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Flood is a recurring event that leads to hazards. The probability of a flood occurring is normally
investigated followed by flood hazard mapping which defines the areas that are at risk of flood inundation.
This study carries out flood hazard assessment for the flood prone areas within the low-lying flat river
valley of the River Dep watershed using Remote Sensing (RS) and geographic information system (GIS) for
2-year to 1000-year return periods, with regards to inhabited areas and other land uses that will be affected.
Result shows that the most affected land use within the floodplain is agriculture with inundated area
ranging from 68.82 to 146.10 km®. Low to medium flood hazards predominant dominate the floodplain with
area extent increasing from 112.2 to 140.75 km? for low hazard and 35.65 to 163.65 km? for medium hazard.
High hazard is mainly within the deep part of the floodplain with minimal area extent of 4.11 km®. The study
recommends low hazard areas to be used for irrigation farming and early rainy season farming, medium and
high hazard areas for irrigation farming only while low, medium and high hazard areas for the 100-year flood
should be avoided with respect to construction of residential or commercial structures. Generally areas
close to rivers should be avoided for rainy season farming and residential or commercial development.

Key words: Flood hazard, remote sensing, geographic information system (GIS), land use, land cover.

INTRODUCTION

Hazard is defined as a ‘potentially damaging physical
phenomenon or human activity that may cause the loss
of life or injury, property damage, social and economic
disruption or environmental degradation’ (Damayanti,
2011). Alkema and Westen (2005) defined flood hazard
as ‘the chance that a flood event of a certain magnitude
will occur in a given area within a given period of time’.
Each hazard is characterised by its location, intensity,
frequency and probability. Flood hazard can be described
by different parameters including flood extent, water depth,

flow velocity, duration and the rate at which the water
rises, where flood depth, velocity and duration are
important factors in flood damage (de Moel et al, 2009).
While flood hazard is the impact of flooding on
development and people, the velocity and depth of
floodwaters greatly affect personal safety and damage to
infrastructure  and  agricultural lands  (Floodplain
Development Manual). The manual suggests that at
velocities of over excess of 2 m/s grass and earth
surfaces begin to scour affecting stability of foundations,
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and depths of over 2 m with less velocity can cause
damage to light-framed buildings.

Catchment flood hazard assessment focuses on the
catchment as a whole and looks at how the different
characteristics of the catchment integrate to contribute to
flooding within the floodplains. There is a yearly
occurrence of floods of different severity within the River
Dep floodplains resulting in loss of human lives,
destruction of flood infrastructure, livestock and crops.
Flood depth and velocity affect agricultural activities
within the Dep floodplain including harvest and
transportation of crops within the area. During the rainy
season, the farms become submerged in floodwater
which can be over 1 m in depth, sometimes taking
several days to recede and resulting in destruction of
submerged crops.

The inhabitation and use of the floodplains results in
encroachment into a land that should be left to the natural
elements, posing a great danger to the inhabitants and
users, and high risk of destruction and loss of
investments and lives. People living within the River Dep
floodplains can still enjoy the agricultural benefits that it
provides and yet avoid the hazards that come with floods.
This can be achieved by ensuring that man’s activities do
not conflict with the natural occurrence of flooding by
adequately planning the use and management of the
floodplain. Though conventional traditional methods can
be used for flood hazard assessment, the use of remote
sensing and geographic information system techniques
have been suggested to provide quick, efficient and
effective results as investigated and documented by
Balanova and Vassilev (2010), Damayanti (2011), Kafle
et al. (2006), Salimi et al. (2008), Ahmed et al. (2010) and
others. This study is aimed at carrying out flood hazard
assessment for the flood prone areas within the low-lying
or flat river valley of the watershed with regards to land
uses that will be affected. Flood hazard maps for some
extreme flood events will be analysed and the affected
land uses estimated.

Study area

The Dep River Basin lies between latitudes 8°00°00”N to
9°20°'00°"N and longitudes 8°20°00"E to 9°35'00E as
shown in Figure 1. It falls within the Lower Benue River
Basin Development Authority in North Central Nigeria.
The flood plain is within the relatively flat river valley with
elevations between 78 to 200 masl. The land within the
area is predominantly used for agriculture.

MATERIALS AND METHODS
Softwares
1. ERDAS Imagine 9.2 for remote sensing analysis.

2. ArcGIS 9.3 for GIS analysis. It has the capability of accepting
compatible add-on extensions such as the HEC-GeoRAS.

Satellite data

30 m x 30 m resolution Landsat ETM image of Dep River
watershed was downloaded from Global Land Cover Facility. It is
the only one available for the complete study area. Date of
acquisition is 02/11/2001.

Flood hazard assessment

Flood hazard assessment was carried out by assessing the impact
of flood depth and flood velocity where deep inundating water and
high velocity were classified as the destructive force, deep
inundating flood with low velocity as less destructive and shallow
inundating water with high velocity as more destructive (Damayanti,
2011). The classification of flood hazard according to depth by
Cooper and Opadeyi (2006) and the relationship between flood
depth and flood velocity established in the Floodplain Development
Manual were taken into consideration.

The following criteria were used by multiplying the depths and the
velocities to assess flood hazard:

Level 1: Shallow water and low velocity

Level 2: Shallow water and medium velocity or deeper water and
low velocity

Level 3: Shallow to medium or deep water with high velocity or
deep water with medium velocity.

The different categories of velocities and depths are tabulated
below for the 100-year flood:

Table 1 implies that the threshold for high hazard was set at 1.4m
of flood inundation depth and 2m/s of flood velocity.

Flood hazard analyses were carried out for 2, 5, 10, 20, 50, 100,
200, 500 and 1000-year floods, with more emphasis on the 100-
year flood, using flood inundation maps previously obtained by Daffi
(2013). The map was overlain on the settlement map of the study
area to view those that will be affected by flood of these return
periods. It was also overlaid on the Landsat land use classified map
to view and analyse the land uses that would be inundated by the
floods.

RESULTS AND DISCUSSION
Assessment of flood inundation on settlements

Figure 2 shows the flood inundation extent on a 3-D map
of the study area. It shows the floodplain is within the low
lying river valleys of the Dep River.

Overlaying the 100-year flood inundation map on the
settlement map showed that about four settlements are
likely to be affected by the 100-year flood as seen in
Figure 3.

Ground validation however, showed that of the four
settlements seen to be within the flood area, only one
settlement called ‘Wuse’ is under risk of inundation from
the flood because of its proximity to the adjacent river.

Assessment of flood inundation on land uses
Overlaying the flood inundation extent map on the land

use land cover classification map gave an indication of
the area and percentage area inundated by the 100-year
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Figure 1. Map of Nigeria showing river dep basin.

Table 1. Flood hazard classification based on flood depths and flood velocities.

Flood depth Flood velocity Hazard Indicators
(m) (m/s) classification
_ _ Unlikely loss of life, minor increase to existing flood levels,
0-1 0-1 Low Hazard able-bodied adults can wade to safety with little difficulty
Medium Possible loss of life, significant increase in flood levels with
1-14 1-2 L
Hazard respect to crops, roads and buildings.
14-1186 2_352 High Hazard Probable loss of life, major increase to existing flood levels

with respect to crops, roads and buildings.

flood shown in Table 2.

Of the total land area of the floodplain, generally
shrubs/scattered trees make up the highest land cover
class inundated by floodwaters with percentage area of
between 46.4 to 46.5% for the 2-year and 1000-year
floods respectively. This is because the areas closest to
the river, most especially around the confluence of River
Dep and River Benue, are made up of dense shrubs and
trees and some of the areas are even impenetrable.
There was a general increase of 77.28 km? or 52.9% for
the agricultural land affected by flood from the 2-year to
the 1000-year floods.

Also, for all floods agricultural cultivated land is the land
use that is significantly affected with an area of 119.86

km? for the 100-year flood. A lot of dry season (irrigation)
farming takes place within the floodplain which is
commonly referred to as ‘fadama’. This is the most
important land use within the floodplain.

Bare surface/degraded land is the land cover that is
least affected by the flood with area of 1.57 km? or 0.6%
for the 100-year flood. This is because there are hardly
any bare surfaces available within the floodplain; the land
is mostly cultivated or covered with shrubs or trees
because of the swampy nature of the area.

The remaining 6.4% or 16.62 km? is made up of water
bodies and rock outcrops where the rock outcrops are
mainly within the upper parts of the Dep River catchment
which mainly make up the source of the river.



70 Int. J. Water Res. Environ. Eng.

Figure 2. Flood inundation extent on 3-D map.

Generally, the land use that is more prone to flood
hazard is agriculture and the worst affected land cover is
shrubs and scattered trees.

Flood hazard with respect to flood velocities and
depths

Figure 4 shows the flood hazard areas within the Dep
River catchment with sections of flood areas for different
return periods. These are within the low lying and flat
parts of the catchment. The flood hazard classification for
the different return periods is shown in Table 3.

The floodplain is majorly inundated by low to medium
hazard flood with an area of 105.4 and 150.1 km?
respectively for the 100-year return period while high
hazard flood covers 5.82 km®. This agrees with the result
of a similar study by Damayanti (2011) which showed the
area studied to be mostly of high to medium hazard. A
marked increase of 145.7 km® was observed for medium
hazard (71.28%) and high hazard increased by 12.87 km?
(93.94%). This means that as the return periods
increased, the hazard level of the floods was also
increasing significantly.

