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Abstract

The present study aims to delimit protection perimeters around the “Agbo”
river in Agboville in order to reduce the risks of pollution of this water re-
source. The methodological approach consisted first all in assessing the vul-
nerability of the resource and then in determining the protection perimeters
based on the vulnerability map and previous studies. Five parameters (slope,
land use, soil type, annual runoff and drainage density) were used. These pa-
rameters were then weighted using the Saaty multicriteria analysis method.
The vulnerability map reveals four classes (very low, low, medium and high)
with a dominance of the low class (41.35% of the area). Three protection pe-
rimeters were delineated (immediate, close and remote). The immediate pro-
tection perimeter is delimited at a distance of 200 m around the SODECI wa-
ter intake on the “Agbo” river and covers the areas with a strong influence on
the vulnerability to pollution of the river. The closer protection perimeter at a
distance of 1000 m, is represented by the zones with strong influence on the
vulnerability of the resource and the direction of water flow in the watershed.
Finally, the remote protection perimeter covers a large part of the catchment
area with a surface area of 510.36 km” and takes into account the zones that
have an influence on the vulnerability to pollution of the resource. These de-
limited protection perimeters can serve as a guide for the management and
protection of the water intake in Agboville as well as for land use planning in
this area.
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Cote d’Ivoire

1. Introduction

In several regions of the world, water resources (surface and groundwater),
mostly surface water, are increasingly threatened by pollution. One of the causes
of the degradation of the quality of these surface waters would be related to the
increasing amount of polluting discharges into the receiving environments
without prior treatment [1]. So, they point out that land use related to agricul-
tural, urban and industrial activities has contributed, over the last few decades,
to increasing the potential for surface water contamination and, in some cases,
to increasing the risk of contamination. In Cote d’Ivoire, most of the cities lo-
cated on the crystalline basement have surface water as main source of drinking
water supply [2]; this is the case of the city of Agboville. In this locality, the river
“Agbo” which is the main source of drinking water supply for the populations is
increasingly threatened by agricultural and domestic activities as revealed by
N’go et al. [3]. This threat is reflected in its high load of organic and mineral
matter, so that the current treatments of the Water Distribution Company in
Cote d’Ivoire (WDCCI) are no longer able to purify the water properly [3].

To ensure efficient and sustainable management of the resource intended for
supplying drinking water to the population, it is essential to protect it from var-
ious sources of pollution. In this sense, one of the alternatives offered to the
scientific community is to proceed with the delimitation of protection perime-
ters around the said resource. In this way, it allows giving the authorities in
charge of its management a working tool to better orient and regulate the activi-
ties that take place in its catchment area.

Indeed, as several European directives underline that, these drinking catch-
ments must be provided with a protection perimeter in order to avoid pollution
related to normal human activities and to reduce the risk of accidental pollution
that could lead to water contamination and consequently to a health crisis.

In Cote d’Ivoire, they are prescribed by article 34 of the water code and its im-
plementation decree n°2013-440 of 13 June 2013 determines the legal regime of
the perimeters for the protection of water resources, hydraulic installations and
structures. However, the delimitation of these perimeters requires a meticulous
study in the vicinity of the resource. GIS is a computerized solution for the deli-
mitation of protection perimeters as shown by Garouani et Abdelaziz [1]. It al-
lows a broad and especially digital knowledge of water resources and their pro-
tection [4].

In this context, the present study was undertaken with the purpose to delimit
the protection perimeters around the “Agbo” river in the Upper Agneby wa-
tershed in Agboville for its sustainable management. It integrates into its ap-
proach the tools of geomatics in particular GIS coupled with the multi-criteria
analysis of Saaty [5].
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2. Study Area Overview
Geographical Location

Agneby watershed covers an area of 8495 km” [6], and is located in a forest zone
between latitudes 5°20N and 6°55N, and between longitudes 3°45N and 4°35W
(Figure 1). It is drained by the Agneby river which flows into the Ebrie lagoon
near the Atlantic Ocean in South of Cote d’Ivoire [7].

The study was carried out at the water intake of the Water Distribution Com-
pany in Cote d’Ivoire (WDCCI) on the “Agbo” river in Agboville.

