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There is an inevitable relationship between the size of soil particles and the
distribution of organic matter. The soil texture in desert photovoltaic areas is
poor, with variations in soil particle size and organic matter. This study explores
the heterogeneity of soil particle size and organic matter distribution at different
zonal scales, aiming to clarify the impact of photovoltaic array construction on
microtopography and, consequently, on these indicators. This will facilitate
precise vegetation restoration based on the distribution of nutrients within the
region. Baced on the Kubuqi Desert photovoltaic area as the research area, the
soil particle size in the 0–30 cm soil layer and the distribution of soil organic
matter in the main particle size range (<250 μm, <500 μm) in this area were
analyzed. Fine sand (particle size 100–250 μm) was the main component of the
soil; the carbon and nitrogen stocks in the upper 0–30 cm of soil diminished
linearly with escalating wind speed gradient, from 70.76 Mg C ha−1 to
53.82 Mg C ha−1 and from 13.96 Mg N ha−1 to 8.12 Mg N ha−1. The total
carbon and nitrogen levels in the two soil particle sizes, together with their
contribution to total soil organic carbon, diminished as the wind speed gradient
intensified, with the reduction in organic carbon content becoming stronger. The
organic carbon content of soil particles <250 μm accounted for 63.7%–98.6% of
the total soil organic carbon, while that of particles 250μm–500 μm only
accounted for 3.32%–33.34%. SOC was significantly higher in the 0–5 cm
layer than in the 5–30 cm layer in all areas of the photovoltaic array. Wind
causes changes in sand particle transport in PV arrays, and may also alter the
microclimate environment leading to differences in soil decomposition cycling
processes, which can exhibit uneven organic carbon and nitrogen distribution
between particles. Our research demonstrates the internal distribution of soil
carbon and nitrogen reserves in each region of the photovoltaic array,
establishing a robust foundation for subsequent vegetation restoration and
plant species selection in each region, thereby implementing the
“photovoltaic + ecological” governance model.
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1 Introduction

Soil constitutes the most extensive carbon storage within
terrestrial ecosystems. The organic carbon content in the soil to a
depth of 1 m is approximately three fold the total carbon reservoir in
the biosphere and double that of the total carbon reservoir in the
atmosphere. (Li et al., 2024). Particles of different sizes store soil
organic carbon, and the physicochemical properties of silt and even
clay positively correlate with more than half of the organic carbon
(Lavallee et al., 2020; Sokol et al., 2022). The distribution of particle
sizes in various soils significantly influences the concentration of soil
organic carbon, form of existence, migration process, decomposition
rate, and stability of the organic carbon pool (Zhang et al., 2023). In
the degradation of soil organic carbon, active organic carbon is
predominantly found in soil particles sized >50 μm and <2 μm.
(Lützow et al., 2006). Coarse–free particles of organic carbon
constitute 70.63%–76.53% of the total amount of organic carbon
in the soil, representing the primary type of soil organic carbon
sequestration. It is also unprotected, highly active organic carbon,
which is more likely to be released due to the influence of the
environment and human activities (He et al., 2023). It typically
interacts with a mineral surface that contains a lower amount of
organic carbon. Contact with microorganisms reduces the rate of
decomposition (Heckman et al., 2022). Enhancing plant diversity
and productivity gradually alters the process of soil organic carbon
input through vegetation restoration. (Deng et al., 2014; Qu et al.,
2024; Liu et al., 2020b; Qu et al., 2022). This alters the rate of soil
organic carbon turnover. (Liu et al., 2020a; Li et al., 2020; Qu et al.,
2022). The accumulation of organic carbon in soil results from the
equilibrium between carbon input and output. (Srivastava et al.,
2020). The quantity, distribution, and dynamics of clay and silt
associated organic carbon are reliably observed throughout a wide
range of ecosystems and climate zones (Cotrufo et al., 2019;
Georgiou et al., 2022). Organic carbon and total nitrogen in sand
grains are generally thought to be the primary active organic carbon
and nitrogen components. On the other hand, organic carbon and
total nitrogen in clay and silt grains are considered to be inactive
carbon and nitrogen components. (Christensen, 1992). Desertified
land accounts for about 25% of the global land area, and soil carbon
reserves in desert areas account for 9.5% of the total soil carbon
reserves (Poulter et al., 2014). Despite the fact that desert ecosystems
are a substantial portion of terrestrial ecosystems, they display
distinctive traits that are associated with the presence of soil
organic carbon in the soil particle size fraction. In desert areas,
we may observe the following phenomena: extremely low land
productivity; coarse particles dominate the soil’s mechanical
composition; natural climate influences reduce the intensity of
microbial activity; and the accumulation of organic carbon in
coarse particles (Sokol and Bradford, 2019). The minimal intake
of organic matter renders the organic carbon in clay and silt
independent of their respective contents (Hassink, 1997). Wind
erosion is the main factor controlling the particle size composition.
High wind erosion intensity results in a large proportion of coarse
particles. The arrangement of soil particles, encompassing their clay
and silt proportions, affects wind erosion and dictates the role of soil
particle–bound carbon in soil organic carbon. (Liu J. et al., 2021; Lei
et al., 2019; Zhao et al., 2019). However, wind erosion accumulation
affects the desert photovoltaic area, where the landform primarily

