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Abstract: The Souss Basin is a dryland environment featuring soil, surface and climatic conditions
enhancing processes of wind erosion and mineral and organic dust emissions while subject to frequent
grazing, tillage and driving. The fine-grained compacted surfaces are covered by physical and
biological crusts and stone cover and are sparsely vegetated by open argan woodland and patchily
distributed bushes. Wind-tunnel experiments and soil sampling were conducted on the deeply
incised alluvial fans originating from High Atlas and Anti-Atlas mountains to investigate the dryland
ecosystem, including the open argan woodland, for information on local wind-induced relocation
processes and associated dust emission potential. To investigate possible connections between
dryland environmental traits and dust emissions, we used two approaches: (a) surface categories
(stone cover, crust and cohesionless sand) and (b) Land Cover Classes (wasteland, woodland and
wadi). The results indicate omnipresent dynamic aeolian surface processes on a local to regional
scale. Wind impact is a powerful trigger for the on-site relocation of available mineral and organic
dust and may be crucial to explain the heterogeneous spatial distribution of soil organic carbon and
nutrients associated with mineral fines. Aeolian dust flux showed statistically significant relations
with surface categories and, to some extent, with Land Cover Classes. While wind erosion processes
are key to understanding on-site sediment and nutrient dynamics between fertile dryland islands,
the results also indicate a considerable dust emission potential under increasing climate impact and
anthropogenic pressure.

Keywords: wind erosion; dust emission; drylands; sediment connectivity; degradation; land use and
land cover change (LULCC)

1. Introduction

Aeolian dust includes mineral and organic particles and is a paramount factor in
understanding local, regional and global substrate relocation dynamics and resulting on-
site and off-site impacts. On a local to regional scale, wind erosion and dust dynamics
are key drivers of substrate relocation, including nutrients, particularly in semi-arid and
arid environments but are rarely addressed [1]. The transport dynamics are of particular
importance in dryland environments and differ strongly from that of surface runoff in terms
of temporal and spatial characteristics of entrainment and deposition. Variations of mineral
and organic matter relocation and deposition may affect sediment characteristics on a small
temporal and spatial scale but may also be a powerful influence on pedogenesis [2]. The
degradation from grassland to shrubland increasingly limits the spatial distribution of
soil nutrients to fertile islands in the vicinity of plants surrounded by depleted soil and
bare surfaces [3,4]. Process studies and quantification of horizontal fluxes are the basis for
understanding and explaining the distribution of soil nutrients, including dynamic matter
and organic carbon (OC), but are generally scarce [5]. While dust sources and atmospheric
dust loads on a regional to global scale are determined with increasing accuracy by means of
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satellite-derived data mapping and tracking of dust plumes [6], observations about local to
regional aeolian dynamics in the low atmospheric layer and particularly at the earth surface
level are rare. North Africa is assumed to be the main contributor to the atmospheric dust
cycle emitting more than 50% of the total global dust emissions [7]. The output is estimated
to equal 170 to 1600 Tg yr−1 [8], including 11 to 15 Tg yr−1 of particles ≤ 20 µm [9]. In
the arid and semi-arid regions of Moroccan environments, aeolian processes are mostly
investigated in the context of dust emissions from particularly active source regions into
higher atmospheric levels induced by sand storms or dust devil activities (e.g., [10,11]).
Although the processes of wind erosion and dust emission are ubiquitous phenomena in
Morocco, investigations based on measurements and observation data are scarce.

In this study, we focus on a semi-arid environment in the Souss Basin. As one of
the most fertile and productive regions in North Africa, the Souss Basin is under severe
pressure from land use and climate change which are identified as the main triggers of
degradation and desertification [12]. While desertification threatens the greatest part of
Morocco [13,14], the National Action Plan [15] identifies the regions Southeast, Southwest
and Oriental as being particularly endangered from the south winds Chergui and Scirocco,
impacting the lower valley of Drâa, Tafilalet and Souss-Massa. The characteristic landscape
includes the endemic open argan woodlands, areas of sparsely vegetated bushland, the dry
riverbed of the Souss River and mostly episodic streams deeply incised into the alluvial fan
material originating from torrential flood events, which is one of the most characteristic
forms of dryland morphology. Ground measurements to investigate aeolian particle flux
are crucial for the understanding of dryland environments [16] and reliable quantification
of local to regional dust emissions [17]. Model results are supposed to improve greatly by
incorporating surface properties [18] and geomorphological features [19]. On-site methods
such as low- and high-volume samplers or particle counters, as well as passive collectors for
measurement of dust load per volume air, require electricity and permanent maintenance,
which is often not feasible due to lacking personnel and equipment as well as remoteness of
test areas or safety issues. Field wind-tunnel tests are a valuable tool to close data gaps and
gain information about local dust entrainment and flux, particularly in remote areas. They
have been increasingly applied for various research aims such as dust emissions due to
anthropogenic activity [20], investigation of fine dust development from desert regions [21],
wind erosion related to specific crops [22] and the diffusion of salt particles from a dry lake
site [23].

To investigate the research hypotheses (H1, H2), aeolian horizontal dust flux was quan-
tified by means of wind tunnel tests on autochthonous substrate surfaces representative
of the Souss Basin landscape and morphology. The results were interpreted concerning
potential local and regional dust flux dynamics and statistically tested for correlations
between dust flux and environment characteristics.

H1 Aeolian flux dynamics on the surface level are a relevant factor for local and
regional redistribution processes of mineral and organic material;

H2 Measured aeolian flux is associated with specific (a) surface characteristics and
(b) Land Cover Classes.

