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1 | INTRODUCTION

Abstract

The widespread construction of photovoltaic power stations within northwest China
poses an environmental threat because of severe increased wind erosion and land
degradation. Engineering, plant, and biocrust treatments were evaluated in this study
for their effectiveness in the reduction of wind erosion. The placement of solar
panels caused wind speed variation and resulted in distinct abrasion and deposition
zones between the rows of the solar panels and the formation of deflation zones
under the solar panels. Combined treatments (gravel and red clay mulch were applied
within the abrasion and deposition zones, respectively) and moss-crust were the opti-
mal choices within the engineering and biocrust treatments, respectively. We found
that for engineering treatments, the combined procedures led to treatments had sand
transport rate reductions of 87%, while the straw checkerboard, gravel, and red clay
treatments gave reductions of 51, 78, and 74%, respectively. Within the biocrust
treatments, the moss-crust decreased the sand transport rates and the sand erosion-
deposit budget by 71 and 114%, respectively, while the cyanobacteria crust caused
reductions of 65 and 109%, respectively, in comparison to the control. Both plant
treatments decreased the sand transport rates and the sand erosion-deposit budgets,
but were inferior to other optimal treatments with the best plant treatment depen-
dent on the placement pattern used for plant establishment. All the treatments had
effects on reducing wind erosion, and we strongly recommend the use of moss-crust
and combined treatments in the deflation zones and between the rows of the solar
panels, respectively, to significantly reduce the severe wind erosion occurring at
these photovoltaic power stations located in sandy areas.

KEYWORDS
abrasion, biocrust, deposition, photovoltaic power station, wind erosion control

water quality deterioration, reduced biodiversity, and reductions in
food production (Pacheco, Sanches Fernandes, Valle Junior, Valera, &

Twenty-five percent of the Earth's land area is affected by land degra-
dation that gives rise to a series of negative ecological and economic
consequences, such as reductions in ecosystem services and the

corresponding degradation of ecosystem goods, increased soil losses,

Pissarra, 2018). Ecosystem function impairments attributed to land
degradation have caused average annual global losses of US$ 6.3 tril-
lion in ecosystem service values (Sutton, Anderson, Costanza, &

Kubiszewski, 2016). These losses stress the importance of restoring
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degraded lands and preventing the degradation of additional lands.
Zero net land degradation (land degradation neutrality, LDN) was
developed as a target by the United Nations Convention to Combat
Desertification (UNCCD) (Chasek et al., 2019; Gilbey, Davies,
Metternicht, & Magero, 2019; Sutton et al., 2016).

Wind erosion is a major contributor to land degradation with
one-third of the global terrestrial land areas impacted by wind erosion
(Giménez, Lozano, Torres, & Asensio, 2019; Zhang et al., 2018). Wind
erosion interacts directly with the topsoil, where it removes fine parti-
cles and depletes associated nutrients, changes soil texture and soil
particle size distribution, decreases nutrient and organic matter con-
tents, and amplifies the rate of water evaporation (Li, Okin, &
Epstein, 2009; Wang, Guo, Chang, Xiao, & Jiang, 2015; Yan
et al., 2013). These changes reduce the soil's susceptibility to erosion
and increase the potential for additional soil degradation. Therefore,
effectively reducing wind erosion can help mitigate land degradation.
China suffers some of the most severe wind erosion in the world with
158.60 x 10° ha of total wind erosion area in 2018 with the most
wind erosion occurring in arid and semiarid regions, such as deserts
and sandy lands, where the local wind regime exhibits significant spa-
tial differences (Chi, Zhao, Kuang, & He, 2019; Ministry of Water
Resources of the People's Republic of China, 2018; Shen, Zhang,
Wang, Zou, & Kang, 2018; Xu & Li, 2020).

Semi-buried sand barriers and plant cover practices are the most
common practices used to reduce wind erosion within a natural sandy
area, while gravel mulch is also commonly used in many construction
project areas such as mining enterprises (Dai et al., 2019; Liu &
Bo, 2020; Naghizade Asl, Asgari, Emami, & Jafari, 2019; Prosdocimi
et al., 2016). These practices can effectively reduce wind erosion haz-
ards. It has been demonstrated in the Taklimakan Desert that wheat
straw used in checkerboard (straw-check) sand barriers may lower
wind speeds by 33-90% and the sand transport rates by 60% (Cheng
et al., 2015; Tian, Wu, Zhang, Lu, & Wang, 2015). The erosive resis-
tance of gravel mulch is related to its coverage, pebble size, and
spreading methods (Yuan, Lei, Mao, Liu, & Wu, 2009). They reported
that roughness lengths increased with increased gravel coverage from
5 to 15%, but once the coverage exceeded 20%, the impacts on the
roughness lengths were approximately equivalent to 0% coverage
because the dense roughness elements resulted in an aerodynamically
smoother surface (Dong, Wang, Liu, Li, & Zhao, 2002; Liu &
Kimura, 2018). Plant cover practices have previously been considered
as the ideal erosion reduction practice since the sand transport rates
and the wind's flow patterns have been shown to be favourably
impacted (Hong et al., 2020; Lv & Dong, 2012). Under specific wind
speed conditions, the coverage and density of vegetation were nega-
tively correlated with wind erosion such that when the vegetation
coverage was less than 20%, there was substantially greater wind ero-
sion (Li, Okin, Alvarez, & Epstein, 2007; Zhao, Zheng, & He, 2005;
Dong, Fryrear, & Gao, 2000; Dong, Gao, & Fryrear, 2000). As an alter-
native method of wind erosion control, the rapid cultivation of bio-
crusts has been proven to be feasible and may be used as a practice
for the short-term restoration of impaired ecosystems (Antoninka,
Bowker, Reed, & Doherty, 2016; Bu et al.,, 2015; Bu, Wu, Yang, &

Zheng, 2014; Doherty, Antoninka, Bowker, Ayuso, & Johnson, 2015;
Maestre et al.,, 2016). Undisturbed biocrusts were shown to inhibit
wind erosion at wind speeds of 25-30 m st (Wang, Zhang, Zhang, &
Han, 2004). Thus far, engineering and planting practices have primar-
ily been used for wind erosion control, whereas the use of biocrust
practices has been scientifically studied as a promising alternative
practice for wind erosion reduction.

The use of combustible energy sources has increased the atmo-
spheric concentrations of greenhouse gases and has caused increased
global climate warming. For sustainable development in the future,
using renewables such as wind energy, solar energy, and nuclear
energy is the key to reducing the production of greenhouse gases in
energy production (Solaun & Cerda, 2019). In recent years, the devel-
opment of solar photovoltaic power stations has rapidly increased in
the NW of China. The cumulative installed photovoltaic power gener-
ation capacity of China reached 174 million kW by 2018, and within
northwest China, the installed capacity of photovoltaic power stations
has reached 50.03 million kW, which is the greatest photovoltaic
power generation capacity of any Chinese region (National Energy
Administration, 2018).

Large-scale disturbance and destruction associated with photo-
voltaic power station installation and operation have resulted in
severe wind erosion hazards that pose a potential threat to the opera-
tion of the photovoltaic power stations and the already fragile sandy
ecosystems. Unfortunately, there is not a mature system of wind ero-
sion management practices currently available for these photovoltaic
power station areas. Therefore, there is an urgent need to establish a
comprehensive erosion-control management system and to study the
efficiency and mechanisms of erosion control. Existing knowledge of
the patterns and/or control of wind erosion under natural conditions
has not proven to be applicable to these photovoltaic power stations
located in sandy areas. Serious shortcomings in our knowledge and
limited scientific studies, concerning the wind speed flow fields and
wind erosion patterns surrounding the photovoltaic power stations,
make it difficult to develop reasonable prevention measures to pro-
tect and sustain the fragile ecosystems. Etyemezian, Nikolich, and Gil-
lies (2017) provided a first-order estimation of the mean wind flows
resulting from a utility-scale solar photovoltaic facility that has been
valuable for understanding these flows and for checking the represen-
tativeness of wind tunnel measurements with numerical modelling
results.

