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Abstract: The bioenergy crop switchgrass (Panicum virgatum L.) has been recognized as friendly to
the soil of cultivated land depending on the previous land use types and management practices.
However, the effects of switchgrass establishment on soil properties at a broader depth when it
is harvested annually without any fertilization in northern China largely remain unknown. To
explore the impacts of unfertilized switchgrass on soil physical and chemical properties, 0–100 cm soil
samples were collected from 7-year cropland-to-switchgrass conversion and the bare land (control).
The results showed that switchgrass establishment increased soil total and capillary porosity, CFU
numbers of the microbial communities (fungi, bacteria, and actinomycetes), contents of microbial
biomass (carbon, nitrogen, and phosphorus), and water-soluble organic carbon, and decreased soil
bulk density, mostly at 0–60 cm depths, compared to the control values. Notably, the annual harvest
of switchgrass insignificantly increased soil total and available nitrogen contents and slightly reduced
available phosphorus and potassium contents. In conclusion, long-term cropland conversion to
unfertilized switchgrass could ameliorate soil properties and does not cause soil depletion. The
output of this study could inspire governments and farmers to make large-scale use of switchgrass in
the ecological restoration of abandoned cropland in north China.

Keywords: Switchgrass; abandoned cropland; soil organic carbon; soil nitrogen; soil microbial
biomass; soil microbial communities

1. Introduction

The pursuit of crop production in the last 60 years has forced vast areas of land that
were unsuitable for agricultural production, including 8 × 106 hm2 of grassland, to be
reclaimed for farming in China [1,2]. Many severe ecological problems, such as soil degra-
dation and acidification, soil erosion by wind and water, and agricultural non-point source
pollution have already emerged and severely affected the safety of the ecological environ-
ment in these areas [1,3]. Conversion of cropland to grassland or forests in these areas has
been evidenced as a profitable strategy for such environmental problems that has been
implemented in many other countries worldwide and adopted by Chinese governments
recently [4,5]. Meanwhile, the conversion of cropland, especially the marginal cropland in
these areas, provides enormous opportunity for the large-scale use of switchgrass due to
its great potential in bioenergy and multiple ecological services.

Switchgrass (Panicum virgatum L.) is a C4, warm season, deeply rooted perennial
grass native to North America [6]. It has a wide range of ecological adaptations due to
its high tolerance to various stresses and high nutrient- and water-use efficiencies [7,8].

Agriculture 2022, 12, 1138. https://doi.org/10.3390/agriculture12081138 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12081138
https://doi.org/10.3390/agriculture12081138
https://doi.org/10.3390/agriculture12081138
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-1291-2456
https://orcid.org/0000-0001-7907-3015
https://orcid.org/0000-0002-4429-7198
https://doi.org/10.3390/agriculture12081138
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12081138?type=check_update&version=1


Agriculture 2022, 12, 1138 2 of 14

Switchgrass, as one of the most photosynthetically efficient crops, can generate a large
quantity of lignocellulosic biomass with adequate nutrient and high-quality fibers, and
therefore has been proposed as a model feedstock crop to generate both forage and non-
food bioethanol [9]. Moreover, switchgrass is of great interest due to its multiple ecological
services such as soil erosion control, wildlife habitats, ornamental purposes, and nitrogen
leakage prevention [10]. Recently switchgrass has been successfully introduced in northern
China and shows good ecological adaptability [11]. Thus, switchgrass has been considered
a good candidate for environmental restoration of marginal cropland, which is a promising
solution to address the increasing demand for bioenergy feedstock, as well as to mitigate
the environmental problems there, such as by its amelioration effects on degraded soil.

