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Wind erosion is a global environmental problem. Re-vegetating land is a commonly used method to reduce
the negative effects of wind erosion. However, there is limited knowledge on the effect of vegetation pattern
on wind-blown mass transport. The objective of this study was to investigate the effect of vegetation pattern
on this phenomenon within a land unit and at the border between land units. Wind tunnel experiments were
conducted with artificial shrubs representing Atriplex halimus. Wind runs at a speed of 11 m s–1 were
conducted and sand translocation was measured after 200–230 s using a graph paper prepared for this
purpose.
This research showed that: 1) the transport within a land unit is affected by the neighboring land units and by
the vegetation pattern within both the unit itself and the neighboring land units; 2) re-vegetation plans for
degraded land can take into account the ‘streets’ effect (zones of erosion areas similar to streets); 3) the effect
of neighboring land units includes sheltering effect and the regulation of sediment passing from one land unit
to the neighboring land units and 4) in addition to investigation of the general effect of vegetation pattern on
erosion and deposition within the region, it is important to investigate the redistribution of sediment at
smaller scales depending on the scope of the project.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Many arid and semi-arid areas in the world suffer from the
consequences of wind erosion (Cornelis, 2006; Stroosnijder, 2007).
Airborne dust particles pollute the air and can cause health problems
to the inhabitants (Thomas and Turkelboom, 2008), saltating grains
can cause crop damage, and the removal of the topsoil reduces soil
fertility, eventually resulting in degraded areas (Nanney et al., 1993).
To minimize sediment transport and reduce the erosive forces of
wind, re-vegetation of degraded land is a widely used approach
(Leenders, 2006; Wang et al., 2011; Zhao et al., 2011). A minimal
vegetation cover providing optimal protection against wind erosion
reduces costly re-vegetation efforts and competition for limited water
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resources. Leenders et al. (2007) indicated that the parkland system,
in which a combination of trees and shrubs are distributed over an
area, provides potential for regional scale protection against the
negative impact of wind erosion. This study investigates the effect of
vegetation and its pattern on the wind-blown sand transport.

A large number of studies have reported that vegetation has the
capacity to decrease soil loss by wind as it reduces wind speed and
soil erodibility, and increases the entrapment of eroded material (Van
De Ven et al., 1989; Sterk et al., 1998; Udo and Takewaka, 2007;
Abdourhamane Toure et al., 2011; Leenders et al., 2011; Munson et
al., 2011). Research on stabilization of moving sand dunes has also
linked reduction of sand movement to the increased trapping
capacity of vegetation cover (Hesse et al., 2004; Chang et al., 2011;
Drenova, 2011; Floyd and Gill, 2011). Lancaster and Baas (1998)
showed that vegetation increases both the aerodynamic roughness
length and the threshold wind shear velocity. Leenders et al. (2007),
in their study of the effect of dispersed shrubs and trees on wind
erosion in an agricultural field in the Sahel of Africa, showed that
shrubs decrease the total mass flux by trapping soil particles and trees
decrease the wind speed and, thus, erosive force. Therefore, for
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optimal protection of the soil surface in agricultural fields, a combina-
tion of shrubs and trees is recommended. Studies have also shown that
attention should be given to the percentage of cover in order to prevent
increased turbulence, which may lead to an increase in wind erosion
(Sterk et al., 1998).

Knowledge about the effectiveness of vegetation in reducing
wind-blown sediment transport is essential for designing approaches
for re-vegetation of degraded land (King et al., 2005; Burri et al.,
2011). However, research on the impact of vegetation on wind-blown
sediment transport under field conditions alone is not sufficient as,
under field conditions, the effect of vegetation cannot be isolated.
Under such conditions it is affected by other factors such as soil
properties, changes of vegetation during the measurement period,
topography and soil surface conditions (Lopez et al., 1998). Thus,
wind tunnel studies are a useful additional procedure for studying the
relationship between vegetation and wind-blown sediment transport
under controlled conditions (Gabriels et al., 1997; Cornelis and
Gabriels, 2004).

