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Abstract 

This study was carried out to assess the suitability of various aquatic biota particularly 
those associated with some Kenyan Saline lakes, as biomonitors of trace metals. The study 
also aimed at evaluating the use of two-compartment and logistic regression models as 
predictive tools in assessment of environmental quality in the specific ecosystems.  

Experimental organisms namely, algae (Arthrospira fusiformis) and chironomids 
(Lepotochironomous deribae) among others, were obtained particularly from, Lakes Bogoria 
and Nakuru. Environmental sediment samples were also collected from the lakes, for a survey 
of the pertinent elemental background levels. Using the obtained organisms, exposure and 
depuration experiments were set up at The Nakuru Municipal/L. Nakuru National Park 
laboratory and at The School of Biological Sciences in the University of Nairobi, Kenya. 
Experimental samples were stored in a freezer at -20 °C and were later dried at 80 °C, before 
transportation to the Aquatic Ecology Laboratory in The University of Oldenburg, Germany, 
for chemical and data analysis. 

In the chemical analysis, aliquots of 10 mg samples were digested in 2 ml safe-lock 
Eppendorf reaction tubes for 3 hours at 80°C with 100 µl HNO3 (65% suprapure). Cadmium, 
Cu and Pb elements were analysed using a Varian SpectrAA 880 Zeeman instrument and a 
GTA 110 graphite tube atomiser. Zinc was analysed using an air-acetylene flame (Varian 
SpectrAA-30, deuterium background correction) and a manual micro-injection method (100 
µl sample volume). All metal concentrations in biological tissues are reported in µg g-1 dry 
weight (dw). For validation of the method, Certified Reference Materials (CRMs) namely 
BCR-CRM No.279 Sea Lettuce (Ulva lactuca) and Standard reference Material 1572 Citrus 
leaves, from the Commission of The European Communities (Community Bureau of 
Reference), and TORT-2 Lobster hepatopancreas and CRM 278R Mussel tissue (Mytilus 
Edulis) from the National Research Council of Canada were analysed using the same 
methods. Results obtained were in agreement with the certified values at 95% confidence 
level. Statistical analysis and modelling were done using SYSTAT version 10 and EXCEL 
programmes.  

In the results, the bioaccumulation phenomena in the investigated organisms were 
basically overt. The relevant bioconcentration factors (BCFs), which were higher than zero, 
were a confirmation to this. The elemental uptake and elimination trends though, were 
organism dependent and element specific. In the time dependent exposures, elemental 
uptake in algae took place fast, that is within hours other than within days. In comparison to 
other assessed elements (Cd, Pb and Zn), Cu in algae, seemed to have a more rapid uptake 
rate. Nevertheless, Cd and Cu elements demonstrated more reliable models as compared to Pb 
and Zn, in algae. Relevant model verifications showed that, model reproducibility was 
element specific and probably ecosystem dependent. 

In the concentration dependent exposures, elemental concentrations in organisms did 
tend to increase with increasing exposure. Nonetheless, the elemental increment trends 
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differed between elements, between replicate exposures, between the extent of exposure 
ranges, and even between ecosystems. Nakuru algae Cu concentration dependent uptake 
trends were however, exceptionally consistent. 

Upon verification of time dependent exposure models through prediction of 
concentration dependent outcomes, a higher predictability chance was demonstrated when 
using model parameters and data from organisms of the identical ecosystem. The elemental 
uptake predictability chance though, and hence the model authenticity, depended on the 
exposure concentrations pertinent to the predicting parameters and the predicted data.  

For the chironomids, just like in the case of algae, elemental uptake and elimination 
courses viz a vis model authenticity, were basically, element specific. In the chironomids 
however, reliable models were not only obtained for Cd and Cu elements, but also for Pb and 
Zn in some instances. Additionally, the chironomids concentration dependent elemental 
uptake trends, were notably more distinct and consistent, as opposed to those of algae. 
Besides, the most predictable concentration dependent elemental uptake trends, were those of 
Zn in chironomids, unlike in algae where it was the Cu trends that were more predictable. 

 In inference, toxicokinetic models can be used to clarify biological and related 
environmental bioaccumulation occurrences. In was deduced thus, that Lake Bogoria has a 
higher capacity to withstand metal pollution as compared to L. Nakuru. The dilemma though, 
is that L. Nakuru is the one at a relatively higher contamination potential, due to its location 
near the commercially and demographically developing Nakuru Town.  

Environmental sediment samples were analysed for major and trace elements by X-
Ray Fluorescence (XRF) method (according to Schnetger (2000)). The equipment used was a 
Philips PW 2400 X-ray spectrometer. Carbon and sulphur elements were analysed by way of 
combustion using a Carbon-Sulphur analyser, ELTRA CS 500. In general, there were 
variations in metal concentrations within and between the investigated ecosystems. It was also 
notable that irrespective of the lake considered, a number of especially the trace elements 
were close to, or even below the applicable elemental limits of quantitation. Such elements 
included, As, Co, Cr, Cu, Mo, Ni, Pb, Sr and U. 

In L. Bogoria, some elements were of higher concentrations in locations towards the 
northern end (particularly Sandai Location), and towards the southern end (especially Fig tree 
location) of the lake. Such elements included, TiO2, AlO2, Fe2O3, MgO, CaO, P2O5, Cr, Pb, 
Sr, V, Zn, Zr and C. In L. Nakuru however, it was the relatively profondal (towards the centre 
of the lake), other than the littoral (along the shores) samples, which had higher elemental 
concentrations. Such elements were MgO, CaO, Na2O, P2O5, As, Cu, Mo, Pb, Sr, U, V, Y, C 
and S. (NB: There were limitations in obtaining profondal samples in L. Bogoria). The 
phenomenon in L. Bogoria was attributed to probable fluvial related, element 
concentrating/gathering activities. In L. Nakuru however, element concentrating, diagenetic 
activities of organic-carbon-rich sediments were implicated.  
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In further assessments, enrichment factors (EFs) against average shale values, based 
on element : aluminium ratios, showed that there were more elements enriched in L. Nakuru 
than in L. Bogoria. This was contrary however, to observations that had been made using 
actual observed elemental values, where more elements were of higher concentrations in L. 
Bogoria than in L. Nakuru. This inverse was more overt in the major elements. The Al 
element was implicated in this phenomenon because Al concentrations were higher in L. 
Bogoria than in L. Nakuru. The enriched elements in L. Nakuru were, Si, Ti, Fe, Ca, Na, K, P, 
Mo, Pb, Rb, U, Y, Zn and Zr. The enriched elements in L. Bogoria were, Ti, Fe, Na, K, Zn 
and Zr. 

Nevertheless, there were some similarities in the patterns in which certain elements 
were enriched (e.g. Na, Zr, Zn and ~Y) in the two lakes. There were some similarities too, in 
the patterns in which some elements were depleted (e.g. Ni, Cu, Cr, Co, Ba, As, Mg, Sr and 
V, among others) in both lakes. NB: Higher elemental concentrations in specific locations in 
the various lakes, were not synonymous with enrichments of those particular elements in the 
relevant ecosystem/lake. 

The observed average elemental concentrations in sediments however, are still within 
the relevant geological background levels. The variations in element/aluminium ratios, from 
element/aluminium ratios of average shale, is an implication of geological alterations 
pertinent to the various plausible sediment diagenetic processes. 

In general, investigations in the current study nevertheless, are initial assessments 
towards the calibration of the various relevant organisms, as potential biomonitors for the 
specific ecosystems. Thus, further studies towards that end, are inevitably necessitated. 
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Kurzfassung 
 Das Ziel dieser Arbeit bestand darin, die Eignung von Organismen aus kenianischen 
Salzseen für das Biomonitoring ausgewählter Schwermetalle zu untersuchen. Hierzu wurden 
Experimente zur Aufnahme und Ausscheidung von Metallen durch Organismen durchgeführt 
und analysiert, ob toxicokinetische Zwei-Kompartmentmodelle bzw. logistische 
Regressionsmodelle für die Vorhersage der Bioakkumulation in den untersuchten Seen 
herangezogen werden können. 

 Die Versuchsorganismen, insbesondere die Algen (Arthrospira fusiformis) und die 
Chironomiden (Leptochironomous deribae), wurden aus den beiden Seen Bogoria und 
Nakuru gewonnen. Darüber hinaus wurden auch Sedimentproben aus denselben Seen 
gesammelt, um die Hintergrundbelastung der Seen mit Schwermetallen aufzuzeigen. Die 
Versuche zur Aufnahme und Ausscheidung von Schwermetallen in den gewonnenen 
Versuchsorganismen wurden im gemeinsamen Labor der Stadt Nakuru und des Nakuru See 
Naturschutzparks durchgeführt. Weitere Versuche wurden an der Universität Nairobi, Kenia 
(School of Biological Sciences) durchgeführt. Die Versuchsproben aus den Experimenten 
wurden tiefgefroren und bei -20°C gelagert. Danach wurden sie bei 80°C getrocknet und dann 
zum Labor der Aquatischen Ökologie an der Carl-von Ossietzsky Universität Oldenburg in 
Deutschland für die chemische Analytik und Datenanalyse geschickt. 

Zur Vorbereitung der chemischen Analysen der Organismenproben wurden 10 mg 
Teilproben mit 100 µl HNO3 (65 % Suprapur, Merck) in 2 ml fest verschliessbaren Eppendorf 
Reaktiongefäßen bei 80°C aufgeschlossen. Die Elemente Cd, Cu and Pb wurden mit einem 
Varian SpectraAA 880 Zeeman Atomabsorptionsspektrometer und einem GTA 110 
Graphitrohrsystem analysiert. Zink wurde in einem Luft-Azetylen Flamme (Varian 
SpectraAA 30, Deuterium Hintergrund Korrektur) und einer manuellen Mikroinjektion (100 
µl Probevolumen) bestimmt. Alle Metallenkonzentrationen in den biologischen Proben 
werden in µg g-1 Trockengewicht angegeben. Um die Versuchsmethoden zu validieren, 
wurden zertifizierte Referenzmaterialien der Kommission der Europäischen Gemeinschaften 
analysiert (BCR-CRM No. 279, Meersalat (Ulva lactuca) und CRM 278R, das Gewebe der 
Miesmuschel (Mytilus edulis)), ferner Referenzmaterialien des National Bureau of Standards 
(SRM 1572, Zitrus Blätter) und des National Research Council Canada (TORT-2,  
Hepatopankreas des Hummers). Alle Referenz Materialien wurden mit den gleichen 
Methoden wie die Versuchsproben analysiert. Die Ergebnisse stimmten innerhalb des 95 % 
Konfidenzintervalls gut mit den Referenzwerten überein. Die statistische Analyse und 
Modellierung wurden mit den Programmen SYSTAT Version 10 und EXCEL durchgeführt.  

 In den Ergebnissen waren die Bioakkumulationsphänomene in den untersuchten 
Organismen deutlich sichtbar, wie die gewonnenen Biokonzentrationsfaktoren (BCFs) grösser 
als Null belegen. Die Verläufe der Aufnahme und Ausscheidung der Elemente waren 
abhängig vom getesteten Organismus und elementspezifisch. In den zeitabhängigen 
Versuchen erfolgte die Metallaufnahme in den Algen innerhalb einer Zeitdauer von Stunden 
und nicht innerhalb von Tagen wie in den Versuchen mit den Tieren. Im Vergleich zu anderen 
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Elementen (Cd, Pb und Zn) war die Aufnahmegeschwindigkeit von Cu in den Algen 
schneller. Für Cd und Cu ergaben sich im Vergleich zu Pb und Zn besser angepasste Modelle 
in den Algen. Ergebnisse zur Verifizierung der Modelle in unabhängigen Experimenten 
ergaben, dass die Eignung der Modelle zur Vorhersage elementspezifisch und von der 
Herkunft der Versuchsorganismen abhängig war. 

In den konzentrationsabhängigen Versuchen stieg die Metallkonzentration in den 
Algen mit zunehmender Metallkonzentration im Versuchswasser an. Das Ausmass dieses 
Anstiegs variierte jedoch stark, sowohl in unabhängigen Parallelversuchen als auch in 
Abhängigkeit von dem Bereich der Metallexposition und der Herkunft der Organismen. Bei 
den Nakuru-See-Algen allerdings blieben für Cu die konzentrationsabhängigen 
Aufnahmeverläufe aussergewöhnlich beständig.  

Die Verifizierung der zeitabhängigen Aufnahmemodelle durch die Prognose der 
Ergebnisse der konzentrationsabhängigen Versuche ergab eine bessere 
Vorhersagemöglichkeit, wenn Modellparameter herangezogen wurden, die für Organismen 
gewonnen wurden, die aus demselben See gesammelt wurden.   

 Auch bei den Chironomiden waren die Verläufe der Metallaufnahme und -
ausscheidung, wie bei den Algen, stark elementspezifisch. Hier wurden gut angepasste 
Modelle nicht nur für Cd und Cu, sondern in einigen Fällen auch für Pb und Zn erhalten. 
Zusätzlich war die konzentrationsabhängige Metallaufnahme in den Chironomiden, im 
Vergleich mit denen der Algen, eindeutiger und in sich schlüssiger. Die beste Vorhersage der 
konzentrationsabhängigen Metallaufnahme in den Chironomiden ergab sich für Zn, während 
dies bei den Algen für Cu der Fall war.  

Insgesamt kann aus den Experimenten geschlossen werden, dass toxicokinetische 
Modelle geeignet sind, um Bioakkumulationsphänomene in der aquatischen Umwelt 
abzuklären. In dieser Hinsicht hat der Bogoria See, verglichen mit dem Nakuru See, eine 
höhere Kapazität, um Metallverunreinigungen zu widerzustehen. Dies ist allerdings sehr 
ungünstig, weil der Nakuru See in der Nähe Stadt Nakuru liegt, die ein starkes Wirtschafts- 
und Bevölkerungswachstum zeigt, mit einer entsprechend größeren Gefahr von 
Umweltbelastungen  

Für die Sedimentproben im Allgemeinen wurden Schwankungen der 
Metallkonzentrationen innerhalb und zwischen den untersuchten Seen gefunden. Allerdings 
waren die Spurenelemente fast immer im Bereich oder unter den jeweiligen 
Nachweisgrenzen. Dies betrifft solche Elemente wie As, Co, Cr, Cu, Mo, Ni, Pb, Sr und U. 

 Im Bogoria See waren einige Elementen in höherer Konzentration im Nordteil 
(besonders am Probenort Sandai) aber auch im Südteil (am Probenort "Fig Tree") des Sees 
vertreten. Dies trifft zu für TiO2, AlO2, Fe2O3, MgO, CaO, P2O5, Cr, Pb, Sr, V, Zn, Zr und C. 
Dagegen zeigten Im Nakuru See Proben aus der Seemitte höhere Elementkonzentrationen 
verglichen mit denen, die entlang des Ufers gesammelt wurden. Dies trifft zu für MgO, CaO, 
Na2O, P2O5, As, Cu, Mo, Pb, Sr, U, V, Y, C und S (man beachte jedoch, dass profundale 
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Sedimentproben im Bogoria See nur beschränkt zu gewinnen waren). Die Befunde im 
Bogoria See wurde fluvialen Anreicherungsprozessen für einzelne Elemente zugeschrieben, 
während im Nakuru See diagenetische Einflüsse auf Sedimente, die reich an organischem 
Kohlenstoff waren, eine Rolle gespielt haben könnten.  

Eine weitere Abschätzung der ermittelten Anreicherungsfaktoren gegen den mittleren 
Tonschiefer, bezogen auf die Element : Aluminium Verhältniszahlen, zeigte dass es mehr 
angereicherte Elemente im Nakuru See als im Bogoria See gab. Dieses Bild steht im 
Widerspruch zu den ermittelten Elementkonzentrationen, wo mehrere Elemente höhere 
Konzentrationen im Bogoria See als im Nakuru See aufwiesen. Dies war insbesondere bei den 
Makroelementen der Fall. Die angereicherte Elemente im Nakuru See waren Si, Ti, Fe, Ca, 
Na, K, P, Mo, Pb, Rb, U, Y, Zn and Zr,  die angereicherte Elemente im Bogoria See Ti, Fe, 
Na, K, Zn und Zr. 

Dennoch gab es Ähnlichkeiten in den Anreicherungsmustern bestimmter Elemente 
(z.B. für Na, Zr, Zn und ~Y) in beiden Seen ebenso wie in den Abreicherungsmustern (z.B. 
für Ni, Cu, Cr, Co, Ba, As, Mg, Sr and V). Hierbei ist zu beachten, dass höhere 
Elementkonzentrationen an besonderen Probenorten in den unterschiedlichen Seen nicht 
gleichbedeutend sind mit einer entsprechenden Anreicherung. 

Alles in allem verblieben die beobachteten Metallkonzentrationen in den Sedimenten 
innerhalb der einschlägigen geologischen Hintergrundwerte. Die Abweichung der 
Anreicherungsfaktoren vom mittleren Tonschiefer kann als Folge geologischer 
Veränderungen in Verbindung mit diagenetischen Prozessen in der zugehörigen Region 
gedeutet werden.  

Die Untersuchungen der aktuellen Studie sind als erste Schritte auf dem Weg zu einer 
Kalibrierung von Organismen für ein biologisches Monitoring von Schwermetallen in 
afrikanischen Salzseen zu werten. Folglich sind weitere Untersuchungen in diesem Bereich 
erforderlich. 
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1. INTRODUCTION 

The saline lakes in the Kenyan Rift Valley system (Lakes Bogoria, Nakuru, 
Elementeita, Sonachi and Magadi) are renowned for their low species diversity and their huge 
congregations of flamingos. The abiotic conditions are dynamic, being superimposed on 
seasonal chemical gradients of dilution or evaporative concentration cycles. The chemistry of 
the water matrix is a product of the geological evolution of the Rift Valley system, volcanic 
eruptions injecting alkaline lava into the Rift Valley floor and climatic processes (Melack 
1976). The semiarid climatic regime in the region results in a precipitation–evaporative 
deficit, leading to hypereutrophication and accumulation of alkaline minerals leached from 
the catchment basin (Kilham & Hecky 1971).  

Koeman et. al., (1972) investigated the possible contamination of Lake Nakuru with 
some metals and chlorinated hydrocarbon pesticides. They noted that the investigated 
variables represented no hazard at the time to the fish and birds in the lake. These researchers 
pointed out nevertheless, that with respect to Zn and Cu, more detailed studies were warranted 
to assess the toxicity of those elements alone and in combination, under the then suspected 
peculiar environmental conditions of the lake. 

Notable flamingo mortalities in the Kenyan saline Rift Valley lakes have been of late a 
source of ecological concern. An article entitled, ‘Kenya’s flamingos weighed down by heavy 
metals’, was carried in the Environmental News Service on July 16, 2001. This article stated 
that, “Veterinary pathologists in Kenya have identified heavy metals as the leading cause of 
massive deaths of flamingos in two Rift Valley Lakes of Kenya, and warned that the scenic 
pink birds of Lakes Nakuru and Bogoria remain threatened unless the lakes are cleared of 
pollutants” (Wanjiru, 2001).  Krienitz et. al., (2003) on the other hand, noted that in Lake 
Bogoria, cyanobacterial mat communities at the shoreline hot springs contained 
cyanobacterial toxins (at least four microcystins and anatoxin-a). These researchers noted that 
during drinking and bathing at the lake shores, the flamingos were likely to feed on portions 
of cyanobacteria that have detached from the mats, hence leading to chronic and acute effects. 
Ndetei and Muhandiki (2005) summed it up that in these lakes, heavy metals, pesticides, algal 
toxins (microcystin), bacterial infection and malnutrition are plausible causes of the lesser 
flamingo mortalities. 

 The saline lakes in the Kenyan Rift Valley nevertheless, have been found to have 
strong buffering capacities as a result of the high evaporative concentration of calcium, 
sodium, carbonate and bicarbonate ions. That notwithstanding, more studies have indicated an 
accumulation of pesticides and heavy metals in the lakes’ biota and sediments (Koeman et. 
al., 1972; Lincer et. al., 1981; Wandiga et. al., 1986; Kinoti 1989; Kairu 1991, 1996; 
Wahungu 1991; Karuri 1995). Thus, owing to especially the viciousness in the flamingo 
mortality phenomenon, there is need for continued research on the environmental quality of 
the Kenyan Saline Lakes ecosystems. 

With regard to bioaccumulation, it is expressed as the capacity of a substance to build 
up in the tissues of organisms either through direct exposure to water, air or soil or through 
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consumption of food. Bioaccumulation is calculated as the ratio, in a steady-state situation 
(when the net loss of a chemical by depuration is equal to the net gain by uptake), of its 
concentration in the organism as compared to that in the exposure medium, and that ratio is 
described as the Bioaccumulation Factor (BAF). When the intake in the organism is only due 
to the substance dissolved in the medium, generally water, the ratio is called the 
Bioconcentration Factor (BCF). Therefore, at constant exposure, the concentration of 
chemical in the tissues of an organism at steady state exceeds the concentration in the 
exposure medium by the magnitude of the BCF (or BAF) (UAEWES, 1989).  

Natural and anthropogenic metal inputs influence the bioavailable (readily available 
for a definitive uptake by the organism) metal supply in aquatic systems. This bioavailable 
fraction is usually determined by measuring the metal accumulated into organisms, which is 
the main goal in biomonitoring (Rainbow, 1993, Ritterhoff, et. al., 1996). It is however worth 
noting that the utility of terms such as ‘bioavailable fraction’ is contentious. For instance, 
Meyer (2002) argued that, because concentrations of total or dissolved metal usually are not 
good predictors of the acute toxicity of metals to aquatic biota (i.e. not all of the metal appears 
to be bioavailable), it has been tempting for researchers and regulators to attempt to identify a 
form or combination of forms of a metal that is the bioavailable fraction. But from 
geochemical, biological, and analytical perspectives, the term bioavailable fraction is context-
specific (i.e. not generalizable) and quantitatively elusive. Therefore, Meyer (2002) expressed 
that, although the term bioavailability conveys a useful general concept and should be 
retained in the aquatic-toxicology lexicon, the term ‘bioavailable fraction’ should be avoided. 
However, while acknowledging the imprecision in the availability of any substance to a given 
organism (bioavailability), and yet articulating the ambiguity in the term (bioavailable 
fraction), the researcher (Meyer 2002) did not nevertheless, propose an alternatively 
applicable term for the same.  

By definition, for instance according to Madejon et. al., (2004), an organism that 
provides quantitative information on the quality of the environment around it, is called a 
biomonitor. With reference to biomonitors, the net accumulation strategy has been conceded 
as an essential pre-condition for using any organism as a potential environmental monitor 
(Rainbow 1995: Zauke et. al., 1996a). This, according to Zauke et. al., (1995), is attained 
when metal concentrations in organisms do not readily reach a plateau phase, thus 
demonstrating the net accumulation tendency, under the given experimental conditions. 
Therefore, investigations on the time course of uptake and clearance of metals in organisms, 
in relation to external metal exposures, as further expressed by Zauke et. al., (1995), are a first 
step in assessing the significance of metals in aquatic systems. Such investigations provide the 
experimental basis for estimation of kinetic parameters of compartment models and 
preliminary hypotheses about underlying accumulation strategies. 

It has been also noted that, other than a net accumulation strategy, there are other vital 
pre-conditions that need to be considered before organisms can be used as biomonitors. For 
instance, animal collectives from different localities ought to show similar BCFs to allow a 

http://en.wikipedia.org/wiki/Organism
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comparison between field concentrations of metals in organisms in terms of their 
bioavailabilty (Zauke et. al., 1995; 1996a). The paradox is that even such conditions may not 
nevertheless, be always achieved. However, other methods employed in validation of 
biomonitor calibration methods include verification of the applicable models (models are used 
to interpret the intricacies of biological processes). The verification of the models involves for 
instance, comparison of model predictions (parameter estimates) with independent 
experimental data sets (Rykiel 1996; Holzbecher 1997; Bernds et. al., 1998). 

Toxicokinetics, according to Nordberg et. al., (2004), is defined as the process of the 
uptake of potentially toxic substances by the body, the biotransformation they undergo, the 
distribution of the substances and their metabolites in the tissues, and the elimination of the 
substances and their metabolites from the body. Though the concept of toxicokinetic studies 
was developed for xenobiotics in fish, this has been successfully extended to metals in various 
aquatic invertebrates (e.g. Maclean et. al., 1996; Ritterhoff et. al., 1996). 

 The toxicokinetic studies employed in this study (mainly investigating the time 
courses of uptake and clearance of metals in organisms in relation to the given external metal 
exposures) are however, not intended as a tool to analyse mechanisms/dynamics of metal 
uptake in organisms. They are intended to initially assess in the organism, the occurrence or 
even absence of the bioaccumulation phenomenon. The investigations are therefore regarded 
as an integrated approach in biomonitoring, involving both field investigations and 
manipulative experiments (Zauke et. al., 1995; 1996a). Therefore, the application of 
radioactive isotopes is not considered and metal mixtures instead of singles element dosing 
are employed. The focus of the present study thus, is on the bioaccumulation of water born 
metals, with reference to the evaluation and verification of the kinetic parameters of two-
compartment (compartment 1 = organism, compartment 2 = exposure medium (water)) 
models. Experiments in this investigation were performed using mainly algae, Arthrospira 
fusiformis, from both lakes Nakuru and Bogoria, chironomids Lepotochironomous deribae, 
from Lake Bogoria and in some initial experiments, fish Alcolapia grahami, from Lake 
Nakuru.  
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2. LITERATURE REVIEW 

Environmental monitoring is the continuous or repeated measurement of agents in the 
environment to evaluate environmental exposure and possible damage to living organisms. 
Measurements obtained are compared with appropriate reference values based on knowledge 
of the probable relationships between ambient exposure and resultant adverse effects 
(Biomonitoringinfo.org glossary of terms (see references (refs.)). 

Biomonitoring thus, is the use of a biological entity as a detector and its response as a 
measure to determine environmental conditions. Toxicity tests and biological surveys are 
common biomonitoring methods (EEA 1995-2007). A biomonitor (an organism that provides 
quantitative information on the quality of the environment around it) thus, is the agent for 
environmental monitoring.  

The goal in environmental monitoring is environmental conservation. This 
(environmental conservation) is in turn defined as the rational use of the environment to 
provide the highest sustainable quality of living for humanity (JSDN glossary (see refs)). The 
conservation of the environment is done to avoid or curb environmental degradation, which as 
cited in various cases (e.g. IRIN, 2007), entails the processes that are induced by human 
behaviour and activities (sometimes combined with natural hazards) and do cause damage to 
the natural-resource base or adversely alter natural processes or ecosystems. Potential effects 
are varied and may contribute to an increase in vulnerability and the frequency and intensity 
of natural hazards. Examples include land degradation, deforestation, desertification, wild-
land fires, biodiversity loss, climate change, sea-level rise, ozone depletion and land, water 
and air pollution. 

 Despite increasing environmental degradation concerns surrounding especially the 
Kenyan Saline Lakes, relevant environmental monitoring research is still widely 
incomprehensive. However, some of the reported investigations and issues pertinent to the 
current study are highlighted below. 

 

2.1 Some reported environmental monitoring investigations w.r.t heavy metal pollution 
in Kenyan Saline Lakes. 

Koeman et. al., (1972) investigated the possible contamination of Lake Nakuru with 
some metals and chlorinated hydrocarbon pesticides. They noted that the investigated 
variables represented no hazard at the time, to the fish and birds in the lake. Those researchers 
pointed out though, that with respect to Zn and Cu, more detailed studies were warranted in 
assessing the toxicity of those elements alone and in combination under the then suspected 
peculiar environmental conditions of the lake. 

Greichus et. al., (1978) worked on the insecticides, polychlorinated biphenyls and 
metals in African lake ecosystems, particularly Lake Nakuru, Kenya. They found that the 
levels of metals such as As, Mn, Pb, Zn and Hg did not appear to be unusual when compared 

http://en.wikipedia.org/wiki/Organism
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to metal levels in the Hartbeespoort or Voelvlei Dams in the Republic of South Africa 
(Greichus et. al., 1977a), or to those of Lake McIlwaine in Rhodesia (Zimbabwe) (Greichus 
et. al., 1977b). On the other hand, levels of Cd in water, chironomids, aquatic insects and fish 
were higher in L. Nakuru as compared to those for the other three lakes. These workers also 
noted that, bottom sediments from the Nakuru sewage inlet were higher in Cd (0.46 µg g-1 
dw) than levels from other two inlet areas (Njoro (Nsoro: sic) River (0.16 µg g-1) and Nderit 
River (0.17 µg g-1)) in the same lake. With regard to fish, Greichus et. al., (1978) converted 
the values in their study into approximate wet wt values of 0.33 µg g-1 ww As, 1.8 µg g-1 Cu, 
20 µg g-1 Zn, 0.05 µg g-1 Cd and 0.04 µg g-1 Hg. They noted then that, although the fish in 
that study had higher Cu concentrations than fish in the previously cited three African lakes 
(Hartbeespoort or Voelvlei Dams, South Africa and Lake McIlwaine, Rhodesia) in their 
previous studies, the levels were nevertheless in close agreement with those previously 
observed by Koeman et. al., (1972), (0.086 µg g-1 As, 1.9 µg g-1 Cu, 19 µg g-1 Zn, no 
detectable Cd and 0.016 µg g-1 Hg). Though these workers (Greichus et. al., 1978) 
acknowledged the difficulty in distinguishing between the naturally occurring metal 
concentrations with those introduced by man, they felt that the observed concentrations, as 
compared to some others observed elsewhere in the world, posed no pollution problem at the 
time. This was in agreement with the previously expressed opinion by Koeman et. al., (1972). 

In a later study, Wandiga et. al., (1983) worked on the concentrations of heavy metals 
in water, sediments and plants of Kenyan Lakes. They noted that though analysed samples 
were “mostly collected in the more polluted areas of the investigated lakes”, the observed 
concentrations nevertheless, indicated that the heavy metal concentrations in Kenyan lake-
water were at the time, generally satisfactory, compared to the drinking water standard 
according to WHO (1971). These researchers were however anxious over the concentrations 
of Cd and Pb levels in Lakes Elementaita and Bogoria. They also noted that Cd levels at the 
sampled sites in Lakes Nakuru and Baringo were rather too high, as compared to the 
permissible levels in drinking water. These researchers postulated that higher metal 
concentration levels in L. Bogoria could have been due to the influence of hot springs and 
volcanic activities. They however proposed the need for further investigations regarding the 
higher concentration levels particularly in L. Elementaita. It may also be worth noting that in 
that study (Wandiga et. al., 1983), plants exhibited the lowest Cd concentration, which 
however increased for water and sediments in that order. The concentrations of Pb increased 
in the order of water, plants and sediments, respectively. 

Other researchers, Nelson et. al., (1998), worked on a model for trace metal exposure 
in filter-feeding flamingos at an Alkaline Rift Valley Lake (L. Nakuru) in Kenya. They 
pointed out that Cr, Cu, Pb and Zn (67, 24, 22, and 147 µg g -1 dw averages in sediments 
respectively: 8.3, 19, 11.7 and 74 µg g -1 averages in suspended solids respectively) had 
accumulated in the lake sediments as a result of unregulated discharges into the lake and 
because the lake has no natural outlet. These researchers advocated for a strategy towards 
reduction of particularly Cr inputs into the lake.  
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Kairu (1999) examined the organochlorine pesticide and metal residues in a cichlid 
fish, Tilapia, Sarotherodon (= Tilapia) alcalicus grahami Boulenger from L. Nakuru, Kenya. 
It was observed in his study that, the obtained concentrations of metal residues were 
considerably low, being 0.03 µg g-1 ww, 0.1 µg g-1 and 0.01 µg g-1 median levels for As, Cd 
and Hg respectively. According to the researcher, metal and pesticide residue concentrations 
in the fish, showed no significant increase between 1970 (from previous investigations) and 
1990 (sampling time of that survey (Kairu, 1999). It was thus noted, that L. Nakuru was still 
not at the time, exposed to high pesticide and metal contaminations. However, a gradual 
build-up of those residues in biota was considered liable. 

Later, Svengren (2002), undertook a Water Chemistry / Environmental Inorganic 
Chemistry, Master of Science examination project, at The University of Stockholm, Sweden. 
In this course, he studied the environmental conditions in L. Nakuru, Kenya, using isotope 
dating and heavy metal analysis of sediments. This researcher, referring to the Swedish 
Environmental Protection Agency (SEPA) guidelines, primarily classified L. Nakuru water as 
being, on average µg l-1 values, ‘very seriously contaminated’ (the highest class) for Cd 
(220±45 % dw), Hg (41±3 %) and Pb (54±19 %), ‘seriously contaminated’ for Cr (63±32 %) 
and ‘Less seriously contaminated’ for Cu (20±41 %), Ni (24±20 %) and Zn (64±8 %). This 
researcher also classified the L. Nakuru sediments (by SEPA standards) according to the 
amount of contaminated masses and volumes, as having very large contaminated masses and 
very large contaminated volumes, for all examined metals (Cd, Cr, Cu, Ni, Pb and Zn). 
Svengren (2002) however, elaborated that, only Cd could be described as having been derived 
from anthropogenic activity while the other metals were nevertheless, depicted as being within the 
guidelines of natural background levels in sediments, with respect to lakes that have a catchment 
with bedrock containing heavy metals.  

In addition, Svengren (2002) did further clarify that, the contamination declarations 
referred to total concentrations, which in the case of Lake Nakuru gave a misleading judgment 
of the lakes’ toxicity. Citing the extremely high average pH of ~10.1, together with high 
numbers of ligands binding the heavy metals into complexes, the researcher reckoned that the 
free metal concentration would otherwise be very low. Consequently, it was elucidated that, 
since the toxicity of metals to cells, for example phytoplankton, is directly related to the 
availability of free metal ions in the water, the aquatic organisms like plankton and fish in the 
lake were unlikely to be directly exposed to the ambient metals. The researcher referred to for 
instance, the previously observed low median metal levels (Hg < 0.01 µg g-1 ww, Cd < 0.1 µg 
g-1 and As < 0.03 µg g-1.), as analysed in fish muscle by Kairu (Kariu (sic)) (1999). In the light 
of the above, Svengren (2002) advocated for bioindicator studies with particular reference to 
the phytoplankton and fish. 

Generally, Svengren (2002) further articulated that, the lake was essentially likely to 
pose a threat to those organisms that might swallow lake water or sediments, as the metals 
would be released in the acidic environment in the organisms’ stomachs. The researcher cited 
in particular the flamingos, which might be expected to swallow both water and sediments in 



2. Literature Review 
_____________________________________________________________________ 

7

small amounts when feeding algae from the shallow waters. In a flamingo lifetime 
perspective, it was considered, that would pose a serious exposure of the organism to heavy 
metals. 

In other recent studies, Ndetei and Muhandiki (2005) reviewed the mortalities of lesser 
flamingos in Kenyan Rift Valley saline lakes and the implications for sustainable 
management of the lakes. According to these researchers among others (Japan Bank for 
International Cooperation (JBIC) 2002a, 2000b; Githaiga 2003), there were no significant 
differences in the concentrations of heavy metals in water, in the five considered lakes 
(Bogoria, Nakuru, Elementeita, Sonachi and Magadi). However, contrary to expectation, L. 
Sonachi contained, according to these researchers, surprisingly high levels of copper 
(1.34±0.58 µg ml-1 (mg l-1)) and mercury (66.10±55.61 µg ml-1), as compared to the other 
lakes. Most of the heavy metal content detected in especially that lake, was however 
presumed to have originated from natural rather than anthropogenic sources, as the lakes are 
located in the Rift Valley system, which is still considered volcanically active. Besides, L. 
Sonachi is located away from any noteworthy anthropogenic influence.  

 Elsewhere, Taher and Soliman (1999), surveyed heavy metal concentrations in 
surficial sediments from Wadi El Natrun saline lakes in Egypt. Of the investigated elements 
(Al, Cd, Cu, Fe, Mn, Ni, Pb and Zn), concentrations were considered to largely indicate the 
influence of weathering of terrigenous sources on land. Observed ranges were between 23 - 
29, 27 - 231, 12 - 3116, 23 - 28, 37 - 72 and 20 - 91 µg g-1 dw for Cd, Cu, Mn, Ni, Pb and Zn, 
respectively, and 0.004 - 0.6 and 0.002 - 0.8 % dw for Al and Fe, respectively). In comparison 
with the average in sedimentary rocks, the concentrations in that study were considered higher 
than the global average sandstone, a phenomenon that was also reflected in the high 
enrichment factors. Sediments with microbial mats were also found to concentrate heavy 
metals above background sediment values. Of particular concern, was the observed high 
(higher than background level) Cd concentration. Taher and Soliman (1999) inferred that, Cd 
is known to enter the aquatic environment by leaching from rocks and soils, and in domestic 
and industrial wastewaters. These researchers however concurred that, there was no data 
available to provide evidence of an anthropogenic source for such elevated heavy metals as 
those detected. They therefore urged for further research in determining the role of 
anthropogenic activities, if any, with respect to the observed metal concentrations. 

 Other researchers, Zinabu and Pearce (2003), assessed the concentrations of heavy 
metals and related trace elements in some Ethiopian Rift-Valley Lakes and their in-flows. 
Nine lakes, six rivers and effluents from two factories were investigated. In about half of the 
samples analysed in that study, concentrations of As was reported to have been between 10 
and 700 µg l-1 while Se ranged from 10-28 µg l-1. These values were interpreted to be higher 
than the maximum permissible levels (MPL) according to international standards for drinking 
water. Mercury (Hg) was detected in four lakes and one river. Recorded values were high, 
ranging from 2-65 µg l-1. Concentrations of Mo in three soda lakes were reported to be as high 
as, 544-2590 µg l-1. Iron (Fe) ranged from 567-4969 µg l-1 in some three lakes which were 
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apparently discoloured from inorganic colloids. Levels of Cd, Pb and Cr ranged between 5-9, 
12-20, and 104-121 µg l-1, respectively.  

In that study (Zinabu and Pearce, 2003), other analysed metals (Ba, Cu, Mn, Ni and 
Zn) were either not detected or were found to be in much lower concentrations than the MPL 
for drinking water. Effluents from a tannery contained about 15, 141, 523 and 19 µg l-1 of As, 
Cr, Fe and Se, respectively. Effluent from a textile factory contained apparently high 
concentrations of As (10.6), Hg (3.8) and Se (20) µg l-1. According to these researchers, 
compared to more industrialized regions and other African lakes, the measured concentrations 
in Ethiopian Rift-Valley Lakes (with the exception of the Soda Lakes) and their inflows were 
low. Zinabu and Pearce (2003) however asserted that, the fact that most of the Ethiopian Rift-
Valley Lakes contained much higher than background levels of trace metals than the 
international average for freshwaters, was a probable indication that the international average 
guidelines did not put into consideration tropical lakes such as those investigated. Hence, they 
postulated that such a criterion ought to be reviewed. 

 It can thus be inferred from the above previous observations and deductions that, there 
is a substantial propensity for water bodies lying in tectonically active zones like the Rift 
Valley, to be influenced by the consequences of natural phenomena such as volcanicity. 
Hence, heavy metals among other products of such activities, may be produced from the 
bedrock in amounts that are unfavourable for the environmental utility of humans among 
other organisms. Besides, addition of such entities into the environment through further 
anthropogenic activities therefore, only exacerbates the situation. Fundamentally, in 
consideration of the above, background levels for such zones necessitate review and 
redefinition. Hand in hand, stringent measures ought to be implemented in avoidance of 
further preventable contamination of those zones. 

 

2.2 Flamingo mortality and plausible heavy metal implications (in Kenya Saline Lakes, 
particularly L. Nakuru) 

Heavy metal residues in birds of L. Nakuru were assessed for instance by Kairu (1996). 
This researcher, measured the concentrations of As, Hg, Pb and Cd, in the liver, kidney and bone 
tissues of, pelicans, cormorants and flamingos. Of his findings, the highest metal concentration 
values for Cd, Hg and As, were 2.4, 0.30 and 0.11 µg g-1, respectively. The value for the highest 
Cd was in the pelican’s kidney tissues, that for Hg was in the same bird’s (pelican) liver, 
while that for As was in the Cormorant’s kidney tissues. Notable however, was that no 
analysed bone samples had concentrations above the detection limit of 0.5 µg g-1. It was also 
observed in that study, that except for mercury, the kidney had relatively higher median 
concentrations than the liver. With reference to the flamingos, the higher Hg concentrations in 
the liver than in the kidney was consistent with results observed previously by Koeman et. al., 
(1972). On the other hand, Arsenic concentrations in flamingos were noted to have been 
significantly lower in 1990 (Kairu’s study) than in 1970 (Koeman’s study). In further 
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observations, the highest median Cd concentration (1.3 µg g-1) in 1990 was observed in the 
flamingos, and was nearly identical to the value (1.35 µg g-1) obtained in 1970. The average 
Hg concentration in the flamingos decreased (0.37 µg g-1 in 1970 to 0.26 µg g-1 in 1990) 
within the span of the two decades. The values though, were low, from a toxicological point 
of view (lethal concentrations of Hg = 20 µg g-1 (Froeslie et. al.,)).  

 Kairu (1996) however, was surprised at the higher median concentrations of Hg and 
Cd in algivorous flamingos, as compared to piscivorous pelicans and cormorants. This was 
against the dogmatic concept of biomagnification of pollutants in organisms at higher trophic 
levels. The higher concentrations in flamingos were attributed to their food and feeding 
habits. Flamingos are filter-feeders, yet suspended material is known to be a good scavenger 
of heavy metals (Sims and Presley, 1976). In addition, the principal flamingo food, A. 
fusiformis, is known to be a prolific primary producer. Kairu (1996) deduced therefore, that 
the fast growth may even lead to a quicker uptake of heavy metals from the lake water.  

In spite of Kairu’s findings nevertheless, he concluded that the temporal variability of 
metal concentrations in L. Nakuru at the time, appeared to suggest that the concentrations of 
Cd, Hg and As in the primary and secondary consumers, had remained rather stable for the 
two pertinent decades. Kairu (1996) also felt that, although the observed levels of Hg, As and 
Cd were generally low, they deed indicate nevertheless, the need to identify whether they 
were natural background levels or otherwise. This is because, similar or even much higher 
levels of Hg, Cd, As and Pb had been detected elsewhere in other species of birds, without 
signs of toxic effects (UNEP, 1989). This researcher suggested therefore, that rather than 
considering the observed metal concentrations to be a consequence of pollution, it was better 
to relate/compare them to the natural content of those metals in the birds’ food. Kairu (1996) 
further emphasised the need, for studies to determine the effects of continuous low exposure 
levels of such metal contaminants, to particularly the avifauna of L. Nakuru. 

In later developments, Nelson et. al., (1998) stated that toxic trace metals had been 
implicated as a potential cause for the then recent flamingo kills at L. Nakuru. They (Nelson 
et. al., 1998) presumed that due to the cyanobacterium Arthrospira fusiformis predominant 
filter-feeding mechanism of the lesser flamingos (Phoeniconaias minor), these birds were 
susceptible to exposure to particulate-bound metals. According to these researchers, based on 
their findings of the phase distributions of the various elements (where Cr and Pb were mainly 
associated with suspended solids, whereas Cu and Zn were more evenly distributed between 
the dissolved phase and particulate phases of both A. fusiformis and suspended solids) and on 
established flamingo feeding rates, as well as particle size selection, the researchers predicted 
the following. That Cr and Pb exposure occurred largely through ingestion of suspended 
solids, whereas Cu and Zn exposure occurred through ingestion of both suspended solids and 
A. fusiformis. Considering the lake conditions at their (Nelson et. al., 1998) time of sampling 
(1.2 g l-1 dw suspended solids, 0.23 g l-1 dw A. fusiformis), the predicted ingestion rates based 
on measured metal concentrations in the lake’s suspended solids (8.3, 19, 11.7 and 74 µg g-1 
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for Cr, Cu, Pb and Zn, respectively) were, 0.71, 6.2, 0.81 and 13 µg g-1 -d dw for Cr, Cu, Pb 
and Zn respectively.  

On the other hand, the above researchers (Nelson et. al., 1998) further noted that 
higher exposure doses were predicted when metal concentrations were determined from 
sediment concentrations, rather than from suspended solids concentrations. They as well 
realised that decreases in the A. fusiformis population would in turn increase the clearing rate 
of the flamingos and hence further increase the predicted metal exposure via ingestion of 
suspended solids. Consequently, these researchers gave as an example that, with metal 
concentrations calculated based on the average concentrations in the lake sediments (67, 24, 
22, and 147 µg g-1 for Cr, Cu, Pb and Zn, respectively) and with an A. fusiformis 
concentration of 0.06 g l-1, the exposure rates would be up to 13, 10, 4.4 and 38 µg g-1 -d for 
the same metals, Cr, Cu, Pb and Zn, respectively. These ingestion rates, expect for Cu they 
articulated, would otherwise be significantly higher than the no observable adverse effects 
levels (NOAEL). They concluded nevertheless, that it would be informative to, in addition to 
their findings, determine the phase distribution of trace metals under the more acidic 
conditions found in the flamingo’s digestive tract.  

In other studies, Svengren (2002) first acknowledged that the reason why particularly 
L. Nakuru is such a popular flamingo feeding ground is due to the abundance of the algae (A. 
fusiformis) and the shallowness of the lake, which favours grazing. According to Svengren 
(2002), though the availability of nutrients in that lake favours A. fusiformis growth, the algae is 
however sensitive to changes in salinity and nutrient concentration. On some occasions, the algae 
diminishes drastically after changes in climate and water chemistry. When this have occurred 
simultaneously in many of the neighbouring lakes, the birds fly in vain in search of food. The 
reduction and therefore heightened hunt for the food, was believed to be the initiating cause of the 
mass deaths among lesser flamingos occurring in 1993, 1995 (Σ 50 000+) and 1999-2000 (~ 10 
000+). Among other reasons implicated were that, growth of other types of algae, probably even 
toxic ones, was favoured. Hence exposing the grazing birds to certain algaltoxins. In addition, 
birds feeding in Lake Nakuru have been purported to be under exposure to heavy metals and 
organic pesticides of potential industrial and agricultural origin. Svengren (2002) argued that, 
birds have most likely been exposed during their whole lifetime and that such toxins were 
generally stored in adipose tissue. When birds were stressed up due to the food search, fat stored 
in their bodies was broken down in provision of energy. Formerly sequestered Metals and 
pesticides in the adipose tissues thus, were released inside of the body. The increased available 
concentrations (of the metals and pesticides, among other substances) affected for instance the 
central nervous system in the birds. Such conclusions, according to Svengren (2002), were drawn 
after some pathological examinations (Koros et. al., 1996-1999).  