In addition to the biomass yield potential of switchgrass, the effects of its long-term
cultivation on the soil micro-environment are also significant concerns. Several publications
have revealed that soil physical properties were distinctively ameliorated after switchgrass
establishment, e.g., decreased soil bulk density (BD) and increased soil porosity and ag-
gregates [12–14], but this was mostly confined to a shallow soil layer (0–40 cm). For soil
chemical properties, a plethora of papers have reported carbon sequestration effects after
the cultivation of switchgrass independent of the establishment years, soil types, climate
characteristics, and management practices. However, the quantity of the sequestrated
carbon differs under those different conditions [15–20]. In contrast, Kasanke et al. (2020)
reported that the long-term carbon accrual in soils under switchgrass production depends
mainly on the initial site selection [21]. Soil nutrient levels after switchgrass establishment
is another research focus worldwide. The annual harvest of switchgrass biomass indi-
cates the long-term export of element nutrients from the cultivated land, which implies
soil depletion risk if there is not any fertilization, primarily when harvested at a high
frequency [22] and at an earlier time [23,24]. However, the removal rate of switchgrass was
much lower than the annual crops [25]. The positive effects of fertilization on switchgrass
yield have been proved. However, soil heath status after the annual harvest of switchgrass
without fertilization compensation is greatly ignored. The uses of fertilization for switch-
grass in many field experiments complicates soil nutrient variations, impeding people’s
understanding of this question. Hence, the long-term nutrient removal by biomass harvest
in unfertilized switchgrass land greatly challenges soil health [14,22–24,26]. To date, the
effects of switchgrass establishment on soil properties in the absence of any fertilization
have not been addressed, which remarkably prevents the large-scale uses of switchgrass in
northern China.

Soil microbial activity usually reflects microbiological processes of soil microorganisms
and is a potential indicator of soil quality, as plants rely on soil microorganisms to mineralize
organic nutrient for growth and development [27]. Soil microbial communities play a
critical role in the cycling of soil nutrient materials, which is usually affected by crop cover,
management practices, soil types, and soil depths. Switchgrass establishment has been
evidenced to increase soil bacteria and fungi communities and their activities [28–30], while
lacking exploration at a deeper soil depth. It’s worth noting that switchgrass establishment
might promote soil microbial nitrogen fixation, especially under low nitrogen levels, which
accounts for a nonnegligible amount of nitrogen for the growth and development of
switchgrass [31–33]. Hence, it is attractive to detect soil nitrogen levels after switchgrass
establishment, especially when fertilization is not applied. It is necessary to uncover the
microbial alterations after the conversion of cropland to unfertilized switchgrass.

We hypothesized that long-term switchgrass cultivation could dramatically ameliorate
soil properties, but may generate some adverse effects on soil nutrient levels due to the
annual export of element materials from the field. The objectives of this study were to
(1) evaluate the effects of 7-year switchgrass establishment on soil physical and chemical
properties; (2) to illustrate changes in soil nutrient levels after switchgrass cultivation
compared to the bare land; and (3) to reveal the alterations in soil microbial communities
including the quantity of soil bacteria, fungi, and actinomycetes as well as the contents of
microbial carbon, nitrogen, and phosphorus.
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2. Materials and Methods
2.1. Study Site Description and Management

The experiment site was located at the experimental base of the Institute of Grassland,
Flowers and Ecology, Beijing Academy of Agricultural and Forestry Sciences (40◦23′ N,
116◦28′ E) at Town in Beijing, China (Figure S1). The soil type, climate characteristics, and
the initial soil properties were well described in our previously published paper [34]. The
experiment was based on a long-term yield evaluation test platform for switchgrass, which
was built in 2006. There were two types of land in this study, switchgrass-cultivated land
(switchgrass plot) and the bare land (bare land plot). We set five 4 × 5 m subplots for
each type of land; these five subplots were not adjacent and were distributed randomly in
the experiment field. We considered the five subplots of each plot to be five replicates in
this study.