Several wind tunnel experiments have been undertaken to
improve understanding of the relationship between vegetation and
wind erosion. These experiments used pieces of dead vegetation
(Molina-Aiz et al., 2006), living vegetation (Burri et al., 2011), or
artificial vegetation (Cornelis and Gabriels, 2005; Udo et al., 2008;
Wuyts et al., 2008) as surrogates for real-world vegetation. These
studies concluded that vegetation reduces the total wind-blown
sediment transport and that the impact of vegetation on sediment
transport changed with vegetation density and porosity. Udo and
Takewaka (2007) concluded from their wind tunnel experiments
that, in addition to the density, the height and flexibility of the
vegetation are essential characteristics determining effectiveness in
the reduction of wind-blown mass transport. The results of the wind
tunnel study of Burri et al. (2011) showed an exponential decrease in
mass flux with increasing vegetation cover, although with low
vegetation cover (around 3%) an increase in the mass flux was
observed. Li et al. (2008) simulated Tamarix spp shrubs growing in
“Nabkha” dunes in a wind tunnel and observed sand transport around
the simulated vegetation. They concluded that vegetation reduced air
flow above the sand mounds, changed the wind profile upwind and
downwind of the sandmound, and decreased the sand transport from
the mound area. These studies have provided valuable insight;
however have some limitations regarding scale.

To date, the majority of wind tunnel experiments regarding
vegetation effects on wind-blownmass transport have focused on the
simulation of field conditions at the plot or point scale (Musick et al.,
1996; Udo and Takewaka, 2007; Li et al., 2008). These results are
important for understanding the effect of vegetation on wind-blown
mass transport at specific locations and the mechanisms by which the
Fig. 1. The setup of the wind tunnel exp
vegetation reduces the total mass transport around the vegetation
element. However, for understanding the effects of vegetation on
wind erosion at a regional scale, the results of these studies are
insufficient. In regions vulnerable to wind erosion, land management
activities in one land unit may affect wind erosion processes in
neighboring land units (Hupy, 2004; Leenders, 2006). Furthermore,
erosion that occurs in one land unit affects the units located downwind.
Todd et al. (2004), Fryrear et al. (1998) and Youssef et al. (2012) studied
the effect on the maximum sediment transport and reported a gradual
increase in themassflux frombare landdownwind froma non-erodible
border. Therefore, to understand the effect of vegetation at the regional
scale, it is vital to generate data representing processes taking place
along the entire land unit and at transitions between land units.

The objective of this study is to provide further understanding of
the effect of vegetation cover and different vegetation patterns on the
change in mass flux of wind-blown sediment at the regional scale
through wind tunnel experiments. The main research questions are:
1) what is the change in wind-blown sediment transport at borders
between bare and vegetated land? 2) What is the effect of vegetation
pattern on the translocation of wind-blown mass transport across
arable fields? 3) How does the vegetation pattern affect the size and
spatial distribution of areas with erosion or deposition along land
units? Answers to these questions will be discussed in the current
paper.

2. Material and methods

2.1. Wind tunnel

This study was conducted in the wind tunnel of the International
Center for Eremology (ICE), Ghent University, Belgium. The dimensions
of the wind tunnel are 12 m in length (8.5 m used in study), 1.2 m in
width with an adjustable roof height up to 3.2 m (Gabriels et al., 1997;
Cornelis and Gabriels, 2004).Wooden spires and roughness cubes were
used to create a boundary layer of 0.6 m at the upwind border of the
experimental section which is 6 m from the entrance of the working
section of the wind tunnel (Cornelis and Gabriels, 2004). Wind speed
was measured with vane probe-type anemometers (Gabriels et al.,
1997) placed at X=5.85 m (measured from the entrance), and
Y=0.6 m (measured from the wall of the working section) positioned
at heights of 0.02, 0.13, 0.27, 0.38, 1.10 m (Fig. 1). Sediment was stored
in a 2.5 m longby0.5 mwide by0.01 mdeep tray. To create a roughness
similar to that of sand, sandpaperwas affixed to the 1.5 m in front of the
tray and on the areas to its left and right (Fig. 1).

As sand is very sensitive to wind erosion (Chandler et al., 2005), it
was chosen for use in the present experiments. Beach sand was
collected from the beach of Ter Heijde, Den Haag, Netherlands, dried
eriments at the ICE, Ghent Belgium.
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for two weeks, and subsequently filtered through a 1 mm sieve to
remove shells. Table 1 shows that more than 95% of the sediment
particle size falls within the 100–500 μm range, which corresponds to
the particle class that is highly vulnerable to wind erosion Chandler et
al., 2005. The wind velocity during each run was 11 m s−1 at a height
of 1.10 m above the (solid) sand paper and a distance of 6 m from the
test section entrance. This corresponds to a shear velocity of
0.256 m s−1 determined following the procedure of Cornelis and
Gabriels (2004).