Considering the problems of lack of institutional and

Legend

— streamntwk
B floodmap

infrastructural measures to solve the problem of flooding
within the Dep River floodplains, the flood hazard
analysis carried out from this study will greatly enhance
the suggestion of solutions to the incessant flooding and
its effects within the basin. This is because the extent of
the area that flooding will affect has been determined by
this process thereby locating the critical areas which
should be avoided and left for flood waters or used with
proper management with regards to how and when to
use them.

CONCLUSION AND RECOMMENDATIONS

The most affected activity within the floodplain is
agriculture with area inundated ranging from 68.82 to
146.10 km? for 2-year to 1000-year return periods. Low to
medium flood hazards predominate the floodplain with
maximum area of 105.7 km?® for low hazard and 204.4
km? for medium flood. High hazard is mainly within the
deepest parts of the floodplain.
It is recommended that:

1. The low hazard areas can be used for irrigation
farming and early rainy season farming starting between
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Figure 3. Flood inundation map showing affected settlement.
Table 2. Percentage and area coverage of land use land cover classes inundated by different floods.
Area of Inundation (km?)
Land use land cover
TR-2 TR-5 TR-10 TR-20 TR-50 TR-100 TR-200 TR-500 TR-1000

Bare/degraded lands 1.01 1.12 1.26 1.37 1.49 1.57 1.67 1.71 1.76

Water bodies 9.28 10.71 11.68 12.54 13.62 14.50 15.37 16.44 17.09

Rock outcrop 1.26 1.44 1.56 1.78 2.00 2.12 2.27 2.42 2.56

Scattered cultivation 68.82 83.19 92,53 101.35 111.80 119.86 128.13 138.23 146.10

Shrubs/scattered trees  69.55 84.25 94.01 102.83 113.90 122.00 129.46 139.35 145.88

Total 149.9 180.7 201.03 219.87 242.8 260.06 276.9 298.15 313.39

March and first week of April or as indicated by the time

of rainfall for any particular year.

2. The medium and high hazard areas can be used for

irrigation farming only.
3. All the hazard areas for the 100-year flood should be rainy season.

commercial structures.

avoided with respect to construction of residential or

4. Generally, areas close to rivers should be avoided for

rainy season farming or any other activities during the
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Figure 4. Flood hazard classification for different floods.
Table 3. Flood hazard classification for different return periods.

Hazard TR-2 TR-5 TR-10 TR-20 TR-50 TR-100 TR-200 TR-500 TR-1000
Low hazard (kmz) 88.7 99.2 103.5 105.5 105.7 105.4 104.1 100.7 97.2
Medium hazard (kmz) 58.7 79.8 95.9 112.6 133.9 150.1 166.4 188.2 204.4
High hazard (kmz) 0.83 1.22 1.49 2.09 3.98 5.82 7.79 10.88 13.70

5. More detailed flood hazard mapping can be carried out
with high resolution satellite data like QuickBird or IKONOS.
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Catchment response as consequence of changes in vegetation cover and land use management could not
be well explained by statistical methods alone. At the same time, long range periodic and trend components
of time series are not adequately predicted by watershed modeling. Therefore, joint application of statistical
time series analysis and watershed modeling better help to understand the underlying climate variability
and catchment dynamics. In this paper, an attempt has been made to examine the effects of climate
variability and catchment dynamics at two agricultural watersheds situated in Rift Valley lakes basin of
Ethiopia. Distributed hydrologic modeling is used to characterize catchment dynamics whereas statistical
methods (time-trend, double mass curve, flow duration curve analysis) are applied to explain the
accompanying climate variability. The simulated surface runoff component increased progressively since
1970s. Percentage annual surface runoff varies from 10 to 23% at Bilate, and 16% to over twofold at Hare
watersheds. Statistical time-trend analysis reveals that annual streamflow do not show significant
monotonic trend, whereas, extreme daily streamflow at Alaba Kulito of Bilate catchment is characterized by
increasing trend during the analysis period. Recurrent yet statistically weaker change point years are found
and are independent of each other in two watersheds and hence they are governed by land use attributes
unique to respective watersheds that influence overland flow. A rising slope of rainfall-runoff double mass
curve during post-1992 and 1994 period at Bilate and Hare watersheds respectively supports increasing
trend of streamflow that is not fully explained by time-trend analysis. Time-segmented FDCs of monthly
streamflow at Bilate shows increased quantile estimates of high flows for similar level of exceedance
probability for recent years. The resulting runoff variability over the analysis period is attributed to climate
variability and altered land use/cover conditions, the latter being dominant in the watersheds.

Key words: Land use dynamics, runoff, watershed modeling, trend analysis, climate change.

INTRODUCTION

The response of a catchment, that is, the runoff process
is time and space variant and influenced by
anthropogenic and climatic factors. For example, a drop
of water falling in the form of precipitation usually

traverses long path until it reaches the main stream. This
long journey is accelerated or decelerated by land cover,
soil, rainfall intensity and catchment geomorphologic
parameters (Tiwari et al., 2006). The ever-increasing



http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US

74 Int. J. Water Res. Environ. Eng.

need for food, fiber and shelter coupled with growing
national economic interests has aggravated the land
use/land cover condition far greater than that of the
natural processes. It is estimated that anthropogenic
induced land use/land cover changes have transformed
one-third to one-fourth of ice-free surface of our planet
into other forms (Vitousek, 1994; Vitousek et al., 1997).

In most parts of the globe, significant areas of pristine

ecosystems with lush vegetation have been converted to
other forms of land use practices. Conversion of forest
cover and dense naturally vegetated area to arable land
(Angelsen, 1999; Barbier, 2004) and cattle grazing field
has modified bulk water yield from the watersheds. Land
use change has been strongest in tropical regions and its
contribution to global runoff outweighs that of climate
change (Piao et al., 2007). The world’s largest natural
tropical rain forest of Amazon is currently experiencing a
large-scale deforestation due to increasing number of
cattle herds in the region that ultimately requires
substantial pasturelands (Chaves et al., 2008).
The ever growing demand for food crops, eventually
emerging market for commercial crops, timbering and
local energy consumption largely transformed the natural
forest cover over Ethiopia. The 1985 official document of
Ethiopian Relief and Rehabilitation Commission asserts
that the country’s forest cover was 44% in 1885, 16% in
1950 and 4% in 1985 (McCann, 1997).

The Rift valley lakes basin is one that had undergone
similar level of forest decline over the last century. Dense
forest and riparian woodlands of the Rift Valley lakes
basin eventually converted to open woodland and
rangelands. Major fraction of riparian forest that covers in
the fertile delta region underwent clear cutting for
cultivation.

The scientific understanding of the influence of forest
cover and land use changes on water yield of the basin
dates back to the early 20th century during which
advanced computational power to handle spatial data
was almost none-existent. In 1911, the Wagon Wheel
Gap experimental watershed in central Colorado and the
Priest River experimental forest in northern Idaho of USA
were established to study forest associated influences on
streamflow and erosion. Similar attempts were further
extended to Europe (Hegg et al., 2006), Southern and
Eastern parts of Africa (Wight, 1940; 1943; Dagg and
Blackie, 1965) during later years. Field experiments and
catchment studies conducted in multiple watersheds
across the globe showed that forest reduction increases
water yield (Hibbert, 1967; Edwards and Blackie, 1981;
Bosch and Hewlett, 1982; Fohrer et al., 2001; Hundecha
and Bardossy, 2004; Yu et al., 2008) and sediment load
(Alansi et al., 2009) from the catchment.

Effect of land use/land cover on runoff and sediment
yield from the catchment is investigated following
different approaches worldwide. The classical hydrologic
models of a pair catchment consideration such as control
and treatments (Bates, 1921; Bates and Henry, 1928;

Nemec et al., 1967) are in vogue to simulate the effect of
land cover on watersheds. However, the areal extent of a
control watershed is usually very small (Troendle and
King, 1987; Hessling, 1999; Iroume et al., 2005; Hegg et
al., 2006) and hence the physical relationship developed
between paired catchments is usually influenced by the
watershed geo-morphological parameters.

Mati et al. (2008) investigated the response of land
cover changes at Mara Basin of Eastern Africa and
observed significant increase in runoff over less than a
couple of decades. Forest cover was reduced by
approximately 70% over the years 1971 to 2000 in the
Upper Gilgel Abbay catchment of the Blue Nile basin of
Ethiopia (Rientjes et al., 2011). Reduced forest cover
induced contrastingly variable streamflow trend in two
neighbouring catchments of Blue Nile basin. Increased
deforestation and intensified cultivation due to
burgeoning population accelerated soil degradation rate
and increased surface runoff at Ethiopian highlands
(Hurni et al., 2005).

Study of catchment response with respect to vegetation
cover and land use management are documented in
many studies (Dunford and Fletcher, 1947; Bari and
Smettem, 2004; Shi et al., 2007; Syvitski et al., 2007;
Yang and Tian, 2009; Li et al., 2010; Seibert and
McDonnell, 2010; Greenwood et al., 2011). Streamflow
variability analyses in literature rely on independent
treatment of statistical time series analysis and
watershed modelling. However, urban and rural
watersheds are under temporally varying vegetation
cover condition and hence time series models alone
cannot capture runoff variability as a consequence of
diminishing or expanding plantation.

Refsgaard et al. (1989) provides a comprehensive
guide to distinguish between man-induced influences and
natural climate variability on hydrological regimes of
catchments. It is suggested that joint application of
statistical tests and watershed modelling approach would
help to detect the prevailing variability in the catchment.
Even though the scientific merits of the methods
suggested by Refsgaard et al. (1989) are appealing,
studies reported based on similar notions are scanty
(Lorup et al., 1998; Li et al.,, 2012). Couples of studies
attempted to explore the impacts of altered land use/land
cover condition on hydrological regimes of Ethiopian
watersheds using hydrological models (Zeleke and Hurni,
2001; Legesse et al., 2003; Gebresamuel et al., 2010).