According to various aired reports, for instance in an article entitled ‘Kenya's 
flamingos weighed down by heavy metals’, as posted in the peopleandplanet.net web page, on 
the 2nd of August 2001, detectable levels of lead, zinc, mercury, copper, and arsenic had been 
found in the Flamingos' tissues, thus threatening the birds’ existence. Dr Gideon Motelin a 
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veterinary pathologist at Egerton University, Kenya, was reported to have expressed concern 
that, cadmium, a metal found in the birds' tissues, was dangerous as it replaces calcium in the 
bones making them brittle. 

In a different perspective, Krienitz et. al., (2003) examined the contribution of hot 
spring cyanobacteria to the mysterious deaths of Lesser Flamingos at Lake Bogoria, Kenya. 
They noted that for instance in Lake Bogoria, cyanobacterial mat communities of the lake 
shoreline hot springs contained cyanobacterial toxins (at least four microcystins and anatoxin-
a). They suggested that during drinking and bathing at the lake shores, the flamingos were 
likely to feed on portions of cyanobacteria that have detached from the mats, hence leading to 
chronic and acute effects. Their finding of the presence of hot spring cyanobacterial cells, 
fragments and cyanobacterial toxins in stomach contents and faecal pellets of the birds 
supported the possibility that these toxins contributed to the flamingo mass mortalities. These 
researchers (Krienitz et. al., 2003) further deduced that an observed ophistotonus behaviour of 
flamingos, especially the convulsed position of extremities and neck in the dying phase, 
indicated neurotoxic effects. They indeed compared this to similar symptoms that had been 
described by Carmichael et. al., (1975), after administering neurotoxic cyanobacterial extracts 
containing anatoxin-a, to mallards.  

Summing it up, Ndetei and Muhandiki (2005) stated that, Lesser flamingo mortalities 
in the Kenyan Rift Valley lakes had been recorded since 1928 and that indeed, episodic 
mortalities had been experienced in 1974, 1978, 1993, 1994, 1995, 2000, 2001 and 2003 
(Kaliner & Cooper 1973). These researchers advocated diverse plausible causes for lesser 
flamingo mortalities, those included, heavy metals and pesticides (WWF– LNCDP 1994, 
Lincer et. al., 1981; Nelson et. al., 1998 ), algal toxins (microcystin) (Krienitz et. al., 2003 ), 
bacterial infection Kock et. al., (1999) and malnutrition (Sileo et. al., 1979). 

Nevertheless, in a more recent air of concern, according Reuters, as posted in for 
instance, Yahoo News on Thursday 4th January 2007, in an article entitled, ‘Rains may be to 
blame for Kenya flamingo deaths’(RNS, 2007), natural changes in the environment, not man-
made pollution, may be to blame for the mass deaths of flamingos in Kenya. In this article, 
researchers from environmental campaigners, Earthwatch, were reported to have said that, 
flamingos at L. Bogoria were only getting a tenth of their daily food needs because heavy 
rains had swollen streams flowing into the lake, thus diluting the blue-green algae they rely 
on. Those environmentalists, were also said to have observed changes in the behaviour of the 
birds, which were no longer wading in groups on the lakeshore, but feeding in open water or 
from small rain puddles and streams. Dr. David Harper, Earthwatch’s team leader, was in 
particular, quoted to have expressed anxiety that, it was feared that the food stress could lead 
to large scale flamingo mortality either directly through starvation, or indirectly by increasing 
susceptibility to infectious diseases.  

Elsewhere, for instance, Shiferaw (1997) gave an account of Flamingo deaths in the 
Rift Valley Lakes (Chitu, Abijata Shala and Green Lakes) of Ethiopia, in October 1995. That 
episode of flamingo deaths was according to the report, tentatively associated with the then 
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prevalent unfavourable situation caused by the bloom of blue-green algae, Anacystis cyanea 
(Microcystis aeruginosa), which secrets toxins. In other unrelated studies, blooms dominated 
by Anabaena lemmermanii were found to be the causative agent for bird kills in Danish lakes 
(Onodera et. al., 1997). Anatoxin-(S) was isolated from both algal samples and bird tissues 
associated with the kills. Similar deaths have been reported to occur in birds, swine and dogs 
in Lake Saskatchewan in Canada, and were suspected to be caused by a bloom of Anabaena 
species and Microcystis flos-aquae present in the lake (Park et. al., 1998; Fastner et. al., 
1999). A noteworthy contrast however, is that Greater Flamingos in the Carmague Biosphere 
Reserve in France, have been reported to have been exposed to trace elements emanating from 
industrial pollution (Amiardtriquet et. al., 1991). In that particular case, trace element 
concentrations in the sampled flamingo population exhibited higher than average 
concentrations for the species, yet, no mortalities had been reported.  

In other pertinent investigations, Burger and Gochfeld (2001) investigated the metal 
levels in feathers of certain birds from the Coast of Namibia in Southern Africa. This 
researchers believed that metal concentrations in feathers represented the concentrations in the 
birds’ blood supply, at the time of feather formation. The researchers predicted trophic level 
differences in metal concentrations, between the piscivorant Cape Cormorants and kelp gulls, 
the omnivorant Hartlaub’s gull and the algivorant flamingos. In their findings, there were 
significant differences in metal concentrations among the species. The Lesser flamingos had 
the lowest levels of most elements (means in ppb dw: Pb = 386, Cd = 38, Se = 841, Cr = 
682, Mn = 2,310, As = 976, Tn = 881, Hg = 77), while Cape cormorants had the highest 
levels of Pb (4, 340), Cd (1,420), Cr (4,240) and Mn (36,500). The Hartlaub’s gull and the 
Kelp gull, had the highest levels of Hg (1,310 and 924, respectively). The Hartlaub’s gull did 
also on the other hand, have the lowest level of As (243). With reference to the flamingos, 
Burger and Gochfeld (2001) did clarify that, the feathers for their study were collected at the 
very beginning of the breeding cycle. The feathers thus, were likely to have otherwise 
represented exposure during the non-breeding season. Since flamingos are, according to 
Brown et. al., (1982), fairly sedentary, but move inland to lakes when non-breeding, the 
concentrations in Burger and Gochfeld’s study then, may not represent coastal exposure. 
Additionally, in comparisons of habitat ranges, Burger and Gochfeld (2001) did also 
acknowledge that while at the coast, the flamingos largely inhabited alkaline and brackish 
waters, unlike other examined species which were at least partly oceanic.  

A comparison may at this point be made, between results observed by Kairu (1996) 
and Burger and Gochfeld (2001), with regard to the flamingos. In Kairu’s study, the 
biomagnification dogma was not maintained, for instance when comparisons between metal 
concentrations in algivorous and piscivorous birds was made (e.g., flamingos had higher Hg 
and Cd concentrations than pelicans and cormorants). In Burger and Gochfeld’s study 
however, they accepted their postulated hypothesis, that metal concentrations would reflect 
food chain differences. This was because in their study, flamingos had mainly, the lowest 
metal levels, and the flamingos were in deed the lowest on the food chain. In either cases 
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though, despite the contrary observations, the observed metal levels, in whichever birds, were 
attributed to the specific birds’ food and feeding behaviour. In Burger and Gochfeld’s study, 
the birds vis a vis their food, are seen as being from different habitat ranges. In the relevance 
of Kairu’s study however, the different birds can be considered to have been within the same 
habitat range, specifically in the same lake. It seems then that, the birds’ (different bird 
species) food organisms, in Burger and Gochfeld’s study, may be dealing with varied and 
probably unrelated nature of elemental exposures. It can be inferred then that, under similar 
exposure conditions, it is the response of the food organism to the kind of exposure, that 
matters, other than the trophic transfers through the food chain.  

Burger and Gochfeld (2001) nonetheless, did conclude that metal concentrations 
observed in the feathers of birds off the coast of Namibia, undoubtedly reflected some 
industrial and suburban run-off. The concentrations did as well reflect atmospheric 
deposition, which occurs even in the most remote areas (Fitzgerald et. al., 1998). These 
researchers acknowledge however, that on overall, the observed metal levels were below the 
means that had been reported for birds worldwide. Besides, the metal levels were in any case 
below those that were known to cause adverse effects in birds (Burger, 1993). 

In consideration of the above among other theories and factors, it would suffice to 
state that the issue of flamingo mortality, particularly in the Kenyan Rift Valley Saline Lakes,  
is highly contentious and inevitably warrants further rigorous and diverse investigations to 
unravel the obscurity.  

 

2.3 Bioaccumulation and Biomonitoring 

Because some organisms are capable of accumulating some entities from the 
environment into their bodies (bioaccumulation), that is why they can be used as agents in 
monitoring (biomonitoring) that environment. The challenge is in finding the most suitable 
organism then, for monitoring a specific entity in the particular environment. 

According to some web definitions, for instance in the Science and Technology 
Dictionary (Answers Corporation©, 2007), in the equilibrium distribution of a solute between 
two liquid phases, the constant ratio of the solute's concentration in the upper phase to its 
concentration in the lower phase is defined as a partition coefficient. According to the 
Wikipedia Encyclopaedia definition in Answers Corporation© (2007), a partition coefficient 
or distribution coefficient is defined as a measure of differential solubility of a compound in 
two solvents. The logarithmic ratio of the concentrations of the solute in the solvent is called 
log P (sometimes LogP). The best known of these partition coefficients is the one based on 
the solvents octanol and water. The octanol-water partition coefficient is a measure of the 
hydrophobicity and hydrophilicity of a substance. (Hydrophilic ~ water loving. Such 
compounds have an affinity to water and are usually charged or have polar side groups to 
their structure that will attract water. Hydrophobic ~ water hating. These compounds are 
repelled by water and are usually neutral (no charge)). Hence, the octanol/water partition 

http://www.answers.com/topic/solubility
http://www.answers.com/topic/chemical-compound-1
http://www.answers.com/topic/concentration
http://www.answers.com/topic/solution
http://www.answers.com/topic/octanol
http://www.answers.com/topic/water
http://www.answers.com/topic/hydrophobe-1
http://www.answers.com/topic/hydrophile
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coefficient (Kow) is the ratio of a chemical's concentration in the octanol phase (organic phase) 
to its concentration in the water (aqueous phase) of a two-phase octanol/water system.  

Relatively, Bioconcentration Factor (BCF) is the concentration of a particular 
chemical in a tissue per concentration of the chemical in water. This physical property 
characterizes the accumulation of pollutants through chemical partitioning from the aqueous 
phase (water) into an organic phase, such as the gill of a fish (WFE, 2007a). Hand in hand, to 
bioaccumulate literally means to accumulate in a biological system. However, it 
(bioaccumulation) is commonly taken to measure the uptake over time of a substance, called a 
bioaccumulant, which is any contaminant of air, water, or food that builds up in living 
organisms because it is metabolised, or eliminated, very slowly. Bioaccumulation is therefore, 
often divided into bioconcentration and biomagnification where bioconcentration considers 
uptake from the non-living environment while biomagnification describes uptake through the 
food chain (Babylon.com LTD, 1997-2007).  

Generally, everything in a biological system has a biological half-life, that is the time 
required for half of that substance to be removed from an organism by either a physical or a 
chemical process. If the compounds are not metabolised as fast as they are consumed, then, 
there can be significant magnification and potential toxicological effects up the food chain. 
The concern about bioaccumulation and biomagnification came mainly from experience with 
chlorinated compounds, especially pesticides and PCBs, and their deleterious effects on 
vulnerable species, especially birds, frogs, and fish (ACD/Labs, 2006).  

For a significant amount of time now, heavy metals have also become of relevant 
concern with respect to bioaccumulation and biomagnification. These elements (heavy 
metals) are natural constituents of the Earth's crust and are present in varying concentrations 
in all ecosystems. Human activity has however, drastically changed the biogeochemical 
cycles and balance of some heavy metals. Heavy metals are stable and persistent 
environmental contaminants since they cannot be degraded or destroyed. Therefore, they tend 
to accumulate in the soils, seawater, freshwater, and sediments (Ilyin et al., 2005). When 
heavy metals enter aquatic systems, they partition among various compartments, that is, they 
can stay in solution as free ions, soluble salt, associated with dissolved inorganic or organic 
ligands, or can be bound to particulate matter. Therefore, organisms living in metal 
contaminated areas can indeed, accumulate trace metals. Although some metals like copper 
and zinc are essential for life, metals, essential or not, above a certain threshold level can exert 
adverse biological effects. Moreover, heavy metal accumulation not only can exert numerous 
toxic effects on the individual organism itself, but may also give rise to populations or 
community-wide problems (EBT group (see refs.)).  

With reference to bioaccumulation, BCFs and toxicity/hazard, it is however worth 
clarification that, though BCFs may infer a potential for bioaccumulation of the substance into 
the organism, they (BCFs) are nevertheless, not a direct measure for toxicity/hazard.  

http://www.answers.com/topic/chemical-substance
http://www.babylon.com/definition/biomagnification/English
http://www.babylon.com/definition/biological_halflife/English
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Adams et. al., (2000), reviewed the challenges of hazard identification and 
classification of insoluble metals and metal substances for the aquatic environment. 
According to them (Adams et. al., 2000), to begin with, regarding environmental persistence 
and bioavailability vis a vis exposure, in procedures for aquatic hazard identification of 
organic and inorganic substances, the concept associated with measuring persistence of 
substances in an environmental compartment (e.g. water, sediment, soil, air) is that, the length 
of time the substance remains in a given compartment increases the possibility that the 
substance will accumulate over time, and that, exposure may increase with additional inputs. 

Persistence of organic substances is frequently assessed using biodegradation (CO2 

evolution / loss of dissolved organic carbon), hydrolysis and photolysis measurements. Loss 
of parent compound and conversion to a less toxic and persistent break down product is 
viewed as desirable. Rapid degradation is interpreted as leading to a reduction in exposure, 
while complete mineralization to carbon dioxide and water is desirable. Although this is an 
appropriate approach for organics, the degradation tests used to assess persistence for organic 
substances do not necessarily, apply to metals (Canada/European Union, 1996). The inability 
of metal elements to undergo degradation (especially biodegradation) is often translated to 
mean that metals are persistent. Though all elements including carbon are persistent in the 
sense that the total mass present on the planet remains reasonably consistent, the intent of the 
biodegradation measurements for organic substances is to provide an estimate of the 
persistence of exposure. In that light, the appropriate measure for metals is an estimate of the 
persistency of the bioavailable metal species. Alternative measurements such as 
complexation, precipitation, and remineralization are more appropriate measures of 
persistency for metals than degradation. Indeed, complexation with dissolved organic carbon 
and suspended solids in surface waters and binding with iron and manganese oxides and 
sulphides in sediments, for instance, are key processes controlling metal exposure in aquatic 
ecosystems. According to Adams et. al., (2000), significant differences in metal binding 
constants and solubility of metal hydroxides exist and range across many orders of magnitude 
for different metal ions. That indicates that there are very large differences in metal 
bioavailability in surface waters and sediments and that these differences can be evaluated to 
assess persistency of metal species and exposure.  

Secondly, according to Adams et. al., (2000), metal bioaccumulation is an important 
process where by aquatic organisms obtain these essential metals. Aquatic biota however, 
regulates their internal concentrations of essential metals in three ways: active regulation, 
storage, or a combination of active regulation and storage. Active regulators are organisms 
that maintain stable tissue concentrations by excreting metal at rates comparable to the intake 
rate (Rainbow, 1988). Other biota store metals in detoxified forms, such as in inorganic 
granules or bound to metallothioneins (Brown, 1982; Rainbow, 1987). Most organisms 
actually use a combination of these two regulatory strategies. It should also be noted that non-
essential metals are also often regulated to varying degrees because the mechanisms for 
regulating essential metals are not metal-specific (Phillips and Rainbow, 1989). In general, 
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essential metals such as copper and zinc tend to be actively regulated by organisms such as 
decapod crustaceans, algae and fish. Conversely, organisms such as bivalve molluscs, 
barnacles, and aquatic insects tend to store these metals in detoxified forms. In deed, non-
essential metals, such as cadmium and lead, are typically stored in detoxified forms  

As a result of these metal regulatory processes, an inverse relationship exists between 
metal concentrations in water and the corresponding BCF. Thus at low metal concentrations 
in water, organisms are actively accumulating essential metals (and often non-essential metals 
via the same uptake mechanisms) to meet their metabolic requirements. On the other hand, at 
higher metal concentrations in water, organisms with active regulatory mechanisms are able 
to excrete excess metals or limit uptake. This hypothesis has been demonstrated, according to 
Adams et. al., (2000), to be applicable for both essential and non-essential metals for most 
organisms (Brix and DeForest, 2000). 

Therefore, as a consequence of aquatic organisms’ regulatory ability, metal 
concentrations in tissue measured across a range of water exposure concentrations are often 
quite similar. The corresponding BCFs will not be constant, but will be inversely related to 
exposure concentration (i.e higher BCFs at lower exposure concentrations and lower BCFs at 
higher exposure concentrations). Subsequently, an individual BCF provides little 
information on the bioaccumulation potential of a metal for most organisms. In précis, 
relative to metals (and in contrast to organic substances), one cannot assume that as the BCF 
or BAF becomes larger, the potential for hazard is greater.  

In a third assertion, with inference to sensitivity of organisms, they (Adams et. al., 
2000), elucidated that, the concept that BCFs or BAFs can be used as an indicator of long-
term or chronic toxicity to aquatic organisms stems from the assumption that larger BCFs are 
indicative of higher tissue concentrations, which in turn result in direct or secondary 
poisoning. This concept is primarily relevant to organic chemicals with narcosis as the mode 
of toxic action. However, this relationship does not apply to all chemicals, including metals. 
In fact, some studies have shown that accumulated metal (whole body residue) may be poorly, 
or even negatively, correlated with toxicity. Organisms that tend to bioaccumulate metals to 
high levels do so because they are able to store the metals in detoxified forms (i.e in granules, 
or bound to metallothioneins) and not because they have large BCFs or BAFs. As a result, 
organisms with larger BCFs actually tend to be less sensitive, in the long run. Indeed, in their 
review, Adams et. al., (2000), realised that daphnids, while known to be among the most 
sensitive organisms and insects among the least sensitive, the former (daphnids) exhibited the 
lowest BCFs while the latter (insects) actually portrayed the highest BCFs (USEPA, 1984). 
Consequently, the magnitude of a metal’s BCF cannot be used as a predictor of chronic 
toxicity. 

On the other hand, it may be worth elaboration here that, in the short term, like in the 
case of laboratory experiments, BCFs can still be useful as a measure of a substance’ potential 
for bioaccumulation, since they in such a case, just indicate the potential for the substance’ 
increase in concentration in an organism resulting from tissue absorption levels exceeding the 
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rate of metabolism and excretion, and are indeed, otherwise, not a measure of toxicity. 
Furthermore, as an example, a might be, preferable use of biomarkers (e.g. metallothioneins) 
as exposure indicators, would nevertheless, be infeasible in such short term experiments, 
since the biomarkers, relatively take time to form. The reason for this being that, biomarkers 
are manifestations of pollutant stress and are therefore endpoints in an exposure-effect based 
perspective. 

On yet a fourth point of clarification, Adams et. al., (2000), went on to elaborate that, 
poisoning occurs when chemical concentrations in an organism reach levels that are toxic to 
organisms that feed on it. For organic substances, chemicals that are highly 
“bioaccumulative” or which biomagnify in food webs often are considered to have the 
greatest potential to cause secondary poisoning. Biomagnification is the process whereby a 
substance increases in concentration as it passes up two or more trophic levels in the food 
web. It has been reported that the classic concept of biomagnification and food chain 
poisoning, based primarily on chemicals such as DDT and PCBs (Eisler, 1986; Keith, 1996), 
does not apply to metals, although naturally occurring organo-metals may be an exception 
(Suedel et. al., 1994). This may be explained in part by the limited bioavailability of the 
inorganic forms of metals in food and by the regulation of metals that occurs in both aquatic 
and terrestrial organisms. Site-specific data are available (According to Adams et. al., 2000), 
suggesting that some inorganic metal compounds may be instrumental in producing 
secondary poisoning, (Woodward et. al., 1994). This occurrence however, according to 
Adams et. al., (2000), is typically associated with elevated site-specific exposure levels and is 
not reflective of the inherent bioaccumulative nature of the metal substance. 

In the light of the above, Adams et. al., (2000), concluded that, metal BCFs are not 
indicative of the potential for direct toxicity, that inorganic forms of metals do not biomagnify 
in food webs and that secondary poisoning attributed to metals is a function of site-specific 
exposure. In addition, Adams et. al., (2000), seconding results of an apparent Brussels 
Workshop (Canada/European Union, 1996), did also conclude that bioconcentration factors 
are not an appropriate parameter for assessing the hazard potential of metals.  

Nonetheless, all the above notwithstanding, Biomonitoring based upon chemical 
analysis of metal concentrations in species known for their ability to accumulate contaminants 
in their tissues has been an important part of environmental surveys. Biota from the various 
trophic levels have been utilized in such accounts. Fish for instance has been used particularly 
in relation to its consumption by humans among other predators. As an example, Kotze et. al., 
(1999), working on the bioaccumulation of copper and zinc in Oreochromis mossambicus and 
Clarias gariepinus, from the Olifants River, Mpumalanga, South Africa, expressed that, 
monitoring of the bioaccumulation of metals in an aquatic system is necessary in the 
evaluation of the temporal and spatial extent of the metal accumulation, as well as in 
assessment of the potential impact on human health (for instance through fish consumed) and 
the organism’ health (if they have been exposed to elevated levels of a pollutant or if 
consumed by predators). For instance, among their findings Kotze et. al., (1999) did note that 
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levels of metal bioaccumulation in fish did give an indication of exposure of the fish to metal 
levels in their immediate environment, over time, while water samples merely gave a 
snapshot of a condition at the time of sampling. 

 Other vertebrates have also been variably utilised in environmental monitoring. For 
example, Shoham-Frider et. al., (2002), assessed autopsy results and trace metal 
concentrations in relation to Risso’s dolphin (Grampus griseus) stranding on the coast of 
Israel (eastern Mediterranean). Among their deductions was that, though no connection was 
found between the high concentrations of trace metals (Hg, Cd, Zn, Fe and Se) in the internal 
organs and the cause of death, it was assumed that the high concentrations were as a result of 
the high trophic level of that species, its diet and its apparent advanced age. Shoham-Frider et. 
al., (2002), further elaborated that, for instance, cetaceans (whales and dolphins), positioned 
at the top trophic level of the food web, are able to uptake, excrete, or detoxify heavy metals 
(Law, 1996). Consequently, in some cases, the balance between ingestion and elimination 
processes leads to accumulation. Heavy metal accumulation in cetacea may thus be correlated 
with age (Viale, 1978; Martoja and Berry, 1980; Honda et. al., 1983; Law, 1996) and coupled 
with metallothioneins, which play an important role in the transport and storage of metals 
(Law, 1996). The bioaccumulation may therefore be natural or elevated as a result of marine 
pollution. Shoham-Frider et. al., (2002), concluded that basically, specific diet and food 
sources, the physiological state of the individual and the toxicological dynamics of the 
specific metal are the major factors influencing bioaccumulation. As a result of these, high 
variability in trace metal concentration exists among cetacea species and marine habitats 
(Viale, 1978; Law et. al., 1992; Monaci et. al., 1998).  

 On the other hand, Benthic invertebrates, according to Zauke et. al., (2003), 
have been successfully employed in numerous biomonitoring studies. For example, 
amphipods (Clason and Zauke 2000; Zauke et. al., 1995b), gastropods (De Wolf et. al., 2000; 
Kang et. al., 2000; Marigomez et. al., 1998; Wright and Mason 1999), bivalvia (Chase et. al., 
2001; Domouhtsidou and Dimitriadis 2000; Gutierrez-Galindo and Munoz- Barbosa 2001; 
Lionetto et. al., 2001) and polychaetes (Wright 1995; Wright and Mason 1999).  

According to Rinderhagen et. al., (2000), crustaceans are often used as bioindicators 
and biomonitors in various aquatic systems for various reasons. These include, one, they are a 
very successful group of animals, distributed in a number of different habitats including 
marine, terrestrial and freshwater environments. They are thus interesting candidates for 
comparative investigations. In addition, some of the special features of crustaceans, 
particularly of reproduction strategies, may be highly important for the interpretation of data 
from bioindicator studies using these organisms, and for the development of ecotoxicological 
endpoints. According to Rinderhagen et. al., (2000), crustaceans, mainly freshwater species, 
have been utilised as bioindicators as well as biomonitors. The two terms though not always 
clearly distinguished according to those reviewers, can be defined as follows. A bioindicator 
is a collective of organisms from the field (in a statistical sense) which give information about 
the environmental state, with effect variables being their mere presence or absence, their life 
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history status or population dynamics (e.g. regarding age structure, abundance, genetic 
structure or condition index (Van-Gestel and Van-Brummelen, 1996). On the other hand, a 
biomonitor is an organism, which can be used to establish geographical and temporal 
variations in the bioavailability of contaminants by measuring the accumulated concentrations 
of chemicals in the whole body or in specific tissues (Rainbow, 1995).  

Pertinent to the current study, crustaceans have been considerably employed in studies 
towards calibration of specific species as bomonitors especially in heavy metal 
bioaccumulation studies. According to Clason et. al., (2003a), a significant amount of this 
studies have been carried out with amphipods for instance, using gammarids from German 
coastal waters (Clason & Zauke, 2000, Ritterhoff et. al., 1996, Zauke et. al., 1996a, Zauke et. 
al., 1995), more detailed experiments have been carried out with gammarids from Wilkes 
Land, Australian Antarctic Station Casey (Clason et. al., 2003b) and from Tromsø in 
Norwegian coastal waters (Clason et. al., 2004), which can be regarded as pristine (AMAP, 
1997, AMAP, 1998). More experiments have been carried out using the estuarine 
gammaridean amphipod Chaetogammarus marinus (Leach, 1815) from the Avon and Tamar 
estuaries (UK), which can be regarded, partly, as being anthropogenically influenced (Clason 
et. al., 2003a). Similar studies have also been carried out using copepods for Weddell Sea 
(Antarctica), (Kahle and Zauke, 2002a and 2002b).  

In such studies, it has been established that, an important pre-condition for using 
organisms as biomonitors is a net accumulation strategy (Rainbow 1995; Zauke et. al., 
1996a). Investigations on the time course of uptake and clearance of metals in organisms in 
relation to external metal exposures, are thus, a first step to assess the significance of metals 
in aquatic systems. They provide, according to Zauke et. al., (1995), the experimental basis 
for estimation of kinetic parameters of compartment models and preliminary hypotheses 
about underlying accumulation strategies. The underlying principal basically implies that, 
when metal concentrations in organisms do not readily reach a plateau phase, that is basically 
an indication of a net accumulation strategy under the given experimental conditions (Zauke 
et. al., 1995).  

Molluscs have as well, been widely utilized in biomonitoring. For instance, according 
to Ravera et. al., (2003), mussels have several characteristics which appear to indicate their 
use as biomonitors for estimating the environmental pollution level and the bioavailability of 
various types of pollutants (e.g. Crawford & Luoma 1993; Metcalfe-Smith et. al., 1996; 
Ravera 2001). The most important example of the monitoring by mussels is the "Mussel 
Watch Programme" run by the NOAA (National Oceanic and Atmospheric Administration). 
Under the framework of this programme the Atlantic and Pacific coastal zones and many 
estuaries of the United States are monitored by analysing the pollutants accumulating in the 
soft tissues of sea mussels (e.g. Ferrington et. al., 1983; O'Connor et. al., 1994). Freshwater 
mussels are also used to evaluate the distribution and availability of trace metals, their 
radioisotopes and organic pollutants (e.g. Merlini et. al., 1965; Czarnezki 1987; Riccardi & 
Ravera 1989; Doherty et. al., 1993; Oertel 1998; Ravera 2001), though biomonitoring by 
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freshwater mussels has however, received far less attention than biomonitoring by marine 
species (Philipps & Rainbow 1993). Several authors (e.g. Metcalfe-Smith et. al., 1996) have 
discussed the possible causes of this difference and underlined the need for more research on 
freshwater mussels to be used as bioindicators (e.g. Metcalfe-Smith 1994; Metcalfe-Smith et. 
al., 1996).  

Annelids, such as polychaetes, according to Bernds et. al., (1998), are widespread and 
important components of the eulittoral marine ecosystems and are as well, interesting 
candidates for biomonitoring. Early examples of such an approach have been critically 
reviewed by Bryan and Langston (1992). However, as Bernds et. al., (1998) did note, field 
investigations of accumulation strategies are informative about the suitability of polychaetes 
for biomonitoring only if the paths for metal uptake in these organisms are known. This is 
particularly because the relationship between metal levels in environmental compartments and 
the biota is uncertain and contradictory as yet (Saizsalinas and Franceszubillaga, 1997; 
Everaarts and Saraladevi, 1996; Pesch, et. al., 1995).  

Poirier et. al., (2006), seeking a suitable model for the biomonitoring of trace metal 
bioavailabilities in estuarine sediments, using the annelid polychaete Nereis diversicolor, also 
noted that, though for instance the mussel-watch programmes have been developed 
successfully in many countries, the need to use biomonitors that are more representative of 
the sedimentary compartment has as well been recognized (Bryan & Langston, 1992; Diez et. 
al., 2000). However, biological and ecological factors, such as size, weight and season can 
interfere with metal bioaccumulation. These factors have therefore, been integrated in 
sampling programmes to avoid any confusion (NAS, 1980) but the problem of the so-called 
‘inherent variability’ (NAS, 1980) is still questionable because the biological processes 
responsible for this variability are not (as similarly noted above) fully understood. For 
instance, as further expressed by Poirier et. al., (2006), when bioaccumulated concentrations 
of metals increase, the variation coefficients often increase in parallel. These significant 
increases in the variability of biological responses could reveal a preliminary impact of 
stressors, the differences observed being due to the concomitant presence of resistant and 
sensitive individuals in any feral population. More recently, biological processes linked to the 
normal functioning of the cell have been suggested for use in biomonitoring of coastal waters 
and estuaries (Kramer, 1994). As an example, the induction of metallothioneins, which play 
a role in metal detoxification, is considered to be relatively specific for metallic pollution 
(Cosson & Amiard, 2000). Such an approach (using biological processes linked to the normal 
functioning of the cell), may be worth utilization in biological models that are, as expressed 
by Poirier et. al., (2006), more representative of metal bioavailabilities in the sedimentary 
compartment of the habitat. Otherwise, in the case of biomonitoring based on the 
determination of chemical concentrations in living beings, most of the available studies have 
used bivalves, which rather respond more to metal availabilities (dissolved and suspended) in 
the water column.  
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 In other sophisticated studies, Vivenes et. al., (2005), investigated the immunological 
responses and wound healing in the polychaete Eurythoe complanata (Annelida: 
Amphinomidae) that was exposed to copper. According to them, numerous investigations 
have dealt with the selection of models organism and appropriate biochemical and 
physiological parameters to evaluate the biological condition in areas impacted by pollutants, 
and, polychaetes (annelids) have been recognized as useful sensor organisms to study the 
different degrees of contamination of the benthos (Reish, 1980, 1986, 1998; Mendez and 
Paez-Osuna, 1998). They emphasized that, the immune system of annelids offers features of 
interest for its application in studies of environmental toxicology. Their (polychaetes) 
immunological capacity resides in the coelomic fluid, formed by a group of functional 
elements, non-specific innate humoral and cellular immune systems, that present certain 
analogy of homology with some immunity mechanisms of other organisms (aquatic and 
terrestrial) of different taxonomic groups (Cooper, 1976, Goven et. al., 1994, Millar and 
Ratcliffe, 1994, Dhainaut and Scaps, 2001). They advocated, for instance the use of the 
polychaete Eurythoe complanata (fire worm), because of its abundance in the coastal areas of 
Venezuela and wide geographical distribution (Linero, 1978), as a model organism in 
bioassay of immunotoxicity tests, measuring the activity of the lysozyme and phagocytosis of 
the coelomocytes in vitro as biomakers of innate defence response, to assess risks to benthic 
organisms from an eventual situation of local contamination (Marcano et. al., 1996, 1997, 
Nusetti et. al., 1998, 1999). 

 From a limnological perspective, plankton, have been utilised in relevant 
environmental biomonitoring surveys. As emphasized by Zauke and Schmalenbach (2006), 
the fact that zooplankton play an important role in the biogeochemical cycling of metals in 
marine systems in general is well known, especially regarding particle-reactive metals in the 
water column (Fisher et. al., 1991; Lee and Fisher, 1994; Stewart et. al., 2005). Thus, in 
several studies macro- and meso-zooplankton organisms have been specifically used as 
biomonitors for assessment of the bioavailability of elements in marine systems, covering a 
variety of spatial and temporal scales (e.g. Kahle and Zauke, 2003, Ritterhoff and Zauke, 
1997a, Zauke et. al., 1996b). Their potential suitability, Zauke and Schmalenbach (2006) 
noted, is largely due to their worldwide presence, their major role in the food webs and their 
high contribution to the total biomass in marine systems. 

Hand in hand, Pempkowiak et. al., (2006), assessing heavy metals in zooplankton 
from the Southern Baltic, stated that, mixed zooplankton have been used worldwide to study 
hot spots (Balogh, 1988), and metal contamination of coastal areas (Scarlato et. al., 1997; 
Marumo et. al., 1998) including the Baltic (Brzezinska et. al., 1984; Falandysz, 1984; Szefer 
et. al., 1985; Protasowicki, 1991; Brugmann and Hennings, 1994). Pempkowiak et. al., 
(2006), noted that, to avoid much of the variation introduced by varying composition of the 
zooplankton, it would seem obvious to select individuals of single species for analysis. 
However, zooplankton specimens from, for instance, the brackish Baltic Sea water are so 
small, in comparison with, for example, those from more saline waters (among other 
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ecosystems), that this approach is unpractical (Brugmann and Hennings, 1994). However, 
since quite often, a single zooplankton class predominates in some ecosystems such as the 
Southern Baltic water (e.g. Jozefczuk et. al., 2002; Mollmann et. al., 2002), analysing species 
composition might provide useful clues to the ecosystems metal concentrations.  

Elsewhere, Ritterhoff and Zauke (1997b), in another approach, noted that, 
mesozooplankton collectives (e.g. Calanus hyperboreus, Themisto abyssorum and T. 
libellula) can, and have been utilised, in experimental investigations aimed at providing 
essential information on accumulation strategies of the tested organisms and in verification of 
toxicokinetic models as a predictive tool for environmental quality.  

Regarding some insight into the utilisation of phytoplankton in biomonitoring, Nayar 
et. al., (2004), assessed, in in situ mesocosms, the environmental impact of heavy metals from 
dredged and resuspended sediments on phytoplankton and bacteria. They (Nayar et. al., 
(2004), expressed concern that, the few studies involving in situ bioassays have rather 
concentrated on fish, macroinvertebrates, cladocerans, and periphyton (Santos et. al., 2002). 
Nayar et. al., (2004) further expounded that, information on the use of phytoplankton and 
bacteria, which form the foundation of any aquatic food web, is relatively scarce, even though 
studies involving them are short term, simple, reliable, and relatively inexpensive. 
Considering their fundamental trophic positions, toxicity testing involving phytoplankton and 
bacteria would be key to assessing possible impacts on ecosystem health. Such assessments, 
they (Nayar et. al., 2004) elucidated, would have an edge over other techniques in that, they 
provide a rapid measure of the biotic community responses to environmental perturbations, 
though, they as well, require modest investments in equipment and facilities. Besides, by 
allowing the replication of treatment levels, adding statistical controls, and limiting the 
amount of toxicant required (Moore and Winner, 1989), these mesocosm set-ups it was 
emphasized, could be realistic in replicating prevailing environmental conditions. 

Pinto et. al., (2003), making a review on the heavy metal–induced oxidative stress in 
algae noted with interest that, for instance, in recent years there has been development of 
programs using microorganisms for water and wastewater treatment, heavy metal control in 
natural waters and industrial waste streams, and even biological detoxification. They cited as 
and example that, potential tools for bioremediation of Cr pollution using algae have been 
described (Cervantes et. al., 2001), and it seems clear that different species of algae 
accumulate metals to various degrees (Jordanova et. al., 1999). Pinto et. al., (2003), 
elaborated that, the use of algae in bioremediation depends on their ability to survive 
potentially toxic treatments. However, algae have been used to identify areas of trace metal 
contamination because of their absorption, and vulnerability to toxicity, of heavy metals 
(Muse et. al., 1999, Yu et. al., 1999). To reconcile these observations, it must be noted that 
accumulation of heavy metals is not always related to toxicity. In deed, according to Pinto et. 
al., (2003), heavy metal tolerance has been demonstrated for various species. They cited, for 
instance, green algae Chlorella and Scenedesmus, where they gave a particular example, in 
which, Scenedesmus acutus strains exhibited tolerance to Cr and Cu, but not to Zn (Abd-El-
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Monem et. al., 1998). To understand tolerance and to maximize the potential application of 
algae in bioremediation, Pinto et. al., (2003) articulated that, it is essential to understand why 
heavy metals are toxic and how algae can defend themselves against the metals.  

Worth mentioning, is that, aquatic macrophytes have been as well employed in 
biomonitoring investigations. Miretzky et. al., (2004), assessing the potential of aquatic 
macrophytes for the simultaneous removal of heavy metals, in Buenos Aires, Argentina, 
clarified that, it is a well known fact that, aquatic plants accumulate metals that they take from 
the environment and concentrate them (metals) on the trophic chains with accumulative effect 
(Outridge and Noller, 1991; Tremp and Kohler, 1995). The final metal concentration in plants 
is usually significantly larger than in the water column and this fact has led investigators to be 
interested in the toxicity of these metals for the plants in various aspects, particularly, in the 
plant tolerance (Ernst et. al., 1992; Van Steveninck et. al., 1992), in the roll of the aquatic 
plants in the biochemical cycles (Jackson et. al., 1994; St-Cyr et. al., 1994), in their use as 
biological filters for polluted waters (Brix and Schierup, 1989; Dunbabin and Bowmer, 1992; 
Ellis et. al., 1994) and, in their use as biomonitors of environment metal levels (Whitton, 
1985; Phillips, 1994; Market, 1995; Whitton and Kelly, 1995; Mal et. al., 2002). Some 
investigators, noted Miretzky et. al., (2004), have studied the metal uptake kinetics, though at 
a laboratory scale (Lee and Hardy, 1987; Thornton and Macklon, 1989; Brune et. al., 1994). 
However, some remarkable aspects from such studies include that, the extent of metal 
adsorption and its distribution in plants, influences the capacity and rate of metal remove, the 
metal residence time and consequently, the eventual metal release into the environment (Ellis 
et. al., 1994).  

As noted by St-Cyr et. al., (1997), who did an evaluation on monitoring methods using 
macrophytes, phytoplankton and periphyton to assess the impacts of mine effluents on the 
aquatic environment, macrophytes appear to have an interesting potential in biomonitoring of 
anthropogenic impacts on such ecosystems. Their usefulness has however, been under-
estimated. Many macrophyte species, St-Cyr et. al., (1997) noted, conform very well to many 
of the criteria listed for an ‘ideal’ biomonitor organism, in that, they are sedentary, visible to 
the naked eye, easy to collect and to handle, easy to identify in the field, and that, they 
concentrate metals in their tissues and reflect the environmental contamination. In addition, 
metals taken up by rooted submerged macrophyte species, represent the bioavailable free-
metal ion concentrations in the sediment interstitial water, as well as metal contamination in 
the water column, if present. St-Cyr et. al., (1997) also suggested that, although biochemical 
indicators, such as phytochelatins and enzyme induction (peroxidase activity), have not yet 
been utilised for instance, in the field, with macrophytes to assess metal contamination, their 
possible use as biomonitoring tools should be explored. 

Periphyton, which, as described by St-Cyr et. al., (1997), is a functional system 
where autotrophic and heterotrophic processes take place, plays a role at the interface between 
substrata and the surrounding water. As such, that community may influence biogeochemical 
pathways and the dynamics of the ecosystem. Consequently, according to St-Cyr et. al., 
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(1997), it may be used for instance, in studying environmental perturbations such as those 
from mine effluents. Some advantages with regard to such an approach for periphyton 
utilisation include that, they are non mobile and that it is easy to sample and integrates effects 
of environmental variables. In addition, periphyton has a rapid response to disturbance, which 
may create modifications of community structure and functioning. Nevertheless, even under 
very harsh disturbances, periphyton doesn’t disappear completely. On the other hand, 
periphytic communities are however, strongly influenced by the variability of physical 
conditions in the field. In addition, the complexity and heterogeneity of this community, and 
the lack of methodological standardization, restrict its use in impact studies of for instance, 
mine effluents explaining why periphyton is less studied than phytoplankton.  

 Other research advances relevant to bioaccumulation have utilised microooganisms. 
Cairns (2005), reviewing, the crucial link between natural systems and society in relation to 
biomonitoring, advocated that, microorganisms should be used in biomonitoring for several 
compelling reasons. (1) A cosmopolitan distribution facilitates comparisons of test results in 
geographically different regions. (2) Problems of scale are diminished. (3) Replicability is as 
good as, or better than, tests with larger organisms. (4) Environmental realism is higher than 
in tests using larger organisms. (5) The number of test species is dramatically increased when 
using microorganisms, thus displaying natural variability much better than tests with a limited 
array of larger organisms. (6) Testing with microorganisms is less likely to antagonize animal 
rights activists. (7) Validation of laboratory tests in field enclosures is facilitated and much 
less costly.  

A fundamental example, in the potential use of microorganisms in biomonitoring, is 
such as one demonstrated by Cheung (2002), who experimented on the biomonitoring of 
ecotoxicity of heavy metal using an apparently, new bacterium (Vogesella indigofera). 
According to Cheung (2002), the bacterium (V. indigofera) was isolated from a drinking 
water filter cartridge containing activated-carbon, and found to respond to heavy metal 
quantitatively (Gu & Cheung, 2001). Under conditions without pollution by metals, the 
bacterium produced a blue pigmentation, (whether in liquid culture or as colonies on an agar 
plate), so distinctive that any morphological change might easily be detected and assessed 
visually. In the presence of hexavalent chromium (Cr6+, a toxic and carcinogenic heavy metal) 
however, the pigment production is obstructed, and the relationship between chromium 
concentrations (both in liquid culture and on agar plate) and blue-pigment production by the 
bacterium are negatively correlated (r2 = -0.877). By comparing the intensity of the blue-
colour of the liquid culture or percentage of blue colonies growing on an agar plate against 
standards, the concentration of chromium in samples suspected to be contaminated with 
chromium can be estimated. The philosophy for that kind of a test was, according to Cheung 
(2002), likened to the Microtox® test which measures the intensity of light emitted by the 
bioluminescent bacteria with a photometer. Instead, intensity of blue-colour is being assessed 
with less sophisticated instruments and without requirement of tedious procedures. Such an 
approach was described as easy, simple and a cost-effective way of monitoring chromium 
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with the bacterium. The feasibility of using that bacterium among others to quantify other 
heavy metals was advocated for future investigations.  

 All in all, as explained by Kahle and Zauke (2002a), to differentiate between natural 
and anthropogenic metal inputs, which is the main goal in biomonitoring, natural background 
concentrations of chemicals in organisms and their fluctuations have to be well established. In 
that respect, investigations in remote areas like the Antarctic Ocean are regarded of increasing 
interest, particularly because in those areas, anthropogenic metal inputs are still believed to be 
of minor importance. The sensitivity however, of prospective biomonitors in detecting 
environmental changes, as further noted by Kahle and Zauke (2002a), is crucial. That is, how 
large must an increase of exposure be, in both magnitude and duration, to produce a 
detectable increase of metal concentrations in the organisms within routine biomonitoring 
programs? Such has been, the challenge, in various toxicokinetic studies evaluating the 
bioaccumulation strategies of diverse organisms. 

 

2.4 Toxicokinetics  

Toxicity can be variably defined, IUPAC (1997) outlined three ways of defining 
toxicity. One, the capacity to cause injury to a living organism defined with reference to the 
quantity of substance administered or absorbed, the way in which the substance is 
administered (inhalation, ingestion, topical application, injection) and distributed in time 
(single or repeated doses), the type and severity of injury, the time needed to produce the 
injury, the nature of the organism(s) affected and other relevant conditions. Two, adverse 
effects of a substance on a living organism defined with reference to the quantity of 
substance administered or absorbed, the way in which the substance is administered 
(inhalation, ingestion, topical application, injection) and distributed in time (single or repeated 
doses), the type and severity of injury, the time needed to produce the injury, the nature of the 
organism(s) affected, and other relevant conditions. Three, measure of incompatibility of a 
substance with life. This quantity may be expressed as the reciprocal of the absolute value of 
median lethal dose (1/LD50) or concentration (1/LC50).  

Kinetics on the other hand is the area of chemistry concerned with reaction rates 
(Shodor Education Foundation Inc., 1998) The rate can be expressed as the change in 
substance over the time taken for change to occur, and is usually expressed in (m s-1). Kinetics 
per se is however, derived from a Greek word meaning movements. 

Consequently, toxicokinetics, according to for instance IUPAC (1997), is the process 
of the uptake of potentially toxic substances by the body, the biotransformation they undergo, 
the distribution of the substances and their metabolites in the tissues, and the elimination of 
the substances and their metabolites from the body. Both the amounts and the concentrations 
of the substances and their metabolites are studied. The term has essentially the same meaning 
as pharmacokinetics, but the latter term should be restricted to the study of pharmaceutical 
substances. 
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However, such a generalisation of the term(s) toxicokinetics/pharmacokinetics may be 
ambiguous and hence debatable (just like with many other terms in various disciplines) 
depending on the context. 

