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Chemical pollution as a driver of biodiversity loss
and potential deterioration of ecosystem services
in Eastern Africa: A critical review

Chemical pollution, i.e. the release of anthropogenic chemical substances into the environment, is a
driver of biodiversity loss. Although this issue has been widely investigated in high-income countries
of temperate regions, there is a lack of data for tropical areas of middle- or low-income countries, such
as those in Eastern Africa. Some of the world’s richest biomes that are affected by multiple pressures,
including chemical pollution, are hosted in this macro-region. However, few studies have addressed
the impact of the release of anthropogenic chemical pollutants on the biodiversity, and the related
potential implications for the deterioration of ecosystem goods and services in this area. A contribution in
systemising the scientific literature related to this topic is, therefore, urgently needed. We reviewed studies
published from 2001 to 2021, focusing on the chemical pollution impact on Eastern African wildlife.
Despite an extensive literature search, we found only 43 papers according to our survey methods. We
focused on wildlife inhabiting terrestrial ecosystems and inland waters. According to our search, Kenya
and Uganda are the most represented countries accounting for about half of the total number of reviewed
articles. Moreover, 67.4% of the studies focus on inland waters. The spread of anthropogenic chemicals
into tropical areas, e.g. Eastern Africa, and their effects on living organisms deserve greater attention in
research and politics. We report a weak increasing trend in publishing studies addressing this topic that
might bode well. The combined effort of science and governments is crucial in improving the management
of chemical pollutants in the environment for achieving the goals of biodiversity conservation.

Significance:

e Chemical pollution represents an underestimated risk for the health of tropical ecosystems in middle- and
low-income countries, such as those of Eastern Africa.

* Thereis a lack of data on chemical pollution effects on wildlife of Eastern African biomes.

e The anthropogenic release of chemical substances affects the health of biodiversity and humans,
negatively influences ecosystem services in Eastern Africa, and makes conservation and protection
measures less effective.

*  Thereis an urgent need for improving research on chemical pollution effects and promoting a sustainable
use of natural resources in Eastern Africa along with better management of farming and mining activities.

Introduction

Biodiversity loss is a global environmental issue. The rate of species extinction has been dramatically increasing
over the last few decades.™ This is mainly due to climate change* and many anthropogenic pressures that
ecosystems face®. Amongst these threats, the release and the discharge of chemical pollutants into the environment,
i.e. chemical pollution, is a major concern for the health and survival of living organisms, such as plants and
animals, including humans.®’ Furthermore, such pressure directly affects biodiversity and human health through
biomagnification in the food chain.® Human well-being is likely to be impaired in a roundabout way on account
of ecosystem service damage due to biodiversity 10ss.%'® Ecosystem services represent the benefits provided by
nature to humanity, including food, pure water, pharmaceuticals, climate regulation, pollination and pest control,
defence against natural hazards, and reduction of infectious diseases.*' For instance, wildlife habitat exploitation
and hunting may facilitate the spread of zoonosis.® At the same time, anthropogenic pressures such as chemical
pollution could lead to loss of biodiversity, and there is evidence that such events might have an adverse impact on
basic ecosystem services, e.g. primary production and nutrient recycling, and final ecosystem services, e.g. food
and water supply.” Therefore, it follows that biodiversity loss and ecosystem services are closely related, and have
the potential to affect both human health and global economies.™

