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Abstract. The endemic argan tree (Argania spinosa) populations in South Morocco are highly degraded due to overbrowsing,
illegal firewood extraction and the expansion of intensive agriculture. Bare areas between the isolated trees increase due to
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limited regrowth, however, it is unknown if the trees influence the soil of the intertree areas, but show lower soil quality than
their neighbouring tree areas. Hypothetically, spatial differences of soil quality parameters of the intertree area should result
from translocation of litter or soil particles (by runoff and erosion or wind drift) from canopy-covered areas to the intertree
areas.
385 soil samples were taken around the tree from the trunk along the tree drip line (within and outside the tree area) as well as
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the intertree area between two trees in four directions (upslope, downslope and in both directions parallel to the slope) up to
50 m distance from the tree. and They were analysed for gravimetric soil moisturewater content, pH, electrical conductivity,
percolation stability, total nitrogen content (TN), content of soil organic carbon (SOC) and C/N ratio. 74 tension-disc
infiltrometer experiments were performed near the tree drip line, within and outside the tree area, to measure the unsaturated
hydraulic conductivity.
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We found that the tree influence on its surrounding intertree area is limited, with e.g., CorgSOC- & and TN-content decreasing
significantly from tree trunk (SOC: 4.4 %, TN: 0.3 %) to tree drip line (SOC: 2.0 %, TN: 0.2 %). However, intertree areas near
the tree drip line (SOC: 1.3 %, TN: 0.2 %) differed significantly from intertree areas between two trees (SOC: 1.0 %, TN:
0.1 %), yet only with a small effect. Trends for spatial patterns could be found in eastern and downslope directions due to wind
drift and slope wash. Soil moisture water content was highest in the north due to shade from the midday sun, the influence
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extended to the intertree areas. The unsaturated hydraulic conductivity also showed significant differences between areas
within and outside the tree area near the tree drip line. This was the case on sites under different land usages (silvopastoral,
agricultural), slope gradients or tree densities.
Although only limited influence of the tree on its intertree area was found, the spatial pattern around the tree suggests that
reforestation measures should be aimed around tree shelters in northern or eastern directions with higher soil moistureswater
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content, TN- or CorgSOC-content to ensure seedling survival, along with measures to prevent overgrazing.

1

1 Introduction
The degradation of dryland forests is a major problem, since trees help prevent erosion and desertification ( Dregne, 2002;
FAO, 2019; Dregne, 2002; Verón et al., 2006). Due to a sparser vegetation cover, lower amounts of organic matter and rare
but intense rain events, soils in those regions are generally more vulnerable to erosive processes, which are result and cause
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for degradation and desertification (Ravi et al., 2010; Marzen et al, 2020; Vásquez-Méndez et al., 2011).
Vegetation commonly affects the underlying soil and modifies the characteristics of soil, e.g., making it more resistant to
erosive processes (Loch, 2000; Ludwig et al., 2005; Stocking and Elwell, 1976; Zhou et al., 2008). The impact on soils caused
by vegetation becomes noticeable in terms of island structures, where higher concentrations of nutrients occur as a result of a
strong accumulation under the protective cover of the canopy, especially in areas showing higher rates of drought (Allington
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and Valone, 2013; Garner and Steinberger, 1989; Ridolfi et al., 2008; Schlesinger et al., 1990). Reasons for the higher
concentrations near trees compared to bare areas between the trees are the protective cover of the canopy with regard to
eluviation and drought, as well as the tree’s ability to gather nutrients from the surrounding area (Escudero et al., 2004; Garner
and Steinberger, 1989; Ridolfi et al., 2008; Schlesinger et al., 1990). The higher amount of nutrients, especially the higher
input of organic matter in soils underneath trees leads to a higher resilience against erosion and is responsible for the darker
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insular appearance (Auerswald, 1995; de Boever et al., 2015; Garner and Steinberger, 1989; Pérez, 2019). Besides the added
fertility to the soil, dryland forests are also an important source of fodder for grazing livestock, making silvopastoral sys tems
the most characteristic form of land use in drylands (Solorio et al., 2017; Soni et al., 2016; Solorio et al., 2017).
The endemic woodlands of Argania spinosa are an example for an agro-silvopastoral system, which covers an area of
950.000 ha and is mainly located around the Souss basin in southwestern Morocco. It is well adapted to the high temperatures
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and water scarcity of South Morocco (Defaa et al., 2015; Ehrig, 1974; Mensching, 1957; Defaa et al., 2015).
The argan forest differs from other silvopastoral systems due to its complex usage rights involving grazing and browsing of
the trees by local and nomadic herds of goats, sheep and camels as well as rainfed agricultural cultivation of cerealsuse between
the trees (highly speculative due to high variation in precipitation) and collection of the fruits to harvest the valuable cosmetic
or alimentary argan oil (Alados and El Aich, 2008; Charrouf and Guillaume, 2009; le Polain de Waroux and Lambin, 2012;
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Charrouf and Guillaume, 2009; Lybbert et al., 2010; Alados and El Aich, 2008; Zunzunegui et al., 2017). This traditional
management was added to the Intangible Cultural Heritage of Humanity in 2014 (UNESCO, 2014), following the designation
of the argan forest as a UNESCO biosphere reserve in 1998 to stop deforestation due to agricultural expansion and degradation
resulting from overgrazing (Charrouf and Guillaume, 2018). In the past, the high fuel value of argan wood resulted in the
deforestation of the argan forest for use in the sugarcane industry or for sale as charcoal (Aït Hssaine, 2002; Faouzi, 2013; Aït

60

Hssaine, 2002). Although the argan woodlands have been designated a UNESCO biosphere reserve (Charrouf and Guillaume,
2018), afforestation programmes are now ongoing and some felled trees have resprouted, the slow growth of Argania spinosa,
the high grazing pressure and ongoing illegal firewood harvesting have led to a degradation of the woodlands that is visible in
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the architecture or growth form (Culmsee, 2005; Kirchhoff et al., 2019a; Marzolff et al., 2020) and the decrease of forest
density (up to 44.5% decline of wooded area between 1970-2007) (le Polain de Waroux and Lambin, 2012).
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This change in forest density has serious consequences for on the soil quality. Previous tests carried out on several sites of
Argania spinosa already confirmed higher nutrient and lower soil erodibilityquality levels under the canopy compared to bare
intertree areas, especially due to tree litter, higher soil water content due to shade and the stem acting as an obstacle against
erosion. These degraded intertree areas do not provide a good basis for young sprouts to develop. With regrowth hindered and
old trees being cut or dying-off the decline of forest density will only increase (Kirchhoff et al., 2019a). However, wind drift
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or slope runoff may move litter and soil material into the intertree area, thus possibly affecting soil quality parameters like soil
organic carbon or total nitrogen content outside of the area covered by canopy (Pérez, 2019). The tree also provides shade for
a part of the intertree area, which moves with the sun around the tree. The shade should have an effect on soil moisturewater
content, hypothetically with the highest soil moisture water content from the north of the tree (when the sun reaches its zenith
in the south) to the east of the tree (shadows grow longer, sun is lowering in the west, but air temperatures have increased
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compared to the morning) due to limited evaporation (see 2.2 Experimental design).
This hypothetical spatial pattern of influence of the tree on the soil has only been researched for pine trees (Zinke, 1962) but
not at all for argan trees or dryland forests, whereas These potential influences are shown in Fig. 1.
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Figure 1: Potential spatial pattern of tree influence on the intertree area.
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As argan trees have been partly degraded due to overbrowsing, their height, crown diameter as well as their crown shape varies
considerably (Culmsee, 2005). This should influence shade, litter availability and protection against runoff and erosion and
thus Corg- and N-content as well as other parameters of soil quality (de Boever et al., 2015). While the differences between tree
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or shrub vegetation and their corresponding intertree/intershrub areas have been investigated before, especially in ‘fertile
island’-research (e.g., Belsky et al., 1993; Boettcher and Kalisz, 1990; de Boever et al., 2015; Pérez, 2019; Qu et al., 2018; de
Boever et al., 2015; Boettcher and Kalisz, 1990; Belsky et al., 1993), the spatial pattern of influence around trees (Zinke, 1962)
has been less well researched and not at all for argan trees. . In South Morocco, where the geomorphologic processes are highly
dynamic (Aït Hssaine, 2002; Peter et al., 2014; Kirchhoff et al., 2019b; Aït Hssaine, 2002; Marzen et al., 2020; Peter et al.,
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2014), it is likely that litter and soil particles are dislocated to the intertree areas. The knowledge about this possible dislocation
and improvement of soil quality parameter values in the intertree areas could enable a better regrowth in these areas (Boulmane
et al., 2017; Defaa et al., 2015; Boulmane et al., 2017) or show the need for rehabilitation by limiting degradation factors like
overgrazing.
The aim of this study is therefore to analyse the spatial patterns distribution of the influences an individual argan tree has on
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soil quality properties of the intertree areas. For this purpose, we define
- “tree area” as the area covered by canopy (within the tree drip line, Fig. 1),
- “intertree area” as all area not covered by canopy (i.e., between tree areas).

