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Abstract

Wind erosion has gained increasing attention as one of the most serious global ecological
and environmental threats. Windbreaks are effective at decreasing wind erosion by reducing
wind speed to protect crops, livestock, and farmsteads, while providing wildlife habitats.
Synthetic shrubs can act as novel windbreaks; however, there is limited knowledge on how
their design affects wind speed. This study determined the protective effects (airflow field
and sheltering efficiency) based on the design of synthetic shrubs in a wind tunnel. Broom-
shaped synthetic shrubs weakened the wind speeds mainly at the middle and upper parts of
the shrubs (5—-14 cm), while for hemisphere-shaped shrubs this effect was greatest near
their bases (below 4 cm) and least in the middle and upper parts (7—14 cm). Spindle-shaped
synthetic shrubs provided the best reduction effect in wind range and strength. Moreover,
the wind speed reduction ratio decreased with improved wind speeds and ranged from
26.25 cm (between the second and third rows) to 52.5 cm (after the third row). These results
provide strong evidence that synthetic shrubs should be considered to decrease wind speed
and prevent wind erosion.

Introduction

Wind erosion is an ecological and environmental issue of global concern, with many adverse
effects such as damage to infrastructure, economic loss, increased regional poverty, and social
instability [1,2]. Desertification affects 32% of the world’s population, 67% of countries, and
40% of the land area, making it a serious threat. Reducing the rate of land degradation was pri-
oritized in 2007 through the Action Plan to Combat Desertification (APCD) [3]. Many coun-
tries have made progress in desertification control science through the United Nations
Convention to Combat Desertification (UNCCD) [4,5]. China has initiated large, costly proj-
ects (accounting for 0.024% of China’s annual GDP) to combat desertification and sandstorms
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by increasing vegetation coverage [6]. China’s ecological protection projects are considered
the most ambitious mega-afforestation engineering schemes in human history [7-10]. Since
1990, the area of human planting and aerial planting have been applied on 24.7 and 12.8 mil-
lion hectares in China, respectively [11].

A windbreak is generally defined as a natural vegetative barrier against wind speed [12-14].
They are widely used in semiarid, arid, cold, and coastal environments to prevent wind erosion
[15-17]. Since the 1940s, windbreaks have undergone systematic study to find the optimal
windbreak—one that yields optimal protection at minimum cost [18]. Gandemer [19] and
Perera [20] pointed out that the geometric shape of a single windbreak and the row spacing
also affect the airflow distribution of windbreaks. However, their optimal design is still unclear
[21-26]; they can comprise a single element or a system that, through their presence in the air-
flow, reduces the effects of the wind both in the immediate vicinity and within a given wind-
ward and leeward distance [27-29]. The efficiency of a windbreak is not only affected by
geometric factors such as windbreak shape, height, width, and row spacing [27,30-32], but
also by wind speed and surface roughness [33,34]. Clarifying the optimal characteristics would
allow us to suggest an appropriate windbreak for any given application [27,35].

Studies in arid and semiarid areas have demonstrated that vegetation windbreaks are one of
the most effective methods for reducing the hazards of wind erosion [36-38]. However,
drought is a limiting factor for plant growth in deserts [39,40]. Degradation or loss of vegeta-
tion cover may further result in high environmental and economic costs by triggering sand-
storms [35,41]. Drought stress can disturb plant-moisture relations and reduce moisture use
efficiency in plants by decreasing stem elongation, root propagation, and leaf size. Most impor-
tantly, drought frequency and severity are predicted to worsen [42,43]. Extensive research has
shown that wind speed characteristics and the protective effect of vegetation windbreaks
depend on their geometric design, including height, length, width, porosity, opening size, dis-
tribution, and geometric shape [44]. Geometric design (also referred to here as “design” or
“configuration”) is the main structural characteristic affecting the wind proofing efficiency of
windbreaks [23,44]. Based on this, synthetic shrubs, which are three-dimensional, tangible,
and flexible structures, are designed and used as alternatives to traditional (natural) wind-
breaks with short lifespans and high water consumption [27,45]. Synthetic shrubs are easy to
install in extreme environmental conditions and are not affected by seasons. The specialized
materials used in synthetic shrubs can be recycled, and they can have visual appeal.

