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Abstract

:

The endemic argan tree (Argania spinosa) populations in South Morocco are highly degraded due to their use as a biomass resource in dry years and illegal firewood extraction. The intensification and expansion of agricultural land lead to a retreat of the wooded area, while the remaining argan open woodlands are often overgrazed. Thus, canopy-covered areas decrease while areas without vegetation cover between the argan trees increase. In total, 36 rainfall simulation experiments as well as 60 infiltration measurements were conducted to investigate the potential difference between tree-covered areas and bare intertree areas. In addition, 60 soil samples were taken under the trees and in the intertree areas parallel to the contour lines. Significant differences using a t-test were found between tree and intertree areas for the studied parameters Ksat, Kh, pH, electric conductivity, percolation stability, total C-content, total N-content, K-content, Na-content, and Mg-content. Surface runoff and soil losses were not as conclusive but showed similar trends. The results showed that argan trees influence the soil underneath significantly, while the soil in intertree areas is less protected and more degraded. It is therefore reasonable to assume further degradation of the soil when intertree areas extend further due to lack of rejuvenation of argan trees.
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1. Introduction


Soil erosion is a serious issue which endangers sustainable land use strategies, especially in arid and semiarid regions [1,2,3]. Water and wind as erosive factors degrade the land, their importance varies depending on the region [4,5]. In Morocco, water is often the crucial erosive force [5]. Most of the time only a few strong events are responsible for the majority of soil losses [6,7]. Due to the small amount of precipitation coupled with its great variability, rangeland is more common in these arid regions than farmland. Therefore, agrosilvopastoral systems are the most typical land uses. These forms of land use often become established in the dryland forests which occur naturally in these areas [3,7]. Forest degradation as a consequence of erosion and mismanagement is a common phenomenon in these dryland forests. It has been recorded all over the world (e.g., in Spanish dehesas [8], Algerian oak forests [9], Moroccan argan woodlands [3], and Mongolian forest steppes [10]). While the degradation dynamics are well understood in some regions, there is a lack of knowledge elsewhere. For example, in the Spanish dehesas, there are studies regarding the interrelations between rainfall intensity, vegetation cover, grazing and soil loss [6], the influence of vegetation on moisture conditions in the soil [7] and the connection between soil conditions, vegetation cover, and pasture production [2]. Furthermore, the influence of patchy vegetation on soil conditions beneath is highlighted around the world [11,12,13,14,15,16]. Typically, there is an enrichment of organic matter and nutrients under plants. Therefore the term “fertile islands” is often used for patchy vegetation in dry regions [14,15]. It is likely that these “fertile islands” are better protected against soil loss, because the input of organic matter in the soil is crucial for its resistance against erosion [17,18,19,20].



Corresponding studies for the Moroccan argan woodlands investigating the interaction between soil, vegetation, and erosion processes are missing, although protection of argan trees and land-use strategies around them have been stipulated by UNESCO since 2014. Reasons for this are the complex socioeconomic structures behind the argan economy and argan oil which is in growing demand around the world [21]. A massive decline of argan tree density from 27 to 15 trees ha−1 between 1970 and 2007 shows that protection of these dryland forests is necessary to preserve them [3]. Argania spinosa is endemic in southern Morocco and has a small dispersal area of ~950,000 ha [3] which is mostly limited to the Souss basin [22]. Although Argania spinosa is well adapted to the dry conditions of Morocco’s southwest, the population is endangered because it is the only source of forage in dry periods [3,22]. In consequence, there is a high pressure of use by the local population and their goat herds, as well as by nomadic tribes and their goat and dromedary herds [23]. In addition, the fruits of Argania spinosa are collected to produce argan oil, which is sold for cosmetic and culinary usage [3]. In other areas, access for animals is not permitted and speculative rainfed agriculture is practiced [23]. Especially overgrazing and deforestation lead to varying tree-crown sizes and growth forms, smaller numbers of trees per hectare, and a lower proportion of covered soil [23,24] (Figure 1). As a result, there is less protection against surface runoff, desiccation is smaller, soils become more degraded, young sprouts cannot grow, and thus, the vegetation cover further declines.



While various studies have investigated the degradation of argan trees [3,22,25,26], there is a lack of knowledge regarding the connection between vegetation degradation and soil degradation as well as soil loss. Other studies have already shown that there are strong erosive processes in the Souss valley [27]. Usage on the sites is not only limited to the area between the trees. The soil is often cultivated between the trees and under the tree crowns. Herds of goats, sheep, and dromedaries graze and browse the tree area most of all, thus possibly compacting the soil beneath the crown as was demonstrated by Mulholland and Fullen on loamy sands and Stavi et al. [28,29]. It is unknown if the soils beneath argan trees are already so degraded that, should the tree be removed, young sprouts would not be able to grow. If this is already the case in the intertree areas, a regeneration even by afforestation is unlikely to be successful. The main aim of this study is to analyze the interaction between argan trees and multiple soil parameters, such as C-content and N-content, as indicators for erosion stability. Our main hypothesis is that the soils in the tree area are more protected from rain, splash erosion, and surface wash and thus show less degraded soils than the unprotected intertree areas. Consequently, the securing of adequate tree density would be an important step towards sustainable land management in southern Morocco. Yet, the soils beneath the trees have been the subject of potentially degrading factors. If a difference between the soil parameters exists, the extent to which they differ is an important indicator for the degradation of soils in the intertree and tree areas. To test this hypothesis, measurements of erodibility and soil characteristics were taken under trees and in corresponding intertree areas at 30 test sites of 1 ha each and statistically analyzed.




2. Materials and Methods


2.1. Study Area


The study areas are located in the western part of the Souss basin in southwest Morocco (Figure 2).



The Souss basin, between 30° and 31° northern latitude and 9° and 7° western longitude, is contained by the High Atlas Mountains in the North, the Anti-Atlas Mountains in the South, and the connection of both mountain regions in the Siroua formation in the East and the Atlantic Ocean in the West. Its east–west extension stretches for about 200 km with a total catchment area of approximately 16,000 km2 [31], making it a transition zone between the Atlantic coastal landscape and the Sahara Desert [32]. Palaeozoic and Mesozoic structures of the High Atlas and Precambrian structures of the Anti-Atlas are separated by the Atlasic fault in the Siroua region. Igneous and metamorphic rocks crop out in the western and central Anti-Atlas (Siroua region). On the piedmont of the High Atlas, as well as in the Souss basin, a Cretaceous–Eocene succession is overlain by thick Pliocene and Quaternary deposits, including significant fluvial–lacustrine sequences [33], which again are overlain by coarse-grained, often carbonate-encrusted, alluvial deposits on the fans [34]. A precise geomorphological characterization of this area was published by Aït Hssaine and Bridgland [35] and a further detailed description of the geomorphological evolution of the foothills of the High Atlas near Taroudant was given by Aït Hssaine [36]. Intense morphodynamics are permanently reshaping the substrate. Mostly immature profound raw soils with mixed substrate and slow pedogenesis are found, with high proportions of fine sand, silt, and clay [37]. Ghanem [38] differentiated three different soil types using the French soil classification. According to the World Reference Base (IUSS-WRB 2015) they are classified as Fluvisols, Regosols as well as a mixture of the first soil type and Regosols—soils from different origins, phases, and soil associations—which contain a mixture of sand, silt, and clay [37,38]. Loams and sandy loams are found most often on the test sites.