The average annual and monthly rainfall recorded respectively on the north-
ern part of the Agneby basin from 1901 to 2002 varies between 108.39 mm and
116.61 mm and 15.66 mm and 284.85 mm.

The vegetation of the basin consists of dense humid forest, cleared forest,
swamp forest and very rarely savannah included [8].

As all of eastern Cote d’Ivoire, the upper Agneby basin is based on Precam-
brian formations, attached to the Birimian stage, which has undergone little me-
tamorphism [9]. These are essentially arkosic shales found to the north around
Bongouanou and to the south of Agboville.

We encounter in this zone ferralitic soils resulting from the alteration of
shales or granites, with a zone of iron accumulation and induration (concretion
and armouring) in the plateau and slope profiles. On the lower slopes, sandy and
clayey accumulations of colluvial origin give very leached soils, with a clear ten-
dency to hydromorphy at depth. Finally, in the thalwegs, typically hydromorphic
sandy-clay soils are found [9].

On the whole, the relief is little accentuated, the Precambrian substratum
having undergone slow erosion since the primary era. From downstream to up-
stream of the basin, the altitudes encountered are between 0 and 100 m, and be-
tween 100 and 200 m, respectively. Just to the extreme west of the upstream part
of the basin, the extension of the Bongouanou hills is felt with altitudes between
200 and 300 m [10].

Agneby, the main river of the catchment area, is oriented roughly in a North-
South direction and receives many tributaries (Figure 2). Its length is 250 km
[9].

The relatively steep relief of the hills to the North and West of Bongouanou
favours runoff, which is rapidly concentrated in numerous streams flowing east-
ward. These streams all gather in a thalweg that runs from North to South along
the edge of these hills to form “Agb6”, the generic name of the main collector in
the region [9].

Nearly 85% of the population have their socio-economic activities based on
food crops (cassava, maize, yam, rainfed rice) and cash crops (sweet banana,
coffee, cocoa, oil palm and rubber) [11]. The anthropic influence on the hydro-
graphic network of the study area is very important due to the development of
numerous water reservoirs on the Agneby river and its tributaries. The purpose

of these various developments is to improve the living conditions of riparian
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populations, but they also result in a change in the watercourse regime. This may

lead to more or less contamination of water resources [12].

3. Material and Methods

The setting up of a database made up of cartographic, satellite and climatic data

was necessary to carry out this study.

3.1. Material
3.1.1. Cartographic Data

The cartographic data are made up of:
- geological sketch of Cote d’Ivoire (South-East sheet) at a scale of 1/500,000
made at SODEMI in 1972 and was used to make the geological map of the

4200W 4430w Fa90W Gdiriais kil

Mali @
W$E ] :

Guinée

00oN

T
000N

6°4130°N
6°41'30"N

Libéria Ghana

0N
f
T
st

0 75 150 Ki
-

000w soow

8210'N
6210°N

Legend

S5 Study area

/\/ Main bed
= . |\ Tributaries
g g e Locations

10 20 Km
— » SODECI water intake
4200w £430W 3490w

Figure 1. Geographical location of the upper Agneby watershed.
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Figure 2. Map of the hydrographic network of the upper Agneby watershed.
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study area;

- pedological sketch of Cote d’Ivoire at a scale of 1/500,000 drawn up by the
pedology laboratory of the ORSTOM centre in Adiopodoume [13] was used
to produce the pedological map of the study area.

3.1.2. Climatic Data

They concern the average monthly rainfall data for the Agboville and Abidjan
stations from 1901 to 2001 acquired from the Development and Operation, Air-
port, Aeronautical and Meteorological Society (DOAAMS) which were used to

determine the annual rainfall.

3.1.3. Satellite Data

They are made up of:

- Shuttle Radar Topography Mission (SRTM) images with 30 m resolution and
coordinates NO5W005V3 and NO6WO005V3 of Cote d’Ivoire. They enabled
the slopes and drainage density map of the study area to be drawn up.

- Sentinel images (2018 and 2019) in 10 m resolution. They were used to estab-

lish the land use map.

3.2. Methods

The approach used in this study, for the delimitation of protection perimeters,
consist in combining remote sensing image processing techniques with the pos-
sibilities offered by GIS [1].

