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Abstract 23 
 24 

The objective of the present work was to obtain scientific information on the ecological health of three freshwater 25 

lakes (Awassa, Koka and Ziway) situated in the Ethiopian Rift Valley by investigating possible trace element 26 

contamination accumulated in fish. Accordingly, fish liver and kidney samples were collected from three 27 

commercially important fish species (Barbus intermedius, Clarias gariepinus, and Oreochromis niloticus) in the 28 

lakes to determine the concentrations of chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), 29 

zinc (Zn), arsenic (As), selenium (Se),  cadmium (Cd),  and lead (Pb), using ICP-MS. Trace element concentrations 30 

were generally higher in O. niloticus compared with concentrations in B. intermedius and C. gariepinus. Compared 31 

to background values of most freshwater fish species, higher liver concentrations of Cu in C. gariepinus and O. 32 

niloticus, Mn in O. niloticus, Co in all except B. intermedius, and Zn in C. gariepinus from Lakes Ziway and 33 

Awassa were found. Cr, Co, Ni, Cd, and Pb were enriched in kidney, while Mn, Cu, Zn, As, and Se seems retained 34 

in the liver tissues. Assessment of transfer factors indicated that bioaccumulation from water and diet occurred, 35 

while uptake from sediments was low. Furthermore, the transfer factor values were generally higher for essential 36 

elements compared to the non-essential elements. Multivariate statistical analyses showed that the differences 37 

between the trace element levels were generally not significant among the lakes (p = 0.672), while significant 38 

differences were found between the fish species (p = 0.042), and between accumulation in kidney and liver (p = 39 

0.002). 40 

Key words:  Nile Tilapia, African catfish, African big barb, bioaccumulation factor, trace elements, multivariate 41 

statistical analysis  42 
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Introduction 43 
  44 

The three lakes that are considered in this study (Awassa, Koka, and Ziway) belong to the chain of lakes on the floor 45 

of the Ethiopian Rift Valley which provide water for domestic use and irrigation, and fish as a good protein source 46 

for the neighboring population, and means of income for local fishers. As these lakes are found in close proximity to 47 

both agricultural lands and fast growing cities mainly characterized by high population density and very poor waste 48 

management practices, they are often direct recipients of chemical pollutants from agricultural fields, urban runoff, 49 

domestic and small-scale industrial discharges. Inputs from natural sources such as chemical weathering of exposed 50 

rocks and soils caused by human activities such as deforestation and cattle grazing cannot be discounted (Zinabu and 51 

Elias 1989; Zinabu 1998). Therefore, it is important that the levels of chemical pollutants in these water bodies are 52 

monitored for the sake of the environment as well as the safety of the local population. 53 

Trace elements such as aluminum (Al), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper 54 

(Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), mercury (Hg), and lead (Pb), are present in all 55 

compartments in aquatic systems (water, sediment, and biota) (Avigliano et al. 2019; Kumari 2018; Rajeshkumar 56 

et al. 2018). Transfer of trace elements to fish occurs either from water (uptake via gills or other respiratory 57 

surfaces), or via food (uptake via the digestive tract) (Bjerregaard and Andersen 2007). Although skin has been 58 

considered as one of the possible pathways for metal uptake in fish, it is assumed that fish body surface does not 59 

play a significant role in metal uptake from the surrounding water (Dallinger et al. 1987). Some of the trace 60 

elements are essential for biological systems (e.g. Cu and Zn), but should not exceed their optimum concentrations, 61 

while other elements (e.g. Hg, Cd and Pb) have no established biological function and may cause harmful effects to 62 

the biota when present even in very small concentrations (Walker et al. 2006). Furthermore, trace metals can be 63 

transferred to humans via the food chain and thereby have the potential to cause health risk to  humans (Arumugam 64 

et al. 2020). 65 

Trace element mobility, bioavailability, biological uptake  and toxicity are influenced by the external environmental 66 

conditions (e.g. pH, redox conditions, water hardness, suspended solids, organic matter, etc.) as well as biological 67 

characteristics (e.g. biological species, sex, age, reproductive stage and feeding behavior) of organisms (Chapman 68 

et al. 1996; Spry and Wiener 1991). Fish is often considered as good bio-indicator (Agah et al. 2009; Gadzala-69 

Kopciuch et al. 2004) for the levels of trace elements and other contaminants in the environment. However, it is 70 

essential that focus is given to trace element levels in fish tissues known to be major sites of accumulation (Ney and 71 

Van Hassel 1983). Most trace metals accumulate in the liver, kidney and gills (Yang and Chen 1996), representing 72 

potential hazard for the fish species, while uptake in muscle tissues may represent hazards for man due to dietary 73 

intake in man (Bradley and Morris 1986). 74 

There have been a few studies of the lakes considered in this study focusing on trace metal concentrations in fish. In 75 

the first study (Ataro et al. 2003), concentrations of 5 trace elements in muscle tissue from African catfish (Clarias 76 

gariepinus) (Burchell, 1822) and Nile tilapia (Oreochromis niloticus) (Linnaeus, 1758) collected in Lakes Awassa 77 

and Ziway were reported. Then, trace elements in muscle, bone, gill and liver of O. niloticus from the Lakes Awassa 78 
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and Ziway were reported (Kebede and Wondimu 2004). In addition, the Hg concentrations in muscle tissue have 79 

been investigated in fish species from Lake Awassa (Desta et al. 2006, 2007, 2008) and Lake Ziway (Tadiso et al. 80 

2011). In another study (Dsikowitzky et al. 2013), the authors focused only on the determination of the 81 

concentrations of six trace elements (Cr , As, Se, Cd, Hg, and  Pb, ) in fish muscle, liver and gills; while the 82 

concentrations of trace elements in fish kidney were not analyzed. According to a recent study on Lake Awassa and 83 

neighboring Boicha stream (Samuel et al. 2020), Cr, Cu, As and Hg concentrations determined in the muscle of C. 84 

gariepinus and O. niloticus have the potential to increase the health risk provided the two fish species are consumed 85 

regularly. The latest review on Lake Ziway (Merga et al. 2020) has concluded that “nutrients and trace metals, 86 

including PO4 
3−, NO3

−, NH4
+, Ca2+, Ni and Cu in the lake have shown increasing temporal trends in concentration”. 87 

A recent study on Lake Koka (Tessema et al. 2020)  reported that Cr concentration in Nile tilapia, catfish, and 88 

common carp exceeded the WHO’s permissible limits for human consumption. Thus, information on trace metals in 89 

fish muscles from the 3 selected lakes is available, while the retention of trace elements in vital organs such as liver 90 

and kidney seems missing.   91 

Therefore, the main objectives of the present study were to: 1) Compare the levels of Cr, Mn, Co, Ni, Cu, Zn, As, 92 

Se, Cd, and Pb accumulated in kidney and liver collected from the African big barb Barbus/Labeobarbus 93 

intermedius (Rüppell, 1836), C. gariepinus, and O. niloticus  in Lakes Awassa, Koka and Ziway; 2) Investigate the 94 

relationships between the trace element levels and fish length (as index of age/exposure time); and to 3) Investigate 95 

the relationship between the trace element levels in kidney and liver from each fish species. Thus, the present study 96 

is more comprehensive than previously performed, both with respect to the number of selected trace elements, 97 

number of fish species and number of organs investigated. 98 

Materials and methods 99 
 100 

Study area 101 
 102 
The study area encompasses Lakes Awassa, Koka, and Ziway which are located in the Ethiopian Rift Valley Lakes 103 

Region (ERVLR) (Fig. 1). Information about the climate, main inflows, general water quality characteristics, and 104 

major activities around these lakes has previously been provided (Masresha et al. 2011). Therefore, only some basic 105 

characteristics of the lakes and the fish species in the study lakes are included in the present article. 106 

Lake Awassa is a closed lake located at an elevation of 1680 m above sea level and has a maximum depth of 22 m, 107 

while the surface and catchment areas are 90 and 1250 km2, respectively (Kebede-Westhead et al. 1994). Lake 108 

Koka, also cited in some literature as the Koka Reservoir (Mesfin et al. 1988; Zinabu and Pearce 2003) is an 109 

artificial lake built over the River Awash primarily to generate electricity. The lake is located at an altitude of 1660 110 

m above sea level (a. s. l) and has a surface area of 200 km2 (Kebede-Westhead et al. 1994). Lake Ziway, the 111 

largest fresh water resource in the Central Rift Valley, is located at an elevation of 1636 m (a. s. l). The maximum 112 

depth, surface and catchment areas of Lake Ziway are, respectively, 7 m, 442 and 7025 km2 (Kebede-Westhead et 113 

al. 1994). 114 
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The study area’s geological characteristics have resulted from of volcano-tectonic activities and the subsequent 115 

sedimentation processes. Therefore, “most of the rift valley flat plains around lakes are covered with thick lacustrine 116 

deposits and volcano-clastic Quaternary sediments” (Ayenew and Legesse 2007). The known fish species in Lake 117 

Awassa are O. niloticus, C. gariepinus, B. intermedius, B. paludinosus, G. quadrimaculata, and A. antinorii 118 

(Dadebo 2000). The fish species dominating the fisheries in the Lake Koka are O. niloticus, C. gariepinus, B. 119 

intermedius, and Cyprinus carpio (Vijverberg et al. 2012). The commercial fish species in Lake Ziway are O. 120 

niloticus, C. gariepinus, Carassius carassius, Tillapia Zilli and B. intermedius and three other species (Barbus 121 

paludinosus, Barbus ethiopicus and Garra herticeps) (Tugie and Taye 2004). The diets of B. intermedius, C. 122 

gariepinus and O. niloticus in Lakes Awassa, Koka and Ziway are presented in Table 1. 123 

