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Sediment transport and water quality are modified by hu-
man activities all along river courses. If research focuses only
on pristine basins and large dams, little is known about the
quality of the waters flowing to the sea. Most rivers around
the world regulated to some extent by hydraulic infrastruc-
ture, even in developing countries. How river management
impacts on water quality and sediment transport from the up-
per basins to coastal areas is not well known in many coun-
tries, especially in the developing world, even though this
may have strong and longlasting effects on coastal geomor-
phology and ecosystems. In a time where many people try to
explain the coastal recession that is observed on many coast-
lines, from the sea level rise and thus from “global change”,
knowledge of the actual sediment transport to the sea could
bring new perspectives, as the reduction of riverine sediment
transfer certainly contributes to this recession. One of the as-
sociated questions is what is the role of the human impact on
these processes? At what speed do these changes take place?

This proceeding volume gathers together communications
about water quality and sediment transport monitoring and
modeling, especially for large river basins, with a focus on
the relationships between estuarine river systems and coastal
areas in terms of water quality and sediment load. There are
also studies presenting diverse methods for estimating the
amount of sediment released to the sea and its variability
in time. All these papers were presented as oral or poster
communications during the IAHS International Conference
of Port Elizabeth, South Africa, July 2017.
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Abstract. We analyzed changes in water quantity and quality at different spatial scales within the Tapajdés River
basin (Amazon) based on experimental fieldwork, hydrological modelling, and statistical time-trend analysis.
At a small scale, we compared the river discharge (Q) and suspended-sediment concentrations (SSC) of two
adjacent micro-catchments (< 1 km?) with similar characteristics but contrasting land uses (forest vs. pasture)
using empirical data from field measurements. At an intermediary scale, we simulated the hydrological responses
of a sub-basin of the Tapajés (Jamanxim River basin, 37400km?), using a hydrological model (SWAT) and
land-use change scenario in order to quantify the changes in the water balance components due to deforestation.
At the Tapajos’ River basin scale, we investigated trends in Q, sediments, hydrochemistry, and geochemistry
in the river using available data from the HYBAM Observation Service. The results in the micro-catchments
showed a higher runoff coefficient in the pasture (0.67) than in the forest catchment (0.28). At this scale, the SSC
were also significantly greater during stormflows in the pasture than in the forest catchment. At the Jamanxim
watershed scale, the hydrological modelling results showed a 2 % increase in Q and a 5 % reduction of baseflow
contribution to total Q after a conversion of 22 % of forest to pasture. In the Tapaj6s River, however, trend
analysis did not show any significant trend in discharge and sediment concentration. However, we found upward
trends in dissolved organic carbon and NO; over the last 20 years. Although the magnitude of anthropogenic
impact has shown be scale-dependent, we were able to find changes in the Tapajés River basin in streamflow,
sediment concentration, and water quality across all studied scales.

The understanding of small areas is essential to propose
solutions to maintain tropical forest services, such as wa-

1 Introduction

Southern Amazonia was the first region of Brazil’s Ama-
zon area to be exposed to intensive conversion to agricul-
tural lands (Fearnside, 2016). The Tapajés River, an impor-
tant tributary of the Amazon River, lost in this basin ca. 30 %
of forest cover (ca. 500 000 km?) by 2016, mainly due to the
establishment of agro-industrial farms. The forest loss in this
river basin is projected to reach approximately 65 % by 2050
(Soares-Filho et al., 2006).

ter and nutrient cycling, in the Amazon (Vedovato et al.,
2016). These areas can be well assessed by experimental
catchment studies. For example, Bleich et al. (2016) studied
10 small pristine streams in the Tapaj6s River basin and argue
that in case measures of conservation of small catchments
are not taken, environmental impacts on regional streams
in South Amazonia are expected to increase. Impacts at re-
gional scales have been the concern of the scientific com-
munity with regards to the role of tropical forests in the
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global climate systems, especially the effects of the Amazon
deforestation in large scales (Ometto et al., 2011). Lima et
al. (2014) argue that large-scale deforestation triggers com-
plex non-linear interactions between the atmosphere and bio-
sphere, which may impair important ecosystem services such
as water for agriculture and hydroelectric power generation.

Although it has been reported that deforestation leads to
changes in the water cycle in this region (Davidson et al.,
2012), the effects of forest clearing on the concentrations of
suspended and dissolved materials that are usually seen in
small streams are difficult to be detected in larger streams
and rivers (Thomas et al., 2004). However, the chemistry of
the large rivers in the Amazon that remained relatively un-
altered until 2000 was compromised because of the upcom-
ing growing of area occupied by pastures (Neill et al., 2001).
Additionally, analyses of land-use change impacts that were
usually limited to small plots or experimental catchments are
now possible to be applied to larger scales, such as river
basins, due to recent improvements in data collection, archiv-
ing and distribution (Eshleman, 2004). New evidence shows
that the conversion of forest to pasture is manifested in sys-
tematic changes in the hydro-climatology cycle with increase
in river discharge in large catchments in the Amazon (Souza-
Filho et al., 2016).

In this study, we examined the impact of the land-use
change on the streamflow and water quality of the Tapajds
River basin using different spatial scales and approaches.
Our objective is to identify what signatures from the land-
use change are possible to observe within and across these
scales.

2 Area of study

Our study focus on the Tapajés River basin
(ca. 500000 kmz), which is the fifth largest sub-basin
of the Amazon River and covers 7 % of the total Amazon
basin (Pavanato et al., 2016). This basin includes 7 of the
41 municipalities where Brazilian Environmental authorities
concentrate anti-deforestation efforts due to their high
incidence of forest clearing (Braganca, 2015). In order to
estimate the impacts of scale, we integrated to our study
a sub-basin of the Tapajés, the Jamanxim River basin
(37400km?), and a pair of micro-catchments (< 1 km?)
with contrasting land uses (forest vs. pasture) located in the
municipality of Novo Progresso, in the Brazilian state of
Para (Fig. 1). The climate in this area is humid tropical with
a rainy season from November to May and a dry season that
extends from June to October. Mean annual precipitation
averages 1900 mm.
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Figure 1. Area of study.

3 Methods

3.1 Experimental micro-catchment study

We compared the streamflow of the micro-catchments by
using empirical data from field measurements from 2013
to 2014. At the catchment outlets, we installed rectangular
weirs and a DS 5X multiparameter sonde (OTT, USA) to
measure water level and to quantify streamflow. We quan-
tified the runoff coefficient as the ratio of total streamflow to
total precipitation, and the baseflow index as the ratio of total
baseflow to total streamflow following N6brega et al. (2017).
In these catchments, we also collected 1L water samples
during stormflow events for suspended sediment concentra-
tion (SSC) analysis following the method of ASTM (2000).
More details on the catchments’ characteristics and instru-
mentation setup can be found in Guzha et al. (2015).

3.2 Jamanxim River basin modelling

We simulated the hydrological behavior of the Jamanxin
River basin using the SWAT eco-hydrological model (Arnold
et al., 2012). For the setup, calibration and validation of
SWAT, we used a gradual land-use change parameterization,
field assessments, and available regional data, and then sim-
ulated a land-use change scenario in order to quantify the
changes in the water balance components due to deforesta-
tion. The model parameterization, calibration and validation
details can be found in Lamparter et al. (2016). The land-
use change scenario used in this study (Fig. 2) suggests a

proc-iahs.net/377/3/2018/
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Figure 2. (a) Land-use distribution in 2011, and (b) Land-use sce-
nario (22 % of deforestation) for the year 2030 following a business
as usual approach (Gollow et al., 2017).
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Table 1. Q results with SWAT for the land-use distribution and sce-
nario.

P o 0 Qbase  Qbase
(mm) (mm) scenario (mm)  scenario
(mm) (mm)

1639 637 685 396 405

rapid pasture expansion according the study of Gollnow et
al. (2017).

3.3 Tapajo6s River basin analysis

We investigated trends in Q, sediments, and hydrochemistry
and geochemistry, i.e. pH, DOC, Mg, K, HCO3_ , Si, NO3_
and Ca, in the Tapajos River using available data from the
HYBAM Observation Service (http://www.ore-hybam.org,
station code 17730000). We used Mann-Kendall test for de-
tecting either an upward or downward trend in the data se-
ries with a significance threshold set at .05. The data were
also used to quantify fluxes of nitrate and total dissolved car-
bon (DOC) using mean discharge and concentration in 5-year
periods from 1996 to 2015.

4 Results and discussion

Figure 3 shows the streamflow comparison between the two
micro-catchments. The pasture catchment has a higher runoff
coefficient (0.67) than the forest catchment (0.28). Baseflow
indices were 0.76 and 0.88 for the pasture and forest catch-
ments, respectively, showing a higher baseflow contribution
in the forest catchment. At this scale, the SSC were also sig-
nificantly higher during stormflows in the pasture (mean of
579.7 mg L n= 37) than in the forest catchment (mean
of 81.8mgL~!, n=50). The geometric mean and 75th per-
centile for the SSC in the pasture and forest catchments were
47.2 and 26.1 mgL~!, and 886.0 and 147.8 mgL~!, respec-
tively.

For the Jamanxim River basin, simulation results show a
2 % increase in discharge (Q) and a 5 % reduction of base-
flow contribution to total Q after a 22 % conversion of forest
to pasture (Fig. 4 and Table 1). Our results are in accordance
to Davidson et al. (2012); they state that even though basin-
scale impacts of land use may not yet surpass the magni-
tude of natural hydrological variability and biogeochemical
cycles, there are some signs of a transition to a disturbance-
dominated regime, which include changes in the water cycle
in the Southern and Eastern regions of the Amazon basin.

At the scale of the Tapajds River basin, however, trend
analysis did not show any significant trend in discharge and
sediment concentration. Hydrological changes due to land-
use change are known to be primarily manifested at smaller
scales. Therefore, we ascribe the absence of visible trend at

Proc. IAHS, 377, 3-7, 2018
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Figure 4. Calibration and validation with land-use update for the Jamanxim catchment.
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Figure 5. Nitrate and total dissolved carbon fluxes.

a large scale to the fact that most of the deforestation in the
Tapajés River basin has occurred in its upper portion, which
produces hydrological signatures that may be buffered along
the river until its outlet. The analyses of the outflow fluxes
over the last 20 years in the Tapaj6s River revealed upward
trends in dissolved organic carbon and NO3_ , which have
reached an up to 10-fold increase (Fig. 5).

5 Conclusions

Effects of deforestation on large rivers of the Amazon basin
were relatively unknown due to the low degree of connec-
tion between large rivers and land uses in these basins (Neill
et al., 2001). We were able to find changes in the Tapajds

Proc. IAHS, 377, 3-7, 2018

River basin in river discharge, sediment concentration, and
water quality across all studied scales. In this context, our
study adds to an increasing body of literature showing that
although the magnitude of anthropogenic impact has shown
to be scale-dependent, some changes are detectable in both
small and large rivers in the Amazon.

Data availability. The data used in this study for the micro-
catchments and Jamanxim are available from the Open Sci-
ence Framework (https://doi.org/10.17605/OSF.IO/UCDE7) and
the Spatial Data Infrastructure of the Carbiocial Project (http://gdi.
carbiocial.de/). Time series used for the trend analysis are available
from the HYBAM Observation Service (http://www.ore-hybam.
org), and discharge data used to calibrate and validate the hydro-
logical model are available from the HydroWeb platform of the Na-
tional Water Agency of Brazil (http://hidroweb.ana.gov.br/, station
code: 2650000).
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Abstract. In this paper, changes of sediment yield and sediment transport were assessed using the Revised
Universal Soil Loss Equation (RUSLE) and Geographical Information Systems (GIS). This model was based
on the integrated use of precipitation data, Landsat images in 2000, 2005 and 2010, terrain parameters (slope
gradient and slope length) and soil composition in Zhifanggou watershed, Gansu Province, Northwestern China.
The obtained results were basically consistent with the measured values. The results showed that the mean
modulus of soil erosion is 1224, 1118 and 875 tkm™2 yr_1 and annual soil loss is 23 130, 21 130 and 16 536 in
2000, 2005 and 2010 respectively. The measured mean erosion modulus were 1581 and 1377 tkm~2yr~!, and
the measured annual soil loss were 29 872 and 26 022t in 2000 and 2005. From 2000 to 2010, the amount of
soil erosion was reduced yearly. Very low erosion and low erosion dominated the soil loss status in the three
periods, and moderate erosion followed. The zones classified as very low erosion were increasing, whereas the
zones with low or moderate erosion were decreasing. In 2010, no zones were classified as high or very high soil

erosion.

1 Introduction

Soil erosion is a process which refers to the destruction, sep-
aration, removal and sedimentation of the earth’s surface soil
and its parent material caused by hydraulic, wind, freezing
and thawing, gravity and other external forces (Meyer, 1984).
Soil erosion has caused a set of ecological and environmen-
tal problems such as land degradation, soil fertility loss, river
siltation, making it a global research focus. Since the 1950s,
to quantify soil loss and determine its risk, a number of soil
erosion models were established based on measured data or
the results of previous studies, and numerous research re-
sults were obtained using Geographical Information Systems
(GIS) and remote sensing (RS). One of the most applied
models to estimate soil erosion is the Universal Soil Loss
Equation (USLE) and its modified version the Revised Uni-
versal Soil Loss Equation (RUSLE). Lu et al. (2001) used
GIS and the RUSLE model to map and quantitatively predict
patch and gully erosion in Australia. Liu (2002) established
China’s Soil Erosion Prediction Equation (CSLE) by the
study of a slope erosion prediction model. Gao et al. (2015)
calculated the soil erosion modulus in the Loess Plateau of

China in 2010 by using the RUSLE model. Because of the
complex landscape, the soil erosion status varies in the Loess
Plateau. This paper focused on analysing the land use pat-
tern, vegetation distribution and soil erosion status based on
the RUSLE model and the impact of slope changes and land
use types on erosion by using RS and GIS in the Zhifanggou
watershed, Loess Plateau. The aim was to analyse the evo-
lution of soil erosion in a complete and systematic way and
provide a reference basis for soil and water loss prevention
in hilly and gully regions of the Loess Plateau.

2 Materials and methods

2.1 Study area

Zhifanggou watershed is located in the gully area of Long-
dong Loess Plateau, Gansu Province, Northwestern China.
This watershed has been a key management and experimen-
tal area in the Yellow River Basin since 1954. Many man-
agement approaches have been carried out to reduce soil ero-
sion, such as soil and water conservation measures, renovat-
ing barren slopes and terraces. Ten hydrology and rainfall

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The topography of Zhifanggou watershed.

observation stations were set up to observe rainfall, evapora-
tion, runoff, flood and sediments for more than 50 years.
Figure 1 presents the Zhifanggou watershed. It is one of
the tributaries to the Jinghe river and is located south of
Pingliang City, China. The area of Zhifanggou watershed is
18.98km?. It extends between the latitudes of 35°26' and
35°33’ N and longitudes of 106°37" and 106°42’ E. The wa-
tershed altitude ranges from 1365 to 2104 m. The main chan-
nel length is 15.77 km and the mean channel slope is 4.34 %.

2.2 RUSLE model

The factors in the RUSLE model include rainfall erosivity,
soil erodibility, slope length and steepness, vegetation cover
and management, and supporting practices (Wischmeier and
Smith, 1965). In order to estimate the soil loss, meteorolog-
ical data, soil information, RS data and a digital elevation
model (DEM) were used as detailed below.

1. Three Landsat Thematic Mapper images of the study
area from May 2000, May 2005 and July 2010, with
30 m of spatial resolution were used.

2. Daily rainfall data from 1981 to 2004 were obtained
from the first and second dams and Hejiazhuang hydro-
logical stations, and Majiaxinzhuang, Chenjiazhuang
and Shiyaojian precipitation stations. Because of the
lack of observers and funds, the observations were with-
drawn in 2005 and merged into one station, named
Pingliang hydrological station. Therefore annual rain-
fall data of Pingliang hydrological station were used
from 2005 to 2010.

3. A DEM of 30 m spatial resolution was obtained.

Proc. IAHS, 377, 9-18, 2018
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4. Soil information (including organic matter content and
texture) for the study area was obtained from the analy-
sis of soil samples.

The RUSLE model is used to estimate soil loss by water-
caused erosion (Renard et al., 1997; Duarte et al., 2016). The
mathematical expression of RUSLE is

A=RXKXLSxCxP @))

where A is the mean annual soil loss (tkm~2 yr‘l), caused
by rainfall and runoff. R is the rainfall erosivity factor
(MJ mmhm~2h~"), which reflects the potential soil erosion
caused by rainfall. In RUSLE, it is defined as the product of
rainfall energy and maximum rainfall intensity of 30 min. K
is the soil erodibility factor (thMJ~! mm~!), which repre-
sents

the amount of soil erosion caused by unit rainfall force
in the standard plot. It is used to reflect soil sensitivity to
erosion. The slope length and steepness (LS) factor repre-
sents the effect of topography on soil erosion, L is the slope
length factor and defined as a power function of slope length.
S is the slope steepness factor. The vegetation cover factor
(C) represents the ratio of soil loss from an area with spec-
ified cover and management to soil loss from an identical
area in continuous fallow. The conservation support practice
factor (P) refers to the ratio of amount of soil loss when
soil and water conservation measures, such as contouring or
terracing, have been implemented to the original soil loss
from sloping land. (Renard et al., 1991; Renard and Fer-
reira, 1993; Farhan and Nawaiseh, 2015). Soil losses esti-
mated from RUSLE were compared with the measured val-
ues which were calculated using the measured annual runoff
and suspended sediment of Zhifanggou watershed.

proc-iahs.net/377/9/2018/
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Figure 2. The distribution of rainfall and hydrologic stations.
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Figure 3. The spatial distribution of rainfall erosivity factor.

2.2.1 Rainfall erosivity factor (R)

The R factor reflects the potential soil erosion caused by rain-
fall. In this paper, R was calculated from the original algo-
rithm of

the USLE model proposed by Wischmeier and
Smith (1978). The equation is:

R:ZE-130R=ZE~130 )

where E is the kinetic energy in a single rainfall event
(MJ hm~2). It may be counted as a single event if the rain-
fall is intermittent within 2 h, otherwise the rainfall will be
treated twice; /3¢ is the maximum rainfall intensity in 30 min
(mmh~h).
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The equation used to calculate E is:

[ 0.119+0.08731g (mi), m; <76
e = [ 0.283,m; > 76 )

E=Y"me-Py E=) me Py “)

Where m. is the unit kinetic energy during one rainfall event
(MJ mm~" hm™2); m; is the rainfall intensity corresponding
to a certain period (mm h~—1); P, is the total rainfall corre-
sponding to a certain period (mm). Based on the interpola-
tion and extension of rainfall data, mean annual rainfall ero-
sivity of six stations were calculated during three periods: be-
fore 2000, 2001 to 2005 and 2006 to 2010. The distribution
of the six stations is shown in Fig. 2. The rainfall erosivity
map (Fig. 3) was obtained by the inverse distance weighting
method (IDW) which has been shown to be most suitable for
rainfall interpolation in this area of China (Bai et al., 2012).

Proc. IAHS, 377, 9-18, 2018
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Figure 4. The spatial distribution of soil samples.

2.2.2 Soil erodibility factor (K)

According to the equation, the greater the K value, the
greater the risk of soil erosion and vice versa. Twelve soil
samples were collected in this watershed and analyzed to de-
termine particle size (sand, silt, clay) and organic matter con-
tent in order to calculate K. The distribution of the 12 soil
samples is shown in Fig. 4.

There are many methods to calculate the K factor (Wis-
chmeier and Smith, 1978). Considering that the parame-
ters of the EPIC method are measured readily and the
method is relatively mature, K was calculated by using the
EPIC (erosion-productivity impact calculator) model (Sharp-
ley and Williams, 1990):

SIL 0.3
K ={0.2+0.3exp[—-0.0256SAN(1.0 — SIL/100)|} | =———=—
CLA + SIL (5)
o 0.25C o 0.7SN1
" CH4exp(3.72-2.95) " SNI4exp(—5.51 +22.9SN1)

where SAN, SIL, CLA and C are sand, silt, clay and organic
carbon (%).
The equation used to calculate SN1 is:

SN1=1-SAN/100. ©6)
The K factor map (Fig. 5) was obtained by the kriging spatial
interpolation method which is more suitable for soil moisture

spatial interpolation in the Loess Plateau region (Yao et al.,
2013).

Proc. IAHS, 377, 9-18, 2018

N
Soil erodibility factor (K)(t-h-MJ*-mm™)

B -6
I 266-283
=
B oo
| S

20
.

005 1 2
- e km

Figure 5. Soil erodibility map (K).
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Figure 6. Spatial distribution of the slope steepness factor.

2.2.3 Topographic factor (LS)

The slope steepness factor (S) reflects the influence of slope
gradient on erosion (Lu et al., 2001). The greater the mean
slope, the greater the potential risk of soil separation and
the more severe the soil erosion. S is calculated by using the
equations established by Liu et al. (1994) and Liu (2002) as
follows:

S =10.80 x sinf +0.03 6 < 5°
S =16.80 x sinf —0.50 5° <@ < 10° )
S =21.91xsinf —0.96 6> 10°

proc-iahs.net/377/9/2018/
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Figure 8. Spatial distribution of slope length.

The DEM data of the basin were used to obtain the gradient
grid by using the Surface Analysis function in the Spatial
Analyst module of ArcGIS.

The slope data were divided into categories of < 5, 5-8, 8—
15, 15-25, 25-35, > 35° by using the Reclassify option in 3D
Analyst module of ArcGIS. The spatial distribution of slope
gradient is shown in Fig. 7.

The slope length factor (L) represents the effect of slope
length on erosion. The longer the slope length, the greater the
flow, and the more severe the soil erosion. L was calculated

proc-iahs.net/377/9/2018/
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Figure 9. Spatial distribution of L factor values.
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Figure 10. Spatial distribution of LS factor values.

by the classical method of USLE, as follows:

L=(./22.13) ®)
a=p/B+1) ©)
B = (sinf/0.0896) / (3.0 (sin60'8 n 0.56) ( (10)

Where A is the slope length (m), 22.13 represents the slope
length of the standard district (m), « is the slope length ex-
ponent, S indicates the ratio of rill to interrill erosion and 6
represents the slope gradient extracted from the DEM data.

Proc. IAHS, 377, 9-18, 2018
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Figure 12. The spatial distribution of land use patterns in the three study years.

The DEM was used to obtain the slope length (Fig. 8) by
using ArcGIS.

Considering there is no function to calculate the slope
length directly in ArcGIS, we first calculated the flow di-
rection of the grid by the surface runoff simulation. Then
we calculated the flow accumulation of the grid. Based on
the extraction of the zero value of the flow accumulation, the
ridge line was obtained. Finally, the slope length was calcu-
lated using the generated ridge line.

Based on the Map algebra function of ArcGIS, L was cal-
culated according to the equation and is shown in Fig. 9. Mul-
tiplying the spatial distribution of the S and L factors, the LS
value distribution is obtained, as shown in Fig. 10.
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2.2.4 Vegetation cover factor (C)

The vegetation can effectively protect the surface soil from
direct impact by rainfall and play an important role in mod-
erating surface runoff, extending moisture penetration time
and enhancing soil impact resistance. The Normalized Dif-
ference Vegetation Index (NDVI) reflects the vegetation cov-
erage well. The NDVI data used in this paper (May 2000,
May 2005 and July 2010) was collected from the Interna-
tional Scientific Data Service Platform. The vegetation cover
is calculated by the classical method (Tan et al., 2005), as
follows:

proc-iahs.net/377/9/2018/
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Figure 14. The spatial distribution of soil loss estimated using RUSLE for each of the study years.

fg = (NDVI — NDVIyin)/(NDVInax — NDVIin) x 100 (11)

where fg is the vegetation coverage (%), NDVIy.x and
NDVIin are the maximum and minimum values of NDVI.
By using the method of Cai et al. (2000), C is calculated as
follows (in order to prevent a negative C value, the method is
slightly modified as below). The spatial distribution of C was
calculated for each of the study years 2000, 2005 and 2010
and is shown in Fig. 11.

1 0 <fg <0.095
C =1 0.6508 —0.3436log;,(fg) 0.095 <fg <783 (12)
0 fg > 78.3
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2.2.5 Conservation support practice factor (P)

The value of P ranges from O to 1, where O indicates good
conservation practice and 1 indicates poor conservation prac-
tice (Wischmeier and Smith, 1978). The P value was as-
signed according to Liu et al. (2001), Liu (2006) and Zhao
et al. (2016).

RS images in 2000, 2005 and 2010 were classified and re-
processed in ENVI4.8 (Pan et al., 2013) to obtain land use
patterns, as shown in Fig. 12. The land use is divided into six
categories: terraced land, sloping land, wood land, grass land,
construction land and unused land, as shown in Table 1. The
P factor was assigned according to field investigation and
agricultural practices observed in the study basin. The P val-
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Table 1. Conservation support practice factor (P) value.

L. Wang et al.: Changes in soil erosion and sediment transport

Land use Terraced Sloping Wood Grass Construction Unused
type land land land land land land
P 0.3 0.55 0.9 1 0.25 0.2

Table 2. Areas of different categories of soil loss in the study catchment (ha).

Soil loss The mean erosion modulus Soil erosion area by Soil erosion area by Soil erosion area by
categories standard (t km—2 yr_l) category in 2000 (%) category in 2005 (%) category in 2010 (%)
Very low <500 66747 (35.32) 86818 (45.94) 104214 (55.14)
Low 500-2500 97911 (51.80) 86791 (45.92) 77379 (40.94)
Moderate 2500-5000 23481 (12.42) 15059 (7.97) 7408 (3.92)
High 5000-8000 834 (0.44) 332 (0.18) 0 (0)
Very high 8000-15 000 28 (0.015) 9 (0.005) 0(0)

ues of terraced land and construction land were close to 0 due
to good soil and water conservation measures. The P values
of wood land and grassland were 1, due to the scattered dis-
tribution of these land uses and lack of artificial protection
measures. The results are assigned to the RS image classifi-
cation map to obtain raster maps of P for each of the study
years, as shown in Fig. 13.

2.2.6 Soil erosion map

The spatial distribution of soil loss in 2000, 2005 and 2010
were obtained from multiplication of the five factors (R, K,
LS, C and P) using the grid calculator of Spatial Analystin
ArcGIS software.The spatial distribution of the soil loss was
obtained and presented in Fig. 14. Table 2 shows the modeled
soil loss areas calculated across all grid squares in the basin
for each study year according to the classification standards
for soil erosion of China in 2007. The total modeled soil ero-
sion amount was calculated as the sum of the modeled soil
losses in all grid squares. The mean modelled erosion mod-
ulus was calculated by dividing the total soil erosion amount
by the total area of the basin. The modeled and measured
erosion modulus are shown in Table 3. Because of the lack
of observers and funds, soil erosion was not measured in the
study area in 2010, so there is no measured value for 2010 in
Table 3.

3 Results and discussion

3.1 Estimation of soil erosion

According to Fig. 14 and Table 3, the estimates of soil loss
made using RUSLE were basically consistent with the mea-
sured values. Soil erosion in the study area is mainly classi-
fied as very low and low. In 2000, 2005 and 2010, very low
erosion accounted for 35.32, 45.94 and 55.14 % of the total
catchment area, low erosion area accounted for 51.80, 45.92
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and 40.94 %, and moderate erosion accounted for 12.42,
7.97, 3.92 %. The areas classified as very low erosion are
increasing, whilst the areas with low or moderate erosion
are decreasing. It can be concluded therefore that the ero-
sion intensity is decreasing. In 2010, no areas were classified
as high or very high soil erosion. A similar trend was re-
ported by Gao et al. (2015) of increasing areas of very low
erosion in the Loess Plateau from 2010. The parameters in
the model can significantly impact the accuracy of the result,
so the lack of quantitative description of the P values (con-
servation support practice factor) may decrease the accuracy
of the results. More accurate characterization of P values is
an important area for future study.

3.2 Characteristics of soil erosion under different
land use patterns

Land use has changed the micro-terrain and original vegeta-
tion types and their coverage in the Zhifanggou watershed,
affecting the dynamics of soil erosion and resistance. Using
the Spatial analysis function of ArcGIS, the land use pattern
map and the modelled soil loss map in 2010 were superim-
posed in order to assess the soil erosion characteristics of the
different land use types.

Figure 15 shows the intensity of soil erosion is different
among different land use types. The soil erosion intensity of
terraced fields, sloping land and construction land is mainly
very low due to soil and water conservation measures. The
erosion intensity of wood land is mainly moderate, and the
grassland is mainly low. Because the distribution of wood
land is intermixed with natural grassland, and also due to the
lack of artificial soil protection measures, the erosion inten-
sity is high. The erosion intensity of unused land is very high,
because its surface vegetation is sparse and the land is diffi-
cult to manage.

These results are consistent with the findings of
Zhang (2016) that the construction of terraced fields reduced
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Table 3. Comparison of modeled and measured annual soil loss across the whole study catchment.

Year  The mean erosion modulus  Modeled soil The measured mean erosion  Measured soil
(t (km2 yr)_l) loss (t yr_l) modulus (t (km2 yr)_l) loss (t yr_l)
2000 1224 23130 1581 29872
2005 1118 21130 1377 26022
2010 875 16536
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Figure 15. Characteristics of soil erosion under different land use
patterns across all three study years.

the area of mild erosion intensity in the basin and increased
the area of low erosion intensity, which had a positive effect
on soil and water conservation.

3.3 Characteristics of soil erosion under different
slope gradients

Using the Spatial analysis function of ArcGIS, the slope gra-
dient map and the soil loss map in 2010 were superimposed
in order to examine soil erosion intensity under different
slope gradients.

Figure 16 shows that the intensity of soil erosion is dif-
ferent among different land slope gradients. The soil erosion
intensity of slopes < 5° is mainly very low. Areas of very low
erosion decreased and low and moderate erosion increased in
the 5—15° slope categories. Areas of very low and low ero-
sion decreased and moderate erosion increased in the 15-35°
slope categories. On slopes greater than 35°, there is some
high soil erosion and the moderate erosion area increases.
In conclusion, in the same conditions, estimated soil erosion
increased obviously with the increase of slope in the range
of 0-15°. When the slope is greater than 15°, soil erosion
intensity increased only slightly with the increase of slope.
These results are consistent with the findings of Abdo and
Salloum (2017) that soil erosion rates increased with increas-
ing slope and peaked on steep slopes primarily.

4 Conclusions

From 2000 to 2010, the amount of soil erosion was reduced
yearly, and the main erosion status in the three periods was
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Figure 16. Characteristics of soil erosion under different slope gra-
dient across all three study years.

very low and low erosion. During the study period, the areas
classified as very low erosion were increasing, whilst the ar-
eas with low or moderate erosion decreased. Thus erosion in-
tensity decreased over time across the study watershed, with
areas of high and very high erosion disappearing by 2010.
The soil erosion intensity of terraced fields, sloping land and
construction land were mainly very low due to soil and water
conservation measures. The erosion intensity of wood land
was mainly moderate, and the grassland was mainly low. Soil
erosion increases with increasing slope in the range of 0-15°.
When the slope is greater than 15°, the change of slope has
little effect on the distribution of soil erosion intensity.