Computational advancements coupled with availability
of satellite data to extract valuable spatial information
provide an aura of confidence to analyze watershed
hydrologic processes better; however, limited spatial and
temporal datasets available to characterize the
watershed processes besetting the endeavor of scientific
communities in the developing countries. The Rift Valley
lakes basin of Ethiopia is one among which access to
real-time  hydro-meteorological data and spatial
information is scarce. It is a basin characterized by very



limited historical hydro-climatic records and remains
under significant water and land resources exploitation
for the benefit of the rural population.

The present study concentrates on examining the
response of a catchment to runoff for temporally varied
land use/land cover conditions using physically based
distributed hydrologic modelling. The catchment
response is investigated by simulating runoff for temporally
varied land use/land cover conditions over the last
quarter of twentieth century. Finally, statistical analysis
(trends, double mass curve and flow duration curves) of
observed streamflow and rainfall is carried out to
investigate the behavior of associated time-trend with
respect to the prevailing land use/land cover conditions.

Description of the study area

The impact of land use dynamics was investigated in two
rural watersheds (Bilate and Hare) in the Rift Valley lakes
basin of Ethiopia. The watersheds are selected on the
basis of multiple considerations. Prevailing land use
dynamics over the last couple of decades and
sedimentation of conveyance channels resulted in major
anthropogenic disturbances in the watersheds. The
highland portions of the watersheds are characterized by
humid climatic condition whereas the lower flood plains
are known for their semi-arid nature. Increased surface
water resource competition for agricultural purpose is
eminent in semi-arid parts of the watersheds.

Bilate watershed (5330 km?® at the gauging outlet) is
characterized by humid and semi-arid climatic conditions
with bimodal rainfall pattern with major rainfall during the
summer monsoon season. The average annual rainfall
variability is linearly correlated to the altitude in the
watershed. Deforestation due to expansion of agricultural
lands, cattle grazing and timbering substantially reduced
the vegetation cover in the watershed. Deep gullies and
massive bare soil pillars at upstream part of the
watershed testifies its vulnerability to erosion hazard. The
entire watershed practices a mixed cropping pattern
where the lower foot of the watershed utilizes irrigation
(approximately 1260 ha of government owned farm) to
grow commercial crops such as tobacco and maize.
Currently the demand for irrigation water is increasing
and small scale communal and medium scale private
investors are under urgent course of water demand.

Hare watershed (166.5 km? at the gauging outlet) is
characterized by steep valleys at upstream mountainous
highland and progressively stretches to flat fluvial plain
until it joins the terminal lake Abaya. The lower plain area
of the watershed is known for its intense competition for
irrigation water among the local farmers, state and private
owned irrigation firms. The upstream highland region of
the watershed experiences a humid climate with an
average annual rainfall magnitude of 1250 mm in contrast
to 870 mm of rainfall at Arba Minch region of the
downstream sub-watershed area.

Wagesho 75

The upstream community of Hare basin is fully engaged
on rain-fed cultivation and associated agricultural
activities. The lower fluvial plains utilize communal based
traditional and modern irrigation schemes to supplement
rain-fed cultivation on nearly 2200 ha of land. Maize,
sweet potato, banana, mango and cotton are among the
major crops growing in the semi-arid irrigated watershed
territory. Land resource competition as a result of growing
number of population aggravated conversion of forest
cover into agricultural plots and residential area.
Household energy consumption is almost entirely based
on wood biomass in the watershed and becomes another
culprit to forest reduction. Figure 1 presents the major
river basins in Ethiopia and location of study watersheds
(Bilate and Hare).

MATERIALS AND METHODS
Data sources

The datasets utilized to investigate the impact of land use/land
cover changes on runoff generation at agricultural watersheds
include time variant landsat imageries, DEMs, soil and hydro-
meteorological dataset. Table 1 provides details of orthorectified
four band Multi-Spectral Scanner (MSS) LandSat-4, Thematic
Mapper (TM) and seven band Enhanced Thematic Mapper Plus
(ETM+) land cover imageries acquired from Global Land Cover
Facility archives (http://glcf.umiacs.umd.edu/data/landsat) for the
present study.

An enhanced 90 m x 90 m longitudinal resolution processed
Shuttle Radar Topographic Mission DEM data version 4.1 (Jarvis et
al., 2008) is accessed from International Centre for Tropical
Agriculture (CIAT) online source (http://srtm.csi.cgiar.org) and
processed using ERDAS Imagine 9.3 following unsupervised image
classification. Soil feature classes and respective physical
properties for the study watersheds are customized from World
Food and Agricultural Organization (FAO) soil map. Required
weather data to run hydrologic model has been gathered from
regional and national meteorological offices. Daily rainfall,
maximum and minimum temperature, wind speed, sun shine hours
and relative humidity for five nearby stations for a record length
between 1980 and 2009 are collected for subsequent analysis.
Table 2 describes details of weather input data available for
analysis. Daily streamflow records are collected from Ministry of
Water Resources (MoWR) hydrological data archives of Ethiopia.
Standard preliminary data analysis for consistency is conducted.

Land use/Land cover data

Temporal landsat images (1973/76, 1984/86 and 2000) acquired
from Global Land Cover Facility archives have been processed to
extract required land use information. The selected temporal
landsat images are sufficiently long enough to each other to
observe the expected land use changes and consequent catchment
responses. Geometrically corrected landsat images are processed
using ERDAS Imagine image analysis facilities. Supervised and
unsupervised image classification is applied and further assimilated
based on land use class similarity. Classified land use map units
are also verified against coarser resolution land use maps
developed by the Ministry of Water Resources (MoWR) of Ethiopia.
The present classification is based on small spatial scale and hence
identified more land use classes than the existing broad
classification by MoWR. The land use management classes for the
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Figure 1. Description of the study area: The figure shows major river basins in Ethiopia (top) and the two
study watersheds in the Main Rift Valley lakes basin of Ethiopia (bottom).
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Table 1. Orthorectified landsat images used for land use/land cover classification.
Landsat image ID Sensor type Date acquired Path/Row Producer Watershed associated
029-736 MSS Jan. 31, 1973 181/055 Earthsat Bilate
044-075 MSS Jan. 25, 1976 181/056 Earthsat Hare
012-383 ™ Nov. 22, 1984 169/055 Earthsat Bilate
012-382 ™ Nov. 22, 1984 169/054 Earthsat Bilate
012-371 ™ Jan. 21, 1986 168/055 Earthsat Bilate
012-384 ™ Jan. 28, 1986 169/056 Earthsat Hare
037-658 ETM+ Nov. 26, 2000 169/055 Earthsat Bilate
037-883 ETM+ Feb. 05, 2000 168/055 Earthsat Bilate
037-659 ETM+ Jan. 27, 2000 169/056 Earthsat Hare
Table 2. Details of hydro-meteorological dataset used for analysis.
Hydro-meteorological data/stations Alaba Kulito Hawassa Bilate Farm Arba Minch Farm Chencha
Daily weather data
Rainfall v v v y y
Max. and Min. Temperature N y S S y
Wind Speed v v y
Sunshine Hours v N N
Relative humidity v N N
Record Length 1980-2009 1980-2009 1980-2009 1980-2009 1970-2006
Daily streamflow
Bilate at Alaba Kulito (1971-20086) v 4

Hare near Arba Minch (1980-2006)

study area are defined following Anderson et al. (2001) land
use/land cover classifications described herein under.

Agricultural lands: These include diverse class of cultivated land,
plots covered by food and commercial crops (croplands) and land
units covered by residuals after imnmediate harvest.

Forest lands: Forest lands have usually tree-crown areal density
capable of modulating the micro climate and water holding capacity
of watershed. They range from densely populated tall trees of
tropical rain forest used for timbering to moderately grown green
forest. Forest lands could be evergreen, deciduous or mixed forest
land.

Woodlands: Woodland is a low-density forest forming open
habitats for wildlife with limited sun shade. Under drier weather
condition and early stage of forest succession, woodlands may
convert into Shrublands.

Shrublands: Shrublands are a plant community characterized by
vegetation dominated by shrubs, often also including grasses,
herbs, and geophytes.

Range lands: These land cover units are typical to arid and semi-
arid lands characterized by xerophytic vegetation and transition
zones from forest land to sparse woodlands.

Grass lands: These are land units where the potential natural

vegetation is predominantly grasses and grass-like plants. It is
dominated by naturally occurring grasses as well as those areas of
actual rangeland that have been modified to include grasses.

Water and marshy land: Area that remains water logged and
swampy throughout the year, and rivers.

Pasture land: Pastureland is an area covered with grass or other
plants suitable for the grazing of livestock.

Barren land: Land of limited ability to support life and in which less
than one-third of the area has vegetation or other cover. It is an
area of thin soil, sand or rocks and the areal coverage of available
vegetation is much less than that of range land.

The major land use/land cover units identified for the study
watersheds are forest land, woodland, shrub land, pasture, green
vegetation, agricultural land, settlements and water body.

Watershed modelling under changing land use/land cover
conditions

Physically based distributed hydrologic models such as Syst'eme
Hydrologique Europ’een (SHE) (Abbott et al., 1986), Institute of
Hydrology Distributed Model (IHDM) (Beven et al., 1987) and
SWAT model (Arnold et al., 1993; 1998) have the ability to
synthesize various spatial information and weather data to predict
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catchment responses. SWAT model (Arnold et al., 1993; 1998) has
got growing demand among watershed modelers due to its
capability to model the watershed responses at very small spatial
scale characterized by unique land use, soil and slope attributes
called hydrologic response units (HRUSs). It is a process oriented
hydrologic model developed to predict the impact of land use
management practices on water, sediment, agricultural chemical
yields from large and complex watersheds with varying degree of
spatial information over long period of time.

