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Abstract

The present study presents selected water quality parameters and the levels of heavy
metals in water, sediments and Nile tilapia (Oreochromis niloticus) of Lake Nakuru. Nine
sediments and nine water samples, as well as 30 specimens of Nile tilapia, were col-
lected from the northern part of the lake. Physical parameters were measured in situ
using multiple probes and metres. Heavy metals were analysed using an atomic ab-
sorption spectrophotometer (AAS). The pH, dissolved oxygen concentration, temper-
ature, salinity and electrical conductivity ranged from 9.52 to 9.72, 4.58 to 8.62mg/L,
23.40°C to 25.7°C, 2.39%0 to 2.81%0 and 4470-5226 us/cm, respectively. Heavy
metal levels (mean+SD) were generally low in the water samples. Chromium values
ranged between 7.16 and 9.19 mg/kg dw in sediment samples, and between 3.7 and
13.06 mg/kg dw in fish samples. Lead values ranged between 12.5 and 31.04 mg/kg
dw in sediment samples and 4.06 and 9.95mg/kg dw in fish samples. Arsenic values
ranged between 9.5 and 21.7mg/kg dw in sediments and below detectable limit to
2.11mg/kg dw in fish samples. Mercury values ranged between .14 and .31 mg/kg dw
in sediment samples and .12 and .35 mg/kg dw in fish samples. Cadmium was the only
heavy metal concentration that was below the detection limit in the three matrices.
Significant differences were observed for some heavy metal concentrations in water,
sediments and fish across sites (p <.05). The levels of lead and chromium in fish were
above the East African Standard, World Health Organization and European Union
limits. The results of the present study recommend a possible reclassification of the
lake, an immediate ban on fish harvesting and consumption from Lake Nakuru and a

policy intervention on the fishery and pollution management.
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1 | INTRODUCTION

Environmental pollution, largely due to anthropogenic activities, is
on the rise globally (Hazrat et al., 2019; Murtala et al., 2012; Pandey
& Singh, 2019; PEGC, 2016). Aquatic ecosystems are the destination
of many contaminants and in many cases pollutants produced at dif-
ferent scales get into the aquatic environment at one point in time
(Rai et al., 2019). Microbial contaminants, organochlorine pesticides,
heavy metals and nutrients (nitrogen and phosphorus) are some
of the pollutants mostly reported in aquatic environments (Kundu
et al., 2014). Pollutants in aquatic environments tend to compromise
the quality of ecosystem services particularly the provisioning ser-
vices from these ecosystems.

Lake Nakuru was declared a conservation area in 1957, a bird
sanctuary to protect the lesser flamingos in 1960 and Kenya's first
Ramsar site in 1990 (Odada et al., 2004). However, the lake has con-
tinued to face a lot of impacts from catchment activities. The in-
crease in human population and activities in its catchment has led
to increased contamination of the lake. The use of fertilizers and
pesticides in the Nakuru catchment to increase yields is of utmost
importance given its being a high potential agricultural area (Junjiro
& Masahisa, 2005). It is reported that Lake Nakuru catchment is
among the drainage basin greatly affected by human activities com-
pared to other saline lakes in the Kenyan Rift Valley system (Ndetei
& Muhandiki, 2005).

Over the past few years, the water levels in Rift Valley lakes in
Kenya have risen significantly leading to unusual hydrologic and
limnological changes and Lake Nakuru was not an exception. There
also has been an introduction of three freshwater species namely:
Nile tilapia (Oreochromis niloticus), Blue spotted tilapia (Oreochromis
leucostictus) and Victoria tilapia (Oreochromis variabilis) though the
sources are unknown. Prior to these introductions, one saline fish
species, the Lake Magadi tilapia (Alcolapia grahami) was found in the
lake. Although some work covering several aspects on abiotic and
biotic parameters in the lake was done, this study was a quick and
informal cover of the lake status.

The introductions of the three fish species in Lake Nakuru has led
to an emerging fishery. However, there is limited knowledge regard-
ing the safety of these fish for human consumption. Furthermore,
this study was necessary because even though Lake Nakuru is a pro-
tected area with no formal fishery, the inundation of the depressions
outside the park create opportunities for fish exploitation. The aim
of this study was to determine the levels of selected water quality
parameters and heavy metals (arsenic, cadmium, chromium, lead and
mercury) in water, sediments and Nile tilapia (Oreochromis niloticus)
of Lake Nakuru and assess the health risk posed by consuming fish
from the lake. The present study focused on the most abundant spe-
cies in the lake's fishery; the Nile tilapia. Nile tilapia (Oreochromis
niloticus) is a cichlid fish native to parts of Africa and the middle East
and has been introduced to many other regions due to its popu-
larity as a food fish. It has a deep-bodied, compressed shape. The
species is bronze to brownish grey dorsally and laterally and white
ventrically. It is one of the most farmed fish globally. Nile tilapia was
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first cultured in Kenya in 1924 and is the most cultured fish species
(Munguti et al., 2022; Tibihika et al., 2022).