consists of undulating sand dunes. Less agglomeration disperses the
particles, and their resistance to wind erosion is low. The soil
nutrients are poor, which is not conducive to plant growth. The
vegetation is extremely sparse, the psammophytes are scattered, and
the economic value utilization rate is small. The primary reason for
this is that sandy land has a single mineral particle composition, with
a concentration of particles between 0.05 and 1 mm. Vegetation
restoration can be carried out on this basis, and the particle size
composition andmineral composition can be changed to completely
change its nutrient coordination and supply, water holding capacity,
and sand fixation resistance. It is the fundamental measure to
improve the productivity and ecosystem service value of sandy
land (Ni et al., 2018). In recent years, some researchers have
linked SOC grouping with soil particle classification and
systematically classified the status quo by combining SOC with
soil particles of different particle sizes, such as sand (>53 μm),
silt (2–53 μm), and clay (<2 μm). Vegetation construction within the
environmental tolerance threshold is the key to reversing the trend
of land desertification, promoting sand and soil formation, and
creating productivity (Zhang et al., 2014).

The Kubuqi Desert is surrounded by the Yellow River on the
north-west, north-east, east sides, and a large amount of sand and
dust from the Yellow River is deposited here. The large-scale
development of the photovoltaic industry based on sufficient
sunshine has not only changed the microenvironment of the
surface but also affected the structure of the sand and dust flow.
The spatial distribution of particles dictates the composition of soil
particles (Lopez and Bacilio, 2020; Slessarev et al., 2022). The desert
area has changed the original radiation balance through the
construction of photovoltaic power stations. At the same time,
the physical existence of photovoltaic panels has a shading effect
on the surface and also affects the air flow on the surface, thus
affecting the air temperature and relative humidity pattern. Barron-
Gafford’s on-site observation of the Tucson photovoltaic electric
field in the United States found that the photovoltaic electric field
has a heat island effect, with an average annual temperature increase
of 2.4°C at a height of 2.5 m and a nighttime temperature increase of
3°C–4°C (Barron-Gafford et al., 2016). Parrat’s wind tunnel test
shows that the photovoltaic panel only reduces the turbulence
intensity above and around it but has no significant effect on the
average wind speed and wind direction. The photovoltaic field
primarily influences air turbulence in the wind field (Pratt and
Kopp, 2013). At the same time, during the operation period of the
photovoltaic electric field, the layout of the photovoltaic array will
increase the surface roughness and change the law of surface
sediment transport and sedimentation. Our research team has
concluded that the average particle size in the windward
direction of the photovoltaic electric field is larger than that in
the leeward direction. The soil particles in the leeward direction
show a trend of refinement, while the soil particles in the main wind
direction show a trend of coarsening. The accumulation degree of
very fine sand and fine sand particles in the soil particle size from the
outer edge of the photovoltaic electric field to the center of the
photovoltaic electric field gradually increases. Studies have shown
that the construction of photovoltaic power plants significantly
increased soil organic matter, total nitrogen, and ammonium
nitrogen content (Ding and Liu, 2021). The construction of a
photovoltaic power station in a desert area can realize the
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ecological value of windbreak and sand fixation, improving
microclimate, carbon fixation, and efficiency enhancement.
Therefore, the construction of this project in a desert area
considers the mutual benefits of energy supply and ecological
enhancement. Thus far, limited research has examined the
correlation between soil particle size and organic carbon in desert
photovoltaic regions. This gap in knowledge hinders our
understanding of the influence of soil texture on the

accumulation and storage of organic carbon and nitrogen in this
area, as well as soil management measures and vegetation
restoration.

