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Abstract

:

Wind erosion is a worldwide phenomenon for which several recent studies have shown that the intensity is expected to evolve because of climate and land use changes. Identifying the areas where wind erosion is the most active and its associated drivers may help to define efficient solutions to protect the environment from this hazard. The south of Tunisia is a region highly prone to wind erosion and presents a variety of landscapes and land uses in a relatively small area. Thus, from November 2012 to June 2016, six sites were instrumented to monitor wind erosion in the most extended land uses existing in southern Tunisia. The main results are that wind erosion: (i) is nil in the oasis, (ii) is weak (<120 kg m−1 yr−1) in the olive grove even if the surface is be ploughed up to eight times a year, (iii) is moderate (~1000 kg m−1 yr−1) in the barley field, for which the sowing date is a driving parameter of wind erosion seasonality, (iv) can occur in the Chott El Jerid except when it is flooded, (v) is the most intense in rangelands on sand (~2500 kg m−1 yr−1) and on flatbeds (>3000 kg m−1 yr−1).
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1. Introduction


Wind erosion is the entrainment of soil particles by wind. It occurs when the energy transmitted by the wind to the soil surface is sufficient to counterbalance the forces that maintain soil particles on the surface, namely their weight and the interparticle cohesive forces, and in addition, when the soil surface is wet, capillarity forces [1]. It is a natural phenomenon that mainly takes place in the Earth’s arid and semi-arid areas [2], and depends on meteorology (mainly wind speed and rainfall) and soil surface characteristics (texture, soil size distribution, roughness, vegetation cover, etc.) [3]. Recent regional studies suggest that dust storms consecutive to wind erosion have been intensified by the effects of climate change (in the Middle East [4] or in Inner Mongolia [5], for instance), and by land surface changes due to anthropogenic factors [6]. In the agricultural sector, dust storms and wind erosion were identified as one of the emerging consequences of climate change [7,8].



Several field experiments quantified on an annual basis how much wind erosion intensity varies depending on the surface land cover. In southwestern Niger, Rajot [9] and Abdourhamane Touré et al. [10] showed that wind erosion fluxes were systematically higher in a millet field than in a fallow. From May 2012 to May 2016, Abdourhamane Touré et al. [11] conducted the same type of measurements in rangeland, a millet field, and a mobile dune in southeastern Niger. They drew similar conclusions: annual wind erosion fluxes measured in the millet field were systematically higher than those measured in the rangeland while wind erosion was two and forty times higher on the mobile dune than on the millet field and on the rangeland, respectively. In northern China, Zhang and Dong [12] showed that sediment transport by wind differed among surfaces, with the greatest transport being observed above mobile dunes, followed by cultivated land, semi-fixed dunes, fixed dunes, and a shrub community. From these field experiments, it can be concluded that wind erosion strongly depends on surface land cover and land use. However, these experiments only cover a restricted panel of land units. Conducting similar experiments in other regions of the world in order to identify the areas where wind erosion is the most active and its associated drivers (meteorology, land use, land management, etc.) may help to define efficient solutions to limit the effects of this hazard on the environment and consequently on the human way of life.



The south of Tunisia (Figure 1) is a region highly prone to wind erosion because the soils have a fine sand texture, vegetation is sparse, and precipitation is scarce [13,14,15]. The region also presents a variety of landscapes and land uses that can be experienced over a relatively limited area. Based on the analysis of the agricultural map developed in 2004 for the whole country at the scale of each CRDA (Commissariat Régional au Développement Agricole/regional commissions for agricultural development) by the Tunisian Ministry of Agriculture, Labiadh et al. [14] showed that five types of cultivation and six types of rangelands can be encountered in the four southernmost Tunisian Governorates (Tataouine, Medenine, Kebili, and Gabes; ~77,676 km2). This region thus offers the opportunity to study wind erosion intensity on different types of land surface, but also on different types of land use. Thus, from November 2012 to June 2016, six sites representing the most abundant land units of southern Tunisia were instrumented to monitor wind erosion and to investigate the possible differences in wind erosion fluxes according to land use and landscape. The aim of this study was to document wind erosion intensity as a function of land units to determine the most vulnerable areas to this phenomenon and propose, when feasible, solution(s) to mitigate its occurrence.




2. Materials and Methods


2.1. Methodology


According to the agricultural map developed by the Tunisian Ministry of Agriculture in 2004, 11 land use types can be encountered in southern Tunisia (Table 1). The dominant land use in southern Tunisia is rangeland (~87%) (Table 1). Among rangelands, rangeland on sand and rangeland on flatbeds are the vastest areas as they cover ~36% and 25% of south Tunisia, respectively (Table 1). Cultivated areas (including croplands, olive groves, tree-growing, market gardening, and oases) only represent ~5% of the domain. This equates to an area quite similar to that covered by the sebkhas and Chotts (~7%), which are encrusted salty depressions that can be seasonally flooded (Table 1). Among cultivated areas, olive groves, cereal fields, and oases cover the largest areas with 3.73%, 0.77%, and 0.39%, respectively (Table 1). Thus, we chose to instrument six of the most abundant land units of southern Tunisia (rangeland on sand, rangeland on a flatbed, Chott, olive grove, cereal field, and oasis). In the following sections, the main characteristics of each sampling site are presented (Section 2.2) as well as the method and instrumentation used to measure and analyse wind erosion fluxes (Section 2.3, Section 2.4, Section 2.5, Section 2.6).