To address the serious wind erosion hazards within the photovol-
taic power station, different engineering treatments (wheat straw
checkerboard, gravel mulch, red clay mulch, and combined practice),
planting treatments (Sedum aizoon L. and Pennisetum alopecuroides [L.]
Spreng), and biocrust treatments (cyanobacteria crust and moss-crust)
were established within a typical photovoltaic power station in Mu Us
Sandland of northwest China (Figure 1). The effectiveness of these
practices in wind erosion reduction was evaluated to choose the type
and placement of practices for optimal wind erosion reduction. We
measured the observed wind speeds, sand transport rates, wind-sand
flow structures, wind profiles, wind speed flow fields, and roughness

at fixed locations. The primary objectives of this study were: (a) to
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FIGURE 1

Engineering treatments

comb-pra

Location of the study area (a), locations of the deposition, abrasion, deflation zones (b), and the soil surface conditions of all

treatments (c-e). Please note that the abbreviations refer to the treatments which are bare, bare land control; straw-check, wheat straw
checkerboard; gravel-mul, gravel mulch; clay-mul, red clay mulch; comb-pra, gravel in the abrasion zone and red clay in the deposition zone; veg-
con, control treatment in plant treatments that only placed with straw checkerboard; sedum-aiz, Sedum aizoon L. planting area; penn-alo,
Pennisetum alopecuroides (L.) Spreng. planting area; no-crust, control treatment in biocrust treatments that only placed with straw checkerboard,
cyano-crust, cyanobacterial crust mulch; moss-crust, moss crust mulch [Colour figure can be viewed at wileyonlinelibrary.com]

document the characteristics of the wind speed flow field within the
photovoltaic power station; (b) to determine the efficiency and mech-
anism of engineering, plant, and biocrust treatments for erosion con-
trol; (c) to seek a protective management system for the reduction of
wind erosion hazards within the photovoltaic power station projects
that would also provide a practical reference for wind erosion control
in similar projects.

2 | MATERIALS AND METHODS

21 | Studyarea

The study area is located on the southeastern edge of the Mu Us San-
dland, near Dabaodang Town within southwestern Shenmu County of
Shaanxi Province, China (38°41'31”N, 109°56’44"E) (Figure 1a). The
average annual temperature is 8.9°C, and the annual average rainfall
is 437.8 mm with large inter-annual variations. Southeasterly winds
prevail during the summer (July-September), and northwesterly winds

prevail during the remainder of the year. There are frequent sand-

1

storms, and the average annual wind speed is 2.2 m s™~, with a maxi-

mum of 3.0 m s~* in April and a minimum of 1.7 m s~ in September.

1 1

The average seasonal wind speeds are 2.8 m s~ in spring, 2.2 m s~

in summer, 1.8 m s~ in autumn, and 2.0 m s~* in winter, and the daily

1 1

average maximum wind speeds are 9.4 m s~ in spring, 80 ms™ " in

1in autumn, and 8.3 ms™?

summer, 8.0 m s~ in winter, respectively
(Zhang et al., 2020). The primary vegetation includes Artemisia
ordosica and Salix cheilophila Schneid, with sparsely distributed
Phyllostachys propinqua, Hedysarum scoparium, Hedysarum fruticosum,

and Setaria viridis (L.) Beauv (Yuan, Zhang, Bu, Yang, & Yuan, 2016).

The soil at the study site was derived from aeolian sand and loess.
This location is associated with a geomorphologic transition consisting
of fixed to semifixed dunes and loess hills that typically have severe
wind and water erosion (Jia, Yong, & Wang, 1993). There are also
some limited agriculture, forestry, and animal husbandry activities
practiced within this ecologically fragile zone. All the solar panels
within the study area were simultaneously constructed by the same
construction team using uniform specifications, size, and layout
methods. To achieve the highest photovoltaic power generation, the
solar panels are aligned north and south with the active solar recep-
tive surface facing south. The characteristics of the sandy soil were
homogeneous within the study area.

2.2 | Experimental layout
221 | Topographical description of the
photovoltaic power station

Within the photovoltaic power station, the length and width of every
solar panel's vertical projections were 18 and 3 m, respectively, and
the distance between the solar panels to the next row was 7 m.
Therefore, the area under one solar panel was 18 x 3 m, and the area
between two adjacent solar panels was 18 x 7 m (Figure 2a). The
wind erosion conditions under the solar panels and between the rows
of solar panels were significantly different.

Slight wind erosion on the surface layer occurred under the solar
panels, which were defined as deflation zones with a typical size of
18 x 3 m. Both erosion and deposition occurred between the rows of

solar panels. Within this area, a distinct V-shaped trench (typically
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Relative position schematic of each treatment (a) and a side view of the instrumentation placement d photographs. The layout

position and height of chain-pins, FR2030 profile wind speed monitoring systems and FR3122 three-cup wind speed sensors (b); the chain-pins
layout position in deflation zones and between the solar panels (c); FR2030 profile wind speed monitoring systems and FR3122 three-cup wind
speed sensors (d); HOBO U30 meteorological station; F showed the 10-step sand samplers (e) [Colour figure can be viewed at

wileyonlinelibrary.com]

1-m width and 1-m depth) was formed within 1 m of the wind outlet
of the solar panel. The remaining area (between the outer edge of the
V-shaped trench and the deflation zone under the next row of solar
panels) formed approximately a 40 cm depth of deposition. We
defined these two areas as an abrasion zone and deposition zone with
dimensions that were 18 x1m and 18 x 6m, respectively
(Figure 1b). This phenomenon of the trench formation and deposition
zones uniformly occurred within the study area. Therefore, the zones
of our experimental design are between the rows of solar panels
(including the abrasion zone and deposition zone) and the deflation
zones beneath the solar panel rows. In August 2014, prior to the
beginning of the study, the entire study area was leveled and restored
to the original landforms that coincided with the completion of con-
struction for the photovoltaic power station.

222 | Treatments layout

The study included engineering, plant, and biocrust treatments with
the placement and the relationship of the treatments as shown in
Figure 2a and described in Table 1. The five engineering treatments
included bare land controls (bare), wheat straw checkerboard (straw-
check), gravel mulch (gravel-mul), red clay mulch (clay-mul), and com-
bined practices (comb-pra), which were placed within the region
between the rows of solar panels. The bare, straw-check, gravel-mul,
and clay-mul treatments were single practice treatments, while the
comb-pra treatment was a combined practice treatment that con-
sisted of gravel placed on the soil surface within the abrasion zone
and red clay placed on the soil surface within the deposition zones,
respectively. The materials used in the study were obtained from
resources within the surrounding area. Gravel and red clay were

placed artificially with a shovel after having been transported to the
study area.

S. aizoon L. (sedum-aiz), and P. alopecuroides (L.) Spreng. (penn-alo)
were plant treatments, which were placed within the deflation zone
and between the rows of solar panels, respectively. The low survival
rate of S. aizoon L. seed and high survival rate of P. alopecuroides (L.)
Spreng. seed caused different planting methods. Transplantation is
suitable for S. aizoon L. and broadcasting for P. alopecuroides (L.)
Spreng, respectively. Wheat straw checkerboards were placed within
the treatment area to provide initial protection for plant growth at the
beginning of the study. Therefore, there was one deflation zone and
an entire region between the rows of solar panels where straw check-
erboard was placed as the control of the plant treatments (veg-con).
Wheat straw was placed on the surface after planting to prevent the
seeds from being blown away, reduce water evaporation, and improve
survival rates. Water was applied once every two days for 1 month at
which time the wheat straw was removed and no additional water
was applied.