Nevertheless, pharmacokinetics, according to Makoid (1996-2000), is the 
mathematics of the time course of Absorption, Distribution, Metabolism, and Excretion 
(ADME) of drugs in the body. The biological, physiological, and physicochemical factors, 
which influence the transfer processes of drugs in the body, also influence the rate and extent 
of ADME of those drugs in the body. In many cases, pharmacological action, as well as 
toxicological action, is related to plasma concentration of drugs. Consequently, through 
the study of pharmacokinetics, the pharmacist is able to individualize therapy for the patient.  

Toxicokinetics, on the other hand, is the application of pharmacokinetics to determine 
the relationship between the systemic exposure of a compound in experimental animals and 
its toxicity. It is used primarily for establishing relationships between exposures in toxicology 
experiments in animals and the corresponding exposures in humans (WFE, 2006). 

Therefore it seems like, in that sense, pharmacology deals with looking for the right 
dose to be administered while toxicology deals with looking for the wrong dose, which should 
then be avoided.  

Toxicology (from the Greek words coko and logos) thus, is the study of the adverse 
effects of chemicals on living organisms. It is the study of symptoms, mechanisms, treatments 
and detection of poisoning, especially the poisoning of people. The chief criterion regarding 
the toxicity of a chemical is the dose, i.e. the amount of exposure to the substance. Almost 
all substances are toxic under the right conditions. As Paracelsus, the father of modern 
toxicology said, “Sola dosis facit venenum” (only dose makes the poison) (WFE, 2007b). 
Primarily, Paracelsus is often cited as coining the phrase "The Dose makes The Poison". 
Although those were not however, his precise words, it seems nevertheless, that he 
(Paracelsus) was indeed well aware of the principle. (Original statement in German language, 
"Alle Ding' sind Gift und nichts ohn' Gift; allein die Dosis macht, dass ein Ding kein Gift ist. 
", translates into, "All things are poison and nothing is without poison, only the dose permits 
something not to be poisonous." (WFE, 2007c). 

That is to say for instance according to Cohen (2007), that substances often considered 
toxic can be benign or beneficial in small doses, and conversely even an ordinarily benign 
substance like water can be deadly if over-consumed. (As reported in The Washington Times 
newspaper, on January 26, 2007, Dr. Adrian Cohen was saddened, but not surprised, to hear 
about a 28-year-old woman who had died earlier in that month, after drinking nearly two 
gallons of water, trying to win a radio station contest).  

Paracelsus, who lived in the 16th century, was the first person to explain the dose-
response relationship of toxic substances (WFE, 2007b). The Dose-response relationship 
describes the change in the effect (on an organism), that is caused by differing levels of 
exposure (or doses) to a substance. This may apply to individuals (e.g.: a small amount has no 
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observable effect, a large amount is fatal), or to populations (e.g.: how many people are 
affected at different levels of exposure). Studying dose response, and developing dose 
response models, is central to determining "safe" (pharmacology) and "hazardous" 
(toxicology) levels and dosages for drugs, potential pollutants, and other substances that 
humans are exposed to (WFE 2007d). 

A dose-response curve is a simple X-Y graph relating the amount of a drug or toxin 
given to the response of the organism to that drug. The curves are usually qualitative, though 
they can use quantitative information. The measured dose (usually in milligrams, micrograms, 
or grams per kilogram of body-weight) is generally plotted on the X axis and the response is 
plotted on the Y axis. Commonly, it is the logarithm of the dose that is plotted on the X axis, 
and in such cases the curve is typically sigmoidal, with the steepest portion in the middle.  

The first point along the graph where a response above zero is reached is usually 
referred to as a threshold-dose. For most beneficial or recreational drugs, the desired effects 
are found at doses slightly greater than the threshold dose. At higher doses still, undesired 
side effects appear and grow stronger as the dose increases. The stronger a particular 
substance is, the steeper this curve will be. In quantitative situations, the Y-axis usually is 
designated by percentages, which refer to the percentage of users registering a standard 
response (which is often death, when the 50% mark refers to LD50). Problems however, do 
exist regarding non-linear relationships between dose and response, as well as between 
thresholds reached and 'all-or-nothing' responses. These inconsistencies can challenge the 
validity of judging causality solely by the strength or presence of a dose-response relationship 
(WFE 2007d). 

Consequently, models, have otherwise been utilized to predict dose-response 
relationships. For instance, pharmacokinetic (PK) models are relatively simple 
mathematical schemes that represent complex physiologic spaces or processes (of absorption, 
distribution, metabolism, and excretion/elimination of drugs in the body). Accurate PK 
modelling is important for precise determination of elimination rate. The most commonly 
used pharmacokinetic models are the one-compartment and the two-compartment models 
(Tharp, 1984-2007). 

In one compartment model, the drug initially distributes into a central compartment 
(Vc) before distributing into the peripheral compartment (Vt). If a drug rapidly equilibrates 
(w.r.t the time between, before administration and after administration) with the tissue 
compartment, then, for practical purposes, the much simpler one-compartment model which 
uses only one volume term, the apparent volume of distribution, Vd, can be used. The serum 
level plot for a 1-compartment model, yields a straight line when using a log scale on the 
y-axis.  

On the other hand, drugs which exhibit a slow equilibration with peripheral tissues 
(w.r.t the time before administration, immediately after administration and after equilibrium 
distribution), are best described with a two compartment (the central organs compartment and 
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the tissue compartment) model. Serum level plot for a 2-compartment model, yields a 
biphasic line when using a log scale on the y-axis. First, there is an initial, rapidly declining 
distribution phase, during which the drug is moving from the central compartment to the 
tissue compartment. Then, elimination (elimination phase) of the drug is the predominant 
process during the second phase of the biphasic plot. Because elimination is a first-order 
kinetic process, the log plot of this phase is a straight line. Worth emphasis here, is that, 
failure to consider the distribution phase can lead to significant errors in estimates of 
elimination rate and consequently, in the prediction of the appropriate dosage (Tharp, 1984-
2007). 

In contrast, while the distribution phenomenon is crucial in pharmacokinetics 
(establishing the correct dose), in toxicokinetics (establishing the wrong dose), on the other 
hand, as noted for instance, by Carrier and Brunet (1999), upon exposure, the body burden 
that builds up depends strongly on the time sequencing of the dose (irrespective of the 
distribution pathways) and on the opposing absorption and elimination mechanisms. A 
model can thus, be used to link the time variations of exposure doses, body burdens and 
excretions, irrespective of the number or nature of the absorption routes nor the number or 
nature of the elimination pathways, let alone the number or nature of the distribution 
pathways. The empirical black box model is an appropriate approach for this because it 
excludes (unlike in pharmacokinetic models) the details of the physiological mechanisms, but 
nevertheless captures the principal features of the disposition of the body burden of the 
substance. Therefore, logically, while pharmacokinetics considers intracellular distributions 
(physiology) in relevant distribution pathways and compartments, toxicokinetics, merely 
entails the technical exchange, with time, between the defined compartments (black boxes).  

Anyway, Pharmacokinetic and toxicokinetic models have been variably analysed and 
advocated subject to the relevance of the hypotheses under investigation. For instance, (a): 
from an environmental and/or occupational exposure perspective: Bernillon and Bois (2000), 
evaluating statistical issues in toxicokinetic modelling from a Bayesian perspective, 
expressed that, exposure concentrations of chemicals in air, food, water, soil, dust, or other 
media with which populations are in contact are the dose scales most commonly used when 
assessing health effects for environmental or occupational pollutants. Yet, external exposure 
is often only a rough estimate for internal exposure delivered at the critical target in the body. 
The latter (exposure at the critical target), is a more appropriate measure of dose for 
mechanism-based risk assessments (Greim et. al., 1995). For example, many chemicals 
require metabolic conversion into chemically active species before exhibiting toxicity, and 
this conversion may be subject to saturation at high doses (Conney, 1982, Gehring and Blau, 
1977, Hoel et. al., 1983, Johannsen, 1990). In the presence of saturable activation or 
detoxification pathways, the relationship between administered (external) dose and delivered 
(internal) dose may be nonlinear. This nonlinearity is of particular concern when performing 
high-to-low-dose extrapolation of the overall exposure–response relationship. Indeed, a 
solution is to measure internal biomarkers of exposure, but such direct measurements may not 



2. Literature Review 
_____________________________________________________________________ 

29

be feasible if the relevant biomarkers are not yet developed. In this case, modelling 
approaches (to predict threshold levels) can be advocated as an alternative. Toxicokinetic 
(TK) models, for example, are useful tools to relate external exposures to internal measures of 
dose.  

In general, according to Bernillon and Bois (2000), TK models describe the behaviour 
of chemicals in the body, e.g. the processes of absorption, distribution, metabolism, and 
elimination (ADME). However, based on these processes (ADME), TK models can be mainly 
classified in to two main categories. One, the physiologically based toxicokinetic (PBTK) 
models, which, synonymously with pharmacokinetic (PK) models, emphasizes all the ADME 
processes. Two, the classical toxicokinetic models (CTK (for the purpose of this text), which, 
although in essence, encompasses all the ADME processes, does not however, lay keen 
emphasis on the distribution and metabolism processes. They (CTK) otherwise abide by the 
black-box approach (where in assumption, the exposure dose irrespective of the distribution 
pathways determines the poison (body burden)).  

In physiologically based toxicokinetic (PBTK)/pharmacokinetic (PK) models, the 
body is subdivided into a series of anatomical or physiological compartments that correspond 
to specific organs (liver, kidney, lung) or lumped tissue and organ groups (fat, richly perfused, 
and slowly perfused tissues) (Fernandez et. al., 1977 Andersen and Ramsey, 1983, Droz and 
Guillemin1983). Tissues or organs are lumped when they have similar blood flow and fat 
content, and when partitioning of the substance of interest between them can be considered 
homogeneous. PBTK/PK models primarily include three types of parameters. One, 
physiological parameters such as breathing rate, blood flows, and tissue volumes. Two, 
physicochemical parameters, such as partition coefficients that represent the relative 
solubility of a chemical in specific tissue. Three, biochemical parameters describing 
metabolic processes. Generally, the number of compartments to be included in the model 
depends on the objective of the study and on the possible mode(s) of action and site(s) of 
toxicity of the chemical studied.  

In the classical (CTK) models, on the other hand, the body is represented by several 
connected compartments (rarely more than three), where, each compartment is a virtual 
space/black-box (i.e compartments do not necessarily reflect the anatomy of the species of 
interest), within which the chemical is assumed to be homogeneously distributed (Gibaldi and 
Perrier 1982). Chemical transfers between compartments are described by a set of differential 
equations. Typical parameters are compartment volumes, exchange rates between them, and 
clearance (elimination rate). The number of compartments and the parameter values are 
inferred from fitting the model to TK data. 

(b): from a laboratory exposure experiments perspective: Clason et. al., (2004a), 
working on assessment of two-compartment models as predictive tools for the 
bioaccumulation of trace metals in the amphipod Gammarus oceanicus from Norway, 
acknowledged the fact that, mathematical and statistical techniques provide a means of 
summarising and assessing the experimental observations available in toxicokinetic 
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studies. They (Clason et. al., 2004a) further elaborated that, pharmacological and biochemical 
research groups dealing with enzyme kinetics and drug metabolism had developed a suite of 
ideas and models (see e.g. the software developed by Heinzel et. al., 1993), which have been 
adopted to explain metal effects in aquatic biota in a mechanistic/automatic (Causes are 
explicit and intentional, and consequences are predictable) manner. Examples of these, are for 
instance, (a) in the extension of the compartment model taking into account a maximum 
number of metal binding sites in the animals with the uptake rate constant either independent 
or dependent on the external metal exposure (Borgmann and Norwood, 1995), or (b) in the 
biotic ligand (A specific receptor within an organism where metal complexation leads to 
acute toxicity (Santore et. al., 2001)) model (BLM) (Paquin et. al., 2002a, 2002b). In such 
approaches, to understand the complexity of the bioaccumulation, sophisticated investigations 
are required, e.g. considering metal distributions in different organs or quantification of 
subcellular sequestration processes (granules, lysosomes or metallothioneins), thus, rendering 
these approaches to be physiologically based.  

However, clarified Clason et. al., (2004a), other than such mechanistic (and relatively 
physiological) models, the conventional compartment model, need not have a high degree of 
physiological detail. As a matter of fact, the typical requirement for an assessment model, is 
that it ought to be as simple as possible, such that, it can be achieved with a low number of 
parameters (parsimonious modelling) and a "black-box" approach to the elaborate processes.  

A parsimonious model, according to, e.g. Chappell et. al., (1999), is the simplest, 
‘acceptable’ model structure that ‘explains most’ of the observed data. ‘Acceptable’, meaning 
that the model can be justified by physically based understanding of the system behaviour 
(Franks et. al., 1997: Young et. al., 1997), while, ‘explains most’, meaning that the model 
describes at least three-quarters of the variance from the observed data. 

In the current study therefore, mainly, two-compartment-black-box (toxicokinetic) 
models were utilized. A one compartment model with respect to the organism, for instance, 
would not be applicable, because, it would probably involve directly injecting the toxicant 
into the organism, and that would assume a pharmacological/physiological perspective, yet 
the exposure mode in question is that from the aqueous medium in an aquatic ecosystem. 
Hence, the compartments are taken as two, the organism and the medium. In addition, only 
the absorption and elimination processes/parameters, as opposed to distribution and 
metabolism, were considered, because in initial attempts such as this, in calibration of specific 
organisms as biomonitors, the fundamental concern is the net accumulation strategy. That is, 
weather the organism is capable after all, of accumulating the substance, over time, upon 
exposure to a constant amount of the substance. In that case, an understanding of the 
distribution mechanisms of the substance in the organism or in the medium was not critical, 
hence, the black box approach sufficed. This approach has been employed in various previous 
studies, which include those by (e.g. Clason and Zauke, 2000, Kahle and Zauke, 2002b, 
Ritterhoff and Zauke, 1997c, Zauke et. al., 1996a and literature cited therein). 
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2.5 A model 

A model is a simplified representation or replica of the real thing. The model can 
itself be a real thing or it can be abstract or conceptual just like when ordinary or technical 
languages are used to represent something in the real world. In ordinary language, the 
simplest kind of abstract model is called an "analogy." (Bross, 1989). A model is thus, a 
theoretical construct used as thinking aid in the study of some physical system too complex to 
be understood by direct inferences from observed data. It is usually designed with some 
specific scientific questions in mind, and researchers asking different questions about a given 
physical system will come up in all legitimacy with distinct model designs. A well-designed 
model should be as complex as it needs to be to answer the questions having motivated its 
inception, but no more than that. Throwing everything into a model - usually in the name of 
“physical realism” - is likely to produce results as complicated as the data coming from the 
original physical system under study. Such model results are doubly damned, as they are 
usually as opaque as the original physical data, and, in addition, are not even real-world data 
(Charbonneau 2005). 

A mathematical model is a conceptual model that uses mathematical languages rather 
than ordinary languages to represent a particular scientific context (Bross, 1989). In simple 
terms, the mathematical model is supposed to be just a regression of the outcome of one 
variable (dependent) as a consequence of the presence or absence of another variable 
(independent). However, due to the complexities of the biological systems, the cause and 
effect relationships are not essentially linear.  

Under a linear regression model, both the information, which is to be used to make the 
prediction and the information, which is to be predicted, must be obtained from a sample of 
objects or individuals. The relationship between the two pieces of information is then 
modelled with a linear transformation. Then in the future, only the first information is 
necessary, and the regression model is used to transform this information into the predicted. 
In other words, it is necessary to have information on both variables before the model can be 
constructed.  

Normally, in developing a linear regression, Xi is the variable used to predict 
(independent variable), Yi is the observed value of the predicted variable (dependent 
variable), while Y'i is the predicted value of the dependent variable. The goal in the regression 
procedure is to create a model where the predicted and observed values of the variable to be 
predicted are as similar as possible.  

The similarity of the predicted and observed values of the predicted variable can be 
measured using the least-squares criteria for goodness-of-fit. This is done by finding the 
difference between the predicted and observed values (of the parameter to be predicted). 
These differences are termed as the residuals. A summation of the deviations might beat logic 
because positive deviations cancel out negative deviations, therefore, it would be better to 
take the absolute values. However, for mathematical reasons the sign is eliminated by 
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squaring the differences. Summing the squared differences hence, yields the desired measure 
of goodness-of-fit. In that case the smaller the number, the closer the predicted to the observed 
values. The prediction, which minimizes this sum, then, is said to meet the least-squares 
criterion. In the regression model, predictions are made by performing a linear transformation 
of the predictor variable ((Y1= a+bX), where a and b are parameters in the regression model). 
Due to the likelihood of many prediction possibilities, the goal of the regression is to select 
the optimal parameters of the model so that the least-squares criterion is met, or, in other 
words, to minimize the sum of the squared deviations.  

A scatter-plot or scatter-gram is a visual representation of the relationship between the 
X and Y variables where the data is represented as points on the scatter plot, while the 
regression equation is represented by a straight line, called the regression line. 

Many relationships in biology do not however follow a straight line. Such data then, is 
analysed by performing mathematical transformations to force the data into a linear 
relationship, or by use of the more preferable nonlinear regressions. Nonlinear regression is 
a general technique to fit a curve through the data (i.e fits a mathematical model to the data). 
It fits data to any equation that defines Y as a function of X and one or more parameters. It 
finds the values of those parameters that generate the curve that comes closest to the data (i.e 
minimizes the sum of squares of the vertical distances between data points and curve). Except 
for a few special cases, it is not possible to directly derive an equation to compute the best-fit 
values from the data. Instead nonlinear regression requires a computationally intensive, 
iterative approach.  

According to Levins (1966), a mathematical model is a simple description of a 
physical, chemical or biological state or process. Using a model can thus, help one think about 
chemical and physiological processes or mechanisms, enabling them to design better 
experiments and make sense of the results. Quoting Levins, (1966), "A mathematical model 
however, is neither a hypothesis nor a theory. Unlike scientific hypotheses, a model is not 
verifiable directly by an experiment. That is, all models are both true and false. Therefore, the 
validation of a model is not that it is "true" but that it generates good testable hypotheses 
relevant to important problems. "  

Kahle and Zauke (2002a) argued that in toxicokinetic studies involving uptake of 
water borne metals, there is not yet enough information to design an experimental set-up that 
integrates all the factors involved in cation homeostasis so as to match the field conditions. 
Consequently, some authors argue that a successful verification of models demands 
comparison of model predictions not only with independent experimental data sets but also 
with results from field studies (Chapman, 1995; Marinussen et. al., 1997). However, in their 
(Kahle and Zauke, 2002a) opinion, field verification requires a pronounced pollution gradient 
and in some cases application of the reciprocal transplant (active monitoring) approach 
(Walsh and Ohalloran, 1998; Tedengren et. al., 1999). Besides, models must be verified in the 
field to show their potential for reliable predictions under field conditions, before being 
employed in routine biomonitoring. 
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3. JUSTIFICATION  

Relative to the current study, various investigations have been carried out regarding 
the bioaccumulation of metals in biota, with an aim of evaluating and verifying particularly, 
two compartment toxicokinetic models as predictive tools for environmental quality. Those 
include, Clason & Zauke, 2000, Ritterhoff et. al., 1996, Zauke et. al., 1996a, Zauke et. al., 
1995, Clason et. al., 2003 and Clason et. al., 2004a, 2004b, using amphipods, and Kahle and 
Zauke, 2002a, 2002b, using copepods. However, many other organisms have not yet been 
significantly employed in such studies. Of particular interest in the current study, is the use of 
algae, putting into consideration its trophic position and role in the food web. In addition, the 
specific dominance of the cyanobacterium A. fusiformis in the studied ecosystems (The 
Kenyan Rift Valley Saline Lakes), makes its evaluation as a potential biomonitor a vital 
undertaking.  

 

4. HYPOTHESIS 

 While employing particular biota (e.g. algae and chironomids) as potential 
biomonitors for specific elements, two compartment toxicokinetic models can be utilised as 
predictive tools for environmental quality.  

 

5. OBJECTIVES 

1. (a) To obtain the desired experimental organisms from laboratory cultures (where     
applicable) or directly from the field. 

(b) To sample and analyse environmental sediment samples, for the establishment of 
the pertinent elemental background levels of various metals in the investigated 
ecosystems. 

2. To set up relevant uptake and depuration toxicokinetic experiments. 

3. To carry out chemical analysis on the obtained experimental samples.  

4. To apply, particularly two compartment toxicokinetic models, in interpretation and 
verification of the acquired experimental data. 
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6. MATERIALS AND METHODS 

6.1 Study Area 

The lakes investigated in the current study are situated in the Kenyan part of the East 
African Rift Valley System (See Figure 1). 

 

 
Figure 1. Geographical map showing mainly the Kenyan part of the East African Rift Valley, and the 
location of its associated lakes. (Map adopted from Harper et. al., (2003). 

 

6.1.1 The East African Rift Valley (EARV) 

The EARV and processes of its formation have been variably described. According to 
Milbrink (1977) for instance, the East Rift was formed in the Mesozoic era through the 
elevation of a belt of land extending in a north-south direction. This elevation was 
accompanied by volcanic activity and lava flows. The escarpments (the sides of the Rift 
Valley) were formed by the occurrence of parallel faults. The land lying in between sank and 
became the floor of the valley (details in, Beadle (1932)). Svengren (2002) postulated the 
formation of the (EARV) formation as follows. The rift valley, which stretches all the way 

B – L. Bogoria 
N – L. Nakuru 
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from Israel to Mozambique, was formed as a result of magma convection currents under the 
continent. In such a process, magma rises to the earth’s crust and creates an underlying 
magma dome. The dome forces the crust to break creating rifts, that are often in a star shape 
around the centre and normally with three main rifts. When many active magma domes 
combine their rifts, an extensive valley such as the Great Rift Valley can be formed. The main 
formations of the EARV occurred in the mid Tertiary, ongoing into the Quaternary. The 
whole Rift Valley region is still considered to be an active volcanic zone which currently, 
probably glides at a speed of 6 mm per year, in the East African region. The width of this rift 
is varying. At Turkana in the north of the Kenya, the rift it is 300 km wide. The narrowest part 
is around Nakuru with only 50-60 km. In the Quaternary the sea made numerous 
transgressions and regressions in this area and the pertinent young sedimentary bedrock was 
formed (Mathu and Davies, 1996; Loberg, 1999). The bedrock in this part of Rift Valley is 
thus mainly of sedimentary and metamorphic type, which has been intruded by underlying 
magma. Volcanoes are plenty and are generally basaltic-gabbroic. However, a heated and 
partially melted crust gives rise to lava flows of rhyolitic-granitic composition (Hamilton et 
al., 1989). Intermediary magmas are very rare. Generally, the whole rift valley region is 
complex regarding magma intrusions and a host of variant types of eruptions, intrusions and 
flows are evident. 

 

6.1.2 East African Rift Valley Lakes 

The uniqueness of the EARV lakes has been emphasized by various authors. Krienitz 
(2003) for instance, stated that the Rift Valley lakes of Africa are among the natural wonders 
of the world and they give an insight into the past history of the Earth. Richardson and 
Richardson (1972) elucidated that many of the lakes of East Africa are old and their basins 
contain the most detailed guides available to the Pleistocene climatic history of the region. 
Talling and Talling (1965) also highlighted the uniqueness of African lake waters, as having a 
chemical composition that is extremely variable and includes features rarely found elsewhere.  

According to Tuite (1981), in the EARV, factors of internal drainage, chemical 
weathering of the surrounding volcanic rocks and semi-arid climatic regime have combined to 
produce lakes with unique features. These lakes tend to have high conductivities, alkalinities 
and pH. The predominant ions accounting for these characteristics are HCO-, CO3

2- and Cl- 
(Baker, 1958, Baker, et al., 1972, Hecky & Kilham, 1973). According to Jones and Grant 
(1999), surface evaporation rates in the Eastern African Rift Valley exceed the rate of inflow 
of water, thus allowing the dissolved minerals to concentrate into a caustic alkaline brine 
(with CO3

2- and Cl- as major anions). This creates a pH of about 8.5 to >12 in specific lakes 
(Grant et al., 1990, Jones et al., 1994). Total salts vary from about 5% w/v in the northern lakes 
(Bogoria, Nakuru, Elementeita, Sonachi), to saturation in parts of the Magadi-Natron basin in 
the south. These apparently hostile extreme pH environments are nevertheless extremely 
productive, because of high ambient temperatures, high light intensities and unlimited 
supplies of CO2. Primary production rates of >10g C m-2 day-1

 (Melack and Kilham, 1974) 
have been recorded, making these among the world’s most productive aquatic environments 
in terms of biomass (Jones and Grant, 1999). 
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The EARV lakes have been classified on the basis of various criteria. Regarding their 
mode of origin, Talling and Talling (1965) acknowledged that the African Lake waters fall 
into three main groups, namely, graben lakes, volcanic lakes and shallow tectonic basins. The 
graben lakes (type 9 of Hutchinson 1957) are particularly numerous and are distributed in the 
various sections of the Great Rift Valley between latitudes 8 °N and 15 °S. Most lakes in the 
East Rift, and one (Rukwa) in the West Rift, lie in basins of closed or internal drainage. Such 
lakes are usually of high salinity, especially when their depth is small. However, a number are 
of low salinity (lakes Zwei and Baringo) and have outflows to adjacent areas. Most of the 
larger and deeper lakes which are wholly or partly in the Rift areas (e.g. Nyasa, Tanganyika, 
Edward and Albert), lie in open drainage basins, except for Lake Rudolf (Turkana). Water 
from saline and often hot springs contributes to the inflows of many Rift Lakes.  

Volcanic lakes (type 18 and 19 of Hutchinson 1957) are well represented in the region 
of the Virunga (in part the Mfumbiro) volcanoes, which cross the West Rift. The volcanoes 
themselves constitute the barrier to drainage by which the large Lake Kivu was formed. Many 
smaller lakes in the region result from the damming of valleys by lava flows, lakes Bunyoni, 
Mutanda, Ndalaga and Bulera are examples. The much larger Lake Tana in Ethiopia also 
belongs to this group. Small crater lakes including explosion-craters, are numerous and 
widely distributed in East Africa. Some as described by Beadle (1932), include Naivasha 
crater lake (Lake Sonachi), L. Kikorongo near L. George, and crater lakes of Central Island in 
L. Turkana. 

Shallow tectonic basins (types 3 and 4 of Hutchinson 1957) include for instance Lakes 
Kioga and Victoria. These originate from widespread upwarping and other crustal 
movements. Other lakes such as Chilwa and Bangweulu in this group, are characteristically 
large but relatively shallow. 

In terms of ionic concentration, Talling and Talling (1965) also recognized that the 
African lake waters could be conveniently arranged in a series of increasing concentrations of 
total ions. According to them (Talling and Talling, 1965), this concentrations may be 
approximated by assuming the concentration expressed in meq l-1 of either the principal 
cations (Na+K+Ca+Mg) or the principal anions (HCO3 and CO3 “alkalinity” +Cl+SO4). 
These two sums generally agree fairly closely, though less so in waters of high salinity and 
alkalinity, where values obtained for alkalinity may perhaps be unduly affected by associated 
carbon dioxide. Electrical conductivity at 20 °C (k20) is, as expected, closely correlated with 
these estimates of total ionic concentration. The average relation (equivalent conductivity) is 
85 µmho per meq l-1, close to that expected for the principal ions sodium with bicarbonate, 
and to that found in other lake waters (Hutchinson 1957, Mackereth 1963), when the variation 
of conductivity with temperature is taken into account. Talling and Talling (1965) felt that, 
since electrical conductivity is readily and widely measured, the above index of total ionic 
concentrations could be feasibly used to arrange the lakes in a series of its increasing 
concentration. In his compilation, there was a strong correlation between conductivity and 
alkalinity, with conductivity being about 100 times the alkalinity, expressed in meq l-1. He 
reiterated therefore that, in consequence, other classifications based upon alkalinity (e.g. 
Jenkin 1932, 1936, Beadle 1932) were of worthy relevance. 
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Subsequently, Talling and Talling (1965) divided the African lakes into three classes, 
based on their electrical conductivity. Lakes of the first class (Class I) corresponded to those 
with waters of lower (but more usual) total ionic concentrations, with conductivity of less 
than 600 µmho. This group includes many lakes supplied by surface runoff or rivers of low 
salt content. The largest of them are Lakes Victoria, Nyasa and Tana. Class II includes lakes 
with conductivities between 600 and 6000 µmho, and corresponding limits of alkalinity 
approximately between 6 and 60 meq l-1. Lake Turkana occupies a closed basin which 
formerly contained a larger lake with outflow to the Nile, and is one of the most saline of this 
group (Beadle 1932, Fuchs 1939). Class III, covers those lakes that are very saline and with 
emphasised accumulation of salts within their closed basins, to an extent of even forming 
solid deposits (especially trona, Na2CO3.NaHCO3.2H2O) around the lakes. In the majority of 
such lakes, where bicarbonate and carbonate predominates other ions, the conductivity ranges 
from about 6000 to 160,000 µmho, with corresponding alkalinities approximately between 60 
and 1500 meq l-1. Most of these very saline lakes are found in the closed basins of the East 
Rift, with Lakes Bogoria (Hannington), Ol Bolassat, Elementaita, Nakuru and Magadi being 
their representatives in Kenya. Talling and Talling (1965) noted that the majority of these are 
very shallow, often 2 m in maximum depth, though with annual fluctuations. Hot springs are 
often present near these lakes and may contribute largely to their salt content. 

Some geographic and morphological features, as well as some physicochemical 
characteristics of lakes investigated in the current study, have been compiled from previous 
reports and are presented in Table 1. 

 
Table 1. Geographic and morphological features plus some chemical characteristics of some East African 
Rift Valley Lakes 

Lake Position 
Altitude 

(m) 
Surface 

area (km2)
Max. depth 

(m) 
Conductivity 
K20 (mS cm-1)

Alkalinity  
(meq l-1) pH 

fBogoria 36°09´E 0°16´N 975 33 8.5 35.7-80.0 480-800 9.8-10.3
fNakuru 36°06´E 0°22´S 1758 43 2.3 9.8-162.5 122-1440 9.8-11.0

fElementaita 36°15´E 0°25´S 1776 20 1.2 11.7-43.8 107-800 9.4-10.9

Sonachi c 36°16´E 0°47´S c1891 c18 ha* c 7 e 3.0 –11.55 a 20.0  c 9.78 

Oloidien b 36°17´E 0°48´S c 1888 c 5.5 c 8.4 a 0.62  a 5.4  b 9.1 

Naivasha a 36°20´E 0°45´S a 1890 c 115 b 15  a 0.26-0.35  a 1.95-3.2  d 8.58 
*1 hectare = 0.01 km²  a = Clark et. al., (1989), b = Hecky and Kilham (1973), c = Melack (1976), d = Njenga 
(2003),  e = Verschuren et. al., (1999), f = Tuite (1981).  

 

 More detailed aqueous physicochemical parameters, especially ionic compositions for 
the aforementioned lakes (Bogoria, Nakuru, Elementaita, Sonachi, Oloidien and Naivasha), 
are presented in the appendices. Lake Bogoria and Lake Nakuru were however the main lakes 
under investigation in the current study. Further general details regarding these two lakes are 
presented below. 
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6.1.2.1 Lake Bogoria 

The map for L. Bogoria is presented in Figure 2. 

 

L. Bogoria_geology 

The basin of lakes Baringo and Bogoria, according to Tiercelin et al., (1979), covers a 
fault controlled “half graben” extending NS over 100 km for an average width of 30 km. This 
half graben is backed to the east by abrupt escarpments and rises more gradually to the west. 
It displays several ribbon like structures tending NS parallel to the main axis of the graben. 
Superimposed on this basic pattern are regional trends extending NW-SE and NNE-SSE. The 
Mio/Pliocene volcanic series which make up the main part of the rift infilling bear clear 
evidence of this overall tectonic and volcanic framework. 

Modern sedimentation consists of Piedmont, alluvial fan, fluvial channel, palustrine 
and lacustrine deposits. The latter relate to Lake Baringo and Bogoria. Common features to 
both lakes include medium size, shallow depth, longitudinal extension oblique with respect to 
the rift axis, ion composition dominated by CO3 and Na and high organic productivity. Of the 
two, Lake Baringo is a fresh water lake demonstrating a polymictic regime which prevents the 
preservation of organic matter. On the other hand, Lake Bogoria is a salt lake demonstrating a 
meromictic regime which favours the preservation of organic matter. Organic matter 
preserved in the central part of this lake consists of an algal “sapropel” (Tiercelin et al.,1979). 

 

L. Bogoria_hydrology  

Lake Bogoria, according to Koyo (2001), has a unique hydrology in that it is both a 
saline and alkaline lake with a meromictic regime and a high hydrothermal activity. It also 
exhibits a trellis drainage pattern, with river flow along fault lines to the higher elevation Lake 
Baringo. Lake Bogoria is replenished and sustained by a number of springs most of which 
emerge along the fissures at the shore of the Lake.  

Lake Bogoria is mainly fed by River Sandai-Wasenges draining the Subukia and 
Iguamiti highland to the South-East. The river follows a determined northward course 
towards Lake Baringo, before diverting and flowing southwards towards lake Bogoria. The 
river dries up at the Sandai swamps during the dry season, and brings in huge volumes of 
suspended solids during the wet season. River Loboi draining into lake Baringo, recently 
diverted its course to flow into Bogoria after it's bed was blocked by excessive siltation. A 
number of dry wadis (river beds) are found further south to the West. These bring in water 
during the wet season. Emsos warm spring water flows in from the south.  

Basically, through its collection of numerous short tributary springs, the Wasenges 
River forms an enlarged drainage system that is approximately 1,075.5 km2. The lake water 
balance however, is maintained by a combination of evaporation, rainfall, surface flow, 
underground hot springs and geysers. 
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Figure 2. Map of lake Bogoria showing the sediment sampling locations. (Map adopted from Harper et. 
al., (2003)) 

 

 

1. Sandai 
2. Mawe moto 
3. Nginie 
4. Hot springs 
5. Acacia 
6. Emsos 
7. Fig tree 



6. Materials and Methods 
_____________________________________________________________________ 

40

All these result in its characteristic minimal lake level fluctuations. In spite of the minimal 
fluctuations in lake level, it should nevertheless be noted that, the lake is located in a semi-
arid area. This area is characterised for instance, by temperatures reaching as high as 39 °C 
with rainfall of 500 mm per annum and an annual pan evaporation of 2,300 mm. It should be 
noted that the arrays of hot alkaline springs and fumaroles along the shoreline and within the 
lake floor discharge enormous volumes of waters that effectively counter-balance evaporative 
losses. Uniquely thus, the lake has no record of drying out and is the most permanent of the 
alkaline lakes around the East African Rift Valley.  

Just to note, the water that emanates from the hot springs is believed to originate from 
the higher elevation areas of Nakuru, Elementaita and Eburu, flowing through underground 
hydrological systems that are probably in constant contact with underlying hot lava. Some of 
the springs have been recorded to have temperatures as high as 90°C, pH 8.33 and an 
electrical conductivity of about 4.55 mS cm-1. (NB: Bogoria is referred to as L. Hannington in 
some earlier literature) 

 

L. Bogoria_ecology 

According to Harper et al., (2003). Lake Bogoria’s chemical data suggests a more 
stable environment than has been recorded for the other saline, though more shallow lakes in 
Kenya. There has been no evidence for major changes in L. Bogoria in comparison to those 
recorded in for instance, L. Elementeita (Melack, 1988) and L. Nakuru (Vareschi, 1982), 
caused by the lake’s drying-out. At about the time of their study, Harper et al., (2003) 
observed that a 50% change in conductivity (36.8±11.7-74.2±2.6, between 1998/9-2000/3, 
respectively) was accompanied by little changes in pH (10.7±0.2-10.3±0.25) and alkalinity 
(1160±14.2-1190). This suggests that the measured fluctuations of an order of magnitude in 
A. fusiformis were more likely to be due to biological regulation rather than environmental 
effects. The monoculture of A. fusiformis in the phytoplankton, the absence of any macro-
zooplankton, and a single species in the benthos (chironomid larvae), reflects the extreme 
saline environment. This, according to Harper et al., (2003) implies instability, using the 
‘simple-unstable, diverse-stable’ concept of ecology developed in the 1970s. According to 
their data though, these researchers inferred that the hydro-chemical stability confers an 
ecological stability on an extremely simple limnological food-web. The greatest instability in 
the lake was the outbreak of mortality of P. minor. Periodic large-scale die-offs have been 
reported for the past 40 years. Initially, these die-offs were attributed to starvation, due to 
sudden crashes of phytoplankton among other unknown causes (Brown, 1959). 
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6.1.2.2 Lake Nakuru 

The map for L. Nakuru is presented in Figure 3. 

 

L. Nakuru and other near by lakes_geology 

 The Nakuru-Elementaita basin, according to Washburn-Kamau C. K, who gave an 
account of the Late Quaternary lake level fluctuations in the Nakuru-Elementaita basin, 
Kenya (probably unpublished, but around 1971), lies in the Eastern Rift Valley of Kenya, just 
south of the Equator. The basin contains two small (less 3 m deep) highly alkaline lakes. This 
basin is defined by the approximately north-south faults bounding the Rift Valley and is 
crossed by many small faults of similar alignment. Volcanic activity can be traced from the 
Middle Pleistocene to the last few hundred years. Large volcanoes of probable Middle 
Pleistocene age close the basin at either end, with Menengai to the north, rising to 2,278 m, 
and Eburu to the south, rising to 2,854 m. Younger cones and lava flows are found 
particularly in the “badlands” (sic) area south of Lake Elmentaita. Lacustrine sedimentation 
appears to have been separated by periods of faulting and volcanism. Breaks in the 
sedimentation record, particularly of the older sediments, do not necessarily imply an arid 
climatic phase. 

 According to Vareschi (1982), Lakes Nakuru, Elementaita and Naivasha are very 
young formations in geological time scales. After a dry phase with low lake levels some 
12,000-28,000 years ago (Livingstone 1975), a single large freshwater body 130-200 m deep 
formed here roughly 10,000 years ago, reaching from the slopes of the volcanoes Longonot in 
the south to Menengai in the north (Leaky 1931, Richardson and Richardson 1972). This 
Upper Pleistocene Lake drained to the south through a gorge now know as “Hell’s Gate” 
(Njoroa Gorge; Richardson and Richardson 1972) and temporarily northwards around the 
shoulder of Menengai (Washburn-Kamau 1970). Then the climate became continuously drier, 
and the large, deep freshwater body dried into three small shallow lakes at about 3000 years 
ago (Richardson and Richardson 1972). Lake Naivasha remained fresh because of seepage, 
very dilute tributaries and solutes removed from the water by net accumulation of sediments 
(Gaudet and Melack 1981), whereas L. Nakuru and L. Elementaita became saline-alkaline. 
Kamau (1971) however, according to Vareschi (1982), stressed that, this development was 
probably after all, not caused by major changes in basin shape but by relatively small 
rainfall/temperature variations. 

The bedrock of L. Nakuru’s catchment area, according to Svengren (2002), is very 
mixed but the common type is the sedimentary bedrock, comprising mainly limestone, 
mudstone, sandstone and arkose. Large deposits of carbonate (limestone) can be found in the 
sedimentary layers. The soils in agricultural and forested areas are basically organic mineral 
soils. In dry areas with less vegetation the soil has little organic material though containing 
certain high mineral contents, forming thus the resident lateritic soils. The condition of high 
temperature coupled with periods of intensive rain, soaks off the silica minerals from the 
regolith. Dissolution-resistant Al, Fe and Mn oxides / hydroxides remains to form the reddish 
soil called laterite that is often found in some tropic and subtropic zones. 



6. Materials and Methods 
_____________________________________________________________________ 

42

 

 
Figure 3. Map of Lake Nakuru, showing the sediment sampling locations (Map adopted from Greichus et. 
al., (1978)) 

 

Regarding L. Naivasha and its satellite lakes, according to Mironga (2006), it is the 
second largest freshwater lake in Kenya (after the Kenya portion of Victoria). There are four, 
chemically distinct basins at Naivasha (Gaudet & Melack, 1981). One, is the Crescent Island 
basin. This is a small extinct volcanic cone and is the deepest part of the lake (up to 18m 
depth). It is usually half submerged and connected to the main lake over a shallow lip. The 
second basin is the main lake which has a maximum depth of 6m at its southern end. The 
third basin is the L. Oloidien which is a smaller crater lake with a depth of 5m to the south 
end of the main lake. L. Oloidien was formerly joined to the main lake but has been distinct 
from it since 1982, causing it to rise in conductivity from about 250 to about 3000 µS cm-1 at 
the time of Mironga’s study. The fourth basin is Lake Sonachi, which according to MacIntyre 
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2. Hippo pt. 
3. Njoro R. 
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7. Makalia R. 
8. Nderit R. 
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and Melack (1982), has been variably named (Naivasha Crater Lake: Beadle 1932, Jenkin 
1936, Peters and MacIntyre 1976, Melack 1976; Crater Lake: Hecky and Kilham 1973). Lake 
Sonachi is located on the southwestern part of Lake Naivasha and in its own distinct volcanic 
crater. It is characterised a soda lake, which though fully independent from the main lake, is 
believed to have its levels oscillating in harmony with the main lake as a result of 
groundwater connection. Such oscillations might be applicable for L. Oloidien too. 

 

L. Nakuru_hydrology and water balance 

At 1,759 m asl, Lake Nakuru is one of the highest lakes in the central Kenya dome of 
the Rift Valley. Its high elevation has hydrological implications on the lake’s water balance 
(Odada et al., In ILEC-LBMI, 2006). Unlike other low-lying Rift Valley lakes that have 
copious water supply through a series of hot and freshwater springs (e.g. Bogoria and 
Magadi), there is a minimal underground inflow into L. Nakuru through the axial fault line 
system. The Baharini Springs and other springs along the eastern shoreline, are perennial, 
contributing a volume of about 0.6 m3 s-1 to the lake. The lake’s hydrology is dependent on 
catchment integrity in order to sustain the lake water level. It has a mean depth of 2.5 m, 
maximum depth of 4.5 m, and a water volume of about 92 x 106 m3 (long-term mean of 1925-
1979, as cited by Vareschi (1982)). The recent (1992-2002) monthly mean lake depth is about 
1.0 m (range cp: during the 1997/1998 El Nino floods). 

 Its shallow depth, high evaporation rates and seasonal rivers make the lake a 
hydrologically-impacted ecosystem, since it does not have any buffering capacity to withstand 
hydrological impacts driven by catchment processes. Five seasonal rivers (Makalia, Nderit, 
Naishi, Njoro and Larmudiac) and treated wastewater from Nakuru town drain into the lake. 
Some of these rivers (Njoro, Ngosur and Naishi) become influent, disappearing along the 
fault lines to recharge deep aquifers. There is a clear streamflow response to precipitation in 
the catchment. The first peak flow occurs in May, a month after peak rainfall, while the 
second peak flow coincides with that of rain in August. Since Lake Nakuru is an enclosed 
lake, evaporation, accounts for much of its water loss. The long drought periods of 1993 to 
mid-1997 have resulted in particularly poor hydrological conditions, as evidenced by the 
excessive lake level decline. As expected, the salinity (as measured through conductivity) is 
inversely related to lake level/river inflow (Odada et al., In ILEC-LBMI, 2006). 

According to Vareschi (1982), although Lake Nakuru may have completely dried up 
on several other occasions, since 1930 the lake had probably dried out twice (1944-1946 and 
July 1961). However, from 1979 to 1982, the time of his study, the lake remained above 400 
cm. Besides, in the previous 20 years, the lake level seemed to have been considerably higher 
than in the preceding decades. 

 

L. Nakuru_Ecology 

According to Vareschi (1982), Lake Nakuru offers unfavourable conditions (pH~10.5, 
conductivity oscillating from 9,000-160,000 µS cm-1) for most aquatic life. However, a few 
specially adapted species do occur in it and form a very high producer and consumer biomass 
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(together~500 g m-2, dry weight). Like some other soda lakes in the Rift Valley, according to 
Vareschi and Jacobs (1984), the main feature in Lake Nakuru is the Lesser Flamingo 
Phoeniconaias minor, which may sometimes exceed a million birds. This is the major 
consumer of the cyanophyte A. fusiformis, the dominant primary producer. A cichlid fish, 
Alcolapia grahami (Sarotherodon alcalicus grahami/Tilapia grahami) was introduced in the 
early sixties from lake Magadi, Kenya. The fish also feed on A. fusiformis. Many fish-eating 
birds have been associated with the lake since the introduction of the fish. Another important 
primary consumer is the only crustacean species, the calanoid copepod Lovenula africana. 
There are several rotifers (Brachionus dimidiatus, B. plicatilis, Hexarthra jenkinae) with 
extreme density fluctuations. Insects comprise chironomid larvae (Leptochironomous deribae, 
Tanitarsus horni), a water bug (the notonectid Anisops varia) and the corixids (Micronecta 
scutellaris, M. jenkinae and Sigara hieroglyphica kilimandjaronis). The latter are of minor 
importance quantitatively (Vareschi and Jacobs 1984). According to Vareschi and Vareschi 
(1984), among other animals, the Great White Pelican (Pelecanus onocrotalus) 
overwhelmingly dominates the fish-eating birds. The Whitenecked Cormorant 
(Phalacrocorax carbo) seconds the pelican. Another notable organism in some parts of the 
lake is the hippopotamus (Hippopotamus amphibious) which could have some impact on the 
lake as a nutrient importer through defecation, as it feeds on the shores by night and remains 
in the water by day (Vareschi and Vareschi, 1984). 

NB: Some relatively recently obtained water physicochemical parameters, for some of the 
investigated lakes, are presented in Table 2. These parameters were obtained from the Lake 
Nakuru/Nakuru Municipal Council laboratory. 

 
Table 2. Water physicochemical parameters for L. Nakuru, Bogoria and Elementaita, obtained from Lake 
Nakuru/Nakuru Municipal Council laboratory. 

