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Abstract

The Shongweni Dam serves as a repository for pollutants from the upper uMlazi River
catchment in KwaZulu-Natal. The uMlazi River catchment is characterized by wastewater
treatment plant, agricultural, and industrial activities. Despite the aforementioned
anthropogenic activities in the catchment, little is known about their impact on the aquatic
biota in the Shongweni Dam and human depending on these biotas for their livelihood.
Therefore, this study aims to assess the health of the commonly occurring fish species,
Coptodon rendalli and Oreochromis mossambicus in relation to water quality, metal
accumulation and human health risks associated with the consumption of these two species.
Sampling was conducted during dry (July — August) and wet seasons (November and
December) in 2021. Sampling involved collecting surface water, sediment, and fish samples.
The water was analysed for physical properties, nutrients and metal concentrations. Metals
were also analysed in sediment to get a comprehensive understanding on their behaviour
between the two matrices. Fish were sampled and each individual was weighed and total
lengths were measured. Fish were euthanized by severing the spinal cord and opened
ventrally. The length and weight measurements were used to calculate the condition factor.
Liver and gonads were also weighed and their weights were used to calculate hepatosomatic
and gonadosomatic indices, respectively. The general health of fish was assessed using the
Health Assessment Index (HAI) protocol. The liver, gill and gonads were cut out, and fixed in
10% buffered neutral formalin for histopathological examinations. A piece of muscle was
wrapped with aluminium foil and frozen for metal analyses. Most physical variables were
within the guidelines whereas some nutrients; nitrates (NOs) and orthophosphates (PO4*),
exceeded the guidelines indicating a eutrophic condition. Metal concentrations such as
aluminum (Al), iron (Fe) and lead (Pb) exceeded guidelines whereas all metals exceeded the
guidelines in sediment. Moreover, most metals in the water were higher during dry seasons
whereas a contrasting trend was observed for sediment. Biometric indices and health
assessment index showed no significant difference between species (p > 0.05) and seasonal
variation was observed for each species (p > 0.05). Histopathology revealed regressive
changes and circulatory disturbances in gills and livers were prominent and no seasonal
variation was observed for both species (p > 0.05). However, gonadal lesions varied between

species (p < 0.05), with pigmented melanomacrophages being the most prevalent. Among



organs, gills were most affected, followed by the liver. Muscle exhibited significant
concentration of chromium (Cr) and Pb exceeding the permissible limit for safe consumption
for both species. Moreover, the non-carcinogenic health risks showed the Target Hazard
Quotient (THQ) > 1 for Pb and Cr, with arsenic (As) and antimony (Sb) being on the verge of
reaching THQ of 1. Cancer risk (CR) values, exceeding the 10 to 10°® range for carcinogens
As, Cr, Pb, and cadmium (Cd) indicated unsafe levels for human consumption regardless of
season. It is evident that anthrogegenic activities in the uMlazi River catchment are impacting
the water quality and fish are also responding to the water quality deterioration. Moreover,
consumption of fish from this dam should be exercised with caution as frequent consumption

could result in human health risks.
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Chapter 1

General introduction

Freshwater ecosystems, though comprising only a fraction (0.01%) of the Earth’s water, are
among the most vulnerable and least protected natural environments globally (Dudgeon,
2019; Reid et al., 2019). These systems are crucial for human sustenance, and supporting
agricultural, industrial, and recreational activities (Apostolaki et al., 2020; Higgins et al., 2021).
Nevertheless, freshwater systems have become repositories for pollutants, primarily
stemming from anthropogenic activities including agricultural runoff, urbanization, sewage
discharges and industrial effluents (Ali et al., 2016; Eker and Kilic, 2024). Deterioration of
water quality in freshwater ecosystems has been a cause for concern, as it adversely affects

both human populations and aquatic biodiversity (Akthar et al., 2021).

Anthropogenic activities have accelerated the influx of inorganic pollutants, including
nutrients, into aquatic systems, particularly through agricultural, industrial, and urban
development (Khatri and Tyagi, 2014). Runoff from these activities, including effluents from
industrial discharges, sewer networks, and septic systems, contributes substantial amounts
of inorganic and organic matter to the freshwater systems (Bhat and Qayoom, 2021). These
stressors have impacted freshwater ecosystems over the years and some of them are now
regarded as dead rivers as a result of nutrient enrichment. Nutrient pollution often surpasses
the self-purifying capacity of aquatic systems, resulting in eutrophication (Zhong et al., 2022;

Akinnawo, 2023).

Among the various pollutants affecting freshwater environments, metals are particularly
concerning because of their persistence, bioaccumulation, and toxicological effects on
aquatic organisms, especially fish (Moon et al., 2020; Kormoker et al., 2023). While some
metals naturally enter freshwater systems, human activities; particularly agriculture,
industrial processes, and mining, are dominant contributors to metal increase (El-Bouraie et
al. 2010; Aradpour et al., 2020). Metals, such as cadmium (Cd), nickel (Ni), lead (Pb), and
chromium (Cr), along with other industrial pollutants, deteriorate water quality and render it
unsuitable for aquatic life, irrigation, and human consumption. Metals disrupt vital

physiological and reproductive functions in aquatic organisms, leading to population declines



and impairing species interactions (Murphy et al., 2018; Rasmussen and Anderson, 2021). For
instance, metals such as arsenic (As) and mercury (Hg) are associated with developmental
deformities and decreased hatch rates in fish populations (Malaj et al., 2015; Matta et al.,
2016). Chronic exposure to metals has been linked to oxidative stress, tissue damage, and

impaired reproductive fitness in aquatic species (Authman et al., 2015).

Additionally, bioaccumulation and biomagnification of metals through the food chain pose
considerable threats to top predators, including humans, consuming contaminated fish.
Potential health risks include cancer, cardiovascular diseases, neurological impairment, and
other chronic health issues (Mitra et al., 2022). For instance, Hg exposure is linked to cognitive
deficit, especially in young children, highlighting the broader implications of metal
contamination in aquatic ecosystems (Moore et al., 2019; Burger and Gochfeld, 2021). The
degradation of freshwater systems due to pollutants threatens aquatic biodiversity and
humans. Assessing water quality and understanding the trophic status of freshwater
ecosystems is vital for predicting changes in aquatic environments and mitigating the effects

of pollution (Plew et al., 2018; Vadde et al., 2018).

Numerous biomonitoring approaches have been implemented to evaluate fish and ecosystem
health. These include biometric evaluations, age, and growth studies, necropsy-scoring
methods, and analyses at biochemical, hematological, immunological, and physiological
levels (Adams et al., 1993; Crafford and Avenant-Oldewage, 2009). Moreover, microscopic
and histopathological approaches are valuable biomonitoring tools (Van Dyk et al., 2009).
Histopathological-based assessment, however, can provide critical insights into how pollutant
exposure affects fish health. Research has shown that pollutants can cause significant damage
to organs such as the gills, gonads, kidneys, and liver, leading to sublethal effects such as
inflammation and necrosis (Khan et al., 2018; Oguz et al., 2020; EI-Naggar et al., 2020). These
damages are valuable biomarkers for assessing the impacts of environmental pollution on fish
populations (Bibi et al., 2021; Naz et al., 2023). Furthermore, these assessments are vital for

evaluating the sustainability of freshwater ecosystems, particularly in this Anthropocene era.
Problem statement

South Africa is a semi-arid country where water scarcity and pollution present substantial

challenges to freshwater resources, essential for human and ecological health (Wagenaar and



Barnhoorn, 2018; Bakare and Adeyinka, 2022). Most freshwater resources in the country are
situated in semi-rural and rural areas, where they are often subject to pollution from
fertilizers, pesticides, and untreated sewage, compromising water safety for human
consumption (Oberholster and Ashton, 2008; Barnhoorn et al., 2015). Freshwater resources
flow in rivers and are primarily stored in impoundments within catchments for human use
(van Ginkel, 2011). Unlike open marine systems, these impoundments have limited capacity
for pollutant dilution, making them particularly vulnerable to the increase of contaminants,
including metals (Dudgeon et al., 2006; Nzeve and Kitur, 2019). When available in elevated
concentrations, metals tend to accumulate in aquatic biota and result in deleterious effects
in the impoundments. Most impoundments are used as sources of food i.e. fish for human
consumption, therefore, increased metal concentrations in impoundments may also result in
toxic effects on human consumers. The notion that these contaminants pose significant
ecological and health risks, especially through the consumption of contaminated fish has
become a cause for concern, particularly in rivers draining catchment that are characterized
by serious anthropogenic activities (Jooste et al., 2015; Nibamureke et al., 2016; Lebepe et

al., 2020).

The Shongweni Dam, built in 1927, primarily to supply drinking water, is situated in the lower
uMlazi River catchment, commonly known for its declining water quality, in KwaZulu-Natal,
South Africa. This dam exemplifies an impoundment facing severe water quality issues due to
eutrophication and contamination from several human activities in the surrounding area.
These human activities include agricultural runoff, industrial effluents, and sewage discharges
(Mavundla et al., 2020; DWS, 2022). The dam supports diverse aquatic life, including
economically and ecologically important tilapia species (Shah et al., 2019). Tilapia species,
particularly Coptodon rendalli and Oreochromis mossambicus, are central to the local
ecosystem, contributing to biodiversity, serving as prey for predators, and providing an
essential protein source for local communities. Due to their hardiness and adaptability, tilapia

are useful indicators of ecosystem health and water quality (Nwankwo and Akintola, 2019).

Despite the Shongweni Dam serving as a repository for pollutants from the upper uMlazi River
catchment, no study has been conducted to explore this pollution effect on the health of fish.
Moreover, the dam is surrounded by economically disadvantaged communities that are

opting for fish from this dam for their protein supplements, nevertheless, the safety of



consuming these fish is not known. Therefore, this study investigates the impact of water

pollution on the health of two tilapia species, Coptodon rendalli and Oreochromis

mossambicus, and assesses whether they are safe for human consumption.

Study aims

To assess the health of Coptodon rendalli and Oreochromis mossambicus, metal accumulation

and risks associated with the consumption of the two species in the Shongweni Dam.

Objectives

To assess the environmental quality of the Shongweni Dam by measuring selected
water and sediment quality parameters.

To evaluate the impact of water pollution on the health of Coptodon rendalli and
Oreochromis mossambicus, using various fish condition indices and histopathology-
based health assessments.

To assess metal concentrations in the muscle of the two tilapia species and determine

whether they are safe for human consumption.

Research questions

How do the anthropogenic activities in the uMlazi River catchment impact the water
and sediment quality of the Shongweni Dam?

How do Oreochromis mossambicus and Coptodon rendalli respond to water quality?
What are the levels of metal concentrations in the muscle tissues of these fish species

and are they safe for human consumption?

Hypotheses

The influx of effluents into the uMlazi River fluctuates throughout the year and the pollutant

level in the water and sediment may differ depending on the dilution capacity of the river. It

was, therefore, hypothesized that:

The Shongweni Dam would exhibit high concentrations of pollutants in the water and

sediment during the dry season due to low dilution capacity.



e Coptodon rendalli and Oreochromis mossambicus would exhibit significant
histopathological changes in organs and tissues due to heavy metal exposure in the
dam.

e Coptodon rendalli and Oreochromis mossambicus would exhibit elevated levels of

metals, surpassing permissible limits for safe human consumption.
Dissertation outline
The dissertation comprised of six chapters:

Chapter 1: General introduction, including study aims, objectives, research questions, and

hypotheses
Chapter 2: Literature review
Chapter 3: Water and sediment quality in the Shongweni Dam

Chapter 4: Histopathology-based health assessment of Coptodon rendalli and Oreochromis

mossambicus from the Shongweni Dam
Chapter 4: Metal accumulation in the muscle of fish and health risk assessment

Chapter 6: Summary and conclusion



Chapter 2

Literature review

2.1 The uMlazi River catchment

Situated in a wet region of the country, the uMlazi River catchment spans 172 km in length
and covers an area of 970 km?2. This river is one of the ten tertiary catchments within the
proposed Mvoti and Umzimkulu water management area, spanning the east coast of the
KwaZulu-Natal province and borders Lesotho to the west. The river originates at an elevation
of 5000 m above sea level near the Entembeni area (Feysse and Gumbo, 2004) and is formed
by the convergence of multiple tributaries. As it flows, the uMlazi River passes through
regions with commercial farms and forested areas before reaching the Baynesfield Dam. It
continues through the Mapstone Dam, the Hopewell area, and the Tala Valley, eventually
reaching the Shongweni Dam and flowing into the Indian Ocean via a man-made canal near
Durban (WRC, 2002). This river catchment has several weirs, small and large dams, that store
water for both municipal and agricultural purposes (DSW, 2002). Population growth and
various uses of the uMlazi River have pressured it resulting in increased strain on the

ecosystem (Chikodzi et al., 2021).
2.2.1 Topology and land use

The uMlazi River catchment is characterized by wetlands and supports about 690,800
residents (WRC, 2000; Faysse and Gumbo, 2004). The upper catchment is dominated by
agricultural activities, forestry, and small and peri-urban settlements. The economy of the
region depends on commercial forestry and irrigated agriculture, mainly growing vegetables,
sunflowers, maize, and sugarcane, and raising livestock such as chickens, cows, pigs, and dairy
farming (Umlaas Irrigation Board, 1997). The upper catchment suffers from high nutrient
inputs from industrial and agricultural activities, while the middle catchment has small-scale
farmers and the lower has small-peri urban communities facing significant air and water
pollution issues. Eutrophication is a concern due to the presence of four wastewater works in
the middle and lower catchments. Furthermore, rapid urbanization leads to higher population

densities that result in more fecal and polluted runoff contamination (Umlaas Irrigation



Board, 1997). Despite the implementation of biomonitoring programs to reduce pollution,

the lower uMlazi River catchment remains in a severely deteriorated state (WRC, 2002).
2.2.2 Hydrology

The river emanates at an elevation of 1500 m above sea level in the southwest of
Pietermaritzburg (WRC, 2000). It has an average annual runoff of 72 — 173 mm, mean annual
evaporation, and precipitation of 1070 — 1360 mm and 410 — 1100 mm, respectively (DWAF,
2002). Typically, summers receive a higher annual rainfall of 800 — 1000 mm while winters
experience low rainfall, averaging 12.5 m per year (Everson et al., 2011). Good water quality

is observed in the upper reaches but declines in the middle to lower reaches (WRC, 2000).
2.2 Shongweni Dam

The Shongweni Dam is located in the uMlazi River catchment area (29° 50’ 44” S, 30° 44’ 38”
E), approximately 30 km west of Durban. The dam supports a diverse range of bird, wild and
aquatic life (WRC, 2000; Shah et al., 2019). It also serves as an important water reservoir for
small-scale agriculture and provides recreational opportunities including fishing activities
(Mavundla et al., 2020). The Shongweni Dam, however, faces significant challenges related to
water quality, largely due to eutrophication and metal contamination from agricultural
runoff, industrial discharges, and sewage effluents in the surrounding area (Tokatli, 2019).
The treated effluents discharged from the wastewater treatment flow through the Sterkspruit

River and then enter the Shongweni Dam (Pillay et al., 2004; Strassburg, 2004).
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Figure 2.1: The map of South Africa showing the Shongweni Dam.

Figure 2.2: An image of a hypertrophic Shongweni Dam captured during the 2021 surveys.



2.3 Pollutants in surface water and sediment

Water acts as a major conduit for pollutants such as heavy metals, other chemicals, inorganic
and organic matter, which can enter the aquatic environment through various pathways,
including agricultural runoff, domestic waste, industrial effluents, waste disposal, and urban
expansion (Akhtar et al., 2021; Edo et al., 2024). These pollutants not only pose serious threats
to the freshwater ecosystem but also impact aquatic life and cause a decline in water quality
(Kumar et al., 2018; Kamboj et al., 2020). Nutrients are among the most significant pollutants
affecting the aquatic environment, presenting a significant threat to food security and future
water supply (Birk et al., 2020; Yao et al., 2021). Excess nitrogen (N) and phosphate (PO4*)
from various anthropogenic activities including agricultural runoff, industrial processes, and
municipal sewage discharges, often enter freshwater bodies and lead to eutrophication
(Dodds and Smith, 2016). Research estimates that nitrogen and phosphates account for
approximately 20 to 50% and 35 to 55%, respectively, of the contribution to eutrophication
in aquatic environments (Akinnawo, 2023). Eutrophication results in increased phytoplankton
biomass and the proliferation of harmful algal species, including cyanobacteria, green algae,

and diatoms, which deteriorate water quality (Ballah et al., 2019; Sonarghare et al., 2020).

Other pollutants of great concern are metals, which enter the aquatic environment directly
or indirectly from anthropogenic activities. Metals can be broadly categorized into essential,
and non-essential. Essential metals, including iron (Fe), manganese (Mn), copper (Cu),
selenium (Se), and zinc (Zn), are crucial for the growth and biological processes of aquatic
organisms (Tchounwou et al., 2012; Rohani et al. 2022). However, excessive concentrations
of these metals can be toxic, leading to adverse effects on aquatic organisms and ecosystem
stability (Ali et al., 2019). A study conducted in Eleyele Dam reported Fe concentrations
exceeded permissible limits and were associated with odour and taste problems in drinking
water (Ojelabi et al., 2018). Excessive Fe has been linked to discoloration of water (Adetunde
et al.,, 2011), thus, deteriorating water quality and negatively impacting recreational and
fishing activities. Drinking water with elevated essential elements has been associated with
gastrointestinal and immune system damage, leading to a condition called

haemochromatosis (Ojelabi et al., 2018).