Before switchgrass plantation, rotary tillage was conducted at around 30 cm depth,
and then about 150 kg/ha compound fertilizer (N:P:K = 20:12.5:10) was spread evenly over
the whole experiment area. In mid-April 2006, we planted switchgrass seedlings (four
leaf stage) with 80 cm plant spacing. Then, about 200 m3/ha irrigation was provided by
sprinkler irrigation after plantation to ensure the expected growth of switchgrass according
to our previous experience. Beyond that, there was just natural rainfall during the whole
experiment period. The weeds in the switchgrass and bare land were manually prevented.
In early November of each year, the above-ground biomass, including all the litter, was
harvested, leaving around 10 cm stubble height. Beyond that, there were not any other
management practices in this experiment. The amount of rainfall ranged from 318.00 mm
to 733.20 mm, and the average temperature was 13.29 during the 2006 to 2012 period in
this area.

2.2. Soil Sampling and Properties Determination

Soil samples were collected in mid-November 2012 from the two plots. Before sam-
pling, the apparent litter and small rocks were carefully removed. We dug a quadrat pit
layer by layer (20 cm for each layer to 100 cm) in each subplot of the two plots. The exact
location of the quadrat is displayed in Figure S2. Soil from the layers 0–20, 20–40, 40–60,
60–80, and 80–100 cm was thoroughly mixed using the soil cone method, and then ten
random subsamples were acquired from the cone to form one composed replicate. Hence,
there were five soil replicates for each layer of the two plots. Undisturbed soil cores at
different soil layers of each quadrate were taken by a cylindrical steel ring of 100 cm3

volume with five replicates for soil physical property analysis. The visible rocks were
removed from soil samples and all soil samples were passed through a 2 mm sieve. Each
soil replicate was divided into two parts; one part was transported back to the laboratory
in a 4 ◦C incubator and then stored in a 4 ◦C refrigerator for the determination of microbial
indicators. The other part was naturally air-dried and crushed by a micro-mill (Tianjin
TEST Instrument Co., LTD, Tianjin, China) for the determination of soil organic carbon
(SOC), total nitrogen (TN), total phosphorous (TP), total potassium (TK), available nitrogen
(AN), available phosphorus (AP), available potassium (AK), and soil pH.

Soil capillary porosity (CP) was determined by the core method [35]. Soil total porosity
(TPO) was calculated as the difference between the saturated soil weight and the dry soil
weight divided by the sample volume [35]. Soil bulk density (BD) and soil water contents
were determined based on the oven-dried cutting ring-acquired soil samples. Soil pH was
measured using a 1:2.5 ratio of 0.01 M CaCl2 solution/soil suspension according to the
professional standard of China (LY/T 1239-1999) by a Nahita pH meter, model ST 5000
(Ohaus International Trading (Shanghai) Co., LTD, Shanghai, China). A Vario Macro CHNS
instrument (Elementar Analys ensysteme GmbH, Hanau, Germany) was used to determine
soil TN [34]. We determined soil AN, AP, and AK contents using the alkaline KMnO4 oxi-
dation method, Olsen’s extract method, and the NH4OAc extract method, respectively [36].
About 10 g of fresh soil samples were used to determine microbial C and N contents using
the chloroform fumigation-K2SO4 extraction and potassium persulfate digestion methods,
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respectively [37]. Soil microbial phosphorus (MP) contents were determined by chloroform
fumigation method coupled with phosphorus detection by molybdate colorimetry [38].
The values were corrected for phosphate sorption to the soil during the extraction and
for microbial phosphorus not recovered by fumigation [38]. The potassium dichromate
oxidation method coupled with ferrous sulfate titrimetry was used to determine SOC
and water-soluble organic carbon (WSOC) contents. Digestion and colorimetric methods
were used to determine soil TP content [39]. The atomic absorption method was used to
determine soil total K (TK) contents [40]. Soil actinomycete is the third most abundant
community and plays crucial roles in the mineralization process of soil organic materials,
e.g., the degradation of cellulosic materials, and hence participates primarily in soil element
cycling and soil amelioration. Hence, we herein analyzed these three dominant microbial
communities. We used the solid medium made from beef extract, Martin’s medium [41],
and Gause I Medium [42] to culture soil bacteria, fungi, and actinomycetes, respectively.
The medium was invertedly cultured at 2 ◦C in a constant temperature incubator for one
week. The CFU numbers were calculated according to the following formula,

CFU =
C× n

m
(1)

where CFU indicates the CFU numbers of soil bacteria, fungi, and actinomycetes. C, n, and m
represented the average community number, dilution ratio, and soil dry weights, respectively.

