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Abstract

An investigation was undertaken into the bioaccumulation of Cr, Cu and Fe in the gills, liver, muscle and skin dCidueafish
gariepinusfrom two sites on the Olifants River in the Kruger National Park. During 1994, four surveys (February, May, July and
November) were undertaken. Metal bioaccumulation was analysed using atomic absorption spectrophotometry and was then
applied to differentiate between the concentrations found at the two locations, and between all of the surveys. The greatest
concentration of Cr was detected in the gills, suggesting that this was the prime site of absorption and loss of Cr tthand from
aquatic environment. The concentrations of Cu and Fe were highest in the liver, which is a storage and detoxification organ fo
metal, followed by the gills. Mamba and Balule generally showed very little difference in the concentration of bioaccumulated
metal. However, the gills as in the case of Cr generally showed high concentrations at Mamba, while the liver as iffiee case o
showed consistently higher concentrations at Balule. The possible effects that temperature, pH, hardness and saliriigy have on t
individual metals, as well as bioaccumulation of these metals, are discussed in detail. The continuous monitoring tyfahe quali
water in the Olifants River is imperative for the future sustainability of the Kruger National Park.

Introduction Chromium (Cr)

In nature, aquatic animals are constantly exposed to metals. Thenatural waters the concentration of Cr is low and is within the
species and concentrations of metals in water are determinedrapge of between 1 and@/ dissolved Cr (Moore and Rama-
geochemical processes and large scale releases into the agumtiorthy, 1984). Cr is used in industry for electroplating, steel-
environment by human activities (anthropogenic activitiesinaking alloys, in chrome plating, rubber manufacturing, leather
(Wittmann, 1979). Rapid industrial development, as well as the usaning and for fertilisers (Babich et al., 1982). The toxicity of Cr
of metalsin production processes have led to the increased dischaigeependant on its chemical speciation and thus associated health
of heavy metalsinto the environment (Koli etal., 1977). Accordingffects are influenced by the chemical form of exposures (Holdway,
to Forstner and Prosi (1979) the harmful effects of heavy metalsE&88). There are four states in which the Crion is fourtd; ©f*,
pollutants result from incomplete biological degradation. Therefor€r** and Cf*. It is in the hexavalent form where Cr is allowed to
these metals tend to accumulate in the aquatic environment. Sioass biological membranes of aquatic organisms. Doudoroff and
heavy metals are non-biodegradable, they can be bio-accumulakedz (1953) indicated that hexavalent Cr behaves toxicologically
by fish, either directly from the surrounding water or by ingestiom a manner quite different from most heavy metals. Because
of food (Patrick and Loutit, 1978; Kumar and Mathur, 1991). Imexavalent Cr can readily penetrate gill membranes by passive
addition, Heath (1987) indicates that when metals reach sufficientliffusion and concentrate at higher levels in various organs and
high concentrations in body cells they can alter the physiologica$sues, it can manifest its toxic action internally as well as on the
functioning of the fish. gill surface (Knoll and Fromm, 1960; Buhler et al. 1977). Cr is
Toxic substances cannot easily be defined due to a numberpafiticularly dangerous as it can accumulate in many organisms,
factors that can influence and modify the toxicity of these substancesmetimes as much as 4 000 times above the level of the surrounding
Metals are of particular interest in this regard. Some of the fact@avironment as was noted in aquatic algae (Duffus, 1980).
that can influence the toxicity of metals include:

Copper (Cu)
« the metal species in the water;

« the presence of other metals or pollutants; Copper is one of the most abundant trace metals and for almost alll
« abiotic factors such as temperature, pH, dissolved oxygeorganisms itis an essential micronutrient (Duffus, 1980). Natural
hardness, salinity, etc.; concentrations in water aregg g/ (Alabaster and Lloyd, 1980),
¢ biotic factors such as age, size, sex, stage in life historgut according to the Department of Water Affairs and Forestry
adaptive capabilities; and (1993Db) levels of 12 mghave been recorded in South Africa. The

« Behavioural responses (Bryan, 1976b; Van Vuren et al., 1994)crease in Cu pollution can be attributed to geological weathering,
atmospheric deposition, municipal and industrial sewage (Moore
and Ramamoorthy, 1984), the discharge of mine tailings and fly ash
* To whom all correspondence should be addressed. (the major source of solid Cu pollution), fertiliser production and
& (011) 489-2911; fax (011) 489-2191; e-mail: ao@na.rau.ac.za algaecide and molluscicide runoff (Felts and Heath, 1984; Moore
Received 25 July 1997; accepted in revised form 18 August 2000 and Ramamoorthy, 1984).
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. Map indicating the position of the study
: area in the lower Olifants River
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According to Stiff (1971) and Andrew et al., 1977, the solublactivities within the biosphere may strongly influence the occurrence
forms of Cu are the only forms available to fish. The toxicity of Cof Fe in water (Hem, 1989).
appears to be related to the soluble form, witf @nd, to some The lower Olifants River has been, as many studies have
extent, the Cu hydroxyl (Cu (OH)ion being the toxic forms. The revealed, subject to contamination input from activities from both
free ion rarely occurs in aquatic environments as the soluble foite catchment areas, and in particular Phalaborwa, resulting in
of Cu in river waters and consists mainly of complexed, non-toxizeavy metal pollution in the Olifants River in the KNP (Du Preez
forms. Humic acids, hardness, temperature, pH, dissolved oxygamd Steyn, 1992; Wepener et al., 1992; Seymore et al., 1994; Marx,
and suspended solids can have a significant altering effect on #1#96; Marx and Avenant-Oldewage, 1998; Kotze et al., 1999;
bioavailibility of Cu to fish (Stiff, 1971; EIFAC, 1978; Howarth Nussey et al., 1999). Fish deaths have resulted from high levels of
and Sprague, 1978; Waiwood and Beamish, 1978a; Miller am@tions (potassium, chloride, sulphate, magnesium and sodium)

Mackay, 1980; Moore and Ramamoorthy, 1984). and high siltloads present in the Olifants River (Moore, 1990). The
present study was, therefore undertaken to acquire information
Iron (Fe) aboutthe heavy metal content of natural fish populatioGtaoias

gariepinusfrom two different study sites along the Olifants River

The main source of increased Fe concentrations in the aquaticthe Kruger National Park. This paper focuses on the
environment is acid mine drainage, mineral and steel processipigaccumulation of Cr, Cu and Fe in the organs and tissu@s of
and industrial runoff (Férstner and Wittmann, 1979; Cruywagen gariepinus From previous studies done by Du Preez and Steyn
al., 1981). Acid mine drainage releases ferrous and ferric sulpha@992), Van der Merwe (1992) and Seymore etal. (1994), Marx and
into the aquatic environment, while coalmine waste dumps aWd/enant-Oldewage (1998), Kotze et al. (1999) and Nussey et al.
lagoons leach iron into the water (Ellis, 1989; Department of Wat€t999) on the Olifants River, it has been revealed that metals are
Affairs, 1992). Iron ore and magnetite mining in the Phalaborwaresent at relatively high concentrations. The investigation into the
area could potentially have a significant effect on the quality gfossible effects of physical, chemical and biological influences on
water entering the Olifants River (Cruywagen et al., 1981). bioaccumulation has been included. Temporal, as well as seasonal

The form of Fe frequently found in solution in groundwater iglifferences of metal accumulation, will also be investigated.
the ferrous (F&) ion (Hem, 1989), with ferrous compounds which
is believed to be toxic. The availability of Fe for aqueous solutioBtudy area
is affected by environmental conditions, particularly changesin the
degree of oxidation or reduction (Hem, 1989), which is dependefitvo main study sites in the lower catchment area (Fig. 1) of the
primarily on pH, redox potential and temperature (Wetzel, 1983Dlifants River were focused on during this study. The first site,
Fe is readily oxidised by dissolved oxygen to the ferric form in thlamba, is situated on the western border of the Kruger National
neutral to slightly acidic pH range, while the ferrous ion is stablBark (KNP) in close proximity to the mining town of Phalaborwa.
under these conditions (Forstner and Wittmann, 1979). Fe The second site, Balule, is situated approximately 40 km eastwards
present in organic wastes and in plant debris in soils and theo the interior of the KNP. Extensive reed beds separate the two
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sites. Of major concern is the industrialisation of the Olifants Rivercid-washed glass bottles rinsed in double-distilled water.
and the influence it has on the lower reaches of the Olifants River. The total concentrations of Cr, Cuand Fe were determined with
the aid of a Varian Atomic Absorption Spectrophotometer

Methods (SPECTRA AA-10). Calibration of the spectrophotometer for
each metal was carried out with Holpro stock solutions. A 2:1 nitric
Field procedures and perchloric acid solution was made up and its absorbency read.

The metal concentrations, which were determined in the acid

Four surveys were conducted at Mamba and Balule in the Olifargslution, were subtracted from the value determined for each tissue
River, KNP, during February, May, July and November of 1994metal concentration. This was done in order to eliminate the
Water and sediment samples were taken for metal analysis, as welhcentrations of metals found in the acid solution, which could
as for physical and chemical water parameters. have caused inaccuracies in the concentrations of the tissue metal

A maximum of 20 fish from the speci€sgariepinugBurchell, readings. Individual metal concentrations in the tissue samples
1822) (Sharptooth catfish) were collected at both Mamba ameere then read at specified absorbencies for each metal. Metal
Balule during each survey undertakenin 1994. They were collecteancentrations of all tissues were calculated as follows:
from the water primarily with the aid of hand lines and gill nets with
mesh sizes ranging between 70-120 mm. Hand line techniquesMetal concentration
were, however, the most effective in captur@gyariepinus ug/g

To determine heavy metal accumulation in fish, different
tissues such as gills, liver, muscle and skin were analysed separately AAS reading{g/m¢) x Sample volume - Acid metal concentration
These tissues were chosen for the following reasons: Sample mass (g) dry (5@)m (50 )