2 Material & and mMethods
2.1 Study areas
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The three study areas Ida-Outanane, Taroudant and Aït Baha are located in the western part of the Souss basin (Fig. 12, between
30° and 31° northern latitude and 9° and 7° western longitude). 30 test sites (one ha each) were chosen in these three
environmentally differing study areas in order to cover varying altitudes, climate conditions and soil types (see Kirchhoff et
al., 2019a).
Ida-Outanane is located on the southern foothills of the High Atlas close to Agadir and the Atlantic Ocean. Thus, its climate
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is more maritime with temperatures very rarely exceeding 30 °C and precipitation ranging from 230-260 mm (data for the
suburbs of Agadir, 20 km away) (Díaz-Barradas et al., 2010; Saidi, 1995). Soils are mostly immature with Regosols, Leptosols
and Fluvisols (Jones et al., 2013) covering Paleozoic, Mesozoic and Cenozoic rocks of the High Atlas (Hssaisoune et al.,
2016). Traditional rainfed agriculture (mostly wheat cultivation) is practiced on three out of six test sites between the argan
trees while the rest is under silvopastoral land use.
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The study area of Taroudant also lies in the southern foothills of the High Atlas, but is situated further inland about 80 km
from the coast. The climate is more continental with 220 mm annual precipitation and a mean annual temperature of 20 °C
(Peter et al., 2014; Saidi, 1995). Eleven test sites are situated in the study area, seven on a loamy alluvial fan covering the
Pliocene and Quaternary fluvial, fluvio-lacustrine and aeolian deposits of the Souss basin (Aït Hssaine and Bridgland, 2009;
4

Chakir et al., 2014), the other four sites are located on the foothills of the High Atlas. The vegetation is mainly characterized
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by Argania spinosa as well as other shrubs and bushes such as Launaea arborescens, Ziziphus lotus, Acacia gummifera,
Euphorbia spec. and Artemisia spec. (Ain-Lhout et al., 2016; Peter et al., 2014; Zunzunegui et al., 2017). However, a dynamic
land use change has been taken place in the Souss basin for several decades, with traditional rainfed agriculture and argan trees
being replaced by more profitable irrigated citrus plantations as well as greenhouses for banana and vegetable cultivation
(d’Oleire-Oltmanns et al., 2012; Kirchhoff et al., 2019b; Peter et al., 2014).
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The study area Aït Baha is located on the northern foothills of the Anti-Atlas Mountains. Precipitation ranges from 250350 mm annually and the annual temperature averages 18.7 °C (Seif-Ennasr et al., 2016). The Anti-Atlas is mostly made up
of Precambrian and Paleozoic rocks, which are covered by Fluvisols (Jones et al., 2013) as well as Regosols and Leptosols.
Thirteen test sites are situated in this study area, with three on argan reforestation sites that often yield mixed results (Defaa et
al., 2015). Silvopastoral land use dominates on most test sites with cereals being cultivated between the argan trees on
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ploughing terraces (on three test sites).
They are called Ida-Outanane, Taroudant and Aït Baha. Ida-Outanane is located on the southern foothills of the High Atlas
close to Agadir and the Atlantic Ocean. The study area of Taroudant also lies in the southern foothills of the High Atlas, bu t
is situated further inland about 80 km from the coast. Aït Baha is located on the northern foothills of the Anti-Atlas Mountains.
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Figure 2: Study areas Aït Baha, Ida-Outanane and Taroudant in the Souss basin. Argan distribution area shown in green shades
(map modified from d’Oleire-Oltmanns et al., 2012).

The climate in the Souss region is semi-arid to arid because the High Atlas Mountains act as a barrier for humid-air masses
from the north (Hssaisoune et al., 2020). Due to their different locations the study areas differ climatically. The climate in Ida135

Outanane is more maritime due to its position near the Atlantic Ocean with temperatures very rarely over 30° C and
precipitation ranging from 230-260 mm (data for the suburbs of Agadir, 20 km away) (Saidi, 1995; Díaz-Barradas et al., 2010).
The more continental study area of Taroudant only receives 220 mm precipitation and shows a mean annual temperature of
20° C (Saidi, 1995; Peter et al., 2014). Although Aït Baha is not as close to the Atlantic Ocean the annual precipitation of
280 mm is higher than that of Ida-Outanane. The mean annual temperature is 18.7° C (Saidi, 1995; Seif-Ennasr et al., 2016).
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Figure 3 shows that in recent years the annual precipitation of this study area has decreased to ca. 220 mm, possibly a sign of
higher aridity due to climate change (Seif-Ennasr et al., 2016). Figure 3 also showcases the high variability in rainfall that is
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typical for this region; rainfall is mostly concentrated from late autumn to early spring (Díaz-Barradas et al., 2010; Kirchhoff
et al., 2019b).
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Figure 3: Precipitation at Aït Baha (data acquired from the Haut Commisariat des Eaux et Fôrets of Aït Baha, Morocco).

The High Atlas contains Paleozoic, Mesozoic and Cenozoic rocks, while Precambrian and Paleozoic rocks mostly make up
the older Anti-Atlas (Hssaisoune et al., 2016). The Souss basin, which is drained by the ephemeral river Souss, is filled with
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Pliocene and Quaternary fluvial, fluvio-lacustrine and aeolian deposits, which are in turn covered by numerous loamy
Quaternary alluvial fans (Aït Hssaine and Bridgland, 2009; Chakir et al., 2014). Soils are mostly immature in all three study
areas, and Regosols, Fluvisols near the many ephemeral rivers and Leptosols on the foothills of High Atlas and Anti-Atlas
prevail (Jones et al., 2013; Peter et al., 2014). The study area of Taroudant showed the finest grain sizes, since most test sites
were situated on an alluvial fan, while Ida-Outanane showed the highest sand and silt and lowest clay contents (Tab. 1).
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Table 1: Distribution of grain sizes in the three study areas (from Kirchhoff et al., 2019a; Marzen et al., 2020).
Study area

Sand (%)

Silt (%)

Clay (%)

Mean grain size (mm)

Aït Baha

50.67 ± 11.55

30.45 ± 9.08

18.88 ± 5.07

0.20 ± 0.09

Ida-Outanane

50.72 ± 11.91

32.14 ± 10.63

17.14 ± 3.77

0.21 ± 0.06

Taroudant

48.85 ± 9.29

31.65 ± 9.29

19.50 ± 3.52

0.17 ± 0.09
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A dynamic land use change has been taken place in the Souss basin for several decades, with traditional rainfed agriculture
being replaced by irrigated citrus plantations as well as greenhouses for banana and vegetable cultivation (d’Oleire-Oltmanns
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et al., 2012; Kirchhoff et al., 2019b; Peter et al., 2014). Since this land use is more profitable, argan trees are removed in favour
of an expanding agriculture, while young trees are planted as compensation, often with mixed results (le Polain de Waroux
and Lambin, 2012; Defaa et al., 2015). On the foothills of the mountains the vegetation is mainly characterized by Argania
spinosa as well as other shrubs and bushes such as Launaea arborescens, Ziziphus lotus, Acacia gummifera, Euphorbia spec.
and Artemisia spec. (Peter et al., 2014; Ain-Lhout et al., 2016; Zunzunegui et al., 2017).
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30 test sites were chosen in these three environmentally differing study areas in order to cover varying altitudes, climate
conditions and soil types. To ensure comparability the 30 test sites were classified by their principal land-use/environmental
characteristics (see Kirchhoff et al., 2019a). Neighbouring test sites can be differentiated using these attributes. One tree per
test site was investigated, except on one test site where sampling was undertaken around two trees (31 trees in total).
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Figure 12: Study areas Aït Baha, Ida-Outanane and Taroudant in the Souss basin shown in black rectangles. Argan distribution
area shown in green shades (map modified from d’Oleire-Oltmanns et al., 2012).
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2.2 MethodsExperimental design
The potential influences of the tree on the intertree area are shown in Fig. 2 (in eastern directions due to wind drift, downslope
175

due to hillslope wash, north due to shade in the midday sun). One tree per test site was investigated, except on one test site
where sampling was undertaken around two trees (31 trees in total), therefore sampling 13 trees in the study area of Aït Baha,
seven trees in the study area Ida-Outanane and eleven trees in the study area of Taroudant.
The trees were chosen to be as representative as possible for their test site, with regard to their size, degradation status and the
distance between a sampling tree and its neighbour (see Kirchhoff et al., 2019a). Therefore, sampled trees were between 1 and
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8 m high and varied from tall trees with round crowns to very dense shrub-like tree forms. Tree density varied from 3 to
292 trees ha-1. In most test sites, the tree areas showed a higher vegetation cover than the intertree areas while the intertree
areas were bare with a medium to high stone cover.