In general, the construction of photovoltaic power stations in
desert areas has the potential to reduce the harm caused by strong
winds and sand. However, the current research mostly focuses on
changes in wind speed and soil texture between different positions of
photovoltaic panels. There are few studies on organic reserves in

FIGURE 1
Overview map of the research area.
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photovoltaic array space. It is necessary to systematically carry out
this evaluation study to clarify the direction of vegetation restoration
and the photovoltaic industry in the later stage. Therefore, this study
takes the photovoltaic array in the middle of the Kubuqi Desert as an
example to evaluate the soil particle size distribution and the content
of organic matter in the particle size range of each level in the region
in order to provide a reference for the efficient use of the existing
resources within the array to develop a sustainable new
energy industry.

2 Materials and methods

2.1 Study site description

The research region exhibits characteristic climatic
characteristics (arid and semi-arid) and soil types (calcium-rich
grey soil, grey desert soil, and loess) prevalent in the deserts of
northern China. The latitude ranges from 37.2°N to 39.5°N, and the

longitude is from 107.1°E ~ 111.5°E. The mean annual precipitation
(MAP) is between 150 mm and 400 mm, while the mean annual
temperature (MAT) varies between 5°C and 8°C. The mean
evapotranspiration (ET) ranges from 2,100 mm to 2,700 mm, the
aridity index (1-AI) varies between 0.85 and 0.93, and the
predominant flora in this region consists of sand willow (Salix
psammophila), sand whip (Psammochloa villosa), small-leaved
golden chicken (Caragana microphylla), and sand wormwood
(Artemisia desertorum) (Figure 1).

2.2 Field sampling

Soil samples were collected at 12 sample points throughout the
photovoltaic array, including 3 sample points from an open area
outside the photovoltaic array (A), 3 sample points from the outer
perimeter of the photovoltaic array near the wind measurement (B),
3 sample points from the middle of the photovoltaic array (C), and
3 sample points from the inner part of the photovoltaic array near

FIGURE 2
Soil particle size composition by region (A–D) in the figure represent 4 samples respectively).
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the leeward measurement (D). The average wind speed of the four
regional sampling points is A>C>B > D. For each sample point, a
1 m × 1m plot was established, and five samples were obtained using
a soil auger from the four corners and center. We mixed soil samples

from the same depth (0–5 cm, 5–10 cm, and 10–30 cm) for each plot.
In the lab, the soil was sieved through a 2.0 mm sieve and divided
into two subsamples: one for air-dried physical and chemical
analysis, including particle size classification and organic carbon

FIGURE 3
The proportion of organic C and N reserves in the two particle size groups to the soil organic reserves in the 0–30 cm soil layer as a function of wind
speed (a–d) in the figure represent 4 samples respectively; Wind speeds show an increasing trend from D to A, at the same time, (a, c, e) represents C
index, (B, D, F) represents N index.).

FIGURE 4
Relationship between organic carbon (nitrogen) storage and soil organic carbon (nitrogen) storage in two of the three soil layers in each region (a–d)
in the figure represent 4 samples respectively, (a) the content of OC250 and OC500 in each soil layer, (b) the content of N250 and N500 in each soil layer).
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and nitrogen determination, and one for ring knife soil bulk density
(BD) sampling Equation 1.

BD g/cm3( ) � W1 −W0

V
(1)

where V is the ring knife volume (cm3); W1 is the weight of the
soil + ring knife after drying (g); and W0 is the ring
knife weight (g).