Because the spread of chemical pollutants in the environment represents a serious concern for ecosystem health'!,
holistic approaches such as One Health and Eco-Health have emerged in the last few years. Both these approaches
assume that humans, animals, and the ecosystems to which they belong interact in a complex way and at
different levels. According to these concepts, the environment, humans, and other animals can affect each other,
so protecting ecosystems means protecting ourselves.'? High-income countries located in temperate areas have
adopted measures to mitigate and prevent the release of hazardous chemical substances. For instance, according
to the Water Framework Directive, European Union member states are obliged to achieve a good chemical
quality status for all their water bodies by including a list of priority chemical pollutants that must be monitored
in water, sediment or biota.™ Unlike temperate ecosystems, where the chemical pollution effects on biodiversity
have been widely investigated for decades, only a few studies have addressed the effects of such environmental
contamination in tropical areas. These territories often lie in low- and middle-income countries (according to
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the classification provided by the United Nations™), and host global
biodiversity hotspots''6. In tropics, large forests are the dwelling of
most of the terrestrial species worldwide in terms of diversity."” These
ecosystems face the challenges of deforestation and overexploitation
of natural resources, which are involved in tropical biodiversity loss
together with climate change and invasive species introduction.'
Agriculture and mining complicate this picture by representing the main
drivers of chemical pollution of water and soil. Such activities involve
the release of ubiquitous environmental chemical pollutants such as
organochlorine compounds (0Cs) and heavy metals."' It follows that
chemical pollution is a global emergency concerning the health of all the
different ecosystem components, i.e. environment, animals, humans.
This is particularly evident in middle- and low-income countries, where
the effects of the release of chemical pollutants into the environment
are particularly acute. For instance, more than 90% of world pollution-
related deaths in children occur in such world regions.? In these areas,
the adverse effects of climate change may also increase the impacts
of anthropogenic pressures on the ecosystem, including chemical
pollution.?? This is a worrying scenario because the interactive
effect of climate change and the release of chemical pollutants into
the environment is rather unknown.? Furthermore, the already limited
resources and infrastructures of tropical countries may collapse under
the burden of environmental hazards exacerbated by climate change.?
Therefore, further research is needed to address chemical pollution
effects in tropical areas of middle- and low-income countries.

Our work aimed to help to systematise the scientific literature
on chemical pollution threats, i.e. the release and discharge of
anthropogenic contaminants to wildlife in tropical areas, and to provide
a benchmark for future precautionary environmental actions. We chose
the ecosystems of the eastern African macro-region as a case study
because they represent some of the most important world biomes
and they are located in tropical middle- and low-income countries.?
Promoting the need for improving research on the effects of chemical
pollution on African tropical ecosystems as a driver for biodiversity loss
and ecosystem service degradation is the goal of our review in a wider
perspective. Particularly, we focus on the wildlife of inland waters and
terrestrial ecosystems, and we discuss potential implications for human
health.

Survey method

We summarised the current state of affairs on the effects of anthropogenic
chemical pollution on the health of wildlife (i.e. wild vertebrate and
invertebrate species) of Eastern African ecosystems. We considered
studies that analysed the direct or indirect impacts of chemicals on
animal biota. Furthermore, only studies published in English were
considered. According to the United Nations classification, there are 18
countries within the Eastern Africa macro-region, excluding the French
and British overseas territories (Figure 1).'* All of these countries are
classified as middle- or low-income countries.?® The discussion is
divided into subsections on geographical, social, and political sub-
region-specific characteristics.

We collated scientific articles published in accredited journals from 2001
to early 2021 (until the time of submission of this paper) indexed in
PubMed, Scopus or Web of Science (all databases) that focused on the
environmental contamination of inland waters and terrestrial ecosystems.
For our search, we used the country name AND “chemical pollution”
AND one of the following keywords at a time: “wildlife”, “biodiversity”,
“ecosystem services”. We repeated the query including each of the
keywords for each country of Eastern Africa. We then used the country
name AND “environmental pollution” and each of the aforementioned
keywords and countries. The survey was conducted by searching titles,
keywords, and abstracts. We manually checked each result obtained
by typing the chosen keywords in combination with the country name
and “chemical pollution/environmental contamination” terms, and we
included in our review any relevant results, i.e. all the contributions that
addressed the topic of our interest in a country of Eastern Africa, and
excluded those results not relevant to our topic.
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Figure 1:  Map of the African continent. The countries shaded in blue
comprise the Eastern Africa macro-region as designated by the
United Nations (Statistic Division, Department of Economic and

Social Affairs).

