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ABSTRACT

Reservoir siltation due to water erosion is an important environmental issue in Mediterranean
countries where storage of clear surface water is crucial for their economic and agricultural
development. The high density of gully systems observed in Mediterranean regions raises
the question of their contribution to reservoir siltation. In this context, this study quantified the
absolute and relative contributions of rill/interrill and gully/channel erosion in sediment
accumulation at the outlet of small Tunisian catchments (0.1-10 km?) during the last 15 years
(1995-2010). To this end, a fingerprinting method based on measurements of cesium-137
and Total Organic Carbon combined with long-term field monitoring of catchment sediment
yield was applied to five catchments in order to cover the diversity of environmental
conditions found along the Tunisian Ridge and in the Cape Bon region. Results showed the
very large variability of erosion processes among the selected catchments, with rill/interrill

erosion contributions to sediment accumulated in outlet reservoirs ranging from 20 to 80%.
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Overall, rill/interrill erosion was the dominant process controlling reservoir siltation in three
catchments whereas gully/channel erosion dominated in the other two catchments. We
identified the presence of marly gypsum substrates and the proportion of catchment surface
covered by soil management/conservation measures as the main drivers of erosion process
variability at the catchment scale. These results provided a sound basis to propose
guidelines for erosion mitigation in these Mediterranean environments and suggested to
apply models simulating both rill/interrill and gully/channel erosion in catchments of the

region.

Keywords: Erosion. Gully. Rill and interrill. Sediment fingerprinting. Small Mediterranean

reservoirs.

INTRODUCTION

Water erosion is considered to be one of the main causes of land degradation and is a major
threat to the soils worldwide (Cerdan et al., 2010; Lal, 2001; Mendal & Sharda, 2013; Zhao et
al., 2013). The Mediterranean region is particularly prone to erosion and higher sediment
yields were reported in this environment than in many other regions across the world
(Woodward, 1995; Vanmaercke at al, 2011, 2012). This situation is due to the specific
Mediterranean context (Cerda et al., 2010; Cantén et al., 2011; Garcia-Ruiz et al., 2013)
characterised by an erosive climate affecting steep catchments composed of poor soils and a
very long history of intense cultivation including some inappropriate farming practices (Cerda
et al., 2009; Laudicina et al., 2014; Raclot et al, 2009). The severe soil losses observed in
this region have direct on-site effects by affecting both soil sustainability and agricultural
productivity (De Vente & Poesen, 2005) and off-site effects by increasing flood risk, and
affecting water quality and quantity. The rapid siltation of numerous artificial reservoirs built

during the last decades to mitigate water scarcity represents an important societal issue in
3
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North African countries, as the decline of surface water storage capacity may greatly impact
their agricultural, economic and social development (Ayadi et al., 2010; Ben Mammou &
Louati, 2007; Hentati et al., 2010; Habi & Morsli, 2011; Lahlou, 2000). The prediction of the
main erosion processes occurring in catchments is therefore essential for guiding the

implementation of erosion control measures adapted to the catchment context.

The dominance of gully erosion as the main source of sediment in Mediterranean

environments has been underlined by many authors. Studies conducted at the local scale, i.e.

plot or gully scale, in Algeria (Collinet & Zante, 2005; Roose et al., 2000) showed that gully
erosion could produce ten to one hundred times more sediment than sheet erosion. Similarly,
when moving up to the catchment scale, several studies highlighted the important role of
gullies controlling the reservoir siltation in Spain (De Vente et al., 2008) and in lItaly (De
Vente et al., 2006). In a review on gully contribution to total catchment erosion (Poesen et al.,
2003), this feature appeared to provide the dominant source of sediment in all catchments
located in Mediterranean regions. For example, in Spanish reservoirs, gully erosion supplied
83% (Poesen et al., 1996) of sediment and largely dominated compared to rill and inter-rill
erosion. However, similar measurements detailing the respective contribution of individual
erosion processes at the catchment scale are rarely available (Porto et al., 2014). Existing
estimations are often given for a limited number of erosive events as the collection of
required data through detailed topographic surveys is very difficult and time consuming to
cover the entire catchment area. As a result, there is a lack of information regarding the
contribution of gully erosion to sediment fluxes at the catchment scale over the-mid to long-
term. In addition, the factors explaining the differences of erosive behaviour (i.e., absolute
and relative contribution of the rill/interrill and gully/channel erosion processes) between

catchments are poorly understood.

In this context, sediment fingerprinting may provide an alternative technique to quantify the

relative contribution of individual erosion processes at the catchment scale. This approach
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aims to provide useful quantitative information on sources delivering sediment to rivers that is
very difficult, time-consuming and expensive to assess using classic monitoring surveys in
the field. This technique has been successfully applied to floodplain deposit samples (Collins
et al., 2010; Wasson et al., 2010; Wilkinson et al., 2009); to suspended sediment (Collins et
al., 1998; Devereux et al., 2010; Mukundan et al., 2010; Nagle et al., 2007; Walling, 2005), or
to core reservoir samples (Ben Slimane et al., 2013; Juracek & Ziegler, 2009; Mourrier, 2008)
to apportion the respective contributions of surface and subsurface soils as sediment
sources. In these studies, the use of fallout radionuclides (in particular, caesium-137) alone,
or in combination with other tracers has proven to be powerful in discriminating between
subsoil and topsoil sources. Several recent papers (Guzman et al., 2013; Haddadchi et al.,
2013; Walling, 2013) have reviewed the current approaches, advantages and challenges of

this technique.

The objectives of this paper are to: 1/ quantify the mean inter-annual absolute (in Mg ha™ yr™)
and relative (in %) contribution of rill/interrill and gully/channel erosion processes to the outlet
sediment yield of several Mediterranean catchments; 2/ investigate the main driving factors
that may explain reservoir siltation, and check whether these driving factors change when
considering total sediment yield (i.e., sediment providing from rill/interrill plus gully/channel
erosion processes) or individual soil erosion processes (either rill/interrill or gully/channel)
contribution to catchment sediment yield. To this end, we combined catchment sediment
yield measurements derived from field monitoring with a fingerprinting approach applied to
reservoir deposits accumulated at the outlet of five catchments covering a large range of

environmental conditions found in Maghreb countries.
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MATERIAL AND METHODS

Study sites

Five rural catchments were selected among a pilot network of more than 30 small hillside
catchments with reservoirs (0.1-10 km?) distributed across the Tunisian Ridge and the Cape
Bon (Figure 1). These five catchments (El Hnach, El Melah, Fidh Ali, Kamech, and Sbaihia)
were chosen because of their contrasted landscape characteristics as described in Table 1
and their continuous monitoring by the Tunisian Direction of Soil and Water Conservation

(DGACTA-CES) and the French Research Institute for Development (IRD).

The surface area of these catchments ranges from 0.61 to 3.67 km?. They drain into small
reservoirs built between 1991 and 1994 with an initial storage capacity ranging from 20,000
to 150,000 m*® where sediment has accumulated for more than 15 years. In 2009-2010, El
Melah, ElI Hnach and Fidh Ali reservoirs were completely filled with sediment, but Kamech
and Sbahia lakes were still operational. They are all associated with very low nutrient levels
as generally found in North African rural environments. The drainage density including both
wadis (i.e., dry creeks) and gullies ranges from 48.2 to 158.3 m ha™ (Rebai et al., 2012). The
catchments are distributed along an annual rainfall gradient comprised between 285 and 650
mm. The lithology mainly consists of marls (soft substrate), sandstones and limestones (hard
substrates), but their relative surface cover varies from one basin to another. Marly gypsum
was the most widely found in Fidh Ali catchment. Cropland occupied 10 to 70% of the total
surface depending on the catchment. The rest of the surface was covered by scrubland
devoted to grazing, by forests, by gullies/badlands and by a few houses. The main active
erosion processes in these catchments are related to either rill/interrill or gully/channel
(including bank) processes. Contribution of other processes such as mass movements is
negligible. Two catchments were equipped with a large panel of erosion control measures
covering between 30 and 40% of the surface area. They consist in contour bench terraces,

tree planting, small contour stone bunds and a few small stone check-dams installed across
6
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gullies in upstream positions. The main climate, lithology, topography and land cover
characteristics of the studied catchments and their erosion control measures are synthesized
in Table 1. An aerial view derived from Google Earth and ground-based photographs
showing gullies, land cover, reservoirs and erosion mitigation measures are also provided for

each catchment as supplementary material.