This method consists to produce a vulnerability map by which the map of
protection perimeters is established. To make it, all the factors and combinations
of factors that can contribute to the assessment of the vulnerability of the water
resource are identified.

Since the study is carried out at a scale of hydrological unit, only factors iden-
tifiable at that scale are used, namely: land use, topographic slope, drainage den-
sity, soil types and rainfall quantity to assess runoff. Each of the required factors
is then prioritized and weighted according to the importance of its role in the
process of delineating protection perimeters. This methodological approach
has been used by several authors in Cote d’Ivoire, namely Eba et al. [2] in Gag-
noa; Anoh [14] in Taabo; Deh et al. [15] in Adzope; Ake et al. [16] in Aboisso
and in other countries, namely Garouani et Abdelaziz [1] in Morocco (Hachef

dam).

Assessment of the Vulnerability to the Pollution of the Upper Agneby

1) Mapping and reclassification of selected parameters

a) Slope

A study area mask was applied to the Cote d’Ivoire DEM to obtain the study
area DEM. From this DEM, “Slope” parameter was realized using ArcGis “Slope”
tool. The slope map (Figure 3) shows the existence of slopes ranging from 0% to
47%.
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Figure 3. Slope map of the upper Agneby watershed.

b) Soil type

The soil map of the study area was obtained from the soil sketch of Cote
d’Ivoire at a scale of 1/500,000 [13].

The area has three main soil categories (Figure 4):
- typical ferralitic soils with high desaturation;
- slightly desaturated ferralitic soils;
- hydromorphic gley and pseudogley soils.

¢) Runoff

It represents the share of rain that feeds the surface network [17]. The “annual
runoff” parameter was determined by multiplying the runoff coefficient by the
average annual rainfall for the region (Thornthwaite method). In this study, the
13% runoff coefficient determined by Soro [18] on the area of the Me river in
South-Eastern Cote d’Ivoire was used as it has similar morphological and cli-
matic characteristics to the study area.

The rainfall data used are those of five stations from 1901 to 2002:

1) average annual rainfall of the station in Bongouanou is 1488.10 mm;

2) average annual rainfall of the station in Arrah is 1113.81 mm;

3) average annual rainfall of the station in Agboville is 1488.10 mm;

4) average annual rainfall of the station in Akoupe is 1413.10 mm;

5) average annual rainfall of the station in M’batto is 1382.86 mm.

The annual runoff is determined by the formula noted 1:

R=rxP (1)

With:

R = annual runoff (mm);

r=runoff coefficient (%);

P=annual rainfall (mm).

The annual runoff values were spatialized over the entire upper Agneby wa-
tershed (Figure 5).

DOI: 10.4236/jep.2020.116028 475 Journal of Environmental Protection


https://doi.org/10.4236/jep.2020.116028

G.E. Ake et al.

200W 4430W 3490W

6°4130°N
64130°N

Legend
> Study area
A/ Main bed
e Locations
o SODECI water intake

Soil types
Highly desaturated ferrallitic soils
[T} Reworked and hardened floors
Low desaturated ferrallitic soils
B Typical soils (or rejuvenated)
[ Reworked floors
- Hardened reworked floors

210N
210N

z z (] soils weakly i and depleted
g £ | Hydromorphic soils
0 10 20Km A vy ic gley and soils

4200W 4430W 3490W

Figure 4. Soil type map of the upper Agneby watershed.
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Figure 5. Spatial distribution of annual runoff of the upper Agneby watershed.

d) Drainage density

The drainage density map of the area hydrographic network was obtained
from the hydrographic network through the “line-density” tool of the ArcGis
software.