We then counted the published articles per year and ran a regression
analysis with the aim of identifying potential trends in publishing over
time. We did not include the 2021 publications because data for this year
are not comparable as a full year was not possible. The regression model
was built by setting the year of publication as the predictor variable and
the number of articles per year as the dependent variable. The analysis
was run in R version 4.0.4. Finally, we calculated the percentages of
published articles related to terrestrial and water ecosystems, and the
percentage related to each country.

A few references that we found addressed both the direct effects of such
pollution sources on biodiversity and the indirect implications for human
health and well-being. We discuss and stress such interactions. Due
to the limited number of studies, not all the countries within the United
Nations classification of Eastern Africa were represented in the search
results.

Results and discussions

Eastern Africa is home to some of the most endangered ecosystems
on earth, including different biomes? such as steppes, savannahs and
rainforests. Information on the effects of chemical pollution on sub-
Saharan ecosystems is very limited.™2 The scarce financial resources
due to disadvantaged economies and the simultaneous presence
of several emergencies, e.g. political conflicts®, make it difficult to
implement monitoring strategies aimed at investigating the potential
risks of environmental pollution on ecosystem health. Furthermore,
legislation on chemical pollution is lacking.%

Despite an extensive literature search, we found only 43 published
articles covering the direct effects of chemical pollution on animals.
All the articles retrieved were published between 2001 and January
2021. According to the reviewed studies, the main risks associated
with chemical pollution on wildlife are attributed to persistent organic
pollutants, especially OCs and heavy metals. OCs are highly persistent
in the environment. Exposure to OCs affects living organisms in different
ways, including neurotoxic, immunotoxic, cardiotoxic, genotoxic,
reproductive, and developmental effects. Furthermore, some OCs cause
cancer in different mammals.?' As for OCs, heavy metals show high
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persistence in the environment and negatively affect living organisms.
Such chemical pollutants often occur in the environment as a cocktail
of substances whose effects on ecosystems are unknown.®? However,
heavy metal exposure leads to oxidation stress, which may induce
several adverse effects such as DNA damage and protein modification.3
There is a close and complex relationship between chemical pollution,
biodiversity and human health, and the deterioration of ecosystem
services.”

We found a slight increasing trend in published studies on chemical
pollution and wildlife among countries of Eastern Africa (Figure 2).
Although quite weak, the trend is statistically significant. Regression
analysis returned a p-value equal to 0.03348. Kenya and Uganda were
the most represented countries according to our search methods,
together accounting for almost half of the retrieved studies, i.e. 20 of
43 articles (Table 1). No data are reported for South Sudan, Eritrea,
Djibouti, Malawi, Mozambique, Comoros, Mauritius, and the Seychelles
because we did not find a study for these countries through our search.
Most of the studies were carried out in inland waters (67.4%). Terrestrial
ecosystems accounted for 23.3%, and only 9.3% of the analysed studies
involved both aquatic and land ecosystems (Figure 3).

Trend of published studies over the last 20 years

Mumber of articles

O_O— - - -
2005 2010 2015 2020
Years
Figure 2:  Trend of publications on the chemical pollution effects on the

biota of Eastern Africa during the last 20 years.

Ecosystemn Type

Land Ecosystem 23%

Both 9%
Inland Waters 67%

Figure 3: Percentage of articles reviewed according to the target
ecosystem investigated.
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Table 1:  Number of articles retrieved by country in the timespan 2001-
2021
Country Number of published studies
Burundi 1
Ethiopia 4
Kenya 10
Madagascar 3
Rwanda 1
Tanzania 7
Uganda 10
Zambia 8
Zimbabwe 3
Horn of Africa

There are alack of data for the countries of the Horn of Africa (i.e. Ethiopia,
Eritrea, Somalia and Djibouti), although, more recently, a few studies have
addressed the effects of effluents on the ecological health of different
Ethiopian water basins by assessing macro-invertebrate abundance and
diversity. All these investigations found an inverse correlation between
water quality and the presence of macro-invertebrates.3+%