Fish sampling and handling 124 
 125 
Between July and September 2009, a total of fifty-nine (59) O. niloticus, sixty (60) C. gariepinus, and fifty-one (51) 126 

B. intermedius fresh fish, caught in Lakes Awassa, Koka and Ziway, were directly purchased from  local fishermen 127 

at their respective landing sites. The fish specimens were transported on ice to a laboratory at Hawassa University in 128 

Ethiopia; afterwards, the fish dissection was carried out following the EMERGE protocol for live fish sampling 129 

(Rosseland et al. 2001). Kidney and liver obtained after dissection were kept in a deep freezer at -20 0C. Frozen 130 

samples were finally transported by airplane to the Norwegian University of Life Sciences (NMBU), Norway and 131 

stored at -20 0C until analysis. 132 

Sample preparation and chemical analyses 133 
 134 

Kidney and liver samples were freeze-dried and weighed in Teflon tubes and then digested using an UltraClave 135 

(Milestone Microwave Laboratory Systems, USA). To samples with masses between 0.1 and 0.3 g, 3.5 mL of 136 

ultrapure HNO3 (69.0-70.0 %, Sigma-Aldrich) and 250 µL internal standard solution (4 mg/L of rhodium (Rh), 137 

tellurium (Te), indium (In) and thallium (Th)) were added. Also, to samples with masses below 0.1 g, 1.05 mL of 138 

ultrapure HNO3 and 75 µL of the same internal standard solution were added. The digested samples were finally 139 

diluted with deionized water (Barnstead, >18 MΩ.cm-1) to 50 and 15 mL so that the concentrations of HNO3 and the 140 

internal standard (In) in the final solution would be 7 % and 20 µg/L, respectively. Reagent blanks and two types of 141 

certified reference materials (DOLT-4 (dogfish liver, National Research Council of Canada) and DORM-3 (dogfish 142 

muscle, National Research Council of Canada)) were used for determining the accuracy of the measurements. 143 

Replicate samples (n = 5) for both kidney and liver subsamples were taken from one fish to estimate the precision of 144 

the analytical method used. All measurements were carried out using Inductively Coupled Plasma-Mass 145 

spectrometer (ICP-MS, Perkin Elmer, ELAN 6000) calibrated using external calibration method. The concentrations 146 

of trace elements in kidney and liver tissues were calculated on a dry weight basis and reported as µg/g dry weight. 147 

The uncertainty of the measurements for the different elements was determined for both kidney and liver samples by 148 

taking five sub-samples (n = 5) for all elements except Ni (n = 4) in both kidney and liver samples, as one value 149 

proved to be an outlier using Dixon’s Q-test. 150 
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Bioaccumulation factors (BAF and BSAF) were used as indices of trace element uptake and retention in fish from 151 

the aquatic environment. According to the formula: 𝐁𝐀𝐅 =
𝐂 𝐨𝐫𝐠

𝐂 𝐰𝐚𝐭𝐞𝐫⁄    (unitless), where Corg is the trace 152 

element concentration in the specific organ of fish, and Cwater is the trace element concentration in the water from 153 

which the fish is sampled. The availability and uptake of trace elements from lake sediment to fish was calculated as 154 

follows (Nakayama et al. 2010; Rashed 2001): 𝐁𝐒𝐀𝐅 =
𝐂 𝐨𝐫𝐠

𝐂 𝐬𝐞𝐝𝐢𝐦𝐞𝐧𝐭⁄  (unitless), where Corg  is the trace 155 

element concentration in the specific organ of fish, and Csediment is the trace element concentration in the lake 156 

sediment from which the fish is sampled. Total concentrations of the trace elements in lake waters were taken from 157 

(Masresha et al. 2011), while element concentrations in sediments (average top 2-cm) were taken from Masresha 158 

(2012). 159 

Multivariate statistical analyses 160 
 161 

The software CANOCO 4.5 and CanoDraw 4.14 were applied for the multivariate statistical analyses. Principal 162 

Component Analysis (PCA) and Redundancy Analysis (RDA) are both linear ordination methods, but the former is 163 

an unconstrained method while the latter is a constrained method. Hence, PCA extracts the maximum variation in 164 

the data, while RDA extracts the maximum variation in the data explained by a set of explanatory variables, i.e. the 165 

ordination axes are weighted sums of the explanatory variables. 166 

Principal Component Analysis (PCA) and partial Redundancy Analysis (pRDA = RDA including co-variables in the 167 

analysis) were conducted in order to perform a hierarchical analysis of the fish data variation in terms of metal 168 

concentrations in kidney and liver samples obtained from three different species from each of the three lakes: Lakes 169 

Awassa, Koka and Ziway. In other words, this would enable us to know how much of the variation in the metal 170 

concentrations could be assigned to the spatial levels: lake, fish species and organ. A set of explanatory variables 171 

(factors) were made according to these hierarchical spatial levels by using dummy variables (1 and 0): Lake (n = 3), 172 

Fish species (n = 3 x 3 = 9) and Organ (n = 3 x 3 x 2 = 18). 173 

To run the hierarchical analysis properly, we decided to randomly remove some of the samples in order to achieve a 174 

perfectly balanced design. Hence, 138 samples out of a total of 336 samples were removed. In order to see if this 175 

removal gave any significant changes in explained variation, a PCA was conducted on the total data set and on the 176 

balanced data set. The overall results from these two analyses were similar in respect to the percent explained 177 

variation, i.e. the first four axes in both analyses explained 86 % of the variation. Hence, the removal of samples had 178 

little or no effect on the overall results in terms of explained variation.  179 

The dataset contained 198 samples obtained from kidney and liver samples from three different fish species from 180 

each of the three lakes (i.e. 198 = 3 lakes x 3 fish species x 2 organs x 11 replicates). The samples were analyzed for 181 

nine metals giving a data matrix with a total of 1782 single measurements. The concentrations of Ni, As and Pb 182 

were below the Limit of Detection (LOD) in some of the samples, 15 (7.6 %), 3 (1.5 %) and 74 (37.4 %) samples, 183 

respectively. According to Antweiler and Taylor (2008), substituting left-censored data below LOD with LOD*0.5 184 



7 

 

is an adequate method if the amount of censored data is not too high. In our study, we decided to use a threshold 185 

value of 15 % for a specific variable (i.e. element). Hence, Ni and As concentrations below LOD were substituted 186 

with LOD*0.5. Lead did not fulfill this criterion and was only included in the analyses as a passive variable, i.e. not 187 

included in the statistical calculations, but displayed in the ordination plot for interpretation purposes. Prior to the 188 

analyses, the data was log(x+1) transformed to reduce the effects of extreme values, and in addition, centered and 189 

standardized (i.e. bringing their means to zero and their variance to one). 190 

In order to perform the variance decomposition, we partitioned the variance into four sources according to the set-up 191 

provided in Table 2.The set-up is based on the procedure given by (2003). To assess the effects of lake, fish species 192 

and organs upon the variation in trace element concentrations, the individual samples cannot be permuted at random. 193 

Hence, the groups representing the individual cases of the spatial levels immediately below the tested level were 194 

held together. This was obtained by using a split-plot design. The analyses were statistically tested using the Monte 195 

Carlo permutation test with p < 0.05 as criterion of significance (499 permutations and significance of canonical 196 

axes together were chosen). 197 

Also, taking the complete data set, PCA and RDA were run on the liver data subset (n = 170) and kidney data subset 198 

(n = 166) separately in order to investigate the relationship between trace element concentrations between 199 

kidney/liver concentrations and fish size (length and weight). In this case also, the trace element data was log (x+1) 200 

transformed and centered and standardized. Pb was included as a passive variable due to many samples having 201 

values below LOD. Similarly, length and weight data were log (x+1) transformed. The statistical significance was 202 

tested by using Monte-Carlo permutation tests. No restrictions were made on the data, i.e. the samples were freely 203 

permuted (499 permutations).  204 

The results are displayed in the ordination diagrams. The various trace elements are displayed as arrows in the way 205 

that each arrow points in the direction of steepest increase in concentrations for the corresponding trace element. 206 

The explanatory variables, represented by the various categorical variables (i.e. individual groups of samples) are 207 

displayed as centroids. The distance between the centroids approximates the average dissimilarity between the 208 

groups being compared, measured by their Euclidean distance.  209 
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Results and discussion 210 
 211 

Data quality 212 
 213 

The limits of detection (LOD, in µg/g,) determined as 3 times the standard deviation of more than ten blanks were 214 

0.3 (Cr), 0.2 (Mn), 0.002 (Co), 0.04 (Ni), 0.1 (Cu), 0.4 (Zn), 0.07 (As), 0.1 (Se), 0.01 (Cd) and 0.05 (Pb). Analytical 215 

precision of the method was within 10 % for both kidney and liver samples, and for all trace elements except Cr. 216 

Relative standard deviation (RSD) for Cr was 25 % in liver and 14 % in kidney, possibly due to low concentrations 217 

as Cr was < LOD in most of the samples.    218 

Comparison of measured values with certified values for DOLT-4 and DORM-3 showed that our results were fairly 219 

accurate (Table 3). For DOLT-4, measured values were generally within 10 % of certified (given value for Cr and 220 