The estimates of soil loss using RUSLE are basically con-
sistent with the measured values. Hence the RUSLE model
can be used to assess soil erosion conditions in the Zhifang-
gou watershed and help to target areas in the watershed for
maintenance and management procedures to reduce soil ero-
sion risk. A follow-up study should analyse the sensitivity
of the model parameters and simplify the parameter require-
ments of the soil erosion model to effectively simulate soil
erosion.

Data availability. 1. The Landsat Thematic Mapper images
data of the study area is obtained from the following url:
http://glovis.usgs.gov/

2. Daily rainfall data from 1981 to 2004 were obtained from the
hydrological stations and precipitation stations from the Insti-
tute of Soil and Water Conservation of Pingliang city which is
considered confidential.
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3. A DEM of 30m spatial resolution in the study area was ob-
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Abstract. The estimation of soil loss and sediment transport is important for effective management of catch-
ments. A model for semi-arid catchments in southern Africa has been developed; however, simplification of the
model parameters and further testing are required. Soil loss is calculated through the Modified Universal Soil
Loss Equation (MUSLE). The aims of the current study were to: (1) regionalise the MUSLE erodibility factors
and; (2) perform a sensitivity analysis and validate the soil loss outputs against independently-estimated mea-
sures. The regionalisation was developed using Geographic Information Systems (GIS) coverages. The model
was applied to a high erosion semi-arid region in the Eastern Cape, South Africa. Sensitivity analysis indi-
cated model outputs to be more sensitive to the vegetation cover factor. The simulated soil loss estimates of
40tha=! yr~! were within the range of estimates by previous studies. The outcome of the present research is a
framework for parameter estimation for the MUSLE through regionalisation. This is part of the ongoing devel-
opment of a model which can estimate soil loss and sediment delivery at broad spatial and temporal scales.

1 Introduction

Soil erosion is a threat to agriculture and the environment,
and water-borne sediment disrupts aquatic ecosystem func-
tionality and compromises the quality of water (Msadala et
al., 2010). In addition, reservoir sedimentation is a major
offsite impact associated with soil erosion (Kusimi et al.,
2015). Soil erosion is therefore a critical environmental prob-
lem on a global scale, and is also one of the most important
environmental problems facing South Africa, particularly in
high soil erosion risk areas such the Eastern Cape Province
(Le Roux et al., 2008).

Quantifying the rate of soil loss and sediment delivery as
well as identifying major contributing factors is important for
the effective and sustainable management of catchments. The
development of models that estimate erosion and sediment
transport is therefore necessary as models enable planners
to gain a better understanding of complex natural processes
(Xu, 2002) and the data generated can be used to complement
scarce observed sedimentation data.

Erosion modelling has commonly been conducted using
the Universal Soil Loss Equation (USLE) (Mishra et al.,

2006) or models that are based on a similar conceptual un-
derstanding (Rabia, 2012). Modifications of the USLE over
the years include the Modified USLE (MUSLE) and the Re-
vised USLE (RUSLE) (Mishra et al., 2006). However, most
existing erosion models have been developed for European or
North American conditions and may not be reliable or appro-
priate to represent the dynamics of semi-arid catchments in
southern Africa. The spatial and temporal variations of ero-
sion processes in semi-arid catchments complicate the pro-
cess of simplifying patterns of runoff generation and sedi-
ment transfer (Hughes, 2008). This relates to catchments in
southern Africa that experience extreme hydrological vari-
ability, characterised by low annual precipitation and high
evaporative losses. Stored sediment loads in these regions
can be abruptly flushed out by sporadic high-intensity storms
and flash floods.

Internationally-developed models may also require more
observed data for model calibration than are typically avail-
able for southern African catchments. To address this prob-
lem, Bryson (2015) used MUSLE in conjunction with flow
input from the Pitman model (Pitman, 1973) to develop a
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simple erosion and sediment delivery model (WQSED) to ef-
fectively represent the sediment dynamics of South African
semi-arid catchments. However, the model is characterised
by a large number of parameter requirements. In this context,
the aim of the current study was to simplify and reduce the
parameter requirements and perform a sensitivity analysis,
as well as test the erosion and sediment delivery model. This
was aimed at improving/developing a model that can provide
simulations of soil loss at appropriate spatial and temporal
scales. In this regard, Geographic Information Systems (GIS)
analyses of readily-available spatial data were explored for
regionalising model parameters.

2 Materials and methods

2.1 Study area

The Tsitsa River catchment is part of the larger Umzimvubu
River catchment and is located in the Eastern Cape Province
of South Africa. The present study concentrates on the lower
quaternary sub catchment of the Tsitsa River catchment, la-
belled T35E (Fig. 1), which has an area of 492 km?. The qua-
ternary catchment is the principal water management unit
in South Africa and denotes a fourth order catchment in a
hierarchal classification system in which a primary catch-
ment is the major unit. Although the Umzimvubu River is
noted as the largest undeveloped water resource in South
Africa (DWA, 2014), plans are underway to construct a dam
in T35E.

The catchment varies considerably in geology, with areas
of high elevation along the escarpment consisting of basaltic
lava from the Drakensberg Formation (Jurassic), underlain
by a stratum of Triassic sandstone and mudstone (Le Roux
et al., 2015). Soil depth is limited on steep slopes and gradu-
ally deepens towards the foot slopes and floodplain areas due
to colluvium and alluvial deposits. The thin soils on steeper
slopes become highly erodible when vegetation is degraded
(Dollar and Rowntree, 1995), and this progressively worsens
as livestock graze on the slopes.

The climate of the area is characterised by a distinct sea-
sonality in rainfall and temperatures. Most rainfall (~ 80 %)
occurs during summer (October to March), whereas winter
(June to July) is mostly dry. The mean annual rainfall ranges
from 625 mm in the low-lying areas to 1415 mm in the moun-
tainous regions (Schulze et al., 2007). Mean monthly temper-
atures range between 7 °C in winter and 19 °C in summer,
with a high variation during the day (Le Roux et al., 2015).

The Tsitsa River catchment is dominated by the grassland
biome, and valley bushveld thrives along river channels in
the lower reaches of the catchment (Mucina and Rutherford,
2006). The natural vegetation is largely influenced by altitude
and burning (Le Roux et al., 2015); therefore, small patches
of Afromontane forest occur along drainage lines and ravines
where fire has minimal effect.
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Figure 1. Location of study area: Tsitsa River Catchment, Eastern
Cape, South Africa.

2.2 Methodology

The MUSLE was used to estimate soil erosion. The MUSLE
is given in the general form of:

Sy =a(Qqp)"KLSCP, (1)

where Sy is sediment yield (t) on a storm basis for the entire
catchment, Q is the volume of runoff (m?), gp is the peak
flow rate (m3 s’l) and K, L, S, C and P are the soil erodibil-
ity (thahMJ~! mm™"), slope length, slope steepness, cover
management and soil erosion control practice factors, respec-
tively, similar to the USLE model; parameters a and b are
location coefficients. Within the study area for which the
equation was developed, the a and b coefficients were 11.8
and 0.56, respectively (Williams and Berndt, 1977). An a pri-
ori regionalisation procedure (Kapangaziwiri and Hughes,
2008) was used to estimate K, C and P factors. Region-
alisation was adopted to simplify parameter estimation and
reduce the user requirements for setting up the model.

In the application of the MUSLE in the present study,
the runoff data consists of a monthly discharge record ex-
tending from 1920 to 1990. The lack of more recent data
records influenced the choice of data that were used within
this study. To enable application within MUSLE, the monthly
flows from the Pitman Model (Pitman, 1973) were disag-
gregated to daily. The Pitman Model is one of the most
widely used moisture accounting models in southern Africa
(Hughes, 2008). Slaughter et al. (2015) present a detailed ac-
count of the flow disaggregation method used for the present
study. The disaggregated flows were used to obtain the vol-
ume (m?) and peak runoff (m>s~!) that drive the MUSLE
model (Bryson, 2015).

A sensitivity analysis was performed to determine the
changes in model output that occur when different inputs are
used in the model (Loucks and Van Beek, 2005). A simple
deterministic sensitivity analysis (Benaman, 2003) was used
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to measure the response of the model output to changes in
values of each factor. Minimum and maximum possible val-
ues for the study area were used for each factor. According
to Loucks and Van Beek (2005), such a range may reflect
differences in model outputs between maximum and mini-
mum values for each factor. The model was initially run us-
ing catchment parameter values; these were used as the base-
line parameters. The next step included routinely running the
model using parameters set to the minimum and maximum
values respectively. The process involved testing the param-
eters one at a time so as to evaluate the variations in model
output.

The results of the current study were compared to that
by Msadala et al. (2010), who predicted sediment yield for
South Africa. It is an improvement to the Rooseboom and
Lotriet (1992) erosion prediction map for South Africa, and
is the largest recent erosion study and a widely-used refer-
ence for soil loss in South African catchments. The Le Roux
et al. (2015) sediment yield results for the Mzimvubu River
catchment were also used for comparison between model
outputs as the Tsitsa River is a tributary of the Mzimvubu
catchment. The aforementioned studies used the Soil and
Water Assessment Tool (SWAT) (Neitsch et al., 2005) and
RUSLE (Renard et al., 1997) models to estimate soil loss.
The only limitation is that the outputs of the previous studies
are at a coarse spatial scale and provided as mean annual soil
loss ranges in tkm™2 and tha~!.

2.3 Determining parameters associated with erodibility
2.3.1 Soil erodibility (K) factor

Soil erodibility refers to the susceptibility of the soil to ero-
sional processes and is dependent on soil characteristics such
as structure and texture, which are important determinants
of the aggregate soil strength and water infiltration capacity.
The K factor is rated on a scale from 0 to 1, with O indi-
cating soils with the least susceptibility to erosion, whereas
1 indicates soils which are highly susceptible to soil erosion
by water (Schulze et al., 2007).

The soil type distribution for South Africa was obtained
from readily-available shapefiles from the South African
Atlas of Climatology and Agro-hydrology (Schulze et al.,
2007). These data are made available by the Water Re-
search Commission of South Africa (WRC) and contain the
distribution of soil types and related K values for soils in
South Africa, therefore no empirical soil testing was under-
taken. Catchment-specific soil data were extracted from the
shapefile by exporting attributes to a Microsoft Excel (2013)
spreadsheet. The K factors for various soils were weighted
using catchment area to obtain a K factor value that is repre-
sentative of the entire catchment. This is important because
the MUSLE model uses mean values as input for all erodi-
bility parameters.

proc-iahs.net/377/19/2018/

Table 1. Cover factor (C) for the Ntabelanga Dam catchment.

Land cover/use type % Area C  Weighted C
Indigenous Forest 6.8 0.009 0.0006
Woodland/Open bush 3.63 0.012 0.0004
Low shrub land 0.1 0.013 0.0000
Cultivated 12.1 0.37 0.0447
Settlements 7.5 0.1 0.0075
Wetlands 1.59  0.038 0.0006
Grasslands 66.38 0.12 0.0797
Waterbodies 0.1 0.01 0.0000
Bare Ground 0.7 0.45 0.0030
Total 100 % 0.13

2.3.2 Topography (LS) factor

The LS factor was determined using an STRM 30 m digital
elevation model (DEM) in a GIS environment. The DEM was
clipped to the catchment using a mask extraction tool from
the ArcGIS toolbox. The DEM was further conditioned to be
depressionless using the “fill sink” command to determine
the maximum downhill slope and the flow direction (e.g.,
Jain and Das, 2010). The slope and flow accumulation were
derived from the depressionless DEM. The LS factor map
was generated in ArcGIS using the raster calculator (Jain and
Das, 2010) by using the LS equation:

FA - cellsize \%* [ sin(@)0.01745\ '
LS= —— | — )
22.13 0.0896

where FA is the flow accumulation, and « is the slope gradi-
ent in degrees. The cell size is the DEM resolution.

2.3.3 Cover (C) factor

The C factor is a value between 0 and 0.5 that relates to the
extent of vegetation cover that protects the soil from erosion
in a given catchment (Sadeghi et al., 2013). Cover values
closer to O indicate dense vegetation cover and reduced ero-
sion output, whereas values close to 0.5 indicate poor vege-
tation cover. Cover factor values (Table 1) were determined
for each land cover type using published guidelines by Wis-
chmeier and Smith (1978), Shinde et al. (2011), Tiruneh and
Ayalew (2015), Ranzi et al. (2012) and Jang et al. (2015). Ta-
ble 1 lists the C factor values for the study area derived used
this procedure.

The cover management factor was determined using the
National Land Cover data (NLC, 2014). This is the national-
scale grid-mapped land cover and land use across South
Africa. Catchment-specific cover properties were extracted
from the grid by using ArcMap 10.3.1 to clip out catchment-
specific data from the NLC map. The attribute table contain-
ing land cover categories was exported to a Microsoft Excel
(2013) spreadsheet where C factor values published by Wis-
chmeier and Smith (1978) were used to assign C values to
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Table 2. Practice factor (P) for the Ntabelanga Dam catchment.

Land cover/use type % Area P Weighted P
Indigenous Forest 0.77 1 0.0077
Thicket/Dense bush 5.99 1 0.0599
Woodland/Open bush 3.63 1 0.0363
Low shrub land 0.05 1 0.0005
Cultivated land 13.35 0.62 0.0824
Settlements 7.50 1 0.0750
Wetlands 1.59 1 0.0159
Grasslands 66.38 1 0.6638
Mines 0.01 1 0.0001
Waterbodies 0.07 1 0.0007
Bare Ground 0.025 1 0.0025
Degraded 0.41 1 0.0041
Total 100 % 0.94

respective land cover classes (Table 1). The C values for par-
ticular land cover categories were also verified using C val-
ues from recent erosion modelling studies, including Shinde
et al. (2011), Tiruneh and Ayalew (2015), Ranzi et al. (2012)
and Jang et al. (2015). The mean catchment cover factor was
determined by weighting the cover factor against respective
percentage catchment area for the different land cover cate-
gories (Table 1).

2.3.4 Management practice (P) factor

The management practice factor relates to conservation
methods that are implemented to reduce the rate of soil loss
from agricultural lands (Tiruneh and Ayalew, 2015). The
P factor, which has a value ranging between 0 and 1, refers
to management practices that relate to agricultural lands in-
cluding contour and strip farming. Values closer to 0 indi-
cate good practice and low erosion. The Wischmeier and
Smith (1978) table of P values was used to determine P fac-
tor values for agricultural land. However, when no conser-
vation was found to be practised, a value of 1 was assigned
as the P factor, and all non-agricultural lands were also as-
signed a P value of 1 if no conservation measure was applied
(Tiruneh and Ayalew, 2015; Jang et al., 2015; Luo et al,,
2015). Table 2 gives the P factor values for land cover/use
types in South Africa.

Using land cover/use maps is a relatively easy and effi-
cient method of determining the P factor (Tiruneh and Ay-
alew, 2015; Jang et al., 2015; Luo et al., 2015). The P factor
for the current study was determined by using land use/land
cover maps and a slope map to determine the slope categories
in which agriculture is practised within the study catchment.
Table 3 displays the erodibility values derived for the study
site using GIS and the regionalisation procedure.
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Table 3. Modified Universal Soil Loss Equation (MUSLE) erodi-
bility values for the study area.

Catchment Slope  Cover Soil Practice
(LS) (&) erodibility (P)
(K)
Quaternary T35E 5.3 0.13 0.33 0.94

Table 4. Sensitivity of soil loss simulations (in t x 103) to model
input parameter values. The Py, and Ppax correspond to the min-
imum and maximum values of the parameter, respectively.

Parameters Parameter ranges Soil loss output
Minimum  Maximum Proin Prax
Cover 0.003 0.5 3 530
Soil erodibility 0.03 0.7 12 290
Topography 1 10 25 260
Practice 0.1 1 14 140

3 Results and discussion

3.1 Sensitivity analysis

The result of the sensitivity analysis, summarised in Table 4,
shows that the model was more sensitive to the parameter
relating to vegetation cover (C) as compared to the other pa-
rameters. The minimum and maximum ranges for the C pa-
rameter gave the lowest and highest model outputs, respec-
tively. The model output associated with the minimum C
(Pmin) Was > 75 % lower compared to model outputs given
by setting the other parameters to minimum values. The same
trend was noted at the maximum parameter value where the
outputs for the maximum C (Ppyx) were > 45 % higher com-
pared to the outputs for other parameters set to their maxi-
mums. The model output showed the least sensitivity to the
management support practice (P) parameter.

3.2 Model outputs

The simulated results showed that the cumulative amount
of soil lost due to erosion in the 492km? T35E quaternary
catchment is 137 x 10°t over a 70-year period. The mean
annual soil loss is 1.96 x 10°t. This translates to approx-
imately 40tha=!yr=! of soil that is lost from the catch-
ment. The result of the current study falls within the range
of the findings of Msadala et al. (2010) who estimated that
26-60tha~!yr~! is lost from the study area. Le Roux et
al. (2015) estimated soil loss for the same area to be 21—
50tha=!yr~!. The result indicates a high rate of soil loss
that is associated with steep slopes (LS, 5.3) and poor vege-
tation coverage. The C factor value (0.13) indicates that the
catchment is mostly covered by grassland, and field studies
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Figure 2. Correlation of runoff and soil loss.

conducted in the catchment revealed that the grasslands are
mostly degraded by overgrazing and burning.

The rate of soil loss correlated well with runoff (Fig. 2).
High flows are typically accompanied by increased soil loss.
The modelled time series runoff (Fig. 3) shows the typical
“flashiness™ associated with arid catchments where periods
of dryness are followed by large storm events. This trig-
gers rapid erosion, as displayed by the years 1976 and 1977
(Fig. 3). The model output for soil loss also shows the impact
of low flows associated with droughts that affected South
Africa. The severe drought period of 1980-1983 (Masih et
al., 2014) was associated with low flows and reduced soil
loss (Fig. 3).

Based on the experience and findings of the present study,
regionalisation of the MUSLE inputs using available GIS
datasets reduced data requirements of the model. An effec-
tive, simple and low input model is essential for southern
African catchments with limited observed data. This supports
further development of the soil erosion model. Although the
use of readily-available datasets to parameterise the model
has been shown to yield reasonable results, a disadvantage of
this approach is that temporal variations in vegetation cover
have not been considered. Accounting for temporal varia-
tions in vegetation cover would likely further improve model
performance, and should be considered in the future devel-
opment of the erosion and sediment transport model.

4 Conclusion and recommendations

The study examined the use of readily-available GIS cover-
ages to derive values for MUSLE factors. An a priori region-
alisation procedure was used and values for the LS, C, P and
K factors were estimated based on existing GIS data. The
outcome of the application of MUSLE under these conditions
was reasonable when compared with previous estimates. A
sensitivity analysis conducted within this study showed that
the model is 50 % more sensitive to the vegetation C factor
compared to the other factors. The consideration of temporal
changes in the C factor is therefore important. Model out-
puts correlated well with runoff; an anticipated outcome as
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Figure 3. Model output for runoff and soil loss for the Ntabelanga
Dam catchment.

the model is typically driven by runoff. A major limitation
within the study was that of data, especially observed data,
and validating model simulations using previous estimates
was not very reliable, although it provides a starting point in
a context of data scarcity. For further model development, it
is recommended that observed data are collected to enable
model outputs to be compared and validated against actual
measurements.
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Abstract. The continuous decline in water quality in many regions is forcing a shift from quantity-based water
resources management to a greater emphasis on water quality management. Water quality models can act as
invaluable tools as they facilitate a conceptual understanding of processes affecting water quality and can be
used to investigate the water quality consequences of management scenarios. In South Africa, the Water Quality
Systems Assessment Model (WQSAM) was developed as a management-focussed water quality model that
is relatively simple to be able to utilise the small amount of available observed data. Importantly, WQSAM
explicitly links to systems (yield) models routinely used in water resources management in South Africa by using
their flow output to drive water quality simulations. Although WQSAM has been shown to be able to represent
the variability of water quality in South African rivers, its focus on management from a South African perspective
limits its use to within southern African regions for which specific systems model setups exist. Facilitating the
use of WQSAM within catchments outside of southern Africa and within catchments for which these systems
model setups to not exist would require WQSAM to be able to link to a simple-to-use and internationally-
applied systems model. One such systems model is the Water Evaluation and Planning (WEAP) model, which
incorporates a rainfall-runoff component (natural hydrology), and reservoir storage, return flows and abstractions
(systems modelling), but within which water quality modelling facilities are rudimentary. The aims of the current
study were therefore to: (1) adapt the WQSAM model to be able to use as input the flow outputs of the WEAP
model and; (2) provide an initial assessment of how successful this linkage was by application of the WEAP and
WQSAM models to the Buffalo River for historical conditions; a small, semi-arid and impacted catchment in
the Eastern Cape of South Africa. The simulations of the two models were compared to the available observed
data, with the initial focus within WQSAM on a simulation of instream total dissolved solids (TDS) and nutrient
concentrations. The WEAP model was able to adequately simulate flow in the Buffalo River catchment, with
consideration of human inputs and outputs. WQSAM was adapted to successfully take as input the flow output of
the WEAP model, and the simulations of nutrients by WQSAM provided a good representation of the variability
of observed nutrient concentrations in the catchment. This study showed that the WQSAM model is able to
accept flow inputs from the WEAP model, and that this approach is able to provide satisfactory estimates of both
flow and water quality for a small, semi-arid and impacted catchment. It is hoped that this research will encourage
the application of WQSAM to an increased number of catchments within southern Africa and beyond.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Introduction

At a global level, there is an increasing trend of water quality
deterioration (Verhoeven et al., 2006). South Africa, which
is typical of developing countries with a semi-arid environ-
ment, suffers from water quality pollution resulting from
poor infrastructure maintenance and management (Adler et
al., 2007), the main manifestations of which are inputs of un-
acceptably high loads of nutrients into rivers from Waste Wa-
ter Treatment Plants (WWTPs), leading to eutrophic condi-
tions. Besides eutrophication, major water quality problems
experienced by South African rivers include poor microbial
water quality (Britz and Sigge, 2012) and acid mine drainage
(Simate and Ndlovu, 2014).

South Africa has a relatively strong history of water quan-
tity management, with region-specific hydrology and sys-
tems models being developed that are routinely used in water
resources management. These include the Pitman (1973) and
the Agricultural Catchments Research Unit (ACRU) mod-
els (Schulze, 1989) (hydrological models) and the Water
Resources Yield (WRYM) (Basson et al., 1994) and Wa-
ter Resources Modelling Platform (WReMP) (Mallory et al.,
2011) systems models, modelling natural and human-altered
flow respectively. In contrast, water quality modelling tools
specific for application to southern African catchments are
poorly developed, and in South Africa, this has led to the
water quality component of water resources management be-
ing loosely connected to the water quantity component. Al-
though some internationally-developed water quality models
have been applied to South African surface waters within sci-
entific studies (e.g. Gorgens and de Clercq, 2006; Piesold
et al., 2007), the adoption of a routinely-used water qual-
ity model within management agencies in South Africa has
been hampered by the lack of observed data with which to
calibrate these models and insufficient technical expertise to
accurately set up these models. This led to the development
of the Water Quality Systems Assessment Model (Slaugh-
ter et al., 2012, 2015, 2017; Hughes and Slaughter, 2016;
Slaughter and Mantel, 2016; Slaughter, 2017; Slaughter and
Mantel, 2017a), which specifically links to the routinely-used
systems models in South Africa, namely the WRYM and
WReMP models, and subscribes to an approach of requi-
site simplicity (Stirzaker et al., 2010) by only representing
processes that explain the majority of variation of observed
water quality data.

The approaches used and the validity of the WQSAM
model have been validated in previous studies, including the
monthly-to-daily flow disaggregation (Slaughter et al., 2015;
Hughes and Slaughter, 2016) and the water quality mod-
elling processes (Slaughter et al., 2012, 2017; Slaughter and
Mantel, 2016; Slaughter, 2017), which include simulations
of salinity as total dissolved solids (TDS), nutrients (nitrates
plus nitrites, phosphates and ammonia) and microbial water
quality, illustrating that the approach adopted by WQSAM
is appropriate for modelling water quality in South Africa
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under conditions of limited observed data and management
capacity.

The limitations to water quality modelling in South Africa,
as a semi-arid developing country, are likely common to most
countries within southern Africa, and possibly other regions
globally. A broader aim should therefore be the facilitation
of the application of WQSAM within other semi-arid devel-
oping regions. This would further refine and validate the wa-
ter quality processes used in WQSAM, and also provide a
useful water quality management tool in those regions. The
plausibility of this development is constrained by WQSAM’s
dependence on the systems models, the WReMP and the
WRYM, as although the approach used by WQSAM of con-
necting with these models is useful for management from
a South African perspective, this approach also limits the
use of WQSAM to South Africa, or in a few catchments
in southern Africa where these systems models may have
been applied. The Water Evaluation and Planning (WEAP)
model (Sieber and Purkey, 2007) is an easy-to-use water ac-
counting model that was developed by the Stockholm En-
vironment Institute, and has been applied to catchments in
many developing countries (e.g. Levite et al., 2003; Holler-
mann et al.,, 2010; Hamlat et al., 2013; Dimova et al.,
2014; Li et al., 2015). Although the WEAP model has been
proven to be enormously useful for modelling water quan-
tity in data-poor regions, the water quality simulation capa-
bilities of the model for long-term catchment-level manage-
ment remain limited. A valid approach to increasing the util-
ity of WQSAM outside of South Africa would be to adapt
WQSAM to take as input, flow output of the WEAP model.

The aim of the current study is to describe the process of
adapting the WQSAM model to accept flow data output of
the WEAP model, and by application of the model to a case
study catchment, to illustrate the validity of the approach.

2 Materials and methods

2.1 Study area

The Buffalo River in the Eastern Cape, South Africa was
used as a case study catchment for the current study (Fig. 1).
This river is relatively short (125 km from headwaters to sea),
with a maximum order (Strahler, 1957) of 4 and few trib-
utaries. Although rainfall occurs year round, most rainfall
occurs during summer, and there is a steep rainfall gradient
between the upper (1500-2000 mm) and the middle (500-
625 mm) reaches. Four impoundments are situated on the
river: Maden and Rooikrans dams in the upper catchment and
the larger Laing Dam and Bridle Drift Dam in the middle and
lower catchment, respectively (Fig. 1). It must be emphasised
that the current study modelled water quality up to Laing
Dam (middle catchment). The natural salinity of the river is
relatively high as the geology of the region is dominated by
marine sediments of the Beaufort Series. Human activities
affecting water quality include some commercial farming in
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Figure 1. Map of Buffalo River Catchment within the Eastern
Cape, South Africa. Water quality monitoring points used in the
study for calibration of the models are indicated: gl — Maden Dam;
g16 — R20D; g15 — Yellowwoods River; g17 — Laing Dam.

the upper catchment, and once water moves through the mid-
dle catchment, there is a pronounced deterioration of water
quality due to pollution from the urban/industrial complex of
King Williams Town and Zwelitcha (see Fig. 1). The pollu-
tion of the middle catchment mainly manifests as eutrophi-
cation, resulting from nutrient inputs from various WWTPs.
This eutrophication is mainly manifested in Laing Dam, re-
sulting in blooms of Water Hyacinth (Eichhornia crassipes)
and Microcystis.

2.2 Models used

The Water Evaluation and Planning (WEAP) Model (Sieber
and Purkey, 2007) was used to simulate monthly flows within
the catchment. WEAP is an “off-the-shelf” water account-
ing model, used for simulating natural hydrology through
a rainfall-runoff function, and is also capable of simulat-
ing human-altered flow through simulating human use ex-
tractions and return flows. WEAP has been widely applied
due to its ease of use. Although WEAP is a good systems
model for simulating water quantity, the model incorporates
only very rudimentary water quality simulation functionality,
with conservative water quality variables modelled through
dilution and non-conservative variables modelled though a
single globally-applicable degradation coefficient. Although
WEAP does allow integration of the QUAL2K model (Pel-
letier et al., 2006) for modelling water quality, this approach
is not ideal as QUAL2K is a highly detailed water quality
model with a high spatial and temporal resolution, meant
for detailed modelling of small stretches of river, whereas
WEAP would typically be applied at a catchment level for
long-term simulations of water quantity.

The Water Quality Systems Assessment Model
(WQSAM) was used to simulate water quality. As mentioned
in the Introduction, WQSAM was designed to link directly
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to systems models routinely used in South African water
resource management; the flows generated by the systems
models drive the water quality simulations in WQSAM. At
the conceptual level, WQSAM can be represented by several
levels (tiers) (Slaughter et al., 2012). The functionality of
the first tier would be to facilitate the communication of
WQSAM with the systems model in allowing the input
of flow data. WQSAM is run within the Spatial And
Time Series Information Modelling (SPATSIM) modelling
framework (Hughes, 2004). Typically, the systems models
(WRYM or WReMP) generate monthly flows, as monthly
flows are regarded as adequate for the needs of long-term
water quantity management in South Africa. Since water
quality is strongly affected by transient events (Britton et al.,
1993), such as rainfall-runoff events, WQSAM is operated
on a daily time step. The monthly flows are therefore
disaggregated to daily within WQSAM, represented by
the second tier of the model. A detailed description of
the disaggregation method is available in Slaughter et al.
(2015), and is further explored in Hughes and Slaughter
(2015). The third tier of WQSAM represents the separation
of incremental flow into the three flow fractions: surface
water flow, interflow and ground water flow. This process is
achieved through the simple statistical baseflow separation
method of Hughes et al. (2003). The flow separation is of
particular importance for simulation of non-point source
loads, as water quality signatures (concentrations) are
assigned to the flow fractions, the values of which are guided
by the predominant land covers in the sub-catchments.
The disaggregation of monthly cumulative flow into daily,
including return flows, abstractions and reservoir releases,
is represented by the fourth tier and has been described in
Hughes and Slaughter (2016). All water quality simulation,
including that of nutrients, salinity, water temperatures and
microbial water quality, is represented by the final tier of
the model, and includes processes such as decomposition,
chemical speciation and algal uptake (Slaughter et al., 2012).

Within the current study, the model functionality of the
WQSAM model was updated to read in monthly flow output
from the WEAP model. The updated part of the WQSAM
model is conceptually represented by the first tier. Briefly,
WEAP outputs simulations in various forms, including ta-
bles and graphs, but usefully for the present study, the unpro-
cessed monthly simulations can be output to an excel spread-
sheet as a comma-delimited file. The WQSAM functional-
ity represented as tier one to read in monthly flow data was
therefore updated to provide the option of reading in comma-
delimited files. The user interface of WQSAM to allow this
option is shown in Fig. 2.