Vegetation cover consists of subtropic, desert, and Mediterranean species. In addition to Argania spinosa, also Acacia, Euphorbia, Artemisia herba-alba, and Ziziphus are common in the south Moroccan bush and shrub landscape. Gramineous species include Dactylus glomerata, Cynodo dactylon, and Andropogon hirtus. In years with high precipitation Tamarix, Salicornia, and Salsola can also grow. For the last several decades, a highly dynamic land-use change in the Souss basin has been taking place, accompanied by labor migration [39]. Land use is dominated by citrus fruit and banana plantations which are irrigated by deep wells [37]. To use the percolating water efficiently, irrigated fields are often additionally surrounded by trees such as apple, walnut, almond, olives, and date palms [40].



The three study areas are all part of the Souss region. They are called Ida-Outanane, Taroudant, and Aït Baha. In these study areas, 30 test sites were chosen with an extent of 100 × 100 m. There are 6 in Ida-Outanane, 11 in Taroudant, and 13 in Aït Baha. Since argan trees grow in the High Atlas, as well as the Anti-Atlas, and in continental or maritime climate, the study areas were chosen to encompass these different settings. Ida-Outanane and Taroudant are both situated on the southern foothills of the High Atlas yet they differ in climate. In general, climate is characterized by a hot dry summer and a mild winter with short rain periods with high variability, as typical for B climates in the Köppen and Geiger climate classification [41]. Precipitation rates range from less than 300 mm y−1 in the center plains of the Souss basin to more than 500 mm y−1 toward the High-Atlas and the Siroua summits. Like rainfall intensities, the temperature range highly depends on the altitude with a mean annual temperature of 20 °C [31]. Ida-Outanane is influenced by a maritime climate with a mean annual temperature of 14 °C and nearly 400 mm precipitation annually, while Taroudant is further inland with a more continental climate and 20 °C annual temperature and 220 mm precipitation [42]. Aït Baha lies in the northern foothills of the Anti-Atlas. Although closer to the Atlantic Ocean than Taroudant it is also influenced by a more continental climate with 16 °C annual temperature and nearly 300 mm precipitation. This is accounted for by a higher dependence on altitude for precipitation and temperature rather than distance to the ocean as national meteorological data shows [43]. Precipitation varies unevenly in between years with the most chance of rainfall in the late autumn to early spring. Kirchhoff et al. showed precipitation data from 2011–2014 for the study site of Taroudant with varying rainfall [27]. To ensure comparability across the three study areas in spite of the differences in altitude, climate conditions, and soil types, land-use/environmental characteristics were included as classification parameters for grouping the test sites (see Figure 3; Table 1). These land-use/environmental attributes were used to differentiate two or three neighboring test sites by their principal characteristics. The attributes were cultivated (c; silvo-agricultural land use with recent or anterior signs of ploughing; 5 test sites), afforestation (a; 2 test sites), excluded (x; fenced, no grazing allowed; 3 test sites), browsed (b; excessive browsing leading to cone-shaped growth of trees/bushes; 1 test site), dense (d; dense growth due to large crowns or numerous trees; 2 test sites), gullies (g; site strongly incised by gullies; 1 test site), logged (l; once covered with argan trees, but now bare; 1 test site), rock fragment cover (r; high rock fragment cover >80%; 1 test site), steep slopes (s; steeper than 10°; 1 test site), terraced (t; 2 test sites), and nonspecific (n; silvopastoral land use; 11 test sites). It is important to stress that the test sites do not always conform to only one characteristic (e.g., some excluded test sites can also be situated on steep slopes), but the exclusion is important to differentiate between the two sites.



To test the hypothesis, rainfall simulation and infiltration experiments were conducted, and soil samples were taken in pairs (in tree and intertree areas). Each sample pair consists of one sample beneath an argan tree and one beyond this tree’s crown in the intertree area. The location for a tree sample was between the trunk and the canopy edge, while the intertree sample was taken halfway between the sample tree and its closest neighbor, parallel to the contour lines. The trees chosen for analysis were as representative as possible for the surrounding area regarding their size, degradation status, and the distance between the sampling tree and its neighbor. The intertree areas were mostly bare with a rather high stone cover, while the tree areas showed vegetation cover in various percentages.




2.2. Rainfall Simulations


A small modified nozzle-type rainfall simulator was used [44], for which a detailed description is available in Iserloh et al. [45]. The test plots were circular with a diameter of about 60 cm and the total area encompassed 0.28 m2. The plots were sprayed from a height of 2 m using a nozzle of the type Lechler 460.608. A rainfall intensity of 40 mm h−1 was calibrated and maintained during the experiment by managing the flow control. This rainfall intensity (including kinetic energy and drop size distribution) and calibration were described by Iserloh et al. [45,46] to obtain reproducible and comparable results to regions with differing natural rainfall intensities. Calibrations were carried out in the beginning and end of the experiment. The intensity needed to be constant (the difference should not exceed 5–10%) to qualify as a successful experiment. The duration of each experiment was 30 min. A total of 36 rainfall simulation experiments were carried out between October 2018 and February 2019; corresponding tree and intertree tests for any site were conducted on the same day to minimize changes in external conditions. Of the 30 test sites, 18 sloped test sites were chosen (>1°), since on the remaining 12 flat test sites with slopes from 0–1° surface runoff would not have moved downslope; rather small changes in roughness would have made measurement of surface runoff and soil erosion difficult and not representative of the test site. Simulating rainfall under trees the same way as on bare intertree areas was not possible, yet the results of the rainfall simulations give information about the erodibility of the soils underneath tree cover and in between trees.



Before the experiment, plot characteristics such as slope, vegetation, and stone cover, and antecedent soil moisture were measured. Soil surface roughness was measured with the chain method. To obtain the chain roughness (Cr) index, the following equation (Equation (1)) was used [47,48]:


Cr = (1 − L2/L1) × 100,



(1)




where L1 (m) is the distance over the surface and L2 (m) is the distance from one end of the plot to the other measured with a ruler.



The 30 min experiment was divided into 6 intervals of 5 min. The total runoff and eroded sediment were sampled in PE (polyethylene) bottles, which were changed at the start of every interval. The bottles were weighed in the laboratory, the runoff was calculated by subtracting the weight of the empty bottle and the weight of the sediment. Each bottle was filtered separately with circular fine-meshed filter papers to obtain the amount of eroded sediment for each interval.




2.3. Infiltration Measurements


In addition to the rainfall simulations, two different methods of infiltration measurements were used to obtain information about both infiltration rates [49] and hydraulic conductivity in saturated and unsaturated states. These measurements were carried out in the nearest possible distance and at the same time or directly before/after the rainfall simulations for a high comparability of soil properties. On 30 test sites 60 infiltration measurements with one constant-head single-ring infiltrometer and 480 hydraulic conductivity measurements with two tension-disc infiltrometers in total were conducted over two measurement periods of several weeks in autumn/winter 2018 and spring 2019.