2 | MATERIALS AND METHODS
2.1 | Studysite

Lake Nakuru is a shallow endorheic lake located in the Eastern arm
of the Rift Valley. It has a regular shape, gentle slopes as well as a
flat bottom (Leichtfried & Shivoga, 1995). It is situated in Nakuru
County, south of Nakuru town roughly 157km from Kenya's capi-
tal, Nairobi (Iradukunda et al., 2020). The lake has a surface area
of 70km? with a total catchment area of 1800km? (Figure 1). Lake
Nakuru lies at an altitude of 1759 m above sea level and is located at
0°23’ S and 36°7’ E within Lake Nakuru National Park (Iradukunda
et al., 2020). Prior to the recent limnological changes, Lake Nakuru
was famous for providing habitat to one of the largest population of
lesser flamingos in Kenya (Odada et al., 2004).

2.2 | Location of sampling sites

All samples were collected from five sampling points: River Njoro
mouth (00°19'21.1” S and 36°04'39.9” E) with an average depth of
3m, Sewage discharge point (00°18'29.6” S and 36°05'39.4” E) with
an average depth of 2.8 m, Nyati (00°20'06” S and 36°06'50.8" E)
with an average depth of 1.9m, Fishers' point (00°20'12” S and
36°03'41.9”E) with an average depth of 3.5m and Mid lake point
(00°21'24” S and 36°04'53.5”E) with an average depth of 9.5m.
Fisher's point refers to the point outside the protected area where
the fishermen were mainly fishing. The sampling was focused on the
northern part of the lake having locations influenced by urban areas,
agricultural areas and river mouth. Additionally, it is from the north-
ern part of the lake where fish was being caught by the community.

2.3 | Water and sediment samples

Data on water quality parameters such as pH, dissolved oxygen,
conductivity, salinity and temperature was generated through in situ
measurement at the selected sites during each sampling occasion.
The measurements were conducted using a multiprobe water qual-
ity metres and probes (MODEL 40D, HACH, Malaysia) set at =10cm
below the water surface. Sampling was conducted three times on a
fortnight basis during the dry season between December 2020 and
January 2021. During each sampling occasion, three water samples
were collected from the same site at various depths (1cm below the
surface, the mid depth and the bottom) and mixed to make compos-
ite samples. A total of nine (9) composite water and a correspond-
ing number of composite sediment samples for heavy metal analysis
were collected for the entire study period. The samples were col-
lected from River Njoro mouth, Sewage discharge point and Mid
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FIGURE 1 Map of Lake Nakuru showing sample site locations.

lake point following standard methods by American Public Health
Association (APHA, 2012). At each sampling point, 500mL of a com-
posite water sample was collected and filtered in situ using a filter
pump fitted with Whatman GFC filters of .47 pm size into a pre acid-
washed plastic bottle. The sample was then acidified with 2.5mL of
concentrated nitric acid (69%) to avoid precipitation of the metals
and adsorption to the surface of the bottles following the standard
methods for water and wastewater examination (APHA, 2012).

Following the standard methods by the International Atomic
Energy Agency (IAEA, 2003), =300g of a sediment sample was col-
lected from each of the sampling points using a stainless steel Ekman
grab sampler and packed in labelled sterile plastic containers. Special
care was taken not to obtain the samples from those directly in con-
tact with the surface of the Ekman grab sampler to avoid any form of
contamination. The water and sediment samples were transported
in a cool box with ice packs to Lake Nakuru Water Quality Testing
Laboratory (WQTL) for heavy metal analysis.

2.4 | Fish samples

A total of thirty (30) Nile tilapia specimens were collected with
the help of the research team from Kenya Marine and Fisheries
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Research Institute (KMFRI), Naivasha by setting gill nets of mesh size
2.5 inches around sunset and retrieving them the following morn-
ing from the identified sampling sites of Lake Nakuru. Ten (10) fish
samples from River Njoro mouth, eleven (11) from Fisher's point,
five (5) from Sewage discharge point and four (4) from Nyati. The
same sites where sediment and water samples were collected were
targeted for fish samples as well. The fish was placed in a cool box
and transported to the Department of Biological Sciences, Egerton
University for tissue extraction. In the laboratory, the fish skin was
removed from both sides of the dorsal part of the fish and muscle
tissue extracted using a ceramic knife. The extracted muscle tissue
was placed inside plastic vials and then stored at a temperature of
-20°C prior to analysis.