2.2. Representation of vegetation

In arid and semiarid environments, Atriplex halimus is often used
for re-vegetation of degraded land (Hassine and Lutts, 2010) because
it has a low water requirement (less than 100–200 mm per year)
(Martínez-Fernández andWalker, 2011). A. halimus also resists saline
conditions and is survive heavy grazing (Ruiz-Mirazo and Robles,
2011). Therefore, in these experiments artificial plants with a
morphology similar to A. halimus shrubs were used, applying a
downscaling ratio of 1:50. This scale was chosen because it allowed
accurate simulation of the height of A. halimus and distances
between shrubs in real fields under the dimensional and boundary
layer conditions of the wind tunnel. The modeled shrubs were
between 2 and 2.5 cm high, representing 1 and 1.25 m-high A.
halimus shrubs in the field (Fig. 2A). The shrub model consisted of
polyethylene ribbons attached to iron sticks (Fig. 2B,C). Each shrub
model has several sticks attached to each other at their lower end
and fixed to a wooden board. The shrubs were then bent, to
represent the shape of real A. halimus. The fraction of the surface
covered by the vegetation was 10–11% throughout the experiment.

Wind-driven sediment transport was observed under two scenar-
ios (Fig. 3). In the first scenario, the sediment movement from bare to
vegetated land was simulated for four vegetation patterns. In the
second scenario, the sediment movement from vegetated to bare land
was simulated for one vegetation pattern. The patterns used (Fig. 3)
were:

1) Pattern P.A: 36 individual modeled shrubs were positioned on a
regular grid;

2) Pattern P.B: 32 individual modeled shrubs are placed in a
sequence of offsetting the second, fourth, sixth and eighth rows
of shrubs in the Y direction;

3) Pattern P.C: 18 patches (with two individual modeled shrubs for
each patch) were distributed along the tray with rows of three
patches perpendicular to the wind direction;

4) Pattern P.D: 12 patches (with three individual modeled shrubs for
each patch) were distributed along the tray with rows of two
patches perpendicular to the wind direction;

5) Pattern P.E: movement of sediment from vegetated to bare land
was tested using shrubs in a regular grid shape.

A decrease in the number of shrubs was compensated for by an
increase in the width of a single shrub, and thus, the fraction of
surface covered by vegetation remained the same for all patterns
(Fig. 3).

An average free-stream wind speed of 11 m s−1 (or shear velocity
of 0.26 m s−1 above the surface) was chosen for all experiments. This
wind speed provided movement of sand however did not affect the
shape of the modeled vegetation in the wind tunnel. Before each run,
the surface in the tray was smoothed using a soft brush to create a
Table 1
Particle size distribution of the sediment used in the wind tunnel experiment.

Fraction (μm) b50 50–100 100–300 300–500 500–1000

Percentage (%) 0.08 1.28 20.54 75.33 3.17
homogenous sand height of 0.01 m. Each test lasted 200–230 s
(except run 3 in P.D pattern) by which time all sand in the bare
(upwind) part of the tray was eroded in patterns P.A, P.B, P.C and P.D.
We ran three replicates for each pattern.

To measure the sand height along the experimental tray a
0.5×0.25 m piece of 0.3 mm thick graph paper (coated to prevent
destruction from the sand) was used. The graph paper was inserted
carefully into the pre-wetted sand, perpendicular to the wind
direction, and the sand topography was drawn onto the paper. Pre-
wetting the sand after each run prevented the surface from collapsing
when inserting the graph paper. The height of the sand was first
traced onto the graph paper, with the heights then read directly from
the paper at 1 cm intervals resulting in 51 heights being recorded for
each position of the paper in the tray. Fig. 3 shows the positions at
which the sand heights were measured relative to the position of
vegetation elements. This measurement scheme resulted in 1275
measurement points for each run of patterns P.A and P.B, 816 for each
run of patterns P.C and P.D and 1887 for each run of pattern P.E.

Geostatistical interpolation of the data was performed using a
spherical variogram model (which best fitted the data), and maps
showing the spatial variation of sand heights along the tray were
created by ordinary point kriging (Chappell and Warren, 2003).

