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Abstract

The Loskop Dam is the most polluted impoundment in the Olifants River, because it receives
pollutants from the entire mine-dominated upper catchment. However, histopathology of fish
inhabiting this polluted dam is scantly explored. The current study aimed to investigate the
histopathology of the gills and liver of Labeo rosae from Loskop Dam. Alkaline pH was
observed throughout the study with most metal concentrations exceeding the water quality
guideline for aquatic ecosystems. Regressive changes were the most prominent lesions for
both organs with gills showing relatively more pathologies than the liver. Epithelial lifting was
100% prevalent during both seasons in the gills whereas a significant expansion of
lipofuscin-laden melanomacrophages (MMCs) showed 100% prevalence in the liver. Gills
were significantly different in their prevalence of histopathology between the two seasons,
which was not the case for liver. The histopathology recorded in this study shows that the
health of L. rosae at Loskop Dam was compromised. Given the exacerbating pollution level
in the upper Olifants River, these findings serve as a warning to conservation authorities and
emphasise the necessity for regular monitoring of fish health at Loskop Dam to assess
pollution levels using fish health as a sensitive indicator to altering pollution levels.
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Introduction

Freshwater pollution has become a serious threat to aquatic biodiversity globally
(Voérésmarty et al. 2010). In South Africa, the Olifants River is one of the most polluted river
systems that has experienced episodic mortalities of aquatic biota in its upper and lower
catchment (De Villiers and Mkwelo 2009; Bowden et al. 2016). The Loskop Dam
(25°26'57.05" S, 29°19'44.36" E) is the first main impoundment receiving water from the
entire upper Olifants River and it was described as a repository for all pollutants emanating
from the upper catchment (Oberholster et al. 2010). The upper Olifants catchment is
characterised by extensive mining activities, metallurgic industries, coal-fired power stations
and agricultural activities that have consequently affected the water quality of the receiving
Loskop Dam (Dabrowski et al. 2013; Oberholster et al. 2017). A high variability of pH, as a
result of continuous acid mine drainage, as well as increased concentrations of aluminium
and iron in the bottom sediment, water column and aquatic biota has been prominent at
Loskop Dam (Oberholster et al. 2010; Oberholster et al. 2012; Lebepe et al. 2016).



Despite elevated pollution levels and occasional mortalities of aquatic biota, macroscopic
fish health assessment studies have shown that most fish at Loskop Dam are fairly healthy
with internal and external organs exhibiting few to no anomalies (Watson et al. 2012;
Huchzermeyer et al. 2017). Macroscopic assessment is highly recommended, because it
can provide a simple and rapid indication of how fish cope with stress, however, it could still
give misleading results, because it looks at gross changes. Early toxic effects of pollution
may be present at a cellular level before gross changes manifest (Camargo and Martinez
2007). Histopathology is known to be a sensitive indicator and provides early warning signs
of the effect of pollution on the health of fish (Baiomy 2016). The current study examined the
histopathology of the liver and gills of Labeo rosae from the Loskop Dam. It was
hypothesised that the histopathology of fish liver and gill tissue at Loskop Dam would be
severe, as a result of an elevated pollution level. This study provides the first documentation
of the histopathology of fish tissues at Loskop Dam, therefore, these findings could be used
as baseline information for future reference.

Material and methods

Water sampling and analysis

Water samples were collected from the inflow, middle and dam wall using acid treated
sampling bottles during winter (June) and summer (December) 2011 surveys. The samples
were frozen and later sent to the South African National Accreditation System (SANAS)
accredited laboratory for chemical analysis. In the laboratory, metals were analysed
following Bervoets and Blust (2003) where the water was acidified using nitric acid (HNOS3,
69%) to a pH of 2 and filtered through 0.45y filter paper. The following metals: aluminium
(Al), Arsenic (As), antimony (Sb), barium (Ba), cadmium (Cd), copper (Cu), iron (Fe), lead
(Pb), lithium (Li), manganese (Mn), selenium (Se), strontium (Sr) and zinc (Zn) were
analysed using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
These metals are ubiquitous in the Olifants River system and they are important in fish
toxicity (Oberholster et al. 2010; Dabrowski et al. 2013; Authman et al. 2015). The pH,
dissolved oxygen (DO), electrical conductivity (EC), total dissolved solids (TDS) and salinity
were measured in situ by using a handheld multi-parameter instrument (YSI 556 Multi Probe
System).