Hydrological and total sediment yield measurements

Monitoring in the reservoir of the five studied catchments was undertaken since the
construction of the small reservoirs. This continuous monitoring consisted of instantaneous
measurements of rainfall using a tipping bucket rain gauge (0.5 mm) and water levels with a
1 cm precision water level gauge recorder. Between 3 and 10 precise bathymetric surveys
were also conducted in each reservoir to establish up-to-date depth/volume and
depth/surface curves. Reservoir siltation volumes were quantified between successive
bathymetric surveys. Sediment concentrations during overflow through the spillway or
emptying through bottom drain valve were also measured through manual sampling. All
these measurements enable the calculation of i) mean annual rainfall depth and mean
rainfall erosivity by calculating the EI30 index (Wischmeier & Smith, 1958); ii) continuous
variation of water level within the reservoir; iii) variation of sediment deposits between
successive bathymetric surveys and iv) continuous outputs of water and sediment from the

reservoir.

Continuous runoff input into the reservoir was then quantified by drawing a hydrologic budget
of the reservoir. In addition, sediment input into the reservoir was computed by drawing
sediment budgets for successive bathymetric surveys following the method described in
Albergel et al. (1998, 2005). Mean annual runoff (in mm yr') and sediment yield (in Mg yr™)

were finally quantified for each catchment and for the longest period of records available.
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In this study, catchment sediment yield is expressed as an area-specific yield (SSY in Mg ha
' yr") by dividing the reservoir sediment input by the contributing surface area of the
catchment. The precision on the SSY evaluation then mainly depends on: (i) the precision of
the DEM as derived from bathymetric surveys (estimated to about 10 %); (ii) the precision on
volumes discharged over the spillway (5%) and on measured sediment concentrations (30%);

(iii) the precision on average silt density (10%). As a result, global error on SSY was

estimated to reach about 20% for these small Tunisian reservoirs (Raclot & Albergel, 2006).
Field sampling

Sampling of representative source material was conducted in 2009-2010 within each of the
five catchments. In total, between 10 and 17 samples representative of rill/interrill and
gully/channel source types were collected within each study site. Each sample was
composed by at least five subsamples collected within an approximate 5-m radius around the
sampling point to increase the representativeness of the sample. During sampling, attention
was paid to document the entire range of geomorphological and pedological conditions
observed within the catchments (see supplementary material for sampling source location).
Gully and channel source sampling was restricted to freshly cut sections in the bottom or the
banks (when those features were deeper than 40 cm). The sampling depth of topsoil material
for rill/interrill source was 0-10 cm in tilled cropland (as soil is homogenized in the entire

ploughed layer), and only 0-2 cm in untilled scrubland environments.

Two to four sediment cores were also collected in 2009-2010 in each reservoir
simultaneously to the source material sampling (see supplementary material for sampling
core location). Each core covered the entire layer of sediment at the sampling locations in
the reservoirs and ranged from 0.60 to 2.50 m. This was confirmed by the presence of a
more compact soil layer at the base of the core. In addition, the core depths were consistent
with data provided by topographical surveys conducted immediately after the reservoir

construction. The number and location of cores in reservoir deposits were chosen in order to
8
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collect one core in the vicinity of the dam and additional cores at the outlet of each main
tributary delivering material to the reservoir. Ben Slimane et al. (2013) showed that this type
of sampling scheme where a limited number of sediment cores are collected at strategic
locations within the reservoir offered a good compromise to reduce the cost of laboratory
analyses while providing relevant and representative sediment fingerprinting results. Cores
were then described at the laboratory before and after drying. A single composite sample of

each core was then prepared.

Laboratory analysis

Chemical and radionuclide analyses were conducted on all samples. Total Organic Carbon
(TOC) contents and caesium-137 (*’Cs) activities were measured as they were shown to
provide relevant information to apportion the sources that delivered sediment material
accumulated in North African reservoirs built after 1986 (Ben Slimane et al., 2013).
Arguments supporting the selection of these two tracers in the context of this study are
presented in the discussion section. Samples were described, air-dried, hand-disaggregated

and sieved to 2 mm at the Environmental and Soil Science Laboratory (INAT, Tunisia).

Activities in "*’Cs were quantified by gamma-spectrometry using the very low-background
coaxial N- and P-types GeHP detectors (Canberra / Ortec) available at the Laboratoire des
Sciences du Climat et de I'Environnement (Gif-sur-Yvette, France). The detectors were
periodically controlled with internal and IAEA soil and sediment standards and decay-
corrected to the date of sampling (Evrard et al.,, 2010). Uncertainties on results were
estimated by combining counting statistics and calibration uncertainties. Summing and self-
absorption effects were taken into account by analysing standards with similar densities and

characteristics as the collected samples.

Total Organic Carbon (TOC) was measured by high temperature combustion (NF ISO 10694)
at the Bioemco Laboratory (Paris, France) for samples collected in Kamech catchment, and

at the Soil Analysis Laboratory (Arras, France) for samples collected at the other study sites.
9

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Land Degradation & Development

After the preliminary destruction of organic matter and dispersion of soil and sediment
particles, the grain-size distribution was determined based on the principle of laser diffraction
using a Beckman Coulter LS 13320 particle size analyser at the Laboratoire Géosciences
Montpellier (Montpellier, France). This device is equipped with an agitator and an adjustable
ultrasonicator to maintain uniform suspension, which enables the analysis of particles with
diameters comprised between 0.375 and 2,000 ym. Specific Surface Areas (SSA, square

metres per cubic metre) were derived from these laser diffraction data.

Fingerprinting main steps

The fingerprinting properties were first corrected in order to take into account the grain size
effects on their adsorption onto particles, as '*’Cs and TOC are known to be enriched in the
finest (clay to loam-sized) particle fractions (Motha et al., 2003). He and Walling (1996)
tested the particle size effects on the adsorption of "*’Cs on soils and sediments and showed
that "*’Cs content can be closely represented by a power function of SSA values calculated
for the samples, with exponent values varying between 0.6 and 0.8. In this study, the
correction was performed using this power function with an exponent value of 0.7 and
applied to both *’Cs activities and TOC content values. Each soil source (i.e. surface topsoil
and gully/channel bank) was subsequently characterised by its mean concentration/activity

and the standard deviation of each of its fingerprint properties.

The ability of individual fingerprinting properties to discriminate between the potential soil
sources was then confirmed by conducting a non-parametric Kruskal-Wallis H-test as
suggested by Collins & Walling (2002). A detailed description of this procedure is provided by
Evrard et al. (2011). To characterise the properties of both groups of sources, we assumed

that their concentrations (c;;) could be represented by a normal distribution (Eq. 1).

¢, ® N(u,0?) (1)
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Where j is a specific group of sources; i is a specific fingerprinting property; u is the average
concentration in fingerprint property i measured in source j; and o? (Eq. 2) is the variance of

the probability distribution of the mean of property i in source j.

2
62:(&0) 2)
Jd
Where d is the number of independent samples and S.D. is the standard deviation

associated with the values of the fingerprinting properties measured in the samples.

A multivariate mixing model was then used to estimate the relative contribution (in %) of the

potential sediment sources in each core sediment sample (Eq. 3).

- — — — - A — -

Ci,1  Ci12 ee e CLS ,31 W
Ca1  C22 e e C25 || e
Cij .. ﬂj = yj (3)
K28! e e Cys | :és LYy ]

where c ; is the mean value of fingerprinting property i measured in source j ; ﬁ is the

coefficient representing the contribution of source j to river sediment; S corresponds to the
number of potential sediment sources and V represents the fingerprinting properties selected

by the Wilk’s lambda procedure.

The following physical constraints were applied to ﬁ’j (Eq. 4):

i;ﬁ =1, 0<p <1 (4)

These additional constraints ensured that the sum of all source contributions in the sediment
was equal to one and that each fraction of these contributions lied between zero and one,

inclusive.
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Based on the Monte Carlo method, a series of p=10,000 random positive numbers was then
generated for each fingerprinting property and for each source. The robustness of the source
ascription solutions B;was then assessed using a mean ‘goodness of fit' (GOF) index (Eq. 5;

Motha et al., 2003).