Density values range from 0 to 96.84 km/km®. The density map (Figure 6)
shows a high density around the rivers and at the tributary crossings. Density
decreases with distance from individual tributaries.

e) Land use

Land use map is a very important parameter in land use and management.
The importance of this factor lies in the fact that it shows most of the anthropo-
genic activities carried out, highlighting the surface conditions in the study area.
Given the potential and the agricultural vocation of the upper Agneby, this pa-

rameter is likely to inform any development decision in the area and to draw up

DOI: 10.4236/jep.2020.116028

476 Journal of Environmental Protection


https://doi.org/10.4236/jep.2020.116028

G.E. Ake et al.

the main guidelines for regional development. This parameter was obtained by
processing Sentinel satellite images through the “Impact Tool” module. It made
it possible to make radiometric and atmospheric corrections with the unique use
of multispectral bands. The extraction of the study area was done after the mo-
saic. Thereafter, the image processing was done by making a coloured composi-
tion (Sentinel bands 7-8-10) in order to better discriminate the geographical ob-
jects between them. Training sites representing all types of land use were se-
lected on the coloured composite to run the supervised classification. These sites
are selected based on accessibility and spatial distribution. This supervised clas-
sification made it possible to discriminate between five land use classes (Figure
7): water, degraded forest, industrial crops, habitats and bare soil, and crop and

fallow mosaic, which were validated by a field mission (8 and 9 October 2019).
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Figure 7. Land use map of the upper Agneby watershed.
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2) Parameter weighting by Saaty multi-criteria analysis

a) Elaboration of the square matrix

The method of Saaty [19], used by Eba et al. [2] Deh et al. [15] Ake et al. [16]
El Morjani [20] has been exploited. It is a pairwise comparison method using the
Analytical Hierarchy Process (AHP). It consists of comparing the relative im-
portance of all selected parameters taken in pairs to configure a reciprocal
square matrix. This comparison is done on the basis of a numerical scale of 9 le-
vels [19] of pairwise comparison. When two parameters have the same impor-
tance in the studied phenomenon, the scale of Saaty gives them the value of “1”.
However, if one parameter is more important than the other, then it takes a
higher value between 1 and 10 and the other, the inverse of this value.

This method produces standardised weighting coefficients of which the sum is
equal to “1”. The matrix resulting from the pairwise comparison of the different
factors is summarised in Table 1.

This square matrix from the hierarchy was used to make the combinations for
weight determination, with Zai equal to the sum of the parameters per col-
umn.

b) Determination of the different weighting coefficients

The weight of one element expresses its importance relative to another [19]. It
corresponds to the intensity of its impact in the study of the vulnerability of the
water resource. The determination of these weights is equivalent to calculate the
weighting coefficient for each element. This coefficient is calculated using the

formula (2):
Y
C,=—r (2)

"2

V, corresponds to the eigen vector of each element compared. It is determined

as follows:
Vp:kWIX'”XWk (3)
Before determining the various weighting coefficients, it is checked that the
basic matrix established (Table 2) is consistent. For this purpose, the Coherence

Ratio (CR) is calculated, which serves as a reference for judging the coherence of

the matrix.

Table 1. Matrix resulting from the comparison of the different parameters (Original matrix).

P os s R D

P 1 3 4 5 7

os 1/3 1 3 4 5

1/4 1/3 1 2 4

R 1/5 1/4 1/2 1 3

1/7 1/5 1/4 1/3 1

Total Za, 1.92 4.78 8.75 12.33 20
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Table 2. Random index (RJ) values of a matrix of the same size [5].

Number of variables 2 3 4 5 6 7 8 9 10 11

RI 0 0.58 0.9 1.12 124 132 141 145 149 151

If the value of the ratio is less than 10% then the judgements are consistent;
otherwise they may require some revisions.
The ratio is equal to the ratio of the coherence index (CJ) to the random index

(RI) and is given by the following equation:

Cl
CR=— 4
RI (4)
With Cl = Amax —NUmMber of elements compared 5)

number of elements compared —1

CI is the Coherence Index R/, the Random Index and A the maximum

max >
eigenvalue.

- If CR< 10, then the matrix is said consistent.

- If CR> 10% then the matrix is inconsistent and will need to be revised.

The calculation of A, is explained below. In addition, the values of the
random index are given as a function of the number of parameters compared
and are recorded in Table 2.

The value of R/is “1.12” because five parameters were combined to assess the
vulnerability of the “Agbo” river to pollution. Knowing the Random Index (RJ),
one should try to determine the Coherence Index (Cl).