Information on dams on the system, such as dam capacity,
are written to a text file, and would be input into WQSAM in
the field represented as “1” in Fig. 2. The “Y1dStats.out” file
is a standard output file of the Water Resources Modelling
Platform (WReMP) (Mallory et al., 2011), and includes in-
formation on outflows from subcatchments and reservoirs

Proc. IAHS, 377, 25-33, 2018




28 A. R. Slaughter and S. K. Mantel: Using flow data from WEAP to drive water quality modelling in WQSAM

Assign inflows

=Iolx]

‘WReMP inflows.out file I

Start Year  [1970 Month [10 Start process

SPATSIM Node | Yield Model Node i|
End

Laing Dam 18

Tshabo 17

‘Yellow_In 15

R20D 13

Yellow 16

Ngqok_Inf 1n

Malaka 14

Tshax 10

Nagqok 12

R20C 8

R20B
Mgqak

Inflow_8
Zele
R20&

Quen

= W o oo ~

7]

Load WReMP flow data to SPATSIM | Fiished | WReMP Nodes | Help |

Figure 2. User interface of the Water Quality Systems Assessment
Model (WQSAM) (Slaughter et al., 2012) for reading in flow out-
puts of the systems models.

and reservoir water levels at monthly time steps, and is in-
put into WQSAM in the field represented as “2” in Fig. 2.
The “inflows.out” file is a standard output file of the Wa-
ter Resources Modelling Platform (WReMP) (Mallory et al.,
2011), and includes information on both incremental and cu-
mulative inflows to subcatchments and reservoirs at monthly
time steps, and is input into WQSAM in the field represented
as “3” in Fig. 2. By checking the check boxes indicated in the
circle in Figure 2, the model functionality to read in the two
WReMP files as comma delimited files is activated, thereby
allowing the model to read in flow outputs from the Water
Evaluation and Planning (WEAP) model (Sieber and Purkey,
2007). It must be emphasised that WQSAM cannot at this
stage simply ready in the flow output files of WEAP in their
raw form. The flow outputs of WEAP are reformatted and
separated into the flows corresponding to the YldStats.out
and inflows.out files mentioned above. This can be a time-
consuming process.

Once monthly flows are read into the WQSAM model, all
other processes are run without any changes: monthly flows
are disaggregated to daily, flows are fractioned and water
quality is simulated.

2.3 Model setup

WEAP was used to simulate future water quantity within the
Buffalo River for the period 1979-2000 on a monthly time
step. More information on the WEAP model setup and wa-
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ter use is available in Mantel et al. (2015). Briefly, historical
rainfall and evaporation/temperature data were obtained from
the South African WR2005 database (Middleton and Bailey,
2008). The natural hydrology was generated within WEAP
using these data using a built-in rainfall-runoff module. By
considering reservoirs in the catchment as well as current wa-
ter demands, WEAP was able to simulate altered hydrology.
A report by the South African Department of Water Affairs
and Forestry (DWAF, 2008) was used to estimate current wa-
ter demands for the system, and for simplification, were di-
vided into three demand areas: the upper, middle and lower
catchments. The present day (current) demand was consid-
ered to be a stationary demand in WEAP for the modelled
years 1971-2000. The water losses due to evapotranspiration
by invasive plants was also considered in the WEAP appli-
cation for the Amatole system. Reticulation losses were also
considered. Calibration of stream flows was achieved using
observed data for 11 gauging stations on the system.

The WEAP monthly modelled flows were output to
comma-delimited files and reformatted into the YldStats.out
and Inflows.out files, following which the data were in-
put into WQSAM through the user interface represented in
Fig. 2. Monthly incremental flows were disaggregated to
daily using observed daily rainfall from the rainfall database
by Lynch (2004). Water temperature was simulated using
the daily observed air temperature database by Schulze and
Maharaj (2004). Water quality data collected by the South
African Department of Water and Sanitation (DWS) were
used to calibrate the model.

3 Results

3.1 Inputs of flow data from the WEAP model into
WQSAM

The study by Mantel et al. (2015) found that the WEAP
model was in general able to represent the observed flow
of the Buffalo River catchment for historical conditions.
To illustrate whether the WQSAM model was able to in-
put the monthly flow data generated by the WEAP model,
we chose two example sub-catchments, R20B and Yellow-
woods, for which the WEAP model simulated flow relatively
inaccurately and relatively accurately, respectively. For the
R20B subcatchment (Fig. 3a), the time series of simulated
monthly flows generated by the WEAP model (top graph)
appears to be too high compared to observed monthly flows.
Once the flows were input into the WQSAM model, the pro-
cess of monthly-daily disaggregation produced daily flows
(middle graph) that were similarly too high compared to
observed daily flows. The inaccuracies in the monthly and
daily flows are illustrated in the flow duration curves (lower
graph), where the comparisons between simulated and ob-
served flows for monthly and daily time steps generated
Nash-Sutcliffe Efficiency (NSEs) (Nash and Sutcliffe, 1970)
of 0.16 and 0.1, respectively. For the Yellowwoods River sub-
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catchment, the WEAP model generated monthly flows that
were more representative of the observed flows, as can be
seen in the top graph of Fig. 3b. The monthly-daily disaggre-
gation in WQSAM produced daily flows that were similarly
representative of the observed daily flows (middle graph).
The flow duration curves within the lower graph show that
the comparisons between simulated and observed flows for
monthly and daily time steps generated NSEs of 0.93 and
0.98, respectively.

3.2 Water quality modelling in WQSAM

Observed water quality data were available for Maden Dam,
R20D, the Yellowwoods River and Laing Dam. Maden Dam
is at the headwaters of the catchment, and water qual-
ity is therefore relatively good. TDS, NO3-N + NO;-N,
NH4-N and PO4-P for Maden Dam ranges between 30 to
130mgL~!, 0 to 1.1mgL™!, 0 to 1.4mgL~! and 0 to
1.0mgL~!, respectively. To achieve calibration to the ob-
served data for Maden Dam, signatures of surface water, in-
terflow and groundwater flow for TDS were set at 30, 30
and 80mg L ™!, respectively. For the nutrients, only the sur-
face water signatures were set, with values of 0.2, 0.2 and
0.1mg L~! for NO3-N + NO,-N, NH4-N and PO4-P, respec-
tively. Minimal algal growth was simulated within the dam.
The water quality of the R20D catchment shows a signifi-
cant deterioration compared to the headwaters as this point
is within the middle catchment and is affected by return
flows and runoff from urban areas. TDS in the catchment
shows a sharp rise, with values ranging between 100 and
5000mgL~!. Nutrients also show a sharp rise, with high-
est concentrations of NO3-N + NO,-N, NH4-N and POy4-
P of approximately 46, 14 and 6 mgL~!, respectively. To
achieve calibration for TDS, surface water, interflow and
groundwater flow concentrations were set to 100, 500 and
1200mg L~!, respectively. For the nutrients, surface flow
concentrations were set to high levels to achieve calibra-
tion, with values 1, 5 and 0.5 mg L~! for NO3-N + NO;-
N, NH4-N and POy4-P, respectively. The concentrations of
return flow for the nutrients were also set at high levels to
represent sewage return flow into the river at that point, with
values of 10, 0.5 and 1.5 mg L~ for NO3-N + NO;-N, NHy-
N and POg4-P, respectively. The water quality of the Yellow-
woods River is also fairly compromised compared to the up-
per catchment, as the river receives sewage return flow in-
put and runoff from informal settlements. TDS within the
river ranges between 100 and 1300 mgL~'. Nutrients are
also fairly high, with concentrations of NO3-N + NO;-N,
NH4-N and PO4-P being as high as 5.5, 10 and 3mgL~',
respectively. To achieve calibration to the observed TDS,
signatures of 100, 500 and 1600 mgL~! were assigned to
surface flow, interflow and groundwater flow, respectively.
The surface flow concentrations for nutrients were set high
to achieve calibration, with values of 5, 1.5 and 1 mg L}
for of NO3-N + NO;-N, NH4-N and POg4-P, respectively.
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Table 1. Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe,
1970) values calculated for the Water Quality Systems Assessment
Model (WQSAM) (Slaughter et al., 2012) simulations compared
against historical observed data for various water quality variables
for various subcatchments/reservoirs of the Buffalo River catch-
ment.

Subcatchment/ TDS NO3-N  NH4-N  PO4-P
Reservoir +NO;-N

Maden Dam 0.93 0.84 0.37 0.93
R20D 0.64 0.93 0.93 0.62
Yellowwoods 0.83 0.88 0.14 0.47
Laing Dam 0.28 0.56 10.15 —1.23

Return flow concentrations were set fairly low, with values
of 0.5, 0.1 and 0.1 for NO3-N + NO,-N, NH4-N and PO4-
P, respectively. This indicates that non-point sources have a
bigger impact on the Yellowwoods River than point sources.
Laing Dam appears to act as a water quality sink, as although
the water quality is generally compromised, it is nevertheless
an improvement compared to the water quality of the dam
inflow. Observed TDS ranges between 150 to 500mgL~!.
The highest observed concentrations of nutrients are approx-
imately 3, 1.5 and 1.5mgL~" for NO3-N + NO,-N, NH4-N
and PO4-P, respectively.

The NSEs generated by comparing model simulations of
water quality in WQSAM to observed data are shown in Ta-
ble 1. The simulations of TDS appear to be most representa-
tive of observed data. The model simulations of water qual-
ity for Laing Dam represented the most inaccurate represen-
tations of the observed data. The NSEs for the other sub-
catchments/reservoirs ranged between 0.64-0.93, 0.84-0.93,
0.14-0.93 and 0.47-0.93 for TDS, nitrate plus nitrite, ammo-
nia and phosphate, respectively.

4 Discussion

4.1 Model results

Figure 3 shows that WEAP generated a relatively poor rep-
resentation of observed monthly flow in the R20B subcatch-
ment (see Fig. 3a), with the NSE value being 0.16. This
monthly flow was input into WQSAM and disaggregated
from monthly to daily, and then compared to the daily ob-
served flow, generating an NSE of 0.10. Therefore, the poor
monthly flows generated by the WEAP model were car-
ried over into the WQSAM model, shown by the observed
monthly versus simulated monthly and the observed daily
versus simulated daily flow duration curves, respectively. In
contrast, the monthly flows generated by the WEAP model
for the Yellowwoods River were a good representation of the
observed data, generating an NSE value of 0.93.

This good representation of flow was carried through to the
WQSAM model, and subsequent the monthly-daily flow dis-
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Figure 3. Observed and simulated flow for: (a) R20B and; (b) Yellowwoods on the Buffalo River in the Eastern Cape for the period
1971-2000. The top graph shows the X-Y scatter plot of the observed monthly time series versus WEAP (Sieber and Purkey, 2007) model
simulations of monthly flow, the middle graph shows the XY scatter plot of the daily observed flow versus daily simulated flow generated
through monthly-daily disaggregation within the WQSAM (Slaughter et al., 2012) model and the lower graph shows daily observed versus
daily simulated and monthly observed versus monthly simulated flow represented as duration curves, with the Nash-Sutcliffe efficiencies

(Nash and Sutcliffe, 1970) shown between each comparison.

aggregation, a comparison between daily observed and daily
simulated flow yielded an NSE of 0.98. The results shown in
Fig. 3 suggest that flow was successfully input from WEAP
into WQSAM; therefore, the additional functionality built
into WQSAM to input WEAP-generated flows appears to be
effective.

Water quality simulations within WQSAM obtained
mixed results. It is evident that the model struggled to simu-
late water quality within Laing Dam. The following summary
of results therefore excludes the results for Laing Dam. Un-
surprisingly, model simulations of the conservative variable
TDS were relatively representative of observed data, with
NSE values ranging between 0.64-0.93. Simulations of ni-
trates plus nitrites were also relatively representative of ob-
served data, with NSE values ranging between 0.56-0.93.
Simulations of ammonium and phosphate were mixed, and
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although some good results were obtained, some poor re-
sults were also obtained. The poor model NSE results for
ammonium within Maden Dam as well as the Yellowwoods
River and phosphates within the Yellowwoods River could
be related to the scarcity of observed data as well as a few
observations of very high concentrations, which could possi-
bly be due to measurement or data capture errors: in general,
the model simulations were representative of the observed
data except for a few extreme spikes in the observed data.
WQSAM models TDS at this stage primarily through dilu-
tion. The relatively good simulation results obtained for TDS
by the model indicate that in general, the simulated flows
used in the model were representative of the observed flows,
which further confirms that the WQSAM model was success-
fully able to input the monthly flows generated by the WEAP
model. The mixed results obtained for nutrient simulations
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by the model indicate model uncertainties and possible in-
adequacies in representing observed water quality that are
probably not due to incorrect flow, but rather possibly due to
incorrect or insufficient representation of certain water qual-
ity processes. It is also possible that the extreme spikes in the
observed water quality data, particularly for nutrients, may
be related to measurement or data capture errors. Since there
are few observed data, the fact that WQSAM was in most
cases not able to represent these spikes, sometimes led to
poor NSE estimates.

4.2 The benefit of modelling water quality in WQSAM

As already mentioned in the Introduction, WQSAM aims
to represent the most important water quality processes that
explain the majority of variation in observed flows. In this
way, relative simplicity of the model can be maintained,
thereby also limiting the observed data required to calibrate
the model. Many systems models, such as the WEAP appli-
cation to the Buffalo River Catchment (Mantel et al., 2015)
and all model setups of the WReMP and WRYM models
in South Africa, are at a monthly time step. This is be-
cause simulations of water quantity at a monthly time step
are generally sufficiently accurate for long-term water quan-
tity management in South Africa. Simulation at a monthly
time step would not be sufficiently accurate for water qual-
ity, as water quality is typically driven by transient events,
such as rainfall-runoff events. An important advantage of
WQSAM is its ability to integrate with the monthly-time-
step systems models, generating water quality at a daily time
step, thereby utilising the existing systems model setups and
avoiding complex daily-time-step systems models. An exam-
ple of the benefit of modelling at a daily time step as opposed
to a monthly time step can be seen in Fig. 4a, which shows
the frequency distributions of simulations of TDS at a daily
time step and monthly time step by WQSAM and the WEAP
model, respectively, for the R20D subcatchment in the Buf-
falo River Catchment, along with the frequency distribution
of observed TDS. The simulation of water quality within the
Buffalo River by WEAP was conducted as part of the study
by Slaughter et al. (2016). It is evident that the simulation of
TDS by WQSAM shows more variation, and is more repre-
sentative of the observed daily data, whereas the simulation
by WEAP is of monthly averages, and does not represent the
full variation of the observed data. Obviously, it would be of
greater use for water management to be aware of the full vari-
ation of a particular water quality variable, so as to estimate
the real risk of exceeding certain management thresholds, as-
sociated with particular management actions. As can be seen
in Fig. 4b, which shows the X-Y plot of WQSAM-simulated
daily TDS versus observed TDS, a relatively poor correla-
tion is obtained. It must be considered that WQSAM is not
designed to accurately match observed water quality obser-
vations at a daily time scale, but rather to generate a repre-
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Figure 4. Frequency distribution of observed total dissolved solids
(TDS), modelled daily TDS by the Water Quality Systems Assess-
ment Model (WQSAM) and modelled average monthly TDS by the
monthly-time-step Water Evaluation and Planning (WEAP) model
(Sieber and Purkey, 2007) for the R20D catchment on the Buffalo
River, Eastern Cape, South Africa. (b) X-Y plots of observed TDS
and simulated TDS by WQSAM for the same catchment.

sentative frequency distribution of long-term water quality
observations.

5 Conclusions

The present study showed that the WQSAM model can be
updated to take as input, monthly flow data generated by
the WEAP model. This development dramatically increases
the potential for application of the WQSAM model to catch-
ments outside of South Africa, and offers the possibility of a
water quality model suitable for semi-arid data-scarce catch-
ments worldwide.

Data availability. The data used in this study are available at
https://doi.org/10.6084/m9.figshare.5370799 (Slaughter and Man-
tel, 2017b).
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Abstract. The control of sedimentation in a reservoir provides a global evaluation of the process of erosion and
transportation of sediment. Knowledge of sedimentation is useful for reservoir management. Bathymetric sur-
veys can be used to assess the silting volume of dams. The results of two surveys of the Ghézala dam reservoir in
northern Tunisia are available. The measurements provide initial information about the quantity and variability
of silting and the mechanism of sediment deposition. According to the results of measurements, the average an-
nual specific sediment yield of the Ghézala dam watershed is estimated at 1851 tkm~2yr~!. The annual average
sediment volume trapped varies from 23 000 m? in 1993 to 66 692 m? in 2011. The sedimentation rates increases
from 0.20 to 0.57 % overtime. The results indicate interdependence between the specific erosion rates and the
occurrence of soils on steep slopes. The pressure exerted on the soil by plowing as well as overgrazing to meet
the needs of the population of this area has exposed the soil to continued deterioration manifested by increased
erosion endangering the only source of revenue for the area.

1 Introduction and objectives

Rainfall enhances sediment transport via watershed runoff,
especially at the beginning of the rainy season. The stream
flow detaches more river bed particles through floods as a re-
sult of the high flow velocity, which increases both the capac-
ity (the total sediment mass) and the competence (the maxi-
mum particle size) that a stream can carry. When a stream en-
ters a reservoir, the flow velocity and energy decrease, caus-
ing the sediment to be deposited. The coarse sediment is typi-
cally deposited at the reservoir mouth, while the fine particles
are deposited along the water flow direction in the reservoir.
In Tunisia, 45 % of the land area is threatened by erosion
(Boussema, 1996). On average 25.3 million m> of sediment
is deposited annually in dammed reservoirs. As noted above,
a major problem associated with dams is sediment deposi-
tion, which increases flood risk because of a decreased wa-
ter storage capacity, with attendant effects on the flood water
storage capacity.

The reduced storage capacity affects the safe yield of the
reservoir to meet different water demands. Various models
have been suggested to study reservoir siltation. Campos
(2001), for example, presented a three-dimensional model
for flow and sediment concentration in reservoirs. He used
two bed load functions, each one for bed direction. Labo-
ratory test data and actual field data for Itaipu Reservoir in
Brazil were considered for model verification. The result of
laboratory tests indicated a good agreement between flow
and sediment routing simulations and predictions of sedi-
ment deposition through the reservoir. Pak et al. (2010) eval-
uated a compatible reservoir sedimentation model with HEC-
HMS, which was applied to two reservoirs to compare the
model outputs with measured data. The results indicated a
reasonable prediction of both daily flow rates and sediment
loads. Issa et al. (2013) estimated the useful life of Mosul
Dam, Iraq, based on a bathymetric survey approach. Moham-
mad et al. (2016) focused on studying the sediment deposi-
tion within Mosul Dam reservoir for the period from 1986
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to 2011, using the HEC-RAS 4.1 model. Sediment deposi-
tional simulation was considered on monthly intervals (time
step) for the period of study, while the pattern was consid-
ered for 5 year intervals (1991, 1996, 2001, 2006 and 2011).
Thus, the simulation period extended from 1986 (beginning
of the Mosul Dam operation) to 2011. Banasik et al. (2012)
estimated the annual sediment yield of a small (91 km?) agri-
cultural catchment in central Poland. In this investigation, the
suspended sediment input to a reservoir was estimated using
the Universal Soil Loss Equation coupled with a sediment
delivery ratio (USLE-SDR). The annual bed load was esti-
mated based on the flow duration curve and three different
bed load formulae. Reservoir bathymetry surveys were car-
ried out four times. A close agreement was found between
the amount of sediment deposited in the reservoir and the
sediment input estimated using the USLE-SDR and the bed
load formulae.

Kondolf et al. (2014) summarize collective experience
from five continents in managing reservoir sediments
and mitigating downstream sediment starvation. Drawdown
flushing works best in narrow reservoirs with steep longitudi-
nal gradients and with flow velocities maintained above the
threshold to transport sediment. Walling and Webb (1996)
provide an overview of knowledge of global sediment yields
and identify outstanding uncertainties and research needs.
They point out that the analysis of available longer-term
records provides an important means of assessing the sen-
sitivity of sediment yields to environmental change, which
in turn requires consideration of the impact of both human
activity and climate change. Walling et al. (2013) studied
the changing fluvial sediment inputs to the world’s deltas.
The sediment loads of the world’s rivers are highly sensi-
tive to both human impact and climate change, and the sedi-
ment loads of many rivers have changed markedly in recent
decades.

The aim of this article is to present the state of the alluvial
deposition of a dam in Tunisia according to the available data
and to study the evolution of its capacity over time. Among
other things, efforts will be made to evaluate the effects of
anthropogenic or climatic factors in the catchment area on
alluvial deposition in the reservoir. Due to time constraints,
it is not possible to detail the erosion mechanism. A method,
derived from the assessment of sediment retention in Ghézala
dam, is used in this study. Records from bathymetric surveys
carried out in 1993 and 2011 are available and relatively re-
liable erosion rates can be calculated using the retained sedi-
ments in the reservoir.

2 Study area and dam characteristics
Ghézala dam is a small dam on the basin of Ichkeul Lake in
Northern Tunisia (Fig. 1). It is a multipurpose dam for flood

control, irrigation and water supply. The total water storage
capacity of the Ghézala dam reservoir is 11.7 x 106 m? at
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Figure 1. Location of Ghézala dam.

a normal operation level of 82.5m a.s.l. of which 9.1 and
2.6 x 10° m3 are live and dead storages, respectively. The im-
poundment of the dam was in 1985. Sediment deposition is
one of the major problems of dams, such as Ghézala dam,
particularly in the upper part of the reservoir. Its watershed
covers an area of 48km? (Fig. 1). Its lithology is highly
varied with limestone, clay and marl. The most representa-
tive soils are different types of mineral soils, calcimorphic
soils (rendzina, brown calcareous soils) and brown soils with
sparse vegetation cover. The climate is subhumid. The mean
annual precipitation is 680 mm (Mathlouthi and Lebdi, 2010)
and the minimum and maximum monthly mean air tempera-
tures are 13 and 23 °C, respectively.

3 Methodology

Measurement of siltation in reservoirs normally involves a
bathymetric survey of the flooded portion of the reservoir
and a direct topographical survey of the non-flooded por-
tion between the normal water level and the level of water
during the measurement. The bathymetric survey is based
on a simple comparison of reservoir morphology at two dif-
ferent periods of time, first at the time of the construction
of the dam and second at the time of the survey. In this
study bathymetric survey of the reservoir bed was conducted
along transverse profiles previously identified, the depths be-
ing recorded by a scrolling Echo Sounder. This method is
uncomplicated and easy to use, but it is not very precise
and cannot be used systematically for depths less than Sm
(Claude and Chartier, 1977). For this study, the choice of the
cross section on the reservoir to be surveyed is made on a
topographical plan of the region of the dam reservoir at the
scale 1:5000 and with contour spacing at 2m. There is no
specific rule to guide this choice; we generally seek cross
sections to the bed of the wadi, avoiding the narrowing and
preferably choosing the widest sections. If the reservoir is
divided into several branches, each one is treated indepen-
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Figure 2. Location of the sediment profiles surveyed in the Ghézala
dam.

dently. Nine cross sections of the reservoir of Ghézala wadi
were identified (Fig. 2). For each profile, the original (initial)
cross section of the reservoir at the time of impoundment in
1985 was obtained from the topographical plan. Then bathy-
metric surveys were conducted to establish the current reser-
voir depths. The new profile is compared with the original
profile. The two profiles thus obtained and the silted surface
of the profile is quantitatively determined in a GIS, in other
words the area of siltation (in m2) of a section at the height
of the water site to which the measurements were made.

In this study the General Method was used to determine
the volume of siltation. This method is based on silted sec-
tions of the surveyed profiles but also takes into account the
angles between adjacent sections, shown as P, and Py in
Fig. 3 (Claude and Chartier, 1977; Alahiane et al., 2014).

First the sediment surfaces, S, and Sy, respectively, are de-
termined of the two retaining profiles P, and P, and then the
distance between these two profiles is calculated (see Fig. 3).
To do this we draw a line ab between the centre points of P,
and Py; we draw the line cd perpendicular to segment ab at
its center; the distance between the middle (e) of segment cd
and points a and b give the lengths /, and Iy

Determing the total volume takes into account the slopes
aa and ab, respectively for P, and P, compared to straight
sections ea and eb. The total volume Vg, is (Claude and
Chartier, 1977):

Vab = Sasinaal, + Sy sinably, €))]

. — . —
Where «a is the angle ea P, and ab is the angle eb Py,.

4 Results and discussion

Since the impoundment of the dam (1985), two measures of
siltation of the Ghézala dam were carried out by the General
Directorate of Dams and Large Hydraulic Works (Tunisia)
during relatively calm weather (light wind). The results of
these measurements are shown in Table 1.

Erosion rates were estimated by the sediment volume mea-
sured in the reservoir divided by the area of the catchment
draining into the reservoir. At the time of the first mea-
surement, the amount of silt was accumulated for 8 years
and 5 months. The reservoir is silted at 1.64 % of its ca-
pacity, which allows us to assess the annual rate siltation at
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Figure 3. Diagram illustrating the General Method for estimating
sedimentation volume. A plan view is shown in the upper part and a
cross-section profile view is shown in the bottom right hand corner.

23000m> yr~! or 0.25% of the live capacity of the reser-
voir (the live capacity of the reservoir is 9.1 x 10®m?). In
the second measurement, 14.8 % of the reservoir capacity
has been infilled, corresponding to an annual siltation rate
of 66692m>yr~! which gives a life expectancy of about
175 years before the reservoir has been totally infilled. The
annual rate of siltation has increased (threefold from 1993
to 2011) which reduces the life of the dam from about 500
to 175 years. This can be explained by clearing of maquis
vegetation in the watershed due to an exponential expansion
of annual crops. The latter activity involves plowing in the
direction of the slope, a factor that accentuates and exacer-
bates erosion in the watershed. This is evident in the esti-
mated erosion from the watershed which increased from 0.48
to 1.39 mmyr~! during the same time period.

In Fig. 4 we compare the profile along the Ghézala river
before impoundment with the measured profiles along the
silted bottom (low point of the current sections). Figure 5
shows the cross sectional areas of silted sections measured
along the profiles in Ghézala reservoir in May 1993. We
note here the importance of siltation in the downstream (see
Fig. 2) part of the reservoir.

Ghézala dam has been operational since April 1985; the
latest measurements therefore include a period of 26 years
of operation. The dam operating results are summarized in
Table 2. To calculate the total sediment input to the dam we
assumed that the volume of water released had a mean load of
3 gL’1 (or kg m~?) of sediment (Ben Mammou and Louati,
2007), assuming the same value as for the Mellegue dam cal-
culated over 14 years. This assumption depends on the mor-
phology, the pedology, the watershed land use and rainfall
patterns. Further, the spilled water was assumed to contain
1 gL~! of sediment taking into account the morphology of
the reservoir, based on spot measurements made during flood
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Table 1. Measurements of siltation in the Ghézala dam reservoir.

Measurement ~ Water level ~ Siltation  Annual siltation  Reservoir capacity ~ Reservoir capacity infilled  Erosion of the
date (m) (106 m3) (m3) infilled with with sediment per watershed

sediment (%) year (%) (mmyr™ 1 )
May 1993 823 0.192 23000 1.64 0.20 0.48
June 2011 81.3 1.734 66692 14.8 0.57 1.39

== == Reservoir impoundment Profile in May 1993

Normal water level

~—— Profile after June 2011

Elevation in m

PIP2P3 A PS P& P7 P8 )

Cross sections

Figure 4. Profiles along Ghézala wadi before impoundment and
after measurements.
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Figure 5. Cross-sectional areas of sediment at the measured profiles
along the Ghézala river (in May 1993).

conditions. It is assumed that the solids density of sediments
in the bottom of the reservoir comprised of silts and clay is
1.2tm™3, with a real density of 2.4 tm~> and a bulk density
of 1.7tm™3,

From these assumptions the balance of sediment transport
in 2011 may be estimated (Table 3).

The volumes of water flowing into the reservoir or with-
drawn are well controlled. The volumes that are discharged
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Table 2. Operation of Ghézala dam during period 1985-2011
(48km?).

Inflows  Spilled water ~ Release

(109 m3) 10°m3)  (10°md)

Total over 26 years 232.49 77.029 50.906
Annual average 8.942 2.963 1.958

by the spillway during extreme floods are controlled, how-
ever their turbidity is unknown. It is estimated, however, that
floodwaters released from the reservoir contain little more
than 3 gL~! due to sediment deposition before the arrival at
the spillway. The bulk density and true density of sediment
deposited and drawdown silt are poorly understood, consoli-
dated sediment volumes were measured for several years un-
der several metres of water, and an average concentration of
solids (gL~!) was measured on the liquid flow. The tran-
sition from one to the other requires a precise knowledge
of the densities; which is not easy to achieve. At the wa-
tershed scale of 48 km2, the transport of 1.925 x 109 m3 of
silt equates to 2.31 x 100t in 26 years, representing an aver-
age erosion rate from the watershed of 1542 m>km~—2yr~! or
1851 tkm~2 yr~! resulting in an average concentration of the
water entering the reservoir of 10 gL ™! solids.

Based on the results of a large 2 year intensive measure-
ment campaign of the turbidity of the main river in the ex-
treme north of Tunisia and watersheds of Lake Ichkeul, the
annual average turbidity of Ghézala river is assumed to be
6.56 gL~!, which equates to 1.547 x 10° t or 1.289 x 10° m?
contributions of solids. The difference between the measured
siltation in the reservoir (neglecting the other two values,
turbidity of released and spilled water, not measured) can
be attributed to long distance transportation and therefore
represent thrusting 0.445 x 10°m3 (1.289 x 10°m? com-
pared to 1.734 x 10°m?) or 25 % of total sediment trans-
port (1.734 x 10® m3) and 34 % of transportation suspended
(1.289 x 10° m?). The reservoirs of Tunisian dams lose 0.5
to 1 % of their capacity each year due to infill with alluvium.
The annual average sediment volumes trapped in Tunisian
dam reservoirs varies from 0.017 x 10°m? for Bezirk dam
(Northeast Tunisia) to 6 x 10° m? for Sidi Salem dam, North
Tunisia. Siltation measured in 2002 in Sejenane dam located
in the same region as the Ghezala dam resulted in an es-
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Table 3. Results of sediment transport in Ghézala dam during 1985-2011.

Measured Sediment in Sediment in  Total sediment
siltation  released water  spilled water yield
Volume (109 m3) 1.734 0.127 0.064 1.925

Table 4. Increase in agricultural area over time (based on interpretation of aerial photographs and satellite images in both periods).

Year  Land use as % of the total area of the Ghézala dam catchment (48 kmz).

Herbs and shrubs  bare lands  arable land Fruit trees
1979 39.8 40 20.2 -
2011 18.7 2.03 74.6 4.67
timated average annual siltation rate of 0.5 x 10°m? (Ben —+—inflows  —E—Release —i—Spilledwater ——Reservoir capacity

Mammou and Louati, 2007).

Field observation shows that the watershed is subject to
intense erosion where mass movements and gullies predom-
inate, accentuated by plowing and soil preparation for cul-
tivation. The vulnerability of soil in the watershed to ero-
sion is attributed to lithology. The dominant formations (Up-
per Cretaceous) consists mainly beds of clays and marls
with very little resistance to erosion (clays and marls) and
harder chalky beds. In the Ghézala dam watershed the steep-
est slopes correspond to limestone geology. Several authors
have shown that specific erosion increases significantly with
slope (Huang, 1995; Jaoued et al., 2005). The authors at-
tribute such a relationship to the nature of the soil, the speed
of flow, the characteristics of rainfall and surface crusting
(Jaoued et al., 2005).