4 yi_zs‘= /éEz
GOF =1-11+ Z#
p i=1 Vi

We only used the sets of simulated random numbers that obtained a GOF index value higher
than 0.80 in the subsequent steps. The use of the Monte Carlo method allowed the

calculation of 95% confidence intervals.

RESULTS

Analysis of catchment sediment yield

Sediment yield was evaluated for each catchment from field measurements by adding
sediment stored in the reservoir to sediment exported from the reservoirs during overflow
through the spillway or emptying through bottom drain valve. Sediment exported from the
reservoirs during overflow or emptying represented less than 10% of the total sediment
inputs to the reservoir in all five catchments. This indicates their very high sediment trapping
efficiency -more than 90%- confirming previous results found for several similar reservoirs

across the Maghreb region (Albergel et al., 1998).

Sediment yield corresponds to reservoir sediment inputs due to the combination of all active
erosion processes in the catchments. The corresponding monitoring periods are provided in

Table 2 together with additional hydrological characteristics.

Three of the five catchments were characterised by very similar catchment sediment yields
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(between 15 and 17 Mg ha™ yr"), whereas Fidh Ali catchment showed a significantly larger
sediment yield (38 Mg ha™ yr') and Sbaihia catchment a significantly lower sediment yields
(10 Mg ha™ yr'"). The lifetime of the reservoir (number of years to be completely silted) is
about 11 years for Fidh Ali and El Hnach; 15 years for El Melah, and about 30 years for

Kamech and Sbahia.

Quantification of the relative contribution of rill/interrill and gully/channel erosion to catchment

sediment yield for the five catchments

Both "'Cs and TOC passed the Kruskal-Wallis test and were used in combination for
discriminating sediments sources in the five studied catchments. Their values and the related
specific surface areas (SSA) in both source material and composite sediment core samples

collected in the different study sites are presented in Table 3.

A significant difference in *’Cs and TOC values between both potential sediment sources
was observed in all study catchments, with systematically higher values in the topsoil source
than in the gully/channel material. Mean "*'Cs activities in the topsoil samples varied from 3.5
Bq kg' to 10.1 Bg kg' whereas they were systematically lower than 0.7 Bq kg™ in
gully/channel samples. Values of *’Cs exceeding 1 Bq kg'in the topsoil samples indicate
that there has been significant caesium atmospheric fallout during the last decades across
the entire Tunisian Ridge and Cape Bon. This confirmed previous '*’Cs measurements
conducted across the Maghreb region (Damnati et al., 2012; Faleh et al., 2005). The mean
TOC value varied from 0.3% and 0.9% in gully/channel material and from 0.5% to 2.5% in
topsoil. A recent study conducted in 25 soil samples collected under cropland and 10
additional samples collected under forests in Tunisia showed that the organic carbon content
of the topsoil ranged from 0.8 to 3.2% for all soils, with a median TOC value of 2.4% for
forest soils and 1.4% for cultivated soils (Annabi et al., 2009). The topsoil samples analysed

13
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in the 5 study sites were characterised by TOC values that are usually found in Tunisian
cultivated soils located in similar bioclimatic zones. Compared to TOC contents found in soils
of many other parts of the world, the low values measured in Mediterranean environments
can be explained by the low precipitation amounts and the high temperatures prevailing in
this region, which are favourable to C mineralization. Among the five studied catchments,
samples collected in both El Melah and Fidh Ali sites had TOC values < 1% which indicates
a poor soil quality, even for Mediterranean areas (Jones et al., 2004). The very low TOC
values measured in topsoil samples of these 2 catchments may also be explained by their
coarser texture (i.e., lower SSA values in Table 3) that is known to be less effective to store

soil organic carbon than fine-textured soils (Meersmans et al., 2012).

The SSA values measured in core and source material samples of a given catchment
remained very similar for 4 of the 5 study sites, which means that enrichment and depletion
effects caused by selective mobilisation and transport of sediment were of limited magnitude.
A significant enrichment of fine-grained sediment during erosion and transportation between

soils and the reservoir was only observed in El Melah catchment.

Fingerprinting results obtained for the different cores collected in each reservoir were
extrapolated to the entire catchment scale by attributing to each core a weighting factor
corresponding to its representativeness in terms of sediment volume accumulated in the
reservoir as proposed by Ben Slimane et al. (2013). Figure 2 illustrates the results of the

source apportionment for each catchment.

Results showed the contrasted contribution of erosion processes within the five selected

catchments, as the soil surface relative contribution to reservoir sediment ranged between 20%

and 80% depending on the site. The surface topsoil was the dominant source of sediment in
Fidh Ali, El Melah and Kamech sites, whereas gully/channel material dominated in El Hnach

and Sbaihia catchments.
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Rill/interrill and gully/channel erosion contributions to catchment sediment yield

Rill/interrill and gully/channel erosion contributions to catchment sediment yield were
calculated by applying the relative source contribution to the catchment sediment yields
measured in each catchment (Figure 2). Rill/interrill erosion contribution varied from 2.2 Mg
ha™ yr' in Sbaihia catchment to 26.5 Mg ha™ yr' in Fidh Ali catchment, whereas
gully/channel erosion contribution varied between 3 Mg ha™ yr" for Kamech and 11.5 Mg ha™
yr" in Fidh Ali. The lowest rill/interrill erosion contribution of 2.2 Mg ha™ yr' obtained in
Sbaihia catchment remained significantly higher than the tolerable soil loss estimated to 1.4
Mg ha™ yr' (Verheijen et al., 2009), indicating the severe levels reached by soil erosion along

the Tunisian Ridge and in the Cape Bon region.

The range of variation of rill/interrill erosion contribution was larger (from 1 to 12) than
catchment sediment yields and gully/channel erosion contribution (from 1 to 4) considering
the five investigated catchments. Quantification of individual erosion process contributions
therefore provided important information that was not well reflected by catchment sediment

yields.

Overall, Fidh Ali catchment was clearly characterized by the highest catchment sediment
yields and the highest rill/interrill and gully/channel erosion contributions. When considering
the other four catchments, the ranking was modified depending of the erosion type
considered. This is illustrated for instance by the fact that Kamech catchment had the second
most important rill/interrill erosion contributions but the lowest gully/channel erosion

contributions.

DISCUSSION
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Selection of "*’Cs and TOC as sediment tracers in this study

One of the main challenges associated with the choice of tracers in fingerprinting technique
still lies in the need for better accounting for the selectivity/conservative behaviour of
sediment and fingerprint properties between the sources of sediments and the collected
material (Koiter et al., 2013). A recent extensive review on sediment tracers in water erosion
studies (Guzman et al., 2013) showed that fallout radionuclides are the most extensively
used soil redistribution tracers reported in the scientific literature and that "*'Cs is by far the
dominant one, especially for medium time scales (tens of years) across a broad range of
spatial scales from hillslope and small catchments to large basins. Its use in fingerprinting
techniques -alone or in combination with other tracers- has proven to be effective in
discriminating between subsoil and topsoil sources in several studies (Owens et al. 1999;
Zhang & Walling, 2005, Juracek & Ziegler 2009; Smith et al. 2012). The conservative
behaviour of "*’Cs in soil environments has been demonstrated in many studies and detailed
arguments may be found in Guzman et al. (2013) for instance. If biochemical properties have
the potential to provide better spatial constraints for sediment sources compared to other
fingerprint properties (Koiter et al., 2013), the use of organic constituents as soil redistribution
tracers is less usual. One reason is that the behaviour of organic constituents may often be
suspected as poorly conservative. Many arguments have been formulated by Ben Slimane et
al (2013) regarding the ability of TOC to be used as an additional tracer to "*'Cs in the
specific context of recent North African reservoirs (less than 20 years old) : i) autochthonous
source of organic constituents in oligotrophic North African reservoir is negligible as proved
in a series of more than 20 modern Tunisian reservoirs (Rahaingomanana 1998); ii) TOC
degradation in the deposits is also negligible for recent reservoir as the kinetics of TOC
degradation were proved to be very slow in oligotrophic lake deposits as demonstrated by
Patience et al. (1995) for the Lac du Bouchet (France); iii) terrestrial organic residues
probably did not experience major changes via bacterial alteration during their transport,

settling and incorporation into the sediment because terrestrial higher plant debris had
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already been submitted to strong biotic as well as abiotic degradation under oxic conditions
in soils (Vandenbroucke & Largeau 2007); iv) degradation during mobilisation and transport
is also likely to be limited due to the very short sediment transport distances within the small
studied catchment. The conservative behaviour of TOC was also corroborated by previous
studies conducted in recent North African reservoirs. Albergel et al. (2006) demonstrated for
instance that the majority of the organic matter found at two Tunisian reservoirs (El Gouazine
and Fidh Ali) originated from upstream soil sources, and that this organic matter was not
transformed in the recently accumulated sediment (approximately 10 years old in their
studies). Ben Slimane et al. (2013) confirmed the terrestrial origin of TOC in the Kamech
reservoir deposits using Rock-Eval analysis and 813C measurements to demonstrate the
very low kinetics of TOC degradation through analysis of the entire sediment deposit

sequence.