2.3. Key simulated parameters of turbulence and saltation with the
existence of vegetation

The simulation of wind-blown sediment in a wind tunnel is
complicated because the parameters that affect the saltation process
need to be either correctly represented or downscaled (White, 1996).
Table 2 gives an overview of the key parameters affecting this study.
We took these into consideration as follows:

1) The boundary layer and other aerodynamic criteria. Gabriels et al.
(1997) showed that the boundary layer thickness of the ICE can be
adjusted using wooden spires and roughness cubes. The boundary
layer in this research was 0.7 m, which agrees with the boundary
layer explained by White (1996). All other aerodynamic criteria
for air flow were simulated correctly in the ICE wind tunnel
(Gabriels et al., 1997; Dierickx et al., 2001).

2) The obstacle height, H: this parameter was downscaled by a ratio
of 1:50. As noted, this scale was chosen because it allowed
simulation of the height of A. halimus and distance between shrubs
in fields under the dimensional conditions of the boundary layer
of the wind tunnel (the maximum height of simulated shrubs was
2.5 cm).

3) The roughness length, Z0: to create roughness similar to sand on
the floor of the wind tunnel, sand paper was affixed to the upwind
area and sides of the sediment tray.

4) Particle diameter, Dp: According to White (1996), when simulat-
ing an obstacle 1 m in height, the particle diameter for simulation
of sediment movements around the obstacle should be around
10 μm. This means that a correct simulation for this parameter is
not possible because, due to the cohesive forces that connect
particles of small size, particles with a 10 μm diameter will not be
saltated (White, 1996). Thus, we applied the downscaling ratio of
1:1 for the Dp parameter to ensure that the saltation process
would take place.

5) The reference height, h, of measured wind speed: In this research
the boundary layer was arranged to be 0.7 m and the wind speed
was measured at heights of 0.02, 0.13, 0.27, and 0.38. Thus, the
wind speed was measured within logarithmic portions of the
wind tunnel (White, 1996). In addition, the free wind speed
(above boundary layer) at a height of 1.10 m was measured for
reference purpose (Gabriels et al., 1997).

6) The ratio of obstacle height to boundary layer (H/Bo): According to
White (1996) if the ratio (H/Bo) for real field conditions is less



Fig. 2. View of Atriplex shrubs in the field (A), simulated shrubs in the tray (B) and in the wind tunnel (C).

Fig. 3. Layout and vegetation patterns tested in the wind tunnel experiments.
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Table 2
Parameters of saltation and flow simulated in this research.

Parameter(s) Importance of scaling and simulation principles

Aerodynamic criteria and boundary
layer (Bo)

Affect 1) the mean velocity and turbulence density and energy 2) roughness Reynolds number (Rer) 3) Jensense length-scale
criterion (Jensen, 1958) 4) the ratio (H/Bo) (White, 1996)

Obstacle height H: The height should be under the dimensional conditions of the boundary layer (White, 1996)
Roughness length Z0 Should be scaled exactly like field conditions to ensure Rer>2.5 (White, 1996)
Particle diameter Dp Affect gravity, drag, Saffman and Mangnus forces that are essential forces in saltation process (Zou et al., 2007)
Reference height h The height where wind speeds are measured should be within the logarithmic portions of the wind tunnel.
The ratio of obstacle height to boundary
layer (H/Bo)

In aeolian saltation, the ratio (H/Bo) is less than 0.2 (White, 1996). And thus, that should be considered when simulate the field
conditions.

Time scale T Generally simulated saltation time is shorter than the time of saltation at real field conditions.
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than 0.2 (which is the case for our study, the ratio for the wind
tunnel should also be less than 0.2. In our simulation the
maximum value of the ratio (H/Bo) was 0.035. Although in general
terms the simulation here obeys the requirements of downscaling
as suggested by White (1996) (0.035b0.2), the magnitude of the
simulated and suggested values is quite different.

7) Time scale T: White (1996) showed that the time effect in wind
tunnel experiments is much shorter than under real field
conditions, and that the necessary duration of experiments is
proportional to the wind velocity applied. In our simulation, the
time applied was (200–230 s) at the wind speed of 11 m s−1. This
period was sufficient to empty the majority of the sediment
reservoir.
3. Results

3.1. Spatial distribution along the experimental tray

For each of patterns P.A, P.B, P.C and P.D, the spatial distribution of
sand height along the tray was similar for runs 2 and 3 (Table 3).
Based on the divergent standard deviations (σ) and the variation in
pattern, run 1 can be considered as a preparation run. The difference
between the results of run 1 and runs 2 and 3 can be explained by the
probable change in trapping efficiency after a vegetation element has
trapped some sediment. After run 1, although the shrubs were
cleaned using a soft brush to remove the sand around them, part of
the sand among the small leaves was not completely removed.