The combined action of various factors of the natural envi-
ronment and increased human agricultural activities has con-
tributed to the degradation of soils in the Ghézala watershed
(Table 4). The pressure exerted on the soil by plowing as well
as overgrazing to meet the needs of the population of this
area has exposed the soil to continued deterioration mani-
fested by different erosive phenomena endangering the only
source of revenue for the area. The observed increase in sed-
imentation in the reservoir (in 2011 compared to 1993) could
be caused by other factors, such as increased intensity and
amount of rainfall during the study period. Figure 6 shows
that the number of floods after 1993, the date of the first silta-
tion measure, is important. Knowing that a hydrological year
begins in September and ends in August of the succeeding
year. Annual inflows exceeded twice the reservoir capacity,
23 and 24 million of m? respectively in 2003 and 2005. This
increase in inflows between the time of the first and second
sedimentation measurements and also withdrawal that is not
performed at optimal times, otherwise the opening of the bot-
tom outlet valves during extreme floods, have contributed to
increasing the reservoir sedimentation rate. Additional ques-
tions may arise about the efficiency of the withdrawal, how
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Figure 6. Annual inflows, release and spilled water at Ghézala dam
(1985-2011).

and at what times can be conducted? With what flow? And
for how long (throughout and after the floods)?

5 Conclusions

Water erosion is a natural process which is considered to be
the primary cause of degradation of agricultural land. It is
necessary to take corrective action before soils become in-
fertile. Measurements of siltation of Ghezala reservoir pre-
sented here, enable estimation of the volume of sediment
trapped in the reservoir. It is suggested that the sediment
trapped could be returned to agricultural land. The accu-
racy of the sedimentation estimation method depends upon
the profiles selected and precise mapping of the reservoir
bed. Siltation measures should be developed to monitor, at
regular intervals, the evolution of the life time of dams and
improve operating conditions. The results of these measures
have highlighted the significant erosion to which the water-
shed of the Ghézala dam is subjected. The use across the wa-
tershed of a runoff and erosion model with distributed phys-
ical parameters can improve understanding of the variability
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of the factors responsible for soil loss and thus help to ad-
dress the problems related to the soil conservation. Indeed,
according to field surveys, the most significant factors for
erosion across this study area are lithology, slope and land
use.

The control of sedimentation in the reservoirs provides an
integrated evaluation of the process of erosion and trans-
portation of sediments taking account of the bed-material
load. The knowledge of sedimentation is also useful for dam
management. In Tunisia, little was known about erosion,
transportation and sedimentation phenomenon which is nec-
essary in order to manage their consequences.

Data availability. The data are printed in paper documents stored
(archived) in office of the General Directorate of Dams and Large
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Abstract. The Orinoco River has the third largest discharge in the world, with an annual mean flow of
37600m3s~! at its outlet to the Atlantic Ocean. Due to the presence of the Guiana Shield on the right bank, the
lower reach of the Orinoco has a plan form characterized by contraction and expansion zones. Typical 1-1.5 km
wide narrow reaches are followed by 7-8 km wide reaches. A complex pattern of bed aggradation and degrada-
tion processes takes place during the annual hydrological regime. A series of Acoustic Doppler Current Profiler
(ADCP) transects were collected on an expansion channel in the Orinoco River, specifically over a fluvial island,
representative of the lower Orinoco. In this study, temporal series of bathymetric cartography obtained by ADCP
profiles combined with Differential Global Position System (DGPS) measurements (with dual-frequency), were
used to recover the local displacement of bed forms in this island. The principal aims of this analysis were:
(1) to understand the dynamics and evolution of sand waves and bars at this section and (2) to quantify the vol-
ume (erosion vs. accretion) of a mid-channel bar with dunes by applying DEM of Difference (DoD) maps on
time series of bathymetric data. This required sampling with ADCP transects during the months of: May 2016;
November 2016 and April 2017. Each bathymetric transect was measured twice, 1 day apart and on the same
trajectory obtained by a GPS receptor. The spatial analysis of these ADCP transects is presented as a novel tool
in the acquisition of time series of bathymetry for a relatively deep section (~ 20 m) and under variable flow
conditions.

1 Introduction

The processes of erosion and sediment transport are key com-
ponents for quantifying the formation of mid-channel bars.
Mat Salleh and Ariffin (2013), categorized the fluvial river
system into three zones: (1) an erosion zone of runoff pro-
duction and sediment sources, (2) a transport zone of water
and conveyance and (3) a deposition zone of runoff delivery
and sedimentation.

River banks have been shown to act as key sediment
sources in many different drainage basins, and can sup-
ply over 50 % of catchment sediment output (Lawler et al.,
1999).

The volumetric change associated with bedload flux dif-
ference and its quantification is one of the main objectives
of many investigations to understand sediment transport in
rivers. However, in many cases this type of analysis is per-
formed in a two-dimensional way. An example of this is the
delineation of the riverbank from remotely sensed imagery
to calculate accretion and erosion areas, using both airborne
platforms and satellite platforms. In the last decades, devel-
opments in Remote Sensing and GIS technologies have al-
lowed geomorphologists to develop campaigns of acquisi-
tion of Digital Elevation Models (DEMs) at much high pre-
cision and temporal frequency to analyze landform evolution
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Figure 1. (a) shows ~ 7km of the study site (Lower Orinoco) drawn with the red dotted line. Channel pattern is developed in a zone of
expansion downstream from the gauging station. (b) illustrates the trajectories of the ADCP repeated transects performed during the field

campaign.

and the change (Fuller et al., 2002; Williams et al., 2011;
Williams, 2012; Carrivick et al., 2013).

In this work, a combined survey strategy using ADCP, Sin-
gle Beam Echo-sounder (SBES) and DGPS equipments was
implemented. The ADCP, mounted on a moving boat, col-
lected data for mapping the flow field, and the SBES, on the
same vessel, surveyed the channel bathymetry and the bed
forms that create friction losses. Currently, the study of the
processes linked to sediment transport, flow dynamics and
erosion is a complex task, due in part to the technical and
logistical constraints of deploying accurate data acquisition
equipment to characterize morphological changes with re-
cent data (Leyland et al., 2016).

The purpose of this research is to describe in a study
reach of the lower Orinoco, the methods and advantages
of repeated surveys by an ADCP and bathymetric sound-
ings within a mid-channel bar affected by fluvial ero-
sion/deposition. The specific research aims are: (1) to un-
derstand the mechanics of formation and evolution of sand
waves and bars at this river section and (2) to quantify the
volume (erosion vs. deposition) of a mid-channel bar, ap-
plying DoD maps (change detection) based on time series
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of bathymetric and topographic data. Comparisons between
state of the art and traditional techniques are made to evaluate
the effectiveness of these methodologies.

2 Study area

The Orinoco Basin is located (Fig. 1) in the north of South
America between 2 and 10° N and 75 and 61°W. 70 % of
this basin lies in Venezuela, while the remainder 30 % cov-
ers part of Colombia (Silva Le6n, 2005). The headwaters of
the Orinoco are at 1047 m above sea level and flow from its
source at the Cerro Delgado—Chalbaud, in the Parima Range.
The main channel covers a distance of 2140 km (Silva Leon,
2005) from the Brazilian border to its mouth in the Atlantic
Ocean.

The basin comprises three large geographic zones: (1) the
Andes and Caribbean Coastal Ranges, where most sus-
pended sediments originate; (2) the Llanos (floodplain area),
which are crossed by all major tributaries coming from the
Andes and (3) the Precambrian Guiana Shield from which
drains predominantly black water with very low suspended
sediment content (Lewis Jr. and Saunders III, 1984, 1989;
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Figure 2. Daily recorded discharge and gauge data from Ciudad Bolivar station during the study period (2016-2017).

Paolini et al., 1987; Depetris and Paolini, 1991; Lépez and
Perez-Hernandez, 1999; Warne et al., 2002; Laraque et al.,
2013; Yepez et al., 2016).

The study reach is characterized by numerous sand bars
and islands that divide the flow into several channels (Lépez
and Perez-Hernandez, 1999).

The annual hydrological regime of the lower Orinoco at its
main flow gauging station at Ciudad Bolivar in Venezuela is
characterized by a unimodal regime where the rising waters
begin in April, and maximum streamflow is reached in Au-
gust (Fig. 2). The amplitude between the low and high waters
is ~ 16m.

For this study, a mid-channel bar (~ 700 m length) rep-
resentative of many of the banks and flanks of the lower
Orinoco, where erosion and accretion of sediments occurs
was selected as the study site.

This large mid-river fluvial island is entirely separated
from the floodplain by water, exhibits stability, is flooded
during bankfull conditions, and has established permanent
vegetation. This sector is associated with an open chan-
nel characterized by alternating contraction and expansion
zones. It is located at a distance of 4 km downstream from the
main gauging station of Ciudad Bolivar (Fig. 1). The flanks
or banks of the mid-channel bar (Central island) at the study
site (Fig. 3) are between 1-10 m in height, although locally it
can reach 13 m. The banks are composed of highly erodible
and poorly consolidated sand deposits (Dsg = 369.55 um).

3 Data and methods

3.1 Bathymetric and topographic data

Equipment such as ADCP are essential tools to measure the
flow discharge in large rivers, especially when these rivers
are dominated by unstable flows. The data associated with
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Figure 3. The banks of the mid-channel bar (study area) are asso-
ciated with highly erodible unconsolidated deposits.

the velocity vector components obtained from ADCP equip-
ment can be accurately plotted if this equipment is combined
with dual frequency GPS receivers.

Time-based simulations were built to understand the sed-
iment dynamics and flow in this sector. These simulations
were generated from ADCP data sequences and bathymetric
profiles combined with DGPS measurements (Table 1). The
combination of both data allowed study of the flow dynamics
related to river bank erosion/deposition over a fluvial island
in the lower Orinoco.

Using the methodology implemented by Dinehart and Bu-
rau (2005), bathymetry was mapped on the mid-channel bar
with ADCP equipment. The distances were measured along
four transducer beams to the bed of the river. Subsequently,
each of these distances is internally converted to a depth. The
four depths obtained by each beam are recorded and aver-
aged by the ADCP to provide one measurement between the
device and the bed. However, each of these distances is suffi-
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Table 1. SBES and ADCP surveys acquired on three occasions in the Orinoco River.

Survey Start Finish Number water level Mean discharge
campaign of surveys in cm inm3s~!
(SBES)
Rising waters 2016 ~ 07:20, 7 May  12:12, 7 May 9 783 20665
07:05, 8 May  12:05, 8 May 9 800 20994
(ADCP + SBES)
Falling waters 2016 ~ 11:00, 11 Nov ~ 17:00, 11 Nov 9 1101 35866
08:00, 12 Nov  14:00, 12 Nov 10 1098 35546
08:00, 13 Nov  14:00, 13 Nov 3 1091 35016
(ADCP)
Low waters 2017 10:00, 21 Apr  17:00, 21 Apr 14 515 7119
08:00, 22 Apr  17:00, 22 Apr 16 518 9538

ciently accurate to create a precise bathymetry at relatively
shallow depths. The orientation of each of the four trans-
ducer beams is at 20° downward from the vertical. Two of
the beams are aligned at 20° from the vertical to port and
starboard, while the two remaining beams maintain the same
angle forward and backward. The cone angle of each beam
is 2°, which ensures a very small footprint between the beam
contact and the bed. The coordinates are rotated using the
pitch and roll measurements performed by ADCP, which al-
lows the true coordinates to be obtained.

For the acquisition of topographic data, RTK DGPS (Real
Time Kinematic — Differential GPS) equipment was used,
which in dynamic mode allows collection of points of coor-
dinates and altitude every second. The DGPS system allows
collection of topographic data with a high spatial and tempo-
ral resolution, and altitude of great accuracy. Thus, these data
can be used to evaluate the processes and changes associated
with the fluvial erosion of river banks and islands.

The VMT (Velocity Mapping Toolbox) software (Parsons
et al., 2013) allows extraction of the cloud of points in depth
(meters) from the ADCP bathymetry transects. The repeated
transects used for bathymetric surveying and the topographic
survey on the fluvial island was realized with two devices:
(1) a River Ray 600 KHz RDI Teledyne coupled to a Hemi-
sphere Crescent VS100 series GPS compass (in differential
mode) and (2) two GPS receivers RTK S9 (dual frequency)
brand Stonex (cm-level accuracy) using the WGS84 System.
Additionally, a Single Beam Echo-sounder (SBES) GPSmap
62S GARMIN was used to compare measurements with re-
peated transects from ADCP measurements around the flu-
vial island. Since a known control point did not exist in the
study area, it was decided to place a fixed surveying sta-
tion in the middle of the island, whose position is referred
to the SIRGAS-REGVEN National Geodetic System. The
measurement phase was performed using the static differ-
ential mode, with a duration of 4h, 5s for capture intervals
and 10° of cut off elevation. For the calculation, analysis and
processing of the differential data the AUSPOS Online ser-
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vice mode was used. A total of 371 points (topography) were
measured from 1 to 10 s in RTK mode. The baseline did not
exceed 552 m. To obtain the orthometric heights from the
ellipsoidal heights, the Venezuelan Geoidal Model 2017 —
VGM17 (Acuia, 2017) was used.

In this study, the data of bathymetric transects from 2016
to 2017 were analyzed. Each series of the ADCP transects
has between 69 100 points (corresponding to 8.41 ha) and
131 963 points (corresponding to 16.24 ha). A first field cam-
paign around the island was conducted out in high waters,
and later the second one was carried out in the low water
stage. The differences in the number of points surveyed in
the two field campaigns is mainly due to the greater expo-
sure of the fluvial island during the low water stage in April.
For the construction of the digital elevation models repeated
transects were surveyed around the island (Fig. 1). By com-
bining topography and bathymetry information at the same
time, it is possible to create a single model of the interface
between the river bed, the submerged slope of the island and
the exposed part of the island.

This analysis was based on the methodologies of Wheaton
et al. (2010), which focus on detecting and quantifying sur-
face and volumetric changes in rivers. For our study these
methodologies were applied to different stages of the an-
nual hydrological regime. Terrain digital elevation models
were created from data processing with the ESRI ArcGIS
program. In this step, our analysis was based on a workflow
where survey points were used to perform a Triangular Irreg-
ular Network (TIN) applying Delaunay triangulation. Subse-
quently, the TIN model was linearly resampled in a grid with
a specific resolution defined by the user. A polygon feature
was built around the cloud of points and then used as a mask
in the construction of the TIN model to mitigate the effects of
the interpolation beyond the area where the points were ac-
quired. A resolution of 1 m was selected for both DEMs used
in this analysis, as a balance between computational time and
loss of information. Thus, we have been able to define a res-
olution fine enough to resolve the morphological changes at
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the scale of islands and bars. A DoD was calculated from
the subtraction of the elevations of each DEM generated on
a different date on a cell-by-cell basis. The net volumetric
change estimate was calculated by multiplying the elevation
change (measured as depth in m) by the surface area of each
cell (1 m? for this case). Finally, these volumes were added
to erosion and deposition categories to obtain the net volu-
metric budget.

An error evaluation was implemented in this analysis. Sev-
eral techniques are used to measure the quality of terrain ele-
vation models (Wheaton et al., 2010), which include: the ac-
curacy given by the equipment manufacturer, the repetition
of observations using control points, bootstrapping methods,
fuzzy terrain models, repeated surveys of areas without any
change and other geostatistical techniques.

In this investigation we used the Minimum Level of Detec-
tion (LODyin). 8Upop is a constant that represents the com-
bined error arising from the addition or subtraction of two
DEMs, Z(1) and Z(y). This constant can be estimated from
the root sum square of errors:

8Upob = /8281, + 823, (1)

where 8z(1) and 8z(2) represent the errors related with Z(y)
and Zy), respectively. For example, if §z(1) and §z(2) is 0.1 m
in each DEM, then §Upop has a value of 0.14 m. To use the
LODwip, the value of §Upgp is applied in the DoD analy-
sis as a constant threshold. This method is conservative be-
cause only the geomorphic change that is greater than the
LODwiy is considered adequate. In fact, analyses by Bras-
ington et al. (2003) and Wheaton et al. (2010) indicate that
areal and volumetric estimates of morphological change are
highly sensitive to this threshold, i.e. information about the
actual geomorphic change is very likely to be lost below this
threshold (Williams, 2012). An ArcGIS extension for ana-
lyzing geomorphic change (Geomorphic Change Detection,
http://gcd.joewheaton.org/home) was installed as a toolbox
within the ArcMap graphical interface. This tool includes a
series of procedures such as: the preparation phase of the
DEMs and the application of change detection using various
methods. The output formats are ESRI GRID files, graphics
and txt files.

3.2 Bedform geometry

A GPSmap 62S GARMIN was used to analyze river bed el-
evation changes. Changes as small as 0.001 m can be mea-
sured with this equipment to evaluate the bedform geometry.
The depth sounder followed a path with the streamwise di-
rection.

Two longitudinal transects were measured and repeated
again 24 h later. The length and lateral separation of the two
sounding lines (orange lines) are shown in Fig. l1a. The ac-
quisition of the bed profiles was validated directly in the field
using the equipment graphical interface and later the bathy-
metric points were exported and mapped on a defined fixed
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—
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Figure 4. Small bed features (sand dunes) were mapped on the bot-
tom of the river using ADCP repeated transects acquired at different
stages of the hydrological regime.

scale. Sand waves and bars can be seen in each cross sec-
tion. To calculate the height of each dune the difference in
elevation between the lowest and highest points of the dune
was determined. The slope of the dune was another param-
eter evaluated, calculated as the ratio of the height and the
length of the dune.

Comparative graphs between repeated transects every 24 h
were performed in order to understand the dynamics of the
sand dunes in the study reach, as well as to have an approx-
imate idea of the rate of displacement of these bed forms at
different flow conditions.

4 Results

4.1 Morphological changes recorded by DEM of
Difference (DoD) over a mid-channel bar

The low errors associated with the DEMs, derived from
the combination of RTK-DGPS measurements and repeated
ADCEP transects around the island (mid-channel bar), suggest
that the methodology is capable of delivering high-accuracy
topographic and bathymetric models.

Results of a single ADCP transect are insufficient to build
adequate bottom bathymetry. However, the redundancy of
multiple ADCP transects on the same path allows the ac-
quisition of a large number of bed elevation points. This al-
lows a sufficiently detailed and precise bathymetric surface
to be constructed. Each ADCP transect was separated from
the previous path by an appropriate distance following the
path of the graphical interface of the GPS. This generated
a distribution of thousands of bed elevation points around
the mid-channel bar. Subsequently, the points were interpo-
lated and converted into a raster model, thus obtaining the
bathymetric surface of the sector with a spatial resolution of
1 m. The reliability of this methodology using repeated tran-
sects was confirmed by the observation of small bed forms
in the 3-D model of the bathymetric surface. This procedure
was repeated at different flow conditions: in November 2016
(during falling waters), and at the start of rising waters in
April 2017 (Fig. 4).

As shown in Fig. 5, during the time elapsed between these
two surveys, it was possible to analyze mean flow velocity
vectors in both periods. A marked decrease of the river flow
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velocity between the two survey dates occurs, from 0.384 to
0.156ms~!. The morphological change resulting from the
integration of these events can be revealed by subtracting the
two (after and before) surface models to generate a DEM of
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difference. During this study period deposition of sediment
occurs on both flanks of the mid-channel bar. This is due to
falling water levels that result in deposition of much of the
suspended sediment load over the island, promoting verti-
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cal growth by sediment accumulation, especially in the sand
dune located downstream of the island.

The results from the DoD analysis are shown in Table 2.
The total area of sediment along the mid-channel bar was
calculated at about 65037 m2, while the total area of erosion
was 6066 m? during this study period (Fig. 5).

The total volume of sediment was 109792 £ 911 m? rep-
resenting 99.67 % of the total net volume of difference, while
the total volume of erosion was 368 &85 m3, which rep-
resents 0.33 % during the study period. An error assess-
ment was implemented using a LODyip = 0.01 calculated
by Eq. (1). This value was based on the errors from the man-
ufacturer reported instrument precision used to generate §z(1)
and 6z(2). To implement the LODyjp, the value of §Upop was
applied as a constant threshold across the DoD.

To illustrate the evolution of the mid-channel bar dur-
ing the period of falling waters a 3-D model was gener-
ated showing the topography of the sand bar and surrounding
bathymetry at different stages of the river (Fig. 6). The for-
mation of this mid-channel bar is likely related to the com-
plex interaction between the change in discharge and water
level in the river, the subsequent adjustment of flow veloc-
ity/direction and the sediment transport. Figure 6b shows the
distribution of the flow velocity vectors surrounding the mid-
channel bar. Here, with the advance of the high flow velocity
area downstream, especially during the high water period,
material is eroded from the tail of the bar. Eventually, this
material is deposited the foot of the front slope of the sand
bar, where it accumulates.

In Fig. 6c, the discharge decreases and most of the sed-
iment load in suspension is deposited promoting vertical
growth. This change in sedimentation volume of the middle
channel bar is directly related to the bedload in motion. Anal-
ysis of these changes at different river stages may allow us to
understand better the dynamics of sediment transport in the
bed.

A multimedia file of this simulation is available for down-
loading from Yepez (2017).

One of the most important aspects of this analysis is that
island and bank heights, obtained by repeated ADCP tran-
sects in combination with RTK-DGPS measurements, allows
the estimation of volume rates of erosion and deposition in
an easy to implement manner. Considering that many of the
banks are submerged in many sections of the river as well as
in the islands, these techniques are suitable for characterizing
the submerged portion of the banks and the riverbed.

Although this paper focuses on the estimation of accretion
and erosion volumes in this mid-channel bar over just one
year, it is necessary to evaluate the same stages of the river
in different years, in order to understand changes in the sedi-
ment balance throughout the hydrological regime. This is the
focus of ongoing study.
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Figure 6. Evolution of a mid-channel bar during falling waters. The
yellow (b) and white (c¢) lines that surround the island represent
the flow velocity vectors for the periods of high and low waters,
respectively.

4.2 Kinematics of sand dunes at Ciudad Bolivar

The results obtained from the comparison between the
May 2016 and November 2016 surveys in this study reach
are shown in Fig. 7. In this analysis it is possible to appreciate
significant variations in the average rates of migration of the
dunes in relation to the discharge. During the rising waters
period there was a greater difference between the bathymetry
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Table 2. Summary of DoD analysis.

Attribute Raw  Thresholded DoD Estimate
Areal
Total Area of Erosion (m2) 7753 6066
Total Area of Deposition (mz) 67123 65037
Total Area of Detectable Change (m2) NA 71103
Total Area of Interest (m2) 74876 NA
Percent of Area of Interest with Detectable Change NA 94.96 %
Volumetric =+ Error Volume % Error
Total Volume of Erosion (m3) 379.77 36885 23.07%
Total Volume of Deposition (m3) 109 807 109792 £911 0.83 %
Total Volume of Difference (m3) 110187 110159 £995 0.90 %
Total Net Volume Difference (m3) 109427 109423 £914 0.84 %
of the two profiles taken 24 h apart compared to during the * [Rising waters - May 2016 -
falling water period. g Degosition ow  ososnons
. . . — 1 . 5 -15
. The hlgl.lest migration rates (0.07 cms™") occur flurmg pe- 2 05072016
riods of rising waters compared to the stages of falling waters = » ‘ o
when migration rates decrease. It is observed that if the dunes s (Atorage bedoad velocity 2007 em 87
. . . . 0 500 1000 1500 2000 2500 3000
are present'ed w1th. a.hlgh frequency and w1.th sma'll sizes dur-  Falling waies ~Nov 2016
ing the period of rising waters, the rates will be high. In con- E Bedload without elative movement Flow 11122016
. . . -10
trast, in the falling waters stage, the transport of sediment at E . W - 11/11/2016
the same rate in larger dunes implies slower migration rates. S (2]
25

5 Conclusions and recommendations

The volume of deposition/erosion over the mid-channel bar,
and their interrelationship with discharge in the Orinoco
River was estimated through processing from DEM of Dif-
ference (DoD) maps on time series of bathymetric and topog-
raphy data. Likewise, the analysis of longitudinal bathymet-
ric transects 24 h apart, allowed investigation of the evolution
and the kinematics of the sand dunes in this study reach. The
results of this study highlighted the effect of seasonal floods
on bank accretion/erosion in this fluvial island.

Furthermore, several bathymetric transects perpendicular
to the flow were repeated every 24 h, which allowed under-
standing of the migration rates of sand waves and dunes in
the study section. These comparisons made in relatively short
periods of time facilitated the analysis of the kinematics of
the sand dunes, in order to get a clearer idea about the evolu-
tion of these bed forms at different flow conditions.

This paper presents a detailed methodology for the collec-
tion and processing of data associated with numerical terrain
models, allowing measurements of morphological changes
of a fluvial island, which is representative of the lower
Orinoco, one of the most important rivers in South America
and worldwide.

From the results of DoD analysis to quantify the deposi-
tion/erosion volume of this mid-channel bar, it was possi-
ble to determine that during the time between the two sur-
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Figure 7. Kinematics of sand dunes at Ciudad Bolivar revealed
through bathymetric profiles (upper figures) and a plan view of the
profile transects (lower figure). (1) corresponds to rising waters,
while (2) corresponds to falling waters.

veys, sedimentation played a more important role than ero-
sion. Also, evaluating the vectors of mean flow velocity in
both periods, a marked decrease from 0.384 to 0.156 ms™!
was observed. When the discharge began to decrease, part of
the sediment load in suspension was subjected to deposition
causing a vertical growth of the sediments on the bar, espe-
cially in the most downstream part of the island, where a sand
dune developed in a needle shape.
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One of the aspects that will have to be addressed in fu-
ture work will be the sedimentary balance. For this, it is
necessary to evaluate the same periods of time in different
years to understand the morphological changes during the
variations in the hydrological regime. The next field cam-
paigns will focus on these objectives. The quality of the
DEMs obtained with the implementation of this combined
methodology of ADCP transects and RTK-DGPS measure-
ments allowed high-resolution bathymetric models to be cre-
ated, where it is possible to observe the sand-wave patterns.

Enhancing knowledge of the role of morphological
changes (volume) with this new methodology is an opportu-
nity to gain better understanding of river bed sediment trans-
port. This type of study will support dredging projects in the
Orinoco River to maintain navigability, which will contribute
to the management of this important river basin.

Data availability. A multimedia file of this simulation is available
for downloading from Yepez (2017).
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Abstract. Some mixed bedrock-alluvial dryland rivers are known to undergo cycles of alluvial building during
low flow periods, punctuated by stripping events during rare high magnitude flows. We focus on the Olifants
River, Kruger National Park, South Africa, and present 2-D morphodynamic simulations of hydraulics and sed-
iment deposition patterns over an exposed bedrock anastomosed pavement. We examine the assumptions un-
derlying a previous conceptual model, namely that sedimentation occurs preferentially on bedrock highs. Our
modelling results and local field observations in fact show that sediment thicknesses are greater over bedrock
lows, suggesting these are the key loci for deposition, barform initiation and island building. During peak flows,
velocities in the topographic lows tend to be lower than in intermediate topographic areas. It is likely that inter-
mediate topographic areas supply sediment to the topographic lows at this flow stage, which is then deposited in
the lows on the falling limb of the hydrograph as velocities reduce. Subsequent vegetation establishment on de-
posits in the topographic lows is likely to play a key role in additional sedimentation and vegetation succession,
both through increasing the cohesive strength of alluvial units and by capturing new sediments and propagules.

1 Introduction

Many of the large rivers draining southern Africa are char-
acterised by bedrock “macrochannels” incised 10-20 m into
ancient planation surfaces but with variable amounts of un-
consolidated sediment infill. Variations in lithology, struc-
ture, flow regime, sediment supply, and vegetation assem-
blages have created morphologically diverse river systems.
Many rivers have been characterised by extended periods of
alluviation on an historic timescale (Tooth, 2016), leading to
the development of increasingly alluvial channel types with
the underlying bedrock commonly masked. Alluviation is pe-
riodically interrupted by extreme flood stripping of accumu-
lated sediment (Heritage et al., 2001), events which have also
been highlighted as an important mechanism behind fluvial
change and system resetting in Australian, Indian and North

American river systems (e.g. Baker, 1977; Nanson, 1986;
Kale et al., 1996).

Anastomosed channels represent one of the key channel
types in many mixed bedrock-alluvial rivers in the Kruger
National Park (KNP), South Africa (Heritage et al., 2004).
Response in these channel types is largely controlled by dif-
ferent magnitude flood events; alluvium and vegetation is
stripped from the bedrock template during large or extreme
events, and intervening building phases with lower magni-
tude floods allow sediment accumulation and vegetation es-
tablishment through plant succession (van Niekerk et al.,
1999; Rountree et al., 2000). In van Niekerk et al.’s (1999)
conceptual model, during building phases, flood deposition
occurs preferentially on topographic highs on the stripped
bedrock template, initiating sedimentation and vegetation es-
tablishment, while topographic lows remain relatively sedi-
ment free. To date, there has been little empirical evidence

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

Jalem aoeIns ul senssi Jodsuel] Juawipas pue Alenb uaiepp



52 D. Milan et al.: Morphodynamic simulation of sediment deposition patterns

available to enable examination of the assumptions underly-
ing this conceptual model. Stripping events tend to be rare,
and obtaining field data on sedimentation can be difficult due
to the presence of dangerous animals, dense vegetation and
the large scale of the channels. Using morphodynamic mod-
elling and field observations, this paper investigates the pro-
cesses driving alluviation and bar/island development over
a bedrock template, examining in particular the influence of
topography on hydraulics and depositional loci.

2 Study site

The Olifants River is located in the southern and central part
of the KNP in the Mpumalanga and Limpopo provinces of
north-eastern South Africa (Fig. 1). The 54 570 km? Olifants
catchment covers part of the Highveld Plateau (~2000-
1500 m a.s.1.), the Drakensberg Escarpment, and the Lowveld
(~400-250ma.s.l.). Rainfall is greater in the highlands
(~2000mmyr—!) and declines rapidly eastwards towards
the South Africa—-Mozambique border (~ 450 mm yr~!). Al-
though water abstractions have altered the low flows (typi-
cally <50 m3 s’l), flood flows are unaffected, and the river
remains unimpacted by engineering structures or other hu-
man activities over considerable lengths within the KNP.
Thus, the river provides excellent, near-pristine sites for in-
vestigating dryland, bedrock-influenced channel dynamics.

The Olifants River in the KNP is characterised by a
bedrock macrochannel up to ~500m wide that is incised
10-20m into the Lowveld. Outside of the macrochannel,
floods have a very infrequent and limited influence. The river
is characterised by a high degree of bedrock influence, but
the bedrock may be buried by alluvial sediments of vary-
ing thickness. The diverse underlying geology (principally
basalt, with some tonalitic gneiss) results in frequent, abrupt
changes in macrochannel slope and associated sediment de-
position patterns, creating diverse channel types that include
alluvial single-thread and braided channels, and bedrock
anastomosed and pool-rapid channels (van Niekerk et al.,
1995; Milan et al., 2017).