East African Community

Countries of Eastern Africa that share geographical elements and
common interests constitute the East African Community. A batch of
studies has addressed the impact of chemical pollution in this area,
especially in freshwater ecosystems. In 2019/2020, Musonge et al. %39
developed macro-invertebrate-based indexes to investigate the chemical
pollution patterns in a biodiversity hotspot in Uganda, the Rwenzori
region. Their studies found evidence of pollution according to the
different abundances of the macro-invertebrates compared to reference
sites. Vertebrate species, such as amphibians, also seem to be sensitive
to chemical pollution. In a recent study, in vivo bioassays on a non-
target organism, Xenopus levis tadpoles, revealed endocrinological,
developmental, and behavioural effects due to exposure to water in the
Kibale National Park, where 13 pesticides, e.g. carbofuran and 2.4-D
amine, were detected. These results indicate a potential health risk for
wildlife and humans living in the area.*’

In the context of freshwater ecosystems, major attention has been
placed on Lake Victoria. Bordered by Kenya, Tanzania, and Uganda, this
water basin is the largest tropical lake in the world. The environmental
chemical contamination of this reservoir is a threat for millions of people
living in the surrounding area. The pollution of Lake Victoria also has
implications for the economy of the local communities that depend on
the exploitation of the water basin for fishing. Therefore, the assessment
of environmental pollutants in fish of Lake Victoria is a challenge. At least
two studies in Uganda tried to address this issue by studying the impact
of pollution on animals inhabiting this ecosystem. In 2019, Badamasi
et al.*' detected biochemical and morphological alterations in three fish
species of commercial interest living in this water basin: Oreochromis
niloticus, Lates niloticus, and Protopterus aethiopicus. Already in
2006, Focardi et al.*? reported concentrations of mercury above the
limits outlined by the World Health Organization (WHO) in the tissues of
common fish species sampled in the Ugandan side of the lake. Evidence
of pollution was also found by investigating the impact of agricultural
activities on dragonflies. The order Odonata is vulnerable to pesticide
use, particularly at the larval stage. In 2009, Martins*® observed
significant differences in the abundance and diversity of dragonflies
between pesticide-fished areas and protected areas within the lake. Only
a couple of species were found in the impacted areas compared to more
than 20 species living in the protected ones.
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The pattern of chemical pollution was investigated in Tanzania in four
different lakes, including Lake Victoria and Lake Tanganyika. High levels
of persistent organic pollutants were assessed in the tissues of fish
belonging to the genus Tilapia.** Such environmental contamination
might have direct impacts on human health because these fish represent
an important food source for the increasing country population. Lake
Tanganyika is also affected by heavy metal contamination. Analyses
on fish species, including two important market fish, Lates microlepis
and Clarias theodorae, indicated mercury biomagnification in the
tissues exceeding the limit of 0.2 ug Hg/g established by the WHO for
vulnerable populations with a high rate of fish consumptions.*® Mercury
biomagnification was also found in Lake Nabugabo, Uganda, by Hanna
et al.*® Different tissues of the Nile perch (Lates niloticus) showed
mercury contamination, although the reported concentrations were
below the value of 0.5 ug/g set by the guidelines of WHO and the Food
and Agriculture Organization of the United Nations.*

