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Abstract: Although agricultural land abandonment (LA) is accompanied by land degradation, it
could be considered a kind of self-rehabilitation. Studies have shown that long-term LA has pro-
found ecological and environmental benefits, whereas few studies have compared LA with human
intervention (HI), which involves planting and fertilization in agroecosystem restoration. Here, we
established four different scenarios based on local livestock husbandry, including LA without HI,
LA with slight human intervention (HIS), medium human intervention (HIM), and intensive human
intervention (HII). LA experiments were conducted for 3 years and repeatedly sampled three times.
The soil bacterial and fungal communities were determined to present the ecological impacts. In
this study, LA and HIS could save soil inorganic carbon and total calcium (Ca) contents and benefit
soil mycorrhizal fungi and plant growth-promoting rhizobacteria. LA and HIM benefited some mi-
crobial communities associated with complicated organic compounds. Human interference meth-
ods did not significantly increase soil nutrients after 3 years of farmland abandonment. However,
indigenous vegetation increased the risk of plant diseases based on soil microbial communities.
Forage grass may control the risk, and HIS was a cost-effective scenario in our study. Moreover, we
should maintain a cautious attitude toward HII to prevent excessive intervention.

Keywords: agricultural land abandonment; human intervention; cropland; bacterial community;
fungal community

1. Introduction

Agricultural land abandonment (LA) is emerging because of rapid urbanization and
a decrease in the agricultural labor force. An increasing number of young people choose
to go to cities for off-farm work, and the loss of agricultural labor is driving cropland
abandonment [1]. In addition, the increase in grain storage capacity caused the grain sup-
ply to exceed the demand, which was followed by a decline in food prices [2]. Insufficient
income from crops exacerbated farmers leaving farm work and led to the abandonment
of farmland. Some agricultural policies also seemed to cause the emergence of abandon-
ment. The European Common Agricultural Policy (CAP), modified in the 1980s, led to
agricultural overcapacity and then subsidized cropland fallowing. It enhanced the LA
phenomenon. Recently, the amendment of subsidy systems, which has taken agricultural
and environmental conditions into account, has changed the situation [3]. In some cases,
LA was always considered as a negative status for farmland. It is more likely to be present
in low-quality areas, such as alkaline land, arid areas, or mountainous areas. High-cost
management and poor environmental conditions have not only caused farmland to be
abandoned but also led to farmland degradation, such as soil erosion and salinization,
which increases the cost of reclamation. The natural recovery of vegetation and soil may
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be too slow to change the poor environment, which requires decades to centuries to ap-
proach natural states [4]. Based on a 10-year field experiment on the Loess Plateau of
China, continuous natural recovery increased soil organic carbon, microbial biomass car-
bon, available potassium, and Steroidobacter (a bacterial genus) [5].

Therefore, some human interventions (HIs) have been applied to shorten ecosystem
recovery times, such as revegetation and soil biochar application. However, the restora-
tion method cannot ignore regional industrial development [6]. The selection of HI should
follow ecological principles and the local socioeconomic status quo. For example, livestock
production systems could be applied in the natural restoration of farmlands [7]. Based on
the properties of livestock production systems, there are two ways to improve the effects
of fallows. First, using goal-oriented forage grass promotes the benefits of restoration, es-
pecially the use of nitrogen-fixing pastures. Rhizosphere microbes showed that colonizing
annual plants accelerated the process of soil fertility improvement in a short natural res-
toration time (1 to 5 years) that potentially boosted vegetation succession [8]. In addition,
mixing nitrogen-fixing pastures with other local plants may produce synergistic effects
[9]. Plant diversity has been shown to increase soil fertility [10]. Consequently, two or
more plant species were applied to enhance the efficiency of natural restoration.

Second, livestock manure input can promote soil nutrient content, especially soil or-
ganic carbon. As tillage can cause the loss of significant amounts of carbon, belowground
carbon cannot compensate for the negative impact of such losses [11]. Although farmyard
manure (N: P: K = 32:18:38) and organic manures could increase the soil organic matter
content [11,12], little is known about the interaction effects of vegetation and organic ma-
nures on microbial composition during the natural restoration period. In addition to the
construction of vegetation, the addition of amendments to revegetation systems has been
considered in some natural restoration studies. For instance, nitrogen-fixing plants and
P+K fertilizer enhanced the nitrogen stock during a natural restoration period [13]. Natu-
ral fallow with farmyard manure significantly enhanced microbial biomass nitrogen over
a short duration [14]. In this paper, we attempted to determine the effects of human inter-
vention (livestock) on abandoned farmland from the perspective of soil physicochemical
and microbial properties.