2.2. Description of the Measurement Sites


Six sites were instrumented to monitor wind erosion in the most extended land uses existing in southern Tunisia. One of them (Menzel Habib) and an additional site (Sidi Toui) were equipped with a meteorological station. The location and land use characteristics of the seven sites are given in Figure 1 and Table 2.



2.2.1. Rangeland on Sand


Nadhour Rwag (Figure 2a) is located in the plain of El Ouara in the Governorate of Medenine. The steppe vegetation is mainly composed of Rhanterium suaveolens and Anabasis articulata.




2.2.2. Rangeland on a Flatbed


The measurement site on the rangeland on a flatbed was installed inside the ROSELT/OSS (Réseau d’Observatoires de Surveillance Ecologique à Long-Terme/Observatoire du Sahara et du Sahel) Observatory of Menzel Habib (80,000 ha), located in the Tunisian arid region (34°02′ N to 34°19′ N and 9°33′ E to 9°58′ E). Our measurement site (Figure 2b) was located in an area of Rhanterium suaveolens steppes on sandy soils, which is the dominant vegetation in the Observatory [16].




2.2.3. Chott El Jerid


The Chott El Jerid (Figure 2c) is a closed ephemeral salty lake located in a large depressed basin [17]. It is located on both sides of the Tunisia/Algeria border. It is bordered to the north by the Cherb Mountains and to the south by the Sahara, and it is linked to the Chott Fjej to the east. With a surface of 5360 km2 [18], the Chott El Jerid is one of the largest endorheic basins in the world and the largest ephemeral salty lake in northern Africa. It is regularly flooded during the cold period. During the dry period, from May to August, it is generally covered by continental evaporites (mainly composed of halites and gypsum), which result from the desiccation of the soil after a flooding event [19]. It was identified by Prospero et al. [2] using satellite observations as a major source of mineral dust in northern Africa.




2.2.4. Olive Grove


Chammakh is one of the largest olive-growing regions in Tunisia with more than 80,000 olive trees [20]. Inside this orchard, the “Chemlali of Sfax” variety is dominant. In this region, olive trees, which are 3 to 4 m high, are evenly spaced in a square pattern with each tree 24 m apart (Figure 2d). The soil surface is regularly (up to 8 times a year) ploughed with a tiller plough in order to remove grasses to aerate the soil and to favour water penetration through the destruction of the superficial crust that forms after each rain event. Olive harvesting is done during wintertime (December to February), followed by pruning in March.




2.2.5. Cereal Field


The site called Oued Fessi is located in the Jeffara plain in the Governorate of Medenine. In southern Tunisia, barley (Hordeum vulgare L., cultivar Ardhaoui—a unique cultivar of southern Tunisia [21]) is a rainfed crop that is sown on the fly according to rainfall: barley is sown only when soil moisture is sufficiently high to ensure the correct growth of the cereal. The field is tilled with a disc plough immediately after sowing. Barley is ready to be harvested about 4 months after it was sown. Harvesting is performed manually: barley tufts are removed by hand to collect at the same time seeds, roots, and straws, the latest being used as fodder for sheep. Consequently, the field soil surface is left bare and trampled after harvest [22]. In the present study, barley was sown on the fly before the field was tilled with a disc plough on 31 December 2013. Harvesting was performed manually from 5 to 7 May 2014 (Figure 2e). Barley was not sown again in autumn 2014/winter 2015.




2.2.6. Oasis


Atilet (Figure 2f) is an experimental oasis on about 15 ha of the IRA (Institut des Régions Arides) Kébili station. It is located in the region of the Nefzaoua to the southeastern edge of the Chott El Jerid. In 1989, about 950 palm trees (Deglet Nour variety) were planted on 9 ha of the Atilet experimental site according to several organizations to determine the configuration and water supply that provide the best yield [23]. Consequently, the palm trees are evenly spaced in a square pattern with each tree being either 12 m, 10 m, or 8 m apart. Later on, in some squares, some fruit trees (pomegranate and fig trees) were planted in order to test the best association.





2.3. Characterization of Superficial Soil Properties


For each site, a composite sample made of 15 individual samples of the upper 5 cm soil surface was collected and analysed to determine the texture and the dry soil size distribution. For Chott El Jerid, we used the measurements of Labiadh et al. ([14]; the site called Kébili 10).



Texture was determined using Robinson’s pipette method [24].



The dry soil size distribution was determined following the methodology established by Chatenet et al. [25], and using the same system as the one described in Labiadh et al. [14]: the samples were dried at 105 °C for 24 h before being slowly sieved on a column of 13 sieves (For Nadhour Rwag, Menzel Habib, Chammakh, and Oued Fessi, the column of 13 sieves was: <50, 50–63, 63–100, 100–125, 125–160, 160–250, 250–350, 350–500, 500–630, 630–1000, 1000–1250, 1250–2000, >2000 μm. For Chott El Jerid and Atilet, the column of 13 sieves was: <50, 50–75, 75–100, 100–125, 125–150, 150–200, 200–300, 300–400, 400–500, 500–600, 600–800, 800–1000, >1000 μm) using a vibratory sieve shaker (Retsch, AS200). Sieving lasted 20 min with an intensity of 40, and each fraction was then weighed on an electronic balance with a precision of 0.0001 g. The results of the sieving were adjusted to log-normal distribution(s) using a least squares method as described in Labiadh et al. [14]. An example of such an adjustment is given in Figure 3 for a monomodal (top) and a bimodal (bottom) size distribution.