In this study, the airflow fields and windbreak characteristics of synthetic shrubs consisting
of artificial plants of different designs were studied in detail, based on a series of wind tunnel
experiments with artificial plants that simulated the geometric shape of Nitraria tangutorum, a
dominant shrub species in arid northern China.

Methods
Wind tunnel experiment setup

The wind tunnel experiments were conducted at the Key Laboratory of Desert and Desertifica-
tion of the Chinese Academy of Sciences, Lanzhou, China [39]. The wind tunnel consisted of
six sections: 1) air inflow, 2) flow contraction, 3) outflow diffusion section, 4) impeller, 5) test
section, and 6) flow stabilization. The tunnel used was a non-circulating blow-type, with a
speed range capability of 1-40 m/s (turbulence intensity < 0.4%). It was 37.8 m long with a
test section of 16.2 m (length) x 0.6 m (height) x 1.0 m (width) (Fig 1). The thickness of the
boundary layer in the test section was typically more than 120 mm, and the wind speeds were
continuously adjustable.
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Fig 1. Test section of the wind tunnel experiments.

https://doi.org/10.1371/journal.pone.0244213.9001

Structure and characteristics of synthetic shrubs

Before the wind tunnel experiments, we measured the geometric parameters of annual Nitraria
tangutorum, including height, canopy dimension and porosity, and frontal area. The field
measurements were performed in Dengkou County, Bayannur City, Inner Mongolia Autono-
mous Region, China (Table 1). Canopy dimensions comprised length diameter x width diame-
ter of the leaf area of a single plant. The canopy porosity and frontal area were estimated by
using an unsupervised classification analysis of canopy photographs using ERDAS IMAGINE
9.2 software (https://www.hexagongeospatial.com). Pixel numbers within a predetermined
range of gray were counted, and the scaling relationship between pixel size and length was
applied to calculate the frontal area. The synthetic shrubs used in this study were constructed
at a reduced size but scaled in proportion (at 1:4) to the geometric morphology of field plants.
Synthetic shrubs with leaves mimicking those of Nitraria tangutorum were constructed
from a new type of polymerized wind- and ultraviolet-resistant material. Compared with the
traditional materials of windbreaks with a lifespan of 3-5 years, the synthetic shrubs can last
longer than 15 years. Besides the main trunk, the synthetic shrubs had 8-10 main branches,
each containing 10-15 flat and obovate leaves. The latter were 3 cm long, 1.5 cm wide, and
0.1-0.2 mm thick. The shrubs were fixed upright by their main trunks in the test section of the
wind tunnel before commencement of the experiments. The “roots” which held the rest of the
synthetic plant secure were cemented below the wind tunnel. Only the branches and leaves
were exposed in the test section, with plants being evenly dispersed as follows: the overall
height of the shrubs was 22 cm, with 17.5 cm within the wind tunnel test section, and the
remaining 4.5 cm below a foam board was connected to the roots. To ensure that the synthetic

Table 1. Geometric parameters for field and synthetic shrubs of Nitraria tangutorum.

Shrubs Height (cm) Canopy dimension (cm) Canopy porosity (%) Frontal area (m?)
Field shrubs 89+11 70 (length) x 75 (width) 42-64 0.055-0.074
Synthetic shrubs Hemisphere-shaped 22 15 (length) x 17.5 (width) 51 0.059
Spindle-shaped 22 17.5 (length) x 15 (width) 47 0.052
Broom-shaped 22 16 (length) x 16 (width) 55 0.062
https://doi.org/10.1371/journal.pone.0244213.t001
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Fig 2. Configuration of synthetic shrubs (left) and arrangement in the test section of the wind tunnel (right).

https://doi.org/10.1371/journal.pone.0244213.9002

shrubs stood upright, the trunk and branches were constructed from steel wire wrapped in
plastic. The shrubs had flexibility comparable to field plants. Based on the features of branches
and leaves of Nitraria tangutorum and the characteristic forms of desert shrubs, three configu-
rations of synthetic shrubs were constructed: spindle-shaped, broom-shaped, and hemisphere-
shaped. The three configurations are shown in Figs 1 and 2.

Three rows of synthetic shrubs were fixed in place on a 1 m wide foam board in the test sec-
tion of the wind tunnel (Figs 1 and 2). Each row included five shrubs evenly placed on the
foam board. The distance between the rows and between the shrubs within each row was 17.5
cm, equal to the height of the shrubs in the test section. The wind tunnel experiment was con-
ducted three times, once for the spindle-, broom-, and hemisphere-shaped shrub design,
respectively.