2.3. Statistical Analysis

The experiment data were organized and prepared using Microsoft Office Excel 2010.
Shapiro–Wilk and Levene tests were performed to check the data distribution and ho-
moscedasticity before the analysis, respectively. A Wilcoxon rank-sum test corrected by the
“Bonferroni” method was carried out to verify the significant differences in soil indexes of
the paired groups at p < 0.05 and 0.01. The correlation analysis based on Pearson’s method
at p < 0.05 (*) and 0.01 (**) levels in this work were carried out using the “psych” package
in R software (3.5.2). The figures were created using Origin (2019b, OriginLab Corporation,
Northampton, MA, USA) and R software (Bell Laboratories, Inc., Windsor, ON, Canada).

3. Results
3.1. Soil Physical Properties of the Bare Land and Switchgrass Land

Figure 1 showed the great changes in soil physical properties after switchgrass estab-
lishment compared to the bare land. The switchgrass establishment significantly (p < 0.05,
0.01, or 0.001) increased 0–60 cm soil CP by 40.51%, 16.92%, and 14.33% sequentially from
the top to the bottom (Figure 1a). Soil CP from 60–100 cm exhibited a slight (p > 0.05)
decrease by 5.89% and 10.92% sequentially compared to the bare land (Figure 1a). Soil TP
at 0–100 cm depth of switchgrass land was significantly (p < 0.05, 0.01, or 0.001) higher by
30.98%, 24.05%, 7.90%, 18.34, and 11.96% sequentially compared to the bare land (Figure 1b).
For soil BD, 0–60 cm soil of switchgrass land significantly (p < 0.05 or 0.01) decreased by
6.37%, 4.58%, and 2.17% sequentially compared to the bare land (Figure 1c), while BD of
60–100 cm soil of the two land types seemed to be similar (Figure 1c). The water contents
of 0–100 cm soil all showed an increased trend compared to the bare land, and the increase
percentages reached 38.26%, 16.08%, 9.63%, 10.09%, and 5.13%, sequentially, though the
difference at 80–100 cm was not statistically significant (p > 0.05, Figure 1d).

As is shown in Figure 2, no significant difference in SOC was observed at 0–100 cm
soil between the two types of land. The WSOC of switchgrass land soil at 0–40 cm showed
significant (p < 0.05) increases by 86.79% and 23.97%, respectively, compared to the bare land
(Figure 2b). Soil WSOC at 40–100 cm depths of switchgrass cultivated land all exhibited
an increasing trend compared to the bare land, but the differences were not significant
(Figure 2b).
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creasing trend with soil depths, while TP and AK showed the opposite trend (Figure 3). 
We found significant (p < 0.05 or 0.01) increases in soil TN at 0–40 and 60–80 cm by 7.92%, 

Figure 1. Soil (a) capillary porosity, (b) total porosity, (c) bulk density, and (d) water contents in the
bare land (control) and switchgrass-cultivated land. Error bars (standard deviation) were correctly
added at the top of the mean columns. A Wilcoxon rank-sum test was used to analyze the significant
differences in each soil index between control and switchgrass land at p < 0.05 (*), 0.01 (**), and
0.001 (***) levels.

Agriculture 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

As is shown in Figure 2, no significant difference in SOC was observed at 0–100 cm 
soil between the two types of land. The WSOC of switchgrass land soil at 0–40 cm showed 
significant (p < 0.05) increases by 86.79% and 23.97%, respectively, compared to the bare 
land (Figure 2b). Soil WSOC at 40–100 cm depths of switchgrass cultivated land all exhib-
ited an increasing trend compared to the bare land, but the differences were not significant 
(Figure 2b). 