2.3 Soil particle size determination and
classification

The soil samples were air-dried, sieved through 2 mm, then
evaluated using PSD. The material was dispersed with sodium
hexametaphosphate, organic debris removed with 10%
hydrogen peroxide, and carbonates removed with 10%
hydrochloric acid. We assessed PSD for each sample after
pretreatment. We used a Mastersizer 3,000 laser particle size
analyzer to make the measurements. Each sample was measured
three times, and the average was used as the final measurement.
We used a volume percentage unit with a repeatability of less

than 0.5% and an accuracy error of less than 1%. USDA soil
texture classification standard (Folk and Ward, 1957), and the
soil particle size is divided into four grades according to the
actual situation of the sample plot: very fine sand particles
(50–100 μm), fine sand particles (100–250 μm), medium sand
particles (250–500 μm), and coarse sand particles
(500–1,000 μm). Soil particle size classification methods are
important because different methods often lead to different
conclusions depending on the technology used (Smith and
Waring, 2019; Xu et al., 2017). Ultrasonic dispersion,
chemical and density classification, and wet and dry sieving
are the most commonly used methods (Gregorich et al., 2006;
Moni et al., 2012). The tiny proportion of clay in the soil
distribution of the experimental plot is even undetectable, so
dry sieving has a less significant effect on the organic carbon of
sandy soil. Place 100 g of soil in a sieve containing fine sand and
medium sand, and connect the sieve cover to the sieve shaker
(Mendes et al., 1999; Schutter and Dick, 2002). The soil particles
were dried at 120°C for 48 h and weighed after shaking the sieve
at 600 r min−1 for 2 min until no change in soil mass occurred.
We repeated these steps twice for each soil sample. We held the
soil in plastic bags until we determined C and N. We estimated

FIGURE 5
Relationship between soil organic carbon content in the two grain sizes and the mass fractions of organic carbon in the 0–10 cm and 10–30 cm
grain sizes (a): OC250 content at 0–10 cm, (b): OC500 content at 0–10 cm, (c): OC250 content at 10–30 cm, (d): OC500 content at 0–10 cm).
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the soil mass fractions for each particle size class using the
Equations 2, 3.

Mass proportion %( ) � Dry weight of soil g( )
Total soil dry mass g( )

(2)

The soil quality recovery rate R is calculated and announced
as follows:

R � Total soil dry mass g( )
100 g( )

× 100% (3)

2.4 Determination of soil organic carbon
and nitrogen

Soil particles <250 μm and <500 μm were used to measure
organic carbon and nitrogen levels. 1.0 g of dry soil was treated with
0.1 mol/L HCl at 25°C for 24 h to remove carbonates (Midwood and
Boutton, 1998), washed with ultrapure water until neutral, air-dried,
crushed, and sieved through a 0.149 mm SOC, and TN were
measured with a complete C/N analyzer. Soil organic C (g C
kg−1), total N (g N kg−1), and particle size <250 and <500 μm
concentrations were estimated from dry soil mass (1 g) before HCl

treatment. Soil organic carbon (Mg C ha−1) and nitrogen (Mg
N ha−1) stocks were calculated as follows Equations 4, 5:

SOC TN( ) � T × BD × C N( ) × 10 (4)
where T represents the soil thickness (cm), BD represents soil bulk
density (g/cm−3), C represents soil organic C concentration (g/kg),N
represents soil total N concentration (g/kg).

OC TN( )250 500( )� T × BD × C N( ) × 10/R (5)

3 Results and analysis

3.1 Soil particle size composition

In the four areas of this study, the wind speed decreased fromCK
to the interior of the photovoltaic array and then increased before
decreasing again. The overall trend was A > C > B > D. As can be
seen in Figure 2, in the 0–30 cm soil of the study area, particle
composition is dominated by fine sand (53.83%–66.62%) and
medium sand (27.76%–38.77%), with a low content of very fine
sand (0.57%–4.92%). The volume percentage of fine sand in the soil
generally decreases with increasing soil depth, while the volume

FIGURE 6
Soil organic C content in each region and its proportion of the maximum organic C content in each particle size class (a): OC250 content of two soil
layers in four sampling sites, (b): OC500 content of two soil layers in four sampling sites, (c): OC250/Max250 in two soil layers at four sampling sites,(d):
OC500/Max500 in two soil layers at four sampling sites, at the same time, blue represents 0–10 cm and green represents 10–30 cm).
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percentage of coarse particles changes with soil depth in the opposite
direction to fine sand. There are significant differences in the soil
particle size distribution in each region of the same soil layer with
wind speed. The content of medium and fine sand in 0–5 cm is
significantly higher than that in other regions at each wind speed
gradient. The content of coarse particles in different soil layers at
points A and B is significantly different. Wind speed activities also
clearly affect fine particles.