Previous research and the very different TOC contents found in topsoil and subsoil sources
(Table 3) support the relevance of using TOC in combination with "*’Cs as potential sediment
tracers in the context of this study. It was verified by comparing results from fingerprinting
approach using either the combination of '*Cs and TOC or '*’Cs alone. Figure 3 shows that
very similar results are obtained by both methods. As the use of multiple tracers in a mixing
model allows for more reliable source apportionment than the use of only one tracer (Walling
et al. 1993; Small et al. 2002; Martinez-Carreras et al. 2008) we finally focused our
discussion on the fingerprinting results derived from the combined use of '*’Cs and TOC as

tracers.

On the driving factors of reservoir siltation

Although Fidh Ali catchment is characterized by the lowest mean rainfall amount and the
lowest rainfall erosivity index values, it clearly showed the highest erosion contributions
whatever the erosion processes considered (Figure 2). The extreme intensity of erosion in
Fidh Ali catchment can be explained by its soil composition that contains a very high
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percentage of marly gypsum showing intense swelling/shrinkage processes (clayey soils).
They are known to increase soil sensitivity to erosion (Canton et al., 2001; Sfar Felfoul et al.,
1996, 1999) as they facilitate both aggregate dispersion and gully initiation. In this catchment,
this specific lithological feature directly appears as the first-order factor driving the very high
erosion rates. Areas covered with a large marly gypsum surface should therefore be
considered as priority zones for implementing erosion protection measures in the Tunisian

Ridge.

A simple statistical analysis by means of linear regressions was performed in order to
investigate the relationships between dominant erosion processes contributing to reservoir
siltation and the following characteristics: total catchment area, mean annual rainfall, mean
annual erosivity index, mean annual runoff, mean annual runoff coefficient, global slope
index, drainage density, percentage of catchment surface covered by (i) soft lithological
substrate types, (ii) badlands, (iii) cropland, (iv) equipped with soil conservation measures.
Table 4 summarizes the correlation coefficient values obtained for each linear relationship
tested when considering the 5 studied catchments. The significant correlations at the 0.05
level are mentioned when considering the 5 catchments but also when excluding Fidh Ali as
its extreme erosion values may greatly affect some correlations. As this analysis is restricted
to a set of 4 or 5 catchments, its statistical significance is relatively low. Consequently only
correlation values significant at the 0.05 level are discussed in the remainder of the text and
further investigations will be required to confirm these preliminary findings regarding the

identification of first-order factors controlling reservoir siltation.

First, correlation coefficient values between potential driving factors and the contribution of a
single individual erosion process (related to either rill/interrill or gully/channel sediment
sources) were generally higher than the ones obtained between driving factors and SSY.
This may indicate that the tested factors explain individual erosion process contributions

rather than the combined effect of all erosion phenomena. Second, several correlations
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values were significant at the 0.05 level when considering the five studied catchments but
non-significant when excluding Fidh Ali. This means that the significance of the correlations
is mainly due to the extreme erosion values recorded in Fidh Ali catchment and not to the
tested factor. On the contrary, a significant negative correlation was obtained between the
percentage of catchment area under cropland and the gully/channel erosion contribution (at
the 0.05 level) by both including and excluding the Fidh Ali site. This result can be interpreted
as the fact that gully/channel erosion took place in a highly degraded environment unsuitable
for cultivation. Finally, the percentage of total catchment area equipped with erosion control
measures (% of total managed area) appeared to be the most relevant driving factor of
reservoir siltation in the five studied catchments. It was significantly correlated with the
relative contribution of individual erosion processes (with or without Fidh Ali) and with
rill/interrill erosion rate (when excluding the Fidh Ali catchment), both in a negative way. This
confirms that soil protection measures have a significant impact on surface erosion by
limiting either soil detachment or sediment transportation from hillslopes to catchment outlet.
This is a major finding of this study as this factor is anthropogenic and can therefore be

controlled.

Main erosion processes contributing to reservoir siltation

Jebari et al. (2010) have proposed to use a rough direct relationship between rainfall
characteristics (maximum 15-min duration rainfall intensity) and the respective contribution of
rill, interrill and gully erosion processes to sediment siltation in 28 Tunisian small reservoirs.
Their results indicated that rill/interrill erosion was largely dominant in the major part of the
Tunisian Ridge as gully erosion contribution exceeded 20% in only 5 of the 28 studied
catchments, and 50% in one single catchment. Considering the same sites of investigation
used in this study, they found a dominant contribution of rill/interrill erosion with values

between 82% and 90% for the five catchments. There is therefore a contradiction between
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the findings provided by Jebari et al. (2010) and our results as we found that two of the five
investigated catchments were in fact dominated by gully/channel erosion processes. This
inconsistency may arise from the fact that rainfall characteristics are important but not
sufficient to explain the dominant erosion processes in a catchment and that we need to take
into account human activities such as soil conservation measures as major driving factors to

understand and characterize properly the erosive processes in a catchment.

To a wider extent, the predominance of gully/channel erosion contribution in two of the five
studied catchments confirms the significant contribution of subsuperficial erosion processes
(other than sheet and rill erosion) to catchment sediment yield in the Mediterranean zone as
recently underlined by Vanmaercke et al. (2012) who compared sheet/rill erosion rates and
sediment yield in a large number (n = 1794) of European catchments. This result is likely
valid in other regions of the world as for the Alpine zone (Vanmaercke et al., 2012) or in

Northern Ethiopa (Haregeweyn et al., 2013).

Implications for catchment management

A simple sediment source apportionment method conducted at the catchment scale showed
that the variability observed for individual (i.e., rill/interrill or gully/channel) erosion process
magnitude was two or three times higher than the variability observed for total erosion. The
explicit consideration of different erosion processes provided a more efficient way to outline
the high variability of erosion processes between catchments than the simple calculation of
specific sediment yields (SSY). Moreover, the ranking of catchments following an order of
increasing/decreasing erosion contributions proved to be significantly modified depending on
the type of erosion processes considered. Identification and quantification of the dominant
sediment sources is crucial for our understanding of human impacts on catchment SY and

for the design of efficient management strategies to reduce SY at the catchment scale
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(Vanmaercke et al., 2012). In Tunisia, implementation of conservation farming practices
should be encouraged in catchments characterised by similar features as Kamech, Fidh Ali
and El Melah sites. In these environments, maintaining a minimal vegetation cover of the soil
during autumn may provide a good solution to protect it from sheet and rill erosion (Crosaz,
1995; Maetens et al.,, 2012; Menashe, 1998; Rey & Berger, 2002). In contrast, measures
dealing with gully and channel erosion should be targeted on sites similar to EI Hnach and
Sbaihia catchments. To a wider extent, installation of any erosion protection measure must
be carefully designed as it is well-known that complex interactions exist between these
different types of erosion processes at the catchment scale (Bryan, 2000; de Figueiredo &
Fonseca, 1997; Romkens et al., 2001; Roose et al., 2010). In our study, we showed that the
use of conservation measure was efficient in decreasing both relative (in %) and absolute (in
Mg ha-" yr') rill/interrill erosion contributions to reservoir siltation. These measures that were
targeted to reduce rill/interrill erosion therefore fulfilled their objective. However, the
significant correlation between the percentage of total managed area and the relative
contributions of individual erosion processes (including or excluding Fidh Ali) also means that
the implementation of soil conservation measures has a negative effect on the contribution of
gully/channel erosion processes. This result suggests that measures aimed to control topsoil
erosion must be implemented in association with complementary measures aimed to gully
stabilization. Such a combination is especially required when topsoil conservation measures
aim to reduce sediment detachment or to enhance sediment trapping without decreasing
runoff as it is the case for contour stone bunds for instance. This confirms the need for
combining several types of measures (vegetative and structural) to increase sediment

trapping and protect reservoir from siltation (Mekonnen et al., 2014).