Co) values, except for Ni (19 %). No certified value was given for Cr, Mn and Co. For DORM-3, measured values 221 

were also within 10 % of average certified values for the trace elements Cu, Zn, As, Cd and Pb. No certified value 222 

was given for Co, Mn and Se. 223 

Fish length and weight data 224 
  225 

For each species of fish, the mean values of total length (LT) and total weight (WT) including the ranges are shown 226 

in Table 4. Based on mean length values, the smallest fish in each lake was found to be O. niloticus (Table 4). 227 

Length and weight of fish were positively correlated (Fig. 3 and 4). 228 

Differences in trace element levels among lakes, fish species and organs 229 
    230 

The geometric mean concentrations of the trace elements (µg/g dry weight) and their 95 % confidence intervals are 231 

presented in Tables 5 and 6. The summary of results from multivariate statistical data treatment of the fish from 232 

Lakes Awassa, Koka and Ziway is presented in Table 7 and Fig. 2. Results of pRDA indicated that lake differences 233 

explained very little of the total data variability and were also not significant (p > 0.05). However, the trace element 234 

concentrations differed significantly between the different fish species and specific organs (Table 7). The different 235 

lakes, fish species and organs are categorical explanatory variables and presented as centroids in Fig. 2. The 236 

response variables (trace element concentrations) are shown as vectors, originating from the origin. The distance 237 

between the centroids approximates the average dissimilarity between the groups being compared, measured by their 238 

Euclidean distance. Based on these techniques, it is clearly demonstrated that sample centroids for the same fish 239 

species and same organ (kidney/liver) collected in each lake appeared closer, indicating that significant differences 240 

exist between different species and their specific organs.   241 
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Trends in trace element concentrations within each fish species  242 
  243 

The geometric mean trace element concentrations in kidney and liver for all samples, respectively, were in the 244 

ranges: < LOD–0.72 and < LOD–0.32 for Cr, 2.99–11.3 and 5.5–39.4 for Mn,  0.67–9.65 and 0.1–10.7 for Co,  245 

0.06–4.2 and 0.03–0.93 for Ni, 5.5–20.0 and 37.0–1090 for Cu, 82–108 and 77–213 for Zn, 0.09–1.04 and 0.12–246 

0.96 for As, 3.9–8.4 and 5–29 for Se, 0.32–3.95 and 0.09–0.89 for Cd,  and 0.03–0.80 and 0.03–0.63 for Pb (Tables 247 

5 and 6). Based on average values calculated from the geometric mean values obtained for each of the fish species, 248 

trace element concentrations in kidney were found to be in the order: Zn > Cu > Se > Mn > Cd > Co > Ni > Pb > Cr 249 

> As for B. intermedius, Zn > Cu > Se > Mn > Co > Cd > As > Cr > Ni > Pb for C. gariepinus and Zn > Cu > Mn > 250 

Se > Co > Ni > Cd > As > Cr > Pb for O. niloticus. Similarly, the concentrations of the trace elements in liver tissue 251 

were found to be in the order: Zn > Cu >Mn > Se > Cd > Pb >As > Cr > Co> Ni for B. intermedius, Cu > Zn > Se > 252 

Mn > Co > Cd > As > Cr > Pb > Ni for C. gariepinus, Cu > Zn > Mn > Se > Co > Cd Ni > As > Cr > Pb >for O. 253 

niloticus. 254 

Comparison of trace element concentrations among species 255 
 256 

As shown in Tables 5 and 6, the highest concentrations of many of the investigated trace elements were in kidney as 257 

well as in liver from O. niloticus. This is confirmed by the ordination plots presented in Fig. 3 and 4. However, Zn 258 

did not follow this pattern. Overall, the trace element concentrations in both kidney (p = 0.002) and liver (p = 0.002) 259 

tissues were significantly different when the different fish species were compared (Fig 3 and 4). Denny et al. (1995) 260 

also observed higher concentrations of Co and Cu in tilapia species compared to a carnivorous Protopterous sp. and 261 

explained the difference by indicating that Tilapia fish feed on metal enriched phytoplankton.  In another study 262 

which was conducted in Lake Phewa in Nepal, it was found that Cu and Zn were among the highest trace metals in 263 

fish liver which the authors have associated with uptake from fish diet (Rosseland et al. 2017). The authors also 264 

indicated that O. niloticus tended to have higher concentrations of trace metals in fish liver as compared to other fish 265 

species of the lake. The main food components for O. niloticus could be detritus (Bowen 1980), benthic and 266 

attached organisms such as blue greens and benthic diatoms early from the juvenile stage (Tudorancea et al. 1988), 267 

and  algae (Getachew and Fernando 1989) with  surfaces of which trace element sorption may occur (Mohapatra 268 

and Gupta 2005). On the other hand, Zn concentrations were the highest in the liver tissue from C. gariepinus 269 

which also could be attributed to enriched feed (Dallinger et al. 1987; Moriarty et al. 1984).  270 

The results obtained for Ni and Co in the present study were in agreement with the findings by Uzairu et al. (2009) 271 

and Lwanga et al. (2003), respectively. However, in contrast to our finding, Uzairu et al. (2009) reported lower Zn 272 

levels in C. gariepinus compared to O. niloticus. Contrasting results were also reported for Cu. Cu in liver tissue 273 

from O. niloticus was higher than found in C. gariepinus from River Kubanni in Northern Nigeria. Similarly, Cu in 274 

liver of O. niloticus was significantly higher than found in the carnivorous S. thumbergi in Lake Itezhi-tezhi in 275 

Zambia (Nakayama et al. 2010). However, Lwanga et al. (2003) found that concentration of Cu in liver was higher 276 

in C. gariepinus than O. niloticus in Lake George, Uganda. This indicates that some variations may exist depending 277 

on the specific context and conditions of the lakes that were studied.  278 



10 

 

Compared with results from a previous study (Kebede and Wondimu 2004), however, higher levels were found only 279 

for Cu in fish liver from Lake Ziway (1090 µg/g dry weight) and Mn from Lakes Ziway and Awassa. Again, 280 

comparing our results with background levels (µg/g dry weight) for most freshwater fish species, i.e., 0.01–1.0 for 281 

Cr, 0.5–15 for Mn, 0.02–0.25 for Co, 0.1–50 for Cu and  2–100 for Zn (Denny et al. 1995), we found that geometric 282 

mean values of Cu in liver in both C. gariepinus and O. niloticus, Mn in O. niloticus, and Co in all except B. 283 

intermedius liver were much higher than the guideline value in all lakes. The Cr values were, however, in the range 284 

of background values. On the other hand, comparison of Cu and Mn levels in O. niloticus with observations in other 285 

water systems (Allinson et al. 2009) showed that the present values were much lower, and yet Allinson et al (2009) 286 

concluded that O. niloticus was uncontaminated by metals. Actually, it is known that excess concentration of Cu in 287 

fish could adversely affect growth, survival and reproduction (Buckley et al. 1982; McKim and Benoit 1971). It is 288 

also possible that high levels of Cu in fish liver could adversely affect other animals in the food chain (Nakayama 289 

et al. 2010). According to Geta (2010), it was documented that the bird Abyssinia ground hornbill (Bucorvus 290 

abyssinicus), a common predator of O. niloticus, contained about 8 fold higher concentrations of Cu in its muscle 291 

compared to the concentrations in the prey O. niloticus collected from Lake Ziway. Given that there is no known Cu 292 

point source (e.g. mining tails) in the Lake Ziway area, and that the potential bioavailability is low (Masresha et al. 293 

2011), particulate Cu in runoff from developed agricultural lands such as horticultural fields and flower farms or the 294 

use of Cu-containing fungicides could represent potential sources in the region. 295 

Trace elements accumulated in kidney and liver 296 
 297 

Based on the ratio of geometric mean values of concentrations in kidney to liver (Table 8), trace elements which 298 

were more enriched in kidney were Cd, Co, and Ni in B. intermedius and C. gariepinus, as well as Cr, Ni, Cd, and  299 

Pb in O. niloticus. Based on the same criterion, trace elements which were found in relatively higher concentrations 300 

in the liver were Mn, Cu, As, Se and Zn in B. intermedius and C. gariepinus, Mn, Co, Cu, and Se in O. niloticus 301 

(Table 8). The results from multivariate statistical analyses also support this inference.. Other studies have also 302 

shown that Cr (Palaniappan and Karthikeyan 2009), Co (Mukherjee and Kaviraj 2009), Ni (Pane et al. 2005) 303 

and Cd (Chowdhury et al. 2005) preferentially accumulated more in kidney than in liver tissue; while Mn 304 

(Crafford and Avenant-Oldewage 2011), Cu (Cousins 1985), Zn (Hogstrand and Haux 1996) and Se (Sato et al. 305 

1980) accumulated more in liver tissues. In another study (Hazrat et al. 2020), the relative bioaccumulation 306 

magnitude of trace metals in fish liver and kidney also varied between the fish species studied.  These results 307 

suggest that specific organs should be selected to obtain useful information about changes in the levels of trace 308 

elements in aquatic organisms, and thus the aquatic environment. 309 

Relationship between trace element concentrations and fish size 310 
 311 
The relationship between concentrations of trace elements in kidney and fish size (length and weight) is presented in 312 

Fig. 3. The RDA revealed that 23% of the variation could be attributed to the size (p = 0.0005). Accordingly, Se and 313 

Cd were positively correlated with fish length and weight, while Mn, Ni, As, and Pb were slightly negatively 314 

correlated with fish length and weight. Co, Cu, and Zn concentrations appeared uncorrelated to both length and 315 
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weight. Likewise, the relationship between concentrations of trace elements in liver and fish size (length and weight) 316 

is presented in Fig. 4.  The RDA revealed that 36% of the variation could be attributed to size (p = 0.0005).  317 