 
Figure 1. Soil (a) capillary porosity, (b) total porosity, (c) bulk density, and (d) water contents in the 
bare land (control) and switchgrass-cultivated land. Error bars (standard deviation) were correctly 
added at the top of the mean columns. A Wilcoxon rank-sum test was used to analyze the significant 
differences in each soil index between control and switchgrass land at p < 0.05 (*), 0.01 (**), and 0.001 
(***) levels. 

 
Figure 2. Soil (a) organic carbon and (b) water-soluble carbon content in bare land (control) and 
switchgrass-cultivated land. Error bars (standard deviation) were correctly added at the top of the 
mean columns. A Wilcoxon rank-sum test was used to analyze the significant differences between 
the bare land and switchgrass cultivated land at p < 0.05 (*). 

3.2. Soil Chemical Properties of the Bare Land and Switchgrass Land 
Soil nutrient levels after switchgrass establishment showed some differences com-

pared to the bare land (Figure 3). Soil TN, TP, and AN content all showed a gradual de-
creasing trend with soil depths, while TP and AK showed the opposite trend (Figure 3). 
We found significant (p < 0.05 or 0.01) increases in soil TN at 0–40 and 60–80 cm by 7.92%, 

Figure 2. Soil (a) organic carbon and (b) water-soluble carbon content in bare land (control) and
switchgrass-cultivated land. Error bars (standard deviation) were correctly added at the top of the
mean columns. A Wilcoxon rank-sum test was used to analyze the significant differences between
the bare land and switchgrass cultivated land at p < 0.05 (*).

3.2. Soil Chemical Properties of the Bare Land and Switchgrass Land

Soil nutrient levels after switchgrass establishment showed some differences compared
to the bare land (Figure 3). Soil TN, TP, and AN content all showed a gradual decreasing
trend with soil depths, while TP and AK showed the opposite trend (Figure 3). We found
significant (p < 0.05 or 0.01) increases in soil TN at 0–40 and 60–80 cm by 7.92%, 30.67%,
and 20.34%, sequentially, compared to the bare land (Figure 3a). In contrast, no significant
difference was observed in soil TN between switchgrass and bare land (Figure 3a). The
decreasing trend is presented in Figure 3b in soil TP at 0–100 cm (except for 20–40 cm)
of switchgrass land compared to the bare land, though the differences were insignificant
in some layers. For 0–20 cm and 80–100 cm soil, the decreasing percentages reached
2.78% and 9.68%, respectively, whereas the increasing percentage in 20–40 cm was 3.03%
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(Figure 3b). For soil TK, 0–40 cm and 80–100 cm soil of switchgrass land exhibited significant
(p < 0.01) increases by 3.80%, 4.30%, and 5.69%, sequentially, compared to the bare land,
and 40–80 cm soil showed a similar value (Figure 3c). Soil AN of 0–80 cm in switchgrass
land was significantly (p < 0.01 or 0.001) higher by 27.97%, 47.19%, 21.68%, and 59.16%,
sequentially, than the values in the bare land (Figure 3d). The 80–100 cm soil exhibited no
significant difference (Figure 3d). For AP, we did not observe a significant difference in
0–20 cm soil between the two types of land (Figure 3e), and a significant (p < 0.05) increase
of 7.51% was found in 20–40 cm soil (Figure 3e). On the contrary, AP of 40–100 cm soil in
switchgrass land increased significantly (p < 0.05) by 5.70%, 13.00%, and 9.50%, sequentially,
compared to the bare land (Figure 3e). Soil AK contents of the two types of land showed
different changes in different soil depths (Figure 3f). A significant (p < 0.05) increase by
11.73% at 0–20 cm and significant decreases (p < 0.05) by 13.31% and 13.56% at 40–80 cm,
respectively, were observed in switchgrass land compared to the bare land (Figure 3f). No
significant differences were found in other soil depths (Figure 3f).
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3.3. Soil Microbial Indicators and Correlations with Soil Other Properties