Identification and quantification of the dominant sediment sources are also crucial to identify
the most appropriate models to simulate erosion at the catchment scale (De Vente et al.,
2013; Morgan, 2011; Vanmaercke at al, 2012) and avoid their misapplication (Govers, 2011).

Poor modelling results are frequently obtained when a single model is applied to a wide
21

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

Land Degradation & Development

series of catchments, as most models are generally designed for describing a limited number
of processes (either sheet and rill erosion or gully and bank erosion) but they are rarely
designed to simulate the complete range of phenomena (De Vente & Poesen, 2005; De
Vente et al., 2013, Haregeweyn et al., 2013). In Mediterranean environments, the occurrence
of severe catchment sediment yield was explained by a complex combination of rill/interrill
and gully/channel erosion processes. In the light of these results, we suggest that
interactions between both processes need to be further investigated and integrated into soll

erosion models.

CONCLUSIONS

This work confirmed the relevance of using a fingerprinting method based on the
measurement of '*’Cs and TOC to estimate the relative contribution of rill/interrill vs.
gully/channel erosion processes to reservoir siltation in Northern Africa catchments. Among
the five investigated catchments, three of them were characterized by dominant rill/interrill
erosion contribution, whereas gully/channel erosion contribution prevailed in the two other
sites. The results also showed that a very large variability of erosion processes contributed to
reservoir siltation in catchments located along the Tunisian Ridge even when similar
catchment specific sediment yields were recorded. The presence of a large surface cover of
marly gypsum material was confirmed to enhance both rill/interrill and gully/channel erosion
processes. Furthermore, the implementation of soil protection measures was also identified
as a main factor driving erosion in this region. This work also corroborated the existence of
complex interactions between rill/interrill and gully processes. Consequently, implementation
of soil conservation measures must be carefully designed at the catchment scale. Indeed soil
conservation measures aimed to prevent particle detachment on cultivated hillslopes and
their downstream ftransportation seemed to have negative feedback by amplifying

downstream gully/channel erosion. In catchments where rill/interrill erosion contribution
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dominates, we therefore suggest to implement topsoil protection measures that significantly
reduce sediment concentration and runoff at the same time. To a wider extent, this work also
corroborated the interest to combine different types of conservation measures (vegetative

and structural, in both the fields and gullies/channels) to limit reservoir siltation.

Overall, our results also suggest the need to develop erosion models simulating interactions
between rill/interrill and gully/channel processes in order to guide the implementation of

erosion control measures in Mediterranean catchments.

ACKNOWLEDGEMENTS

This study was financially supported by the IRD-DSF, SCAC of French embassy and a CNRS/DGRS
exchange agreement (No. 24443) between France and Tunisia. It was undertaken in the framework of
the OMERE Observatory funded by INRA and IRD. The authors would like to acknowledge the field
staff -and especially Radhouane Hamdi- for the help in data collection. We are also indebted to the
Tunisian Ministry of Agriculture (DG-ACTA) that participated to the hydrological and sediment

measurements in the five studied catchments.

REFERENCES

Albergel J, Boufaroua M, Pepin Y. 1998. Bilan de I'érosion sur les petits bassins versants des lacs
collinaires en climat semi-aride Tunisien. In : L'eau et la fertilité des sols : deux ressources a gérer

ensemble. Bulletin - Réseau Erosion 18: 67-75.

Albergel J, Collinet J, Pépin Y, Nasri S, Boufaroua M, Droubi A, Merzouk A. 2005. Sediment budgets
on hill reservoirs of small catchments in North Africa and the Middle East. IASH Pub. 291 (1): 323—

331.

Albergel J, Mansouri T, Zante P, Ben Mamou A, Abdeljacoued S. 2006. Organic carbon in the

23

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

5901

592

593

594

595

596

597

598

599

600

601

Land Degradation & Development

sediments of hill dams in a semiarid Mediterranean area. In: Roose E, Lal R, Feller C, Barthés B,

Stewart BA (eds) Soil erosion and carbon dynamics. Taylor and Francis, Boca Raton, pp 289-299.

Annabi M, Bahri H, Latiri K. 2009. Statut organique et respiration microbienne des sols du nord de la

Tunisie. Biotechnologie Agronomie Société et Environnement 13(3): 401-408.

Ayadi |, Abida H, Djebbar Y, Mahjoub R. 2010. Sediment yield variability in central Tunisia: a

quantitative analysis of its controlling factors. Hydrological Sciences Journal 55(3): 446- 458.

Ben Mammou A, Louati MH. 2007. Evolution temporelle de 'envasement des retenues de barrages de
Tunisie. Revue des sciences de l'eau / Journal of Water Science 20(2): 201-210. DOI:

10.7202/015813ar.

Ben Slimane A, Raclot D, Evrard O, Sanaa M, Lefévre I, Ahmadi M, Tounsi M, Rumpel C, Ben
Mammou A, Le Bissonnais Y. 2013. Fingerprinting sediment sources in the outlet reservoir of a
hilly cultivated catchment of Tunisia. Journal of Soils and Sediments 13: 801-815. DOI:

10.1007/511368-012-0642-6.

Bryan RB. 2000. Soil erodibility and processes of water erosion on hillslope. Geomorphology 32: 385-

415.

Canton Y, Solé-Benet A, Queralt |, Pini R. 2001. Weathering of a gypsum-calcareous mudstone under

semi-arid environment at Tabernas, SE Spain: laboratory and field-based experimental approaches.

Catena 44: 111-132.

Canton Y, Solé-Benet A, de Vente J, Boix-Fayos C, Calvo-Cases A, Asensio C, Puigdefabregas J.
2011. A review of runoff generation and soil erosion across scales in semiarid south-eastern Spain.

J Arid Environ 75(12): 1254-1261.

Cerda A, Giménez-Morera A, Bodi MB. 2009. Soil and water losses from new citrus orchards growing
on sloped soils in the western Mediterranean basin. Earth Surface Processes and Landforms 34,

1822-1830. DOI: 10.1002/esp.1

Cerda A, Lavee H, Romero-Diaz A, Hooke J, Montanarella L. 2010. Preface of the special Issue on

Soil Erosion and Degradation on Mediterranean Type Ecosystems. Land Degradation &
24

http://mc.manuscriptcentral.com/ldd

Page 24 of 40



Page 25 of 40

©CoO~NOUTA,WNPE

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Land Degradation & Development

Development 21: 71-74.

Cerdan O, Govers G, Le Bissonnais Y, Van Oost K, Poesen J, Saby N, Gobin A, Vacca A, Quinton J,
Auerswald K, Klik A, Kwaad FJPM, Raclot D, lonita I, Rejman J, Rousseva S, Muxart T, Roxo MJ,
Dostal T. 2010. Rates and spatial variations of soil erosion in Europe: A study based on erosion

plot data. Geomorphology 122: 167-177.

CNEA (Centre National des Etudes Agricoles). 2007. Elaboration d'une étude sur l'état de
désertification pour une gestion durable des Ressources Naturelles. Centre National des Etudes
Agricoles, Tunisie. (in French, available at
http://www.environnement.nat.tn/envir/sid/dmdocuments/desertification_tunisie/rapport_cnea_esd.

pdf)

Collinet J, Zante P. 2005. Analyse du ravinement de bassins versants a retenues collinaires sur sols a
fortes dynamiques structurales (Tunisie). Géomorphologie : relief, processus, environnement 1: 61-

74.

Collins AL, Walling DE. 2002. Selecting fingerprint properties for discriminating potential suspended

sediment sources in river basins. Journal of Hydrology 261: 218-244.