Although soil microbial indicators are widely used in agricultural research, they are
still inadequately applied in LA studies. Soil microbial composition is closely related to
the carbon-nitrogen cycle, soil-borne disease resistance, and farmland productivity [15].
The study of soil microbial properties showed that microbial biomass and some microbial
communities were significantly affected by human intervention during the natural recov-
ery time (18 months) [16]. Planted fallow farmland with phosphorus applications pro-
moted arbuscular mycorrhizal fungi (AMF) and nutrient uptake [17]. In a long-term ag-
roforestry study, abandoned land that was replanted showed insignificant positive effects
on soil microbial properties [18]. However, these studies focused more on the comparison
of different types of land use/cover than on ecological restoration studies, such as farm-
land fallow and crop rotation. Moreover, the resolution of the microbial community struc-
ture was indistinct in these studies because the characteristics of the microbial community
structure were not analyzed at the genus level. In some short ecological restoration (one
year) studies, a molecular biology approach was used to analyze the soil microbial com-
munity structure where different effects of human intervention on soil bacterial genera
were established [14]. Nevertheless, soil microbial properties may be unstable because of
the short restoration duration. It is necessary to extend the ecological restoration duration
to determine the effects of human intervention on soil microbial properties, especially on
soil microbial communities.

To determine the effects of HI on LA via nutrient cycling and microbial community
structure, we analyzed the soil data for 3 untilled years. The bacterial and fungal compo-
sitions were determined in this study. We integrated soil physicochemical characteristics
and microbial community structure to build three hypotheses:
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H1: The natural restoration of abandoned land may take longer, and it is more bene-
ficial to nitrogen-fixing bacteria than human intervention;

H2: Planting forage grass or inputting farmyard manure on abandoned land can im-
prove soil fertility and benefit some fungi involved in plant growth;

H3: Intensive human intervention on abandoned land may not achieve the expected
results and may have negative effects.

2. Materials and Methods
2.1. Study Site Description

The research area is located at the Field Scientific Observation and Research Station
for Yellow River Delta Land Use Safety in Binzhou, China [E 117°43', N 37°48', at an alti-
tude of 5 m above sea level (a.s.])] (Figure S1). The 10-year average rainfall was 55.3 mm
and the average temperature was 13.9°C. Having a silty loam texture (approximately 3%
clay and 78% silt), the study soil stemmed from diluvial sediments and is classified as a
typical saline alluvial soil (Fluvisols, FAO). Based on our investigation, sorghum [Sor-
ghum bicolor (L.) Moench] monoculture was practiced for over 5 years in the study area,
and soil fertility has decreased markedly in the study area based on local soil investigation
[19]. Before the experiment, the farmlands were compacted by a four-wheeled tractor
which is a common phenomenon after harvest. Therefore, the study areas were flat and
homogeneous. From 2010 to 2015, the same land management scheme was applied to the
experimental plots for 5 years. The manager was planning to abandon the farmland to
restore soil fertility, and we rented part of the farmland (approximately 2.6 ha) to carry
out our experiment.

2.2. Experimental Design

The experiment commenced in 2016. We have investigated the natural and socioeco-
nomic conditions around the study area. The chemical properties of the topsoil (0-20 cm
layer) were as follows: electrical conductivity of 1.8 uS m”, total nitrogen (TN) content of
0.62 g kg1, soil organic carbon content (SOC) of 8.39 g kg, available potassium (AK) con-
tent of 0.11 g kg, available nitrogen content of 24.59 mg kg, available phosphorus (AP)
content of 8.51 mg kg, and pH of 8.43. In terms of socioeconomic conditions, the local
livestock breeding industry is relatively developed. We found that there was a cattle farm
within 1 km of the study area. Therefore, our experiment is designed based on the char-
acteristics of the local cattle industry. Four scenarios established, and three plots were set
for each scenario. The size of each plot was 5 x 6 m, and the plots were randomly distrib-
uted (more than 1 m intervals each).

We investigated the effects of abandoned farmland (LA), which is the natural re-
growth of spontaneous vegetation without human intervention. Taking into account the
forage demand of the cattle farm, we can choose local forage planting as a method of hu-
man intervention in LA. Alfalfa (Medicago sativa L.) and Dahurian wild rye (Elymus da-
huricus Turcz.), which belonged to the indigenous meadow, were selected to create plant
mixtures for building pasture meadows without cattle manure. It was considered a sce-
nario of slight human intervention in LA (HIS). Cattle manure is an inevitable output of
cattle farms. We believe that its impact on farmland is greater than that of vegetation.
Therefore, we fertilized cattle manure in LA, which was considered a scenario of medium
human intervention in LA (HIM). Fertilization is an activity that is repeated every year. It
could be considered a stronger human intervention than grass planting. Finally, we ap-
plied both forage planting and manure fertilization to abandoned farmland to build in-
tensive human intervention in LA (HII). Manual weeding was applied at the beginning of
the experiment to ensure the survival of the forages. To avoid the impact of tillage, hand
weeding was used. The cattle manure was decomposed before. The cattle manure was
mixed with water to prevent hardening. Fertilization was then accompanied by irrigation.
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No pesticide and little weeding were used in our study region. Moreover, we reaped for-
age grass in each harvest season (every 3 months).
Management scenarios were summarized and detailed as follows:

e LA, spontaneous vegetation, no manure input, spontaneous vegetation, as agricul-
tural land abandonment;

e HIS, no manure input, spontaneous vegetation sown with alfalfa (Medicago sativa
L.) and Dahurian wild rye (Elymus dahuricus Turcz.) in LA, as slight human inter-
vention in LA;

e HIM, spontaneous vegetation, LA with composted cattle manure (400 g kg organic
C, 70 gkg' TN, 11.5 g kg total P, and 9.8 g kg total K), 1500 kg ha-1, as medium
human intervention in LA;

e  HII, HIS with composted cattle manure (same as HIM), 1500 kg ha", as intensive hu-
man intervention in LA.

2.3. Preparation of Soil Samples

The first soil sampling occurred in October 2016. The second and third samplings
were performed in 2017 and 2018, respectively. Soil samples were collected from six points
to a depth of 0-20 cm in each plot; a foil sampler was employed. The approximate amount
of soil (500 g) collected per plot. The samples were then mixed and homogenized. Each
soil sample was passed through a <2 mm sieve to remove plant roots and stones and was
then divided into three different parts. The first part was stored at -40°C for DNA and
enzyme analysis. The remainder was air-dried to assay the soil physicochemical proper-
ties.

2.4. Edaphic Properties Analysis

The soil pH was measured by a glass electrode (soil: water = 1:2.5). The soil total
organic carbon (SOC) and soil inorganic carbon (SIC) were determined with a CN ana-
lyzer (SOC-L Analyzer and SSM-5000A unit, SHIMADZU, Japan). The total nitrogen (TN)
was assayed by the Kjeldahl method (Bremner et al. 1996). The carbon to nitrogen ratio
(C/N) was based on the SOC and TN. Soil ammonia concentrations (NHsN) and nitrate—
nitrogen (NOsN) in each sample were analyzed via a continuous flow analyzer (SKALAR
San Plus automated wet chemistry analyzer, Breda, Netherlands). The 3-Glucosidase
(Beta) activity was expressed as p-nitrophenol (PNP) [20]. Urease (Ur) activity was meas-
ured using a modified method [21]. A UV-Vis spectrophotometer (PGENERAL, Beijing,
China) and fluorescence method were employed for enzyme analysis. Soil total calcium
(Ca), total sodium (Na), and total heavy metal (Pb/Cu/Zn) contents were analyzed with
an atomic absorption spectrometer (Thermo Fisher Scientific M iCE 3000, Waltham, Amer-
ica).

2.5. Bacterial and Fungal Analysis

Total soil genomic DNA was extracted from each soil sample using a FastDNA kit
(MoBio Labs, Solana Beach, USA). The DNA concentration and quality were checked us-
ing a NanoDrop Spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA).
The extracted DNA was diluted to 10 ng uL-1 and stored at -40 °C for downstream anal-
ysis.

In bacteria, the primer pair 515F (5'- GTGCCAGCMGCCGCGG -3’) and reverse pri-
mer 907R (5- CCGTCAATTCMTTTRAGTT-3’) with a unique 6-nt barcode were used to
amplify the hypervariable V4 region of the 165 rRNA gene [22]. In terms of fungi, the ITS
forward primer ITS1F (5- CTTGGTCATTTAGAGGAAGTAA-3) and reverse primer
ITS2R (5'- GCTGCGTTCTTCATCGATGC-3") with a unique 12-nt barcode were used to
amplify the ITS1 region. All samples were pooled together with an equal molar amount
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from each sample. The sequencing samples were prepared using the TruSeq DNA kit ac-
cording to the manufacturer’s instructions. The purified library was diluted, denatured,
rediluted, mixed with PhiX (equal to 30% of final DNA amount) as described in the Illu-
mina library preparation protocols, and then applied to an Illumina MiSeq system for se-
quencing with the Reagent Kit v2 2x250 bp as described in the manufacturer manual.

2.6. Sequences Processing and Statistical Analysis

Processing of the raw sequences obtained through Illumina sequencing was per-
formed using the Quantitative Insights into Microbial Ecology (QIIME) pipeline [23]. The
resultant high-quality sequences were then clustered into operational taxonomic units
(OTUs) at 97% similarity using the UPARSE algorithm [24]. Taxonomic classification of
representative sequences from individual OTUs was performed by the Ribosomal Data-
base Project (RDP version 2.12) Classifier and UNITE database [25,26]. Alpha diversity
indices were calculated in QIIME, including Chaol index, Shannon’s diversity index,
Simpson index, and Faith’s PD diversity. Bray—Curtis distance metrics were calculated to
complete a nonmetric multidimensional scaling (NMDS), analysis of similarities
(ANOSIM), and mantel test with monoMDS, anosim, and mantel in the vegan and permute
packages in R [27]. For edaphic factors, the Kruskal-Wallis test (K-W test) was employed
to determine differences between groups. Spearman’s rank correlation analysis was ap-
plied to determine the relationship between edaphic properties and microbial biodiversity
in SPSS software (version 13.0). Linear discriminant analysis effect size (LEfSe) was used
to elucidate the effects of each management scenario [28]. The microbial communities that
could be classified were selected to detail the management effects. To determine the di-
rected or indirect effects of management, the relationship between classified microbial
communities and edaphic properties was determined by Spearman’s rank correlation
analysis. Moreover, random forest models were employed to determine the relative im-
portance of management and edaphic properties using the randomForest package in R [29].
The factor’s proportion of importance was calculated by the proportion of the factor’s
%IncMSE in the sum of %IncMSE of all factors.