2.5 | Heavy metal determination in water,
sediment and muscle tissues of Nile tilapia

Following standard methods by APHA (2012), 100 mL of each of
the water samples was measured into a clean beaker using a clean
measuring cylinder. The sample was then acid digested with 5mL
of 69% analytical grade nitric acid. The digested sample was mixed
with 50mL of double distilled water and immediately heated on
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a ceramic hot plate stirrer at 440°C in a fume hood for one hour
to a final volume of roughly 25mL. The solution was cooled and
filtered using a Whatman filter paper while diluting with double
distilled water to a final volume of 100 mL into a volumetric flask
ready for heavy metal analysis. Sediment samples were dried to a
constant mass in the oven at 100°C after which they were crushed
using a mortar and pestle into fine particles. A sub sample (2g)
of the homogenized sediment was weighed using an electronic
weighing scale (Model ED 4202S, Sartorius AG, Germany), di-
gested and diluted in a similar manner as for the water sample.
The same procedure used for sediments was followed for the fish
muscle tissues (2 g) for each of the 30 fish.

Heavy metal concentrations were determined in the digested
water (100mL), sediment (2g) and fish (2g) samples by using a di-
rect aspiration atomic absorption spectrophotometer (AAS-S series,
United Kingdom) at wavelengths of 357.9, 217, 193.7, 253.7 and
228.8nm for total chromium (Cr), total lead (Pb), total arsenic (As),
total mercury (Hg) and total cadmium (Cd), respectively. Equations
obtained from the standard calibration curve were used to calculate
heavy metal concentrations. Triplicate analysis of samples was de-
ployed to check instrument accuracy. Both a standard and a blank
sample were run to check instrumental drift after every five samples.
A serial dilution of a working solution (100mg/L) made from analyt-
ical grade stock solutions (1000 mg/L) acquired from Merck KGaA,
Germany was used to prepare standards for instrument calibration.
Recovery tests were also conducted using Reference Materials ob-
tained from National Research Council Canada comprising .2g (dw)
of marine sediment PACS-2 and .2g (dw) of fish protein DORM-3.
These were digested and diluted in the same manner as described
above for sediments and fish muscle tissues, respectively. The re-
covery rates obtained were 97% for As, 104% for Hg, 107% for Cr,
102% for Cd and 98% for Pb and these were all in the recommended

range.

2.6 | Healthrisk assessment

The obtained concentrations of the heavy metals in the samples an-
alysed were compared with the recommended reference standards
deemed safe for public health such as East African Community (EAC),
World Health Organization (WHO) and European Union (EU). The
target hazard quotients (THQ) for heavy metal concentrations as per
United States Environmental Protection Agency (USEPA, 2012) to
evaluate the human health risk of consuming fish contaminated with
heavy metals was conducted. The THQ being defined as the ratio
between the possible exposure to a substance and the reference
dose. The THQs were calculated as described elsewhere (Ngesa
et al., 2019; Otachi et al., 2014) as follows:

EFr x IRFax C
THQ= RfDo x BW x AT

where THQ=non-carcinogenic risk, EFr=exposure frequency
(350days/year) and EDr=exposure duration (30years) because
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some of the adverse effects are experienced after a prolonged
exposure to heavy metals, IRFa=fish consumption per day
(.0123 kg/day) because per capita fish consumption is 4.5kg/year
in Kenya (KMFRI report, 2017), C=concentration of a pollutant
in edible part of fish (milligrams per kilogram wet weight (ww)),
RfDo=reference dose, oral (milligrams per kilogram per day, ac-
cording to the updated 2017 Regional Screening Level (RSL)) in
the fish ingestion table (USEPA, 2017). The RfDo for arsenic, for
example, is .0003 mg/kg/day, chromium is .003 mg/kg/day, lead is
.004 mg/kg/day and mercury is .0001 mg/kg/day. BWa is the body
weight of an adult male (63.9kg) and female (61.8kg) for Kenya
(WorldData, n.d), AT is the averaging time for non-carcinogens
(365 days/year).

2.7 | Dataanalysis

All data collected were stored in Microsoft office excel. Statistical
tests were done using R statistical software version 3.6.3. The con-
centrations of heavy metals in the analysed samples were presented
as mean with standard deviation (mean+standard deviation). One-
way analysis of variance was used to test the differences in mean
concentrations of the selected water quality parameters and heavy
metals in the different lake matrices (water, sediments and fish)
across sampling sites. All statistical tests were performed at a sig-

nificance level (@) of .05.

3 | RESULTS
3.1 | Characteristics of fish samples

A total of 30 fish were collected for heavy metal analysis. The mean
total length was 20.7 +3.2cm (Mean+SD), range was 11.7 (14.3-
26.0cm) with a sample variance of 10.1 and the mean weight was
179.8+76.1g (Mean+SD), with a range of 303 (60.1-363.1g) with a

sample variance of 5796.8.