The steps are as follows:

e Step 1: normalize the original matrix by dividing each element of a column
by the sum of that column;
e Step 2: make the average of each row to determine the priority vector [Cl;
e Step 3: multiply each column of the matrix by its corresponding priority vec-
tor to determine the overall priority [D];
e Step 4: divide each global priority by its corresponding priority vector to de-
termine the rational priority [ £];
e Step 5: determine the average of the rational priorities ( 4, );
Ay = E (6)
ek
e Step 6: calculate the Coherence Index (CI):
A —K

Cl = 7);
K1 (7)

Finally, the Coherence Ratio is deduced by the following formula:
IC

RC=—
la

(8);

Calculation of Coherence Ratio (CR) of the study:

v' Calculation of the average of the rational priorities (A, );
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Aax = % because £=26.10 and k= 5;
A =5.22.
v Calculation of the Coherence Index (Cl);

522-5

Cl ; C1 =0.055.

v' Calculation of the Coherence Ratio;

CR :%; CR =0.05 represents 5% so CR < 10%. It is deduced that the

judgements are consistent.

Table 3 and Table 4 bring together the results obtained from the various cal-
culations.

Table 5 summarizes the classes, ratings and weights assigned to the different
parameters in the assessment of the pollution vulnerability of the “Agbo” river.

c) Determination of the areas influencing the vulnerability to pollution of
the river “Agbo” in Agboville

It consisted in determining the pollution vulnerability index map of the Bia in
Aboisso by combining the different layers in a GIS. The approach chosen was
the operational approach of the single synthesis criterion [21]. The calculation of

the vulnerability index is done by the following Equation (9):
Iv=(0.47xP)+(0.23x0S)+(0.17xS)+(0.09xR)+(0.04x D) 9

For each parameter, the weight (C,) is multiplied by the different corres-
ponding scores. This calculation is performed with the “Raster Calculator” tool
of the “Map Algebra” submodule of the Arcgis software. We obtain index inter-
vals to which vulnerability classes are assigned.

The determination of index intervals is based on the intrinsic vulnerability
method developed in the work [22]. It allows the conversion of vulnerability in-
dices into percentages in order to better understand the expression of the degree
vulnerability classification. The indices are divided into four vulnerability classes
ranging from “very low” to “high” (Table 6). The degree of vulnerability increases
with the index.

Table 3. Original matrix normalized.

P os S R D Row total
P 0.52 0.63 0.46 0.41 0.35 2.37
os 0.17 0.21 0.34 0.32 0.25 1.29
S 0.13 0.07 0.11 0.16 0.2 0.67
R 0.10 0.05 0.06 0.08 0.15 0.44
D 0.08 0.04 0.03 0.03 0.05 0.23
Column total 1.00 1.00 1.00 1.00 1.00 5.00
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Table 4. Weight of the different parameters selected.

Parameters selected Weight
Slope (P) 0.47
Land use (OS) 0.23
Soil type (8) 0.17
Annual runoff (R) 0.09
Drainage density (D) 0.04

Table 5. Summary of the values assigned to the various parameters.

Study area Upper Agneby watershed
Parameters Classes Rating  weight

<3 1

Slope (%) 3-7 2 0.47
<7 3
170.53 3
179.77 3

Annual runoff (mm) 183.70 3 0.09
193.45 3
193.45 3
<45 1

Drainage density (km/km?) 45 - 65 2 0.04
<65 3
Typical highly desaturated ferralitic soils 1

Soil type Lowly desaturated ferralitic soils 2 0.17
Hydromorphic gley and pseudogley soils 3
Water 1
Degraded forest 1

Land use Habitas/bare ground 2 0.23
Mosaic crop/fallow land 3
Industrial crop 4

Table 6. Index and degree of vulnerability ([22], modified).

Index of vulnerability Degree of vulnerability

0% - 30% Very low

31% - 50% Low

51% - 70% Medium
70% - 100% High

Iv—1Ivg,
Iv(%)=——"1—x100 (10)
I max I min
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with:

1v,;,: Minimum vulnerability index; /v;,,,: Maximum vulnerability index.