Non-essential metals; Hg, Pb, and Cd, have no known physiological and biological function

even at low concentrations (Ali and Khan, 2018). These can bioaccumulate and/or biomagnify
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in agquatic food webs, endangering both aquatic life and human consumers (Bansal, 2023).
Cadmium exposure in fish is associated with impaired reproduction, kidney damage, and
skeletal deformities, ultimately reducing the survival and fitness of fish in polluted waters
(Wood, 2002; Islam et al., 2020; Yan et al., 2020; Santos et al. 2021; Bansal, 2023). Previous
studies documented high Pb levels in water to bioaccumulate in body tissues adversely
causing teratogenic, neurotoxic, fetotoxic, and nephrotoxic effects on aquatic life and human

consumers (Oyelek et al., 2016).

Heavy metals, a subset of both essential and non-essential metals, refer to metals or
metalloids with a relative atomic density exceeding 5 g/cm?3, which can be toxic even at
minimal concentrations (Ali and Khan, 2018b). These elements, including As, Cr, Cd, Pb, Cu,
and Hg, are widely present in the environment (Ali and Khan, 2018; Kaur et al., 2018). The
persistence, non-biodegradability, and bioaccumulation of heavy metals in food chains have
raised significant environmental concerns (Moon et al., 2020; Naz et al., 2022; Zaynab et al.,
2022). Heavy metal contamination can adversely affect ecosystem health, human safety, and
overall water quality, as these typically accumulate in both water and sediments. Arsenic
pollution in aquatic environments has been linked to diminishing fish populations as it
disrupts cellular functions and DNA processes, resulting in mutations and increased mortality

rates (Rahman et al., 2012).

Sediments often exhibit higher metal concentrations due to their ability to absorb and retain
pollutants (Brady et al., 2015; Hama et al., 2023). The dynamics of sediment-bound metals
are crucial; under certain conditions, they can either remain immobilized or be remobilized
into the water column. This process further degrades water quality by altering key chemical
and physical parameters such as pH, salinity, and temperature, thereby posing major risks to
biodiversity, ecosystem integrity, and human health (Saleem et al., 2019; Ali et al., 2020).
These physicochemical parameters are essential, as they substantially influence the water
quality of any reservoir (Hakonde et al., 2020; Kormoker et al., 2022). The presence of metals
in sediments is associated with various health complications (Huang et al., 2018; He et al.,

2019; Nour et al., 2019; Tasher et al., 2020; Kormoker et al., 2022).

Thus sediments play a significant role in identifying metal pollution sources, potentially
releasing accumulated metals into water and posing long-term exposure risks to aquatic

ecosystems (Saha et al., 2017; Niu et al., 2021).
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Given their role in assessing water quality, sediments are key indicators of heavy metal
pollution (Abdel-Khalek et al., 2016). Research has documented substantial levels of metal
pollution in water and sediments, contributing notably to water quality degradation. For
example, in the Kafue River, pollution from metals Cd, cobalt (Co), Cr, Cu, and Pb, markedly
intensifies downstream, demonstrating a complex sink-source-sink distribution driven by
remobilization and pH shifts, particularly in the Kabwe transect (M’kandawire et al., 2017).
Studies by Namugize et al. (2018) and others further corroborate the deteriorating water
quality in rivers such as the Olifants River (Lynch et al., 2016; Lebepe et al., 2016; 2020).
Effective management of aquatic ecosystems, especially in reservoirs, thus necessitates a
combined approach of monitoring both water and sediment contamination to capture the
full scope of metal inputs and ensure comprehensive water quality management (Aradpour

et al., 2020).
2.3.1 Pollution effect on the aquatic life

Aguatic organisms are highly susceptible to metal pollution, as these readily accumulate in
their tissues and often serve as indicators of water and sediment contamination (Annabi et
al., 2013; Muhammad and Ahma, 2020). Prolonged exposure to metals has been associated
with physiological and reproductive issues in fish and invertebrates, with the severity of
toxicity varying based on species, concentration of metal, and exposure duration (Huang et
al., 2023). Metals interact with components of biological molecules such as sulfur (S), oxygen
(0), and N within aquatic organisms, altering the function and structure of hormones,
proteins, and enzymes ultimately leading to organ damage (Banday et al., 2019). Specific
studies highlight these effects, for instance, Nile tilapia (Oreochromis niloticus) exhibited
decreased glucose levels when exposed to Cd and Zn (Shahjahan et al., 2022). Similarly,
Banday et al. (2019) documented enzymatic fluctuations in Clarias gariepinus exposed to Cd,
Cr, Cu and Ni from river Ganges. Such enzymatic changes reflect underlying metabolic

disruptions caused by metal toxicity.

Metal exposure can disrupt the nervous system of aquatic organisms, and impair growth and
reproduction. Studies showed reproductive failure in freshwater crustaceans due to sub-
lethal Hg exposure, as well as liver damage and altered gill structures in fish exposed to high
Cd levels (Smith et al., 2019; Garcia et al., 2021). Studies by Giri et al. (2021) and Fazio et al.

(2022) reported accumulation of Cd in waterbodies negatively affected fish by reducing body



12

weight and length, retarding growth, decreasing feed intake, and survival rate of fish
populations. Additionally, fish exposed to metals have demonstrated lower GSI, reduced
reproductive rates, fertilization and hatching rates success (Garriz et al., 2019). These effects
are further evidenced by changes in biochemical parameters and blood chemistry, often used
to assess the physiological responses of fish to metal exposure (Banday et al., 2019; Javed and
Usmani, 2019; Suchana et al., 2021). For example, Islam et al. (2020) documented decreases
in red blood cell count and hemoglobin levels in Pangasianodon hypothalamus exposed to Cr

concentrations.

Metals accumulate in specific organs such as the liver, gills, kidneys, and gonads often
resulting in pathological changes. Studies have documented tissue damage ranging from liver
necrosis to gill deformation in species exposed to heavy metals (Wagenaar and Barnhoorn,
2018; Kawade et al., 2020; Saleem et al., 2022; I1zah et al., 2023). Hayati et al. (2017) and Garriz
et al. (2019) found that Cd accumulation led to testicular fibrosis shrinkage and changes in
spermatic lobules, cytoplasmic condensation, reduced GSI, and abnormal structures of

oocytes.

Figure 2.3: Image illustrating abnormalities detected in the liver and gonads of tilapia

collected from the Shongweni Dam during the 2021 surveys.
2.4 Biomonitoring and bioindicator

Biomonitoring is a vital approach for assessing the impact of metal pollution in aquatic

environments, providing insights that complement traditional physical and chemical
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monitoring methods. While the latter reveals immediate effects, biomonitoring focuses on
the combined and long-term impacts of pollutants on biotic communities and ecosystems
(Ouma et al.,, 2022). This technique utilizes bioindicators to evaluate environmental
contamination (Ouma et al., 2022). According to Zhou et al. (2008), biomonitoring is defined
as a “scientific technique for assessing the environmental and biotic exposures to pollutants,”

relying on sampling and analysis of targeted organisms.

Bioindicators serve as markers that reflect the potential ecotoxicity of anthropogenic
pollutants, helping to track both present conditions and historic patterns over time (Oertel
and Salanki, 2003). This provides a more nuanced understanding of ecosystem health
compared to conventional physicochemical indicators (Bartram et al., 1996; Lobo et al., 2004).
Effective bioindicator organisms share a common trait: wide distribution, abundant, easily
accessible, and have well-defined classifications (Ouma et al., 2022). Aquatic insects, plants,
algae, fish, and other small aquatic organisms are frequently used to evaluate water quality
and the overall state of aquatic systems (Zhou et al., 2008; Hamza-Chaffai, 2014; Ouma et al.,

2022).

In South Africa, bioindicators such as bacteria, diatoms, macrophytes, macroinvertebrates,
and fish have been employed in biomonitoring programs (Wepener et al., 2008; van Dyk et
al., 2012; Fourie et al., 2014; Lebepe et al., 2016). Fish, in particular, are valuable bioindicators
owing to their lengthy life spans, abundance across diverse habitat distribution, and ease of
sampling. Moreover, fish are excellent bioindicators due to their sensitivity to low
concentrations of metals, capacity to detoxify and metabolize quickly, and their ability to
assimilate and reflect environmental changes over time (Weber et al., 2020; Dietrich et al.,
2022; Sharma et al., 2024). Occupying higher trophic levels, they are effective indicator for
evaluating the impacts of human activities on environmental conditions (Naz et al., 2022).
Bioindicators can reflect a range of biological and environmental processes over extended
periods (Armon and Hanninem, 2015; Gilbert et al., 2017). Therefore, biomonitoring using
fish as bioindicators offers a comprehensive method for evaluating the impacts of heavy
metal pollution on aquatic ecosystems, enhancing our understanding of environmental health

and informing management strategies as well as public health guidelines.
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2.5 Tilapia fish as bioindicator species

Tilapia species are extensively researched for their significance in both natural ecosystems
and aquaculture. These Tilapiine cichlids are well-known for their successful invasiveness,
attributed to their advantageous life-history traits, such as early maturation in response to
environmental conditions, robust physiological tolerance, and omnivorous feeding habits
(Lowe-McConnell, 2006; Martin et al., 2010). Their resistance allows tilapia species to
withstand adverse environmental conditions, aided by their robust disease resistance and
effective respiratory capabilities. These enables them to thrive in environments characterized
by high ammonia levels and low dissolved oxygen (Zhou et al., 1998). Tilapia are among the
most commonly used freshwater fish in toxicological studies as bioindicators due to their ease
of breeding, top at the food chain, high demand for protein, rapid growth, and tolerance to

environmental stressors (Farkas and Hyde, 2004; Mohktar et al., 2009).

2.5.1 Oreochromis mossambicus (Peters, 1852)

Figure 2.4: An image of the Mozambique tilapia (Oreochromis mossambicus) sampled from

the Shongweni Dam.

Oreochromis mossambicus is widely known as a maternal mouthbrooder. The species is
indigenous to the rivers of central and southern Africa (Bills, 2019). This cichlid is an
omnivorous fish that has a slightly concave forehead, thick lips, and a protruding jaw, with a
light cream or grey belly. It spawns in sand and mud (Skeleton, 2001; Froese and Pauly, 2020),
can grow up to 1.2 kg, and can attain a maximum size of 39 - 42 cm. This species has a lifespan
of 11 years (Luna, 2012) and can survive in temperatures ranging from 17 to 35°C, with a
tolerance of up to 42°C under certain salinities (Ford et al., 2019; Froese and Pauly, 2020).

Under favourable environmental conditions, O. mossambicus has become well-established in
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nearly every area where it has been introduced or cultured (Russell et al., 2012). As a result,
it is considered one of the most widely distributed freshwater fish species worldwide, as they
can thrive in freshwaters, brackish water, and hypersaline environments (Ford et al., 2019;
Froese and Pauly, 2020). They can endure extremely low dissolved oxygen levels
(approximately <1 mg/L), at least for brief periods, and appear to meet some of their oxygen

needs by “gulping” air at the water’s surface.
2.5.2 Coptodon rendalli (Boulenger, 1896)

Coptodon rendalli (Boulenger, 1897), also known as the redbreast is a tilapia fish widely
distributed in south-eastern parts of Congo, South Africa (KZN). Coptodon rendalli has a slim
head, small mouth, and red stomach. This cichlid species mainly feeds on plants but can ingest
aquatic invertebrates and small fish (Skelton, 2001). This fish species is an indigenous cichlid
that spawns in the substrate (Skelton, 2001; McMurtie et al., 2022) and is very resistant to
diseases, low dissolved oxygen levels, and super-populations. Red breast has a maximum size
of 42 cm, can grow to 2.5 kg, and has a life span of 7 years (Skelton, 2001; Frimpong and
Angermeier, 2009). This fish can tolerate wide temperatures ranging from 11—37°C and
salinity ranging up to 19 parts per thousand (ppt) (Skelton, 2001; Awaiss et al., 2010).
Furthermore, C. rendalli breeds mainly in summer, is popular for aquaculture, angling, and
fisheries, and can be used for weed control in numerous dams in South Africa (Skelton, 2001).
Both fish species were abundant in the research area and can withstand various levels of salt

content, temperatures, and calm waters.

Figure 2.5: An image of the redbreast tilapia (Coptodon rendalli) from the Shongweni Dam.
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2.6 Biometric indices
2.6.1 Condition factor (CF)

The condition factor (CF) is a morphological parameter utilized for evaluating the general
condition of fish, which can differ based on age, environmental factors, sex, and breeding
season. It is a biometric measure that assesses the overall success of fish populations by
reflecting their production, growth, and survival rates (Hossain et al., 2012). Condition factor
relies on the length-weight relationship of a fish species and is widely utilized in fisheries
monitoring programs by fisheries scientists. Both biotic and abiotic factors have a pivotal role

in CF (Prakash and Verma, 2019).
2.6.2 Hepatosomatic index (HSI)

The hepatosomatic index (HSI) represents changes in feeding habits and reproductive
hormones, specifically in the spawning season, as a result of significant physiological
alterations in fish at this time (Querol et al., 2002). This phenomenon was noticed in fish as
they tend to have smaller livers when living in a resource-deprived environment with reduced
energy reserves (Lee et al., 2012). The HSI serves as a useful indicator of fish health and overall
aquatic ecosystem quality. A higher HSI indicates healthy and fast-growing fish in a favorable
environment, while a lower value suggests poor fish growth and potential environmental

issues (Kareem et al., 2015).
2.6.3 Gonadosomatic index (GSI)

The gonadosomatic index (GSI) serves as a useful marker of maturity and gonadal
development (Hama et al., 2015). It is a practical biomarker that can indicate the impact of
xenobiotics on growth, reproduction, and physiological capacity. The GSI can indicate
exposure to toxic substances, while histopathology is a valuable method for evaluating

contamination levels (Pieterse, 2004).
2.7 Fish histopathology as a biomarker of pollution

Histopathological studies, which involve macroscopic examination of tissues, provide valuable
insights into the deleterious effects of heavy metal exposure on fish, illustrating the
multifaceted impact on both organ health and reproductive success. Extensive literature

documents the histological manifestations in fish exposed to heavy metals. Metal toxicity is a
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significant threat to fish, affecting vital organs like the gill, liver, and kidney. These organs are
commonly studied for histopathological alterations resulting from exposure to various metal
toxicants, serving as essential bio-monitoring tools to assess the toxic impacts of metal across

different fish species (Bibi et al., 2021).

For instance, Javed et al. (2017) described significant gill changes including hyperplasia,
leukocyte infiltration, and necrosis. Awasthi et al. (2019) reported that Cr exposure in Channa
punctatus resulted in severe liver deformities, such as apoptosis, hypertrophy, and necrosis.
Similarly, Ferreira et al. (2019) observed marked gill hyperplasia in Oreochromis niloticus
exposed to Zn, while Chen et al. (2022) noted hemorrhages and lamellar disorganization in
tilapia gills due to Cu exposure. Chronic exposure to heavy metals causes cytotoxic effects
and degenerative alterations in fish organs, with the liver often accumulating higher
concentrations, rendering it particularly vulnerable. Histopathological alterations in the liver
include blood congestion, cirrhosis, necrosis, cellular edema, and degeneration (Benjamin and

Kutty, 2019; Kawade, 2020).

Beyond organ damage, heavy metals adversely affect reproductive systems. Moustafa et al.
(2023) noted significant histopathological alterations in the testes of tilapia subjected to Hg,
including degeneration of germinal epithelium and reduced spermatozoa, which could lead
to decreased fertility and threaten population sustainability in contaminated habitats.
Additionally, heavy metal contamination disrupts the overall physiology of fish, affecting
hemato-biochemical parameters and can lead to nuclear and cellular deformities in blood
cells (Ahmed et al., 2013; Islam et al., 2020). Genetic damage and reproductive impairments,
which include reduced gonadosomatic index (GSI), hatching rates, and fecundity have been

documented (Gupta et al., 2021; Xiao et al., 2021; Edo et al., 2024).
2.8 Bioaccumulation of metals in fish

Fish are particularly susceptible to metal pollution, as they accumulate metals within their
tissues through gill, diet and skin. This accumulation may lead to a range of adverse health
effects, including behavioral changes, growth impairments, and physiological issues such as
immunosuppression, reproductive problems, and organ damage (Muhammad and Ahma,
2020; Afzaal et al., 2022). Bioaccumulation, a concerning process, leads to the gradual build-

up of heavy metals in living organisms, particularly fish, often resulting in elevated metals
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present, concentrations in top-tier predators and eventually humans (Eltholth et al., 2018;
Atique et al., 2020). This accumulation is shaped by various factors, including the type and
concentration of metals, various developmental stages, and food sources (Liu et al., 2019;

Jiang et al., 2022; Pan et al., 2022).

Metal concentrations in fish tissues can become significantly higher than in their surrounding
environment due to metal absorption along the gastrointestinal tract, gills, kidneys, and liver
(Annabi et al., 2013; Habib et al., 2022). This bioaccumulation in organs like the gills, kidneys,
and liver can lead to pathological changes and tissue damage (Ahmed et al., 2013; Al-Ghanim
et al., 2019; Kawade et al., 2020; Naz et al., 2021). Bioaccumulation of metals can disrupt
biological molecules, thereby altering the function and structure of critical enzymes, proteins,
and hormones, which ultimately damages various fish organs (Banday et al., 2019). Heavy
metal bioaccumulation negatively impacts embryonic and larval development, resulting in
increased deformities, impaired cardiac function during critical developmental stages, and

mortality (Luo et al., 2014; Castaldo et al., 2020).