* They are all known to accumulate metals (Seymore et aDu Preez et al. (1997) obtained metal bioaccummulation values
1994). from wet tissue. In the current study and subsequent studies it was
* The gills and skin are constantly exposed to the metals in thbtained from 1 g of dried tissue. This method is commonly used
water and the accumulation and subsequent effects that meialfish studies (Marais and Erasmus, 1997). In order to compare the
have on the gill and skin tissue, being the first route of entry intealues from wet tissue with those obtained in the present study it
the body, is of interest. was necessary to calculate the metal concentration. It was done by
* As the liver is known as a storage and detoxification orgamodifying the formula:
(Klaassen, 1976) the amount of metal accumulated therein

might reflect the severity of the pollution. %Moisture =Wet mass of sample(g) - Dry mass of sample(g) x100
* Themuscleisthe tissue generally consumed by humans and the Wet mass of sample (g)
metal accumulation content is important for the presumed
effect on human health (Du Preez et al., 1997). (when 1 g of dried tissues was used) to:
The fish were placed onto polypropylene dissection boards, 1
immobilised and killed by cutting through the spinal cord behind X= -y +1
the head and subsequently dissected. The gills, liver, muscle and 100
skin were dissected out and placed in separate! gfass bottles. where:
All samples collected were refrigerated in a portable Coleman Yy = % moisture calculated when drying the tissue
refrigerator. Thereafter they were frozen and stored until the time X = wet mass of the tissue
of analysis.
pgram = X
Laboratory procedures metal mass obtained for dry tissue
where:

To determine the mass of the pre-thawed tissue samples (gills, p gram,,,, i.e the amount of metal in 1 g of wet tissue.

liver, muscle and skin) they were placed in Erlenmeyer flasks and

weighed again (subtracting the mass of the flask) using a Metti8tatistical analysis

PK 4800 balance. Approximately 5 g of wet tissue was used and

this corresponded to approximately 1 g of dried tissue. The gMetal data were statistically analysed with the aid of Statsgraphics
filaments were removed from the gill arches and used for tiecomputer software. The summary statistics determined included
analysis. The subsamples were dried at 60°C in a Haraeus Hattemean, standard deviation, standard error, coefficient of variation
KB 500 oven for 48 h. The dried samples were then also weighadd the minimum and maximum values.

in order to determine the percentage moisture content thereof. The multivariate analysis of variance (MANOVA) was carried
Samples were digested according to methods described by \aut to see if any significant differences existed between groups.
Loon (1980) and Du Preez and Steyn (1992). A mixture of¢10 nThis determines the relevance of carrying out any univariate
55% nitric acid (NHQ), and 5 mi70% perchloric acid (HCIPwas  analysis of variance tests (ANOVA). MANOVA is used when
added to the 1 g of dried sample in the Erlenmeyer flasks. Thwee or more variables are being compared; this was done when
samples were then placed on a hot plate and allowed to digess@asons and tissue types were compared with each other. The
+200°C until atransparent and clear solution was obtained. SampMANOVA test used during the present study was the Wilks’
were allowed to cool down and then diluted to 3Quith double- Lambda test. When only two variables are being compared (e.g.
distilled water. These solutions were then filtered through a 6 Bample sites, Mamba and Balule) a different multivariate test is
Millipore acid-resistant membrane filter attached to a vacuumsed. The one chosen during the present study was the Hotélling T
pump. The samples were then carefully poured into presterilisédst. ANOVA is used when three or more variables are being
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TABLE 1
Mean water quality variables from the Olifants River, at Mamba (Loc 1) and Balule (Loc 2), Kruger
National Park, Feb. 1994 — Nov. 1994

Surveyl Survey 2 Survey 3 Survey 4
(Feb) (May) (July) (Nov)

Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2

Chemical & physical water variables

Temperature (°C) 23.0 24.2 20. 24.8 16.9 19,2 25.0 27.8
pH 7.88 6.86 8.32 8.42 9.01 8.26 8.91 8.Y3
Oxygen (mgf) 7.9 8.5 8.8 9.6 12.3 8.9 N/A N/A
Oxygen saturation (%) 94 100 97 118 128 100 N/A NfA
Alkalinity (mg/t) CaCQ 387 309 N/A N/A N/A N/A a4 166
TDS (mgl) 315 786 560 585 1644 1401 1069 848

Metal concentrations (mg It) of water

Chromium 0.003 0.003 0.003 0.003 0.00B 0.0p3 0.903 0}003
Copper 0.004 0.004 0.00 0.004 0.00 0.0p4 0.004 0,004
Iron 0.003 0.003 0.003 0.003 0.003 0.0%9 0.1p6 0.129

=
=

Metal concentrations (mg [g ) of sediment

Chromium 0.218 0.360 0.249 0.35¢6 0.53p 0.3B85 0.259 0{105
Copper 0.004 0.023 0.041 0.056 0.03p 0.209 0.049 0,010
Iron 45.23 52.91 38.83 54.38 62.53 76.75 33.23 34.48

N/A = Not available

compared. This was done when seasons and tissue types weneomium
compared with each other. To do a univariate analysis of only two
groups (e.g. sample sites, Mamba and Balule) the t-test wB®accumulation of chromium (Table 2)

employed. The degree and site of bioaccumulation for Crin the four tissue and
organ samples for all four surveys and two locations varied a great
Results deal. For Survey 1, Mamba showed that the largest mean bio-

accumulation and the site with the highest mean concentration was
Table 1 summarises the information gathered, during this studigie muscle (117.22+44.26/g), whereas at Balule it was the gills
on the physical and chemical water parameters, as well as watEt8.34+38.0Qug/g). The results of Survey 2 were converse to that
and sediment metal concentrations. The complete set of datddsnd in Survey 1 with the gills (45.19+36.08/g) having the
contained in Marx (1996)The results obtained for the water andhighest mean concentration at Mamba, while for Balule the mean
sediment study done at Mamba and Balule, showed that the watencentration in muscle (69.62+11 4§/g) was the highest. The
quality at Mamba was poorer than the water quality at Balule, wittegree of bioaccumulation in the different organs and tissues for

sediment contamination higher at Mamba (Marx, 1996). both Mamba and Balule during Survey 3 corresponded with each
other, with the gills being the highest accumulation site, 52.96+25.44
Bioaccumulation of metals in tissue ug/gand 29.77+14.74g/g, respectively. During Survey 4 the gills

(39.00+12.06:9/g) concentrated the highest mean amount of Cr at
The four different tissue types gills, liver, muscle and skin werglamba, while at Balule the liver (25.78+6.50/g) showed the
analysed for the three metals specified and the results for bdighest mean concentration of Cr. The general degree of Cr
localities were summarised and tabulated (Table 2). There is@ncentration in the tissues for both Mamba and Balule was found
large amount of variation amongst the different organs and tissuesbe in the following order: gills > liver > muscle > skin.
with regard to each metal. Therefore, the results for each metal will Variation between the Cr tissue and organ concentrations for
be explained individually. The different organs and tissues samplédgividual specimens at the same locality was pronounced. For
differed in their moisture content. As a result of the variation iBxample, at Mamba during Survey 3 (July 1994) the concentration
moisture content of the different organs and tissues, metafl Crinthe gills for the 20 fish sampled ranged between a minimum
concentrations in these tissues were calculated on a dry weighitl7.50ug/g to a maximum of 112.10g/g. The value of the
basis. In order to compare these to the values obtained by Du Prei@ndard deviation indicates the degree of variation among
etal. (1994) the metal contentin 1 g of wet tissue was calculated andividuals, the greater the standard deviation, the larger the
is shown in comparison to their results in Table 3. variation.

572 ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 Available on websitéttp://www.wrc.org.za



TABLE 2
Heavy metal concentrations ( ng/g) in gills, liver, muscle and skin of
Kruger National Park

Clarias gariepinus , from the Olifants River,

Survey 1, February 1994

Location One (Mamba) (n=20)

Location Two (Balule) (n=20)