3) Determination of protection perimeters

The protection perimeters (IPP, CPP and RPP) are determined from the pol-
lution vulnerability map of the “Agbo” river. In addition, their delimitation was
based on previous work and national legislation in force.

a) Immediate Protection Perimeter (IPP)

In general, the Immediate Protective Perimeter (IPP) is the immediate area
around the intake. In the case of this study, the Immediate Protection Perimeter
(IPP) was determined taking into account the most vulnerable areas adjacent or
close to the water resource. The delimitation of this protection perimeter was
carried out using the “Buffer” tool of the ArcGis “Arctoolbox” module.

b) Closer Protection Perimeter (CPP)

The CPP must maintain the quality of the water as it approaches the intake.
The longitudinal extension of this perimeter must also provide a response time
for the operator in the case of accidental pollution and its lateral extension must
make it possible to limit runoff and reduce or eliminate the risks of pollution
linked to activities on the slopes of the basin of the water body [23]. The metho-
dological approach for its determination is used by several authors like Garouani
et Abdelaziz [1] Eba et al. [2] Deh et al. [15] Ake et al. [16] Anoh et al. [24]. It
consists in taking into account vulnerable areas, the direction of water flow and
the slope. The “Buffer” tool and digitization have made it possible to carry out
this delimitation. It makes it possible to determine a buffer zone around the re-
source to be protected [16].

c) Remote Protection Perimeter (RPP)

It corresponds to a complementary zone of the close protection perimeter.
According to Eba ef al [2], this zone is connected to the outside of the close pro-
tection perimeter (CPP) and includes part or all of the recharge area of the cat-
chment area, depending on whether point or non-point pollution is to be con-
trolled.

4. Results and Discussion

4.1. Map of Vulnerability to Pollution of the River “Agbo” in
Agboville and Delimitation of the Different Protection
Perimeters

Figure 8 shows the values of the vulnerability indices. They range from 1.22 to
3.32. The highest values (2.43 - 3.32) are located upstream in the watershed and
around the Agneby stream.

The pollution vulnerability map of the “Agbo” river derived from the index
map shows four degrees of vulnerability (Figure 9) namely: very low, low, me-
dium and high with a dominance of the low class. Analysis by class allows us to
say that the very low class occupies 34.60% of the study area, but is more represented

in the western part of the watershed. This class is characterized by low slopes

DOI: 10.4236/jep.2020.116028

482 Journal of Environmental Protection


https://doi.org/10.4236/jep.2020.116028

G.E. Ake et al.

and degraded forests. Runoff in these areas is also negligible. This area is cha-
racterized by low drainage density.

Next, the low class occupies 41.35% of the study area. It is the dominant class
because it is spread over the entire study area. Indeed, these areas are characte-
rized by degraded forests, cultivated areas but left to rest (cultivation/fallow).
This class is also characterized by average slopes.

Then there is the middle class, which covers 21.44% of the study area. It is
found in cultivated areas. It is characterized by steep slopes and high drainage
density.

Finally, the high class occupies 2.71% of the study area and is spread throughout
the study area but is more represented upstream of the basin. This class takes
into account cultivated and steeply sloping areas. In these areas, there are
strong agricultural activities (cocoa, coffee, oil palm, etc.) that use agricultural
inputs (fertilizers and phytosanitary products), as observed during our field

visit.
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Figure 8. Map of vulnerability indices to pollution of the “Agbo” river.
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Figure 9. Pollution vulnerability map of the “Agbo” river.
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Delimitation of Protection Perimeters
Taking into account the map of the areas having an influence on the vulnerabil-
ity to pollution of the river “Agbo” in Agboville, the map of the different protec-
tion perimeters (Figure 10) was drawn up.

It presents three zones of protection perimeters: immediate, close and remote.
» Immediate Protection Perimeter

The immediate protective perimeter (Zone I) has been delimited at a radius of
200 m around the Agbo river in Agboville. It has an area of 4.82 km”. In addi-
tion, this zone takes into account areas with strong influences on the vulnerabil-
ity to pollution of the river “Agbo”. In this zone every activity should be prohi-
bited except maintenance operations of the installations. It must therefore allow
an effective protection of the reservoir and its water intake against so-called
point source pollution. It allows to prevent the deterioration of the installations
and the discharge of any type of pollutants or near the source.