Additionally, metal bioaccumulation in fish poses significant threats to biodiversity when
these contaminated fish enter the food chain (Huang et al., 2021). Research has
demonstrated that consuming fish with elevated levels of metals can cause significant health
implications (Maurya and Malik, 2018; Lebepe et al., 2020; Mannzhi et al., 2021; Misra et al.,
2024). When metal concentrations exceed maximum permissible limits, they may present
potential health hazards to those who consume contaminated fish (Habib et al., 2022).
Specifically, consuming catfish and tilapia contaminated with metals such as baron (Ba),
cobalt (Co), Cr, antimony (Sb), Pb, and As from surface waters has been reported to pose
health risks to humans (Sara et al., 2018; Lebepe et al., 2020; Marr et al., 2020; Addo-Bediako
et al,, 2021; Hlatshwayo et al., 2024; Misra et al., 2024). Consequently, the cumulative impact
of heavy metal pollution on natural water systems is multifaceted, presenting both ecological

challenges and human health implications (Xiao et al., 2021; Edo et al., 2024)
2.9 Freshwater fish consumption in the Anthropocene era

Freshwater fish consumption has become increasingly popular worldwide, largely due to their
easy access, and substantial health and nutritional benefits, including its high-quality protein,

minerals, omega-3 fatty acids, and vitamins (FAO, 2020). This rise in demand can be attributed
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not only to a global growing population but also to the recognition of fish as a preventive food
against various health conditions (WHO, 2019). Fish consumption has been shown to lower
heart disease, stroke, and other cardiovascular conditions due to its high omega-3 fatty acid
content, recognized for their ability to decrease inflammation, improve blood lipid profiles,

and enhance vascular function (Lee and Lim, 2020).

However, along these nutritional advantages, freshwater ecosystems have now become
polluted due to increasing industrialization, urbanization and increase in agricultural activities
etc. (Adams et al., 2020; Ahmed et al., 2022). Fish have the capacity to accumulate metals and
pass them to the next predator such as human. Therefore, fish consumption has now become
another route of metal exposure to humans (Kumar et al., 2022). Consuming contaminated
fish allows metals to enter the human food chain, resulting to potential health risks (Zhang et
al., 2022). Long-term exposure to metals through dietary intake has been linked to severe
health outcomes, including neurological disorders, increased cancer risk, and kidney damage,
according to WHO (2019) and Faisal et al. (2019). A recent study by Zhang et al. (2022) found
that frequent consumers of freshwater fish contaminated with As and Cd had significantly
higher lifetime cancer risks. Tilapia from polluted waters, for instance, had been found to
contain Hg, As and Cd at levels above recommended limits, raising public health concerns

(Lebepe et al., 2020; Ibrahim et al., 2021; Hlatshwayo et al., 2024; Misra et al., 2024).

To mitigate health risks associated with consumption of contaminated fish, it is essential to
adhere to safe fish consumption guidelines. The World Health Organization (WHO, 2019)
recommends limiting intake of predatory fish species, which tend to bioaccumulate higher
contaminant levels, and choosing smaller fish lower on the food chain that generally contain

fewer pollutants.
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Chapter 3

Water and sediment quality in the Shongweni Dam

3.1 Introduction

Freshwater is a limited resource on Earth and crucial for both ecological integrity and human
health (Avtar et al., 2011; Edokpayi et al., 2022). In South Africa, the right to safe drinking
water is enshrined in the constitution, yet approximately 2.11 million residents,
predominantly in rural areas, still lack this basic provision (Edokpayi et al., 2018). Freshwater
ecosystems, thus, play a critical role as the primary source of domestic water supply for many
rural communities. These ecosystems, though accounting for only 0.01% of Earth’s water,
sustain more than 6% of global biodiversity, providing essential ecosystem services, such as
water supply, transportation, and access to food resources, while holding cultural significance
for many African communities (de Graaf and Garibaldi, 2015; Hunt et al., 2020). Despite their
ecological and social value, freshwater ecosystems face significant threats from
anthropogenic disturbances such as mining, urbanization and industrial and agricultural
activities that are overusing the water and on the other end polluting it (Rodell et al., 2018;

Plessl et al., 2019).

Effluents from municipal, industrial, and domestic wastes, coupled with agricultural runoff
has been reported to impact most freshwater ecosystems (Singh et al., 2020; Edokpayi et al.,
2022). Pollutants such as pathogens, nutrients, pesticides, and metals introduced by these
anthropogenic activities pose significant risks to freshwater ecosystems (USEPA, 2005; Varol,
2012). Among these pollutants, nutrient and metal contamination present major challenges
to the sustainability of freshwater ecosystems globally (Izah et al., 2023; Lebepe et al., 2024).
Nutrient pollution, primarily from N and phosphorus (P), leads to eutrophication
characterized by harmful algal blooms (HABs), oxygen depletion, and reduced water clarity
(Izah et al., 2023; Zahoor and Mushtaq, 2023). These conditions disrupt food webs, reduce
aquatic biota, and impair water utility for drinking and irrigation (lzah et al., 2023; Zahoor and

Mushtaq, 2023)

Metals are persistent in freshwater ecosystems, therefore, elevated concentrations cause an
equally significant threat to freshwater systems. Upon reaching aquatic ecosystems, metals

sink down to bottom sediment and remain fixed for a long period of time (Lebepe et al., 2020).
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Sediment serves as reservoirs for metals, however, they can be resuspended into the water
column should the environmental condition change. Environmental changes through
mechanical disturbances or changes in physicochemical conditions like dissolved oxygen, pH,
and temperature are known to influence metal resuspension from the bottom sediment,
thereby posing threats to water quality and aquatic biota (Huang et al., 2017; Islam et al.,
2018). This biogeochemical cycling of metals in sediments and water exacerbates their
toxicity and persistence in aquatic ecosystems, highlighting the need for integrated
assessment of water and sediment quality to evaluate ecosystem health (Wang et al., 2012;

Tokatli, 2019).

The uMlazi River catchment is characterized by urbanization, wastewater treatment works,
and industrial and agricultural activities (DWS, 2002). The Shongweni Dam, located in the
lower uMlazi River, is therefore, serving as a repository for contaminants from the upper
catchment. Despite the dam receiving effluents and runoffs from all the aforementioned
activities, no study has been conducted to explore the effect on water quality and the aquatic
biota thereof. Of particular concern is that local communities from the surrounding are
depending on this dam for their livelihood. As a result, this study aims to assess water and
sediment quality of the Shongweni Dam, and determining whether it is safe for sustaining
aquatic ecosystem. It was hypothesized that there would be seasonal fluctuation of water and
sediment parameters at the Shongweni Dam with the dry season showing high levels for

numerous contaminants.
3.2 Methods and materials
3.3.1 Water and Sediment Sampling

Physicochemical parameters, including pH, dissolved oxygen (DO), water temperature (°C),
total dissolved solids (TDS), and electrical conductivity (EC) were measured at each sampling
point (inflow, middle, dam wall) using a HANNA multi-parameter. Water and sediment
samples were collected using 1-liter polyethylene bottles at three sites; the inflow, the
midsection, and near the dam wall. Hydrochloric acid (HNOs) was added to each container to
keep the metals dissolved. Surface water samples were collected and stored in a cooler box,

then transferred to a field refrigerator. Sediment samples were taken using a Van Veen grab,
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transferred to a 5-liter bucket, and then stored in polyethylene bottle before being moved to

a refrigerator for further metal analysis at the School of Life Sciences, UKZN-Westville.
3.3.2 Water and sediment processing

Upon arrival at the laboratory, sediment samples were oven-dried at 110°C for 48 hours.
Approximately 0.2 g of the dried sediment was crushed into a fine powder using a mortar and
pestle, then placed in a 200 ml beaker and digested with aqua regia. The mixture was digested
at a moderate temperature for an hour, with additional aqua regia added as necessary. In the
final 10 minutes, the solution was concentrated to approximately 10 ml by boiling. The
mixture was then vacuum-filtered, transferred to a 150 ml volumetric flask, and diluted with
distilled water. Finally, 50 ml of the solution was syringed into a 50 ml vial for metal analysis.
Water and sediment samples were then analyzed for metal elements at an accredited (I1SO
17025) chemical laboratory (WATERLAB (PTY) LTD in Pretoria, South Africa. The measured
concentrations of metals, aluminium (Al), antimony (Sb), arsenic (As), cadmium (Cd), copper
(Cu), iron (Fe), lead (Pb), manganese (Mn), selenium (Se) and strontium (Sr), nutrients, and
physicochemical parameters were then compared with the target water quality range

(TWQR) as stipulated by DWAF (1996) and guidelines by CCME (2012) and WHO (2006, 2017).
3.3.3 Statistical analysis

Normality of data was assessed using the Shapiro-Wilk test, while variance homogeneity was
verified through Levene’s test. The Mann-U test was applied to compare means for
physicochemical parameters, nutrient constituents and metal concentrations across seasons

using R-3.1.1. The significance was considered at p < 0.05.
3.4 Results

The physical parameters, nutrients and metal levels in the water are presented in Table 3.1.
The pH ranged from neutral to alkaline throughout the study and no seasonal variation was
observed (p > 0.05). Moreover, seasonal variations were observed for TDS (p < 0.05) and EC
(p<0.05) with higher levels being observed during dry season. Sulphate was significantly
higher in dry than wet season (p < 0.05) (Table 3.1). Most metals were below detection limits

in the water, except for Fe and Pb in both seasons, with aluminum (Al) exceeding set
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Table 3.1: Water parameters observed in the Shongweni Dam during dry and wet seasons in

2021 and the standard international guidelines. Units are mg/l, unless stated otherwise.

Target Water Quality Range (TWQR) as stipulated by DWAF (1996) and guidelines for aquatic

ecosystems according to CCME (2012) and WHO (2006; 2017).

Parameter Dry Wet TWQR Guidelines
Temp (°C) 19.42+0.88 20.2810.18 — <25
DO (%) 63.07+9.03 56.63+6.25 - 80—120%
pH 7.91+0.22 8.19+0.14 6.0—9.0 6.5—9
TDS 287.67111.55 166.00+4.36 0 — 450 <1200
EC (uS/cm) 572.33+19.63 33711 0—70 <1700
Nutrients
Sulphate (S04%) 35 28 0 —200 100**
Nitrate (NO3) 4.7 3.4 — 0.5
Nitrite (NOy) <0.05 <0.05 — 0.06
Orthophosphate (PO4%) 0.6 0.2 0—70 0.1*
Metals
Aluminum (Al) 0.877 <0.100 0.15 0.01
Antimony (Sb) 0.001 0.001 — 0.02
Arsenic (As) <0.001 0.001 0.0001 0.01
Cadmium (Cd) <0.001 <0.001 0.005 0.003
Copper (Cu) <0.010 <0.010 1 0.5
Iron (Fe) 1.33 0.15 0.1 0.01*
Lead (Pb) 0.108 0.07 0.01 0.012
Manganese (Mn) 0.097 <0.025 0.05 0.18
Selenium (Se) 0.005 0.002 0.3 1
Strontium (Sr) 0.076 0.07 — —

guidelines during dry season (Table 3.1). Metal concentrations followed a descending order

of Fe (1.33 mg/I) > Al (0.877 mg/l) > Pb (0.108 mg/I) > Mn (0.097 mg/I) > strontium (Sr) (0.076

mg/I) > Sb (0.001 mg/l) in wet and Fe (0.15 mg/l) > Pb and Sr (0.07 mg/l) > Se (0.002 mg/I) >

Al and As (0.001 mg/l) in dry seasons (Table 3.1). No seasonal variations were observed for
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most metals in water (p > 0.05), however, Fe, Pb and Al differed significantly between seasons

(p < 0.05) with higher concentrations observed during dry season (Table 3.1).

Metal concentrations in sediments are presented in Table 3.2. The mean metal concentration

followed a descending order: Fe > Al > Mn > Cu > Sr > Pb > As > Sb and Fe > Al > Mn > Cu > Sr

> Pb during wet and dry seasons, respectively (Table 3.2). Contrasting the water trend, metals

in sediment were significantly higher during wet season compared to dry season (p < 0.05)

(Table 3.2).

Table 3.2: Meant standard deviation of metal concentrations (mg/kg, dry weight) in the

sediments of the Shongweni Dam.

Sediment Wet Dry Guidelines (CCME
2012)
Aluminum (Al) 166333.3119.38 87500+98.47 —
Antimony (Sb) 9.33%£1.85 0.73310.46 —
Arsenic (As) 19.67+3.21 10.4+8.21 5.9
Cadmium (Cd) 1 <0.001 0.6
Copper (Cu) 470+177.39 185.6+138.24 37.5
Iron (Fe) 171000£28.59 99733.33+62.14 —
Manganese (Mn) 5333+71.59 2805.67+58.16 0.2
Lead (Pb) 151+40.58 72+56.15 35
Selenium (Se) <0.001 <0.001 —
Strontium (Sr) 204+85.66 88.2165.48 —
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3.5 Discussion
3.5.1 Physico-chemical parameters in water

The water pH was alkaline and remained within the CCME (2012) guideline throughout the
study. This pH is comparable to those observed in Flag Boshielo Dam impacted by acid mine
drainage (Madanire-Moyo et al., 2012), Tercan Dam impacted by agricultural practices,
domestic and industrial waste (Gunes et al., 2019), and Doorndraai Dam impacted by mining
activities (Molekoa et al., 2022). Moreover, the Shongweni Dam pH was higher than those
reported in the pristine Luphephe-Nwanedi Dam which exhibited a neutral pH (Madanire-
Moyo et al., 2012). The pH at Shongweni Dam has not deviated from that expected from
pristine, therefore, the anthropogenic activities in the uMlazi River catchment have not

significantly impacted the water pH.

Similarly, DO level has not deviated from that expected from pristine water body. No seasonal
variation was observed during 2021 surveys. The DO levels observed from the Shongweni
Dam was comparable to those reported by Gaine et al. (2012), Singh et al. (2013), and Panda
et al. (2017) which associated with increased biological oxidation, low flow of water, high
evaporation rates, and reduced oxygen solubility during dry season. Dissolved oxygen is
among the key drivers of biological and physical activities in aquatic ecosystems (Wetzel,
2001), however, the DO-related impacts were not observed in the Shongweni Dam.
Associated with the DO, is the water temperature which plays a critical role in shaping water
quality as it directly affects factors such as pH, DO, and EC (Saik and Yeragi, 2003). Higher
temperatures accelerate an increasing oxygen demand often leading to a decline in DO levels

(Panda et al., 2018).

Another important physical variable in the context of water quality is the TDS which is
described as the overall concentration of both organic and inorganic material, and other
soluble substances in a water body (Weber-Scanell et al., 2007; Benham et al., 2011). The TDS
exceeded the FAO (2018) permissible limit of 100 mg/I during both seasons. The TDS often
increases during the wet season primarily due to runoffs from land surfaces, particularly those
characterized by agricultural and industrial activities (Ndubi et al., 2015; Panda et al., 2017).
However, this depends on the time of sampling after rainfall. Dallas and Day (2004) reported

that there is a positive association between TDS and EC, which was evident during the present
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study. The higher EC during the dry season could be explained by increased evaporation which
concentrates the dissolved solids. Despite these variations, all physicochemical parameters
were within or below set guidelines for irrigation, protection of aquatic life, and drinking
water. Although physical parameters are barely toxic, their dynamics influence the toxicity of

metals and other contaminants in aquatic ecosystems.
3.5.2 Nutrient constituents in the surface water

In the current study, SO4%> levels peaked during the dry season, reaching 35 mg/l, but
remained within permissible limits set by CCME (2012) and WHO (2016) of 13 mg/l and 50
mg/|, respectively. In contrast, higher SO4% levels have been documented in other South
African water bodies, such as the Roodeplaat, Flag Boshielo, Return Water, Albasini and
Loskop Dams, while the Luphephe-Nwanedi Dam and Mvudi River recorded significantly
lower concentrations (Madanire-Moyo et al., 2012; Marchand et al., 2012; Edokpayi et al.,
2015; Nibumereke et al., 2015; Lebepe et al., 2020). Sulphate is primarily used as an indicator
of acid mine drainage, however, there were no signs of acid mine drainage pollution in the
uMlazi River catchment which could be the explanation for the low SO4? concentrations at

the Shongweni Dam.