For pattern P.E, since no incoming sediment was simulated from
the upwind border the spatial distribution of sand height along the
tray was similar for runs 1 and 2. Run 3 was removed from the
calculations because sand removed during runs 1 and 2 was not
completely replaced before run 3. That was due to the difficulty of
adding sand between the leaves of the model shrubs. This condition
resulted in a large variation in the patterns of erosion and deposition
between run 3 and both runs 1 and 2.

The spatial distribution of sand height, averaged over runs 2 and 3
for each bare sand to vegetation scenario and over runs 1 and 2 for
the vegetation to bare sand scenario, is shown in Fig. 4. As the sand
height along the tray was 1 cm before the test, values above 1 cm
represent deposition and values below 1 cm represent erosion. The
first 125 cm of the tray is not included for the bare sand to vegetation
patterns as this part of the tray was empty after each run.
Table 3
Average sand height and standard deviation (σ) for each run (r1, r2 or r3) and vegetation

Pattern P.A P.B

Run r1 r2 r3 r1 r2
Height 1.25 1.36 1.37 1.01 1.35
σ 0.16 0.21 0.21 0.15 0.21
Average*.(σ). 0.21 0.20

*The average (σ) is calculated from runs 2 and 3, because run1 is considered to be a prepa
With pattern P.A, deposition occurred behind shrubs. The amount
of deposition decreased from the upwind border to the downwind
border of the vegetated unit. In the area between rows parallel to the
wind direction, erosion occurred with a gradual increase in erosion
towards the downwind border. These result are in the agreement
with the field research findings of Bowker et al. (2008), who found
similar ‘streets’ of erosion in the downwind direction between shrubs
for several dust storms in the north Chihuahuan desert. In pattern P.B,
high deposition behind shrubs was observed in the upwind half of the
tray. From the fifth (perpendicular to wind direction) row of shrubs
to the end of the tray, decreased deposition and some erosion was
recorded.

For patterns P.C and P.D, erosion was dominant, although low
levels of deposition were observed behind the vegetated patches.
Pattern P.E shows distinct erosion features at the upwind border of
the tray. After the third row of shrubs there was a gradual increase in
the deposition up to the end of the vegetated part of the tray. In the
bare part of the plot, erosion started at a distance of 5–10 cm, which is
equal to approximately 2–5 times the height of the vegetation
elements.

The average σ for patterns P.A and P.B (0.21 cm, 0.20 cm) is higher
than the σ for P.C and P.D (0.15 cm, 0.11 cm). Therefore, the patterns
with lower numbers of vegetation elements (P.C and P.D) resulted in
a more homogenous (gentler topography) surface than patterns with
a larger number of vegetation elements (P.A and P.B).

3.2. Average sediment height for the tested area

To evaluate the general trend in erosion or deposition in the
direction of the wind, transects parallel to the wind direction were
calculated. For every 5 cm the mean of all sand heights was calculated
and plotted (Fig. 5). As in Fig. 4, the first 125 cm is not included for
patterns P.A, P.B, P.C and P.D, as this part of the tray was almost empty
after each run.

Fig. 5 shows that, for each of patterns P.A, P.B, P.C and P.D, run 2
and run 3 gave comparable results, and that there are clear, consistent
differences between the patterns. The minor differences can be
attributed to the fluctuation of the wind speed during the runs.

Both patterns P.A and P.B show a small strip of erosion at the
border between the bare and vegetated parts of the tray. As the shear
velocity of the wind is reduced because of the presence of shrubs,
mass transport rates decline as well (compared to the larger transport
rates that blew away all the sand from the upwind part of the tray).
pattern.

P.C P.D

r3 r1 r2 r3 r1 r2 r3
1.31 0.95 0.78 0.78 0.97 1.08 0.85
0.18 0.15 0.16 0.13 0.14 0.11 0.11

0.15 0.11

ration run.



Fig. 4. Spatial distribution of sediment height over the tray for the average (calculated as explained in Section 3.1 of the results section) of 2 runs for each vegetation pattern.

Fig. 5. Average sand heights along the downwind distance for runs 2 and 3 of each vegetation pattern.
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Net deposition occurs from just 2.5 to 120 cm downwind from the
vegetation edge. The initially high and then downwind-decreasing
deposition indicates a decrease in sediment concentration due to
decreased sand supply since much of the sand was entrapped by the
upwind vegetation. Deposition reaches the highest level by 20 cm
downwind from the border. Beyond this, deposition decreases
gradually and trends toward equilibrium (neither erosion nor
deposition) after 100 cm from the border.