Soil microbial communities are primarily distributed in 0–40 cm soil (Figure 4). The
large differences in the CFU number of fungi, bacteria, and actinomycetes occurred mainly
in 0–40 cm soil depths between the two types of land (Figure 4). At 0–20 cm soil depth,
the CFU numbers of fungi, bacteria, and actinomycetes in switchgrass land were signifi-
cantly (p < 0.05, 0.01 or 0.001) higher by 149.27%, 37.60%, and 56.40% than the bare land
(Figure 4a–c), and, in 20–40 cm soil, the increase percentages reached 775.37%, 70.80%, and
338%, respectively (Figure 4a–c). In 40–60 cm soil, only the CFU number of actinomycetes
in switchgrass land increased significantly (p < 0.001), by 152% compared with the bare
land (Figure 4c). Few differences were observed at other soil depths in the CFU number of
the three microbial communities, but they mostly exhibited an increase (Figure 4).
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Figure 4. CFU numbers of (a) fungi, (b) bacteria, and (c) actinomycetes in the bare land and
switchgrass-cultivated land. Error bars (standard deviation) were correctly added at the top of
the mean columns. A Wilcoxon rank-sum test was used to analyze the significant differences between
the bare land and switchgrass cultivated land at p < 0.05 (*), 0.01 (**), and 0.001 (***) levels.

Soil MC, MN, and MP at all five soil depths showed an increase in switchgrass land
compared to the bare land (Figure 5). The significant (p < 0.001) increase percentages of
soil MC in 0–40 cm soil in switchgrass land were large, reaching 117.42% and 57.58%,
respectively, and at 40–100 cm soil depths, they reached 18.30%, 11.34%, and 37.87%,
sequentially, when compared to the bare land (Figure 5a). For soil MN, the increase
percentages reached 20.48% (p > 0.05), 41.01% (p < 0.05), 12.45% (p > 0.05), 42.20% (p < 0.05),
and 11.45% (p > 0.05), sequentially, in switchgrass land (Figure 5b). The significant (p < 0.05
or 0.01) increases in soil MP mainly happened at 60–100 cm depths, and the increase
percentages were 67.57% and 103.03%, sequentially; at the other soil depths, slight increases
were observed (Figure 5c).
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Figure 5. Soil microbial (a) carbon, (b) nitrogen, and (c) phosphorus contents in bare land and
switchgrass-cultivated land. Error bars (standard deviation) were correctly added at the top of the
mean columns. A Wilcoxon rank-sum test was used to analyze the significant differences between
the bare land and switchgrass cultivated land at p < 0.05 (*), 0.01 (**), and 0.001 (***) levels.

According to the heatmap results, the microbial indicators, including the CFU numbers
of the bacteria, fungi, and actinomycetes as well as MC, MN, and MP contents, were all
positively correlated with WSOC, TP, SOC, TN, and AN (Figure 6). The microbial indicators
(excluding MC) were negatively correlated with soil pH, TK, and AK. Soil AK showed
significantly (p < 0.05 or 0.01) negative correlations with the CFU numbers of three microbial
communities and MN (Figure 6). Soil pH, as an important soil indicator, was also included
into the correlation analysis although few differences were observed in this study (the data
was not shown). Soil MN exhibited significantly (p < 0.01) negative correlations with soil
pH, TK, and AK (Figure 6). Soil MC only had significant (p < 0.01) positive correlations
with soil TPO (Figure 6).
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4. Discussion

Switchgrass shows excellent potential as bioenergy raw material. It provides multiple
ecological services, but the effects of its establishment without any fertilization on soil
properties in abandoned cropland are unclear, which proposes the necessity of this work.
To address these questions, we determined the main soil physical and chemical properties
and CFU numbers of microbial communities, as well as the microbial biomass based on
7-year cropland to switchgrass conversion.