However, POs* and NOs levels in the dam exceeded the CCME (2012) set guideline of 0.1
mg/l and 0.5 mg/l, respectively. This condition provided suitable environment algal blooms
(DWAF, 2006; Shabalala et al., 2013), hence, the eutrophic condition. The observed NOs
levels surpassed those reported by Madnire-Moyo et al. (2012), Marchand et al. (2012), and
Nibumereke et al. (2015). On the other hand, NOy levels were below detection limits and
significantly lower than the 0.055 — 0.075 mg/I range reported by Nibumereke et al. (2015).
Nutrient levels of NOs,, NO2, PO4*, and SO4* showed seasonal variation, with higher levels
observed during the dry season. This seasonal trend aligns with findings by Nibumereke et al.
(2015), Edokpayi et al. (2015) and Panda et al. (2017), who attributed such increases to the
influx of effluents, agricultural runoffs, urban and industrial wastes containing biological
residues. Therefore, effluents from wastewater works as a driver for increased nutrient

concentrations during the dry season in the Shongweni Dam may not be dismissed.
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3.5.3 Metal concentrations in water and sediments

The study revealed seasonal variations in metal concentrations in the water with
concentrations being notably higher during the dry season. This pattern aligns with the
reduced dilution of pollutants in dry seasons due to lower water inflows. Aluminium exceeded
the DWAF (1996) TWQR during dry season. Moreover, Fe and Pb were also above DWAF
(1996) TWQR and CCME (2012) guidelines for aquatic ecosystems during both seasons. Other
metals were either below detection level or within the TWQR at both seasons. Upon reaching
lentic water bodies, metals sink down to the bottom sediment and remain fixed until
environmental conditions such as pH, temperature, and salinity changes to cause
resuspension (Dallas and Day, 2004). In the present study, most metals were below detection
levels in surface water, however, significant concentrations were recorded in sediment. There
are no sediment guidelines for Al and Sb levels, however, the two metals exhibited elevated
concentrations with dry season showing a significantly higher compared to wet season.
Concentrations of As, Cd, Cu, Fe, Mn and Pb exceeded the CCME (2001) guideline for aquatic
ecosystems (Table 3.2) which become a cause for concern since sediment becomes an

internal source of metals.

Aluminium was recorded in minute concentration in surface water whereas a significantly
elevated concentrations were observed in sediments during both seasons. Aluminium is
barely toxic, nevertheless, elevated concentrations could result in fish health disruption
(Dallas and Day, 2004). Aluminium concentrations in the bottom sediment of the Shongweni
Dam were higher than those reported at Loskop and Flag Boshielo Dams (Lebepe et al., 2016),
but relatively lower than that reported at Tercan Dam (Gunes et al., 2019). Antimony has also
shown a notable concentration in sediment. Moreover, the observed Sb concentrations were
lower than those reported at Loskop and Flag Boshielo dams (Lebepe et al., 2016; Lebepe et
al., 2020) impacted by mining and industrial activities. Therefore, the wastewater works, and
agricultural and industrial activities in the uMlazi River catchment could be the explanation

for increased Al and Sb in the Shongweni Dam.

Arsenic was below detection level in the water during the dry season whereas a concentration
of 0.001 mg/| was recorded during the wet season. Recorded As the level in the water was
within the guideline for the aquatic ecosystem, however, substantially elevated

concentrations were observed in sediment. Arsenic concentrations recorded in the water



28

were comparable to those reported at Loskop Dam which were explained by extensive mining
in the upper Olifants River catchment (Lebepe et al., 2020) and Vaal Barrage (Gilbert and
Avenant-Oldewage, 2014) which were explained by industrial and mining activities. Cadmium
was below detection level in the surface water during both seasons, however, elevated
concentrations exceeding the guideline (0.6 mg/kg) were observed in sediment. A similar
trend was observed by Gilbert et al. (2017), Teta et al. (2017), and Lebepe et al. (2020) in
water bodies impacted by mining, industrial and agricultural activities. According to Proshad
et al. (2021), the presence of Cd can be attributed to industrial effluents. Moreover, Cd is
particularly worrisome, given its high toxicity and industrial origins, which could lead to

adverse effects and bioaccumulation on aquatic life.

Another metal of concern is the Cu, which is one of the metals from wastewater works and
agricultural activities (Chapman et al., 2019). The Cu concentration observed in Shongweni
Dam sediment was substantially higher than those reported by Lebepe et al. (2016) and
Gilbert et al. (2017) in the Olifants and Vaal rivers impacted by coal mining and industrial
activities. Iron concentrations were concerning as they exceeded set guidelines in surface
water for both seasons. The Fe observed during wet season was comparable to that reported
by Madanire-Moyo et al. (2012), while that observed during dry season aligned with those
reported by Wagenaar and Barnhoorn (2018). Conversely, concentrations of Fe in
Roodeplaat, Tercan, Orlando, and Dams were considerably higher compared to that reported
in the present study (Marchand et al., 2012; Bengu et al., 2017; Wagenaar and Barnhoorn,
2018; Gunes et al., 2019). There is no guideline for Fe in sediment, however, a substantially
high concentrations were observed during both seasons. Iron is an essential metal but its
elevated concentration could be detrimental to aquatic biota (Dallas and Day, 2004). The Fe
concentrations observed in the Shongweni Dam were relatively higher than those reported
in water bodies impacted by similar anthropogenic activities (Jooste et al., 2005; Abdel-Baki
et al., 2013; Algil and Beyhan, 2020). Although high Fe concentrations in water typically pose
minimal risk to human health due to dietary sources being primary contributor, their
ecological implications are, however, significant (USEPA, 2007). Elevated Fe concentrations

may affect aquatic biota, particularly benthic species.

Another metal which has been overlooked in many water quality studies is Mn which can be

detrimental to aquatic life although is an essential metal that plays a role in enzymatic and
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biochemical reactions (Huang et al., 2021). Manganese exhibited significant concentration in
surface water during dry seasons. The concentrations were within the DWAF (1996) TWQR
for aquatic ecosystems. Moreover, Mn concentrations in the water were comparable to those
reported in the Luphephe-Nwanedi Dam, however, were relatively higher than Klipvoor,
Bospoort, and Marco-Bosveld Dams (Madanire-Moyo et al., 2012; Marchand et al., 2012;
Wagenaar and Barnhoorn, 2018). However, Mn concentration in sediment exceeded the
guideline for aquatic ecosystems at the Shongweni Dam. The concentration was relatively
higher than that observed in the Phalaborwa Barrage (Jooste et al.,, 2015) and Vaal River
(Gilbert and Avenant-Oldewage, 2014). Contrastingly, Pb concentration in surface water
exceeded TWQR for aquatic ecosystems during both seasons. Similarly, Pb concentrations
exceeded the guideline of 35 mg/kg in sediment. The Pb concentration observed in the
present study is comparable to those observed in Flag Boshielo and Khami Dams (Madanire-
Moyo et al,, 2012; Teta et al., 2017). In contrast, the concentrations were relatively lower
than those observed in Orlando, Luphephe-Nwanedi, Klipvoor, and Marco-Bosveld Dams
(Madanire-Moyo et al.,, 2012; Bengu et al.,, 2017; Wagenaar and Barnhoorn, 2018).
Significantly higher than the current study’s Pb concentrations were those found in the Lower
and Upper uMguza and Return Water Dams (Marchand et al., 2012; Teta et al., 2017). Sources
of Pb include waste from mining, industrial, and municipal processes, therefore, the
wastewater effluents could be the driver of the elevated Pb concentration in the Shongweni

Dam.

Selenium is an essential metal with a role in enzymatic metabolism and biochemical reaction,
however, increased concentration can be detrimental to aquatic life (Lino et al., 2020).
Moreover, Se is known to have antagonistic relationship with some toxic metals (Misra et al.,
2024). In the present study, Se was within the guideline in surface water and below detection
limit in sediment. This could be explained by the fact that Se could be in demand in aquatic
ecosystem and organisms are quickly taking it up before it can sink down to sediment.
Contrasting Se trend, Sr showed significant concentrations in surface water and sediment
during both seasons. Strontium concentrations observed in surface water were comparable
to those reported in the Orlando Dam (Bengu, 2017). Moreover, there are no established

guidelines for Sr concentrations in water for protection of aquatic life, irrigation, or drinking
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purposes. However, its bioavailability and toxicity could be influenced by Ca (Klaczek et al.,

2022).

The cumulative presence of metals, even within permissible limit for whether in surface water
or sediment, suggest a latent risk to both aquatic ecosystem and human health. Chronic
exposure to sublethal metal concentrations may impact benthic organisms and
bioaccumulate in the food web, increasing risks for communities relying on the dam for water
and fish consumption. Most metals showed non-significant concentrations in the water
column with sediment exhibiting substantial concentrations. The hypothesis that metal
concentration would be higher during dry season was supported for surface water whereas
sediment showed opposite trend. Nevertheless, metals reaching aquatic ecosystems are
known to sink down to bottom sediments making sediments become potential source in the
near future. This is what was observed in the present study, hence, metal concentrations

settled in the bottom sediment becomes cause for concern.
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Chapter 4

Histopathology-based health assessment of Oreochromis mossambicus and

Coptodon rendalli from the Shongweni Dam
4.1 Introduction

Human activities exert widespread and adverse impacts on aquatic ecosystems, primarily
through agricultural runoff and industrial wastewater, which introduce a variety of toxic
pollutants into freshwater systems (Reid et al., 2019; Aradpour et al., 2020). These pollutants
can affect aquatic life through additive, antagonistic, or synergistic interactions (Jackson et
al., 2016). Environmental stressors, including metal pollution, may also exacerbate infectious
diseases in aquatic species, decreasing biota survival rate and potentially leading to
population decline in heavily polluted waters (Milla et al.,, 2011; Penttinen et al., 2016).
Consequently, there is an increasing interest in biological effect monitoring to identify and
assess at-risk ecosystems utilizing fish as bioindicators to evaluate the extent of pollution

(Wagenaar and Barnhoorn, 2018; Lebepe et al., 2020; Misra et al., 2024).

Fish serve as critical bioindicators for monitoring metal pollution in freshwater systems due
to their trophic position and their continuous exposure in the ecosystems (Rahman et al.,
2012). Fish inhabit diverse aquatic environments used for human recreation and drinking
water, and through continuous exposure, accumulate pollutants over time. The health status
of fish has been utilized as an indicator of the overall well-being of aquatic ecosystems
(Adebayo, 2017). Studies have shown how water pollution affects the overall health of fish
(Lebepe et al., 2020; Hlatshwayo et al., 2024; Misra et al., 2024). According to Carmago and
Martinez (2007), the pollution effect starts at the tissue level before gross change manifests

at an organ level.

Histopathology, the microscopic examination of tissue changes, is instrumental in detecting
the pathological effects of contaminants within aquatic organisms. This method provides
early indicators of tissue damage, often before any external symptoms manifest (Marchand
et al., 2008). Histopathological alterations in fish, particularly in gills, liver, gonads, and muscle
tissue, have been linked to toxic pollutants in various ecosystems (McHugh et al., 2011;

Wepener et al., 2011; Marchand et al., 2012; Wagenaar and Barnhoorn, 2018). Studies using
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this approach have successfully identified organ-specific tissue changes, which can be
quantified and compared across species, locations, and pollutant levels using standardized
protocols, such as those established by Bernet et al. (1999) and modified by van Dyk et al.
(2009).

The Shongweni Dam, known for its eutrophic state, is subject to pollution from industrial
effluents, agricultural runoff, and sewage discharge, particularly from Hammersdale textile
industries (Graham et al., 1998; Dickens, 2010). This dam is home to a number of fish species
which are providing ecological balance to the integrity of the dam. Despite the dam receiving
effluents from wastewater work and its eutrophic status, no study was conducted to explore
the effect of this pollution level on the health of inhabitant fish. Mozambique tilapia (O.
mossambicus) and redbreast tilapia (C. rendalli) play key ecological roles in the Shongweni
Dam. Their position within the food web and capacity to reflect cumulative impacts of local
pollution make them good indicators of water pollution. Therefore, this study investigated
the health of the two tilapia species using general health indices and a histopathology-based
health assessment approach. Given that water bodies exhibit seasonal variation with regard
to flow levels and the concentrations of contaminants may increase as the water level drops,

it was hypothesized that fish will be highly affected during low flow season.
4.2 Methods and Materials
4.2.1 Sampling and Health Assessment Procedures

Sampling was conducted during the dry (July — August) and wet seasons (November —
December) in 2021 at the Shongweni Dam, KwaZulu-Natal, using gill nets and an
electroshocker. In total, sixteen O. mossambicus (12 males, 4 females) were sampled, with 9
collected in dry and 7 in the wet season, while fourteen C. rendalli (5 males, 9 females) were
sampled, including 4 in dry and 10 in wet season. The study was approved by the University
of KwaZulu-Natal Animal Research Ethics Committee (Ref: AREC/019/018). Captured tilapia
fish were transferred to aerated containers with dam water to ensure their survival prior to

processing.
4.2.2 Morphometric Measurements and Condition Indices

Tilapia fish were weighed, length measured and then euthanized by severing the spinal cord,

followed by ventral dissection. Morphometric data, weight (g), and length (cm) were used to
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calculate the length-weight relationship (Equation 4.1) and condition factor (CF) (Equation
4.2). Liver and gonads were weighed to compute the hepatosomatic index (HSI) (Equation

4.3) and gonadosomatic index (GSI) (Equation 4.4).
N T OO Equation 4.1

where W represents fish weight (g), L is the total length (cm), a is the intercept parameter
and is the allometric growth parameter. The parameters a and b were obtained from a least

of square linear regression of weight and length of Eq. (1), to obtain:

LogioW = Logio a + b Logio L

CF = WX;OO ............................................................................................................. Equation 4.2
L
HSI = Lper mass (9) o TOO0 et et e e Equation 4.3

- body mass (g)

__ gonad mass (g) X
GSI = body mass (g) X L00 et st e e Equation 4.4

4.2.3 Health Assessment Index

Fish health was profiled by assigning scores based on the severity of abnormalities in both
external (eye, skin, fin, and gills) and internal organs (kidney, liver, and spleen) following the
protocol established by Adams et al. (1993) where anomaly scores ranged from 0 to 30, with
higher values reflecting greater severity. These scores were summed to determine the Health
Assessment Index (HAI) for each fish. The mean HAI for the entire sample group was
calculated by averaging individual fish HAI values, as described by Adams et al. (1993). This
method has been extensively used in studies assessing fish health in South African Dams and
has proven effective in evaluating fish condition (Marchand et al., 2012; Sara et al., 2014;

Lebepe et al., 2020).
4.2.4 Histopathology-based Assessment

Liver, gill, and gonadal tissues were dissected out from each fish and weighed. Tissue samples
were fixed in 10% formalin for preservation. After fixation, samples were washed in tap water,
dehydrated through a graded ethanol series, cleared in xylene, and embedded in paraffin wax

(Wagenaar and Barnhoorn, 2018). Sections were cut to 5 um thickness, stained, and prepared
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for microscopic examination at the Sefako Makgatho Health Sciences University. Digital
images of damage were captured using an Optika Proview Digital Camera and microscope.
Tissue sections were scanned at 10X and 40X magnifications, and histopathological
alterations were assessed following a modified version of the Bernet et al. (1999) protocol.
Histopathological lesions were categorized into four reaction patterns, circulatory

disturbances, inflammatory response, and progressive and regressive changes.
4.2.5 Statistical Analysis

Quantitative data was checked for normality using Kolmogorov-Smirnov and Shapiro-Wilk
tests. Variations CF, HSI, GSI, and HAI between species were evaluated for statistical
significance using the Mann-U test or an independent t-test. Statistical significance was

determined at p < 0.05
4.3 Results
4.3.1 Weight and Length

The weight of C. rendalli ranged from 390 g to 1710 g, while O. mossambicus weights varied
between 760 g to 1530 g. Mean weight showed no significant difference between species
(Mann-U =47; p > 0.05) (Figure 4.1). Moreover, no seasonal variation was observed for each
fish species (Mann-U = 83; p > 0.05). The length of C. rendalli ranged from 27.6 cm to 43.5 cm,
and 0. mossambicus from 32 cm to 41.5 cm, with no statistical difference between the species
(Mann-U = 49; p > 0.05) (Figure 4.1). Moreover, no seasonal variation was observed for fish

length in either species (Mann-U = 85; p > 0.05).

Figure 4.1: Mean weight (g) and length (cm) of two tilapia species (Oreochromis mossambicus

and Coptodon rendalli), sampled from the Shongweni Dam.
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4.3.2 Weight-length relationship

Both C. rendalli and O. mossambicus populations exhibited negative allometric growth (Table
4.1). The length-weight equations for 0. mossambicus were W = 0.097L2>%¢ for males and W
=0.017L2>78 for females. For C. rendalli, the equations were W = 0.058L%°*8 for males and W
=0.061L%°%! (Table 4.1). The coefficient of determination (R?) was below 0.90 for both male
and female O. mossambicus, whereas it exceeded 0.90 in C. rendalli, indicating a stronger

model fit in the latter species (Table 4.1).

Table 4.1: The length-weight relationship of Oreochromis mossambicus and Coptodon rendalli

from the Shongweni Dam during 2021 survey.

Species N o b R? Growth
Males 12 0.097 2.586 0.52 -Allometric
Females 4 0.017 2.578 0.527 -Allometric

O. mossambicus Combined 16 0.068 2.584 0.2 -Allometric
Males 5 0.058 2.548 0.995 -Allometric
Females 9 0.061 2.537 0.908 -Allometric

C. rendalli Combined 14 0.060 2.541 0.939 -Allometric

Note: a is the intercept parameter, b is the allometric growth parameter, R? is the coefficient
of determination

4.3.3 Biometric Indices and Necropsy

Table 4.2 provides a summary of sample size and biometric indices; CF, HSI, GSI, and HAI, for
O. mossambicus and C. rendalli sampled from the Shongweni Dam. The highest mean CF was
recorded for O. mossambicus at 2.124, followed closely by C. rendalli at 2.079. The HSI values
for 0. mossambicus ranged from 1.28 to 3.57%, and for C. rendalli from 1.76 to 2.67%.
Gonadosomatic indices ranged from 0.003 to 2.81% and 1.67 to 2.92% for C. rendalli males

and females, respectively. For O. mossambicus, GSI ranged from 0.01 to 0.76% in males and
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1.43 to 3.62 in females. There was no seasonal variation in CF (Mann U = 78; p > 0.05), HSI
(Mann-U = 65; p > 0.05), and GSI (Mann-U = 58; p > 0.05).