Collins AL, Walling DE, Leeks GJL. 1998. Fingerprinting the origin of fluvial suspended sediment in
larger river basins: combining assessment of spatial provenance and source type. Geografiska

Annaler: Series A, Physical Geography 79: 239-254. DOI: 10.1111/j.0435-3676.1997.00020.x

Collins AL, Walling DE, Webb L, King P. 2010. Apportioning catchment scale sediment sources using
a modified composite fingerprinting technique incorporating property weightings and prior

information. Geoderma 155: 249-261.

Crosaz Y. 1995. Le matériel végétal: un outil pour la protection des sols. Bulletin - Réseau Erosion 15:

449-460.

Damnati B, Ibrahimi S, Radakovitch O. 2012. Quantifying Erosion Using 137Cs And 210Pb in
Cultivated Soils In Three Mediterranean Watershed: Synthesis Study From El Hachef, Raouz And

Nakhla (North West Morocco). Journal of African Earth Sciences 79: 50-57. DOI:

25

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

Land Degradation & Development

http://dx.doi.org/10.1016/j.jafrearsci.2012.10.006.

De Figueiredo T, Fonseca F. 1997. Les sols, les processus d’érosion et |'utilisation de la terre en
montagne au Nord-Est du Portugal: Approche cartographique sur quelques zones du Parc Naturel

de Montesinho. Bulletin - Réseau Erosion 17: 205-217.

De Vente J, Poesen J. 2005. Predicting soil erosion and sediment yield at the basin scale: Scale

issues and semi-quantitative models. Earth-Science Reviews 71: 95-125.

De Vente J, Poesen J, Bazzofi P, Van Rompaey A, Verstaeten G. 2006. Predicting catchment
sediment vyield in Mediterranean environments: the importance of sediment sources and

connectivity in Italian drainage basins. Earth Surf Proc Land 31: 1017-1034.

De Vente J, Poesen J, Verstraeten G, Van Rompaey A, Govers G. 2008. Spatially distributed
modelling of soil erosion and sediment yield at regional scales in Spain. Global and Planetary

Change 60: 393-415.

De Vente J, Poesen J, Verstraeten G, Govers G, Vanmaercke M., Van Rompaey A, Arabkhedri M.,
Boix-Fayos C. 2013. Predicting soil erosion and sediment yield at regional scales: Where do we

stand? Earth-Science Reviews 127: 16-29.

Devereux OH, Prestegaard KL, Needelman BA, Gellis AC. 2010. Suspended sediment sources in an
urban watershed, Northeast Branch Anacostia River, Maryland. Hydrological Processes 24: 1391—

1403.

Evrard O, Némery J, Gratiot N, Duvert C, Ayrault S, Leféevre I, Poulenard J, Prat C, Bonté P, Esteves
M. 2010. Sediment dynamics during the rainy season in tropical highland catchments of central

Mexico using fallout radionuclides. Geomorphology 124: 42-54.

Evrard O, Navratil O, Ayrault S, Ahmadi M, Némery J, Legout C, Lefévre |, Poirel A, Bonté P, Esteves
M. 2011. Combining suspended sediment monitoring and fingerprinting to determine the spatial

origin of fine sediment in a mountainous river catchment. Earth Surf Proc Land 36: 1072—1089.

Faleh A, Navas A, Sadiki A. 2005. Erosion and dam siltation in a Rif catchment (Morocco). IAHS-AISH

Publication 292: 58-64.
26

http://mc.manuscriptcentral.com/ldd

Page 26 of 40



Page 27 of 40

©CoO~NOUTA,WNPE

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

Land Degradation & Development

Garcia-Ruiz JM, Nadal-Romero E, Lana-Renault N, Begueria S. 2013. Erosion in Mediterranean
landscapes: changes and future challenges. Geomorphology 198: 20-36.

DOI:10.1016/j.geomorph.2013.05.023

Govers G. 2011. Misapplications and Misconceptions of Erosion Models, in: Morgan, R.P.C., Nearing,
M.A. (Eds.), Handbook of Erosion Modelling. John Wiley & Sons, Ltd, Chichester, UK, 117-134.

DOI:10.1002/9781444328455.ch7.

Guzman G, Quinton JN, Nearing MA, Mabit L, Gémez JA. 2013. Sediment tracers in water erosion

studies: Current approaches and challenges. J Soils Sediments 13: 816-833.

Habi M, Morsli B. 2011. Contraintes et perspectives des retenues collinaires dans le Nord-Ouest

algérien. Sécheresse 22: 49-56. DOI : 10.1684/sec.2011.0293.

Haddadchi A, Ryder DS, Evrard O, Olley J. 2013. Sediment fingerprinting in fluvial systems: Review of
tracers, sediment sources and mixing models. International Journal of Sediment Research 28: 560-

578.

Haregeweyn N, Poesen J, Verstraeten G, Govers G, de Vente J, Nyssen J, Deckers J, Moeyersons J.
2013. Assessing the performance of a spatially distributed soil erosion and sediment delivery
model (WATEM/SEDEM) in Northern Ethiopia. Land Degradation & Development 24: 188- 204.

DOI 10.1002/1dr.1121.

He Q, Walling DE. 1996. Interpreting particle size effects in the adsorption of ¥Cs and unsupported

#1%pp, by mineral soils and sediments. Journal Environ Radioactivity 30: 117-137.

Hentati A, Kawamura A, Amaguchi H, Iseri Y. 2010. Evaluation of sedimentation vulnerability at small
hillside reservoirs in the semi-arid region of Tunisia using the Self-Organizing Map. Geomorphology

122: 56-64.

Jebari S, Berndtsson R, Bahri A, Boufaroua M. 2010. Spatial soil loss risk and reservoir siltation in

semi-arid Tunisia. Hydrolog. Sci. J. 55(1): 121-137.

Jones RJA, Hiederer R, Rusco E, Loveland PJ, Montanarella L. 2004.The map of organic carbon in

topsoils in Europe, Version 1.2, September 2003.0ffice for Official Publications of the European
27

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

Land Degradation & Development

Communities, Luxembourg.

Juracek KE, Ziegler AC. 2009. Estimation of sediment sources using selected chemical tracers in the

Perry lake basin, Kansas, USA. International Journal of Sediment Research 24(1): 108-125.

Koiter AJ, Owens PN, Petticrew EL, Lobb DA. 2013. The behavioural characteristics of sediment
properties and their implications for sediment fingerprinting as an approach for identifying sediment

sources in river basins. Earth-Science Reviews 125: 24—-42.

Lahlou A. 2000. Quelques aspects environnementaux dans les pays du Maghreb, ed. ISESCO, Rabat,

Maroc.

Lal R. 2001. Soil degradation by erosion. Land Degradation & Development 12: 519-539. DOI:

10.1002/1dr.472

Laudicina VA, Novara A, Barbera V, Egli M, Badalucco L. 2014. Long-term tillage and cropping
system effects on chemical and biochemical characteristics of soil organic matter in a

Mediterranean semiarid environment. Land Degradation & Development. DOI: 10.1002/Idr.2293

Maetens W, Poesen J, Vanmaercke M. 2012. How effective are soil conservation techniques in
reducing plot runoff and soil loss in Europe and the Mediterranean? Earth-Science Reviews 115(1-

2): 21-36. DOI:10.1016/j.earscirev.2012.08.003.

Mandal D, Sharda VN. 2013. Appraisal of soil erosion risk in the Eastern Himalayan region of India for

soil conservation planning. Land Degradation & Development 24: 430-437. DOI: 10.1002/1dr.1139

Martinez-Carreras N, Gallart F, Iffly JF, Pfister L, Walling DE, Krein A. 2008. Sediment dynamics in
changing environments. In: Schmidt J, Cochrane T, Phillips C, Elliot S, Davies T, Basher L (eds),
Uncertainty assessment in suspended sediment fingerprinting based on tracer mixing models: a

case study from Luxembourg. IAHS Publ 325, Wallingford, pp 94—105.

Meersmans J, Martin MP, Lacarce E, De Baets S, Jolivet C, Boulonne L, Lehmann S, Saby NPA,
Bispo A, Arrouays D. 2012. A high resolution map of French soil organic carbon. Agron. Sustain.

Dev. 32: 841-851. DOI 10.1007/s13593-012-0086-9.