Monthly 
sampling Lake 

 
Location 

Sampling 
Depth 

Water 
temp DO pH SalinityConductivityAlkalinity

TSS 
dw 

Secchi 
Depth

Total 
depth 

NH4-
N 

NO2-
N 

NO3-
N T-N

PO4-
P T-P

   cm oC 
mg 

O2 l-1 
pH 

scale ‰ mS cm-1 mg l-1 mg l-1 m m mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1

Nov/05-
May/06 Nakuru 

Northern 
end  41 24.3 12.6 10.3 27.8 45.9 5,300 246 0.26 0.8 0.79 0.11 1.91 33.8 3.5 9.3

Sept/05-
Dec/06 Nakuru 

Njoro 
mouth 34 25.6 11.4 10.3 22.3 37.9 11,320 6248 0.19 0.8 0.76 0.07 1.11 22.3 2.7 7.1

Jun/05-
Dec/06 Nakuru Centre 24 24.6 13.4 10.4 32.3 44.2 13,414 5285 0.22 1.0 0.75 0.05 1.37 33.9 5.7 9.3
Nov/05-
Dec/06 Nakuru 

Makalia 
mouth 31 26.2 9.9 10.3 25.8 45.3 7,300 2672 0.24 0.8 0.76 0.14 0.83 45.9 2.5 8.0

Sept/05-
Dec/06 Nakuru 

Nderit 
mouth 35 26.4 13.0 10.2 21.1 38.9 13,160 10050 0.19 0.7 0.48 0.09 1.31 19.6 1.6 6.7

Jun/05-
Dec/06 Elementaita 

Lake 
water 10 28.3 13.7 9.9 21.8 32.1 11,360 11688 0.18 0.5 0.86 0.05 0.80 15.1 1.3 3.8

Jun/05-
Dec/06 Bogoria Central  24 27.8 13.8 10.1 47.5 71.8 50,792 33813 0.22 9.0 0.83 0.03 0.53 14.5 5.0 9.2
Jun/05-
Dec/06 Bogoria 

Northern 
end 20 27.5 13.9 10.1 52.2 72.3 52,450 32231 0.17 8.0 0.66 0.03 0.52 14.6 4.8 8.3

Jun/05-
Dec/06 Bogoria 

Southern 
end 25 27.6 16.2 10.1 52.3 70.4 50,825 32623 0.19 9.0 0.55 0.03 0.51 19.5 6.3 8.4
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6.2 Obtaining experimental organisms and other environmental samples 

6.2.1 Obtaining organisms for preliminary studies 

6.2.1.1 Culturing algae in the laboratory  

 For preliminary studies, algae, A. fusiformis samples from L. Elementaita (Sample AB 
2002/1) and L. Simbi (Sample AB 2002/11), plus a relevant algae culture medium protocol 
(See, Table: 3) were obtained from Dr. Lothar Krienitz of the Institute of Freshwater Ecology 
and Inland Fisheries in Neuglobsow, Germany. The algae was cultured in 4 L glass culture 
cylinders, in a 10 hrs illumination and 25°C temperature regulated climate room. 

 

Table 3. The algae culture medium protocol used in the current investigation 
1.Stem solution Salt Step 1 Step 2: 

All this put together 
into 100 ml. 

 From step 1 (and from 
step 2 for the 
supplements) all added  
together into 1 L 

 KNO3 10 g 100 ml-1 - 2 ml l-1 
 K2HPO4 1 g 100 ml-1 - 4 ml l-1 
 MgSO4 x 7H2O 1 g 100 ml-1 - 3 ml l-1 
 Ca(NO3)2 1 g 100ml-1 - 3 ml l-1 
 Na2Co3 - - 0.3 g l-1 
 NaCl - - 15.0 g l-1 
Vitamin solution Biotine + B12 3.3 mg Biotin +  

0.5 mg 100 ml-1 B12 
- 20 ml l-1 

 Thiamine 500 µg l-1 (0.0005 g l-1) - 10 ml l-1 
FeDTA Solution 
(Titriplex II, 
MERK S.1253) 

FeDTA 695 mg FeSO4 x 7H2O + 
930 mg FeDTA in 80 ml 
and heated up, then 
topped up to 100 ml 

- 0.5 ml l-1 

Supplements MnCl2 x 4H2O 0.99 g 100 ml-1 1.0 m 100 ml-1 0.5 ml l-1 (from all the 
supplements together in a 
100 ml in step 2)  

 COSO4 x 7H2O 0.28 g 100 ml-1 0.1 ml 100 ml-1 - 
 CuSO4 x 5 H2O 0.05 g 100 ml-1 0.1 ml 100 ml-1 - 
 ZnSO4 x 7H2O 0.315 g 100 ml-1 0.2 ml 100 ml-1 - 
 H3BO4 0.62 g 100 ml-1 0.5 ml 100 ml-1 - 
 (NH4)6Mo7O24 x 

4H2O 
0.18 g 100 ml-1 0.1 ml 100 ml-1 - 

 NiSO4 x 6H2O 0.263 g 100 ml-1 1.0 ml 100 ml-1 - 
 NH4VO3 0.146 g 100 ml-1 0.1 ml 100 ml-1 - 
NB: For the algae culture medium, it was recommended that the final algae culture solution be autoclaved but 
this was skipped because autoclaving produced some precipitation, which was undesirable. 
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6.2.1.2 Sampling gammarids from the river 

Gammarids (Gammarus zaddachi) for preliminary studies were obtained from River 
Rittrumer-mühlenbach in Oldenburg. The gammarids were fetched from the river using a 
hand net. They were put into buckets containing the river water plus some debris from the 
river. The debris were place in the buckets so as to provide hiding ground for the gammarids 
to avoid cannibalism amongst themselves. River water for use in the experiments was also 
fetched in 20 L gallons. The gammarids were transported to the laboratory where they were 
aerated. A few pieces of potato peels (potato peels had been identified by some other previous 
researchers as being palatable for the gammarids) were placed in the buckets for the 
gammarids to feed on. The gammarids were allowed about 72 hrs acclimatisation period prior 
to commencement of the experiments.  

 

6.2.2 Obtaining organisms for field work 

6.2.2.1 Sampling algae from lakes 

For the field work experiments, the algae A. fusiformis used was actually algal bloom 
rather than a pure crop culture. Algal bloom was fetched from Lake Bogoria using a 
polyethylene bucket. This was strained through 118 µ, 60 µ and 20 µ mesh size sieves, in that 
order, so as to get rid of the bigger micro-organisms and artefacts. The contents of the 20 µ 
were re-suspended in the strained lake water to obtain a condensed concentrate of about 0.400 
chlorophyll optical density at a wavelength of 760 nm (e.g. Cometta et al., (2000), for further 
reading) using a SPECTRONIC® 301/401, MILTON ROY spectrophotometer.  

Efforts to culture enough algae were not successful due to at first time constraints and 
the tedious nature of separating pure algal strands. Secondly an attempted culture failed to 
adequately bloom and it was suspected that there was too much aeration in the particular set 
up. Nevertheless, use of the algal blooms was considered realistic because that is how it 
occurs in the actual situation in the field.  

 

6.2.2.2 Sampling Chironomids from lakes. 

 Chironomids were obtained from the littoral surface waters in L, Bogoria using a 500µ 
mesh size scoop net. The chironomids were placed into 10 L polyethylene bottles containing 
lake water and were transported to the lab where they were concentrated into 1 L polyethylene 
containers (by sieving using a 118 µ mesh size sieve) and sparingly aerated. Extra lake water 
for use in the experiments was also fetched. 

Another attempt was made to obtain chironomids from Lake Elementaita. Contrary to 
those in L. Bogoria, the chironomids in L. Elementaita were not suspended on littoral surface 
waters and had to be scooped from the littoral sediment surface. They were then placed in 10 
L polyethylene buckets containing water and of course some sediment, and were transported 
to the lab where they were also sparingly aerated while still in the 10 L buckets. However this 
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chironomids (from L. Elementaita) died within 24 hours and it was speculated that the storage 
and aeration mode may have caused the deaths. It was thus recommended that in future it may 
be better to spread them out on flat trays without artificial aeration. The chironomids from the 
two lakes, Bogoria and Elementaita are allegedly of different species.  

 

6.2.2.3 Sampling fish from Lake Nakuru 

 Fish were obtained from Lake Nakuru by seining at the littoral zone. The net was not 
lifted from the waters and half litre polyethylene beakers were used to scoop the fish together 
with some water and place them gently in larger 20 L polyethylene buckets. This was done to 
avoid touching the fish directly as this is unfavourable for survival of the fish for various 
reasons such as wiping away the apparently micro-organism protective surface mucous. Once 
in the 20 L polyethylene buckets the fish were transported to a near by lab for storage and 
aeration. However, due to a notwithstanding substantial amount of death rate, the fish, during 
other samplings, were aerated immediately after fetching them from the lake, in a car, 
sourcing out aeration power through battery power inversion. The survival rate was thus 
enhanced by the immediate aeration initiation. In the lab, the fish were stored in aerated 50 L 
glass tanks. Although the fish were still in natural lake water, assumed to be containing some 
algae, the fish were still fed on every third day on a commercial food. Dead fish were checked 
and removed every day. During sampling, extra lake water for use in the experiments was 
also fetched. 

 

6.2.2.4 Sampling and preparation of sediments.  

Sediment samples for further assessment of the geochemical background levels 
(including trace elements) were also collected from various locations in the different lakes.  

The samples were collected using a shovel or Ekman grab where necessary. These 
were stored in labelled zip-lock polyethylene bags and transported to the lab. The sediment 
samples were dried in pre-cleaned glass plates in an oven at 70°C for 48 hrs. The samples 
were left to cool down and were then loosened were necessary (especially in the case of the 
more fine particled ones) using a pestle and mortar. These were then sub-sampled by way of 
sieving through a 1 mm, 250 µ and 63 µ sieves in series. These sub-samples were stored 
separately in labelled safe lock polyethylene bags.  

 

6.3 Experimental Set-ups 

6.3.1. Preliminary studies experimental set-ups  

6.3.1.1 Algae preliminary experiments  

 In a first attempt, eighteen, one hundred millilitres algal culture samples were sieved 
into 20 µ pore size sieves. (Eighteen, because, a set of three was going to be replicate samples 
for one day, for a total of 5 days. The other set of three would be the control replicates). The 
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sieves were made of pieces of a plastic 5 cm diameter cylinder fitted with a piece of 20 µ pore 
size mesh. The samples on the sieves were then placed in plastic Petridishes containing a 50 
ml algal culture medium metal solution of 0.005, 0.03, 0.02, 0.06 and 0.02 µg g-1, Cd, Cu, Pb, 
Zn and Ni, respectively. The petridishes with the sieves in place, had been pre-contaminated 
for at least 48 hours with the metal solution medium. In this first experiment, algae samples 
were exposed for four days and depurated for one day. Replicate samples (from a set of three 
petridishes) of algae and respective metal solution medium were taken each day (The controls 
were also set up at the beginning of the experiment but their samples were collected only at 
the end of the experiment). The metal solution medium of the remaining petridishes and the 
controls’ medium were changed every day. Changing of the experimental medium was done 
so as to mimic a regularly replenished environmental medium as would probably be under 
natural circumstances. Otherwise flow through set-ups can be utilised, but such set ups were 
not feasible in the current study settings, due to logistic reasons. 

 In another attempt, an experiment was set up within one day because algal metal 
uptake and depuration was thought to be rapid and within a span of hours. The experiment 
was set up in three one litre polyethylene beakers. The beakers had been pre-contaminated 
with the metal solution (and algae culture medium where relevant) for at least 48 hours. Two 
beakers were replicates of each other while the third was a control. The uptake phase lasted 5 
hours and so did the depuration phase. The metal solution medium was strained and replaced 
with plain algae culture medium after the fifth hour to signify end of uptake phase. Algae and 
respective metal solutions or algae culture medium samples were taken at the zero hour and at 
the end of every other hour. In taking the samples, in each container, the contents were first 
stirred gently using, for instance, a clean pipette tube, to evenly distribute the algae within the 
medium. This is because, when left standing, algae tended to float on the medium. Otherwise 
where possible, gentle whirling of the container also aided the mixing. 100 ml algae + 
medium solution was then taken as the sample, and was sieved through a 20 sieve to separate 
the algae sample and the medium sample. Algae samples were stored in the refrigerator           
(-20°C) awaiting elemental analysis. Medium samples were preserved by adjusting the pH to 
about 2, using supra-pure HNO3.  

 

6.3.1.2 Gammarids preliminary experiments 

After the acclimatisation period of about 72 hrs, gammarid experiments were set up in 
three 10 L polyethylene buckets. Two buckets were replicates of each other while the third 
was a control. The buckets, had been pre-contaminated with the metal solution or plain river 
water where relevant, for at least 48 hours. The metal solutions were prepared using the river 
water and the nominal elemental concentrations were like in the case of algae, 0.005, 0.03, 
0.02 and 0.06 µg g-1 for Cd, Cu, Pb and Zn, respectively. The experiment lasted 10 days 
uptake and 6 days depuration. One or two gammarid individuals and respective metal 
solutions or water medium samples were taken at the zero day and at every second day 
interval. The metal solution medium was replaced with plain lake water medium after the 10th 
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day to signify end of uptake phase. Collected organism samples were placed in 2 ml safe-lock 
eppendorf tubes and were deep frozen at about –20 °C prior to elemental analysis. Medium 
samples were preserved by adjusting them to a pH of about 2 using supra pure HNO3. 

 

6.3.2 Fieldwork experimental set-ups 

6.3.2.1 Time dependent exposures 

6.3.2.1.1 Algae, time dependent uptake and elimination, experiments 

During the first field work, one algae (algal bloom, from L. Bogoria) experiment was 
set up. Just like in the case of the second algae experiment, in the preliminary work (above), 
the experiment was set up within a day because algal metal uptake and depuration was 
thought to be rapid and within a span of hours. All other experimental procedures were as 
well similar that previous experiment. The medium in this case was however, lake water that 
was strained through a 20µ mesh size sieve. A 20µ mesh size was deemed satisfactory to 
remove the major particulate matter in the water. In this experiment, the nominal elemental 
concentrations in the water were 0.005, 0.03, 0.02 and 0.06 µg g-1 for Cd, Cu, Pb and Zn 
respectively. 

In the second fieldwork, six, time dependent exposure experiments were carried out, 
three using L. Bogoria algae (algal bloom) and the other three using L. Nakuru algae (algal 
bloom). For each set of three experiments, one was done using the nominal exposure 
concentrations of 0.005, 0.03, 0.02 and 0.06 µg g-1 for Cd, Cu, Pb and Zn respectively, and 
was labelled as ‘single dose’. The second and third experiments in the set were of double 
(0.01, 0.06, 0.04 and 0.12 µg g-1 for Cd, Cu, Pb and Zn respectively) and triple (0.015, 0.09, 
0.06 and 0.18 µg g-1 for Cd, Cu, Pb and Zn respectively) concentrations of the nominal 
concentrations. These were labelled, ‘double dose’ and ‘triple dose’, respectively. All other 
experimental procedures were as detailed above.  

 

6.3.2.1.2 Chironomids, time dependent uptake and elimination, experiments 

Chironomids from L. Bogoria were left to acclimatize for about 72 hours in lab before 
the start of the experiments. It was assumed that the unfiltered water from the lake contained 
some substantial amount of algae, enough for the chironomids to feed on during 
acclimatisation time. However, during the experiments, since the water was filtered, a minute 
amount of algae filtered directly from the lake water was added every fourth day, so as to 
sustain the chironomids. Marginal aeration was provided.  

During the first field work, two experiments were set up for the chironomids. In the 
first, the chironomids were placed into three, 1 L polyethylene beakers. Two beakers were 
replicates of each other while the third was a control. The beakers, had been pre-contaminated 
with the metal solution (made using lake water) and plain lake water where relevant, for at 
least 48 hours. The lake water used, had been strained through 20µ mesh size sieve. In the 
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first experiment, the uptake phase lasted 10 days while the depuration phase lasted 7 days. (A 
15 day depuration phase was intended but was not achieved due to the limitation of the 
inadequate amount of organisms available at the start of the experiment, since the organisms 
were not abundant in the lake.) Chironomids (weighing about 0.05 g / 10-20 individuals) and 
respective metal solutions or strained lake water medium samples were taken at the zero day 
and at every second day interval. The metal solution medium was replaced with lake water 
medium after the 10th day to signify end of uptake phase. In this experiment, the nominal 
elemental concentrations in the water were 0.005, 0.03, 0.02 and 0.06 µg g-1 for Cd, Cu, Pb 
and Zn respectively. 

The second chironomids’ experiment was set up in the same way as the first except 
that the nominal elemental concentrations in the water were double and hence 0.01, 0.06, 0.04 
and 0.12 µg g-1 for Cd, Cu, Pb and Zn respectively. This experiment however lasted for only 9 
days and hence only an uptake phase, and was a single set up without a replicate due to once 
again the constraint of inadequate experimental organism abundance. 

 In the second field work, for the chironomids, one time dependent uptake and 
elimination experiment was performed using a ‘double dose’ (0.01, 0.06, 0.04 and 0.12 µg g-1 
for Cd, Cu, Pb and Zn respectively) metal concentrations. The experiment lasted 11 days of 
uptake and 6 days of depuration. 

 

6.3.2.1.3 Fish, time dependent uptake and elimination, experiments 

The fish were left to acclimatize in the laboratory for at least five days before set up of 
experiments. During the experiments, the fish were sparingly fed every second day to sustain 
them and so as not to encourage cannibalism among themselves. Four experiments were set 
up using fish.  

The first was set up in three, 10 L polyethylene buckets. Two buckets were replicates 
of each other while the third was a control. The buckets had been pre-contaminated with the 
metal solution or lake water where relevant, for at least 48 hours. The metal solutions were 
prepared using decanted lake water. The water in this case was decanted because the straining 
through a 20 µ sieve was not very practical as the amount of water need was much (5 L per 
replicate). It was however deemed to be feasible to decant the water (after sieving it through a 
118 µ sieve to remove the larger micro-organisms and artefacts), since, when left standing 
over night in a bucket, the algae would float on the top while any heavier artefact particles 
would sink to the bottom. Much of the algae would then be removed gently using the 20 µ 
sieve, and when the water was gently poured out the heavier particles would remain at the 
bottom. Alternatively, the water was siphoned using a thin pipe. In the first experiment, the 
uptake phase lasted 11 days while the depuration phase lasted 7 days. A 15 day depuration 
phase was intended but was not achieved due to the limitation of mortality. Even without 
exposure to metals, some fish would still die but on the other hand the number of fish in the 
experimental container has to be limited to the capacity of the container. In this case it was 
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estimated that at zero mortality, about 25 fish individuals (in order to sample two fishes on 
every second day) were need, but otherwise about 40 fish were placed in each experimental 
container having 5 L of experimental medium. Fish and respective metal solutions or lake 
water medium samples were taken at the zero day and at every second day interval. The metal 
solution medium was replaced with lake water medium after the 11th day to signify end of 
uptake phase. In this experiment, the nominal elemental concentrations in the water were 
0.005, 0.03, 0.02 and 0.06 µg g-1 for Cd, Cu, Pb and Zn respectively.  

 The second and fourth fish experiments were carried out similar to the first except that 
in this case, the metal concentrations in the water were double those (‘double dose’) of the 
first and hence 0.01, 0.06, 0.04 and 0.12 µg g-1 for Cd, Cu, Pb and Zn respectively. The 
second experiment lasted 10 days of uptake and 11 days of depuration. The fourth experiment 
was however, only one replicate and without a control. This experiment lasted 9 days of 
uptake and 14 days of depuration. 

The third fish experiment was carried out similar to the other fish experiments except 
that the metal concentrations in the water were triple those in the first experiment and hence 
0.015, 0.09, 0.06 and 0.18 µg g-1 for Cd, Cu, Pb and Zn respectively. This experiment lasted 9 
days of uptake and 2 day of depuration. The reason for this being that, apparently more 
organisms (fish) in the experimental containers died too early during the experiment. Hence 
the experiment could not continue into the depuration phase due to the inadequacy in the 
amount of organisms available. 

 

6.3.2.2 Algae and chironomids, concentration dependent, uptake exposures 

In accordance with observations and deductions made from the preceding time 
dependent uptake and elimination exposure outcomes, concentration dependent exposures 
were only carried out for algae and chironomids. Experimental set ups consisted of 10 half 
litre polyethylene containers, containing 200 ml of relevant medium. Of the ten, one was a 
control, while the other nine contained each, a different concentration, of the metals in the 
medium. In the case of algae, concentration dependent exposures lasted five hours of uptake. 
In total eight exposures were performed for algae, four with Bogoria algae and four with 
Nakuru algae. Of the four set ups, three were ‘replicates’ of each other, being of the same 
concentration exposure range, while the fourth was of a wider exposure range, as compared to 
the others. The actual concentration ranges were as shown in Table 4 part a. for the shorter 
exposure range, and Table 4 part b. for the wider exposure range. Organism and exposure 
medium samples were collected at the end of the exposure period. 

For chironomids, the concentration dependent exposures lasted 10 days of uptake. 
Three ‘replicate’ experiments were done using the narrower concentrations ranges (See Table 
4). Organism and exposure medium samples were collected at the end of the exposure period. 
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Table 4. Metal concentration ranges (µg ml-1) used in the concentration dependent exposures (A = the 
narrower concentration ranges. B = the wider concentration ranges) 

(A) 
(From metal stock 

solution = 1000  µg  ml-1) 
vol (µl) in 200 ml Cd Cu Pb Zn 

(B) 
vol (µl) in 200 ml Cd Cu Pb Zn 

0 0 0 0 0 0 0 0.000 0.000 0.000

50 0.006 0.037 0.025 0.075 100 0.012 0.075 0.050 0.150

100 0.012 0.075 0.050 0.150 200 0.025 0.150 0.100 0.300

150 0.019 0.112 0.075 0.225 300 0.037 0.225 0.150 0.449

200 0.025 0.150 0.100 0.300 400 0.050 0.299 0.200 0.599

250 0.031 0.187 0.125 0.375 500 0.062 0.374 0.249 0.748

300 0.037 0.225 0.150 0.449 600 0.075 0.449 0.299 0.897

350 0.044 0.262 0.175 0.524 700 0.087 0.523 0.349 1.047

400 0.050 0.299 0.200 0.599 800 0.100 0.598 0.398 1.195

450 0.056 0.337 0.225 0.674 900 0.112 0.672 0.448 1.344

 

6.4. Elemental Analysis 

6.4.1 Experimental samples, elemental analysis by AAS 

All samples collected from the experiments were stored in 2 ml eppendorf tubes and 
frozen prior to further treatments. All samples were later dried in an oven at 80°C overnight. 

  Bulky samples such as those for fish were homogenized using a small boron carbide 
pestle and mortar to avoid loss of biomass. Samples with a weight of about 10 mg were not 
homogenised. Samples such as those for algae and chironomids, which were not bulky, were 
digested in the same 2 ml eppendorf tubes that they were stored in to avoid unnecessary loss 
of biomass. In other cases, where applicable, aliquots of about 10 mg dried sample material 
were weighed into 2 ml safe-lock Eppendorf reaction tubes (Clason & Zauke, 2000). These 
were then digested using 100 µl HNO3 (65 %, suprapure, MERCK) for 3 hours at 80 °C. For 
each set of samples to be digested, certified reference materials plus blanks (containing only 
the digestion medium) were included. The digests were made up to 2 ml volume with double 
distilled water. After appropriate dilutions, where applicable, the final samples and standard 
solutions were adjusted to concentrations of 3.25 % HNO3.  

Metal determinations in biological samples were performed using a Varian SpectrAA 
880 Zeeman instrument and a GTA 110 graphite tube atomiser with Zeeman background 
correction (according to Kahle et. al., 2003). Ashing and atomisation temperatures were 700 
and 2100 °C for Cd; 800 and 2500 °C for Pb; 800 and 2300 °C for Cu. For Cd and Pb, 
palladium and magnesium nitrate modifiers were applied. Zn was analysed using Varian 
SpectrAA Atomic Absorption Spectrophotometer (SpectrAA-30, deuterium background 
correction), and an air-acetylene flame. A manual micro-injection method of 100 µl sample 
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volume was applied when using the Flame Atomic Absorption Spectrophotometer in the case 
of Zn analysis. All metal concentrations in biological tissues are reported in (µg g-1) dry 
weight (dw). 

 Quality assurance was performed in line with German Laboratory Practice (GLP) 
regulations (Anonymous, 1999), using the following criteria: stability of instrumental 
recalibration, precision of parallel injections (normally showing a coefficient of variation of 
1-5%) and analytical blanks/controls (also reflecting the digestion procedure). The precision 
and validity of the methods used were evaluated using the various certified reference 
materials (CRMs) which were randomly allocated within the determinations These CRMs 
included BCR-CRM No.279 Sea Lettuce (Ulva lactuca), Standard Reference Material 1572 
Citrus leaves, BCR_CRM No. 60 Lagarosiphona major, and CRM 278R Mussel tissue 
(Mytilus Edulis) from the Commission of The European Communities (Community Bureau of 
Reference), and TORT-2 Lobster hepatopancreas from the National Research Council of 
Canada.(See Table 5). The analysed values for the reference materials were in agreement with 
the certified values at a 95 % confidence interval. Detection limits were calculated according 
to Büttner et. al. (1980). An advantage of this method is that it relies on real samples near the 
blanks. 

NB: On three occasions, three fish samples exhibited an over-range signal for copper. 
This meant that probably the background interference was high but dilution of the samples 
overcame this setback. It was also noted that the graphite tube got worn out faster during the 
analysis of fish than during analysis of the other biota samples. This was suspected to be due 
to a variation in the matrix of the different biota samples. In considerable occasions some fish 
concentrations were over the detection range particularly for Zn and Cd. Dilution of samples 
did again overcome this limitation. 

 

Table 5. Certified Reference Materials (CRMs) results from different analysis batches (µg g-1 dw).  
Analysis batch CRM Element * Observed * Certified 

1. (BOGA) BCR-SRM 1572 (CL) Cd 0.015±0.003 0.03±0.01 
  Cu 13.4±0.87 16.5±1.0 
  Pb 12.8±0.55 13.3±2.4 
  Zn 25.1±3.0 29±2 
 CRM 278R (MT) Cd 0.281±0.01 0.348±0.007 
  Cu 8.4±2.2 9.45±0.13 
  Pb 2.2±0.2 2.0±0.04 
  Zn 67.9±2.7 83±1.7 
 BCR-CRM No. 279 (SL) Cd 0.180±0.02 0.274±0.022 
  Cu 10.8±0.26 13.14±0.37 
  Pb 13.0±0.37 13.48±0.36 
  Zn 43.6±3.2 51.3±1.2 

*: The observed and certified values are given in means±95 % confidence intervals. 
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Table 5. Cont. 

Analysis batch CRM Element * Observed * Certified 
 TORT – 2 (T) Cd 24.3±1.3 26.7±0.6 
  Cu 89.5±4.7 106.0±10.0 
  Pb 0.352±0.09 0.35±0.13 
  Zn 168.1±7.4 180±6 

2. (BOGC) CRM 278R (MT) Cd 0.274±0.02 0.348±0.007 
  Cu 8.4±0.73 9.45±0.13 
  Pb 2.4±0.35 2.0±0.04 
  Zn 77.6±6.7 83±1.7 
 BCR-CRM No. 279 (SL) Cd 0.185±0.01 0.274±0.022 
  Cu 10.5±0.42 13.14±0.37 
  Pb 13.8±0.65 13.48±0.36 
  Zn 44.3±5.8 51.3±1.2 
 TORT – 2 (T) Cd 23.6±0.84 26.7±0.6 
  Cu 90.2±0.92 106.0±10.0 
  Pb 0.261±0.05 0.35±0.13 
  Zn 182.8±3.7 180±6 

3. (F1) BCR-SRM 1572 (CL) Cd 0.021±0.01 0.03±0.01 
  Cu 14.6±4.9 16.5±1.0 
  Pb 14.8±0.65 13.3±2.4 
  Zn 30.4±2.9 29±2 
 CRM 278R (MT) Cd 0.313±0.03 0.348±0.007 
  Cu 8.4±1.0 9.45±0.13 
  Pb 3.2±2.2 2.0±0.04 
  Zn 84.3±14.5 83±1.7 
 BCR-CRM No. 279 (SL) Cd 0.216 ±0.017 0.274±0.022 
  Cu 11.3±1.1 13.14±0.37 
  Pb 15.7±1.0 13.48±0.36 
  Zn 58.1±8.9 51.3±1.2 
 TORT – 2 (T) Cd 25.2±2.2 26.7±0.6 
  Cu 100.1±6.3 106.0±10.0 
  Pb 0.679±0.4 0.35±0.13 
  Zn 172.6±14.3 180±6 

4. (F2) CRM 278R (MT) Cd 0.294±0.01 0.348±0.007 
  Cu 8.9±0.49 9.45±0.13 
  Pb 2.1±0.19 2.0±0.04 
  Zn 89.4 ±20.8 83±1.7 
 TORT – 2 (T) Cd 23.4±0.9 26.7±0.6 
  Cu 102.3±3.6 106.0±10.0 
  Pb 0.458±0.32 0.35±0.13 
  Zn 169.5±18.2 180±6 

*: The observed and certified values are given in means±95 % confidence intervals (µg g-1 dw) 
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Table 5. Cont. 

Analysis batch CRM Element * Observed * Certified 
5. (F3) CRM 278R (MT) Cd 0.302±0.02 0.348±0.007 

  Cu 8.7±0.67 9.45±0.13 
  Pb 2.5±0.34 2.0±0.04 
  Zn 85.4 ±16.7 83±1.7 
 TORT – 2 (T) Cd 24.6±2.3 26.7±0.6 
  Cu 98.5±15.7 106.0±10.0 
  Pb 0.458±0.29 0.35±0.13 
  Zn 173.1±12.7 180±6 

6. (F4) CRM 278R (MT) Cd 0.258±0.01 0.348±0.007 
  Cu 8.1±0.74 9.45±0.13 
  Pb 1.9±0.22 2.0±0.04 
  Zn 85.4±12.9 83±1.7 
 TORT – 2 (T) Cd 24.2±1.8 26.7±0.6 
  Cu 84.7±4.0 106.0±10.0 
  Pb 0.285±0.2 0.35±0.13 
  Zn 186.5±23.0 180±6 

7. (F5) CRM 278R (MT) Cd 0.230±0.04 0.348±0.007 
  Cu 8.4±0.35 9.45±0.13 
  Pb 2.2±0.41 2.0±0.04 
  Zn 88.1±15.9 83±1.7 
 TORT – 2 (T) Cd 25.0±1.4 26.7±0.6 
  Cu 83.8 ±1.4 106.0±10.0 
  Pb 0.716 ±0.48 0.35±0.13 
  Zn 217.0±33.7 180±6 

*: The observed and certified values are given in means±95 % confidence intervals (µg g-1 dw) 

 

6.4.2 Sediments, Carbon and Sulphur analysis by way of combustion 

Since carbon and sulphur contents may be useful in characterisation of sediment types, 
sediments sub-samples were assessed for total sulphur (ST) and total carbon (TC). This was 
done using a Carbon Sulphur Analyser (ELTRA® CS 500). Among other quality assurance 
measures, validation of the method of analysis was done using an in-house reference material, 
PS-S (Posidonian shale). The precision was assessed by calculating the relative standard 
deviations as shown in Table 6. The accuracy between the measured and the reference values 
was assessed by calculating the percent error (% error) between the two, using the following 
formula ((Measured-Reference)/ Reference)*100. 
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Table 6. The measured and the reference Carbon and Sulphur values (% dw) for the in-house reference 
material PS-S (Posidonian Shale). (Reference N = 400; Measured N = 3) 

Element  C  S 
Measured 

(Mean±RSD)12.7±1.23.3±1.8 
Reference 

(Mean±RSD)12.8±1.63.2±2.9 
% error 

(Accuracy) -0.98 +3.1 

 

1.3.2 Sediments elemental analysis by X-ray fluorescence (XRF) method 

Elemental analysis for the sediment samples was done using the X-ray fluorescence 
(XRF) method, according to Schnetger (2000). Samples were analysed for the following 
major and trace elements: SiO2, TiO2, Al2O3, Fe2O3 MnO, MgO, CaO, Na2O, K2O, P2O5, As, 
Ba, Co, Cr, Cu, Mo, Ni, Pb, Rb, Sr, U, V, Y, Zn and Zr. In the pre-analysis preparations, 
612±0.6 mg samples were weighed into separate 25 ml porcelain crucibles. Each sample was 
mixed with 3600±1.0 mg Li2B4O10 and ~ 1000 mg ammonium nitrate (NH4NO3 (p.a.)). The 
mixture was fused into glass beads/pellets. The beads were analysed using a Philips® PW 
2400 X-ray spectrometer which was calibrated with 29 carefully selected geostandards. The 
general in-house analytical precision was checked by parallel analysis of international 
reference material and in-house standards (e.g. DR-BS (Demerara Rise Black Shale)).  

For the current study, the precision was assessed by calculating the relative standard 
deviations as shown in Table 7. The accuracy between the measured and the reference values 
was assessed by calculating the percent error (% error) between the two, using the formula, 
((Measured-Reference)/ Reference)*100. Values thus obtained are shown in Table 4. The 
accuracy for majority of the major elements was within < 5 % error except for Mn. For the 
trace elements the accuracy was within < 15 % error except for Co, Cu and Pb. Factors that 
could affect the accuracy of some measurements include the following. For elements such as 
Co and Pb for instance, the concentrations were below the relevant limits of quantitation. On 
the other hand, background interferences caused by probable drift of the rhodium tube during 
elemental analysis, could affect the concentrations of elements such as Cu and Ni. In addition, 
during preparation of the pellets, the concentrations of an element like Cu could be affected 
by possible alloying with platinum, since the pellets are prepared in platinum crucibles. 

The general in-house limits of quantitation (∼ detection limits) have been calculated 
as, the minimum detection plus six standard deviations. These, particularly for the trace 
elements have been ascertained to be as follows, As = 6, Ba = 29, Co = 7, Cr = 9, Cu = 16, 
Mo = 6, Ni = 8, Pb = 15, Rb = 11, Sr = 97, U = 6, V = 8, Y = 8, Zn = 8, and Zr = 15. All units 
are in µg g-1 dw. However, in the current study, a concentration value of 5 µg g-1, was taken to 
be the relative quantitation limit benchmark.  
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Table 7. Comparison of the measured and the reference elemental values (Major elements; % dw, trace 
elements; µg g-1 dw) for the in-house reference material DR-BS (Demerara Rise Black Shale). (Measured 
N = 2; Reference N = 18) 

Element SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O 
Measured 

(Mean±RSD) 27.1±0.34 0.233±0.61 4.92±0.0 2.00±0.0 0.0085±8.30.910±1.624.4±0.411.34±0.53 0.875±0.81
Reference 

(Mean±RSD) 27.2±0.79 0.239±0.62 4.92±1.2 2.06±0.7 0.0021±11 0.921±1.524.4±0.74 1.30±4.2 0.844±2.9
% error 

(Accuracy) -0.49 -2.6 +0.06 -3.0 +313 -1.15 +0.08 +3.0 +3.6 
Element P2O5 As Ba Co Cr Cu Mo Ni Pb 
Measured 

(Mean±RSD)0.783±0.54 24±3 524±1.8 5±0.0 112±0.0 45±8.0 61±1.2 133±1.6 5±16 
Reference 

(Mean±RSD)0.775±0.99 22±2.8 518±1.9 6±17 131±1.3 64±3.5 69±4.2 147±1.3 3±29 
% error 

(Accuracy) +1.1 +7.6 +1.1 -20 -15 -31 -12 -10 +33 
Element Rb Sr U V Y Zn Zr   
Measured 

(Mean±RSD) 33±2.2 654±0.22 14±0.0 1010±0.0 20±3.6 565±0.38 46±4.7   
Reference 

(Mean±RSD) 31±4.9 722±1.3 16±5.3 1036±0.97 19±4 583±1.7 47±3   
% error 

(Accuracy) +5.4 -9.4 -13 -2.5 +4.2 -3.2 -3.7   

 

6.5. Statistical analysis 

6.5.1 Experimental samples statistical analysis 

6.5.1.1 Logistic regression models 

Initially, the time courses of metal uptake were evaluated using logistic regression 
models, employing the following formular.  

CA= C/(1+exp(a+b*time) 

Where CA is the metal concentration in animals [µg g-1 dw]; C, a and b are model constants 
with C being the estimated concentration in the animal at theoretical equilibrium.  

The calculations were done with SYSTAT for Windows (Version 10 (or higher)). 
Bioconcentrationfactors (BCFs) for theoretical equilibrium were calculated as:  

BCF = C / Cw  

C being the concentration in the organism at theoretical equilibrium and Cw the concentration 
in the water medium. 
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6.5.1.2 Two-Compartment models 

Time courses of metal uptake and depuration were evaluated employing two-
compartment models with test solutions as first and biota as second compartment. (Zauke et. 
al. 1995; Ritterhoff et. al. 1996). Model parameters were estimated simultaneously from the 
following equations, using non-linear iterative least square methods; for the uptake phase (0 
<t < t*, with t* = end of uptake phase):  

CA = C0 + Cw k1 / k2 (1 – e-k
²
t)              (1) 

and for the clearance phase (t > t*): 

CA = C0 + Cw k1 / k2 (e-k
²
 (t - t*) – e-k

²
t)             (2) 

where CA is mean metal concentration in animals [µg g-1 dw]; C0 a constant (t = 0); Cw the 
metal exposure concentration [µg ml-1]; k1 the rate constant for uptake and k2 the rate constant 
for clearance. The calculations were done with SYSTAT for Windows (Version 10 (or 
higher)), using the NONLIN subroutine and piecewise regression option (Wilkinson 1998, 
p.643 ff.). The goodness-of-fit was assessed with the aid of Lilliefors probabilities (2-tail) to 
test the normal distribution of residuals (Wilkinson 1998, p. 711), a corrected R2 (approximate 
coefficient of determination) and approximate t-ratios (parameter estimates / approx. standard 
errors, for the compartment models; Bates and Watts 1988, p. 90). Bioconcentrationfactors 
(BCFs) for theoretical equilibrium were calculated as: 

BCF = k1 / k2 = lim CA / Cw (for t → ∞)             (3) 

 

6.5.1.3 Verification of model parameters 

6.5.1.3.1 Assessment of model reproducibility 

A model verification is only possible on a heuristic base, since statistical procedures to 
test compartment models have not yet been established and it is not possible to obtain 
confidence limits for model predictions (Ritterhoff and Zauke, 1997b). Thus, in the current 
study, a comparison of the observed data for net metal accumulation in organisms (mainly, 
algae and chironomids), was made with model predictions based on independent results from 
separate toxicokinetic experiments. The comparison was made basically by visual inspection 
of the Figures.  

Literally, k1 and k2 parameter estimates (obtained using eq (1) with Cw being constant 
and the time being used as independent variable) of one time dependent toxicokinetic 
exposure were used to predict the model on a similar ‘replicate’ toxicokinetic exposure, to 
assess the reproducibility of the toxicokinetic model.  

If the two experiments are good replicates of each other, then it is possible to get a 
relatively acceptable model fitting the data of the second experiment from the parameters of 
the first. 
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The linear regressions were thus, plotted using EXCEL program to assess the 
'goodness of fit' between observed data and model predictions.  

 

6.5.1.3.2 Verification of the models as a prognostic tools for assessment of environmental 
quality 

Since metal uptake can generally be expressed by eq (4) (with the parameters as 
defined above), predictions can be obtained for a time dependent experiment with Cw as 
constant or for a concentration dependent experiment with t as constant (Clason et. al., 2003; 
Clason et. al., 2004b; Clason and Zauke, 2000; Ritterhoff and Zauke, 1997a).  

CA = f(CW,t)                      (4)  

When the kinetic parameters of the compartment model are invariant to CWi, (that is 
in, a time dependent exposure) the following model verification procedure applies. To verify 
a two-compartment model from the toxicokinetic study with data from a concentration-
dependent study, values for the model parameters k1 and k2 from the particular (time 
dependent) toxicokinetic exposure are used. A simulation is made with these parameters using 
eq [1], where CA is a linear function of CW, with all other parameters being constant within 
the given experiment. Consequently, corresponding predictions with the two-compartment 
model are always described by a straight line.  

In simple terms the uptake and elimination constants estimates from an uptake and 
elimination time course model prediction were used to guess/predict the concentration 
expected in the organism with increasing metal concentrations in the exposure medium, as 
compared to the actual concentrations that were observed. 

 

6.5.2 Sediment samples statistical analysis 

Basic statistics 

 Basic data analysis was done using EXCEL programme. Other basic statistics analysis 
were done using SYTAT for windows (version 11). Among the basic statistical tests, data was 
first tested for the normality of its distribution. This was done using the Kolmogorov Smirnov 
Lilliefors test. The assessment involves testing whether the data distribution around the mean 
follows the Gaussian normal distribution curve (i.e the bell shaped distribution curve). The 
significance of the data’s conformity with this distribution was given in probabilities (2-tail, 
Lilliefors probabilities). Data that was found to be normally distributed at 99 % significance 
level (where p > 0.01, thus accepting a null hypothesis of no difference), was referred to as 
parametric data. This test was done to determine whether a parametric or a non parametric 
statistical test would be suitable to test for the significance in difference between given 
variables. In this case the given variables were the average concentrations of specific 



6. Materials and Methods 
_____________________________________________________________________ 

60

elements. The difference to be tested was that between the average concentrations of the 
specific elements between the two ecosystems, namely Bogoria and Nakuru lakes.  

If a given element had the measured concentration values being of normal distribution 
in both lakes, that element was treated parametrically. Hence, the significance of the 
difference between the average concentrations of that element between the two lakes was thus 
tested using a parametric statistical test. The test used in this case was the student’s t-test. 
Before performing the t-test though, the (parametric) data was tested for equality of the 
variances of the two data sets (for each lake). This was done at 95 % confidence level 
(p=0.05). If p was greater than 0.05 (p>0.05), it meant that the variances were assumed to be 
equal. (When variances are assumed to be equal, it is assumed that the two data sets came 
from identical populations. In this case it can be assumed that the factors affecting a given 
element, and hence causing its difference in concentration between the lakes, are similar). 
Equal variances were hence pooled when performing the subsequent t-test. The t-test 
probabilities in this case were also calculated at 95 % confidence level (p=0.05). Thus, if p 
was less than 0.05 (p<0.05), it meant that the average concentrations of the specific element 
differed significantly between the two lakes.  

On the other hand, if an element was of normal distribution only in one lake, the data 
for that element was given non-parametric treatment. This was the same too, for an element 
which was not of normal distribution in both lakes. Hence, the significance in difference 
between the average concentrations of such an element in the two lakes, was tested using a 
non-parametric statistical test. The test utilised in this case was the Wilcoxon test. The 
probabilities for this test were as well at 95 % confidence level (P=0.05). If p was less than 
0.05 (p<0.05), it meant that the average concentrations of the particular element were 
significantly different between the two lakes. 

NB: A confidence interval (CI) is an interval estimate of a population parameter. 
Instead of estimating the parameter by a single value, a whole interval of likely estimates is 
given. Confidence intervals are thus used to indicate the reliability of the estimate, where by a 
result with a small CI is more reliable (precise) than a result with a large CI. The confidence 
interval therefore covers the unknown true population parameter at a given probability (e.g. 
95 %) 

 The confidence level (CL) is that probability value (1- ∝) associated with a 
confidence interval. It is often expressed as a percentage. For example, say ∝ = 0.05 = 5 %, 
then confidence level = (1-0.05) = 0.95, that is, a 95% confidence level. The confidence level 
is chosen based on the willingness to be ‘wrong’. It is the measure of how reliable (accurate) a 
statistical result is, expressed as a percentage that indicates the probability of the result being 
correct. 

 

Enrichment factors 

In further current study data analysis, enrichment factors (EFs) were calculated in 
order to compare the elemental levels in the investigated ecosystems with the elemental levels 
of average shale. The EFs were thus calculated as the element/aluminium ratio of the sample, 
divided by the element/aluminium ratio of average shale. 
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EF = (El/Alsample)/(El/Alshale) 

 

Relative enrichment thus, was expressed by an EF>1, while relative depletion was expressed 
by and EF<1. This method of calculating the EFs was as according to Brumsack (2006.) 
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7. RESULTS 

7.1 Results of the laboratory experiments analysis 

7.1.1 Algae 

7.1.1.1 Algae, elemental uptake and elimination time courses. 

 Preliminary algae uptake and elimination time dependent experiments were first set up 
with an intention of establishing a favourable duration, for particularly the uptake phase. A 
favourable duration in this case, was considered to be one in which the uptake phase did not 
go beyond the exponential range of a normal Sigmoid curve. This is because, when within 
the exponential phase, it means there is a net gain from the concurrent uptake and elimination 
processes. However, beyond the exponential phase where the curve becomes asymptotic, the 
implication is that, there would be no further net gain, irrespective of any further duration in 
the time of the experiment.  
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Figure 4. Logistic regression elemental uptake time courses for L. Elementaita algae, A. fusiformis, (E1).  

 

As an example, results of a 4 days uptake and 1 day depuration (but all data from the 5 
days was utilised as uptake data) experiment (E1), using algae from L. Elementaita, showed 
that metal uptake in algae is likely to occur fast and reach a saturation within the span of such 
a few days. This is shown in Figure 4, where logistic regression models for that experiment 
did attain the asymptotic level. The R2 values as seen in Table 8 were at least ≥ 0.5 (for 
particularly Cd, Cu and Pb, with an exception of Zn for which the R2 values was 0.25), 
indicating that a considerable proportion of the variance between the expected and 
observed data points was taken into account by the model. The BCFs (See Table 8) being 
basically higher than zero confirmed that metal uptake did occur. 