Table 4.2: Biometric indices of tilapia species caught at the Shongweni Dam during the 2021

survey.
Biometric indices Coptodon rendalli (n=14)  Oreochromis mossambicus (n=16)
Condition factor (CF) 2.079+0.238 2.124+0.505
Hepatosomatic index (HSI) 1.363+0.574 1.387+0.556
Gonadosomatic index (GSI) 2.312+0.474 2.500+0.946

Female

Gonadosomatic index (GSI) 0.754+1.164 0.414+0.202

Male

No external macroscopic anomalies were detected in the skin, eyes, fins, or opercula of
sampled tilapia fish, resulting in a score of O for these organs. Internal macroscopic anomalies
were observed in the liver, gills, and gonads. Oreochromis mossambicus showed HAI scores
ranging from 30 to 60, with more significant anomalies in the liver and C. rendalli exhibits HAI
scores between 0 to 120, with moderate anomalies in gills and kidney, and more significant
anomalies in the liver. The HAIl was highest during the dry season for C. rendalli and vice versa
for O. mossambicus, with the highest mean (42.0+ 35.21) recorded for C. rendalli (Figure 4.2).
Seasonal comparisons revealed no significant variation in the HAI scores for O. mossambicus
and C. rendalli across dry and wet seasons (Mann-U = 81; p > 0.05). Additionally, there was
no significant difference in HAl between C. rendalli and O. mossambicus (Mann-U = 80; p >

0.05).
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Figure 4.2: Macrographs observed in two tilapia species from the Shongweni Dam. A. Dark
spots (dotted arrow), Nodules in the liver (solid arrow); B. Liver discoloration (solid arrows);
C & D. Yellowish discoloration (solid arrow), abnormal gonads (red arrows); E. gill

discoloration (solid arrow).
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Figure 4.3: Bar-plot illustrating the meanz standard deviation of health assessment index for
Coptodon rendalli and Oreochromis mossambicus during the dry and wet season at

Shongweni Dam, KwaZulu-Natal.
4.3.4 Qualitative histopathology assessment

Table 4.3 presents the percentage prevalence of histopathological lesions observed in the gills
of the two tilapia species sampled from the Shongweni Dam. Four reaction patterns were
identified in the gill tissues of both species; circulatory disturbances, regressive changes,
progressive  changes, and inflammation. Circulatory disturbances, including
hemorrhage/aneurysm and intercellular oedema, were the most prominent lesions, with a
prevalence of 92.50% in C. rendalli and 77.38% in O. mossambicus (Table 4.3; Figure 4.4).
Regressive changes, characterized by architectural and structural alterations, pillar cell
rupture, and plasma alterations, were also highly prevalent, showing 90 to 100% lesions in
both species (Table 4.3). Although not prominent, progressive changes such as epithelial
hyperplasia were observed (Figure 4.4). Statistical analysis revealed no significant differences
in gill index between the two species (Kruskal-Wallis H = 0.221; p > 0.05) and across seasons

(Kruskal-Wallis H = 0.205; p > 0.05).
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Table 4.3: Reaction patterns and percentage prevalence of histopathological alterations in
the gill of Oreochromis mossambicus and Coptodon rendalli sampled from the Shongweni

Dam during the dry and wet seasons in 2021.

Gill
Reaction Functional Alteration 0. mossambicus C. rendalli
pattern unit of the
tissue
Circulatory Hemo/hyper/aneur 67.46 95
disturb
Isturbance Intercellular oedema 87.3 90
Epithelium Architec and struct alterations 100 100
Regressive
& v Plasma alterations 100 95
changes
Deposits 67.46 52.5
Nuclear alterations 47.62 65
Atrophy 67.46 12.5
Necrosis 81.75 60
pillar cell rupture 100 100
Supporting Architec and struct alterations  78.57 87.5
tissue .
Plasma alterations 92.86 47.5
Deposits 76.19 42.5
Nuclear alterations 63.49 95
Atrophy 63.49 0
. Necrosis 60.32 70
Progressive . .
Epithelium
changes Hypertrophy 50.79 85
Hyperplasia 47.62 42.5
Supporting
tissue Hypertrophy 60.32 55
Hyperplasia 74.6 47.5
Inflammation
Exudate 0 42.5
Activation of RES 0 35
Infiltration 81.75 55

Hemo=hemorrhage, hyper=hyperaemia, aneury=aneurysm, architec=architectural, struct=structural
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Figure 4.4: Histopathological alterations observed in the gills of Oreochromis mossambicus
and Coptodon rendalli from the Shongweni Dam during 2021 surveys. A. Normal gill histology;
B. Branching of primary lamella (solid arrow), hemorrhage resulting in structural alteration
(dotted arrows); C. Aneurism and epithelial hyperplasia resulting in fusion of secondary
lamella (dotted circle), epithelial hyperplasia (solid-lined circle), epithelial lifting (solid arrow),
hyperplasia of mucus cells (dotted arrows), hemorrhage and oedema (arrowhead); D. Red
blood cells congestion (dotted arrow), aneurism (encircled), epithelial lifting (solid arrows),

oedema (arrowhead)

Table 4.4 provides a summary of the percentage prevalence of histopathological alterations
in the liver of 0. mossambicus and C. rendalli. Progressive changes, including necrosis,
steatosis, and vacuolation, were the most prevalent lesions, occurring in 60.77% of O.
mossambicus and 53.93% of C. rendalli. These were followed by circulatory disturbances, with
a prevalence of 47.22% and 46.25% prevalence for O. mossambicus and C. rendalli,

respectively. Inflammatory responses were the least prevalent, occurring in 37.04% of O.
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mossambicus and 31. 67% of C. rendalli. (Table 4.4; Figure 4.4). The liver index showed no

significant difference between 0. mossambicus and C. rendalli (Kruskal-Wallis H = 2.456; p <

0.05). Similarly, no seasonal variation was observed for liver index for each species (Kruskal-

Wallis H = 0.213; p > 0.05).

Table 4.4: Reaction patterns and percentage prevalence of histopathological alterations in

the liver of Oreochromis mossambicus and Coptodon rendalli sampled from Shongweni Dam

during dry and wet seasons in 2021.

Liver
Reaction pattern  Functional Alteration O. mossambicus  C. rendalli
unit of the
tissue
Circulatory Hemo/hyper/aneury 43.75 82.86
disturbance
ISt Intercellular oedema 68.75 51.43
Regressive . . .
Liver Architec and struct alterations 75 68.57
changes tissue
Plasma alterations (steatosis, 81.25 92.86
hydropic deg)
Deposits
81.25 92.86
Nuclear alterations
! ' 75 80
Atroph
ropny 68.75 41.43
Necrosis
56.25 55.71
\Y; lar d ti
. acuolar degeneration 81.95 8 86
Progressive Liver Hypertrophy
changes . 68.75 55.71
tissue Hyperplasia
yperp 31.25 38.57
Inflammation
Exudate
37.5 27.14
Activation of RES
0 0
Infiltrati
niitration 68.75 80

Hemo=hemorrhage, hyper=hyperaemia, aneury=aneurysm, architec=architectural, struct=structural
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Figure 4.5: Histological lesions observed in the livers of Oreochromis mossambicus and
Coptodon rendalli from the Shongweni Dam during the 2021 surveys. A. Hepatocellular
pleomorphism (encircled), vacuolation (arrowhead), peripheral nucleus (solid arrows),
disintegrated nucleolus resulting in necrosis (dotted arrow); B. Hepatocellular pleomorphism
(encircled), peripheral nucleus as a result of vacuolation, vacuolation (arrowheads), C. Fibrosis
of blood sinusoid (arrowhead), peripheral nucleus (dotted arrow), necrosis characterized by
disintegrated nucleolus (solid arrows), melanomacrophages (asterisk); D. steatosis, red blood

cells congestion in sinusoids (arrow)

Histopathological examinations of gonads of O. mossambicus and C. rendalli revealed distinct
pathological changes in both male and female specimens (Table 4.3; Figures 4.6 and 4.7).
Pigmented macrophages were observed in both sexes, with a higher prevalence in ovaries
(81.75%) compared to testes (56.35%) of O. mossambicus and equal prevalence (50%) in both
gonadal types of C. rendalli. Testes exhibited interstitial cell hyperplasia, condensed nuclei,
red blood cell infiltration, basal membrane epithelial lifting, vacuolation, and interstitial

fibrosis, whereas ovaries showed perifollicular cell hyperplasia, ovarian oedema, reduced yolk
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formation, cortical alveoli, cystic perifollicular cells, oocyte atresia, and degeneration of

perifollicular wall.

Male gonad indices showed significant differences between O. mossambicus and C. rendalli

(Kruskal-Wallis H = 0.995; p < 0.05), with no seasonal variation being observed (Kruskal-Wallis

H=1.981; p > 0.05). Similarly, ovary indices showed a significant difference between the two

species (Kruskal-Wallis H=0.816; p < 0.05), nevertheless, no seasonal variation was observed

in each species (Kruskal-Wallis H = 0.054; p > 0.05).

Table 4.5: The percentage prevalence of histopathological alterations in the ovaries and

testes of Oreochromis mossambicus and Coptodon rendalli sampled from Shongweni Dam

during dry and wet seasons in 2021.

Organ

Testes Alterations O. mossambicus  C. rendalli
Pigmented macrophages 56.35 50
Interstitial cell hyperplasia 49.21 32.5
Condensed nuclei 56.35 50
Infiltration of red blood cells 38.10 325
Epithelial lifting of the basal 50.79 50
membrane
Interstitial fibrosis 30.95 375

Ovaries
Pigmented macrophages 81.75 50
Perifollicular cell hyperplasia 38.10 27.5
Ovary oedema/Vacuolation 36.51 50
Postovulatory follicle 38.10 42.5
complexes
Atresia of oocytes £0.79 40
Peripheral nucleus 61.90 45
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Figure 4.6: Different oocyte growth stages and pathologies observed for Oreochromis
mossambicus and Coptodon rendalli from the Shongweni Dam. A. Perifollicular cell
hyperplasia (dotted arrow), pre-vitellogenesis stages (encircled), atresia characterised by
lipids vacuolation (solid arrows); B. Pre-vitellogenesis stages on connective tissue (encircled);
C. Tertiary vitellogenesis (tv), vacuolation (solid arrows), nucleus (asterisk), nucleoli
(arrowheads), peripheral nucleus (dotted arrows); D. late primary growth pre-vitellogenesis
(arrowheads), early primary growth pre-vitellogenesis (arrow); E. Germinal vesicle migration
(solid arrows), postovulatory follicle complexes (pof), atresia characterised by lipids
vacuolation (asterisks); atresia or oocytes (ao), late primary growth pre-vitellogenesis (lp),
late primary growth pre-vitellogenesis (arrowheads), quaternary vitellogenesis (qv), corticular
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alveoli (ca); F. Germinal vesicle migration with liquefaction of yolk globules (asterisks),
secondary vitellogenesis (sv), tertiary vitellogenesis (tv)

Figure 4.7: Histology of the testes observed in the two tilapia species from the Shongweni

Dam. A. Active spermatogenesis in the lobular wall (spermatocytes, spermatids and sperm
clusters) and wide lumen with free spermatozoa. B. interstitial tissue with Leydig cells (solid
arrows); C. Primary spermatocytes (encircled); D. Spermatozoa (dotted arrows), lumen of the
lobules (solid arrows), primary spermatocytes (encircled), interstitial tissue (arrowhead); E.
Interstitial cell hyperplasia (encircled), infiltration of red blood cells which has also resulted in
epithelial lifting of the basal membrane(arrow), interstitial fibrosis (arrowhead); F. Infiltration
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of red blood cells (solid arrow), interstitial fibrosis (arrowhead), pigmented macrophages
(encircled), vacuolation (dotted arrow)

4.4 Discussion
4.4.1 Length-weight relationships

The length-weight relationship (LWR) is a valuable indicator for assessing fish growth,
maturity, survival, and overall health (Nasri et al., 2021; Tadesse et al., 2024). The LWR allows
morphological comparisons of fish populations across various regions and among species
within the same taxa (Famoofo and Abdul, 2020). The parameters of LWR can vary
significantly due to factors such as diet, sexual maturity, sample size, sampling period,
preservation techniques employed on the specimens, seasonal variations, and the degree of
stomach fullness (Hossain et al., 2014; Jan and Ahmed, 2020). The values in LWR equations
reflect the species’ general well-being, linked to factors like fatness and body shape (Jisr et
al., 2018). In this study, both tilapia species exhibited negative allometric growth (b < 3),
suggesting fish were growing more in length than in weight. Similar findings of negative
allometric growth in other fish species were observed in the upper River Awash and Thomas
Dam (Tadesse et al., 2024; Usman et al., 2024) and in the polluted Inanda and Nagle dams
(Misra et al., 2024).

Such growth patterns can suggest limitations in feeding or environmental factors including
temperature and water quality, impacting metabolism and energy allocation (Kalita et al.,
2016; Kuriakose, 2017; Rana and Kaur, 2023). Negative allometric growth may also result from
physiological factors like spawning or maturity status (Jisr et al., 2018). Conversely, O.
mossambicus in other habitats, such as polluted Phalaborwa Barrage and Tugwi-Mukosi Dam,
have demonstrated positive allometry (Addo-Bediako et al., 2014; Mabika et al., 2024),
underscoring the variability of growth responses to environmental conditions. The coefficient
of determination (R?) values for C. rendalli populations were above 0.90, indicating strong
linearity between length and weight and a reliable model for predicting growth. This aligns
with previous research on various fish species in different water bodies, reflecting robust

predictive capacity (Egbal et al., 2011).
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4.4.2 Overall fish health: Biometric indices

Condition factor (CF) reflects the general health of fish in relation to environmental variables,
age, sex, and reproductive stage (Pandit et al., 2019; Prakash and Verma, 2019). The CF metric
also incorporates ecological and biological aspects, such as gonad development, fitness, and
the fish’s adaptability to environmental conditions (Keyombe et al., 2017; Tadesse et al.,
2024). Additionally, physiological factors such as maturity, reproductive cycles, water quality,
and food availability may influence CF (Ujjania et al., 2012). Typically, CF values > 1 indicate
favorable environmental conditions and adequate feeding (Ajibare et al., 2020). The present
study also showed CF values for both tilapia species exceeded one, suggesting overall good
health. These findings align with previous studies that reported similar trends for O. niloticus
in Lake Naivasha, Kenya, and O. mossambicus and C. rendalli in Hout River, Inanda and Nagle

dams (Sara et al., 2014; Keyombe et al., 2017; Hlatshwayo et al., 2024; Misra et al., 2024).

Although CF is a valuable component, this study revealed certain limitations in its application.
While it remains a dependable measure for assessing the general condition of fish populations
in environmental and fisheries studies (Uddin and Ghosh, 2021; Usman et al., 2024), and
serves as an indicator of metabolic status (Khan et al., 2020), it proved to be inadequate for
effectively responding to pollution level for the two tilapia populations in the Shongweni Dam.
This limitation may stem from the fact that it responds late to pollution, hence, a need for it

to be applied with other indices and microscopic analyses of tissues.

Another important index used in fish health studies is the HSI. The HSI for fish inhabiting a
good-quality water may range from 1 to 2% (Wagenaar and Barnhoorn, 2018). In the present
study, HSI values for C. rendalli were notably lower than the typical range of 1 to 2 reported
for freshwater carp and tilapia species in good-quality water (Wagenaar and Barnhoorn,
2018). In contrast, most 0. mossambicus remained within this range. Low HSI values may
signify depleted energy reserves in the liver due to prolonged stress, as suggested by Aly and
Abouelfald (2020). This depletion could arise from the physiological demands of coping with
environmental challenges, such as metal contamination. Similar findings were documented
in Oreochromis niloticus exposed to metals, where stress-induced energy utilization resulted
in HSI values below 1 (Cifti¢ et al., 2015). However, the reliability of HSI as a biomarker for
water pollution remains subject to debate. Barisi¢ et al. (2018) and Yancheva et al. (2022)

emphasize that HSI values are modulated by a complex interplay of factors beyond
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contaminant exposure, such as seasonal variations, food availability, and reproductive cycles.
Nevertheless, the HSI observed for both species was within the normal range and no seasonal

variation was observed.

The gonadosomatic index (GSI) showed relatively lower values for O. mossambicus than C.
rendalli, although no significant differences were observed between species or across
seasons. This marked decrease in GSI values aligns with findings from other studies on
freshwater fish species exposed to metal contaminants (Singh and Srivastava, 2015; Dewi and
Probowo, 2017; Pandit et al., 2019). Similarly, decreased GSI values have been documented
in freshwater species inhabiting in aquatic systems contaminated with industrial effluents and
organic pollutants (Gilroy et al., 2012; Kaptaner et al., 2016). Notably, the mean GSI was
significantly lower in males than females. Furthermore, prolonged exposure to pollutants has
been reported to impair the development of reproductive organs, contributing to reduced
GSl values (Pieterse, 2004). Therefore, the reduced GSI values in both tilapia species may be
linked to pollution in the dam. Moreover, the lack of significant differences between C.
rendalli and O. mossambicus indicates similar metabolic capacity and reproductive success,

and that both species are equally impacted by pollutants.