Figure 21: Potential spatial pattern of tree influence on the intertree area.
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2.2.1 Soil sampling and soil analyses
To measure the potential influence of the tree on the intertree area shown in Fig. 2, we took 13 soil samples around each tree.
One was taken next to the trunk (T1), while we took three soil samples each in four directions around the tree, namely upslope,
downslope and in both directions parallel to the contour lines. The three samples in each direction were taken with increasing
190

distance from the tree trunk, one soil sample next to the trunk, while we chose other soil samples in the downslope and upslope
direction and in both directions parallel to the contour lines. We took three soil samples in each direction, one near the tree
drip line under the canopy (T2), the next near the tree drip line just outside the crown’s cover (IT3), and the third in the intertree
area at the midpoint between the tree and its next neighbouring tree in that direction (IT4, Fig. 34). The two samples at the tree
drip line (T2 & IT3) were generally about one metre apart, depending on the crown’s shape and the surface conditions.
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Figure 34: Schematic diagram of soil sampling locations in the tree and intertree area.
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The 385 disturbed surface soil samples were taken during a field campaign in February and March 2019 up to a depth of 5 cm.
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Since not all slopes were south-facing, transect directions were recorded in 8 directions of 4522.5° angles each (e.g., N = 337.5
– 22.5°, NE = 22.5 – 67.5°). As the argan forest does not grow in a perfect grid pattern and the nearest tree in the sampling
direction was not always in the exact direction needed, 90° differences between transect directions could not always be assured,
but could vary some degrees to the left or right. For some trees less soil samples were taken due to the different tree densities
and different tree architectures. For very dense, shrub-like trees it sometimes was not possible to sample the soil at the T2
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sampling location because the soil was too well protected by the thorny, dense crown. Tree-tree distances on test sites with a
high tree density could be very small, so that IT3 and IT4 sampling locations were the same on these test sites. Mean tree-tree
distances on the test sites varied from 1.8 m to 17.5 m, with trees sometimes growing in tree groups and not being equally
distributed on the test sites, so that some distances between trees could be much larger with a maximum of 50 m on one test
site.
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For more information about the potentially different conditions of tree and intertree area near the tree drip line, the unsaturated
hydraulic conductivity of the soils was chosen. Dual measurements with a tension-disc infiltrometer were taken in one direction
parallel to the contour lines at the tree drip line at the T2 and IT3 locations for 19 out of 30 test sites, with 74 measurements
overall in October/November 2019. For each test site we measured T2 and IT3 simultaneously on the same day to be able to
compare the two sampling locations (see section 2.4 for more information).
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2.32.1 Soil sampling and soil analyses
The pH was measured using distilled water (DIN ISO 10390:1997-05, 1997). The electric conductivity was determined by the
method described in DIN ISO 11265:1997-06 (1997). The measurement of the pH-value and the electrical conductivity was
performed using the WTW Multi 3410 Set Tetra Con.
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To measure the percolation stability, the method described by Auerswald (1995) and Becher (2001) was used. 10 g of airdried, 1-2 mm aggregates, sieved for the size 1-2 mm, were prepared in plexiglass tubes enclosed by a thin layer of sand on
each end. To acquire a homogenous and tight packing of the material the tube was tapped 20 times onto a hard surface. The
tube was connected to a bottle of water placed on top of a scale which recorded the amount of water flowing through the tubes
with a constant water pressure of 20 hPa, which was maintained by a Mariotte’s bottle. The experiment lasted 10 minutes,
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higher amounts of water passing through the tubes implied a higher stability of the aggregates, as water still finds found its
way through macropores, while lower values showed a low stability as aggregates broke apart and water could only flow
through fine pores. The outcomes were corrected for total sand according to the equation described by Mbagwu and Auerswald
(1999).
The total soil carbon content was analysed using thermal oxidation and infrared spectral detection using the carbon analyser

230

LECO RC-412. The content of organic and mineral carbon was determined by a combustion in two steps with temperatures of
550 °C and 1000 °C. The total nitrogen content was analysed with the TruSpec Macro by Leco in accordance with DIN EN
12

16168:2012-11 (2012) with a temperature of 950 °C. Both soil organic carbon (CorgSOC) and nitrogen (TN) content are given
in %.
2.42.2 Tension-disc infiltrometer experiments
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For more information about the potentially different conditions of tree and intertree area near the tree drip line, the unsat urated
hydraulic conductivity of the soils was chosen. It The unsaturated hydraulic conductivity was measured by tension-disc
infiltrometers by Decagon Devices, METER Group Inc. (METER Group Inc., Munich, Germany). This infiltrometer is divided
into two chambers. The device uses the principle of a Mariotte’s bottle with the two chambers being connected by two small
tubes and the lower chamber being contained by a sintered-steel disc. One of the tubes can be used to adjust the suction, thus
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being able to eliminate the flow through macropores (Dohnal et al., 2010). This device’s steel disc has a diameter of 4.5 cm
with a water capacity of 135 ml in the lower chamber of 135 ml water. Tap water was used for the experiment. Since the soils
in the study areas are very heterogenous with many embedded rocks in the soil surface, the hydraulic contact between the soil
and the tension-disc infiltrometer was ensured with a thin layer of sand between the disc and the soil (Hopmans et al., 2002;
Perroux and White, 1988; Reynolds and Zebchuk, 1996). Each measurement consisted of four runs to ensure measuring
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hydraulic conductivity with different suction rates, namely 4, 2, 1 and 0.5 cm. Each run lasted 15 minutes and infiltration was
measured every minute in the beginning to every three minutes in the end of the experiment. We used the method of Zhang
(1997) to determine hydraulic conductivity by using Eq. (1):
K=

𝐶1
A

,

(1)

where K equals the hydraulic conductivity, C1 equals the slope of cumulative infiltration over time and A equals a value putting
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the van Genuchten parameters of the measured soil in relation to the chosen suction rate and the radius of the infiltrometer disc
(van Genuchten, 1980). Carsel and Parrish (1988) provide van Genuchten parameters for 12 different texture classes. At the
time of the measurements in October/November 2019 soils were very dry in all three study areas (soil water content at the
measurement points: 0.1 – 0.6 %). Soil texture classes were the same for T2 and IT3 sampling locations on 16 out of 19 test
sites.
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Dual measurements were taken in one direction parallel to the contour lines at the tree drip line at the T2 and IT3 locations for
19 out of 30 test sites, with 74 measurements overall.
2.52.2 Statistical aAnalyseis
Potential differences between T1, T2, IT3 and IT4 were tested using a Kruskal-Wallis-Test. In case of significant differences,
subsequent post-hoc tests (Dunn-Bonferroni-Tests) were carried out to find which groups differed significantly from each
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other (p < 0.05). A Wilcoxon-Test was used to test for potential differences between the tension-disc infiltrometer
measurements for T2 and IT3 sampling locations. These tests were carried out using the software IBM SPSS Statistics 25
(IBM, Armonk, USA). Since significance tests only show if there are differences in the data but do not give information about
13

the size of the difference, the effect size was calculated. Because the p-value is dependent on the size of the sample as well as
the size of the effect, it is possible to receive a significant result with a large enough sample but a small effect (Coe, 2002).
265

Thus, the effect size is used to quantify the difference between the data if a significant result is found. In this study Pearson’s
r was used as the effect size, where the values 0.1, 0.3 and 0.5 show a small effect, a medium effect and a large effect
respectively (Cohen, 1988; Cohen, 1992).

3 Results
3.1 Differences between the sampling locations T1 - IT4
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The differences between the tree area (T1) and the intertree area (IT4) have been previously discussed in by Kirchhoff et al.
(2019a). However, in the previous study the samples were only taken in one direction and did not take the tree drip line into
account (T2 and IT3). Table 21 displays the means and standard deviationsaverage values of T1, T2, IT3, IT4 for the studied
soil parameters fine material < 2 mm (%), coarse material > 2 mm (%), soil moisture (%), pH, electrical conductivity (EC,
µS), percolation stability (PS, ml 10 min-1), nitrogen content (N, %), content of soil organic carbon (Corg, %) and C/N ratio
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regardless of the direction from the tree.

Table 21: Mean and standard deviation values for analysed parameters for T1 (near tree trunk), T2 (near tree drip line, within tree
area), IT3 (near tree drip line, outside tree area) and IT4 (intertree area between two trees) samples. EC: electrical conduc tivity;
PS: percolation stability; TN: total nitrogen content; CorgSOC: content of soil organic carbon; C/N: C/N ratio.