» Closer Protection Perimeter

The closer protection perimeter (Zone II) has been delimited at a radius of
1000 m from the limits of Zone I, taking into account the direction of water flow
in the basin and the areas having an influence on the river “Agbo” and has an
area of 32.59 km”.

It is an area in which some self-purification is possible and is also intended to
preserve the captured water from degradation due to point or non-point pollu-
tion. Within this zone, any activity likely to affect the quality of the water re-
source should be prohibited or subject to special requirements.

» Remote Protection Perimeter

This perimeter (Zone III) is a complementary zone to Zone II. It takes into
account the catchment area of the river “Agbo”, depending on whether point,
diffuse or accidental pollution is to be controlled. In this case, it largely covers
the entire surface of the basin located upstream and on the sides of the reservoir

with a surface area of 510.36 km?.
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Figure 10. Map of the protection perimeters around the SODECI water
intake on the “Agbo” river.
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4.2. Discussion

The GIS made it possible to produce the pollution vulnerability map of the river
“Agbo” by ensuring the synthesis of the parameters taken into account through a
multi-criteria analysis of Saaty. Five parameters were taken into account in as-
sessing of the pollution vulnerability of this resource (land use, soil types, drai-
nage density, annual runoff and slope). The determining parameter in this vul-
nerability mapping is the slope followed by land use as shown by Eba et al. [2]
Ake et al. [16]. The mapping of vulnerability to pollution in the Agneby hig-
hlighted four classes of vulnerability (very low, low, medium and high). These
classes are identical to those revealed by Anoh [14] using a GIS. Similar studies
carried out by Deh et al [15] Ake et al [16] Eba et al. [17] Macary et al. [25] re-
vealed five vulnerability classes (very low, low, medium, high and very high). In
addition, Schoen et al. [26] determined three (low, medium and high) using cal-
culation methods.

For Eba et al [2], the vulnerability classes may vary from one study to another
and from one region to another because they depend on the class boundaries
and the scores initially assigned to these classes by the operator and also on the
sensitivity of the operator.

The vulnerability index values obtained range from 1.22 to 3.32, with the
highest values being upstream and indicating high vulnerability at these loca-
tions.

In addition, the difficulty in producing a pollution vulnerability map using a
GIS generally lies in the number and quality of the parameters to be taken into
account. The reliability (often questionable data quality) and the very limited
number of data often do not allow a good spatial assessment of the criteria. In
this study, annual runoff was spatialised using five rainfall stations, unlike the
work of Eba et al. [2] Deh et al. [15] Ake et al. [16] where runoff was considered
as point data. A difficulty was encountered in weighting the parameters in the
application of the multi-criteria analysis since the values assigned are subjective.
Indeed, according to Eba et al [2] Anoh ef al. [24] Kpan [27], the subjectivity of
the weights and ratings assigned to the parameters is a limiting factor. Moreover,
the values assigned to the parameters sometimes tend to over- or underestimate
the degree of vulnerability of the water resource. In spite these difficulties listed
in the pollution vulnerability map, the vulnerability map produced remains reli-
able. It is of paramount importance in land use planning, management and pro-
tection of water resources and can serve as a decision-making tool for managers
and authorities in Agboville.

The delimitation of the protection perimeters around the “Agbo” river in Ag-
boville required prior knowledge of the areas having an influence on the vulne-
rability to pollution of the “Agbo” river. Three protection perimeters were deli-
mited (IPP, CPP, RPP). The Immediate Protection Perimeter (IPP) was deli-
mited at a radius of 200 m around the river “Agbo” and covers an area of 4.82
km?.
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It is intended to prohibit access to the sampling point and treatment facilities
and to protect them from malicious acts. Some authors, such as Eba et al [2]
Anoh [14] Kpan [27] have limited the IPP to a radius of 200 m (Lake Taabo),
100 m (Gagnoa reservoir) and 450 m (Lake Adzope) respectively.

According to Bibeau et Breune [28], it must be delimited within an area of 150
to 300 m from the natural high-water line of the river. This limit is not exhaus-
tive, it can be determined according to the state of the watercourse, its size and
also the activities carried out in its environment Eba et al. [2].