Measurements of wind speed

Wind speeds of 8, 12, and 16 m/s at different heights (0.2, 0.5, 1, 2, 4, 8, 12, 16, 20, and 24 cm)
were measured using Pitot tubes along the central axis of the wind tunnel. The first row of syn-
thetic shrubs was set as the origin (0 cm), and the distances from the origin to the seven mea-
surement locations of Pitot tubes were -8.75 (the windbreak front), 8.75, 26.25 (within the
windbreak), 43.75, 52.5, 87.5, and 122.5 cm (downwind of windbreak), respectively (Fig 1).
Finally, wind speeds were measured continuously based on the wind pressure signals using a
microdifferential-pressure sensor with FSKX-10. The wind speed at each measurement point
was measured for 60 s. The resolution of the Pitot tubes was 1 s.

Data analysis

Three wind speeds of 8, 12, and 16 m/s were generated at a height of 10 cm. Instantaneous
wind speeds were calculated every 0.6 s at each measurement point, and the average values

PLOS ONE | https://doi.org/10.1371/journal.pone.0244213 December 28, 2020 4/14


https://doi.org/10.1371/journal.pone.0244213.g002
https://doi.org/10.1371/journal.pone.0244213

PLOS ONE

The synthetic shrubs consisting of artificial plants with different form configurations

were recorded as U. Wind speeds were then measured again at the same heights without the
synthetic shrubs in place, and the mean values were calculated as Uy, Finally, the reduction
ratio of the wind speed ((Uy—U)/U)x100% was calculated to evaluate the windbreak efficiency.
Contour figures were developed based on the Kriging interpolation using version 14.0 of the
Surfer software (https://www.goldensoftware.com/). Other graphs were made in version 8.0 of
the OriginPro software (https://www.originlab.com/).

Results and analysis
Distribution characteristics of the airflow field in synthetic shrubs

The airflow field represents the distribution characteristics of the wind speed in specific areas.
The magnitude and degree of change of wind speed can be demonstrated based on the contour
of wind speed. The darker the color, the smaller the wind speed; furthermore, the denser the
contour line, the greater the change in airflow.

The airflow field distribution characteristics for hemisphere-shaped synthetic shrubs under
wind speeds of 8, 12, and 16 m/s are presented in Fig 3. There was a distinctly lower wind
speed (shown in blue and red) below 14 cm height. Measurements for the Pitot tubes were the
same height as the synthetic shrubs. Since the total height of the synthetic shrubs in the test
section was 17.5 cm, it could be deduced that the shrubs with this design had a significant
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Fig 3. Distribution characteristics of airflow field in hemisphere-shaped synthetic shrubs under wind speeds of 8,
12 and 16 m/s. (Numbers 1-7 of horizontal axis correspond to -8.75 (the windbreak front), 8.75, 26.25 (within the
windbreak), 43.75, 52.5, 87.5 to 122.5 cm (downwind of windbreak), respectively).

https://doi.org/10.1371/journal.pone.0244213.g003
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effect on the reduction of wind speed. There were two obvious zones where the wind strength
was weakened, namely below 4 cm (near the base) and at 7-14 cm (in the middle and upper
parts of the synthetic shrubs). The weakening of wind strength was more pronounced near the
base. However, the range of weakening of wind strength was lower than in the middle and
upper parts. At 8 m/s, the weakened range of wind strength below 4 cm (near the base) was
evenly distributed from -8.75 cm (the windbreak front) (1 horizontal axis) to 122.5 cm (down-
wind of windbreak) (7 horizontal axes). On the other hand, there was an obvious backward-
shifting trend from 26.25 cm (within the windbreak) (3 horizontal axes) to 122.5 cm (down-
wind of windbreak) (7 horizontal axes) of the weakening area of wind strength below 4 cm
(near the base) at 12 m/s and 16 m/s. Because synthetic and field shrubs have comparable
bendability, they have similar capacities to buffer wind. Therefore, when the wind speed was 8
m/s, the airflow distribution near the base was more uniform. However, the shrubs did not
effectively block the strong wind, at speed 16 m/s. Thus, the wind speed weakening zone
retracted as the wind speed increased. When the wind speed was relatively high (16 m/s), the
horizontal location of wind speed weakening was concentrated beyond 26.25 cm (within the
windbreak) (3 horizontal axes).