2. Materials and Methods
2.1. Location of Study Area

The study areas were located in the Souss-Massa Region (30–31◦ N and 7–9◦ W,
Figure 1) surrounded by the High Atlas in the north with Paleozoic, Mesozoic and Cenozoic
rocks, the Anti-Atlas in the south with Precambrian and Paleozoic rocks [24] and the Siroua
massif in the east with volcanics and granites [25]. The Souss-Massa Basin covers an area
of 27,000 km2 with a plain area (up to 700 m height) of 5700 km2 and 21,300 km2 mountain
area [26]. It is characterized by coalescing alluvial fans with Pliocene-Quaternary fluvial,
fluvio-lacustrine and aeolian sediments [27,28]. Alluvial fans build the transition section
from mountain range to floodplain and constitute the basic morphological structure of the
greatest part of the basin. The basin is the catchment of the traversing River Souss, which is
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the regional base level for the wadis developing in the fan material from the surrounding
mountains. The region’s climatic conditions are semi-arid to arid, with 24 ◦C mean annual
temperature showing a trend to temperature rise and a constant negative water balance [29].
The annual precipitation of 200 mm is highly variable, often characterized by torrential
rains, and shows a marked decreasing trend over the period 1976–2006 (−3 to −30%),
including an ongoing increase in evaporation [30]. The tests were conducted in Taroudannt
province and Aït Baha province in winter 2019/2020 during a prolonged period of drought
with minor precipitation in the months before and no precipitation during tests [31].
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Figure 1. Location of study area (a) at provinces Taroudannt and Chtouka-Ait Baha and (b) in the
Souss Basin.

Since the Souss Basin is one of the most productive agricultural regions of Morocco,
there is a very high land-use pressure from fruit-tree plantations, irrigated greenhouses
and uncontrolled livestock grazing. Overgrazing is one of the top reasons for global
desertification, and 90% of Morocco’s land area is under grazing impact from local and
nomadic herds [32], as well as a severe issue in the Souss Basin [33]. Combined with increas-
ing water scarcity, the geomorphological consequences range from sinking groundwater
tables to intensified gully and badland development and severely affect the vulnerable
environment [34,35].

2.2. Tested Sites

The Taroudannt sites are situated on an alluvial fan formed by the Wadi Irguitène,
which originates from the High Atlas in the north, the Site in Aït Baha is located on an
alluvial fan originating from the Anti-Atlas Mountains in the south. The substrates are
compacted and crusted fluvial sediments, substrate types that are associated with the most
active dust sources globally [10]. The soils are Fluvisols and weakly developed Regosols
with loamy texture and 48% sand, 35% silt and 17% clay [36]. Ten test sites were chosen in
three environments/ Land Cover Classes (LCC) representative for the Souss Basin: open
woodland including one established site and one reforestation site (Figure 2a,b), wasteland
(Figure 2c) and wadi (Figure 2d).
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test areas).

The Souss-Massa region is the remaining habitat of the endemic keystone species
argan tree (Argania spinosa) that grows in a characteristic open woodland on an area of
ca. 950,000 ha [37]. Adapted to the extreme conditions of the semi-arid to arid environment
along the Sahara peripheries, it is considered a buffer against desertification but severely
threatened by degradation [38]. The traditional agrosilvopastoral land use includes har-
vesting of argan fruit, speculative rainfed agriculture and pasture for browsing goat and
camel herds. Tillage is applied in autumn for preparation of seedbed, but lacking rain may
prevent the seeds from germination. As a measure against argan woodland degradation,
great areas are covered with reforestation sites, but young plants seem to suffer severely
under uncontrolled browsing and drought. The surfaces included structural crusts, stone
and litter cover and destroyed crust from fresh tillage (Table 1). Wasteland occurred ubiqui-
tously and was related to not or very sparsely vegetated bushland without obvious use
or management (Figure 2c). The respective specific site’s origin was not implied by its
current appearance and may comprise climate, substrate or abandonment and degradation
of formerly forested land or incision by fluvial processes. The third LCC was Wadi bed
(Figure 2d) with different surface characteristics. One surface type was cohesionless sand
which was patchily accumulated in specific locations on the dry river bed. The second type
was stone cover on a loamy crust.
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Table 1. Soil and surface parameters.

ID Land Cover
Class

Land
Cover
Class

Specific

Surface
Crust Stone Grain < 2

mm Litter Vegetation Shear
Strenght

Rough-
ness PS (mL/ D50

Fine Soil
(<2 mm) Sand Silt Clay OC OC

Eroded Enrichment
Factor

OC Flux Dust Flux

% % % % % (kg cm−2) (Cr) 10 min) % % % % % % (g m−2 min−1)

AOU1 Agropastoral
Woodland Woodland Soil crust 90 5 5 0 0 1.5 1.4 15.6 0.054 99.67 45.84 39.49 14.67

0.65 3.73 5.75

0.776 20.798

AOU2 Agropastoral
Woodland Woodland Soil crust 85 5 5 0 5 1.5 1.4 15.6 0.054 99.67 45.84 39.49 14.67 1.058 28.337

AOU3 Agropastoral
Woodland Woodland Soil crust 90 5 5 0 0 1.5 0.0 15.6 0.054 99.67 45.84 39.49 14.67 0.796 21.318

1 IRG 1 Wasteland Wasteland Stone
cover 0 70 30 0 0 0.7 0.6 11.2 0.058 58.25 47.14 40.01 12.85

0.64 3.19 4.99

0.116 3.640

1 IRG 2 Wasteland Wasteland Stone
cover 0 75 25 0 0 0.7 0.8 11.2 0.061 58.25 49.16 35.64 15.20 0.083 2.600

1 IRG 3 Wasteland Wasteland Stone
cover 0 80 20 0 0 0.7 0.6 11.2 0.061 58.25 49.16 35.64 15.20 0.075 2.340

1LAM1 Wadi Wadi,
sandy

Cohesionless
sand 0 5 95 0 0 0 2.8 0.0 0.539 74.05 91.11 4.47 4.42

0.09 0.15 1.72

0.569 385.805

1LAM2 Wadi Wadi,
sandy

Cohesionless
sand 0 5 95 0 0 0 2.8 0.0 0.539 74.05 91.11 4.47 4.42 1.347 913.038

1LAM3 Wadi Wadi,
sandy

Cohesionless
sand 0 10 90 0 0 0 0.0 0.0 0.539 74.05 91.11 4.47 4.42 16.346 11,080.723