A large cyclone-driven flood event occurred in January
2012, resulting in an estimated peak discharge of between
14407 to 16772 m3s~! (Heritage et al., 2017). This flood
led to extensive stripping of alluvium from the channels to
reveal the underlying bedrock template. Our study focused
on a 4km length of stripped bedrock anastomosed channel
(Fig. 1c) as this provided an opportunity to examine the pro-
cesses responsible for the initiation of deposition over the
stripped bedrock following the flood.

3 Methods
Aerial LiDAR and orthophotography was obtained on 30

May 2012 for a 50km reach of the lower Olifants in the
KNP. Southern Mapping Geospatial surveyed the river us-

Proc. IAHS, 377, 51-56, 2018

—p— )
0 500 1000 ( c )

Figure 1. Olifants River catchment; (a) catchment map, (b) loca-
tion in South Africa, (¢) aerial photograph (May 2012) of reach in
the Kruger National Park used for simulation.

ing an Opetch Orion 206 LiDAR, and a Rollei AIC with a
60 mega-pixel P65+ Phase One digital CCD, flown from a
Cessna 206 at 1100 m altitude. To allow 2-D morphodynamic
modelling, the LiDAR was degraded to 5 m resolution, which
is typically smaller than the width of the anabranches through
the bedrock. A field visit was also conducted in May 2012 to
gather evidence of processes influencing fine sediment depo-
sition and reworking along the river.

2-D flow and sediment transport modelling was under-
taken to investigate hydraulic and sediment transport pro-
cesses more closely for the study reach using the 2012 Li-
DAR data. We used the CAESAR Lisflood morphodynamic
code (Coulthard et al., 2013), with a 14 day flow time se-
ries (Fig. 2a) that included two hydrograph peaks (4500 and
2000 m? s~1), sufficient to fully submerge bedrock highs in
the channel. The model was run on the bare earth 5m DEM
with a Mannings “n” of 0.04, and was set to recirculate any
eroded sediment. For alluvial channels, bedrock is typically
at an elevation lower than the surface elevation, but here the
bedrock was set to the level of the surface to produce a re-
sistant macrochannel template. A slug of sand-size sediment
(D50 = 1.4mm) was introduced from upstream with a feed
rate of between 2 x 10° and 90 x 10° m® h~! to reflect the fact
that flows along the river are generally transport- rather than
supply-limited. The aim was to investigate stage-dependent
hydraulics and patterns of erosion and deposition relative
to the bedrock template. Emphasis was placed on mapping
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Figure 2. CAESAR-Lisflood simulations: (a) Discharge time-
series with 4500 and 200m3s~! flows highlighted; (b) depth-
averaged velocity patterns, (¢) spatial patterns of deposition as a
sediment slug (orange shading) is dispersed through the model do-
main.

depositional loci and identifying their topographic and hy-
draulic controls. For each 5m pixel on the DEM, compar-
isons were made between the detrended bedrock template el-
evations and: (1) sediment thicknesses deposited at the end
of the model run; (2) velocities for a high (4500 m3s~!) and
low (200 m3 s~1) discharge.
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Figure 3. Sediment thicknesses for each 5m pixel of study reach
versus detrended bed elevation.

4 Results

4.1 Spatial patterns of deposition and channel
development

Three snapshots taken over the 14 day duration of the simu-
lation are shown in Fig. 2b—c. Early in the simulation, flow
is running predominantly over the bedrock template, and for
the lower discharges is controlled by the anastomosed chan-
nel network etched into the bedrock. Gradually, the sediment
that is fed into the model is distributed downstream, most
markedly following the peak discharge of 4500 m> s~!. After
13 days, the upstream most 800 m of the reach is fully allu-
vial, and a braided channel network is evident, largely inde-
pendent of the anabranches in the bedrock beneath (Fig. 2c;
13 days). Although it is likely that the model run time was
insufficient to fully disperse the slug supplied to the reach,
field observations show that this channel type is becoming
more common on the river and these results suggest that su-
perficial braiding will persist in the short to medium term.
Farther downstream, patches of sediment clearly accumulate
as lobate barforms (Fig. 2c; 13 days); field observations show
that such features are indeed present along the river and are
becoming colonised by Phragmites spp.

4.2 Simulated sediment thicknesses

Sediment thicknesses for each 5 m pixel of a detrended raster
DEM covering the barforms and exposed bedrock areas
were extracted. To identify the association between sediment
thickness and topography, the bedrock template DEM was
detrended to remove any downstream slope trend. Detrended
elevations for each 5 m pixel were then retrieved for the same
loci as the sediment thicknesses.

The resultant plot (Fig. 3) clearly shows greater sediment
accumulation in areas of negative bed topography i.e. topo-
graphic lows. The sediment thickness data therefore appear
to suggest that these barforms are initiated by the infilling of
bedrock topographic lows.
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Figure 4. Velocity data taken from the same 5 m pixels as the sediment thickness data (Fig. 3): for low discharge (red: 200 m3s~1), and high

discharge (black: 4500 m3 s~ 1).

4.3 Topographic controls on velocity patterns

To explore the controls of topography upon flow hydraulics,
depth averaged velocities for the same 5 m pixels used to de-
rive the sediment thickness data were extracted for a com-
petent but relatively low flow discharge of 200m>s~! and
a high flow of 4500 m>s~!. These discharges are represen-
tative of the typical range of floods that occur on decadal
timescales, during which net sedimentation (as opposed to
net erosion) occurs. The relationship between topography
and simulated depth-averaged velocities was investigated for
these different flow conditions (Fig. 4). During the high
flow (4500m3s~!), topographic highs are only just sub-
merged and have the lowest velocity (<1ms™!), which is
likely to promote deposition of fine sediment. The high-
est velocities (2-3 ms™!) are found for intermediate eleva-
tion zones; these areas are least likely to accumulate sedi-
ment but probably facilitate sediment supply to lower eleva-
tion zones downstream. Topographic lows also have moder-
ate velocities (~2ms~!), which are capable of entraining
sand and even gravel clasts if available, so are not likely
to accumulate fine sediment during peak flows. For the low
flow (200m>s~1), topographic highs are exposed, with no
flow occurring over these areas (Fig. 4). Velocity reductions
are dramatic as discharge falls, most notably in lower topo-
graphic zones (Fig. 4), which promotes rapid deposition of
fines and infilling of bedrock hollows. The intermediate el-
evation zones are submerged at low flow and have a similar
velocity range to lower elevation areas. Most of the flow is
concentrated into the topographic lows, however, where sed-
iment is likely to be routed and reworked, but with deposition
occurring in lower energy areas.
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5 Discussion

Heritage et al. (2014) have presented OSL dates for the KNP
rivers that suggest extensive flood-related stripping events
tend to occur on centennial timescales. In between these
extreme flood events, sediment builds up over the stripped
bedrock template during lower magnitude flows. Our mod-
elling and field observations indicate that during these lower
magnitude flows, sediment is initially deposited rapidly as
flood discharge falls (Fig. 5a), predominantly in topographic
lows (Fig. 5b) where some sediment may be sheltered from
erosion in subsequent floods. These findings represent a re-
finement to van Niekerk et al.’s (1999) more generalised con-
ceptual model that assumed near-uniform, ubiquitous sed-
imentation over bedrock highs, and are supported by the
flume investigations of Hodge and Hoey (2016). An addi-
tional field observation is that fine sediment (e.g. silt) that
is deposited away from the low flow channel network may
be eroded by rainfall, and reworked into topographic lows
(Fig. 5c). This augments the flood deposits and helps pro-
mote colonisation by early successional vegetation such as
Phragmites mauritianus.

Once vegetation establishes, then the sediment unit is
strengthened owing to the development of root structures.
Vegetation also helps to trap sediment and propagules sup-
plied from upstream, encouraging further alluviation and
plant growth. For instance, growth of Breonadia salacina
in bedrock discontinuities and later successional Combretum
spp. and Syzgium guineense enables the capture of organic
material during floods and provides potential for further veg-
etation development from these nuclei. Sediment thicknesses
are likely to develop further in what were originally bedrock
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Figure 5. Sediment deposition patterns on the Olifants River in the
Kruger National Park: (a) post-flood peak silt drapes (flow direction
from left to right); (b) sand accumulation in topographic lows (flow
direction from top to bottom); (¢) sand deposition in topographic
lows and areas in the lee of bedrock outcrop (flow direction from
right to left). Silt deposition is also evident in the lee of the outcrop
(see foreground), and in the stoss side hollow, possibly owing to
reworking from the topographic high by rainfall.

topographic lows, eventually leading to bedrock core bars
and islands, with the alluviated high loci situated over the
bedrock topographic low loci. In this way, many of the
bedrock low points have the thickest and wettest substrate for
plant development, and are less susceptible to complete strip-
ping during large floods. Field observations based on “be-
fore” and “after” comparisons of extreme floods (Milan et al.,
2017) show that many topographic highs have a tendency to
be stripped during flood events capable of submerging these
areas. We intend to further test these hypotheses through run-
ning more simulations on other sites with different channel
types, and also using repeat LiDAR data for sites that were
stripped in the 2012 event.

6 Conclusions

1. Barforms are initiated by sediment deposition that oc-
curs over preferentially in bedrock topographic lows.
These lows display mid-range velocities during the peak
of high flow events, but tend to be preferential routing
zones for sediment, with deposition occurring in low en-
ergy areas on the falling limb of floods;

proc-iahs.net/377/51/2018/

2. Although some initial deposition of fine sediment can
occur on topographic highs following floods, some may
be reworked into topographic lows by rainfall;

3. Vegetation development is likely to be fundamental to
subsequent barform and island growth as it increases the
cohesive strength of sediment and captures additional
sediment and propagules, but this needs to be tested by
additional modelling work.
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Abstract. Sediment delivery into water sources and bodies results in the reduction of water quantity and quality,
increasing costs of water purification whilst reducing the available water for various other uses. The paper gives
an analysis of sedimentation in one of Zimbabwe’s seven rivers, the Mazowe Catchment, and its impact on
water quality. The Revised Universal Soil Loss Equation (RUSLE) model was used to compute soil lost from
the catchment as a result of soil erosion. The model was used in conjunction with GIS remotely sensed data and
limited ground observations. The estimated annual soil loss in the catchment indicates soil loss ranging from
0 to 65thayr—!. Bathymetric survey at Chimhanda Dam showed that the capacity of the dam had reduced by
39 % as a result of sedimentation and the annual sediment deposition into Chimhanda Dam was estimated to
be 330t with a specific yield of 226 tkm—2 yr~!. Relationship between selected water quality parameters, TSS,
DO, NO3s, pH, TDS, turbidity and sediment yield for selected water sampling points and Chimhanda Dam was
analyzed. It was established that there is a strong positive relationship between the sediment yield and the water
quality parameters. Sediment yield showed high positive correlation with turbidity (0.63) and TDS (0.64). Water
quality data from Chimhanda treatment plant water works revealed that the quality of water is deteriorating as a
result of increase in sediment accumulation in the dam. The study concluded that sedimentation can affect the
water quality of water sources.

1 Introduction of the rivers have statistically a significantly downward flow
trend due to sedimentation (Walling and Fang, 2003). Sumi
and Hirose (2009) reported that the global reservoir gross

Sedimentation is a process whereby soil particles are eroded
storage capacity is about 6000 km> and annual reservoir sedi-

and transported by flowing water or other transporting me-

dia and deposited as layers of solid particles in water bod-
ies such as reservoirs and rivers. It is a complex process that
varies with watershed sediment yield, rate of transportation
and mode of deposition (Ezugwu, 2013). Sediment deposi-
tion reduces the storage capacity and life span of reservoirs
as well as river flows (Eroglu et al., 2010).

Sedimentation continues to be one of the most important
threats to river eco-systems around the world. A study was
done on the world’s 145 major rivers with consistency long
term sediment records and the results show that about 50 %

mentation rates are about 31 km> (0.52 %). This suggests that
at this sedimentation rate, the global reservoir storage capac-
ity will be reduced to 50 % by year 2100.

Studies on some dams in Zimbabwe show that reservoir
capacities are being affected by sedimentation (Sawunyama
et al., 2006; Dalu et al., 2013; Chitata et al., 2014).

Water is vital for all anthropogenic activities. Water bodies
have been contaminated with various pollutants due to direct
or indirect interference of men causing an adverse impact on
human health and aquatic life (Lawson, 2011). The quality of
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water is getting vastly deteriorated due to improper land man-
agement and carelessness to the environment. Off late sedi-
ment transport in the water bodies has proved to be one of the
major contributors to poor water quality. Due to land degra-
dation and sheet erosion, the top soil is carried into the water
bodies resulting in excess levels of turbidity. Silt and clay
particles are primary carriers of adsorbed chemicals such as
nitrogen and phosphorus.

This study uses the Mazowe Catchment area as a case
study in analyzing river and reservoir sedimentation and its
impact on water quality. Sedimentation in the rivers and
reservoirs within the Mazowe Catchment area has become
a major challenge for the policy makers as well as the water
managers.

1.1 Study area

Mazowe Catchment is one of the seven water management
catchments in Zimbabwe. It lies between 16.470° S (lati-
tude) and 18.240° S (latitude) and between 30.680° E (lon-
gitude) and 33.000° E (longitude). The catchment has a total
area of 38 005 km? and is in the northern part of the country.
There are 30 major dams built along the main river and some
of the tributaries. There are 13 functional gauging stations
within the catchment. The catchment is composed of twenty-
four (24) hydrological sub-zones. Rainfall for the Catchment
averages 500 mm to 1200 mm yr~! while the mean annual
runoff is 131 mm with a coefficient of variation (CV) of
126 % (Zinwa, 2009). There are 17 water quality monitor-
ing sampling points within the catchment. Six (6) sampling
water points were selected for the study, these points were se-
lected basing on the continuity of the available data meaning
to say the points had less missing gaps.

Chimhanda Dam, in Lower Mazowe Sub-Catchment, was
chosen for the assessment of the levels of sedimentation in
resevoirs. Chimhanda Dam is located on the confluence of
Runwa and Mwera Rivers, which are tributaries of Mazowe
River. The dam is located in hydrological sub zone, DM1
with latitude 16°40’, and longitude 32°06’. The dam was
completed in 1988 with a design capacity of 5.2 x 10 m?
and covering a catchment area of 68.7km?, which mainly
consists of communal lands.

2 Materials and methods

2.1 Data collection

Remote sensing images of the study area were downloaded
from Landsat TM 4-5, LandSat LE7 and LandSat 8 scene
from the website (https://glovis.usgs.gov/) for paths 168—170
and rows 71-73 for the period, 2000, 2005, 2008 and 2014.
The study period was selected basing on the major changes
in land use and land cover as a result of the Zimbabwe land
reform programme which started in year 2000 and peaking
during year 2003. The composite map was obtained by glu-
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Figure 1. Mazowe Catchment and location of Chimhanda Dam.

ing and merging the tiles from the different scenes which
was performed using Integrated Land and Water Information
System (ILWIS) software. Normalized Differences Vegeta-
tion Index (NDVI) was extracted from the images and this
was used to calculate the cover and management practice fac-
tor (C factor). SRTM DEM of 90m resolution was obtained
from Earth Explorer website (http://EarthExplorer.com). The
DEM was used to calculate the slope length and slope steep-
ness factor (LS factor). The erodibility factor was obtained
from the soil map of Zimbabwe that was downloaded from
website (www.fao.org/geonetwork. Rainfall data was ob-
tained from the Zimbabwe Meteorological Services Depart-
ment and was used to come up with the erosivity factor. The
grab sample method was used to obtain samples for sediment
loads from the flow gauges for the 2014/2015 rainfall season.
Historical data for sediment loads from flow gauging stations
were obtained from the Zimbabwe National Water Author-
ity (ZINWA). Historical water quality data for selected water
quality monitoring stations was obtained from Environmen-
tal Management Agency (EMA).

Siltation historical data for selected reservoirs within the
catchment was obtained from ZINWA. A bathymetric survey
was done to assess the level of sedimentation of Chimhanda
dam which lies within the Mazowe Catchment.

proc-iahs.net/377/57/2018/


https://glovis.usgs.gov/
http://EarthExplorer.com
www.fao.org/geonetwork

C. Tundu et al.: Sedimentation and Its Impacts/Effects on River System and Reservoir Water Quality 59

2.2 Calculation of RUSLE Factors

The Revised Universal Soil Erosion (RUSLE) model was
used in this study to calculate the soil that was lost from the
catchment. The model predicted the long term annual loss
from the basin and is given by Eq. (1; Renard et al., 1997):

A=RxK xLSxCx P )]

where: A =annual soil loss (thayr’]); R =rain erosiv-
ity factor (MImmha~!'h~!); K =soil erodibility factor
(thahMJ~'mm™'); LS=slope length and slope steep-
ness length (m); C =land cover and crop management;
P = management practice.

2.2.1 Rain Erosivity Factor (R factor)

Rainfall data was processed into average annual rainfall.
Rain erosivity was calculated from the rainfall point map us-
ing Eq. (2; Merritt et al., 2003):

R=385+035x P )

where: R =Rain Erosivity Factor (Joulem™2). P =Mean
Annual Rainfall (mmyr—!).

2.2.2 Soil Erodibility Factor (K factor)

The soil erodibility factor (K Factor) was calculated using
Eq. (3) with the parameters obtained from the soil map (Teh,
2011).

_(1.0x107*(12— OM!1* +45(F —3)+3.0(P —2))
- 100

K (3)
where K = Soil Erodibility; M =(% fine sand +%fine
sand)] x (100—%clay) O =% of organic matter; F = Soil
Structure; P = Permeability.

2.2.3 Land Cover and Crop Management Factor (C
factor)

The C factor was calculated using the Normalized Differ-
ence Vegetation Index (NDVI), which is a tool for assessing
changes in vegetation cover (Pettorelli et al., 2005; Gusso et
al., 2014). NDVI was calculated from the bands using Eq. (4;
Deering, 1992).

_ (NIR — Red)

NDVI=-— '
(NIR + Red)

4)
where NIR =band 3 for landSat images 1 to 7 and band 4
for landSat 8. Red = band 4 for landSat 1 to 7 and band 5 for
landSat 8.

The calculated NDVI was then used to calculate the C fac-
tor from Eq. (5)

C factor map = 12708 x NDVI+ 02585 (®)]
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2.2.4 Management Practice Factor (P Factor)

The P factor reflects the control of conservation methods on
soil loss. P values range from 0.01 to 1, with the value 0.01
being given to areas of maximum conservation support and
the value 1 being given to areas with minimal or no con-
servation practices (Renard et al., 1997). The P values were
derived from the land use map of the study area. Different
values were assigned to each type of land use as guided by
literature and the P factor map was produced (Jang et al.,
1996).

2.3 Quantifying the sediment yield in the Catchment

The estimated soil loss was calculated from Eq. (6).
A=RxKxLSxCxP (6)

where A = Average Soil Loss (thayr~!); R = R factor map;
K = K factor map; LS =LS factor map; C = C factor map;
P = P factor.

Soil loss from the catchment cannot be taken as sediment
contribution to a river flow system since it does not account
for deposition that occurs along the path (de Vente et al.,
2011). Therefore the estimated soil loss was multiplied by the
sediment delivery ratio (SDR) to obtain the sediment yield of
the catchment. Sediment delivery ratios represent the fraction
of the total soil loss that is washed into rivers and was calcu-
lated from using Eq. (7; USDA, 1972).

SDR = 05656CA 11 7

where SDR = Sediment Delivery Ratio; CA = Watershed
Area, km?.

After determination of the sediment delivery ratio, the av-
erage sediment yield was determined using Eq. (8), by Wis-
chmeier and Smith (1978)

SR =SDR x A (¥

where: SR = Sediment yield (tha yr‘l); SDR = Sediment
delivery ratio; A = Average soil loss (thayr™').

2.4 Sediment yield from field measurements

Seven out of the thirteen functional ZINWA gauging sta-
tions were selected for collection of sediment concentration
samples, (Fig. 2). Water samples were collected from vari-
ous flow gauging stations for the period November 2014 to
March 2015 using grab sampling method. An average of 20
samples was collected from each gauging station. The sam-
ples were analyzed in a laboratory using the weighing and fil-
tration method inorder to determine the sediment concentra-
tion in mgL~!. The sediment load was determined by mul-
tiplying the sediment load at a particular gauge by the area
of influence.
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Figure 2. Gauges in the catchment and areas of influence.

2.5 Assessing the current sedimentation levels of
Chimhanda Dam

A bathymetric survey was carried out at Chimhanda dam to
determine the siltation level of the dam. The survey was con-
ducted using a SonTek River Surveyor system and a theodo-
lite to come up with a basin survey map. The plotted map was
digitized to get the surface area between contours. The area
was then multiplied by the contour interval to get the volume
of each contour using Simpson’s formula.

A1+ (A x A2+ Ay

Veontour = 3 (9)

where Veonour = contour Volume (m3); A; = Area; (m?);
Ar = Areap (mz).

The calculated volumes for each contour were accumu-
lated to get the new capacity of the dam.

2.6 Water quality trend from sedimentation

Water quality historical data from six selected water sam-
pling points were obtained from the Environmental Manage-
ment Agency records. The points were selected basing on
the consistency of the data and less gaps. The trend for the
selected water quality parameters, TSS, DO, NOs, pH, TDS
and turbidity for the corresponding predicted sediment yield
years were analysed. The water quality parameters were
compared with the Environmental Management Agency, Ef-
fluent and Solid Waste Disposal Regulations Statutory Instru-
ment number 6 of 2007 (EMA, 2007) shown on Table 1. Wa-
ter quality data for Chimhanda water supply treatment plant
from the Zimbabwe National Water Authority was also re-
lated to the change in level of sedimentation of Chimhanda
Dam.
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2.7 Investigation the relationship between
sedimentation and water quality

Selected water quality parameters were correlated with the
corresponding sediment yield to determine the relationship
between sediment yield and water quality. Pearson Correla-
tion was used to estimate the strength of relationship between
sediment yield and some physical water quality.

3 Results and discussions

3.1 Results of the RUSLE factors

The erosivity map (R factor) depicts rainfall energy in
the various areas within the catchment. The rainfall ero-
sivity ranges between 200 and 500 (MJmmha~'h~!yr).
A greater part of the catchment is averaging a rainfall
erosivity value of 276 MImmha~! h~! yr. Highest rainfall
erosivity values are in the Kairezi sub-catchment of the
study area. Erodability (K factor) values range from 0O to
0.5tha~'yr~!MJ~! mm™!. Some parts in the south west of
the catchment have high values of erodibility, the highest
K value is dominated by very fine sand with silt particles
which give rise to higher soil erodibility (Kamaludin et al.,
2013). Highest slope length steepness (LS) values of 16 m
were found in the eastern part of the catchment. The north-
ern part of the catchment experiences average LS values of
7m.

Cover Management and Practice (C factor) ranges from
—1 to 1. The C factor is depicted by NDVI which is a func-
tion of photosynthesis. The C factor is high in the east-
ern highlands area, some parts of Kairezi sub-catchment
and along the Mufurudzi area. This is possible because the
Kairezi area experiences high rainfall while Mufurudzi be-
ing a game park, has more vegetation. High C values were
observed with high vegetation cover (Pettorelli et al., 2005).
The P value of 1 was observed in Lower Mazowe and Upper
Rwenya subcatchment areas respectively. Areas like Mufu-
rudzi and parts of Kairezi experienced an average P value of
0.8.

3.2 Soil loss from the catchment

The average annual soil loss for the different years are shown
on Fig. 3 and the temporal variation of actual soil loss is tab-
ulated on Table 2.

The estimated soil loss from the catchment ranges from
0 to 203thayr~!. The estimated average soil loss is
54thayr~'. The highest soil loss is being experienced in
Middle Mazowe and Nyagui sub-catchments. High soil loss
in Middle Mazowe sub-catchment can be associated with
high gold panning activities in the Mazowe valley whilst in
Nyagui sub-catchment, this can be associated with high crop
farming activities in the area. When the soil is made loose,
its structure is altered hence increase in erodibility.
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Table 1. Effluent and solid waste disposal regulations.

BANDS
PARAMETER Blue Green Yellow Red Test
Methods
Sensitive  Normal

DO % saturation >75 >60 >50 >30 >15 SAZS 573
Nitrates NO3 mg L~} <10 <10 <20 <30 <50

PH 6.0-7.5 6.0-9.0 | 5-6,9-10 4-5,10-12 0-4,12-14 SAZS 483
TDS <100 <500 <1500 <2000 <3000 SAZS 576,
Turbidity (NTU) <5 <5 SAZS 478
TSS mg L-! <10 <25 <50 <100 <150 SAZS 478

Average sol lnss 200

Figure 3. Estimated Average Soil Loss for 2000, 2005 2008, and
2014.

The average soil loss value of 54 thayr~! concurred with

other studies that were carried out in the country. Whit-
low (1986) found that 76t of soil is lost per hectare per
year through soil erosion in most parts of the country. An-
other study by Mutowo and Chikodzi (2013) “Erosion haz-
ards mapping in the Runde Catchment”, concluded that most
of the areas in the catchment fall in the category range of 0—
50thayr~!. Makwara and Gamira (2012) reported that the
most serious type of erosion being sheet erosion, is estimated
to remove an average 50 thayr~! from Zimbabwe’s commu-
nal lands.

There is no uniform trend in the soil loss over the study pe-
riod. In year 2000, the soil loss was 54thayr~!. The increase
of soil loss in 2005 from the 2000 figure can be explained by
the land reform programme which started in year 2000 and
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Table 2. Temporal Variation of Estimated Soil Loss.

Year Average Soil

Loss (tha yr_1 )
2000 54
2005 65
2008 36
2014 62

was at its peak around 2003. There was a lot of deforesta-
tion as new farmers were clearing land for agricultural pur-
poses (Mambo and Archer, 2007). Some areas which were
meant for animal rearing and forest were also converted to
crop agricultural areas. In 2008 the soil loss rate decreased
to 36 thayr~!. The reduction can be attributed to a number
of factors. Year 2008 experienced low erosivity as a result
of low rainfall, which could also lead to low annual soil loss.
The economy of Zimbabwe was almost at a stand-still during
the period 2007 to 2009, with an inflation rate record of over
231 million percent in July 2008 (Hanke and Kwok, 2009).
As a result there was less farming activities during that pe-
riod.

The soil loss rate almost doubled in year 2014 as compared
to 2008. This can be explained by the increase in the number
of small scale gold miners in the catchment and alluvial gold
panning in streams and rivers. Mining within the catchment
is not only limited to the river beds and banks, miners are
also targeting the inland areas of the catchment such as the
Mazowe Valley and Mufurudzi Game Park and as a result,
soil erodibility is also increasing. Increase in rate of unem-
ployment caused by low capital investment and continuing
closure of industries in Zimbabwe has resulted in the pop-
ulation resorting to other sources of income such as illegal
gold mining and alluvial gold panning. A study that was car-
ried out in the Lower Manyame sub — catchment along Dande
River, on the analysis of the implications of cross- sectional
coordination of the management of gold panning activities

Proc. IAHS, 377, 57-66, 2018




62 C. Tundu et al.: Sedimentation and Its Impacts/Effects on River System and Reservoir Water Quality

Table 3. Measured sediment Load from flow gauges for the period December 2014 to March 2015.

Silt Gauge = Name or River Area of Sediment Load

Influence (km?)  load (tkm~2) ()
D75 Mazowe 20380 1.4 28536
D50 Nyamasanga 13 0.24 3
D42 Mupfurudzi 163 1.92  313.56
D41 Mazowe 3300 0.86 2836
D6 Shavanhowe 1166 0.51 589.65
D58 Nyagui 98.3 2425 14293
D48 Mwenje 399 0.36 334

Table 4. Summarized Results from the silt survey.

1988 2003 2015

Capacity at FSL (x 106 m3) 52 3470 3.194
Loss Of Storage (%) 0 333 38.6
Dam Surface Area (Ha) 93.00 74.00 64.04

and its impacts (Zwane et al., 2006), identified river bed gold
panning activities as a cause of degradation of river chan-
nels and banks as well as accelerated erosion and siltation in
many areas of Zimbabwe.

3.2.1 Sediment Yield

Figure 4 shows the sediment yield distribution map. Sed-
iment yield ranges from less than 1thayr~! to a maxi-
mum of 24.5thayr~! with an average value of 6.04 thayr~!
over the catchment area. The highest sediment yield is in
the Middle Mazowe sub catchment area with an average
of 6.72thayr~! and a maximum of 24.5thayr~'. The high
value can be associated with high gold panning activities in
the Mazowe valley. The lowest value is in the Lower Ruya
sub-catchment with an average of 4thayr~!. The results
are almost in line with a study by Rooseboom and Engi-
neers (1992) that estimated the average sediment yield in the
nine defined sediment regions in Southern Africa to vary be-
tween 30 and 330thayr~! with an average of 15thayr—!.
A study which was also carried out in the catchment area
of Pahang River basin in Malasyia gave a sediment yield
ranging from 0—13.79 thayr~! (Kamaludin et al., 2013). The
total sediment yield for the catchment was calculated to be
6.3 million tyr—!.

3.2.2 Measured Sediment Loads

Results from the measured sediment loads were highest at
D75 which is along Mazowe River, in the Zambezi valley.
D41, located in Middle Mazowe sub catchment recorded a
relatively high sediment load of 2836 t. D58 and D6 are both
in Nyagui Sub-catchment recorded 142.93 and 589.65t re-
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Figure 4. Sediment Yield within the Catchment.

Table 5. Results for the correlation between sediment yield and wa-
ter quality parameters.

Sediment Ave  Average

Turbidity TSS

Sediment  Pearson Correlation 1 .634 .647
Sig. (2-tailed) .366 353

N 28 28

spectively. D50, which is in Upper Mazowe sub catchment,
recorded a low figure of 3 t. The results are concurring with
those from RUSLE model, where high sediment yields were
recorded from Middle Mazowe and Nyagui sub catchments
respectively.

3.3 Sedimentation in Chimhanda Dam from Bathymetric
Survey

Table 4 summarizes the results of the silt survey for
Chimhanda Dam.

The capacity of the dam decreased from the original
5.200 x 10° to 3.470 x 10° and 3.194 x 10°m> in years
2003 and 2015 respectively. There was 33.3 % loss in stor-
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Figure 5. Chimhanda Dam Capacity comparison over the years.

age up to 2003 and a storage loss of 38.6 % up to 2015 in
reference to the design capacity. Figure 5 shows reservoir ca-
pacity changes over the years.

Results from the 10 samples of river inflows collected
gave an average sediment concentration of 39 mg L~!. There
was a decrease in trend in the sediment concentration as
the rainfall season was progressing. The sediment accumu-
lation in the reservoir was found to be 330t yr~! and the spe-
cific sediment yield was 226 tkm~2 yr~!. The usefulness of
Chimhanda Dam has reduced from the initial design life of
50 to 37 years. A study by Godwin et al. (2011) on Chesa
Causeway Weir in the same catchment gave a specific yield
of 510tkm?yr~!. The usefulness of the dam was reduced
from the initial design life of 50 to 25 years.