Parameter/

Fine

Coarse

Soil

Sample

material

material

water

pH

< 2 mm

> 2 mm

content

(%)

(%)

moisture

T1

79.0 ± 14.3

21.0 ± 14.3

T2

73.8 ± 14.6

26.2 ± 14.6

EC

PS

TN

Corg

(µS)

(ml 10 min-1)

(%)

SOC

C/N

(%)

(%)
1.21

±

7.9 ± 0.2

0.81.0 ±

7.8 ± 0.2

0.8

71.8 ± 14.8

28.2 ± 14.8

01.70

72.1 ± 13.6

27.9 ± 13.6

0.56

268.0 ±

±

7.8 ± 0.2

256.2 ±

±

7.8 ± 0.2

235.1 ±
29.6
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14

±

0.2

±

0.1
90.5 ± 84.2

54.1

0.89

0.3
0.2

148.2 ± 123.3

38.6

02.73
IT4

190.6 ± 107.4

77.8

02.70
IT3

306.8 ±

0.2

±

0.1
60.5 ± 72.1

0.1
0.0

±

4.4 ±

12.4 ±

2.5

3.6

2.0 ±

9.3 ±

1.0

2.4

1.3 ±

8.1 ±

0.7

2.1

1.0 ±

7.9 ±

0.6

3.8

The averages show that there is a continuous decline of values from T1 along T2 and IT3 to IT4 for the parameters soil
moisturewater content, EC, PS, TN, Corg SOC and C/N. The content of fine material is highest in the tree area, yet has decreased
from the tree trunk to the tree drip line. Outside the canopy the content of fine material shows the lowest values while the
content of coarse material is likewise increasing. A Kruskal-Wallis-Test confirmed that there are significant differences (p <
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0.05) depending on the sampling position for the parameters soil moisturewater content, pH, EC, PS, TN, Corg SOC and C/N.
These parameters were subsequently analysed for significant differences using Dunn-Bonferroni-Tests and for their effect size
(Tab. 23).
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Table 3: Effect sizes (Pearson’s r) for significant differences (p < 0.05) between sampling locations for the analysed parameters.
Values show the size of the effect, when significantly different. n/a = not applicable, no significant difference (in red); o range: small
effect ≥ 0.1; yellow: medium effect ≥ 0.3; green: large effect ≥ 0.5. EC: electrical conductivity; PS: percolation stability; N: nitrogen
content; Corg: content of soil organic carbon; C/N: C/N ratio.

Parameter/

Soil

pH

EC

PS

N

Corg

C/N

Comparison moisture
T1 – T2

n/a

0.37

n/a

n/a

0.3

0.34

0.35

T1 – IT3

0.28

0.29

0.31

0.39

0.53

0.6

0.56

T1 – IT4

0.42

n/a

0.49

0.55

0.72

0.77

0.68

T2 – IT3

n/a

n/a

0.19

0.24

0.29

0.33

0.26

T2 – IT4

0.28

0.21

0.42

0.45

0.53

0.55

0.42

IT3 – IT4

0.18

n/a

0.23

0.21

0.24

0.22

n/a

Table 32 shows that most differences between the sample points are significant with the exception of pH-values (n/a in red
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colour), while fine and coarse material do not show significant differences at all. The differences between T1 and T2 are not
significant for soil moisturewater content, EC and PS, thus indicating an influence of the canopy cover on these parameters.
Soil moisture water content is also not significantly different near the tree drip line (T2, IT3) suggesting a possible influence
of the tree on the intertree area. Large effect sizes are visible for the parameters PS, TN, Corg SOC and C/N and show the large
difference of values between the T1 and IT4 sample locations. This is visible for soil moisture water content and EC as well
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but with only medium effect sizes. TN, Corg SOC and C/N also show significant differences with a large effect between T1
and IT3, a medium effect between T2 and IT3, while the difference between T2 and IT3 shows only small to medium effects,
indicating that the closer the sample is located to the tree trunk, the higher the value will be. Boxplots from T1 -IT4 sampling
locations are shown exemplarily for Corg SOC (Fig. 45) with highest values around the trunk and PS (Fig. 56) with a high
amplitude of values in the T2 sampling location.
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Table 2: Effect sizes (Pearson’s r) for significant differences (p < 0.05) between sampling locations for the analysed parameters.
Values show the size of the effect, if significantly different. n/a = not applicable, no significant difference; small effect ≥ 0.1; medium
effect ≥ 0.3 (in italics and underlined); large effect ≥ 0.5 (bold). EC: electrical conductivity; PS: percolation stability; TN: nitrogen
content; SOC: content of soil organic carbon; C/N: C/N ratio.

Parameter/

Soil

pH

EC

PS

TN

SOC

C/N

Comparison water
content
T1 – T2

n/a

0.37

n/a

n/a

0.3

0.34

0.35

T1 – IT3

0.28

0.29

0.31

0.39

0.53

0.6

0.56

T1 – IT4

0.43

n/a

0.49

0.55

0.72

0.77

0.68

T2 – IT3

n/a

n/a

0.19

0.24

0.29

0.33

0.26

T2 – IT4

0.29

0.21

0.42

0.45

0.53

0.55

0.42

IT3 – IT4

0.18

n/a

0.23

0.21

0.24

0.22

n/a
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Figure 45: Boxplots showing the the content of soil organic carbon (CorgSOC) for T1 (near tree trunk), T2 (near tree drip line, within
tree area), IT3 (near tree drip line, outside tree area) and IT4 (intertree area between two trees) sampling locations. Median: solid
line, mean: dash line, dots: 5th and 95th percentile.
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Figure 56: Boxplots showing the results of percolation stability (PS) analysis for T1 (near tree trunk), T2 (near tree drip line, within
tree area), IT3 (near tree drip line, outside tree area) and IT4 (intertree area between two trees) sampling locations. Median: solid
line, mean: dash line, dots: 5th and 95th percentile.
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A possible correlating factor with the T1-IT4 results is the distance from the tree trunk, yet it did not yield any significant
correlating results. A normalisation of this distance with the crown’s radius in the measured direction showed an R 2 = 0.27 for
an exponential trend line for the parameter Corg SOC (no correlation for the other parameters), yet showed no significance in
325

the results.
3.2 Tension-disc infiltrometer experiments
The unsaturated hydraulic conductivities (K h) near the tree drip line (T2 and IT3) were measured on 19 test sites. Figure 76
compares the measurement locations T2 and IT3 with the different suction rates used (4, 2, 1 and 0.5 cm). The Kh-values
increase from higher to lower suctions, since the water is able to infiltrate into coarser pores and more water can infiltrate into
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the soil. T2 shows average values of 17.6, 26.5, 33.2 and 41.1 mm h-1 for the suction rates 4, 2, 1 and 0.5 cm respectively. The
mean values of IT3 for the same suction rates are 12.6, 19.6, 24.6 and 29.6 mm h-1. The measurement location T2 differs
significantly from IT3 (p < 0.01 for suction rate 4, 2, 0.5 cm and p < 0.05 for suction rate 1 cm). The effect sizes are r=0.51
for suction rate 4 cm, showing a high effect, while suction rates 2, 1 and 0.5 cm show medium effect sizes with r=0.49, 0.42
and 0.47, respectively.
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Figure 67: Boxplots showing the unsaturated hydraulic conductivities (K h) values for suctions 4, 2, 1 and 0.5 for T2 (near tree drip
line, within tree area) and IT3 (near tree drip line, outside tree area) sampling locations. Median: solid line, mean: dash line, dots:
5th and 95th percentile.
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3.3 Directional patterns
Averaging the soil-parameter values over all directions for T2, IT3 and IT4 has shown a decrease of values from tree trunk to
intertree area. However, if there were an influence of the tree in one specific direction, the means in Tab. 12 would not show
it. All directions of sampling (N, NE, E, SE, S, SW, W & and NW) need to be looked at separately.
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We drew spider diagrams to show if the values were distributed equally along all directions (Fig. 78). The parameters Corg
SOC and TN show higher T2 mean values in the E to S directions. In the IT3 mean values this trend is visible but not as
pronounced while the IT4 values only show a slight tendency in the S direction. The parameter soil moisture water content
shows the highest values in N and SE directions for the T2 and IT3 sampling locations, EC and C/N show very similar values
along all directions but a slight tendency in E to S directions for the T2-samples. PS shows the highest means for T2 in the E
20
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and NW directions, for the IT3 samples NW and SE directions are the most pronounced. The average pH-values appear highest
in the NE, SE, SW and NW directions for the IT4 samples.
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Figure 78: Spider charts showing the means for each direction and parameter and sampling location. A: Mean soil moisturewater
content, B: mean pH, C: mean electrical conductivity, D: mean percolation stability, E: mean total nitrogen content, F: mean content
of soil organic carbon, G: mean C/N ratio, H: median content of soil organic carbon.

Since not all test sites were situated on equally exposed slopes, we also normalised the cardinal directions of the data to show
the directions downslope, upslope and along the contour lines to the left and right (looking upslope) from the tree. When the
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data is thus reorganized, it becomes apparent that Corg SOC (exemplary) is distributed further downslope or to the right side of
the tree (Fig. 89). In most cases eEastern and sSouthern directions are at the right side and downslope, respectively. Upslope

22

corresponds to the direction N in 19 out of 30 cases, right corresponds to the direction E in 16 out of 30 cases, downslope to S
in 15 out of 30 cases and left to W in 16 out of 30 cases.
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Figure 89: Boxplots showing the content of soil organic carbon (CorgSOC) values for slope positions upslope, left of the tree looking
upslope, downslope, right of the tree looking upslope for sampling locations T2 (near tree drip line, within tree area), IT3 (near tree
drip line, outside tree area) and IT4 (intertree area between two trees). Median: solid line, mean: dash line, dots: 5th and 95th
percentile.
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Table 34 shows the averages plus standard deviations for all parameters for each slope direction. The parameters EC, PS, Corg
SOC and C/N show the highest averages for T2 right of the tree. PS shows the highest means downslope for IT3 and IT4,
while soil moisture water content shows the highest means upslope and left for T2 and upslope and right for IT4. Test sites on
steeper slopes do not show higher translocation of material downslope as test sites with lower slope values in all cases.
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Table 34: Average values ± standard deviations for all parameters for each sample location in slope direction. T2: near tree drip
line, within tree area; IT3: near tree drip line, outside tree area; IT4: intertree area between two trees; EC: electrical co nductivity;
PS: percolation stability; TN: total nitrogen content; CorgSOC: content of soil organic carbon; C/N: C/N ratio. Green areasThe show
the singular highest values for each parameter for T2/IT3/IT4 are highlighted bold.