Fish sampling and processing

Concurrently with water sampling, 20 fish specimens were sampled as per Marr et al. (2017)
using gill nets. The fish were euthanised by severing the spinal cord. Fish and its liver were
weighed, and lengths were measured. Fish weight and standard lengths were used to
calculate a condition factor (CF) for each fish following the methods of Heath et al. (2004).
The liver weight was used to calculate the hepatosomatic index (HSI) as per Nunes et al.
(2011) method. The project was approved by the University of Pretoria Animal Use and Care
ethical committee (reference number T0O01-12).

Microscopic assessment

A gill arch and approximately a third of the liver were collected and fixed in 10% neutral
buffered formalin. The samples were submitted to the Section of Pathology, Department of
Paraclinical Sciences, Faculty of Veterinary Science, University of Pretoria for routine
histological processing. In the laboratory, samples were dehydrated through a series of
ethanol (70%, 80%, 96% and 100%). Xylene was used to clear the samples and make them
transparent. The samples were infiltrated through increasing concentrations of Tissue-Tek®
Il wax in a 60 °C oven. Once thoroughly infiltrated, samples were embedded in wax blocks
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(Humason 1962). Each block was sectioned at 4—-5 ym using a rotary/sliding microtome
(Reichert-dung 2040). The samples were floated using gelatine and distilled water solution,
and then mounted on glass microscope slides and air-dried in a 60 °C oven. Dried samples
were prepared for light microscopy analysis using standard technique for Haematoxylin and
Eosin (H&E) staining (Bancroft and Gamble (2008). Prepared histological slides were
examined using a standard light microscope. Quantitative histopathological assessment was
performed using Bernet et al. (1999) protocol. Histopathological lesions were identified and
given an importance factor (1-3), which represents the potential for altering the health of the
fish. Score values (0—6) were assigned depending on the degree and extent of the changes.
Score values and importance factors were used to calculate the organ index (lorg). Organ
index values were used to classify the severity of the pathology using a classification system
based on the scoring scheme developed by Zimmerli et al. (2007).

Data analysis

A Kolmogorov—Smirnov analysis was used to test the normality of the data, whereas a
Levene’s test was used to check the homogeneity of variance. For histopathology
prevalence and organ log, the data were normally distributed, therefore, an independent
sample t-test was used to evaluate the differences between the two seasons using R-3.0.2.
Because of the small sample size for water, a non-parametric Mann—-Whitney U-test was
used to evaluate the difference between the two seasons. The level of significance was set
at 5% (p < 0.05).

Results

The conductivity, salinity, and TDS showed a significant difference between the two seasons
with higher levels being recorded during summer (Table 1). The DO was significantly higher
during winter than summer (Table 1). A neutral to alkaline pH ranging from 7.81 to 9.49 was
recorded in winter with 8.07—10.05 being recorded during summer (Table 1). Moreover, SO.4
concentration showed no significant difference between the two seasons. The
concentrations of As, Cd, Cu, Pb, Se and Zn were above DWAF (1996) target water quality
range (TWQR) during winter and below detection level during summer (Table 1). There is no
TWQR set by DWAF (1996) for aquatic ecosystem for Ba, Fe, Mn and Sr, however,
substantial concentrations were recorded for these metals during both seasons (Table 1).
Metal concentrations have shown no significant difference between the two seasons (Table

1).