Generally the results support the existing literature that
most of the small to medium dams are being affected by
high rates of sedimentation in Zimbabwe (Sawunyama et al.,
2006; Godwin et al., 2011; Dalu et al., 2013; Chitata et al.,
2014).

3.4 Water Quality Trend from Sedimentation

Figures 6 to 10 show the results for the historically measured
water parameters for the years 2000, 2008, 2010 and 2014.

3.4.1 Turbidity

Results for the years did not meet the permissible turbid-
ity of SNTU. The highest turbidity values were recorded
in 2000 and 2005 respectively. High values in 2005 corre-
sponds to the high soil loss of 65 thayr~! that was recorded
during that particular year. The high values in 2000 can be
explained by high rainfalls that were experienced during that
particular year as compared with the other years (Met, 2005).
Low turbidity values were recorded during the year 2008,
the same year recorded the lowest soil loss of 36 thayr—!.
High Turbidity levels are associated with poor water quality,
(Adekunle et al., 2007). WHO (2008) highligted that high
turbidity waters can facilitate the formation of nuclei, where
gastrointestinal disease pathogens can attach. If that water
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Figure 6. Turbidity variation among sampling points.

140 .
Total suspended solid
120 Sampling point
i Drl
100
DR 42
_, 80  DR20
=
E 0 W DR19
m DR18
40
i DR12
20 —
0 l_-J- = EMA limit
2000 2005 2008 2014
Year

Figure 7. Total Suspended Solids variation among sampling points.

is consumed improperly treated, it can cause diseases. High
turbidity leves also render the treatment of water expensive.

3.4.2 Total Suspended Solids

2008 values were below the recommended limit of
15mgL~" as shown on Fig. 7. High values were recorded
during year 2000, 2005 and 2014. The high values are in
agreement with the high soil loss that were recorded in those
particular years. Total suspended solids are closely related
to sedimentation (Chapman, 1996). When these suspended
particles settles at the bottom of a water body they become
sediments. Suspended solids consist of inorganic and organic
fractions. Part of the organic fractions is bacterial and that
might be detrimental to human health if the water is con-
sumed without adequate treatment (Hoko, 2008).

3.4.3 Dissolved Oxygen (DO)

Dissolved Oxygen was above the lower limit for EMA at all
the stations for all the years. Year 2000 and 2005 recorded
% saturation of 125 and 100 respectively. Oxygen levels can
be higher due to excess aquatic plants in the water which
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Figure 8. Dissolved Oxygen variation among sampling points.
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Figure 9. Nitrates variation along sampling points.

produce oxygen. Most living organisms require oxygen for
their basic metabolic processes.

3.4.4 Nitrates (NO3)

Results for nitrates for the years under consideration were all
below the recommended EMA levels of 6 mgL~!. Nitrates
are washed by runoff from agricultural lands into water bod-
ies. High concentration of nitrates in water bodies cause eu-
trophication, resulting in competition for oxygen by aquatic
organisms and high water treatment costs (Dike et al., 2010).

3.45 PH

pH values for all the years were within the normal limits cat-
egory according to EMA upper and lower limits of 6 and
9 units respectively. Year 2005 had one sampling point that
had a value slightly lower than the recommended. Bhadja
and Vaghela (2013) indicated that activities in the water shed
such as increased leaching of soils, soil erosion and heavy
precipitation affects the pH levels downstream. pH levels as
high as 9.0 and as low as 5 affects the life span of aquatic
organisms (Addo et al., 2011). Low pH values do not have
direct effect to human health, but can have indirectly effect
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Figure 10. pH variations along sampling points.

since it causes leaching of metal irons such as copper, zinc
and lead into the water (WHO, 2008).

3.5 Relationship between sedimentation and river water
quality

Pearson correlation was used to determine the relationship
between two water quality parameters and sediment yield.
The parameters are related to sediment yield and these are
turbidity and suspended solids, (Bhadja and Vaghela, 2013).
The results are shown on Table 5.

There is a close positive relationship between turbidity and
sediment yield of 0.63. Total Suspended Solids have a posi-
tive relation of 0.64. The results show that the two water qual-
ity parameters can be indicators of sedimentation. Higher
values of total suspended solids and turbidity indicate higher
values of sediment yield in water bodies.

3.6 Variation in reservoir water quality

The variation in two selected reservoir water quality indica-
tors, turbidity and pH was determined. A significant variation
in turbidity was noted for the years 1988 to 2014 with a p-
value of 0.02, which is less than 0.05. The mean value of tur-
bidity for 1988, 2003 and 2014 are 15.6, 34.4 and 41.7 NTU
respectively. The values show an increasing trend in turbid-
ity which may be as a result of anthropogenic activities oc-
curring upstream of the dam which has resulted in increased
soil erosion hence more sediment on the reservoir. pH results
showed that there is no significant change between 1988 and
2014 (p-value >0.05). This might be because pH is a chemi-
cal parameter that is determined by the type of sediments that
are carried into the river not the sediment load.
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4 Conclusions and recommendations

4.1 Conclusion

The objective of the study was to analyze sedimentation and
its impact on river system and reservoir water quality in Ma-
zowe Catchment, Zimbabwe. The study’s major findings are,

The catchment is generally experiencing moderate soil
loss, however there are some pockets under high and extreme
soil loss which gave rise to siltation and water quality deteri-
oration of available water bodies.

There is reduction in capacity of reservoirs within the
catchment due to sedimentation. Chimhanda Dam capacity
has been reduced by 38.6 % from the initial design capac-
ity as of April 2015, reducing the usefulness of the dam to
37 years from the initial design life of 50 years due to silta-
tion.

Sediment deposition in rivers affects water quality and wa-
ter quality parameters can be used as an indicator for sedi-
mentation.

4.2 Recommendations

In order to curb erosion and sedimentation in rivers and reser-
voirs, there is need to develop and implement an integrated
water resources management plan by all stakeholders.

In order to maintain the lifespan of Chimhanda dam, best
land management practices such as contour ploughing and
re-forestation should be employed around the catchment area
of the Dam and this is an area that could be considered for
further research.
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Résumé. The sedimentary contributions of the Medjerda to the coastal zone are poorly measured, and there
is no chronicle of observations. In this context, the sediment monitoring appears indispensable for the quan-
tification of sediment transport at the outlet. This study focuses on the largest watershed in Tunisia, the Wadi
Medjerda (23 600 km?). The main objective of this work is to assess the reduction of sediment transport follo-
wing anthropogenic intensification on the basin, especially since the construction of many large dams. In order to
collect information on actual deposits over several years, the paleo-hydrological approach was applied through
the study of sediment cores sampled in the low valley meanders on alluvial terraces, after the last dam (Sidi Sa-
lem, the largest water storage capacity over the basin), but before the estuary to avoid marine influence and near a
hydrological station (Jdaida). The sedimentary deposits of the river provide key information on the past sedimen-
tary inputs. A visible succession of sedimentary layers corresponding to the deposits of successive floods on the
study site has been determined and the history of the sedimentary contributions of the Medjerda is reconstructed
by this approach. The thickest layers of sedimentary deposits are related to exceptional events. They are mainly
concentrated on the lower part of the core and are mainly composed of sands. The first 1.2 m of the core from the
bottom upward relates to 10 years of river discharges, as can be determined from the '3’Cs datation. The next
upward 1.05 m of core relates to the following 20 years of discharges, up to 1981, date of the construction of the
Sidi Salem dam, and is composed of a mix of sand, silts and clays. The last 75 cm of core near the surface is only
composed of clays with thin silt bands, and relates to a period of 32 years. We thus observe that there is no more
sand deposits in the river bed since the construction of the Sidi Salem dam. The deficit of sediment supply to the
sea is viewed as a major factor to be taken into account for better understanding of the dynamics of coastal areas
in the context of global climate change.
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1 Introduction

Dans le contexte actuel des changements climatiques, le
suivi du transport sédimentaire dans les rivieres est impor-
tant pour mettre I’accent sur les problemes environnemen-
taux souvent reliés a des changements observés dans le cycle
hydrologique : modification de la distribution des précipita-
tions, du ruissellement et de 1’intensité des extrémes hydro-
logiques (Bates et al., 2008 ; Hungtinton, 2006 ; Labat et
al., 2004 ; Solomon, 2007). Le suivi du transport sédimen-
taire permet également d’évaluer et de quantifier les trans-
ferts de matieres des continents vers les océans. Cependant,
le probléme du nombre réduit de données relatives aux trans-
ports solides a toujours freiné les investigations. Les me-
sures de transport solide effectuées en Tunisie et les études
ponctuelles détaillées restent insuffisantes pour traiter ce su-
jet (Ghorbel et Claude, 1982). Le défi consiste donc a utiliser
des méthodes de mesures simples pour combler le manque de
connaissances. La présente étude s’intéresse au fleuve Med-
jerda en Tunisie, afin d’étudier en détail I’évolution des trans-
ports solides a I’exutoire de son bassin versant. L’ Oued Med-
jerda est devenu un fleuve presque totalement contrdlé depuis
I’intensification des aménagements sur le bassin au début du
XXeme siecle, pour atténuer les effets des crues dans la basse
vallée tres intensément exploitée. Le transport de maticres
solides a été considérablement réduit dans sa basse vallée,
en particulier depuis I’ouverture du barrage Sidi Salem sur le
cours principal de la Medjerda, en 1981, responsable d’une
modification majeure du régime hydrologique du fleuve en
aval (Zahar et al., 2008). L’alluvionnement des retenues des
aménagements constitue un probléme récent et majeur (Ben
Mamou et Louati, 2007). Or, I’histoire des apports sédimen-
taires dans cette zone d’étude n’est pas connue, ce qui en-
traine deux difficultés :

— comment évaluer I’apport solide a la mer si I’histoire
des apports sédimentaires n’est pas connue ?

— comment identifier les différents facteurs controlant
I’apport sédimentaire par la Medjerda ?

La paléohydrologie peut en partie répondre a ces questions.
On tentera dans ce cas d’établir un historique de la sédimen-
tation dans le bief aval du fleuve Medjerda, avant la mer, et
de relier cet historique avec I’histoire des débits, 1’évolution
climatique et la construction des aménagements. La paléohy-
drologie est la reconstruction de I’ampleur et de la fréquence
des inondations récentes et passées en utilisant des archives
sédimentaires (Baker et al., 2002). Notre travail va se concen-
trer principalement sur la Medjerda, pres de la station hydro-
logique de Jdaida située dans la basse vallée mais suffisam-
ment loin de la mer pour ne pas étre impactée par la marée,
zone d’étude pour laquelle il existe une quantité importante
de données historiques, particulierement sur les débits des
70 dernieres années. Notre approche consiste a prélever des
carottes de sédiment dans un méandre ou les dépdts sont ré-
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guliers et peu turbulents, afin de récolter des informations
sur les dépots réels sur plusieurs décennies. Nous avons uti-
lisé des techniques d’analyse stratigraphique et de datation
des dépots (137Cs, 219Pb, géochimie) pour évaluer la hauteur
atteinte par les eaux lors de différents évenements d’inon-
dation, et proposer une chronologie des crues de la Med-
jerda. L’analyse pluridisciplinaire de ces archives sédimen-
taires permet de fournir de précieuses informations sur 1’évo-
lution climatique des dernieres décennies, les événements ex-
trémes et enfin sur les effets des actions anthropiques passées
et récentes (Vilanova et al., 2006 ; Selby et Smith, 2007).

2 Matériel et méthode

2.1 Site d’étude du bassin versant de la Medjerda

Le fleuve Medjerda est le plus long de Tunisie, avec 484 km
dont 350 km en Tunisie (Ben Mansoura et al., 2001). Il prend
sa source pres de Souk-Ahras, dans le Constantinois algérien,
puis coule vers I’est avant de se jeter dans la mer Méditerra-
née dans le golfe de Tunis. La Medjerda draine 23 600 km?
dont 7500 km? en Algérie (Habaieb, 1992) (Fig. 1).

Avant de se jeter dans la mer, la Medjerda traverse trois
types de plaines :

— en amont, la haute vallée (du c6té de Ghardimaou) est
constituée de bassins colmatés par des sédiments qua-
ternaires. Le fleuve et ses affluents sont caractérisés par
des méandres encaissés de 8 a 10 m. Ces régions ap-
partiennent a des zones faiblement montagneuses. Les
fortes crues ne débordent qu’exceptionnellement en de-
hors du lit du fleuve (Kotti et al., 2016) ;

— en aval de la retenue de Sidi Salem, de Testour a Jdaida,
dite moyenne vallée de la Medjerda, le fleuve est en-
caissé dans la plaine. L’encaissement repasse a plus de
10m en aval de Laroussia avant de s’atténuer rapide-
ment vers Jdaida. Dans tout ce secteur la plaine est inon-
dable surtout dans la partie centrale. En allant vers la
mer les reliefs de ce bassin s’adoucissent ;

— dans la basse plaine, en aval de Jdaida, commence le
delta. La pente de la Medjerda est encore marquée et
son tracé a fréquemment été modifié, soit naturelle-
ment soit par des travaux (coupure de méandres, ou-
verture de nouvel émissaire. ..). Du point de vue géo-
logique, la Medjerda est occupée par des alluvions qua-
ternaires le plus souvent argilo-sableuses a argilo-sablo-
limoneuses.

La pluviométrie moyenne annuelle dépasse 1000 mm au nord
du bassin versant de la Medjerda et diminue progressivement
vers le sud. Il s’agit d’une pluviométrie souvent concentrée
dans le temps, irréguliere et inégalement répartie sur les dif-
férentes saisons (Kotti et al., 2016). La base des données hy-
drologique provient en grande partie de la Direction Générale
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Figure 1. Localisation des grandes stations hydrométriques et des barrages sur le bassin versant de la Medjerda, et site du carottage.

des Ressources en Eau. Par ailleurs le laboratoire HydroS-
ciences Montpellier (HSM) dispose d’une base de données
pluviométrique importante au pas d’espace du demi-degré
carré, qui propose des valeurs mensuelles de pluie par maille
de 2500 km? sur la période 1940-1999, complétée par des
données nationales (DGRE).

2.2 Régime hydrologique et stratégie de mobilisation
des eaux de surface

Le régime hydrologique est typiquement méditerranéen. Les
contrastes saisonniers sont tres marqués puisque, pendant
1été, le débit d’étiage peut se réduire 2 moins d’ 1 m? s~ tan-
dis que, pendant le reste de I’année, celui d’une crue de pé-
riodicité décennale atteint 1000—1200 m3 s~! (Rodier et al.,
1981). Le régime hydrologique de ce fleuve tres hétérogene a
été régulé par de nombreux ouvrages construits sur son cours
principal ou ses affluents. A partir de 1945, un programme
d’équipement de la Medjerda a été entrepris par la Direction
des Travaux Publics de Tunisie, destiné a mettre en valeur les
ressources encore inutilisées de cette vallée. Ce programme
a permis la construction du barrage régulateur de Mellegue
et la construction du barrage de Beni Metir (Strugo, 1955).
Depuis I’'indépendance de la Tunisie, le programme de déve-
loppement du bassin de la Medjerda a été poursuivi grace
a la réalisation de plusieurs ouvrages : Lakhmes (1966),
Kasseb (1968), Bouhertma (1976), Siliana (1987), Sidi Sa-
lem (1981) et R’Mil (1999). En Algérie, un seul grand bar-
rage a été identifié, Ain Dalia, mis en eau en 1988 et d’une
capacité de 82 Mm?>. Avec la mise en eau de ces barrages, le
régime hydrologique du fleuve Medjerda a été¢ modifié (Fig. 1
pour la localisation et tableau 1).

proc-iahs.net/377/67/2018/

2.3 Technique de prélevements des sédiments,
méthodes de mesure et géochronologie

Le site du carottage a été choisi apres plusieurs missions de
terrain (2013, 2014, 2015) qui avaient pour objectif d’iden-
tifier différents sites potentiellement intéressants pour la thé-
matique. Le site d’étude est localisé dans un méandre en aval
du dernier barrage -Sidi Salem- mais en amont de la zone
estuarienne, proche de la station hydrologique Jdaida, la der-
niere avant la mer. Trois carottes ont été échantillonnées sur
cette méme terrasse alluviale, C1 de 90 cm, C3 de 120 cm et
C5 de 300 cm de profondeur. L’ approche paléohydrologique
a été utilisée pour comparer les résultats sédimentologiques
et géochronologiques de cette archive sédimentaire aux in-
formations de la station hydrométrique de Jdaida située juste
en amont du site d’étude choisi.

L’identification et la mise en évidence des différents évé-
nements de crues ont été réalisées grace a I’inspection mi-
nutieuse de chaque dépdt (décompte des lamines, identifica-
tion de paléosols, détection des surfaces d’érosion, étude de
la variabilité granulométrique a partir d’un granulometre la-
ser Beckman Coulter LS 13320 au laboratoire Géosciences
Montpellier.

Toute reconstitution paléo-environnementale, a partir de
I’étude des archives sédimentaires, nécessite 1’établissement
d’une échelle chronologique la plus fine possible, afin de da-
ter avec une bonne résolution les événements hydrologiques
passés. Les isotopes principalement utilisés pour dater les
événements du siecle dernier sont le 21%Pb et le 137Cs (Dezi-
leau et al., 2014a). Ils permettent une datation relativement
précise, grice a leurs propriétés chimiques (réactivité vis-
a-vis des particules) et physiques (périodes de désintégra-
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Tableau 1. Caractéristiques des aménagements construits sur le bassin versant de la Medjerda (DGBGTH, 2016).

BARRAGES/ Superficie Capacité Envasement des Taux  Taux d’envasement
Mise en eau du bassin  totale initiale = retenues Mesurée  d’envasement des  annuel des retenues

(km?) (Mm?) (Mm?3) retenues (%) (%)
MELLEGUE (1954) 10300 182 122 67 1,36
BENI METIR (1954) 103 62 1 * *
KASSEB (1966) 170 81 6,08 0,19
SIDI SALEM (1981) 17 885 814 171 21 0,86
BOU HEURTMA (1976) 457 117 4,65 0,16
SILIANA (1987) 972 70 37 52,2 3,25
LAKHMESS (1968) 127 8,22 1 12,2 0,37
RMIL (1999) 221 4 * * *
AIN DALIA (1988) 193 82 (64) (22) 0,91 (ANBT)

* Données manquantes.

tion, rayonnement gamma). Le '37Cs et le 2!°Pb sont mesu-
rés par spectrométrie gamma (détecteur CANBERRA BEGe
3825) au laboratoire Géosciences Montpellier (France) et au
CNSTN a Sidi Thabet (Tunisie).

— Datation par le 210ppex (T1/2 =22.3 ans)

Le Plomb 210 est un isotope radioactif naturel issu de
la chaine de désintégration de 1’Uranium 238. L’Uranium
238, contenu naturellement dans la crofite terrestre, subit
la série de désintégration suivante : Uranium 238 — Ura-
nium 234 — Thorium 230 — Radium 226 — Radon 222. Le
222Rn (T1/2=3,8 jours) ainsi produit, se trouve sous une
forme gazeuse. Lorsqu’il est produit a proximité de la sur-
face, le gaz s’échappe dans I’atmosphere ot il se transforme
rapidement en Polonium 218 qui se désintegre en quelques
minutes en 2!Pb. Ce 21Pb, dit atmosphérique (ou en excés)
retombe sous forme de particules humides ou seches et s’ac-
cumule dans les sédiments. Son activité au sein de la colonne
sédimentaire diminue avec le temps selon une loi de décrois-
sance radioactive. Le principe de la datation au 2'°Pb s’ap-
puie sur I’hypothese selon laquelle le flux atmosphérique en
210pp est constant, ce qui implique que 1’activité de I’isotope
radioactif a la surface des sédiments reste toujours identique.
Cette hypothése permet en mesurant 1’activité du >'OPb et
en appliquant la loi de décroissance radioactive de détermi-
ner I’age de nos sédiments. Au bout de cinq fois sa période,
c’est a dire 110 ans, il a completement disparu dans 1’en-
vironnement (Dezileau et al., 2014b). La mesure du 2!°Pb
sur le détecteur gamma CANBERRA se fait en intégrant le
pic 2 46,5keV. Le >'OPbex est estimé en soustrayant le pic
du 2'Pb au pic du 2*Ra 2 186,2keV. L erreur n’excede pas
6 %.

— Datation par le 137Cs (T1/2 =30,17 ans)

Le Césium 137 est un isotope radioactif artificiel issu de
réactions de fission nucléaire. Il est relaché dans I’atmo-
sphere lors de I'utilisation de bombes atomiques et d’ac-
cidents dans des centrales nucléaires. Avec une période de
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demi-vie (30,17 ans) proche de celle du 210pp_ ] permet de
dater les séquences sédimentaires sur une méme échelle tem-
porelle. Les profils d’activité du Césium 137 en fonction de
la profondeur dans une coupe sédimentaire présentent des
pics dont le plus important est généralement attribué a 1’an-
née 1963, date du maximum de rejets atmosphériques par les
essais nucléaires. La présence de Césium 137 dans les dépots
sédimentaires indiquera qu’ils ont été déposés postérieure-
ment aux années 1950. La mesure du '¥’Cs sur le détecteur
gamma CANBERRA se fait en intégrant le pic a 661 keV.
L’erreur n’excede pas 6 %.

3 Reésultats

3.1 Sédimentation des réservoirs

Le taux d’envasement de chaque barrage construit sur le bas-
sin versant de la Medjerda met en évidence I’importance de
I’alluvionnement durant la durée de 1’exploitation des rete-
nues des barrages, dont Mellegue, Siliana et Sidi Salem qui
sont sujettes a un alluvionnement plus important (tableau 1).
Il a été estimé que le volume initial de la retenue de Sidi
Salem sera envasé jusqu’a 60 % 100 ans apres la construc-
tion du barrage, et I’envasement devrait étre total pour les
retenues des deux barrages de Mellegue et Siliana dans 60 a
65 ans (Ben Mammou et Louati, 2007). Des soutirages effi-
caces permettent dans ce cas de réduire le taux d’alluvionne-
ment et d’augmenter la durée de vie de ces barrages. D’apres
Abid (1980), 59 a 64 % des apports solides dans la retenue
du barrage de Mellegue, durant la période 1954-1980, ont
été soutirés grace aux manceuvres de dévasement pendant les
crues. La Fig. 2 montre le volume de vase évacué suite a des
événements exceptionnels entre 1954 et 2003 au niveau du
barrage Mellegue et entre 1982 et 2005 au niveau du barrage
Sidi Salem. En 1969, de trés importants volumes de sédi-
ments évacués lors d’une crue se sont accumulés surtout dans
les zones ou la pente diminue, ainsi que dans les secteurs
évasés. En mars 1973, I’oued Medjerda a connu une autre
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Figure 2. (a) Le volume de vase évacué au niveau du barrage Mellegue entre 1954 et 2003. (b) Le volume de vase évacué au niveau du

barrage Sidi Salem entre 1982 et 2005.

crue plus intense provoquant de graves inondations avec une
quantité exceptionnelle de matériaux transportée et ce mal-
gré les gros travaux d’endiguement effectués a Jdaida (entre
1947 et 1957) (Ben Hassine and Rejeb, 2003).

Depuis la mise en eau du barrage Sidi Salem en 1981 jus-
qu'en 1990, le volume de vase évacué par ce barrage est
quasiment nul. On remarque le faible pourcentage de vase
évacuée di a ’arrét des opérations de soutirage. Quelques
opérations de dévasement occasionnel ont été associées a
des débits maximum exceptionnels : 595 m3s~! en 1990,
671m>s~! en 1995, 977m3s~! en 2000 et 1020m3s™!
2003. Durant ’année 1995, les gestionnaires de Sidi Salem
ont libéré un volume total dévasé de 24,27 Mm?>. Les parti-
cules solides se déposent en aval en fonction de la réduction
de la vitesse du courant de turbidité, ainsi plusieurs facteurs
peuvent influencer les épaisseurs des dépdts accumulés tels
que la vitesse du courant, la topographie, la présence d’obs-
tacles perturbant les dépots, etc. Ces facteurs créent une va-
riabilité latérale de dépdt importante, en aval de la retenue.
Le lit de la Medjerda connait de ce fait un engraissement
continu depuis 1981, date de la mise en service du barrage
Sidi Salem. De ce fait, et par manque de débits de crue im-
portant qui ““ chassent ” les dépots précédents, le débit occa-
sionnant le débordement a diminué a moins de 200 m3 s~ !,
valeur nettement inférieure au débit de débordement avant la
construction du barrage qui était de 700m3 s~!.

La Fig. 2a illustre parfaitement 1’accroissement des vo-
lumes solides évacués suite a la crue exceptionnelle de 2003.
Quatre fortes crues tres rapprochées sont survenues dans le
bassin de la Medjerda au début de 1’année 2003, apres quatre
années de sécheresse (Abdelhamid et Khalil, 2009). Elles ont
cumulé un milliard de m> d’apports a Sidi Salem en un mois.
La retenue a été assez vite remplie en début d’hiver. Ainsi,
apres complet encaissement de la premiere crue dans le creux
disponible, et déversement de la seconde crue, la troisieme a
poussé le déversement sur la tour et réduit la tranche de la-
minage résiduelle (Daoud et al., 2009).
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3.2 Modélisation et reconstitution des transports solides

L’ objectif principal de cette section est de développer un mo-
dele simple qui montre I’atténuation du signal des apports so-
lides a Jdaida avec les données disponibles sans tenir compte
des parametres physiques du bassin. La méthodologie s’inté-
resse d’abord au premier barrage Mellegue construit puisque,
on dispose a cette station de 1954 a 2005 d’un historique des
apports solides annuels au barrage MES XMeliegue €t des vo-
lumes annuels de vase évacués MES lachées YMellegue- A la
construction de chaque barrage correspond un stockage de
MES que I'on peut dans un premier temps estimer par un
pourcentage Y, d’une quantité de MES X,,. Le coefficient
annuel de réduction de transport solide pour le barrage de
Mellegue qui a été calculé est de 1’ordre 51 %. Le fonction-
nement sera étudié apres pour tout le reste du bassin versant
Medjerda, grace a des valeurs calculées pondérées par la sur-
face de chaque barrage en appliquant le méme coefficient de
réduction a Mellegue pour les autres barrages, ce qui consti-
tue bien sur une hypothese réductrice, mais basée sur la seule
observation disponible.

Avant la mise en eau du barrage Sidi Salem en 1981, les
barrages Mellegue, Beni Metir, Bouherma, Kassab et La-
khemes (tableau 2) déversaient vers la mer sans autre obs-
tacle. Depuis 1981, les quantités de MES qui ressortent de
ces barrages arrivent au barrage d’ordre 2 Sidi Salem, si-
tué juste apres la station Bousalem, sur le cours de la Med-
jerda (tableau 2). Depuis la mise en eau du barrage Siliana
en 1987, les quantités qui ressortent du barrage Lakhemes
arrivent au barrage Siliana d’ordre 2. Cette étude permet de
classer I’ordre de grandeur des flux des matieres solides ju-
gés assez proche de la réalité. La quantité de MES qui arrive
a Jdaida est calculée en additionnant les quantités de MES
lachées par chaque barrage avec les quantités de MES pro-
duites dans le bassin intermédiaire, en appliquant a chaque
fois la réduction de MES déja calculée a Mellegue. Les ré-
sultats de cette approch, illustrés par la Fig. 3 et le tableau 2,
montrent la réduction de la quantité de MES calculé a la sta-
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Figure 3. Evolution des apports solides calculés a Jdaida et des
volumes calculés et mesurés de vase évacuée a Sidi Salem.

tion de Jdaida depuis la mise en eau du barrage Sidi Salem.
Notons tout de méme qu’il faut prendre les résultats obtenus
avec beaucoup de précaution, cependant cela produit un si-
gnal d’atténuation des apports solides qui peut servir a inter-
préter les carottes prélevées dans la basse vallée. Nous avons
eu recours a la modélisation a ’aide d’un modele simpli-
fié pour pallier au manque des données réelles dans le but
de I’estimation du transport solide dans la Medjerda, mais
il faudrait mettre en place un programme de mesures de dé-
bits solides au sortir des barrages pour valider ce modele.
Cette approche doit étre approfondie en prenant en compte
les informations qui pourront €tre obtenues aupres des ges-
tionnaires de barrages, afin de mieux identifier la variabilité
locale de la production de MES et des taux de sédimentation
dans les barrages. D’autres modeles seront peut-&tre mieux
appropriés avec beaucoup plus de précision concernant entre
autre la production de sédiments. Il est recommandable de
donner plus d’effort et d’investissements de la part des orga-
nismes concernés pour pouvoir donner une estimation exacte
du transport solide.

3.3 Approche paléohydrologique pour évaluer 'impact
anthropique

3.3.1 Reconstitution de la variabilité passée des
transports sédimentaires du bassin versant de la
Medjerda, Tunisie

L’ utilisation de données granulométriques est indispensable
a I’étude des archives sédimentaires. On se limite dans cette
partie au résultat d’une seule carotte C5, la plus profonde et
la plus riche en couches de sédiments différentes a interpré-
ter. Les deux autres carottes C1 et C3 ne sont pas assez pro-
fondes pour atteindre le pic de Cesium, mais elles mettent en
évidence une certaine variabilité latérale des dépots, tout en
confirmant la nature essentiellement argileuse des premiers
80 cm de dépot.

La mise en place d’un log litho stratigraphique nous a per-
mis d’identifier visuellement les différents dépots de crues.
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L archive sédimentaire montre d’importantes variations gra-
nulométriques en fonction de la profondeur, d’'un matériel
silteux-argileux a sableux (D50 compris entre 5 et 240 um).
Ces niveaux sableux sont d’un grain fin a moyen (de 63 a
449 um) aux niveaux des profondeurs 125 cm, 150, 210, 250
et 290 cm, indiquant un régime hydraulique plus énergétique.
Ces pics correspondent probablement a des événements ex-
ceptionnels (crues intenses).

L’ensemble des travaux d’observation, des études granu-
lométriques et géochimiques de la carotte C5 permet d’iden-
tifier de maniére plus fine le nombre de dépdts de crues. Les
variations granulométriques et géochimiques sont le reflet
des modifications de la dynamique sédimentaire. Le nombre
de dépots de crue est estimé a 18 et sont notés de FD1 a la
base de I’archive a FD18 au sommet. Dans la séquence des
dépdts de crue de la carotte C5, I'unité de dépdt FD1 présente
une activité non négligeable de '3’Cs (Fig. 4) indiquant que
tous les dépdts de crue de FD1 a FD18 sont tous postérieurs
a 1950. D’autre part, la forte activité en cesium-137 mesu-
rée au niveau de ’unité FD 7 (172 cm; 8,2 mBq g_l), nous
permet de faire la supposition que ce dépot de crue est asso-
cié a la période de production maximale de Cesium-137 dans
I’atmosphere, c’est a dire au milieu des années 1960 (autour
de 1963, Fig. 4). Le >'9Pb est en excés dans 1’unité FDI, ce
qui indique que les dépdts de crue FD1- FD18 sont récents et
tous postérieurs aux années 1900. D’autre part, nous avons
trouvé sur le terrasse alluviale entre 120 et 140 cm, des dé-
chets de pots de yaourth “ Sami ” fabriqué dans les années
1970.