Parameter/

Soil

sample location

moisture

pH

EC (µs)

PS
(ml 10min-1)

24

N (%)

Corg SOC C/N
(%)

water
content
(%)
upslope

T2

IT3

left

0.98

±

0.7

7.7 ± 0.2

254.7 ± 31.5

151.8 ± 138.1

0.2 ± 0.1

1.7 ± 0.9

9.1 ± 2.1

7.8 ± 0.1

261.9 ± 38.8

142.2 ± 124.6

0.2 ± 0.1

1.7 ± 0.8

8.7 ± 1.8

Formatierte Tabelle

0.8 ± 0.8

7.8 ± 0.2

271.6 ± 36.6

137.6 ± 104.6

0.2 ± 0.1

2.1 ± 1.1

9.4 ± 2.7

right

0.7 ± 0.6

7.8 ± 0.2

283.2 ± 41.5

167.1 ± 122.3

0.2 ± 0.1

2.4 ± 1.1

9.9 ± 2.6

upslope

0.7 ± 0.7

7.8 ± 0.2

249.2 ± 36.7

84.0 ± 74.2

0.2 ± 0.1

1.3 ± 0.6

8.5 ± 2.7

left

0.7 ± 0.7

7.8 ± 0.2

260.3 ± 66.4

87.2 ± 79.7

0.2 ± 0.0

1.2 ± 0.5

7.6 ± 1.4

hat formatiert: Schriftart: Fett

downslope

0.7 ± 0.7

7.8 ± 0.2

250.5 ± 26.1

102.6 ± 100.6

0.2 ± 0.1

1.4 ± 0.9

7.9 ± 2.1
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right

0.6 ± 0.6

7.8 ± 0.2

252.8 ± 28.4

91.2 ± 78.3

0.2 ± 0.0

1.5 ± 0.5

8.5 ± 1.9

hat formatiert: Schriftart: Fett

7.8 ± 0.2

234.9 ± 29.1

54.8 ± 58.4

0.1 ± 0.0

1.0 ± 0.5

7.8 ± 2.2

0.68

±

0.71.3
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0.5 ± 0.6

7.9 ± 0.2

233.4 ± 31.6

65.6 ± 78.4

0.1 ± 0.0

1.1 ± 0.6

8.4 ± 5.6

hat formatiert: Schriftart: Fett

downslope

0.5 ± 0.7

7.8 ± 0.2

236.7 ± 31.4

80.4 ± 87.1

0.1 ± 0.1

1.1 ± 0.6

7.4 ± 1.2

hat formatiert: Schriftart: Fett

7.9 ± 0.2

235.1 ± 27.4

46.2 ± 57.0

0.1 ± 0.0

1.0 ± 0.6

8.2 ± 4.4

0.65
1.00.6

±
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However, a Kruskal-Wallis-Test on the geographic directions as well as on the slope directions did not yield significant
differences. Trends in specific directions are visible, but not every tree shows the same directional bias for each parameter.

4 Discussion
This study’s aim was to analyse if and how the argan tree influences its surrounding soil outside its canopy using soil sampling
and analysis as well as tension-disc infiltrometer experiments. Despite being canopy-covered, the distance from the trunk to
the tree drip line shows a decrease of values for most analysed soil parameters. A significant difference was found between
IT3 and IT4 values for most parameters, yet showed only a small effect. The distance from the tree trunk as well as the
normalised distance by the crown’s radius was considered to be a correlating factor, yet did not show any significant correlation
to the studied parameters. This might be because there is not an even distribution of litter cover along all directions and due to
390
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left

right

385

hat formatiert: Schriftart: Fett

downslope

upslope

IT4

0.9 ± 0.7

the difference in the test sites.
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The decrease of parameter values from under the tree crown via the tree drip line to the intertree area was discussed before by
Zinke (1962) for much different climatic conditions and forest densities. Analyses on the effects of Belsky et al. (1993)
analysed the effects of savanna trees (Belsky et al., 1993) and acacia trees (De Boever et al., 2015) and found a rapid decrease
of organic matter from the tree trunk in most cases, which corresponds well with our findings for argan trees. A decrease of
395

nitrogen content with lateral distance from the plant was also described by García-Moya and McKell (1970). The better soil
quality properties under trees or shrubs in comparison to the corresponding intertree or intershrub area haves been discussed
in fertile island research before (Boettcher and Kalisz, 1990; Pérez, 2019; Qu et al., 2018; Boettcher and Kalisz, 1990). Garner
and Steinberger (1989) argued that micro-, meso- and macro-fauna are drawn to the tree area since it contains the highest soil
moisturewater content, the lowest day-time temperatures and the highest abundance of food sources. This concentration is the
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cause for the fertile island structure in arid environments. The area around the tree drip line under the canopy is exposed to the
sun at least part of the day while the amount of litter is not as high as around the trunk. This could be a reason for the much
lower values at the T2 sampling locations.
The average values of T2 and IT3 differ significantly for all analysed soil parameters as well as for unsaturated hydraulic
conductivities but with different effect sizes. However, the difference between T2 and IT3 is much lower than the difference
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between T1 and T2 for most parameters. As seen in Fig. 87, the IT3 values are more similar to the IT4 values than to the T2
values. The results lead to the conclusion that the influence of the tree on the intertree area is limited. De Boever et al. (2014)
found that organic material correlated well with soil porosity and bulk density thus possibly explaining Tthe medium to large
effect for the unsaturated hydraulic conductivities between T2 and IT3 sampling locations. could be explained by the higher
porosity due to a higher content of organic material under the tree (de Boever et al., 2014) asAnother possible explanation is
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well as a the higher number of broken-up aggregates due to splash erosion and a subsequent sealing of the pores outside of the
tree area (le Bissonais, 1996). In a previous study, we found higher average suspended sediment concentrations (4.42 g L-1
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compared to 2.18 g L-1 under argan trees)erosion rates as well as lower average infiltration rates in the intertree areas
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(229.56 mm h-1 compared to 452.57 mm h-1 under argan trees) (Kirchhoff et al., 2019a). However, the unsaturated hydraulic
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conductivities of the T1 and IT4 in our earlier study should not be compared with the T2 and IT3 values in this study, since
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they were sampled in two different field phases under different seasonal conditions. Since all suction rates displayed significant
differences with medium to large effects between T2 and IT3 sampling locations, we can assume that it is harder for water to
infiltrate into the soil outside the tree drip line. This leads to the conclusion that erodibility is higher outside the tree drip line
as well (Peter and Ries, 2013) which is confirmed by the percolation stability values that are also closely linked to erodibility
(Auerswald, 1995; Mbagwu and Auerswald, 1999) and mostly show values < 250 ml 10 min-1 that would lead to higher interrill
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erosion, even in the tree area (Mbagwu and Auerswald, 1999).
Although no significant differences between the sampling directions were found, trends are visible and can be attributed to t he
processes acting on the tree and the surrounding intertree areas. The parameter Corg SOC shows the most pronounced effects
in eastern directions (mostly E, SE) which corresponds to the main wind direction. Marzen et al. (2020) found relatively high
wind erosion rates under trees using an experimental wind tunnel on one of the here-analysed study sites with the eroded
26
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material being mostly tree litter. Sirjani et al. (2019) show a negative correlation between Corg SOC-content and wind erosion,
since higher organic matter often leads to more particle aggregation and more stable aggregates (Tatarko, 2001). However,
Chepil (1954) argues that these aggregates are not big enough to resist the erosive winds common in drylands. As is shown in
Tab. 34, litter is mostly translocated to the right side of the tree (view upslope, T2 & and IT3) due to its lighter weight while
more stable aggregates are found on the right side of the tree (T2) but downslope for IT3 and IT4. This suggests that litter is
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mostly moved by wind from the tree to the intertree area but that larger soil particles and aggregates are further translocated
by slope wash. Although the percolation stability is measured on 1-2 mm large macroaggregates (Auerswald, 1995) it is
reasonable to assume that smaller aggregates are similarly stable and wind can move them by surface creep to the east only
small distances (Chepil, 1945; Lyles, 1988; Yang et al., 2020; Chepil, 1945). Dunkerley (2000) remarked that litter was likely
to be washed out and dispersed leading to low amounts of litter in the intertree areas, which is visible in Tab. 34. Some test
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sites show higher IT4 values in the west (or right side of the tree, e.g., C/N in Tab. 34), suggesting a translocation of litter
further from the tree drip line into the intertree areas. Since tree-to-tree distances vary, the size of the intertree areas vary as
well, with close-spaced IT4s showing higher values than wide-spaced intertree areas, where translocation from the tree area is
less likely (Li et al., 2008; Zhang and Wang, 2017). Trees in close distance from each other could lead to a reduction in wind
speed in the intertree area, yet for most trees the eroded material (mostly lightweight litter) is deposited in the quiet zone behind
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the tree (Leenders et al., 2007).
The type of tree (architecture, size, genetic variety) could be a possible explanation for the missing significance of the
directions. Since argan trees differ in their architecture due to degradation by overbrowsing and woodcutting (Culmsee, 2005;
le Polain de Waroux and Lambin, 2012) they also differ in their potential to shield the soil under the trees from wind or water
erosion. Very degraded shrub-like trees should protect the canopy-covered area much better than tall trees whose crown is not
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in contact with the surface. The litter production can also be a determining factor for the differences between the analysed
trees. As Zahidi et al. (2013a) point out, some trees shed their leaves during long periods of drought, possibly leading to a
higher production of litter that can be blown or washed off. As different morphotypes and genotypes exist (Majourhat et al.,
2008), differences in soil quality parameters might not originate only from the test sites themselves but also the differences of
the sampled trees.
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Although the soil qualitymost of the measured soil parameter values decreases from T1 to T2, the T2 values might still be high
enough to support young seedlings. Defaa et al. (2015) found higher chances of seedling survival when planted near tree
shelters, possibly because of a better microclimate, which matches the soil moisture water content values around the tree
measured in this study. Higher soil qualities were also found in the intertree areas near fertile islands (Qu et al., 2018), while
degradation could be halted by short-rotation forestry of Eucalyptus in NW Morocco (Boulmane et al., 2017). However,
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feedback processes could lead to a transition to a fully arid ecosystem (Schlesinger et al., 1990), especially under the current
land use pressure, making it increasingly difficult for reforestation. This is visible for some parameters in the relatively high
differences between T1 and T2 values. Climate change will also make parts of the current habitat unsuitable for Argania
spinosa (Moukrim et al., 2019), with future droughts making it necessary for human intervention to reduce damage to seedlings
27