3.2 | Water quality parameters

A summary of water quality parameters monitored in the entire
study are presented in Table 1. The electrical conductivity measured
in the water column during this study ranged between 4470 and
5226 uS/cm and was generally low for such a saline system. The pH,
dissolved oxygen, temperature and salinity ranged from 9.52 to 9.72,
4.58mg/L to 8.62mg/L, 23.40°C to 25.7°C and 2.39%o to 2.81%o,
respectively. None of the differences in mean pH, dissolved oxygen,
temperature, electrical conductivity and salinity levels across the
different sampling points were significant p>.05 (one-way ANOVA,
pH (F,,=.6, p=.58), dissolved oxygen (F, ,=3.05, p=.12), tempera-
ture (F2,6=1'71’ p=.26), conductivity (F2V6=.08, p=.93) and salinity
(F2’6=.10, p=.90)) Tables 2 and 3.
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TABLE 1 Means and ranges of water quality parameters recorded for Lake Nakuru during the entire study period compared with previous

studies and similar lakes (n=9, superscripts indicate literature sources).

River Njoro Sewage discharge
Source parameter mouth point
Temperature (°C) mean 249+.9 23.7+.6
pH range 9.59-9.71 9.58-9.72
Dissolved oxygen (mg/L) mean 7.5+1.5 55+.8
Conductivity (ps/cm) mean 4758.9+350.5 4760.0+384.9
Salinity (%o0) mean 2.6+.2 25+.2

2Vareschi (1982).

bOduor and Schagerl (2007).
Raini (2009).

9Jirsa et al. (2013).

¢Ochieng et al. (2007).
fOtachi et al. (2014).

Mid lake point Previous studies L. Naivasha
24.6+.7

9.52-9.69 9.15¢, 9f
69+.5 17°

4856.7+321.4 10,000-160,000°

2.6+.2 18P, 15.37°, 29.3¢

TABLE 2 Heavy metal concentrations for water samples in comparison with the WHO maximum permissible levels, KEBS, NEMA water
quality standards and previous studies (mg/L) (n=9, superscripts indicate the literature sources).

Element Water (mg/L) LOD WHO
Arsenic BDL .001 .01
Cadmium BDL .02 .003
Chromium 150 .01 .05
Lead .013 .004 .01
Mercury .004 .0005 .006

KEBS NEMA Previous studies

01 .01

01 01

.05 NG

01 .01 012, .29, .02¢,.0002¢, .002°
.001 .001 .003¢, 2.48"

Abbreviations: BDL, Below detection limit; KEBS, Kenya Bureau of Standards (2014); NEMA, National Environment Management Authority (2006);

NG, Not given; WHO, World Health Organization (2011).
#Tenai et al. (2016).

Ochieng et al. (2007).

“Nelson et al. (1998).

9Barasa et al. (2017).

®Yang et al. (2017).

fMavura and Wangila (2003).

3.3 | Heavy metal concentrations in water

Among the five heavy metals measured, arsenic and cadmium were
below detection in all the water samples for all sites. The order of
concentration for heavy metals in water samples was Cr>Pb>Hg
(Figure 2). There were no significant differences in mercury concen-
trations across sites p>.05 (One-way ANOVA, (F2'6=.02, p=.98))
whereas chromium and lead showed significant differences across
sites p<.05. A post hoc using the Tukey HSD test showed that
the mean chromium concentration for River Njoro mouth was sig-
nificantly greater than that of Sewage discharge point and Mid lake
point. Similarly, the mean chromium concentration of Mid lake point
was significantly lower than that of Sewage discharge point p<.05.
The mean lead concentration at River Njoro mouth was significantly
greater than that of Sewage discharge point and Mid lake point
p<.05.
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3.4 | Heavy metal concentrations in sediments

The order of concentration for heavy metals in sediment samples
was Pb>As > Cr> Hg (Figure 3) Cadmium was not detected in any
of the sediment samples. There were no significant differences in
mean chromium and mercury levels across sites p>.05 (One-way
ANOVA, chromium (F2,6=1'O5’ p=.41) and mercury (F2y6=.54,
p=.61)) whereas arsenic and lead showed significant differ-
ences across sites p<.05. A post hoc using the Tukey HSD test
revealed that the arsenic concentration of River Njoro mouth was
significantly greater than that of Sewage discharge point p <.05.
Likewise, the lead concentration of Sewage discharge point
was greater than that of River Njoro mouth and Mid lake point.
Similarly, the lead concentration of Mid lake point was greater
than that of River Njoro mouth p <.05. The mean concentrations

of all heavy metals considered in this study were compared with
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Sediment
Element (mg/kg) LEL TEC SEL Shale
Arsenic 15.45 6.0 9.79 33.0 13
Cadmium ND .6 99 10.0 -
Chromium 8.21 26.0 43.4 110.0 90
Lead 18.30 31.0 35.8 250.0 20
Mercury 22 2 .18 2.0 4

TABLE 3 Concentrations of heavy

::::;::s metals in sediment samples from Lake
Nakuru in comparison with different

359 6.1¢ sediment quality guidelines, previous
studies and other lakes (n=9, superscripts

5785¢ 23 8¢ indicate literature sources).