In the present study, SWAT model is used to analyze the impact
of change in land use/land cover on runoff generation in study
basins. The ArcHydro module of the ArcSWAT model delineates
the watershed boundary and generates prevailing stream network
from available digital elevation model with assigned draining area
threshold magnitude. The smaller the draining area threshold the
denser the stream network. This helps capture the spatial variability
of a channel network at very small areal extent. Runoff is generated
from individual HRUs and routed to form the main channel flow. The
overland flow velocity is affected by the prevailing land cover and
soil properties. As a consequence of which both overland and
channel flow travel time is affected and subsequent runoff
accentuation or attenuation occurs.

Land use/land cover information separated by moderately
sufficient time periods (1976/1986/2000) are used as input dataset
to the watershed modeling. Other spatial input parameters such as
soil, slope and weather information are organized to suit SWAT
modeling. Runoff simulation in the watersheds is carried out on
daily basis. The model is calibrated using the year 2000 land
use/land cover information for both watersheds. The model
parameters are further utilized to simulate runoff at desired
temporal and spatial scale for the years 1976 and 1986. In SWAT
model, the bulk simulated water yield is comprised of surface runoff
(SUR Q), lateral flow (LAT Q) and groundwater flow (GW Q). The
model has the capabilty to separate each component
independently so that the relative response of catchment to
individual components can easily be evaluated. Catchment
morphometric parameters and spatial variables such as soil and
land covers affect the partition of liquid mass flow into the
corresponding components. The study attempts to examine how
the land use/land cover has either enhanced or retarded the quick
surface flow component being all other factors held constant.
Runoff has been simulated for three different land use/Land cover
conditions in the watersheds outlet and subsequently analyzed.

Land use/Land cover change and streamflow trend

To reinforce the justification from watershed modeling, the behavior
of observed streamflow and rainfall in the study watersheds is
examined. Detection of monotonic trends and abrupt changes are
assessed using statistical trend analysis and rainfall-runoff double
mass curve analysis. The behaviour of historical streamflow is
further examined from flow duration curve analysis for time-
segmented series.

Monotonic and step changes in annual and daily extreme
streamflow magnitude are examined applying the commonly used
Mann-Kenadill (MK) (Mann, 1945; Kendall, 1955) and Mann-
Whiteny-Pettitt's (MWP) (Pettitt, 1979; Zhang and Lu, 2006) change
detection approaches. The MK test statistic is broadly explained in
many literatures and hence a concise statistical background of
MWP is presented here.

The MWP change detection method is a non-parametric test that
can be used to analyze data from two independent groups when
measurement is ordinal. It analyzes the degree of separation or
overlap between the two groups. For a sequence of random
variables Xi, X», ..., Xy which have a change point at T (X;) fort =
1,2,..., T have a common distribution function F1(x) and X for
t=T +1, ... T have a common distribution function F2(x) where F1(x)

# F2(x) (Pettitt, 1979). The null hypothesis (Ho) assumes that the
two set of scores are samples from the same population (no
change) and the alternative hypothesis (H1) is that the two sets of
scores differ systematically (there is change).

The test statistic is:

Ky =max, r ‘Ut,T‘ = maX(KT+ J KTi) @
t T
where U, = ngn(xi_xj) @)
i=1 j=t+1
1 if 6>0
and sgn(g)=4 0 if 6=0 ®
-1 if 6<0

For changes in one direction, that is, for downward (K1) or upward
shift (Ky), Ky is given as:

. _ .
KT =MaX .ot UI,T and KT =—MiN_ ¢ Ut,T )

The significance level associated to Ky is estimated by:

—GKTZ (5)
—exp| —/—L
P p[T3+T2 J

If the magnitude of P is smaller than the specific significance level

(for example oL =0.05) the null hypothesis is rejected. The time t
when Ky occurs is the change point time.

RESULTS AND DISCUSSION

Land use/Land cover dynamics in
watersheds during 1973 to 2000

the study

Temporal land use/land cover map developed from
satellite imageries for three different time spans (1973/76,
1986 and 2000) shows major transformation of land
cover and land use management over the last quarter of
twentieth century.

A phenomenal increase in cultivated land and
settlement area over the analysis period is observed at
both watersheds. Forest cover decreased by 34.5 and
50.7% during 1976/86 and 1986/2000 time period
respectively at Bilate watershed (Figure 2). The total area
covered by cultivated land, settlement area and barren
land increased by 30.9 and 23.4% for 1976/86 and
1986/2000 land use condition respectively. However, on
aggregate the rangelands increased by 26.7% whereas
the pasture land units decreased by 43.8%. The
decrease in pasture land might be the result of growing
demand of arable land for crop cultivation in most parts of
the watershed. Land units that lost its fertile top soil
formation due to excessive erosion and weathering
activities are commonly located as small patches in the
middle and lower Bilate basin.



Wagesho

Land Use 1976 ‘Land Use 1986 Land Use 2000

Legend q :
Cultivated area and
settlement

B rorest
- Open bush & woodland

Grassland and
green vegetation

km
| T, Y ——

0 15 23 L

Figure 2. Reclassified land use/land cover classes for use in hydrologic modeling at Hare watershed.
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Figure 3. Reclassified land use/land cover classes for use in hydrologic modeling at Bilate watershed.
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Table 3. Areal coverage of reclassified land use /land cover condition for study watersheds.

Percentage Land use/Land cover

Percentage change

Land use/Land cover class

1976 1986 2000 1976-1986 1986-2000 1976-2000
Bilate Watershed
Cultivation and Settlement 36.1 47.2 58.3 30.9 23.4 61.6
Forest-mixed 26.5 17.4 8.6 -34.5 -50.7 -67.7
Range and shrubland 17.2 24.8 21.8 44.0 -12.0 26.7
Pasture 20.2 10.6 11.4 -47.4 6.7 -43.8
Hare watershed
Cultivation and Settlement 29.6 36.4 47.4 22.7 30.3 59.9
Forest-mixed 30.2 25.3 18.2 -16.2 -28.1 -39.8
Rangeland 24.3 27.2 24.2 12.1 -11.0 -0.2
Pasture 15.9 11.1 10.2 -30.0 -8.1 -35.7
70 50
Bilste Watershed LU_1976 Hare Watershed LU 1976
M LU 1986 40 W LU_1986
& LU_2000 30 | B LU_2000

Land use /Land cover (%)

Cultivation & Forest-mixed
Settlement

Range & Pasture

shrubland

Land use /Land cover (%)

20 1

10 7

Cultivation & Forest-mixed
Settlement

Rangeland Pasture

Figure 4. Temporal variations of dominant land use/land cover proportion in the study watersheds.

The land use/land cover condition at Hare basin follows
similar temporal trend to that of Bilate basin. An
aggregate increment of 60% in cultivated land and rural
settlement whereas 40% decrement in forest cover is
identified during 1976 to 2000 analysis period (Figure 3).
Area under pasture and rangeland found to decrease
during the same period. Table 3 provides major land use
/land cover conditions and respective percentage
changes over the time period 1976/1986/2000 at Bilate
and Hare watersheds of the Rift Valley lakes basin of
Ethiopia. The major fraction of land use/land cover is
occupied by cultivation, settlement and forest cover
during 1970s, however, the forest cover eventually
reduced during the last two decades of twentieth century
(Figure 4). The upstream riverine course of Hare
watershed commonly grows an evergreen bamboo
plantation. Its dense and fibrous roots have soil gripping
capability hence minimizes erosion of top soil layers.

Land use/Land cover
modeling

dynamics and hydrologic

Land use/land cover affects runoff in the form of accelerated

or retarded overland flow as a result of slow or fast
infiltration rate and initial abstraction due to canopy cover
(Jinno et al., 2009). The surface runoff component is
separated from the total water yield of a catchment to
assess its variability due to altered land use/land cover
conditions. The impact of temporally varying land
use/land cover condition on runoff generation in the
watersheds is modeled using Soil and Water Assessment
Tool.

Hydrologic modelling

The Soil and Water Assessment Tool is data intensive
model that captures the underlying hydrologic processes
at small spatial scale with unigue soil, land use and slope
attributes. DEM, soil, land use, weather and an optional
stream outlets location data are required for initial model
setup. The slope map of the watersheds is reclassified
into three slope classes (0 to 5%, 5 to 10% and >10%)
based on the topography of the watersheds. Feature
class soil maps and corresponding soil physical
properties are extracted from FAO soil map for dominant
soil units. Local soil information organized from in-situ



observations are further used to augment the soil
classification. The soil units are categorized into 9 and 4
dominant soil classes at Bilate and Hare watersheds
respectively. Land use/land cover information is extracted
from Satellite imageries for three different time period are
described in the findings of this research used for SWAT
model run. Model sensitivity analysis is carried out for
both with and without observed discharge cases to
identify the most sensitive model parameters. SWAT
model is calibrated for the year 2000 land use condition
and subsequently used to predict runoff for 1976 and
1986 land use conditions. The Sequential Uncertainty
Fitting version 2 (SUFI-2) algorithm (Abbaspour, 2009) is
applied for model calibration. Model calibration and
validation is covered widely in previous works for the
study watersheds. Other input variables such as weather,
soil and catchment morphologic parameters remain
constant for each simulation. This enables us to identify
the catchment response uniquely to land use changes.