2.4. Measurement of the Sediment Horizontal Mass Flux


Horizontal flux (Fh) is defined as the amount of sediment mass crossing a section of unit length perpendicular to the wind over the total duration of an erosive event. Several authors [26,27,28] showed that the equations of the exponential form originally proposed by Williams [29] (Equation (1)) give the best representation of the vertical distribution of mass flux density, q(z), from the soil surface to the average maximum saltation height.


  q   z   =   q   0     e   − B z    



(1)




with q0 being the value of q at z = 0 m and B being a positive empirical constant.



Therefore, the horizontal flux can be computed by vertically integrating the mass flux density in a layer extending up to a height of 50 cm [30], using Equation (2):


    F   h   =   ∫  0   0.5    q   z   d z   =   −   q   0     B       1   e x p ⁡ ( − 0.5 B )   − 1    



(2)







The mass flux density was monitored using Big Spring Number Eight (BSNE) sand traps [31] mounted on a mast equipped with a wind vane, which ensures that the opening of all BSNEs always faced the wind (Figure 4). The highest BSNE sand traps on the mast had an opening of ~10 cm2, while the lowest one had a smaller opening (2 cm2) to prevent the sampler from overloading as the flux is the highest close to the soil surface. The position of the mast was chosen to ensure that the fetch was maximum to avoid any disturbance from the surrounding areas with a different land unit [32].



The mass flux density q(z) (with z as the height of the centre of the sand trap opening) was determined for each BSNE by dividing the collected mass of sediment, M(z), by the surface of the opening s(z):


  q   z   = M ( z ) / s ( z )  



(3)







The efficiency of the different sand traps has been discussed thoroughly in the literature. Goossens et al. [33] estimated the efficiency of the BSNE sand trap to be close to 100% based on wind tunnel and field measurements. However, the efficiency may depend on the soil size distribution and the wind speed [34,35]. For aeolian sand, Shao et al. [36] found the overall efficiency of the BSNE sand traps to be 90 ± 5% in the wind tunnel. Based on these results, we consider that the BSNE efficiency is higher than 90% for the Tunisian sandy soils (see Table 3), and the value of 100% obtained by Goossens et al. [33] was assumed in Equation (3).



BSNE sand traps were collected once a month except from March to May, which is the period during which wind erosion is the most active in southern Tunisia [13], when they were collected twice a month (Figure A1 in Appendix A). Each sample was weighed on an electronic balance with a precision of 0.01 g.



One mast of the 7 BSNE sand traps was installed on each site except in Nadhour Rwag (Figure 4a), where 3 masts of 3 BSNE sand traps were installed to account for the variability in wind erosion. In Chammakh (Figure 4b), the mast of 7 BSNE sand traps was installed at the centre of a square delimited by olive trees.




2.5. Procedure of the Statistical Analysis of the Horizontal Fluxes of Aeolian Sediments


Analysis of variance (ANOVA) [37] is a powerful and easy method to determine whether several groups of data can be considered statistically identical. In our case, it was used to show whether a horizontal mass flux of aeolian sediments (Fh) from one site is different from another. However, ANOVA may yield inaccurate estimates of the probability value when each group of data is far from being normally distributed. To satisfy the normality conditions, we normalized these data by using a log conversion. ANOVA also requires homoscedasticity, i.e., homogeneity of variances. Thus we first checked the normality of our data (sediment flux collected for each site over the whole period of sampling; samples for which the measured sediment fluxes were zero were discarded) by using the Shapiro–Wilk test because our data set includes less than 50 values per site [38]. We controlled the homogeneity of variances by using Levene’s test, a test less sensitive than others to departures from normality [39]. When the conditions of normality and homogeneity of variances were fulfilled for these data, a t-Student test was used to identify the groups of samples that can be considered different from a statistical point of view. This ANOVA was performed using R software (version 4.1.1).




2.6. Meteorological Measurements


We decided to instrument the two stations that were the most far apart (i.e., Nadhour Rwag and Menzel Habib) with a meteorological station. However, it was not possible to install a meteorological station at Nadhour Rwag for security reasons. Therefore, we instrumented the Sidi Toui site, some ten kilometres away from Nadhour Rwag. Wind speed and direction were measured using a two-dimensional (2D) sonic anemometer (WindSonicTM Gill Instruments Ltd.) installed at 3 m above ground level (AGL). Data acquisition was performed using a CR200X data logger (Campbell® Scientific Instruments, Shepshed, Loughborough, UK) powered by a solar panel, with a nominal data acquisition time of 5 min for all the parameters measured with a frequency of 0.1 Hz. Considering the high variability of both wind speed and direction over a 5 min time step, the maximum and mean values of wind speed and the mean and standard deviation of wind direction measured over this interval were recorded. Rainfall was measured using an ARG100 Tipping Bucket rain gauge (Campbell® Scientific company) installed at 1.5 m AGL with a 5 min time step. The 5 min rainfall corresponds to the accumulation of bucket tippings over this time interval with one tipping corresponding to 0.2 mm of rainfall.




2.7. Computation of the Dust Uplift Potential


It is classically admitted that the wind erosion flux can be estimated using a power law of the wind friction velocity when it exceeds the wind erosion threshold [40,41]. In order to isolate the specific role of the wind from that of the surface properties in the variability of aeolian fluxes, Marsham et al. [42] proposed to compute a diagnostic parameter, the Dust Uplift Potential (DUP):


        D U P =   U   z     3     1 +     U   t     z     U   z         1 −       U   t     z     2       U   z     2           w h e n   U   z   >   U   t     z         D U P = 0     o t h e r w i s e        



(4)




where U(z) is the wind speed (in m s−1) at height z (in m) and Ut(z) is the minimum threshold wind speed (in m s−1) above which wind erosion can occur.