28

http://mc.manuscriptcentral.com/ldd

Page 28 of 40



Page 29 of 40

©CoO~NOUTA,WNPE

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

Land Degradation & Development

Mekonnen M, Keesstra SD, Stroosnijder L, Baartman JE, Maroulis J. 2014. Soil conservation through

sediment trapping: A review. Land Degradation & Development. DOI: 10.1002/Idr.2308

Menashe E. 1998. Vegetation and Erosion: A literature Survey. Proceedings of the Native Plants

Symposium, Oregon State University, Forestry Sciences Lab., Corvallis, OR. 130- 135.

Morgan RC. 2011. Model Development: A user's perspective, in: Morgan, R.P.C., Nearing, M.A. (Eds.),
Handbook of Erosion Modelling. John Wiley & Sons, Ltd, Chichester, UK, 9-32.

DOI:10.1002/9781444328455.ch2.

Motha JA, Wallbrink PJ, Hairsine PB, Grayson RB. 2003. Determining the sources of suspended
sediment in a forested catchment in southeastern Australia. Water Resour Res 39(3):1056.

DOI10.1029/2001WR000794

Mourrier B. 2008. Contribution de I'approche sédimentologique a la reconstitution de I'histoire des sols.
Définition de traceurs pédologiques et application sur des sédiments lacustres de montagne

(Maurienne, Savoie, France). Thése de doctorat, France.

Mukundan R, Radcliffe DE, Ritchie JC, Risse LM, McKinley RA. 2010. Sediment Fingerprinting to
Determine the Source of Suspended Sediment in a Southern Piedmont Stream. J. Environ. Qual.

39: 1328-1337.

Nagle GN, Fahey TJ, Ritchie JC, Woodbury PB. 2007. Variations in sediment sources and yields in

the Finger Lakes and Catskills regions of New York. Hydrol. Process. 21: 828-838.

Owens PN, Walling DE, Leeks GJL. 1999. Use of floodplain sediment cores to investigate recent
historical changes in overbank sedimentation rates and sediment sources in the catchment of the

River Ouse, Yorkshire, UK. Catena 36:21-47.

Patience AJ, Lallier-Vergés E, Sifeddine A, Albéric P, Guillet B. 1995. Organic fluxes and early
diagenesis in the lacustrine environment: the superficial sediments of the Lac du Bouchet (Haute
Loire, France). In: Lallier-Vergés E, Tribovillard NP, Bertrand P (Eds.), Organic Matter
Accumulation: The Organic Cyclicities of the Kimmeridge Clay Formation (Yorkshire, GB) and the
Recent Maar Sediments (Lac du Bouchet, France). Springer-Verlag, Heidelberg, pp. 145-

29

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

Land Degradation & Development

156.Poesen J, Vandaele K, Van Wesemael B. 1996. Contribution of gully erosion to sediment

production in cultivated lands and rangelands. IAHS Publications 236: 251— 266.

Poesen J, Nachtergaele J, Verstraeten G, Valentin C. 2003. Gully erosion and environmental change:

importance and research needs. Catena 50 (2/4): 91-133.

Porto P, Walling DE, Capra A. 2014. Using ¥7Cs and 2"°Pbex measurements and conventional
surveys to investigate the relative contributions of interrill/rill and gully erosion to soil loss from a

small cultivated catchment in Sicily. Soil & Tillage Research 135: 18-27.

Raclot D, Albergel J. 2006. Runoff and water erosion modelling using WEPP on a Mediterranean

cultivated catchment. Phys. Chem. Earth 31(17): 1038-1047.

Raclot D, Le Bissonnais Y, Louchart X, Andrieux P, Moussa R, Voltz M. 2009. Soil tilage and scale
effects on erosion from fields to catchment in a Mediterranean vineyard area. Agriculture,

Ecosystems and Environment 134: 201-210.

Rahaingomanana N. 1998. Caractérisation géochimique des lacs collinaires de la Tunisie semi-aride

et régulation géochimique du phosphore. PhD thesis, Univ I, Montpellier.

Rebai H, Raclot D, Ben OuezdouH. 2012. Facteurs du ravinement dans la dorsale tunisienne et le cap

bon. Rev. Mar. Sci. Agron. Vét. 1: 18-22.

Rey F, Berger F. 2002. Interactions végétation-érosion et génie écologique pour la maitrise de
I'érosion en Montagne. Colloque international « L’eau en montagne : gestion intégrée des hauts

bassins versants», Megéve, France. http://www.inbo-news.org/IMG/pdf/Rey-Berger-2.pdf

Romkens MJM, Helming K, Prasad SN. 2001. Soil erosion under different rainfall intensities, surface

roughness, and soil water regimes. Catena 46: 103-123.

Roose E, Chebbani R, Bourougaa L. 2000. Ravinement en Algérie, facteurs de contrdle, quantification

et réhabilitation. Science et changements planétaires / Sécheresse 11(4): 317-326.

Roose E, Sabir M, Laouina A. 2010. Gestion durable des eaux et des sols au Maroc: Valorisation des

techniques traditionnelles méditerranéennes, IRD ed., Marseille.

30

http://mc.manuscriptcentral.com/ldd

Page 30 of 40



Page 31 of 40

©CoO~NOUTA,WNPE

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

Land Degradation & Development

Sfar Felfoul M, Snane MH, Mlaouihi A, Megdiche MF. 1996. Intégration de certains facteurs
biophysiques dans I'espace pour I'étude du ravinement dans le sous bassin versant d'Oued Maiz

dans la région de Haffouz (Tunisie centrale).Bulletin - Réseau Erosion 16: 457-470.

Sfar Felfoul M, Snane MH, Mlaouhi A, Megdiche MF. 1999. Importance du facteur lithologique sur le
développement des ravins du bassin versant d’'oued Maiez en Tunisie centrale. Bull. Eng. Geol.

Environ. 57: 285-293.

Small IF, Rowan JS, Franks SW. 2002. Structure, function and management implications of fluvial
sedimentary systems. In: Dyer FJ, Thoms MC, Olley JM (eds), Quantitative sediment fingerprinting

using a Bayesian uncertainty estimation framework. IAHS Publ 276, Wallingford, pp 443-450.

Smith HG, Sheridan GJ, Nyman P, Child DP, Lane PNJ, Hotchkis MAC, Jacobsen GE. 2012.
Quantifying sources of fine sediment supplied to post-fire debris flows using fallout radionuclide

tracers. Geomorphology 139-140:403-415.

Temple-Boyer E, Richard JF, Arnould P. 2007. Segmenter les paysages de I'eau : une méthode pour

l'interprétation hydrodynamique des paysages (Dorsale tunisienne). Sécheresse 18(3): 149-60.

Vandenbroucke M, Largeau C. 2007. Kerogen origin, evolution and structure. Organic Geochemistry

38:719-833.

Vanmaercke M, Poesen J, Verstraeten G, de Vente J, Ocakoglu F. 2011. Sediment yield in Europe:

Spatial patterns and scale dependency. Geomorphology 130: 142-161.

Vanmaercke M, Maetens W, Poesen J, Jankauskas B, Jankauskiene G, Verstraeten G, de Vente J.
2012. A comparison of measured catchment sediment yields with measured and predicted hillslope

erosion rates in Europe. Journal of Soils and Sediments 12: 586-602.

Verheijen FGA, Jones RJA, Rickson RJ, Smith CJ. 2009. Tolerable versus actual soil erosion rates in

Europe. Earth Science Reviews 94(1-4): 23-38. DOI: 10.1016/j.earscirev.2009.02.003.

Walling DE, Woodward JC, Nicholas AP. 1993. Tracers in hydrology. In: Peters NE, Hoehn E,
Leibundgut C, Tase N, Walling DE (eds), A multi-parameter approach to fingerprint suspended-

sediment sources. IAHS Publ 215, Wallingford, pp 329-338.
31

http://mc.manuscriptcentral.com/ldd



©CoO~NOUTA,WNPE

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

Land Degradation & Development Page 32 of 40

Walling DE. 2005. Tracing suspended sediment sources in catchments and river systems. Sci Total

Environ 344: 159-184.

Walling DE. 2013. The evolution of sediment source fingerprinting investigations in fluvial systems. J.

Soils Sediments 13: 1658-1675.

Wasson RJ, Furlonger L, Parry D, Pietsch T, Valentine E, Williams D. 2010. Sediment sources and

channel dynamics, Daly River, Northern Australia. Geomorphology 114: 161-174.