2LAM1 Wadi Wadi,
stony

Stone
cover 25 70 5 5 0 0.2 6.7 0.0 0.446 35.95 84.36 8.92 6.72

0.10 0.38 3.70

0.009 2.340

2LAM2 Wadi Wadi,
stony Soil crust 30 55 15 5 0 0.2 4.1 0.0 0.446 35.95 84.36 8.92 6.72 0.066 17.418

2LAM3 Wadi Wadi,
stony

Stone
cover 5 70 25 5 0 0.2 6.7 0.0 0.446 35.95 84.36 8.92 6.72 0.009 2.340

HAM1 Wasteland Wasteland Soil crust 35 60 5 0 0 >2.5 7.3 2.4 0.084 60.00 55.99 28.27 15.75
0.65 3.30 5.10

0.351 10.659
HAM2 Wasteland Wasteland Soil crust 30 50 20 0 0 >2.5 0.4 2.4 0.084 60.00 55.99 28.27 15.75 0.377 11.439
HAM3 Wasteland Wasteland Stone

cover 10 80 10 0 0 >2.5 1.1 2.4 0.084 60.00 55.99 28.27 15.75 0.360 10.919

2 IRG 1 * Agropastoral
Woodland Woodland Soil crust 10 30 20 40 0 1.1 8.6 63.3 0.056 92.97 46.95 35.62 17.43

3.60 3.09 0.86

0.675 21.838

2 IRG 2 * Agropastoral
Woodland Woodland Soil crust 35 20 10 35 0 1.1 3.0 63.3 0.056 91.76 46.95 35.62 17.43 0.482 15.599

2 IRG 3 * Agropastoral
Woodland Woodland Soil crust 0 18 2 80 0 1.1 1.4 63.3 0.056 92.37 46.95 35.62 17.43 0.048 1.560

3 IRG 1 * Agropastoral
Woodland Woodland Soil crust 80 20 0 0 0 2.5 1.5 5.3 0.059 96.86 47.95 41.65 10.40

0.49 4.52 9.29

2.035 44.976

3 IRG 2 * Agropastoral
Woodland Woodland Soil crust 80 20 0 0 0 2.5 2.3 5.3 0.059 78.52 47.95 41.65 10.40 0.576 12.739

3 IRG 3 Agropastoral
Woodland Woodland Soil crust 89 10 0 1 0 2.5 12.8 5.3 0.059 90.90 47.95 41.65 10.40 0.388 8.579

4 IRG 1 * Wasteland Wasteland Stone
cover 10 75 0 5 10 >2.5 9.0 23.3 0.052 66.01 43.08 46.43 10.49

0.78 3.70 4.73

0.098 2.080

4 IRG 2 * Wasteland Wasteland Stone
cover 10 80 0 5 5 >2.5 8.3 23.3 0.055 72.83 44.18 47.00 8.82 0.467 9.879

4 IRG 3 * Wasteland Wasteland Stone
cover 10 85 0 5 0 >2.5 6.0 23.3 0.055 67.25 44.18 47.00 8.82 0.135 2.860

5 IRG 1 * Agropastoral
Woodland

Arable,
crust Soil crust 60 40 0 0 0 1.2 13.6 5.4 0.060 92.83 48.85 34.43 16.73

0.53 2.75 5.15

0.393 14.299

5 IRG 2 * Agropastoral
Woodland

Arable,
crust Soil crust 75 10 5 10 0 1.2 12.0 5.4 0.060 92.83 48.85 34.43 16.73 0.314 11.439

5 IRG 3 * Agropastoral
Woodland

Arable,
crust Soil crust 60 25 10 5 0 1.2 18.5 5.4 0.060 92.83 48.85 34.43 16.73 0.343 12.479

6 IRG 1 * Agropastoral
Woodland

Arable,
tilled Soil crust 5 35 60 0 0 0.1 15.0 5.4 0.060 92.83 48.85 34.43 16.73 0.450 16.379

6 IRG 2 * Agropastoral
Woodland

Arable,
tilled Soil crust 5 30 60 5 0 0.1 19.0 5.4 0.060 92.83 48.85 34.43 16.73 0.435 15.859

6 IRG 3 * Agropastoral
Woodland

Arable,
tilled Soil crust 0 30 70 0 0 0.1 29.3 5.4 0.060 92.83 48.85 34.43 16.73 1.642 59.795

* Data partly from Marzen et al. 2020; PS = Percolation stability; D50 = Mean particle diameter; OC = Organic carbon.
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2.3. Experimental Procedure

The Trier Portable Wind Simulator’s test section measures 4 m in length, 0.7 m in
width and 0.7 m in height. The test section for wind erosion tests is 2.2 m2 open ground
to test an undisturbed soil surface on-site (Figure 3a). The air stream is generated by a
rotor-type fan led through a 4 m-long transition section and through a honeycomb in order
to generate a quasi-laminar airflow. The produced air stream is reliably stable concerning
temporal and spatial variability of wind velocities and shows a logarithmic wind-velocity
profile up to 0.15 m height [39,40]. Applied wind velocity was 7.5 m s−1 at 0.3 m height.
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Figure 3. (a) mobile wind tunnel on site and (b) outlet area with collectors (modified from
Marzen et al. 2020 [31]).

The test duration was 10 min. Airborne material was collected by means of Modified
Wilson and Cook samplers (MWAC, [41]) mounted at 4.0 m in flow direction (the end of
tunnel and test section) at 0.02, 0.10, 0.20 and 0.30 m height on a beam (Figure 3b). Collector
efficiency was found to be good, particularly for fine-size classes [42,43]. Additionally, two
wedge traps [39] were applied for collection of a greater quantity of eroded material with
openings 0.02 m ∗ 0.3 m positioned 3.70 m distance in flow direction from test section
start. The collected material thus ranges in size from fine dust to coarse particles. We
used the term “dust” as a generalized term related to transport by air rather than referring
to specific size classes. The experimental device is applied to study effects of a steady
wind stream on undisturbed soil surfaces in remote regions where measurement data are
lacking. The measured values represent the easily erodible material mainly entrained
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by fluid impact, since the test section length is not sufficient for onset of effects such as
abrasion and avalanche [44]. The experimental setup’s physical limitations concerning
reliability, validity and upscaling of experimental setup, as well as adequate application of
experimentally derived results, are addressed in Iserloh et al. (2013) [45] and Marzen et al.
(2017) [46].