Regressive changes were the most prominent lesions for both organs with gills more
severely affected than the liver. Lesions in the gills included epithelial lifting, oedema of the
secondary lamellae, pillar cell rupture, epithelial hyperplasia, cartilage deformation, chloride
cell proliferation, goblet cell hyperplasia and hypertrophy, fusion of primary and secondary
lamellae, interstitial oedema, aneurism formation in the primary and secondary lamellae and
nuclear degeneration resulting from necrosis (Figure 1; Table 2). Observed lesions exhibited
a considerable variation in the degree of injury (Table 2). There was a significant difference
(t=2.934, p < 0.05) in the prevalence of gill lesions between the two seasons with summer
lesions being relatively more severe than those observed in winter. However, the gill index
showed no significant difference between the two seasons.



Table 1: Levels of physico-chemical parameters and metals recorded at Loskop Dam during winter
and summer 2011. Units are mg I', unless specified otherwise. TWQR = Target Water Quality Range.
Mann—-Whitney U-test values and p-values are also presented

Physico-chemical parameters Winter Summer TWQR U-value p-value
DO 817 +£2.63 471+0.12 na 0.0001 0.04
pH 7.81-9.49 8.07-10.05 6.5-9 8.00 0.12
EC (mS/m) 39.33+£0.44 53.20 £ 12.00 na 9.00 0.04
Salinity (%e) 015 +0.00 0.26 £0.06 na 9.00 0.03
TDS 25566 +2.86 345.80 +78.00 na 9.00 0.04
Alkalinity as CaCO, 44.00 £3.27 4267 £8.22 na 450 1.00
50, 119.00 £ 6.53 14167 +£29.01 na 7.00 0.27
Metals (pg/€)

Aluminium 0.04£0.03 - 1 - -
Arsenic 367 £1.25 - 10 - -
Antimony 467 £3.86 - na - -
Barium 53.33+£1.89 4433 £6.55 na 1.00 0.10
Cadmium 1.00 £ 0.00 - 0.35 - -
Copper 200000 - 12 - -
Iron T76.67 £ 65.75 82.00 £ 0.00 300 2.00 0.65
Lithium 1533 £1.25 - na - -
Manganese 86.67 +33.49 219.00 + 0.00 180 3.00 0.18
Lead 10.00 £2.83 - 1 - -
Selenium 6.67 £4.71 - 2 - -
Strontium 186.00 +6.98 18067 +34.03 na 3.00 0.51
Zinc 267 £3.09 - 2 - -

Mote: na = not available; (-) = below detection level

Table 2: Histopathology recorded for the gills and liver of Labeo rosae from the Loskop Dam during
winter and summer 2011.

Winter {n = 20) Summer (= 20)

Organ Alterations Importance Prevalence Importance Prevalence
factor (w) (%) factor (w) (%)
Gill Epithelial lifting 2 100 2 100
Oedema 1 40 1 53
Haemorrhage 1 a7 1 50
Pillar cell rupture 2 78 2 70
Epithelial hyperplasia 1 40 1 35
Fusion of primary lamella 2 46 2 40
Fusion of secondary lamella 2 48 2 53
Aneurism 1 35 1 39
Mucous cells hyperplasia and hypertrophy 1 30 2 50
MNuclear damage 2 39 2 30
Mecrosis 2 34 2 43
Liver Hepatocellular hypertrophy 1 48 1 61
Hydropic degeneration 1 68 1 43
Melanomacrophages aggregate 1 100 2 100
Haemorrhage (Sinusocidal congestion) 1 60 1 69
Lymphocytic infiltration 1 21 1 18
Fatty vacuolization 1 49 1 56
Hepatocellular pleomorphism 2 38 1 29
Nucleus at a peripheral position 2 80 2 86
Cell rupture 1 42 1 55
Hyaline droplets 0 0 1 20

Note: Importance factors: 1 = minimal; 2 = moderate; 3 = marked pathological importance

