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Abstract: The photovoltaic industry is developing rapidly because of its renewable energy and other
advantages. However, the installation of this infrastructure may affect soil, vegetation, and carbon
dynamics, making it is necessary to carry out vegetation restoration work at a plant’s location in
the later stages of its construction. For this reason, three types of artificial vegetation were selected
(Pinus sylvestris var. mongolica, Astragalus membra-naceus var. mongholicus and Medicago sativa) as
research objects in an ecological photovoltaic power plant in Northern China, to study the changes
in soil organic carbon storage (SOCS), carbon:nitrogen ratios (C:N) and C:phosphorus ratios (C:P)
at different soil depths and for different vegetation types. Natural vegetation plots undisturbed by
the construction of the power plant were used as a control. Seven years after revegetation, we found
that the storage and content of soil organic carbon in all three artificial vegetation plots were notably
lower compared to the control. Nevertheless, the soil’s organic carbon content for Medicago sativa
plots increased was significantly higher by 1.2 g·kg−1 compared to Pinus sylvestris var. mongolica
and A. membranaceus var. mongholicus plots, while organic carbon storage increased significantly
by 3.55 t·ha and 7.15 t·ha. SOCS, C:N, and C:P concentrations in the 0–20 cm soil layer exhibited
a significantly higher value in comparison to those of the 20–40 cm soil layer. As the soil depth
increased, all the concentrations declined gradually. Vegetation type and soil depth, as well as
their interaction, had a significant impact on soil carbon storage, C:N, and C:P. The study area was
restricted by the availability of P. In general, vegetation restoration is a beneficial ecological practice
for soil restoration at photovoltaic power stations. It is believed that planting alfalfa can accelerate
the improvement of soil carbon with an extension of vegetation recovery time. In order to restore the
balance of nutrients for plants, it is necessary to avoid human interference at the later stage, and to
supplement phosphorus as soon as possible to minimize phosphorus limitation at the later stage of
vegetation growth, which is of great importance to increasing the likelihood of success in reclaiming
disturbed land.

Keywords: photovoltaic power stations; vegetation restoration; soil organic carbon; soil organic
carbon storage; soil stoichiometry
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1. Introduction

With the progress of science and technology and the support of governments, the solar
photovoltaic industry has developed rapidly in recent years [1]. The renewable nature
of solar energy resources has granted this technology great potential for further develop-
ment [2,3]. Some experts predict that by the year 2100, the contribution of photovoltaics
to the world’s electricity demand could be between 32,700 and 133,000 GW [1]. Although
photovoltaic power has many advantages, including no need for fuel, lower operating
costs, and helping to improve the lives of residents in remote areas that otherwise have no
access to electricity, the ecological functions of the land, including carbon sequestration,
can be significantly impacted by the installation of a photovoltaic system [4,5].

The installation of a solar photovoltaic plant involves significant earthwork: native
vegetation is removed, the land is excavated, and compaction fill is added [6]. Altering
the soil can modify its physical, chemical, and biological characteristics, which in turn
can impact water and nutrient dynamics and availability. These changes involve a com-
plex interplay between the soil and vegetation, affecting their ecological functions and
interactions. One study showed that vegetation removal can lead to a reduction in soil
aggregates and soil organic carbon (SOC) in some semi-arid areas [7]. The impact of the
installation and operation of solar power plants on the environment has been studied
by researchers [8,9]. The restoration of vegetation in the area affected by a photovoltaic
power plant is considered an effective measure [10–12]. In 1982, the concept of integrating
photovoltaic power generation with agriculture was initially presented by Goetzberger and
Zastrow (1982) [13]. Since then, several studies have examined the vegetation growth sur-
rounding photovoltaic power stations [14,15]. Xu et al. (2014) and Han et al. (2006) [16,17]
reported that photovoltaic facilities in semi-arid regions significantly reduce surface and
air temperature, which was conducive to accelerating plant growth and regional plant
recovery. Liu et al. (2019) [18] found that the construction of a photovoltaic power plant
promoted the growth of local vegetation by changing the microhabitat. When the plant
environment was stable, the vegetation coverage rate reached 90.5%. Furthermore, the
regular cleaning of photovoltaic panels also increases water input and promotes vegetation
growth in semi-arid ecosystems [19,20]. One researcher found that soil nutrient availability
also changed after vegetation restoration at photovoltaic power stations, and changes in
vegetation cover caused by photovoltaic facility construction can affect the carbon seques-
tration potential of both the soil and vegetation [21]. Therefore, large-scale development of
the photovoltaic industry may form new carbon sinks in the photovoltaic array coverage
area. Although there is a great deal of research on the potential of terrestrial plants to
sequester carbon [22,23], there is still a lack of relevant studies on the assessment of the
carbon sequestration potential of vegetation influenced by photovoltaic facilities. Given
this, we investigated whether the revegetation of a photovoltaic facility is capable of engen-
dering SOCS properties similar to those at an undisturbed reference site. We conducted the
experiment at a photovoltaic plant where vegetation restoration was implemented. Pinus
sylvestris var. mongolica, Astragalus membranaceus var. mongholicus, and Medicago sativa, were
planted between the photovoltaic panels, and nearby areas with natural grass vegetation
were used as a control.