4.1. Effects of 7-Year Switchgrass Establishment on Soil Physical Properties

Potential improvements in soil physical properties are significant should switchgrass
be cultivated on abandoned cropland, as it has a very developed root system. The increased
soil porosity can promote soil aeration and water entry, which is an important indicator
of soil quality [43]. Several studies have evidenced the increased soil CP and TPO in
marginal cropland after switchgrass cultivation, which was mainly due to switchgrass
developing root systems in deep soil and stalk residues on the land surface [14,44,45].
However, the effects of long-term (7-year) production of unfertilized switchgrass on soil
physical properties in cropland in northern China are still ambiguous. In this study, the
significantly (p < 0.05, 0.01, or 0.001) increased soil TPO (Figure 1b) indicates the dramatical
amelioration effects of switchgrass on soil physical structure. However, the increases
of soil CP seemed more pronounced at 0–60 cm depths than at 60–100 cm (Figure 1a),
which implies that the amelioration effects primarily exist within a limited range of soil
depth. Due to the changes in soil CP, the capacity of soil to absorb water was dramatically
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enhanced, which led to a significantly (p < 0.05, 0.01, or 0.001) higher water content in
0–80 cm soil of switchgrass land (Figure 1d). We speculate that root residues contributed
significantly to the improved soil porosity at deeper soil depths. The stubble residue after
annual harvest was the predominant factor influencing the surface soil porosity [44,45].

Soil BD, which is also a critical soil property and indicates soil quality, represents the
mass of dry soil per unit volume and essentially measures soil porosity, as a high number
of soil pores results in low bulk density values [43]. A plethora of papers have reported
decreased soil BD after switchgrass establishment, and the surface soil usually shows a
more extensive range of variation than soil at deeper depths [14,43,46–48]. Consistent with
the conclusion of the increased soil porosity in switchgrass land, the 0–60 cm soil BD was
significantly (p < 0.05 or 0.01) decreased in the range of 0.03 to 0.1 g/cm3 compared with the
cropland (Figure 1c), which was consistent with most of the previous studies [14,43,46–48].
The minor sensitivity of soil BD at 60–100 cm was probably attributable to the predominant
influences of clay content rather than switchgrass establishment [48]. In addition, the
relatively rare root distribution in deeper soil was also another factor that should be
considered. As we hypothesized, all these results evidenced the distinct amelioration effects
of switchgrass establishment on soil physical structures, though there was no fertilization
applied over a 7-year biomass harvest.

4.2. Effects of 7-Year Unfertilized Switchgrass on Soil Nutrient Levels

SOC, which is another important indicator of soil quality [49], has a large pool size
and plays a vital role in global carbon cycling because of its slower turnover rate than
atmospheric carbon [50]. The carbon sequestration potential of switchgrass establish-
ment has been a great concern worldwide, and its carbon accrual effect has been widely
evidenced [15–20]. However, there have been some particular case indicating experiment-
site-dependent conclusions [21]. Unlike most studies, we herein observed similar SOC
contents in 0–100 cm soil in switchgrass land compared to the bare land (Figure 2a). It is
hard for us to provide reasonable explanations, but this was probably due to soil carbon
priming effects, which should be explored further over a continuous time scale. Soil WSOC
usually indicates carbon resources that could be directly used by the soil microbial commu-
nities. In this work, the significantly increased WSOC contents in switchgrass land imply
relatively abundant carbon resources, which could benefit the enrichment of soil microbial
communities, especially at 0–40 cm depths (Figure 2b).