2.4. Surface Parameters

The plot surface was estimated concerning stone and crust cover, available fine ma-
terial, litter and vegetation by visual observation. Inclination and exposition were mea-
sured using an inclinometer and compass. Surface roughness was approached after Saleh
(1993) [47]: Cr = (1-L2/L1) ∗ 100 with L1 = Length of chain and L2 = Length of plot. Shear
strength was measured by means of a pocket vane test device (Eijkelkamp Product Code
14.10) and given as the mean of 10 tests per surface type in kg cm−2.

2.5. Laboratory Analysis

Samples for soil analysis were collected at 0–0.05 m depth, air dried and sieved for
fine fraction (<2 mm). Gravimetric soil water content (%) and particle size distribution
(PSD, [48]) were measured. Percolation stability was assessed by means of a Mariotte
bottle [49–51] and corrected for total sand [52]. Eroded and collected material was stored
>24 h in a thermo-constant room and weighed by means of precision scales to 0.0001 g.
Organic carbon (OC) was derived by means of Euro CHNS Elemental Analyzer 3000 by
HEKAtech in concentration (%) of tested sample.

2.6. Horizontal Dust Flux

The eroded material (g) was calculated by subtracting the weight of the collector before
from the weight after the experiment. The dust flux q (g m−2 min−1) was calculated by
dividing the mass values (g) by collector opening (0.000028 m2) and duration of experiment
(10 min). For comparison of q, values from heights 0.02, 0.10 and 0.20 m were added since
not all cases included values from height 0.30 m.

For cases with four available measurement values (heights 0.02, 0.10, 0.20 and 0.30 m),
an integration was conducted to estimate the total horizontal mass flux over the whole
height profile (g m−1 min−1). A non-linear regression was calculated and fitted to the
data for all heights. We chose an exponential decay function (Equation (1)) as proposed by
Ellis et al. (2009) [53] and Poortinga et al. (2014) [54].

qz = q0 e−βz (1)

where q0 represents the horizontal mass flux at surface level, z is the elevation, β is the
decay coefficient and qz represents the horizontal mass flux at elevation z. The integration
of Equation (1) between heights z = 0 m and z = 1 m gives the total mass transport over this
height in g m−1 min−1. Since this operation is not valid for only three values, we chose to
conduct the statistical analyses by means of the smaller yet reliable measurement values
instead of the integrated values.

From OC values (% of sample weight), enrichment ratios were calculated by dividing
the concentration of OC in eroded sediment by the concentration of OC in the parent
material. Horizontal OC flux (g m−2 min−1) was calculated per sample.

2.7. Statistical Analysis

The nonparametric analysis of variance after Kruskal–Wallis was applied to test both
defined categories for differences between mean horizontal fluxes, including a general dif-
ferentiation (significance level 0.05) and subsequent 2-sided test of asymptotic significances
(significance level 0.05) for each pair. Correlation analysis was performed for nonparamet-
ric dataset by means of Pearson’s Rho. Analyses were performed with SPSS 27 [55] and
boxplots derived using SigmaPlot 11 [56].
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3. Results
3.1. Soil and Surface Parameters

Soil and surface parameters are given in Table 1. Each ID marks one test. The soil type
was classified as weakly developed Regosol for all sites, reflecting the uniform genesis of
the alluvial fan morphology. Pictures of a selection of test plot surfaces are given in Figure 4.
While most surfaces are found in a specific range of characteristics, such as percentage
crust, stone cover and vegetation, some surfaces have very special characteristics, such as
available cohesionless sand grain in the wadi and a dense litter cover underneath the argan
tree. The tested sites included various surface characteristics and LCC representativefor
the dryland environment in the Souss Basin.
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3.1.1. Particle Size Distribution

The particle size distribution (PSD) shows the relative homogeneity of the alluvial fan
material in the Souss Basin with median particle diameter (D50) in the narrow range of
0.052–0.084 mm for most substrates. Exceptions are the substrates found in the wadi bed
with D50 of 0.54 and 0.45. Following the categorization according to LCC, substrates from
woodland show a comparably broad range with their main share in the fine sand to medium
silt range and with median particle diameter D50 of 0.057 mm (coarse silt); wastelands had
the highest mean percentage of fine sand and a resulting mean D50 (0.07 mm). Wadi is the
most variable group concerning surface conditions (sand/rock/crust) but shows a very
narrow as well as similar PSD with a D50 of 0.49 mm (medium sand).

3.1.2. Organic Carbon (OC)

Organic carbon (OC) values were derived per site. The lowest and highest percentages
of OC in parent material are 0.09% in sandy wadi substrate and 3.6% underneath the argan
tree. All other values are found in a narrow range from 0.49 to 0.78%. OC values from
eroded material were a maximum of 4.52% from open argan forest and a minimum of 0.15%
from the sandy wadi surface, with a mean of ca. 3% for the other sites. Enrichment rates
ranged from 0.86 for the litter-covered under-tree area and 1.72 for sandy wadi to ca. 5 for
most other sites up to 9.29 from the crusted surface in the open woodland area.

3.2. Categories (a) Surface and (b) Land Cover Class

(a) Surface
The categorizationssoil crust, stone cover and cohesionless sand are based on the

specific surface characteristics (Table 2).

Table 2. Mean characteristics of surface classes.

(a)
Surface

Stones Crust Loose
Grain < 2 mm Litter Vegetation

Soil
Organic
Carbon

Shear
Strength

Roughness
(Cr) D50

% (kg cm−2) (mm)

Cohesionless
sand 6.67 0.00 93.33 0.00 0.00 0.09 0.10 1.86 0.54

Soil crust 26.00 47.72 16.22 10.06 0.28 1.05 1.38 8.43 0.08
Stone
cover 76.11 7.78 12.78 2.78 1.67 0.57 1.48 4.41 0.15

D50 = median particle diameter.