Lipid vacuolisation, sinusoidal congestion, lymphocytic infiltration, steatosis, haemorrhage,
peripheral nucleus, hepatocellular pleomorphism and hypertrophy, nuclear degeneration
characterised by chromatin clumping resulting from necrosis, hyaline droplet and hydropic
swelling, and severe expansion of lipofuscin laden melanomacrophages (MMCs) were
observed in the liver during both seasons (Figure 2; Table 2). Hypertrophy, hyaline droplet
and hydropic degeneration were prominent during summer (Table 2). The prevalence of the
liver lesions was not significantly different between seasons (Table 2) whereas the liver
index did differ between seasons (t = 3.635, p < 0.05). Generally, lesions in the liver were
significantly less severe than those observed in the gills (t = 3.046, p < 0.05). The Zimmerli
et al. (2007) classification scheme categorised the liver lesions as moderate (liver = 22.00),
with the gill being pronounced (lgiis = 32.80).



Figure 1: (a) Nearly normal gill; (b) high severity of epithelial hyperplasia that induced complete
lamellar fusion (encircled), primary lamella fusion (arrow); (c) epithelial lifting (solid arrows), parasitic
infestations (dotted arrows); (d) vascular congestion (short arrow), parasites infestation (solid long
arrow), oedema (dotted arrow); (e) aneurism resulted in pillar cells rupture and necrosis (arrows); (f)
aneurysm (short dotted arrow), mucous cells hyperplasia and hypertrophy (long solid arrows),
oedema (asterisks), regressive change of supporting tissue in a form of cartilage deformity (short solid



arrow

Figure 2: (a) Nearly normal liver showing bile duct (dotted arrows), central vein (solid arrows), sinusoid (short
arrow); (b) fatty vacuolisation (solid arrows), melanomacrophages (MMCs) (dotted arrows); (c) hyaline droplets
(dotted arrows), hydropic degeneration (long solid arrows), hepatocellular pleomorphism and hypertrophy
(encircled); (d) severe accumulation of MMCs (haemosiderin and lipofuscin); (e) sinusoidal congestion (long solid
arrows), nuclear degeneration resulting in necrosis (short arrows), fatty vacuolisation (dotted arrows); (f) steatosis

Discussion

The pH was within the DWAF (1996) water quality guidelines throughout the study. There
are no TWQR values suggested for aquatic ecosystem for EC, TDS, alkalinity and salinity.
However, previous studies reported that the afore-mentioned constituents have shown a
significant increase over the past Lebepe, Steyl and Luus-Powell170 two decades (Heath et
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al. 2010; Oberholster et al. 2010; Dabrowski et al. 2013). The dam receives contaminants
from the entire upper Olifants catchment, which is characterised by mining and metal
industries (Oberholster et al. 2012). Sulphate concentration reported in the current study was
relatively higher, compared with those reported two decades ago. According to Jooste et al.
(2015) an annual median sulphate concentration at Loskop Dam exceeded the 100 mg I
threshold value for aquatic ecosystems since 2000. Cadmium, Cu, Pb, Se and Zn
concentrations were above the DWAF (1996) TWQR during summer. Metal concentration
observed in the current study were comparable to those reported in other recent studies
(Oberholster et al. 2012; Lebepe et al. 2016).

Gill histopathology reported in the current study were comparable to those reported in
different fish species exposed to metals (Abdel-Moneim et al. 2012; Fatima and Usmani
2013) and organic pollution (Schlacher et al. 2007; McHugh et al. 2011). Epithelial lifting,
oedema of the secondary lamellae, pillar cell rupture, epithelial hyperplasia, fusion of primary
and secondary lamellae, interstitial oedema, and aneurism formation in the primary and
secondary lamellae, necrosis and nuclear changes are significant lesions, because they
compromise the gill’s ability to perform its functions (Roberts 2012). Hypertrophy and
hyperplasia of the epithelial and goblet cells reduce the space between lamellae and result
in lamellae fusion, which ultimately reduces respiratory surface leading to hypoxia (Authman
et al. 2013). Oedema and lifting of the epithelial cells serve as a defence mechanism to
chronic exposure, because they increase the distance that waterborne pollutants must
diffuse through to reach the bloodstream (Figueiredo-Fernandes et al. 2007; Salamat and
Zarie 2012).