Distribution characteristics of the airflow field for the spindle-shaped synthetic shrubs
under wind speeds of 8, 12, and 16 m/s differed markedly from those of the hemisphere-
shaped shrubs (Fig 4). There were two continuous zones of weakening wind strength, specifi-
cally, at Pitot tube height below 5 cm, and between 5 and 14 cm. Two relatively steady airflow
zones (shown in dark color) were formed inside the two continuous weakening zones of wind
speed. The range and strength of reduced wind speed were more uniform for spindle-shaped
than for hemisphere-shaped synthetic shrubs. Moreover, for the reduced wind speed, the hori-
zontal measurement locations of the Pitot tubes ranged mainly from 43.75 cm to 122.5 cm
(downwind of windbreak) (4-7 horizontal axes), behind the third row of shrubs, and below 5
cm. For heights of 5-14 cm, the range of reduced wind speed was wider than that below 5 cm.
Both the range of wind speed reduction and change in airflow were greater at 16 m/s wind
speed, as shown by the denser isolines. The isolines where the wind speed decreased to 12 m/s
were the sparsest, but also the airflow was more stable at that point. The trend of wind speed
change at 8 m/s was similar to that at 16 m/s, but the airflow was more stable, as shown by the
relatively sparse isolines in comparison with those at 16 m/s. The effective height of wind
speed weakening for the spindle-shaped synthetic shrubs was below 14 cm.

Fig 5 shows that for the broom-shaped synthetic shrubs, at heights below 2 cm, the zone of
reduced wind speed ranged from -8.75 cm to 122.5 cm (from the windbreak front to down-
wind of windbreak) (1-7 on horizontal axes). For 5-14 cm at the middle and upper parts of
these shrubs, the zone of reduced wind speed ranged from 8.75 cm to 122.5 cm (from within
the windbreak to downwind of windbreak) (2—7 on horizontal axes). Similar to the hemi-
sphere-shaped synthetic shrubs, there were continuous zones of reduced wind speed, and the
vertical measurement heights of Pitot tubes were below 2 cm near the base, and between 5 and
14 cm at the middle and upper parts of the broom-shaped synthetic shrubs. This shows that
the weakening effect of the broom-shaped synthetic shrubs on wind strength was mainly in
the middle and upper parts at 5-14 cm. For the broom-shaped synthetic shrubs, the wind
speeds were high at 2-5 cm of the vertical measurement, which indicates that there was no
obvious weakening effect on wind speed. Moreover, the weakening strength and range of the
shrubs at a wind speed of 16 m/s were significantly less, indicating that the broom-shaped syn-
thetic shrubs are not suitable for use in environments where the wind speed is greater than 16
m/s. The range of wind speed reduction for velocities of 8 m/s and 12 m/s were not signifi-
cantly different, but the effect of wind speed reduction below 2 cm weakened.
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Fig 4. Distribution characteristics of airflow field in spindle-shaped synthetic shrubs under wind speeds of 8, 12
and 16 m/s. (Numbers 1-7 of horizontal axis correspond to -8.75 (the windbreak front), 8.75, 26.25 (within the
windbreak), 43.75, 52.5, 87.5 to 122.5 cm (downwind of windbreak), respectively).