However, a key intention in the current study, was to assess metal uptake and 
elimination time courses for the various organisms, using two compartment toxicokinetic 
models. Hence the prior necessity to establish at first, a favourable uptake phase range that 
did not exceed the exponential phase. Considering the results observed (as demonstrated 
above) from algae experiments within days, shorter time duration algae experiments were 
consequently set up. These were within hours, where the uptake phase lasted 5 hours, while 
the depuration phase lasted an equal 5 hours as well.  
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Logistic regressions for the uptake phase in experiment two, as seen in Figure 5 for 
instance, demonstrated that metal uptake for particularly Cd and Pb, did not substantially 
exceed the exponential uptake phase, within the 5 hours. Cu was seen to be taken up more 
rapidly, thus going beyond the exponential range, while for Zn, it was again not possible to 
fit a relatively favourable model.  
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Figure 5. Logistic regression elemental uptake time courses for L. Elementaita algae, A. fusiformis, (E2). 

 

The R2 values as seen in Table 8 were higher than 0.5 (except for Zn), hence, the 
variance between the observed and the predicted values was well represented in the models. 
The BCFs (See Table 8) were also, greater than zero thus confirming the occurrence of the 
metal uptake.  

 

Table 8. Parameter estimates and bioconcentration factors (BCFs) for algae (A. fusiformis) in preliminary 
experiments one and two. 

Organism Exp. Metal Cw (µg ml-1) C±95 % Cl t A±95 % Cl t B±95 % Cl t BCF (C/Cw) Df R2 

A. fusiformis 1 Cd 0.005 1.7±0.34 10.2 57±6 18.8 -1.13 - 340 20 0.586

A. fusiformis 2 Cd 0.005 0.44±0.21 4.7 1.4±1.3 2.4 -0.83±1.0 -1.8 90 11 0.752

A. fusiformis 1 Cu 0.03 19±5 7.6 9.2±27 0.7 -0.14±0.4 -0.7 630 20 0.490

A. fusiformis 2 Cu 0.03 13±2 13.5 2.9±7 1.0 -4.7±7 -1.5 440 11 0.788

A. fusiformis 1 Pb 0.02 1.6±0.28 12.1 2.5±3 1.7 -0.066±0.08 -1.7 80 20 0.620

A. fusiformis 2 Pb 0.02 0.92±0.24 8.7 1.1±0.68 3.5 -0.81±0.6 -3.0 45 11 0.879

A. fusiformis 1 Zn 0.06 26±16 3.4 4.0±12 0.7 -0.069±0.23 -0.6 440 20 0.255

A. fusiformis 2 Zn 0.06 4.5±3 4.0 0.56±2.9 0.4 -1.2±4 -0.8 75 10 0.248

 

A two compartment toxicokinetic model for the combined uptake and elimination 
phases for experiment two (E2), did as well reveal differential element dependent uptake and 
elimination time courses, as shown in Figure 6.  
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Figure 6. Elemental uptake and elimination time courses for L. Elementaita algae, A. fusiformis, (E2). 

 

Cadmium and Cu demonstrated more reliable models as compared to Pb and Zn. As 
shown in Table 9, the R2 values in both cases for Cd and Cu, were just about 0.5, indicating 
that on average, a significant amount of variance between the observed and the predicted data 
trends was represented in the models. Additionally, the t-values for the k1 (constant rate of 
uptake) and k2 (constant rate of elimination) parameter estimates were greater than the critical 
value of two (See Table 9), indicating that the uptake and elimination processes were after all, 
significant. (A t-value ≥ 2 shows that the value being tested is significantly different from an 
absolute value of zero) 

In light of the above, algae uptake and elimination experiments within the duration of 
hours, were considered to be more favourable for the current study, than algae uptake and 
elimination experiments within the duration of days. 

Subsequent algae experiments in the field work were carried out using algal bloom 
(though interchangeably referred to as algae in the text), as opposed to pure crop algal 
cultures, as was used in the preliminary studies. The use of algal bloom was considered 
feasible because it gave a more relevant representation of the conditions of the algae’s natural 
occurrence. 

The initial algal bloom experiment (E3) was carried out during the first field work 
using algal bloom from L. Bogoria. In this experiment, once again, better models were 
obtained for Cd and Cu as compared to Pb and Zn (See Figure 7). In both cases (for Cd and 
Cu) the R2 values were above 0.5, while the t-values for the parameter estimates were also 
above 2, indicating that the estimated values were statistically different from zero in 
significance (See Table 9). In confirmation of this, the confidence intervals for these 
parameters did not as well include an absolute value of zero, meaning that the uptake and 
elimination processes did occur and were in deed, significant.  
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Figure 7. Elemental uptake and elimination time courses for L. Bogoria algae A. fusiformis (algal bloom), 
(E3). 

 

More algae experiments were set up during the second field work. It may be worth 
noting here that, in the above previous experiments, nominal metal concentrations of 0.005, 
0.03, 0.02, 0.06 µg ml-1 for Cd, Cu, Pb and Zn, respectively, were utilised. The experiments 
during the second field work however, were carried out not only using the nominal metal 
concentrations, which were referred to as single dose, but also using other varying elemental 
concentration levels. These were namely, the double (0.01, 0.06, 0.04 and 0.12 µg g-1 Cd, Cu, 
Pb and Zn, respectively) and the triple (0.015, 0.09, 0.06 and 0.18 µg g-1 Cd, Cu, Pb and Zn, 
respectively) dose concentration levels. 

Since Cd and Cu elements did more often than not, produce better models, as 
compared to Pb and Zn, subsequent models were mainly fitted for the uptake and elimination 
time courses for the Cd and Cu elements. 

Figure 8 a shows the uptake and elimination time courses for the time dependent 
single dose exposure, using algae from L. Bogoria, while Figure 8 b and Figure 8 c, shows 
the uptake and elimination time courses for the respective double and triple dose exposures. 
In the single dose exposure with Bogoria algae, reliable models were obtained for the Cd and 
Cu elements, with R2 values of 0.779 (E4_Cd) and 0.917 (E4_Cu) respectively, as seen in 
Table 9. Just like in the previous results, this meant that in general, those models did fit the 
data trends. In addition, the t-values for the k1 and k2 parameter estimates for the models 
were higher than the critical value of two (see Table 9). Hence, the estimated parameters were 
considerably higher than zero, meaning that the uptake and elimination processes were 
tangible. The fact that the actual values of the k1 parameter estimates in this and other 
experiments, tended to be higher than the values of the k2 parameter estimates, was an 
indication that though the uptake and elimination processes were happening simultaneously, 
the rate for uptake was higher than the rate for elimination, thus leading to a net 
accumulation.  

Likewise, reliable models were, as shown in Fig. 9 a., obtained for particularly Cd and 
Cu in the single dose exposures with algae from L. Nakuru (R2 E7_Cd = 0.796 and E7_Cu = 
0.735 (Table 9.)). The t-values for the k1 and k2 parameter estimates were as well above the 
critical value of two. 
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Figure 8. Elemental uptake and elimination time courses for L. Bogoria algae (algal bloom), a = single 
(E4), b = double (E5) and c = triple (E6), exposure doses. 

 

For the double dose exposures on Bogoria algae (Fig. 8 b), better models were 
obtained for Cd and Cu with R2 values of 0.883 and 0.762 for E5_Cd and E5_Cu respectively, 
and with t-values for estimated parameters being as well above 2 (Table 9). However, for the 
double dose exposure using algae from L. Nakuru (Fig. 9 b), a relatively reliable model was 
only obtained for Cu (R2 E8_Cu = 0.804, t-values for both k1 and k2 = > 2 (Table 9)), as 
compared to Cd (R2 E8_Cd = 0.903, t-value for k2 = negative (- 1.4) (Table 9)). Although Cd 
also exhibited a high (higher than 0.5) R2 value, indicating that the model fitted the data, the t-
value for the k2 parameter estimate was nevertheless, negative. Thus indicating that the 
depuration process was hampered. Hence, Cd went on to increase even during the depuration 
phase, therefore yielding a relatively straight line (Fig. 9 b).  

On the other hand, a double dose exposure with algae from L. Sonachi (Fig. 10 a), 
conformed more to observations made with algae from L. Bogoria, than with observations 
from Nakuru algae. Reliable models were obtained for Cd and Cu (R2 E10_Cd = 0.620, 
E10_Cu = 0.524). Values of the t-statistic for the k1 and k2 parameter estimates were also 
relatively acceptable (> 2), except that the t-value for the k2 parameter estimate for Cd, was 
1.9 (Table 9). This meant that, though depuration did occur, probably not all the data points’ 
variance, with respect to depuration, was significantly accounted for by the model, thus the 
depuration might have been somewhat impeded.  
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Figure 9. Elemental uptake and elimination time courses for L. Nakuru algae (algal bloom), a = single 
(E7), b = double (E8) and c = triple (E9), exposure doses. 
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Figure 10. Elemental uptake and elimination time courses for L. Sonachi algae (algal bloom), a = double 
(E10) and b = triple (E11), exposure doses. 
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Table 9. Two compartment toxicokinetic model parameter estimates for the A. fusiformis algal bloom 
from lake Bogoria, Nakuru, Sonachi, Elementaita 

Organism Exp. Metal Cw (µg ml-1) k1±95 % Cl t k2±95 % Cl t BCF (k1/k2) df R2 

A. fusiformis E2 (E2) Cd 0.005 26±9 5.9 0.19±0.12 3.4 135 19 0.496

A. fusiformis E3 (BA) Cd 0.005 22±5 8.8 0.14±0.07 4.1 160 18 0.776

A. fusiformis E4 (tab1) Cd 0.005 31±16 4.3 0.37±0.25 3.3 80 11 0.779

A. fusiformis E7 (tan1) Cd 0.005 562±146 8.5 0.16±0.08 4.5 3450 12 0.796

A. fusiformis E5 (tab2) Cd 0.01 35±8 9.7 0.19±0.07 6.0 180 10 0.883

A. fusiformis E8 (tan2) Cd 0.01 51±15 7.9 -0.035±0.06 -1.4 -1470 10 0.903

A. fusiformis E10 (tas2) Cd 0.01 256±144 4.0 0.11±0.14 1.9 2270 10 0.620

A. fusiformis E6 (tab3) Cd 0.015 19±5 8.3 0.15±0.08 4.4 130 10 0.827

A. fusiformis E9 (tan3) Cd 0.015 23±12 4.4 -0.11±0.08 -2.9 -220 12 0.787

A. fusiformis E11 (tas3) Cd 0.015 111±32 7.7 0.067±0.07 2.2 1660 10 0.836

A. fusiformis E2 (E2) Cu 0.03 148±53 5.9 0.13±0.11 2.6 1120 19 0.470

A. fusiformis E3 (BA) Cu 0.03 34±12 5.8 0.26±0.14 4.0 130 18 0.570

A. fusiformis E4 (tab1) Cu 0.03 58±29 4.5 0.79±0.42 4.2 70 11 0.917

A. fusiformis E7 (tan1) Cu 0.03 60±19 7.0 0.18±0.11 3.7 340 11 0.735

A. fusiformis E5 (tab2) Cu 0.06 61±28 5.0 0.46±0.25 4.2 130 10 0.762

A. fusiformis E8 (tan2) Cu 0.06 93±28 7.4 0.082±0.07 2.5 1130 10 0.804

A. fusiformis E10 (tas2) Cu 0.06 50±30 3.8 0.21±0.18 2.7 240 10 0.524

A. fusiformis E6 (tab3) Cu 0.09 77±30 5.8 0.27±0.15 4.2 180 10 0.712

A. fusiformis E9 (tan3) Cu 0.09 121±18 14.6 0.029±0.03 2.0 4170 12 0.947

A. fusiformis E11 (tas3) Cu 0.09 84±25 7.6 0.15±0.09 4.0 550 10 0.795

 

For a triple dose exposure using algae from L. Bogoria (Fig. 8 c), again, better models 
were obtained for Cd and Cu with R2 values of 0.827 and 0.712 for E6_Cd and E6_Cu, 
respectively. The t-values for the k1 and k2 parameter estimates were as well above 2 (Table 
9). However, on the contrary, just like in the case with the double dose exposures, a triple 
dose exposure using Nakuru algae (Fig. 9 c) did not yield relatively reliable models, not even 
for the Cd and Cu, let alone other elements. Once again, though for instance in the case of Cd 
and Cu the R2 values were high (E9_Cd = 0.787, E9_Cu = 0.947), meaning that the models 
did fit the data trends, the t-value for the elimination parameter for Cd, was negative (-2.9). 
This meant that depuration deed not even take place, hence an almost straight line was 
obtained for the Cd model (Fig 9 c). For the Cu, although the t-value for the k2 parameter 
estimate was 2, the confidence interval for that parameter nevertheless, indicated that the 
parameter estimate might have as well been zero. Hence the depuration was not so distinctive.  

On the other hand, using algae from L. Sonachi (Fig. 10 b), under a triple dose 
exposure, reliable models were obtained for the Cd and Cu (R2 E11_Cd = 0.836, E11_Cu = 
0.795 ) elements. In that case, the t-values for the k1 and k2 parameter estimates were greater 
than 2 (Table 9). The confidence interval however, for the k2 parameter for Cd, showed that, 
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that parameter estimate could have as well been zero. This meant that in that case, not all the 
variations in the data points for the depuration phase were significantly explained by the 
model, thus indicating that the depuration process was in a way hampered. 

 

7.1.1.2 Algae, elemental uptake time courses, model reproducibility verifications 

Model verifications with independent experimental data showed that model 
reproducibility was element specific. Additionally, in the case of the current study, the 
models verifications outcome also tended to be influenced by the nature of the medium/lake 
in which the organism (algae) occurred. 

Perfect correlations were obtained for both Cd and Cu elements, using data from a 
Bogoria algae experiment (E3), fitted with model parameters from another Bogoria algae 
experiment (E4), both being at the same exposure concentration levels (Fig. 11 a). 

A verification using a Bogoria algae experiment (E3) data, fitted with Elementaita 
algae experiment (E2) model parameters, yielded a good prediction for Cd. However, the 
Elementaita algae model parameters overestimated the expected Cu (in Bogoria algae as 
compared to the observed levels (Fig. 11 b)). The same Elementaita algae (E2) model 
parameters did as well overestimate Nakuru algae (E7) Cu, while they (the Elementaita model 
parameters) highly underestimated the Nakuru algae Cd (Fig. 11 c). The Nakuru algae (E7) 
model parameters on the other hand, in another verification, overestimated both Cd and Cu 
for Bogoria algae (E4) (Fig. 11 d). 
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Figure 11. Algae metal uptake time course model reproducibility verifications. (d = data, m.p = model 
parameters) 

 

7.1.1.3 Algae, concentration dependent elemental uptake trends 

Figure 12 a, b, c and d. shows the concentration dependent exposure metal uptake 
trends for algae from L. Bogoria for the lower (Cd = 0.006 – 0.056, Cu = 0.037 – 0.337, Pb = 
0.025 – 0.225 and Zn = 0.075 – 0.674 µg ml-1) (Fig. 12 a, b and c), and the higher (Cd = 0.012 
– 0.112, Cu = 0.075 – 0.672, Pb = 0.050 – 0.448 and Zn = 0.150 – 1.344 µg ml-1) (Fig. 12 d), 
concentration dependent exposure ranges. In the concentration dependent exposures with 
algae form L. Bogoria, a general propensity towards an increase in metal concentrations in 
algae, with an increase in exposure concentrations was exhibited. Nevertheless, the trends did 
differ between, one, the elements, two, between replicates and three, between the extents of 
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exposure ranges. For instance, in the first exposure (Fig. 12 a), Cd and Cu exhibited better 
trends for increase in concentration in algae with increase in exposure concentrations, as 
compared to Pb and Zn. However, in a second replicate exposure (Fig. 12 b) and a third one 
as well (Fig. 12 c), maintaining the same exposure range as in the first (Fig. 12 a), all the 
elements particularly Cd, Cu, Pb and Zn to some extent, exhibited trends with a considerable 
propensity towards an increase in metal concentrations in algae, with increasing exposure 
concentrations. On the other hand, in a fourth exposure (Fig. 12 d) with an extended exposure 
range, Cd and Cu (as compared to Pb and Zn) somehow exhibited the propensity towards an 
increase in concentration in the algae, with an increase in exposure concentrations. 
Nevertheless, the data points in the fourth exposure (Fig. 12 d), tended to be more scattered 
for all the four elements (Cd, Cu, Pb and Zn), as compared to trends observed in the other 
exposures (Fig. 12 a, b and c) of the lower range concentrations.  

Figure 13. shows the concentration dependent exposure metal trends for algae from L. 
Nakuru for the lower (Cd = 0.006 – 0.056, Cu = 0.037 – 0.337, Pb = 0.025 – 0.225 and Zn = 
0.075 – 0.674 µg ml-1) (Fig. 13 a, b and c.) and the higher (Cd = 0.012 – 0.112, Cu = 0.075 – 
0.672, Pb = 0.050 – 0.448 and Zn = 0.150 – 1.344 µg ml-1) (Fig. 13 d.) concentration 
dependent exposure ranges. In these concentration dependent exposures with algae form L. 
Nakuru, the accumulation trends, just like with Bogoria algae, generally exhibited the 
tendency for metal concentrations in algae to increase with increase in the exposure 
concentrations. However, once again, just like with the Bogoria algae, contrary to the 
expected rule of thumb (increase in concentration in organisms with increase in exposure 
concentrations), the accumulation trends differed in some cases, even between replicate 
exposures. Nonetheless, Cu trends were a notable exception, in the case of Nakuru algae. 
This is because, Cu, consistently (in all the three replicate exposures, Fig. 13 a, b and c) 
exhibited distinct trends of increase in concentration in algae, with increase in exposure 
concentrations. In deed, this trend was maintained even when the exposure concentration 
range was extended in the fourth exposure (Fig. 13 d). 
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Figure 12. Concentration dependent metal uptake trends for L. Bogoria algae (a – c = lower concentration 
range, while d = higher concentration range) 
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Figure 13. Concentration dependent metal uptake trends for L. Nakuru algae (a – c = lower concentration 
range, while d = higher concentration range) 

 

7.1.1.4. Algae, time dependent model verifications, though prediction of concentration 
dependent outcomes.  

Since models for the uptake and elimination time courses were basically fitted for the 
Cd and Cu elements, the model verifications were similarly done for the same elements.  

The verifications were in this case done by way of predicting expected concentration 
dependent exposure outcomes, (using the obtained model parameters of the uptake and 
elimination time courses), and comparing those (predicted ones), with the actual observations. 
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7.1.1.4.1 Nakuru algae, copper model verifications 

 In the case of Cu for Nakuru algae, a perfect fit was first obtained for the lower 
concentration dependent exposure range of 0.037 - 0.337 µg ml-1 Cu, using the model 
parameters of a 0.06 µg ml-1 Cu time dependent exposure, from the same lake. (Fig. 14 A, e). 
A close to perfect prediction was also obtained for the same range of exposure (0.037 - 0.337 
µg ml-1 Cu), when predicted using model parameters from a triple (0.09 µg ml-1 Cu) 
concentration exposure from the same lake (Nakuru) (Fig. 14 A, h). A single (0.03 µg ml-1 
Cu) time dependent exposure for Elementaita algae and a triple (0.09 µg ml-1 Cu) time 
dependent exposure for Sonachi algae, did also produced almost perfect predictions for the 
0.037 - 0.337 µg ml-1 Cu concentration dependent exposure range, for the Nakuru algae (Figs. 
14 A, d and j, respectively). 

 Still for Nakuru algae, on broadening the exposure range (0.075 - 0.672 µg ml-1 Cu), 
reliable predictions were obtained using particularly the double (0.06 µg ml-1) Cu time 
dependent exposure model parameters from L. Nakuru and a 0.9 µg ml-1 time dependent 
exposure from L. Sonachi (Figs. 14 B, e and j, respectively). 

Thus, in the case of Nakuru Cu, it seems like at the lower concentration dependent 
exposure level, there is a high predictability chance for concentration dependent outcomes, 
when using time dependent exposure model parameters from the same ecosystem/lake. 
Increasing either the concentration in the time dependent exposures or extending the exposure 
concentration range in the concentration dependent experiments, may either increase or 
decrease the predictability probability within and between ecosystems. However, this 
variation in predictability probability seems to have a limitation (‘by chance’), towards 
obtaining perfect fits, after which the predictions may become deviant. 

 

7.1.1.4.2 Bogoria algae, copper model verifications 

 On the other hand, in the case of L. Bogoria Cu, contrary to observations made with 
Nakuru Cu, there was a general overestimation for the lower concentration dependent 
exposure range, irrespective of whichever time dependent exposure model parameters were 
utilised. For the higher concentration dependent exposure range however, relatively 
acceptable predictions were obtained particularly using the 0.03 µg ml-1 Cu time dependent 
exposure model parameters from the same lake (See Figs. 15 B a and c). All other predictions 
were basically overestimates, irrespective of the time dependent exposure model parameters 
utilised. The overestimation though was at varying levels in magnitude. 
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Figure 14. Nakuru algae, lower range (0.037 - 0.337 µg ml-1) (Fig. 14 A) and higher range (0.075 - 0.672 µg 
ml-1) (Fig. 14 B) Cu concentration dependent exposure data (Fig. 13 a and d, respectively), predicted with 
Cu model parameters of the various time dependent experiments. (a=E7, b=E4, c=E3, d=E2, e=E8, f=E5, 
g=E10, h=E9, i=E6 and j=E11) (a – d = 0.03, e – g = 0.06 while h – j = 0.09 µg ml-1 Cu) 
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Figure 15. Bogoria algae, lower range (0.037 - 0.337 µg ml-1) (Fig. 15 A) and higher range (0.075 - 0.672 µg 
ml-1) (Fig. 15 B) Cu concentration dependent exposure data (Fig. 12 a and d, respectively), predicted with 
Cu model parameters of the various time dependent experiments. (a=E4, b=E7, c=E3, d=E2, e=E5, f=E8, 
g=E10, h=E6, i=E9 and j=E11) (a – d = 0.03, e – g = 0.06 while h – j = 0.09 µg ml-1 Cu) 
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7.1.1.4.3 Nakuru algae, cadmium model verifications 

For L. Nakuru Cd concentration dependent exposure predictions, a perfect fit was 
obtained for the lower concentration dependent exposure range using the triple (0.015 µg ml-1 

Cd) time dependent exposure model parameters, of an algae experiment from the same lake 
(Fig. 16 A, h). A near perfect fit was also attained using, among others, the double (0.01 µg 
ml-1 Cd) time dependent exposure model parameter of and experiment with algae from L. 
Bogoria. 

Upon extension of the concentration dependent exposure range (0.012 – 0.112 µg ml-1 

Cd), Nakuru Cd was mainly overestimated, though at different levels in magnitude, but by 
all the utilised time dependent exposure model parameters. 

 

7.1.1.4.4 Bogoria algae, cadmium model verifications 

In the case of Bogoria on the other hand, at the lower concentration dependent 
exposure range (0.006 - 0.056 µg ml-1 Cd), Bogoria Cd was basically overestimated by all 
the utilised time dependent exposure model parameters. However, at the higher concentration 
dependent exposure range (0.012 - 0.112 µg ml-1 Cd), Bogoria Cd was relatively well 
predicted using the model parameters of time dependent exposures on algae from the same 
lake (Bogoria) (Fig. 17 B, a, c, e and h), as well as using that from L. Elementaita (Fig. 17 B, 
d). This was irrespective of the exposure concentration of the particular time dependent 
experiment.  

On the contrary though, the Bogoria Cd was basically overestimated, although at 
different levels of magnitude, by the time dependent experiment model parameters of both 
Nakuru (Fig. 17 B, b, f and i) and Sonachi (Fig. 17 B, g and j) algae. 
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Figure 16. Nakuru algae, lower range (0.006 - 0.056 µg ml-1) (Fig. 16 A) and higher range (0.012 - 0.112 µg 
ml-1) (Fig. 16 B) Cd concentration dependent exposure data (Fig. 13 a and d, respectively), predicted with 
Cd model parameters of the various time dependent experiments. (a=E7, b=E4, c=E3, d=E2, e=E8, f=E5, 
g=E10, h=E9, i=E6 and j=E11) (a – d = 0.005, e – g = 0.01 while h – j = 0.015 µg ml-1 Cd) 
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Figure 17. Bogoria algae, lower range (0.006 - 0.056 µg ml-1) (Fig. 17 A) and higher range (0.012 - 0.112 µg 
ml-1) (Fig. 17 B) Cd concentration dependent exposure data (Fig. 12 a and d, respectively), predicted with 
Cd model parameters of the various time dependent experiments. (a=E4, b=E7, c=E3, d=E2, e=E5, f=E8, 
g=E10, h=E6, i=E9 and j=E11) (a – d = 0.005, e – g = 0.01 while h – j = 0.015 µg ml-1 Cd) 
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7.1.1.4.5 General comparison of Nakuru and Bogoria algae model verifications  

The highest predictability probability was attained for Cu in L. Nakuru algae. On 
the contrary, there was an obvious overestimation tendency for Cu in the case of L. Bogoria 
algae. Nakuru Cd also exhibited a higher predictability chance as compared to Bogoria Cd as 
well. 

 It is however worth noting that Cd was better predicted at the lower (0.006 – 0.056 
µg ml-1) concentration dependent exposure range in Nakuru algae, while Bogoria Cd 
exhibited a predictability possibility, but only at the higher (0.012 – 0.112 µg ml-1) 
concentration dependent exposure range. 

In essence therefore, it seems like the metal uptake predictability, and hence the model 
verification authenticity, depends on the levels of concentrations utilised in both, the time 
dependent, as well as, the concentration dependent exposures. This is also influenced by the 
medium in which the investigated organism (in this case, algae) occurs, however with the 
predictability probability being higher, for model verifications of experiments with organisms 
from the same ecosystem. 

 

7.1.2 Other Organisms 

 Apart from algae, an attempt was also made, in the current study, to investigate some 
other organisms as potential biomonitors. These organisms included, gammarids (G. 
zaddachi), fish (A. grahami) and chironomids (L. deribae). 

 

7.1.2.1 Gammarids 

7.1.2.1.1 Gammarids, elemental uptake and elimination time courses 

 Gammarids were first utilized in the preliminary studies to get an insight into a 
favourable duration of uptake and elimination time courses for other organisms (apart from 
algae), likely to be employed in the current study. It was postulated and established that, such 
experiments would preferably last days as opposed to hours, as in the case of algae. This is 
because it took a longer duration of time for these organisms to take up, as well as to depurate 
the metals, due to their comparatively more complex biological processes. 

For the gammarids, reliable models were obtained for all the assessed elements (Cd, 
Cu and Pb), except Zn. As shown in Figure 18 a, a noteworthy observation from these results 
was that, when data values for individual organisms were utilized, the variation of the data 
points was not well represented in the model. This was indicated in the R2 values, which were 
low (lower than 0.5) (See Table 10). That was irrespective of the fact that the t-values for the 
k1 and k2 parameter estimates were greater than two (See Table 10), meaning that the uptake 
and elimination processes were nevertheless significant.  
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Figure 18. Gammarids, metal uptake and elimination time courses (a) = individuals (b) = averages. 

 

The variance in the data points was mainly attributed to the inter-individual variance, 
that is inherent in any group of organisms. However, when sample averages (as opposed to 
individual values) were utilized, the model fits were more precise (Figure 18 b) and the R2 
values were well above 0.5 (See Table 10). 

 

Table 10. Two compartment toxicokinetic model parameter estimates for the G. zaddachi from River 
Rittrumer-Mühlenbach 

Organism Exp. Metal Cw (µg ml-1) k1±95 % Cl t k2±95 % Cl t BCF (k1/k2) df R2 

G. zaddachi 1 Cd 0.005 4.1±1.2 6.8 0.003±0.002 3.4 1350 28 0.495

G. zaddachi 1x Cd 0.005 4.0±1.5 6.2 0.003±0.002 2.9 1320 9 0.770

G. zaddachi 1 Cu 0.03 6.6±4.1 3.3 0.015±0.011 3.1 440 28 0.314

G. zaddachi 1x Cu 0.03 6.4±4.3 3.4 0.015±0.012 3.1 430 9 0.764

G. zaddachi 1 Pb 0.02 1.2±1.1 2.3 0.016±0.015 2.1 75 28 0.280

G. zaddachi 1x Pb 0.02 1.8±1.4 2.9 0.016±0.014 2.6 110 9 0.712
x = for averages 

 

7.1.2.2 Fish 

7.1.2.2.1 Fish, elemental uptake and elimination time courses  

 Fish, particularly A. grahami, was given a consideration in the current study, being the 
only fish that is known to thrive in some of, the biodiversity poor, Kenyan Saline Lakes. Data 
plots of uptake and elimination time courses for the fish experiments are shown in Figure 19 a 
– c. The first (Fig. 19 a) and the second (Fig. 19 b) experiments were of similar single dose 
medium elemental concentrations (0.005, 0.03, 0.02 and 0.06 µg ml-1, for Cd, Cu, Pb and Zn 
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respectively), while the third (Fig. 19 c) was of a double elemental medium concentration. 
Irrespective of the metal concentrations in the medium, results from these fish experiments 
showed that, basically there was an apparent uptake of metals, but the elimination was 
however not obvious. This was indicated by the fact that, the t-values (See Table 11) for the 
k1 estimate parameters were above 2 for all the elements in all the experiments. However, on 
the other hand, t-values for the k2 parameter estimates were more often than not below 2 
except for instance, in the case of Pb. However, even in that case of lead, the 95% confidence 
intervals for the k2 estimate parameters (particularly for experiment 1 and 2) were not 
necessarily, significantly different from zero (See Table 11), meaning that the k2 parameters 
could have as well been zero.  
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Figure 19. Elemental uptake time course for fish A. grahami from Lake Nakuru, experiments 1, 2 and 3  
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Table 11. Two compartment toxicokinetic model parameter estimates for the A. grahami from L. Nakuru. 

Organism Exp. Metal Cw (µg ml-1) k1±95 % Cl t k2±95 % Cl t BCF (k1/k2) df R2 

A. grahami 1 Cd 0.005 0.88±0.36 5.2 0.001±0.002 0.9 880 18 0.749

A. grahami 2 Cd 0.005 1.0±0.28 8.5 0.001±0.002 2.7 1020 9 0.865

A. grahami 3 Cd 0.01 0.36±0.18 4.2 0.001±0.002 1.1 360 20 0.391

A. grahami 1 Cu 0.03 1.6±0.57 5.9 0.002±0.002 1.8 790 18 0.732

A. grahami 2 Cu 0.03 1.5±0.54 6.2 0.001±0.002 1.9 1460 9 0.707

A. grahami 3 Cu 0.06 0.37±0.21 3.6 0.000±0.003 -0.2 - 20 0.336

A. grahami 1 Pb 0.02 0.43±0.22 4.1 0.004±0.004 2.4 110 17 0.526

A. grahami 2 Pb 0.02 0.24±0.13 4.1 0.004±0.004 2.5 60 9 0.615

A. grahami 3 Pb 0.04 0.21±0.09 5.1 0.005±0.003 3.2 40 20 0.508

A. grahami 1 Zn 0.06 9.6±4.0 5.1 0.002±0.002 1.7 4820 18 0.635

A. grahami 2 Zn 0.06 - - - - - - - 

A. grahami 3 Zn 0.12 1.7±1.4 2.6 -0.001±0.004 -0.6 -1730 20 0.161

 

7.1.2.3 Chironomids 

7.1.2.3.1 Chironomids elemental uptake and elimination time courses  

 In terms of size, chironomids, particularly L. deribae (being about 1 mm in length), 
were a favorable candidate in the current study, because a single sample for elemental 
analysis (10 mg dw), would contain many (10 - 20) individuals of the organism. Hence, 
overcoming the inter-individual variation limitation, observed for instance, in the case of 
gammarids, in the preliminary studies.  

In the first chironomids experiment (Figure 20 a), which was of the nominal elemental 
medium concentrations (0.005, 0.03, 0.02 and 0.06 µg ml-1, for Cd, Cu, Pb and Zn 
respectively), relatively reliable models were obtained for particularly Cd and Cu, and Zn to a 
remote extent. As seen in Table 12, the R2 values for those models (Cd and Cu) were above 
0.5, while the t-values for their k1 and k2 parameter estimates were more than 2. The model 
for Zn, though nevertheless presented, had an R2 value of less tan 0.5 and a k2 parameter 
estimate value with a confidence interval that could include a value of zero. The t-value 
though, for that k2 parameter estimate (for Zn), was in spite of that, about 2. It was not 
possible to fit a model for Pb in that experiment. 

 In the second chironomid experiment (Figure 20 b), which was of double (0.01, 0.06, 
0.04 and 0.12 µg ml-1, for Cd, Cu, Pb and Zn respectively) elemental medium concentrations, 
relatively reliable models were obtained for all the investigated elements (Cd, Cu Pb and Zn). 
All those models, as seen in Table 12, exhibited higher than 0.5 R2 values and had k1 and k2 
model parameter estimates with t-values greater than 2. Just to note, the k2 parameter estimate 
for the Zn model though, had a confidence interval that could include zero. 
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Figure 20. Elemental uptake time course for L. deribae from Lake Bogoria, experiments 1 and 2. 

 

Table 12. Two compartment toxicokinetic model parameter estimates for the L. deribae from L. Bogoria 

Organism Exp. Metal Cw (µg ml-1) k1±95 % Cl t k2±95 % Cl t BCF (k1/k2) df R2 

L. deribae 1 Cd 0.005 1.4±0.5 6.7 0.004±0.003 3.4 340 13 0.742

L. deribae 2 Cd 0.01 2.2±1.0 4.9 0.009±0.005 4.3 240 11 0.776

L. deribae 1 Cu 0.03 2.8±1.1 5.5 0.008±0.005 4.1 350 13 0.565

L. deribae 2 Cu 0.06 2.5±1.3 4.6 0.009±0.005 4.0 280 10 0.658

L. deribae 2 Pb 0.04 4.6±2.8 3.6 0.009±0.007 3.2 510 11 0.805

L. deribae 1 Zn 0.06 4.6±2.4 4.1 0.004±0.004 2.1 1140 13 0.317

L. deribae 2 Zn 0.12 15.2±13 2.8 0.012±0.012 2.5 1270 8 0.506

 

7.1.2.3.2 Chironomids, elemental uptake time courses, model reproducibility 
verifications  

Model reproducibility verifications for the chironomids experiment was assessed 
using the results of the two chironomids experiments of different elemental medium 
concentrations, interchangeably. When data from the first experiment was verified with model 
parameters from the second experiment (Figure 21 a) and vice versa (Figure 21 b), Cd and Cu 
data was relatively well correlated with the respective models, as compared to Zn data. Pb 
data from the first experiment was however, highly overestimated by the model parameters 
from experiment 2. The basic implication here therefore, is that model reproducibility, using 
the utilised organisms (Chironomids in this case), is element specific. 
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Figure 21. Chironomids metal uptake time course model reproducibility verifications. (d = data, m.p = 
model parameters) 

 

7.1.2.3.3 Chironomids, concentration dependent elemental uptake trends  

Figure 22 (a, b and c), shows the metal concentration dependent exposure trends for L. 
Bogoria chironomids, for the lower (Cd = 0.006 – 0.056, Cu = 0.037 – 0.337, Pb = 0.025 – 
0.225 and Zn = 0.075 – 0.674 µg ml-1) concentration dependent exposure range. 

Contrary to for instance observations made using algae from both lakes Bogoria and 
Nakuru, the metal concentration trends in the chironomids exhibited more distinct and 
consistent trends of increase with increase in exposure concentrations. Notably, there were 
also, no, distinct variations among replicates for all the metals. This means that, there is less 
interference for the metal uptake in the chironomids as compared to the algae. Hence, 
chironomids exhibit a more distinct tendency to accumulate the various metals with increase 
in exposure concentrations just as per the rule of thumb. 

 

7.1.2.3.4 Chironomids, time dependent model verifications through prediction of 
concentration dependent exposure outcomes.  

The results of the chironomids’ time dependent model verifications with concentration 
dependent exposures, are shown on Figure 23. For the Chironomids, with the exception of Pb, 
relatively good predictions were attained for all other investigated elements (Cd, Cu and Zn), 
using both the single (0.005, 0.03, 0.02 and 0.06 µg ml-1, for Cd, Cu, Pb and Zn, respectively) 
and the double (0.01, 0.06, 0.04 and 0.12 µg ml-1) time dependent exposure model 
parameters. The best prediction seemed to be that for the Zn element, followed by that for Cd 
and then Cu.  

Cd  Cu Pb Zn 
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Figure 22. Concentration dependent, metal uptake trends, for Bogoria chironomids (a – c = lower 
concentration range). 
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Figure 23. Bogoria chironomids, lower range metal concentration dependent exposure data (Fig. 20 a), 
predicted with model parameters of the two, time dependent exposure chironomid experiments, (a) = with 
E1 parameters, while (b) = with E2 parameters. 
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(NB: For the Pb lower concentration (0.02 µg ml-1) time dependent exposure, the two 
compartment model parameter estimation did not produce a reliable model. Hence, a 
prediction could not be attempted for the concentration dependent exposure outcome at that 
level). 

Observations made for particularly the Zn element in this case of chironomids metal 
uptake model verifications, are worth notice. This is because apart from the fact that it was 
possible to somewhat, fit models for uptake and elimination time courses for the Zn element, 
these models were also relatively, verifiable. This was in contrast with observations made 
using algae in the current study, where it was not possible to fit models for the time dependent 
exposures for the Zn element. As well, in the algae metal concentration dependent trends, the 
Zn element did more often than not, produce uptake trends that were not concomitant with the 
expected rule of thumb (Increase in metal concentration in the organism with increase in 
metal concentration in the exposure medium). 

 

7.1.2.3.5 General comparison of algae and chironomids model verifications  

In the case of algae, particularly with reference to that of L. Nakuru, it was inferred 
that, there could be a higher predictability probability for Cu, followed by Cd. On the other 
hand, in the case of chironomids, the predictability probability was inferred to be in the order 
of Zn, Cd and Cu.  

It was noted that, in the case of, for instance, Nakuru algae, the predictability 
probability depended on, and was variably altered, by changes in either, the time dependent 
exposure concentrations or the concentration dependent exposure ranges. This was the case 
too for Bogoria algae. However, it is as well worth notice, that for the later (Bogoria algae), 
using the lower concentration dependent exposure range, for both elements (Cu and Cd), all 
predictions did overestimate the expected elemental concentrations (in comparison to the 
observed), irrespective of the time dependent exposure model parameter estimates utilised.  

In contrast however, in the case of chironomids, model verifications did not seem to be 
considerably affected by variations in the time dependent exposure concentrations. NB: For 
the chironomids, a higher metal concentration dependent exposure range experiment was not 
performed, therefore it was not, in the current study, possible to infer the nature of outcome 
for model verifications for such a concentration exposure variation. 

 

7.1.3. Bioconcentration factors (BCFs) 

 The bioconcentration factors (BCFs) observed for the various organisms in the current 
study are shown on previous Tables 8 to 12. The BCFs varied inter and within and between 
the different species of the employed organisms, as well as between the specific trace 
elements. The BCFs, where obtained, were ranked in an order starting with the highest to the 
lowest. These are demonstrated in Table 13.  
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Table 13. Kinetic BCFs for various organisms in the current study, in ranks, starting with the highest to 
the lowest 

Organism Experiment Kinetic BCF trends from highest to lowest 
A. fusiformis E1 (tae1) logistic Cu>Zn>Cd>Pb 
“ E2 (tae2) logistic Cu>Cd>Zn>Pb 
“ E2 (tae2) 

Compartment (cmp) 
Cu>Cd 

“ E3 (BA) cmp Cd>Cu 
“ E4 (tab1) ,, Cd>Cu 
“ E7 (tan1) ,, Cd>Cu 
“ E5 (tab2) ,, Cd>Cu 
“ E8 (tan2) ,, Cd>Cu 
“ E10 (tas2) ,, Cd>Cu 
“ E6 (tab3) ,, Cu>Cd 
“ E9 (tan3) ,, Cu>Cd 
“ E11 (tas3) ,, Cd>Cu 
L. deribae E1 (tcb1) ,, Zn>Cu>Cd 
“ E2 (tcb2) ,, Zn>Pb>Cu>Cd 
G. Zaddachi E1 ,, Cd>Cu>Pb 
A. grahami E1 ,, Zn>Cd>Cu>Pb 
“ E2 ,, Cu>Cd>Pb 
“ E3 ,, Zn>Cd>Pb 

 

From this trends it is apparent that the magnitude and hence ranks of the BCFs is not 
only, organism specific, but also depends on the type of medium in which the organism 
occurs, among other factors. It was notable that, Cd BCFs, seemed to take a prevalent 
particularly in the case of algae, while Zn did (take a prevalent) in the case of chironomids. 

 

7.2 Results of sediment analysis 

In an overview, there were some general variations in concentrations of the various 
assessed elements, within (intra-specific spatial distribution) and between (inter-specific 
spatial distribution) the investigated lakes. It was also generally notable, that a number of 
particularly the trace elements had concentration values that were close to or even below the 
applicable elemental limits of quantitation (~ detection limits) for the employed analytical 
procedure. Some of those elements included, As, Co, Cr, Cu, Mo, Ni, Pb, Sr, and U. The 
relative limits of quantitation are listed in the materials and methods section.  

 In terms of intra-specific spatial distribution variations, in Lake Bogoria for 
example, samples from the far ends (northern end ~ Sandai location; and southern end ~ Fig 
tree location) of the lake, exhibited notably higher elemental concentrations. Such elements 
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included, P2O5, Pb, Zn, Zr and % C (See Table 14). NB: Histograms showing the visual 
illustrations of the same are presented in the appendices). 

 
Table 14. Sediment major and trace elemental concentrations for Lake Bogoria (Major elements; % dw: 

Trace elements; µg g-1 dw). 
Location Label SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 

1 BS1 46.4 1.42 15.9 8.92 0.22 1.32 1.29 6.45 3.69 0.164 
1 BS2 48.8 1.56 16.6 9.55 0.27 1.40 1.60 5.61 3.81 0.181 
1 BS3 48.5 1.50 16.2 9.23 0.25 1.45 1.70 6.24 3.96 0.179 
1 BS4 47.0 1.43 16.3 9.12 0.22 1.32 1.44 7.42 3.70 0.173 
2 BM1 57.0 1.15 17.2 7.56 0.25 0.36 0.53 4.67 4.89 0.037 
2 BM2 55.2 1.08 17.1 7.57 0.26 0.39 0.49 5.40 4.79 0.042 
3 BN1 52.3 1.90 15.0 10.00 0.33 1.05 2.30 5.85 4.59 0.073 
3 BN2 51.9 1.51 15.1 8.69 0.29 0.92 1.84 6.60 4.59 0.078 
4 BH1 56.1 1.10 17.1 7.27 0.23 0.42 0.57 5.10 4.90 0.037 
4 BH2 56.4 0.95 17.7 7.33 0.24 0.48 0.50 4.29 4.93 0.035 
4 BH3 54.2 1.41 16.7 8.38 0.29 0.40 0.72 5.41 4.67 0.050 
4 BH4 54.1 1.19 16.8 7.78 0.26 0.38 0.57 5.85 4.67 0.047 
5 BA1 54.0 1.11 16.2 7.86 0.26 0.50 1.01 6.79 5.03 0.044 
5 BA2 53.2 1.35 15.0 8.10 0.28 0.98 3.65 4.66 4.71 0.107 
5 BA3 55.7 1.08 16.4 7.66 0.27 0.53 1.11 5.13 5.08 0.082 
6 BE1 56.0 1.36 16.1 8.19 0.23 0.59 1.31 4.73 4.42 0.081 
6 BE2 49.8 0.84 16.1 7.49 0.27 0.67 1.17 6.44 3.92 0.077 
6 BE3 60.7 0.69 12.3 7.25 0.28 0.45 1.85 3.58 3.43 0.142 
7 BF1 48.4 1.29 19.8 9.96 0.33 0.70 1.48 3.59 3.31 0.186 
7 BF2 48.4 1.17 20.7 10.20 0.34 0.70 1.43 3.03 3.06 0.108 
 Mean±95% 

CI 53±1.8 1.3±0.13 17±0.81 8.4±0.46 0.27±0.017 0.75±0.18 1.3±0.35 5.3±0.55 4.3±0.30 0.096±0.026
1 = Near River Sandai, 2= Mawe moto, 3 = Nginie, 4 = Near Hot springs, 5 = Acacia camp site, 6 = Around 
River Emsos, 7 = Fig tree, near inlet. 
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Table 14. Cont. 
Location Label Ba Co Cr Cu Ni Pb Rb Sr V Y Zn Zr % C % S 

1 BS1 296 17 52 34 29 12 154 147 76 39 159 560 1.36 0.021 
1 BS2 317 17 68 37 33 14 148 155 94 46 166 572 0.90 0.020 
1 BS3 312 17 62 33 31 16 161 165 80 49 161 617 0.96 0.022 
1 BS4 290 16 54 36 28 12 155 144 76 45 166 587 1.45 0.031 
2 BM1 348 2 10 - - 8 129 47 20 26 142 374 0.28 0.028 
2 BM2 285 3 10 3 1 7 133 43 24 27 146 398 0.56 0.026 
3 BN1 314 11 206 15 8 7 129 123 76 41 163 443 0.59 0.002 
3 BN2 278 6 94 5 7 7 135 109 58 38 149 381 1.00 0.016 
4 BH1 352 2 9 1 - 9 132 55 26 24 138 369 0.36 0.032 
4 BH2 257 2 8 - - 9 144 48 22 27 143 417 0.30 0.023 
4 BH3 428 3 20 - - 9 125 63 37 31 159 449 0.52 0.024 
4 BH4 385 4 15 - - 11 125 53 24 28 150 393 0.75 0.028 
5 BA1 130 - - 3 - 8 138 56 20 35 165 386 0.90 0.017 
5 BA2 189 2 13 1 - 7 123 149 24 68 163 428 1.27 0.026 
5 BA3 125 2 1 3 - 9 141 60 17 39 162 392 0.66 0.019 
6 BE1 387 3 16 1 - 10 124 76 34 35 159 425 0.85 0.038 
6 BE2 210 3 6 4 2 13 146 76 38 33 151 523 1.92 0.085 
6 BE3 231 3 2 - - 19 126 79 19 93 183 688 0.56 0.032 
7 BF1 235 6 16 4 5 21 123 82 56 42 174 668 1.28 0.037 
7 BF2 235 6 15 4 6 19 127 82 44 42 168 775 0.78 0.054 
 Mean±95% 

CI 280±38 n.a n.a n.a n.a 11±2.1136±5.691±1943±1240±7.5158±5.3 492±57 0.862±0.1980.029±0.008
Major elements are in % dw while trace elements are in µg g-1 dw (NB: 5 µg g-1 = virtual quantitation limit). 
1 = Near River Sandai, 2= Mawe moto, 3 = Nginie, 4 = Near Hot springs, 5 = Acacia camp site, 6 = Around 
River Emsos, 7 = Fig tree, near inlet. 