Accordingly, the Zn, Se and Cd concentrations correlated positively with fish length and weight; but Co and Cu 318 

seemed uncorrelated to fish length and weight. As observed for the kidney samples, Mn, Ni, As, and Pb tended to 319 

show a slightly negative correlation with fish length and weight. 320 

The above results indicate that only few elements were positively correlated with fish size. The concentrations of the 321 

other trace elements were either slightly negatively correlated or showed no correlation at all. According to a review 322 

by Chapman et al. (1996), the concentrations of trace metals, especially essential metals, do not increase with fish 323 

age as freshwater fish are known to maintain constant levels of trace metal concentrations. But, in the present study, 324 

Zn and Se tended to be positively correlated with fish size. Other studies have documented that an inverse 325 

relationship could occur between trace metal concentrations and fish size/age (Allen-Gil and Martynov 1995; Ney 326 

and Van Hassel 1983). Different explanations have been given for such a behavior: 1) kidney and liver tissues grew 327 

at a faster rate than the rate of accumulation, leading to bio-dilution (e.g. “growth dilution” effect (Desta et al. 2007; 328 

Ikemoto et al. 2008)); 2) trace elements were excreted at a faster rate than the rate of accumulation which is element 329 

and species-specific behavioral differences during early development (e.g. habitat selection), 3) different fish species 330 

could be differentially exposed to different trace elements in a given environment, and 4) trace element like bone-331 

seeking Pb would tend to accumulate more predominantly in the bone than in the kidney or other organs of the fish 332 

as the fish grows (Mager et al. 2010).  333 

Bioaccumulation and biota-sediment accumulation factor (BAF and BSAF) 334 
  335 

In this study, BAF has been used instead of bioconcentration factor (BCF) since trace elements determined in the 336 

fish are accumulated from water and from natural diet from the lakes. The values obtained for BAF and BSAF are 337 

shown in Tables 9 and 10. BAF values for each trace element were mostly much higher than BSAF values. Fish 338 

species with the highest concentrations of the respective trace elements also had the highest BAF and BSAF values. 339 

The average BAF values for the combined kidney and liver values of each lake were in the order: Cd > Se > Cu > 340 

Zn > Co > As > Pb > Ni > Mn > Cr for Lake Koka, Cu > Cd > Zn > Se > Co > Ni > As > Cr > Mn > Pb for Lake 341 

Ziway, and Zn > Cu > Cd > Co > Se > Ni > Pb > Cr > Mn > As for Lake Awassa. Likewise, the BSAF values were 342 

in the order: Se > Cd > Cu > Zn > Co > As > Pb > Ni > Mn > Cr for Lake Koka, Se > Cu > Cd > Zn > Co > As > Ni 343 

> Mn > Cr > Pb for Lake Ziway, and Cu > Se > Cd > Zn > Co > As > Ni > Cr > Mn > Pb for Lake Awassa. Except 344 

for Cd, the results indicated that the retention of essential elements was relatively higher than of the non-essential 345 

elements. 346 

Assessment of transfer factor (BAF and BSAF) values for trace elements showed that BAF values were all higher 347 

than unity, indicating that bioaccumulation from water and fish diet occurred. However, the typically very low 348 

BSAF values indicated that bioavailability and uptake of the trace elements in fish from sediments was quite low in 349 

these water systems. It was also observed that there was a large variation in both BAF and BSAF values for the 350 

same element in different lakes. It has also been documented that bioconcentration factor for trace elements can vary 351 
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according to external concentrations (Chapman et al. 1996; DeForest et al. 2007; McGeer et al. 2003). In the 352 

present study, generally higher BAF and BSAF values were obtained for essential elements compared to the non-353 

essential elements, probably due to the fact that essential trace elements can be actively taken up by organisms as 354 

they are needed for life-supporting biological processes, being subject to internal regulation and kept within certain 355 

limits. Similarly, the concentrations of essential elements in fish liver (Anandkumar et al. 2018; Mehmood et al. 356 

2019) and fish muscle (Anandkumar et al. 2017; Gbogbo et al. 2018) were found to be higher than the more toxic 357 

trace metals, indicating a corresponding higher BAF values for essential trace metals. Therefore, high BAF values 358 

obtained for these elements did not necessarily reflect toxicity, as toxicity could occur when the regulatory capacity 359 

of the organism is exceeded (DeForest et al. 2007). BAFs for metals in most fish species were typically in the range 360 

1000–500,000, exceeding laboratory derived BCF values (100–1000); rather, high BAF values frequently reflect 361 

natural conditions where external concentrations are low, including in diets and in water. When concentrations in 362 

water are low, the food chain transfer of metals may be the primary route of exposure (Clements, 1991). This 363 

argument applies well to the water systems studied since our previous study has shown that potential mobility and 364 

bioavailability of the studied metals/metalloids were rather low (Masresha et al. 2011). Still, BAF values greater 365 

than unity do, indeed, reflect that bioaccumulation of the trace elements has occurred due to uptake from water 366 

and/or from natural fish diet (Rashed 2001). Among the non-essential trace elements, uptake of Cd is competing 367 

with essential trace elements both from water and sediments, showing that this metal has a relatively high 368 

bioavailability (Table 9).   369 

 Conclusions 370 
 371 

In this study, selected trace elements have been determined in kidney and liver from three different common fish 372 

species in Lakes Awassa, Koka, and Ziway. The trace element levels determined in the three lakes was comparable, 373 

while the trace element concentrations were significantly different among fish species and also organ/tissues. 374 

Significant differences in levels of trace elements among fish species could be attributed to differences in feeding 375 

habits and habitat choices. Comparison of the results in the present study with previous studies has shown that no 376 

significant increase in trace element concentrations in fish tissues has occurred, indicating that the values obtained 377 

are probably local background values. However, the generally high concentrations of Cu in O. niloticus and C. 378 

gariepinus species, and the relatively higher than previous reported levels of Cu in liver tissue of O. niloticus from 379 

Lake Ziway indicated a possible anthropogenic influence, for instance, from agricultural activities. Similarly, higher 380 

levels of Mn reported in this study indicated that anthropogenic influences such as use of fertilizers could be the 381 

cause. As trace element tolerance limits for kidney and liver in the investigated fish species in these water systems 382 

have not been established, it is difficult to assess potential biological impact. Therefore, this work along with 383 

previously reported data could be used as baseline information for future studies aiming at monitoring future trends 384 

of trace elements in these Rift Valley lakes. In addition, it is recommended that environmental impact assessment is 385 

performed under prevailing conditions for at least Cu and Zn , and that trophic transfer of these metals from fish to 386 

fish-eating birds (e.g. white pelicans) residing on the shore of these lakes is addressed. 387 
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I. Tables (10) 388 

Table 1. Diet composition of the different fish species from lakes Awassa, Koka, and Ziway 389 

 390 

Lakes Species Diet References 

Awassa B. intermedius 
molluscs, aquatic insects, fish prey, 

 macrophytes, fish eggs, and detritus 
(Desta et al. 2006) 

 
C. gariepinus O. niloticus (Dadebo 2000) 

 
O. niloticus algae 

(Getachew and Fernando 

1989) 

Koka B. intermedius aquatic insects, fish, detritus and macrophytes (Deribe et al. 2011) 

 
C. gariepinus aquatic insects, fish and fish eggs (Deribe et al. 2011) 

 
O. niloticus algae, zooplankton (Deribe et al. 2011) 

Ziway B. intermedius – – 

 
C. gariepinus O. niloticus, B. paludinosus, insects and crustaceans (Tugie and Taye 2004) 

 
O. niloticus Zooplankton and blue green algae 

(Kebede and Wondimu 

2004) 

 391 
Table 2. The hierarchical design needed to partition the total variation in the fish data in terms of trace element 392 

concentrations in kidney and liver samples obtained from three different species from each of the three lakes, Lake 393 

Awassa, Lake Koka and Lake Ziway 394 

Variance component Explanatory 

variables 

Co-variables Permuting in blocks Whole-plots 

represent 

Lake Lake None No Species 

Species Species Lake Lake Organ 

Organ Organ Species Species None 

Residual None (PCA) None Not applicable Not applicable 

Total None (PCA) None Not applicable Not applicable 

 395 

 396 

 397 

 398 

 399 

 400 
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Table 3. Comparison of measured values (µg/g dry weight) with certified values of reference materials (DOLT-4 401 

and DORM-3) 402 

 

DOLT-4 (n = 12 ) DORM-3 (n = 4) 

Trace 

element 

Measured values 

(Mean ± S.D) 

Certified values 

(Mean ± S.D) 

Measured values 

(Mean ± S.D) 

Certified values 

(Mean ± S.D ) 

Cr 1.4 ± 0.2 1.4* 2.27 ± 0.49 1.89 ± 0.17 

Mn 9.5 ± 0.5 N/A 2.9 ± 0.1 4.6* 

Co 0.23 ± 0.01 0.25* 0.26 ± 0.01 N/A 

Ni 1.2 ± 0.4 0.97 ± 0.11 1.5 ± 0.24 1.28 ± 0.24 

Cu 31 ± 1 31 ± 1 15 ± 1 15.5 ± 0.63 

Zn 124 ± 4 116 ± 6 52 ± 1 51.3 ± 3.1 

As 9.4 ± 0.4 9.7 ± 0.6 6.9 ± 0.1 6.9 ± 0.3 

Se 9 ± 1 8.3 ± 1.3 4 ± 1 3.3* 

Cd 24.4 ± 0.7 24.3 ± 0.8 0.31 ± 0.01 0.29 ± 0.02 

Pb 0.16 ± 0.08 0.16 ± 0.04 0.41 ± 0.02 0.39 ± 0.05 

N/A = Not Available; * = given value but not certified 403 

Table 4. Mean length (LT, cm) and weight (WT, g) of the fish species collected from Lakes Awassa, Koka, and 404 