Metal Tissue types Tissue types
concentration
(no/g) Gills Liver Muscle Skin Gills Liver Muscle Skin
Cr Mean + sd 77.2+36.6 67.9+27.9 117.2+44.3 69.7+23|4 118.3+£38.0 67.1+15.1 68.3423.7 77.5+27.1
Min/Max (31.9-156.9) | (40.9-142.0)f (42.2-245.p)  (33.0-114.n) (70.7-227.3)  (35.3-101.1)  (33.5-1B34.8)  (46.11162.7)
se 8.2 6.2 9.9 5.2 8.5 34 5.3 6.1
cv 47.4 41.1 37.8 33.5 32.1 22.4 34.7 34.9
Cu Mean + sd 12.2+4.8 152.8+70.7 12.5+4.5 10.9+4.3 33.0£13.6 108.9+39.5 4.6x1.5 5.6¢1.8
Min/Max (5.5-23.4) (76.8-300.8) (5.6-23.2 (6.3-22.5 (17.1-67.6)  (42.6-203.8) (1.5-6[3) (3.3-11.2)
se 1.1 15.7 11 0.9 3.0 8.8 0.3 0.4
cv 39.5 45.9 36.2 38.8 38.9 36.3 325 324
Fe Mean +sd 646.5+215.2 2380.6+1648.5 675.0+877.8  546.2+3D5.2 1303.74634.6 2573.3+608.5 1641|8+584.7 1729.0+532.8
Min/Max (174.7-1045.6) (943.0-6673.2) (200.2-433B.0) (309.9-1335.7) (619.4-2766.0) (1848-4P90.3) (802.913298.2) (1128.0-3548)
se 48.2 368.6 196.3 68.3 141.9 136.1 130.8 532.4
cv 334 69.3 130.1 55.9 48.7 23.7 35.6 30.8
Survey 2, May 1994
(Mamba) (n=18) (Balule) (n=20)
Cr Mean * sd 45.2+36.1 29.1+28.2 25.3+19]3 19.4+16/0 27.1+16.6 28.0+14.3 69.6+[11.5 39.0+10.4
Min/Max (10.6-113.9) (0.8-77.3) (3.3-71.7 (3.1-47.9 (7.6-63.9) (13.3-60/8) (51.2-87.5) (27.974.1)
se 8.5 6.6 45 3.8 3.7 3.2 2.6 2.3
cv 79.8 97.0 76.2 82.7 61.3 51.2 16.5 26.7
Cu Mean +sd 10.8+£3.9 42.8+26.3 5.1+3.0 3.1+1.2 22.6+11.7 100.5+40.1 3.7£0.7 5.1#1.7
Min/Max (6.2-18.9) (13.5-114.2) (0.8-12.1 (1.3-5.7) (8.4-50.7| (25.7-197.5) (2.8-5.p) (3.7-9.9)
se 0.9 6.2 0.7 0.3 2.6 9.0 0.2 0.4
cv 95.0 61.4 59.7 38.3 51.8 39.9 19.6 325
Fe Mean +sd 1033.1+552}4 1382+981/5 231.0+132.4 168.6+97.5 1491.04970.5 2500.7+1153 148.1+71.6 16B.8+95.3
Min/Max (490.2-2590.3) (322.2-2998.2) (76.8-479/8)  (47.0-422]7)  (73.8-3044.7) (257.8-838.6) (80.4-390.6)  (82.5-379.6)
se 130.2 231.4 31.2 23.0 217.0 257.8 16.0 82.5
cv 53.5 71.0 59.3 57.8 65.1 46.1 48.4 56.4
Survey 3, July 1994
(Mamba) (n=20) (Balule) (n=20)
Cr Mean + sd 53.0+25.4 25.9+14 .4 11.5+1.1 12.743. 29.8+14.7 20.2+£1p.7 10.340.7 11.7+3.3
Min/Max (17.5-112.1) |  (10.9-50.7) (9.0-14.0 (9.7-20.6 (13.1-59.p) (10.5-50.8) (9.0-11.2) (7.6-18.0)
se 5.8 3.2 0.3 0.7 3.3 2.9 0.2 0.7
cv 48.0 55.5 9.9 26.1 49.5 63.0 6.6 28.2
Cu Mean +sd 9.5+2.0 60.0+26.0 2.3+0.5 2.6+0.9 9.0£3.3 94.9+23.8 1.9+0.6 2.741.3
Min/Max (6.7-14.2) (12.9-102.7) (1.6-3.5) (1.7-4.7) (2.8-16.4) (51.6-131,1) (1.4-3.8) (1.5-6.4)
se 0.5 5.8 0.1 0.2 0.7 5.3 0.1 0.3
cv 20.7 43.3 20.7 33.9 36.8 25.1 30.3 49.4
Fe Mean +sd 2267.0£968)4 1737.9+827.8 132.9+42.8 166.1+86.2 1216.04634.9 2373.631221.0 79.5+28.1 146.0+93.9
Min/Max (948.2-4475.5) (754.6-3425.8) (74.7-218|6)  (72.7-420{7) (550.5-27B6.2) (858.2-4B58.2) (50.2-183.7)  (67.y-375.4)
se 222.2 185.1 9.6 19.3 142.0 273.0 6.3 21.0
cv 42.7 47.6 32.2 51.9 52.2 51.4 35.4 64.3
Survey 4, November 1994
(Mamba) (n=19) (Balule) (n=20)
Cr Mean +sd 39.0+12.1 16.1+6.0 12.1+3.1 13.6+4. 21.94516 25.848.5 12.5+B.7 15.7+6.6
Min/Max (17.2-63.0) (9.1-32.1) (9.7-19.2 (8.7-22.9) (11.7-31.5) (17.2-35|8) (9.2-197) (7.7-34.6)
se 2.8 1.4 0.7 1.0 1.3 15 0.8 1.5
cv 30.9 375 25.8 31.6 25.5 25.2 29.3 42.2
Cu Mean * sd 11.9+3.1 44.1+20.3 2.7+1.1 2.5+0.8 5.7+1. 42.7+23.3 1.5+0.7 1.440.6
Min/Max (6.4-16.6) (23.3-81.5) (1.4-5.4) (0.9-3.9) (2.9-8.2) (18.2-92.p) (90.4-2/9) (0.4-3.3)
se 0.7 47 0.2 0.2 0.3 5.2 0.2 0.1
cv 26.0 45.9 395 31.3 26.7 54.6 45.5 45.7
Fe Mean *sd 1973.0£772|0 1431.0+1064.2 193.6+63.9 236.9+102.3 1263.1+723.3 1012.84584.9  199|3+88.5 250.1+154.5
Min/Max (963.4-4339.7) (420.7-353.7) (109.2-317.7) (121.8-509.7) (367.0-2708.2) (426.2-2p518.2) (87.2-448.7)  (99.7-633.7)
se 177.1 244.2 14.7 235 161.7 130.8 19.8 34.6
cv 39.1 74.3 33.0 43.2 57.3 57.8 44.4 61.8

Cr (ng/g) = chromium concentratiou (ug/g) = copper concentratiofre (ug/g) = iron concentratiorsd = standard deviation;
se= standard errocyv = coefficient of variation.
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Table 3
Mean metal concentration in selected tissue as
obtained in the present study in comparison with
values obtained by du Preez et al. (1994), following
conversion of dry tissue results (Highest value in
bold)
Location Organ Metal % Mean Mean
Moisture Metal Metal
Mass Mass
(no/g) (ng/9)
Present study Du
Preez
etal.
(1997)
Survey Feb-94 Feb -90
Mamba  Gills Cr 85.26% 11.4 52
Mamba  Liver Cr 76.30% 16.1 52
Mamba  Muscle Cr 83.47% 19.4 50
Mamba  Skin Cr 79.01% 14.6 N/A
Balule Gills Cr 86.34% 16.2 18
Balule Liver Cr 78.19% 14.6 26
Balule Muscle Cr 86.87% 9.0 23
Balule Skin Cr 80.42% 15.2 N/A|
Mamba  Gills Cu 85.26% 1.8 5
Mamba  Liver Cu 76.30% 36.2 21
Mamba  Muscle Cu 83.47% 2.1 4
Mamba  Skin Cu 79.01% 2.3 N/A
Balule Gills Cu 86.34% 4.5 63
Balule Liver Cu 78.19% 23.8 140
Balule Muscle Cu 86.87% 0.6 26
Balule Skin Cu 80.42% 1.1 N/A|
Mamba  Gills Fe 85.26% 95.3 N/A
Mamba  Liver Fe 76.30% 564.2 N/A
Mamba  Muscle Fe 83.47% 111.6 N/A
Mamba  Skin Fe 79.01% 114.7 N/A
Balule Gills Fe 86.34% 178.1 N/A
Balule Liver Fe 78.19% 561.3 N/A
Balule Muscle Fe 86.87% 215.6 N/A
Balule Skin Fe 80.42% 338.5 N/A
May-94 Jun-90
Mamba  Gills Cr 87.43% 5.7 34
Mamba  Liver Cr 79.12% 6.1 21
Mamba  Muscle Cr 88.58% 2.9 23
Mamba  Skin Cr 80.64% 3.8 N/A
Balule Gills Cr 88.29% 3.2 27
Balule Liver Cr 76.38% 6.6 17
Balule Muscle Cr 84.21% 11.0 20
Balule Skin Cr 79.34% 8.1 N/A
Mamba  Gills Cu 87.43% 1.4 7
Mamba  Liver Cu 79.12% 8.9 24
Mamba  Muscle Cu 88.58% 0.6 5
Mamba  Skin Cu 80.64% 0.6 N/A
Balule Gills Cu 88.29% 2.7 3
Balule Liver Cu 76.38% 23.7 25
Balule Muscle Cu 84.21% 0.6 2
Balule Skin Cu 79.34% 1.1 N/A|
Mamba  Gills Fe 87.43% 129.9 N/A
Mamba  Liver Fe 79.12% 288.6 N/A
Mamba  Muscle Fe 88.58% 26.4 N/A
Mamba  Skin Fe 80.64% 32.6 N/A
Balule Gills Fe 88.29% 174.6 N/A
Balule Liver Fe 76.38% 590.7 N/A
Balule Muscle Fe 84.21% 23.4 N/A
Balule Skin Fe 79.34% 34.9 N/A

Concentration differences between the two localities

For Survey 1 (February 1994) the concentrations of Cr differedigcrease-decrease fluctuating pattern from Survey 1 (late summer)
great deal between the first two locations, especially for the gills Survey 4 (early summer). This was also true for muscle results
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Jul-94 Aug . 90
Mamba  Gills Cr 84.69% 8.1143 40
Mamba  Liver Cr 77.55% 5.8 45
Mamba  Muscle Cr 93.07% 0.8 21
Mamba  Skin Cr 80.97% 2.4 N/A
Balule Gills Cr 86.78% 3.9 34
Balule Liver Cr 80.62% 3.9 39
Balule Muscle Cr 91.45% 0.9 20
Balule Skin Cr 80.56% 2.3 N/A
Mamba  Gills Cu 84.69% 15 5
Mamba  Liver Cu 77.55% 13.5 25
Mamba  Muscle Cu 93.07% 0.2 4
Mamba  Skin Cu 80.97% 0.5 N/A
Balule Gills Cu 86.78% 1.2 20
Balule Liver Cu 80.62% 18.4 10
Balule Muscle Cu 91.45% 0.2 5
Balule Skin Cu 80.56% 0.5 N/A|
Mamba  Gills Fe 84.69% 347.1 N/A
Mamba  Liver Fe 77.55% 390.0 N/A
Mamba  Muscle Fe 93.07% 9.2 N/A
Mamba  Skin Fe 80.97% 31.6 N/A
Balule Gills Fe 86.78% 160.8 N/A
Balule Liver Fe 80.62% 460.0 N/A
Balule Muscle Fe 91.45% 6.8 N/A
Balule Skin Fe 80.56% 28.4 N/A

Nov-94 Dec-90
Mamba  Gills Cr 87.87% 4.7 29
Mamba  Liver Cr 78.78% 3.4 26
Mamba  Muscle Cr 91.93% 1.0 7
Mamba  Skin Cr 82.31% 2.4 N/A
Balule Gills Cr 87.23% 2.8 21
Balule Liver Cr 77.76% 5.7 21
Balule Muscle Cr 94.50% 0.7 14
Balule Skin Cr 81.02% 3.0 N/A
Mamba  Gills Cu 87.87% 1.4 7
Mamba  Liver Cu 78.78% 9.4 10
Mamba  Muscle Cu 91.93% 0.2 2
Mamba  Skin Cu 82.31% 0.4 N/A
Balule Gills Cu 87.23% 0.7 8
Balule Liver Cu 77.76% 9.5 8
Balule Muscle Cu 94.50% 0.1 2
Balule Skin Cu 81.02% 0.3 N/A|
Mamba  Gills Fe 87.87% 239.3 N/A
Mamba  Liver Fe 78.78% 303.7 N/A
Mamba  Muscle Fe 91.93% 15.6 N/A
Mamba  Skin Fe 82.31% 41.9 N/A
Balule Gills Fe 87.23% 161.3 N/A
Balule Liver Fe 77.76% 225.1 N/A
Balule Muscle Fe 94.50% 11.0 N/A
Balule Skin Fe 81.02% 47.5 N/A
N/A not available

and the muscle. Very little difference could separate the concen-
trations in the liver and skin for both localities. Of the four organs
and tissues the liver and muscle mean concentrations were higher
at Mamba than at Balule and the mean concentrations of the skin
and gills lower at Mamba than at Balule. Survey 2 (May 1994),
showed large differences between the concentrations of the gills
and muscle for both localities, with the gills and liver exhibiting
higher mean concentrations at Mamba. The results for Survey 3
(July 1994) showed higher mean Cr concentrations overall for all
organs and tissues sampled from Mamba as compared to Balule.
Mean gill concentration was far higher here than at Balule. Except
for the gills, the results for Survey 4 (November 1994) showed
higher mean concentrations for liver, muscle and skin at Balule.