The DUP allows for the calculation of the maximum wind erosion that could be produced for a given wind speed for ideally a totally smooth erodible surface. Therefore, in Equation (4), Ut(z) is the minimum Ut(z) corresponding to the smooth bare surfaces of southern Tunisia. In the Dust Production Model developed by Marticorena and Bergametti [43] for northern Africa, the minimum Ut at 10 m AGL over southern Tunisia was close to 7 m s−1 at 10 m AGL [44]. In the study in Menzel Habib and Sidi Toui, wind speed was measured at 3 m AGL (see Section 2.5). Considering that the wind profile follows the logarithmic law of Priestley [45], a minimum Ut at 3 m AGL can be computed knowing the aerodynamic roughness length, z0, of the site. In March 2000, Marticorena et al. [46] performed an intensive field campaign in southern Tunisia to measure this parameter over 10 sites with different surface roughness. Among these sites, site S10 (Bir Zoui) shares the same surface characteristics as the Menzel Habib and Nadhour Rwag sites. Consequently, we used the value of z0 = 1.73 × 10−3 m measured in near-neutral conditions in Bir Zoui to compute Ut at 3 m AGL in Menzel Habib and Nadhour Rwag, which leads to a value of 6 m s−1. In order to account for the uncertainty that may exist in z0, DUP was also computed using 5 and 7 m s−1 for Ut(z) at both sites.





3. Results and Discussion


3.1. Soil Surface Properties


Whatever the location, the soil surface has a sandy texture, with %sand being at least equal to 80% (Table 3). The two crusted soils (Menzel Habib and the Chott El Jerid) present a higher clay content than in other sites where no crust was observed at the soil surface. For the size distribution of loose aggregates at the soil surface, a fine population with a mode centred around 90 µm and very well sorted (with a standard deviation, σ, ranging between 1.20 and 1.30) is systematically observed as the dominant population whatever the considered site (Table 4), except in the Chott El Jerid for which the median diameter is larger (130 µm) and the unique population exhibits a larger scattering (σ = 1.85). The ever-present fine population observed in our study sites is in agreement with the results obtained by Labiadh et al. [14], who also observed such a mode in 179 out of 180 soil samples collected throughout southern Tunisia. The quasi-ubiquitous presence of this mode explains the high susceptibility of south Tunisian soils to wind erosion as a diameter equal to 90 µm is close to the optimum soil grain diameter for wind erosion (see for instance Iversen et al. [47]). This suggests that the differences that would be observed in the annual flux of aeolian sediments among the different sites would not be explained by the slight differences observed in soil surface characteristics, except for the Chott El Jerid. In Chammakh and Atilet, a second mode is observed at 135 µm and at 450 µm, respectively, which is also in agreement with the results obtained by Labiadh et al. [14]. Finally, in Nadhour Rwag, a second mode (15.8%) is also observed around 750 µm. It is explained by its proximity to the Dahars mountains, from which coarse sand can be transported by water erosion [14].




3.2. Meteorological Parameters


Figure 5 presents the monthly DUP computed for Menzel Habib and Nadhour Rwag. In both sites, a similar trend is observed even though the DUP is higher in Nadhour Rwag than in Menzel Habib. This is especially marked during wintertime (December, January, and February), when the DUP is the highest at both sites. The lowest DUP values were computed in summer and the beginning of autumn (July, August, September, and October) in Menzel Habib.



When assessing aeolian transport in Menzel Habib, Khatelli and Gabriels [13] showed that a prevailing wind direction of erosive winds (defined as wind speed > 3 m s−1 at 1.5 m height by these authors) existed: on an annual basis, winds from the north to the southeast were more erosive than those coming from the south and from the west. Figure 6 presents the annual wind rose for Menzel Habib, and shows that the erosive winds were dominantly from the northeast to the east–south–east in agreement with Khatelli and Gabriels [13].



Rainfall in Menzel Habib and in Sidi Toui were 143.8 mm (from June 2014 to October 2015) and 150.4 mm (from October 2014 to December 2015), respectively. At both sites, rain was the most abundant in autumn and in winter (Figure 7).




3.3. Statistical Analysis of the Horizontal Fluxes of Aeolian Sediments


Table 5 presents the results of the Shapiro–Wilk test for all sites where measurements of horizontal fluxes of aeolian sediments were conducted, except Atilet (for which all values are equal to zero; see Section 3.4), after values had been normalized. It can be seen that p-values are significant for all sites (p > 0.05), except Chammakh even though the QQ-plot seems quite satisfying (Figure A2d).



Levene’s test gives a value of p = 0.005591, which is significant (p < 0.05) and means that variances are homogeneous. Finally, Table 6 presents the results of the t-student test by pairs of sites. It can be seen that most sites are statistically independent except Nadhour Rwag and Oued Fessi. Consequently, a direct comparison between these two sites should be avoided. Considering Nadhour Rwag and Oued Fessi, the absence of a statistically significant difference in their averages could be explained by their very sandy textures (~95%—see Table 3).




3.4. Annual Horizontal Fluxes of Aeolian Sediments


For the oasis site, Atilet, annual horizontal fluxes were zero (Figure 8; Table 7). This is probably due to the density of palm trees and the effectiveness of their canopy in reducing wind speed and in protecting the surface.