Health assessment index (HAI) proved to be an important tool that can be used as the first
screening for water quality condition (Adams et al., 1993; Avenant-Oldewage, 2009). Organs
such as liver and gills are known to respond rapidly to water pollution due to their location
and role in metabolism (Roberts, 2012). In the present study, high anomaly scores were
observed in the gills and liver of O. mossambicus and C. rendalli. Liver anomalies included
nodules and general discoloration, while common gill anomalies included excess mucus,
clubbed and paleness. Moderate lesions were identified in the ovaries and testes, with no
abnormalities detected in the kidneys or spleen. The HAI showed no significant differences
between the two species and across seasons. The mean HAIl for C. rendalli was comparable to
values reported for Clarais gariepinus from Luphephe-Nwanedi Dams (Madanire-Moyo et al.,
2012). In contrast, both O. mossambicus and C. rendalli exhibited lower mean HAIl compared
to those reported in freshwater fish species from Loskop Dam, Mamba River, Balule River,
and Hout River (Watson et al., 2012; Sara et al., 2014). Furthermore, the HAIl values observed
in this study were lower than those reported for fish from Flag Boshielo and Return Water

Dams (Madanire-Moyo et al., 2012). These findings suggest that both tilapia species exhibited
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a comparatively better health, potentially indicative of less severe environmental stress or
lower pollution levels in the dam compared to these other water bodies. While the findings
suggest relatively good health for fish in Shongweni Dam, the influence of pollutants and

ecological conditions warrants further investigation.
4.4.3 Gill histopathology

The gill's proximity to the aquatic environment makes its role in assessing pollution
indisputable. Most studies showed that gills respond rapidly to waterborne pollutants (Jabeen
et al., 2018; Shahid et al., 2022). Among the lesions observed in the present study, the gill
exhibited more pronounced damage compared to other tissues, with regressive changes
being the most prominent. However, there was no significant variation in the severity of
lesions between the two species and between seasons. The gills of fish, due to their direct
contact with the external environment, are highly sensitive indicators of water quality (Getnet
et al., 2024). Pollutant exposure often leads to significant histopathological changes that
impair gill functioning (Shahid et al., 2022). In the present study, gill lesions such as
hemorrhages, epithelial lifting, hyperplasia, aneurysms, and edema were prominent in O.
mossambicus and C. rendalli. These lesions compromise the respiratory and osmoregulatory
functions of the gills, as highlighted by Roberts (2012). Similar histopathological lesions, such
as necrosis, sinusoidal dilation, and epithelial damage, have been widely reported in
freshwater fish exposed to metal contamination and pollutants from industrial and sewage

effluents (Jabeen et al., 2018; Shahid et al., 2022; Getnet et al., 2024).

Hyperplasia, a reversible adaptation to increase the protective barrier between the
environment and blood, reflects a defense mechanism against moderate pollutants (Guevarra
et al., 2020). However, irreversible lesions like aneurysms are indicative of severe stress and
severely impair respiratory efficiency (Hassaninezhad et al., 2014; Abalaka, 2017). Edema and
other degenerative changes in fish gills have been consistently associated with exposure to
waterborne toxins and heavy metals, as seen in studies across varied geographies, including
Portugal, where Zn and Pb were implicated (Fonseca et al., 2016), and in Lake Nasser, where
fertilizers and salts contributed to observed damage (Ahmed et al., 2020). Furthermore,
lesions identified in this study were similar to those reported in fish exposed to microcystin,
a highly toxic hepatoxin frequently linked to algal blooms in hyper-eutrophic systems (Gupta

and Guha, 2006; Nascimento et al., 2012; Wagenaar and Barnhoorn, 2018). It is evident that
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gill is susceptible to water pollution due to its location relative to the external water
environment. Moreover, there was no substantial difference with regard to gill pathology
between species, however, it is essential to closely monitor the condition of fish as the dam

remains a repository for contaminants from the upper uMlazi River catchment.
4.4.4 Liver histopathology

The liver, as a central metabolic organ responsible for processing chemical pollutants, is
particularly vulnerable to contamination (Waweru et al.,, 2024). In this study, liver
histopathology revealed changes such as blood sinusoid congestion, vacuolization, fibrosis of
blood sinusoids, melanomacrophages, hepatocellular pleomorphism, and nucleolus necrosis.
These findings are consistent with those observed after heavy metal exposure (Cuevas et al.,
2016; Mahboob et al., 2020). The observed liver vacuolization is likely to be linked to pollutant
exposure, as reported in similar studies (Luki et al., 2011; Hussain et al., 2021). Additionally,
fibrosis, necrosis, and hemorrhage observed in this study, align with findings observed in
metal and nutrient-polluted aquatic ecosystems (Tayel et al., 2018; Ahmed et al., 2020;
Waweru et al., 2024).

Melanomacrophages, which were prominent in the liver, are commonly associated with
environmental stressors, including pollutant exposure, disease, age, and starvation (Waweru
et al., 2024). These cellular responses have also been linked to pathogenic bacteria, such as
Aeromonas hydrophila in O. niloticus (Azadbakht et al., 2018; Waweru et al., 2024), and to
elevated heavy metals, including manganese (Mn) (Alm-Eldeen et al., 2018). Feist et al. (2015)
and Wagenaar and Barnhoorn (2018) observed hepatocellular pleomorphism in Clarias
gariepinus, exposed to metal pollutants and nutrient enrichment. Similar lesions, including
vacuolization, hyperplasia, aneurism, and epithelial lifting, were reported in Labeo rasae from
Loskop Dam, which receives effluents from agricultural activities, metallurgic industries, and
mining in the upper Olifants River catchment (Oberholster et al., 2017; Lebepe et al., 2020).
These findings provide a comparable scenario to Shongweni Dam, which likely receives
contaminants from its deteriorating catchment area and surrounding anthropogenic
activities. Despite pathologies observed in the liver of both species, the severity is still
moderate, hence, not influencing the functioning of the organ. Nevertheless, fish health
should be monitored to ensure that any drastic deviation from the current condition is

detected before gross changes manifest.
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4.4.5 Gonads (ovaries and testes) histopathology

Gonads are sensitive organs that showed significant histopathological lesions from pollutant
exposure (Zulfahmi et al.,, 2018; Garriz et al., 2019). Pollutants significantly impact the
reproductive health and gonadal structures of fish, leading to impaired spermatogenesis and
disruptions in lobular architecture (Sionkowski et al., 2017; Bhat et al., 2022). Moreover,
pollutants compromise reproductive health in various ways including, decreased oocyte
diameter (Alguezar et al., 2006), hormonal dysfunction (Ebrahimi and Taheriandfard, 2011),
reduced gonadosomatic indices (Gerbron et al., 2014), altered reproductive behavior
(Bertram et al., 2015), and increased larval abnormalities (Sfakianakis et al., 2015; Zhang et
al., 2016). Severe pathological alterations in fish gonads, such as masculinization, sperm duct
enlargement, interstitial tissue changes, and basal membrane detachment in testes, along
with atretic oocytes in ovaries, have been documented in response to pollutant exposure

(Luzio et al., 2016).

The present study recorded ovarian lesions in O. mossambicus and C. rendalli, including
oocyte atresia, perifollicular cell hyperplasia, ovarian edema, and vacuolization. These
findings align with earlier studies on species such as Clarias gariepinus and Labeo rohita,
which showed disrupted oocyte development stages and atresia, indicative of endocrine
disruption (Mehta et al., 2015; Abdel-Kader and Mourad, 2019; Okito et al., 2023). Atresia, an
irreversible degenerative process, compromises reproductive success and is often linked to
chemical and heavy metal toxicity (Soler et al.,, 2020; Ghosh et al., 2022). Additionally,
hyperplasia of follicular cells and vacuolization observed in polluted waters reflect the direct
impact of industrial and domestic effluents on fish’s reproductive health (Wahbi and El-
Greisy, 2007). Such disruptions, as reported in diverse environments like the Harike Wetland
(Jangu et al., 2020) and Verinag (Bhat et al., 2023), underscore the widespread threat posed

by metal contamination to aquatic ecosystems.

The testes of O. mossambicus and C. rendalli from polluted waters of Shongweni exhibited
impaired spermatogenesis, along with disruptions in lobular structure and basal membrane,
consistent with previous findings by Elgaml et al. (2019). Comparable pathologies including
interstitial fibrosis, vacuolation, and basal membrane detachment, were noted in Tilapia
guineensis from Lake Nokoué and were linked to organic and inorganic pollutants, including

toxic metals (Prudencio et al., 2023). Additionally, melanomacrophage centers, indicative of
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immune responses to pollution, were reported in Clarias gariepinus from Orlando Dam, a

system heavily impacted by sewage discharges and mining activities (Bengu et al., 2017).

The findings reveal that Shongweni Dam is significantly affected by pollutants, including heavy
metals and nutrients, likely originating from domestic, agricultural, mining, and industrial
activities within the uMlazi River catchment or its surrounding areas. Moreover, they shed
light on the widespread effects of pollution on fish health and emphasize the pressing need
for strategies to mitigate contamination in aquatic ecosystems to protect fish populations and

maintain the ecological functioning of the system.
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Chapter 5

Metal accumulation in the muscle of Oreochromis mossambicus and
Coptodon rendalli and health risk assessment

5.1 Introduction

Metal pollution in aquatic ecosystems has emerged as a global environmental issue due to its
ecological and human health impacts (Kumar et al., 2017; Ali et al., 2020). Metals enter water
bodies through various natural and anthropogenic processes (Ali et al., 2019), with rapid
industrialization and urbanization exacerbating the release of industrial effluents and
municipal discharges (Panda et al., 2023; Sharma et al., 2023). Such pollutants are concerning
due to their persistence, toxicity, and capacity to accumulate in aquatic organisms (Saeed et
al., 2020). Some metals biomagnify up the food chain, resulting in lethal doses in top
predators (Rahman et al., 2013). In aquatic systems, fish are among the top predators and
they get highly affected by metal contamination (Raknuzzaman et al., 2016). As a result, fish
are regarded as valuable bioindicators of metal contamination (Ahmed et al., 2015; Alipour
et al., 2015). Route of metal exposure to fish include through gills as they are in close contact
with the water, through diet when feeding on contaminated food and through the skin

(Eltholth et al., 2018; Rakocevic et al., 2018).

Despite fish accumulating metals, they are also crucial to human diets, providing essential
lipids, proteins, minerals, and nutrients that help combat micronutrient deficiencies (FAO,
2020). Additionally, consuming high-quality fish has health benefits including reduced
hypertension, diabetes, and coronary heart diseases as well as promoting healthy brain
development in humans (Christensen et al., 2016; Eltholth et al., 2018). Therefore, consuming
fish could be beneficial to humans but it can also serve as a route for metal exposure.
Consuming fish from contaminated water bodies can pose significant health risks to humans,
including neurological disorders, and renal and reproductive issues, particularly from metals
such as As, Cd, and Pb, which are harmful even at low concentrations (WHO, 1993; Zhou et
al.,, 2016; Ray and Vashishth, 2023). Other metals such as Fe, Mn, Cu, and Zn, although
beneficial in moderate levels, can adversely affect human health when consumed in excess

(Abbaspour et al., 2014; Prashanth et al., 2015).
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According to Li et al. (2013), consuming metal-contaminated fish can present carcinogenic or
non-carcinogenic risks. Consumption of fish with elevated levels of Cd, Cr and Pb has been
linked to liver, kidney, and neurological disorders (Taweel et al., 2013; Ezemonye et al., 2019;
Budi et al., 2024). Due to increasing metal pollution levels in freshwater bodies, there is a dire
need to determine whether aquatic resources used as food are safe for human consumption.
The Target Hazard Quotient (THQ) is widely used to assess the risk of metal exposure through
contaminated fish, offering a measure of non-carcinogenic risks from fish consumption
(USEPA, 2000; 2012; Ramish et al., 2024). Numerous studies showed that consuming fish from
polluted water bodies is not safe for human health (Rahman et al., 2012; Alipour et al., 2014;
Zhu et al., 2015; Lynch et al., 2016; Sara et al., 2017; Lebepe et al., 2020; Mannzhi et al., 2021;
Misra et al., 2024). It is, therefore, necessary to determine the edibility of fish from water

bodies used by humans for their livelihood.

In South Africa, rural communities residing in close proximity to rivers often depend on fish
for dietary protein (Ellender et al., 2009; McCafferty et al., 2012; Morand et al., 2012). Various
rivers have been studied across the country i.e. the Vaal (Crafford and Avenant-Oldewage,
2010), Olifants (Addo-Bediako et al., 2014; Jooste et al., 2014), Luvuvhu (Mannzhi et al., 2021),
and uMgeni (Misra et al., 2024) rivers which are impacted by numerous anthropogenic
activities such as wastewater works, acid mine drainage, industrial and agricultural activities.
It is evident that the problem could be extending to many other rivers that are impacted by
similar anthropogenic activities; therefore, knowing metal concentrations in fish that are used
for human diet is crucial in safeguarding the health of communities, hence, enhancing food

security (Li et al., 2015)

KwaZulu-Natal is a developing province with a high aggregation of industries and agricultural
activities, however, its waterbodies have received little attention with regard to pollution
studies. Shongweni Dam, an impoundment in the uMlazi River has received little attention
despite its role as a repository for pollutants from the upper reach and its capacity to provide
fish to local communities. Oreochromis mossambicus and C. rendalli are the commonly
consumed fish in this dam, it is therefore, imperative to determine whether they are safe for
human consumption. This study aims to assess metal concentrations in the muscle and
evaluate the potential non-carcinogenic and carcinogenic health risks associated with their

consumption. Given that the dam receives effluents from the wastewater work, it was
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hypothesized that metal concentrations in muscle tissue would exceed the limit for safe

consumption.
5.2 Methods and Materials
5.2.1 Fish sampling

Fish were collected from the Shongweni Dam during dry and wet seasons using an electro-
shocker and gill net. Two fish species, O. mossambicus (n = 16) and C. rendalli (n = 14), were
collected and euthanized. Each fish was ventrally dissected, and a muscle sample was cut out,
wrapped with foil, and stored in dry ice. Upon return to campus, muscle tissue samples were

transferred to the -80°C fridge until processing.
5.2.2. Laboratory analysis

Approximately 0.2 g of muscle tissue was oven-dried for 48 hours at a temperature of 100°C.
Following a 48-hour drying period, the dry sample was crushed and homogenized with a
porcelain mortar and pestle. Powdered samples were transferred into 250 ml beakers and
digested using Aqua regia solution (3HCI: 1HNO3s). The combination was subsequently heated
at a moderate temperature for one hour and/or until the solution got to 20 ml. Following full
digestion, samples were then cooled and vacuum filtrated using a 0.45 um membrane. The
filtered solution was transferred to a 250 ml volumetric flask and topped to mark with distilled
water. Then 50 ml of diluted solution was syringe filtered into a 50 ml vial for analysis and
stored in the fridge until analyses. The metals, As, Sb, Cd, Cr, Fe, Mn, Pb, Se, and Sr were
analyzed using ICP-OES at the Water Lab. The analysis was carried out with blanks and

certified reference materials for quality assurance.
5.2.3 Bioaccumulation Factor (BAF) of metals in muscle tissue of selected fish

Bioaccumulation factor (BAF) was computed to evaluate the changes in metal levels as time
progressed. BAF is determined by comparing metal levels in organisms to metal levels in

water and sediment, through the following formula:

BAF = etal A G Equation 5.1

metal conc.in sediment (mg.kg)
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A BAF value below 1000 indicates no possibility of bioaccumulation in the organism, from
1000 and 1500 it is considered bio-accumulative, and values higher than 1500 are classified

as very bio-accumulative (Arnot and Gobas, 2006).
5.2.4 Health Risk Assessment

A risk assessment on human health was carried out using the desktop approach developed
by the United States Environmental Protection Agency (USEPA, 2000). This is calculated based
on the estimation that an adult weighing 70 kg consumes 0.15 kg of fish muscle portion once
per week. Chronic non-carcinogenic calculates the target quotient hazard (THQ) and

carcinogenic cancer (CR) health risks were assessed:

CX IRFX EFX ED

THQ = TRFDX BWXAT s s Equation 5.2

CXIRFXEFXEDXOSF

CR = m e e e e Equation 5.3
RfDXBWXAT

In the targeted tissue, C represents the metal level (mg/kg), IRF is the fish consumption rate
(150 g), EF is the exposure frequency (365 days per year), and ED is the duration of exposure
(30 years for non-cancer risk according to USEPA, 2011). RfD represents the oral reference
dose (mg kg/day). RfD levels published by the USEPA (2013, 2015) were used. BW is the body
weight (70 kg), and the average time of assessment abbreviated as AT (70 years *365 days
per year). The oral slope factor (OSF), representing the risk per unit exposure (mg/kg/day), is
sourced from the Integrated Risk Information System for carcinogenic metals Pb (8.5 x 1073),

Cd (15), Cr (0.5), and As (1.5). Data for other metals is unavailable.

Non-carcinogenic risk was assessed by determining if the THQ value exceeds 1. The THQ > 1
indicates an acceptable risk that has a negative effect on human health but is not cancer-
causing. Nevertheless, THQ < 1 is within the acceptable limit indicating a minimal or almost

negligible impact on human health risk (Alipour et al., 2015).