2.3.1. Constant-Head Single-Ring Infiltrometer


The infiltrometer used (Figure 4a) consists of an iron ring with a diameter of 15 cm that is carefully inserted vertically at least 5 cm into the soil to minimize the disturbance of the plot. The ring is topped with a float assembly linked to a water column to assure a constant ponding height of 5 cm. The ponding height of 5 cm is generally the chosen height for infiltration measurements due to the required correction calculations (single-ring measurements overestimate actual infiltration rates primarily due to unaccounted lateral seepage) as given by Tricker [50]. The constant water output due to the float assembly differs from the commonly used single-ring infiltrometers after Hills [51]; a detailed description of this method is given by Link [52]. The experiment starts when the ponding height is reached and takes 60 min. The plot cover was recorded before (Figure 4b) and profile and soil samples were taken after the experiment (Figure 4c). Regular tap water was used. Measurements of the sinking water column were done in intervals differing between 5 s at the beginning to 5 min in the last 40 min of the experiment, as was done by Peter and Ries [49]. Steady-state flow rates were attained mostly within the first 10 min of the experiment. Knowing the amount of infiltrated water over the time intervals with the dimensions of the ring and water tank, infiltration rates can be easily calculated [53]. With these recorded infiltration rates the coefficient of permeability could be calculated using the method of Elrick and Reynolds [54].




2.3.2. Tension-Disc Infiltrometer


To measure the unsaturated hydraulic conductivity of the soils, the “minidisk” tension-disc infiltrometer by Decagon Devices, METER Group Inc. (METER Group Inc., Munich, Germany) was used (Figure 5a). The tube-shaped device is divided into two water chambers, the lower part ending in a sintered steel disc using the principle of a Mariotte’s bottle and the upper part or bubble chamber controls the negative pressure. By being able to adjust the pressure or suction it is possible to eliminate the effect of macropores with an air entry volume smaller than the suction. With the water under tension it does not enter the macropores, but rather flows deeper into the soil as determined by the hydraulic forces [55]. The sintered steel disc has a diameter of 4.5 cm, and the 20-cm high water reservoir can hold up to 135 mL water. Regular tap water was used as well. Other than single-ring measurements, an experiment with the minidisk infiltrometer just takes 15 min for one suction rate and uses a smaller amount of water; therefore, it was possible to carry out more runs in the same amount of time. A total of 480 measurements were recorded, with suctions of −4, −2, −1, and −0.5 cm on every plot. Two measurements were conducted for every plot and every suction for tree and intertree areas on all 30 test sites. It is worth mentioning that a thin layer of fine sand (Figure 5b) was added to level the plot underneath the disc and guarantee full contact and an optimal hydraulic connection to the soil surface (see also Perroux and White [56]). The change in water column was read every minute in the beginning to every 3 min at the end of the experiment. To determine the hydraulic conductivity from the collected data the method of Zhang [55] was chosen. It requires measuring cumulative infiltration versus time, which uses the slope of the curve of the cumulative infiltration versus the square root of time C1 divided by the van Genuchten parameter A [57] for the sampled soil:


  k   =      C 1   A   



(2)







The van Genuchten parameters for 12 different texture classes were obtained from Carsel and Parrish [58].



The single-ring infiltrometer measures maximum infiltration capacity and saturated hydraulic conductivity of the soil using a constant ponding head, pressing water into the soil in a three-dimensional way [49], while the tension-disk infiltrometer measures soil matric potential with a negative suction excluding the influence of macropores in an unsaturated state. With these methods it is possible to determine the unsaturated hydraulic conductivity from tension-disc infiltrometer data and thus to compare saturated and unsaturated hydraulic conductivities of the soils (see also Reynolds et al. [59]).





2.4. Soil Analyses


Disturbed paired soil samples were taken at the surface up to a depth of 5 cm. The soil samples were air-dried. Afterwards the fine soil was separated from the coarse soil by dry sieving to 2 mm. The soil material referred to in the following section is this separated fine fraction. The pH value was measured in a solution with 0.01 M CaCl2. For the determination of the electrical conductivity of each soil sample the method described in DIN ISO 11265:1997-06 [60] has been followed. The WTW Multi 3410 Set Tetra Con was used as a measuring device for the pH value and electrical conductivity. Furthermore, the particle size distribution of the fine fraction was determined, using the pipette analysis as described by Köhn [61].



The percolation stability was measured as proposed by Becher and Kainz [62] and described further by Auerswald [20] and Becher [63]: 10 g of air-dried, 1–2 mm aggregates were put in plexiglass tubes. Both ends of the tube were filled with a thin layer of sand. To ensure tight and homogenous packing, the tube was tapped 20 times from a height of 2 cm onto a hard surface. Demineralized water was used at a constant head of 20 hPa, which was maintained by a Mariotte bottle. This bottle sat on a balance, continuously measuring and sending data to a connected computer. With the inflow of water into the tube, inflow rates could be determined every 10 s for a total runtime of 10 min. When measuring a high throughflow the aggregates remained stable and maintained bigger pores; with low throughflow aggregates broke apart and started slaking, causing the water to only flow through the smallest pores [20,63]. Afterwards, the percolation stability was corrected for total sand as proposed by Mbagwu and Auerswald [64].



The total soil–carbon concentration and the nitrogen concentration were analyzed with the Euro CHNS Elemental Analyzer 3000 built by HEKAtech. The dry combustion took place in a concentrated oxygen atmosphere with the addition of helium as a carrier gas at 1010 °C. To ensure accurate results, each sample was measured twice and after 10 measurements, two standards with known carbonate content were measured to verify the calibration. Other studies have already shown a link between the presence of vegetation and the concentration of total carbonate and nitrogen (e.g., in Spanish and Chinese soils [15,65]). Considering random preliminary investigations, the determination of the organic carbon content was dispensed with in this paper. Most of the measured total carbonate has an organic origin; inorganic carbon ranged from 0%–13% of the total carbon.



The content of exchangeable cations was determined using the flame-emission spectrophotometer AA240 built by Varian. To measure the Ca2+, Mg2+, K+, and Na+ content, these exchangeable cations were replaced with NH4Cl. A determination of the exchangeable H+ ions did not take place. To ensure accurate results once again, each sample was measured twice and for each cation three blank values were determined. The cation-exchange capacity was calculated by summing up all cation contents.




2.5. Statistical Analyses


To find potential differences between the means for tree and intertree areas for each studied parameter, a t-test was used. Significant differences between the two areas are present when the p-value is <0.05. The t-test analysis was carried out using the software Microsoft Excel 2016 (Microsoft, Redmond, WA, USA).



Furthermore, a two-step cluster analysis was used to recognize potential patterns in the data. The software IBM SPSS Statistics 25 (IBM, Armonk, USA) was used to carry out this analysis. All data was scaled metrically. Since clustering of all the variables only resulted in one cluster, the results were split between rainfall simulation results and soil analysis/infiltration results. The variables were chosen in a way so that at least two clusters could be differentiated. To cluster the results of the rainfall simulations, the variables suspended sediment load, surface runoff, suspended sediment concentration and slope were used. For a cluster analysis of the soil and infiltration data, the variables total carbon content, total nitrogen content, corrected percolation stability, Ksat value, vegetation cover, stone cover, pH value, electrical conductivity, and cation concentrations of K, Mg, and Na were used. Each cluster was assigned a number (e.g., cluster 1 = 1, cluster 2 = 2) to facilitate further analysis and find the “explaining” variables for the differences between the clusters.



The results are represented by box plots which show the medians as a solid line, means as a dashed line, as well as outliers.