The highest values were measured on rangelands, i.e., in Menzel Habib and Nadhour Rwag, where annual fluxes can reach more than 3000 kg m−1 (Table 7). These values are of the same order of magnitude as the annual horizontal fluxes measured for mobile dunes in northern China (1163 kg m−1) by Zhang and Dong [12] and in eastern Niger (from 2000 to 6000 kg m−1) by Abdourhamane Touré et al. [11]. By comparison, Abdourhamane Touré et al. [11] in eastern Niger measured annual aeolian fluxes on rangelands from 110 to 633 kg m−1. From 1999 to 2004, Bergametti and Gillette [48] measured wind erosion flux in the five dominant plant/soil complexes encountered in the Jornada Long Term Ecological Research (LTER) site (mesquite, creosote, tarbush, grama grass, and playa grass). These authors showed that only the annual horizontal flux of aeolian sediments measured in the mesquite area was significantly higher (up to more than 300 kg m−1 on average) than those measured in the other sites (less than 20 kg m−1 on average). This was explained by a specific organization of the vegetation in “mesquite streets” separated by bare soil streets that favours high wind erosion. The high values measured in south Tunisian rangelands, similar to those measured on bare soils in China and Niger, may be explained by the sparse vegetation of the sites (Figure 2a,b), which was randomly distributed and whose density is too low to offer effective protection to the soil from the wind.



In the Oued Fessi (barley field), annual horizontal fluxes are also high (1109 kg m−1 for 2014—Figure 8; Table 7). It is of the same order as the annual saltation flux measured on traditionally cultivated millet fields by different authors using the same sand traps. In western Niger, from 1996 to 1998, Rajot [9] measured an annual saltation flux of 209 to 601 kg m−1, and Abdourhamane Touré et al. [49] measured an annual saltation flux of 137 to 320 kg m−1 from 2006 to 2008. More recently, in western Niger, Abdourhamane Touré et al. [11] measured an annual saltation flux of 368 to 2902 kg m−1 from 2012 to 2016.



In Chammakh (olive grove), annual horizontal fluxes are lower (from 29 to 120 kg m−1 in 2014–2015 and in 2013–2014, respectively; Table 7), which may be explained by the presence of olive trees which significantly reduces the shear stress at the surface [50]. This is the same mechanism as in the oasis, but as olive trees are taller and the space between them is larger, the reduction of shear stress at the surface is lower than in the oasis. An important inter-annual variation is observed in the Chott El Jerid (from 5 to 333 kg m−1 in 2013–2014 and in 2014–2015, respectively; Table 7). This can be explained by the number of months during which it is flooded: in 2015, the Chott El Jerid was flooded for 5 months whereas it was only flooded for 3 months in 2014 (see Figure A1 in Appendix A).




3.5. Seasonal Variations in Wind Erosion


As recalled in the introduction, wind erosion is driven by meteorology and soil surface characteristics. When the latter is constant with time, wind speed will be the main driver of wind erosion seasonality. In regions where rainfall induces important modifications of the soil surface (such as flooding, development of seasonal vegetation, etc.), wind erosion will not only depend on wind speed but also on the state of the soil surface (wetness, vegetation cover rate, roughness, etc.). Finally, in areas where agricultural activities develop, the influence of human practices (such as tillage/no tillage, leaving/collecting crop residues in the field after harvest, etc.) will also play a non-negligible role. For example, using a modelling approach, Pierre et al. [51] showed that in southwestern Niger, the variability of annual horizontal fluxes induced by agricultural practices could be of the same order as the variability induced by meteorological factors (wind speed, precipitation).



Figure 9 presents a comparison of the seasonal variations of horizontal fluxes in all sites except Atilet. A total of 69% of wind erosion occurred in winter (December–January–February) and spring (March–April–May) in the rangeland on a flatbed while 90% of the annual horizontal flux of wind-eroded sediments was measured during autumn and winter (September to February) in the rangeland on sand.



Figure 10 compares the DUP computed for Menzel Habib, accounting for the impact of precipitation or not, and the wind erosion flux measured on this site. It can be seen that the seasonal evolution of the DUP is similar to the seasonal evolution of the wind erosion flux with little impact of precipitation on the general trend of the DUP, which means that the seasonal evolution of wind erosion is mainly driven by wind speed on the rangeland on a flatbed.



In the Chott El Jerid, about 90% of wind erosion occurred in late spring/early summer, i.e., when the Chott surface has dried. This suggests, as expected, that this source is clearly a seasonal source, emitting only after the rainy season and mainly in May and June (Figure 9).



In Chammakh (olive grove), horizontal fluxes of wind-eroded sediments were low. Wind erosion mostly occurred in spring (40%) and during late summer and autumn (40%). This seasonality can be explained by the high wind speed occurring in spring in this region, and by the olive harvest that is conducted from the end of autumn which disturbs the soil surface.



In the oued Fessi (barley field), 59% of wind erosion occurred in winter (Figure 9). This seasonality is different from that observed by Bouet et al. [22] in a barley field located in Dar Dhaoui (which is about 30 km northwest of the oued Fessi), where wind erosion only occurred between mid-May and mid-November. These authors showed that the seasonality of wind erosion depended on several factors. In particular, when barley grows, it reaches intermediate heights, which produces a roughness of the order of cm. The soil surface is then well-protected from wind erosion by the vegetation, and wind erosion fluxes remain almost nil. In the oued Fessi, barley was sown on 31 December 2013. Consequently, barley height was at its maximum by the end of March 2014, which corresponds to the minimum measured horizontal flux (Figure 11). In Dar Dhaoui, barley was sown two months earlier (on 21 October 2015), so barley height was at its maximum in mid-February, offering effective protection to the soil surface during winter. This result confirms that agricultural practices (in the present case, the date of sowing) can have a considerable impact on the intensity of wind erosion in croplands.