Ziway and the corresponding ranges are given in parentheses 405 

 406 

Lakes 

 

Species 

 

Sample size  

(n) 

Total length (LT)  

(cm) 

Total weight (WT)  

(g) 

L. Awassa B. intermedius 20 25.7 (14.6–34.3) 187 (33.2–393) 

 
C. gariepinus 20 48.0 (27.8–67.0) 1063 (154–2500) 

 
O. niloticus 20 22.8 (16.9–33.0) 233 (86.7–700) 

L. Koka B. intermedius 20 34.1 (30.5–36.8) 392 (292–398) 

 
C. gariepinus 20 53.0 (35.0–58.2) 874 (700–3100) 

 
O. niloticus 20 25.8 ( 20.2–32.0) 305 (137–501) 

L. Ziway B. intermedius 11 33.3 (28.1– 44.4) 399 (202–900) 

 
C. gariepinus 20 42.0 (23.5–72.0) 647 (107–3000) 

 
O. niloticus 19 22.1 (12.7–29.1) 248 (35.6–525) 

 407 

 408 

 409 

 410 

 411 

 412 
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Table 5. Geometric mean concentrations (µg/g dry weight) and 95 % confidence intervals for Cr, Mn, Co, Ni and Cu 413 

in kidney and liver from the different fish species of the lakes Awassa, Koka and Ziway  414 

 415 

* Data obtained from (Kebede and Wondimu 2004). For individual trace element concentrations <LOD, 0.5*LOD 416 

values were substituted to calculate the geometric mean  417 

Lakes Species Tissues Cr Mn Co Ni Cu 

Awassa B. intermedius Kidney < LOD 2.99 1.15 0.07 5.5 

   NA (2.48–3.60) (0.85–1.55) (0.06–0.10) (4.6–6.5) 

  Liver < LOD 6.35 0.10 0.05 52 

   NA (4.34–9.30) (0.08–0.11) (0.03–0.07) (36–75) 

 C. gariepinus Kidney < LOD 5.31 0.96 0.06 10.6 

   NA (4.61–6.10) (0.74–1.23) (0.05–0.07) (10.0–11.2) 

  Liver < LOD 8.62 0.22 0.03 149 

   NA (7.05–10.6) (0.15–0.30) (0.02–0.04) (110–201) 

 O. niloticus Kidney 0.49a 11.3 0.75 2.55 18.7 

   (0.39–0.62) (7.8–16.3) (0.61–0.93) (1.77–3.68) (13.3–26.4) 

  Liver 0.32 36.0 2.47 0.93 454 

   (0.18–0.56) (19.6–66.2) (1.94–3.15) (0.78–1.11) (348–592) 

Koka B. intermedius Kidney < LOD 15.3–24.5 0.81 14.1–17.8 6.9 

   NA 6.2 (0.69–0.95) 1.99 (6.4–7.4) 

  Liver < LOD (5.6–6.9) 0.21 (1.55–2.56) 41 

   NA 7.3 (0.18–0.25) 0.43G (33–51) 

 C. gariepinus Kidney < LOD (6.2–8.4) 4.38 (0.28–0.66) 13.3 

   NA 8.4 (3.37–5.70) 0.37i (11.3–15.5) 

  Liver < LOD (7.5–9.4) 1.30 (0.29–0.48) 94 

   NA 7.0 (1.00–1.70) 0.07H (69–128) 

 O. niloticus Kidney 0.72 (5.7–8.4) 9.65 (0.04–0.11) 20.0 

   (0.63–0.84) 8.5 (8.37–11.13) 3.41h (13.9–28.9) 

  Liver < LOD (6.1–11.7) 10.71 (2.87–4.04) 797 

   NA 28.5 (9.00–12.73) 0.77G (653–973) 

Ziway B. intermedius Kidney < LOD (18.7–43.3) 0.67 (0.58–1.00) 6.4 

   NA 3.5 (0.50–0.91) 0.21 (5.8–7.1) 

  Liver < LOD (3.1–3.9) 0.10 (0.13–0.33) 37 

   NA 5.5 (0.08–0.14) 0.07 (23–58) 

 C. gariepinus Kidney < LOD (4.0–7.5) 1.09 (0.05–0.11) 16.1 

   NA 5.7 (0.74–1.61) 0.15 (13.4–19.3) 

  Liver < LOD (5.1–6.3) 0.37 (0.12–0.19) 396 

   NA 6.9 (0.28–0.48) 0.06 (283–554) 

 O. niloticus Kidney 0.48 (5.9–8.0) 5.3 (0.05–0.09) 16.5 

   (0.34–0.68) 13.2 (4.35–6.49) 4.2 (13.3–20.5) 

  Liver < LOD (9.0–19.4) 5.44 (3.4–5.2) 1090 

   NA 39.4 (3.94–7.52) 0.50 (805–1475) 

  Liver* – (27.1–57.4) 11.0–11.8 (0.37–0.68) 757–797 

    8.8–21.5  17.6–21.3  
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Table 6. Geometric mean concentrations (µg/g dry weight) and 95 % confidence intervals for Zn, As, Se, Cd and Pb 418 

in kidney and liver from the different species of Lakes Awassa, Koka and Ziway  419 

Lakes Species Tissues Zn As Se Cd Pb 

Awassa B. intermedius Kidney 99 0.19 3.9 0.32 0.03 

   (83–118) (0.15–0.24) (3.2–4.8) (0.24–0.41) (0.02–0.03) 

  Liver 143 0.27 5 0.09 0.03 

   (118–173) (0.23–0.32) (4.1–5.4) (0.07–0.10) (0.02–0.03) 

 C. gariepinus Kidney 86 0.19 4.8 0.49 0.03 

   (81–90) (0.15–0.26) (4.1–5.7) (0.30–0.80) (0.03–0.04) 

  Liver 213 0.36 19 0.32 0.06 

   (191–238) (0.24–0.53) (14–26) (0.19–0.52) (0.04–0.08) 

 O. niloticus Kidney 85 0.79 5.1 1.00 0.30 

   (79–92) (0.66–0.95) (4.7–5.6) (0.83–1.21) (0.25–0.37) 

  Liver 86 0.96 5 0.80 0.20 

   (72–103) (0.78–1.19) (4–7) (0.62–1.03) (0.15–0.27) 

  Liver * 97.0–114 0.09 – 3.95 2.20–3.03 

Koka B. intermedius Kidney 108 (0.08–0.11) 4.8 (3.16–4.94) 0.80 

   (102–114) 0.12 (4.5–5.2) 0.69 (0.53–1.22) 

  Liver 130 (0.09–0.18) 5 (0.53–0.91) 0.63 

   (117–144) 0.17 (4.9–5.6) 2.20 (0.37–1.09) 

 C. gariepinus Kidney 92 (0.15–0.20) 8.0 (1.77–2.75) 0.14 

   (84–101) 0.17 (7.3–8.6) 0.75 (0.06–0.36) 

  Liver 161 (5.01–6.92) 26 (0.60–0.94) 0.10 

   (142–183) 0.42 (20–34) 1.72 (0.06–0.16) 

 O. niloticus Kidney 82 (0.38–0.47) 6.4 (1.34–2.21) 0.19 

   (79–85) 0.30 (5.8–7.1) 0.89 (0.15–0.24) 

  Liver 94 (0.26–0.35) 13 (0.69–1.14) 0.15 

   (81–110) 0.14 (10–16) 1.08 (0.11–0.21) 

Ziway B. intermedius Kidney 105 (0.11–0.18) 5.7 (0.80–1.48) 0.03 

   (99–111) 0.19 (5.3–6.1) 0.31 (0.02–0.03) 

  Liver 130 (0.13–0.27) 6 (0.21–0.46) 0.03 

   (88–191) 0.23 (5–8) 0.93 (0.02–0.04) 

 C. gariepinus Kidney 92 (0.19–0.28) 7.1 (0.61–1.43) 0.03 

   (89–95) 0.26 (6.4–7.8) 0.47 (0.02–0.03) 

  Liver 202 (0.20–0.34) 29 (0.33–0.67) 0.04 

   (178–230) 1.04 (24.9–34.4) 1.21 (0.03–0.07) 

 O. niloticus Kidney 89 (0.78–1.40) 8.4 (0.97–1.50) 0.23 

   (81–98) 0.87 (7.4–9.5) 0.69 (0.19–0.28) 

  Liver 77 (0.65–1.15) 16 (0.54–0.87) 0.11 

   (66–91) – (12–20) 1.08–1.75 (0.09–0.15) 

  Liver* 85.6–116  –  2.70–3.37 

* Data obtained from (Kebede and Wondimu 2004)  420 

 421 
 422 
 423 
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Table 7. Statistical parameters of the output from multivariate data analyses 424 
 425 

Component Explained variability (%) DF Mean square value p-value 

Lake 8.7 2 4.35 0.672 

Species 36.6 6 6.1 0.042 

Organ 28.3 9 3.14 0.002 

Residual 26.4 180 0.147 n.a. 

Total (PCA) 100 197 0.508 n.a. 