SWAT model disaggregates the output into surface
runoff component, lateral flow and shallow aquifer flow.
The response of a catchment as a result of land use
change is evaluated in terms of simulated surface runoff
component. It is observed that the surface runoff
component increases progressively since mid 1970s at
both watersheds. The rate of change of runoff with
respect to the base period (1976) is more significant
during wet years. This is due to high intensity and
extended duration of rainfall events that are more likely to
produce runoff immediately with minimal travel time.
Moreover, availability of sufficient antecedent moisture
condition in the soil retards infiltration rate and
accelerates overland flow.

Catchment geomorphologic factors also attributed to
varying rate of change of surface runoff magnitude. In
steep and smaller size Hare watershed the rate of
change is more profound. This is because, the
diminishing rate of vegetation cover over the analysis
period aggravated runoff generation in Hare watershed.
The catchment response is more significant during wet
years of the analysis period. The land use condition in the
year 2000 increased annual surface runoff by 10 to 23%
at Bilate watershed with respect to 1976 reference line.
The rate of change is higher at smaller size Hare
watershed. The increment extends from 16% to more
than 100% during the very wet years. Figure 5 presents
the relative proportion of simulated surface runoff
component for three different land use conditions at two
watersheds maintaining all other factors constant
throughout the three simulations.

Average monthly predicted surface runoff is compared
against respective rainfall in the watersheds during the
analysis period. The surface runoff component shows
better agreement to corresponding rainfall for all
simulations. The coefficient of determination (R®) ranges
from 0.85 to 0.96. A better correlation (R*= 0.91-0.96) is
observed at Hare watershed where the statistical
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relationship follows an exponential law (Figure 6).
Intercomparison of simulated annual surface runoff to
corresponding annual rainfall clearly shows increasing
runoff magnitude since 1976 land use condition at both
watersheds. Simulations for specific land use conditions
are approximated by a lower order polynomial and
exponential curves where simulated runoff values for
recent land use conditions are modestly lying above the
early ones (Figure 7). This indicates the recent land use
condition is able to generate higher runoff magnitudes
than the past years.

Summer monsoon season rainfall dominates at Bilate
watershed and subsequently yielded substantial amount
of total water yield during June-October months whereas,
bimodal rainfall pattern at Hare watershed produced
alternating raised hydrograph limbs during the rainy
seasons. The major rainfall season at Hare extends from
mid of March to the first decade of June and produced
higher peaks during April-May heavy rainfall. The
average monthly total runoff was found to increase since
the 1976 land use condition. During the dry months the
variability in simulated total runoff is insignificant (Figure
8).

Streamflow trend analysis

Statistical trend analysis to detect possible monotonic
trends and step changes is conducted for annual and
extreme daily streamflow events at Bilate (1971 to 2005)
and Hare (1970 to 2007) watersheds. We further
examined the historical variability of observed streamflow
at Alaba Kulito using flow duration curve (FDC). Mann-
Kendall (MK) trend analysis is conducted both for original
and prewhitened series to account for the effect of
significant serial correlation while detecting possible
trends. MK-trend analysis for original and prewhitened
series reveals that annual streamflow shows insignificant
monotonic trend at both watersheds. However, daily
extreme (daily maximum and minimum) streamflow
events at Bilate basin are characterized by increasing
trends at 5% significance level. No statistically significant
streamflow trend is detected at Hare watershed for
annual and extreme daily events. The prewhitened series
of daily minimum streamflow of Hare is characterized by
increasing trend at 10% significance level (Table 4).
Mann-Whitney-Pettitt's method employed for step
change detection shows couple of statistically weaker
change points at both watersheds. The years 1999 and
1992 are estimated to be with statistically significant yet
weak change points at Bilate basin whereas the years
1990 and 1986 are detected as possible change points at
Hare watershed. The change points detected at two
neighbouring watersheds show that the magnitude and
temporal location of change points vary slightly. The
change points are noticeable in the mid of 1980s and
1990s. These change points are associated to low annual
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Figure 5. Simulated surface runoff component for different land use/land cover condition during the analysis period.

rainfall years. Minor seasonal water abstraction and other
unspecified catchment condition that are not quantified in
the present context might have attributed to this recurrent
and statistically weak change points. The observed land
use changes in the watersheds are not dramatic but they
have been developed gradually over the years.

Cumulative mass analysis of rainfall and runoff
provides statistical information regarding the underlying
input-output relationship. When there is no significant
alteration in rainfall and runoff pattern due to various
circumstances, the data points in the double mass curve
fit into a straight line with uniform slope. However,
sudden break in slope line of the mass curve is eminent
when either or both of the variables undergo localized or
long term deviations from the preceding values.

Double mass curve analysis of observed annual
streamflow and rainfall conducted in the study watershed
shows slight deviation in slope line of the double mass
curve around the year 1992 and 1994 at Bilate and Hare
watersheds respectively (Figure 9). This shows that
changes occurred in land use/cover condition in the two
watersheds are independent. Even though the change in
slope after the break point is small (0.005 MCM/mm at

Bilate and 0.012 MCM/mm at Hare watersheds), yet it is
indicative of increased runoff after 1990s.

Contrary to insignificant trends of annual rainfall in the
study watersheds, the maximum daily streamflow at
Alaba Kulito of Bilate basin follows statistically increasing
trend since 1980. However, average annual streamflow
at both watersheds does not reveal statistically significant
trends. Altered land use/cover condition enhanced quick
storm responses with less attenuated hydrograph. The
increasing trend of maximum daily streamflow at Bilate is
a characteristic example of such less diffused streamflow
in time and space.

The percentage of time a given flow magnitude equaled
or exceeded an observation period, described as flow
duration curve (FDC), explains the prevailing relationship
between the magnitude and frequency of streamflow. The
behavior of historical streamflow variability could be
studied from the plot of discharge versus corresponding
probability of exceedance. It should be noted that the
underlying relationship is dependent up on the total
record length (n-values) utilized for FDC construction.
Average monthly streamflow records are divided into
segments of preferably ten years and FDCs are
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Table 4. Trend analysis of annual and extreme daily streamflow series for the study watersheds.

Trend test statistics

Streamflow series Mann-Kendall original series Mann-Kendall prewhitened series

S Z Trend S Z Trend
Bilate Streamflow
Annual series 49 0.676 NS 47 0.648 NS
Daily maximum series 186 2.612 + 227 3.291 +
Daily minimum series 197 2.807 + 213 3.090 +

Hare streamflow

Annual series 27 0.536 NS 35 0.701 NS
Daily maximum series -41 0.826 NS -57 1.175 NS
Daily minimum series 68 1.398 NS 94 1.943 +

S= Mann-Kendall trend test statistic; Z= Standard normal variate; NS= No statistically significant trend; += Increasing trend; Critical Z-value is
1.96 and 1.645 at 5 and 10% confidence levels.
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slight break in slope of mass curve is observed around 1992 and 1994.
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constructed for each segment. The intent of sub-segmented
FDC is to study the relative variability in the behavior of
streamflow over three decades; namely, 1970s, 1980s
and 1990s. Our analysis of FDC is limited to Bilate
streamflow with relatively long and uninterrupted flow
records. The corresponding average monthly streamflow
at Bilate in the 1990s are positioned at higher level than
that of 1970s and 1980s for the same level of
exceedance probability. The transition segment, that is,
1980s is characterized by slightly wiggling FDCs (higher
guantile estimates during the high flow period and lower
estimates during the low flow period) that lies between
the 1970s and 1990s (Figure 10). The decadal variability
in streamflow could be inferred from such short
segmented FDCs which otherwise could not be captured
from long term time-trend analysis.

Conclusions

The studied watersheds are under intensive catchment
modification since the 1970s. Substantial fraction of
riparian forest and pristine vegetation cover were
converted to agricultural land and grazing field.
Compared to its 1976 reference period, the percentage of
forest cover declined by 68 and 40% at Bilate and Hare
watersheds respectively. Meanwhile, the gross area of
agricultural land, permanent settlements and barren land
were collectively expanded by approximately 60% of its
baseline proportion at both watersheds during the same
period.

The response of a catchment as a result of changing
land use/land cover condition is modeled using SWAT for

three different (1976/1986/2000) temporal land use
conditions. The SWAT model separates overland flow
component from total catchment water yield. The
simulated surface runoff component increases
progressively since 1970s. Percentage annual surface
runoff varies from 10 to 23% at Bilate, and 16% to over
twofold at Hare watersheds. Statistical time-trend
analysis reveals that annual streamflow do not show
significant monotonic trend, however, extreme daily
streamflow at Alaba Kulito of Bilate catchment is
characterized by increasing trend during the analysis
period. Recurrent yet statistically weaker step change
points are observed in the years 1986, 1990, 1992 and
1999 in the watersheds. The change point years are
independent of each other in two watersheds and hence
they are governed by land use attributes unique to
respective watersheds that influence overland flow.
Slightly rising slope of rainfall-runoff double mass curve
during post-1992 and 1994 period at Bilate and Hare
watersheds respectively supports the subtle increasing
trend of streamflow that is not fully explained by time-
trend analysis. Time-segmented FDCs of monthly
streamflow at Bilate shows increased quantile estimates
of high flows for similar level of exceedance probability
for recent years.