4. Conclusions


Wind erosion was measured in southern Tunisia on six sites representing different types of land use and landscapes from November 2012 to June 2016. The aim of this study was to document wind erosion intensity as a function of land units to determine the most vulnerable areas to this phenomenon and propose, when feasible, solution(s) to mitigate its occurrence. The results showed that the horizontal flux of wind-eroded sediments was different according to land use and landscape:




	
In olive groves and oases, the ever-present vegetation (composed of trees) protected the soil from wind erosion by minimizing the shear stress acting on the surface. Thus, fluxes of wind-eroded sediments were low to nil, respectively;



	
Wind erosion was the highest in the rangelands because the Steppic vegetation encountered in these south Tunisian landscapes is sparse and the density of the small bushes of Rhanterium suaveolens and Anabasis articulata was too low to offer effective protection from the wind. Consequently, the seasonality of wind erosion in the rangelands is mainly driven by the seasonality of the wind speed;



	
In the Chott El Jerid, wind erosion was intermittent and occurred during late spring/early summer at the beginning of the dry period;



	
In the barley field, the date of sowing was shown to be a crucial parameter to control the seasonality of wind erosion.








The differences observed between sites were explained by the difference in land cover and land use as well as agricultural practices for cultivated areas. In the Sahel, Rajot [9] and Abdourhamane Touré et al. [10,11] showed that wind erosion was systematically higher in millet fields than in fallows. In southern Tunisia, the reverse is observed: wind erosion is lower in the barley field than in the rangelands. In both cases, this can be explained only if the seasonality of both wind speed and vegetation is taken into account. Indeed, in the Sahel, wind speed is the highest when vegetation cover is the lowest in the fields [52], while in southern Tunisia barley is at its maximum development when the wind speed is at its highest.



If we assume that the results presented in Figure 8 are representative of the wind erosion that occurs on each studied land use, we can roughly estimate the annual sediment flux for each type of land use at the scale of southern Tunisia by multiplying the fluxes measured on each surface by the area they occupy. In southern Tunisia, fluxes of wind-eroded sediments are mostly from rangelands on sand and on flatbeds (938 kg m−1 yr−1, and 710 kg m−1 yr−1, respectively—Table 8). Even if they cover a large area of the studied domain, especially compared to croplands (olive groves occupy about five times more area than croplands), fluxes of wind-eroded sediments from olive groves are lower than those from croplands (2 kg m−1 yr−1, and 9 kg m−1 yr−1, respectively—Table 8). This result highlights that particular attention must be paid to croplands, and that agricultural practices that limit wind erosion (e.g., using a mouldboard plough instead of a disc plough [20], leaving crop residues in the field after harvest [49,53,54]) must be encouraged. The Chott can be an active dust source but does not seem to be the major one in the area during the period of measurement, contrary to the observations reported by Prospero et al. [2].



The results obtained in this study confirm that wind erosion varies not only because of meteorology, but also according to land use and land management. In agricultural areas, wind erosion is a threat to sustainable agriculture: plant nutrients are transported in windblown sediments [55]. Consequently, documenting wind erosion in other regions must be carried on with the systematic documentation of land management (crops vs. grazing vs. fallows) and land use practices (tillage techniques, grazing practices, etc.). This will help develop strategies to limit worse effects on the environment.
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Notations and Abbreviations




	2D
	2 dimensional



	AGL
	above ground level



	ANOVA
	Analysis of variance



	B
	a positive empirical constant in Equation 1



	BSNE
	Big Spring Number Eight



	CRDA
	Commissariat Régional au Développement Agricole (regional commissions for agricultural development)



	DUP
	Dust Uplift Potential



	Fh
	horizontal mass flux of aeolian sediments



	IRA
	Institut des Régions Arides (Arid Regions Institute)



	IRD
	Institut de Recherche pour le Développement (French National Research Institute for Sustainable Development)



	LTER
	Long Term Ecological Research



	M(z)
	collected mass of sediment at height z



	OSS
	Observatoire du Sahara et du Sahel (Sahara and Sahel Observatory)



	q(z)
	mass flux density at height z



	q0
	the value of q at z = 0 m



	ROSELT
	Réseau d’Observatoires de Surveillance Ecologique à Long-Terme (Long Term Ecological Surveillance Observatories Network)



	s(z)
	surface of the opening at height z



	U(z)
	wind speed at height z



	Ut(z)
	minimum threshold wind speed at height z above which wind erosion can occur



	Z
	measurement height



	z0
	aerodynamic roughness length



	Σ
	standard deviation
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Figure A1. Date of installation and BSNE uptakes for the 6 measurement sites. Bolded dates correspond to installation of the BSNE sand traps. The blue-coloured cells refer to the period during which the Chott was flooded (F). 
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Table A1. Recovery rate (in %) of meteorological measurement in Menzel Habib and Sidi Toui.
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	Month
	Menzel Habib
	Sidi Toui



	June 2014
	22%
	-



	July 2014
	91%
	-



	August 2014
	100%
	-



	September 2014
	100%
	-



	October 2014
	100%
	56%



	November 2014
	100%
	100%



	December 2014
	100%
	100%



	January 2015
	100%
	100%



	February 2015
	100%
	100%



	March 2015
	100%
	100%



	April 2015
	100%
	100%



	May 2015
	100%
	100%



	June 2015
	100%
	98%



	July 2015
	97%
	77%



	August 2015
	100%
	33%



	September 2015
	90%
	42%



	October 2015
	40%
	100%



	November 2015
	-
	100%



	December 2015
	-
	69%
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Figure A2. QQ-plots for (a) Nadhour Rwag, (b) Menzel Habib, (c) Chott El Jerid, (d) Chammakh, and (e) Oued Fessi measurement sites. 
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Figure 1. Google Earth Image of southern Tunisia. Red pins locate the measurement sites of wind erosion fluxes and green circles the sites where a meteorological station was installed. 