The sand class was related exclusively to a wadi with cohesionless, predominantly
medium and coarse sand (<2 mm) and low shear strength (0.1 kg cm−2.). The sand was
transported during the latest flash flood event from undefined locations in the catchment
area and accumulated where velocity and turbulence ceased to keep the material sus-
pended. Soil crust included diverse surface characteristics, including a strong physical
and/or biological crust of 5.0–10.0 mm (mean 48%), partly embedded but mostly loose
stones originating from residual accumulation (mean 26%) and intense compaction (mean
shear strength 1.38 kg cm−2). The stone cover class (origin either residual accumulation,
accumulation by overland flow or anthropogenic) with stones loose or embedded (mean
76%) also included loose grains (mean 1 %) or crust (mean 8%) and measured the highest
shear strength (mean 1.48 kg cm−2).

(b) Land Cover Classes
The LCC wasteland, open woodland and wadi are based on landscape features

(Figure 2). Considering the investigated surface characteristics, there is a broad heterogene-
ity for most classes, including a variety of associated surface traits (Table 3).
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Table 3. Mean characteristics of LCC.

(b) LCC
Stones Crust Loose

Grain < 2 mm Litter Vegetation
Soil

Organic
Carbon

Shear
Strength

Roughness
(Cr) D50

% (kg cm−2) (mm)

Wasteland 72.78 11.67 12.22 1.67 1.67 0.69 2.03 3.79 0.07
Woodland 20.20 50.93 16.80 11.73 0.33 1.16 1.28 9.32 0.06

Wadi 35.83 10.00 54.17 2.50 0.00 0.09 0.15 3.84 0.49

D50 = median particle diameter.

Wasteland has the highest percentage of stone cover (72.78%) and the highest shear
strength (2.03 kg cm−2). Woodland shows the highest percentage of crust (50.93%), litter
cover (11.73%), the highest OC content (1.16%) and the highest roughness (9.32). Wadi is a
highly variable class with three tests on 100% sand cover and three tests on crusted/stone
cover surfaces (Table 1). The mean values for loose grain are 54.17%; it has the lowest OC
value (0.09%), lowest shear strength (0.15 kg cm−2) and the highest D50 (0.49 mm).

3.3. Horizontal Dust Flux

A total of 30 tests were conducted on 30 test plots. Horizontal dust flux was measured
on all tested surfaces (Table 1). The measured flux ranged over three orders of magnitude
mainly due to the impact of great q values from cohesionless sand wadi surface (Table 1).
Related to geomorphology, the mean q on the alluvial fan (24 tests) was 15.10 g m−2 min−1

and 2066.94 g m−2 min−1 in the wadi bed (6 tests). The single results are highly diverse,
with a standard deviation of 13.65 for the alluvial fan and 2066.94 for the wadi. The lowest
measured q was 1.56 g m−2 min−1.measured on soil crust/woodland, and the highest
value was 11,080.72 g m−2 min−1 from wadi/cohesionless sand (Figure 5).
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Table 4. Mean horizontal dust flux and organic carbon flux for surface and LCC categories.

Surface Categories Land Cover Classes

g m−2

min−1
Stone Cover Soil Crust Cohesionless Sand Woodland Wadi Wasteland

Mean N SD Mean N SD Mean N SD Mean N SD Mean N SD Mean N SD

Dust flux 4.33 9 3.48 19.15 18 13.66 4126.52 3 6028.28 20.40 15 14.68 2066.94 6 4430.16 6.27 9 4.27
OC flux 0.15 9 0.16 0.62 18 0.15 6.09 3 8.89 0.69 15 0.53 3.06 6 6.53 0.23 9 0.16

SD = Standard deviation.

Of the three surface types, cohesionless sand and stone cover produced the highest
and lowest mean q with 4126.52 and 4.33 g m−2 min−1, respectively. Soil crust produced
19.20 g m−2 min−1 with the comparably lowest standard deviation (13.66). Organic carbon
flux was 0.15 g m−2 min−1 from stone cover, 0.62 g m−2 min−1 and 6.09 g m−2 min−1

from cohesionless sand. Of the three LCCs, wadi and wasteland produced the highest and
lowest mean q with 2066.94 g m−2 min−1 and 6.27 with the highest standard deviation for
wadi (4430.16). Woodland produced 20.40 g m−2 min−1 with the lowest standard deviation
(14.69). OC flux was 3.06 g m−2 min−1 for wadi, 0.69 g m−2 min−1 for woodland and 0.16
g m−2 min−1 for wasteland sites.

3.4. Horizontal Mass Flux by Integration

Measurements show a vertical transport pattern with reduced flux with increasing
height (Figure 6), which is in line with findings from studies carried out with vertically
mounted catcher systems (e.g., [57,58]). For the mean values of each surface type or
landscape unit, exponential decay functions were applied (Figure 7). Power functions fitted
best for most cases but overestimated surface creep, especially for the wadi/cohesionless
sand surface type. Total transport between 0 and 1 m height was obtained by integration
of the curves’ equations. The LCC type wadi showed the highest value with 74.95 g m−1

min−1, while the values for woodland and wasteland were much lower with 1.84 and
0.59 g m−1 min−1, respectively. The surface type cohesionless sand showed an even higher
value of 160.09 g m−1 min−1. The soil crust showed 1.70 g m−1 min−1 and stone cover had
the lowest value of 0.37 g m−1 min−1.
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3.5. Nonparametric ANOVA

By testing both categories’ surfaces (Table 5) and LCC (Table 6) for significant differ-
ences concerning the explained dust flux values, the nonparametric analysis of variance
(K-W) finds highly significant differences between groups for LCC (0.011). The post-hoc
test confirms partly significant results by adjusted significance between wasteland and
wadi (0.047), wasteland and woodland (0.017), but not between woodland and wadi (1.000).