The attribution of land use/land cover to inter-annual
streamflow variability is clearly demonstrated in the
present analysis. The increasing trend of observed daily
maximum flow at Alaba Kulito and slightly raised slope of
rainfall-runoff double mass curve since 1992 supports the
attribution of climate induced changes at Bilate
catchment. There are an obfuscated time-trend
responses for other variables such as average annual
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and daily minimum flow at both catchments, but not
justified statistically. Annual rainfall time-trend analysis in
the study watersheds is marked by statistically
insignificant trends. This has been covered by previous
studies of the authors. Therefore, joint application of
statistical methods and watershed modeling has an
advantage to distinguish the wunderlying variability
between climate change and catchment dynamics. The
effect of catchment dynamics is modeled by watershed
model and accompanying long term climate variability, if
any, is explained by statistical tests. This avoids the
propensity to associate the resulting variability to either of
the two (natural climate variability and land use changes).
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The aim was to measure the concentrations of heavy metals in groundwater obtained from 30 randomly
selected domestic wells and 10 stream locations all in Ibadan, Nigeria, compare the results with the
World Health Organization guidelines, draw conclusions and make recommendations. Water samples
were obtained and analysed for Pb, As, Cd, Zn, Cu, Cr, Fe and Mn. Overall, the minimum concentrations
of Pb, As, Cd, Cr and Fe in the well water samples were below detection limit (BDL). The maximum
values were 0.02, 0.45, 0.01, 0.445, 0.135, 0.09, 0.245 and 0.155 mg/l respectively. In the surface water
samples, the minimum concentrations of Pb, As, Cd and Cr were below detection level, while the
maximum concentrations of Pb, As, Cd, Zn, Cu, Cr, Fe and Mn were respectively 0.075, 0.05, 0.001,
0.445, 0.120, 0.065, 0.45 and 0.16 mg/l. No evidence of contamination of these water supply sources with
heavy metals was found going by the fact that the values obtained were lower than the guideline values
established by the World Health Organization. A possible exception is As which in some samples had
higher concentrations than the WHO guideline. The recommendations of the study include continuous
and close monitoring of these private drinking water supplies. There must also be strict compliance to
regulatory limits in sludge and wastes to be released into the environment, and enforcement of other
environmental protection regulations. Findings from this study will be of immense help to the general
public as well as researchers and environmental regulators working in this area of interest in
developing countries.

Key words: Heavy metals, drinking water, Ibadan

INTRODUCTION

Begun et al. (2009) observed that large quantities of
pollutants have continuously been introduced into
ecosystems as a consequence of urbanization and
industrial processes. Metals are persistent pollutants that
can be biomagnified in the food chains, and natural
waters, becoming increasingly dangerous to human
beings and wildlife. The use of private wells and surface
sources to provide water for domestic purposes in both
urban areas and rural communities is a common practice
in Nigeria and communities all over Africa (Adelekan and

Ogunde, 2012; Adetunji and Odetokun, 2011; Adelekan,
2010). Therefore, assessing the concentrations of
pollutants in different components of the ecosystem has

become an important task in preventing risk to natural life
and public health. Heavy metals enter into the
environment mainly via three routes namely: (i)
deposition of atmospheric particulate; (ii) disposal of
metal enriched sewage sludges, sewage effluents and
solid wastes, as well as (iii) by-products from metal
mining process. Corrosion of metallic installations, ash
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amendment to manures for odor reduction and lime
amendment for disinfection purposes are other possible
sources of heavy metals, e.g. lead, cadmium, chrome,
zinc and nickel (Eckel, 2005). Air pollution caused by the
emissions of toxic metals is one of the main types of
environmental pollution, and it has been recognized as a
potential threat to both environment and human health.
Ingestion, dermal contact absorption and inhalation are
the main routes of air particle metals entering human
bodies (Shi et al., 2011). All these readily happen in
urban environments. Soil is one of the repositories for
anthropogenic wastes. Biochemical processes can
mobilize its content of wastes to pollute water supplies
and impact food chains. Heavy metals such as Pb, As,
Cd, Zn, Cu, Cr, Fe, and Mn are potential soil and water
pollutants.

Globally, the problem of environmental pollution due to
heavy metals has begun to cause concern in most large
cities since this may lead to geoaccumulation,
bioaccumulation and biomagnifications in ecosystems.
Ibadan (7°23'47” N 3°55’0” E) is one of the three largest
metropolises in Nigeria. It occupies an area of 828 km?
and has a population of approximately 2.6 million
according to the 2006 census (NPC, 2009). Reported
researches in respect of water quality in the city of
Ibadan, Nigeria include Adelekan and Abegunde (2011)
which investigated the heavy metals contamination of
soils and groundwater at automobile mechanic villages in
the city and Adelekan and Alawode (2011) which
assessed the contributions of municipal refuse dumps to
heavy metals concentrations in soil profile and
groundwater on the dump sites in the city. The two
papers reported that the concentrations of certain heavy
metals are steadily increasing due to industrial activities
and waste dumping at those locations studied. With that
position established, the objective of this research is to
investigate the concentrations of these heavy metals in
domestic water sources at residences in the city in order
to establish the presence or otherwise of any health risks
to the city residents. From observations, appropriate
remedies can then be proposed for the protection of
human health and the environment. It is with that
objective in mind that this research work was undertaken.

MATERIALS AND METHODS

Water samples were obtained from 10 locations on Odo Ona and
Ogunpa streams which are important surface water sources used
for domestic purposes by Ibadan residents. Samples were also
obtained from 30 wells on private residences scattered throughout
the city following standard water sampling procedure. The wells
ranged from 8 to 10 m in depth, and were lined to ensure recharge
from the bottom only. Three replicates were sampled at each
location. Each sample was directly collected into a factory-fresh 1.5
L plastic bottle, with cap securely tightened. This ensured there was
no prior contamination, and there was no possibility of
contamination after sampling that could affect the samples and
invalidate results obtained. After collection the bottles were placed
inside ice coolers for transportation to the laboratory where they
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were then transferred to the refrigerator. This ensured that any form
of microbial activity due for example to iron bacteria, occurring after
sampling, would be stopped or severely curtailed. Laboratory
analysis commenced the same day. The methods used are
described in APHA et al. (1998). Readings were made on the
Atomic Absorption Spectrophotometer (AAS). These investigations
were conducted in November 2011.

RESULTS

Results obtained are presented in the tables and figure.
From Table 1, it is noticed that the concentration of each
of the heavy metals in most of the surface water samples
met the guidelines of the World Health Organization
(2004a). From Table 2, it is noticed that the maximum
and minimum concentrations of heavy metals occurred
variously in different surface water samples. From Table
3, it is noticed that the concentration of each of the heavy
metals in most of the well water samples met the
guidelines of the World Health Organization (2004a).
Measurements for well water samples obtained from the
tables are plotted in the following figures.

Figure 1 shows that Pb concentration in the well
samples ranged from O (that is, below detection limit) to
0.02 mg/l. The trendline started around 0.005 mg/l and
dipped slightly as well number changed from 1 to 30.

Figure 2 shows that As concentration in the well
samples ranged from O (that is, below detection limit) to
0.055 mg/l (well number 18). The trendline started at 0.03
mg/l and dipped strongly to about 0.02 mg/l as well
number changed from 1 to 30.

Figure 3 shows that Zn concentration in the well
samples ranged from 0.12 (well 18) to 0.445 mg/l (well
26). The trendline started around 0.35 mg/l and climbed
slightly above that value as the well humber changed
from 1 to 30.

Figure 4 shows that Cu concentration in the well
samples ranged from 0.07 mg/l (well 14) to 0.135 mg/I
(wells 12, 13, 17 and 25). The trendline started around
0.104 mg/l and remained practically on the same level as
well number changed from 1 to 30.

Figure 5 shows that Cr concentration in the well
samples ranged from O (that is, below detection limit) to
0.15 mg/l. The trendline started around 0.04 mg/l and
dipped slightly as well number changed from 1 to 30.

Figure 6 shows that Fe concentration in the well
samples ranged from 0 (1 sample) (that is, below
detection limit) to 0.025 mg/l. The trendline started
around 0.16 mg/l and dipped slightly as well number
changed from 1 to 30.

Figure 7 shows that Mn concentration in the well
samples ranged from 0.07 to 0.16 mg/l. The trendline
started around 0.12 mg/l and dipped slightly as well
number changed from 1 to 30.

Figure 8 shows that Cu concentration in the well
samples ranged from 0.13 to 0.45 mg/l. The trendline
started around 0.34 mg/l and raised slightly as well
number changed from 1 to 30. Zn concentration ranged
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Table 1. Heavy metals concentrations in surface water samples (mg/l).

Sample Pb As Cd Zn Cu Cr Fe Mn

S1 BDL 0.050 BDL 0.280 0.090 0.050 0.225 0.135
S2 0.050 BDL 0.001 0.280 0.105 BDL 0.175 0.105
S3 BDL 0.035 0.001 0.435 0.085 0.050 0.180 0.145
S4 0.010 BDL BDL 0.295 0.105 0.065 0.450 0.135
S5 BDL BDL BDL 0.355 0.110 BDL 0.225 0.105
S6 0.075 0.050 BDL 0.295 0.105 BDL 0.185 0.125
S7 0.007 0.035 0.001 0.385 0.075 0.035 0.205 0.160
S8 0.010 0.030 BDL 0.405 0.085 BDL 0.205 0.100
S9 BDL 0.040 BDL 0.335 0.120 BDL 0.250 0.105
S10 BDL 0.040 BDL 0.445 0.105 0.060 0.270 0.135
Average 0.015 0.028 0.0003 0.351 0.099 0.026 0.233 0.125
WHO guideline 0.01 0.01 0.003 3 1 0.050 0.30 0.200

Values are means of 3 measurements; BDL, below detection limit in the sample analysed.