(Chakhchar et al., 2017; Zahidi et al., 2013b; Chakhchar et al., 2017), possibly by improving the microclimate in the argan
460

forest by measures to prevent overgrazing.

5 Conclusion
In this study, we were able to show that spatial patterns of tree influence on soil properties exist around argan trees. They are
most pronounced due to, e.g., litter translocation to the east and downslope of the tree and due to the effect of midday shade
to the north of the tree on gravimetric soil water content. The decrease of the studied soil parameter values with increasing
465

distance from the tree trunk suggests that a fertile island structure is concentrated solely around the trunk while the rest of the
tree area is still protected by the canopy, as visible in the infiltration properties, but is more similar to the intertree area.
Reforestation measures should aim to plant young sprouts close to the trees, ideally in northern or eastern directions to take
advantage of the shade (higher soil water content) and the higher content of soil organic carbon and nitrogen. Since not all
argan trees are similar in size, tree architecture and genetic variety, more research is needed on how these factors influenc e the
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soil under argan trees.
Using the soil parameters soil moisture, pH, electrical conductivity, percolation stability, total nitrogen, soil organic carbon
and C/N ratio we showed that the influence of argan trees on their surrounding intertree area is mostly limited; soil quality
already decreases under the canopy. Near the tree drip line (T2 and IT3) significant differences were found in the soil’s
infiltration properties. Despite the limited influences of the tree on the intertree area the soil quality values were not evenly
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distributed but varied in their spatial patterns, with a trend to eastern and downslope directions due to wind drift and slope
wash. Highest soil moistures were mostly found in northern direction and extended outside the tree drip line. Reforestation
measures should aim to plant young sprouts close to the trees, ideally in northern or eastern directions to take advantage of the
shade (higher soil moisture) and the higher content of soil organic carbon and nitrogen. Since not all argan trees are similar in
size, tree architecture and genetic variety, more research is needed on how these factors influence soil quality.
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Aït Hssaine, A. and Bridgland, D.: Pliocene-Quaternary fluvial and aeolian records in the Souss basin, southwest Morocco: A
geomorphological model, Global and Planetary Change, 68(4), 288-296, doi:10.1016/j.gloplacha.2009.03.002, 2009.

505

Alados, C. L. and El Aich, A.: Stress assessment of argan (Argania spinosa (L.) Skeels) in response to land uses across an
aridity gradient: Translational asymmetry and branch fractal dimension, Journal of Arid Environments, 72, 338-349,
doi:10.1016/j.jaridenv.2007.06.015, 2008.
Allington, G. R. H. and Valone, T. J.: Islands of Fertility: A Byproduct of Grazing?, Ecosystems, 17(1), 127–141,
doi:10.1007/s10021-013-9711-y, 2014.

510

Auerswald, K.: Percolation Stability of Aggregates from Arable Topsoils, Soil Science, 159, 142–148, 1995.
Becher, H. H.: Influence of long-term liming on aggregate stability of a loess-derived soil, International Agrophysics, 15, 6772, 2001.
Belsky, A. J., Mwonga, S. M., Amundson, R. G., Duxbury, J. M., and Ali, A. R.: Comparative Effects of Isolated Trees on
Their Undercanopy Environments in High- and Low-Rainfall Savannas, Journal of Applied Ecology, 30(1), 143-155, 1993.

515

Boettcher, S. E. and Kalisz, P. J.: Single-Tree Influence on Soil Properties in the Mountains of Eastern Kentucky, Ecology,
71(4), 1365-1372, 1990.
Boulmane, M., Oubrahim, H., Halim, M., Bakker, M. R., and Augusto, L.: The potential of Eucalyptus plantations to restore
degraded soils in semi-arid Morocco (NW Africa), Annals of Forest Science, 74, 57, doi:10.1007/s13595-017-0652-z, 2017.
Carsel, R. F. and Parrish, R. S.: Developing Joint Probability Distributions of Soil Water Retention Characteristics, Water

520

Resources Research, 24(5), 755-769, 1988.

29

Chakhchar, A., Haworth, M., El Modafar, C., Lauteri, M., Mattioni, C., Wahbi, S., and Centritto, M.: An Assessment of
Genetic Diversity and Drought Tolerance in Argan Tree (Argania spinosa) Populations: Potential for the Development of
Improved Drought Tolerance, Frontiers in Plant Science, 8, 1-11, doi:10.3389/fpls.2017.00, 2017.
Chakir, L., Aït Hssaine, A., and Bridgland, D.: Morphogenesis and morphometry of alluvial fans in the High Atlas, Morocco:
525

A geomorphological model of the fans of the Wadi Beni Mhammed, Souss valley, International Journal of Environment, 3(3),
294-311, doi:10.3126/ije.v3i3.11090, 2014.
Charrouf, Z. and Guillaume, D.: Sustainable Development in Northern Africa: The Argan Forest Case, Sustainability, 1, 10121022, doi:10.3390/su1041012, 2009.
Charrouf, Z. and Guillaume, D.: The argan oil project: going from utopia to reality in 20 years, OCL, 25(2),

530

doi:10.1051/ocl/2018006, 2018.
Chepil, W. S.: Dynamics of Wind Erosion: 1. Nature of Movement of Soil by Wind, Soil Science, 60, 305-302,
doi:10.1097/00010694-194510000-00004, 1945.
Chepil, W. S.: Factors that influence clod structure and erodibility of soil by wind: 111. Calcium carbonate and decomposed
organic matter, Soil Science, 77(6), 473-480, 1954.

535

Coe, R.: It’s the Effect Size, Stupid: What effect size is and why it is important, Annual Conference of the British Educational
Research

Association,

University

of

Exeter,

England,

12-14

September

2002,

https://www.leeds.ac.uk/educol/documents/00002182.htm, 2002.
Cohen, J.: Statistical power analysis for the behavioral sciences, 2nd ed., Lawrence Erlbaum Associates, New York, USA,
1988.
540

Cohen, J.: A power primer, Psychological Bulletin, 112(1), 155-159, 1992.
Culmsee, H.: Vegetation and pastoral use in the Western High Atlas Mountains (Morocco). An assessment of sustainability
from the geobotanical perspective, in: Aït Hamza, M. and Popp, H. (Eds.), Publications de la Faculté des Lettres et des Sciences
Humaines de Rabat. Série: Colloques et Séminaires, Rabat, Morocco, 2005; Volume 119. Pour une Nouvelle Perception des
Fonctions des Montagnes du Maroc, Actes du 7eme Colloque Maroco-Allemand, Rabat, Morocco, 2004 (pp. 67-80), 2005.