3. Results


3.1. Rainfall Simulations


3.1.1. Environmental Plot Characteristics


Several differences can be noted regarding the plot characteristics. In Table 2 tree and intertree areas are compared through slope, vegetation cover, stone cover, and soil moisture. The slope is quite similar in both tree-covered and bare intertree areas, as is the surface roughness. Vegetation cover on the ground (undergrowth for tree area) shows a significant difference in the means between tree and intertree areas with 36.8 ± 28.4% and 10.2 ± 14.1%, respectively. Stone cover is significantly different as well, with higher percentages in the intertree plots than tree plots. The soil moisture before the rainfall simulations varied between 14.6% and 0.1% for the tree areas and between 12.9% and 0.1% for the intertree areas, leading to a slightly higher soil moisture mean for the tree areas.




3.1.2. Soil Loss, Surface Runoff, and Sediment Concentration


The results of the 36 rainfall simulations are presented in Figure 6. They are shown as boxplots with the total averages as well as median and 5th/95th percentile for the tree (T) and intertree (IT) areas.



The rainfall simulations in the tree-covered areas show a total average suspended sediment load (SSL) of 16.35 g m−2 with a maximum value of 54.16 g m−2. The surface runoff (AO) shows a mean value of 5.86 L m−2 and the maximum runoff in the tree area is 14.75 L m−2. Therefore, the suspended sediment concentration (SSC) averages 2.18 g L−1, showing a maximum value of 5.48 g L−1. The mean runoff coefficient (RC) is 28.9% and the maximum value amounts to 76.1% of simulated rain on the plot as runoff. Thereby, the infiltration coefficient (IC) averages 71.1% and the minimum coefficient of infiltration shows only 23.9% of rainfall infiltrating into the soil under tree-covered areas.



The mostly bare intertree areas average suspended sediment loads of 43.25 g m−2 with a maximum value of 331.19 g m−2. The mean runoff is 7.69 L m−2 and the maximum runoff amounts to 15.72 L m−2. The mean SSC reaches 4.42 g L−1 and its maximum shows 22.65 g L−1. A mean of 39.08% of the simulated rainfall was collected as runoff while an average of 60.92% infiltrated into the soil. The maximum RC shows 78.44%, with the resulting IC at a minimum of 21.56%.



Over the 30 min experiment, six out of 36 simulations produced no runoff and suspended sediment, four of these were situated in tree-covered areas, while the remaining two were conducted in the intertree areas. A t-test was used to identify potential significant differences of SSL, AO, SSC, RC, and IC between tree and intertree areas. For none of the parameters was a p-value < 0.05 reached. A p-value < 0.1 was observed for SSC. Differences in the data can be observed visually, showing a wider range of data for the intertree areas compared to the tree areas especially for SSL and SSC (amplitudes for T SSL: 54.16 g m−2; IT SSL: 331.19 g m−2; T SSC: 5.48 g L−1; IT SSC: 22.65 g L−1). If the rainfall simulations of ABH2c (IT) and BOU1b (T) are removed as outliers, this difference in amplitudes is not as clearly distinguishable (amplitudes for T SSL: 42.90 g m−2; IT SSL: 100.99 g m−2; T SSC: 5.00 g L−1; IT SSC: 7.16 g L−1). Although not statistically significant, possibly due to inherent disparity of the study areas, a difference between each test site’s tree and intertree areas may be observed. Figure 7 shows each test site’s tree and intertree SSC. Out of 18 test sites, 12 showed higher SSC values in the intertree area, while five showed higher SSC values in the tree area. Only at test site AZR1c was no runoff and suspended sediment load, and thus no SSC, measured.



Figure 7 also arranges the test sites to each study area to show potential differences between test sites. Although the study area of Ida-Outanane does not show any SSC in half of the experiments, the other half show similar values as the other study areas. Aït Baha shows the highest SSC values, but otherwise does not differ much from the rest of the study areas. The mean and median values for Aït Baha are 4.22 g L−1 and 3.41 g L−1, for Taroudant 2.70 g L−1 and 2.66 g L−1, and for Ida-Outanane 1.73 g L−1 and 0.77 g L−1, respectively.




3.1.3. Cluster Analysis for Rainfall Simulations


The two-step cluster analysis for the rainfall simulations shows a good cluster quality with two clusters found out of the four variables used. The predictor influence ranges from 1.0 to 0.06. SSC is the most important predictor (1.0), followed by SSL (0.64), and AO (0.20). The predictor with the least influence is slope (0.06). Out of 36 test sites, 19 belong to the first cluster. As presented in Table 3, cluster 1 shows the lower values for all the variables. The last column (tree/intertree) indicates the relationship of tree or intertree area test sites in each cluster. Cluster 1 contains 15 tree areas and four intertree areas, while cluster 2, with higher values for SSC, SSL, AO and in parts slope, includes 14 intertree and three tree areas.





3.2. Infiltrations


The maximum or potential infiltration rates could be measured by means of the constant-head single-ring infiltrometer. In total, 60 infiltration measurements were carried out on all 30 test sites, one for the tree area and the other one for the intertree area. Mean infiltration rates were measured as 452.57 mm h−1 for tree areas and 229.56 mm h−1 for intertree areas. Minimum values did not differ greatly with 52.60 mm h−1 in the tree area (test site ABA1n) and 54.13 mm h−1 in the intertree area (test site ABH2c). Maximum values of 1556.14 mm h−1 were almost certainly outliers due to interflow activation on a steep gravelly slope. The maximum value for the intertree areas with 566.26 mm h−1 was measured on a slope of 0°, eliminating this possibility.



The saturated hydraulic conductivity (Ksat) measured with the single-ring infiltrometer is depicted in Figure 8a. Although the minimum and maximum values of the tree area are respectively lower and higher than any values in the intertree area, the tree areas (203.19 mm h−1) average a higher Ksat value than the intertree areas (144.39 mm h−1). In comparison to the amplitude of 410 mm h−1 in the tree areas, the intertree areas have a rather small amplitude of resulting Ksat values with 133.18 mm h−1. This high variability of Ksat has been noted in previous studies [66,67], yet it is only visible in tree areas. However, there is a significant difference of the means between tree and intertree area (p < 0.01).



In Figure 8b the differences between the study areas are shown. The study area Aït Baha displays the lowest Ksat values (mean: 166.43 mm h−1), followed by Taroudant (mean: 171.40 mm h−1), while Ida-Outanane displays the highest values (mean: 193.74 mm h−1) and the highest range (excluding outliers). All three have similar minimum values (Aït Baha 93.54 mm h−1, Taroudant 93.91 mm h−1, Ida-Outanane 106.60 mm h−1), yet Aït Baha shows the lowest mean and the lowest minimum, but the highest maximum with 503.64 mm h−1. Although there are differences between the means and the amplitudes of the Ksat values in the three study areas, these are not statistically significant for the means.



Figure 9 shows the unsaturated hydraulic conductivity values for the different suctions used. All four suctions were used on each test site as well as tree and intertree areas. As can be seen, the range of values (excluding outliers) in both the tree and intertree areas increases from higher to lower suctions. This increase in range is not too surprising, because of the differing soil material. While suctions on sandy soils should normally be lower and higher on clayey soils, high suctions on sandy soils lead to a higher throughflow during the infiltration experiments and thus to higher Kh values. The mean Kh values for suction −4 cm are 19.13 mm h−1 for tree areas and 15.81 mm h−1 for intertree areas. They are raised with increasing suction up to 28.89 mm h−1 for tree areas at suction −0.5 cm, at the same suction for intertree areas to 19.65 mm h−1. Significant differences between tree and intertree areas cannot be found for all applied suctions. At the suction −4 cm mean Kh values between tree and intertree areas did not differ significantly, yet at suctions −2 cm, −1 cm, and −0.5 cm these differences were statistically significant (p < 0.05).