3.2 Soil carbon and nitrogen storage and
particle size distribution

The C and N storage in the top 30 cm of soil decreased
linearly with increasing wind speed gradient, from
70.76 Mg C ha−1 to 53.82 Mg C ha−1 and from
13.96 Mg N ha−1 to 8.12 Mg N ha−1, respectively (Figures 3, 4).
The soil organic C (OC250) and N (N 250) contents of the <250 μm
particle size decreased linearly with the increase of wind speed
gradient. The organic C (OC500) and N (N500) in soil
particles <500 μm increased with the wind speed gradient,

among which N500, but the difference was not significant.
With the increase of wind speed gradient, the proportion of
soil organic carbon reserves in <250 μm soil to total soil carbon
reserves (OC250/SOC) decreased from 98.6% to 63.70%, and the
proportion of N (N250/TN) decreased from 98.6% to 60.3%. At
the same time, the proportion of soil particle composition with
organic carbon reserves of <500 μm (OC500/SOC) decreased from
35.2% to 0.8%, and N 500/TN decreased from 7.8% to 0.4%.

3.3 Relationship between soil organic
carbon and nitrogen stocks and soil particle
size and non-particle size

Soil carbon and nitrogen stocks in the two particle size ranges
are positively correlated with soil stocks throughout the soil depth
and in each part of the photovoltaic array. In the soil of each part, the
OC250 stock linearly increases with the increase of organic C stock.
Ordinary least squares regression analysis of the slopes in each
location ranged from 0.01 to 1.60 for C and 0.01 to 1.37 for N, and
the relationship between soil organic C and soil fine-particle organic

FIGURE 7
Correlation between organic matter and nitrogen storage for each grain size in each region (A-D) represents four sampling points).
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C had a higher coefficient of determination. The relationship
between soil organic carbon and OC500 was not affected by depth
across the entire soil depth range (Figure 5). In addition, the organic
carbon content of both soil particle sizes increased linearly with the
total organic carbon content of the soil, indicating that the soil was
not saturated with organic carbon. The relationship between soil
particle size nitrogen content and total soil nitrogen content was
similar to that of organic carbon.

3.4 Distribution of soil organic carbon by
particle size

Both OC250 and OC500 showed a continuous increase with their
mass fraction (Figure 6); in addition, the mass fraction of the OC250

soil particle size component explained the 95% confidence interval
of the organic carbon content to a greater extent. The soil organic
carbon content in areas C and D was higher than in areas A and B.
Moreover, the soil organic carbon content in all areas was essentially
10–30 cm higher than that in 0–10 cm areas. The soil <250 µm
particle size component (OC250/OCmax250) organic carbon content
as a percentage of the maximum organic carbon content was
basically the same in each soil layer. The OC250 content in area
D was extremely low, with an average value of 0.24 g/kg. OC500 is
low in area D and high in areas A and B. Area D shows the lowest
OC500/OCmax500 (76.78%) and the highest OC250/OCmax250
(104.29%) (Figure 7). Overall, area D shows a higher
OC250/OCmax250.