Cyanobacterial crust mulch (cyano-crust) and moss-crust mulch
(moss-crust) were the biocrust treatments that were placed on the soil
surface within the deflation zones. Wheat straw checkerboards were
initially placed within the zones to protect the growth and develop-
ment of the biocrust at the beginning of the study. Therefore, the
placement of a straw checkerboard within the deflation zones served
as the control of the biocrust treatments (i.e., no crust was placed on
the controls). Inoculum with a 10-mm thickness for the moss-crust
and cyano-crust was collected from the surrounding area and from
Yangguanhaize Village, which is a Yulin City approximately 100 km
away from the study area, respectively. After collection, the sampled
inoculum was dried in the shade under natural conditions and made
uniform using a plant sample pulverizer. Afterward, the pulverized
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TABLE 1

Names, abbreviations, layout area, and descriptions of the different treatments and identification of its usage as an engineering,

plant, or biocrust type of erosion-control practice

Layout location and descriptions

Between the rows of the solar panel area

Treatments Abbreviation  (including abrasion and deposition zones) Deflation zones
Engineering Bare land control bare The original bare sandy land was X
treatment maintained.
Wheat straw straw-check The size of the wheat straw checkerboard X
checkerboard islmx1m.
Gravel mulch gravel-mul A layer of gravel 3-7 cm in diameter was X
placed on the surface.
Red clay mulch clay-mul A layer of red clay 10 cm thick was placed X
on the surface.
Combined measures comb-pra Gravel and red clay were placed in the X
abrasion and deposition areas,
respectively.
Plant Vegetation control veg-con Only wheat straw checkerboard was placed as the control treatment.
treatment Sedum aizoon L. sedum-aiz Transplantation, 15 plants m=2, the straw checkerboard was placed to provide stable
colonization conditions before plantation.
Pennisetum alopecuroides penn-alo Broadcasting, 15 kg ha™%, the straw checkerboard was placed to provide stable
(L.) Spreng. colonization conditions before plantation.
Biocrust Biocrust control no-crust X Only straw checkerboard was placed
treatment as the control treatment.
Cyanobacterial crust cyano-crust X Straw checkerboard was placed to
mulch provide stable colonization
conditions. Microcoleus vaginatus,
Tolypothrix tenuis, and Phormidium
were dominant species.
Moss-crust mulch moss-crust X Straw checkerboard was placed to

provide stable colonization
conditions. Bryum argenteum is
dominant species.

Notes: x represents the treatment did not layout in this subdivision. The size of the straw checkerboard in the plant and biocrust treatmentsis 1 m x 1 m.
In the deflation zones, the measurement indicators included sand transport rates and sand erosion-deposit budges. These two indicators for each
treatment within this area had three repetitions. Between the rows of the solar panels, the measurement indicators included wind speed profiles, sand
transport rates, and sand erosion-deposit budgets. The measuring indicators for characterizing the wind speed profiles and the sand transport rates were
placed within the deposition zone; their measurement results were used to determine the wind speed profiles and the sand transport rates of the areas
between the rows of solar panels (including the abrasion zone and deposition zone). Each treatment between the rows of the solar panels had 10 and 3
repetitions for the wind speed profiles and the sand transport rates, respectively. The chain-pins, which are used to measure the sand erosion-deposit
budgets, were placed both in the abrasion and deposition zones with three repetitions for each treatment within the abrasion zone and deposition zone.

samples were spread evenly within the appropriate plot areas at a rate
of 500 g m™2. A BG11 nutrient solution and Hoagland nutrient solu-
tion were applied to the cyanobacterial crust and moss-crust at a rate
of 3L m~2 every 2 days, respectively. The cultivation period for the

biocrust treatments was 75 days.

2.3 | Measurement indicators and methods

2.3.1 | Measurement indicators
We used efficiency and mechanism indicators to evaluate treatment
effects. Efficiency indicators represent the wind erosion reduction

efficiencies of the various treatments on the sand transport rates,

wind-sand flow structure, and sand erosion-deposit budgets. The
sand transport rates refer to the quantities of sediment transported
by the wind per unit of surface area and time. The distribution of sedi-
ment within the sand flow along the height of the flow is called the
wind-sand flow structure (Butterfield, 1991). The sand erosion-
deposit budgets refer to the difference between the accumulated
amounts and the surface material transported by the wind at a certain
time. Mechanism indicators can be used to explain the reasons for
wind erosion reduction of different treatments, including the wind
speed flow field, wind speed profiles, and the aerodynamic roughness
(z0). The wind speed flow field refers to the distribution of the wind
speed over space, and the wind speed profile refers to the distribution
of the wind speed along with the height above the soil surface

(Bagnold, 1942). Aerodynamic roughness (z0) is an index of the effects
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of the ground surface on the airflow and usually represents a geomet-
ric height of zero wind speed that is calculated using the wind speeds
at different heights (Borak, Jasinski, & Crago, 2005; Liu &
Dong, 2003).

For plant treatments and biocrust treatments within the deflation
zones, the measurement indicators included sand transport rates and
sand erosion-deposit budgets. These two indicators for each treat-
ment within this measurement area had three repetitions. For engi-
neering and plant treatments between rows of the solar panels, the
measurement indicators included wind speed profiles, sand transport
rates, and sand erosion-deposit budgets. The measuring indicators for
characterizing the wind speed profiles and the sand transport rates
were placed within the deposition zone. The measurement results
were used to determine the wind speed profiles and the sand trans-
port rates of the areas between the rows of solar panels (including the
abrasion zone and deposition zone). These two indicators for each
treatment between the rows of the solar panels had 10 and 3 repeti-
tions for the wind speed profiles and the sand transport rates, respec-
tively. The chain-pins, which were used to measure the sand erosion-
deposit budgets, were placed both in the abrasion and deposition
zones with three repetitions for each treatment within the abrasion

zone and deposition zone.

2.3.2 | Measurement methods

The influence of the solar panels on the wind speeds was synchro-
nously measured at 20 and 200 cm heights from April 23 to 26, 2015,
within the peripheral area outside of the placement of the solar panels
and within the bare land control treatment between the rows of the
solar panels. Within the peripheral area, the wind speeds were mea-
sured using a HOBO U30 meteorological station (Figure 2e) (Onset
Computer Corporation, Inc.), which collected data measurements in
1s intervals with the 10 min averages also being automatically
recorded. Between the rows of the solar panels, an FR2030 profile
wind speed monitoring system combined with an FR3122 three-cup
wind speed sensor was used (Figure 2d) (Onset Computer Corpora-
tion, Inc.), which collected data measurements in 1 s intervals with the
1 min averages also being automatically recorded. During the study,
we obtained a total of 401 and 3,903 wind datasets within the periph-
eral areas outside the placement of the solar panels and within the
bare land control treatment between the rows of the solar panels,
respectively.

The wind speed flow field within the bare land control treatment
between the rows of the solar panels was measured to determine the
vertical variations of subsurface wind speeds under the influence of
the solar panels using FR2030 profile wind speed monitoring systems
combined with FR3122 three-cup wind speed sensors. Six groups of
FR3122 three-cup wind speed sensors were used to simultaneously
measure the wind speeds at different heights around the solar panels
(Figure 2b). The highest measured height increased gradually from the
wind outlet to the wind inlet. Measurements were taken 3 m from the

front of the wind outlet where wind speeds at a 20 cm height were

measured. As a point of reference, we took this position as the origin
point (0,0) for the direction of the wind outlet to the wind inlet as a
positive direction in 1-m intervals to describe the position of the other
instruments in a detailed layout as follows: (a) at position (2,0), the
sampling location was the same as the origin point, with wind speeds
measured at a 20-cm height; (b) at (4,0), 1 m behind the wind outlet,
the wind speeds were measured at heights of 20 and 40 cm; (c) at
(5,0), 2 m behind the wind outlet, the wind speeds were measured at
heights of 20, 40, 60, and 80 cm; (d) at (6,0), the wind speeds were
measured at heights of 20, 40, 60, 80, 100, 120, and 150 cm; and
(e) at (9.5,0), 3.5 m behind the wind inlet, the wind speeds were mea-
sured at heights of 20, 40, 60, 80, 100, 120, 150, and 200 cm. There
were a total of 23 FR3122 three-cup wind speed sensors used to
make simultaneous measurements from April 23, 2015 to April
26, 2015. Wind speed measurements were also automatically
recorded on a 1-min basis and these measurements were used to
graphically display the wind speed flow fields.