Table 5. Pairwise comparisons surface.

Post-Hoc Pairwise Surface Test Statistic Std. Error Std. Test
Statistic Sig. Adj. Sig. a

Stone cover–Soil crust 9.847 3.508 2.807 0.005 0.015
Stone cover–Cohesionless sand 21.200 5.795 3.658 0.000 0.001

Soil crust–Cohesionless sand 11.353 5.513 2.059 0.039 0.118
a. Significance values have been adjusted by the Bonferroni correction for multiple tests.

Table 6. Pairwise comparisons of LCC.

Post-Hoc Pairwise LCC Test Statistic Std. Error Std. Test
Statistic Sig. Adj. Sig. a

Wasteland–Woodland 10.289 3.712 2.772 0.006 0.017
Wasteland–Wadi 11.222 4.640 2.419 0.016 0.047
Woodland–Wadi -0.933 4.252 -0.219 0.826 1.000

a. Significance values have been adjusted by the Bonferroni correction for multiple tests.

The nonparametric analysis of variance (K-W) finds highly significant differences
between groups for surface characteristics (0.000). The group stone cover differed clearly
from soil crust (0.015) and cohesionless sand (0.001). Soil crust differed from cohesionless
sand by simple significance (0.039) but not by adjusted significance (0.118).

3.6. Correlation Analysis for Horizontal Mass Flux and Surface/Substrate Parameters

The Spearman rank analysis was performed to correlate horizontal dust flux q with
the substrate and surface characteristics of all test plots (Table 7). The rank analysis found
dust flux positively correlating with the available loose grain (0.395) and fine soil content
(0.579) and negatively with stone cover (−0.665) and litter cover (−0.368).
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Table 7. Correlation analysis (selected results).

Spearman’s Rho Crust Stone Cover Loose Grain
< 2 mm Litter

Shear
Strength

(kg cm−2)
Roughness

(Cr)
Fine Soil
(<2 mm) D50 Sand (%) Silt (%) Clay (%) OC Parent

Soil (%)
OC

Enrichment
Factor

Dust flux
(g m−2 min−1)

CC 0.116 −0.665 ** 0.395 * −0.368 * −0.347 −0.006 0.579 ** 0.131 0.171 −0.295 −0.083 −0.315 0.146
Sig. (2-tailed) 0.542 0.000 0.031 0.045 0.060 0.977 0.001 0.491 0.367 0.113 0.660 0.090 0.442

N 30 30 30 30 30 30 30 30 30 30 30 30 30

Crust
CC −0.329 −0.665 ** 0.023 0.595 ** 0.093 0.460 * −0.434 −0.394 * 0.340 0.092 0.154 0.632 **

Sig. (2-tailed) 0.076 0.000 0.904 0.001 0.625 0.011 0.017 0.031 0.066 0.629 0.418 0.000
N 30 30 30 30 30 30 30 30 30 30 30 30

Loose grain <2 mm
CC −0.665 ** −0.114 −0.243 −0.786 ** 0.105 −0.169 0.601 ** 0.621 ** −0.658 ** −0.028 −0.384 * −0.362 *

Sig. (2-tailed) 0.000 0.545 0.195 0.000 0.577 0.371 0.000 0.000 0.000 0.880 0.036 0.049
N 30 30 30 30 30 30 30 30 30 30 30 30

Litter
CC 0.023 0.130 −0.243 0.023 0.416 * −0.034 −0.238 −0.279 0.086 0.239 0.305 −0.453 *

Sig. (2-tailed) 0.904 0.492 0.195 0.906 0.022 0.855 0.203 0.135 0.653 0.203 0.102 0.012
N 30 30 30 30 30 30 30 30 30 30 30 30

Vegetation
CC 0.105 0.137 −0.353 0.114 0.373 * 0.096 0.049 −0.480 ** −0.493 ** 0.428 * −0.154 0.369 * 0.013

Sig. (2-tailed) 0.582 0.469 0.055 0.549 0.043 0.612 0.797 0.007 0.006 0.018 0.416 0.045 0.946
N 30 30 30 30 30 30 30 30 30 30 30 30 30

Fine soil (<2mm)
CC 0.460 * −0.686 ** −0.169 −0.034 0.048 0.212 −0.535 ** −0.488 ** 0.274 0.430 * 0.223 0.479 **

Sig. (2-tailed) 0.011 0.000 0.371 0.855 0.802 0.261 0.002 0.006 0.142 0.018 0.236 0.007
N 30 30 30 30 30 30 30 30 30 30 30 30

D50

CC −0.434 * 0.080 0.601 ** −0.238 −0.512 ** −0.052 −0.535 ** 0.993 ** −0.866 ** −0.317 −0.747 ** −0.304
Sig. (2-tailed) 0.017 0.673 0.000 0.203 0.004 0.783 0.002 0.000 0.000 0.087 0.000 0.102

N 30 30 30 30 30 30 30 30 30 30 30 30

Sand (%)
CC −0.394 * 0.010 0.621 ** −0.279 −0.533 ** −0.085 −0.488 ** 0.993 ** −0.886 ** −0.297 −0.756 ** −0.264

Sig. (2-tailed) 0.031 0.958 0.000 0.135 0.002 0.654 0.006 0.000 0.000 0.110 0.000 0.159
N 30 30 30 30 30 30 30 30 30 30 30 30

Silt (%)
CC 0.340 0.145 −0.658 ** 0.086 0.578 ** −0.024 0.274 −0.866 ** −0.866 ** 0.099 0.565 ** 0.398 *

Sig. (2-tailed) 0.066 0.444 0.000 0.653 0.001 0.899 0.142 0.000 0.000 0.604 0.001 0.029
N 30 30 30 30 30 30 30 30 30 30 30 30

Clay (%)
CC 0.092 0.003 −0.028 0.239 0.076 0.282 0.430 * −0.317 −0.297 0.099 0.557 ** 0.138

Sig. (2-tailed) 0.629 0.986 0.880 0.203 0.688 0.132 0.018 0.087 0.110 0.604 0.001 0.467
N 30 30 30 30 30 30 30 30 30 30 30 30

CC = Correlation coefficient; D50 = median particle diameter; OC = Organic carbon. * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level
(2-tailed).
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The OC content (%) was positively correlated with silt (0.565) and clay (0.557) and
negatively correlated with D50 (−0.747) and sand (−0.756), while enrichment was positively
correlated with crust (0.632), fine soil content (0.479) and silt (0.398).