In contrast to patterns P.A and P.B, pattern P.C resulted in net
erosion continuing downwind for the entire length of the vegetation
zone. The more sparsely distributed shrubs likely provided less
frictional resistance, which would allow shear velocity to remain
high, resulting in higher erosion rates. The continued erosion in
pattern P.C along the first 15 cm from the vegetation edge indicates
that the vegetation elements were too sparse to protect the area from
erosion, even though the percentage of surface cover was similar to
that of patterns P.A and P.B.

In pattern P.D, sand heights for runs 2 and 3 deviated on average
0.23 cm (Table 3) but the same general pattern was observed. The
difference is probably due to the difference in the duration of the
wind speed above 10.5 m s–1 between the two runs — 216 s for run 2
and 306 s for run 3. With longer duration a higher amount of
sediment is eroded. Also in this pattern both runs still show erosion in
the first 10 cm after the border, after which deposition occurs in run 2
and less erosion occurs in run 3. At the distance of 50 cm downwind
from the vegetation edge, the airflow of run 2 appears to reach an
equilibrium with no further significant erosion or deposition
observed to the end of the tray. The results of run 3 show an increase
in erosion from 35 cm up to 65 cm, followed by a decrease in erosion
between 65 cm and 85 cm. From 85 cm to the end of the tray erosion
again increased.

In the vegetated part of pattern P.E (vegetation to bare sand
scenario), net deposition begins 10–20 cm from the border of the
vegetated field. As observed in P.A, which had a similar vegetation
pattern, the shrubs resulted in reduced shear velocity, and hence
reduced erosion compared to a bare field. However, there was no
compensation for the erosion that did occur, as was the case in P.A.,
because there was no sediment source upwind of the vegetated unit
in the P.E setup.

3.3. Sand height with distance along a longitudinal transect at Y=0.6 m

For more details on the sand height distribution along the tray, a
1 cm wide (Y direction) transect for sand heights along the middle of
the tray (Y=0.6 m, middle of the wind tunnel) was calculated using
the average of two replications for each pattern (Fig. 6).

Fig. 6 shows that with patterns P.A and P.B, after a small strip of
net erosion at the upwind border, net deposition can be observed the
entire length of the tray. With pattern P.C, two small zones of net
deposition occur at distances of 30 to 45 cm and 80 to 90 cm. Outside
of these zones, net erosion was observed along the transect for
pattern P.C. In the case of the P.D pattern, in the first 45 cm deposition
was dominant, after which distance associated with net erosion is
almost equal to that associated with net deposition. With pattern P.E,
net erosion in the first 15 cm was generally followed by net
deposition within the vegetated area, whereas net erosion was
dominant within the bare sand area.

3.4. Erosion and deposition along the tested area

In the framework of land protection projects, the full impact of
erosion or deposition must be known in order to choose a suitable
vegetation pattern. And thus, it is not only important to know the
general trend of erosion or deposition along a land unit with certain
vegetation characteristics, it is also essential to know the size of areas
associated with erosion or deposition and the severity of the erosion
or deposition within the region. To gain insight into the intensity of
the mass transport effects, sand height was classified into five classes
indicating the severity of erosion or deposition (Table 4). Fig. 7 shows
the results of applying this classification for the average of two
replicates for each vegetation pattern. It should be noticed that only
the vegetated part of the tray was analyzed.

Fig. 7 shows that although a large percentage of cells were
associated with deposition for patterns P.A and P.B, erosion also
occurred at a small scale within these patterns. It should be noticed
that in P.A., despite the potential risk of the corridor (‘street’) effect,
erosion was observed in just 4.5% of the cells, whereas in P.B erosion
was observed in 8.2% of the cells. In pattern P.C erosion was quite high
accounting for 56.3% of the cells, whereas in pattern P.D erosion was
lower (37.8%) and deposition was higher (34.7%) (comparing with
the erosion and deposition percentage in P.C pattern). Although P.E
has the same vegetation pattern as P.A, the percentage of cells
associated with erosion was quite higher in P.E (26.4%) than in P.A
(4.5%).