To understand the potential for organic carbon sequestration in soil and soil fer-
tility after vegetation restoration, we addressed the following questions: (1) How did
the SOCS under Pinus sylvestris var. mongolica, Astragalus membranaceus var. mongholi-
cus, and Medicago sativa change compared to natural grass vegetation? (2) How is the
0–40 cm soil profile related to the SOCS, the soil C:N, and the soil C:P for the three types
of vegetation. (3) How did the type of vegetation affect soil C:N and C:P, and were there
nutrient limitations?
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2. Materials and Methods
2.1. Site Description

The study was carried out at the Da You Photovoltaic Agriculture, Forestry and Animal
Husbandry Demonstration Base (110◦47′ E, 40◦36′ N), located in the town of Shaerqin in
Inner Mongolia, China (Figure 1). The climate here is dry, temperate, and semi-arid. The
soil texture at the sampling site is sandy and the annual rainfall is about 399 mm, of which
about 70% falls between June and September. The power station was put into operation
in 2012, and successfully connected to the state grid in January 2013. The total area of the
station was 118 hectares. The total length of each group of photovoltaic panels was 700 m,
the specifications of the panels were 752 cm long and 318 cm wide. The angle between
the photovoltaic panels and the ground was 30◦.The front edge was 138 cm away from
the ground and the back edge was 297 cm away from the ground. The study area was
fenced and there was no grazing in the study area. In spring 2013, Pinus sylvestris var.
mongolica, Astragalus membranaceus var. mongholicus, and Medicago sativa L. were planted in
the electric panels. The row spacing of the photovoltaic panel array was 10 m. Vegetation
in the passage of each row of panels is pruned for fire prevention every autumn, and a
2.5 m fire isolation belt was placed below the front edge of the photovoltaic panel.
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Figure 1. Location of the study site.

2.2. Experimental Design and Sampling Method

The study used four treatments, each representing a specific type of vegetation restora-
tion. Each treatment was replicated three times. We established 30 × 10 m plots as true
replicas at each representative site in the photovoltaic panel array. The four treatments were
mixed herbs (MH) and single herbs (SH), medicinal plants (MP) and tree plots (Tr) (Table 1).
The grasses in the MH plot grew naturally and were undisturbed by the construction of
the power station construction; the MH plots served as control plots. The plants of the
other three plots were planted. The spacing of the plots was greater than 30 m, and the
terrain, vegetation, and soil were basically the same (Figure 2). During the planting of the
three treatments, the plots were loosened and weeded, and no fertilizer was applied. The
control plots were not loosened, weeded, or fertilized in any way. Ground samples were
collected during the month of July in the year 2020. Soil samples were collected between
the solar photovoltaic panels. An S-type sampling design was used to randomly sample
multiple points in each plot. The soil profile was hand-excavated and bulk density rings
and mixed soil samples were collected at depths of 0–20 and 20–40 cm. The soil samples at
the sampling point of each plot were mixed in the same layer and subsampled for the de-
termination of soil bulk density and chemical analyses. Each plot was triple-sampled. The
samples were returned to the laboratory and, after air drying, sundries such as plant roots
and gravel were removed and screened, and the gravel content > 2 mm was determined at
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the same time. Since almost all soil particle sizes are less than 2 mm, the gravel content in
this study is not included in the carbon storage analysis.