3. Results
3.1. The Effects of Management Scenarios on Edaphic Properties

The results of edaphic factors showed that the between-group differences in soil nu-
trients. The between-group differences in inorganic carbon and calcium (Ca) were stable
(Table 1). In terms of inorganic carbon, the contents in land abandonment (LA) and slight
human intervention (HIS) were significantly higher than those of moderate human inter-
vention (HIM) in 2016 (K-W test, P =0.006). After 2 years, HIS was still significantly higher
than HIM (K-W test, P = 0.004), but the difference between LA and HIM became insignif-
icant. In terms of Ca, the content in LA was significantly higher than that in HIM in 2016
(K-W test, P =0.012). Then, the HIS was significantly higher than the HIM and intensive
human intervention (HII) in 2017 and 2018 (K-W test, Both P = 0.003). Moreover, the dif-
ference between LA and other scenarios became insignificant. In terms of soil nutrients,
soil organic carbon decreased from 6.68 g kg to 4.69 g kg in LA, whereas it increased
from 6.27 g kg to 6.50 g kg in HIM. The ratio of carbon to nitrogen (C/N) showed that
LA was always lower than HIS (K-W test, 2016 P = 0.004 and 2017 P = 0.020). The ammo-
nium nitrogen (NH4N) content was lower in HIS and HII, and the content of HIS was
significantly lower than that of HIM in 2017 and 2018 (K-W test, P = 0.031 and P = 0.011).
The content of nitrate-nitrogen (NOsN) showed that LA was always lower than HII (K-W
test, 2016 P = 0.004 and 2017 P = 0.020). However, the between-group differences in C/N
and NOsN were insignificant in 2018. The p-glucosidase in HIS and HII was significantly
lower than that in HIM in 2018 (K-W test, P = 0.003). The correlation between factors in
different years showed that soil inorganic carbon (SIC) showed a significant positive cor-
relation with Ca (Spearman's rank correlation, 2016 rho = 0.965 and P = 0.0001, 2017 rho =
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0.937 and P = 0.0001, 2018 rho = 0.937 and P = 0.0001) and a negative correlation with
sodium (Na) during the study period (2016 rho = -0.800 and P = 0.002, 2017 rho = -0.930
and P =0.0001, 2018 rho =-0.783 and P = 0.003) (Figure S2).

Table 1. The differences in edaphic properties are caused by human interferences.