https://doi.org/10.1371/journal.pone.0244213.9004

Effects of synthetic shrub design on wind speed

The wind speeds at the horizontal measurement locations of the synthetic shrubs from -8.75
cm to 8.75 cm (from the windbreak front to within the windbreak) (1-2 on horizontal axes)
and from 26.25 cm to 43.75 cm (from within the windbreak to downwind of windbreak) (3-4
on horizontal axes) showed a downward trend (green shading in Fig 6). The vertical weaken-
ing height of the three forms of synthetic shrubs on the wind speed was within 4.5-13.5 m/s.
The wind speeds were weakened at distances from 8.75 cm (within the windbreak) (2 horizon-
tal axes) to 43.75 cm (downwind of windbreak) (4 horizontal axes) because the synthetic
shrubs had a blocking effect (Fig 6). Downwind of the shrub, the wind speed increased
(beyond 52.5 cm (downwind of windbreak) (5 horizontal axes)) and with increasing distance
(87.5 cm (downwind of windbreak) (6 horizontal axes) and 122.5 cm (downwind of wind-
break) (7 horizontal axes)) it decreased further (Fig 6). Therefore, the wind speed of the syn-
thetic broom-shaped shrubs at 52.5 cm (downwind of windbreak) (5 horizontal axes) under 8
m/s, 12 m/s, and 16 m/s conditions first increased and then decreased. In addition, the wind
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speeds for spindle-shaped shrubs at 87.5 cm (downwind of windbreak) (6 horizontal axes) at
12 m/s also showed a sudden increase followed by a decrease. Moreover, the wind speeds at
8.75 cm (within the windbreak) (2 horizontal axes) and 26.25 cm (within the windbreak) (3
horizontal axes) decreased significantly compared to -8.75 cm (the windbreak front) (1 hori-
zontal axis), indicating that the synthetic shrubs had a significant reduction effect on wind
speed. The wind speed weakening was stronger between the second row at 26.25 cm (within
the windbreak) (3 horizontal axes) and the rear row at 43.75 cm (downwind of windbreak) (4
horizontal axes) for both spindle-shaped and broom-shaped shrubs, while for hemisphere-
shaped shrubs between 8.75 cm (within the windbreak) (2 horizontal axes) and 52.5 cm
(downwind of windbreak) (5 horizontal axes). The wind speeds were lowest for the spindle-
shaped and broom-shaped shrubs at 43.75 cm (downwind of windbreak) (4 horizontal axes),
and for the hemisphere-shaped shrubs at 52.5 cm (downwind of windbreak) (5 horizontal
axes), indicating that the wind speed weakening effect of the synthetic shrubs was the most
obvious. The wind speed weakening effect for the hemisphere-shaped shrubs was significant,
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https://doi.org/10.1371/journal.pone.0244213.9006

although not as strong as that for the spindle-shaped shrubs, which was the best of the three
designs.

Shelter efficiency based on synthetic shrub design

The effects of the design of synthetic shrubs on the wind speed reduction ratio were analyzed
(Fig 7). The reduction ratio for synthetic shrubs with different designs at wind speeds of 8 m/s,
12 m/s, and 16 m/s was greatest at 8 m/s, indicating that it decreased as the speed increased.
Moreover, it showed a trend of first increasing and then decreasing. For hemisphere-shaped
synthetic shrubs, this ratio increased when the horizontal measurement locations of the Pitot
tubes were from -8.75 cm (the windbreak front) (1 horizontal axes) to 43.75 cm (downwind of
windbreak) (4 horizontal axes) due to the blocking effect of the shrubs. The wind speed reduc-
tion ratio of hemisphere-shaped synthetic shrubs reached a maximum when the horizontal
measurement locations of the Pitot tubes were 43.75 cm (downwind of windbreak) (4 horizon-
tal axes), beyond which the ratio showed a downward trend. For the spindle-shaped synthetic
shrubs under a wind speed of 16 m/s, the reduction ratio reached a maximum at 26.25 cm
(within the windbreak) (3 horizontal axes). There was an upward trend from -8.75 cm (the
windbreak front) (1 horizontal axes) to 8.75 cm (within the windbreak) (2 horizontal axes) for
the broom-shaped shrubs at wind speeds of 12 m/s and 16 m/s. The reduction ratio increased
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at distances from -8.75 cm (windbreak front) (1 horizontal axis) to 52.5 cm (downwind of
windbreak) (5 horizontal axes) under a wind speed of 8 m/s and reached a maximum at 52.5
cm (downwind of windbreak) (5 horizontal axes). The highest values of wind speed reduction
ratio for the three synthetic shrub designs were reached at distances ranging from 26.25 cm
(within the windbreak) (3 horizontal axes) to 52.5 cm (downwind of windbreak) (5 horizontal
axes).