Table 1. The experimental design.

Treatment
Code Treatment Times

Repeated Plant Species Sampled Soil
Layer

Sampled
Location

MH (CK) Mixed herbs plot 3 Undisturbed natural grass

Two layers (0–20
and 20–40 cm)

Vegetation
growing area

SH Single herb plot 3 Alfalfa (Medicago sativa L.) was
artificially planted

MP Medicinal plant plot 3 Astragalus membranaceus var.
mongholicus was artificially planted

Tr Tree plot 3 Pinus sylvestris var. mongolica was
artificially planted

Note: The four treatments were mixed herbs (MH), single herbs (SH), medicinal plants (MP), and tree plots (Tr).
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The grammetric soil water content was determined. Soil bulk density (BD) was
measured at each depth using the bulk density ring method. Soil pH was determined with
Hach pH meters (Hach Company, Loveland, CO, USA) and electrical conductivity (EC) was
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determined with conductivity meters (Mettler-Toledo, Maryland Heights, MO, USA, [24]).
The SOC was determined using the H2SO4-K2Cr2O7 method [25]. The total nitrogen (TN)
in the soil was determined by the Kjeldahl method [26], and the total phosphorus (TP) in
the soil was determined colorimetrically via the ammonium molybdate method [27].

2.3. Data Calculation and Statistical Analysis

In our study, SOC stocks from two soil depths of 0 to 20 and 20 to 40 cm were selected
in different restoration types. The storage (t·ha) of SOC for each layer was calculated as
follows [28]:

SOCS = (BD × Csoc× H)/10

where organic carbon is stored with SOCS (t·hm−2), BD is the bulk density (g·cm−3), Csoc is
the content of SOC content (g·kg−1), and H is the thickness of the sampled soil layer (cm).

All statistical analyzes were performed with SPSS 22.0 (SPSS Inc., Chicago, IL, USA)
and Excel. We used the least significant difference (LSD) of the one-way ANOVA to test
the significance of physical and chemical properties, organic carbon storage, C:N, and C:P
of different vegetation patterns (α = 0.05). The study employed a two-way ANOVA to
investigate the effects of vegetation type, soil depth, and their interactions on environmental
factors for the purpose of studying SOCS, C:N, and C:P (p = 0.05). The Pearson test was
used for the correlation between the environmental factors and C:N and C:P.

3. Results
3.1. Physical and Chemical Properties of Soil in Various Vegetation Types

The physical and chemical properties of soil under various types of vegetation and for
two soil layers are presented in Table 2. SOC decreased significantly, while the bulk density
and electrical conductivity of the soil increased with increasing soil depth. PH, bulk density,
water content, and EC were not statistically different between soil layers. The pH of the MH
plot was significantly lower than that of the other three plants in the 0–20 cm layer, and the
pH of the MP plot in the 0–20 cm layer was the highest, at 8.25. The bulk densities of this
plot were much lower than those of the other three plots, especially in the 20–40 cm soil
layer, and were 1.28 g·cm−3. There was no significant difference in the soil water moisture
between the different vegetation types. The maximum soil EC was 4.12 s·m−1 in the 0–20 cm
layer of the MH plot. Only the SOC contents were significantly different between the soil
layers of the same vegetation type and between the vegetation types in the same soil layer.
Furthermore, the highest value was 5.25 g·kg−1 in 0–20 cm of undisturbed natural grass
plot (MH), followed by 4.50 g·kg−1 in the 0–20 cm of the Alfalfa plot (SH). Furthermore, the
type of vegetation significantly influenced the bulk density, pH and SOC content (p < 0.05).
The depth of the soil also significantly influenced the SOC content (p < 0.05).

Table 2. Physical and chemical properties of soil of the four vegetation types.