4. Discussion
4.1. Research Hypotheses

Hypothesis 1 (H1). Aeolian flux dynamics on the surface level are a relevant factor for local and
regional redistribution processes of mineral and organic material.

Aeolian transport and deposition are measured on all tested sites and be a paramount
factor for mineral and organic material dynamics on site and also on a regional scale. A
mean of 15.10 g m−2 min−1 was measured on the alluvial fans, including woodland and
wasteland surfaces and 2066.94 g m−2 min−1 on wadi bed surfaces under a wind velocity
that is not exceptional for the region. Measured fluxes are probably, to a great percentage,
constantly redistributed material, detached and accumulated by the prevailing SW- and,
to a lesser extent, NE-winds in the Basin. Another factor is the redistribution of dust
material originating from the Sahara with the periodically passing dust plumes. Dry or wet
deposition of this material in the basin could both be enhanced by trapping effects of the
surrounding mountain ranges and would introduce autochthonous material, potentially
enriching the Basin substrates. However, the input of autochthonous material has not
been quantified yet. Local to regional redistribution affects mineral components as well
as organic material of various sizes according to the respective transport process. The
wind, thus, is not only a factor of redistribution but also fragmentation of larger particles.
It leads to a scouring effect that disintegrates organic material such as dry leaves, which
may be considered a crucial preparation for further processing by soil organisms. This
assumption may be supported by relatively large percentages of organic carbon on total
eroded material and also the enrichment factors, which show that a large quantity of
organic material is subject to very dynamic transport processes. The lowest enrichment
factor, 1.72, was measured on the sandy Wadi substrate (parent substrate 0.09%), and the
highest factor, 9.29, was measured from a crusted woodland site (parent substrate 0.49%).
In an Australian semi-arid to arid environment, Webb et al. 2013 [5] found, during a
longer-term sampling study, even higher enrichment factors of 7.75–30.67% on a sandy,
vegetated dune crest (parent substrate 0.12% OC) and 5.94–31.18% in woodland (parent
substrate OC 0.93%). They could also show seasonal variations. The organic soil material is
generally of a lighter and more easily erodible texture as well as associated with the fine
fractions, which explains increasing percentages of OC with measurement height from 0.09
to 2.00 m [5]. A general low OC on all sites except underneath the trees shows an ongoing
severe depletion of soils by erosion [59] and is in line with findings from other semi-arid
and arid environments [53,54]. Entrained coarser particles in creep and saltation mode
may lead to the scouring of the soil surface. The entrained material may not even leave
the site if one considers the often-changing SE/NW winds. During the process of constant
transport and reduction of particle size, the material may be at some point integrated into
local to regional pedogenic processes or available to processes of long-range transport.
Knowledge about the residence time of OC in the landscape is the basis for understanding
the Souss basin dryland environment as a carbon sink or source. The specific spatial
characteristics of drylands ecosystems have been discussed to enhance considerable abiotic
transport through connected pathways due to a high proportion of bare soil and patchily
distributed vegetation [1]. This concept is confirmed for a variety of typical landscapes
associated with the Souss Basin region by our measurements. The main characteristics
of the tested environment are associated with the dryland vegetation zone of the Souss
Basin region in the transition section from the Mediterranean to the Sahara desert zone [60].
The “fertile islands” concept originally investigates enrichment of specific soil nutrients in
the vicinity of shrubs and associated depletion of inter-shrub area in contrast to a uniform
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distribution in grassland [3]. In the Souss Basin, we found the open argan woodland
exhibits a similar spatial heterogeneity with areas of higher fertility in contrast to a less
nutrient-rich surrounding inter-tree area. The argan tree area was found enriched with
OC with highest OC values measured directly underneath the tree crown (3.6%), while
values from all other spots related to the open argan forest range were much lower (mean
0.6%). The impact of the tree may be direct by shed leaves, fruit and fruit skin, as well as
the attraction of grazing livestock or wild animals that gather among or in the trees with
subsequent feces and hair accumulating in the close vicinity of the trees. Particularly, the
impact of grazing livestock is assumed to be crucial in the development of heterogeneous
distribution of nutrients [61]. The accumulation of soil organisms may be assumed in the
direct vicinity of the tree stem and root system as well as underneath the crown caused
by a slightly more advantageous microclimate (e.g., temperature and soil moisture). The
higher rate of actual humification and mineralization of available organic material explains
the relatively high OC underneath the trees as well as the burring activity which caused a
greater mixing of organic material in the soil [62]. Kirchhoff et al. (2021) [63] also found
enrichment of OC underneath argan trees with a steep gradient radially outwards with the
highest values of OC in the plant lee from the main wind direction (SE), which supports
the study results.

With the wind as a major redistributor of available material, the key role of the argan
tree may be further supported as the essential source of organic matter not only for the
direct vicinity and the local scale but also for the regional scale. The depletion of inter-
shrub soil area and the resulting spatial heterogeneity of soil properties is stated as a key
threshold in the desertification process [3]. The argan forest south of the Souss River is
considered in a state of severe degradation with grasses with short generation periods and
short appearance during advantageous periods [64].

Hypothesis 2 (H2). Measured aeolian flux is associated with specific (a) surface characteristics
and (b) Land Cover Classes.