Edaphic Properties LA HIS HIM HII K-W Statistic
(n=3) (n=3) (n=3) (n=3) (Significance)
2016
pH 8.40 + 0.04a 8.42 +0.08a 8.56 +0.10a 8.58 +0.14a 4.66, ns
Ca (g kgt 50.45 + 3.40a 49.25 + 2.64a 43.25 +1.69b 43.58 £ 0.91b 8.33, %
Na (g kg™) 12.58 + 0.46b 13.18 + 0.37ab 14.07 £ 0.08a 14.35 +0.42a 9.26, **
SIC (g kg™) 13.03 £1.23a 12.78 £ 0.61a 11.41+0.52b 11.69 + 0.52ab 8.69, **
SOC (g kg™) 6.68 £0.91a 6.47 £0.77a 6.27 +£0.39a 5.46 £ 0.52a 4.44, ns
TN (g kg™) 1.08 £0.13a 0.71 £0.19a 0.84 + 0.06a 0.86 +0.02a 6.15, ns
C/N 6.20 £ 0.18b 9.40 £ 1.95a 7.45 + 0.45ab 6.35 £ 0.52b 8.95, **
NH:N (mg kg™) 0.93 +0.35a 0.47 +0.41a 1.68 +0.85a 0.90 +0.14a 4.51, ns
NOsN (mg kg™) 2.37+0.18b 6.67 +4.07ab 8.91 + 1.46ab 13.65 £ 2.85a 8.74, **
Beta (PNP mg g) 33.99 +2.94a 33.04 +11.40a 38.01 + 14.08a 33.59 £ 14.23a 0.54, ns
Ur (NH4«N mg g) 0.43 £ 0.06a 0.47 £0.05a 0.48 £0.21a 0.42 £ 0.05a 1.77, ns
Pb (mg kg™) 19.03 £ 3.84a 25.56 + 8.36a 17.07 £ 0.53a 16.91 £ 1.02a 0.90, ns
Cu (mg kg) 4216 +2.77a 32.33 £0.54ab 30.36 £0.77b 28.63+1.77b 9.67, ***
Zn (mg kg™) 87.37 £7.95a 82.7 £8.24a 81.1+1.64a 82.35+2.73a 1.56, ns
2017
pH 8.98 + 0.01b 9.11 + 0.01ab 9.13+0.11ab 9.29 £ 0.05a 9.23, **
Ca(gkg?) 48.39 + 6.83ab 56.73 +3.05a 38.45 + 0.38b 38.00 + 0.91b 9.05, **
Na (g kg™) 11.03 + 0.20ab 10.71 £0.76a 13.55 + 0.45b 13.58 + 0.88b 8.44, *
SIC (g kgt) 13.71 + 0.51ab 14.92 + 0.98a 11.87 +0.12b 12.17 £ 0.62b 9.05, **
SOC (g kg™) 6.27 +£0.38a 5.56 +0.10ab 6.33 £ 0.64a 4.96 £ 0.57b 8.64, **
TN (g kg) 0.98 + 0.06a 0.73 £ 0.04b 0.84 + 0.08ab 0.69 = 0.04b 9.46, **
C/N 6.39 £ 0.41b 7.66 £ 0.26a 7.56 £0.15a 7.13 £ 0.42ab 7.82,%
NH:N (mg kg™) 4.50 +1.09a 0.82 £ 0.73b 6.08 +2.06a 3.44 + 0.56ab 8.44, *
NO:N (mg kg) 2.51 +0.83b 9.09 + 5.64a 8.51 +2.55ab 14.96 £ 1.84a 9.46, **
Beta (PNP mg g1) 37.74+17.18a 26.60 £ 12.03a 51.07 +16.87a 21.93 £5.58a 6.08, ns
Ur (NH4«N mg g) 0.33 £0.05a 0.46 £0.11a 0.37 £ 0.06a 0.32 £0.05a 5.97, ns
Pb (mg kg™) 19.09 + 2.25a 19.29 + 1.54a 20.76 £ 3.59a 21.25+2.30a 2.48, ns
Cu (mg kg™) 32.00 £ 0.48ab 35.13 £0.80a 29.37 £0.92b 28.51 +1.99b 9.05, **
Zn (mg kg™) 89.1 +1.71ab 94.37 +1.49a 83.16 £ 2.06b 80.83 +4.73b 9.46, **
2018
pH 8.97 £0.04a 9.06 £0.11a 8.77 £0.10a 8.91+0.12a 6.73, ns
Ca (g kg™ 45.40 £ 1.55ab 48.25 +2.19a 36.57 £ 0.60b 34.55 +4.26b 9.51, **
Na (g kg™) 11.52+0.18b 11.82 + 0.54ab 12.56 +0.21a 12.81 +0.96a 7.62,*
SIC (g kgt) 12.29 + 0.22ab 12.69 £ 0.38a 10.67 £ 0.74c 11.18 +0.78bc 8.95, **
SOC (g kg™) 4.69+1.79a 4.66 +1.05a 6.50 +2.29a 5.34+1.49 1.36, ns
TN (g kg) 0.80 + 0.06a 0.65+0.10a 0.80 £0.21a 0.68 +0.15a 2.74, ns
C/N 5.84 £2.13a 7.13 £0.59a 7.98 £0.83a 7.76 £ 0.69a 4.33, ns
NHsN (mg kg) 3.29 + 0.80ab 2.56 + 0.38b 5.39 £ 1.75a 1.84 £1.10b 7.40, *
NO:N (mg kg) 4.06 £1.74a 15.61 +4.09a 12.02 £ 4.16a 1545 +4.11a 6.90, ns
Beta (PNP mg g1) 40.45 + 5.18ab 25.12 £ 0.62b 59.23 +25.91a 24.37 £ 0.90b 9.05, **
Ur (NHsN mg g1) 0.43 £0.07a 0.50 £ 0.20a 0.36 £0.07a 0.34 £0.13a 2.69, ns
Pb (mg kg™) 8.36 £2.01a 10.64 +2.75a 17.15+8.17a 13.36 + 4.70a 5.36, ns
Cu (mg kg1) 29.20 +0.82a 28.48 +2.97a 26.88 + 0.88a 25.87 +4.81a 2.59, ns
Zn (mg kg") 78.57 +5.48a 79.98 £7.17a 79.25 + 3.69a 79.08 +13.10a 0.54, ns

Values in the same row followed by the same letter are not different (P > 0.05) according to a Kruskal-Wallis test; *, ** and *** are
used to show statistical significance at the 0.05, 0.01, and 0.001 levels, respectively; ns, not significant.
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3.2. The Effects of Management Scenarios on Microbial Biodiversity