Seasonal variation (comparison between the different

surveys)

As in the case of the first four surveys, the sets of data on the
concentration in the gills from both locations showed the similar
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obtained at Balule. The concentration in the muscle at Mamisammer), with a subsequent decrease in concentration for the
showed some type of pattern, where the maximum concentratisecond (autumn), third (winter) and fourth surveys (early summer)

levels in Survey 1 (late summer) were subsequently followed bywere recorded. The concentration in the liver at Mamba was the
decrease in concentration observed for autumn (May 1994) aonly organ to show fluctuating results throughout the study period.

winter (July 1994) with a slight increase in summer (November

1994). The mean liver concentration at Mamba showed a decre&ss

from Survey 1 (late summer) to Survey 4 at the outset of summer.

The mean concentration in the liver at Balule, as well as the meBioaccumulation of iron (Table 2)

concentrations in the skin at both Mamba and Balule, exhibited titiere was variation in the accumulated concentrations of Fe

same pattern. A high concentration for Survey 1 (late summer) wlastween the different organs and tissues. However, inthe firstthree
followed by a decrease in concentration up until Survey 3 (winteurveys at both locations (February, May and July 1994), one

Thereafter a slight increase in concentration was noted. aspect was constant throughout: the fact that the liver accumulated
the most Fe. From Survey 1 to three the mean Fe concentrations for

Copper Mamba were the following: 2380.58+16481§/g; 1382+981.52
ng/gand 1737+827.8ig/g and for Balule the concentrations of Fe

Bioaccumulation of copper (Table 2) inthe liver were the following: 2573.51+608 5§/g; 2500.73+1153

Variation between locations and surveys regarding the site ang/g and 2373.57+1221.3g/g. During Survey 4 (November
degree of accumulation of copper in the organs and tissues w&94) both locations showed that the gills had the maximum mean
diminutive. The results for Survey 1 showed that the highesbncentrations of Fe 1973+7720§/g and 1263.05+723.3@/g,
concentration site for both locations was the liver, exhibitingespectively, with liver being a close second. The general degree
concentrations of 152.84+70.1@/g and 108.91+39.48g/g, of Fe concentration in the organs and tissues sampled at Mamba
respectively. Survey 2 showed that the mean concentration of @as observed to be in the following sequence:gillser > muscle

was highest in the liver (42.84+26.88/g) at Mamba and in the > skin, while at Balule it was found to be: liver > gills > skin >
liver at Balule (100.49+40.1dg/g). The order of bioaccumulation muscle.

for Cu in the different organs and tissues was equivalent for both The mean concentration of Fe in each organ and tissue sampled,
Mamba and Balule during Survey 3. The liver was shown to hadiffered greatly. At Mamba for example, during Survey 3, the

a maximum mean concentration of 59.97+25.88) at Mamba concentration in the liver varied from 754.68/g to 3425.30

and 94.87+23.7%g/g at Balule. As with Survey 3, Survey 4 ug/g. The standard deviation for the concentration of iron in
revealed that the order of bioaccumulation was identical for botkarious individuals was extremely high, indicating large variation
locations. Similarly, the liver had the highest Cu concentratiotetween individuals.

with a maximum mean concentration of 44.14+20.26 at Mamba

and 42.69+23.3Qug/g at Balule. The general degree of CuConcentration differences between the two localities
concentration in the organs and tissues for both Mamba and Baltileere was no distinctive trend as to which location generally had
was found to have the following order: liver > gills > muscle > skirthe highest mean concentration. For Survey 1 (February 1994) the
Individual organ and tissue concentrations at the same localityean concentrations of all the organs and tissues were lower at
varied. The liver concentrations at Mamba during Survey 3, fdlamba, with large differences in concentrations separating the
example, had concentrations ranging from 12:8/9 to 102.66 locations. In Survey 2 (May 1994), with the exception of the

ua/g. muscle, the remaining organs all exhibited lower concentrations at
Mamba, the mean concentrations being slightly higher at Balule.
Concentration differences between the two localities The reverse was evident for Survey 3 (July 1994) where, with the

For Survey 1 (February 1994), it was concluded that the mearception of the liver, the mean concentrations in all the other
concentrations of Cu in the liver, muscle and skin were higher atgans and tissues were highestat Mamba. For Survey 4 (November
Mamba than at Balule. A similar, but opposite, pattern was evidet®94), the concentrations in the gills and liver were higher at
for Survey 2 (May 1994), where the mean concentrations in tidamba, whilst the muscle and skin concentrations were lower.
gills, liver and skin at Mamba were much lower than those found

atBalule. Survey 3 (July 1994) revealed that the mean concentrati®easonal variation (comparison between the different

in the gills and muscle were higher at Mamba than at Balule, whilstirveys)

the mean concentrations in the liver and skin were lower. The datathe different organs and tissues variation occurred during the
obtained for Survey 4 (November 1994) showed higher mean @ifferent seasons at the respective locations. At Mamba the mean
concentrations for all the organs and tissues at Mamba relativectancentration in the gills showed an increase from Survey 1 (late

those found at Balule. summer), through to Survey 3 (winter), where it peaked and then
decreased slightly, as was observed from the results of Survey 4

Seasonal variation (comparison between the different (early summer). AtBalule, however, the mean concentration in the

surveys) gills fluctuated slightly, with a low concentration in Survey 1 (late

There was variation with regard to the mean concentrations for teemmer), a high concentration in Survey 2 (autumn), etc. Generally,
individual organs and tissues found at the different survey®ncentrationsremained similar. The liver concentration at Mamba
throughout the year. A reduction in the mean concentration levelsowed no general seasonal pattern. The mean concentration in the
in the gills and muscle at Mamba was evident from the first survdiyer at Balule showed a decrease for subsequent surveys, from
(late summer) to the second survey (autumn) with the minimuBurvey 1 (late summer) to Survey 4 (early summer). The seasonal
concentration being attained during winter (Survey 3). The megattern for the mean muscle concentration, as depicted for 1994,
concentration in the gills, liver, muscle and skin at Balule, as weshowed that at Mamba and Balule the concentration decreased
as the concentration in the skin at Mamba, presented the safmen Survey 1 (late summer) to Survey 3 (winter). Thereatfter, it
seasonal pattern. A maximum concentration during Survey 1 (latereased slightly as was observed in Survey 4 (early summer). At
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Seasons

TABLE 4 Significant p-values were recorded above the 0.000 significance
Table showing the ranking of metal concentrations level for Cu when autumn was compared to summer at 0.008 and
in the different organs and tissues winter was compared to summer at 0.003. Furthermore, during the
spring autumn comparison a p-value above 0.000 was recorded
Metal Ranking of accumulation: (0.014). Likewise, during the spring winter comparison at0.039 no
the highest to the lowest p-values were recorded for Cr above the 0.000 significance level
concentration indicating a confidence limit of 95% for this metal during all four

seasons. For Fe asignificant p-value (above the 0.000 significance)
was only recorded above the 0.000 significant level when summer
was compared to winter when a value of 0.006 was obtained.

Organ | Organ |Organ Organ

Chromium (Crpng/g) | = qgills | >liver | >muscle | >skin
Copper (Cupng/g) | = liver | >gills | >muscle | >skin

Iron (Feng/g) | = liver | >gills | >muscle | >skin Sample sites (Table 8)

The ANOVA test was not employed as only two sites were used.
The Levene’s test for equality indicated no significant differences

) ] between the two sites for these metals with 0.312 recorded for Cu,
Mamba and Balule a maximum concentration was detected durig®7s5 for Cr and 0.018 for Fe. Because the Multivariate analysis

Survey 1 (late summer). The concentration of the Fe in the skin wag,ivalent to the MANOVA test) done for sample sites indicated
seen to have lowered nominally by Survey 3 (winter). Thereaftgg sjgnificant difference between sample sites, the value obtained
itincreased marginally in the early summer during Survey 4. or jron may not be significant, but just be due to the sample group
) ) tested, i.e. by chance. This means that one could probably ignore
Summary of metal bioaccumulation this value and assume that no significant difference exists between

) _the sample sites for iron.
All the metals tested for were detected in reasonably high

concentrations it. gariepinus The general pattern with regard to pjscussion
metal bioaccumulation was that in the case of Cr and Cu, highest

concentrations were evident at Mamba. Contrary to this, trrglgniﬁcant variation among individuals was observed for all

concentration of iron was found to be higher at Balule. Seasonghaccumulated metals tested and in all the organs and tissues
patterns showed variation among the different metals. The dafgmpled. Possible reasons for the variation are:

obtained for Mamba and Balule revealed that Cr exhibited highegf v/ariation in the individual’s optimum for essential elements
concentrations in the gills, with concentrations of Cu and Fe e 1o age, size or genetic variability.

peaking in the liver. The order of the degree of concentration f% Variation in fish size or health.

the three metals in the different organs is shown in Table 4. 3) Time of residence, in particular collection area.

4) Differential stress during capture and retrieval or further
undocumented events such as feeding habits or previous disease
(Pinder and Giesy, 1981).