The FR2030 profile wind speed monitoring systems combined
with the FR3122 three-cup wind speed sensors were set in every
treatment between the rows of the solar panels to simultaneously
measure wind speeds at heights of 20, 40, 60, 80, 100, 120, 150, and
200 cm (Figure 2b). Measurements in 1 s intervals and 1 min averages
were automatically recorded, and then the recorded data measure-
ments were used to determine the wind speed profiles to calculate z0.
We assumed that in neutral or near-neutral layers, the wind speed
within the surface layer presents a logarithmic relationship within the
height distribution. Using the average wind speeds as a basis to calcu-
late zO has been shown to improve the reasonableness and accuracy
of results (Yang, 1996). Therefore, the wind speed profile and calcula-
tion of zO were based on an average of 10 groups of data measured at
10-min intervals. The computation of zO was calculated from the aver-
age wind speed profiles using the following equations (Dong
et al., 2000; Liu & Dong, 2003; Zhang et al., 2016):

u=a+blnz, (1)
20=e(~9/b), 2)

Where: u is the wind speed (m s at height z; a and b are the inter-
cept and slope of the logarithmic function of the wind speed profiles,
respectively, and determined by means of least-squares curve fitting.
Sand transport rates were measured using three 10-step sand
samplers that were placed along the axis within each experimental
area with the sand inlet of each sampler parallel to the wind direction
(Figure 2f). The sand sampler was a passive sampler and similar to the
WITSEG sampler designed by Cold and Arid Regions Environmental
and Engineering Research Institute, Chinese Academy of Sciences
(Dong, Sun, & Zhao, 2004). The height of the sand samplers was
25 cm and sectioned into 10 blown sand inlets such that every inlet
was 2.5 x 2.5 cm and connected with a sand chamber. Every sand
sampler was positioned within the experimental area such that each
sampler and the series of measurements made by each sampler served

as a repetition. To reduce the variability caused by the external
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environment, the sand mass of every sand sampler was randomly
measured three times (as a repeated measure) and averaged to ana-
lyze the differences among different treatments. Each measurement
period was 24 hr and the mass of sand within each chamber was mea-
sured using an electronic scale with an accuracy of ten-thousandths
of a gram. The sand transport rate was obtained using the following
Equation (3) (Ma et al., 2010).

Q=W/(aT), 3)

Where: Q is the sand transport rate, g (cm~2hr); W is the sand mass in
the sand sampler, g; a is the area of the sand sampler, 6.25 cm?; and
T is the observation time, hr.

Chain-pins, 60 cm in length, were used to measure the sand
erosion-deposit budget and were arranged uniformly after the appli-
cation of all treatments to ensure the consistency of the initial mea-
sured height and measured time. Between the solar panels, the chain-
pins were placed in three rows and three columns within the deposi-
tion zone and 30 cm vertically into the ground, with six chain-pins
that were equally divided for placement within the abrasion zone and
20 cm vertically into the ground (Figure 2c). In deflation zones, the
chain-pins were placed in three rows and three columns, and 20 cm
vertically into the ground. The mean of the chain-pins' value within
each column in the deflation zones or deposition zones was regarded
as a repetition, and the mean of every two chain-pins' value in the
abrasion zones was regarded as a repetition. Therefore, there were
three repetitions of every treatment in each zone. The observed
period of wind erosion was from October 15, 2014, to October
15, 2015. We measured the vertical length (H) of the chain-pins on
the ground to calculate the sand erosion-deposit budget by 'H'. Fine
particles and associated nutrients in the soil that have been depleted
directly by wind erosion have been shown to be primary contributors
to soil degradation (Yan et al., 2013). Therefore, we suppose that the
hazards caused by erosion have more serious impacts than deposition.
In this study, practices that caused deposition were found to be more
effective in reducing wind erosion, with smaller values of deposition,
and displayed improved results in the reduction of erosion within the

corresponding treatments.

2.4 | Data analysis

To explore possible differences in the sand transport rate, erosion,
and deposition among different treatments, and at different heights
above the ground, we used a permutated multivariate analysis of vari-
ance (PERMANOVA) procedure with the Primer-PERMANOVA+
package (Anderson, Gorley, & Clarke, 2008). The PERMANOVA is a
nonparametric multivariate statistical test and procedure that per-
mutes a distribution based on a Euclidean distance matrix, and calcu-
lates a permutated F-statistic and associated p value, similar to a one-
way ANOVA, but without any assumptions of normality. The PER-
MANOVA procedure then allowed us to conduct a number of multiple

comparisons to test the differences among different treatments using

the t-distribution. Analyses were conducted separately for the engi-
neering, plant, and biocrust treatments with separate analyses in the
deflation zones and between the rows of the solar panels. It is under-
stood that our three measurements of sand transport rates and the
sand erosion-deposit budgets are pseudo-replicates in the sense that
the measurements were placed under the same photovoltaic solar
power station. Nevertheless, the measurements provided us with rea-
sonable indications of potential differences among the various treat-
ments because of the relatively large size of the study area, which
should also partially minimize the impacts of the random errors. Wind
speed data were processed using Microsoft EXCEL 2016 and ana-
lyzed using a one-way ANOVA with SPSS 19.0 statistical software
(SPSS Inc., Chicago, IL, USA). Means comparisons were performed fol-
lowing significant differences in the mean effects using a protected
Tukey's Honest Significant Difference (p < 0.05). The wind speed pro-
file equation was simulated using Microsoft EXCEL 2016 and the fig-
ures were drawn using SURFER 14.0 (Golden Software, USA) and
ORIGIN 2017 (OriginLab, USA).

3 | RESULTS

3.1 | Characteristics of the wind speed and the
wind speed flow field between solar panels

The average wind speeds at the heights of 20- and 200-cm within the

peripheral area were 1.51 and 3.64 m s™%

, respectively, while between
the rows of solar panels the average wind speeds were 1.06 and
1.40 m s~ respectively. Wind speeds between the rows of solar
panels were reduced by 29.8 and 61.5% at the heights of 20 and
200 cm when compared with the wind speeds within the peripheral
area. Therefore, the arrangement of the solar panels significantly
decreased wind speeds. Figure 3 displays the wind speed distribution
around the solar panel, and we can see that the wind speed at location

A (air outlet) was higher than location B (air inlet).

3.2 | Effects of various treatments on sand
transport rates

Among the engineering treatments, the total horizontal sand transport
rates of the control treatment was 2,801.8 g (cm~2hr)-10~%, and
formed the relative basis of comparison for the other treatments in
wind erosion reduction. The treatments displayed a rank order trend
from highest to lowest reductions in wind erosion as comb-pra (87%)
> gravel-mul (78%) > clay-mul (74%) > straw-check (51%). The results
of the PERMANOVA analyses determined there were significant dif-
ferences among all treatments (F = 99.81, p < 0.01). Multiple means
comparisons generally indicated that there were significant differ-
ences among the bare land control and the straw-check treatment
and the other treatments although oftentimes there were no signifi-
cant differences between the gravel-mul and comb-pra treatments

(Table 2). The results of multiple comparisons of the sand transport
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FIGURE 3 Diagram of the wind speed flow field in regards to the side view of a solar panel placement where the wind speed flow lines are
shown for the inlet and outlet areas of the solar panel and are shown for approximately a 9-m distance and a 2-m height above the soil surface

[Colour figure can be viewed at wileyonlinelibrary.com]

rates at different heights showed within the 0-10 cm intervals that
the differences among all treatments were significant. Within the
10-25 cm intervals, there were no significant differences between
the control and the straw-check treatments although these two treat-
ments differed from the gravel-mul, clay-mul, and comb-pra treat-
ments, which generally displayed no differences among themselves
(Table 2).