11.89°, 14.36°,

16°, .43¢
3.06'

Note: The sediment quality guidelines are given in mg/kg (Turekian & Wedepohl, 1961); Persaud

et al. (1993); Doyle et al. (2003); Buchman, (2008).

Abbreviations: LEL, lowest effect level in sediment; SEL; severe effect level in sediment; TEC,

threshold effect concentration in sediment.
#Mavura and Wangila (2003).

POchieng et al. (2007).

“Barasa et al. (2017).

Tenai et al. (2016).

€Jirsa et al. (2013).

fMavura and Wangila (2003).

Concentration in mg/L

River Njoro mouth

uCr mHg uPb

FIGURE 2 Heavy metal concentrations in water samples for different sampling sites.

0.0016
0.0021
0.0041 \
Sewage discharge point Mid lake point
Site name
3.5 | Heavy metal concentrations in muscle of

the sediment quality guidelines that is threshold effect concentra-
tion (TEC), lowest effect level (LEL), severe effect level (SEL) as
well as Shale. Lead and chromium had concentrations below LEL,
TEC, SEL and Shale values of sedimentary rocks. However, mer-
cury had concentrations similar to LEL and TEC whereas arsenic
mean concentration in sediments exceeded LEL, TEC and Shale.
Therefore, regarding Cr and Pb, the sediments of Lake Nakuru did
not demonstrate any sign of pollution considering the sediment
quality guidelines by Turekian and Wedepohl (1961). However, the
concentrations of As and Hg obtained in the sediments of Lake
Nakuru indicated anthropogenic related pollution given that they
exceeded the sediment quality guideline values.
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Nile tilapia

As the case with water and sediment samples, cadmium was not
detected in any of the fish samples. The order of concentration for
heavy metals in the muscle tissues of Nile tilapia was Cr>Pb > As
> Hg (Table 4). There was no significant difference in mean con-
centrations of mercury and lead across sites p>.05 (One-way
ANOVA, mercury (F3’26:2.57, p=.07) and lead (Fs,z(,: 1.83,
p=.17)) whereas arsenic and chromium showed significant differ-
ences across sites p <.05. A post hoc using the Tukey HSD test re-
vealed that the mean arsenic concentration of fish samples caught
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FIGURE 3 Heavy metal concentrations in sediments for different sampling sites.
TABLE 4 Mean concentrations of )
. S Site RNM SDP FP NYATI
heavy metals in muscle of Nile tilapia
samples caught from four sites of Lake Element
Nakuru (mg/kg dw). Arsenic 1.85+.14 41+.02 211+.17 <001
Cadmium <.02 <.02 <.02 <.02
Chromium 4.17+2.80 3.7+.96 13.06+1.92 6.65+2.48
Lead 9.95+.23 4.06+.09 6.05+2.50 9.30+1.47
Mercury .12+.083 .35+.06 13+.02 <.0005
N 10 5 11 4

Abbreviations: FP, Fisher's point; N, number of samples; RNM, River Njoro mouth; SDP, sewage

discharge point.

from River Njoro mouth was significantly greater than that of fish
caught from Sewage discharge point. Similarly, the mean arsenic
concentration of fish samples from Fisher's point was significantly
greater than that of Sewage discharge point p<.05. The mean
chromium concentration of fish samples of Fisher's point was sig-
nificantly greater than that of fish caught from Sewage discharge

point p<.05.

3.6 | Heavy metal pollution and safety of
Nile tilapia

The mean heavy metal concentrations obtained in the fish samples
from Lake Nakuru in this study were computed and compared with
the maximum permissible limits for different bodies on a national
and international level. Chromium and lead levels in the muscle of
Nile tilapia exceeded the FAO and EU maximum permissible limits
in fish and fishery products. The target hazard quotients for heavy
metals were also computed. Arsenic had the highest THQ in both
male and female human fish consumers followed by chromium, lead
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and lastly mercury. The THQs for all metals were slightly higher for
female when compared to male consumers.