MANOVA/ Multivariate analysis

Tissue types

A _Val‘fe of 0.000 was recorded as a significant p-value when tg&,ncentration differences were also observed for the individual
Wilks’ Lambda test was employed for tissue types. This indicat@geals in the same organs and tissues. From literature cited

an absolute significant difference between tissue types with a 99¥gatthiessen and Brafield, 1977; Holcombe etal., 1979), differences
confidence limit. in tissue metal concentrations of fish from a specific locality and in

experimental conditions where fish were exposed to metal, were

Seasons recorded. Another important factor that must be considered is that

A _Va“,*e of 0.000 was recorded as a significant p-value when thgata| concentrations in fish are the result of complex processes
Wilks’ Lambda test was employed for seasons. This indicated a@sqciated with uptake, excretion rates and homeostasis in fish

absolute significant difference between the seasons sampled V\('@]esy and Wiener, 1977; Heath, 1987). The coefficient of variation

a 99% confidence limit. (cv) which reflects variation among individual fish was relatively

) high. Generally, it was the result of mostly single organ or tissue
Sample sites o samples that contained high concentration levels. Other scientists
A value of 0.118 was recorded as a significant p-value when tigye observed similar large variations in related studies (Pagenkopf

Hotelling T test was employed for sample sites. The high valughq Neuman, 1974; Ray, 1978; Du Preez and Steyn, 1992).
recorded indicated that no significant difference was present between

sample sites as the significant p-value is greater than the 08#romium
significance limit.

In this study the Cr levels in the different organs and tissues
sampled revealed highindividual variations. The Cr concentrations
] in the tissues o€. gariepinusrecorded, were lower during all
Tissues seasons and in all tissues types than for comparative studies done
Significant p-values were recorded for Cu above the 0.00Q namba and Balule od. gariepinusby Van der Merwe (1992)
significance level when muscle was compared to gills at 0.001 apf1990/1991 and shown in Table 3. The general ratio of the Cr
when skin was compared to muscle at 0.007. concentrations between the various organs and tissues being, gills
> liver > skin > muscle, agrees with results obtained in similar
studies by Kuhnert and Kuhnert (1976) $almo gairdneriand

ANOVA (Tables 5-7)
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TABLE 5
Table showing significance levels for tissue types and seasons.
The significant p-values above 0.000 are highlighted in bold, bold
and italics, bold italics and underline or in italics and underline.
This table should be used in conjunction with Tables 4 and 5.

Legend Tissue type Seasons
Significance values Significance values
Copper (Cu) 0.0000.0010.007 0.0080.0030.0000.0140.039
Chromium (Cr) 0.000 0.000
Iron (Fe) 0.000 0.0003.006
TABLE 6 Table 7
Table showing the metals, which recorded a Table showing the metals, which recorded a
significant difference when compared with the significant difference when compared with the
different tissue types separately. The metals different seasons separately. The metals highlighted
highlighted in bold, bold and italics, bold italics and in bold, bold and italics, bold italics and underline or
underline or in italics and underline recorded in italics and underline, recorded significance values
significance values above 0.000. above 0.000.
Tissue Gills Muscle Liver Skin Seasons | Summer Autumn Winter Spring
type
Summer Cuy, Cr, Feg Cu, Cr,Fe| Cu, Cr, Fe
Gills Cu, Fe Cu, Cr, F¢ Cu,Cr, Fe Autumn |[Cu, Cr, Fe Cr Cuy, Cr
Muscle Cu, Fe Cu, Fe Cu Winter |Cu, Cr,Fe Cr Cu
Liver Cu, Cr, Fe Cu, Fe Cu, Fe Spring | Cu, Cr,Fe| Cu,Cr Cu
Skin Cu, Cr, Fe Cu Cu, Fe
exposure water from 7.8 to 6.5 increased the toxicity of hexavalent
TABLE 8 Crto rainbow troutSalmo gairdnerby a factor of between 3.2 and
Table showing the sample site according to the 3.6 times.
Levene’s test for equality of variance Liver was the tissue with the second highest Cr accumulation.
The liver is a primary storage and detoxification site for Cr
Metal Value (Klaassen, 1976). It is suggested that liver chromium is stored
linked to proteins and smaller peptides such as glutathione (Gaugl-
Cu 0.312 (Equal variance not assumed) hofer and Bianchi, 1991). According to Mertz (1969), fish excrete
Cr 0.975 (Equal variance assumed) chromium via their faeces, as was shown by high levels in the bile
Fe 0.018 (Equal variance not assumed) of fish during and after the ingestion of contaminated food or
contaminated water (Heath, 1987). However, high concentrations,
p < 0.05 therefore 5% significance level applies particularly in the gills and liver, may be as a result of the slow
= 95% confidence limit. elimination rate of chromium by the fish once it has accumulated

(Buhler et al., 1977).

Generally, the sites and level of Cr bioaccumulation did not
Van der Merwe (1992) forC. gariepinus The degree of Crdiffer much between Mamba and Balule, except for the mean
bioaccumulation in tissues suggests that Cr was taken up &@pgentrationinthe gills. The concentration in the gills at Mamba
readily by the gills. Sellers et al. (1975), reported on findings wHdtgwed that this location was more polluted than at Balule. This
Cr readily accumulates in the gill tissue, increasing gill metints to the bioavailability of chromium being lower at Balule.
concentration levels above that of the other organs and tissues. fiftgsalkalinity (CaCQ or hardness has a definite effect on the
however, is regulated by water pH levels as pointed out by VarAieunt of chromium which is bioavailable to the fish (Prosi, 1979).
Putte etal. (1981a &b). They observed that the gills were the prinh@gy harder the water, the less chromium is bioavailable as was
site of toxic action ata pH value of 6.5. Increasing the exposure v@4gerved for the water at Balule, which was much harder than at
to a pH of 7.8 resulted in higher accumulation of Cr in the intefM@mba. Studies by Pickering and Henderson (1966) showed that
organs than in the gills. This, however, was notthe case in the pré&@{gnt chromium was significantly more toxic to both the fathead
study. Many of the gill samples analysed had a higher bioaccumul&iéfow and the bluegill sunfish in soft water than in hard water.
of Cr compared to tissues tested at the different locations and surejifiermore, water hardness affects the gill permeability to water
even with three of the four surveys showing a pH well over 8.00. ¥8f ions so that the harder the water, the less permeable the tissue
der Putte et al. (1981a) determined that decreasing the pH oPegemes. The calcium ion responsible for the hardness of water
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also causes the electrical charge on the outside of the gills to®epper
more positive, causing further repulsion of positively charged
molecules (Mc Williams and Potts, 1978). From the results it was apparent that high individual variation for

Temperature is known to have an effect on metabolism (Cairttee  Cu concentrations in the different organs and tissues exists.
etal., 1975), influencing the rate of metabolic processes includiftpwever, results on the ratio of the Cu concentrations between the
the uptake, metabolism and excretion of metals. For examplarious tissues were uniform throughout all the surveys. The
when the ambient temperature drops, a drop in the biologicadncentrationin tissues was found to be in the following sequence,
activity of organisms results, which could lead to a change in thiger > gills > muscle > skin. The sequence resulting from the
rate of incorporation and the release of heavy metals by organisdegree of concentration was supported by the findings of Buckley
(Prosi, 1979; Abel, 1989). This could explain the low measmt al. (1982), Du Preez and Steyn (1992), Miller et al. (1992) and
concentration rates in all the organs and tissues during winter as Yt der Merwe (1992). Thus the gills are the primary uptake site
temperatures at both locations were lower, by between 3°C and 550Cu from the water. Similar studies done by Van der Merwe
as compared to the rest of the surveys. The fact that an increas@ B92) show higher levels of Cu bioaccumulatio@ imariepinus
the bioaccumulation of chromium was observed in three of the foduring the 1990/1991 study of the Olifants River in the KNP, when
organs and tissues during the warmest sampling periods (Februapynpared to the results obtained in the present study in all but three
and November), shows a seasonal pattern, with highs in sumnoecasions (Table 3).
and lows in winter. Prosi (1979), also notes that the toxicity of However, with the greatest accumulation of Cu occurring inthe
metals to fish increases with higher water temperatures andiwer, it reinforces the view that the liver in fish plays a protective
reduction in dissolved oxygen because the tendency of increasetk against chronic heavy metal exposures by producing metallo-
respiration rates in fish results in an increase in Cr uptake. Smitfioneins (Mc Carter and Roch, 1983), acting as a storage site, and
and Heath (1979 demonstrated that with channel catfish and otheing a vital organ in the regulation of copper (Buckley et al.,
fish species, slightly higher L(3 are achieved at higher 1982). Metallothioneins have already been isolated from fish liver
temperatures. (Carpene and Vasak, 1989) and are low molecular-weight cytosolic

High salinity levels in the water could also have contributed tproteins. These metallothioneins have high affinities for Cu and
the ‘type’ of seasonal pattern observed. During winter the totather heavy metals, and in doing so, concentrate and regulate these
dissolved solids, sodium and chloride concentrations were afeetals (Klerks and Levinton, 1989; Carpene and VaSak, 1989).
maximum while the bioaccumulation concentration was at Wittmann (1979) stated that the liver proteins, haemocuprein and
minimum. This agrees with Barron’s (1990) and Phillips’ (1980hepatocuprein, as well as several oxidative enzymes, need Cu as an
findings that the metal uptake rate increases as salinity decreas@portant component to function. Some evidence has shown that,
which could be due to the fact that freshwater fish are hyperosmotitthe concentrated Cu levels in the liver of the fish, at least some
to a low saline environment and, therefore, the influx into the fistopper undergoes urinary and biliary excretion (Dixon and Sprague,
may facilitate chemical uptake. 1981; Heath, 1987).