(a) Surface characteristics

Aeolian dust flux showed statistically significant relations to surface categories. The
surface type least prone to wind erosion was the stone cover; cohesionless sand produced
the highest and most strongly crusted surfaces produced medium emission fluxes. While
the lower values from stone cover and high values from cohesionless sand are in line
with findings from other studies, crusts are generally assumed to be relatively stable,
particularly against minor abrasion (e.g., [65–67]). After the destruction of the intact
crust, high emissions were reported for car driving [68], military personnel trampling [69]
and animal trampling [70]. Since slight disturbances occur either by burying insects
(ants, termites), (animal) trampling, driving or dry cracks, it may be assumed for a large
percentage of crusted surfaces in semi-arid and arid regions. The concept of “intact crusts”
reported in the literature may also be restricted to a very small scale related to the observed
test area. Once tilled, the completely destroyed crust releases highest emissions compared to
other test conditions, which is in line with findings from several other experimental studies
(e.g., [70,71]). Agricultural activities and grazing result in the advancing disintegration
of soil aggregates, subsequently leading to a higher amount of wind erodible material
and high emissions of fine dust [20]. The highest OC enrichment factors were associated
with soil crust and higher silt content of topsoil, which is in contrast to results showing
the highest enrichment from sandy parent soil [5]. A second factor is a possible detention
function for dry or wet deposited dust from regional to trans-regional transport, as well
as material entrained and accumulated during prior interrill erosion. Both factors would
provide readily available material for the subsequent wind event. However, the budgeting
of the dust emission dynamics on site is not possible without data concerning the actual
input of long-range transported Sahara dust by dry or wet deposition.

(b) Land Cover Classes (LCC)
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Aeolian dust flux showed, to some extent, statistically significant relations to Land
Cover Classes. The LCC woodland and wasteland were found to differ significantly, thus
offering an opportunity to approach dust emission potential from the site by considering a
rather broad LCC. The class woodland has a broader range of dust flux which prevents this
LCC from being statistically distinguishable. The woodland class comprised a great variety
of surfaces, including crusts and litter cover, as well as all surfaces related to agricultural
activity (old and freshly tilled sites). The wadi class also involves a great variety of surface
characteristics and shows different dust fluxes from sandy and stone-covered plots. The
wasteland site shows the smallest variability in surface characteristics and is mostly covered
by stone. Compared to the surface approach, the LCC approach was much less applicable
for the estimation of aeolian flux dynamics but gave insights into the spatial distribution
of OC. The highest percentage of OC is included in the woodland substrate (mean 1.16%),
redistributing the organic material from the closest vicinity of the trees (4.52%) to areas
further away. The wasteland sites show less OC (0.69%) as well as organic output, while
the sandy material accumulated on the wadi bed (OC 0.06%) yielded the greatest amount
of wind-eroded sediment by far. Compared to Sterk et al. (2012) [72], who measured
mean values ranging from 7.9 to 835.9 kg m−1 for similar substrate and highly dependent
on the duration of the measured storm event, our wadi test results (calculated for the
same units and durations) ranging from 41.1 to 198.7 kg m−1 seem plausible. The strong
connection between wind and water erosion, especially in arid and semi-arid regions, has
been acknowledged as “aeolian-fluvial transport corridors” [73] and is also indicated by
the results presented herein.

4.2. Possible Development of Dust Emission Potential in the Souss Basin

Remote sensing studies suggest a steady degradation of the argan forest during the
past decades [74] with increasing fragmentation of important stabilizing shrubs [75]. Most
authors associate desertification with high population and livestock pressure (e.g., [76,77])
accompanied by intensifying water scarcity due to declining aquifer recharge [78] and a
rising risk of water shortages [79]. The overexploitation of water resources is aggravated by
climate change [80]. Under the ongoing degradation of tree area, the bare and susceptible
surface in between the individuals increases [81]. It may also trigger wind erosion and
dust emissions due to increased connectivity [82], with effects ranging from reduced soil
fertility (e.g., [83,84]) and abrasion and deflation damage of young crops to infrastructure
damage such as the regional decreased efficiency of solar modules by settled airborne
dust [85]. Direct health risks associated with dust production are contamination of drinking
water and respiratory diseases (e.g., [86–88]) and may include bacteria whose species and
abundance relate to land use [89]. Adapted land management is a powerful tool against
degradation, desertification and the mitigation of climate change effects [30].

Apart from the local impact, the combined impact of the decreased forested area
together with potentially highly erodible substrates may lead to a marked impact on dust
emissions regarding potential long-range transport and connection to the global dust cycle.
Wadis are specifically highlighted as dust sources [90] and yielded the greatest amount
of erodible material during wind tunnel tests in this study, but the large mean grain sizes
(medium sand) suggest a limited transport on the local to regional scale. On the basis
that abrasion processes in the saltation layer are well known for generating fine dust
available for long-range aeolian transport [91,92], the vast amount of entrained material
may lead to a great release of fine dust into the atmosphere. Experimental studies highlight
particulate matter (10 µm) to originate from bombardment and inter-particle contact during
saltation [21], while other authors find the origin of clay and silt particles mostly related
to mineral coatings of the carrying sand grain [92,93]. Compared to non-sandy soils with
high percentages of fine-sized clay and silt, active sands are a minor contributor to global
dust [18] but may act as a potent scour agent over longer temporal scales, releasing the fine
material from the alluvial fans.
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5. Conclusions

• Entrainment of aeolian dust, including mineral and organic material, is a paramount
factor in understanding local, regional and global matter dynamics in the Souss Basin.
Under moderate-wind conditions, considerable amounts of mobilized dust were
measured for various surfaces related to the characteristic dryland environment and
land management.

• Effects of wind erosion partly explain the heterogeneity of OC distribution in the argan
woodland environment.

• If thorough field studies and characterization of surface parameters are not possible, a
less complex classification oriented on landscape features, as applied in this study, has
shown to provide valuable and reliable data to some extent.

• The revision of the concept of “intact crusts” in all semi-arid and arid regions with
probable animal or anthropogenic activity could increase the understanding and
modeling quality of dust emission potential. The status “intact” for an entire area may
be based on very small-scale plot observations, whereas on a larger scale, the crust
may be found to be disturbed.

• For a thorough understanding and budgeting of the dust emission dynamics from
the Souss Basin, the actual input of long-range transported Sahara dust by dry or wet
deposition is needed.
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