4. Discussion

4.1. Large-scale considerations

The effect of borders between different land units on the wind-
driven mass flux is essential for understanding regional scale wind
erosion. The variability of wind-blown mass flux found in this study
in bare and vegetated fields along the dominant wind direction
identifies a significant concept related to the border effect:

4.2. Sediment transport between bare and vegetated land units

According to the theory of Fryrear et al. (1998), when sediment
travels over a bare land unit, it is expected that the absolute
maximum transport is reached after a certain distance under the
condition that the field length is not limited. When crossing a border
with vegetation, the theory states that deposition occurs until a new
transport process is started. In fact the vegetation causes a decrease in
sediment concentration downwind from the vegetation edge because
it traps a significant amount of the moving sediment. Patterns P.A, P.B
and run 2 for pattern P.D show results that are in agreement with this
theory. A sediment-laden air flow reaches the border of vegetation,
after which deposition occurs and at the end equilibrium is established.
Although for patterns P.A. and P.B equilibriumwas not fully reached, the
trend clearly shows decreasing deposition. This result is also in
agreement with the findings of Chen et al. (1995), Gash (1986), Irvine
et al. (1997) andWuyts et al. (2008)who reported that both the effect of
vegetation on reducing wind speed and the trapping capacity of the
vegetation increase inside the vegetated area from the upwind borders.

The results obtained with pattern P.C and run 3 of P.D are not in
agreement with the theory. With the P.C pattern, sediment transport
within the vegetated area is higher than within the bare area (Fig. 8).
And for pattern P.D, while in run 2 the pattern and % cover were
sufficient to reach an equilibrium between erosion and deposition, in
run 3 (higher average wind speed) more erosion occurred. Several
previous studies have indicated that limited surface cover (5–7.5%)
combined with a certain minimum wind speed can increase wind-
blown mass fluxes (Raupach, 1990; Raupach, 1992; Raupach et al.,
1993; Michels et al., 1995; Sterk et al., 1998; Maurer et al., 2009) due
to the increased turbulence caused by the limited vegetation cover.
The effect of the wind speed on the increased mass flux is illustrated
in the difference between runs 2 and 3 for pattern P.D. However,
these studies did not mention the effect of the spatial distribution of
the vegetative cover. Although the vegetative coverage was the same
(11%) for all patterns, pattern P.C clearly showed an increase in mass
transport, and with a higher average wind speed run 3 for pattern P.D
also showed this increase in mass transport. These results lead to the



Fig. 6. Transect of sand heights along the downwind distance (average of two replicates).
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conclusion that vegetation pattern is another factor that can cause an
increase in the wind-blown mass flux, most probably due to an
increase in turbulence. Therefore, in a region with a given cover,
scattered patches of vegetation may exacerbate wind erosion
especially under high wind speeds.
Table 4
Classification of erosion and deposition upon sand heights.

Sand height 0–0.45 cm 0.45–0.9 cm 0.9–1.1 cm 1.1–1.8 cm 1.8–2.5 cm

Explanation Intense Erosion Balance Deposition Intense
erosion deposition

Symbol I E E B D I D
4.3. Small-scale considerations

Not only is regional scale investigation of the effect of vegetation
pattern on general erosion or deposition important, investigation into
the effects at small scales is also needed. In this study, none of the
vegetation patterns protected the sediment surface sufficiently to
completely halt wind-driven mass transport. The small-scale effects
of vegetation found in this study are:

a) ‘Street’ effect: This effect refers to the formation of zones of erosion
similar to streets. This effect was apparent in the P.A pattern
where rows of vegetation were parallel to wind direction. In their
research, Bowker et al. (2008) reported similar ‘streets’ of erosion
in the downwind direction between shrubs for several dust
storms in the north Chihuahuan desert. This effect should be
taken into account when designing re-vegetation projects. Thus, if

image of Fig.�6


Fig. 7. Percentage of cells (1 pixel is 4 cm×1 cm) with erosion, balance, or deposition along the tray for the average of three replications. Where I E, intense erosion; E, erosion; B,
balance; D, deposition and I D, intense deposition (per Table 4).
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the aim of the project is to prevent sediment from reaching a
certain area, pattern P.B might be a more effective pattern than
P.A. However, if the aim is to reduce sediment movement along
the entire region, pattern P.A can be used. Therefore, taking into
account the dominant wind direction, the vegetation pattern of
rows of shrubs or trees may result in erosion zones similar to the
shape of streets. This allows part of the sediment to reach the
protected area, but the total sediment movement is reduced.

