RQ¢ > 1) and 50%
(7/14) of these waterbodies are used as human drinking water supplies,
while 29% (4/14) provided irrigation water. Among these, the Nhan-
ganzwane Reservoir in South Africa had the highest ecological risk, with
RQs of 9513. Seven waterbodies were at medium risk (1 > RQf > 0.1).
Minor adverse effects were expected from MCs in 5 waterbodies (0.1 >
RQ¢ > 0.01). A strong overlap was found between areas of high and
moderate ecological risk for African MCs and areas of high human
population density (Fig. 4). MCs were also widely reported to accumu-
late in various wild animals such as giraffe, rhinoceros, crocodiles,
flamingos, terrapins, zebras and fish (Table S6).

4. Discussion

In this study, a systematic review was conducted of reported MCs in
African waterbodies through a critical literature evaluation. A database
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Fig. 3. Relationship between total microcystins (MCs) and MC-leucine-arginine
(MC-LR) congener concentrations and planktonic chlorophyll a (Chl a) con-
centrations. Total (A), MC-LR (B). Shading indicates 95% confidence interval.
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Fig. 4. Location of waterbodies for ecological risk assessment of MCs in Africa and population density (From LandScan Global in 2021).

on MCs for various African inland waters was established, covering 133
ecosystems in 15 African countries, with a total of 1485 data sets from
publications spanning from 1989 to 2019. A strong geographic hetero-
geneity was found in MCs in these waters.

The extremely high concentration of MCs reported in many African
inland waters provides a warning of the severe situation of MCs occur-
rence throughout the continent. Among the 15 countries with available
data, 12 countries (80%) yielded an average total MCs concentration
value exceeding the provisional guideline value of 1 ug MC-LR/L for
potential lifetime human exposure via drinking water derived by the
WHO [32,33]. Reported concentrations of total MCs in the waters in the
15 countries (averaged as 257 pg/L, ranging 0.1-2803 pg/L are much
higher than those reported for 32 European freshwater ecosystems,
including 20 lakes and 12 reservoirs (mean: 14.8 pg/L, range:
0.0034-100 pg/L) [57]. The reported total MCs concentrations in lakes
and reservoirs in Africa (averaged 158 pg/L from 52 lakes, n = 253, and
957 pg/L from 42 reservoirs, n = 206) were also much higher than those
reported from other regions, for example in China (averaged 4.0 pg/L
from 22 lakes, n = 652, and 1.8 pg/L from 14 reservoirs, n = 105) [53].
In Australia, MCs concentrations also reached very high levels (MCs in
scum samples: 0.5-8429 ug/L from 13 lakes; MCs: 0.5-1645 pg/L from
19 wetlands) [58,59]. In Africa, lakes and reservoirs are important
freshwater resources [60], providing major drinking water sources for
human beings [61] and acting as vital habitats for various wildlife
particularly megafauna such as African savanna elephants (Loxodonta
africana) and hippopotami (Hippopotamus amphibius) [62-64].

High concentrations of MCs in African waters imply a high risk of
MCs exposure for both people and wildlife. Our assessment revealed that
14 out of 26 analyzed waterbodies were at high ecological risk (RQ¢
1.1-9513), including sources of drinking water and irrigation water.

Among these, the Nhanganzwane Reservoir in South Africa had the
highest ecological risk (RQf 9513), which may explain the massive
puzzling death of wild animals reported from South Africa [44]. The
known cases of wildlife mortality caused by waterborne MCs appear to
be relatively common on the African continent [65,66]. Humans can
also be affected by exposure to MCs via drinking water, recreational
activities and the consumption of foods containing cyanotoxins [67].
MCs can accumulate in fruits and vegetables irrigated with
MCs-contaminated water, posing health risks to humans [68,69]. The
situation is particularly severe when it coincides with water scarcity,
which is one of the most concerning issues threating sustainability and
stability in African societies [70]. Africa is one of three global “hotspots™
of water scarcity [70], with at least 580 million people lacking access to
improved sanitation facilities [71]. In sub-Saharan Africa, 40% of the
population in urban areas still lack safely managed drinking water, and
the proportion in rural areas is as high as 75% [72]. Furthermore, the
hotspots of cyanotoxin exposure risks in southeastern Africa are also
areas of high megafauna diversity [38]. Therefore, frequent monitoring
of water quality and cyanotoxin concentrations in African waters is ur-
gently needed to inform national water management, environmental
and health protection authorities to help to protect the health and sus-
tainability of environments and societies within this area.

A significant positive relationship was found between total MCs and
planktonic Chl a concentration. Similar positive correlations have been
reported in Lake Erhai, China and in Lake Erie, USA-Canada [73,74].
Some studies have established predictive models for MCs concentrations
based on Chl a [74]. Historical data of Chl a concentrations in water-
bodies are much more abundant than those for MCs. It is more feasible to
obtain phytoplankton pigment data as a routine parameter in water
quality monitoring than MCs data which require specialist cyanotoxin
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expertise and facilities [75,76]. Therefore, the reasonably good linear
relationship found in this study between total MCs and planktonic Chl a
concentration for African waters allows estimates of potential MCs
concentrations for waters where data for MCs are lacking or difficult to
obtain, though such relationships may depend on the relative domi-
nance of cyanobacteria in total phytoplankton biomass.