Studies on the water quality of Lake Victoria were also performed in
Kenya. Farming activities were suggested as the main drivers for loss
of aquatic macro-invertebrates because of pesticide release. Different
streams are affected by such disturbance, and this is reflected in the
diversity and abundance of many macro-invertebrate species.“5° A
decreasing gradient of macro-invertebrate richness and diversity was
also detected in the Kilombero Valley in Tanzania. This area is a wetland
whose streams flowing into the area are commonly used for irrigation.
This practice is associated with the degradation of the water quality
because of chemical pollutant run-off and leaching.5' Pesticides may
also represent a serious threat to human health, especially via food
consumption. Based on the results obtained by investigating the aquatic
environment near Morogoro, Groffen et al.®> have recently pointed out
the risk to human health from eating shrimp and fish daily. Indeed,
according to the quality guidelines and standard values, exceeding
concentrations of heavy metals and persistent organic pollutants —
including copper, zinc, and perfluorooctanesulfonic acid — have been
found in both invertebrate and vertebrate aquatic species.®> Mdegela
et al.>® reported evidence of environmental contamination in sewage
effluents in Morogoro by using the wild African sharptooth fish (Clarias
gariepinus) as a model, but only heavy metals were detected. In 2016,
Omwenga et al.> assessed the impact of pesticides on Oreochromis
niloticus, a fish commonly used in aquaculture and reared in Kiambu and
Machakos Counties, Kenya. They found evidence of different pesticide
traces, including dichlorodiphenyltrichloroethane (DDT), i.e. a chemical
widely used in sub-Saharan Africa until recent times, on many target
fish organs. Nevertheless, the levels of contamination were lower in
all the fish sampled than the limits defined by the Food and Agriculture
Organization.* Exposure to pesticides also has negative implications for
birds and mammals. Otieno et al. found evidence of wildlife poisoning
due to the overuse of carbofuran3%, one of the most toxic carbamate
pesticides. By using forensic analyses, they observed that carbofuran
and its metabolites were implicated in the poisoning of Gyps africanus,
an African vulture species.®% Recent findings also showed potential
diet-related health risks for a critically endangered primate species,
the mountain gorilla (Gorilla beringei) living in the Bwindi Impenetrable
National Park located in the southwest of Uganda, that feeds on leaves
containing concerning DDT levels.5” Little is known about the exposure
to anthropogenic chemical substances of many other primates
that face the risk of extinction. In the forests of Uganda, where land
expansion critically exposes animals to different pesticides, the impact
of cypermethrin, glyphosate, and chlorpyrifos, was assessed in wild
chimpanzees (Pan troglodytes) and baboons (Papio anubis). By acting
as endocrine disruptors, such pesticides lead to severe health defects,
including facial dysplasia.®®5® Wang et al.®® also recently revealed the
presence of different pesticides and flame retardants in faecal samples
of wild chimpanzees, baboons, red-tailed monkeys (Cercopithecus
ascanius), and red colobuses (Piliocolobus tephrosceles).

Furthermore, a study led by Buhungu et al.5" in Burundi estimated the
ecological status of the Kinyankonge River by applying a Biotic Integrity
Index to study the zooplankton communities. The results outlined
a degradation of the ecological quality, particularly in the upstream
sampling stations.5' Chemical pollution might also be involved in the
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micro-evolutionary processes of water organisms. For instance, in 2020,
it was suggested by Gomes-Silva et al.®? that the fitness of invasive wild
guppies (Poecilia reticulata) living in a river basin of Rwanda may be
impaired by local water pollution.

Southeast African countries

Mining activity represents a major threat to the ecosystem health of
the Kafue River in Zambia. Syakalima et al.®*%* reported heavy metal
traces, such as copper, zinc, manganese and lead, in samples collected
from different fish species and the Kafue lechwe antelope (Kobus leche
kafuensi) living in the area. Heavy metal concentrations were also found
in liver and kidney samples collected from crocodiles (Crocodylus
niloticus) inhabiting the Kafue River and another Zambian water basin,
the Luangwa River.®® Traces of various pesticides were also detected in
the adipose tissue of hippopotami (Hippopotamus amphibius) sampled
from the Luangwa River.% Mining sites were suggested as drivers of
bioaccumulation of lead, zinc, copper, cadmium, and cobalt in mammals,
as indicated by the analyses carried out in Zambia on the organs of two
wild black rat species (Rattus rattus and Rattus tanezumi). Such exposure
to heavy metals involves alterations in gene expression.®”% Qther studies
in the Zambian city of Kabwe showed heavy metal contamination in the
muscular system of fish belonging to the Serranochromis genus®, and
in liver, lung, stomach, and blood samples obtained from local lizards
(Trachylepis wahlbergii)™.

There are very little data accounting for the neighbouring southeast
African countries. Impact on macro-invertebrate abundance and
diversity was observed in the riverine systems of Bulawayo, Zimbabwe,
and these results confirmed the sensitivity of such organisms to urban
pollution.”"2 Similar approaches were applied by Bere et al.” in the
Manyame River system with the aim of investigating the impact of heavy
metals on the ecological health of this site.