Wilkinson SN, Wallbrink PJ, Hancock GJ, Blake WH, Shakesby RA, Doerr SH. 2009. Fallout
radionuclide tracers identify a switch in sediment sources and transport-limited sediment yield

following wildfire in a eucalypt forest. Geomorphology 110: 140-151.

Wischmeier WH, Smith DD. 1958. Rainfall energy and its relation to soil loss. Trans. Am. Geophys.

Union 39: 285-291.

Woodward JC. 1995. Patterns of erosion and suspended sediment yield in Mediterranean river basins,
in: Foster, . D. L., Gurnell, A. M., Webb, B.W., (Eds.), Sediment and Water Quality in River

Catchments. Wiley, Chichester, 365-389.

Zhang X, Walling DE. 2005. Landscape and watershed processes: characterizing land surface erosion

from cesium-137 profiles in lake and reservoir sediments. J Environ Qual 34:514-52.

Zhao G, Mu X, Wen Z, Wang F, Gao P. 2013. Soil erosion, conservation, and eco-environment

changes in the loess plateau of China. Land Degrad. Dev. 24: 499-510. DOI: 10.1002/Idr.2246

32

http://mc.manuscriptcentral.com/ldd



Page 33 of 40

©CoO~NOUTA,WNPE

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

Land Degradation & Development

Figure legends

Figure 1. Location of the selected catchments within a pilot network of monitored catchment
reservoirs along the Tunisian Ridge and the Cape Bon region (modified from Temple-Boyer

et al., 2007). Rainfall information (isohyet) has been superimposed.

Figure 2. Catchment sediment yield, rill/interrill and gully/channel erosion contribution to

reservoir siltation for the five study catchments.

Figure 3. Sediment source apportionments for the five studied catchments using the mixing

model either with the combination of 137Cs and TOC or with 137Cs only.
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Table 1. Characteristics of the five studied catchments as of 2010. The bioclimatic zones were extracted from the bioclimatic map of Tunisia

(CNEA, 2007). The global slope index (m km™) is defined by the ratio between altitude difference (m) of approximately 5% and 95% of the

catchment surface and the length of the equivalent rectangle (km).

Catchments Description Characteristics / Factors
Reservoir Regional climate Topography Catchment management
Drai
Area | ponase Initial Mean Global slope Total
Name (km?) density | Building volume Bioclimatic annual Lithology Altitude index Land cover Type of management managed
(m ha-1) year () zones rainfall range (m) & -1 P g area
’
(mm) (i fom ) %)
25% limestone 4 7%1‘3’ opland, | contour bench terraces +
: ; ’ . 7% limestone
ElHnach | 367 | 973 1992 | 77400 |HigherSemi| qq 75% Marls Max:745 104 outcrops, | Tl stone checkedamst ) o)
arid Min:500 ’ small contour stone
7% badlands, .
39% scrubland. bunds + tree planting
50% Marls 50%
Higher Semi sandstone Max:190 60% cropland, .
El Melah 0.61 48.2 1991 20 000 arid 450 Min:90 36 40% scrubland. Without management 0
85% gypsum
L i- marl, 15% Max:460 35% cropland,
FidAli | 238 | 1583 1991 | 134700 | OO 285 limestone M3 38 53%scrubland, | Small weir dry stone 6
! e 12% badlands.
80% Marls, 20%
. Max:203 70% cropland, .
K h 2.63 79 1994 142 500 | Sub-humid 650 sandstone 40 ’ Without t 0
amec ub-humi Min:95 30% scrubland. ithout managemen
70% Marls, 30%
. : ’ 50% cropland,
High ; Max:480 pland,
Sbaihia | 3.57 | 533 1993 | 135500 | € er:eml 450 limestone 00 77 47% forest, | contour bench terraces 413
ant m: 3% badlands.
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Table 2. Mean annual hydrologic and sediment yield measurements in the five studied

catchments.
Area-specific -
i - Annual Erosivity Runoff
Catchment | Periods sedu(nsesnYt)yleld rainfall index (MJ mm Runof_f1 coefficient
(Mg ha' yr") | (mm y) |ty | (MY (%)
« | 09/1992 —
El Hnach 02/2007* 15 372 525 28 7.5
El Melah 185199959‘ 17 578 1201 38 6.6
. . 06/1993 —
Fidh Ali 09/1999 38 279 469 18 6.5
Kamech 0?4}3838‘ 15 561 1063 114 20.3
.- 09/1993 —
Sbaihia 11/2006 10 454 798 72 15.7

* Rainfall and runoff measurements for El Hnach catchment were only available for the period between 09/1994
and 08/1999 because of technical failures.
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Table 3. Mean and Standard deviation of potential fingerprinting properties and specific

surface area (SSA) measured in sediment source and reservoir sediment samples (n=85)
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collected in the five studied catchments.

Locations Nsuar:‘nbp?;: ' 13705.1 TE)C SS,1A
Icores (Ba kg™) (%) (m™)
Topsoil 6 7.8 +10.3 1.2+ 0.4 25823 + 5360
Gully/channel
bank 5 0+0.1 0.5+0.1 24253 +2945
El Hnach Upstream
reservoir area 2 1.4+0.1 0.7 £0.3 17035 + 846
Downstream
reservoir area 1 2.3 0.8 29329
Topsoil 7 39+25 0.7+0.2 13083 £ 6783
Gully/channel
bank 4 0+0.0 04+0.1 13925 + 8076
El Melah Upstream
reservoir area 3 49+27 1.5+ 0.1 18982 + 6362
Downstream
reservoir area 1 5.7 1.17 23876
Topsoil 6 3.5+2.8 0.5+0.1 12065 + 3513
Gully/channel
bank 4 0.1+0.2 0.3+0.04 15290 + 3458
Fidh Ali Upstream
reservoir area 1 2.1 0.7 11443
Downstream
reservoir area 1 3.1 0.5 14880
Topsoil 8 3.7+£15 1.1+£0.1 29043 + 3921
Gully/channel
bank 9 0.2+0.3 0.5+0.1 23540 + 2146
Kamech Upstream
reservoir area 8 1.4+04 0.7+0.2 15695 + 2607
Downstream
reservoir area 5 3.1+£0.6 1.0+ 0.1 26253 + 1725
Topsoil 6 10.1+4.2 25+1.0 25968 + 4484
Gully/channel
bank 6 0.7+1.0 0.9+ 0.8 25713 + 3392
Sbaihia Upstream
reservoir area 1 2.2 0.8 20338
Downstream
reservoir area 1 2.9 0.8 26137
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833 Table 4. Correlation coefficient values (R) between catchment sediment yield, rill/interrill and
834  gully/channel erosion contribution to reservoir siltation and the tested factors in the 5 studied

835 catchments.
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836

Catchment | Rill/interrill | Rill/interrill | Gully/channel
14 sediment relative erosion erosion
15 yield contribution | contribution | contribution

16 Area -0.25 -0.66 -0.41 0.35
17 Mean Annual Rainfall -0.66 0.27 -0.43 -0.95*
Erosivity Index -0.50 0.39 -0.25 -0.91*
20 Runoff -0.55 0.20 -0.34 -0.83
21 Runoff coefficient -0.51 0.05 -0.35 -0.68
22 Global slope index -0.47 -0.86 -0.69 0.40
% of tender lithology 0.45 0.09 0.39 0.36
25 % of badlands 0.77 -0.12 0.56 0.93*
26 Drainage density 0.89* 0.28 0.78 0.68
27 % of cropland -0.64 0.35 -0.39 -0.98*"

% of total managed area -0.45 -0.98*" -0.68" 0.42
30 * Correlation is significant at the 0.05 level considering the 5 study catchments.

31 * Correlation is significant at the 0.05 level considering 4 catchments only (Fidh Ali
32 excluded).

34 837

37 838

40 839
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Figure 1. Location of the selected catchments within a pilot network of monitored catchment reservoirs along
the Tunisian Ridge and the Cape Bon region (modified from Temple-Boyer et al., 2007). Rainfall information
(isohyet) has been superimposed.
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29 for the five study catchments.
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Figure 3. Sediment source apportionments for the five studied catchments using the mixing model either

with the combination of 137Cs and TOC or with 137Cs only.
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