Vegetation
Type

Soil Depth
(cm)

SOC
(g·kg−1) pH Soil Bulk Density

(g·cm−3)
Soil Water

Content (%)
Electrical Conductivity

(s·m−1)

MH 0–20 5.25 ± 0.11 Aa 8.02 ± 0.06 Ab 1.66 ± 0.03 Aa 0.09 ± 0.00 Aa 4.12 ± 0.73 Aa
20–40 3.25 ± 0.07 Ba 8.06 ± 0.02 Ab 1.71 ± 0.03 Aa 0.05 ± 0.01 Aa 3.85 ± 0.63 Aa

Tr 0–20 3.45 ± 0.07 Ac 8.20 ± 0.08 Aa 1.39 ± 0.03 Ab 0.10 ± 0.01 Aa 3.41 ± 0.63 Ab
20–40 2.51 ± 0.04 Bc 8.15 ± 0.06 Aab 1.28 ± 0.04 Ab 0.06 ± 0.01 Aa 3.68 ± 0.28 Aa

MP 0–20 3.51 ± 0.06 Ac 8.25 ± 0.05 Aa 1.58 ± 0.06 Aa 0.09 ± 0.01 Aa 3.35 ± 0.55 Ab
20–40 2.45 ± 0.05 Bc 8.21 ± 0.03 Aa 1.74 ± 0.08 Aa 0.04 ± 0.01 Aa 3.52 ± 0.42 Aa

SH 0–20 4.50 ± 0.09 Ab 8.15 ± 0.01 Aa 1.58 ± 0.03 Aa 0.10 ± 0.01 Aa 3.56 ± 0.60 Ab
20–40 2.66 ± 0.04 Bb 8.12 ± 0.05 Aab 1.68 ± 0.05 Aa 0.06 ± 0.01 Aa 3.64 ± 0.56 Aa

Note: Results are shown as mean ± standard errors. MH, mixed herb plot (undisturbed natural vegetation plot);
Tr, tree plot (pines were planted); MP, medicinal plant plot, SH, single herb plot (alfalfa was planted). The different
capital letters indicate significant differences between different depths of the same vegetation type (p < 0.05),
lowercase letters indicate significant differences between the different vegetation types at the same depth (p < 0.05).
The four treatments were mixed herbs (MH), single herbs (SH), medicinal plants (MP), and trees (Tr).
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3.2. Changes in SOC Storage, C:N, and C:P under Different Types of Vegetation

Significant differences in SOCS, C:N, and C:P were found between the vegetation
types at each depth of the soil (Figure 3). The SOCS of the MH plot was highest under
different vegetation in the 0–20 cm stratum. Followed by the SH, MP, and Tr plots. SOCS in
the 20–40 cm soil layer was consistent with that in the 0–20 cm stratum. The SOCS in the
MH, Tr, MP, and SH plots was 14.30 t·hm−2, 8.01 t·hm−2, 9.80 t·hm−2, and 11.58 t·hm−2,
respectively, at a depth of 0–40 cm.
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Figure 3. Soil carbon stock and C:N and C:P of the four vegetation types. Note: MH, mixed herb plot
(undisturbed natural vegetation plot); Tr, tree plot (pines were planted); MP, medicinal plant plot; SH,
single herb plot (alfalfa was planted). Different capital letters indicate significant differences between
the different depths of the same vegetation (p < 0.05), lowercase letters indicate significant differences
between the different vegetation types at the same depth (p < 0.05). The four treatments were mixed
herbs (MH), single herbs (SH), medicinal plants (MP), and trees (Tr).
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The SOCS, C:N, and C:P ratios varied significantly (p < 0.05) between vegetation types
in the same soil stratum and between soil strata of the same vegetation types (Figure 3).
On the whole, the SOCS, C:N, and C:P decreased significantly with increasing soil depth.
The C:N in the 0–20 cm stratum was significantly higher in the SH than in the other three
treatments. The maximum value of SOCS and C:P appeared in the MH plot, which was
significantly higher than in the other three plantations. In general, vegetation type and soil
depth and their interactions significantly affected SOC, C:N, and C:P (p < 0.001) (Table 3).

Table 3. Two-way ANOVA on the effects of vegetation type and soil depth on soil physicochemical
properties, C stocks, and C:N and C:P stoichiometry.