African countries in the Indian Ocean

The island of Madagascar is one of the hottest biodiversity hotspots
worldwide and hosts a huge number of species, most of them endemic.”
The International Union for the Conservation of Nature (IUCN) classifies
as endangered or critically endangered a large part of the wildlife of
Madagascar, including almost all lemur species.”™ The ring-tailed lemur
(Lemur catta), one of the flagship species of Madagascar, is affected
by at least two classes of persistent organic pollutants, i.e. OCs and
heavy metals. Different levels of OCs and metals were found in the blood
and hair of wild lemurs.” The exposure to persistent organic pollutants
represents a concern also for another lemur species, the indri (Indri
indri). Indris living in disturbed forested areas showed higher levels of
nickel and cobalt in their serum compared with those living in the pristine
forest,” although the effects of such metal exposure on the health of this
species have still to be fully understood. However, whereas the number
of wild indri populations is decreasing, these findings that show a certain
level of chemical pressure on the species must be taken into account
as they might be important in terms of conservation, especially from a
long-term perspective. The hazards of chemical pollution to the wildlife
of Madagascar also arise from the use of insecticides, such as Fipronil
(class of phenylprazole insecticides), to fight the locust plague to which
the country is frequently subjected. Evidence of food chain perturbations
due to the control of locusts in termite colonies and their vertebrate
predators has been reported.’

Final remarks and conclusions

We have presented an overview of published studies on chemical
pollution effects on wildlife diversity in Eastern African tropical areas,
underlying the indirect effects for human health and ecosystem service
impairment. Environmental protection and biodiversity conservation
are prerequisites for maintaining good-quality services and benefits
provided by ecosystems over time. The evidence that we found in our
review, albeit scant, seems to indicate that such equilibrium in many
Eastern African countries is potentially affected by chemical pollution.
Our outputs may indicate a potential underestimated risk for the wildlife
of Eastern Africa, including several critically endangered species.
Despite the weak increasing number of studies, research addressing
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these issues is still dramatically lacking. Such a knowledge gap may
spoil the efforts in biodiversity conservation, and thereby compromise
the ecosystem health overall. Indeed, the reduction in biodiversity is
likely to impair ecosystem services, which could reduce resources and
exacerbate social unrest in middle- and low-income countries.

Understanding and evaluating the effects of chemical pollution on tropical
biodiversity and their associated impact on ecosystem services is a
challenge.” The lack of evidence on this topic in the scientific literature
demonstrates the urgent need for an international vision for sub-Saharan
environmental studies. Indeed, this scenario strongly affects the
chances to address chemical pollution impairment to biodiversity and
ecosystem services in these tropical areas, and implement successful
environmental protection strategies aimed at preserving the health of
African ecosystems as a whole, including humans. A chemical pollution
assessment should become an asset in the political programmes of
Eastern African states. The establishment of monitoring strategies
for priority pollutants, on the basis of the European Union’s Water
Framework Directive approach'®, could address the application of fit-for-
purpose preventive measures in order to protect the ecosystems and to
promote human health and safety.

In some countries, such as Uganda and Madagascar, progress is
ongoing. The role of the Ugandan Environmental Health Practitioners
has been indicated as fundamental in applying the One Health vision
to environmental management. Environmental Health Practitioners
promote public health by applying the One Health approach to the
monitoring of several environmental features, including chemical
substances.” Similarly, the identification and assessment of chemical
pollution has been defined as a priority issue according to the National
Health and Pollution Action Plan of Madagascar.® These long-term goals
represent suitable strategies for developing and implementing solutions
to environmental challenges in Eastern Africa. Only a global research
effort may meet such goals, and the involvement of different actors, e.g.
research institutes, governments and local communities, in achieving
these ambitious goals is fundamental. Therefore, high-income countries
are being called upon to play their part together with the middle- and
low-income countries in overcoming this challenge.
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