 426 

 427 
Table 8. Kidney to liver ratio of the different trace elements studied in each fish species from the lakes Awassa, 428 

Koka and Ziway  429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

451 

Species  Elements      

       Cr Mn Co Ni Cu Zn As Se Cd Pb 

B. intermedius 1.0 0.7 6.4 12.6 0.1 0.8 0.7 0.9 4.9 1.2 

C. gariepinus  1.0 0.9 3.4 2.3 0.06 0.5 0.7 0.3 2.4 1.0 

O. niloticus 2.8 0.3 0.8 4.7 0.02 1.0 1.1 0.6 1.7 1.6 
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Table 9. BAF and BSAF values for Cr, Mn, Co, Ni, and Cu in the lakes Awassa, Koka and Ziway. Superscripts K 452 

and L in the “parameters” column stand for kidney and liver, respectively.   453 

 454 

Lakes Fish species Parameters Cr Mn Co Ni Cu  

Awassa B. intermedius BAFK 1000 249 16429 143 4231  

  
BAFL 1000 529 1429 102 40000  

 
C. gariepinus BAFK 1000 443 13714 122 8154  

  
BAFL 1000 718 3143 61 114615  

 
O. niloticus BAFK 1633 942 10714 5204 14385  

  
BAFL 1067 3000 35286 1898 349231  

 
B. intermedius BSAFK 0.01 0.003 0.2 0.003 0.5  

  
BSAFL 0.01 0.006 0.01 0.002 5.1  

 
C. gariepinus BSAFK 0.01 0.005 0.1 0.003 1.0  

  
BSAFL 0.01 0.008 0.03 0.001 15  

 
O. niloticus BSAFK 0.02 0.01 0.1 0.1 1.9  

  
BSAFL 0.01 0.03 0.4 0.04 45  

Koka B. intermedius BAFK 5.9 14.7 105 50.5 332  

  
BAFL 5.9 17.3 27 10.9 1971  

 
C. gariepinus BAFK 5.9 19.9 569 9.4 639  

  
BAFL 5.9 16.6 169 1.8 4519  

 
O. niloticus BAFK 14.1 20.1 1253 86.5 962  

  
BAFL 5.9 67.5 1391 19.5 38317  

 
B. intermedius BSAFK 0.003 0.005 0.04 0.02 0.2  

  
BSAFL 0.003 0.01 0.01 0.01 1.0  

 
C. gariepinus BSAFK 0.003 0.01 0.2 0.004 0.3  

  
BSAFL 0.003 0.01 0.1 0.001 2.2  

 
O. niloticus BSAFK 0.01 0.01 0.5 0.04 0.5  

  
BSAFL 0.003 0.02 0.6 0.01 19  

Ziway B. intermedius BAFK 115 26 957 68 1882  

  
BAFL 115 41 143 23 10882  

 
C. gariepinus BAFK 115 43 1557 48 4735  

  
BAFL 115 52 529 19 116471  

 
O. niloticus BAFK 185 99 7571 1355 4853  

  
BAFL 115 296 7771 161 320588  

 
B. intermedius BSAFK 0.01 0.002 0.05 0.004 0.2  

  
BSAFL 0.01 0.003 0.01 0.001 1.4  

 
C. gariepinus BSAFK 0.01 0.003 0.1 0.003 0.6  

  
BSAFL 0.01 0.004 0.03 0.001 15  

 
O. niloticus BSAFK 0.01 0.008 0.4 0.09 0.6  

  
BSAFL 0.01 0.02 0.4 0.01 41  

 455 

456 



19 

 

Table 10. BAF and BSAF values for Zn, As, Se, Cd, and Pb in Lakes Awassa, Koka and Ziway. Superscripts K and 457 

L in the “parameters” column stand for kidney and liver, respectively.   458 

 459 

Lakes Fish Species Parameters Zn As Se Cd Pb 

Awassa B. intermedius BAFK 495,000 79 3900 22857 333 

  
BAFL 715,000 113 5000 6429 333 

 
C. gariepinus BAFK 430,000 79 4800 35000 333 

  
BAFL 1065,000 150 19000 22857 667 

 
O. niloticus BAFK 425,000 329 5100 71429 3333 

  
BAFL 430,000 400 5000 57143 2222 

 
B. intermedius BSAFK 0.6 0.02 4 1 0.002 

  
BSAFL 0.9 0.02 5 0.4 0.002 

 
C. gariepinus BSAFK 0.5 0.02 5 2 0.002 

  
BSAFL 1.3 0.03 18 1 0.004 

 
O. niloticus BSAFK 0.5 0.1 5 4 0.02 

  
BSAFL 0.5 0.1 5 3 0.01 

Koka B. intermedius BAFK 1,098 31.0 4000 65833 94.1 

  
BAFL 1,321 41.4 4167 11500 74.1 

 
C. gariepinus BAFK 935 58.6 6667 36667 16.5 

  
BAFL 1636 58.6 21667 12500 11.8 

 
O. niloticus BAFK 833 144.8 5333 28667 22.4 

  
BAFL 955 103.4 10833 14833 17.6 

 
B. intermedius BSAFK 0.5 0.02 16 32 0.04 

  
BSAFL 0.6 0.02 17 6 0.03 

 
C. gariepinus BSAFK 0.5 0.03 27 18 0.01 

  
BSAFL 0.8 0.03 87 6 0.01 

 
O. niloticus BSAFK 0.4 0.07 21 14 0.01 

  
BSAFL 0.5 0.05 43 7 0.01 

Ziway B. intermedius BAFK 15,000 78 4750 54000 25 

  
BAFL 18,571 106 5000 15500 25 

 
C. gariepinus BAFK 13,143 128 5917 46500 25 

  
BAFL 28,857 144 24167 23500 33 

 
O. niloticus BAFK 12,714 578 7000 60500 192 

  
BAFL 11,000 483 13333 34500 92 

 
B. intermedius BSAFK 0.5 0.03 8 7 0.002 

  
BSAFL 0.6 0.04 8 2 0.002 

 
C. gariepinus BSAFK 0.4 0.05 10 6 0.002 

  
BSAFL 1.0 0.05 41 3 0.002 

 
O. niloticus BSAFK 0.4 0.2 12 8 0.01 

  
BSAFL 0.4 0.2 23 5 0.01 

 460 

461 
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II. Figures (4) 462 

 463 

Fig. 1 Location and drainage pattern of the Ethiopian Rift Valley Lakes (Lake Awassa, Lake Koka and Lake Ziway 464 

highlighted) and their inflows modified from (Kebede-Westhead et al. 1994) 465 
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 466 

Fig. 2 RDA biplot showing fish species investigated and the relationship between the trace element levels in kidney 467 

and liver in the lakes Awassa, Koka and Ziway. In the figure, A, K and Z represent lakes Awassa, Koka and Ziway 468 

respectively, while, Bar, Cla, and Oreo represent B. intermedius, C. gariepinus, and O. niloticus, respectively. K and 469 

L stand for kidney and liver tissues, respectively 470 
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 471 

Fig. 3 RDA biplot showing trace elements in kidney from fish collected in all lakes as response variables (bold blue 472 

arrows), different fish species (  = B. intermedius, = C. gariepinus, and = O. niloticus) representing kidney 473 

samples, and weight and length of fish as explanatory variables (bold red arrows) 474 
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 475 

Fig. 4 RDA biplot showing trace elements determined in liver from fish collected in all lakes as response variables 476 

(bold blue arrows), different fish species (   = B. intermedius, = C. gariepinus, and  = O. niloticus) 477 

representing liver samples, and weight and length of fish as explanatory variables (bold red arrows)   478 

  479 



24 

 

References 480 

 481 

Agah, H., Leermakers, M., Elskens, M., Fatemi, S. M. R., & Baeyens, W. (2009). Accumulation 482 

of trace metals in the muscle and liver tissues of five fish species from the Persian Gulf. 483 

Environmental Monitoring and Assessment, 157(1–4), 499. 484 

Allen-Gil, S. M., & Martynov, V. G. (1995). Heavy metal burdens in nine species of freshwater 485 

and anadromous fish from the Pechora River, northern Russia. Science of the Total 486 

Environment, 160, 653–659. 487 

Allinson, G., Salzman, S. A., Turoczy, N., Nishikawa, M., Amarasinghe, U. S., Nirbadha, K. G. 488 

S., & De Silva, S. S. (2009). Trace metal concentrations in Nile tilapia (Oreochromis 489 

niloticus) in three catchments, Sri Lanka. Bulletin of Environmental Contamination and 490 

Toxicology, 82(3), 389–394. 491 

Anandkumar, A., Nagarajan, R., Prabakaran, K., Bing, C. H., & Rajaram, R. (2018). Human 492 

health risk assessment and bioaccumulation of trace metals in fish species collected from 493 

the Miri coast, Sarawak, Borneo. Marine pollution bulletin, 133, 655–663. 494 

Anandkumar, A., Nagarajan, R., Prabakaran, K., & Rajaram, R. (2017). Trace metal dynamics 495 

and risk assessment in the commercially important marine shrimp species collected from 496 

the Miri coast, Sarawak, East Malaysia. Regional Studies in Marine Science, 16, 79–88. 497 

Antweiler, R. C., & Taylor, H. E. (2008). Evaluation of statistical treatments of left-censored 498 

environmental data using coincident uncensored data sets: I. Summary statistics. 499 

Environmental science & technology, 42(10), 3732–3738. 500 

Arumugam, A., Li, J., Krishnamurthy, P., Jia, Z. X., Leng, Z., Ramasamy, N., & Du, D. (2020). 501 

Investigation of toxic elements in Carassius gibelio and Sinanodonta woodiana and its 502 

health risk to humans. Environmental Science and Pollution Research, 27(16), 19955–503 