Carcinogenic risk refers to the likelihood of an individual acquiring cancer over a lifetime due
to exposure to a potential carcinogen (Ullah et al. 2017; Zhong et al., 2018). Acceptable
lifetime CR levels range 10 (1 in 10,000 chance) and 10® (1 in 1,000,000 chance).
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5.2.5 Statistical Analysis

Statistical analyses were carried out using R-3.1.1 statistical software (R Development Core
Team). Normality of the data was conducted with a Shapiro-Wilk test, and homogeneity of
variance was tested with a Levene’s test. To assess whether metal content in the fish muscle
varied significantly between fish species and seasons independent sample t-test. Data were
statistically significant at p < 0.05. Box-and-whisker plots were drawn for metal
concentrations in fish muscle at the Shongweni impoundment using R-3.1.1. Non-metric
multidimensional scaling (NMDS) (Clarke and Warwick, 2001) was performed to visualize
metal concentrations in fish muscle from the impoundments and species. Pearson and/or
Spearman’s correlation test were employed to assess the relationship between fish length

and metal accumulation, and inter-metal relationships.

A distance-based test of homogeneity of multivariate dispersion and multiple analysis of
variance (Anderson 2001a, 2001b) were performed to evaluate whether there is a statistical
difference in the muscle metal concentration of C. rendalli and O. mossambicus in the

Shongweni Dam using the betadisper and Adonis functions in VEGAN.
5.3 Results
5.3.1 Metal concentration in muscle tissue between species

Average metal accumulation in the muscle tissue of C. rendalli followed descending order: Fe
(99.08mg/kg) > Cr (19.43mg/kg) > Mn (2.9mg/kg) > Sr (2.84mg/kg) > Pb (0.57 mg/kg) > Se
(0.21 mg/kg) > Sb (0.13 mg/kg) > As (0.10 mg/kg) > Cd (0.00 mg/kg) and Fe (73.92 mg/kg) > Sr
(3.48 mg/kg) > Cr (3.25 mg/kg) > Mn (1.44 mg/kg) > Pb (0.54 mg/kg) > Se (0.39 mg/kg) > Sb
(0.11 mg/kg) > As (0.10 mg/kg) for O. mossambicus (Table 5.1). Among all the metals, Fe was

the highest and Cd the lowest in both fish species.
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Table 5.1: Metal concentrations (mg/kg dry wt; mean * standard deviation) in tilapia fish

collected from the Shongweni Dam in 2021 and permissible limits.

Metals C. rendalli O. mossambicus Permissible limits

Sb 0.139+0.046 0.114+0.038 1.5 (FAO, 1983)

As 0.104+0.009 0.100+0.007 2 (JECFA, 2002)

Cd 0.002+0.001 ND 0.17 (FAO, 1983)

Cr 19.756+4.059 3.250+0.941 2 (MOHSAC, 2006)

Fe 98.145+23.924 73.921+12.941 333.30 (Mokhtar et al., 2009)
Mn 2.899+0.899 1.435+0.433 3.52 (IAEA, 2003)

Pb 0.538+0.163 0.536+0.128 0.02 (FAO, 2003)

Se 0.208+0.120 0.386+0.311 1 (MOHSAC, 2006)

Sr 2.654+1.687 3.479+0.703 -

ND= not detected, below detected levels in the muscle tissue

Cadmium was below the detection limit for O. mossambicus whereas a notable concentration
was observed for C. rendalli (Figure 5.1). There was no significant difference observed in Sb
(W = 61.5, p >0.05), Pb (W = 118, p > 0.05), Sr (W = 77.5, p > 0.05), and Se (W = 72, p > 0.05)
between species. However, Fe (W = 177, p < 0.05) and Cr (W = 210, p < 0.05) showed a
significant difference between species with C. rendalli exhibiting relatively higher
concentrations (Figure 5.1). Arsenic showed no significant difference between species (W =
100, p > 0.05). In contrast, a significant difference was observed for Mn between species (W

=30, p < 0.05) with C. rendalli exhibiting higher concentrations (Figure 5.1).
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Figure 5.1: Box and whisker plots indicating metal concentrations in the muscle tissue of

Coptodon rendalli and Oreochromis mossambicus from the Shongweni Dam.

The non-metric multidimensional scaling also showed a clear separation between species
(MANOVA, p < 0.001) (Figure 5.2). Moreover, dispersion results also showed a significant
difference (Permidisp, p < 0.05) with average distances to the median being 0.91 for C. rendalli

and 0.65 for O. mossambicus.
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Figure 5.2: Non-metric multidimensional scaling presenting metal concentrations with
seasons and between species (Oreochromis mossambicus, low flow (o) and high flow (m);

Coptodon rendalli (A) and high flow (A)).
5.3.2 Metal concentration in fish muscle between seasons

During the wet season, metal concentrations in C. rendalli followed descending order: Fe > Cr
> Mn > Sr >Pb >Se >Sb>As>Cdand Fe > Cr >Sr>Mn > Pb >Se >Sb >As > Cd during dry
(Figure 5.2). Descending rank for metal concentration in the muscle tissue of O. mossambicus
was Fe > Cr > Sr > Mn >Pb > Se > As >Sb during the wet season and Fe > Sr > Cr > Mn > Se > Pb
> Sb > As during the dry season (Figure 5.6). Oreochromis mossambicus showed no seasonal
variation for Sb (W =12, p > 0.05), As (W = 13.5, p > 0.05), Cr (W =9.5, p > 0.05), Fe (W = 20,
p > 0.05), Mn (W = 20, p > 0.05) and Sr (W = 18, p > 0.05) whereas seasonal variation was
observed for Pb (W = 7.5, p < 0.05) and Se (W = 47.5, p < 0.05). Cadmium was below the
detection level for 0. mossambicus in both seasons while no seasonal variation was observed

for C. rendalli for all metals.
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5.3.3 Inter-metal and metal-fish length correlation

Figures 5.3 and 5.4 are showing correlation coefficients with the significance denoted by a
red asterisk on top of the value. Weak relationships were observed for Sb-As (r = 0.17, p >
0.05), As-Cr (r=0.27, p > 0.05), As- Fe (r =0.31, p > 0.05), As-Pb (r =0.22, p > 0.05), As- Sr (r =
0.32, p > 0.05), Cd-Pb (r =0.32, p > 0.05), Cr-Fe (r = 0.33, p > 0.05), Fe-Pb (r = 0.22, p > 0.05),
Mn-Pb (r = 0.24, p > 0.05), Mn-Se (r = 0.39, p > 0.05), and Pb-Sr (r = 0.12, p > 0.05) in the
muscle of C. rendalli (Figure 5.3). Oreochromis mossambicus exhibited weak positive
relationships for all metals with the exception of Fe-Mn (r = 0.57, p < 0.05), Cr-Sr (r = 0.41, p
< 0.05), Fe-Sr (r =0.43, p < 0.05), Fe-Pb (r = 0.40, p < 0.05), Mn-Sr (r = 0.41, p < 0.05) (Figure
5.4). There were no relationships observed for Cd with other metals in the muscle tissue of O.
mossambicus (Figure 5.4). Moreover, the length of O. mossambicus showed relatively weak

relationships for all metals.

Muscle tissue of C. rendalli showed negative weak relationships for Sb-Se (r =-0.27, p > 0.05),
Sb-Sr (r=-0.21, p < 0.05), Cd-Sr (r =-0.32, p > 0.05), Cr-Pb (r =-0.18, p > 0.05), Cr-Se (r =-0.19,
p >0.05), Fe-Mn (r =-0.17, p > 0.05), Fe-Se (r =-0.15, p >), Fe-Sr (r =-0.20, p > 0.05), Pb-Se (r
=-0.14, p > 0.05) (Figure 5.3). A significant strong negative relationship was observed in C.
rendalli for Cd-Se (r = -0.95, p < 0.05), while other metals showed moderate negative
relationships; Sb-Mn (r =-0.47, p < 0.05), Sb-Pb (r =-0.48, p < 0.05), As-Mn (r =-0.41, p <0.05),
Cd-Mn (r =-0.50, p < 0.05) and Cr-Mn (r =-0.55, p < 0.05) (Figure 5.3). Moreover, a significant
positive relationship was observed for Sb-Cd (r = 0.95, p < 0.05). Additionally, the length of C.
rendalli exhibited moderate significant relationships for Sb (r=0.62, p <0.05) and Pb (r=0.48,

p < 0.05), and weak relationships with other metals (Figure 5.3).
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Figure 5.3: Inter-metal and metal-length correlation of the muscle tissue for Coptodon rendalli

from the Shongweni Dam.
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Figure 5.4: Inter-metal and metal-length correlation of the muscle tissue for Oreochromis

mossambicus from the Shongweni Dam.
5.3.4 Bioaccumulation factor

The bioaccumulation factor for organ-water (BAFw) was not determined since most metals
were below the detection limit. However, BAF for organ-sediment (BAFs) was calculated but
not for Cd and Cr as these elements were undetected in the sediment (Figure 5.5). BAFs
followed a descending order: Sb (26.023) > Sr (15.783) > As (6.172) > Pb (4.355) > Mn (0.664)
> Fe (0.658) for C. rendalli and Sb (21.429) > Sr (20.685) > As (5.913) > Pb (4.338) > Fe (0.496)
> Mn (0.329) for O. mossambicus. The BAFs values were below 1 for Fe and Mn but relatively
greater than 1 for other metals in both species (Table 5.2). Moreover, there was no significant

difference in BAFs between species and season (Mann U, p > 0.05).
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Table 5.2: Bioaccumulation factor of tissue-sediment (BAFs) recorded for Coptodon rendalli

and Oreochromis mossambicus from the Shongweni Dam during 2021 survey.

Metals C. rendalli 0. mossambicus

Sb 26.023 21.429
As 6.172 5.913
cd NC NC
Cr NC NC
Fe 0.658 0.496
Mn 0.664 0.329
Pb 4.355 4.338
Se NC NC
Sr 15.783 20.685

NC= not calculated due to low or undetected levels in the medium/muscle tissue
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Figure 5.5: Mean metal concentrations (mg/kg) recorded in sediment and muscle tissue of
Coptodon rendalli and Oreochromis mossambicus sampled at the Shongweni Dam during dry

and wet seasons in 2021.

5.3.5 Non-carcinogenic and carcinogenic risk assessment

The THQs of C. rendalli and O. mossambicus showed potential health risks (>1) for Cr (Table
5.3). Hazards for adults were determined based on the assumptions from the USEPA where
an adult weighing approximately 70 kg is assumed to consume 150 g of fish daily for 7 days
per week. Lead and Cr showed THQ > 1 for 100% of the sampled individuals of C. rendalli and
0. mossambicus, and other metals, including As, Sb, Fe, Mn, Sr, and Se had THQ < 1. However,

As and Sb showed the THQs of 0.48 and 0.59, respectively.

The mean THQ values followed the descending order: Pb (18.332)> Cr (11.900)> As (0.592)>
Sb (0.483)> Fe (0.257)> Se (0.076)> Mn (0.022)> Sr (0.009) > Cd (0) for C. rendalli and Pb
(17.263)> Cr (1.990)> As (0.522)> Sb (0.262)> Fe (0.194)> Se (0.14)> Sr (0.011)> Mn (0.005)>
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Cd (0) for 0. mossambicus (Table 5.3). The THQs of most metals showed no statistical
significance between the tilapia species (F = 12.163; p > 0.05), however, C. rendalli showed a
significantly higher Cr THQ compared to O. mossambicus (p < 0.05). In contrast, Cr THQ
showed no significant difference between species (p > 0.05) (Table 5.3). The CR for O.
mossambicus were 7.84 X 107, 9.95 x 1071, 1.47 x 107%, and O for As, Cr, Pb, and Cd,
respectively. For C. rendalli, the CR values were 8.89%x 10! for As, 3.87% 107 for Cd, 1.55X%
10! for Cr, and 5.59 x 10! for Pb.

Table 5.3: Target Hazard Quotient (THQ) for trace metals found in muscle tissue of Coptodon

rendalli and Oreochromis mossambicus from the Shongweni Dam in 2021.

Metals C. rendalli O. mossambicus
Sb 0.483+0.318 0.262+0.298

As 0.592+0.180 0.522+0.225

Cd 0 0

Cr 11.900+2.457  1.990+0.576

Fe 0.257+0.065 0.194+0.034

Mn 0.022+0.021 0.005+0.009

Pb 18.332+4.103  17.263+4.116
Se 0.076+0.042 0.142+0.114

Sr 0.009+0.005 0.011+0.002

5.4 Discussion
5.4.1 Metal concentrations in muscle tissue between species

The accumulation of metals in freshwater fish poses a major risk to both the environment and
human health (Ali and Khan, 2018). Fish absorb these metals from water, sediments, and their

diet, leading to accumulation in tissues, particularly muscle tissue, which is the primary
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portion consumed by humans. The dynamics of bioaccumulation are governed by factors such
as habitat quality, the chemical properties of metals, and of particular interest, species and
feeding habits (Javed and Usmani, 2011; Yi et al., 2017; Luo et al., 2020; Khan et al., 2021). In
the present study, the two species occupy the same level of the food chain and their potential
to accumulate metals is likely to not differ. The two species showed notable concentrations
of Sb, Fe, Cr, As, Pb, Cd, Mn, Se, and Sr. Moreover, Cr, Fe, and Mn have even shown a
significant difference between the two species. Some individuals showed undetectable
concentrations for metals such as Cd, As, Sb, and Mn. Although all fish were exposed to the
same water, other underlying factors can affect metal accumulation in aquatic ecosystems.
Factors such as age, size, reproductive cycle, seasonality, pH, pollution levels, temperature,
etc. were reported to influence metal accumulation in fish (Maurya and Malik, 2016;

Karunanidhi et al., 2017; Kortei et al., 2020).

Antimony is one of the problematic metals in water bodies impacted by industrial and mining
activities (Jooste et al., 2015). In the present study, Sb was below the FAO (1983) permissible
limit of 1.5 mg/kg for both species. The Sb concentrations observed corroborate those
reported by Lebepe et al. (2024), and lower than that reported by Jooste et al. (2015). Similar
to Sb, As was within the MOHSAC (2006) permissible limit for human consumption for both
species. The As concentrations observed corroborated those reported at Inanda and Nagle
Dams (Misra et al., 2024), and significantly lower than those reported for freshwater fish from
Flag Boshielo, Mohammadpur, and Loskop dams (Addo-Bediako et al., 2014; Lynch et al.,
2016; Ullah et al. 2017; Lebepe et al., 2020; Naangmengele et al., 2021).

Cadmium concentration was below detection level for O. mossambicus whereas a notable
concentration was recorded for C. rendalli. However, the concentrations observed for C.
rendalli were below the FAO (1983) permissible limit of 0.17 mg/kg. The C. rendalli
concentration was comparable to those observed in various studies on freshwater fish (Addo-
Bediako et al., 2014; Lebepe et al., 2020; Adegbola et al., 2021; Mannzhi et al., 2021). In
contrast, the Cd concentration in C. rendalli was lower than that observed for C. gariepinus
and higher than that observed for O. mossambicus reported by Ullah et al. (2017). Similar to
the Cd trend, Cr exhibited relatively higher concentrations for C. rendalli compared to O.
mossambicus. However, both species exhibited concentrations exceeding the WHO (2005)

and MOHSAC (2006) permissible limits of 1 mg/kg and 2 mg/kg, respectively. The Cr



68

concentrations reported in the current study corroborated those reported for L. rohita in
Buriganga River (Ahmed et al., 2016), and significantly higher than those reported at Albasini
(0.001 mg/kg), Karwan Bazar (0.08 mg/kg), Loskop Dam (0.02 to 0.75 mg/kg), and the
Livhuvhu River (0.00672mg/kg) (Nibumereke et al., 2015; Ullah et al., 2017; Lebepe et al.,
2020; Mannzhi et al., 2021). In contrast, the current Cr concentrations were significantly lower

than those reported by Addo-Bediako et al. (2014) and Naangmengele et al. (2021).

Iron is an important metal in a human body, yet toxic at very high concentrations. In the
present study, Fe concentrations were within the permissible limit of 333.30 mg/kg (JECFA,
1983) for both species. The observed Fe levels were significantly higher than those reported
for tilapia species in Flag Boshielo (Lynch et al., 2016), Albasini Dam (Nibamureke et al., 2016),
and Livhuvhu River (Mannzhi et al., 2021), but relatively lower than those reported by Addo-
Bediako et al. (2014) and Seanego (2014). Similar to Fe, is the Mn which is an essential metal
but toxic at elevated concentration. Manganese concentrations were within the 3.52 mg/kg
permissible limit (IAEA, 2003) and exceeded the FAO (2003) limit of 2 mg/kg for both species.
Manganese concentrations similar to those observed in the present study were observed for
Cyprinus carpio from Masinga Dam and Sarotherodon melanotheron from Ogun River (Nzeve
and Kitur, 2019; Adegbola et al., 2021). Contrastingly, Mn concentrations were notably lower
than those reported for other freshwater fish (Nibumereke et al., 2015; Lynch et al., 2016;
Mannzhi et al. 2021).