Whether between the rows of solar panels or in the deflation
zones, the sand transport rates significantly decreased within the total
horizon distance for the sedum-aiz and penn-alo treatments (with
F values between 146.42 and 12.75, (p < 0.01), and with F values less
than 12.752, (p < 0.05), respectively). In the deflation zones, the total
horizontal sand transport rates of sedum-aiz and penn-alo treatments
were 383.2 and 309.6 g (cm™2:-hr)-107%, respectively, which produced
20% and 36% reductions compared with the control (480.1 g (cm™2hr)-
1074, respectively. There were no significant differences between the
sedum-aiz and penn-alo treatments. Between the rows of solar panels,
the total horizontal sand transport rate of the veg-con treatment dis-
played a maximum value of 2,969.7 g (cm~2hr)-10~%, while the sedum-
aiz and penn-alo treatments produced reductions in the total horizontal
sand transport rate of 86 and 78%, respectively, in comparison with the
control. Mean comparisons indicated that the veg-con treatment signifi-
cantly differed in comparison to the other treatments while there were
no differences in the total horizontal sand transport rates displayed
between the sedum-aiz and penn-alo treatments except for the
17.5-20 cm heights (Table 2).

Biocrust treatments also displayed statistically significant reduc-
tions on the total sand transport rates within the deflation zones
(F = 104.98, p < 0.05). The total horizontal sand transport rates of the
359.1 and
297.5 g (cm~2-hr)- 107, respectively, which represented reductions of
65 and 71%, respectively, compared with the
(1,033.4 g (cm™2hr)-107%. No significant differences in the sand

transport rates were displayed between the cyano-crust and moss-

cyano-crust and moss-crust treatments were

control

crust treatments (Table 2).

3.3 | Effects of various treatments on wind-sand
flow structure

The relative sand transport rate index is used to describe the wind-
sand flow structure that utilizes the percentages of transferred sand
quantities within each height interval of the total distribution.

As shown in Figure 4, the sand transport rates associated with all
the treatments gradually decreased with increased height and are con-
sistent with Butterfield's findings that displayed a similar pattern of
reductions (Butterfield, 1991). The sand transport rates observed for
the straw-check, gravel-mul, and clay-mul treatments decreased rap-
idly below the 12.5 cm height, whereas the rate of decrease was rela-
tively unchanged above the 12.5 cm height (Figure 4a).

Within the 0-10 cm height range, the sand transport rates
observed for the plant treatments within the deflation zones
decreased rapidly, whereas the rate of decrease was relatively
unchanged within the 10-25 cm height range (Figure 4b). Between
the rows of the solar panels, the sand transport rates observed for the
sedum-aiz treatment were drastically reduced within the 0-15 cm
height range, whereas the rates observed for the penn-alo treatment
showed stable changes within the 0-25 cm height range (Figure 4c).

The sand transport rates of the cyano-crust and moss-crust treat-
ments displayed a relatively homogenous distribution above the treat-
ments, and the relative sand transport rate of each layer stayed within
a range of 8-12%. The sand transport rates of the no-crust treatment
drastically decreased within the height range of 0-10 cm, whereas
the decrease was relatively constant within the height range of
10-25 cm (Figure 4d).

3.4 | Effects of various treatments on sand erosion
and deposition

Within the abrasion zones, the different engineering and plant treat-

ments displayed significant differences on the sand erosion-deposit
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FIGURE 4 The relative sand transport rates versus distance above the soil surface for the engineering, plant, and biocrust treatments where
the treatments are bare, bare land control; straw-check, wheat straw checkerboard; gravel-mul, gravel mulch; clay-mul, red clay mulch; comb-pra,
gravel in abrasion zone and red clay in the deposition zone; veg-con, control treatment in plant treatments that only placed with straw
checkerboard; sedum-aiz, Sedum aizoon L. planting area; penn-alo, Pennisetum alopecuroides (L.) Spreng. planting area; no-crust, control treatment
in biocrust treatments that only placed with straw checkerboard, cyano-crust, cyanobacterial crust mulch; moss-crust, moss crust mulch

budget (engineering: F = 1,046.6, p < 0.001; plant: F = 211.094,
p < 0.01). The control treatment produced 23.8 cm of erosion losses
while the straw-check treatment only produced 6.0 cm of erosion
losses, which was a 75% reduction in erosion losses compared with
the control. The gravel-mul, clay-mul, and comb-pra treatments
resulted in depositions of 1.0, 1.6, and 3.1 cm, respectively, and the
sand erosion-deposit budgets decreased by 104, 107, and 113%,
respectively, in comparison to the control. Multiple means compari-
sons indicated there were significant differences among the different
engineering treatments although no distinct patterns were observed
(Figure 5a). Sedum-aiz and penn-alo treatments resulted in 3.2 and
3.8 cm of erosion losses, which decreased the budget by 65 and 58%
compared with the control (9.2 cm of erosion losses), respectively.
Further analysis showed there were significant differences between
the veg-con and the sedum-aiz and penn-alo treatments, but no sig-
nificant differences existed between the sedum-aiz and penn-alo
treatments (Figure 5b).

Within the deposition zones associated with the engineering
treatments, the control and straw-check treatments resulted in ero-

sion losses, which were 1.6 and 4.2 cm, respectively, while the

remaining treatments produced lower quantities of deposition. The
clay-mul and comb-pra treatments both resulted in depositions of
1.4 cm that performed better when compared with the other engi-
neering treatments (Figure 5a). The results for the plant treatments
within the deposition zones showed the veg-con control treatment
resulted in 1.0 cm of gravel deposition, while the sedum-aiz and penn-
alo treatments resulted in 0.6 and 0.5 cm of gravel erosion, respec-
tively. There were no significant differences between the sedum-aiz
and penn-alo treatments, but both treatments were significant in
comparison with the veg-con control treatment (Figure 5b).

Within the deflation zones, the plant treatments produced differ-
ent patterns of erosion losses. The veg-con, sedum-aiz, and penn-alo
treatments resulted in 2.3, 1.4, and 1.8 cm of soil erosion, respec-
tively. The sedum-aiz and penn-alo treatments reduced the quantities
of erosion by 40 and 22% compared to the control, respectively, but
there were no significant differences between the sedum-aiz and
penn-alo treatments (Figure 5b). The cyano-crust and moss-crust bio-
crust treatments had depositions of 0.3 and 0.5 cm, respectively,
while the control exhibited 3.5 cm of soil erosion. Compared with the

control, the sand erosion-deposit budget associated with the cyano-
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FIGURE 5 The sand erosion-deposit budget associated with the engineering, plant, and biocrust treatments where the treatments are bare,
bare land control; straw-check, wheat straw checkerboard; gravel-mul, gravel mulch; clay-mul, red clay mulch; comb-pra, gravel in abrasion zone
and red clay in the deposition zone; veg-con, control treatment in plant treatments that only placed with straw checkerboard; sedum-aiz, Sedum
aizoon L. planting area; penn-alo, Pennisetum alopecuroides (L.) Spreng. planting area; no-crust, control treatment in biocrust treatments that only
placed with straw checkerboard, cyano-crust, cyanobacterial crust mulch; moss-crust, moss crust mulch

crust and moss-crust treatments decreased by 109 and 114%, respec-
tively, although there were no significant differences between the

cyano-crust and moss-crust treatments (Figure 5c).

3.5 | Effects of various treatments on the wind
speed profile

The wind speeds observed above the engineering and plant treat-
ments generally increased with height (Figures 6 and 7), which was
expected and conforms to the logarithmic distribution law (Wu,
Zhang, Tian, Zhao, & Jia, 2013; Zhang, Li, et al., 2016). The range of
wind speeds observed above the bare check treatment and the
gravel-mul treatment were relatively dispersed while the wind speeds
above the other engineering treatments were relatively concentrated
and displayed somewhat regular distribution patterns. The average
wind speed distribution with height indicated that compared with the
control, the other engineering treatments effectively reduced the
wind speeds (Figure 6f). At the height of 20 cm, the average wind

1 while

speed observed above the control treatment was 4.7 m s~
straw-check, gravel-mul, clay-mul, and comb-pra were 2.4, 4.6, 2.6,
and 2.8 m s, respectively, which represent reductions of 49, 2, 45,
and 40% compared with the control, respectively. The largest reduc-
tions of the wind speed were observed at a height of 20 cm for the
straw-check treatment, while the clay-mul treatment displayed the
largest reductions at the other heights of measurement. There were
significant differences among the bare treatment when compared with
the straw-check and gravel-mul treatments at every height, while the
differences in means comparisons between the clay-mul and comb-
pra treatments were not significant (Table S1).