Figure 1. Google Earth Image of southern Tunisia. Red pins locate the measurement sites of wind erosion fluxes and green circles the sites where a meteorological station was installed.



[image: Land 12 01648 g001]







[image: Land 12 01648 g002] 





Figure 2. (a) Photograph of the Nadhour Rwag landscape; (b) Photograph of the Menzel Habib landscape; (c) Photograph of the Chott El Jerid landscape (dry period); (d) Aerial photograph of one of the Chammakh olive groves [©IRD-IRA, Christian Lamontagne]; (e) Photograph of the barley field in the Oued Fessi just before harvest on 5 May 2014; (f) Google Earth Image (01/2013) of the experimental oasis of Atilet in Kébili (the red dot locates the position of the measurement device). 
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Figure 3. Comparison of the result of the fitting of log-normal distribution(s) to the measured relative mass by size class (left) and the resulting continuous size distribution (right). Top: Example of monomodal size distribution (Oued Fessi). Bottom: Example of bimodal size distribution (Nadhour Rwag). 
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Figure 4. BSNE masts installed in (a) Nadhour Rwag, and (b) Chammakh. 
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Figure 5. Monthly accumulated DUP (in m3 s−3) computed for Menzel Habib (black line) and Nadhour Rwag (grey line). Error bars correspond to DUP computed using Ut(z) = 5 and 7 m s−1. DUP was reported only if the monthly recovery rate of meteorological measurements was >90% (see Table A1 in Appendix A). 
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Figure 6. Wind rose of the wind speed > 3 m s−1 measured in Menzel Habib from 24 June 2014 to 13 October 2015 at 3 m AGL by the 2D sonic anemometer at a 5 min time step. 
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Figure 7. Rainfall measured in Menzel Habib from 24/06/2014 to 13/10/2015 and in Sidi Toui from 14/10/2014 to 22/12/2015. “nd” stands for “no data”; the asterisk (*) highlights the months for which the monthly recovery rate of meteorological measurements was <90% (see Table A1 in Appendix A). 
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Figure 8. Average annual horizontal flux of aeolian sediments (in kg m−1) measured on each type of land use. 
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Figure 9. Normalised accumulated horizontal flux of wind-eroded particles for the sites of Menzel Habib (orange line—rangeland on a flatbed), Nadhour Rwag (yellow line—rangeland on sand), Oued Fessi (green line—cereal field), Chott El Jerid (blue line), and Chammakh (black line—olive grove). 
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Figure 10. Normalised accumulated horizontal flux of wind-eroded sediments (black line) and corresponding DUP, accounting for precipitation impact (blue line) or not (brown line), for the site of Menzel Habib (rangeland on a flatbed) from 21 August 2014 to 29 July 2015 (comparison was done only when the monthly recovery rate of meteorological measurements was 100%; see Table A1 in Appendix A). 
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Figure 11. Horizontal flux of wind-eroded sediments (in kg m−1—orange line; left scale) and barley height (in cm—green line; right scale) measured from 31 December 2013 (sowing date) to 6 February 2014 in the oued Fessi. Vertical black line recalls the beginning of harvest (from 5 to 7 May 2014). Barley was not sown again in autumn 2014/winter 2015. 
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Table 1. Occupation (in %) of the different land uses in southern Tunisia (defined as the four southernmost Governorates, i.e., Tataouine, Medenine, Kebili, and Gabes) (after Labiadh et al. [14]).






Table 1. Occupation (in %) of the different land uses in southern Tunisia (defined as the four southernmost Governorates, i.e., Tataouine, Medenine, Kebili, and Gabes) (after Labiadh et al. [14]).





	Land Use
	Occupation (%)





	Cereal field
	0.77



	Olive grove
	3.73



	Tree growing
	0.36



	Market gardening
	0.15



	Oasis
	0.39



	Forest
	0.03



	Rangeland on sand
	36.22



	Rangeland on flat bed
	24.73



	Rangeland on slope
	8.27



	Rangeland on rocky outcrop
	11.49



	Rangeland on salty depression
	5.68



	Steppic vegetation close to oued (i.e., ephemeral river)
	1.07



	Mosaic of steppe and cultivated land
	0.01



	Sebkha/chott
	6.83



	Urban
	0.27










 





Table 2. Land use, geographical coordinates, and location of the measurement sites.
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	Land Use
	Geographical Coordinates
	Site Name





	Rangeland on sand
	32°51.330′ N–11°20.114′ E
	Nadhour Rwag



	Rangeland on flat bed
	34°12.096′ N–9°33.851′ E
	Menzel El Habib



	Chott
	33°54.991′ N–8°31.274′ E
	Chott El Jerid



	Olive grove
	33°35.885′ N–10°59.786′ E
	Chammakh



	Cereal field
	33°07.924′ N–11°05.712′ E
	Oued Fessi



	Oasis
	33°34.928′ N–9°03.694′ E
	Atilet



	National Park
	32°43.873’ N–11°13.425’ E
	Sidi Toui *







* Only meteorological measurements were installed there (see Section 2.6 for details).