Alpha diversity indicators of bacteria and fungi showed insignificant between-group
differences within each year. The results of the correlation between alpha diversity and
edaphic factors showed that bacteria were less affected by edaphic factors than fungi (Fig-
ure 1). This result indicated that bacterial alpha diversity may be affected by different
intensities of HI more than edaphic properties. However, the alpha diversity showed
more significant relationships with soil carbon-nitrogen cycling in 2018, such as soil or-
ganic carbon (SOC) (Bacterial Shannon’s index and Simpson’s index, rho = 0.608, P =
0.036), total nitrogen (TN) (Bacterial Shannon’s index and Simpson’s index, rho = 0.734, P
= 0.007 and rho = 0.860, P = 0.0003), ammonium nitrogen (NHsN) (Fungal Chaol index,
rho = 0.606, P = 0.037), and p-glucosidase (Beta) (Fungal Chaol index, tho = 0.762, P =
0.004).

Bacteria ' Fungi
I
2016 2017 2018 ! 2016 2017 2018

pH : pH * P 1
socC * % 1 SOC 2

TN | hk Fk : TN .§
CIN I CN 0 g
sic | sic = . . 3
NH,N I NH,N .
NO,N | NoN -1
Beta : Beta *

Ur 1 Ur

ca L ca :

Na 1 Na *

Pb o I Pb

Cu : Cu [* *

Zn : Zn ke *

d&o;oo(;eé‘qo v@°;¢°‘;e°¢ L ~(\,z,cﬂ':\(\c>:‘_,c>‘°qo : ,(@°';¢°29°°Q° v,bo';(\o‘;@c“qo ‘\,bo:oo‘; &

ORS < D 0,(@ & 1 Co® [OCS (VNS
o & -3 - 1 L) L) % S

Figure 1. The correlation between soil properties and microbial alpha diversity in each year, based
on Spearman’s Rank correlation analysis. *, ** and *** are used to show statistical significance at
the 0.05, 0.01, and 0.001 levels, respectively. The colors indicate the values of Spearman’s rho.

Then, beta diversity was applied to detect the properties of the microbial community
structure. Differences in microbial community structure were evident in 2018. For bacte-
ria, ANOSIM showed significant differences among groups from 2017 to 2018 (ANOSIM,
R =0.3488, P =0.003, and R = 0.3981, P = 0.001). In 2017, the HIS, HIM, and HII began to
show between-group differences. In 2018, the between-group differences among LA,
HIM, and HII were presented. In addition, the differences among treatments were signif-
icant in 2018 (Figure 2a). For fungi, ANOSIM showed significant differences among treat-
ments only in 2018 (R = 0.3457, P = 0.010) (Figure 2b). The LA was different from the other
groups, and the HI-groups overlapped in 2018. The results of the Mantel test showed that
bacterial community structure was significantly related to NOsN (Mantel statistic r =
0.3279, P = 0.025) in 2016. Then, the bacterial community structure was significantly re-
lated to pH (Mantel statistic r = 0.3745, P =0.035), SIC (Mantel statistic r=0.3087, P =0.037),
and Ca (Mantel statistic r = 0.3388, P = 0.010) in 2018, and the edaphic properties changed
with different levels of HI. The fungal community structure was significantly related to
C/N in 2016 (Mantel statistic r = 0.4556, P = 0.033) and was associated with NOsN in 2018
(Mantel statistic r = 0.4287, P = 0.006) (Figure S3). In 2017, the relationship between micro-
bial community structure and edaphic properties was insignificant.



Land 2021, 10, 1049

8 of 17

2016 2017 2018
05 ANOSIM R: 0.4321; P = 0.3050 } ANOSIM R: 0.3488; P = 0.0030 ANOSIM R: 0.3381; P = 0.0010
! NMDS 2D 110 ) NMDS 20 1.5 : NMDS 2D
Stress < 0.0001 i Stress < 0.0001 Stress = 0.1090
10 s,
5x10
05
2 2 3
= = =
z z Z o0
-5x10°
-0.5
3 1 0 0 1 2 3 E 103 5 i 1 >
NMDS1 NMDS1
2016 2017 2018
ANOSIM R: 0.1389; P = 0.1290 N ANOSIM R: 0.0370; P = 0.3320 . ANOSIM R: 0.3457; P = 0.0100
0002 : NMDS 2D 210 NMDS 2D : NMDS 2D
Stress < 0.0001 - Stress =0.1563 & Stress = 0.1427
0.001 =10 osf |
o o ,"/ o 1
@« @ @ i @
a . ] & ;
9 0.000 g o S 000
z z ] = |
R
-0.001 ® HM RIT I 0.5} /
® Hs k, ¥ [ ]
_ o LA o .
-0.0023 0 1 2 3 4 2103 -1 0 [ ) 1 7 2
NMDS1 NMDS1

Figure 2. NMDS and ANOSIM of the bacterial community (a), and NMDS and ANOSIM of the fungal community (b).