4 | DISCUSSION

4.1 | Water quality parameters

Electrical conductivity and salinity were unusually lower for such a
saline system with values of 4470-5226 ps/cm and 2.3%0-2.8 %o,
respectively, measured during the present study period. According
to classification of lakes based on conductivity by Talling and
Talling (1965), the current conductivity for Lake Nakuru falls within
a range of 600-6000pS/cm, which is linked to moderately saline
lakes. In the classification, lakes with a conductivity of <600 uS/cm
are fresh water whereas those with a conductivity >6000uS/cm
are saline lakes. The electrical conductivity values obtained in this
study were lower than what was reported by other earlier studies
in the same lake such as Vareschi (1982); Kairu (1994), Leichtfried
and Shivoga (1995); Nelson et al. (1998); Ochieng et al. (2007);
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Oduor and Schagerl (2007) and Raini (2009). The comparatively
low electrical conductivity and salinity values obtained in the dif-
ferent studies could be attributed to the difference in sampling
seasons, sites and time. Ndetei and Muhandiki (2005) pointed out
that conductivity tends to decrease during the rainy season most
especially in the dynamic saline Rift Valley lakes of Kenya includ-
ing Nakuru, Elementeita and Magadi. The differences in salinity
levels could be attributed to dilution arising from the present in-
crease in lake water levels.

The pH of the lake water in this study ranged between 9.52 and
9.72. These pH values were comparable to what has been reported
for another freshwater lake. The mean pH of 9.6 obtained in this
study is slightly lower than what was reported by an earlier study
in the same lake. The pH range obtained in this study indicated that
Lake Nakuru was tending towards a freshwater lake as the pH of al-
kaline lakes is reported to be >10 (Ochieng et al., 2007). The survival
of freshwater fish species like Nile tilapia in this originally known
saline lake could also justify this.

There was no spatial variation in the level of dissolved oxygen
across sites. Dissolved oxygen ranged between 4.7 and 9.0mg/L
with the highest amount being recorded at the mouth of River Njoro.
This could be attributed to the clear fresh water coming into the lake
after most of the impurities have settled thus allowing for free circu-
lation of oxygen from the atmosphere. However, this study reported
a lower mean dissolved oxygen concentration (6.6 mg/L) when com-
pared to a previous study. The differences could be attributed to
variations in sampling time as well as season. Furthermore, dilution
could have led to a significant decline in abundance of Arthrospira
fusiformis which had dominated the lake and was the main food of
lesser flamingos which migrated as a result. A. fusiformis is known to
form a high algal crop due to its high photosynthetic capacity with a
consequent production of oxygen (Schagerl et al., 2015). This could
also have led to the low levels of dissolved oxygen recorded in the

present study.

4.2 | Heavy metal concentrations in water

Arsenic and cadmium were not detected in any of the water sam-
ples and this agreed with the findings of Barasa et al. (2017) who
did not record the two elements in their study in Lake Nakuru.
They associated the finding to the increase in water levels in the
saline Rift Valley lakes of Kenya. However, the finding regarding
arsenic absence in water samples was contrary to the findings of
Tenai et al. (2016) and Yang et al. (2017) who detected arsenic in
the same lake. The known sources of cadmium into the environment
include wastewater discharge, industrial air emissions as well as the
extensive application of phosphate fertilizers that end up in aquatic
systems (Kim et al., 2015). It was interesting cadmium was not de-
tected in any of the samples given that the Lake Nakuru catchment
is largely agricultural. This could be because cadmium was not pre-
sentin a bioavailable form. Cadmium tends to form stable complexes
with organic matter (Kubier et al., 2019). According to Berrow and
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Mitchell (1980), 99% of the metal content of the soil solution might
be present in complexed forms.

The mean Cr concentration of .15 mg/L obtained in this study was
higher than that reported by Nelson et al. (1998), Ochieng et al. (2007)
and Tenai et al. (2016) in the same lake. The relatively high concentra-
tion of chromium in all sites sampled in this study could be attributed
to discharge of wastes rich in Cr more so through the inflowing rivers
like River Njoro. The main pathway of pollution of aquatic systems
with chromium is discharge of improperly treated industrial waste
and direct discharge of waste waters into waterways from industries
such as tanneries, textile and electroplating (Kimbrough et al., 1999;
Reid, 2011). Additionally, the level of Cr obtained in this study was
contrary to the findings of Yang et al. (2017) who did not detect
chromium in the water samples from the same lake. However, Barasa
et al. (2017) reported a higher Cr concentration in water of Lake
Nakuru than the current study. The differences in findings regarding
Cr for Barasa et al. (2017) and Yang et al. (2017) could be attributed
to the differences in sampling times within the years and sites as well.
Comparing the heavy metal concentrations obtained in this study
with World Health Organization (WHO, 2011) and Kenya Bureau of
Standards (KEBS, 2014) permissible limits, chromium exceeded the
benchmark values of both WHO and KEBS. This could indicate that
Lake Nakuru water was contaminated with chromium at the time of
sampling. The relatively high Cr level obtained even at the Mid lake
point could justify that indeed the lake was polluted with Cr.