According to Carre [23], the size of this area must allow for appropriate in-
tervention in the event of an accident related to pollution of the water source.
Within this zone, apart from maintenance and treatment activities, all activities
that could deteriorate water quality are prohibited [23]. However, during the
field visit, some anthropogenic activities were identified as contributing to the
deterioration of water quality, notably the presence of a household garbage
dump at the entrance to the site and the existence of habitats in the immediate
vicinity of the intake. Finally, the quasi-permanent presence of aquatic plants on
the watercourse testifies to the transport of nutrients from upstream activities
that contribute to the eutrophication of the resource. The greenish colour of this
water indicates the sources of pollution of the resource (Figure 11).

The closer protection perimeter was delimited taking into account the direc-
tion of water flow in the sub-basin. This zone is at a radius of 1000 m and covers
an area of 32.59 km®. This Zone II was delimited at a distance of 1000 m in the
works of Eba et al [2] Deh et al. [15] Ake et al. [16]. According to Eba et al [2],
at this distance, it is possible that dissolved pollution directed towards the im-
poundment could be intercepted or trapped by the presence of adapted vegeta-
tion.

For Garouani et Abdelaziz [1], the zone II is delimited to adjacent land with a
slope greater than 3 degrees, but without the extent of this strip exceeding one
kilometer in width. The Meeb [29] recommends a close protection perimeter of
between 100 m and 1 km. For Carre [23], the width of this zone depends on the

slope, banks and ground cover.

(a) Entrance to the intake station (b) Interior of the intake station

Figure 11. Dumping of household waste near the water intake (a) and eutroph-
ication of the resource due to the presence of organic matter (b).
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According to Eba et al [2], it all depends on the extent of the water source and
the basin, the activities carried out within the basin that are likely to influence
the vulnerability of the water source and the assessment of the executor. Finally,
the remote protection perimeter (Zone III) has been delimited taking into ac-
count areas vulnerable to river pollution. It covers an area of 510.36 km®.

It must ensure the protection of waters against extensive deterioration, espe-
cially persistent pollution or hard to be eliminated as well as chemical or ra-
dioactive pollution [30]. It is an area where easements are non-binding, as it is
optional, but can be justified when certain activities cause significant pollution
[2].

For Garouani et Abdelaziz [1], it encompasses land with slopes of less than 3
degrees and the extent of this zone can increase or decrease by involving the
other parameters and/or by adjustments according to cadastral (communes or
parcels) and geographical (watercourses, communication routes) boundaries.
Other authors extend this zone over the whole basin containing the water source
(reservoir, lakes, river...). This is the case of Anoh [14] Ake et al. [16] Meeb [29].
This perimeter is not intended to lead to the creation of easements, but to alert
the public more broadly to the need to preserve the quality of surface water in-
tended for consumption Eba ef al. [2]. Although the various protection perime-
ters have been delineated, it is nevertheless interesting to list some difficulties.
Difficulties lie in the authors’ assessment of the distance of protection perime-
ters. Indeed, the boundaries of the zones vary from one author to another.

In spite of all these difficulties, the protection perimeters are appreciable and
can serve as a guide for the management and protection of the “Agbo” river in
Agboville as well as in the planning of the territory in this zone in view of its

strategic and determining importance.

5. Conclusions

The delimitation of the protection perimeters of the upper Agneby in Agboville
watershed was carried out after an assessment prior to the vulnerability of this
water resource to pollution through the vulnerability map. This map shows four
classes of vulnerability: very low (34.60%), low (41.35%), medium (21.34%), high
(2.71%). The map of vulnerability to pollution of the Agneby in Agboville is
dominated by the very low and low classes, which together represent about 75.95%
of the area studied.

Three protection perimeters have been delimited in this study in particular:
the Immediate Protection Perimeter or Zone [; it covers an area of 4.82 km* and
has a radius of 200 m around the bank of the river “Agbo”. The Close Protection
Perimeter or Zone II, with a width of 1000 m was delimited from the limits of
Zone I and covers an area of 39.59 km”.

Finally, the Remote Protection Perimeter or Zone III, covers an area of 510.36
km®. This zone covers a large part of the catchment area where the zones have a

strong influence on water resources. This map of the perimeters is a decision-
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making tool for land use planning, management and protection of water re-

sources in the upper Agneby catchment area.
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