The limited amount of MCs data collected in this comprehensive
literature search confirms and extends earlier assessments of cyanotoxin
occurrence throughout the African continent [42,77,50], indicating that
the number of published studies of waterborne cyanotoxins, and spe-
cifically of MCs, throughout African waters remains low. The 15 coun-
tries with available data on MCs concentrations represent only 28% of
the 54 sovereign countries in Africa [78]. Although research on MCs in
waterbodies has progressed in recent years with economic development
and technological advances [49,79], there are generally fewer studies
related to MCs in inland waters throughout all of Africa, compared to
other continents [50,80]. Thus, Africa accounts for 11.7% (55 of 468) of
the global published literature on cyanotoxin distribution and cyano-
toxin poisoning incidents, only higher than Oceania (10.9%, 51) but
clearly lower than South America (13.5%, 63), Asia (16.7%, 78), North
and Central America (19.8%, 93), and Europe (27.4%, 128) [50]. Africa
accounts for only 2% (1 of 42) of the global literature on epidemiological
studies of cyanotoxins in connection with the etiology of adverse human
health effects, much lower than reported for South America (14.3%, 6),
North America (14.3%, 6), Oceania (19%, 8), Europe (21.4%, 9), and
Asia (29%, 12) [77]. The investment in, and intensity of research on MCs
in African waterbodies appears to be influenced by the level of economic
development of individual countries. Among the top 10 African coun-
tries in terms of GDP, only Angola yielded no MCs data in the present
study. 12 countries (80%) with MCs data in this study are ranked in the
top 20 in Africa in terms of GDP [81]. The research focus on MCs is also
related to the geographical location of waterbodies, with reports on
these toxins being mainly from East Africa and least from West Africa.
East Africa supports the densest lake clusters in the tropics [82]. This
region contains more than 25% of the Earth’s, and more than 90% of
Africa’s surface freshwater resources [83]. Major watersheds in Africa
are experiencing high year-on-year population growth [84] and surface
and groundwaters are heavily polluted due to agricultural and industrial
activities [85]. The MCs in Lake Victoria, the largest lake in Africa, can
mainly be attributed to high nutrient loading caused by the intensifi-
cation of urbanization and agricultural activities [86]. Due to
point-source pollution (wastewater discharged from 16 sewage treat-
ment plants), the nutrient load of the Hartbeespoort reservoir in Africa is
increasing, resulting in very high MCs concentrations [87]. Therefore, in
future studies, more attention should be paid to the occurrence and fates
of MCs in drinking water sources in rural and undeveloped areas.

Ongoing climate change is also affecting water quality and safety by
stimulating cyanobacterial growth and cyanotoxin production [1,88]
and hence the risk of poisoning in animals and humans [38]. It is pro-
jected that the temperature increases in Africa will be higher than the
global average [37,89], increasing the probability of future extreme
climate events in the future. Of additional concern is the expected faster
temperature increase in west and central Africa [89], where least
research has been done on cyanotoxins as revealed in this study, leaving
vast uncertainty of cyanotoxin production and exposure risk. Increased
attention to MCs production and the impacts of these persistent and
potent cyanotoxins on health. Therefore, is particularly needed on the
African continent, including: 1) strengthening and extending epidemi-
ological research on MCs throughout the continent to better understand
current and emerging threats to human health, wildlife and farmed
animals; 2) use of multi-scale, multi-method, multi-disciplinary moni-
toring and quantitative analysis of MCs in inland waters to reduce and
prevent human and animal exposure to hazardous MCs concentrations;
3) strengthening the research on small waterbodies such as ponds, to be
able to better control the exposure risk of MCs in future warming
scenarios.
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5. Conclusions

Based on an extensive literature review, a database was established
for the microcystins (MCs) and related environmental characteristics of
133 freshwater ecosystems in 15 African countries from 1989 to 2019.
The data available, while modest compared to other continents except
for Oceania, showed strong spatial heterogeneity between regions and
countries within the African continent. Strong spatial variation was also
found for MCs concentrations, being the highest in Southern Africa and
the lowest in West Africa. MCs concentrations in African inland waters
were much higher than those in waterbodies in other continents and
countries. Among the 15 African countries with available MCs data, 12
countries (80%) included average MCs which were 1.4-2803 times
higher than the provisional drinking water guideline value of 1 pug/L of
the WHO for human health protection during chronic (lifetime) expo-
sure. MCs concentrations in lakes and reservoirs were significantly
higher than those in other freshwater ecosystems and were highest in the
temperate zone. A highly significant, positive linear regression was
found between concentrations of total MCs and planktonic chlorophyll
a. Fourteen of the 56 African waterbodies were assessed as presenting a
high ecological risk of MCs intoxication, with 7 of the 14 being sources
of drinking water. The relatively low frequency of research on MCs but
high risks of human and animal exposure to these cyanotoxins, together
demonstrate a rising need for research and for the development and
application of risk management measures. A further major challenge is
to coordinate aquatic environmental pollution and sustainable devel-
opment, particularly in a future of accelerating climate warming and
eutrophication. Therefore, we recommend frequent monitoring of water
quality, particularly of MCs, and guideline establishment, based on in-
ternational prior experience and recommendations, plus relevant local/
national water-usage practices, toxicity tests, and epidemiological
studies on the exposure risks and health impacts of MCs, to ensure
human and wildlife health and sustainability within the African
continent.

Environmental implication

Cyanobacteria can produce a wide range of toxins called cyanotox-
ins. Microcystins (MCs) are among the most toxic and widely distributed
of the cyanotoxins. MCs are a group of cyclic heptapeptides which may
lead to toxicity in humans, including hepatotoxicity, nephrotoxicity,
neurotoxicity, and reproductive toxicity [1,10].

Based on a meta-analysis of 90 publications, a database was estab-
lished for the MCs and related environmental characteristics of 133
freshwater ecosystems in 15 African countries from 1989 to 2019. This
study explored the spatial distribution pattern, exposure risk, and
environmental factors influencing waterborne MCs on the African
continent.
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