19969. https://doi.org/10.1007/s11356-020-08554-1 504 

Ataro, A., Wondimu, T., & Chandravanshi, B. S. (2003). Trace metals in selected fish species 505 

from lakes Awassa and Ziway, Ethiopia. SINET: Ethiopian Journal of Science, 26(2), 506 

103–114. 507 

Avigliano, E., Monferrán, M. V., Sánchez, S., Wunderlin, D. A., Gastaminza, J., & Volpedo, A. 508 

V. (2019). Distribution and bioaccumulation of 12 trace elements in water, sediment and 509 



25 

 

tissues of the main fishery from different environments of the La Plata basin (South 510 

America): Risk assessment for human consumption. Chemosphere, 236, 124394. 511 

Ayenew, T., & Legesse, D. (2007). The changing face of the Ethiopian rift lakes and their 512 

environs: call of the time. Lakes & Reservoirs: Research & Management, 12(3), 149–513 

165. 514 

Bjerregaard, P., & Andersen, O. (2007). Ecotoxicology of Metals-Sources, Transport, and Effects 515 

in the Ecosystem, Handbook on the Toxicology of Metals. United States. Elsevier’s 516 

Science &Technology. 517 

Bowen, S. H. (1980). Detrital nonprotein amino acids are the key to rapid growth of Tilapia in 518 

Lake Valencia, Venezuela. Science, 207(4436), 1216–1218. 519 

Bradley, R. W., & Morris, J. R. (1986). Heavy metals in fish from a series of metal-contaminated 520 

lakes near Sudbury, Ontario. Water, Air, and Soil Pollution, 27(3–4), 341–354. 521 

Buckley, J. T., Roch, M., McCarter, J. A., Rendell, C. A., & Matheson, A. T. (1982). Chronic 522 

exposure of coho salmon to sublethal concentrations of copper.–I. Effect on growth, on 523 

accumulation and distribution of copper, and on copper tolerance. Comparative 524 

Biochemistry and Physiology. C: Comparative Pharmacology, 72(1), 15–19. 525 

Chapman, P. M., Allen, H. E., Godtfredsen, K., & Z’Graggen, M. N. (1996). Policy analysis, 526 

peer reviewed: evaluation of bioaccumulation factors in regulating metals. Environmental 527 

Science & Technology, 30(10), 448A–452A. 528 

Chowdhury, M. J., Baldisserotto, B., & Wood, C. M. (2005). Tissue-specific cadmium and 529 

metallothionein levels in rainbow trout chronically acclimated to waterborne or dietary 530 

cadmium. Archives of Environmental Contamination and Toxicology, 48(3), 381–390. 531 

Cousins, R. J. (1985). Absorption, transport, and hepatic metabolism of copper and zinc: special 532 

reference to metallothionein and ceruloplasmin. Physiological Reviews, 65(2), 238–309. 533 

Crafford, D., & Avenant-Oldewage, A. (2011). Uptake of selected metals in tissues and organs 534 

of Clarias gariepinus (sharptooth catfish) from the Vaal River System–Chromium, 535 

copper, iron, manganese and zinc. Water SA, 37(2). 536 

Dadebo, E. (2000). Reproductive biology and feeding habits of the catfish Clarias gariepinus 537 

(Burchell)(Pisces: Clariidae) in Lake Awassa, Ethiopia. SINET: Ethiopian Journal of 538 

Science, 23(2), 231–246. 539 



26 

 

Dallinger, R., Prosi, F., Segner, H., & Back, H. (1987). Contaminated food and uptake of heavy 540 

metals by fish: a review and a proposal for further research. Oecologia, 73(1), 91–98. 541 

DeForest, D. K., Brix, K. V., & Adams, W. J. (2007). Assessing metal bioaccumulation in 542 

aquatic environments: the inverse relationship between bioaccumulation factors, trophic 543 

transfer factors and exposure concentration. Aquatic Toxicology, 84(2), 236–246. 544 

Denny, P., Bailey, R., Tukahirwa, E., & Mafabi, P. (1995). Heavy metal contamination of Lake 545 

George (Uganda) and its wetlands. Hydrobiologia, 297(3), 229–239. 546 

Deribe, E., Rosseland, B. O., Borgstrøm, R., Salbu, B., Gebremariam, Z., Dadebo, E., et al. 547 

(2011). Bioaccumulation of persistent organic pollutants (POPs) in fish species from 548 

Lake Koka, Ethiopia: the influence of lipid content and trophic position. Science of the 549 

Total Environment, 410, 136–145. 550 

Desta, Z., Borgstrøm, R., Rosseland, B. O., & Dadebo, E. (2007). Lower than expected mercury 551 

concentration in piscivorous African sharptooth catfish Clarias gariepinus (Burchell). 552 

Science of the Total Environment, 376(1–3), 134–142. 553 

Desta, Z., Borgstrøm, R., Rosseland, B. O., & Zinabu, G. M. (2006). Major difference in 554 

mercury concentrations of the African big barb, Barbus intermedius (R.) due to shifts in 555 

trophic position. Ecology of Freshwater Fish, 15(4), 532–543. 556 

Desta, Z., Borgstrøm, R., Zinabu, G. M., & Rosseland, B. O. (2008). Habitat use and trophic 557 

position determine mercury concentration in the straight fin barb Barbus paludinosus, a 558 

small fish species in Lake Awassa, Ethiopia. Journal of Fish Biology, 73(3), 477–497. 559 

Dsikowitzky, L., Mengesha, M., Dadebo, E., de Carvalho, C. E. V., & Sindern, S. (2013). 560 

Assessment of heavy metals in water samples and tissues of edible fish species from 561 

Awassa and Koka Rift Valley Lakes, Ethiopia. Environmental Monitoring and 562 

Assessment, 185(4), 3117–3131. 563 

Gadzala-Kopciuch, R., Berecka, B., Bartoszewicz, J., & Buszewski, B. (2004). Some 564 

considerations about bioindicators in environmental monitoring. Polish Journal of 565 

Environmental Studies, 13(5), 453–462. 566 

Gbogbo, F., Arthur-Yartel, A., Bondzie, J. A., Dorleku, W.-P., Dadzie, S., Kwansa-Bentum, B., 567 

et al. (2018). Risk of heavy metal ingestion from the consumption of two commercially 568 

valuable species of fish from the fresh and coastal waters of Ghana. PLOS ONE, 13(3), 569 

e0194682. https://doi.org/10.1371/journal.pone.0194682 570 



27 

 

Geta, Selamawit. (2010, June). Determination of Bioaccumulation and Food Chain 571 

Contamination of Heavy Metals and Organochlorine Pesticides in Tilapia (Oreochromis 572 

niloticus) and Abyssinian Ground Hornbill (Bucorvus abyssinicus), Lake Ziway (MSc 573 

Thesis). Addis Ababa University, Addis Ababa. Retrieved from 574 

http://etd.aau.edu.et/handle/123456789/7557http://etd.aau.edu.et/handle/123456789/7557 575 

Getachew, T., & Fernando, C. H. (1989). The food habits of an herbivorous fish (Oreochromis 576 

niloticus Linn.) in Lake Awasa, Ethiopia. Hydrobiologia, 174(3), 195–200. 577 

Hazrat, A., Khan, E., & Nasir, M. J. (2020). Bioaccumulation of some potentially toxic heavy 578 

metals in freshwater fish of River Shah Alam, Khyber Pakhtunkhwa, Pakistan. Pakistan 579 

Journal of Zoology, 52(2), 603. 580 

Hogstrand, C., & Haux, C. (1996). Naturally high levels of zinc and metallothionein in liver of 581 

several species of the squirrelfish family from Queensland, Australia. Marine Biology, 582 

125(1), 23–31. 583 

Ikemoto, T., Tu, N. P. C., Okuda, N., Iwata, A., Omori, K., Tanabe, S., et al. (2008). 584 

Biomagnification of trace elements in the aquatic food web in the Mekong Delta, South 585 

Vietnam using stable carbon and nitrogen isotope analysis. Archives of Environmental 586 

Contamination and Toxicology, 54(3), 504–515. 587 

Kebede, A., & Wondimu, T. (2004). Distribution of trace elements in muscle and organs of 588 

tilapia, Oreochromis niloticus, from Lakes Awassa and Ziway, Ethiopia. Bulletin of the 589 

Chemical Society of Ethiopia, 18(2). 590 

Kebede-Westhead, E., GebreMariam, Z., & Ahlgren, I. (1994). The Ethiopian Rift Valley lakes: 591 

chemical characteristics of a salinity-alkalinity series. Hydrobiologia, 288, 1–12. 592 

https://doi.org/10.1007/BF00006801 593 

Kumari, P. (2018). Distribution of metal elements in capillary water, overlying water, sediment, 594 

and aquatic biota of three interconnected ecosystems. Environmental Processes, 5(2), 595 

385–411. 596 

Lepš, J., & Šmilauer, P. (2003). Multivariate Analysis of Ecological Data Using CANOCO. 597 

Cambridege: Cambridge University Press. 598 

Lwanga, M. S., Kansiime, F., Denny, P., & Scullion, J. (2003). Heavy metals in Lake George, 599 

Uganda, with relation to metal concentrations in tissues of common fish species. 600 

Hydrobiologia, 499(1–3), 83–93. 601 



28 

 

Mager, E. M., Brix, K. V., & Grosell, M. (2010). Influence of bicarbonate and humic acid on 602 

effects of chronic waterborne lead exposure to the fathead minnow (Pimephales 603 

promelas). Aquatic Toxicology, 96(2), 135–144. 604 

Masresha, A. E. (2012). Trace element speciation in waters and sediments and bioaccumulation 605 

in fish from Lakes Awassa, Koka, and Ziway in the Ethiopian Rift Valley (PhD Thesis). 606 