In summer, rain dilutes the concentrations of metals in the Accordingto Stokes (1979), fish muscle normally contains low
water and might decrease the Cr concentration available fooncentrations of Cu and, even at high levels of Cu exposure,
uptake. However, from the water data it was evident that the @wscle does not often reflectincreases in the external environment.
concentration in the water remained constant throughout tthecontrast, the gill tissue of the fish tends to concentrate Cu from
sampling period of 1994. Therefore, with the water variablethe water. The gills represent the area of closest proximity between
contributing largely to the rate of metal uptake by the fish, it ithe internal and external environments, due to the short diffusion
obvious that the seasonal pattern in the bioaccumulatialistance fromthe waterto the blood, as well as the large surface area
concentrations shows the variable effects of bioavailability to bexposed to the water. The resultant absorption and binding of Cu
true. ions to the branchial surface would increase the concentration of Cu

Chromium levels were relatively high in tissues as compared the gills (Stagg and Shuttleworth, 1982). Furthermore, the gills
to the concentration found in the water. However, the Quossess an extensive vascular network, which, accordingto Laurent
concentration in the sediment was much higher. This could lb@d Dunel (1980), brings the gill tissue into close contact with any
suggestive of a large quantity of Cr uptake via the food chablood-borne metal. It has been shown that Cu accumulation
because of the omnivorous and bottom feeding habits efsentially occurs in osmotic and ionic regulating organs such as
C. gariepinus The uptake route via the food chain was ruled ouhe gills (Benoit, 1975; Stagg and Shuttleworth, 1982). Data
by Knoll and Fromm (1960). These authors experimentallgbtained on Cu exposure to the gills of the Aafuilla anguilla
determined that Cr pumped into the gut was eliminated almostvealed that, due to the induction of elevated ambient copper,
immediately, with no Cr being distributed to other tissues, therelmgetallothionein was produced which, in turn, binds to Cu (Noél-
implicating the gills as the major source of Cr uptake. Accordingambot et al., 1978). When fish are exposed to high Cu levels, the
to Eisler (1986), no biomagnification of Cr has been observed gills are the first organs that are affected by this increase. Mucous
food chains, with the highest concentrations being at the loweslls respond by increasing in activity, size and abundance.
trophic levels. It has been found that some fish are capable of biistological damage (Cardeilhac et al., 1979) and impaired
accumulating Cr levels nearly 100 times the concentration of Cr physiological function (Sellers et al., 1975; Cardeilhac et al., 1979)
the water. Exposure, as well as unknown factors, influences timelicates that Cu binds to gill tissue and result in tissue damage. It
time required to reach equilibrium tissue levels of Cr. Witlhas been concluded from the results of many studies that the
fluctuating Cr levels in the water (which was not detected becauaecumulation of Cu in the gill is possibly due to its binding to
water was monitored only four times in one year), fish will nohaemopoeitic tissue, mucous and metallothioneins implicated with
experience mass cumulative Cr uptake asitis rapidly eliminated bycretion and detoxification.
fish in water with alow concentration or in uncontaminated water With the exception of the fourth survey (November 1994),
(Phillips and Russo, 1978). where all the organs and tissues showed bioaccumulation levels

higher at Mamba than at Balule, the level of bioaccumulation did
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not differ much between the two locations. The mean concentratibbon
of Cu in the gills and the muscle, with the exception of Survey 2,
continually exhibited higher concentrations at Mamba for 1994ron was detected in all tissues sampled and it was observed that
indicating higher Cu bioavailability to the fish at this site. TheC. gariepinusis able to bioaccumulate high levels of Fe. Great
results for Survey 2 (May 1994) conflicted with the generabariation exists in the level of iron concentration tissues, with the
findings of higher bioaccumulation at Mamba. Here, the Cdegree of Fe concentration being present producing the following
bioaccumulation for the gills, liver and muscle was much higher general sequence: liver > gills > muselekin. Rehwoldt et al.
Balule. (1976), Du Preez and Steyn (1992) and Seymore (1994) found
Bioavailability of Cu to the fish is influenced by a number ofcoinciding sequences for the accumulation of Fe. These results
factors: alkalinity, hardness and pH being of primary importancepnclude that the liver is the primary organ for Fe bioaccumulation.
aswellas chemical processes, including: absorption onto particuldtee levels of Fe in different tissues in fish are mainly due to the
matter, precipitation and complexation with inorganic and organfresence and metabolism of haemoglobin (Bryan, 1976a). The
ligands (Stiff, 1971). Howarth and Sprague (1978) determined, liyer has a vast vascular network where blood passes through. Iron
experimenting with rainbow trout, that high hardness decreasesleased from the breakdown of haemoglobin, as well as excess Fe
toxicity at any pH. However, at a high pH of 9 and at high hardnegsund in the body, is stored and detoxified in the liver (Buckley et
levels, Cu’'stoxicity increases. Lloyd and Herbert (1962), postulatedl, 1982; Schmidt-Nielson, 1991).
that hydroxyl Cu complexes accumulate between the gill filaments The gills, which are continually exposed to the external
and the consequent excretion of carbon dioxides at the gill surfemevironment, also exhibited high accumulation levels, which could
lowers the surrounding pH, ionizes hydroxides, liberatinde attributed to a number of factors. Firstly, Rehwoldt et al. (1972),
considerable amounts of cupric ion which is taken in by the gilproposed that the gill system acts as a filter, thus allowing high
This scenario could well have contributed to the higheconcentrations of metals which are bound to particles (suspended
bioaccumulation of Cu in the gills at Mamba, as the pH here waslids) to become embedded on the gill surfaces and notin the tissue
higher than at Balule. Lloyd and Herbert (1962), and Howarth ariidelf. However, Heath (1987) suggests that Fe complexes with the
Sprague (1978), demonstrated that increasing hardness, as magous around the gills. The high concentrations of Fe found in the
observed at Balule, displays a protective effect due to Cu complesediment could have resulted in the high Fe levels in the gills during
ing with OH and C( anions, thereby decreasing the bioavailabilitythe process of bottom feeding®©f gariepinus With an immense
of Cu to the fish. vascular network in close proximity to the gill tissue, the gills will
Highertemperatures resultin decreasing oxygen levels, leadibg in continual contact with the blood-borne Fe (Laurent and
to increases in the metabolic rate. Because of this, the fish takelymel, 1980). A distinct preference as to which location had the
greater amounts of Cu as a result of the increased diffusion or actiighest bioaccumulation could be established. However, results
uptake associated with higher rates of water movement across fiteen Survey 1 (February 1994), show bioaccumulation levels in all
gills or other cell membranes (Prosi, 1979). Furthermore, thie organs and tissues at Balule to be far greater than at Mamba. The
properties of the copper metal itself may be directly influenced lyoncentration of Fe in the liver, with the exception of Survey 4, was
temperature, by changing the equilibrium effect between moleculeonsistently much higher at Balule than at Mamba. Concentration
and ionised forms (Cairns etal., 1975). The higher the temperatuddferences between the skin and muscle at these locations were
the more ionised copper forms are produced resulting in greataimimal.
toxicity to the fish (Prosi, 1979). Lower temperature would induce One of the reasons that these higher levels at Balule exist could
lower metabolism as observed during winter (Survey 3). Ale attributed to the surrounding rock formations which produce Fe
bioaccumulation results were lowest during this period, with higthrough the process of weathering. The Fe concentration in the
concentrations being recorded for Survey 1 (February 1994) asediment at Balule could substantiate this, as the concentrations are
occasionally for Survey 4 (November 1994), which were théar higher at Balule than at Mamba. Additionally, Wetzel (1983)
warmest sampling periods for 1994. The seasonal ‘type’ pattestated that Fe enrichment is commonly found in water where the
observed showed that in winter bioaccumulation was ata minimuggntent of organic matter is high. Consistent with the previous
while generally in summer bioaccumulation rates were at statement, Shapiro (1957) established that high concentrations of
maximum. complexed soluble Fe are found to be associated with high levels
According to Moore and Ramamoorthy (1984), the amount aff humic acids. Humic acids form as a result of decomposed
Cu taken in by food consumption is immense and is probablyvagetation and as Balule has extensive reed bed colonies upstream
more important source of Cuthanwater. Therefore, bioaccumulatioh and at the sampling site, Fe concentrations would be much
in fish cannot be consistently related to the ambient pollutidnigher. Another underlying reason could be the significance of
levels. This statement is backed by the findings of Du Preez aabliotic factors affecting the bioavailability of Fe to the fish.
Steyn (1992), and Seymore (1994), who found the concentrationfAécording to Hem (1989), apart from the fact that ferric iron forms
Cu to be much higher in the gut than in the gills. Several authdr®rganic complexes with hydroxyl-anions, the inorganic complexes
(Knox et al., 1982; Gatlin et al., 1989) have shown that increasédas with many other anions such as chloride, fluoride, sulphate
concentrations in the liver and gills were due to increased Cu in thed phosphate are important in regulating Fe in natural systems.
diet. The resultant biomagnification of Cu will increase thélhe concentration of these abiotic factors was generally higher at
concentration in the internal organs, as the liver takes up tMambathan atBalule (Table 1 and Marx, 1996), renderingironless
majority of Cu to detoxify it. According to Miller etal. (1993), dietbioavailable to fish at Mamba. Results from studies done by
appeared to be the dominant source of Cu to rainbow tro8eymore (1994), showed the bioaccumulation of irorBin
particularly in the liver. This, too, can justify the findings of farmarequensi&as higher at Balule than at Mamba, with the exception
higher liver Cu concentrations. of a few cases, supporting the results obtained in this study.
No clearly defined seasonal pattern was evident for the organs
and tissues. The concentration in the liver at Balule, as well as in the
skin and muscle at both Mamba and Balule, showed a seasonal
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pattern: maximum concentrations during summer (February afgbnclusion

November 1994) and minimum concentrations during winter (July

1994). These patterns, as previously mentioned, result frofmom the findings of this study it is concluded that metals at
differences in temperature and salinity (total dissolved solidsjevated levels in the aquatic environment can accumulate in
sodium, chloride). However, according to the Department of Watéssues of fishC. gariepinugyenerally bioaccumulated the highest
Affairs and Forestry (1993a), increasing water temperatures aachount of metals in its gills followed by its liver, skin and muscle.
elevated alkalinity levels enhance the oxidation of the soluBte Féhe high metal concentrations detected in the gills and liver might
to the insoluble F& iron states. The abiotic factors mentionedndicate long-term (chronic) exposure of the fish to these metals.
above are also at a maximum level during winter (July 19940nly Cr and Cu could be compared to previous studies. In the vast
further decreasing the bioavailability of iron to fish during thignajority of cases the metal accumulation was far lower than that

period. recorded by Du Preezt al.(1994) for 1991-1992.
Abiotic factors such as temperature, pH and hardness have
ANOVA shown to influence the bioavailability of metals to the fish. Through
routine monitoring of the water at the sampling locations, these
Tissue types abiotic factors should be maintained at constant and, if possible,
acceptable levels. However, if this is not achieved, it is highly
Copper probable that an increase in metal accumulation and toxicity would

All four tissue types tested reflected a significant difference wheesult which, ultimately, could be detrimental to the health of the

compared to each other, indicating a high degree of variabilifish.

between these tissue types. Certain physiological processes may be

stimulated by copper uptake, causing variable activity in variouscknowledgements

organs and tissue. This is particularly evident during blood

production where copper is involved in haemoglobin synthesisWe thank the Institute for Water Quality Studies (IWQS) and the
Foundation for Research Development (FRD) for financial support.