Figure 10 displays the differences of the Kh values between the three study areas. As was the case for the Ksat values, the study area of Ida-Outanane shows the highest range and has the highest means. Unlike the Ksat values, the Kh values for Aït Baha are not the lowest but actually display higher means, minimums, and maximums than the study area of Taroudant. Although there are no significant differences in the means between Aït Baha and Taroudant at suctions −4 cm and −2 cm, there are at suctions −1 cm and −0.5 cm (p < 0.05). Significant differences occur between Ida-Outanane and the other two study areas (p < 0.01).




3.3. Soil Analyses


The results of the analyses for the different soil parameters (pH, electrical conductivity, percolation stability, N-content, total carbon (TC)-content, and mean grain size) are shown in Figure 11. The mean pH value for the tree and intertree areas is 7.41 and 7.32, respectively. The values range between 7.67 and 6.93 for tree and 7.58 and 6.85 for the intertree areas. Although the values do not seem to differ much, there is a significant difference in the means (p-value < 0.05). Significant differences between tree and intertree areas are also present for the parameters electrical conductivity (EC, p < 0.001), percolation stability (PS, p < 0.001), N-content (p < 0.001), and TC-content (p < 0.001). The mean grain size does not differ significantly between tree and intertree areas. The mean grain size of all test sites in the tree area is 0.22 mm; in the intertree area it is slightly lower with 0.18 mm. It is obvious that most of the analyzed soil parameters show a higher range of results in the tree area than in the intertree area. While this amplitude is not as pronounced for the mean grain size (0.34 mm and 0.27 mm for tree and intertree areas, respectively), the parameters EC, PS, N-content, and TC-content show a much higher amplitude of values. The EC results in the tree area range between 539 and 190 µS cm−1, while the intertree areas show maximum and minimum values of 283 and 169 µS cm−1, respectively. The values of the percolation stability show means of 183.69 mL 10 min−1 for the tree and 43.23 mL 10 min−1 for the intertree areas, while the amplitudes for tree and intertree areas are 392.27 and 147.43 mL 10 min−1, respectively. The N-content is on average 0.34% in the tree and 0.11% in the intertree areas, while maximum and minimum values are 0.79% and 0.14% for tree-covered areas and 0.42 and 0.05% for intertree areas. TC-content shows similar behavior one order of magnitude higher with a mean of 4.79% (T) and 1.77% (IT). The maximum TC-content in the tree areas is 10.57% and 6.43% in the intertree areas; minimum values are 1.58% and 0.53%, respectively.



The differences in the study areas are given in Table 4. The highest means of pH, EC, TC-content, and N-content are all found in the study area of Ida-Outanane, while Taroudant shows the highest PS and mean grain size. The study areas Aït Baha and Taroudant are similar regarding pH, EC, and mean grain size, yet Aït Baha shows much lower values in TC-content and N-content. Ida-Outanane shows significant differences in the means (p < 0.05) for pH values compared to the other two study areas and for EC, TC-content, and N-content compared to Aït Baha.



The concentrations of basic cations potassium (K), sodium (Na), magnesium (Mg), and calcium (Ca) are presented in Figure 12. The highest contents of the measured cations are found for Ca with mean values of 38.75 cmolc kg−1 for tree sites and 36.83 cmolc kg−1 for intertree sites. Significant differences between the means cannot be observed. However, in spite of smaller values, all other cations measured show significant differences between tree and intertree areas. The means for K are 5.40 and 4.36 cmolc kg−1 for tree and intertree areas, respectively. Na means are even lower with 1.12 cmolc kg−1 (T) and 0.76 cmolc kg−1 (IT). Mg shows similar values as K, with means for the tree area of 6.03 and 5.07 cmolc kg−1 for the intertree area. It is evident from Figure 12 that the amplitude excluding outliers of the intertree area is higher for K and Ca, while this is not as obvious the case for Na and Mg.



Table 5 structures the measured cation concentration contents according to their study area. The study area of Ida-Outanane shows the highest concentrations for K, Ca, and Na and the lowest for Mg. The concentrations of K, Ca, and Na are the lowest in the study area of Aït Baha, while the Mg concentration is highest in this study area. The cation concentrations in the study area of Taroudant are mostly similar to Aït Baha, but a little higher except for Mg. Significant differences (p < 0.05) between the study areas could only be found between Ida-Outanane and the two other areas for Ca, and also between Aït Baha and Ida-Outanane for K.




3.4. Cluster Analysis for Infiltration/Soil Analysis Results


The two-step cluster analysis for the infiltration and soil analysis results shows a medium cluster quality with two classified clusters out of 11 variables used. The predictor influence ranges from 1.0 to 0.13. The principal predictors for the clusters are TC-content (1.0), EC (0.98), and N-content (0.93). Vegetation cover and PS (both 0.75) follow, then Ksat (0.48), pH (0.39), and stone cover (0.25) are less important, while the cation concentrations are the least influential (Na (0.24), Mg (0.16), and K (0.13)). Table 6 shows the means of the inputs of the two clusters with an extra column indicating the relationship of tree or intertree area test sites in each cluster. The seven most influential variables are presented in Table 6. Two intertree areas and three tree areas cannot be attributed to either cluster. Cluster 1 shows the lower mean values for the variables, with six tree areas and 27 intertree areas being attributed to this cluster. Cluster 2 includes 22 tree areas and two intertree areas with the higher mean values for all predictors.





4. Discussion


A comparison between tree and intertree areas in argan woodlands was carried out using rainfall simulations, infiltration measurements, as well as soil analyses. Since this study did not focus on specific tree degradation stages but tried to encompass a multitude of different land uses as well as tree and soil degradation stages, the range of values is not surprising. Disturbance of vegetation, such as loss of herbaceous cover, can lead to an increase in sediment transport and erosion. This is especially true when there is a decrease in woody plant canopy cover from woodlands to shrublands [68], which is partly the case in the argan woodlands with different stages of degradation and a change in canopy cover due to overgrazing [69,70]. The argan woodlands have been degraded because of grazing pressure, rainfed agriculture in silvo-agricultural land uses, as well as fuelwood extraction [3,71], leading to a wider and more disturbed intertree area with less and wider spaced trees [3].



Although significant differences in the t-tests could not be found, most of the test sites showed lower SSC in the tree areas compared to the neighboring intertree areas. Other studies showed higher runoff and erosion rates on bare intercanopy patches compared to canopy-covered areas [72,73], whereas vegetated intercanopy patches showed medium rates of runoff and erosion [72]. Ceballos et al. obtained differing results, where vegetated grassy areas showed little runoff and erosion rates, yet tree-covered areas showed much higher rates due to soil hydrophobicity hindering infiltration [74]. Since rainfall simulations in our study were carried out the same way under trees as in the intertree areas, the rainfall intensity was much higher than under natural conditions, when rainfall may be reduced by 6.6% to 82.7% due to interception [75]. Nevertheless, splash erosion by throughfall drops may be 2.59 times higher than on open fields [76], so the rainfall simulations under the trees should not be equated with natural conditions. It is possible, however, to compare the erodibility [77,78] between tree and intertree areas. The cluster analyses in Table 3 and Table 6 show the tendency of clusters being attributed to tree or intertree areas. Intertree areas with lower SSC, SSL, and AO could all be assigned to active agricultural use with better infiltration potential due to ploughing. The three tree areas belonging to cluster 2 showed degraded tree areas with little to no vegetation cover or organic litter.