The mean lead level of .013mg/L obtained in this study was
comparable to that obtained by Tenai et al. (2016). Higher lead
concentrations were reported by Ochieng et al. (2007) and Nelson
etal. (1998) in the same lake. However, Barasa et al. (2017) and Yang
et al. (2017) reported lower concentrations of lead in water samples
from Lake Nakuru. The lead concentrations were within WHO, KEBS
and NEMA permissible limits in water.

A mean mercury concentration of .004 mg/L was obtained in the
water samples in this study. However various studies conducted in
Lake Nakuru have not considered studying mercury levels in water
except for a few such as Yang et al. (2017) who obtained Hg concen-
tration comparable to the current study. On the contrary, Mavura
and Wangila (2003) reported a higher mean Hg concentration in
water samples from the same lake. The mean mercury concentration
obtained in this study was within WHO limits but exceeded KEBS
and NEMA permissible limits in water.

4.3 | Heavy metal concentrations in sediments

The mean lead concentration (18.30mg/kg dw) obtained in this
study was higher than what Mavura and Wangila (2003), Ochieng
et al. (2007) and Barasa et al. (2017) obtained in Lake Nakuru. More
still, the mean Pb concentration in this study was far much higher
than what was reported by Tenai et al. (2016) in the same lake. The
relatively high lead concentration in the present study despite the
increased water levels could indicate a continued input of lead into
the lake with a consequent accumulation into the sediments.
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The mean arsenic concentration (15.45mg/kg dw) obtained in
the sediments of Lake Nakuru in this study was higher than what
was reported by Tenai et al. (2016) and Barasa et al., 2017 who did
not detect arsenic in sediment samples from the same lake. Similarly,
Jirsa et al. (2013) reported a lower mean arsenic concentration in
Lake Nakuru sediments. The observed trend of arsenic levels com-
pared to earlier studies could indicate a continued input of the pol-
lutant into the lake. The probable sources of arsenic into the Lake
could be linked to pesticide usage in the Lake Nakuru catchment as
well as atmospheric deposition (Morin & Calas, 2006).

The mean chromium concentration (8.21mg/kg dw) obtained
in this study was much lower than what Jirsa et al. (2013) and
Tenai et al. (2016) obtained in Lake Nakuru. However, Mavura and
Wangila (2003), Ochieng et al. (2007) and Barasa et al. (2017) re-
ported lower concentrations of Cr in sediments of Lake Nakuru.
The variations could be attributed to differences in study sites and
sampling seasons. The observed levels of Cr in sediments could be
attributed to anthropogenic input more so municipal and domestic
discharges from the nearby Nakuru town (Mavura & Wangila, 2003).

The mean mercury concentration (.22mg/kg dw) reported in
the current study was lower than values reported by Mavura and
Wangila (2003) in sediments of the same lake. However, Barasa
et al., 2017 did not detect mercury in all sediment samples consid-
ered in their study. The Hg concentration in the sediments could
indicate a reduced input of the metal into the lake comparing the
finding of this study to Barasa's finding and differences in sampled
sites. The variations in results for heavy metal concentration in sed-
iment samples for the current study and previous ones could be
linked to difference in sampling time, sites and seasons.

4.4 | Heavy metal concentrations in muscle of
Nile tilapia

The Cr level (7.01mg/kg dw) obtained in this study was higher
than what Mavura and Wangila (2003) reported in Tilapia grahami
(Alcalicus grahami) from the same lake. Unfortunately, many ear-
lier studies that studied heavy metal contamination in fish of Lake
Nakuru such as Koeman et al. (1972) and Kairu (1999) did not include
chromium. Elsewhere, this study recorded lower Cr levels than what
Ngesa et al. (2019) reported in the muscle of Enteromius paludino-
sus in Lake Naivasha. The relatively high levels of chromium in Nile
tilapia of Lake Nakuru could be attributed to discharge of improp-
erly treated industrial waste and direct discharge of waste waters
into the lake mainly through the inflowing rivers (Reid, 2011). This
could be justified by the relatively high levels of chromium in water
samples obtained from River Njoro mouth as compared to the other
sites.