Iron Gerhardt Strydom and Pieter Kotze, at that time staff members of

The skin/muscle comparison was the only statistical analydise Kruger National Park and Dirk Erlank from the Rand Afrikaans

which did not provide a significant difference. This is possibly atuniversity are thanked for logistic support. Without such support

indication that the same rate of storage in muscle and excretion thés project would not have been possible. Riétte Eiselen (RAU -

the skin took place. Iron is a primary component of haemoglobBtatcon) is thanked for help with the statistical analysis.

(Friberg etal., 1986). Ironis also required for enzymatic pathways

of protein synthesis and in respiratory enzymes (Wetzel, 198References

This suggests that the gills are the primary sites of iron activity,

because they are the primary sites of respiration, continualpBEL PD (1989) Pollutant toxicity to aquatic animals - Methods of study

circulated with blood. This too may indicate that gills, rather than and their applicationsRev. Environ. Healt (1- 4) 119-155.

skin, are the site of iron excretion. This low storage of iron iALABASTER JS and LLOYD R (1980ater Quality Criteria for

muscle would be accompanied by low iron concentrations in the Freshwater FishButterworth and Co. Ltd., London, Great Britain.

skin. This further substant_lates the low significant dlfferenceRNDREW RW, BIESINGER KE and GLASS GE (1977) Effects of
observed when these two tissue types are compared. inorganic complexing on the toxicity of copper@aphnia magna

Water Res11 309-315.
Chromium BABICH H, SCHIFFENBAUER M and STOTZKY G (1982) Compa-
Significant differences were observed during the gill/liver and gill/  rative toxicity of trivalent and hexavalent chromium to furigyill.
skin comparisons. This may indicate that gills are both the site of Environ. Contam. ToxicoR8452-459.
uptake and excretion of this metal. Thisis indicated, firstly, by tHEARRON MG (1990) Bioconcentration: Will water born organic chemicals
differences observed between gill and liver concentrations, with i‘gi‘émmate in aquatic animals@viron. Sci. Techno4(11) 1612-
detox'.ﬂcat.lon appearlng not to equal uptake, as well as by tth NOIT DA (1975) Chronic effects of copper on survival, growth and
th‘”?lt significant -d|fferenc_es were also ob;erved between gill a_n reproduction of the blue gillepomis macrochirusrans. Am. Fish.
skin concentrations. This suggests that different rates of excretion gg¢ 104(2) 353-358.
took place between these sites. Maximum concentrations WeBSRYAN GW (1976a) Some aspects of heavy metal tolerance in aquatic
recorded in the gills with skin recording the minimum concentrations  organisms. In: Lockwood APM (ecEffects of Pollutants on Aquatic
when all four tissue types were compared. This suggests that gills OrganismsCambridge University Press, Cambridge, Great Britain.

too may well be the site of excretion of this metal rather than the 7-34.

skin. This further explains why it appears as if the rate of detoxpRYAN GW (1976b) Heavy metal contamination in the sea. In: Johnston,
R (ed.)Marine Pollution.Academic Press Inc., London, Great Britain.

fication did not equal the rate of uptake. 185-302.

BUCKLEY JT, ROCH M, McCARTER JA, RENDELL CA and
Seasons MATHESON AT (1982) Chronic exposure of coho salmon to sublethal
Significance values recorded for Cu and Cr appeared variable concentrations of copper - I. Effect on growth, on accumulation and
between seasons, recording significant differences between almostdistribution of copper, and on copper toleran€emp. Biochem.
all comparisons. Significant differences were however only recorded Physiol. 72C (1) 15-19.
for iron when summer was compared with the other three seasoRYHLER DR, STOKES RM and CALDWELL RS (1977) Tissue accu-
According to Luoma (1983) temperature could affect the quantity ?::J?t(lé); rigdgzi”rz}r’::;tf ;T;Ct;s; hsgz:’;gg‘ﬁzhgog”m in rainbow
of metal accumulation by organisms, and this may affect metal, o\ o5 50y UEATH AG and PARKER BC (1975) The effects of
bloa\_/all.ablllty: This |nd|ca_tes that temperature may play a pivota temperature upon the toxicity of chemicals to aquatic organisms.
role in iron bioaccumulation because of the high temperatures Hydrobiol. 47 (1) 135-171.
experienced at the sites during summer months.

580 ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 Available on websitéttp://www.wrc.org.za



CARDEILHAC PT, SIMPSON CF, LOVELOCK RL, YOSHA SR, HOLCOMBE GW, BENOIT DA and LEONARD EN (1979) Long-term
CALDERWOOD HW and GUDAT JC (1979) Failure of osmo- effects of zinc exposures on brown trdsialvelinus fontinalis Trans.
regulation with apparent potassium intoxication in marine teleosts: A Am. Fish. Socl0876-87.

primary toxic effect of coppeAquacult 17231-239. HOLDWAY DA (1988) The toxicity of chromium to fish. In: Nriagu JO
CARPENE E and VASAK M (1989) Hepatic metallothioneins from and Nieboer E (eds.Lhromium in the Natural and Human
goldfish (Carassius auratus). Comp. Biochem. Phy8i?B 463-468. EnvironmentsJohn Wiley & Sons Inc., New York, USA. 369-397.
CRUYWAGEN JJ,HEYNS JJB, RAUBENHEIMER HG and VAN BERGE HOWARTH, RS and SPRAGUE, JB (1978) Copper lethality to rainbow
PC (1981)nleiding tot die Anorganiese en Fisiese CherBiatter- trout in waters of various hardness and Yter Res12 455-462.
worth and Co. Ltd., Durban, South Africa. 403. KLAASSEN CD (1976) Biliary excretion of metaBrug Metabol. Rexs

DEPARTMENT OF WATER AFFAIRS (1992)/ater Quality Management (2) 165-196.
of the Water Resources of South Africa: Olifants River Be¥sih 1. KLERKS PL and LEVINTON JS (1989) Effects of heavy metals in a
Department of Water Affairs and Forestry, Pretoria, South Africa. 82.  polluted aquatic ecosystem. In: Levin SA, Harwell MA, Kelly JR

DEPARTMENT OF WATER AFFAIRS AND FORESTRY (1993aputh and Kimball KD (eds.)Ecotoxicology: Problems and Approaches
African Water Quality Guideline¥ol. 1: Domestic UseDepartment Springer-Verlag, New York, USA. 41-67.
of Water Affairs and Forestry, Pretoria, South Africa. 216. KNOLL J and FROMM PO (1960) Accumulation and elimination of
DEPARTMENT OF WATER AFFAIRS AND FORESTRY (1993Bputh hexavalent chromium in rainbow trogthysiol. Zodl33 1-8.
African Water Quality Guideline¥ol. 3:Industrial Use Department KNOX D, COWEY CB and ADRON JW (1982) Effects of dietary copper
of Water Affairs and Forestry, Pretoria, South Africa. 222. and copper: Zinc ratio on rainbow trdBalmo gairdneriAgquacult.

DIXON DG and SPRAGUE JB (1981) Copper bioaccumulation and 27111-119.
hepatoprotein synthesis during acclimation to copper by juvenil€OLIAK, WILLIAMS WR, McCLARY EB, WRIGHT EL and BURRELL
rainbow troutAquat. Toxicoll 69-81. TM (1977) Mercury levels in freshwater fish of the state of South
DOUDOROFF P and KATZ M (1953) Critical review of literature on the  Carolina.Bull. Environ. Contam. Toxicol7(1) 82-89.
toxicity of industrial wastes and their components to fish. Il. Th&KOTZE P, DU PREEZ HH and VAN VUREN JHJ (1999) Bioaccumu-

metals, as saltSewage and Ind. Wast25802-839 lation of copper and zinc i@reochromis mossambicusndClarias

DUFFUS JH (1980gnvironmental Toxicologdward Arnold (publishers) gariepinus, from the Olifants River, Mpumalanga, South Africa.
Ltd., London, Great Britain. 164. Water SA25 (1) 99-110.

DU PREEZ HH, VAN DER MERWE M and VAN VUREN JHJ (1997) KUMAR A and MATHUR RP (1991) Bioaccumulation kinetics and organ
Bioaccumulation of selected metals in African catfiSharias distribution of lead in a fresh water teled3tlisa fasciatus Environ.
gariepinusirom the lower Olifants River, Mpumalanga, South Africa. Technol.12731-735.

Koedoe 40 (1): 77-90. KUHNERT PM and KUHNERT BR (1976) The effectinfvivochromium

DU PREEZ HH and STEYN GJ (1992) A preliminary investigation of the  exposure on Na/K- and Mg-ATPase activity in several tissues of the
concentration of selected metals in the tissues and organs of the rainbow trout Salmo gairdnedi Bull. Environ. Contam. Toxicol5
tigerfish Hydrocynus vittatydrom the Olifants River, Kruger National (4) 383-390.

Park, South AfricaWater SAL8 (2) 131-136. LAURENT P and DUNEL S (1980) Morphology of gill epithelia in fish.
EIFAC WORKING PARTY ON WATER QUALITY CRITERIA FOR Am. J. Physiol238 R147-R159.

EUROPEAN FRESHWATER FISH (1978) Report on copper and.LOYD, R and HERBERT, DWM (1962) The effect of the environment

freshwater fishWater Res12 277-280. on the toxicity of poisons to fisinst. Public Health Eng. B1 132-

EISLER R (1986 Chromium Hazards to Fish, Wildlife, and Invertebrates: 145.
A Synoptic ReviewJS Dept. of the Interior, Fish and Wildlife Service, LUOMA SN (1983) Bioavailability of trace metalsto aquatic organisms -
Biological Report 85(1.6), Contaminant Hazard Reviews Report No.  a review.Sci. Tot. Environ28 1-22.

6 60. MARAIS JFK and ERASMUS T (1997) Body composition Migil
ELLISKV (1989)Surface Water Pollution and its Contrdhe Macmillan cephalus, Liza dumerilia, Liza richardsoni, Liza tricustidéredeostei:
Press Ltd., London, Great Britain. 367. Mugilidae) caught in the Swatkops Estuakguacult. 10 75-86.