Other studies in Morocco, also in the study area of Taroudant, found mean suspended sediment concentrations on fallow land and orange plantations of 2.7 g L−1 [37] compared to lower tree area and higher intertree area means of 2.18 g L−1 and 4.42 g L−1, respectively. Ceballos et al. also showed suspended sediment concentrations for tree-covered areas in the Spanish dehesas which were lower both under dry (mean 0.37 g L−1) and wet conditions (mean 0.65 g L−1) than either tree or intertree areas. Even sheep trails showed lower average SSC (dry: 0.45 g L−1, wet: 0.76 g L−1) [74]. This indicates the higher erodibility of the soils in the Moroccan study areas, especially in the intertree areas that are not protected by vegetation or leaf litter. This extra layer has been found to strongly reduce runoff and sediment loss [79]; it is missing in some test sites such as MAO1n, where higher SSC was measured in the tree area (see Figure 7). Since some test sites are more disturbed and show little to no vegetation in the intertree and tree areas (undergrowth), there are cases where SSC can also be higher in tree areas. Ludwig et al. [80] showed higher runoffs and sediment yields on disturbed areas as compared to undisturbed or only slightly grazed areas. Wind erosion has not yet been studied in these regions, but due to a high crust cover and little loose sediment on the surface, it is assumed to be secondary.



Soil erodibility is, of course, also dependent on aggregate stability. The results differ significantly between the tree and intertree areas. This could also be due to the higher carbon contents in the tree areas, which can lead to the formation of larger aggregates [81,82]. Under agricultural use organic matter content and aggregate stability can decline [83]. This was the case on all test sites that were under agricultural use in the intertree areas, which partly explains the higher SSC on the intertree areas. In some cases, there was nearly no surface runoff until the end of the experiment, which was partly due to infiltration into the loosened soil or enhanced surface roughness by ploughing. As Mbagwu and Auerswald noted, high interrill erosion rates should be expected on soils with a PS <250 mL 10 min−1 [64]. The measured PS was mostly below this value in tree or intertree areas. This could explain the much higher SSC compared to the values of Ceballos et al. [74]. In comparison to the values published by Mbagwu and Auerswald the measured PS ranked very low in many of the studied test sites, with a mean of 43.23 mL 10 min−1 in the intertree area, which is just slightly higher than the minimum value published by the aforementioned authors. Their values for fallows, pastures or (secondary) forests (>250 mL 10 min−1) cannot be repeated in our measurements for most intertree and tree areas. Intertree areas are partly cultivated or unmulched plots which should show medium (250–150 mL 10 min−1) to low PS (<150 mL 10 min−1). They could also be compared to secondary forest subsoil with low PS (<150 mL 10 min−1), since topsoil could have been eroded, thus explaining the low percolation stabilities [64]. Goebel et al. [84] obtained similar results regarding higher aggregate stability in topsoil, and also found higher aggregate stabilities in forest soils than arable soils, which matches the results with higher aggregate stabilities under trees compared to the crusted and mostly eroded intertree areas. Since aggregate breakdown leads to crusting of soil, the infiltration rate decreases with lower aggregate stability and runoff, and sediment detachment occurs [85,86].



The infiltration measurements have shown a significant difference between tree and intertree areas for both unsaturated and saturated hydraulic conductivity, as well as infiltration rates, indicating a better infiltrability into the soil in vegetation patches [80,87]. Lichner et al. [88] noted high Ksat values in forest soils due to the greater presence of macropores, yet found the lowest Kh values for forest sites possibly due to a higher water repellency caused by the coating of soil particles by pine-needle waxes. A study conducted in the southern part of the study area of Taroudant found much lower infiltration rates than the values presented here with a mean of 84 mm h−1 and a maximum of 265 mm h−1 [49]. This study focused on cultivated and leveled landscapes with high soil-crust cover in contrast to the less crusted tree areas or the intertree areas with a higher stone-fragment cover on the surface. The influence of stone cover on infiltration rates may be either positive or negative, depending on the measurement context [89,90]. If the measurements occur between large shrubs, or in this case trees, the influence is positive, yet when shrub and intershrub are compared, the correlation with stone cover becomes negative since the finer sediments under shrubs have a positive effect on infiltration [89]. Thus, compared to the results of Peter and Ries [49], stone cover influences the infiltration in the intertree areas positively, yet tree area infiltration is still mostly higher. Although there are high percentages of sand, mostly in the coarse fraction, in both tree and intertree areas, differences in infiltration rates and hydraulic conductivities could also be due to the plant cover which could maintain macropores on the surface and conduct water into the soil [91], while in the intertree areas vegetation cover is rather low (10.17 ± 14.10%). A higher density of soil underneath the argan trees due to compaction by livestock was not measured in this study but would affect infiltration into the soil negatively [92]. Since the measured infiltration values are higher in the tree area, it suggests that the soil is rather stable against compaction by livestock. The grain size distribution for corresponding tree and intertree areas does not vary much, they are mostly classified as loam, sandy loam, or sandy clay loam.



With a higher vegetation cover and more leaf litter in the tree areas in most cases, the difference in the content of total carbon between tree and intertree areas can be explained. The same is true for the content of total nitrogen, which could also be influenced by the droppings of goats and sheep. During dry years the goats and sheep feed from the trees, which are the only biomass storage in these areas, and are shepherded from one tree to another. Thus, they spend most time in the tree area, possibly influencing the N-content in the soil. Soil microbial communities profit from the higher N-content under the plants [15]. Micro-, meso-, and macro-fauna are drawn to canopy-covered areas, since they are the places with the lowest temperatures in the daytime and the highest soil moisture, even in these very dry climates (see Table 2), and therefore the places where food is most abundant [13]. The higher carbon contents under the trees originate from the litter as well as the undergrowth. Tree or shrub litter has a positive influence on soil carbon as well as on aggregate stability, shear strength, as well as infiltration rates, which in turn leads to greater resistance against runoff and erosion [14,93]. The removal or absence of litter can therefore have a negative influence on the studied soil parameters.



The cluster analysis classifying soil parameters shows that an attribution of tree and intertree areas to specific clusters is in many cases possible. Since total carbon content is the most influential predictor, areas with low total carbon content are often classified into the cluster associated with lower values. On the other hand, agriculturally used intertree areas where organic litter was ploughed into the soil can be classed into the cluster with higher values. Yet, the majority of tree areas is classed into the cluster with generally higher values, while the majority of intertree sites can be associated with the cluster with lower values.