Factor Soil Water
Content

Electrical
Conductivity

Soil Bulk
Density pH SOC SOCS C:N C:P

X 2.991 0.722 22.389 *** 10.848 *** 313.748 *** 230.888 *** 28.208 *** 134.445 ***
Y 62.270 *** 0.05 3.144 0.687 1820.584 *** 606.625 *** 472.324 *** 861.551 ***

X × Y 0.288 0.172 4.636 * 0.633 61.281 *** 25.714 *** 40.223 *** 12.364 ***

Note: X, vegetation type; Y, soil depth; X × Y, interactions between vegetation types and soil; * p < 0.05;
*** p < 0.001.

3.3. The Correlation between Soil Organic Carbon Storage, C:N, C:P, and the Physical and
Chemical Properties of the Soil for Different Vegetation Types

The correlation between soil organic carbon (SOC) and soil organic carbon stocks
(SOCS) with C:N and C:P ratios, as well as the physical and chemical properties of the
soil across various vegetation types, is summarized in Table 4. The correlation coefficient
between SOCS and SOC was highly positive and statistically significant, with a p-value
of less than 0.01 and a correlation coefficient of 0.961. Both C:N and C:P had a significant
positive correlation with soil water content (p < 0.05), and an extremely significant positive
correlation with SOC (the correlation coefficients were 0.848 and 0.971, respectively). Soil
electrical conductivity, bulk density, and pH had no correlation with SOCS, C:N, and C:P.

Table 4. Correlation between the different soil physicochemical properties and SOCS and C:N and
C:P in the study area.

Items Soil Water
Content

Electrical
Conductivity

Soil Bulk
Density pH SOC

SOCS 0.379 0.149 0.402 −0.281 0.961 **
C:N 0.620 * −0.035 −0.037 0.126 0.848 **
C:P 0.534 * 0.044 0.117 −0.086 0.917 **

Note: * p < 0.05; ** p < 0.01.

4. Discussion
4.1. Effects of Vegetation Type on SOC and SOCS

The study showed that the SOC of the three types of artificial vegetation plots were
substantially below that of the undisturbed natural grass treatment (MH). However, the
SOC of the SH plot was much greater than that of the other three restoration types, ev-
idencing that the SH complex had a higher SOC sequestration capacity than the other
plant communities. (Table 2). Therefore, the variation of SOCS depends on SOC and soil
bulk density. The MP plots had higher bulk densities than the Tr and SH plots. (Table 2).
However, the narrow differences in the bulk density of the soil at 0–40 cm depth between
the SH plot, the MH plot and the MP plot resulted in the limited effects of the bulk density
of the soil on SOCS. We found that the differences between vegetation types were largely
due to the differences between SOCS (Table 2). As reported by Shrestha et al. (2008) [29],
the main components of the carbon cycle in plant and soil systems are: plant-generated
carbon inputs and microbially decomposed carbon outputs. Alfalfa has the dual role of
nitrogen fixation and carbon fixation, making it of great significance in the development of
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low-carbon agriculture [30]. Gentile et al. (2005) [31] and Ojeda et al. (2018) [32] demon-
strated that alfalfa root biomass was closely related to soil carbon stocks. Although we did
not measure root biomass, seven-year-old alfalfa plots tend to have higher root biomass.
Furthermore, regular washing of the photovoltaic panels brings extra moisture to the vege-
tation, water input which may accelerate alfalfa root breakdown and turnover [33]. Huang
et al. (2021) [34] showed that planting Pine had great potential for carbon sequestration,
while our results of the Tr treatment showed the opposite. Chapela et al. (2001) [35] found
that after 12 years of planting pine trees, the organic carbon of the soil in the soil layer of
0–10 cm hardly changed, while the organic carbon content of the soil in the soil layer at
depths of 10–20 and 20–30 cm decreased by 30 and 44%, respectively. Consequently, it is
not surprising that SOC contents and SOCS were significantly lower in the Tr plot than
in the SH plot. The storage of carbon in the soil in this study was significantly positively
correlated with its content (Table 4), which also indicated that the storage of soil elements
was largely dependent on the content of soil elements [36].