Lead is a metal that has been regarded as a cause for concern in most freshwater bodies. In
the present study, Pb exceeded a regulatory safe threshold of 0.2 mg/kg (FAO, 2003) and 0.5
mg/kg (MHSAC, 2006) for fish consumption for both tilapia species. However, Pb
concentrations were lower than those reported by Addo-Bediako et al. (2014), Ullah et al.
(2017), Lebepe et al. (2020), and Naangmengele et al. (2021) in fish from polluted water
bodies. In contrast, Jooste et al. (2015) reported Pb concentrations ranging from 1—-2.7 mg/kg
in Sharptooth catfish from the Olifants River. In contrast, the observed Pb concentrations
corroborated those reported for O. mossambicus in the moderately polluted Nagle Dam
(Lebepe et al., 2024). Despite Pb exceeding the permissible limit for human consumption, Se
was within the MOHSAC (2006) limit of 1 mg/kg for both species. Corroborating Se
concentrations, Mannzhi et al. (2021) and Misra et al. (2024) reported Se concentration within

the limit in polluted water bodies. Selenium has an antagonistic association with most metals
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(Lebepe et al., 2020), therefore, its presence in aquatic ecosystems could have a positive

influence on the overall condition of the system.

Strontium (Sr) has a close association with calcium. In most cases, the co-occurrence of high
concentrations of Ca protects fish from Sr accumulation and toxicity (Klaczek et al., 2022).
Although Ca was not within the scope of this study, it is likely that it might have occurred in
this dam since wastewater is among the drivers of pollution. Strontium concentration
observed for both species was greater than 2 mg/kg with O. mossambicus exhibiting a mean
of 3.48 mg/kg. The observed concentrations were higher than those reported in other studies
conducted in moderately and highly polluted water bodies (Ulla et al., 2017; Lebepe et al.,
2020; Mannzhi et al., 2021). Unfortunately, there is no permissible limit found in the literature
for Sr which could be explained by its low toxicity in aquatic environment (McPherson et al.,

2014).

The variability in metal bioaccumulation among both tilapia species reflects intrinsic
physiological difference and external environmental drivers. Tissue type, particularly muscle,
influences metal storage due to its distinct metabolic role (Ghannam et al., 2015), while
species’ feeding habits and ecological positions affect metal accumulation (Maurya and Malik,
2018). In addition, physico-chemical parameters including temperature and pH are possible
drivers of metal accumulation in fish organs thus should be considered significantly
(Dhanakumar et al., 2015). The dam received water from wastewater works, industrial and
agricultural activities and the dam is categorised as eutrophic with high abundance of algal
blooms. These aforementioned activities and conditions have the potential to influence the
pH and other physical properties of the water, hence, influence the bioavailability and toxicity
of metals. Therefore, the condition at the Shongweni Dam seems to be a cause for concern
as metal concentrations are high and there is a chance of pH fluctuation to enhance

accumulation.
5.4.2 Metal concentration in muscle between seasons

Metal concentrations varied from wet to dry season in both tilapia species, with no significant
seasonal variation observed, except for Pb and Se in the muscle tissue of O. mossambicus.
This pattern mirrors trends reported by Lebepe et al. (2020) for Labeo rosae at Loskop Dam

and Proshad et al. (2018), who also documented a variation in metal concentrations during
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the dry season in various freshwater fish species. The seasonal variation of As, Cr, Mn, Pb, Sb,
Se, and Sr was observed for sediment as well, with higher levels observed during the dry
season. This seasonal variation in sediment metal levels may have influenced the
accumulation patterns in fish muscle. However, Lebepe et al. (2020) highlighted that such
seasonal variations in sediment metal levels do not always translate into predictable trends
in fish tissues. This discrepancy might be attributed to several factors, including biological
differences in species, the metal-binding capacities of tissues, and the environmental
conditions of the study area. The absence of a clear trend in fish muscle metal concentrations
may also be explained by external factors, particularly climate change. The extremely low
rainfall recorded in 2021 likely played a significant role, as reduced water flow during the dry

season would have facilitated the accumulation of metals in sediments (Rakib et al., 2022).
5.4.3 Inter-metal and fish length-metal correlations

Fish size is a significant factor influencing the bioaccumulation of metals among individuals of
the same fish species in a shared environment (Ge et al., 2020; Balzani et al., 2022; Tashi et
al., 2022). Previous studies reported strong negative correlations between fish size and metal
concentrations in tissues, while others found no correlations or inconsistent patterns (Ge et
al., 2020; Varol et al., 2022). In the present study, weak correlations were observed between
fish length and metal accumulation for O. mossambicus. However, C. rendalli exhibited a
significant moderate correlation between length and levels of Pb and Sb, suggesting that this
species increased metals accumulated with increasing size, though not to a significant extent.
Corroborating the current study were those reported for the same species in Inanda and
Nagle Dams, where metals showed poor correlations with fish length (Hlatshwayo et al., 2024;
Misra et al., 2024). Additionally, O. mossambicus and L. rosae showed little to no correlation
between length and metal concentrations (Marr et al., 2017; Lebepe et al., 2020). Conversely,
Maurya et al. (2019) noted a significant strong Cd-Cu correlation (r = 0.75) for C. catla and C.
mrigala species. Positive correlations were observed in T. ilisha (Saleem et al., 2022) and small

cyprinids (Balzani et al., 2022).

The weak correlations between fish length-metal may be explained by variations in metal
bioavailability in the aquatic environment, as water chemistry significantly influences metal
accumulation (Luoma and Rainbow, 2008). Although both tilapia specie exhibit slightly

different feeding behaviours due to their sizes, metal accumulation is likely to be the same.
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However, the present study has shown that metal-length relationships are not always definite
and other factors should be considered to understand this concept (Borgd et al., 2012).
Association between fish length and metal concentrations are believed to be negative to
dilution effect as fish grows (Balzani et al., 2022), however, most studies have proven
otherwise with most showing no to poor relationships (Jooste et al., 2015; Lebepe et al.,

2024).
5.4.4 Bioaccumulation factor in muscle tissue-sediment (BAFs)

The BAF is a critical metric used to evaluate the degree to which metals and other
contaminants transfer from environmental media, such as water and sediments, into
biological tissues. This metric provides valuable information about the availability of metals
in sediments and their subsequent absorption by aquatic organisms. The BAF is determined
by the ratio of metal concentrations in biological tissues (e.g., fish muscle) to those in the
surrounding sediment, offering a standardized approach to assess contamination dynamics in
aquatic ecosystem. In the current study, BAF values differed across metals, reflecting
variations in their detoxification mechanisms, uptake efficiency, and environmental factors

affecting their availability.

Antimony (Sb), strontium (Sr), Pb and As exhibited higher BAF values (greater than 1),
indicating their effective transfer from sediment to muscle tissue of both tilapia species.
Similarly, to previous research, Pb has a high mobility in aquatic systems and a strong affinity
for binding with biological molecules such as proteins and enzymes (Duan et al., 2017,
Simumoko et al., 2021). Conversely, metals such as Mn and Fe had lower BAF values,

suggesting limited bioavailability in sediments or efficient detoxification and excretion by fish.
5.4.5 Non-carcinogenic and carcinogenic risk assessment

Global per capita fish consumption has risen markedly, from an average of 9.9 kg in the 1960s
to 20.5 kg in 2017 (FAO, 2018), reflecting a notable increase in demand and resilience on fish
as a primary source of nutrition. This surge underscores the significance of fish as a vital
source of essential nutrients, like micronutrients, high quality protein, and omega-3 fatty
acids. However, this trend is accompanied by growing concerns regarding the potential health
risks posed by the accumulation of hazardous metals in fish tissue, a consequence of

environmental pollution. Contaminated fish consumption is now recognized as a critical
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global public health concern, necessitating more robust methods for evaluating and

mitigating associated risks (Ahmed et al., 2019).

Risk analysis approaches, particularly those employing THQ, are commonly utilized to assess
the potential non-carcinogenic risks of consuming contaminated aquatic foods (Saleem et al.,
2022). This methodology offers insight into the severity of metal pollution and its implications
for both environmental quality and human health (Zhang et al., 2012; Zohra and Habib, 2016).
Such assessments are particularly relevant for freshwater systems, where subsistence fishers
often depend on species such as tilapia for food security. Previous studies have frequently
identified metals such as Sb, Cd, As, Pb, and Se in fish muscle tissue at levels that pose health
risks (Ekere et al., 2018; Lebepe et al., 2020; Simumoko et al., 2021; Hlatshwayo et al., 2024;
Misra et al., 2024).

In this study, most metals analysed in the muscle tissue of C. rendalli and O. mossambicus did
not exceed threshold associated with human health risks, except for Cr and Pb. These findings
corroborate with studies by Jooste et al. (2015), who reported that muscle of Sharptooth
catfish in the Olifants River contained concentrations exceeding regulatory thresholds for Pb
and Cr, highlighting significant potential health risks. Similarly, elevated THQ values,
exceeding threshold of 1 for Cr have been observed in freshwater fish across various systems,
such as Benue-Niger River Confluence, Challawa River, Loskop, Inanda, and Nagle Dams

(Ekere et al., 2018; Edogbo et al., 2021; Lebepe et al., 2020; Hlatshwayo et al., 2024).

The carcinogenic risk, as outlined by Javed and Usmani (2016), classify risk as follows: CR <107®
is considered low, 10™* —1073 moderate, 1072 —107" high, and >107" very high. In the present
study, the carcinogenic risks associated with Pb, Cr, and As in both C. rendalli and O.
mossambicus from Shongweni Dam were categorized as very high, indicating a greater than
1 in 100,000 probability of cancer development in humans consuming these species. The
carcinogenic risks identified in this study were notably higher than those reported for tilapia
species in Inanda and Nagle Dams (Hlatshwayo et al., 2024; Lebepe et al., 2024), Lake Manzala
(Abd-Elghany et al., 2024), and Kwanar-Are Dam (Yaradau et al., 2022). These elevated risks
are attributed to heavy metal contamination, primarily from human activities such as

domestic waste, agricultural runoff, wastewater works, and industrial effluents.
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Similarly, the CR values for As (= 107") observed in this study were notably higher than those
for trout barb and common carp from Atatirk, Karakaya, and Keban reservoirs, where
aquaculture, agriculture, and industrial wastewater discharge are dominant sources of
pollution (Varol and Stinbil, 2020). The CR values for Pb exceeded those reported for slinger
and Cape horse mackerel (<107*) from the Durban Basin (Debipersadh et al., 2023). On the
other hand, CR values for Cr in this study, though high (> 10-3), were similar to those reported
for various fish species (Anabas testudineus, Catla catla, Heteropneustes fossilis, two Labeo
species, Puntius sarana, and Sperata aor) from the Perak River, a region significantly impacted
by anthropogenic metal pollution (Salam et al., 2020). However, these values were still lower
than those reported for Clarias gariepinus and Saratherodon melanotheron from the Eleyele

and Ogun Rivers (Adegbola et al., 2021).

The findings underscore a greater cancer risk for consumers of O. mossambicus and C. rendalli
from Shongweni Dam, with particular concern for children and individuals weighing less than
70 kg. These risks align with global observations of higher susceptibility among vulnerable
populations (Abdel-Kader and Mourad, 2022; Ramish et al., 2024). This further highlights the
urgent need for monitoring and mitigating heavy metal contamination to safeguard public

health, especially the local communities of Ntshongweni.
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Chapter 6

Summary and conclusions

The study aimed to assess the impact of water quality on the health of two tilapia species, as
well as metal accumulation and human health risks that could be associated with the
consumption of these tilapia species. Physico-chemical characteristics of the dam are
compromised with nutrients exhibiting eutrophic status. Eutrophic status comes with its
threats to aquatic ecosystems as it enhances algal bloom which will eventually influence the
dynamics of the system with regard to oxygen content. Nevertheless, some metals were
below detection level in surface water. The metals that were detected in surface water were
relatively higher during the dry season compared to the wet season. A contrasting trend was
observed for sediment which showed relatively higher metal concentrations during the wet
season. The hypothesis that contaminants would exhibit higher concentrations during the dry
season was not fully supported as no definite trend was observed for surface water and
bottom sediment. However, it is evident that the Shongweni Dam is on the verge of becoming
detrimental to its inhabitants. Elevated metal concentrations reported in sediment remain a
cause for concern as this sediment can become a future source of metals should there be
disturbances in the bottom. Moreover, changes in physico-chemical properties such as pH,
temperature, salinity, etc. can also resuspend metals fixed in sediment back into the water

column.

Despite surface water and sediment pollution, the general fish health was not severely
affected. Condition factor, hepatosomatic index and gonadosomatic index were not
conclusive in segregating the health condition between the two seasons. Moreover, these
indices did not respond to water quality deterioration observed. In contrast, the health
assessment index has shown that the health of fish is somehow compromised with liver and
gills exhibiting some abnormalities. However, when applied alone, the health assessment
index (HAI) can be misleading as most response starts at the biochemical and microscopic
levels. Histopathology provides early signs of tissue damage due to pollutants and it was
clearer compared to HAI with gills exhibiting prominent anomalies such as hyperplasia,
aneurism, hemorrhage, edema, sinusoidal dilation, and epithelial damage that could even

influence the functioning of the system. However, the overall gill index classified the condition
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as moderately affected. Similar class was observed for the liver which were dominated by
steatosis, necrosis, hypertrophied cells, melanomacrophages, hepatocellular pleomorphism,
and vacuolation. No severe anomalies were observed for gonads histopathology and this

could be explained by the role of these organs in metabolism.

These metals pose significant risks to both aquatic life and human health, with potential
effects like organ damage, impaired growth, and mortality in fish, as well as health issues in

humans consuming contaminated fish.

It is evident that Shongweni Dam is characterized by elevated metal concentrations and these
were also observed in fish muscle. Both tilapia species were found to have accumulated
metals either through diet, gaseous exchange system or dermal contact with water.
Populations showed greater variability within each group, however, the mean concentrations
showed no significant difference between the two populations. Chromium and lead showed
concentrations exceeding permissible limits for human consumption, rendering these fish
unsafe for consumption. Additionally, the non-essential metal Sr, rarely reported in other
studies and lacking established safety guidelines, was detected at notably high levels, raising
further concerns. Moreover, for non-carcinogenic risk assessment, Cr and Pb exhibited THQ
> 1 whereas As and Sb showed THQ of 0.5 which still is a cause for concern. The THQ was
calculated based on the assumption that a 70 kg adult consumes 0.15 kg portion once a week.
Therefore, should one of these variables change, the quotient will also increase, meaning
these concentrations may be detrimental to a child or if the portion size per week increases.
Nevertheless, carcinogenic risk exceeded the set range of 10* to 10® for most metals,

indicating a pressing need for improved water management and pollution control in this dam.

It is evident that the anthropogenic activities in the uMlazi River catchment are having a
significant impact on the water quality of the Shongweni Dam. These findings highlight the
critical importance of implementing effective water management and pollution control
measures to reduce human-induced impacts on the Shongweni Dam and the uMlazi River
catchment. It is recommended that regular monitoring be implemented in this river system
and that metal concentration studies be extended to other species targeted by local
communities. Moreover, a fish advisory should be developed to guide those consuming fish

to ensure safety and sustainability among communities.
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Appendix

Table 4.6: Biometric data of Coptodon rendalli and Oreochromis mossambicus sampled from

the Shongweni Dam during October—December 2021.

Species Seaso | Gende | W(g) | TL LW GW HAI CF HS GSI
n r (em) | (g) (8)

wet F 470 28 7.07 11.87 | 30 2.141 | 1.504 | 2.526

M 1310 | 40.7 13.75 | 6.42 0 1.943 | 1.049 | 0.490

M 1070 | 37.1 9.57 3.58 30 2.095 | 0.894 | 0.335

M 1070 | 37.5 14.47 | 1.42 30 2.029 | 1.352 | 0.133

Coptodon M 390 27.6 2.3 0.01 30 1.855 | 0.589 | 0.003

rendalli F 960 |40.7 |20.5 |19.95 |0 2.671 | 2.135 | 2.078

dry F 790 | 355 |12.85|14.66 |60 | 1.766 | 1.627 | 1.856

F 630 31.6 13.47 | 14.62 | 120 1.997 | 2.138 | 2.321

F 890 34 15.69 | 14.85 | 60 2.264 | 1.763 | 1.669

F 1710 | 435 |[7.01 |50 30 2.077 | 0.45 | 2.924

M 1050 | 35 16.85 | 3.94 | 30 2.449 | 1.605 | 0.375

M 1460 | 41 15.38 | 8.31 30 2.118 | 1.053 | 0.569

M 1170 | 32 11.22 | 3.45 30 3.571 | 0.959 | 0.295

wet M 1270 | 41.2 15.77 | 8.3 30 1.816 | 1.242 | 0.654

M 1530 | 41.5 | 15.55 | 6.8 30 2.141 | 1.016 | 0.444

Oreochromis F 760 |39 |24.25|10.84 |30 |[1.281 |3.191 | 1.426

mossambicu F 1000 | 38.5 18.71 | 36.16 | 30 1.752 | 1.871 | 3.616

S F 950 37 13.34 | 19.95 | 60 1.876 | 1.404 | 2.100

F 1180 | 37 20.58 | 33.7 60 2.33 1.745 | 2.856

M 1040 | 33.7 |14.09 | 7.87 |30 2.717 | 1.355 | 0.757

M 1200 | 38.3 16.88 | 0.15 30 2.136 | 1.407 | 0.013

M 1220 | 40.5 13.26 | 3.8 30 1.837 | 1.087 | 0.312

dry M 1480 | 41.6 14.48 | 8.8 30 2.056 | 0.978 | 0.595

M 1150 | 39.5 14.75 | 3.7 30 1.866 | 1.283 | 0.322

M 1170 | 39.5 12.15 | 34 30 1.898 | 1.039 | 0.291

M 1370 | 40 13.2 4.62 30 2.141 | 0.964 | 0.337
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