Ces traceurs chronologiques, nous ont permis de mettre
en place une chronologie approximative des dépdts de
crue (FD1 a FD18) que nous comparons a I’historique des
crues disponibles depuis 1930 a la station de Jdaida (Fig. 4).
La comparaison de ces enregistrements permet d’attribuer
de maniere plus fine des dges aux dépdts de crues de la
séquence FD. L’événement de 1969, le premier événement
puissant apres 1963 enregistré par les archives instrumen-
tales (832m3 s!), a probablement déposé une unité de tex-
ture différente en silt limite sables fins (FD8 : 44 um). Un
autre événement plus puissant encore, est enregistré en 1973
avec un débit estimé 2 3500 m> s~ 2 Medjez El Bab. Les me-
sures hydrologiques réalisées pendant la crue montrent qu’un
débit de 850m> s~! est passé dans le lit du fleuve, mais que
le reste a débordé déclenchant des inondations exception-
nelles (Claude et al., 1977). Si nous supposons qu’il existe
une corrélation entre I’intensité d’un événement et la taille
granulométrique qui caractérise son dépot (Dezileau et al.,
2014b), alors nous pourrions associer I’événement de 1973 a
I’unité FD10 caractérisée par des sables fins (FD10 : 59 um,
20 cm d’épaisseur). Cela est cohérent par rapport aux data-
tions au '37Cs et la découverte dans ces dépdts de pots de
yaourt “ Sami ”. En nous fondant sur une relation possible
entre la granulométrie des sédiments et I’ampleur d’un évé-
nement, FD17 (FD 7 : 100 um) pourrait étre associé a 2003,
pour un débit 750m>s~! a Jdaida et FD 12 avec du maté-
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Tableau 2. Rapport sur valeur moyenne de MES calculé au niveau de chaque barrage et des valeurs moyennes de MES calculées a Jdaida.

valeur moyenne de MES calculé (m3)

Barrage Ordre de grandeur stockée dans le lachée par le
des flux des barrage barrage
des matiéres solides

Mellegue Barrage d’ordre 1 2136732 3269028

Beni Metir Barrage d’ordre 1 21359 32677

Lakhemes Barrage d’ordre 1 28770 42291

Kassab Barrage d’ordre 1 38070 56020

Bouhertma Barrage d’ordre 1 131856 144417

Sidi Salem Barrage d’ordre 2 2169357 1901540

Siliana Barrage d’ordre 2 300445 258208

Passant a Jdaida  avec les barrages 6718661

Passant a Jdaida  sans les barrages 11503176

X Débit max (m® s) Log stratigraphic  Géocronologie
- S gy 2014

50

1%
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Figure 4. Reconstitution historique des apports sédimentaire par les traceurs chronologiques (137Cs) et la comparaison des enregistrements
de débit maximum annuel au niveau de la station hydrométrique de Jdaida.

riel fin (D50 of 26 um) a 1980 (Fig. 4). D’ autres unités sous-
jacentes FDS5 avec D50 de 212 pm, FD4 avec D50 de 212 pm
et FD1 avec D50 de 224 um ont été affectées a quatre événe-
ments de plus faible ampleur que celui de 1973 (538, 432 et
344 m?s™!) qui ont eu lieu en 1959, 1957 et 1956 (ou 1952)
respectivement (Fig. 4). Les couches sédimentaires associées
a ces crues sont caractérisées par des sables moyens (211 a
228 um). Ceci est expliqué par le fait qu’avant 19609, les sec-
tions du cours d’eau étaient dégagées, la terrasse alluviale de
la zone d’étude était en évolution. Cette approche nous a per-
mis de tracer 1’histoire sédimentaire & travers 1’étude de la
carotte de sédiments prélevés. Les résultats indiquent un dé-
pot de 75 cm entre 1981 et 2014, alors qu’il était de 230 cm
entre 1956 (ou 1952) et 1981 (120 cm entre 1956/52 et 1963,
puis 105 cm entre 1963 et 1981). L’ histoire sédimentaire du
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fleuve Medjerda montre une réduction du flux sédimentaire
a ’aval du barrage de Sidi Salem du fait des multiples amé-
nagements.

3.3.2 Etude de I'évolution des apports : impact
anthropique

La plaine de Medjerda est I'une des zones les plus peuplées
de Tunisie, 288 834 habitants en 2004 (INS). Depuis I'indé-
pendance en 1956, le pays a connu une croissance rapide de
la population, et les zones urbaines au nord ont augmenté de
7,16 % entre 1950 et 2007 (Samaali, 2011). Compte tenu de
I’augmentation des utilisations de 1’eau dans les pdles éco-
nomiques urbains au nord-est et au centre-est, I’état a suivi
un plan de développement pour la mise en place d’un grand
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Tableau 3. Evolution des sédiments transportés dans la basse vallée de Medjerda depuis 1950.

Année 1950-1963 1963-1981 1981-2014
Nombre de grands barrages 2 5 9
Surface cumulée contrdlée km? 10304 11161 30445
Taux de transport sédimentaire cm an~! 10 4,75 2,34

Nature de sédiment

sable finet siltet sable fin  silt ou argile
sable grossier

nombre de retenues, dont 9 grands barrages construits dans
le bassin versant de la Medjerda, afin de répondre a I’intérét
général.

Les résultats d’analyse granulométrique de la carotte C5
montrent principalement une succession de petites couches
de matériel fin (silt ou argile) depuis la mise en eau du
barrage Sidi Salem en 1981 et un taux de sédimentation
faible (2,3cman™!), alors qu’il était beaucoup plus impor-
tant, environ 4.75cm an—! entre 1963 et 1981, et environ
10cman~! entre 1950 et 1963 (tableau 3).

Ceci illustre bien I’'impact de la mise en eau des nombreux
barrages sur le bassin, qui prive la basse vallée, I’estuaire et la
zone littorale de la majeure partie des apports sédimentaires,
en particulier grossiers.

4 Discussion

Généralement, les barrages limitent les apports de sédiments
a la mer et participent au déficit général de sédiments sur
les cotes. Ils capturent jusqu’a 30 % des flux de sédiments
produits sur les massifs (Vorosmarty et al., 2003). Depuis la
construction des barrages sur le bassin versant de la Med-
jerda, dont le plus important, celui de Sidi Salem, le lit de
la Medjerda a connu d’importants changements morpholo-
giques dans sa basse vallée, et en particulier un important
engraissement du lit mineur. Cet engraissement est di en
grande partie a la réduction des débits de crue exceptionnels
qui devraient “ chasser ” les dépdts anciens du lit mineur.
Ceci a diminué la capacité de transit du fleuve ainsi que la
vitesse d’écoulement entre la sortie du barrage et 1’estuaire.
Il en résulte 1’apparition de débordements plus fréquents et la
propagation des inondations pour des débits de plus en plus
faibles. Par ailleurs, les crues ont également beaucoup moins
d’impact mécanique sur la région coticre.

Les résultats de mesures de I’alluvionnement menées de-
puis une vingtaine d’année, montrent I’importance de la sé-
dimentation dans les retenues des barrages de Tunisie. Des
concentrations supérieures 2 100 gL~ ont été enregistrées
dans les eaux lors des crues de la Medjerda (Rodier et al.,
1981). De ce fait, les retenues créées par les différents ou-
vrages hydrauliques sont toutes confrontées & plus ou moins
long terme a 1’alluvionnement. Les mesures de transport so-
lide effectuées en Tunisie et les études ponctuelles détaillées
restent insuffisantes et n’ont pas ét€ menées assez longtemps
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pour permettre des études exhaustives sur le sujet. La modé-
lisation du transport sédimentaire proposée dans cette étude
résulte donc d’une approche simplifiée destinée a montrer
I’atténuation du signal des apports sédimentaires, calculé a
partir de données fragmentaires de transport solide et de taux
d’envasement disponibles sur quelques sites d’étude sur le
bassin. Cette premicre approche indique une réduction crois-
sante des transports sédimentaires avec I’augmentation du
nombre de barrages, qui peut servir également a supporter
I’interprétation des archives sédimentaires prélevées dans les
carottes de la basse vallée.

5 Conclusion

La Medjerda est devenu un fleuve presque totalement
contrdlé, et les matieres solides qu’il apporte ont été réduites
de fagon considérable. Ce qui indique aussi que les crues ont
beaucoup moins d’impact mécanique sur la région cotiere.
La mise en évidence de différents paléo-événements de crue
qui ont été datés par des méthodes complémentaires ('*’Cs,
210ppex, géochimie, historiques des crues) montre que la ter-
rasse FD a enregistré 1’ensemble des événements de crue
entre 1952 (ou 1956) et 2014. Une succession visible de
couches sédimentaires correspondant aux dépdts des diffé-
rentes crues qui se sont succédées sur le site d’étude a été
déterminée. Elle permet de reconstituer 1’histoire des apports
sédimentaires du fleuve Medjerda jusqu’a la mer sur une pé-
riode de 60 ans, avant et apres la construction de nombreux
barrages. Cette approche a permis d’évaluer le taux de ré-
duction et la variabilité interannuelle des transports des sédi-
ments. Toutefois, il faudrait une étude multi-site pour valider
cette approche.

D’apres la carotte C5, le taux de sédimentation était d’en-
viron 10cman™! entre 1952/56 et 1963, principalement
constitue de sables, puis il est passé a environ 4.75cman™!
entre 1963 et 1982, avec un équilibre plus net entre sables,
silts et argiles. Apres la mise en eau du barrage Sidi Salem
en 1981 sur le cours d’eau principal, les apports consistaient
principalement en matériel fin, avec un taux de sédimenta-
tion faible (2,3 cm an_l), Il s’agit d’une diminution signifi-
cative des apports sédimentaires a la mer, et d’'une modifi-
cation du type de sédiments, essentiellement fins avec une
disparition du matériel grossier, dfi aux barrages, et en par-
ticulier celui de Sidi Salem sur le fleuve Medjerda. Actuel-
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lement la surface contrdlée par les barrages existants sur le
bassin de la Medjerda est de 130 % de la surface du bassin
de la Medjerda, ce qui veut dire que 1’eau de ruissellement
est stockée 1,3 fois sur son parcours vers 1’estuaire, avec les
conséquences enregistrées dans la carotte sur la dynamique
sédimentaire pré-estuarienne. D’autres études (Benmoussa et
al., 2017), illustrent I’impact de ce déficit d’apports sédimen-
taires dans la morphodynamique cotiere du golfe de Tunis.
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Abstract. Recent sedimentary and morphological changes at the new mouth of Medjerda-River (Gulf of Tunis)
are investigated using a multiproxy approach of sediment cores complited by 2!%Pbex and '*’Cs method dating.
The subject of the study is to focus on surveying the sedimentary evolution of Medjerda-Raoued Delta caused
by the human intervention in the management of the main tributaries of the Medjerda-River (artificial channel
of Henchir Tobias). Sediment cores (CEM-1 and CEM-3) were subjected to both multiproxy approaches (Grain
size, geochemical analysis and dating radiometric 2!°Pbex and !*7Cs). The sedimentological analysis of the new
deltaic deposits shows a progradation sequence with the silt and clay deposits on the historic sandy substratum.
The mean grain size evolution on the old beach profile shows a decreasing trend from backshore (CEM-3) to
nearshore (CEM-1). The geochemical results show varying concentrations of chemical elements such as Fe, K,
Rb, Nb, Cr, Ti, Ba, Ca, Sr, Zr, V, and potentially toxic metal trace elements such as Pb, Zn and the As. The
Principal component Analysis (PCA) applied in the geochemical elements evolution confirms the marine origin
of the sand deposits in the basic layers of the two cores. The chronological method (*!°Pbex and '37Cs) affirms
that the first fluvial deposits were set up only after 1950. The sedimentological and geochemical result confirm
the actual unless of coarser fluvial supplies under the human activities leading the negative coastal sediment
balance and the shoreline retreat as well.

1 Introduction and human factors impacton the coastal sandy beach supplies
(Flemming and Hansom, 2011).

The study of coastal environments linked to different
global rivers is all the more important as they can be con-
sidered as markers of the evolution of sedimentary contribu-
tions in marines environments in relation to climatic as well
as human variations (Milliman and Meade, 1983; Syvitski
and Kettner, 2011; Kotti et al., 2015). The evolution of the

The sediment budget of the coastal area is subject to sev-
eral factors. The natural one is related to the sand supply
sources and the eolian/hydrodynamics regime. The human
factor represents an important element on the equilibrium

of the coastal budget. Considering the coastline in its three X B dl S )
dimensions, some authors have concentrated on the geo- nearshore sedimentary distributionis also related to the vari-

morphological balances of sedimentary flows, cell per cell ability of hydrodynamic forcing and sediment availability in

(Suanez and Sabatier, 1999; Amrouni et al., 2014). The sci- coastal areas (Perillo, 1995). The study area constitutes the

entific community has also raised the question of the natural ~ coastal alluvial plain of the Medjerda River, the western bay
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Figure 1. Map of study area location and cores sampling, deltaic
coastal plain of the new mouth of Medjerda river, gulf of Tunis,
NE of Tunisia. (a) Position of Tunisia in the Mediterranean Sea;
(b) Northern-East of Tunisia; (¢) topographic map of the gulf of Tu-
nis, (d) the Sediment cores positions at the new mouth of Medjerda
River.

of the gulf of Tunis. It is an estuarine coast, which receives
the majority inputs feeding from the terrestrial hinterland
(Oueslati et al., 2004). The anthropogenic activity mainly in-
fluencing the evolution of the northern coast sediment distri-
bution of the Gulf (Saidi, 2013; Saidi et al., 2014).

The subject of this study is to describe the spatio-temporal
impact of the management of the river flume on the sedimen-
tological characteristics at coastal deltaic artificial channel
of Medjerda River. We use a combined approach of sediment
cores analysis and the 2!°Pb and '3’Cs method dating to fol-
low the creation and development of the new delta of Med-
jerda River (anthropogenically modified since 1972) (Soussi,
1988).

2 Study area

The study area, the Medjerda coast is located in the west-
ern bay of the gulf of Tunis between 37°10'N-10°16'E
(Cape Farina) and 37°55 N-10°18’ E (Cape Gammarth). The
coastis characterized by three main sedimentary systems
with three morphological entities: Lagoons of Kalait El An-
dalous, Delta of Medjerda and the foredunes of Raoued in
the El Hessiane areas (Fig. 1).

3 Material and methods
The methodology was based on sedimentological investiga-

tion completed by geochemical analysis on the new mouth
of Medjerda River. Two short sedimentary cores CEM-1 and
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Figure 2. Grain size and geochemical elements evolution of deltaic
plain of new mouth of Medjerda River (CEM-1).

CEM-3 were collected from the Medjerda delta in the north-
east of the Gulf of Tunis (Fig. 1c and d). The sampling proto-
col adopted consists of collecting 1.68 m and 45 cm, respec-
tively for the two cores of deep sediment, in order to reconsti-
tute a fine sedimentary evolution on the new mouth of Med-
jerda River evolution. A high resolution multi-proxy study
was undertaken on the cores in the UM, HDR-laboratory,
France. The granulometric analysis was carried out using a
Beckman Coulter © LS 13 320. The geochemical analysis
was conducted on the sedimentary material using the X-ray
Fluorescence.The Principal Component Analysis (PCA) was
carried out under the XLSAT-2016 software. Based on 2!Pb
and '37Cs by Gamma spectrometry in order to establish a
chronology on the sedimentary evolution of the new delta of
Medjerda-River during the last century.

4 Results and discussion

4.1 Grain size and geochemical evolution
of sediment cores

The high-resolution (1 cm) grain size analysis of the cores
shows a spatial variability. The CEM-1 core shows three dis-
tinctive sedimentary units (Fig. 2). The layer of fine sand
(D50 =98 um), is surmounted by mixture of fine sand and
silt laminates (Unit 2). But, the upper layer (Unit 3) is com-
posed by clay (Unit 3). The CEM-3 core reveals the same
sedimentary units (Unit 1, Unit 2 and Unit 3) (Fig. 3).

The geochemical results show varying concentrations of
chemical elements such as Fe, K, Rb, Nb, Cr, Ti, Ca, Sr, Zr,
V, and potentially toxic metal trace elements such as Pb, Zn
in the sedimentary cores. The evolution of the contents of
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Figure 3. Grain size and geochemical elements evolution of alluvial
plain of new mouth of Medjerda River.

chemical elements in the sedimentary column reveals a good
correlation with the grain size analysis. The marine tracers
(Ca, Sr) show a significant decreasing concentration in the
clay layers compared to their rate in the sandy one. While to
the rate in terrigenous elements is higher in the fine sediments
(clay and silt) (Figs. 2 and 3).

The Unit 1 of CEM-1 formed by fine-sand (D50 =98 um).
But the Unit 1 of CEM-3 composed by medium-sand
(D50 =228 um). The mean grain size (D50) evolution on
the historical beach profile (before the alluvial deposits pro-
cesses) shows a decreasing trend from the backshore (CEM-
3) to the nearshore (CEM-1) (Fig. 4).

4.2 Correlation of geochemical elements

The Principal Component Analysis (PCA) of the geochemi-
cal elements shows the presence of 3 poles (Fig. 5): a pole of
terrigenous elements (Fe, K, V, Rb, Cr, Ti), a pole of marine
elements (Ca, Sr) and a pole of the pollutant minerals (Zn,
Pb and As). A good correlation established between the ele-
ments present in the same pole. An anti-correlation observed
between the first (fluvial elements) and second pole (Marine
elements).

The grain size and geochemical analysis of the sediment
cores shows that the finest detrital deposits (silt and clay)
manifested the progradation of a new delta at the new mouth
of the artificial channel. The grain size correlation estab-
lished from the backshore to the nearshore shows that the
historic beach was behind the present shoreline and the
nearshore area was located on the current beach. It is a delta
progradation on the old sandy beach. The retained fluvial dis-
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charge by the dam construction decreases the coarser fraction
delta front toward silt to clay deposit.

4.3 Historical evolution of the new delta of the Medjerda

The 2'°Pb/!137Cs method dating shows that a new delta has
been developed at the new mouth of the Medjerda since
1950. The Cesium 137 is an artificial radioactive element
produced by the atmospheric nuclear tests. It is foundin the
atmospheric environment from the years 50. The contents
relatively important of cesium-137 measured in the units
CEM-1-Niveau 80 cm (8.52 mBq g~ ') can be associated with
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Figure 6. Geochronologyof sedimentary deposits at the new mouth
of the Medjerda River.

the maximal production of cesium-137 atmospheric in the
middle of 1960s (Fig. 6). However, The variability of con-
tent 137Cs, along the CEM-1 core is the result of the mobil-
isation of this element especially in the marine and coastal
environments, which does not allow to fix easily the real
peak of maximum of nuclear broadcast (emission, issue) of
1963 (Dezileau et al., 2014). As a result, the relatively high
cesium-137 levels measured in the CEM-1-Level 80 cm units
(8.52mBqg~") can be associated with the maximum pro-
duction of atmospheric cesium-137 in the mid-1960s. The
first peak which appeared at the base of the CEM-1 core at
—115cm results from the appearance of '37Cs contained in
aged layers of the appearance of this element in the atmo-
sphere (before 1950).

5 Conclusions

The result shows a relatively rapid deltaic plain progradation
(1.53cm yr‘l) with a fluvial dominance marked by silt and
clay deposits rich in terrigenous chemical elements from the
year 1950. This sedimentary evolution of the new delta is
manifested by the filling of the old mouth since 1973 flood.
The winnowing of finest fraction (clay and silt) provided dur-
ing the flood event on the delta front, by the active wave cur-
rent ledto the preferential spatial grain size distribution to-
ward the northern behavior coast.

The dominance of clay deposits more than coarser fraction
result to the impact of the dam construction of several dams.
Only the finer grain size fractions can feed the coast. The
actual sediment balance of the gulf of Tunis coast shows a
shoreline retreat under the coarser sediment deficit blocked
by upstream dam construction.
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Abstract. The aim of this study consists in testing the effectiveness of satellite data in order to monitoring
shoreline and sedimentary features changes, especially the rapidly changing of Gulf of Tunis coast. The study
area is located in the Gulf of Tunis western bay (Southern Mediterranean Sea) which is characterized by sandy
beaches of Ghar Melah and Raoued (Medjerda Delta area). The aerial photographs and satellite imageries were
used for mapping the evolution of shoreline. Diachronic data (satellite imagery, aerial photography and topo-
graphic maps) were used to monitor and to quantify, the evolution of the coastal areas. These thematic data
were digitally overlaid and vectorised for highlighting the shoreline changes between 1936 and 2016, in order
to map the rate of erosion and accretion along the shoreline. Results show that the accretion and degradation
are related to the Medjerda: change of outlet in 1973 and impoundment of the Sidi Salem dam in 1982. We
found that the general trend of the coastal geomorphic processes can be monitored with satellite imageries (such
as Sentinel A2, Spots 4 and 5), due to its repetitive coverage along the time and their high quality concerning
the spectral contrast between land and sea areas. Improved satellite imageries with high resolution should be a
valuable tool for complementing traditional methods for mapping and assessing the sedimentary structures (such
as shoreline, delta, marine bars), and monitoring especially the lowlands coastal areas (slightly eroded).

1 Introduction methods are needed to handle the spatial and temporal vari-
ability of coastal shoreline using GIS techniques. Thieler et
al. (2009) developed an extension for ArcGIS software which
allows automatic measurements for shoreline changes. Many
researches utilized remote sensing data to analyse coastal
environments: Louati et al. (2014), Oyedotun (2014, 2017),
Thinh and Hens (2017). Many studies in Tunisia have shown
the effect of coastal degradation related to different natural
and anthropogenic factors (Paskoff, 1988; Oueslati, 2004,

The general characteristics of coastal erosion worldwide are
described in terms of geography by the types of erosion, the
causes which starts the erosion processes, and the effects
generated by erosion processes. A shoreline is defined as
the linear interface between land and water areas (Dolan et
al., 1980). Shoreline is an element with a high spatial vari-
ability which imposes a rapidly changing for coastal land-
forms (Mujabar and Chandrasekar, 2013). Hence the efficient
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2010; Halouani et al., 2011, 2013; Saidi et al., 2012, 2013;
Louati and Zargoun, 2013; Louati et al., 2014).

2 Study area

Gulf of Tunis is located in NE of Tunisia and is bordered to
the east by Mediterranean Sea, between 37°10' N-10°16’E
(Cape Farina) and 37°55 N-10°18’ E (Cape Gammarth). The
western bay of the Gulf of Tunis regular coastline consists
in a series of lagoons disposed from north to south: such
as Ghar Melah, Kalaat Andalous and Ariana. The coastline
has a length of 40 km and is characterized by landforms such
as coastlines, sandy features, sandy spit, river mouth deposit
and dunes covered by forests.

Tidal range at the study area is low with amplitude of
approximately 35cm (Oueslati, 1993). Mean amplitude of
semi-diurnal micro-tidal activities in the Gulf of Tunis mea-
sures 12-30cm (El Arrim, 1996; Saidi et al., 2012). The
Western bay coastal system includes three main sedimentary
systems with followed entities: Lagoons of Kaladt Andalous,
delta of Medjerda and the coastal foredune of Raoued beach
(Fig. 1). The hydrologic regime of the coastline is controlled
by the Medjerda river which represents the most important
river in Tunisia. During the last century, in the study area, the
relative sea level has reached 11.5mmyear™!; part of this
value, such as 1.5 mm year_l, has been attributed to eustacy
(Pirazzoli, 1986). The spatial variability of sedimentary ac-
tivities for the coastal system has a significant decline due to
erosion processes: in the Medjerda Gammaret area between
years 1887-1974, the coastline was registered a retreat rate
of 0.12 to 1.11 myear~!, and a decline of 3.73 to 9 myear™!
between 1974 and 2000 (Saidi et al., 2014).

The Medjerda river (western bay) and Méliane river (east-
ern bay) supplies the most of continental supply for Gulf of
Tunis coast. In this case, the impacts of climate change on
the sedimentary dynamics of the catchment areas are subject
to a very active research for a decade and which emphasise
the reduction of fluvial fluxes of the river to the coastal envi-
ronment of Gulf of Tunis (Arnell, 1999a, b; Oueslati, 2004;
Saidi et al., 2014).

3 Material and methods

In this study, three cloudless satellite images were used
(SPOT1, SPOT4, and Sentinel A2). The shooting time, satel-
lite information, and image resolution of each image are sum-
marized in Table 1. As same resolution data is not available
for the desired period but the multi temporal capabilities al-
low tracking of changes over a long time (80 years).
Pretreatment of imageries consisted in radiometrically and
geometrical correction in order to minimize weathering ef-
fects on radiometric values (Fig. 2). The satellite imageries
(SPOT1, SPOT4, Sentine A2), topographic maps and aerial
photographies used in this study were ortho-rectified. The
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Figure 1. (A) Location map of the study site: the bay of Gulf of
Tunis (Bay western). (a) Spit of Kalait Andalous, (b) New mouth
of Medjerda river and (c¢) Raoued beach.

Table 1. Satellite imagery and maps used in the study.

Spatial database Date Resolution/
(year) accuracy
Spotl (04/09/1988) 20m
Satellite imagery Spot4 (12/09/1999) 20m
Sentinel A2 (16/04/2016) 10m
. 1974 (OTC)
Aerial photography 2000 (CNCT) 2m
. 1974 (OTC)
Topographic maps 1936 (OTC) 2m

datum of cartographic and satellite and aerial imageries is
World Geodetic System (WGS84), and the projected system
is Universal Transverse Mercator. Firstly, the atmospheric ef-
fect where corrected by providing the dark object subtrac-
tion model (Chavez Jr., 1996), to compensate differences in
shooting conditions and to calibrate the sensors.

The photo interpretation methods were used in order to
draw line features (in vector format) for delineating the coast-
lines for each year corresponding to products listed in Ta-
ble 1. Synthetic maps were obtained using ArcGIS 10.2 soft-
ware. The diachronic synthesis based on shapefiles that con-
tains coastlines had needed to evaluate the coastal dynamics
(Robin, 2002).

The all graphical data (vector format) were used to calcu-
late the spatial shoreline evolution using statistics provided
by Digital Shoreline Analysis System (DSAS) (Thieler et
al., 2009) in order to highlighting the differences between

proc-iahs.net/377/83/2018/
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Figure 2. The workflow of methodology.

coastline’s positions. DSAS tool was used to create transver-
sal transects over coastlines needed to analyse and calculate,
in different points, the change rate at the specified time inter-
val (Thieler and Danforth, 1994). For each transect, DSAS
provides a calculation of erosion and accretion of shoreline
(Bush and Young, 2009). Transects lines were generated au-
tomatically using DSAS with followed characteristics: lines
with 1 km length placed at 200 m distance between them to
study the changes that occurred along the delta of the Med-
jerda, and the western bay of the Gulf of Tunis (Fig. 3).
Baselines can be placed ofshore or onshore of shorelines
limit, however a baseline cannot be placed between shore-
lines. However in our study, the baseline was built offshore
and parallel to the general trend of the coastline of gulf of
Tunis. Transects will be cast perpendicular to this baseline
(200 m spacing) and intersect the shorelines to establish mea-
surement points (Himmelstoss, 2009).

Afterwards, all the shorelines specifically for each studied
year were overlaid and spatially compared. During this stage
can be emphasis the evolution of the coastline in the studied
period. The quantitative and qualitative analysis is based on
the statistics methods provided by DSAS, such as Net Shore-
line Movement (NSM), End Point Rate (EPR) and Linear
Regression (LRR).

The spatial error specific to georeferencing process for dif-
ferent products listed in Table 1 is estimated by the root mean
square (RMS) and the maximum value is 2.33 m (Table 2).
To calculate the margin of error of our photo-interpretation is
based on the report from the USGS (2006) which expressed
the calculation of the margin of error Egs. (2), (3) and (4).
However, we will not take into account the error of digitiza-
tion for the development of the margin of error. In our graph-
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Figure 3. Shoreline extraction with transect and baseline using
satellite imagery and maps in studied area.

Table 2. Margin of error of photo-interpretation.

Margin of error in meter

Years 1936 1974 1988 1999 2016
RMS error <0.5

Pixel error 1.8 1.62 1.42 1.21
Total error 23 212 1.92 1.71
Annual error

(m year_l) 0.2

EPR: E

Annual error

(m year_l) 0.12

LRR: U

Equation (1) Egq=\/E3+E}+E2+ E}

[ 2 2
Ea _ Espl +Esp2

time

Equation (2)

Equation (3) U=

ics, we use a margin of error of +0.15 myear™!. We take into
account this type of error for a better comparison.

4 Results and discussion
The temporal data comparison concerning the evolution of
shoreline’s positions using the statistic’s variables, such as

NSM and EPR, shows the importance of taking comparison
of the temporal series of the evolution of the shoreline posi-
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Figure 4. Multitemporal shoreline evolution of Kalaat Andalous.

tion using NSM and EPR statistical technics shows the im-
portance of the different periods in this study.

Based on results it can be emphasis in the study area the
presence of three dynamic zones:

1. Kalaat Andalous spit;
2. New mouth of Medjerda river;
3. Raoued beach.

The analyzing of the shoreline changes during 1936 to
2016 can be highlighted that erosion is significant, espe-
cially at the Kaladt Andalous spit with a severe erosion of
up to —254+0.15 myear_l (—2km) (Figs. 4, 5 and 6). Sim-
ilar observation is reported along this zone coast by Saidi
et al. (2014) and Louati et al. (2014) with maximum rates
of retreat respectively —17 42.4 and —20.7 =3 myear .
The decreasing of sediment flow at the old mouth of Med-
jerda river is generated by deviation of the new channel by
hydrotechnical works in 1973. These hydrotechincal works
stimulates the waves to erode and to carry out offshore the
fluvial sediments from the old delta. The sediments under
the effect of the coastal drift disposed on SE/NW direction
facilitates the construction of barrier bar i.e. the sand spit of
Kalaat Andalous.

During this period (1936-2016), the accretion is always
occurred in the new mouth with a maximum rate of 320 m
(+440.15myear™!) (Figs. 7, 8 and 9). During the floods of
March 1973, Medjerda river had resorted to a change of bed
choosing the channel of Henchir Tobias as an outlet.

The river’s spillway is no longer powered by the allu-
vial contribution of Medjerda river. The results are shrinking
beaches and coastal erosion. This phenomenon is evident in
the aerial photographs of 1962 (Paskoff, 1985). On the other
hand, the rate of accretion of the littoral has been eroded, at
the mouth with an average of —1.6440.15myear™!. This
rate of erosion located at the river’s mouth is explained by
building of dam construction (El Aroussia in 1957, Bou
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Figure 6. The rates of shoreline changes (MSN) in Kalait An-
dalous.

Heurtma in 1976 and Sidi Salem in 1982) across the new
Medjerda river restricts the flow of terrigenous sediments at
the level of new mouth of Medjerda river. The Sidi Salem is
characterized by a volume capacity of 555 millionm?, a sur-
face of 4.3 ha, also being the largest dam in the Tunis. Dam
retain the terrigenous sediment discharge to the sea.