Many studies focus on shrubs and intershrub differences [14,15,94] where the shrub covers the soil well and there is no great distance between the soil surface and the leaf cover of the shrub. It can thus act as an obstacle for runoff and transported sediment. The distance between the canopy of trees and the soil surface is much higher though, resulting in splash erosion due to throughfall and interception, as noted. The influence of leaf litter can prevent soil erosion, yet without litter the canopy-covered area is unprotected against splash erosion as well as from runoff from further upslope, leading to a degradation of the soil in the tree area. Here, different degradation stages of the trees could show a high influence on the results. This depends on the tree architecture. Round, healthy-looking crowns (see Figure 1c) produce a lot of leaf litter, yet the thickness of the litter layer also depends on the height of the tree. The litter from higher trees might be scattered more widely by the wind and therefore not as concentrated as litter from lower trees. Rather low trees can lead to a greater number of sheep (and goats) that could erode the soil further with their hooves [95]. Since sheep do not climb the trees as goats do, they browse only the trees they can reach from the ground. With more open crowns throughfall is higher, while litter concentration is lower. In the case of the argan as a cushion-type shrub with a very dense network of branches and twigs (Figure 1e), the most degraded ‘tree’, the distance between canopy and soil surface is lowest, thus the litter and soil underneath are most protected, although only in a very small area.



Significant differences between tree and intertree areas were also observed for the cation concentrations of K, Mg, and Na. Berthrong et al. [96] noted decreases of Ca, Mg, and K as well as pH and an increase of Na in response to afforestation. For argan afforestation projects in Morocco this potential decrease should be kept in mind. Organic matter also increases the cation exchange capacity and thus the available cations [14].



However, another possible explanation for the differences could be due to coastal fog which is caught by the argan trees [97] and precipitates in the tree area. It is a major source of precipitation for the argan trees, since rainfall is very variable in the study areas [22]. Although fog has lower concentration of nutrients than rain, as shown by Azevedo and Morgan [98], it could still lead to a higher accumulation of cations in the tree area, since precipitation by rainfall influences both tree and intertree areas, but fog predominantly precipitates in the tree area. The occult deposition rates of nutrients by fog decrease with the distance from the ocean [99]. This is shown in the results. Ida-Outanane is the closest study area to the sea and has the highest cation concentrations for K, Ca, and Na. Although the study areas of Taroudant and Aït Baha are situated further from the ocean, fog can occur on the foothills of the High Atlas and Anti-Atlas and be collected by argan plants, as shown in Figure 13; this can therefore lead to a higher concentration of the cations K, Ca, and Na in the tree areas.



The differences in the pH between tree and intertree areas are potentially caused by the source of nitrogen in the soil. If a lot of nitrate (NO3−) is available, the plants will absorb more anions and thus the pH rises. If cations are absorbed the pH decreases in the vicinity of the roots [100,101].



Inter-plant soil properties such as pH, EC, and C:N ratio are all influenced by the adjacent vegetation [15]. This shows the importance of a closer distance between trees rather than an expanding intertree area. Since the distances between the studied trees and their intertree areas are all different depending on the tree density of each test site, variabilities in the values could stem from these differences. The reintroduction of specific tree species into the degraded intertree areas could lead to an increase in carbon and nutrients [102]. Afforestation projects are in process, yet only with limited success, since young argan sprouts need to be protected from grazing animals. This is mostly done by fenced exclusion areas, although the exclusion is in many cases not successful. Break-ins are punishable, but in dry years there is no other food source for the many herds. In addition, young sprouts need a lot of water for several years to develop their roots and be able to reach water deeper in the soil. Dry years often lead to withering of the sprouts, since planting companies are often only engaged for two to three years, which does not give the young sprouts enough time to grow.




5. Conclusions


Tree and intertree areas on 30 test sites covered by argan trees in three study areas in South Morocco were analyzed using rainfall simulations, infiltration measurements, and soil analyses. Significant differences could be found between tree and intertree areas for many soil parameters although the three study areas show (partly significantly) differing results. Two cluster analyses were conducted, one focusing on erosion parameters SSC, SSL, AO, and slope, the other focusing on the soil parameters total carbon content, total nitrogen content, corrected percolation stability, Ksat value, vegetation cover, stone cover, pH value, electrical conductivity, and the cation concentrations of K, Mg, and Na. Each resulted in two clusters which mostly include tree areas in one and intertree areas in the other. However, agriculturally used intertree areas show less erosion in one analysis or high carbon contents in the other and are thus classed into the ‘tree’ cluster, while more degraded tree areas are included in the ‘intertree’ cluster. There are several parameters, like Ksat value, pH, EC, PS, TC-content, N-content, K-content, Na-content, and Mg-content that show that tree and intertree areas in argan woodlands differ significantly, even under various usages and in different study areas. With an expanding intertree area due to overgrazing and expansion of agriculture among others, the soils in these argan woodlands face further degradation. Further research is needed on how different growth forms of the argan trees influence the soil as well as how far the influence of the tree area extends into the intertree area.
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Figure 1. (a,b) Varying argan tree densities as seen in vertical aerial photographs (each image in (a) and (b) shows 1 ha) as well as different growth forms of Argania spinosa: (c) round crown; (d) umbrella-shaped crown with basal cushion; (e) cone-shaped cushion. 
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Figure 2. Study areas in the Souss basin (modified from d’Oleire-Oltmanns [30]). 
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Figure 3. Examples for argan test sites with different land-use/environmental attributes of argan test sites. Vertical small-format aerial photography taken with an unmanned aerial vehicle from a height of 120 m (TLK: Tamaloukt; AOU: Aouarga; IRG: Irguitène). 
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Figure 4. (a) Single-ring infiltrometer; (b) plot record before the experiment; (c) profile of the infiltration plot after experiment. 
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Figure 5. (a) Minidisk infiltrometer; (b) plot record after the experiment, with a thin layer of fine sand added for improved hydraulic connection. 
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Figure 6. Total average of (a) suspended sediment load (SSL), (b) surface runoff (AO), and (c) suspended sediment concentration (SSC) (short dash: mean line, solid line: median, dots: outliers). Results for the tree-covered areas (left box) and intertree areas (right box). 
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Figure 7. Suspended sediment concentration (SSC) for tree (T, black bars) and intertree areas (IT, grey bars) for each test site. Break between 10 and 20 g L−1 because of test site ABH2c. 
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Figure 8. (a) Saturated hydraulic conductivity (Ksat, p < 0.05) for tree and intertree areas as well as (b) for the three study areas (short dash: mean line, solid line: median, dots: outliers). 
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Figure 9. Unsaturated hydraulic conductivity (Kh) for different suctions (−4 to −0.5) and tree (T) and intertree (IT) areas (short dash: mean line, solid line: median, dots: outliers). 
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Figure 10. Unsaturated hydraulic conductivity (Kh) for different suctions (−4 to −0.5) for the three study areas (short dash: mean line, solid line: median, dots: outliers). 
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Figure 11. (a) pH (p < 0.05), (b) electrical conductivity (EC) (p < 0.05), (c) total carbon content (TC-content, p < 0.05), (d) nitrogen content (N-content, p < 0.05), (e) percolation stability (PS, p < 0.05), and (f) mean grain size (short dash: mean line, solid line: median, dots: outliers). Results for the tree-covered areas (left box) and intertree areas (right box). 
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Figure 12. (a) Potassium (K) content (p < 0.05), (b) sodium (Na) content (p < 0.05), (c) magnesium (Mg) content (p < 0.05), and (d) calcium (Ca) content (short dash: mean line, solid line: median, dots: outliers). Results for the tree-covered areas (left box) and intertree areas (right box). 
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Figure 13. Collection of fog precipitation by the argan tree. 
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Table 1. Test sites, principal attributes, and measurements on test sites (ABA: Aït ben Ali; ABH: Aït Baha; AOU: Aouarga; MAO: Maouriga; SHY: Sidi el Haij Yahia; TAS: Tasakat; BOU: Boulaajlate; IRG: Irguitène; TLK: Tamaloukt; AZR: Azrarag; OUF: Tamaït Oufella, X: method was applied to site).
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	Site
	Principal Attribute
	Study Area
	Rainfall Simulations
	Infiltration Measurements
	Soil Analysis