The liver has shown a wide spectrum of histopathology with different degrees of alterations.
A high accumulation of lipofuscin laden MMCs, lipid vacuolisation, hypertrophy of
hepatocytes, nuclear degeneration, hyaline droplets, hydropic swelling, hepatocellular
pleomorphism, necrosis and cell rupture were prominent in the liver of L. rosae at both
seasons. These lesions were comparable to those reported in the liver of wild fish
populations exposed to metals and organic chemicals (Fatima and Usmani 2013; Baiomy
2016; Javed et al. 2017). Liver plays a central role in detoxification, metabolism and
excretion of xenobiotic chemicals, hence, a target organ for the contaminants (Marchand et
al. 2008). Most histopathological changes in the liver are protective responses to toxicant
exposure. Melanomacrophages are involved in disease processes and changes may be
brought about by factors such as starvation or chemical exposure (Agius and Roberts 2003;
Abdel-Moneim et al. 2012). Hepatocyte hypertrophy and hyperplasia of are adaptive
response to pollutant induced stress (Wolf and Wheeler 2018), however, hepatocytes are
often swollen, as a result of glycogen or neutral fat accumulation when nutrition is less than
ideal, or during cyclical starvation phases (Roberts 2012). Despite high prevalence,
histopathology in the gills and liver of L. rosae reported in the current study were all
reversible with importance factor ranging from 1 to 2 for both seasons.

Histopathology observed in the current study showed clear association with metal
concentration, however, similar lesions were observed in fish populations exposed to
nutrients (Marchand et al. 2012; van Dyk et al. 2012), pesticides (Yasser and Naser 2011)
and organic contaminants (McHugh et al. 2011). Given that the Loskop Dam was reported to
be eutrophic (Oberholster and Botha 2011; Dabrowski et al. 2013) with extensive use of
pesticides in its vicinity (Bollmohr et al. 2008), it is therefore unlikely that pathologies
observed in the liver and gills of L. rosae could solely be explained by metal pollution.



Conclusion

Macroscopic assessment of the health of fish in the middle and lower Olifants River showed
no necessity for serious concern over the health of fish, because they appeared well
adapted to the water quality (Madanire-Moyo et al. 2012). The current study, nevertheless,
reported prominent histopathology in the liver and gills of L. rosae that affirm that the health
of fish at the Loskop Dam is threatened. Histopathology has shown to be a reliable tool to
provide early warning signs of the effects of pollution in fish. Because of the exacerbating
water pollution in the upper Olifants River, it is reasonable to deduce that it is unlikely that
fish tissue will recover under the current water quality conditions. Therefore, a regular
assessment of the histopathology of fish tissues is recommended to monitor deterioration of
histopathological changes, using the data obtained from this study as a reference.

Acknowledgements

This study was based on the research

supported by the South African Research Chairs Initiative of the Department of Science and
Technology and National Research Foundation of South Africa (Grant No. 101054) and
Flemish Interuniversity Council (VLIR-UOS) and Division for Research Administration and
Development, University of Limpopo. Authors would like to extend their sincere gratitude to
Mr WJ Smit, Dr MM Matla and Mr A Hoffman for the assistance during fieldwork. Any
opinion, finding and conclusion or recommendation expressed in this material are those of
the authors, and the NRF and VLIR-UOS do not accept any liability in this regard.

ORCIDs
Jeffrey Lebepe: https://orcid.org/0000-0001-9802-2846

Johan Steyl: https://orcid.org/0000-0002-5940-6799

Wilmien Luus-Powell: https://orcid.org/0000-0001-8264-4376

References

Abdel-Moneim AM, Al-Kahtani MA, EImenshawy OM. 2012. Histopathological biomarkers in gills and
liver of Oreochromis niloticus from polluted wetland environments, Saudi Arabia. Chemosphere 88:
1028-1035. https://doi.org/10.1016/j.chemosphere.2012.04.001.