Table 2. Maximum and minimum measured concentrations of heavy metals in surface water samples (mg/l).

Heavy metal Measured limits Sample of occurrence
Pb Maximum 0.075 S6
Minimum BDL S1, S3, S5, S9, S10
As Maximum 0.050 S1
Minimum BDL S2, S4, S5
cd Maximum 0.001 S2, S3, S7
Minimum BDL S1, S4, S5, S6, S8, S9, S10
7n Maximum 0.445 S10
Minimum 0.280 S1, S2
cu Maximum 0.120 S9
Minimum 0.085 S3, S8
cr Maximum 0.065 S4
Minimum BDL S2, S5, S6, S8, S9
Fe Maximum 0.450 S4
Minimum 0.175 S2
Mn Maximum 0.160 S7
Minimum 0.100 S8

BDL, Below detection limit in the sample analysed.

from 0.07 to 0.15 mg/l and its trendline starting around
0.1 mg/l remained level. Concentration of Zn was more
than that of Cu in all the samples. Figure 9 shows that Cr
concentration in the well samples ranged from 0 (that is,
below detection limit) to 0.25 mg/l. The trendline started
around 0.16 mg/l and dipped slightly as well number
changed from 1 to 30. Fe concentration ranged from 0
(below detection limit) and peaked at 0.12 mg/l. Its

trendline dipped slightly from 0.04 mg/l. For the majority
of samples, the concentration of Cr was higher than that
of Fe.

Figure 10 shows that Mn concentration in the well
samples ranged from 0.08 to 0.15 mg/l. The trendline
started around 0.12 mg/l and dipped slightly as well
number changed from 1 to 30. As ranged from 0 (below
detection limit) to 0.06 mg/l, while its trendline started
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Figure 3. Zinc concentration in well water samples.

around 0.03 mg/l and dipped slightly. Concentrations of
manganese were clearly higher than those of As in all the
samples.
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Figure 5. Chromium in well water samples.

DISCUSSION

Table 1 shows the concentrations of heavy metals in
surface water samples obtained from 10 locations, the
average values as well as the WHO (2004a) guidelines.
With the exception of Cr and Fe, concentrations of heavy
metals measured were lower than the WHO guideline
values, for all samples. In fact, values were below
detection limits (BDL) in 5, 3, 7, and 5 locations for Pb,
As, Cd, and Cr respectively. For Zn and Cu in particular,
concentrations measured were far below the WHO
guideline values. For Cr, concentration above WHO
guideline value was measured in two out of the ten
locations, while for Fe just one location had a
concentration higher than the WHO guideline value.
Table 2 shows the maximum and minimum
concentrations of the heavy metals as well as their
samples of occurrence. For Pb, the maximum
concentration of 0.075 mg/l occurred in sample S6, and
this sample also had the minimum concentrations for Cd
and Cr, in both cases, below detection limits. The
maximum values of 0.065 and 0.45 mg/l measured for Cr
and Fe respectively shown in Table 2 were higher than
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Table 3. Concentrations of heavy metals measured in well water samples (mg/l).

Sample Pb As Cd Zn Cu Cr Fe Mn

W1 0.020 0.035 BDL 0.395 0.105 0.090 0.140 0.155
W2 BDL 0.050 BDL 0.355 0.095 0.045 0.160 0.090
w3 BDL 0.025 0.010 0.290 0.105 0.030 0.090 0.095
W4 0.010 BDL BDL 0.345 0.110 BDL 0.130 0.120
W5 0.005 0.035 BDL 0.285 0.110 BDL 0.145 0.125
W6 0.010 0.020 BDL 0.365 0.075 0.040 0.185 0.145
W7 BDL 0.050 BDL 0.395 0.105 0.030 0.195 0.105
W8 BDL BDL BDL 0.420 0.085 0.075 0.220 0.105
W9 BDL BDL BDL 0.410 0.105 BDL 0.150 0.085
W10 BDL 0.045 BDL 0.310 0.120 BDL 0.205 0.085
wil 0.010 0.040 BDL 0.295 0.105 0.075 0.155 0.115
W12 BDL BDL BDL 0.285 0.135 BDL 0.195 0.110
W13 BDL BDL BDL 0.345 0.135 BDL 0.215 0.115
w14 0.010 0.030 BDL 0.440 0.070 0.055 0.245 0.135
W15 BDL BDL 0.001 0.385 0.100 BDL BDL 0.140
W16 BDL 0.050 BDL 0.415 0.110 0.035 0.090 0.150
w17 BDL 0.040 BDL 0.310 0.135 0.055 0.105 0.085
w18 0.005 0.055 BDL 0.120 0.120 0.060 0.100 0.110
W19 ND 0.030 BDL 0.435 0.095 0.040 0.105 0.130
W20 0.010 0.035 0.005 0.425 0.090 0.030 0.145 0.085
w21 BDL 0.030 BDL 0.335 0.105 0.035 0.105 0.100
W22 BDL 0.050 BDL 0.300 0.075 0.025 0.150 0.100
W23 0.015 0.020 BDL 0.285 0.100 0.025 0.095 0.140
W24 0.010 BDL 0.001 0.340 0.105 BDL 0.075 0.115
W25 BDL BDL 0.001 0.295 0.135 BDL 0.135 0.135
W26 BDL 0.035 0.001 0.445 0.115 0.050 0.155 0.135
W27 0.015 0.040 BDL 0.425 0.095 0.040 0.220 0.075
W28 0.005 BDL BDL 0.425 0.075 BDL 0.125 0.100
W29 BDL BDL BDL 0.380 0.115 BDL 0.170 0.090
W30 BDL BDL BDL 0.355 0.110 BDL 0.160 0.105
Average 0.006 0.02 0.001 0.354 0.105 0.03 0.15 0.1

WHO guideline 0.01 0.01 0.003 3 1 0.05 0.3 0.2

Values are means of 3 measurements; BDL, below detection limit in the sample analysed.

the WHO (2004a) guidelines of 0.05 and 0.3 mg/l (Table
1). All the other values measured are certainly within the
WHO guidelines, and consumers do not appear to be
exposed to heavy metal contamination through these
water samples. Table 3 shows the concentrations of
heavy metals in water samples obtained from 30 private
water wells, their average values as well as the WHO
(2004a) guideline values. Cd appears to be the rarest
heavy metal in these samples. Its concentration was
below detection limit in 77% of the wells. In 20% of the
well samples, the concentration of Cd measured was
lower than the WHO (2004a) guideline, while it was
higher in 3% of the samples. Pb, As and Cr were
measured to be below detection limit in 60, 37 and 40%
of the well samples respectively. Although, Zn, Cu and
Mn were found in all the water samples, their
concentrations were however below the WHO guidelines.

For the majority of samples, the average concentrations
for all the heavy metals were lower than the WHO
(2004a) guideline values. The only exception to this was
sample W1 in which 0.09 mg/l was measured for Cr while
the WHO guideline value was 0.05 mg/l. Table 4 shows
average concentrations of heavy metals measured in
surface and well water samples as compared to the WHO
(2004a) guidelines. Regarding the well samples, all the
average values are lower than the guidelines. Regarding
the surface water samples, average concentrations
measured for Cd, Zn, Cu, Cr, Fe, and Mn were lower
than the WHO guidelines. Average concentrations of Pb
and As were slightly higher than the guidelines. Table 5
shows the maximum and minimum concentrations of
heavy metals measured in the well water samples.
Comparing Table 5 and Table 2, it is noticed that for Pb,
Fe and Mn, the maximum concentrations measured in
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Figure 8. Concentrations of Zn (series 2) and Cu (series 3) in well
water samples.

well water samples were less than those measured for
surface water samples. The reverse is the case for As,
Cd, Cu and Cr; while for Zn, it was the same value for
both well water and surface water samples.

According to USDA (2000), acute (immediate)
poisoning from heavy metals is rare through ingestion or
dermal contact, but it is possible. Chronic problems
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water samples.
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Figure 10. Concentrations of Mn (series 2) and As (series 3) in well
water samples.

associated with long-term heavy metal exposures are
mental lapse (lead); toxicological effects on kidney, liver
and gastrointestinal tract (cadmium); skin poisoning and
harmful effects on kidneys and the central nervous
system (arsenic). There is a link between long term
exposure to copper and decline of intelligence in young
adolescents (Lenntech, 2009). Chronic cadmium
exposures result in kidney damage, bone deformities,
and cardiovascular problems (Goyer and Clarkson,
2001). Human diseases have resulted from consumption
of cadmium contaminated foods (Kobayashi, 1978;
Nogawa et al., 1987). The threat that heavy metals pose
to human and animal health is aggravated by their low
environmental mobility, even under high precipitations,
and their long term persistence in the environment
(Mench et al., 1994; Chirenje et al., 2004).

USEPA (2004) noted that manganese is an essential
element for many living organisms including human beings.
It is necessary for proper functioning of some enzymes
(manganese superoxide dismutase) and for the activation
of others (notably kinases, decarboxylases). Adverse
health effects can be caused by inadequate intake or
overexposure. The average concentration of manganese
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Table 4. Average concentrations of heavy metals measured in surface water and well water samples (mg/l).

Zn

Cr Fe

Description Pb As Cd

Surface water 0.015 0.028 0.0003
Well water 0.006 0.02 0.001
WHO guideline 0.01 0.01 0.003

0.351
0.354

0.099 0.026 0.233
0.105 0.03 0.15

0.05 0.3

Table 5. Maximum and minimum measured concentrations of heavy metals in well water

samples (mg/l).