Relative abundance

3.3. The Effects of Management Scenarios on Microbial Communities

The bacterial community composition and fungal community composition are
shown at the phylum level in Figure 3. The LEfSe results showed that the impacts of HI
on the microbiota gradually became stronger over time (Figure S4). Notably, fungi were
more resistant to HI than bacteria because LA showed dominant effects on fungi in 2016
and 2018. Then, the unclassified microbial communities were ignored, and the microbial
communities that could be classified were selected to analyze the management scenario

effects.
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Figure 3. Bacterial community composition at the phylum level (a), and fungal community composition at the phylum

level (b).

In 2016 and 2017, LA had significant effects on the WPS-1 genera incertae sedis, which
prefers natural soil, and on the nitrogen-fixing bacterium Rhizobiales (LDA score > 2, K-
W test P < 0.05) [30-32] (Figure 4b). In 2018, some nitrogen-fixing bacteria and plant-
growth promotion bacteria increased in the LA, including Actinobacteria (class), Actino-
myecetales, Nocardioides, Azoarcus, Ramlibacter, and Arthrobacter (LDA score > 2, K-W test P
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< 0.05) [33—41] (Figure 4a). In terms of fungi, the abundance of some plant pathogens in-
creased in LA in 2016, including Phyllachoraceae, Colletotrichum, and Spizellomyces (LDA
score > 2, K-W test P <0.05) [42,43]. In 2018, the abundance of some plant pathogens reap-
peared in LA, including Paraglomerales, Hypocreales, and Phaeosphaeria (LDA score > 2,
K-W test P <0.05) [44,45]. However, some fungi associated with AMF and endomycorrhi-
zae formation were also promoted by LA in 2018, including Diversisporales and Acau-
lospora (LDA score > 2, K-W test P < 0.05) [46,47].

In 2016 and 2017, HIS had significant effects on some oligotrophic bacteria, including
Acidobacteria Gp3, Gemm-4, NB1-1, Polaromonas, and Novosphingobium (LDA score > 2, K-
W test P <0.05) [14,48-50]. In 2018, some bacteria involved in nitrogen cycling and plant-
growth promotion increased in the HIS, including Solibacteres, Planctomycetia, Sva0725,
Rubrivivax, and Nitrospira (LDA score > 2, K-W test P < 0.05) [51-53]. In terms of fungi,
some fungi associated with AMF and endomycorrhizae formation were promoted in HIS
in 2017 and 2018, including Diversisporales, Tuberaceae, and Acaulospora (LDA score > 2,
K-W test P <0.05) [46,47,54]. The plant pathogenic fungus Phaeosphaeria (LDA score =2.46,
K-W test P = 0.049) increased in HIS in 2017 [45].

In 2016 and 2017, some bacteria involved in plant diseases or disease resistance were
increased in HIM, including Flavobacteriales, Sphingobacteriales, Agrobacterium, Lysobac-
ter, and Dyadobacter (LDA score > 2, K-W test P < 0.05) [55]. In 2018, HIM had significant
effects on the phylum Actinobacteria (LDA score = 3.66, K-W test P = 0.030) associated
with organic decomposition [56]. In terms of fungi, HIM had significant effects on plant
pathogenic fungi in 2017, including Ilyonectria and Leptodiscella (LDA score > 2, K-W test
P <0.05) [57,58]. Moreover, HIM also increased Crepidotus in 2017 (LDA score =2.23, K-W
test P = 0.047), which was associated with the decay of plant litter [59]. In 2018, HIM sim-
ultaneously promoted the plant pathogen Rhytismatales and antagonistic fungus Neosar-
torya (LDA score > 2, K-W test P <0.05) [59,60].

In 2016 and 2017, the HII had significant effects on some bacteria that preferred nu-
tritious soil, including Acidobacteria Gp22, OP11, and Saprospiraceae (LDA score > 2, K-
W test P < 0.05) [61,62]. In 2018, some bacteria associated with soil nitrogen cycling, in-
cluding Solibacterales, Thiotrichales, and Piscirickettsiaceae, increased in HII (LDA score >
2, K-W test P < 0.05) [63-65]. In terms of fungi, the plant pathogen Conocybe (LDA score =
2.90, K-W test P = 0.042) increased in HII in 2017 [43].
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Figure 4. The Linear Discriminant Analysis (LDA) results of microbial communities at the genus level. Only the classified
genera (selected genera) were exhibited in the figure. The cutoff of LDA score is 2. (a) The effects of management groups
on bacterial genera; (b) The effects of management groups on fungal genera.