Agius C, Roberts R. 2003. Melano-macrophage centres and their role in fish pathology. Journal of
Fish Diseases 26: 499-509. https://doi.org/10.1046/j.1365-2761.2003.00485.x.

Authman MM, Ibrahim SA, El-Kasheif MA, Gaber HS. 2013. Heavy metals pollution and their effects
on gills and liver of the Nile catfish inhabiting EI-Rahawy Drain, Egypt. Global Veterinaria 10: 103—
115.

Authman MM, Zaki MS, Khallaf EA, Abbas HH. 2015. Use of fish as bio-indicator of the effects of
heavy metals pollution. Journal of Aquaculture Research and Development 6: 1-13.
https://doi.org/10.4172/2155-9546.1000328.

Baiomy A. 2016. Histopathological biomarkers and genotoxicity in gill and liver tissues of Nile tilapia
Oreochromis niloticus from a polluted part of the Nile River, Egypt. African Journal of Aquatic Science
41: 181-191. https://doi.org/10.2989/16085914.2016.1168734.

Bancroft JD, Gamble M. 2008. Theory and practice of histological techniques. London, UK: Churchill
Livingstone Elsevier Health Sciences.



Bernet D, Schmidt H, Meier W, Burkhardt-Holm P, Wahli T. 1999. Histopathology in fish: proposal for
a protocol to assess aquatic pollution. Journal of Fish Diseases 22: 25-34.
https://doi.org/10.1046/j.1365-2761.1999.00134 .x.

Bervoets L, Blust R. 2003. Metal concentrations in water, sediment and gudgeon (Gobio gobio) from a
pollution gradient: relationship with fish condition factor. Environmental Pollution 126: 9—-19.
https://doi.org/10.1016/S0269-7491(03)00173-8.

Bollmohr S, Thwala M, Jooste S, Havemann A. 2008. An Assessment of Agricultural Pesticides in the
Upper Olifants River Catchment. DWAF Report No N/OOOO/REQO801. Pretoria, South Africa:
Department of Water Affairs and Forestry.

Bowden JA, Cantu TM, Chapman RW, Somerville SE, Guillette MP, Botha H, Hoffman A, Luus-Powell
WJ, Smit WJ, Lebepe J, et al. 2016. Predictive Blood Chemistry Parameters for Pansteatitis-Affected
Mozambique Tilapia (Oreochromis mossambicus). Plos One 11: e0153874. https://doi.org/10.1371/
journal.pone.0153874.

Camargo MM, Martinez CB. 2007. Histopathology of gills, kidney and liver of a Neotropical fish caged
in an urban stream. Neotropical Ichthyology 5: 327-336.
https://doi.org/10.1590/S1679-62252007000300013.

Dabrowski J, Oberholster P, Dabrowski J, Le Brasseur J, Gieskes J. 2013. Chemical characteristics
and limnology of Loskop Dam on the Olifants River (South Africa), in light of recent fish and crocodile
mortalities. Water SA 39: 675-686.

De Villiers S, Mkwelo ST. 2009. Has monitoring failed the Olifants River, Mpumalanga? Water SA 35:
271-276.

DWAF (Department of Water Affairs and Forestry). 1996. South African Water Quality Guidelines. Vol
7, Aquatic Ecosystem, 2nd edn. Pretoria, South Africa: Department of Water Affairs and Forestry.

Fatima M, Usmani N. 2013. Histopathology and Bioaccumulation of Heavy Metals (Cr, Ni and Pb) in
Fish (Channa striatus and Heteropneustes fossilis) Tissue: A Study for Toxicity and Ecological
Impacts. Pakistan Journal of Biological Sciences 16: 412—420.
https://doi.org/10.3923/pjbs.2013.412.420.