Discussion

The airflow fields around different designs of synthetic shrubs are important in determining
the windbreak efficiency. The effects of windbreaks on wind speed attenuation depend on
both the internal (e.g., density, shape, and number of branches) and external (e.g., length,
width of windbreaks, and number of rows) structures [13]. Based on the wind tunnel experi-
ments conducted in this study, we found that the zone of weakened wind strengths resulting
from the spindle-shaped synthetic shrubs was both wider and more uniform than those of the
other designs. There was a greater reduction in wind speeds near the base of hemisphere-
shaped shrubs than for the other designs, but the weakening zone was smaller than in the mid-
dle and upper parts. However, for the broom-shaped shrubs, significant wind strength weak-
ening occurred in the middle and upper parts (at 8-13 cm). Liu et al. [46] demonstrated that
the variation in the wind acceleration zone was affected by the vegetation shape. Cornelis et al.
[47] tested the effects of one-, two-, and three-row windbreaks on wind speed reduction based
on a wind tunnel experiment. They found that the two- and three-row windbreaks were more
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efficient. Although our study highlighted the effects of different synthetic shrub designs on the
airflow field and windbreak efficiency using three shrub rows, the wind speeds at distances
beyond the middle of the second and third rows (from 8.75 cm to 122.5 cm) showed a down-
ward trend compared to the front of the first row (-8.75 cm) (Fig 6). Furthermore, the wind
speed reached its lowest level at 43.75 cm (the first measuring point behind the third row) for
wind speeds of 8, 12, and 16 m/s (Fig 6).

The wind profiles demonstrated that the wind attenuation effect of the shrubs is closely
related to the height of the plant’s foliage, where the wind-reducing influence of the plant fron-
tal area is improved, and speed reduction is increased [48]. The wind speed increases above
the vegetated layer because of the regional reduction in turbulence and shear stress [49,50].
These findings align with our results, in that the wind speed above the synthetic shrubs (> 14
cm) was higher (Figs 3-5). Zhang et al. [51] showed that the daily average windward wind
speed at 2 m was reduced by 18%, 31%, and 66% in the shelterbelt center, 66% behind the shel-
terbelt, and 62% and 45% from the forest edge on the leeward side. The location of the greatest
reduction ratio behind windbreaks marks the wind speed recovery zone, where the wind speed
is the lowest [52]. However, Seguin [53] showed that at the local scale, the reduction was less
effective for the second (and successive) downwind windbreaks than for the first windbreak. A
windbreak slows down the average wind speed on a regional scale because it increases the ter-
rain roughness. In this study, the wind speed weakening by synthetic shrubs of various designs
was stronger in the distance range from 8.75 cm (the middle of the first and second rows) to
87.5 cm (the third measuring point behind the third row). A larger void (higher under-crown
height) allows a higher ratio of wind penetration through windbreaks, leading to lower reduc-
tion efficiency above the height of 12 cm [54]. Fu et al. [55] showed that the wind speed could
be significantly affected by vegetation morphology. Okin [56] and Leenders et al. [57] pro-
posed triangular, rectangular, and semi-elliptical shapes for a “protective region”, where wind
erosion is reduced or eliminated [55].

Field and theoretical studies, as well as numerical simulations, indicate that the airflow
around plants can be affected by many factors such as plant density and distribution (e.g.,
number of leaves and/or stems), porosity and height-to-width ratios [58,59], leaf morphology,
uniform or non-uniform distribution of leaves above the bed, plant rigidity, degree of prostrate
versus erect form, the distribution of leaves on the stem or trunk, and the height of the trunk
or stem above the surface [60-62]. Further research is required to examine the effects of other
impact factors of synthetic shrubs on wind speed to improve their protective effects. These
findings are useful for the design and engineering of ecological protection.

Conclusions

The zone of reduced wind speed from spindle-shaped shrubs was wider and more uniform
than for the other two synthetic shrub shapes; furthermore, the reduction in wind strength was
also greater. The effect of the broom-shaped synthetic shrubs was to weaken the wind strength
mainly in the middle and upper parts of the synthetic shrubs (5-14 cm). For the hemisphere-
shaped shrubs, the weakening of wind strength was more effective near the base (below 4 cm),
and less so in the middle and upper parts of the shrub (7-14 cm). Therefore, spindle-shaped
synthetic shrubs provided the most effective weakening of the range and strength of the wind.
The vertical weakening of wind speeds by the three synthetic shrub configurations ranged
from 4.5 to 13.5 m/s. However, the wind speed reduction ratios for the three different synthetic
shrub designs indicated that the ratio would decrease with increasing wind speed. The wind
speed reduction ratio under wind speeds of 8, 12, and 16 m/s was greatest at distances ranging
from 26.25 cm (between the second and third rows) to 52.5 cm (after the third row). These
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conclusions provide strong evidence that synthetic shrubs should be promoted for use to
reduce wind speed and prevent wind erosion.

Supporting information

S1 Data. All data are fully available without restriction. All relevant data are within the man-
uscript and its supporting information files.
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