 





Table 3. Texture of the soil surface of some of the measurement sites. * For the Chott El Jerid, results correspond to site Kébili 10 of Labiadh et al. [14].
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	Site
	Clay

(<2 µm)
	Silt

(2–50 µm)
	Sand

(50–2000 µm)





	Nadhour Rwag
	3.3
	1.6
	95.1



	Menzel El Habib—crust
	8.3
	11.2
	80.5



	Menzel El Habib—aeolian deposits
	4.4
	1.4
	94.2



	Chott El Jerid *
	10.0
	4.7
	85.3



	Chammakh
	6.2
	4.7
	89.1



	Oued Fessi
	3.6
	1.9
	94.5



	Atilet
	0.5
	0
	99.5










 





Table 4. Median diameter (Dmed in µm), standard deviation (σ), and percentage of the population(s) composing the dry size distribution of the surface soil samples of the measurement sites. The values given in parenthesis correspond to the standard deviation associated with each parameter. * For the Chott El Herid, results correspond to site Kébili 10 of Labiadh et al. [14].






Table 4. Median diameter (Dmed in µm), standard deviation (σ), and percentage of the population(s) composing the dry size distribution of the surface soil samples of the measurement sites. The values given in parenthesis correspond to the standard deviation associated with each parameter. * For the Chott El Herid, results correspond to site Kébili 10 of Labiadh et al. [14].





	
Site

	
Population 1

	
Population 2




	
Dmed

	
Σ

	
%

	
Dmed

	
σ

	
%






	
Nadhour Rwag

	
87.0 (0.3)

	
1.28 (0.00)

	
84.2 (0.3)

	
751.4 (17.1)

	
1.35 (0.02)

	
15.8 (0.3)




	
Menzel El Habib—aeolian deposits

	
89.9 (1.3)

	
1.29 (0.01)

	
100

	
-

	
-

	
-




	
Chott El Jerid *

	
130

	
1.85

	
100

	
-

	
-

	
-




	
Chammakh

	
89.7 (0.7)

	
1.19 (0.00)

	
68.3 (0.3)

	
135.1 (2.2)

	
2.17 (0.03)

	
31.7 (0.3)




	
Oued Fessi

	
85.8 (2.0)

	
1.31 (0.02)

	
100

	
-

	
-

	
-




	
Atilet

	
109.4 (5.1)

	
1.49 (0.10)

	
81.0 (1.9)

	
450.3 (23.1)

	
1.45 (0.04)

	
19.0 (1.9)











 





Table 5. Result of the Shapiro–Wilk test for all measurement sites except Atilet (for which all values are equal to zero).
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	Site Name
	p-Value





	Nadhour Rwag
	0.577



	Menzel El Habib
	0.660



	Chott El Jerid
	0.958



	Chammakh
	0.038



	Oued Fessi
	0.777










 





Table 6. Result of the t-Student tests. n1 and n2 are the number of values used for site 1 and site 2, respectively. “ns” stands for “not significant”. “*” and “****” means that p < 0.05 and p < 0.0001, respectively.
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	Site 1
	Site 2
	n1
	n2
	p-Value
	Level of

Significance





	Chammakh
	Chott El Jerid
	39
	12
	3.00 × 10−2
	*



	Chammakh
	Menzel Habib
	39
	44
	2.59 × 10−24
	****



	Chammakh
	Nadhour Rwag
	39
	19
	3.76 × 10−8
	****



	Chammakh
	Oued Fessi
	39
	16
	1.08 × 10−8
	****



	Chott El Jerid
	Menzel Habib
	12
	44
	1.57 × 10−9
	****



	Chott El Jerid
	Nadhour Rwag
	12
	19
	1.60 × 10−2
	*



	Chott El Jerid
	Oued Fessi
	12
	16
	7.00 × 10−3
	*



	Menzel Habib
	Nadhour Rwag
	44
	19
	7.00 × 10−3
	*



	Menzel Habib
	Oued Fessi
	44
	16
	2.00 × 10−3
	*



	Nadhour Rwag
	Oued Fessi
	19
	16
	9.81 × 10−1
	ns










 





Table 7. Annual flux of aeolian sediments (in kg m−1) measured on each site.
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	Site
	Land Use
	Period
	Annual Sediment Flux

(in kg m−1)





	Menzel Habib
	Rangeland on flat bed
	5 December 2012–8 January 2014
	2658



	
	
	8 January 2014–7 January 2015
	3088



	Nadhour Rwag
	Rangeland on sand
	4 June 2014–30 June 2015
	2591



	Oued Fessi
	Cereal field
	31 December 2013–5 January 2015
	1109



	Chott El Jerid
	Chott
	18 September 2013–17 September 2014
	333



	
	
	17 September 2014–1 September 2015
	5



	Chammakh
	Olive grove
	7 March 2013–14 April 2014
	120



	
	
	5 June 2014–4 June 2015
	29



	
	
	4 June 2015–22 June 2016
	42



	Atilet
	Oasis
	7 November 2012–26 December 2013
	0










 





Table 8. Annual flux of aeolian sediments (in kg m−1 yr−1) estimated by land use at the scale of southern Tunisia.






Table 8. Annual flux of aeolian sediments (in kg m−1 yr−1) estimated by land use at the scale of southern Tunisia.





	Land Use
	Annual Sediment Flux

(in kg m−1 yr−1)





	Rangeland in flat bed
	710



	Rangeland on sand
	938



	Cereal field
	9



	Chott
	12



	Olive grove
	2



	Oasis
	0
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