Figueiredo-Fernandes A, Ferreira-Cardoso JV, Garcia-Santos S, Monteiro SM, Carrola J, Matos P,

Fontainhas-Fernandes A. 2007. Histopathological changes in liver and gill epithelium of Nile tilapia,
Oreochromis niloticus, exposed to waterborne copper. Pesquisa Veterinaria Brasileira 27: 103—109.
https://doi.org/10.1590/S0100-736X2007000300004.

Heath R, Du Preez H, Genthe B, Avenant-Oldewage A. 2004. Freshwater Fish and Human Health
Reference Guide, WRC Report No TT213/04. Pretoria, South Africa: Water Research Commission.

Heath R, Coleman T, Engelbrecht J. 2010. Water quality overview and literature review of the ecology
of the Olifants River. WRC Report No. TT 452/10. Pretoria: South Africa: Water Research
Commission.

Huchzermeyer K, Woodborne S, Osthoff G, Hugo A, Hoffman A, Kaiser H, Steyl J, Myburgh J. 2017.
Pansteatitis in polluted Olifants River impoundments: nutritional perspectives on fish in a eutrophic
lake, Lake Loskop, South Africa. Journal of Fish Diseases 40(11): 1665—1680.
https://doi.org/10.1111/jfd.12633.

Javed M, Ahmad MI, Usmani N, Ahmad M. 2017. Multiple biomarker responses (serum biochemistry,
oxidative stress, genotoxicity and histopathology) in Channa punctatus exposed to heavy metal
loaded waste water. Scientific Reports 7: 1675—1685. https://doi.org/10.1038/s41598-017-01749-6.

Jooste A, Marr S, Addo-Bediako A, Luus-Powell W. 2015. Sharptooth catfish shows its metal: a case
study of metal contamination at two impoundments in the Olifants River, Limpopo River system,
South Africa. Ecotoxicology and Environmental Safety 112: 96—104.
https://doi.org/10.1016/j.ecoenv.2014.10.033.



Lebepe J, Marr S, Luus-Powell W. 2016. Metal contamination and human health risk associated with
the consumption of Labeo rosae from the Olifants River system, South Africa. African Journal of
Aquatic Science 41: 161-170. https://doi.org/10.2989/16085914.2016.1138100.

Madanire-Moyo G, Luus-Powell W, Jooste A, Olivier P. 2012. A comparative assessment of the
health status of feral populations of Clarias gariepinus from three dams in the Limpopo and
Olifants River systems, Limpopo province, South Africa, using the fish health assessment index
protocol. African Journal of Aquatic Science 37: 27-37.
https://doi.org/10.2989/16085914.2012.665575.

Marchand M, Van Dyk JC, Barnhoorn IE, Wagenaar G. 2012. Histopathological changes in two
potential indicator fish species from a hyper-eutrophic freshwater ecosystem in South Africa: a
baseline study. African Journal of Aquatic Science 37: 39-48.

Marchand MJ, Van Dyk JC, Pieterse GM, Barnhoorn IEJ, Bornman MS. 2008. Histopathological
Alterations in the Liver of the Sharptooth Catfish Clarias gariepinus from Polluted Aquatic
Systems in South Africa. Environmental Toxicology 24(2): 133—-147.

Marr SM, Lebepe J, Steyl JCA, Smit WJ, Luus-Powell WJ. 2017. Bioaccumulation of selected metals
in the gill, liver and muscle tissue of rednose labeo Labeo rosae from two impoundments on the
Olifants River, Limpopo river system, South Africa. African Journal of Aquatic Science 42: 123-130.
https://doi.org/10.2989/16085914.2017.1351915.

McHugh KJ, Smit NJ, Van Vuren JHJ, Van Dyk JC, Bervoets L, Covaci A, Wepener V. 2011. A
histology-based fish health assessment of the tigerfish, Hydrocynus vittatus from a DDT-affected
area. Physics and Chemistry of the Earth 36: 895—904. https://doi.org/10.1016/j.pce.2011.07.077.