 

The samples from the northern end (Location 1) though, were more prominent in 
their exhibition of higher elemental concentrations, as well as in the number of elements 
exhibiting that phenomenon. At the southern end, it was the samples from Location 7 that 
had some elements being of relatively elevated concentrations. Also notable on the other 
hand, was that, in Lake Bogoria, of the analysed samples, those from near the Hot springs 
location, as well as those from the Mawe moto (Hot rock) location, barely exhibited any 
conspicuously higher concentrations for the majority of the assessed elements. However, K2O 
in particular, and Ba to a certain extent, were comparatively higher in those locations.  

 In Nakuru, in contrast to observations made in L. Bogoria, samples from near the 
various inlets did not in general portray outstanding elemental concentrations. Instead, mid 
lake samples, especially sample NM5 and NM6, exhibited higher elemental concentration 
levels for the majority of the elements (see Table 15). Pertinent histograms are shown in the 
appendices. 
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Table 15. Sediment major an trace elements concentrations for Lake Nakuru (Major elements; % dw: 
Trace elements; µg g-1 dw).  

Location Label SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 
1 NB1 58.6 1.15 13.2 7.51 0.26 0.34 1.32 5.54 4.38 0.263 
1 NB2 59.9 0.61 13.5 5.87 0.19 0.28 1.21 5.31 4.81 0.150 
1 NB3 60.6 0.61 12.9 6.02 0.21 0.30 1.14 5.21 4.26 0.172 
2 NH1 53.5 0.59 11.2 6.66 0.22 0.83 2.08 5.31 2.66 0.112 
3 NNj1 61.0 0.73 12.5 7.77 0.29 0.38 1.16 6.12 4.07 0.135 
3 NNj2 60.8 0.69 12.3 7.67 0.29 0.37 1.10 6.36 4.00 0.124 
3 NNj3 59.9 0.71 12.5 7.87 0.25 0.35 0.98 4.36 3.52 0.157 
4 NMp1 59.0 0.61 9.7 6.24 0.23 0.77 3.00 5.63 3.22 0.194 
4 NMp2 58.4 0.73 12.4 7.72 0.26 0.51 1.66 6.51 4.15 0.172 
4 NMp3 57.3 0.76 12.2 7.77 0.28 0.48 1.63 6.32 4.10 0.180 
5 NS1 56.4 0.64 12.0 7.40 0.25 0.56 1.76 3.47 3.24 0.340 
6 NM1 60.7 0.63 11.6 6.37 0.22 0.39 1.07 6.30 3.31 0.057 
6 NM2 54.0 0.71 11.4 7.25 0.25 0.53 2.18 7.72 3.92 0.232 
6 NM3 48.2 0.59 10.8 6.55 0.22 0.75 2.07 7.24 2.80 0.157 
6 NM4 59.0 0.70 12.4 7.78 0.28 0.37 0.87 6.34 4.09 0.098 
6 NM5 40.9 0.50 9.4 5.57 0.17 0.72 2.69 10.63 2.26 0.193 
6 NM6 42.0 0.52 9.7 5.73 0.17 0.75 2.71 9.17 2.33 0.182 
6 NM7 55.3 0.74 11.6 7.44 0.27 0.45 2.12 7.81 4.12 0.249 
7 NK1 60.5 0.69 12.0 6.46 0.21 0.35 0.99 6.22 3.42 0.063 
7 NK2 61.5 0.80 12.4 6.85 0.22 0.36 0.90 5.73 3.42 0.063 
7 NK3 57.7 0.70 12.8 7.53 0.24 0.46 0.97 2.01 2.42 0.123 
8 NNd1 61.3 0.68 13.0 7.68 0.24 0.49 1.60 3.23 3.19 0.072 
8 NNd2 57.1 0.61 11.2 6.59 0.21 0.53 3.07 5.81 3.39 0.203 
8 NNd3 59.5 0.60 11.5 6.67 0.22 0.59 3.22 4.34 3.30 0.226 
8 NNd4 54.9 0.64 11.7 7.30 0.26 0.55 1.53 6.11 3.14 0.118 
 Mean±95% 

CI 57±2.30.68±0.051 12±0.447.0±0.300.24±0.0140.50±0.0661.72±0.316.0±0.743.5±0.280.16±0.029
1 = At the Baharini springs inlet, 2 = Hippo point, 3 = Towards Njoro River, 4 = Mpoint, 5 = Runoff drain, 6 = 
Around the Middle of the lake, 7 = Towards Makalia River, 8 = Towards Nderit River. 
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Table 15. Cont. 
Location Label Ba Cr Cu Mo Ni Pb Rb Sr U V Y Zn Zr % C % S 

1 NB1 84 - - - - 13 137 17 2 11 64 192 539 0.92 0.037 
1 NB2 79 - - - - 9 137 22 2 5 63 164 519 1.00 0.055 
1 NB3 110 - - - - 11 129 29 3 7 73 173 577 1.12 0.128 
2 NH1 115 3 8 - 3 23 118 78 4 23 67 226 732 2.52 0.310 
3 NNj1 149 - 1 2 - 18 125 32 3 11 75 225 711 0.68 0.051 
3 NNj2 140 18 - 3 9 20 122 32 3 9 76 224 703 0.65 0.089 
3 NNj3 155 - 1 - - 22 128 30 4 16 89 244 740 1.47 0.025 
4 NMp1 134 - 3 - - 17 112 93 6 31 91 187 651 1.29 0.047 
4 NMp2 150 - 1 - - 19 132 57 5 16 89 219 730 0.66 0.078 
4 NMp3 169 - 2 - - 20 127 51 4 16 84 226 729 0.77 0.043 
5 NS1 196 5 28 1 - 131 132 58 3 18 80 485 717 4.14 0.084 
6 NM1 207 2 1 - - 17 111 59 3 20 58 168 744 1.33 0.073 
6 NM2 168 - - 4 - 17 120 65 5 15 87 208 662 2.10 0.087 
6 NM3 111 1 4 3 1 21 112 82 11 25 78 209 721 3.75 0.327 
6 NM4 149 - 3 1 - 19 130 31 3 15 77 238 745 0.38 0.039 
6 NM5 105 - 5 16 2 20 97 106 15 30 92 175 639 5.96 0.374 
6 NM6 107 - 8 8 1 21 101 106 14 29 92 183 644 5.69 0.404 
6 NM7 189 - - 4 - 18 121 59 4 11 91 208 671 1.44 0.108 
7 NK1 239 4 - - - 17 109 59 2 21 61 165 734 1.40 0.062 
7 NK2 247 6 - - - 19 109 59 3 25 59 171 803 1.02 0.044 
7 NK3 210 4 4 - - 23 125 55 4 27 109 210 913 3.08 0.031 
8 NNd1 212 1 5 - 1 21 132 71 3 24 87 200 743 0.45 0.009 
8 NNd2 199 - - - - 17 123 109 2 19 87 172 645 1.19 0.041 
8 NNd3 206 - - - - 18 124 116 3 27 92 181 643 0.81 0.064 
8 NNd4 121 - 4 1 - 26 118 53 5 25 71 236 751 2.18 0.229 
 Mean±95% 

CI 158±20 n.a n.a n.a n.a 23±9.4 121±4.4 61±12 n.a 19±3.1 80±5.3 212±26 696±34 1.84±0.639 0.114±0.048
Major elements are in % dw while trace elements are in µg g-1 dw (NB: 5 µg g-1 = virtual quantitation limit). 
1 = At the Baharini springs inlet, 2 = Hippo point, 3 = Towards Njoro River, 4 = Mpoint, 5 = Runoff drain, 6 = 
Around the Middle of the lake, 7 = Towards Makalia River, 8 = Towards Nderit River. 

 

 Additionally, in this location (mid lake) other elements, prevalently major elements, 
tended to be comparatively lower. The particular elements included, SiO2, TiO2, Al2O3, 
Fe2O3, MnO, and K2O. Others were such as Ba and Rb. Another sample, NS1, from a 
different location, exhibited conspicuously elevated elemental concentrations for especially, 
P2O5, Cr, Cu, Pb, Zn, and also %C. This sample had lower Na2O and As.  

 Around Baharini springs inlet, elements such as SiO2, TiO2, Al2O3, Fe2O3, MnO, K2O, 
P2O5 and V tended to be higher, specifically in sample NB1. Otherwise the metal 
concentrations in this location tended to be generally low.  
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Well, with regard to inter-specific spatial distribution variations, almost all the 
assessed elements differed on average between the two lakes Bogoria and Nakuru. Table 16 
and 17 show some statistical parameters (parametric and nonparametric, respectively), in 
assessment of the levels of significance for the inter-specific spatial distribution variability. 

Primarily, as indicated by the Ks Lilliefors probabilities, the assessed major element 
values (with an exception of SiO2), seemed to conform to the Gaussian normal distribution 
pattern, as compared to the trace elements. Only four trace elements had their data values in 
the case of both lakes, conforming to the normal distribution pattern. These elements were, 
Ba, Rb, V and Y. Also seen in Tables 16 and 17, as indicated by the t-test and U-test 
probabilities, Bogoria and Nakuru samples differed significantly in concentrations of most 
of the major as well as the trace elements. In this regard, more elements, especially the major 
element oxides, were of higher concentrations in L. Bogoria than in L. Nakuru. The notable 
exception though, was that for Na2O and CaO, which were not significantly different between 
the two lakes. 

 
Table 16. Statistical parameters for sediment major and trace elemental concentrations for Lakes Bogoria 
and Nakuru (Parametric data). (Major elements; % dw: Trace elements; µg g-1 dw). 

 Bogoria Bogoria Bogoria Nakuru Nakuru Nakuru Bog vs. Nak Bog vs. Nak

Element Range Mean±95% CI Ks LiP Range Mean±95% CI Ks LiP δ – P  t – P 

TiO2 0.69-1.9 1.3±0.13 0.821 0.5-1.2 0.68±0.051 0.053 0.000 0.000* 

Al2O3 12-21 17±0.81 0.042 9.4-13.5 12±0.44 0.505 0.029 0.000* 

Fe2O3 7.3-10 8.4±0.46 0.197 5.6-7.9 7.0±0.30 0.064 0.165 0.000 

MnO 0.22-0.34 0.27±0.017 0.646 0.17-0.29 0.24±0.014 0.333 0.821 0.003 

MgO 0.36-1.5 0.75±0.18 0.030 0.28-0.83 0.50±0.066 0.148 0.000 0.010* 

CaO 0.49-3.7 1.3±0.35 0.333 0.87-3.2 1.72±0.31 0.127 0.923 0.087 

Na2O 3.0-7.4 5.3±0.55 1.000 2.0-10.6 6.0±0.74 0.040 0.059 0.197 

K2O 3.1-5.1 4.3±0.30 0.011 2.3-4.8 3.5±0.28 0.317 0.762 0.000 

P2O5 0.035-0.19 0.096±0.026 0.033 0.057-0.34 0.16±0.029 1.000 0.319 0.001 

Ba 125-428 280±38 1.000 79-247 158±20 0.689 0.016 0.000* 

Rb 123-161 136±5.6 0.137 97-137 121±4.4 0.797 0.593 0.000 

V 17-94 43±12 0.028 5.0-31 19±3.1 0.660 0.000 0.000* 

Y 24-93 40±7.5 0.018 58-109 80±5.3 0.128 0.325 0.000 
Ks LiP = Kolmogorov Smirnov Lilliefors Probability (2-tail) (p=0.01) – for data distribution normality test.  
δ – P = Variance Test probabilities (p=0.05); Alternative = 'not equal'.  
t – P = Pooled variance t – probabilities (p=0.05): * = Separate variance t – probabilities 
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Table 17. Statistical parameters for sediment major and trace elemental concentrations for Lakes Bogoria 
and Nakuru (Nonparametric data). (Major elements; % dw: Trace elements; µg g-1 dw). 

 Bogoria Bogoria Bogoria Nakuru Nakuru Nakuru Bog vs. Nak 

Element Range Mean±95% CI Ks LiP Range Mean±95% CI Ks LiP W - P 

SiO2 47-61 53±1.8 0.362 41-62 57±2.3 0.008 0.044 

As 2.0-6.0 n.a n.a b.d -7.0 n.a n.a n.a 

Co b.d -17 n.a n.a b.d -5.0 n.a n.a n.a 

Cr b.d-206 n.a n.a  b.d -18 n.a n.a  n.a  

Cu b.d-37 n.a n.a b.d -28 n.a n.a  n.a  

Mo b.d n.a n.a  b.d -16 n.a n.a  n.a  

Ni b.d -33 n.a n.a  b.d -9.0 n.a n.a  n.a  

Pb 7.0-21 11±2.1 0.028 9.0-131 23±9.4 0.000 0.001 

Sr 43-165 91±19 0.006 17-116 61±12 0.060 0.022 

U b.d -3.0 n.a n.a 2.0-15 n.a n.a n.a 

Zn 138-183 158±5.3 0.120 164-485 212±26 0.000 0.000 

Zr 369-775 492±57 0.004 519-913 696±34 0.053 0.000 

C 0.285-1.915 0.862±0.198 0.564 0.384-5.961 1.84±0.639 0.000 0.037 

S 0.002-0.085 0.029±0.008 0.007 0.009-0.404 0.114±0.048 0.000 0.001 
Ks LiP = Kolmogorov Smirnov Lilliefors Probability (2-tail):  
W - P = Wilcoxon Two-sided probabilities using normal approximation 
n.a = Not applicable, because considerable values were below detection limit and the confidence intervals might as well, 
include the value zero. 

 

 In further evaluations, the average elemental concentrations observed in L. Bogoria 
and in L. Nakuru were compared to elemental concentrations observed in a few other 
synopsis samples, from some relatively nearby lakes.  

 
Table 18. Average elemental concentrations from Lakes Bogoria and Nakuru, compared to elemental 
levels observed in other investigated lakes. (Major elements; % dw: Trace elements; µg g-1 dw). 

Lake Sample Lable SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

Bogoria Average (n=20) Bavr 52.7 1.25 16.51 8.41 0.27 0.75 1.33 5.34 4.31 0.096 
Nakuru Average (n=25) Navr 56.7 0.68 11.82 6.97 0.24 0.50 1.72 5.95 3.50 0.161

Elementaita Kariandusi near swamp EK 60.4 0.52 10.1 5.86 0.19 0.99 3.38 3.07 3.13 0.115
Elementaita Baruk near river EB 58.5 0.97 13.2 8.02 0.28 0.62 1.41 5.92 4.23 0.106
Elementaita Flamingo camp EF 50.8 0.50 9.2 5.72 0.20 0.96 2.74 5.97 2.66 0.110

Sonachi Sonachi a SnA 42.4 0.70 7.2 5.06 0.15 6.56 7.85 6.40 2.34 0.296
Sonachi Sonachi b SnB 51.4 0.93 10.2 6.82 0.18 4.63 7.05 4.75 2.75 0.270
Oloidien Oloidien a OA 58.3 0.50 11.4 6.50 0.23 1.43 2.62 5.02 4.04 0.145
Oloidien Oloidien b OB 56.6 0.53 11.4 6.40 0.21 1.14 2.39 4.88 3.91 0.117
Naivasha Malewa river bridge NvM 55.9 1.91 15.1 9.18 0.23 0.74 1.26 2.76 3.00 0.153
Naivasha Fisher camp NvF 55.5 0.49 11.8 6.01 0.20 0.43 1.23 4.01 3.28 0.113
Naivasha Elsemere camp NvE 62.3 0.65 13.3 7.50 0.22 0.33 1.18 6.07 4.32 0.078
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Table 18. Cont. 
Lake Sample Label As Ba Co Cr Cu Mo Ni Pb Rb Sr U V Y Zn Zr % C % S

Bogoria Average (n=20) Bavr n.a 280 n.a n.a n.a n.a n.a 11 136 91 n.a 43 40 158 492 0.86 0.029 
Nakuru Average (n=25) Navr n.a 158 n.a n.a n.a n.a n.a 23 121 61 n.a 19 80 212 696 1.84 0.114

Elementaita Kariandusi near swamp EK 4 158 3 5 4 - - 15 148 119 3 27 60 159 577 1.98 0.265
Elementaita Baruk near river EB 4 301 2 6 1 - - 14 136 67 3 28 62 183 665 0.54 0.040
Elementaita Flamingo camp EF 12 166 5 6 5 4 1 15 134 108 8 46 53 151 532 2.79 0.295

Sonachi Sonachi a SnA 11 307 10 12 10 2 2 7 83 338 2 87 35 98 275 7.43 0.158
Sonachi Sonachi b SnB 6 358 15 15 13 - 4 10 113 302 3 93 51 138 446 6.62 0.178
Oloidien Oloidien a OA 3 104 2 - 4 1 - 20 185 105 5 7 75 201 765 3.05 0.049
Oloidien Oloidien b OB 3 114 2 - 3 - - 19 181 88 5 18 71 194 734 1.71 0.017
Naivasha Malewa river bridge NvM 3 520 11 28 17 - 9 20 111 152 2 92 61 186 732 1.29 0.017 
Naivasha Fisher camp NvF 4 114 3 - 4 - - 20 142 58 4 13 66 206 696 6.68 0.101
Naivasha Elsemere camp NvE 2 123 1 - - - - 17 143 31 3 8 58 202 805 1.31 0.019

Major elements are in % dw while trace elements are in µg g-1 dw (NB: 5 µg g-1 = virtual quantitation limit). 

 

 These lakes were namely Elementaita, Sonachi, Oloidien and Naivasha. The pertinent 
elemental values are shown in Table 18. Once again, it was highly overt that, elements such 
as As, Co, Cr, Cu, Mo Ni and U among others, consistently exhibited rather low 
concentrations in majority of the lakes.  

 On further observation, although there were some intra-specific spatial variations in 
concentrations among the assessed elements, it was some of the overall inter-specific spatial 
variations that were more striking. Lake Sonachi for example, did exhibit some notable, 
higher metal concentrations for various elements, as compared to the concentrations in the 
other lakes.  

In more assessments, when enrichment factors (EFs) against average shale values 
were computed, there were as well variations in the nature of elemental enrichments and 
depletions between the two lakes, Bogoria and Nakuru. In Table 10 the values of the 
element/aluminium ratios for L. Bogoria and L. Nakuru, as well as those for average shale 
are shown. The EFs for the two lakes are also listed in that Table. 

It could first be noted that generally more elements had higher El/Al ratios in Nakuru 
than in Bogoria. This observation thus, was contrary to that made using actual observed 
elemental levels, where more elements had higher concentrations in Bogoria other than in 
Nakuru (Tables 16 and 17). This inverse was highly overt especially for the major elements 
(NB: conversion from element oxides did not affect the previously observed phenomenon).  

Pursuant to the above El/Al ratios observations, more elements were subsequently 
enriched in Nakuru than in Bogoria. Additionally, in terms of magnitude, all the elements 
concurrently enriched in both lakes, were still of higher EFs in Nakuru than in Bogoria, 
with a sole exception of Ti. It was notable too that the majority of the enriched elements, in 
whichever lake, were preferably major elements. Another notable similarity between the 
lakes was that, some elements were exceptionally enriched in both lakes, those elements were 
particularly, Na, Zr, Zn and Y. 
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Table 19. Element/Aluminium ratios for elemental concentrations and enrichments factors for metal 
concentrations against shale values for both Lakes Bogoria and Nakuru.  

Element Si Ti Fe Mn Mg Ca Na K P Ba 
(El/Al)(Bogoria) 2.86 0.087 0.68 0.024 0.053 0.11 0.46 0.41 0.005 32 
(El/Al)(Nakuru) 4.24 0.065 0.78 0.029 0.050 0.20 0.72 0.46 0.011 25 

 El/Al (Shale) in Brumsack (2006) 3.11 0.053 0.55 96(a) 0.18 0.18 0.13 0.34 0.008 66 

El/Al(Bogoria)/ El/Al(Shale) = EF(Bogoria) 0.9 1.6 1.2 0.00025 0.29 0.6 3.5 1.2 0.6 0.5 

El/Al(Nakuru)/ El/Al(Shale) = EF(Nakuru) 1.4 1.2 1.4 0.00030 0.27 1.1 5.6 1.4 1.4 0.4 

           

Element Pb Rb Sr V Y Zn Zr %C %S  
(El/Al)(Bogoria) 1.3 16 10.6 5.0 4.80 18 57 0.100 0.003  

(El/Al)(Nakuru) 3.7 19 10.2 3.1 12.90 34 112 0.313 0.020  
El/Al (Shale) in Brumsack (2006) 2.5 16 34 15 4.64 11 18    

El/Al(Bogoria)/ El/Al(Shale) = EF(Nakuru) 0.5 1.0 0.3 0.3 1.0 1.7 3.2    

El/Al(Nakuru)/ El/Al(Shale) = EF(Nakuru) 1.5 1.2 0.3 0.2 2.8 3.1 6.2    
(a) = Shale El/Al ratio for Mn is comparatively exorbitant. 
NB: As, Co, Cr, Cu, Mo, Ni, U = Severly depleted 

 

In terms of depletions, it was the trace elements that were preferably depleted, as 
compared to major elements. Though not presented in Table 19, elements including, As, Co, 
Cr, Cu, Mo, Ni and U, were noted to be severely depleted in the investigated ecosystems.  

Worth emphasis though is, that the elements that had earlier exhibited higher 
concentrations in particular locations in the specific lakes, were not essentially the same 
elements that were in overall enriched. As an example, many of the elements that were 
higher in the Sandai location of L. Bogoria, were those that were otherwise, on average 
depleted, in that lake. Those elements, as seen in Table 14, were Mg, Ca, P, Co, Cr, Cu, Ni, 
Pb, Sr, and V, among others. In Nakuru, taking samples NM5 and NM6 as reference, 
elements such as Si, Ti, Fe and K were of lower concentrations (as seen in Table 15), yet they 
were among the enriched, in that lake. On the other hand, elements such as Mg, As, Co, Cu, 
Sr and V were comparatively higher in the two samples (NM5 and NM6), yet were among 
the depleted, in the general lake (Nakuru). 

 It can be inferred therefore, that in either of the lakes and in specific locations, there was 
a certain tendency to have increments in concentrations, of other otherwise, particularly 
depleted elements. The locations involved though, were not necessarily related, especially 
between the lakes. 
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8. DISCUSSION 

 Emphasis has been laid on the algae and chironomids in this study. This is because, 
gammarids were only intended for preliminary experiment purposes and besides, they do not 
occur in the ecosystems under investigation. Fish were not highly regarded in the current 
investigations because there was a manifested limitation in their metal depuration processes. 
It was inferred that the fish might be taking up the metals for particular biological utilities or 
actually regulating the metals, probably by way of storage in detoxified forms as a defence 
mechanism, thus impeding the depuration. However, metal uptake occurrences were generally 
evident in the investigated organisms. Various attributes may be implicated in the observed 
uptake phenomena. In consideration of algae, Taylor et. al., (1998) for example, pointed out 
that freshwater algae, as with all suspended particulate matter in the water column, do exhibit 
a net negative charge, resulting in an affinity for positively charged species such as toxic 
metal cations, which do readily adsorb to algal cell surfaces. Algae cells in the current study 
thus, were also bound to at least, adsorb some metal ions. The manner of the metal uptake 
occurrences however, did differ among metals and among organisms. Copper for instance, in 
the preliminary algae experiments, seemed to be taken up faster than other investigated 
elements. While Zinc exhibited a relative tendency to be regulated. The variant uptake time 
courses could be attributable to differential ion uptake mechanisms, such as biosorption and 
bioaccumulation.  

According to Jahn et. al., (2004), algae do have the ability to accumulate trace metals 
by biosorption and bioaccumulation. Biosorption is a term designated for all of the passive 
interactions with metals. In certain sites of the algae cell wall, adsorption reactions occur 
between the cell wall and the metal ion. Depending on the binding site (functional group on 
the binding site) and the type of metal, any of several various adsorption reactions can occur. 
Bioaccumulation reactions on the other hand, are active reactions in which the metal ions are 
directly absorbed into the algal cell. The mechanism behind these reactions is generally a 
defensive one, meaning that the cell is absorbing the metal for the sole purpose of avoiding 
being poisoned. It is important to note that there is a striking difference in the time for each of 
these processes. The biosorption process has been shown to be rapid and frequently selective. 
Biosorption occurs in a matter of minutes while bioaccumulation occurs on a much longer 
time scale. Hence the quicker uptake of for instance copper by A. fusiformis in this 
investigation, may be as a result of biosorption.  

Bioaccumulation is as a result of two processes, accumulation and elimination, 
whereby the rate of intake exceeds the organism’s ability to remove the substance from its 
body. Thus, a good biomonitor, as stated in previous studies (Zauke, et. al., 1996a), should 
portray a net accumulation strategy. This condition was exceeded for some elements in the 
current study preliminary investigations, because in most cases a plateau phase was reached 
during the uptake phase. This was demonstrated in the nature of the model curve which 
gained an asymptotic level, indicating that there was no longer a distinct increase in the 
elemental concentrations in the organism, within the particular increase in duration of time of 
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the particular experiments. In previous bioaccumulation investigations, Bernds et. al., (1998), 
Clason and Zauke, (2000), and Ritterhof and Zauke, (1997a) acknowledged the need to adjust 
external metal exposure durations in bioaccumulation studies such as the current, depending 
on the type of experiments and the organisms under investigation. That is why algae exposure 
time in the current study was adjusted from within days to within hours. 

Essentially in the present study, reliable models were consistently obtained for Cd and 
Cu, particularly in the case of algae. According to Sunda and Huntsman (1998), metals are 
basically taken up by nutrient metal transport systems in algae, among other organisms. The 
metal transport systems/proteins on the cell membranes, though designed to bring nutrient 
metals into the cells, are however not entirely specific to single metals. Hence, other metals 
with similar physicochemical characteristics can enter the cell through the same transport 
systems. This brings about competition for uptake sites between the various ambient ions. The 
competition between different metals present in the exposure medium, for uptake sites at the 
cell wall, may thus be responsible for the differential elemental uptake time courses observed 
in the current study for the specific metals.  

In other current study observations, in the double and triple dose time dependent 
exposures using Nakuru algae, Cd, contrary to expectation, went on to increase during the 
depuration phase, other than decrease as anticipated. This may be an indication that, due to 
the different interactions and competition for binding sites at the algal cell surfaces by the 
metals, among other substances/ions, Cd was probably at first adsorbed on the algae cell 
walls, but was later incorporated into the cells, thus exhibiting a further increase even during 
the depuration phase. Why this did not happen during the single dose might be that, with 
increase in the combined metals exposures, the incorporation (into the cell) of various metals 
(particularly the essential ones) is enhanced, but since the receptor sites are not so specific to 
particular metals, then the incorporation of other nonessential metals like Cd, is hand in hand 
enhanced. Such interactions may be synergistic or antagonistic. 

Ironically, looking at the Nakuru algae single dose exposure (Fig. 9 a), it seems like at 
such a relatively lower combined metals exposure dose, Cd in the algae increased to a higher 
level in magnitude (going up to about 12 µg g-1), as compared to the levels of increase (4 and 
6 µg g-1) in the other higher, double and triple dose exposures, respectively. This might 
suggest some Cd uptake interferences by the other metals in relation to concentration 
levels of each or any one of them, in the exposure medium.  

However, with respect to the previous deduction that Cd in the higher (double and 
triple) doses might have been incorporated into the cell, hence hampering depuration, the 
irony may be that, though in the single dose the level of increase in magnitude was higher, the 
Cd was still nevertheless potentially adsorbed on the cell walls, other than incorporated into 
the cell, thus depuration for the single dose exposure could still readily occur. The BCFs for 
Nakuru Cd as seen in Table 9 also decreased (BCF:  3450, 1470 and 220 (ignoring the 
negative signs for the latter two), for the E7, E8 and E9_Cd, respectively) with apparent 
increase in exposure concentration. This could support the idea that the lack of depuration (for 
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the double and single dose exposures) was due to cellular incorporation, other than from 
further uptake from the medium. 

It might be inferred then, that for Nakuru algae, at higher combined metal doses, the 
Cd uptake/adsorption on the cell walls may be less, but the incorporation into the cell is 
nevertheless enhanced. 

Various metal interactions have been observed for different metal mixtures and 
concentrations under a variety of experimental conditions. Cain et. al., (1980) working on the 
toxicity and bioaccumulation of cadmium in the colonial green alga Scenedesmus obliquus, 
observed that increases in external Cd concentration caused an increase in total 
bioaccumulation over the entire range of concentrations, which did not significantly affect 
growth. In their study (Cain et. al., 1980), though the efficiency of Cd bioaccumulation 
depended on concentration, the maximum accumulation efficiency however occurred in a 
medium with a Cd concentration lower than, that medium, in which maximum total 
bioaccumulation occurred.  

Wang et. al., (1995) who investigated the reciprocal effect of Cu, Cd and Zn on a 
certain marine algae, acknowledged that seawater is a very complicated medium and the 
combined effect of multi-pollutants is even more complicated. Three categories of reciprocal 
effect exist: additive, synergism and antagonism, depending on the species distribution of 
the metals, the algae and the comparative concentrations of each metal. In their study, for 
the Phaeodactylum-Cu-Zn-Cd system, antagonism occurred if Cd/Cu was in the range of 0.4 
to 4, but synergism appeared beyond that concentration range; zinc and copper presented 
antagonism when the ratio of Zn/Cu was between 1 and 20, synergism appeared out of this 
range; the total toxicity was contributed by Cd when Zn was low and was controlled by Zn 
when Zn was high.  

Also notable in the current study was that, for instance in the case of Nakuru algae, Cu 
concentration magnitudes did as expected, increase with the increase in the exposure dose 
levels (~ 8, 25, and 50 µg g-1, for the single (E7), double (E8) and triple (E9) doses, 
respectively). The BCFs did also increase (340, 1130 and 4170 for E7, E8 and E9, 
respectively) with increase in exposure concentrations, indicating that Cu was being 
vigorously taken up. The distinctiveness however, of the depuration, decreased with 
increase in exposure dose. Meaning that at higher exposure doses, the Cu receptor sites at the 
cell surfaces might get saturated and hence the Cu is rather incorporated into the cell, so as to 
leave more sites at the surfaces for further binding. Therefore, the depuration of already cell-
incorporated metals would take more time, if at all it takes place. Otherwise those metals in 
the cell might not be depurated after all, if the cell has already involved them in other 
metabolic processes including those intended for defence purposes.  

It can be thus inferred that, with increase in the metal concentrations in the time 
dependent exposure, both Cd and Cu went on to be incorporated into the cells, though not at 
parallel extents, at the expense of the depuration processes. The uptake and elimination 
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processes are therefore metal specific, depending on the organism under investigation as well 
as on the nature of the exposure medium.  

It was in deed further noted that Bogoria algae, generally exhibited less increases in 
magnitude of metal concentrations in the organism (algae), as compared to observations made 
using Nakuru algae. This suggested that, not only the interactions of the metals with the 
organism did affect the uptake and accumulation of the metals, but also the interactions of the 
metals with other constituents of the exposure medium. The exposure medium used in the 
current study, in each case (for Bogoria and Nakuru algae), was basically filtered (through a 
20 µ mesh size sieve) water, from the respective lakes. Though both lakes are saline, L. 
Bogoria has been described as relatively hypersaline (100 g l-1 Total Dissolved Solids (TDS) 
(WFE 2007e)) as compared to L. Nakuru (5-60 g l-1 TDS (Nelson et. al., 1998)) among other 
near by Rift Valley lakes. Hence, the higher salinity state of L. Bogoria may be a contributing 
factor to a possible higher element (especially Cu) inorganic complexation. Wong and 
Beaverz (1981) working on metal interactions in algal toxicology: conventional versus in vivo 
tests, reiterate that different studies on the toxicity of the same metals to algae have often 
shown divergent and sometimes contradictory results. The inconsistency of these findings is 
often attributed to environmental factors such as the degree of chelation, complexation and 
precipitation of metals. 

In different current study findings, as opposed to observations made using algae, 
where relatively reliable models were consistently obtained for Cd and Cu as compared to Pb 
and Zn, for chironomids on the other hand, all four elements (except lead at the lower (0.02 
µg ml-1) exposure concentration) exhibited reliable uptake and elimination models. This is 
comparable to findings of other researchers in other relevant studies. For instance, 
Timmermans et. al., (1992) investigated the uptake and effects of Cd, Zn, Pb and Cu in 
Chironomus riparius (Meigen) larvae (Diptera, Chironomidae). They observed that in partial 
life cycle experiments, all four metals were readily accumulated in chironomid larvae. Uptake 
could be described satisfactorily utilizing a first-order one-compartment (which is equivalent 
to a two compartment model. This is because their study involved an environmental 
compartment (the exposure medium) and a biological compartment (the organism)) uptake 
model which incorporated growth, and in all cases, steady state conditions were approached 
and high uptake and elimination rate constants were estimated. Thus, metal bioaccumulation 
preferences may depend on the particular organism’s biological events. 

The ability therefore, of the chironomids to readily uptake and accumulate the various 
metals, as observed in he current study, may be attributed to the consequences of diverse 
biological processes. These may include the formation and occurrence of metal binding 
proteins, particularly metallothioneins. Croteau et. al., (2002) assessed the occurrence and 
relationship of possible metallothionein-like metal-binding proteins in the biomonitor 
Chaoborus, to ambient metal concentrations in lakes. These workers pointed out that 
metallothioneins are metal-binding proteins that are reported to play a key role in the binding 
and transport of Cd and other trace metals in animals (Roesijadi, 1992). These ubiquitous low 
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molecular weight, cysteine-rich proteins, have according to Croteau et. al., (2002) been found 
in several genera of aquatic insects, including Chironomus (Diptera; (Yamamura et. al., 
1983)), Baetis (Ephemeroptera; (Aoki et. al., 1989)), and Eusthenia (Plecoptera; (Everard and 
Swain, 1983)).  

In relation with the above, algae as well as other plants, do also have their own modes 
of sequestering metals. Cobbett (2000) reviewed phytochelatins and their roles in heavy 
metal detoxification. He acknowledged that plants respond to heavy metal toxicity in a 
variety of different ways. Such responses include immobilization, exclusion, chelation and 
compartmentalization of the metal ions, and the expression of more general stress response 
mechanisms such as ethylene and stress proteins. 

Ahner and Morel (1995) worked on the induction by various metals of phytochelatin 
production in marine algae. They noted that phytochelatin had been quantified in 
Thalassiosira weissflogii, a marine diatom, after exposure to a series of trace metals (Cd, Pb, 
Ni, Cu, Zn, Co, Ag, and Hg) at concentrations similar to those in the marine environment. 
Within the range of concentrations relevant to natural waters, Cd, and to a lesser extent Cu 
and Zn, were the most effective inducers of phytochelatins. The generality of this result 
was confirmed by short-term experiments with two other phytoplankton species. 
Quantification of intracellular Cd, Ni, and Zn showed that phytochelatin production did not 
follow a simple stoichiometric relationship to the metal quotas. The rapid formation of 
phytochelatin in T. weissflogii after Cd exposure and the fast elimination (of the same, i.e 
phytochelatin) when metal exposure was alleviated, revealed a dynamic pool of 
phytochelatin, which is tightly regulated by the cell.  

Ahner and Morel (1995) further acknowledged that although many trace metals had 
been shown to induce phytochelatin production in plants (Grill et. al., 1987), the 
concentration necessary to stimulate the response, as well as the magnitude of the response, 
depends on the particular metal. In addition, while it is believed that production of this 
peptide is a general metal detoxification system, Cd nevertheless, has been found to be the 
most effective inducer of phytochelatin synthase (Grill et. al., 1989).  

In relation to the current study, the fact that algae had better models for Cd and Cu as 
compared to other metals (Pb and Zn), might be an indication that the algae (A. fursifomis) 
has a favourable means of defending itself against the consequences of an excess of those 
metals (Cd and Cu), hence it can afford to readily uptake and eliminate them, as per ambient 
conditions. The above stated findings of Ahner and Morel (1995), that Cd and to a lesser 
extent Cu and Zn were the most effective inducers of phytochelatins, make it tempting to 
deduce that such biological processes (e.g induction of stress proteins) may have a stake in the 
observed phenomena for algae in the present study. It was not however investigated, whether 
the duration in time in the current study experiments, was significant (under the experimental 
conditions) for overt observations of processes such as stress proteins induction. Besides, such 
investigations would not have been within the scope of the study. However, assessments of 
that kind would be worthwhile in relevant future investigations.  
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On the other hand therefore, it can be argued from the above points that the 
chironomids might have the ability to protect themselves against a wider range of metals, 
hence they can readily uptake and accumulate them (metals) on a wider range and scale.  

In more current study findings, in the concentration dependent exposures, yet 
another anomaly in the case of algae (from both lakes, Nakuru and Bogoria) was that, metal 
uptake trends of the relevant exposure “replicates” were inconsistent with an exception 
though, of  Nakuru algae Cu. In general, even if the broad expectation is that, the 
concentrations in the organism (algae) ought to increase with increase in exposure 
concentrations, such trends, though they may be demonstrated, may nevertheless not be 
perfectly replicable and such an expectation is therefore just a rule of the thumb. This could 
be attributed to the fact that we are dealing with biological organisms, whose systems and 
mechanisms of for instance metal accumulation among other processes, are rather intricate, 
thus leading to an inherent bioaccumulation phenomena challenge.  

It was noted that especially for the Bogoria algae, the uptake trends in the higher 
concentration dependent exposure range exhibited more scattered data points, for all the four 
elements. The indication here may be that, there was already a tendency  to regulate the metal 
concentrations in the organism, at the given levels of the elemental concentrations. 
Additionally, just like in the time dependent exposures, in the concentration dependent 
exposures too, at similar concentration dependent exposure ranges, Bogoria algae often 
accumulated much less metals (for all the four metals, Cd, Cu, Zn, and Pb) than Nakuru 
algae. Taking Cu as the example, Bogoria algae accumulated it (Cu) up to about, 7, 15 and 12 
µg g-1 in the respective a, b and c replicates of the lower concentration dependent exposure 
range. Even in the higher concentration dependent exposure range, copper only went up to 
about 40 µg g-1 for the Bogoria algae. On the other hand, for Nakuru algae, Cu was 
accumulated up to comparatively exorbitant levels of about 200, 120, and 105 µg g-1 in the 
respective a, b and c replicates of the lower concentration dependent exposure range. As well, 
in the higher concentration exposure range, the Nakuru algae Cu went up to about 200 µg g-1. 
The above observations emphasise the potential influence of the ecosystems’ ionic 
concentrations (salinity) variability on the metal uptake and elimination processes. It 
indicates that the two exposure mediums (Nakuru and Bogoria water) do vary, thus reacting 
differently with the metals and hence variably influencing their availability to the organisms.  

According to the International Counsel on Mining and Metals (ICMM) (2007), in a 
metals environmental risk assessment guidance (MERAG) article, the biological compartment 
of a biotic ligand model (BLM) assumes that, the biotic ligand occurs on a biological surface 
(e.g the gill) and that metal binding can be characterized as a surface adsorption process. 
Competition is assumed to occur between the toxic metal and Ca2+, Mg2+, Na+ and H+ ions  
(McGeer et. al., 2000; Santore et. al., 2001; Schwartz and Playle, 2001; De Schamphelaere 
and Janssen, 2002) for binding sites on the biotic ligand. Other potential competing cations 
like potassium have also been investigated but have not been seen to influence Cu or Zn 
toxicity for instance in daphnids or algae (De Schamphelaere and Janssen, 2002; Heijerick et. 
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al., 2002a,b). In deduction therefore, according to the ICMM (2007), the competition 
between the metal ion and other constituents in the aquatic phase, does certainly determine 
the amount of metal that binds to the biotic ligand (Di Toro et. al., 2001). It may be 
advocated therefore, that depending on the ambient medium’s physicochemical reactions, 
present ions may be either rendered available, or unavailable. However among the available 
ions then, it is the competition that determines the success of the adsorption/uptake. 

In another perspective, upon exposure, the algae might be producing and releasing 
some exudates (into the medium), that could react accordingly with the respective exposure 
medium, forming respective organic ligand bonds, and thus again influencing the 
availability of the metals for uptake by the organism. Such among other probable reactions at 
the exposure medium level, would of course have specific influences on the particular metal 
ions. The consequent metal-specific reactions would in turn influence the metal reactions at 
the organisms metal receptor sites, leading to varying observations of exposure outcomes, 
such as those exhibited in the current investigation. Vasconcelos et. al., (2002) assessed the 
influence of the nature of the exudates released by different marine algae on the growth, the 
trace metal uptake and the exudation of Emiliania huxleyi in natural seawater. They 
acknowledged that phytoplankton does affect trace metal chemistry in natural waters by 
surface reactions, through taking up the metal directly and by production of extracellular 
organic matter with metal complexing properties. Complexation of trace metals with organic 
ligands often ameliorates trace metal toxicity and influences the biogeochemistry of these 
elements in aquatic environments (Moffett et. al., 1990). Therefore, the influence of actively-
released organic ligands on metal speciation in natural waters and subsequent 
bioavailability and toxicity to organisms such as algae is of worthy interest, in studies such 
as the current one.  

In other reports, for example according to USEPA Region 9 (2002), the fate and 
transport of metals in natural waters is influenced by the physical state and chemical 
complexation of each element. Within the dissolved fraction, metals exist in various chemical 
forms or species (Buffle 1989). Each divalent metal may exist by itself as the free metal ion 
(e.g Cu++) or it may combine with other elements to form inorganic complexes such as 
hydroxyl or chloride chemical species (e.g CuOH+ and Cu(OH)2 or CuCl+ or CuCl2). Metal-
organic forms may also exist dependent on presence of soluble matter such as synthetic 
chelators, phytoplankton exudates, humic and fulvic acids and other forms of dissolved 
organic carbon (DOC). Metals change chemical forms in freshwater based on pH, 
temperature, oxygen, organic matter, and biological activity; toxicity is affected likewise. In 
general, acidic soft freshwaters demonstrate high toxicity to aquatic organisms due to elevated 
concentrations of free metal ions (e.g Cu++), the most bioavailable forms. By contrast, slightly 
alkaline hard freshwaters contain free calcium (Ca++) and magnesium (Mg++) ions to 
ameliorate divalent metal toxicity. According to USEPA (2002), in seawater systems, aquatic 
chemists have discovered much more metal bound up in organic complexes as compared 
to inorganic complexes (Bruland et. al., 1991). For example within estuarine systems, 
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dissolved copper results appear to contain 90 to 99% organic complexes, consequently free 
copper ion concentrations are ca. 100 fold lower than dissolved copper concentrations (Donat 
et. al., 1994). 

 Organic complexation may also be explored in light of the finding that Bogoria algae 
accumulated less metals than Nakuru algae in the current study. Lake Bogoria has been 
described as ecologically simple (e.g Harper et. al., 2003), with only one species dominating 
the phytoplankton – the cyanobacterium ‘spirulina’, Arthrospira fusiformis. During their 
investigation, Harper et. al., (2003) further observed and described the biomass and 
productivity of this lake as being very high (biomass between 38 and 365 µg l−1 chlorophyll 
‘a’ and 3.4–21 × 103 coils ml−1 and net production between 0.24 and 1 gm C m3 h, the latter 
in a narrow zone of less than a metre). With respect to dissolved organic matter (DOM) and 
its possible effect on metal complexations, such high levels of biomass are worth 
consideration particularly due to peculiar algal biomass collapse phenomena that have been 
reported to occur in this lake. For instance, according to Harper et. al., (2003), a lake-wide A. 
fusiformis crash occurred in October 2001 (Nasirwa, pers. obs.), with aroma from the decay 
being detectable several kilometres from the lakeshore (Kimosop, pers. comm.). Sunda and 
Huntsman (1998) stated that trace metals exist in a variety of redox states and coordination 
species which markedly influences their geochemical behaviour and biological availability. 
Most metals exist in natural waters as metal cations that are complexed to varying degrees by 
inorganic and organic ligands. The disparity in elemental accumulation trends observed in the 
current study between the Bogoria and Nakuru algae, could thus be attributed to possible 
disparity in the inorganic as well as organic complexations for the various elements in the 
specific lakes. 

Additionally, a far fetched supposition may be made putting into consideration that, A. 
fusiformis forms spiral structures, hence its synonym Spirulina platensis. Though belonging 
to  the same species, as seen under a microscope (e.g  in photos taken by Vareschi in the year 
2005), Bogoria algae seems to form more compacted spirals as compared to Nakuru algae 
(Fig. 24). The degree of compaction of the spirals, may influence the uptake of metals by the 
algae, since the more compacted spirals would provide less surface area for metal adsorption. 
As noted earlier, Bogoria algae seemed to generally uptake and accumulate metals to a lower 
scale than Nakuru algae. Additionally, in consideration of surface area to volume ratio, 
Vareschi (1978) noted that, A. fusiformis of L. Nakuru had an average size of 120 µ (length) 
by 25 µ (width of spirals). That of Bogoria however, had a size of 500 µ by 55 µ. So it seems 
that Bogoria algae forms bigger (longer and broader) but more tightly packed spirals. While 
Nakuru algae forms smaller yet loosely packed spirals. It means then that, the smaller sized 
Nakuru algae exhibits a higher surface area to volume ratio (than Bogoria algae) and is thus 
predisposed to accomodate more metals.  
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Figure 24. Pictures of Bogoria and Nakuru algae 

 
 
 

Cyanobacteria: Arthrospira fusiformis from L. Bogoria.        Photo by Vareschi 

Cyanobacteria: Arthrospira fusiformis from L. Nakuru.        Photo by Vareschi 
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With regard to consistency, or yet lack of it in metal uptake trends for the replicates of 
the concentration dependent exposures, contrary to observations made using algae, the 
chironomids’ concentration dependent exposure replicates for all the metals (Cd, Cu, Pb and 
Zn) were considerably regular. Aquatic biota have extremely diverse physiology and 
metabolic requirements. Accordingly, the the mechanisms by which metal concentrations are 
regulated vary widely between the organisms (George and Pirie 1980; Mason and Nott 1981; 
Rainbow et. al., 1980; Simkiss 1981; White and Rainbow 1984; Rainbow 1988; Viarengo 
1989; Depledge and Rainbow 1990). Those mechanisms of metal regulation have essentially 
been classified as (1) active regulation, (2) active regulation in combination with storage, and 
(3) storage (Muyssen 2004). 