4 Discussion

Wind is caused by the movement of air currents, and changes in
wind speed and direction serve as important indicators of local
airflow variations (Ehrenberg, 1847). While causing deformation of
the Earth’s surface, wind also alters other soil properties. The
installation of solar panels in photovoltaic (PV) power stations
alters the properties of the underlying surface and modifies the
surrounding airflow. Research has shown that photovoltaic arrays
can create a range of effects on nearby airflow, including blocking
and dragging, which subsequently impacts wind speed and
direction, leading to changes in the wind field (Zhao et al., 2022).
It has been observed that, compared to open areas (A), the
establishment of photovoltaic arrays acts as a windbreak in desert
regions. Wind speeds within the photovoltaic array are significantly
lower than those in open areas, dropping to as low as 44.5% of the
wind speed in the surrounding open regions as one moves inward
from the edges. Additionally, fluctuations in wind speed correspond
with minor changes in soil particle size, mainly concentrated at
depths of 0–10 cm. This may be related to the alteration of the local
microclimate due to the construction of the photovoltaic power
station, which reduces surface wind speeds and diminishes the
transport capacity of sand materials, resulting in more fine
particles remaining on the soil surface. Previous studies have
concluded that when the intersection angle exceeds 45°, the
photovoltaic panel array exhibits a notable “sand interception
effect,” with an average sand transport rate above the array
reduced by 82.58% compared to moving dunes, while significant

wind and sand activity primarily occurs at the edges (Tang et al.,
2021). Furthermore, reduced wind speeds increase the potential
surface moisture content and enhance soil temperature and
humidity, making soil particles less susceptible to erosion
(Tanner et al., 2020). The negative correlation between fine
particles and wind speed observed in this study is consistent with
these findings.

Changes in terrain within photovoltaic (PV) areas in deserts
can lead to variations in microclimate, resulting in increased
ground temperatures and altered precipitation patterns. These
factors affect the accumulation and decomposition rates of soil
organic matter, the mineralization of organic carbon, and the
nutrient content in the soil (Aryal, 2022), all of which influence
the carbon storage and distribution in the region. Research
indicates that rising temperatures can further promote the
decomposition of soil organic matter, thereby increasing the
availability of nutrients and enhancing mineralization rates
(Williams et al., 2009). This study shows that soil organic
carbon (SOC) and total nitrogen (TN) levels are higher within
the PV arrays compared to the external areas, with a more
pronounced increase on nutrient content found in the fine
particles of the surface soil. The construction of PV stations
alters the surface microenvironment, raising surface
temperatures and moisture levels while potentially stimulating
soil microbial and enzymatic activity, which accelerates the
decomposition process. Additionally, the interception of
rainfall by PV panels redistributes precipitation, concentrating
acidic substances on the soil surface, which further speeds up
microbial decomposition. Furthermore, reduced wind speeds lead
to a greater retention of fine particles on the soil surface, enriching
the nutrient content. The changes in soil nutrient levels within the
PV arrays may be influenced by variations in wind speed that
affect the deposition of particles or differences in parent material.
The nitrogen levels in this area exhibit greater stability, likely due
to the low vegetation cover in desert regions that limits external
nitrogen consumption; moreover, the efficiency of nitrogen-
decomposing soil microorganisms and enzymes is significantly
lower under drought and sandstorm conditions compared to
those decomposing carbon. As illustrated in the data, there is a
positive correlation between fine sand content and organic carbon
across various sampling locations. The correlation of soil organic
carbon with different particle sizes follows a consistent pattern,
with the strongest correlation in the size range of 100–250 μm,
followed by 250–500 μm, 50–100 μm, and finally 500–1,000 μm
(Harry et al., 2000; Zhang et al., 2017). This finding aligns with
previous research, indicating that soil with predominant particle
sizes contains higher levels of organic carbon.

5 Conclusion

The research investigated the composition of soil particle size
components in the three soil depths inside and outside the
photovoltaic power plant, the content and storage of organic
carbon, and organic nitrogen in the two soil particle size
components of the main particle size composition. Fine sand
particles (particle size 100–250 μm) are the main component of
the soil in this area. Compared with other particle size components,
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soil components with a particle size of <250 μm can better estimate
soil organic carbon and nitrogen reserves. Wind speed From the
outside to the inside of the photovoltaic array, the wind speed
experienced a weakening-strengthening-weakening process. Particle
size and wind speed showed an opposite trend, and the organic
matter and total nitrogen reserves also showed an increasing-
decreasing-increasing trend, while the reserves stored in the
surface layer were more abundant. In future photovoltaic
projects, it is necessary to carry out scientific vegetation
construction based on the threshold of soil environment in the
region, long-term ecological research results, the growth status of
sand-fixing vegetation and the demand of plant species for
nutrient elements.
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