Heavy metal  Measured limits Sample of occurrence

Pb Maximum 0.020 w1

Minimum BDL 18 different samples
As Maximum 0.450 W10

Minimum BDL 11 different samples
cd Maximum 0.010 W3

Minimum BDL 24 different samples
7n Maximum 0.445 W26

Minimum 0.120 W18
Cu Maximum 0.135 W12, W13, W17, W25

Minimum 0.070 w14
Cr Maximum 0.090 w1

Minimum BDL 12 different samples
Fe Maximum 0.245 w14

Minimum BDL w15
Mn Maximum 0.155 w1

Minimum 0.075 W27

BDL, Below detection limit in the sample analysed.

measured in all the well samples was 0.1 mg/l while the
surface samples averaged 0.125 mg/l. These low values
however should not be of much concern since
manganese deficiency in human beings appears to be
rare because manganese is present in many common
foods. According to WHO (2004b), a health-based
guideline value of 0.4 mg/l should be adequate to protect
public health. Excessive levels of Mn in the brain
produces extra pyramidal symptoms similar to those in
patients with Parkinson’s disease (Stredrick et al., 2002),
decreased learning ability in school age children and
increased propensity for violence in adults (Finley, 2004).
According to the Wisconsin Department of Health and
Family Services (2007), manganese levels below 300
pg/l are generally not a health concern. Infants should not
drink water that is above the health advisory level of 300
pg/l. Many vyears of exposure to high levels of
manganese can cause harm to the nervous system. A
disorder similar to Parkinson’s disease can result.
Frequently found in water due to large deposits in the

earth’s crust, iron, is also an important heavy metal from
the point of view of human health and aesthetics. In the
presence of hydrogen sulfide, iron causes sediment to
form that may give the water a blackish color. WHO
(2004a) has a guideline value of 0.3 mg/l of iron in
drinking water. A range of 0 to 0.22 mg/l was measured
for the well samples in this study (Table 3), while the
range measured in the surface samples was 0.175 to
0.450 mg/l (Table 1). In only one sample was Fe
measured to be above 0.3 mg/l which is the WHO
(2004a) guideline value. All the other samples contained
iron at concentrations lower than the WHO guideline. The
lllinois Environmental Protection Agency (IEPA) has
established a maximum concentration for iron in drinking
water of 1.0 mg/l and this is even a more relaxed value
than the WHO guideline. According to WHO (2004c),
anaerobic groundwaters may contain iron (Il) at
concentrations up to several milligrams per litre without
discoloration or turbidity in the water when directly
pumped from a well. Taste is not usually noticeable at



iron concentrations below 0.3 mg/l, although turbidity and
colour may develop in piped systems at levels above
0.05 to 0.1 mg/l. Laundry and sanitary ware will stain at
iron concentrations above 0.3 mg/l. Iron is an essential
element in human nutrition. Estimates of the minimum
daily requirement for iron depend on age, sex,
physiological status, and iron bioavailability and range
from about 10 to 50 mg/day.

Heavy metals are regularly found in liquid pig manure
(Gerber et al., 2005). Animal feeding is supposed to be
the main source of occurrence for copper and zinc (Li et
al., 2007; Nicholson et al., 1999). Mineral feed may also
contribute to occurrence of cadmium, lead, arsenic and
mercury (de La Calle Guntinas et al.,, 2011). Livestock
rearing is a common activity in urban agriculture and this
also occurs in Ibadan. Corrosion of metallic installations,
ash amendment to manures for odor reduction and lime
amendment for disinfection purposes are other possible
sources of heavy metals, e.g. lead, cadmium, chromium,
zinc and nickel (Eckel, 2005). Arsenic (As) is a well-
known heavy metal which is ubiquitous in the
environment (Vahidnia et al., 2007; Garelick et al., 2008).
Arsenic is classified as a poison and its exposure is
mainly through ingestion and inhalation of arsenic-
bearing chemicals from drinking water, food, and air
(Rahman et al., 2009; Aposhian et al., 2004). Once it
enters the body, arsenic and its metabolites generate free
radicals, which damage proteins, fatty acids, DNA, and
RNA, and cause oxidative stress or death to cells (Gong
and O’Bryant, 2010). Inflammatory response is one of the
hallmarks of arsenic-induced toxicity (Valko et al., 2005).
Clinically, arsenic is well-known as a carcinogen, causing
prostate, lung, liver, bladder, and other cancers (Jomova
et al.,, 2011; Mink et al., 2008; Benbrahim-Tallaa and
Waalkes, 2008; Celik et al., 2008; Chiu et al., 2004).

The measured well water arsenic concentrations
ranged from 0 to 0.05 mg/l with a mean of 0.02 mg/l (Tables 3
and 4), while the surface water arsenic concentrations
ranged from 0 to 0.05 mg/l with a mean of 0.028 mg/I
(Tables 1 and 4). The WHO guideline value is 0.01 mg/l.
It is conclusive that as far as arsenic is concerned,
concentrations in many of these samples were higher
than the WHO guideline. The difference is however not
presently alarming. Previous studies have shown that
cancer risk increases by 100-fold among people exposed
to drinking water with arsenic concentration at 50 mg/l
(Smith et al., 2002). As a result, U.S. Environmental
Protection Agency (USEPA) set the current standard
concentration of arsenic in drinking water tol0 mg/l
effective in 2006 in the United States (Smith et al., 2002).
Concentrations found in this present research were far
lower than this. A paper by Liao et al. (2009) reported
that bladder cancer risk increased significantly among
Taiwanese men with long-term chronic arsenic exposure
at low level and noted that a recommended safe arsenic
level in drinking water is 3.4 mg/l, far below the current
USEPA standard, 10 mg/l. The National Research
Council (2001) has recommended examining the effect of
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low-level arsenic exposure on health outcomes. Arsenic
exposure not only causes cancer but also increases the
risks of many other diseases. Chen et al. (1988) reported
that compared with the general population, mortality rates
from cardiovascular diseases, peripheral vascular
diseases, as well as cancers of bladder, skin, lung, and
liver were significantly higher among patients with
blackfoot disease resulting from exposure to high
concentrations of arsenic (from 350 to 1140 ppb or mg/|
with a median of 780 mg/l) in certain areas in Taiwan.
Tseng et al. (2003) reported that ischemic heart disease
prevalence was significantly correlated with cumulative
arsenic exposure (arsenic concentration multiplied by the
number of years individuals had lived there) in arseniasis-
hyperendemic villages in Taiwan. A dose-response
relationship existed between ischemic heart disease
mortality and long-term arsenic exposure (Chen et al.,
1996). Coronary heart disease and hypertension were
associated with low-level arsenic exposure, while
coronary heart disease and hyperlipidemia were
associated with AS3MT polymorphism in a rural cohort in
Texas, USA (Gong and O’Bryant, 2012).

The concentration of Chromium in the well water
samples was found to range from 0 to 0.09 mg/l with a
mean of 0.03 mg/l. In the surface water samples, Cr was
measured from a range of 0 to 0.065 mg/l with a mean of
0.026 mg/l. The WHO (2004a) guideline value for Cr in
drinking water is 0.05 mg/l. Chromium is one of those
heavy metals the environmental concentration of which is
steadily increasing due to industrial growth, especially the
development of metal, chemical and tanning industries.
Other sources of chromium permeating the environment
are air and water erosion of rocks, power plants, liquid
fuels, brown and hard coal, and industrial and municipal
waste. Although there is no risk of chromium
contamination on a global scale, local permeation of the
metal to soil, water or the atmosphere might result in
excessive amounts of this pollutant in biogeochemical
circulation (Wyszkowska, 2002). As observed by Ghosh
and Singh (2005) non-biodegradability of chromium is
responsible for its persistence in the environment; once
mixed in soil, it undergoes transformation into various
mobile forms before ending into the environmental sink
(Bartlett and James, 1983; Bartlett, 1988). Although Cr
toxicity in the environment is relatively rare, it still
presents some risks to human health since chromium can
be accumulated on skin, lungs, muscles fat, and it
accumulates in liver, dorsal spine, hair, nails and
placenta where it is traceable to various heath conditions
(Reyes-Gutiérrez et al., 2007).

CONCLUSIONS AND RECOMMENDATIONS

Overall, the minimum concentrations of Pb, As, Cd, Cr
and Fe in the well water samples were below detection
limit (BDL), while the maximum concentrations were 0.02,
0.055, 0.01, 0.09, and 0.245 mg/l. For Zn, Cu and Mn,
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the minimum concentrations were 0.120, 0.135 and 0.075
mg/l and the maximum concentrations were 0.0445,
0.135 and 0.155 mg/l respectively. Similar results were
also obtained for the surface water samples. There is
therefore no evidence of wide-scale contamination of
these water samples with heavy metals going by the fact
that most of the values measured were well within the
guideline limits established by the World Health
Organization. A possible exception is As which showed
values higher than the WHO guideline. The recommend-
dations of the study include continuous and close
monitoring of these private drinking water supplies in
view of increasing urbanization and industrialization of
the town in which they are situated. There must also be
strict compliance to regulatory limits in sludge and wastes
to be released into the environment as well as
enforcement of other environmental protection
regulations to arrest the earlier reported ongoing buildup
of heavy metals in soils on those locations. Findings from
this study will be of immense help to the consumers of
these waters as well as researchers and environmental
regulators working in this area of interest in developing
countries. On one hand the consumers have a scientific
basis for assessing the quality of the water which they
are using. On the other hand researchers also have
useful scientific knowledge on the water supply situation
in Ibadan, which is a typical African city. and this they can
apply in finding solutions to problems which they may
encounter in similar situations existing around the African
continent.
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