	ABA1n
	silvopastoral
	Aït Baha
	X
	X
	X



	ABA1s
	steep slope >10°
	Aït Baha
	X
	X
	X



	ABH1n
	silvopastoral
	Aït Baha
	X
	X
	X



	ABH1x
	grazing exclusion
	Aït Baha
	X
	X
	X



	ABH2c
	cultivated
	Aït Baha
	X
	X
	X



	ABH2t
	terraced
	Aït Baha
	X
	X
	X



	AOU1a
	afforestation
	Aït Baha
	
	X
	X



	AOU2a
	afforestation
	Aït Baha
	
	X
	X



	AOU2x
	grazing exclusion
	Aït Baha
	
	X
	X



	MAO1n
	silvopastoral
	Aït Baha
	X
	X
	X



	MAO2t
	terraced
	Aït Baha
	X
	X
	X



	SHY1g
	gullies
	Aït Baha
	X
	X
	X



	TAS1r
	rock fragment cover
	Aït Baha
	X
	X
	X



	BOU1b
	browsed
	Taroudant
	X
	X
	X



	BOU1n
	silvopastoral
	Taroudant
	X
	X
	X



	IRG1c
	cultivated
	Taroudant
	
	X
	X



	IRG1n
	silvopastoral
	Taroudant
	
	X
	X



	IRG2d
	dense
	Taroudant
	
	X
	X



	IRG2n
	silvopastoral
	Taroudant
	
	X
	X



	IRG3c
	cultivated
	Taroudant
	
	X
	X



	IRG3l
	logged
	Taroudant
	
	X
	X



	IRG3n
	silvopastoral
	Taroudant
	
	X
	X



	TLK1n
	silvopastoral
	Taroudant
	X
	X
	X



	TLK1x
	grazing exclusion
	Taroudant
	X
	X
	X



	AZR1c
	cultivated
	Ida-Outanane
	X
	X
	X



	AZR1n
	silvopastoral
	Ida-Outanane
	X
	X
	X



	AZR2c
	cultivated
	Ida-Outanane
	X
	X
	X



	AZR2n
	silvopastoral
	Ida-Outanane
	X
	X
	X



	OUF1d
	dense
	Ida-Outanane
	
	X
	X



	OUF1n
	silvopastoral
	Ida-Outanane
	
	X
	X
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Table 2. Environmental plot characteristics of tree and intertree areas (* significant difference between tree and intertree area with p-value < 0.05).
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	Type
	Slope (°)
	Roughness (Cr)
	Vegetation Cover (%)
	Stone Cover (%)
	Soil Moisture (%)





	Tree
	4.3 ± 4.4
	6.8 ± 4.4
	36.8 ± 28.4 *
	35.0 ± 21.4 *
	4.4 ± 4.5



	Intertree
	4.2 ± 4.2
	7.5 ± 4.0
	10.2 ± 14.1 *
	51.9 ± 20.5 *
	3.4 ± 3.8
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Table 3. Means of the inputs for the two-step cluster analysis in order of predictor influence. A tree/intertree column was separately added to indicate potential cluster predominance by tree or intertree area. Parameters are suspended sediment concentration (SSC), suspended sediment load (SSL), surface runoff (AO), and slope.






Table 3. Means of the inputs for the two-step cluster analysis in order of predictor influence. A tree/intertree column was separately added to indicate potential cluster predominance by tree or intertree area. Parameters are suspended sediment concentration (SSC), suspended sediment load (SSL), surface runoff (AO), and slope.





	Cluster
	SSC (g L−1)
	SSL (g m−2)
	AO (L m−2)
	Slope (°)
	Tree/Intertree





	Cluster 1
	1.35
	13.73
	4.55
	6.26
	15/4



	Cluster 2
	8.95
	53.26
	46.91
	7.38
	3/14
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Table 4. Statistical summary of soil parameters pH, electric conductivity (EC), total carbon content (TC-content), nitrogen content (N-content), percolation stability (PS), and mean grain size for each study area (bold values show significant differences (p < 0.05) between one study area compared to the other two; italic values show significant differences between two study areas).






Table 4. Statistical summary of soil parameters pH, electric conductivity (EC), total carbon content (TC-content), nitrogen content (N-content), percolation stability (PS), and mean grain size for each study area (bold values show significant differences (p < 0.05) between one study area compared to the other two; italic values show significant differences between two study areas).





	Study Area
	pH
	EC (µS cm−1)
	TC-Content (%)
	N-Content (%)
	PS (mL 10 min−1)
	Mean Grain Size (mm)





	Aït Baha
	7.34 ± 0.21
	250.42 ± 73.01
	2.33 ± 1.67
	0.17 ± 0.13
	108.77 ± 104.47
	0.20 ± 0.09



	Taroudant
	7.33 ± 0.17
	264.00 ± 64.87
	3.73 ± 3.17
	0.25 ± 0.22
	121.39 ± 119.43
	0.21 ± 0.06



	Ida-Outanane
	7.47 ± 0.11
	299.14 ± 70.53
	4.32 ± 2.48
	0.28 ± 0.16
	102.32 ± 71.86
	0.17 ± 0.09
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Table 5. Statistical summary of cation concentrations for potassium (K), sodium (Na), magnesium (Mg); and calcium (Ca) for each study area (bold values show significant differences (p < 0.05) between one study area compared to the other two; italic values show significant differences between two study areas).






Table 5. Statistical summary of cation concentrations for potassium (K), sodium (Na), magnesium (Mg); and calcium (Ca) for each study area (bold values show significant differences (p < 0.05) between one study area compared to the other two; italic values show significant differences between two study areas).





	Study Area
	K (cmolc kg−1)
	Na (cmolc kg−1)
	Mg (cmolc kg−1)
	Ca (cmolc kg−1)





	Aït Baha
	4.27 ± 1.63
	0.80 ± 0.40
	5.66 ± 1.57
	35.76 ± 5.58



	Taroudant
	4.95 ± 2.04
	0.98 ± 0.48
	5.57 ± 1.67
	36.45 ± 6.52



	Ida-Outanane
	5.87 ± 1.96
	1.15 ± 1.01
	5.32 ± 2.23
	43.66 ± 3.66
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Table 6. Means of the inputs for the two-step cluster analysis in order of predictor influence. A tree/intertree column was separately added to indicate potential cluster predominance by tree or intertree area.






Table 6. Means of the inputs for the two-step cluster analysis in order of predictor influence. A tree/intertree column was separately added to indicate potential cluster predominance by tree or intertree area.





	Cluster
	TC (%)
	EC (µS cm−1)
	N (%)
	Vegetation Cover (%)
	PS (mL 10 min−1)
	Ksat (mm h−1)
	pH
	Tree/Intertree





	Cluster 1
	1.74
	223.42
	0.12
	5.88
	60.10
	141.19
	7.30
	6/27



	Cluster 2
	5.20
	315.46
	0.36
	34.29
	186.03
	211.17
	7.46
	22/2
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