545

DIN ISO 10390:1997-05: Bodenbeschaffenheit – Bestimmung des pH-Wertes, Beuth Verlag, Berlin, Germany, 1997.
DIN ISO 11265:1997-06: Bodenbeschaffenheit – Bestimmung der elektrischen Leitfähigkeit, Beuth Verlag, Berlin, Germany,
1997.
DIN EN 16168:2012-11: Schlamm, behandelter Bioabfall und Boden - Bestimmung des Gesamt-Stickstoffgehalts mittels
trockener Verbrennung, Beuth Verlag, Berlin, Germany, 2012.

550

De Boever, M., Gabriels, D., Ouessar, M., and Cornelis, W. M.: Influence of Acacia Trees on Near-Surface Soil Hydraulic
Properties in Arid Tunisia, Land Degradation and Development, 27(8), 1805-1812, doi:10.1002/ldr.2302, 2014.
De Boever, M., Gabriels, D., Ouessar, M., and Cornelis, W.: Influence of scattered Acacia trees on soil nutrient levels in arid
Tunisia, Journal of Arid Environments, 122, 161–168, doi:10.1016/j.jaridenv.2015.07.006, 2015.

30

Defaa, C., Elantry, S., El Alami, S. L., Achour, A., El Mousadik, A., and Msanda, F.: Effects of Tree Shelters on the Survival
555

and Growth of Argania spinosa Seedlings in Mediterranean Arid Environment, International Journal of Ecology, 2015, 1–6,
doi:10.1155/2015/124075, 2015.
Díaz-Barradas, M. C., Zunzunegui, M., Ain-Lhout, F., Jáuregui, J., Boutaleb, S., Álvarez-Cansino, L., and Esquivias, M.P.:
Seasonal physiological responses of Argania spinosa tree from Mediterranean to semi-arid climate, Plant Soil, 337, 217-231,
doi:10.1007/s11104-010-0518-8, 2010.

560

Dohnal, M., Dusek, J., and Vogel, T.: Improving Hydraulic Conductivity Estimates from Minidisk Infiltrometer Measurements
for

Soils

with

Wide

Pore-Size

Distributions,

Soil

Science

Society

of

America

Journal,

74,

804-811,

doi:10.2136/sssaj2009.0099, 2010.
d'Oleire-Oltmanns, S., Marzolff, I., Peter, K.D., and Ries, J. B.: Unmanned Aerial Vehicle (UAV) for Monitoring Soil Erosion
in Morocco, Remote Sensing, 4, 3390-3416, doi:10.3390/rs4113390, 2012.
565

Dregne, H. E.: Land Degradation in the Drylands, Arid Land Research and Management, 16(2), 99–132,
doi:10.1080/153249802317304422, 2002.
Dunkerley, D. L.: Assessing the influence of shrubs and their interspaces on enhancing infiltration in an arid Australian
shrubland, The Rangeland Journal, 22(1), 58-71, 2000.
Ehrig, F. R.: Die Arganie Charakter, Ökologie und wirtschaftliche Bedeutung eines Tertiärreliktes in Marokko, Petermanns

570

Geographische Mitteilungen, 118(2), 117-125, doi:10.5283/epub.28478, 1974.
Escudero, A., Giménez-Benavides, L., Iriondo, J. M., and Rubio, A.: Patch Dynamics and Islands of Fertility in a High
Mountain Mediterranean Community, Arctic, Antarctic, and Alpine Research, 36(4), 518–527, doi:10.1657/15230430(2004)036[0518:PDAIOF]2.0.CO;2, 2004.
FAO: Trees, forests and land use in drylands: the first global assessment – Full report (FAO Forestry Paper No. 184), Food

575

and Agriculture Organization of the United Nations, Rome, 2019.
Faouzi, H.: L’exploitation du bois-énergie dans les arganeraies : entre soutenabilité et degradation (région des Haha, HautAtlas Occidental, Maroc), Les Cahiers d’Outre-Mer, 262, 155-182, 2013.
García-Moya, E., and McKell, C. M.: Contribution of Shrubs to the Nitrogen Economy of a Desert-Wash Plant Community,
Ecology, 51(1), 81-88, 1970.

580

Garner, W. and Steinberger, Y.: A proposed mechanism for the formation of ‘Fertile Islands’ in the desert ecosystem, Journal
of Arid Environments, 16(3), 257–262, doi:10.1016/s0140-1963(18)30941-8, 1989.
Hopmans, J. W., Šimůnek, J., Romano, N., and Durner, W.: Tension Disc Infiltrometer, in: Methods of Soil Analysis. Part 4.
Physical Methods, edited by: Dane, J. H. and Topp, G. C., Soil Science Society of America, Inc., Madison, Wisconsin, USA,
981-983, 2002.

585

Hssaisoune, M., Boutaleb, S., Benssaou, M., Bouaakkaz, B., and Bouchaou, L.: Physical Geography, Geology, and Water
Resource Availability of the Souss-Massa River Basin, in: The Souss-Massa River Basin, Morocco, edited by: Choukr-Allah,

31

R., Ragab, R., Bouchaou, L., and Barceló, D., Springer International Publishing, Basel, Switzerland, 27-56,
doi:10.1007/698_2016_68, 2016.
Hssaisoune, M., Bouchaou, L., Sifeddine, A., Bouimetarhan, I., and Chehbouni, A.: Moroccan Groundwater Resources and
590

Evolution with Global Climate Changes, Geosciences, 10(2), 81, doi:10.3390/geosciences10020081, 2020.
Jones, A., Breuning-Madsen, H., Brossard, M., Dampha, A., Deckers, J., Dewitte, O., Gallali, T., Hallet, S., Jones, R., Kilasara,
M., Le Roux, P., Micheli, E., Montanarella, L., Spaargaren, O., Thiombiano, L., Van Ranst, E., Yemefack, M., and Zougmoré,
R. (Eds.).: Soil Atlas of Africa. Publications Office of the European Union, Luxembourg, European Commission,.
doi:10.2788/52319, 2013.

595

Kirchhoff, M., Engelmann, L., Zimmermann, L. L., Seeger, M., Marzolff, I., Aït Hssaine, A., and Ries, J. B.:
Geomorphodynamics in Argan Woodlands, South Morocco, Water, 11, 2193, doi:10.3390/w11102193, 2019a.
Kirchhoff, M., Peter, K. D., Aït Hssaine, A., and Ries, J. B.: Land use in the Souss region, South Morocco and its influence
on wadi dynamics, Zeitschrift für Geomorphologie, 62, 137-160, doi:10.1127/zfg_suppl/2019/0525, 2019b.
Le Bissonais, Y.: Aggregate stability and assessment of soil crustability and erodibility: I. Theory and methodology, European

600

Journal of Soil Science, 47, 425–437, 1996.
Le Polain de Waroux, Y. and Lambin, E. F.: Monitoring degradation in arid and semi-arid forests and woodlands: The case of
the argan woodlands (Morocco), Applied Geography, 32(2), 777–786, doi:10.1016/j.apgeog.2011.08.005, 2012.
Leenders, J. K., van Boxel, J. H., and Sterk, G.: The effect of single vegetation elements on wind speed and sediment transport
in the Sahelian zone of Burkina Faso, Earth Surface Processes and Landforms, 32(10), 1454-1474, doi:10.1002/esp.1452,

605

2007.
Li, J., Okin, G. S., Alvarez, L., and Epstein, H.: Effects of wind erosion on the spatial heterogeneity of soil nutrients in two
desert grassland communities, Biogeochemistry, 88, 73-88, doi:10.1007/s10533-008-9195-6, 2008.
Loch, R. J.: Effects of vegetation cover on runoff and erosion under simulated rain and overland flow on a rehabilitated site
on the Meandu Mine, Tarong, Queensland, Australian Journal of Soil Research, 38(2), 299-312, doi:10.1071/SR99030, 2000.

610

Ludwig, J. A., Wilcox, B. P., Breshears, D. D., Tongway, D. J., and Imeson, A. C.: Vegetation patches and runoff-erosion as
interacting ecohydrological processes in semiarid landscapes, Ecology, 86(2), 288-297, doi: 10.1890/03-0569, 2005.
Lybbert, T. J., Magnan, N., and Aboudrare, A.: Household and local forest impacts of Morocco’s argan oil bonanza,
Environment and Development Economics, 15(4), 439-464, doi:10.1017/S1355770X10000136, 2010.
Lyles, L.: Basic Wind Erosion Processes, Agriculture, Ecosystems and Environment, 22/23, 91-101, 1988.