Groenendijk et. al., (1999) investigated the metal accumulation and loss during 
metamorphosis in Chironomus riparius populations in a metal contaminated lowland river. 
They found that in contrast to the large inter-population differences in larval body burdens of 
cadmium, body burdens in imagoes vanished to background levels for all midge populations. 
This indicated that any cadmium accumulated in larval stages was lost during 
metamorphosis. They postulated that the nearly 100% efficiency in shedding of cadmium 
was most likely caused by an increased metal handling capacity present in exposed midges. 

Krantzberg and Stokes (1990) assessed metal concentrations and tissues distribution in 
larvae of Chironomus with reference to X-ray microprobe analysis. In their findings, Pb, Fe, 
Cd, Cu, Ni, Zn, and occasionally Al were detected in the midgut and anal papillae of 
chironomids, with the greatest frequency of detection occurring in the midgut of larvae 
collected from a more heavily contaminated site. Metal storage differed between the studied 
populations. Eighty-one percent of the spectra that had metals in detectable concentrations 
were of larvae from the contaminated site, while only nineteen percent were from the less 
contaminated site. Sixty percent of the spectra were from the midgut and fifteen percent were 
from the anal papillae of the contaminated population. Nine percent of the remaining spectra 
were from the midgut and nine percent were from the anal papillae of chironomids from the 
less contaminated site. They (Krantzberg and Stokes, 1990) deduced that, for some elements, 
differences in metal storage between populations were suggestive of differences in metal 
tolerance. 

Elsewhere, Yasuno et. al., (1985) surveyed the characteristic distribution of 
Chironomids in some rivers that were polluted with heavy metals in Japan. In their findings, 
three species of Orthocladiinae taxa, namely Eukiefferiella sp A, Orthocladius sp A and 
Cricotopus sp, were common in all three streams although the streams were more than 30 km 
apart. Tolerance of heavy metal pollution appeared to be in the order Eukiefferiella sp A > 
Orthocladius sp A > Cricotpus sp; however, none could tolerate the conditions at one station 
on the River Senasaka, where 1,067 µg l-1 Cu and 2,345 µg l-1 Zn were found in water of pH 
4.6.  
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Another observation was that species of Eukiefferiella sp A, Orthocladius sp A, and 
Polypedilum sp, all accumulated heavy metals in their tissues, although the number of times 
of metal concentration in the organisms’ tissues to the river water concentration, varied by 
species and by location. For example, Eukiefferiella sp A accumulated Cd 660 times on a dry 
weight basis; on the other hand, Polypedilum sp in a pond at pH 2.2, with a copper 
concentration of 8,498.0 µg l-1, accumulated far less Cu (24.8 µg g-1 dry weight) than 
Eukiefferiella sp A (1,816.0 µg g-1 dry weight) in water of much lower concentration (48.4 µg 
l-1). The three species of Orthocladiinae taxa (Eukiefferiella sp A, Orthocladius sp A and 
Cricotopus sp) were identified as indicators of heavy metal pollution. They (Yasuno et. al., 
1985) inferred that, the chironomids inhabiting the regions polluted with heavy metals, 
seemed to have the ability not to uptake the toxic metals nor to excrete them rapidly. 

Other researchers, Zauke et. al., (1998), worked on trace metals in tripton, 
zooplankton, zoobenthos, reeds and sediments of selected lakes in North-Central Poland. 
Among their findings was that Pb, Cd and Cu levels in isopods and Pb levels in aquatic moss 
from Lake Jasne, were distinctly above the reported literature ranges, whereas levels of the 
same elements, were remarkably lower, in midge larvae as compared to those other 
organisms. These researchers attributed the high metal levels in some organisms to a possible 
enhancement of metal availabilities, under the notable acidified (pH = 4.8) conditions in that 
particular lake. They however wondered whether the relatively low metal levels particularly 
for Pb and Cd in the midge larvae, were as a result of competition of the speciated (under 
the acidified conditions) metal ions with hydrogen ions for the same binding sites (in the 
particular organism) or as a result of a very efficient metal regulation mechanism. 

It seems then, that depending on any organism’s biological processes, ambient 
environmental conditions might be in the organisms’ favour, so that it doesn’t accumulate 
probable unnecessary metals. However in a case where the organism is not thus favoured, 
then it alternatively develops or utilises existing regulation mechanism to combat the 
predicament. 

In the current study therefore, where chironomids seemed to be readily taking up the 
various metals, it could be that they are taking the metals and storing them (probably in 
detoxified forms), thus leading to the consistent increase in metal concentrations in the 
chironomids, when the exposure concentrations increased. The chironomids might also be 
readily accumulating the metals with an intention of shedding them during metamorphosis. 
Additionally, coming from a lake of relatively no significant history of metal contamination, 
the chironomids may be once again, readily taking up the metals, particularly because they do 
have a way of sequestering them and have not otherwise developed any adaptive mechanisms 
to avoid taking up the metals. This could have have perhaps been the case, if they were 
inhabitants of a polluted environment. Besides, chironomids in the current study are thriving 
in an alkaline environment, so they would not be favoured by a metal ions versus hydrogen 
ions competition, in evasion of metal uptake, as hypothesized for their counterpart midge 
larvae, in the acidified environment (L. Jasne) discussed above. Algae on the other hand, as 
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compared to chironomids, are probably avoiding to ardently take up the metals (though with 
an exception of copper to some extent), as a metal uptake resistance homeostatic mechanism, 
since they may not have an opportunity to shed the metals off like it could happen for 
chironomids during developmental transformations. The implication then, is that both the 
accumulation (e.g. in chironomids) strategy as well as the avoidance of accumulation (e.g. in 
algae, comparatively), or probably uptake and elimination (regulation), are all defence 
mechanisms for the different organisms. However, the issue here is whether a good 
accumulator is necessarily a good biomonitor? 

 In further current study analysis, models obtained from time dependent exposures 
were verified by way of using their parameters to predict the expected, as compared to the 
actual (observed) outcomes, of specific concentration dependent exposures. A conspicuous 
finding here was that, the Cu element (as compared to Cd) once again, particularly for Nakuru 
algae, exhibited a relatively higher predictability chance (Figs. 14 - 17). Such a finding 
therefore, is augmentative to previous observations, such as the one made with the 
concentration dependent exposure uptake trends, where Nakuru algae accumulated copper 
consistently, even among the replicates. This outcome confirms that, in that case, Cu uptake 
is not only relatively steady, but also bears a considerable potential to be projected.  

 Also notable was that, still using the Nakuru algae Cu as an example, the first perfect 
prediction was obtained using model parameters of a Nakuru algae time dependent 
experiment (Fig. 14 A e). The implication here is that for higher predictability chances, it 
might be preferable to utilise model parameters as well as verification data, all obtained from 
experiments with organisms occurring in the analogous environmental medium. Also worth 
noting here is that, in the model reproducibility verifications, a higher chance for models 
correlation, was evident between models obtained from experiments with algae from an 
analogous ecosystem. 

 For both Cu and Cd elements, in the case of Bogoria algae (as opposed to Nakuru 
algae), there was an obvious overestimation for all the attempted predictions for the lower 
range concentration dependent exposures. This is yet again confirmatory to the fact that, 
Bogoria algae was in the current study investigations, reluctant to take up metals, as had 
been observed when the levels to which the metals were accumulated, were compared 
between algae from the two lakes. This was the case in both circumstances of, time 
dependent, as well as concentration dependent exposures. Therefore, for whatever reason (s), 
Bogoria algae can be comparatively postulated as hesitant to take up metals. This though has 
been attributed to especially the physicochemical specificity of the mediums in which the 
organism (algae) occurs. 

 On the other hand, in the chironomids model verifications (Fig. 23), all attempted 
predictions for all the metals (except Pb to a certain extent), portrayed acceptable 
predictability likelihood. This was therefore consistent with the fact that in the case of 
chironomids, for all the metals (except Pb in the lower dose time dependent exposure  (Fig. 
20)), it was possible to fit acceptable uptake and elimination models. The model 
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reproducibility chances too were reasonable and were in the order of Cd, Cu and Zn. Besides, 
the concentration dependent exposure uptake trends for chironomids were basically 
replicable. This was as opposed to the case of algae, where relatively acceptable models were 
basically obtainable for just the Cd and Cu elements, and yet, even the concentrations 
dependent exposure uptake trend replicates, were irregular, with the exception though, of Cu 
for the Nakuru algae. The affirmation here then, is that chironomids as opposed to algae, are 
much capable of liberally taking up the metals and even the possibility for their capability to 
do so, can be rather postulated. However, the caution is that though an organism may portray 
characteristics towards being a potential biomonitor for more than one element, the suitability 
nevertheless, of any organism as a biomonitor, is in essence element specific and ecosystem 
dependent. 

 It may have been thought nonetheless, that algae for instance, being at a lower 
biological classification level, may be of less complicated structures and biological processes, 
and hence expected to be the one that preferably takes up metals more readily. That however 
turned out to be on the contrary. May be the comparative lack of biological sophistication 
contributes to the avoidance of unnecessary uptake and accumulation of metals, as seen in the 
present investigations, due to a probable equal limitation in sophistication for the would be, 
necessary counteractive defence mechanisms. 

On a point of emphasis though, the apparent comparative reluctance of algae to uptake 
and accumulate metals should nevertheless not be seen as contradictory to the fact that algae, 
are particularly useful biosorbents in bioremediation processes (any process that uses 
microorganisms, fungi, green plants or their enzymes to return the environment altered by 
contaminants to its original condition (WFE, 2007f). This is because bioremediation relies 
mainly on biosorption other than the entire bioaccumulation processes. Biosorption in that 
case, is for instance according to Macaskie et. al., (1992), the binding and concentration of 
heavy metals from aqueous solutions (even very dilute ones) by certain types of inactive, 
dead, microbial biomass. Bioaccumulation on the other hand, includes all processes 
responsible for the uptake of bioavailable metal ions by living cells and thus includes 
biosorptive mechanisms together with intracellular accumulation and bioprecipitation 
mechanisms. Beveridge (1989) clarified that bacteria for example, make excellent biosorbents 
because of their high surface-to-volume ratios and a high content of potentially active 
chemosorption sites such as on teichoic acid in their cell walls. Therefore, for biosorption 
during bioremediation, it is the surface area to volume ratio capacity of the biosorbent, that is 
valuable, other than the capability for active/live uptake and bioaccumulation of the 
pollutants. Besides, the organisms would probably not withstand the levels of metals, among 
other pollutants, in the environments to be cleaned (bioremediated), and would thus after all, 
die. 

 Further into more deductions from the present study, it seems like the higher the 
uptake and accumulation, the higher the correlation chances for the observed against the 
predicted metal uptake trends. This was seen for instance in the general comparison of 
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chironomids and algae, whereby, chironomids accumulated metals more generously, and as 
well, their (chironomids’) model verifications exhibited considerably high predictability 
chances. In the case of algae as well, Cu was not only uniquely readily uptaken but also did 
portray a general higher predictability possibility. On the other hand, for Bogoria algae, metal 
levels were basically highly overestimated at the lower concentration dependent exposure 
range verifications/predictions. At the higher concentration dependent exposure range 
verifications however, some considerable correlations were apparent. This shows that the 
higher you go in concentration, the higher the chances for correlation between the observed 
and the expected metal uptake trends. The inference here then, is that with increasing 
pollution level, there might be higher chances in predicting close to actual metal levels, in 
case of further pollution. Another inference is that, model verification can be used to indicate 
the relative potential for pollution in the environment, such that, in the case of 
overestimation (meaning that the observed values were lower than expected) for example, it 
means that the environment in question has a certain capacity to regulate the pollutants. In the 
alternative case of underestimation (meaning that the observed values were higher than 
expected) then, it means that the environment for which the predictions are being made, is 
likely to be already somewhat polluted and does not have much capacity to resist further 
potential pollution. It might therefore suffice to say that, Lake Bogoria ecosystem in its 
current state, has a higher capacity to resist pollution, particularly that from heavy 
metals, as compared to the Lake Nakuru ecosystem. The tight spot here though, is that 
comparatively, L. Nakuru is the one at a higher potential for contamination, due to its location 
next to the commercially and demographically developing Nakuru town. 

Contamination nevertheless, is relative. For instance, is it about the origin of the 
potential pollutant or about the bearing of its (the contaminant/element) presence in the given 
environment? In an attempt to extrapolate on such a query, sediment samples from the 
investigated ecosystem were assessed to survey the status of various elemental occurrences.  

The metal concentrations in the sediments exhibited variations within and between 
the lakes investigated. The elemental concentration differences may be as a result of a 
combination of diverse factors. Brumsack (2006) evaluated the implications of trace metal 
content of recent organic carbon-rich sediments on Cretaceous black shale formation. In his 
findings, he deduced that the total trace metal content of modern total organic carbon (TOC)-
rich sediments is mainly due to three sources, that are so not easily distinguishable. These 
sources are: terrigenous material of eolian and/or fluvial origin, biogenous plankton 
remains and early diagenetic enrichment. In the current study, samples from the northern 
and southern end in L. Bogoria exhibited higher concentration levels for various elements. A 
salient feature at either of these ends is the presence of river inlets, with Sandai-Wasenges 
River to the north being the major river into that lake. (The Sandai and Wasenges are in the 
upstream, two rivers that later join before emptying into the lake). The observed phenomenon 
may be thus associated with among other factors, fluvial input and provenance of the material 
gathered by the rivers along their drainage courses. The Sandai-Wasenges River for instance, 
drains the Subukia and Iguamiti highlands to the South- East of the lake. This river is said 
(according to Koyo, in RIS (2001)) to dry up at the Sandai swamps during the dry season but 
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is also known to bring in huge volumes of suspended solids during the wet season. In 
addition, Awer (1999) wrote a document on the participatory wetlands management, featuring 
the case of L. Bogoria National Reserve. Though not regarding heavy metals, he reckoned 
that there was a likelihood of agro-chemicals being deposited into the lake. The agro-
chemicals were purported to originate from as far as Subukia, about 100 kilometres away, 
where they are applied to agricultural farms. These agro-chemicals are thought to likely find 
their way to the lake through the Sandai River. 

In Lake Nakuru, samples towards the middle of the lake exhibited higher 
concentration levels for a considerable number of elements. Such increments were in that 
case, likely to be associated with biogenous plankton remains as well as diagenetic 
enrichments, other than fluvial inputs, as in the case of L. Bogoria. (In L. Nakuru, metal 
concentrations from around the various inlets were not remarkably pronounced as compared 
to those around the L. Bogoria inlets). The Nakuru mid lake samples also notably contained 
higher % C and % S levels. This may be due to the fact that, sediments towards the centre 
of the lake were of the fine grained and potentially organic matter rich, clay (shale) type. 
The sediments towards the shores were relatively more coarse. The variation in sediment 
textures is due to among other things, the waves action at the shores, which sifts and carries 
the lighter particles into the lake, leaving the heavier ones at the shores. 

Additionally, with regard to organic matter, saline lakes have been variably associated 
with elevated primary productivity. Vareschi (1982) reiterated that, though diverse, high 
phytoplankton productivity (even up to ~200 g m-3 d.w in L. Nakuru) has been reported for 
such lakes. The high productivity thus, leads to high accumulation of organic matter from 
planktonic remains. The organic matter is decomposed by microorganisms such as saprobic 
bacteria, hence various nutrients including carbon and nitrogen are released back into the 
environment. During decomposition, other biologically accumulated elements are also 
released. In addition, since the microbial activity during organic matter decomposition is 
coupled with high biological oxygen demand, the oxygen may get depleted. Anaerobic 
microorganisms then utilise other oxidising agents such as sulphate (SO4

2-). In so doing, the 
sulphate is reduced to suphide (S2-). Sulphide then combines with the available cations to 
form suphide precipitates, which may settle at the bottom. Thus, in sediments with high 
organic matter and subsequently high organic carbon, various processes may lead to increased 
accumulation of diverse elements in that environment. 

Brumsack (2006) pointed out that, organic-carbon-rich sediments (sapropels), are 
prone to higher trace metal enrichments owing to the fact that sulphide precipitation occurs 
in the water column, leading to formation of sulphide precipitates, which may accumulate at 
the seafloor. Bodin et al., (2007) assessed the enrichment of redox-sensitive trace metals (U, 
V, Mo, As) associated with the late Hauterivian Faraoni oceanic anoxic event. In their 
findings, U, V, Mo and As showed consistent and significant enrichments during the Faraoni 
event. Other redox-sensitive trace elements that were analysed in that study did not show 
systematic enrichments. In the current study, elements including Mo, V, and U were among 
the elevated, especially in the NM5 and NM6 samples. The Nakuru mid lake samples 
therefore, exhibited elemental elevation characteristics associatable with organic carbon rich 
sediments. If mid lake samples from L. Bogoria had as well been obtained and assessed, they 
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probably would have portrayed a similar phenomenon (of high trace metal concentrations in 
organic carbon rich sediments). This is especially because the lake has even been previously 
declared to contain a “sapropel” at its bottom (See study area Section). 

Regarding the one sample marked as coming from a runoff drain (NS1), this sample 
exhibited rather elevated concentrations of some elements. Just to note, the sample was taken 
barely five metres away from the lake shore. However, although from a runoff drain, the 
sample was nevertheless from within the park. In the light of this, the fact that it is possible to 
even drive a car around the park and almost literally to the lake’s shore water line, might be 
worth concern. This is because there is quite a considerable amount of tourism traffic getting 
as close as possible to the lake, in order to view the spectacular flamingos among other 
avifauna. Besides, vehicles are inevitably used in the park, as it is impractical to tour the park 
on foot for security reasons against wildlife. Vehicular traffic often posses variable 
environmental concerns, particularly with regard to heavy metals due to the use of for 
instance leaded fuel. However, this sample may also indicate possible anthropogenic 
influences from the lakes’ riparian zone. 

In general therefore, intra-specific spatial distribution variation, or even lack of it, 
depends for instance on the zones sampled. A good illustration to this being that of the 
Nakuru mid lake and the littoral samples. The pattern of the intra-specific spatial distribution 
may also be dependent on the specific elements/substance under investigation. Previous 
researchers such as Mavura and Wangila (2003) established in their study that, heavy metals 
as compared to pesticide residues, tended to be distributed almost uniformly within the 
Lake Nakuru. The pesticide residues were in their (Mavura and Wangila, 2003) study, 
otherwise predominant in the lakes’ (Nakuru) northern and southern river inlets.  

In a more previous study, Wandiga et al., (1983) worked on the concentrations of 
heavy metals in water, sediments and plants of Kenyan lakes. These researchers concluded 
that in their findings, there were inter-specific variations in concentrations of various metals 
among lakes, but not intra-specific variations within specific lakes. This was according to 
them, an indication that there was good mixing in each of the lakes. Besides, it also showed 
that the geochemistry of the Kenyan lakes varied from lake to lake, albeit with a few 
similarities, yet they all lie in the East African Rift Valley. With regard to geochemical 
variations, in some lakes, there are salient geochemical features that can be implicated. In L. 
Bogoria for example, the influence of the numerous hot springs can not be overlooked. On the 
other hand, in a lake like Sonachi, the volcanic geochemical influences may be more 
prominent. This lake (Sonachi) has been described as occupying the floor of a 
phreatomagmatic explosion crater (Verschuren, 1999). 

In the current study, on average, major and trace elemental concentrations differed 
significantly between the two lakes, Bogoria and Nakuru. Lake Bogoria notably recorded 
higher major element oxides as compared to Nakuru. Worth some attention though, is that 
Na2O and CaO did not significantly differ between the two lakes. This is acceptable because 
the two ecosystems are saline alkaline lakes. According to Vareschi (1987) in an article on 
saline lake ecosystems, the lakes present an amazing variety of chemical compositions, 
although they are dominated by relatively few major solutes. These include the cations 
sodium, potassium, calcium, magnesium and the anions, chloride, carbonate, hydrogen-
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carbonate and sulphate. The variety, according to him (Vareschi, 1987), is mainly caused by 
anion diversity, whereas a single cation, Na+, dominates most lakes. K+ on the other hand, is 
always present but never occurs as the major cation. In another study, Njenga (2004) carried 
out comparative studies of water chemistry of four tropical lakes in Kenya and India. From 
his findings, he deduced that the lower potassium content as opposed to sodium in all the 
investigated lakes was attributable to the resistance of potassium to weathering. In addition, 
such a phenomenon could also be as a result of the use of potassium in clay formation, as well 
as in biological utilization. 

In further current study observations, when element/aluminium ratios were 
computed, there were more elements with higher ratios in Nakuru than in Bogoria. This was 
contrary to the observation made using the actual elemental concentrations, where Bogoria 
had more elements being of higher concentrations. The enrichment factors too, followed the 
trends of the El/Al ratios, thus there were more elements enriched in Nakuru than in 
Bogoria. In this respect, matters pertaining to aluminium as an element, may have some 
substantial contribution to that observation.  

According to Brumsack (2006), among other properties, aluminium forms part of the 
structural component of most minerals that are introduced into aquatic environments via 
fluvial and eolian sources. This element therefore, has been favoured in quantifying the 
terrigenous detrital fraction in nearshore environments. Aluminium is also said to be hardly 
affected by biological or diagenetic processes in nearshore environments. Comparisons of 
EL/Al ratios thus, are used to interpret deviations from the El/Al ratios of average shale, as 
being enrichments or depletions where applicable. However, for OC-rich sediments that are 
low in terrigenous material, there may occur an ambiguity in calculations of the EFs (using 
El/Al ratios), due to a closed sum effect, as discussed by Van der Weijden (2002). A small 
denominator (i.e low Al) in that case, would lead to high El/Al ratios, and subsequently, high 
EFs. To note from the current study is that Al was among the elements that were of higher 
concentrations in L. Bogoria than in L. Nakuru. In accordance to this, fluvial inputs were 
implicated for higher elemental concentrations particularly in some locations in L. Bogoria. In 
L. Nakuru however, evidence for comparable amounts of inputs of that nature (fluvial), was 
not obvious. The location specific higher elemental concentrations in that lake (Nakuru), were 
otherwise associated with potential elements concentrating processes of OC-rich sediments. It 
is hence worth apprehension, that the higher El/Al ratios and ensuing higher EFs for Nakuru, 
might have been influenced by the comparatively lower Al concentration.  

Nonetheless, results obtained in the current study may be used to indicate the 
potentiality for elemental enrichments in L. Nakuru, as compared to L. Bogoria. In other 
current study deductions it had been noted that L. Bogoria was less likely to be polluted, as 
compared to L. Nakuru. This is because the former had more potential to endure increments 
in metal inputs, thus restraining for instance, the metals’ bioavailability. This phenomenon 
was attributed to the apparent nature of the ambient physicochemical characteristics in the 
particular lake.  

In more current study observations, despite the differences in elemental properties, 
specifically the concentrations, the El/Al ratios and the EFs between the lakes, there were 
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nevertheless, notable similarities in some patterns of elemental enrichments and 
depletions. 

With regard to enrichments to begin with, sodium, was uniquely but expectedly 
enriched in both L. Bogoria and L. Nakuru. The sodium was of the highest EF in L. Bogoria 
and of the second highest EF in L. Nakuru. This therefore maintains the implication of both 
lakes being saline alkaline lakes. These are often characterised by the dominance of the Na+ 
cation. Another element, zirconium, was also uniquely enriched in both lakes. It had the 
highest EF in Nakuru and the second highest in Bogoria. Other relatively enriched elements 
included particularly Zn and Y, among others (e.g. U, Mo, Pb, P, Fe, K, Si, Ti, Rb and Ca) in 
L. Nakuru and particularly, Zn and Ti, among others (e.g. Fe, K and Y) in L. Bogoria.  

The observed patterns of elemental enrichments and depletions may be attributed to 
the exclusivity of the geological activities associated with the pertinent locality (East African 
Rift Valley). Wilson (1989) wrote a chapter on igneous rocks of continental areas in her 
book, ‘Igneous petrogenesis; a global tectonic approach’. In that chapter, among her initial 
statements was that within the geologically recent past, igneous activity in continental areas 
had been neither voluminous nor continous over prolonged time periods. This was with the 
notable exception however, of parts of the East African Rift Valley system. Later in that 
chapter, she gave an account of among other igneous rock types, highly potassium-rich 
series. In that section she first reiterated that those are a very sparse and highly variable 
group of rocks, many of them so rare as to be petrological curiosities. Those rock series 
however, are apparently genetically linked in some way due to their extraordinarily high 
contents of incompatible elements and high initial 87Sr/86Sr ratios. (An incompatible 
element is an element that is unsuitable in size and/or charge to the cation sites of the 
specific minerals). 

Wilson (1989) further chose to mainly highlight three types of highly potassium-rich 
rock types, based on their localities. These according to her, included the most inherently 
potassium-rich group of all igneous rocks, the lamproites of Western Australia. They are 
unique due to their unusual mineralogy reflecting high contents of Mg, K, Ti, P, Zr, and Ba, 
and a high K/Na ratio and as well, low Al2O3. The other two groups of highly potassium-
rich rock types that she gave an account of, were what she described as, the highly alkaline 
rocks of western East African rift valley. These are precisely found on two (therefore the 
two groups) young volcanic fields, Birunga and Toro-Ankole, situated near the equator in the 
western East African rift valley. They are near the central part of a domal structure including 
the unique (non-volcanic) horst of Ruwenzori. According to Wilson (1989), this is where the 
greatest concentration in the world, of highly potassium-rich lavas, including numerous 
occurrences of the very rare mineral kalsilite, are situated. These rock types, she reckoned, do 
exhibit an ultrabasic character and have extraordinarily high contents of the incompatible 
major elements Ti and P, as well as the incompatible trace elements, particularly, Rb, Ba, 
Sr and Zr (Higazy, 1954). They also exhibit initial 87Sr/86Sr ranging from moderately to 
distinctly high (0.7036-0.7111), averaging 0.705 for melilite and nepheline bearing varieties, 
and 0.707 for feldspar-bearing varieties (K. Bell and Powell, 1969).  

Wilson (1989) however sort to differ, in the opinion that those three groups of highly 
potassium-rich rocks were as comparable as had been previously claimed. She cited their 
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highly variant mineralogies that reflect variations in such compositional parameters as 
K2O/Na2O ratios. These ranged from 6 in the Western Australian examples to ~1 in Birunga 
(In the current study K2O/Na2O ratios = 0.81 and 0.59 for sediments of L. Bogoria and L. 
Nakuru, respectively). These rocks also exhibit an amazing span in silica activity ranging 
from those with normative silica to those carrying melilite and kalsilite. Wilson (1989) 
nonetheless, maintained the emphasis that, these highly potassium-rich rocks do share a 
pattern of extreme enrichment in incompatible elements and in the high initial 87Sr/86Sr 
ratios.  

In the current study which is from the eastern East African rift valley, the observed 
K2O concentrations (Mean (% dwt) ±95% CI; Bogoria = 4.3±0.3 Nakuru = 3.5±0.28) for 
example, were within comparable levels with those for the western (Birunga = 2.90, Toro-
Ankole = 3.54 and 6.33 % dwt (Wilson, 1989)) East African rift valley. Hence it might be 
inferred that the eastern East African rift valley is as well entitled to its peculiarities, albeit 
with some similarities in characteristics to geologically pertinent zones. The observed metal 
enrichments, among other properties, can be therefore largely attributable to the influence of 
the relevant geological processes.  

In different studies, Jenkin (1936) for instance, while reporting on the ecological 
results of an expedition to some Rift Valley Lakes in Kenya, did also notice some uniqueness 
in a number of the investigated ecosystems. In his report, he acknowledged that silicates in 
solution varied more widely than might have been expected, and in a rather peculiar 
manner. In general, silica is more soluble in alkaline medium, but silicates in Jenkin’s 
report were apparently more than ten times concentrated in Nakuru (20-27 mg l-1), as was in 
the almost equally alkaline waters of Elementaita (trace – 2 mg l-1). The largest quantities 
(41.5-69 mg l-1) though, were found in the least alkaline lake, namely Naivasha. According to 
Jenkin (1936), this high silicate concentration in Naivasha supported the hypothesis that 
soluble silicates might have been produced by the decay of some earlier diatom maximum. 
Jenkin speculated that production of silicates could have been possibly accelerated by the 
exceptionally hot and dry season that preceded his investigation. 

According to another researcher, Milbrink (1977), the concentrations of silica 
generally vary with alkalinity or salinity (Talling & Talling 1965). In particular, 
concentrations in the East African saline alkaline lakes often exceed 100 mg l-1 (118 mg l-1 
in Nakuru in Milbrink’s study). In the less alkaline lakes the dissolved silica concentrations 
are lower, but nevertheless considerable (18 mg l-1 in Naivasha in Milbrink’s study). Among 
his deductions, Milbrink (1977) also advocated that more or less periodically, some dissolved 
silica may be removed from the water column due to the sedimentation of diatom 
frustules. In other previous studies, Hecky and Kilham (1973) worked on the ecological and 
geochemical implications of diatoms in alkaline-saline lakes. These researchers as well, 
deduced from the geochemical data in their findings, that the production and preservation 
of diatom frustules appeared to control silica concentrations in the waters. However, in 
Hecky and Kilham’s study, relatively poor correlations were observed between sodium and 
silica and between pH and silica. These researchers then postulated that, data such as that 
from their work had important implications for theoretical models of geochemical evolution 
in closed basins like those investigated. This is because apparently, little or no dissolution of 
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fossil diatom frustules was observed in such sediments of otherwise highly alkaline and 
high pH waters. The inference therefore may be that, there is already so much silica in 
solution that the diatom frustules need not necessarily be dissolved to regenerate more. In the 
current study, silica in L. Nakuru was enriched in sediments by a factor of 1.4 relative to 
average shale, while in Bogoria the silica had an EF of 0.92. 

Among other unique features of saline alkaline lakes, there has been some attention on 
phosphorous concentrations. For instance, Milbrink (1977) acknowledged that 
concentrations of total-phosphorous in surface waters of the alkaline lakes were generally 
high, even exceptionally high in the most extreme soda lakes. Phosphates in this lakes may 
reach concentrations exceeding 1000 µg l-1 (300 µg l-1 was the actual figure for Nakuru in 
Milbrink’s study). However, great horizontal and local variations are common. Tailling & 
Tailling (1965) did also note that phosphate fractions varied both locally and seasonally over 
a wide range. The concentrations however, were often quite high during the study by Tailling 
& Tailling, suggesting that phosphorus might not have been a limiting factor for algal growth 
in those lakes. In a relatively more recent study, Njenga (2004) compared the water chemistry 
of four tropical lakes in Kenya and India. He was of the opinion that there might be some 
contribution of external nutrients inputs into lake Nakuru. He suggested that likely 
contributors were anthropogenic activities including sewage, industrial effluents and runoff 
from agricultural farms (SAPS, 2001). He (Njenga, 2004) however reiterated that Lake 
Nakuru was nevertheless naturally eutrophic (SAPS, 2001, 2002). In some of his findings, 
Njenga (2004) observed phosphate content ranges of between 10-200 µg l-1 in L. Nakuru. 
Computations of NO3 : PO4 ratios in Njenga’s study suggested that, while nitrogen was the 
growth limiting nutrient in lakes Naivasha and Elementaita, phosphorus was the growth 
limiting nutrient in Lake Nakuru. In the current study, P2O5 in % dwt was 0.16 and 0.096, in 
sediments for L. Nakuru and L. Bogoria respectively. The phosphorous was enriched against 
the value of average shale by a factor of 1.4 in L. Nakuru, while the EF for Bogoria was 0.6. 

In further current study findings, with regard to elemental depletions, it may first 
be noted that trace elements as opposed to major elements data, were relatively reluctant to 
conform to the Gaussian normal distribution pattern. This is because the trace elements 
concentrations were in some cases so low, as to even pause detection limitations.  

In pertinent previous studies, Njenga (2004) elaborated that unlike in most lakes where 
the major cations are the divalent cations, particularly Ca2+ and Mg2+, the Rift Valley lakes 
have the monovalent cation Na+ as the major cation. The relatively high contribution of (Na + 
K) to the total cations are, according to Njenga (2004), an indication that silicate weathering 
and/or contribution of alkaline saline soil are the important sources of ions in these waters. 
Predominance of (Na+K) over (Ca+Mg) and the low contribution of calcium and 
magnesium in the cationic compositions, were in Njenga’s study, attributed to high pH 
related precipitation of calcite (CaCO3) and dolomite (CaMg(CO3)2), especially in lakes 
Nakuru and Elementaita. Hecky and Kilham (1973) also reported that calcium and 
magnesium were removed from solution through precipitation (calcite and dolomite) at pH 
values above 9.  

In other earlier studies, the cation order of concentration in L. Nakuru has been 
categorised as Na>K>Ca>Mg (e.g. Milbrink 1977). Milbrink did acknowledge that in most 
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alkaline and saline lakes, Ca and Mg become successively eliminated, since these cations 
tend to precipitate mainly as carbonates. He (Milbrink, 1977) also noted that other 
researchers such as Prosser et al., (1968), did discuss the extent to which Mg is precipitated as 
hydroxides. In his study, Milbrink (1977) recorded the main cation values in mval % as 
follows: Ca, 0.07; Mg, 0.00; Na, 97.6 and K, 2.3. In addition, Milbrink (1977) did point out 
that the relative proportions of sulphate in particular, and chloride amongst the anions, are 
comparatively low in East African lakes. In his findings, the absolute concentration of 
sulphate in Nakuru was much below the approximate lower limit of 200 mg l-1 given by 
Talling and Talling (1965) for highly saline lakes. Such lakes would otherwise contain 
sulphates of about 600 mg l-1. In his study, Milbrink (1977) recorded values (in mval %) of 
SO4, 6.2, and Cl, 17.2 while the HCO3 was 76.6.  

With regard to aqueous elemental precipitation, it might have been expected that if it 
is considerably occurring, the involved elements should be consequently enriched in the 
sediments. However, it seems that the events are not essentially in that sequence (In the 
current study the EFs for Ca were 1.1 and 0.6 for Nakuru and Bogoria sediments, 
respectively. The EFs for mg were 0.27 and 0.29 for Nakuru and Bogoria sediments, 
respectively). It can be inferred therefore that aqueous elemental depletion processes might be 
coupled to processes acting similarly or otherwise, in favour of elemental depletions through 
the soils’/sediments’ catena. Consequently, certain elemental signatures in the water may 
be reflected in the sediments as well. This though should be distinguished from the 
phenomenon that elemental concentrations in water are normally universally different in 
magnitude, from concentrations in sediments. This is because sediments as compared to 
water are usually a better reservoir of many substances, including metals.  

Considering other elemental depletions, Melack (1976) investigated the limnology 
and dynamics of phytoplankton in equatorial African lakes. From some of his findings, he 
inferred that trace metal deficiencies in Lakes Nakuru and Elementaita were exaggerated (sic) 
by the increased salinity. (The use of exaggerated is ambiguous, it might have been meant to 
be exacerbated.) According him, three kinds of evidence suggested that copper deficiency 
was a possibility. First, experimental addition of CuSO4 (initial concentration ca. 3 µg Cu l-1) 
caused increased photosynthetic rates by the phytoplankton of Lake Elementaita (S. van den 
Berg von Saporoa, pers. comm.). Second, CuSO4 was added in the cattle’s drinking water, 
because copper is deficient in the Nakuru-Elementaita area. Third, in certain study 
observations, copper carbonates and copper hydroxides increased while dissolved Cu+2 
became vanishingly low at the increase of carbonate and pH (Stumm and Morgan 1970). In 
the current study, Cu was among the severely depleted elements in the investigated 
ecosystems. 

In a later study, Wandiga et al., (1983) noted that Cu concentrations in Kenyan lakes 
were low while Zn concentrations were relatively high. In their findings, the concentrations 
of iron in filtered water were as well low (3.72 – 536 µg l-1) in all the lakes, while 
molybdenum concentrations were otherwise moderately high (224 – 404 µg l-1). In 
substantiation to this observation, they (Wandiga et al., 1983) cited Suttle and Mills (1977), as 
having acknowledged that the effects of toxic levels of copper could be alleviated by addition 
of Zn and Fe. In addition, high concentrations of Mo could reduce Cu toxicity.  
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Elsewhere, Maskall and Thornton (1989) did a reconnaissance survey on the mineral 
status of Lake Nakuru National Park in Kenya. From their findings, they inferred that the 
relatively low soil levels of Cu, Co and Se in the park were due to the origin of the soils, 
which were developed on volcanic ash sediments and other volcanic rocks including 
phonolite and basalt. They (Maskall and Thornton, 1989) also observed that the more sandy 
soils comprising the alkaline flats along the lakeshores contained less of the elements (Cu, 
Co and Se), than soils obtained from elsewhere in the park. In the current study, littoral 
sediments were found to contain less elemental concentrations than the finer grained, 
relatively profoundal lake sediments. 

In a further investigation, Maskall and Thornton (1996) worked on the distribution of 
trace and major elements in Kenyan soil profiles (particularly in national parks and wildlife 
reserves) and their implications for wildlife nutrition. In their findings, broad variations in soil 
trace element concentrations between locations were largely attributable to differences in 
parent material. Variations in soil pH were on the other hand related to sodium and calcium 
concentrations. However, elemental concentrations and distributions were also said to be 
influenced by soil forming processes. For instance, according to these researchers (Maskall 
and Thornton, 1996), the process of sodication in alkaline solonetz soils in Lake Nakuru 
National Park, appeared to have lowered the concentrations of Cu, Co and Ni in the surface 
horizon. In the current study, elements such as these (Cu, Co and Ni) were among the 
notably depleted ones. Samples in the current study were collected just within ten to twenty 
centimetres of the sediment surface horizon. 

All in all, upon comparison of the observed average elemental concentrations, with 
values previously obtained by other researchers, it can be deduced that there has been no 
alarming increases in metal concentrations within the recent decades in the investigated 
ecosystems (see Table 20). The concentrations are thus still within relevant geological 
background levels, such as those from the Kenya Dome, among other pertinent tectonically 
influenced zones. It is confounding therefore, from the current study, to attempt to 
discriminate the geological elemental concentration contributions, from potential 
anthropogenic influences. That is why even when comparisons were made against average 
shale, inconcomitance with shale values could only mean that, the elements in subject had 
probably been simply altered by natural but varying environmental processes, and unlikely by 
the influence of anthropogenic activities.  

It may be however worth mentioning that, whether within geological background 
levels or otherwise, the impact of a particular element on biota is dictated by the 
bioavailability of that element to the specific organism. Therefore, elements being seen as 
low, might be of substantial impact if they are bioavailable. Likewise, elements seen as high, 
might be of negligible impact, if they are in biologically unavailable forms. The elemental 
bioavailability is subject to the nature of the physicochemical and biogeochemical 
characteristics of the relevant environmental compartment. 
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Table 20. Sediment major and trace elemental concentrations for various Kenyan Saline Lakes compared 
to those of some geological backgrounds in certain Rift Valley Zones. (Major elements; % dw: Trace 
elements; µg g-1 dw). 

Lake/Zone/Rock Sample N Value SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 

Bogoria 20 Range 47-61 0.7-1.9 12-21 7.3-10 0.22-0.34 0.36-1.5 0.49-3.7 3.0-7.4 3.1-5.1 0.035-0.19

  Average 52.69 1.3 16.51 8.4 0.27 0.75 1.3 5.3 4.3 0.10 

Nakuru 25 Range 41-62 0.5-1.2 9.4-14 5.6-7.9 0.17-0.29 0.28-0.83 0.87-3.2 2.0-11 2.3-4.8 0.057-0.34

  Average 56.71 0.68 12 7.0 0.24 0.50 1.7 6.0 3.5 0.16 

Elementaita 3 Average 57 0.66 11 6.5 0.22 0.86 2.5 5.0 3.3 0.11 

Sonachi 2 Average 47 0.81 8.7 5.9 0.16 5.60 7.5 5.6 2.6 0.28 

Oloidien 2 Average 57 0.52 12 6.5 0.22 1.29 2.5 5.0 4.0 0.13 

Naivasha 3 Average 59 1.0 13 7.6 0.22 0.50 1.2 4.3 3.5 0.11 

Kenya Dome *   44-64 0.8-3.1 14-21 2.0-4.6 0.20-0.27 0.04-6.7 1.3-11 2.6-9.6 0.65-5.2 0.06-0.58

High K rocks*   35-55 0.7-6.5 6.3-16 2.9-7.1 0.006-0.26 6.0-15 3.5-16 0.28-1.9 2.9-12 0.50-1.8 
Kimberlites 
(Basaltic)*   35.20 2.3 4.4 (FeO) 9.8 0.11 28 7.6 0.32 0.98 0.76 
Kimberlites 

(Micaceous)*   31.10 2.0 4.9 (FeO) 11 0.10 24 11 0.31 2.1 0.66 
Afro Arabian 

Dome*   47-50 1.1-2.6 13-17 1.5-6.7 0.17-0.28 3.3-7.4 9.4-13 2.4-3.9 0.19 -1.7 0.15-0.61
Aden Volcanic 

Suite*   47-70 0.33-3.8 13-15 2.7-11 0.10-0.27 0.13-7.8 0.60-10 2.5-5.8 0.87-5.0 0.04-0.67
* = (Wilson, 1989) 
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Table 20. Cont. 

Lake/Zone/Rock Sample N Value As Ba Co Cr Cu Mo Ni Pb Rb Sr U V Y Zn Zr 

Bogoria 20 Range b.d -6.0 125-428 b.d -17 b.d-206 b.d -37 b.d b.d -33 7.0-21 123-161 43-165 -1.0-3.0 17-94 24-93 138-183 369-775 

  Average n.a 280 n.a n.a n.a n.a n.a 11 136 91 n.a 43.25 40 158 492 

Nakuru 25 Range b.d -7.0 79-247 b.d -5.0 b.d -18 b.d -28 b.d -16 b.d -9.0 9.0-131 97-137 17-116 2.0-15 5.0-31 58-109 164-485 519-913 

  Average n.a 158 n.a b.d n.a n.a n.a 23 121 61.16 n.a 19 80 212 696 

Elementaita 3 Average 6.7 208 3.3 5.7 3.3 4.0 1.0 15 139 98 4.7 34 58 164 591 

Sonachi 2 Average 8.5 333 13 14 12 2.0 3.0 8.5 98 320 2.5 90 43 118 361 

Oloidien 2 Average 3.0 109 2.0 b.d 3.5 0.50 b.d 20 183 97 5.0 13 73 198 750 

Naivasha 3 Average 3.0 252 5.0 28 7.0 0.00 9.0 19 132 80 3.0 38 62 198 744 

Kenya Dome (Wilson, 1989)                 88-764 
Kimberlites (Micaceous) 

(Wilson, 1989)    740 77 1440   1140  21 445   46  445 
L. Nakuru (Greichus et. al., 

1978)   35    6.2   34      140  

L. Nakuru (inshore 200 m)a       3.7   9.8      40  
L. Nakuru (Nelson et. al., 

1998)  Range    10- 280 5.0-95   4.0-100      44-630  

  Average    67 24   22      147.00  

L.Naivasha (fisher) a       11   17      73  

Elementaita (Delamere) a       2.8   14      63  

Bogoria (Hot springs) a       6.0   18      109  

Bogoria N.W of H. springs a       3.5   20      95  

Bogoria East of H. springs a       6.3   18      108  
Major elements are in % dw while trace elements are in µg g-1 dw 
a = Wandiga et. al., (1983): b.d = below detection: n.a = not applicable 
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Eventually, among the notable issues nonetheless, is that, in the current study, it was 
not possible to analyse, particularly, the element cadmium, with the employed 
method/equipment of analysis (XRF). Cadmium however, among other elements, has been 
variably implicated, as a liable pollutant, particularly in L. Nakuru ecosystem. For instance, 
Jumba et. al., (2007) investigated the animal health problems attributed to environmental 
contamination in Lake Nakuru National Park, Kenya, as a case study on heavy metal 
poisoning in the Waterbuck Kobus ellipsiprymnus defassa. In their findings, bone analysis on 
dry matter basis (DM) indicated higher (p < 0.01) levels of cadmium (Cd, 0.437 µg g-1), 
fluoride (F, 3178 µg g-1), and lead (Pb, 20.62 µg g-1), in animals from the eastern as compared 
to those from the western (0.002, 1492, 4.87 µg g-1, respectively) zones of the park. This, 
according to them, suggested heavy exposure. The researchers, also found that, there was a 
higher concentration of Cd in the kidney (16.24 µg g-1, p < 0.05) and Pb in the liver (58.3 µg 
g-1, p < 0.01) in animals from the east compared to those in the west (12.92 and 36.2 µg g-1, 
respectively), but the converse was true of Cu. 