For the plant treatments, the range of wind speeds was relatively
concentrated above the control treatment and was relatively dis-

persed above the sedum-aiz treatment (Figure 7). Above the sedum-

aiz treatment, the wind speed increased rapidly within the height
range of 20-40 cm and then increased slowly within the height range
of 40-200 cm. Above the penn-alo treatment, the wind speed gradu-
ally increased throughout the entire height range, but the changes
between the adjacent height intervals were apparently random. At the
height of 20 cm, both the sedum-aiz and penn-alo treatments slightly
reduced the average wind speeds compared with the control
(2.38 m s™1), but the means comparisons indicated there were no sig-
nificant differences among the plant treatments. The penn-alo treat-
ment increased the average wind speeds above 20 cm, however, the
results of the one-way ANOVA analysis showed that plant treatments
had no significant effects on wind speeds at different height intervals
except for the 40-60 cm height intervals where statistically significant
differences were observed (Table S1). The wind speeds associated
with the biocrust treatments gradually increased with the height
above the soil surface and were similar to the results observed for the
engineering treatments.

3.6 | Aerodynamic roughness (z0)

Table 3 shows the results of a logarithmic function applied to the wind
profiles and the resulting zO calculations. The fitting coefficients all
exceeded 0.8 and indicated the fitting results were reliable.

The roughness under the engineering treatments followed the
trend of straw-check (0.748 cm) > clay-mul (0.163 cm) > bare = comb-pra
(0.078 cm) > gravel-mul (0.003 cm). Compared to the control, the
roughness may be divided into three categories: increased, decreased,
and neutral. The roughness of the straw-check and clay-mul treat-
ments was 9.6-times and 2.1-times greater than the bare land, respec-
tively. The roughness under the gravel-mul treatment was reduced by
an order of magnitude in comparison to the control and may be con-

sidered as approximately O cm.
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FIGURE 6 The changes in wind speed with height above the soil surface for the engineering treatments where the treatments are bare, bare
land control; straw-ched, wheat straw checkerboard; gravel-mul, gravel mulch; clay-mul, red clay mulch; comb-pra, gravel in abrasion zone and red

clay in the deposition zone

The sedum-aiz and penn-alo treatments both increased the
roughness and followed the trend of penn-alo (0.413 cm) > sedum-aiz
(0.338 cm) > veg-con (0.317 cm). Compared with the control, the
sedum-aiz treatment increased the roughness by 6.6% while the
penn-alo treatment increased the roughness by 30.3%. The erosion-
control mechanism of biocrusts is generally similar to the behavior dis-
played by gravel mulch such that the aerodynamic roughness was
increased and the near-surface wind speed flow field was altered.

4 | DISCUSSION
41 | The construction of the photovoltaic power
station aggravated the wind erosion hazard

It has been shown that the presence of obstacles has the potential to
change the surrounding wind flow field distribution and wind speed,
and thus have significant effects on erosion conditions (Blocken, Stat-
hopoulos, & Carmeliet, 2007). In this study area, because the solar
panels had a wide wind inlet and a narrow wind outlet, the speed of
the wind flowing through the solar panels was decreased at the inlet
and increased at the outlet. This change formed three distinct zones:
the deflation zone (under the solar panels), an abrasion zone, and a
deposition zone (between the rows of the solar panels). Deflation

zones resulted in slight wind erosion on the surface layer. The

abrasion zones formed severe wind erosion and caused a V-shaped
trench that is typically 1 m wide and 1 m deep at the air outlet of the
solar panel, where the downward directed wind from the rear of the
solar panel intersects the soil at the front of the solar panel, and the
shearing and abrasion effects of the wind cause a V-shaped trench to
form. Deposition zones were located between the outer edge of the
abrasion zone and the deflation zone under the next row of solar
panels and formed in strips 6 m wide and with up to 40 cm depth of
deposition. The appearance of serious abrasion and deposition taken
together totally disrupted the original soil structure and increased the
difficulties of natural vegetation restoration, which not only increased
the local land degradation potential, but also resulted in some security
issues and increased maintenance costs for the photovoltaic power
station. Therefore, it is necessary to find appropriate measures to con-

trol and prevent the wind erosion.

4.2 | Treatments vary in their effects on wind
erosion reduction

The keys to controlling wind erosion are to decrease the wind speed
and the sand transport rate (Lv & Dong, 2012). In our study, engineer-
ing, plant, and biocrust treatments all showed beneficial erosion
reduction effects that decreased the sand transport rates and the

wind speeds near the surface compared with the control. Comb-pra
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FIGURE 7 The changes in wind speed with height above the soil surface for the plant treatments where the treatments are veg-con, control
treatment in plant treatments that only placed with straw checkerboard; sedum-aiz, Sedum aizoon L. planting area; penn-alo, Pennisetum

alopecuroides (L.) Spreng. planting area

TABLE 3 Regression of the relationships between wind speed u, and height z for all speed profiles under the engineering and plant

treatments

Treatment
Engineering treatment Bare land control

Wheat straw checkerboard
Gravel mulch

Red clay mulch

Combined measures

Plant treatment Vegetation control
Sedum aizoon L.

Pennisetum alopecuroides (L.) Spreng.

and moss-crust were the optimal choices of the engineering and bio-
crust treatments, respectively. In the plant treatments, the sedum-aiz
treatment was appropriate between the rows of the solar panels and

the penn-alo treatment was appropriate in deflation zones.

421 | Engineering treatments: The comb-pra
treatment performed better than other treatments

One of the most effective strategies to control wind erosion has been
mulching, which reduces the direct action of wind on the soil surface

(Naghizade Asl et al., 2019). In our study, all the engineering

a b r? 20 (cm)
6.3157 0.8822 0.951 0.078
3.8758 0.7918 0.911 0.748
5.3509 0.5088 0.901 0.003
3.1411 0.4895 0.846 0.163
3.3932 0.4727 0.862 0.076
3.1034 0.5393 0.930 0.317
3.4918 0.6138 0.925 0.338
2.9727 0.5346 0.977 0.413

treatments had higher coverage, as compared with the control treat-
ment, and, thus, the engineering treatments all had significant impacts
on the reduction of wind erosion.

Near-surface winds are the main dynamic force causing wind ero-
sion and strongly impact erosion by displacing or removing topsoil
from the land surface (Pi & Sharratt, 2017). Therefore, the influence
of the various engineering treatments on the sand transport rates was
primarily concentrated within the 0-10 cm height interval above the
surface. The comb-pra treatment exerted the largest reductions in the
sand transport rates and had a lower sand erosion-deposit budget.
Therefore, indications are that gravel application within the abrasion

zones coupled with red clay applications within the deposition zones
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would be a strongly preferred prevention and control practice among
the engineering treatments.