b) The spatial sequence of erosion and deposition. Although over all,
patterns P.C and P.D are mainly associated with erosion, the
transects illustrated in Fig. 6 show that a spatial sequencing of
erosion and deposition can occur — rather than just one or the
other. Deposition can be linked to the redistribution of sand on
both sides of vegetation ‘elements’ in the Y direction perpendic-
ular to wind direction. This small-scale deposition is not clear and
can be neglected when considering things at the regional scale.
However, when the focus of the protection project is involves the
effect of wind-blown mass flux at the micro-scale, these zones of
erosion and deposition may carry specific importance.

c) Sheltering zone. The small sheltering zone of one land unit on a
neighboring land unit, i.e. the sheltering effect of wind breaks, has
been determined by several studies to be 10–20 times the height
of the vegetation (Skidmore and Hagen, 1977; Heisler and
Dewalle, 1988; Cornelis and Gabriels, 2005). In this study, the
size of protection zone shows that the shelter-effect of one land
unit on a neighboring land unit is similar to the effect of wind

image of Fig.�7


Fig. 8. Transport and deposition scheme for bare and vegetated land units.
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breaks. And thus, the findings of this study support these earlier
findings. This can be seen clearly in the P.E pattern, where the
height of vegetation used is 2–2.5 cm and the sheltered area is
20–25 cm (Fig. 5). This explains why a zone of deposition was
observed directly behind the border of vegetated area within the
bare area in the P.E pattern (Fig. 5).
4.4. Size of areas associated with erosion or deposition

Depending on the aim of the re-vegetation project, the size of the
area with net erosion or net deposition should be considered.
Especially when protecting settlements, the exact distribution of
sediment can be very important. Our results from testing the four
vegetation pattern scenarios show that patterns P.A, P.B and P.E are
characterized by deposition, pattern P.C is characterized by erosion,
and P.D is mainly characterized by a net balance.

The number of vegetation elements per area appears to play a role
in overall effect. The higher number of vegetation ‘elements’ in
pattern P.C (18) compared to pattern P.B (32) resulted in a decrease
in the percentage of cells with erosion from 56.3% in P.C to 8.2% in P.B.
These results agree with Leenders et al. (2007) and Bowker et al.
(2006, 2007) who concluded that, after wind events, deposition
behind each individual vegetation element was observed. Thus, a
higher number of vegetation elements results in a higher deposition
rate. However our study also showed that an increase in the number
of vegetation elements— from 12 in P.D to 18 in P.C— can result in an
increase in the percentage of cells with erosion from 34.7% in P.D to
around 56.2% in P.C. And this indicated that certain vegetation pattern
caused increase in the erosion from certain area.

Moreover, the ‘depositional with limited erosion’ patterns (P.A
and P.B) and ‘erosional with limited deposition’ pattern (P.C) is a
significant finding and should be taken into account when deciding
which vegetation pattern to use for re-vegetating degraded land.

The higher percentage of cells with erosion in pattern P.E (26.4%)
compared to pattern P.A (around 5%), is an important indicator of
border effects. Thus, in pattern P.E, the vegetated part of the tray
faced the wind first and thus no incoming sediment was simulated,
while in the P.A pattern the wind first blew over the bare area and
then over the vegetated area. The differences in borders between the
two scenarios resulted in huge differences in the size of areas
associated with erosion and deposition.

5. Conclusion

Wind erosion is a critical environmental problem that threatens the
human life in the arid (semi) arid regions. Vegetation cover is the key
factor for protecting soil surface from erosivewind. In this study, a set of
wind tunnel experiments was performed to investigate the effect of
vegetation pattern on wind-blown sediment transport. A scale of 1:50
was used to represent A. halimus shrubs. The main findings of this
research were: (1) vegetation pattern has a significant effect on wind-
blown mass transport, due to the effect of the vegetation on wind-flow
turbulence; (2) whereas the vegetation pattern of rows parallel to the
dominant wind direction decreases the total mass transport in a region,
it may not provide the required protection for areas of consideration;
(3) in regions vulnerable to wind erosion, the effect of neighboring land
units includes the effect on wind speed and the regulation of sediment
flowing from one land unit to the neighboring land units. The current
study has provided some insights on the behavior of wind-blown
sediment transport in both vegetated, bare land units and at the border
between these units. But the results of the current paper are limited to
simulated vegetation, to the size of sediment used and to the applied
wind speed. And therefore, for deeper understanding of the effects of
vegetation cover and patterns on wind-blown sediment transportation,
we think further simulations should be conducted using:

- sediment from the regions where the simulated vegetation grows,
- different ranges of wind speed,
- additional variations of vegetation patterns as found in the areas
where the vegetation grows.
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