Elsewhere, one Dr. Gideon Motelin, has been widely quoted in relation to views on 
flamingo mortalities observed particularly in L. Nakuru (e.g in an article on ‘Kenya’s 
flamingos weighed down by heavy metals’, posted on 2nd August 2001 in the 
peopleandplanet.net webpage (peopleandplanet.net 2001)). He has been reported as to have 
raised concern that, among other detected elements in flamingo tissues, Cd, was of particular 
significance, because it had a potential to replace calcium in bones (of the flamingos), making 
them brittle. It might be however, worth liaison that, in the investigation by Jumba et. al., 
(2007), samples from the eastern side of the park, had much lower than normal calcium (Ca)-
to-phosphorus (P) ratios (mean: 1.9:1) compared to those recorded in the west (2.2:1). This 
was implicative of poor bone mineralization. In this light, might there then be, an already 
looming likelihood for an inherent calcium deficiency, for various biota in this ecosystem, 
due to the complex interactions of the environmental chemical constituents? Further 
contamination then, with unfavourable elements such as cadmium, would only, dreadfully, 
exacerbate the situation. It might be recollected here though, that in the study by Kairu 
(1996), among other findings, none of the bone samples analysed from birds of L. Nakuru 
(flamingos included), had metal (Cd included) concentrations above the detection limit of 
0.5 µg g-1. 

In more of Jumba et. al., (2007) findings, among other elements, there was a clear Cu 
deficiency in the Waterbucks. In various previous studies, elements such as Ca and Cu, have 
been found, or suggested, to be of low concentrations in the water, among other 
environmental compartments. In the current study, though Ca was not depleted in L. Nakuru 
sediments, it was nevertheless at the threshold. Calcium was however among the depleted 
elements in Bogoria sediments, while Cu was depleted in both lakes Bogoria and Nakuru. 

With further regard to deficiency, in the current study toxicokinetic experiments, 
Nakuru algae, uniquely, vigorously took up Cu, as compared to other elements, especially in 
the concentration dependent experiments. Whether such a phenomenon could have, to any 
extent, been driven by a need to compensate for a probable Cu deficit in the organism (among 
other attributable factors, as previously discussed in other sections of this text), might be a 
point worth attention, in future investigations. On more findings in their study, Jumba et. al., 
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(2007), ascertained that, forage analysis revealed prospects of Ca, P, and Cu deficiencies in 
the entire Nakuru National Park. 

On the other hand, in further exploration, while elucidating the contribution of 
biogenous sources to trace metal enrichments in marine sediments, Brumsack (2006) 
explained that, due to their liable role as micro-nutrients, many trace metals may be initially 
pre-concentrated in organisms such as marine plankton. Thereafter, they are regenerated into 
the water column, with subsequent reflections into the sediment composition. In that account, 
Brumsack cited Cd as a trace metal that was likely to be bioaccumulated in plankton to levels 
highly exceeding those in the terrigenous detrital fraction (Heinrichs et. al., 1980). He 
emphasised that the Cd could be even as high as, more than two orders of magnitude of the 
terrigenous detrital fraction. (It may be worth recapturing here that, though designed to bring 
nutrient metals into organisms’ cells, the responsible metal transport systems/proteins 
nevertheless, are not entirely restricted (due to various metabolic processes and metal 
interactions) to specific metals. Thus, even non-essential elements such as Cd, do find their 
way into the organism). Brumsack (2006) further compared trace metal enrichment in three 
types of organic carbon rich sediments (1. Coastal upwelling zones = Peruvian margin, 
Namibian mud lens and Gulf of California. 2. Sapropels = Mediterranean and Black Sea 
euxinic basins and 3. Cretaceous black shales). To note here, was that, in that account, Cd, of 
all the investigated elements, exhibited the highest enrichment potentials for all the three 
investigated OC-rich sediment types. It seems then that Cd, may be more often than not, 
naturally enriched in some environments, and yet, (or subsequently) it has a high potential 
to be bioaccumulated. Paradoxically though, it is supposed to be a nonessential element in 
biota. 

In other studies, Choi et. al., (2003), carried out an investigation on the subcellular 
distribution of naturally elevated Cd in the Antarctic Clam, Laternula elliptica. These 
researchers were surprised that, even the Antarctic marine environment, though one of the 
most pristine on earth, shows nevertheless, high levels of Cd in surface waters. They however 
realised that, this was accounted for by the upwelling of nutrient rich deep waters (Honda et. 
al., 1987). According to Choi et. al., (2003), cadmium in particular, which has a high affinity 
to phosphate, seems to be taken up by phytoplankton and is accumulated in various organisms 
of higher trophic levels through the food web.  

In other investigations, Kahle and Zauke (2003) assessed trace metals in Antarctic 
copepods from the Weddell Sea (Antarctica). Among their results, they observed high mean 
Cd concentrations of about 10 µg Cd g-1 in the Metridia species and about 3-6 µg Cd g-1 in the 
other copepods. In their view, when compared to copepods from Arctic Seas (Fram Strait, 
Greenland Sea) and the North Sea, Cd and Cu concentrations in the Antarctic copepods 
appeared to be higher. 

In a previous survey however, Petri and Zauke (1993) had worked on trace metals in 
crustaceans in the Antarctic ocean. In that study, they observed that metal concentrations 
showed considerable interspecific heterogeneity, without as well, any consistent taxa 
dependency. Metals were however, not generally low, as compared to other geographical 
areas, with the exception though, of Pb. In notable contrast however, observed Cd levels in 
caridean decapods (Chorismus antarcticus and Notocrangon antarcticus) were, in their (Petri 
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and Zauke, 1993) findings, among the highest Cd concentrations observed in marine 
crustaceans (13 mg kg-1 dw.). On the other hand, Cu and Zn concentrations were in many 
cases within the literature range. However, extremely low Cu concentrations in the amphipod 
Maxilliphimedia longipes and the isopod Aega antarctica (6 – 8 mg kg-1) supported the 
hypothesis that certain Antarctic species might exhibit some Cu deficiencies or reduced metal 
requirements. In light of their findings, they concluded therefore, that metal levels in 
Antarctic organisms, should subsequently, not, be utilised as global background levels, in 
monitoring studies. So then, with regard to the current study, subject to particularly, the 
geological activities associated with the locality of the investigated ecosystems, elements such 
as Cd, may be as well enriched, due to natural forces and sources. 

In an inevitable predicament however, as might be noted above, of for instance Cd 
being enriched due to natural courses, the consolation is that, many organisms have 
developed mechanisms of dealing with their dilemma. For instance, in their study, Choi et. 
al., (2003), noted that, the Antarctic clam, Laternula. elliptica, is prone to strongly 
accumulate Cd in its tissues, (Ahn et. al., 2001) throughout its long lifetime (>20 yrs, Brey 
and McKenson 1997), as a subsequent of its slow growth in cold-waters. According to Ahn et. 
al., (2001), Cd levels extremely so high (~350 µg g-1 dw), have been observed in the 
Antarctic clam. Such levels have been compared to levels reported in, for instance, kidneys or 
digestive glands of temperate bivalves, that have otherwise been deliberately exposed to 
high Cd levels, in unnatural experimental media. The high Cd accumulation in the kidney, 
reaching a peak at a shell length of approximately 80 mm, suggests that L. elliptica may have 
developed specific Cd detoxifying and control mechanisms (Ahn et. al., 2001). It is in deed 
known that, in molluscs, cellular metal detoxification commonly involves sequestration into 
soluble metal binding ligands or compartmentalization into insoluble particles (Viarengo and 
Nott, 1993, Mason and Jenkins 1995, Langston et. al., 1998). In their findings, Choi et. al., 
(2003) noted that, predominantly, about 80 % of the total Cd accumulated in L. elliptica, was 
associated with the insoluble fraction of the cells in the kidneys and in muscle parts. This 
according to them, was an indication that, Cd sequestration to insoluble forms was of 
particular importance in that organism. Confirmatory to that inference, they observed that the 
absolute amount of Cd present in insoluble fraction increased considerably, in all the organs, 
as the total concentration increased, while those in soluble fraction showed an otherwise, 
negligible change, or just slight increases. 

In a case like that of, for instance, flamingos in L. Nakuru, if they are predisposed to 
environmental exposures of heavy metals such as cadmium, then the duration of their lifetime 
may be significant with respect to metal bioaccumulation, among other substances. Though 
the longevity of flamingos has not yet been ascertained, at a particular zoo in Philadelphia, 
USA, one flamingo was reported to have lived for 44 years (SeaWorld Inc. 2002). On many 
occasions, food and feeding habits of various organisms, have been cited as a principal 
vehicle for the organisms’ exposure to contaminants. Algae (A. fursiformis) has also been 
similarly implicated with respect to the flamingos. Among the reasons for such implications is 
for instance that, suspended material is rather a good scavenger for heavy metals (Sims and 
Presley, 1976), among other substances. From the current study for example, a rough estimate 
can be made to gain an insight on to the level of Cd exposure to flamingos, through their main 
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food item. In the current study, the highest Cd concentration observed in Nakuru algae 
experimental control samples, was 0.1 µg g-1 dw. In relevant studies, Vareschi (1978), 
estimated an algae (A. fursiformis) flamingo (Phoeniconaias minor) feeding rate of 72 g dw 
algae per day, for an adult bird of 1.8 kg average weight. The feeding rate thus being 40 g of 
algae per each kilogram of flamingo weight, per day (40 g kg-1 d-1). NB: Mean algae 
concentrations in the lake were at that time considered to be 180 mg dw l-1. A flamingo 
therefore, could in the applied conditions, ingest 4 µg Cd, for every kg of flamingo weight, in 
a single day, and that is only from its key food portion. However, ingestion is not 
synonymous with assimilation. Besides, every organism has its metabolic means of dealing 
with respective adversities. Establishment therefore, of potential poisoning aversive, adaptive 
strategies, in flamingos among other organisms, in the ecosystems such as those under 
investigation, is thus warranted (NB: Kairu (1999) accentuated the need for studies to 
determine the effects of continuous low exposure levels of metal contaminants, to particularly 
the avifauna of L. Nakuru). Such knowledge, might also be useful in exploring whether the 
predicament of the flamingos, with respect to heavy metals, is that of exposure (e.g Cd) or 
deficiency (e.g Ca). It could also be useful in establishing whether, it (the predicament) is a 
combination, or even interference, of the two (exposure and deficiency). 

On the other hand, amidst the above, one might also note however that, for instance, 
Kairu (1991) had from a relative perspective, observed low levels of metals, such as As (0.03 
µg g-1 dw) and Cd (0.1 µg g-1 dw), in fish (whole body), A. grahami, from L. Nakuru. In the 
current study, control values of metals in whole fish, were on average, 0.098, 8.0, 0.5 and 177 
µg g-1 dw, for Cd, Cu, Pb and Zn, respectively. According to Ploetz et. al., (2007), metals tend 
to distribute differentially in, for instance, fish liver and muscle. This is most likely because 
of metal-binding proteins such as metallothioneins in certain organs of the fish (Atli and Canli 
2003; De Smet et. al., 2001; Hamilton and Mehrle 1986; Roesijadi 1992). Such proteins, bind 
with for instance, Cu, Cd, and Zn, but not with Pb. This allows therefore, organs such as the 
liver, to accumulate higher levels of metals, than other organs such as the muscle (Ploetz et. 
al., 2007). This means then that, if whole body samples are analysed (like in the case of the 
current study and that of Kairu, 1991), the metal levels which might be otherwise 
concentrated in some organs such as liver, may be thus diluted by the muscle mass, which is 
the bulk of the organism. Therefore, in an event of environmental exposure, to metals among 
other substances, different organisms may exhibit variable responses. Hence when exploring 
the impact of the exposure, each organism and organ should be treated respectively. 

Additionally, apart from organisms having their strategies of dealing with potential 
exposure, the interactions of the particular elements with ambient substances, may also 
avert the anticipated exposure or even toxicity. For instance, Wandiga et. al., (1983) reckoned 
that, the concentrations of Cd in waters of Lakes Elementatita and Bogoria, in their study, 
might have been seen as likely to pose a threat to biotic life in the lakes. They however, 
pointed out that, in assessing toxicity, it had been shown that Cd:Zn ratio is a factor which has 
an influence on Cd toxicity (Goyer and Myron 1977). The higher the ratio, the higher the 
toxicity. In their study the Cd:Zn ratios in L. Elementaita were 0.52 and 0.53 at the two sites 
that were sampled, and in L. Bogoria the Cd:Zn ratios were 0.05, 0.58 and 0.62, at the three 
sampled sites. These therefore, according to them, showed that Cd toxicity was not likely to 

http://www.springerlink.com/content/w5u75j8w733543np/#CR1
http://www.springerlink.com/content/w5u75j8w733543np/#CR7
http://www.springerlink.com/content/w5u75j8w733543np/#CR11
http://www.springerlink.com/content/w5u75j8w733543np/#CR18
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occur in those lakes, at the time. In connection to this, then it may be considered as a 
favourable phenomenon, that Zn, in the current study and comparative to other study 
observations, is otherwise naturally enriched, relative to average shale values, in the 
investigated ecosystems.  

In light of considerations such as those highlighted above, with respect to metal 
bioaccumulation, it depends then, on the entire interactions of a particular element with all 
pertinent environmental factors, thereby dictating its availability to the specific organism. 
Thereafter, the biological processes in the particular organism then determine the fate of the 
element inside of that organism. It can therefore be construed from the above, that relative 
contamination/exposure, and therefore, bioaccumulation and subsequent toxicity or even lack 
of it, is environmentally influenced, organism dependent, and principally, element 
specific.  
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9. CONCLUSIONS 

 The investigated biota (algae and chironomids), do have the ability to accumulate 
metals. The capability however, of any organism, as a potential biomonitor, is fundamentally, 
element specific. This is due to the variability in the organisms’ capability, to bioaccumulate 
the specific metals. 

The duration in biomonitoring time, for which the prospective biomonitor is to be 
employed, ought to be considered, because the bioaccumulation time courses vary between 
the organisms. As an example, algae as compared to chironomids, might be valuable in 
monitoring daily pollutant inputs of effluents into an ecosystem. 

 The ambient environmental characteristics, are worth vital consideration, in the 
establishment of any organism as a biomonitor. 

 Two compartment toxicokinetic models, can be used, to clarify, the observed intra-
specific and  inter-specific bioaccumulation phenomena in the various organisms. 

 Two compartment toxicokinetic models, can also be successfully utilised, to 
postulate, likely occurrences in environmental quality variations. Such postulations however, 
are subject to for instance the investigated organism’ interactions with the particular 
environment. 

 With regard to the environmental quality, relative to heavy metal pollution, in the 
investigated ecosystems, there has been no drastic changes in the assessed environmental 
metal concentrations in those ecosystems, within the recent decades. The inherent 
concentrations though, of the present elements, irrespective of their origin but dependent on 
their interactions among themselves and the general environment, may be of significant 
interests, in relation to the sustainable conservation of the particular ecosystems. 
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10. RECOMMENDATIONS 

 Various bioaccumulation studies have been carried out in assessing the sensitivity of 
prospective biomonitors in detecting environmental changes. Organisms employed in some 
of those studies have been drawn from various regions, of variant anthropogenic influences. 
For instance, with gammarids from English Coastal Waters, Plymouth, Devon (Clason et. al. 
2004b), which was regarded as anthropogenically influenced (Bryan and Langston, 1992), 
and with gammarids from Norwegian Coastal Waters, Tromso (Clason et. al. 2004a), which 
was regarded as pristine (AMAP, 1997, 1998). Yet others, have been from German Coastal 
Waters (Clason and Zauke, 2000, Ritterhoff et. al., 1996, Zauke et. al., 1996a). 

 On the other hand, organisms utilised in the current study are from ecosystems (Rift 
Valley Saline Alkaline Lakes) of, not only potential variant anthropogenic influences, but as 
well of, comparatively unique geological influences. In addition, the current studies are 
pioneer studies, towards evaluating the bioaccumulation strategies of the relevant 
organisms, with the intent of calibrating them as potential biomonitors for the specific 
ecosystems. More diverse studies are therefore inevitably warranted, in verification of the 
current study deductions and in the relevant subsequent steps, in calibration of the prospective 
biomonitors. 

In light of other current and previous studies’ inferences, it is largely evident that, 
continued bioaccumulation and biomonitoring studies, towards the sustainable conservation 
of the studied ecosystems among others, are needed. Such studies should entail,  

1. Precise mapping of, the geological background elemental concentration levels, for the 
relevant ecosystems. 

2. Clearly ascertaining or ruling out, of point sources, of potential pollutants into those 
ecosystems. 

3. Investigating factors pertaining to bioavailability of the specific elements to the 
particular biota. 

4. Toxicokinetics and pharmacological studies, to establish and confirm, or refute, 
pollution level status, in the specific abiotic and biotic compartments. 
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Appendices 
 
Diverse aqueous ionic concentrations in some Kenyan Saline Alkaline Rift Valley lakes as observed by 
various previous researchers 
 

Lake 
 

pH K (µS cm-1) Na (mg l-1) K (mg l-1) Ca (mg l-1) Mg (mg l-1) F (mg l-1)
b Bogoria 

10.6 
57,400 28,400 387 n.d 2.2 1,060 

e Bogoria 
10.3 

74,200      
cBogoria 

 
72,000      

h Bogoria 
(Chemurkeu hot 

spring) 

8.75-9.05 

 1569-1710 30-42 0.22-0.84 0.02-0.33 65-75 
i Bogoria (Loburu 

hot spring) 
7.95-8.55 

 1290-1480 13.6-22.0 0.8-1.6 0.4-0.8 62-74 
j Bogoria 

10.0 
67,200      

j Bogoria Hot 
springs 

9.0 
6410      

a Nakuru 
 

162,500 5,550-38,000 256-1,312 <10-10 0-<30  
b Nakuru 

9.8 
10,010 3,300 237 n.d 0.9 129 

c Nakuru 
 

20,300_27,100      
f Nakuru 

10.0 
46,893 22093 910 322 61 28 

c Elementaita 
 

11,700_43,800      
a Elementaita 

 
43,750 9,450 381 <10 <30  

b Elementaita 
9.4 

11,700 3,800 284 n.d n.d 323 
f Elementaita 

9.9 
60,250 32890 3726 60 65 9.6 

b Sonachi  
9.6 

6,370 1900 333 4.1 5.1 67 
c Sonachi  

 
 82.7* 8.5* 0.2* 0.4*  

b Oloidien 
9.1 

628 142 15.5 9.4 5.8 5.41 
c Oloidien 

 
768-892 5.10-5.41* 1.95-2.16* 0.26-0.57* 0.46-0.55* 0.28-0.36*

a Naivasha 
 

335 41 19-21.6 16-21.9 7-6.9  
k Naivasha 

 
208 24.2 12.3 16.2 5.3 0.95 

c Naivasha  
 

311 1.65-1.89* 0.48-1.17* 0.89-1.17* 0.44-0.54* 0.09-0.08*
d Naivasha  

 
d 259-350      

f Naivasha 
8.6 

1,278 169 77 5.85 4.96 9.99 
* = These values are in meq l-1, not in mg l-1. a = Richardson and Richardson (1972), b = Hecky and Kilham 
(1973) c = Melack (1976), d = Clark et al., (1989), e = Harper (2003), f = Njenga (2004), g = Vareschi (1978) 
h = Jones & Renaut (1996), i = Renaut et al.,  (1998), j = Krienitz  (2003), k = Kilham and Hecky (1973) 
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Cont. Diverse aqueous ionic concentrations in some Kenyan Saline Alkaline Rift Valley lakes as observed 
by various previous researchers 
 

Lake 

Alkalinity 
/HCO3+CO3 

(meq l-1) HCO3 CO3 Cl (mg l-1) SO4 (mg l-1) SiO2 (mg l-1) PO4 (µg l-1) 
 TZ- 

(meq l-1)
TZ+ 

(meq l-1)
b Bogoria 965   6,390 216 260 g  380   
e Bogoria 1190         
c Bogoria          
h Bogoria 

(Chemurkeu 
hot spring)    305-340 58-68 127-135    

i Bogoria 
(Loburu hot 

spring) 
44.36-50.37 

(mg/l)   207-238 59-71 92-110    
j Bogoria 1020      5400   

j Bogoria Hot 
springs 78      19   

a Nakuru 205-1,440   1,375-13,000 253-4,270 730 12,200   
b Nakuru 122   1,020 62 208 13600   
c Nakuru       g  100   
f Nakuru  18882  20801 189 (H4SiO4) 98 90 900 1005 

c Elementaita       g  10   
a Elementaita 289   5,200 2,200 295 2,000   
b Elementaita 107   1,970 133 177 9200 k 182.3 k 172.6 
f Elementaita 24685   39741 109 (H4SiO4) 97 246 1527 1533 

b Sonachi  79 c 2837.4 c 960.2 224 36 77 4700   
c Sonachi   46.5* 32* 6.3* 0.8*     

b Oloidien 6.74   23 23.8 42.8  k 7.9 k 7.5 
c Oloidien  7.34-8.81*  0.76-0.79* 0.16-0.21* 28.2-31.2    
a Naivasha 3.0-3.43   10-16 17-8.4 31.5 58   
k Naivasha 2.2   6.9 5.2 24.6  2.5 2.6 
c Naivasha   2.94-3.76*  0.34-0.39* 0.16-0.21* 29.4-28.2    
d Naivasha  d 1.95-3.2         
f Naivasha  389.25  419.06 5.35 (H4SiO4) 7.41 1988 18.30 10.05 

* = These values are in meq l-1, not in mg l-1. a = Richardson and Richardson (1972), b = Hecky and Kilham 
(1973) c = Melack (1976), d = Clark et al., (1989), e = Harper (2003), f = Njenga (2004), g = Vareschi (1978) 
h = Jones & Renaut (1996), i = Renaut et al.,  (1998), j = Krienitz  (2003), k = Kilham and Hecky (1973) 
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Algae, time dependent elemental uptake and elimination experiments (A_E1 to E11) data (µg g-1 dw). 
 

A_E1     A_E2     A_E3     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

0 0.03 0.9 0.24 4.4 0 0.00 0.6 0.16 2.24 0 0.03 1.1 0.20 6.7 

0 0.01 0.7 0.18 -1.7 0 0.00 0.6 0.16 2.24 1 0.02 1.0 0.26 3.8 

24 0.08 1.3 0.79 17.9 1 0.32 14.5 0.52 19.85 1 0.11 2.0 0.22 0.9 

24 0.05 1.1 0.29 1.3 1 0.23 8.3 0.56 1.01 2 0.26 3.9 0.23 6.1 

48 0.10 2.2 0.82 1.8 2 0.22 8.8 0.49 1.97 2 0.25 3.2 0.35 6.2 

48 0.23 3.3 0.95 7.8 2 0.21 12.1 0.51 5.39 3 0.17 2.0 0.23 8.0 

72 1.75 11.8 1.86 22.0 3 0.33 14.4 0.78 7.69 3 0.39 3.8 0.27 6.9 

96 1.93 21.1 1.51 30.0 3 0.29 10.8 0.72 5.20 4 0.36 4.9 0.34 14.2

96 2.16 19.2 1.57 10.4 4 0.42 17.4 0.89 3.97 4 0.33 3.5 0.32 5.4 

96 2.09 20.4 1.72 29.6 4 0.35 15.0 0.74 2.94 5 0.47 4.0 0.33 6.2 

96 1.94 27.3 1.66 10.9 5 0.50 13.9 0.97 2.24 5 0.49 3.7 0.37 12.1

96 2.64 21.6 2.08 43.2 5 0.36 13.0 0.82 5.37 6 0.31 3.0 0.40 12.2

102 1.58 11.5 1.61 9.5 6 0.32 13.0 0.78 2.52 6 0.36 3.0 0.45 5.8 

102 1.38 15.1 1.60 23.6 6 0.20 12.1 0.58 9.69 7 0.29 2.5 0.37 3.7 

108 2.19 25.4 1.71 33.6 7 0.14 6.4 0.52 0.24 7 0.23 2.3 0.60 3.9 

108 2.03 40.1 1.94 70.7 7 0.17 13.0 0.64 25.42 8 0.28 2.6 0.34 10.2

120 0.02 0.6 0.29 2.1 8 0.39 15.5 1.05 7.84 8 0.32 2.6 0.50 5.1 

120 0.07 1.8 1.04 8.8 8 0.26 12.7 0.86 0.90 9 0.30 2.7 0.32 6.9 

120 1.32 19.8 2.08 33.6 9 0.23 9.7 0.84 2.00 9 0.28 2.6 0.32 6.7 

120 1.93 18.0 1.58 10.1 10 0.33 15.2 1.53 6.99 10 0.35 3.5 0.44 13.9

120 2.11 22.1 1.86 39.5      10 0.41 3.8 0.87 20.3
Ref: A_E1 data corresponds to Fig. 4 in text. A_E2:Fig 5 and 6. A_E3:Fig.7. 
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Cont. Algae, time dependent elemental uptake and elimination experiments data (µg g-1 dw). 
 

A_E4     A_E5     A_E6     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

0 0.11 1.3 1.91 5.1 0 0.04 1.6 0.56 11.6 0 0.03 2.3 0.40 2.2 

0 0.09 1.1 1.56 2.1 1 0.36 7.5 0.65 0.3 1 0.48 15.4 2.33 23.9 

0 0.12 1.7 0.56 25.6 2 0.55 6.5 0.81 1.9 2 0.51 13.1 1.16 11.6 

1 0.23 4.4 0.71 19.2 3 0.98 8.1 0.72 0.5 3 0.66 16.2 0.64 4.5 

2 0.24 3.2 0.49 21.9 4 1.08 7.5 0.74 7.7 4 0.96 21.7 0.68 11.3 

3 0.41 3.9 0.23 198.1 5 1.20 7.7 0.78 6.3 5 1.10 18.7 0.77 10.8 

4 0.48 3.9 0.34 0.1 6 0.74 4.9 0.09 8.1 6 0.66 12.2 0.42 -1.6 

5 0.58 3.7 0.34 5.3 7 0.69 5.1 0.33 5.8 7 0.71 13.5 0.95 1.9 

6 0.25 2.6 0.44 0.3 8 0.72 4.7 0.39 5.5 8 0.58 11.3 0.48 8.5 

7 0.21 2.0 0.14 11.2 9 0.74 3.9 0.25 -2.8 9 0.61 9.7 0.34 7.5 

8 9.00 1.7 0.13 3.8 10 0.45 2.5 0.43 27.4 10 0.67 11.1 0.51 6.7 

9 0.30 2.4 0.12 5.9           

10 0.22 1.6 0.16 4.8           
Ref: A_E4, A_E5 and A_E6 data, all corresponds to Fig. 8 in text.  
 
Cont. Algae, time dependent elemental uptake and elimination experiments data (µg g-1 dw). 
 

A_E7     A_E8     A_E9     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

0 0.1 0.5 6.6 26.9 0 0.0 0.7 5.6 17.2 0 0.0 0.7 5.6 17.2 

1 3.6 2.9 7.4 9.8 1 1.1 11.0 6.7 29.9 1 0.6 20.7 5.6 11.7 

1 3.9 3.6 7.8 13.9 2 1.4 12.9 5.4 20.2 2 1.0 29.1 5.3 18.3 

2 5.7 4.5 8.6 12.0 3 2.0 17.1 5.9 46.3 3 1.3 36.2 4.9 33.6 

3 6.8 4.7 8.3 63.8 4 2.4 21.3 5.4 34.7 4 1.6 38.4 4.3 41.1 

4 7.6 6.0 8.1 18.6 5 2.9 23.3 4.9 47.0 5 2.0 47.2 4.3 33.7 

4 10.7 6.1 9.3 49.2 6 2.3 17.2 5.5 29.5 5 2.0 51.1 4.5 30.6 

5 8.4 5.7 6.7 34.9 7 2.7 15.1 6.3 28.3 6 2.5 47.7 6.7 38.4 

6 6.4 3.8 7.3 26.2 8 2.9 18.7 7.3 47.1 7 2.5 45.8 6.4 58.8 

7 6.3 19.8 8.4 47.1 9 3.9 21.2 9.6 53.6 8 5.3 48.9 7.6 - 

8 6.3 4.1 7.7 57.7 10 3.4 17.3 9.6 44.9 9 3.2 45.7 8.5 37.4 

9 4.8 3.4 7.1 21.4      10 3.9 48.0 10.2 26.2 

10 6.5 4.5 10.1 40.8      10 3.4 43.3 8.9 52.5 
Ref: A_E7, A_E8 and A_E9 data, all corresponds to Fig. 9 in text. 
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Cont. Algae, time dependent elemental uptake and elimination experiments data (µg g-1 dw). 
 

A_E10     A_E11     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn

0 0.3 0.7 5.2 5.2 0 0.3 0.7 5.2 5.2

0 0.3 2.0 6.1 0.2 1 1.9 13.5 3.4 17.3 

1 3.2 6.3 3.9 5.2 2 3.6 17.2 3.4 19.6 

2 5.6 6.3 3.5 13.8 3 4.7 23.1 3.4 25.9 

3 9.0 9.5 3.6 18.8 4 8.3 26.4 3.8 20.0 

4 10.6 11.0 3.7 4.5 5 6.1 21.2 2.5 19.2 

5 29.4 25.7 10.9 36.7 6 5.5 19.8 2.5 40.9 

6 3.5 3.7 1.4 19.0 7 7.3 22.0 2.4 23.2 

7 7.8 6.8 2.4 3.5 8 6.1 18.9 3.5 70.0 

8 6.9 6.7 2.7 71.8 9 5.8 17.3 2.1 25.3 

9 7.2 6.4 2.2 18.6 10 5.6 15.6 2.4 -8.2 

10 8.4 7.6 2.8 9.9      
Ref: A_E10, and A_E11 data, all corresponds to Fig. 10 in text. 
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Bogoria Algae, concentration dependent elemental uptake experiments (BAL_R1 to R3 and BAH_R1 ) 
data 
 

 BAL_R1       BAL_R2    BAL_R3    
Cd 

 (µg ml-1) 
Cd  

(µg g-1) 
Cu  

(µg ml-1) 
Cu 

(µg g-1) 
Pb  

(µg ml-1) 
Pb 

(µg g-1)
Zn  

(µg ml-1)
Zn 

 (µg g-1) Cd Cu Pb Zn Cd Cu Pb Zn

0.00 0.02 0.00 1.1 0.00 3.5 0.00 9.7 0.03 1.6 0.6  0.03 2.2 0.4 11.1

0.01 0.07 0.04 2.0 0.02 0.4 0.07 -5.7 0.19 2.8 1.0 -13.8 0.16 3.2 1.1 11.4

0.01 0.09 0.07 2.6 0.05 0.5 0.15 5.3 0.18 3.0 1.0 4.3 0.14 2.9 1.0 8.1

0.02 0.08 0.11 3.0 0.07 1.2 0.22 9.4 0.44 5.9 2.2 16.9 0.25 4.0 1.6 1.1

0.02 0.14 0.15 3.3 0.10 0.7 0.30 5.5 0.41 6.3 2.3 5.1 0.34 4.4 2.0 4.8

0.03 0.17 0.19 3.7 0.12 1.1 0.37 9.1 0.77 9.1 3.9 8.9 0.69 8.0 3.0 34.5

0.04 0.17 0.22 4.3 0.15 1.2 0.45 19.9 0.69 6.8 3.2 11.5 1.18 10.2 3.7 33.8

0.04 0.31 0.26 6.1 0.17 1.8 0.52 39.5 0.69 10.1 3.6 58.5 0.95 10.2 4.9 16.0

0.05 0.30 0.30 4.9 0.20 1.5 0.60 -1.5 0.85 9.9 4.8 20.7 0.86 8.8 3.7 27.5

0.06 0.19 0.34 4.5 0.22 1.0 0.67 0.6 1.16 15.1 5.3 29.3 0.66 8.1 3.6 12.4
 BAH_R1               

Cd 
 (µg ml-1) 

Cd  
(µg g-1) 

Cu  
(µg ml-1) 

Cu 
(µg g-1) 

Pb  
(µg ml-1) 

Pb 
(µg g-1)

Zn  
(µg ml-1)

Zn 
 (µg g-1)         

0.00 0.0 0.00 1.2 0.00 0.5 0.00 15.8         

0.01 1.9 0.07 3.3 0.05 6.7 0.15 23.7         

0.02 6.2 0.15 14.2 0.10 2.3 0.30 38.3         

0.04 6.1 0.22 16.8 0.15 2.2 0.45 22.7         

0.05 6.2 0.30 19.0 0.20 2.0 0.60 28.5         

0.06 3.9 0.37 16.5 0.25 1.8 0.75 18.1         

0.07 8.1 0.45 32.4 0.30 2.3 0.90 41.2         

0.09 4.0 0.52 4.7 0.35 5.5 1.05 16.4         

0.10  0.60 34.2 0.40 2.7 1.20 31.5         

0.11 9.0 0.67 33.7 0.45 3.7 1.34 40.4         
Units in µg g-1 are in dw 
Ref: All data (BAL_R1 to R3 and BAH_R1 ) corresponds to Fig. 12 in text. 
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Nakuru Algae, concentration dependent elemental uptake experiments (NAL_R1 to R3 and NAH_R1) 
data 
 

 NAL_R1       NAL_R2   NAL_R3   
Cd 

 (µg ml-1) 
Cd  

(µg g-1) 
Cu  

(µg ml-1)
Cu 

(µg g-1) 
Pb  

(µg ml-1) 
Pb  

(µg g-1)
Zn  

(µg ml-1)
Zn 

 (µg g-1) Cd Cu Pb Zn Cd Cu Pb Zn 

0.00 0.0 0.00 1.5 0.00 2.3 0.00 -15.1 0.0 1.9 6.6 4.3 0.1 1.6 18.7 13.2 

0.01 2.3 0.04 12.0 0.02 2.2 0.07 -3.6 3.7 6.7 5.4 -30.3 3.1 4.3 13.3 19.6 

0.01 3.1 0.07 25.3 0.05 3.1 0.15 -4.9 3.1 16.1 2.9 -22.3 8.0 10.5 13.8 23.4 

0.02 3.6 0.11 41.4 0.07 2.4 0.22 13.0 3.4 31.0 2.9 -24.2 6.7 14.8 8.9 33.9 

0.02 4.5 0.15 53.4 0.10 2.8 0.30 -12.0 3.3 37.9 3.1 29.0 5.9 26.8 6.9 30.9 

0.03 4.7 0.19 74.3 0.12 3.1 0.37 -19.1 4.0 54.4 3.7 4.0 7.9 52.0 8.8 129.7

0.04 5.5 0.22 88.9 0.15 3.5 0.45 32.1 4.5 78.9 3.7 53.3 8.3 62.7 7.4 102.7

0.04 7.2 0.26 114.9 0.17 4.6 0.52 49.0 4.6 87.9 3.6 -5.3 6.7 69.4 6.6 106.3

0.05 7.6 0.30 124.3 0.20 5.4 0.60 84.1 4.7 114.4 4.1 8.2 1.8 102.5 8.0 62.9 

0.06 8.1 0.34 171.5 0.22 4.5 0.67 42.8 3.4 116.3 4.0 -9.3 7.1 91.2 7.0 42.0 

 NAH_R1               
Cd 

 (µg ml-1) 
Cd  

(µg g-1) 
Cu  

(µg ml-1)
Cu 

(µg g-1) 
Pb  

(µg ml-1) 
Pb  

(µg g-1)
Zn  

(µg ml-1)
Zn 

 (µg g-1)         

0.00 0.1 0.00 2.1 0.00 18.1 0.00 39.6         

0.01 7.3 0.07 7.0 0.05 13.0 0.15 32.7         

0.02 7.4 0.15 25.5 0.10 9.5 0.30 55.8         

0.04 5.7 0.22 55.6 0.15 7.2 0.45 33.6         

0.05 6.6 0.30 79.3 0.20 7.3 0.60 56.6         

0.06 6.2 0.37 108.4 0.25 6.6 0.75 87.0         

0.07 7.0 0.45 143.7 0.30 6.8 0.90 90.1         

0.09 5.6 0.52 147.2 0.35 7.0 1.05 63.9         

0.10 5.3 0.60 195.8 0.40 6.7 1.20 61.4         

0.11 5.9 0.67 197.5 0.45 6.7 1.34 86.2         
Units in µg g-1 are in dw 
Ref: All data (NAL_R1 to R3 and NAH_R1) corresponds to Fig. 13 in text. 
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Gammarids, time dependent elemental uptake and elimination experiment (G_E1) data (µg g-1 dw). 
 

G_E1_Indiv     
G_E1_Indiv

Cont.     G_E1_Avr     
Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

0 0.3 13.2 0.6 16.3 240 2.422.1 2.0 18.3 0 0.2 17.1 0.3 16.4 
0 0.1 21.1 -0.1 16.4 288 3.218.5 1.6 17.9 48 1.0 21.4 1.5 23.6 

48 0.9 14.4 0.9 14.3 288 2.118.2 0.1 15.5 96 2.2 24.5 1.5 18.5 
48 1.4 27.4 3.0 26.4 288 1.811.8 3.6 13.7 144 2.9 23.3 2.5 23.2 
48 0.7 22.3 0.5 30.1 288 3.122.4 -0.1 13.8 192 3.9 26.9 3.4 23.6 
96 2.3 23.8 0.8 17.1 336 2.312.8 0.1 11.4 240 2.9 21.8 1.5 17.8 
96 2.0 24.0 2.2 16.0 336 3.522.1 0.8 19.6 288 2.5 17.7 1.3 15.2 
96 2.4 25.6 1.6 22.5 336 2.820.4 0.3 14.4 336 2.9 18.4 0.4 15.1 
144 1.5 13.7 0.3 16.8 384 1.9 9.5 0.8 8.2 384 2.2 14.8 0.5 13.0 
144 4.5 33.3 6.3 35.6 384 2.619.4 0.5 16.1 456 2.7 17.3 0.8 17.4 

144 2.7 22.8 0.9 17.2 384 2.115.6 0.2 14.6      

192 3.4 24.5 3.1 24.9 456 2.820.0 0.6 16.4      

192 5.4 31.9 4.6 23.0 456 3.321.4 1.6 22.8      

192 2.9 24.3 2.4 22.8 456 2.110.5 0.3 13.1      

240 3.4 21.4 1.0 17.2           
Ref: G_E1 data corresponds to Fig. 18 in text.  
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Fish, time dependent elemental uptake and elimination experiments (F_E1 to E3) data (µg g-1 dw). 
 

F_E1     F_E2     F_E3     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

0 0.13 5.7 0.07 156.6 0 0.10 10.1 0.87 174.7 0 0.08 10.7 0.69 233.0

0 0.13 7.1 0.54 149.0 0 0.11 11.2 0.68 184.1 72 0.76 19.1 0.84 240.1

0 0.07 7.1 0.32 155.6 0 0.12 7.7 0.70 266.3 96 0.90 20.5 1.88 367.9

24 0.27 7.6 0.16 151.6 72 0.29 15.8 0.84 225.2 168 1.33 24.6 1.56 309.9

24 0.17 6.0 0.04 125.3 72 0.48 13.8 0.71 196.7 216 2.36 22.3 2.61 244.9

96 0.52 12.0 1.24 196.1 96 0.89 16.5 1.49 202.0 264 1.68 25.2 1.63 258.8

96 0.57 13.4 0.88 186.1 96 0.48 12.3 1.38 195.2 336 1.43 29.8 1.21 330.2

144 0.53 12.2 0.86 208.4 168 0.74 13.1 1.70 161.9 384 1.97 24.2 1.40 254.8

144 0.41 9.7 0.75 176.9 168 0.75 15.4 1.80 231.6 432 1.53 19.6 1.34 303.3

192 1.15 11.2 1.33 203.3 216 0.53 13.9 0.95 216.0 552 1.05 20.9 1.35 246.4

192 1.32 11.2 1.19 162.4 216 0.95 15.5 1.66 217.8      

264 0.81 13.1 0.58 225.1 240 0.35 12.1 2.37 238.7      

264 1.00 15.7 1.95 252.0 240 0.88 19.1 1.18 299.2      

312 0.84 18.0 0.52 242.8 264 0.55 12.5 1.42 210.7      

312 1.60 17.5 1.59 282.8 264 0.87 13.1 1.44 198.4      

360 1.33 13.2 3.20 176.7 336 0.66 17.5 1.50 223.5      

360 1.08 15.2 1.13 222.0 336 1.31 14.5 1.51 250.9      

432 0.81 10.1 0.65 192.9 384 0.17 12.8 1.03 191.2      

432 0.95 13.7 0.79 221.5 384 0.93 16.2 0.94 242.6      

     432 0.57 18.3 0.84 289.9      

     504 0.77 16.7 0.96 243.3      
Ref: All data (F_E1, F_E2 and F_E3) corresponds to Fig. 19 in text.  
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Chironomids, time dependent uptake and elimination experiments (C_E1 and E2) data (µg g-1 dw). 
 

C_E1     C_E2     

Time (h) Cd Cu Pb Zn Time (h) Cd Cu Pb Zn 

24 0.16 5.2 0.26 33.5 0 0.6 28.6 1.1 203.3 

24 0.14 4.8 0.20 22.7 48 1.3 13.0 3.6 82.9 

72 0.31 6.9 0.35 22.6 120 2.0 15.6 8.0 61.7 

72 0.70 9.6 0.40 39.9 168 3.0 16.1 16.7 202.8 

144 0.73 9.1 0.35 31.2 168 2.6 14.5 15.0 165.9 

144 0.71 8.4 0.31 34.5 264 2.5 18.3 21.4 142.3 

192 0.69 7.4 0.26 25.0 264 2.5 18.5 23.0 106.6 

192 1.28 11.2 0.34 47.2 312 2.7 18.6 18.7 111.9 

240 1.06 8.6 0.21 42.8 312 2.4 17.5 16.5 80.8 

240 0.95 8.4 0.23 61.6 384 0.6 3.2 0.6 27.0 

312 0.72 7.6 0.36 31.2 408 1.2 7.5 1.0 441.2 

312 1.06 6.3 0.14 51.0 408 1.2 8.8 1.4 171.2 

360 0.54 5.5 0.45 32.2      

360 0.70 6.8 0.54 36.2      

408 1.06 9.3 0.24 53.0      
Ref: C_E1 and C_E2 data corresponds to Fig. 20 in text. 
 
 
Chironomids, concentration dependent elemental uptake experiments (BCL_R1 to R3) data 
 

 BCL_R1       BCL_R2    BCL_R3    
Cd 

 (µg ml-1) 
Cd  

(µg g-1) 
Cu  

(µg ml-1) 
Cu 

(µg g-1) 
Pb  

(µg ml-1) 
Pb  

(µg g-1)
Zn  

(µg ml-1)
Zn 

 (µg g-1) Cd Cu Pb Zn Cd Cu Pb Zn

0.00 0.4 0.00 1.6 0.00 15.9 0.00 120 0.3 1.9 15.6 119 0.3 1.3 15.6  

0.01 1.0 0.04 6.8 0.02 19.4 0.07 144 0.7 4.5 14.9 110 1.1 7.4 16.6 94

0.01 1.8 0.07 13.2 0.05 22.5 0.15 197 1.7 11.1 21.7 222 1.7 12.0 20.6 113

0.02 2.5 0.11 16.8 0.07 23.9 0.22 211 2.3 16.6 22.1 246 2.9 15.8 25.7 201

0.02 2.9 0.15 16.9 0.10 24.8 0.30 318 2.8 22.3 25.9 301 3.5 21.5 31.2 289

0.03 4.2 0.19 25.8 0.12 32.6 0.37 396 3.7 21.1 28.4 379 11.6 71.1 28.2 425

0.04 4.5 0.22 28.0 0.15 34.3 0.45 465 5.4 33.9 36.5 514 4.6 30.6 36.4 376

0.04 6.7 0.26 40.5 0.17 41.3 0.52 510 6.6 42.3 40.5 533 6.2 46.0 38.5 548

0.05 7.2 0.30 50.5 0.20 42.1 0.60 567 8.5 63.9 42.9 696 8.7 64.2 44.5 602

0.06 9.7 0.34 71.9 0.22 47.2 0.67 684 9.6 64.4 44.6 708 15.6 97.0 49.3 715
Units in µg g-1 are in dw 
Ref: All data (BCL_R1 to R3) corresponds to Fig. 22 in text. 
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Elemental concentrations histograms for L. Bogoria samples. (Refer to Table 14 in text) 
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Cont. Elemental concentrations histograms for L. Bogoria samples (Refer to Table 14 in text). 
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Cont. Elemental concentrations histograms for L. Bogoria samples (Refer to Table 14 in text). 
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Cont. Elemental concentrations histograms for L. Bogoria samples (Refer to Table 14 in text). 
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Cont. Elemental concentrations histograms for L. Bogoria samples (Refer to Table 14 in text). 
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Elemental concentrations histograms for L. Nakuru samples (Refer to Table 15 in text). 
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Cont. Elemental concentrations histograms for L. Nakuru samples (Refer to Table 15 in text).  
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Cont. Elemental concentrations histograms for L. Nakuru samples (Refer to Table 15 in text). 
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Cont. Elemental concentrations histograms for L. Nakuru samples (Refer to Table 15 in text). 
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Cont. Elemental concentrations histograms for L. Nakuru samples (Refer to Table 15 in text). 
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Elemental concentrations histograms for Lakes,. Bogoria (average), Nakuru (average), Elementaita, 
Sonachi, Oloidien and Naivasha samples (Refer to Table 18 in text). 

Samples 

C
on

ce
nt

ra
tio

ns
 (M

aj
or

 e
le

m
en

ts
 (%

 d
w

))
 



 178

0
2
4
6
8

10
12

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

0
2
4
6
8

10

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

0
1
2
3
4
5
6

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

0.0
0.1
0.2
0.3
0.4
0.5

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

0

5

10

15

20

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

0

200

400

600

800

Bavr Navr EK EB EF SnA SnB OA OB NvM NvF NvE

 
 
Cont. Elemental concentrations histograms for Lakes,. Bogoria (average), Nakuru (average), Elementaita, 
Sonachi, Oloidien and Naivasha samples (Refer to Table 18 in text). 
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Cont. Elemental concentrations histograms for Lakes,. Bogoria (average), Nakuru (average), Elementaita, 
Sonachi, Oloidien and Naivasha samples (Refer to Table 18 in text). 
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Cont. Elemental concentrations histograms for Lakes,. Bogoria (average), Nakuru (average), Elementaita, 
Sonachi, Oloidien and Naivasha samples (Refer to Table 18 in text). 
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Cont. Elemental concentrations histograms for Lakes,. Bogoria (average), Nakuru (average), Elementaita, 
Sonachi, Oloidien and Naivasha samples (Refer to Table 18 in text). 
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