Gravel mulch has been shown to change the soil hydrological pro-
cesses in a manner that has resulted in increased soil nutrient con-
tents, increased water infiltration, reduced evaporation, and increased
trapping of dust particles (Li, 2003; Lv et al, 2019; Shojaei,
Hakimzadeh Ardakani, Sodaiezadeh, Jafari, & Afzali, 2019). The soil
water content has a significant effect on the wind's movement of soil
particles, and small increases in soil moisture have been reported to
cause distinct reductions in wind erosion (De Oro, Colazo, Avecilla,
Buschiazzo, & Asensio, 2019; Funk, Reuter, Hoffmann, Engel, &
Ottl, 2008). The abrasion zones displayed the most serious erosion
losses and it is hypothesized that the higher soil water contents under
the gravel mulch had more significant effects on wind erosion reduc-
tions. The gravel mulch also reduced the direct wind damage to the
ground surface, which also had an important impact on reduced wind
erosion. Studies have shown that when the soil surface particle frac-
tion was <0.125 mm, the soil surface was susceptible to wind erosion
(Yan et al., 2013). Although red clay is characterized by the strong
bond between the soil particles, the fine particles within the surface
layer were still removed easily by wind erosion. Therefore, the gravel
mulch proved to be more effective than the red clay mulch within the
abrasion zones. zO would be expected to reach a maximum value at
some critical roughness density, and zO should decrease if the rough-
ness density continued to increase, because the roughness elements
would result in the physical surface becoming aerodynamically
smoother (Dong et al., 2002; Nickling & Neuman, 2009). Our study
exhibited similar results, as zO decreased in comparison to the control
treatment under the gravel-mul treatment because of the high rough-
ness density. Combined with the decreased wind force within the
deposition zones, the red clay mulch with larger values of surface
roughness was more effective within this zone. Therefore, the comb-
pra treatment exhibited improved and better wind erosion reductions
compared with the single gravel-mul or the single clay-mul
treatments.

Straw checkerboard has been a common preventive practice used
in wind erosion control that can disrupt the rate of wind flow and
reduce the speed of dune expansion (Liu & Bo, 2020; Zhang
et al., 2016). The size and layout of checkerboard sand barriers have
been shown to significantly affect wind erosion control (Tian
et al., 2015). In the present study, the wheat straw checkerboard sand
barriers had the largest zO values, minimized the wind speed above
the near-surface, and demonstrated significant effects on wind ero-
sion reductions. However, because the standard installation place-
ment of the wheat straw checkerboard having been vertically inserted
10 cm into the ground, the original soil structure was destroyed and
the straw-check treatment had lower rates of wind erosion reductions
in comparison to the other treatments. Therefore, the wind erosion
reduction effects of the straw-check treatment were inferior to the
other three treatments with the primary cause felt to be the insertion
techniques commonly accepted and used during the installation of the

wheat straw checkboard practices.

4.2.2 | Plant treatments: Various results exhibited
within the different zones

Vegetation helped reduce wind erosion by absorption of the wind's
momentum that reduced the shear stress on the surface, trapped
some eroded materials, reduced the wind speed, and reduced the
quantity of bare surface area (Brown, Nickling, & Gillies, 2008; Dong
et al., 2000; Webb, Okin, & Brown, 2014). All these factors are closely
related to the vegetation coverage; the density, types, and morpho-
logical characteristics of the vegetation; and the layout used for place-
ment of the vegetation. The wind erosion rates increased
exponentially as the vegetation coverage decreased and the wind ero-
sion rates were markedly less when the vegetation coverage was rela-
tively dense (Huang, Niu, Wang, Wang, & Ding, 2001; Salahat, 2016;
Zhao et al., 2005). When the coverage of natural vegetation reached
60%, it has been shown that soil wind erosion was effectively
prevented (Meng et al., 2018). A study of grasslands in southern Mex-
ico indicated that herbaceous plants reduced soil erosion loss by wind
and nutrient loss better than leguminous shrubs (Li et al., 2007).

In this study, both plant treatments increased the zO values, con-
sistently reduced the wind speeds within the 20-cm interval above
the surface, and significantly reduced the sand transport rates, which
were all factors that had significant impacts on reducing wind erosion.
Particulate matter released from soils has been shown to occur as a
direct result of tillage that may partially be due to a subsequent reduc-
tion in vegetable cover (Funk et al., 2008). We observed that the sand
erosion deposition budgets were slightly decreased or increased
within the different zones. The plausible reasons for this phenomenon
may be as follows: (a) the plants grown in the deflation zone and abra-
sion zone played an important role in controlling and resisting wind
erosion, which decreased the amounts of the sand erosion-deposit
budget and/or (b) the initial plant intervention destroyed the structure
and integrity of the original landforms within the deposition zone,
which made the surface more vulnerable to erosion and slightly
increased the amounts of the sand erosion-deposit budget. However,
it is felt the phenomenon associated with the surface disruptions will
gradually disappear as the growth of vegetation and the stabilization
of the soil structure subsequently occur.

Sedum-aiz and penn-alo treatments showed different wind ero-
sion reduction effects in the transport rates and the sand erosion
deposition budgets within the areas between the rows of solar panels
and the deflation zones. We speculated the reasons were related to
the plant's morphological characteristics, the placement or layout of
the vegetation, and the changed wind flow field. Plant morphology
and lateral coverage have been shown to significantly affect the
erosion-control characteristics of vegetation (Hong, Kim, & Im, 2016;
Zhang et al., 2016; Lancaster & Baas, 2015). S. aizoon L. is a dicotyle-
don with hard stems. The stems bend less in the wind and reductions
in the wind speeds typically result. This species can effectively reduce
surface wind speeds within the 0-20-cm height interval and strongly
influences wind speeds within the upper intervals. P. alopecuroides (L.)

Spreng. is a monocotyledon that is susceptible to the effects of wind
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and is characterized by soft stems with long and slender leaves, which
are easily bent and help to protect the plant from the damage of wind
erosion. In the deflation zones, the penn-alo treatment reduced the
sand transport rate because a larger lateral coverage resulted from the
random broadcast planting and lower wind speeds caused by the
placement of the solar panels. Between the solar panels, especially
within the abrasion zones that were characterized by higher wind
speeds, the P. alopecuroides (L.) Spreng. with the soft stems were eas-
ily bent and the vegetation tended to stick to the ground, which
reduced the interception efficiencies and increased the sand transport
rates. The results were consistent with these observations of the veg-
etation properties as P. alopecuroides (L.) Spreng. had a higher erosion
budget compared with S. aizoon L. within the abrasion zone
(Figure 5b).

423 | Biocrust treatments: The moss-crust
performed slightly better than the cyano-crust

Biocrust is a highly complex community of mosses, cyanobacteria,
lichens, bacteria, etc., that initially displayed 12% coverage of the ter-
restrial surface, which was typical in comparison with the results of
previous studies (Bu, Wu, Xie, & Zhang, 2013; Rodriguez-Caballero
et al., 2018). Biocrust has been shown to have important impacts on
ecosystem evolution through the maintenance of ecosystem stability
by the retention of soil moisture, improvements to nutrient cycling,
increased soil stability, and the reduction of water/wind erosion haz-
ards (Bowker, Reed, Maestre, & Eldridge, 2018; Delgado-Baquerizo
et al., 2016; Delgado-Baquerizo, Morillas, Maestre, & Gallardo, 2013;
Ferrenberg, Faist, Howell, & Reed, 2018; Rodriguez-Caballero
et al., 2018). Researchers are currently focused on desertification con-
trol using biocrusts, especially cyanobacterial crusts, that were cul-
tured in laboratory experiments (Giraldo-Silva, Nelson, Barger, &
Garcia-Pichel, 2019; Kheirfam & Roohi, 2020).

Soil properties and ground cover have been regarded as indica-
tors of land susceptibility to wind erosion (Webb, 2020). The biocrust
mulch apparently changed the physical conditions of the soil surface,
increased the ground cover, and reduced the direct effects of wind
erosion. Zhang, Wang, Wang, Yang, and Zhang (2006) found that in
sandy soil, the wind erosion rate at a wind speed of 18 m s~* with 0%
crust cover was 46 times greater than when the same soil had a 90%
crust cover. The exopolysaccharides are primarily composed of glu-
cose, mannitol, arabinose, and galactose that have been secreted by
biocrust bacteria in a manner that aggregates the sand particles and
helps reduce the susceptibility of the larger particles to wind erosion
(Kheirfam & Roohi, 2020; Zhang, 2005). It is thought that similar
mechanisms were involved in this study and resulted in reduced sand
transport rates, particularly within the 0-12.5 cm height above the
surface. In this study, the coverage of the cyano-crust and moss-crust
treatments reached approximately 60 and 70%, respectively, when
fully established. The total horizontal sand transport rates observed
with the cyano-crust and moss-crust treatments were significantly

decreased by 65 and 71%, respectively, when compared with the

control. Therefore, both biocrust treatments demonstrated effective
reductions in the sand transport rates with slightly better results for
the moss-crust treatment.