Besides carbon accrual after switchgrass cultivation, the primary nutrients levels, such
as those of nitrogen, phosphorus, and potassium, are also significant concerns for most
people, especially in China. It is unrealistic for Chinese farmers to input any fertilization
during switchgrass production due to the uncertain economic benefits that could be derived
from the plantation system. Hence, there is a significant doubt about whether the soil
quality was sustainable in the absence of any fertilization over a long-term period. However,
the net element exports of switchgrass were much lower than those of cereal crops [25]. In
this study, it is interesting that soil TN contents exhibited a significant increase instead of
sharp decreases (Figure 3a). Several papers have evidenced the existence of non-symbiotic
nitrogen-fixing bacteria and remarkable contributions to nitrogen requirements during the
growth and development of switchgrass [31–33,51,52], which was the critical reason for the
higher TN and AN (Figure 3a,d) in the switchgrass land. Moreover, the prevention of soil
nitrogen leaching by the developed switchgrass root system [53] and decreased nitrogen
emissions [54] are two factors that should not be ignored for nitrogen accumulation in
switchgrass land.

The decreased soil TP and AP contents were reported in both 5-year and 9-year unfer-
tilized switchgrass field experiments [14,17]. In this work, the significantly reduced soil
TP and AP contents in deeper soil depths (40–100 cm, Figure 3b,e) imply soil phosphorus
consumption through annual biomass harvest, which requires appropriate phosphorus
compensation. The degradation of the stubble residues after annual harvest of switchgrass
might contribute to the similar AP levels between the switchgrass and control group, but
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it cannot change the decreasing trend of soil TP in surface soil (0–20 cm). Switchgrass
roots were mainly distributed within 0–40 cm soil and were more dispersive in 20–40 cm
soil. We speculated that the activation effects by the more abundant capillary roots on
soil phosphorus, together with more root turnover, induced the significant increase in
soil TP and AP contents in switchgrass land. The accrual of soil potassium caused by
the degradation of switchgrass stubbles after biomass harvest accounted mainly for the
significantly increased soil TK and AK levels in surface soil (0–40 cm), while it hardly
changed the results of the significantly reduced AK contents in deeper soils, although the
TK contents were similar.

4.3. Effects of 7-Year Unfertilized Switchgrass on Soil Microbial Indicators

The soil microbial community performs many pivotal ecological functions in soil
nutrient and energy cycles [55]. Land-use changes have been widely evidenced to affect
soil physical and chemical properties drastically and thus reshape soil microbial commu-
nities [56]. Several studies have reported increased numbers of soil bacteria, fungi, and
actinomycetes, as well as microbial biomass [28–30,37]. However, a large knowledge gap
exists in the current understanding of changes in the soil microbial communities and N
cycling after the long-term cropland conversion to switchgrass in a temperate continental
monsoon climate. In this work, consistent with the previous conclusions, significantly
increased numbers of soil bacteria, fungi, and actinomycetes were observed predominantly
in 0–40 cm soil after switchgrass establishment, which led to significantly increased mi-
crobial carbon, nitrogen, and phosphorus contents. These results are consistent with the
significantly increased WSOC (Figure 2b) contents in this study. The increased microbial
C/N (data not shown) usually indicate the shift of soil bacterial communities to fungi
communities [57], which was also evidenced by the increased fungal and bacterial CFU
ratio in this study (data not shown here).

5. Conclusions

In conclusion, we showed that switchgrass establishment can ameliorate soil physical
properties, and the nutrient levels did not seem to be depleted except for the slight decrease
of soil TP level, even when the biomass was annually harvested without any fertilization.
The alterations of soil physical properties, such as increased soil porosity and decreased
BD, and chemical properties, such as increased WSOC, TN, and AN, drove the shift of soil
bacteria, fungi, and actinomycetes from the bare land pattern to the switchgrass land pattern.
Outputs of this study could firmly dispel anxiety that soil nutrients might be exhausted
under such a model over a long-term period, which could inspire the government and
farmers to large-scale use of switchgrass on abandoned cropland in northern China. Based
on our findings, it is exciting and of great significance to explore the mechanisms of the
increased TN levels over the long-term switchgrass production without any nitrogen
compensation through high-throughput sequencing and metagenomic strategies.
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