FELTS PA and HEATH AG (1984) Interactions of temperature andMARX HM (1996) Evaluation of a Health Assessment Index with Refe-
sublethal environmental copper exposure on the energy metabolism of rence to Metal Bioaccumulation @larias gariepinusand Aspects of
bluegill, Lepomis macrochiruRafinesquel. Fish Biol. 25445-453 the Biology of the Parasiteamproglena clariae Johannesburg.

FORSTNER U and PROSI F (1979) Heavy metal pollution in freshwater Unpublished M.Sc. Dissertation, Rand Afrikaans Univ. 339.
ecosystems. In: Ravera O (e@iplogical Aspects of Freshwater MARX HM and AVENANT-OLDEWAGE A (1998) A further investi-

Pollution. Pergamon Press, Oxford, Great Britain. 129-161. gation into the bioaccumulation of lead and zinc in the organs and
FORSTNER U and WITTMANN GTW (1979letal Pollution in the tissues of the African sharptooth catfi€harias gariepinugrom two

Agquatic EnvironmentSpringer-Verlag, Berlin, Germany. 486. localities in the Olifants River, Kruger National Pakaedoe41 (2)
FRIBERG L, NORDBERG GF and VOUK VB (1986jandbook on the 27-42.

Toxicology of MetalsVolume 11: Specific Metal&lsevier Science MATTHIESSEN P and BRAFIELD A (1977) Uptake and loss of dissolved

Publishers, Amsterdam, The Netherlands. 704. zinc by the sticklebackGasterosteus aculeatus J. Fish Biol.10

GATLIN DM(lII), PHILLIPS HF and TORRANS EL (1989) Effects of 399-410.
various levels of dietary copper and zinc on channel caffiphacult.  McCARTER JAand ROCH M (1983) Hepatic metallothionein and resistance
76127-134. to copper in juvenile coho salmd@omp. Biochem. Physigl4C133-
GAUGLHOFER J and BIANCHI V (1991) Chromium. In: Merian E (ed.) 137.
Metals and their Compounds in the Environment. Occurrence, AnalySdcWILLIAMS PG and POTTS WTW (1978) The effects of pH and

and Biological Relevancé/CH Publishers Inc., New York, USA. calcium concentrations on gill potentials in the brown tr8atmo
853-878. trutta. J. Comp. Physioll26277-286.
GIESY JP(Jr) and WIENER JG (1977) Frequency distributions of traddERTZ W (1969) Chromium occurrence and function in biological
metal concentrations in five freshwater fishBsns. Am. Fish. Soc. systemsPhysiol. Rev49 (2) 163-239.
106(4) 393-403. MILLER TG and MACKAY WC (1980) The effects of hardness, alkalinity
HEATH AG (1987)Water Pollution and Fish PhysiologgRC Press Inc., and pH of test water on the toxicity of copper to rainbow tratrfio
Boca Ranton, Florida, USA. 245. gairdneri). Water Res14 129-133.

HEM ID (1989)Study and Interpretation of the Chemical CharacteristicsMILLER PA, MUNKITTRICK KR and DIXON DG (1992) Relationship
of Natural Water(3rd edn.) United States Geological Survey Water-  between concentrations of copper and zinc in water, sediment, benthic
Supply Paper 2254. United States Government Printing Office, invertebrates, and tissues of white suckitostomus commersdait
Washington DC, USA. 264. metal-contaminated siteSan. J. Fish. Aquat. Sc19 978-984.

Available on websitéttp://www.wrc.org.za ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 581



MILLER PA, LANNO RP, McMASTER ME and DIXON DG (1993) blood oxygen and pH in rainbow tro(falmo gairdne)i Water
Relative contributions of dietary and waterborne copper to tissue Res.9401-408.
copper burdens and waterborne-copper tolerance in rainbow troBEYMORE T (1994) Bioaccumulation of MetalsBarbus marequensis
(Oncorhynchus mykissCan. J. Fish. Aquat. SB0 1683-1689. from the Olifants River, Kruger National Park and Lethal Levels of
MOORE CA (1990) Water Quality Requirements of the Biota of the Kruger Manganese to JuveniiIreochromis mossambiclénpublished M.Sc.
National Park Rivers. Report presented at the Workshop on the Dissertation, Rand Afrikaans Univ., Johannesburg. 166 pp.
Preliminary Water Qualityuidelines for the Kruger National Park SEYMORE T, DU PREEZ HH, VAN VUREN JHJ, DEACON A and

Rivers. Held in Pretoria from 23 - 24 October. 27 pp. STRYDOM G (1994) Variations in selected water quality variables
MOORE JW and RAMAMOORTHY S (1984jeavy Metals in Natural and metal concentrations in the sediment of the lower Olifants and

Waters: Applied Monitoring and Impact Assessneptinger-Verlag, Selati rivers, South Afric&Koedoe37 (2) 1-18.

New York, USA. 268. SHAPIRO J (1957) Chemical and biological studies on the yellow organic

NOEL-LAMBOT F, GERDAY CH and DISTECHE A (1978) Distribution acids of lakewatelLimnol. Oceanogr.2 161-179.
of Cd, Zn, and Cu in liver and gills of the éeiguilla anguillawith ~ SMITH Ml and HEATH AG (1979) Acute toxicity of copper, chromate,
special reference to metallothionei@mp. Biochem. Physid1C zinc and cyanide to freshwater fish: Effect of different temperatures.
177-187. Bull. Environ. Contam. ToxicoR2113-119.

NUSSEY GJ, VAN VUREN JH and DU PREEZ HH (1999) STAGG RM and SHUTTLEWORTH TJ (1982) The accumulation of
Bioaccumulation of aluminium, copper, iron and zinc in thetissues of  copper inPlatichthys flesud. and its effects on plasma electrolyte
the moggel from Witbank Dam, Upper Olifants River Catchment concentrations]. Fish Biol 20 491-500.

(Mpumalanga)S. Afr. J. Wildl. Re29 (4) 130-144. STIFF MJ (1971) The chemical states of copper in polluted fresh water and
PAGENKOPF GK and NEUMAN DR (1974) Lead concentrations in  a scheme of analysis to differentiate th&ater Res5 585-599.
native troutBull. Environ. Contam.Toxicol270- 75. STOKES PM (1979) Copper accumulation in freshwater biota. In: Nriagu
PATRICK FM and LOUTIT MW (1978) Passage of metals to freshwater JO (ed.)Copper in the Environmendohn Wiley & Sons Inc., New
fish from their foodWater Res12 395-398. York, USA. 357-381.
PHILLIPS DJH (198D Quantitative Aquatic Biological Indicators: Their VAN DER MERWE M (1992) Aspects of Heavy Metal Concentration in
Use to Monitor Trace Metal and Organochlorine Pollutidipplied the Olifants River, Kruger National Park, and the Effect of Copper on
Science Publishers, London, Great Britain. 488 pp. the Haematology dElarias gariepinugClariidae). Unpublished M.Sc.

PHILLIPS GR and RUSSO RC (197Bletal Bioaccumulation in Fishes Dissertation, Rand Afrikaans Univ., Johannesburg. 167 pp.
and Aquatic Invertebrates: A Literature Revielnvironmental VAN DER PUTTE |, BRINKHORST MA and KOEMAN JH (1981a)
Protection Agency, Duluth, Minnesota, USA, MN-EPA-600/3-78-  Effect of pH on the acute toxicity of hexavalent chromium to rainbow

103. 116. trout (Salmo gairdneji Aquat. Toxicoll 129-142.

PICKERING QH and HENDERSON C (1966) The acute toxicity of som&AN DER PUTTE I, LUBBERS J and KOLAR Z (1981b) Effect of pH on
heavy metals to different species of warmwater fislésWater uptake, tissue distribution and retention of hexavalent chromium in
Pollut. Int. J. 10453-463. rainbow trout $almo gairdneji Aquat. Toxicoll 3-18.

PINDER JE(IIl) and GIESY JP (1981) Frequency distributions of th& AN LOON JC (1980)Analytical Atomic Absorption Spectroscopy.
concentrations of essential and nonessential elements in largemouth Selected Method#\cademic Press, New York, USA. 337 pp.

bassMicropteros salmoidegcol. 62 (2) 456-468. VAN VUREN JHJ, VAN DER MERWE M and DU PREEZ HH (1994)
PROSI F (1979) Heavy metals in aquatic organisms. In: Forstner U and The effect of copper on the blood chemistryGd&rias gariepinus
Wittmann GTW (eds.Metal Pollution in the Aquatic Environment (Clariidae).Ecotoxicol. Environ. Sa9 187-199.
Springer-Verlag, Berlin, Germany. 271-323. WAIWOOD KG and BEAMISH FWH (1978a) The effect of copper,
RAY S (1978) Bioaccumulation of lead in Atlantic salnf®almo salar hardness and pH on the growth of rainbow tr&almo gairdneri
Bull. Environ. Contam. Toxicol9 (5) 631-636. J. Fish Biol.13591-598.
REHWOLDT R, KARIMIAN-TEHERANI D and ALTMANN H (1976) WEPENER V, EULER N, VAN VUREN JHJ, DU PREEZ HH and
Distribution of selected metals in tissue samples of dayprinus KOHLER A (1992) The development of an aquatic toxicity index as a
carpio. Bull. Environ. Contam. Toxicdl5 (3) 374-377. tool in the operational management of water quality in the Olifants

REHWOLDT R, MENAPACE LW, NERRIE B and ALESSANDRELLO River (Kruger National ParkKoedoe35 (2) 1-9.

D (1972) The effect of increased temperature upon the acute toxicMYETZEL RG (1983)imnology(2nd edn.) Saunders College Publishing,
of some heavy metal iorBull. Environ. Contam. Toxicd.(2) 91-96. New York, USA. 767 pp.

SCHMIDT-NIELSON K (1991)Animal Physiology: Adaptation and WITTMANN GTW (1979) Toxic metals. In: Férstner U and Wittmann
Environment(4th edn.) Cambridge Univ. Press, Cambridge, United GTW (eds.)Metal Pollution in the Aquatic Environmerpringer-
Kingdom. 602 pp. Verlag, Berlin, Germany. 3-68.

SELLERS CM (Jr.), HEATH AG and BASS ML (1975) The effect of
sublethal concentrations of copper and zinc on ventilatory activity,

582 ISSN 0378-4738 = Water SA Vol. 26 No. 4 October 2000 Available on websitéttp://www.wrc.org.za