615

Majourhat, K., Jabbar, Y., Hafidi, A., and Martínez-Gómez, P.: Molecular characterization and genetic relationships amongst
most common identified morphotypes of critically endangered rare Moroccan species Argania spinosa (Sapotaceae) using
RAPD and SSR markers, Annals of Forest Sciences, 65, 805, doi:10.1051/forest:2008069, 2008.
Marzen, M., Kirchhoff, M., Marzolff, I., Aït Hssaine, A., and Ries, J. B.: Relative quantification of wind erosion in argan
woodlands in the Souss Basin, Morocco, Earth Surface Processes and Landforms, 45(15), 3808-3823, doi:10.1002/esp.5002,

620

2020.
32

Marzolff, I., Stephan, R., Kirchhoff, M., Seeger, M., Aït Hssaïne, A., and Ries, J. B.: UAV-based classification of treebrowsing intensity in open woodlands. EGU General Assembly 2020, Online, 4–8 May 2020, EGU2020-10301.
doi:10.5194/egusphere-egu2020-10301, 2020:
Mbagwu, J. S. C. and Auerswald, K.: Relationship of percolation stability of soil aggregates to land use, selected properties,
625

structural indices and simulated rainfall erosion, Soil & Tillage Research, 50, 197-206, 1999.
Mensching, H.: Geographische Handbücher: Marokko. Die Landschaften im Maghreb, Keysersche Verlagsbuchhandlung,
Heidelberg, Germany, 1957.
Moukrim, S., Lahssini, S., Rhazi, M., Mharzi Alaoui, H., Benabou, A., Wahby, I., El Madihi, M., Arahou, M., and Rhazi, L.:
Climate change impacts on potential distribution of multipurpose agro-forestry species: Argania spinosa (L.) Skeels as case

630

study, Agroforestry Systems, 93, 1209-1219, doi:10.1007/s10457-018-0232-8, 2019.
Pérez, F. L.: Plant Organic Matter Really Matters: Pedological Effects of Kūpaoa (Dubautia menziesii) Shrubs in a Volcanic
Alpine Area, Maui, Hawai’I, Soil Systems, 3, 31, doi:10.3390/soilsystems3020031, 2019.
Perroux, K. M. and White, I.: Designs for Disc Permeameters, Soil Science Society of America Journal, 52(5), 1205-1215,
1988.

635

Peter, K. D. and Ries, J. B.: Infiltration rates affected by land levelling measures in the Souss valley, South Morocco, Zeitschrift
für Geomorphologie, 57(1), 59-72, doi:10.1127/0372-8854/2012/S-00124, 2013.
Peter, K. D., d’Oleire-Oltmanns, S., Ries, J. B., Marzolff, I., and Aït Hssaine, A.: Soil erosion in gully catchments affected by
land-levelling measures in the Souss basin, Morocco, analysed by rainfall simulation and UAV remote sensing data, Catena,
113, 24-40, doi:10.1016/j.catena.2013.09.004, 2014.

640

Qu, L., Wang, Z., Huang, Y., Zhang, Y., Song, C., and Ma, K.: Effects of plant coverage on shrub fertile islands in the Upper
Minjiang River Valley, Science China Life Sciences, 61, 340-347, doi: 10.1007/s11427-017-9144-9, 2018.
Ravi, S., Breshears, D. D., Huxman, T. E., and D’Odorico, P.: Land degradation in drylands: Interactions among hydrologicaeolian erosion and vegetation dynamics, Geomorphology, 116, 236-245, doi:10.1016/j.geomorph.2009.11.023, 2010.
Reynolds, W. D. and Zebchuk, W. D.: Use of contact material in tension infiltrometer measurements, Soil Technology, 9, 141-

645

159, 1996.
Ridolfi, L., Laio, F., and D'Odorico, P.: Fertility Island Formation and Evolution in Dryland Ecosystems, Ecology & Society,
13(1), 5, doi:10.5751/ES-02302-130105, 2008.
Saidi, M. E. M.: Contribution à l’hydrologie profonde et superficielle du bassin du Souss (Maroc). Climatologie,
Hydrogéologie, crues et bilans hydrologiques en milieu sub-aride, Ph.D. thesis, Université Paris IV, Sorbonne, Paris, France,

650

213 pp., 1995.
Schlesinger, W. H., Reynolds, J. F., Cunningham, G. L., Huenneke, L. F., Jarrell, W. M., Virginia, R. A., and Whitford, W.
G.: Biological feedbacks in global desertification, Science, 247(4946), 1043–1048, doi:10.1126/science.247.4946.1043, 1990.

33

hat formatiert: Schriftart: (Standard) Times New Roman, 10
Pt., Schriftfarbe: Automatisch, Englisch (Vereinigte Staaten)

Seif-Ennasr, M., Zaaboul, R., Hirich, A., Caroletti, G. N., Bouchaou, L., El Morjani, Z. E. A., Beraaouz, E. H., McDonnell, R.
A., and Choukr-Allah, R.: Climate change and adaptive water management measures in Chtouka Aït Baha region (Morocco),
655

Science of the Total Environment, 573, 862-875, doi:10.1016/j.scitotenv.2016.08.170, 2016.
Sirjani, E., Sameni, A., Moosavi, A. A., Mahmoodabadi, M., and Laurent, B.: Portable wind tunnel experiments to study soil
erosion

by

wind

and

its link

to

soil

properties

in

the

Fars province,

Iran,

Geoderma,

333, 69-80,

doi:10.1016/j.geoderma.2018.07.012, 2019.
Solorio, S. F. J., Wright, J., Franco, M. J. A., Basu, S. K., Sarabia, S. L., Ramírez, L., Ayala, B. A., Aguilar, P. C., and Ku, V.
660

J. C.: Silvopastoral Systems: Best Agroecological Practice for Resilient Production Systems Under Dryland and Drought
Conditions, in: Quantification of Climate Variability, Adaptation and Mitigation for Agricultural Sustainability, edited by:
Ahmed, M. and Stockle, C. O., Springer International Publishing, Switzerland, 233-250, doi:10.1007/978-3-319-32059-5,
2017.
Soni, M. L., Subbulakshmi, V., Yadava, N. D., Tewari, J. C., and Dagar, J. C.: Silvopastoral Agroforestry Systems: Lifeline

665

for Dry Regions, in: Agroforestry Research Developments, edited by: Dagar, J. C. and Tewari, J. C., Nova Science Publishers
Inc., New York, USA, 245-305, 2016.
Stocking, M. and Elwell, H.: Vegetation and erosion: A review, Scottish Geographical Magazine, 92(1), 4–16, 1976.
Tatarko, J.: Soil Aggregation and Wind Erosion: Processes and Measurements, Annals of Arid Zone, 40(3), 251-263, 2001.
UNESCO: Argan, Practices and Know-How Concerning the Argan Tree, https://ich.unesco.org/en/RL/argan-practices-and-

670

know-how-concerning-the-argan-tree-00955, last access: 22.03.2021, 2014.
Van Genuchten, M. T.: A Closed-form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils, Soil Science
Society of America Journal, 44, 892-898, 1980.
Vásquez-Méndez, R., Ventura-Ramos, E., Oleschko, K., Hernández-Sandoval, L., and Domínguez-Cortázar, M. A.: Soil
Erosion Processes in Semiarid Areas: The Importance of Native Vegetation, in: Soil Erosion Studies, edited by: Godone, D.,

675

InTech, 25-40, 2011.
Verón, S. R., Paruelo, J. M., and Oesterheld, M.: Assessing desertification, Journal of Arid Environments, 66(4), 751–763,
doi:10.1016/j.jaridenv.2006.01.021, 2006.
Yang, C., Geng, Y., Fu, X. Z., Coulter, J. A., and Chai, Q.: The Effects of Wind Erosion Depending on Cropping System and
Tillage Method in a Semi-Arid Region, Agronomy, 10, 732, doi:10.3390/agronomy10050732, 2020.

680

Zahidi, A., Bani-Aameur, F., and El Mousadik, A.: Seasonal change effects on phenology of Argania spinosa (L.) in the fields,
Journal of Ecology and the Natural Environment, 5(8), 189-205, doi:10.5897/JENE2013.0373, 2013a.
Zahidi, A., Bani-Aameur, F., and El Mousadik, A.: Growth variability in Argania spinosa seedlings subjected to different
levels of drought stress, Journal of Horticulture and Forestry, 5(11), 204-217, doi:10.5897/JHF2013.0309, 2013b.
Zhang, R.: Determination of Soil Sorptivity and Hydraulic Conductivity from the Disk Infiltrometer, Soil Science Society of

685

America Journal, 61, 1024-1030, 1997.

34

hat formatiert: Schriftart: (Standard) Times New Roman

Zhang, X. C. and Wang, Z. L.: Interrill soil erosion processes on steep slopes, Journal of Hydrology, 548, 652-664,
doi:10.1016/j.jhydrol.2017.03.046, 2017.
Zhou, P., Luukkanen, O., Tokola, T., and Nieminen, J.: Effect of vegetation cover on soil erosion in a mountainous watershed,
Catena, 75(3), 319–325, doi:10.1016/j.catena.2008.07.010, 2008.
690

Zinke, P. J.: The pattern of influence of individual forest trees on soil properties, Ecology, 43(1), 130-133, 1962.
Zunzunegui, M., Boutaleb, S., Díaz Barradas, M. C., Esquivias, M. P., Valera, J., Jáuregui, J., Tagma, T., and Ain-Lhout, F.:
Reliance on deep soil water in the tree species Argania spinosa, Tree Physiology, 38, 678-689, doi:10.1093/treephys/tpx152,
2017.

35