The wind erosion resistance exhibited by biocrusts is closely
related to the crust development stage and the type and nature of
surface conditions (Bu et al., 2015; Kheirfam & Asadzadeh,2020). The
moss-crust was in its final successional stage for this study and would
have had higher photosynthesis rates, exopolysaccharide production,
biological diversity, increased soil water contents, and nutrient con-
tents (Guo, Zhao, Zhao, Zuo, & Li, ; Housman, Powers, Collins, &
Belnap, 2006; Zhang et al., 2018). These characteristics would have
resulted in the moss-crust having had stronger resistance to adversity
factors than the cyanobacteria was consistent with our observations.
Therefore, it was concluded that the moss-crust treatment would be
more appropriate for use within this area and other areas with similar

environmental characteristics.

4.3 | Optimal management practices within
different zones

Comparing the optimal wind erosion reduction results of the engi-
neering, plant, and biocrusts treatments within the same areas, we
found that the comb-pra treatment was more effective for use
between the rows of the solar panels while moss-crust was more
effective for use within the deflation zones.

Between the rows of the solar panels, both comb-pra and sedum-
aiz treatments had wind erosion reduction effects; however, the
comb-pra treatment was more effective when comparing the sand
transport rates and the sand erosion-deposit budgets for the two
treatments. This finding may be related to the erosion characteristics
of the Mu Us Sandland where severe wind erosion causes significant
rates of land degradation. Soil moisture contents have significant
impacts on wind erosion as has been reported by many previous
researchers. Increased soil moisture contents require higher wind
speeds for the initial movement of soil particles and reduce the occur-
rence of wind erosion (De Oro et al, 2019; Sharratt &
Vaddella, 2012). Therefore, wind erosion is typically more serious
when the soil exists in a dry condition (Lee & Gill, 2015). In our study
area, serious wind erosion primarily occurred during the spring (from
March to May) and winter (from December of one year to February of
the following year) seasons when there was a more or less consistent
shortage of rainfall. The relatively low soil moisture contents and rela-
tively dry soil conditions have existed within this area for extended
time periods with the frequent occurrence of severe wind erosion
(Wu & Ci, 2002; Zhang, Liu, Feng, Guo, & Kang, 2019). Such harsh
environmental conditions have also resulted in the slow growth with
small lateral and vertical coverages for the sedum-aiz treatment,
which resulted in the treatment's wind erosion reduction benefits not
being fully exerted during the early stages of the study
(Li et al., 2007). However, the severe wind erosion occurring within
the area between the rows of the solar panels and the need for the

rapid establishment of erosion reduction practices as soon as possible
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within our study area has led to our recommendation that the comb-
pra treatment be used in these areas since this treatment offered
greater coverage in a shorter time frame.

Since the Chinese government implemented the Grain for Green
Project in 1999, the natural restoration of vegetation within the Mu
Us Sandland has produced significant vegetative growth that has indi-
cated this area has a relatively high vegetation carrying capacity based
on the quantities of available soil water (Li, Cao, Long, Liu, & Li, 2017,
Zhang & Wu, 2020). Based on visual observations for the 2-3 year
period associated with all phases of this study, these translocated
plants exhibited healthy growth that was dependent on natural pre-
cipitation, but also with the succession of natural vegetation, the veg-
etation community within the study area has shown good
sustainability in beneficial and persistent growth. Therefore, in other
similar areas with slight wind erosion, vegetation measures may have
the same or even better erosion reduction benefits as the engineering
practices, but more detailed studies should be conducted according to
the actual environmental characteristics of the different regions.

Within the deflation zones, the moss-crust was a more effective
management practice. Water is one of the most important limiting
factors for vegetation growth in the arid and semiarid regions. Moss-
crust, a typical poikilohydric plant that adapts to water conditions of
the surroundings in a passive way, has strong adaptability to this envi-
ronment, as the moss-crust desiccates and becomes dormant under
dry conditions, and immediately begins physiological activities once
wetted (Belnap, Weber, & Bidel, 2016; Grote, Belnap, Housman, &
Sparks, 2010; Lange, 2003). The solar panels prevented the rainfall
falling to the ground surface beneath the solar panels and reduced the
soil water contents in the deflation zones. Lateral migration of the
water between the rows of the solar panels and condensation water,
which forms on the panels, may provide some supplemental water,
and the water deficit still severely restricts the growth of
P. alopecuroides (L.) Spreng. in this area. However, the supplemental
water was sufficient to restore the physiological activity of the moss-
crust. Furthermore, the arrangement of the solar panels provided a
beneficial shade effect that helped promote biocrust growth and
development. Combined with the strong drought resistance, the
moss-crust exhibited good growth and development characteristics
that played an effective role in wind erosion reduction during the
2-year observation period.

It should be noted that different regions have different environ-
mental conditions, climatic features, geological conditions, and erosional
characteristics; therefore, the selection of the most effective manage-
ment practices to reduce wind erosion and help protect the ecosystems
may also be different. There is a need for relevant research to be con-
ducted to address these issues and to help protect our existing environ-

ment from the increased threat of land degradation.

5 | CONCLUSIONS

In our study, the arrangement of the solar panels changed the wind

speed flow field, which produced a deflation zone (under the solar

panels, slight wind erosion) and divided the area between the rows of
the solar panel areas into a distinct abrasion zone (a V-shaped trench
that is 1 m deep and 1 m wide) and a deposition zone (between the
outer edge of the abrasion zone and the deflation zone under the next
row of solar panels, which was a stripped region approximately 6 m
wide and 40 cm thick). All the engineering, plant, and biocrust treat-
ments in our study effectively reduced wind erosion. Comb-pra and
moss-crust were the optimal choices of the engineering and biocrust
treatments, respectively. In the engineering treatments, gravel-mul,
clay-mul, and comb-pra treatments reduced the sand transport rates
by 78, 74, and 87%, respectively, in comparison to the control and all
produced 1-3 cm of soil deposition while the control treatment pro-
duced soil erosion. Straw-check treatment reduced the sand transport
rate by 51% in comparison to the control and had the maximum zO
values (0.748 cm), but still produced 4-6 cm of soil erosion. The
cyano-crust and moss-crust treatments in the deflation zones
decreased the sand transport rates by 65 and 71%, respectively, and
the sand erosion-deposit budget decreased by 109 and 114%,
respectively, in comparison to the control. In plant treatments, the
sedum-aiz and penn-alo treatments were well-adapted for use
between the rows of the solar panel areas and within the deflation
zones, respectively. The sand transport rates decreased by 20 and
36%, respectively, and increased the sand erosion-deposit budget by
40 and 22%, respectively, in comparison to the control for the sedum-
aiz and penn-alo treatments within the deflation zones. Between the
solar panels, the sand transport rates decreased by 86 and 78%,
respectively, for the sedum-aiz and penn-alo treatments, and both
plant treatments reduced the sand erosion-deposit budget. When the
wind erosion reduction effects of the different practices are compared
within the same areas, we recommend the establishment of the moss-
crust treatment within the deflation zones, as well as the implementa-
tion of the comb-pra treatment between the rows of the solar panels.

We feel the implementation of these recommended management
practices will greatly reduce the severe soil wind erosion and land
degradation that is rapidly occurring at the photovoltaic power station
locations on the sandy desert soils. Locations with environmental and
soil conditions similar to northwest China would likely find the man-
agement practices for reducing wind erosion that are presented in this

study to be beneficial in helping to stabilize the fragile ecosystems.
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