The mean lead concentration obtained in the muscle tissues of
Nile tilapia (5.84mg/kg dw) in this study was higher than what was
reported by Mavura and Wangila (2003) in Tilapia grahami (Alcalicus
grahami) of Lake Nakuru (Table 5). Unfortunately, the fishery being a
recent activity in Lake Nakuru, not so many studies have investigated
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heavy metal pollution in fish. Elsewhere, Otachi et al. (2015), re-
ported lower mean Pb concentration in the muscle of Oreochromis
leucostictus from Lake Naivasha compared to the present study. The
high levels of Pb in the fish muscle indicates high levels in the lake
and these could be attributed to the automobile batteries disposed
of near the lake and vehicular emission (Mavura & Wangila, 2003).
This finding concurs with the findings of Yabe et al. (2010) who found
out that heavy metal pollution in different environmental matrices in
Africa had risen tremendously to levels exceeding permissible limits
and pointed out lead as one of the metals that are widespread.

The mean mercury level ((15mg/kg dw) obtained in this study
was lower than what was reported by earlier studies such as Mavura
and Wangila (2003) in fish from the same lake. On the contrary, the
mercury concentration of this study was higher than what was re-
ported by Koeman et al. (1972) and Kairu, 1999 in Tilapia grahami
(Alcalicus grahami) caught from Lake Nakuru. Elsewhere, the mean
mercury concentration of this study was higher than what Hollamby
et al. (2004) reported in Nile tilapia from Lakes: Mburo and Victoria,
Uganda.

In comparison to other heavy metals considered in this study,
the metalloid As concentration in fish tissues has not been widely
studied. However, the mean arsenic concentration (1.46 mg/kg dw)
obtained in this study was higher than what Koeman et al. (1972)
and Kairu (1999) obtained in Tilapia grahami (Alcalicus grahami) from
Lake Nakuru (Table 5). This finding shows an increased input of arse-
nic into the lake over the years with a consequent bioaccumulation

in fish given that baseline studies recorded relatively lower levels.

4.5 | Heavy metal pollution and safety of
Nile tilapia

The target hazard quotients (THQs) for Pb, Cr, Hg and As exceeded
the benchmark THQ of 1 (USEPA, 2012) indicating a potential health
risk to consumers of Nile tilapia from Lake Nakuru. The mean lead
(Pb) and chromium (Cr) levels in the muscle of Nile tilapia obtained
in this study were above the WHO/FAO and EU maximum permis-
sible levels for fish and fishery products. The consumers of this fish
are prone to body organ and system damage for example kidney,
liver, reproductive system, nervous system, urinary system and im-
mune system, respiratory and gastrointestinal impairment, hemato-
logic disorders as well as developmental abnormalities (Blacksmith
Institute, 2012; Njuguna et al., 2017; WHO, 2010) Table 6.

5 | CONCLUSIONS

The levels of water quality parameters from Lake Nakuru were gen-
erally lower than the levels reported by earlier studies. The present
study concludes that dilution resulting from increased water levels
has changed the lake from saline towards fresh water. Chromium
levels were above the recommended standards in water samples, ar-

senic exceeded the sediment quality guidelines whereas chromium
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TABLE 5 Heavy metal concentrations in muscle of Nile tilapia samples (n=30) in comparison with FAO maximum permissible levels and

EU and EAC fish and products quality standards (mg/kg) for food safety.

Lakes Mburo
Previous studies Lake Naivasha and Victoria
0868, .03"
1.05¢ 22.09°
3.22¢ .024f
3.349 0168, <.01" 01

Abbreviations: (=), value not provided; FAO, Food and Agricultural Organization; East African Community (EAC, 2016); World Health Organization

Fish (mg/kg

Element dw) FAO (mg/kg) EU EAC
Arsenic 1.46 - - A
Cadmium ND .05 .05% .3
Chromium 7.01 .05 .05% -
Lead 5.84 2 3¢ &
Mercury .15 .5 50 .5

(WHO, 2003).

2European Union (EU, 2006).

PEU (2011).

°EU (2015).

9Mavura and Wangila (2003) for Tilapia graham.
®Ngesa et al. (2019).

fOtachi et al. (2015) in O. leucostictus.

8Koeman et al. (1972).

PKairu (1999).

Hollamby et al. (2004).

Element Consumer Arsenic Chromium
THQ Males 26.53 13.95
Females 2791 14.68

and lead exceeded the WHO and KEBS permissible limits for fish
and fishery products. The present study concludes that Nile tilapia
from Lake Nakuru is not safe for human consumption. Its safety is
limited by elevated levels of chromium and lead as well as THQs ex-
ceeding 1 for all metals. Since the water quality status has indicated
that the lake is tending towards fresh water, this study recommends
an assessment of all the abiotic and biotic parameters of the lake
and a possible reclassification of the lake. Given that the findings of
this study indicate that Lake Nakuru fish is not safe for human con-
sumption, the present study recommends an immediate ban on fish
harvesting and consumption from Lake Nakuru as well as a policy

intervention on fishery and pollution management.
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