Norwegian University of Life Sciences, Aas, Norway. 607 

Masresha, A. E., Skipperud, L., Rosseland, B. O., Zinabu, G. M., Meland, S., Teien, H.-C., & 608 

Salbu, B. (2011). Speciation of selected trace elements in three Ethiopian Rift Valley 609 

Lakes (Koka, Ziway, and Awassa) and their major inflows. Science of the Total 610 

Environment, 409(19), 3955–3970. 611 

McGeer, J. C., Brix, K. V., Skeaff, J. M., DeForest, D. K., Brigham, S. I., Adams, W. J., & 612 

Green, A. (2003). Inverse relationship between bioconcentration factor and exposure 613 

concentration for metals: implications for hazard assessment of metals in the aquatic 614 

environment. Environmental Toxicology and Chemistry: An International Journal, 22(5), 615 

1017–1037. 616 

McKim, J. M., & Benoit, D. A. (1971). Effects of long-term exposures to copper on survival, 617 

growth, and reproduction of brook trout (Salvelinus fontinalis). Journal of the Fisheries 618 

Board of Canada, 28(5), 655–662. 619 

Mehmood, M. A., Qadri, H., Bhat, R. A., Rashid, A., Ganie, S. A., & Dar, G. H. (2019). Heavy 620 

metal contamination in two commercial fish species of a trans-Himalayan freshwater 621 

ecosystem. Environmental monitoring and assessment, 191(2), 104. 622 

Merga, L., Mengistie, A., Faber, J., & Van den Brink, P. (2020). Trends in chemical pollution 623 

and ecological status of Lake Ziway, Ethiopia: a review focussing on nutrients, metals 624 

and pesticides. African Journal of Aquatic Science, 45(4), 386–400. 625 

https://doi.org/10.2989/16085914.2020.1735987 626 

Mesfin, M., Tudorancea, C., & Baxter, R. M. (1988). Some limnological observations on two 627 

Ethiopian hydroelectric reservoirs: Koka (Shewa administrative district) and Finchaa 628 

(Welega administrative district). Hydrobiologia, 157(1), 47–55. 629 

Mohapatra, H., & Gupta, R. (2005). Concurrent sorption of Zn (II), Cu (II) and Co (II) by 630 

Oscillatoria angustissima as a function of pH in binary and ternary metal solutions. 631 

Bioresource Technology, 96(12), 1387–1398. 632 



29 

 

Moriarty, F., Hanson, H. M., & Freestone, P. (1984). Limitations of body burden as an index of 633 

environmental contamination: heavy metals in fish Cottus gobio L. from the River 634 

Ecclesbourne, Derbyshire. Environmental Pollution Series A, Ecological and Biological, 635 

34(4), 297–320. 636 

Mukherjee, S., & Kaviraj, A. (2009). Evaluation of growth and bioaccumulation of cobalt in 637 

different tissues of common carp, Cyprinus carpio (Actinopterygii: Cypriniformes: 638 

Cyprinidae), fed cobalt-supplemented diets. Acta Ichthyologica et Piscatoria, 39(2). 639 

Nakayama, S. M., Ikenaka, Y., Muzandu, K., Choongo, K., Oroszlany, B., Teraoka, H., et al. 640 

(2010). Heavy metal accumulation in lake sediments, fish (Oreochromis niloticus and 641 

Serranochromis thumbergi), and crayfish (Cherax quadricarinatus) in Lake Itezhi-tezhi 642 

and Lake Kariba, Zambia. Archives of Environmental Contamination and Toxicology, 643 

59(2), 291–300. 644 

Ney, J. J., & Van Hassel, J. H. (1983). Sources of variability in accumulation of heavy metals by 645 

fishes in a roadside stream. Archives of Environmental Contamination and Toxicology, 646 

12(6), 701–706. 647 

Palaniappan, P. R., & Karthikeyan, S. (2009). Bioaccumulation and depuration of chromium in 648 

the selected organs and whole body tissues of freshwater fish Cirrhinus mrigala 649 

individually and in binary solutions with nickel. Journal of Environmental Sciences, 650 

21(2), 229–236. 651 

Pane, E. F., Bucking, C., Patel, M., & Wood, C. M. (2005). Renal function in the freshwater 652 

rainbow trout (Oncorhynchus mykiss) following acute and prolonged exposure to 653 

waterborne nickel. Aquatic Toxicology, 72(1–2), 119–133. 654 

Rajeshkumar, S., Liu, Y., Zhang, X., Ravikumar, B., Bai, G., & Li, X. (2018). Studies on 655 

seasonal pollution of heavy metals in water, sediment, fish and oyster from the Meiliang 656 

Bay of Taihu Lake in China. Chemosphere, 191, 626–638. 657 

Rashed, M. N. (2001). Monitoring of environmental heavy metals in fish from Nasser Lake. 658 

Environment International, 27(1), 27–33. 659 

Rosseland, B. O., Massabuau, J. C., Grimal, J., Hofer, R., Lackner, R., Raddum, G., et al. (2001). 660 

Fish Ecotoxicology, the EMERGE fish sampling manual for live fish (European 661 

mountain lake ecosystems: regionalisation, diagnostic and socio-economic evaluation). 662 



30 

 

http://www.mountain-lakes.org/emerge/www.mountain-663 

lakes.org/emerge/methods/29.pdf. 664 

Rosseland, Bjørn Olav, Teien, H.-C., Basnet, S., Borgstrøm, R., & Sharma, C. M. (2017). Trace 665 

elements and organochlorine pollutants in selected fish species from Lake Phewa, Nepal. 666 

Toxicological & Environmental Chemistry, 99(3), 390–401. 667 

Samuel, B., Sorsa, S., Daniel, F., Riise, G., & Zinabu, G. M. (2020). Heavy Metals in Fish 668 

Muscle from an Ethiopian Rift-Valley Lake (Hawassa) and a Neighboring Stream 669 

(Boicha): Assessment of Human Health Risks. Journal of Applied Sciences and 670 

Environmental Management, 24(8), 1409–1418. 671 

Sato, T., Ose, Y., & Sakai, T. (1980). Toxicological effect of selenium on fish. Environmental 672 

Pollution Series A, Ecological and Biological, 21(3), 217–224. 673 

Spry, D. J., & Wiener, J. G. (1991). Metal bioavailability and toxicity to fish in low-alkalinity 674 

lakes: a critical review. Environmental Pollution, 71(2–4), 243–304. 675 

Tadiso, T. M., Borgstrøm, R., & Rosseland, B. O. (2011). Mercury concentrations are low in 676 

commercial fish species of Lake Ziway, Ethiopia, but stable isotope data indicated 677 

biomagnification. Ecotoxicology and Environmental Safety, 74(4), 953–959. 678 

Tessema, K., Mamaru, B., Fetahi, T., & Kebede-Westhead, E. (2020). Accumulation of heavy 679 

metals in the physical and biological systems of Lake Koka, Ethiopia: Implications for 680 

potential health risks, 25, 314–325. 681 

Tudorancea, C., Fernando, C. H., & Paggi, J. C. (1988). Food and feeding ecology of 682 

Oreochromis niloticus(Linnaeus, 1758) juveniles in Lake Awassa(Ethiopia). Archiv für 683 

Hydrobiologie, Supplement, 79(2), 267–289. 684 

Tugie, D., & Taye, M. (2004). Reproductive Biology and Feeding habits of Clarias gariepinus in 685 

lake Zwai, Ethiopia. The Role of Agricultural Universities in Ethiopia: Challenges and 686 

Opportunities, 199–208. 687 

Uzairu, A., Harrison, G. F. S., Balarabe, M. L., & Nnaji, J. C. (2009). Concentration levels of 688 

trace metals in fish and sediment from Kubanni River, Northern Nigeria. Bulletin of the 689 

Chemical Society of Ethiopia, 23(1), 9–17. 690 

Vijverberg, J., Dejen, E., Getahun, A., & Nagelkerke, L. A. (2012). The composition of fish 691 

communities of nine Ethiopian lakes along a north-south gradient: threats and possible 692 

solutions. Animal Biology, 62(3), 315–335. 693 



31 

 

Walker, C. H., Hopkin, S. P., Sibly, R. M., & Peakall, D. B. (2006). Principles of Ecotoxicology 694 

(Third.). Boca Raton, FL: CRC Presss, Taylor & Francis Group. 695 

Yang, H.-N., & Chen, H.-C. (1996). Uptake and elimination of cadmium by Japanese eel, 696 

Anguilla japonica, at various temperatures. Bulletin of Environmental Contamination and 697 

Toxicology, 56(4), 670–676. 698 

Zinabu, G. M. (1998). Human interactions and water quality in the Horn of Africa. In Science in 699 

Africa- Emerging Water Problems. Presented at the Symposium of the American 700 

Association for the Advancement of Science (AAAA), Philadelphia. 701 

Zinabu, G. M., & Elias, D. (1989). Water resources and fisheries management in the Ethiopian 702 

rift valley lakes. SINET: Ethiopian Journal of Science, 12(2), 95–109. 703 

Zinabu, G. M., & Pearce, N. J. (2003). Concentrations of heavy metals and related trace elements 704 

in some Ethiopian rift-valley lakes and their in-flows. Hydrobiologia, 492(1–3), 171–178. 705 

 706 


	Forside Akseptert versjon Springer
	EMAS-D-20-04487_R1_2