Between 1974 and 1988, the speed of advance of the
shoreline continued during this period, especially in the
mouth area with a maximum of 290 m. El Arrim (1996) re-
veals that the speed of the shoreline continued at a slower
pace which gains of almost 270 m between 1977 and 1987
(El Arrim, 1996 in Oueslati, 2004).

Raoued beach, situated at the south east of the Medjerda
delta, is an exceptional case in terms of fragility and man-
agement. The status of this area is favored, especially in its
western part, by a large alluvial contribution occured by the
new mouth of Medjerda river supply.

In this sector, we observe that the NSM is different for the
two periods (1936-1974 and 1974-2016). Before 1974, this
is a zone of erosion range with an average rate of —300 m
(—8=%0.15 myear_l) (Figs. 10, 11 and 12). This erosion is
due both to the effect of the longshore coastal drift from the
SE to NW direction and this zone is highly erosional because
of its exposure to the strong waves, winds and rip currents of
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Figure 7. Multitemporal shoreline evolution of new mouth of Med-
jerda river.
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Figure 8. The rates of shoreline changes (EPR) in new mouth of
Medjerda river.

the E to SE in summer, N to NE in winter. After 1974, this
sector tends to be deposited, the values of erosion decreased
significantly on all zone of Raoued (—2.3 +0.15myear™!).
This decrease in erosion rates is due to the deviation of Med-
jerda river in 1973. The natural river of Medjerda was aban-
doned, and the entire terrigenous flow now passes through
an artificial canal of Henchir Tobias (2km northern ward
Raoued beach).

The main causes of erosion during this period are both re-
lated to natural and/or anthropogenic factors, especially by
significant reduction of sediment supply caused by construc-
tion of numerous dams located in the catchment area of Med-
jerda river.

5 Validation of Digital Shoreline Analysis System
(DSAS)

The LRR is determined by adjusting a least squares regres-

sion line at all the coastline points for a particular transect
(Thieler et al., 2009). In the transect 116, the linear regression
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Figure 10. Multitemporal shoreline evolution of Raoued.

is the slope of the line with y = 7.720x 4+ 15953 myear™!.
This calculation provides the standard error of the slope with
the confidence interval of 95 %. Confidence in the analytical
results is validated also by comparing this study with other
researchers (Oueslati, 2004; Saidi et al., 2014 and Louati et
al., 2014), which indicated a good correlation. In the present
study, spatial resolution (20, 10 and 2 m) is acceptable com-
pared to previous studies (Louati and Zargouni, 2009; Louati
et al., 2014) in this area using Landsat scenes with a spatial
resolution of 30 m, which this increases the error in coastal
areas.

6 Conclusion

The assessment of erosion and accretion processes through
the transect lines using DSAS tool, applied on western bay of
the Gulf of Tunis, provide valuable statistics upon coastline
dynamics in terms of positional changes and in identification
of depositional and denudational areas. Based on this study
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it can be concluded that DSAS will be useful for long-term
(1936-2016) qualitative monitoring of shoreline evolution
pattern in case lack of field data sources. In the studied period
most of the beach underwent erosion (—25+0.15 myear™!
in Kaladt Andalous sandy spits) while some part of the beach
follow accretion trend (+4 £ 0.15 myear~" in new mouth of
Medjerda river). The variation of the morphology in the re-
cent Medjerda river mouth was significant as well. The ob-
served patterns of erosion and accretion along the bay shore-
lines resulted from both natural and human impacts strongly
managed by human activities start to be more sensitive and
vulnerable to natural erosion processus. Most of the shoreline
was exposed to natural erosion processes induced by waves,
tides and periodic storm surge. This study extends the anal-
ysis period by three years compared to the study conducted
by Louati et al. (2014).

Data availability. Spot image: two images were provided by the
laboratory of hydroscience Montpellier, in the project RYSCMED
and were used in this work after the acceptance of the “ISIS” file.

Sentinel image: the Copernicus Open Access Hub (previously
known as Sentinels Scientific Data Hub) provides complete, free
and open access to Sentinel A2 (https://scihub.copernicus.eu/).
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Abstract. Tropical moist ecosystems, such as Ahémé lake, south-west Benin, are increasingly marked by water
degradation, linked with the activities of increasing riparian populations. The objective of this study is to ana-
lyze sedimentary dynamics and its influence on the changing ecosystem of Ahémé lake from 1961-2010. Data
used to carry out the study are records of precipitation, flows, turbidity, suspended sediment, mineral elements
and bathymetry. Grain size data from the sieving of sediment samples were used to interpret suspended solids
distribution in the lake. Linear correlation coefficients were used to assess the degree of dependence between
rainfall and runoff inputs to the lake. Lake depth measurements in some areas of the lake serve to determine
the rate of infilling. The sorting index was used to highlight the distribution and origin of sediments in the lake.
The results show a degradation of the lake Ahémé ecosystem characterized by infilling of its bed, a high corre-
lation (r = 0.90) between rainfall and runoff, seasonal change in physicochemical parameters (total suspended
sediment decrease by —91 %) and decrease in fish production by 135.8 tyr—!. The highest mean suspended sedi-
ment concentrations in lake inputs occur during high water periods (123 mgL~") compared to low water periods
(11.2mgL~1).

1 Introduction cal elements, resulting in sometimes a significant presence

of algae or aquatic plants, and also absence of certain plant

Ahémé lake, in Benin western Africa, and its biodiversity
attract enormous interest from people, local residents and
scientists in particular (Amoussou et al., 2016). The ripar-
ian population interest is in the supply of fish resources but
the ecosystem of Ahémé lake is in constant degradation. The
lake dynamics and its water resources are linked to climatic
and hydrological variability (Amoussou et al., 2007). Analy-
sis of the dynamics of rivers and water bodies (Vissin, 1998)
is necessary to meet the main objectives of the Global En-
ergy and Water Experiment (GEWEX) and the Tropical At-
mosphere and Hydrologic Cycle (CATCH) projects.
Eutrophication of Ahémé lake (Oyédé, 1991; Amoussou,
2004) leads to siltation, excessive concentration of chemi-

species along the lake shores inducing hydraulic erosion.
These combined pressure factors could lead to destruction
of the ecological habitats of fish species and consequently
disrupt socio-economic activities. Commercial fishing is de-
clining as a result of lower fisheries yields. Thus, the balance
between natural resources and human population demands
or needs is being compromised. This study aims to analyze
the evolution of sedimentary and environmental parameters
from 1961 to 2010 and their impacts on the ecosystem of
Ahémé lake. This work brings together hydrometric, sedi-
mentary and water quality information to help understand
ecosystem changes and its impacts in Ahémé lake.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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2 Data and methods

2.1 Study site

Ahémé lake is located between 6°20” and 6°40’ N and 1°55’
and 2° E (Fig. 1a).

Ahémé lake is located in a depression between the Allada
and Come plateaux (Fig. 1b). The Couffo River flows into
Ahémé lake from the north. Ahémé lake exchanges water in
the south with the Mono and Sazoué rivers which are con-
nected to a coastal lagoon and the Atlantic Ocean through
the 24 km long Aho Channel. During the wet season fresh-
water water from Ahémé lake flows southwards in the chan-
nel to the lagoon and Atlantic Ocean. However, during the
dry season the flow in the channel reverses, resulting in in-
creased salinity in the southern part of the lake. The width
of the lake is ~ 3.4 km at the latitude of Guézin. The surface
area of Ahémé lake is between 70 and 100 km? in the dry and
rainy seasons, respectively (Le Barbé et al., 1993).

Ahémé lake is influenced by a rather dynamic lagoon sys-
tem that favors variations in pH, temperature and salinity
due to its opening on the Atlantic Ocean. The contribution
of Mono River to the lake is most significant during floods
or periods of high water levels (Pliya, 1980; Oyédé¢, 1983;
Amoussou et al., 2007).

2.2 Data

Rainfall data from stations at Athiémé, Grand Popo, Bopa,
Allada and Ouidah (see Fig. 1a) over the period 1961-2010
were extracted from the database of METEO BENIN. Flow
data records of the Couffo River at Lanta and Mono River at
Athiémé over the period 1961-2005 (data are not available
for 2006-2010) were collected by the Hydrology Depart-
ment of the Directorate General for Water. Information on
sediment dynamics in Ahémé lake was available as: (1) sed-
iment depth data collected only in 1991 and 1999 were
extracted from Oyédé et al. (2007); (2) annual suspended
solids concentrations measured in 1999 and 2007 at Guézin
(Roche International, 1999; Amoussou et al., 2007). These
were complemented by seasonal (rainy and dry) bathymetry
measurements in 2003 and 2006 in Ahémé lake. Physico-
chemical measurements were made at localities on the east
and west shores of the lake in: (1) October 2000 — pH only;
and (2) September 2002 — salinity and pH measured using a
WTW 340i handheld pH/conductivity meter. Sediment sam-
ples collected during hand dredging were analyzed by siev-
ing using the AFNOR (French Standardization Association)
method (AFNOR, 1996). Sediment weighing was carried out
on a Shimadzu BX3200D (dual range: 3200/600 g and reso-
lution: 0.1/0.01 g).

2.3 Methods

Linear correlation coefficient were calculated between mean
monthly rainfall at Athiémé, Grand Popo, Bopa, Allada and
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Figure 1. (a) Location of Ahémé lake in south-west of Benin.
(b) The flow direction of the Mono-Couffo rivers and Ahémé lake.
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Figure 2. Mean monthly rainfall at the stations around Ahémé lake
over the period 1961-2010.

Ouidah station and mean monthly flow at stations Athiémé
and Lanta for the period 1961-2005 (see Figs. 2 and 3).
Bravais-Pearson’s correlation coefficient is calculated with
0.05 significance level.

Assessment of the sedimentary evolution of Ahémé lake
was conducted to determine whether sediment depositions
or erosion was occurring or whether there was sedimentary
balance. The lake cross-sectional area is calculated from the
depth and width of the wetted section. Thus, the decrease or
increase in section area is related to depth, because from one
year to the next in the same season, the width varies very
little.

The bathymetry is measured by boat over 2.5 km at Bopa
Kpindji, Bopa Centre and Segbohoue (Fig. 1b), from the east
to west bank. On this cross section, the measurement depths
of Ahémé lake is doing each 2m distance with graduated
wooden ruler on dry and rainy seasons.

These measurements referred to a standard water level
(0.5 m) at the gauging station under Guézin bridge (Fig. 1b)
and formed the basis for estimating the sediment depth data
shown in Table 1. The Sorting index (Sp) was used to de-
termine the distribution and origin of sediments in the lake
through the formula:

So=q—3,

q1

where g1 and g3 are the first and third quartile, respectively,
of the grain size distribution.

— If So =1 or close to 1: the sediment is homogeneous
(well sorted), corresponding to a steep gradient of the
grain size curve (Ben Amor et al., 2003; Marc and Em-
blanch, 2005);

— If So < or > 1: the sediment is poorly sorted out, corre-
sponding to a low gradient of the grain size curve (Ben
Amor et al., 2003; Marc and Emblach, 2005).
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Figure 3. Mean monthly flow of the Mono River at Athiémé and
Couffo River at Lanta linking Ahémé lake over the period 1961—
2005.

3 Results and discussion

3.1 Rainfall and river flow variation

Figures 2 and 3 show the mean monthly rainfall and flows
of rivers feeding the Ahémé ecosystem. The annual rainfall
regime is bimodal, characterized by an important supply of
water over May—July (rainy season) and September—October
(small rainy season).

This seasonal climate variability results in the transport
of dried sediment from the banks into Ahémé lake. Sedi-
ment and water inflow from the Couffo River to Ahémé lake
is less important than that of the Mono River which has a
higher flow (annual mean flow is 5.1 m?s~! at Lanta and
114.4m3s~! at Athiémé over 1961-2005).

Correspondence of flows with the rainy season confirms
the high rainfall vs. flow Bravais-Pearson’s correlation coef-
ficient (r = 0.90) in the study area.

Moreover, the lake receives a large volume of water dur-
ing September—October when the rivers entering the lake
reach their maximum annual flow and also contain their high-
est suspended solids concentration as reported by Amous-
sou (2004). The Couffo river has much greater seasonal vari-
ability in flow compared to the Mono river especially since
construction of the dam on the Mono river at Nangbéto
(7°25'25.40" N; 1°26/5.82” E) in September 1987. The dif-
ference in the hydrological flow regimes in the Couffo and
Mono rivers and the effect of the Nangbéto dam on dry sea-
son flow are evident in Fig. 3. Base flow in December to April
at Athiémé was 4.22m?>s~! before the dam construction and
increased to 57.26m>s™! after the dam construction. The
dam has had a major impact on water and sediment flows
from the Mono river to the Ahémé lake ecosystem, includ-
ing increased bank erosion downstream of the dam (Oyédé,
1991; Amoussou, 2010).
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Table 1. Sedimentation evolution in some parts of the Ahémé lake
from 1991 to 1999.

Site Sectional areas of sediment (mz)
1991 1999 Difference  Variation
(1991-1999)  rate (%)
Bopa Kpindji 2405 2499 +94 39
Bopa Centre 5164 4919 —245 —4.7
Segbohoue 2899 2744 —155 —53

Source: Oyédé et al. (2007)

3.2 Morphodynamics of Ahémé lake

Data from the years 1991 and 1999 (Oyédé et al., 2007) re-
vealed declining water depths in some areas of Ahémé lake.
Comparison of the depths between 1991 and 1999 in a few
areas of the lake, in the north (Bopa Kpindji and Bopa Cen-
tre) and the south (Segbohoue), revealed infilling (Table 1)
from the east bank to the west bank. In the north of the lake,
there was erosion at Bopa Centre from 1991 to 1999, together
with deposition at Bopa Kpindji, especially on the eastern
bank.

Infilling of Ahémé lake, as indicated by some of the data
presented here, is one of the factors of the lake impoverish-
ment contributing to fish species migration and ecosystem
degradation.

Suspended solid inflows to the lake are more important
in the rainy season than in the dry season, as demonstrated
by measurements carried out by Roche International (1999)
and Amoussou et al. (2007), who showed that at Guézin
bridge, the daily suspended solids concentration measured
during the rainy season varied from 81 to 165mgL~! (mean
~ 123 mgL~!) while in the dry season they range from 3.5
to 19mgL~! (mean ~ 11.2mgL™").

3.3 Granulometric analysis

Figure 4 shows the parabolic curves of granulometric vari-
ation for sediment samples from the coastal lagoon and
Ahémé lake, based on the sediment weight data transformed
into a cumulative percentage.

The proportion of sands (> 0.5 mm diameter) is greater
(80 %) in the coastal lagoon than in Ahémé lake (40 %). The
particle size range is narrower in Ahémé lake and is dom-
inated by fine particles, indicating the transport of particles
in suspension. These results are consistent with those ob-
tained by Yalin and Karahan (1979) on the secondary trib-
utary of the Loire river and by Fournier (2004) on the Du-
rance river, both in France, and by Degoutte (2006) on em-
bankment dams. The textural heterogeneity of the sediments
is also due to their origin: either from the crystalline base-
ment geology or sedimentary rocks affected by erosion, or
from the sea.
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Values of the Sorting Index (Sp) were > 1, showing that
deposited sediments are poorly sorted in both Ahémé lake
(So =2.15) and in the lagoon (Sgp = 1.71). This can be ex-
plained by the effect of a range of processes, including low
roughness of the floodplain, flocculation due to saline condi-
tions at high tide, solid inputs generated by anthropogenic
activities and the transport and deposition of the majority
of sediment as bed load mobilised during the rainy season.
These results are consistent with those of Cerdan et al. (2002)
and Amoussou (2010), who reported that, because of the ab-
sence of vegetation, in the rainy season sediment particles
are mobilized and deposited on the lake bed, modifying the
lithofacies of the bottom. Large sediment particles are de-
posited on the river banks whilst finer sediment particles are
transported by the river into Ahémé lake.

3.4 Evolution of physicochemical parameters

Salinity measurements at the entrance to the lake (Guézin
first bridge) in the north (Bopa Agonsa) and on both banks
of Ahémé lake in September 2002 (Fig. 5) show high salin-
ity even during the rainy season. This is caused by the quasi-
permanent opening of the Mono River mouth on the coastal
lagoon. It could also be attributed to a decrease of rainfall
around the lake in the years 2000 (—26 to —29 %), 2001 (—8
to —13 %) and 2002 (—10 to —15 %), compared with the an-
nual mean rainfall for the period 1961-2010 (968.42 mm),
providing less rainfall for dilution of salinity. Salinity values
measured in the lake in September 2002 (at the beginning
of the floods of the Mono and Couffo rivers, where salin-
ity is almost zero) are much higher than those recorded in
other parts of the drainage basin (Oyédé, 1981, 1983, 1991)
and other rivers in Benin (Amoussou, 2003; Amoussou et al.,
2007).

Increasing salinity can result in enhanced flocculation of
terrigenous sediment in the lake and subsequent deposition
within the lake, contributing to sediment infilling.

Analysis of the pH data (Fig. 6) allows assessment of the
suitability of the lake water quality for aquatic ecology and
fish species. The mean pH at the localities ranges from 7.2
to 8.2 in October 2000, indicating a basic environment dur-
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Figure 5. Spatial variation in salinity from South to North on
the eastern and western bank of Ahémé lake in September 2002
(Source: Amoussou, 2003).

ing high water periods. In the lake area, pH is quite vari-
able, as also shown by Houadégla (1991) in Nokoue lake
(6°25'23.71” N; 2°26/26.30” E) in south-east Benin, which
is also in the subequatorial climate domain.

Lake pH values depend on the time and location of mea-
surement, since they can be affected by solar insolation, in-
tensity of chlorophyll assimilation, respiration of animals
and metabolism of lower aquatic organisms. The high pH at
Guézin (8.2) is attributed to the fact that saline marine waters
necessarily pass through this point before reaching the lake.

Degradation of the Ahémé lake ecosystem due to eutroph-
ication, low dissolved oxygen concentration (Dedjiho et al.,
2013; Dimon et al., 2014) and over-fishing resulting in lower
fish reproduction rates (not demonstrated in this study) has
affected fish production (Fig. 7) with a decline in annual fish
production from 6298t in 1987 to 1813t in 2000.

proc-iahs.net/377/91/2018/

8.4
8,2

7,8 -
7,6
74 4
72

pH

6,8
6,6

& & vo‘;e \;é-’\o X O S
5 ~°° 9 (‘b, ";b Q\F&
‘_)®% (90

Localities

$
&
]

Figure 6. Spatial variation of pH measured in Ahémé lake in Octo-
ber 2000 (Source: PAZH, 2002).

7000 -

g

y=-135.8x + 4948
5000 - R?=0.295

\

g

g

2000 -

Fish production (tonnes)

1000 -

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
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(Source: Fish farming Directorate, 2002).

4 Conclusion

Ahémé lake is characterized by a bimodal rainfall regime
(two dry seasons and two alternating rainy seasons) and the
unimodal flow regime of the Mono (with increased base flow
as the result of dam construction) and Couffo Rivers. The
high flows coincide with the heavy rains occurring in the
lake’s catchment. The strong flow / rain relationship reflects
the dependence of the flow on rainfall and influences the vari-
ation of water physicochemical parameters. Infilling of the
lake is confirmed by the continuing decrease in lake depth by
sediment with a narrower range of particle size in the lake
than in the coastal lagoon.
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Competing interests. The authors declare that they have no con-
flict of interest.

Proc. IAHS, 377, 91-96, 2018




96 E. Amoussou et al.; Sedimentary evolution and ecosystem change in Ahémé lake

Special issue statement. This article is part of the special issue
“Water quality and sediment transport issues in surface water”. It
is a result of the IAHS Scientific Assembly 2017, Port Elizabeth,
South Africa, 10—14 July 2017.

Acknowledgements. Authors wish to thank also the Agency
of Météo Benin and the Fish directorate for providing data. The
authors wish to thank the Associated Editor (Kate Heal), and an
anonymous reviewer for their useful comments on the manuscript.

Edited by: Kate Heal
Reviewed by: two anonymous referees

References

AFNOR: NF P94-056. Sols: reconnaissance et essais. Analyse gran-
ulométrique. Méthode de tamissage a sec apres lavage. Soil:
investigation and testing. Granulometric analysis. Dry sieving
method after washing, France, 15 p., 1996.

Amoussou E.: Dynamique hydro-sédimentaire et mutations
des écosystetmes du lac Ahémé. Mémoire de maitrise,
DGAT/FLASH/UAC, 103 p., 2003.

Amoussou, E.: Systemes traditionnels de gestion durable du lac au
Bénin, in: Développement durable: lecons et perspectives, Acte
de Colloque AUF Ouagadougou, Burkina Faso, 263-270, 2004.

Amoussou, E.: Variabilité pluviométrique et dynamique hydro-
sédimentaire du bassin-versant du complexe fluvio-lagunaire
Mono-Ahémé-Couffo (Afrique de 1’Ouest), PhD thesis, Univer-
sité de Bourgogne, Dijon, CRC — CNRS- UMRS5210, 313 p.,
2010.

Amoussou, E., Vissin, E. W., Houssou, C. S., and Boko, M.:
Changes in Physicochemical parameters and productivity of
Ahémé lake, in: 14th Stockholm Water Symposium: Drainage
basin management-regional approaches for food and urban secu-
rity, Abstract volume, 2004, Stockholm Water Symposium, 159—
160, 2004.

Amoussou, E., Oyédé, L. M., and Boko, M.: Variabilité¢ plu-
viométrique et flux de turbidité dans le complexe Chenal Aho-
lac Ahémé au Bénin (Afrique de I’Ouest), Actes du XXe&me col-
loque AIC, in: Climat, Tourisme et Environnement de Carthage,
Carthage, Tunisie, 81-86, 2007.

Amoussou, E., Totin, V. S. H., Tohozin, Y. A., Oyédé, M. L.,
and Boko, M.: Traditional adaptation strategies to hydrosystem
degradation for sustainable management of the Ahémé lake in
Benin (West Africa), European Scientific Journal of European
Scientific Institue (ESI), 12, 352-365, 2016.

Ben Amor, R., Brahim, M., and Gueddari, M.: Essai d’interpretation
de la dynamique sédimentaire par 1’analyse granulométrique et
minéralogique au large du Golfe de Gabes, Bull. Inst. Natn. Sci.
Tech. Mer de Salammbd, 30, 143-151, 2003.

Cerdan, O., Le Bissonnais, Y., Souchere, V., Martin, P, and
Lecomte, V.: Sediment concentration in interrill flow interactions
between solid surface conditions, vegetation and rainfall, Earth
Surf. Proc. Land., 27, 193-205, https://doi.org/10.1002/esp.314,
2002.

Proc. IAHS, 377, 91-96, 2018

Dedjiho, C. A., Mama, D., Tometin, L., Nougbodé, 1., Chouti W.,
Sohounhloué, C. K. D., and Boukari, M.: Evaluation de la qual-
ité physico-chimique de tributaires d’eaux usées du lac Ahémé,
Benin, J. Appl. Biosci., 70, 5608-5616, 2013.

Degoutte, G.: Diagnostic, aménagement et gestion des rivieres: hy-
draulique et morphologie fluviales appliquées, Editions Tec &
Doc, Lavoisier, France, 394 p., 2006.

Dimon, F., Dovonou, E., Adjahossou, N., Chouti, W., Mama,
D., Alassane, A., and Boukari, M.: Caractérisation physico-
chimique du lac Ahémé (Sud Bénin) et mise en relief de la pol-
lution des sédiments par le plomb, le zinc et I’arsenic, J. Soc.
Ouest-Afr. Chim., 37, 36-42, 2014.

Fish farming Directorate: Annual fish production in Ahémé lake
from 1987 to 2000, cotonou, Bénin, 10 p., 2002.

Fournier, L.: Modélisation de la production des apports sédimen-
taires dans le bassin de la Durance, Mémoire de DEA, LNHE,
CRD-EDF, Université Pierre et Marie Curie, Paris, France, 56 p.,
2004.

Houadégla, W. A.: Rythmes climatiques et productions halieu-
tiques au Bénin: cas du “lac” Nokoué, Mémoire de maitrise en
DGAT/FLASH/UNB, 126 p., 1991.

Le Barbé, L., Alé, G., Millet, B., Texier, H., Borel, Y., and Gualde,
R.: Les ressources en eaux superficielles de la République du
Bénin, Edition ORSTOM, France, 540 p., 1993.

Marc, V. and Emblanch, C.: Cours de méthode de calcul des
parametres granulométriques, France, 2005.

Oyédé, L. M.: Sédimentation margino-littoral au débouché du “lac”
Ahémé (Bénin Afrique de 1’Ouest), Mémoire de DEA, Science
de la Terre, Dijon, 44 p., 1981.

Oyédé, L. M.: Un exemple de sédimentation biodétrique quaternaire
dans le domaine margino — littoral en climat tropical humide: le
“lac” Ahémé — (Bénin — Afrique de 1’Ouest), PhD thesis, Univer-
sité¢ de Dijon, Paris, 171 p., 1983.

Oyédé, L. M.: Dynamique sédimentaire actuelle et messages enreg-
istrés dans les séquences quartenaires et néogenes du domaine
margino littoral du Bénin (I’ Afrique de 1’Ouest), PhD thesis, Uni-
versité de Bourgogne, Paris, 302 p., 1991.

Oyédé, L. M., Kaki, C., and Laibi, R.: Environnement sédimen-
taire, morphologie et facies du lac Ahémé dans le complexe la-
gunaire sud-ouest béninois, Annales des Sciences agronomiques
du Bénin, 9, 75-98, 2007.

PAZH: La pollution dans les zones humides du Sud-Bénin: état
actuel, impacts, stratégies de suivi et de lutte. Rapport Intéri-
maire, 111, 42 p., 2002.

Pliya, J.: La péche dans le Sud-Ouest du Bénin. Etude de géogra-
phie appliquée sur la partie continentale et maritime, AGECOOP,
Paris, 293 p., 1980.

Roche International: Etude de projet d’aménagement des plans
d’eau du Sud-Bénin, Volume III, Tome III, Rapport final, 101
p. + annexes, 1999.

Vissin, E. W.: Contribution & 1’étude du fonctionnement hy-
drologique du bassin de la Sota, Mémoire de maitrise,
FLASH/UNB, 80 p. + annexes, 1998.

Yalin, M. S. and Karahan, E.: Inception of sediment Transport, J.
Hydr. Eng. Div.-ASCE, 105, 1433-1443, 1979.

proc-iahs.net/377/91/2018/


https://doi.org/10.1002/esp.314

	.Water quality, v. 377
	piahs-377-1-2018
	piahs-377-3-2018
	Abstract
	Introduction
	Area of study
	Methods
	Experimental micro-catchment study
	Jamanxim River basin modelling
	Tapajós River basin analysis

	Results and discussion
	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-9-2018
	Abstract
	Introduction
	Materials and methods
	Study area
	RUSLE model
	Rainfall erosivity factor (R)
	Soil erodibility factor (K)
	Topographic factor (LS)
	Vegetation cover factor (C)
	Conservation support practice factor (P)
	Soil erosion map


	Results and discussion
	Estimation of soil erosion
	Characteristics of soil erosion under different land use patterns
	Characteristics of soil erosion under different slope gradients

	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-19-2018
	Abstract
	Introduction
	Materials and methods
	Study area
	Methodology
	Determining parameters associated with erodibility
	Soil erodibility (K) factor
	Topography (LS) factor
	Cover (C) factor
	Management practice (P) factor


	Results and discussion
	Sensitivity analysis
	Model outputs

	Conclusion and recommendations
	Data availability
	Supplement
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-25-2018
	Abstract
	Introduction
	Materials and methods
	Study area
	Models used
	Model setup

	Results
	Inputs of flow data from the WEAP model into WQSAM
	Water quality modelling in WQSAM

	Discussion
	Model results
	The benefit of modelling water quality in WQSAM

	Conclusions
	Data availability
	Competing interests
	Special issue statement
	References

	piahs-377-35-2018
	Abstract
	Introduction and objectives
	Study area and dam characteristics
	Methodology
	Results and discussion
	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-41-2018
	Abstract
	Introduction
	Study area
	Data and methods
	Bathymetric and topographic data
	Bedform geometry

	Results
	Morphological changes recorded by DEM of Difference (DoD) over a mid-channel bar
	Kinematics of sand dunes at Ciudad Bolivar

	Conclusions and recommendations
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-51-2018
	Abstract
	Introduction
	Study site
	Methods
	Results
	Spatial patterns of deposition and channel development
	Simulated sediment thicknesses
	Topographic controls on velocity patterns

	Discussion
	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-57-2018
	Abstract
	Introduction
	Study area

	Materials and methods
	Data collection
	Calculation of RUSLE Factors
	Rain Erosivity Factor (R factor)
	Soil Erodibility Factor (K factor)
	Land Cover and Crop Management Factor (C factor)
	Management Practice Factor (P Factor)

	Quantifying the sediment yield in the Catchment
	Sediment yield from field measurements
	Assessing the current sedimentation levels of Chimhanda Dam
	Water quality trend from sedimentation
	Investigation the relationship between sedimentation and water quality

	Results and discussions
	Results of the RUSLE factors
	Soil loss from the catchment
	Sediment Yield
	Measured Sediment Loads

	Sedimentation in Chimhanda Dam from Bathymetric Survey
	Water Quality Trend from Sedimentation
	Turbidity
	Total Suspended Solids
	Dissolved Oxygen (DO)
	Nitrates (NO3)
	PH

	Relationship between sedimentation and river water quality
	Variation in reservoir water quality

	Conclusions and recommendations
	Conclusion
	Recommendations

	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-67-2018
	Résumé
	Introduction
	Matériel et méthode
	Site d'étude du bassin versant de la Medjerda
	Régime hydrologique et stratégie de mobilisation des eaux de surface
	Technique de prélèvements des sédiments, méthodes de mesure et géochronologie

	Résultats
	Sédimentation des réservoirs
	Modélisation et reconstitution des transports solides
	Approche paléohydrologique pour évaluer l'impact anthropique
	Reconstitution de la variabilité passée des transports sédimentaires du bassin versant de la Medjerda, Tunisie
	Etude de l'évolution des apports : impact anthropique


	Discussion
	Conclusion
	Disponibilité des données
	Intérêts concurrents
	Déclaration de la numéro special
	Remerciements
	Références

	piahs-377-77-2018
	Abstract
	Introduction
	Study area
	Material and methods
	Results and discussion
	Grain size and geochemical evolution of sediment cores
	Correlation of geochemical elements
	Historical evolution of the new delta of the Medjerda

	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

	piahs-377-83-2018
	Abstract
	Introduction
	Study area
	Material and methods
	Results and discussion
	Validation of Digital Shoreline Analysis System (DSAS)
	Conclusion
	Data availability
	Competing interests
	Special issue statement
	References

	piahs-377-91-2018
	Abstract
	Introduction
	Data and methods
	Study site
	Data 
	Methods

	Results and discussion
	Rainfall and river flow variation
	Morphodynamics of Ahémé lake
	Granulometric analysis 
	Evolution of physicochemical parameters

	Conclusion
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References