Nunes C, Silva A, Soares E, Ganias K. 2011. The use of hepatic and somatic indices and histological
information to characterize the reproductive dynamics of Atlantic sardine Sardina pilchardus from the
Portuguese coast. Marine and Coastal Fisheries 3: 127-144.
https://doi.org/10.1080/19425120.2011.556911.

Oberholster P, Botha A-M, Hill L, Strydom W. 2017. River catchment responses to anthropogenic
acidification in relationship with sewage effluent: an ecotoxicology screening application.
Chemosphere 189: 407—417. https://doi.org/10.1016/j.chemosphere.2017.09.084.

Oberholster PJ, Myburgh JG, Ashton PJ, Botha AM. 2010. Responses of phytoplankton upon
exposure to a mixture of acid mine drainage and high levels of nutrient pollution in Lake Loskop,
South Africa. Ecotoxicology and Environmental Safety 73: 326—-335.
https://doi.org/10.1016/j.ecoenv.2009.08.011.

Oberholster PJ, Botha AM. 2011. Dynamics of phytoplankton and phytobenthos in Lake Loskop
(South Africa) and downstream irrigation canals. Fandumental and Applied Limnology 179(3): 169—
178. https://doi.org/10.1127/1863-9135/2011/0179-0169.

Oberholster PJ, Myburgh JG, Ashton PJ, Coetzee JJ, Botha AM. 2012. Bioaccumulation of aluminium
and iron in the food chain of Lake Loskop, South Africa. Ecotoxicology and Environmental Safety 75:
134—141. https://doi.org/10.1016/j.ecoenv.2011.08.018.

Roberts R. 2012. Fish Pathology, 4th ed. London, Oxford Blackwell Publishing Ltd.
https://doi.org/10.1002/9781118222942.ch3

Salamat N, Zarie M. 2012. Using of Fish Pathological Alterations to Assess Aquatic Pollution: A
Review. World Journal of Fish and Marine Sciences 4: 223—-231.

Schlacher TA, Mondon JA, Connolly RM. 2007. Estuarine fish health assessment: evidence of
wastewater impacts based on nitrogen isotopes and histopathology. Marine Pollution Bulletin
54: 1762—-1776. https://doi.org/10.1016/j.marpolbul.2007.07.014.

10



van Dyk J, Cochrane M, Wagenaar G. 2012. Liver histopathology of the sharptooth catfish Clarias
gariepinus as a biomarker of aquatic pollution. Chemosphere 87: 301-311.
https://doi.org/10.1016/j.chemosphere.2011.12.002.

Vordésmarty C, Mclintyre P, Gessner M, Dudgeon D, Prusevich A, Green P, Glidden S, Bunn S,
Sullivan C, Liermann C, et al. 2010. Global threats to human water security and river biodiversity.
Nature 467: 555-561. https://doi.org/10.1038/nature09440.

Watson R, Crafford D, Avenant-Oldewage A. 2012. Evaluation of the fish health assessment index in
the Olifants River system, South Africa. African Journal of Aquatic Science 37: 235-251.
https://doi.org/10.2989/16085914.2012.677745.

Wolf JC, Wheeler JR. 2018. A critical review of histopathological findings associated with endocrine
and non-endocrine hepatic toxicity in fish models. Aquatic Toxicology (Amsterdam, Netherlands) 197:
60-78. https://doi.org/10.1016/j.aquatox.2018.01.013.

Yasser AG, Naser MD. 2011. Impact of pollutants on fish collected from different parts of Shatt Al-
Arab River: a histopathological study. Environmental Monitoring and Assessment 181: 175—-182.
https://doi.org/10.1007/s10661-010-1822-8.

Zimmerli S, Bernet D, Burkhardt-Holm P, Schmidt-Posthaus H, Vonlanthen P, Wahli T, Segner H.
2007. Assessment of fish health status in four Swiss rivers showing a decline of brown trout catches.
Aquatic Sciences 69: 11-25. https://doi.org/10.1007/s00027-006-0844-3.

11