In our study, soil depth had significant effects on the SOC and SOCS (Table 3), and
the SOCS of the four vegetation types decreased with soil depth (Figure 3). These findings
align with those reported by Xu et al. (2019) [37] who indicated that the SOC sequestration
rates gradually decreased with soil depth. Such differences in the SOC concentrations
can be attributed to the distribution of roots within the soil. The input of carbon from
the plant root biomass decreased with soil depth, resulting in a decrease in SOC with soil
depth. Thus, it is not unexpected that the SOC and SOCS show obvious surface aggregation
(Fang et al., 2020) [30]. Furthermore, our research also demonstrated a notable impact of
vegetation type on SOC and SOCS within the 0–40 cm depth (Tables 2 and 3, Figure 3). For
this reason, future studies should collect subsoil samples when analyzing the changing
characteristics of organic carbon.

4.2. Responses of Soil C:N and C:P to Vegetation Type and Soil Depth

The soil C:N balance is a major indicator of nutrient C and N cycling [38]. The soil’s
carbon-to-nitrogen ratio in the research site was from 6.20 to 11.48, which is lower than the
average soil carbon-to-nitrogen ratio (10–12) in China [39]. Generally, the lower the C:N
of the soil, the faster the mineralization rate [40,41], indicating that the sequestration of
SOC, the decomposition of organic matter, and the mineralization rate of the study area
would be faster than average. The C:N of the SH plot was higher than that of the Tr and
MP plots in the 0–20 cm soil layer. Fang et al. (2020) [30], found that N accumulation
through symbiotic fixation has been demonstrated in alfalfa, indicating a greater soil C and
N sequestration potential in the SH plot. Altogether, the C:P ratio of the soil is an indicator
of the P mineralizing capacity of the soil [38]. In this study, the average value of soil C:P
was 13.40, significantly lower than the national average (52.70) [38]. The results indicate
that the concentration of phosphorous in the study site is fairly high. The C:P of the SH
plot was higher than that of the Tr and MP plots in the 0–40 cm soil layer.

The high C:P content leads to a restriction of P in the microbial decomposition of
organic materials. Plant growth can be negatively affected by microorganisms competing
with plants for inorganic phosphorus in the soil [42]. The P absorbed by plants gradually
increases, which causes the P in the soil to become limiting. Therefore, P would be a
limiting factor in the late stage of plant growth. The C:P ratio of the SH plot, the Tr, and
the MP plots in the soil layer at 0–40 cm was lower than the MH plot. This relationship
could be attributed to the lower soil organic carbon (SOC) in restored soils compared to
undisturbed natural soils. Therefore, the content of SOC and the type of vegetation also
significantly affect the C:P of the soil (Tables 3 and 4). Our study also found that C:N and
C:P and soil water content were significantly positively related (Table 4), because water is
one of the important limiting factors of drought when vegetation grows.

Numerous studies indicate a decrease in soil C:N and C:P with increasing soil depth [38,40].
Our results are similar to theirs (Figure 3). Because of environmental factors, soil microor-
ganisms, and surface litter input can easily affect nutrient content in the shallow soil layer,
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nutrients tend to concentrate in the surface layer [43] It is possible that the surface organic
carbon and soil total nitrogen content were higher. However, the variability range of the
organic carbon content was greater than that of the total nitrogen content as the soil depth
increased. This results in a relatively lower C:N ratio in the 20–40 cm soil layer. The low
C:P ratio in the 20–40 cm soil layer may be due to the relatively stable P content at different
soil depths and the C:P ratio was mainly affected by the SOC content [24].

5. Conclusions

We analyzed the restoration of soil nutrients at a photovoltaic power station by com-
paring the changes of SOCS, C:N, and C:P for three vegetation types and a control. After
seven years of vegetation restoration, soil organic carbon and soil organic carbon storage
in the SH plot was the highest among the three types of vegetation restoration, but it is
still far lower than the control (MH plot) of the original soil. It is believed that with the
extension of vegetation recovery time, planting alfalfa can accelerate the improvement of
soil carbon content.

With increasing soil depth, soil organic carbon content and storage decreased markedly.
The organic carbon mass fraction of the soil was strongly influenced by the vegetation
type, soil depth, and their interaction. Additionally, the study area was restricted by
phosphorus, and increasing phosphorus levels can prevent phosphate restrictions during
the later growing season.
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