3.4. The Effects of Management and Edaphic Properties on Classified Microbial Communities

The results of the correlation analysis showed the relationship between microbial
communities, which showed between-group differences, and edaphic properties (Figure
5). SOC and TN, the main sources of soil nutrients, were negatively correlated with
Gemm-4 (SOC rho =-0.692, P = 0.013 and TN rho =-0.588, P = 0.044), NB1-I (SOC rho =
-0.701, P =0.011 and TN rho = —0.746, P = 0.005), and Novosphingobium (SOC rho =—-0.593,
P =0.042 and TN rho =-0.603, P = 0.038) in 2017 (Figure 5a). Those bacterial communities
were increased in HIS. Moreover, there were 3 bacterial communities that showed a neg-
ative correlation with TN in 2018, including Thiotrichales (rho = -0.601, P = 0.039), Pis-
cirickettsiaceae (rho =-0.601, P = 0.039), and Nitrospira (rho =-0.615, P = 0.033). Thiotricha-
les and Piscirickettsiaceae were increased by HII, and Nitrospira was promoted by HIS.
The activity of 3-glucosidase showed a positive correlation with Dyadobacter (rtho =0.761,
P =0.004), phylum Actinobacteria (rho =0.720, P =0.008), class Actinobacteria (rho=0.734,
P =0.007), Actinomycetales (rho = 0.734, P = 0.007), Micrococcaceae (rho =0.727, P = 0.007),
and Arthrobacter (rho = 0.727, P = 0.007) in 2017 and 2018. Dyadobacte and the phylum Ac-
tinobacteria were promoted in HIM, and the rest of the bacterial communities were all
improved in LA. Carbon cycling may be promoted by spontaneous grass (LA and HIM),
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especially LA. Negative correlations between [3-glucosidase and bacterial communities
were exhibited in 2018, including Sva0725 (rho = -0.685, P = 0.014), Planctomycetia (rho =
-0.720, P = 0.008), Solibacteres (rho = -0.776, P = 0.003), Solibacterales (rho = -0.769, P =
0.003), and Piscirickettsiaceae (rho = -0.657, P = 0.020). The Sva0725, Planctomycetia, and
Solibacteres were increased in HIS, and Solibacterales and Piscirickettsiaceae were in-
creased in HII. The activity of B-glucosidase may be stronger in spontaneous grass (LA
and HIM) than in forage grass (HIS and HII). Crepidotus showed a positive correlation
with B-glucosidase in 2017 (rho = 0.606, P = 0.037), and HIM promoted the genus (Figure
5b). These fungal relationships complemented the results of the bacterial relationship. The
results of relative importance analysis showed that the effects of organic transformation
(Beta) on bacteria increased in 2018 (Figure S5).
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Figure 5. The correlation between edaphic properties and classified microbial communities, based on Spearman’s Rank
correlation analysis. Only significant Spearman’s coefficients (rho) are shown (P < 0.05). The blue color represents a posi-
tive correlation, and the red color represents a negative correlation. (a) The relationships between edaphic properties and
classified bacterial communities; (b) The relationships between edaphic properties and classified fungal communities.
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4. Discussion
4.1. The Risks and Benefits of LA

Agricultural LA requires a long and slow process to restore SOC storage. Therefore,
LA does not present significant benefits for organic carbon storage in our study. However,
it controlled the loss of SIC, which may be caused by irrigation [66]. The total Ca content
also accumulated in LA, which was also consistent with a previous study [66]. In terms of
microbiota, LA rapidly resisted continuous cropping obstacles and showed characteristics
of natural soils in 2016 [30,31]. LA also benefitted the soil nitrogen-fixing capacity and
some plant-growth promotion rhizobacteria which is consistent with our hypothesis 1
[32—41]. Spontaneous grass may be sensitive to a lack of external nitrogen source in the
short term, consistent to a previous study [67]. Some bacteria associated with 3-gluco-
sidase activity were also improved in LA. Although the (-glucosidase activity of LA was
not significantly different from that of the other groups, the relevant bacteria implied that
LA may benefit 3-glucosidase activity. In addition, some fungi associated with arbuscular
mycorrhizal fungi (AMF) formation and endomycorrhizae formation were also improved
in LA [46,47]. LA showed potential for carbon-nitrogen storage and plant growth promo-
tion in our study. These advantages were also mentioned in previous studies [17,38].
However, our study showed that plant pathogenic fungi present in LA repeatedly may
increase the risk of plant disease [42—45]. A previous study indicated that spontaneous
grass could provide fungal pathogens with more chances for survival than green manure,
so short-term LA increased crop disease risk [64]. Therefore, we should prevent crop dis-
eases when short-term LA is recultivated. Compared with a previous study on LA, our
study showed few negative impacts on soil physicochemical properties, such as soil ero-
sion [68]. This result may be because our study area is flat, covered with herbs, and has
moderate precipitation.

4.2. The Risks and Benefits of Planting Forage Grass on LA

Forage grass did not cause strong changes in LA. In terms of soil physicochemical
properties, HIS also accumulated Ca and inorganic carbon, similar to LA. However, HIS
increased nitrogen consumption, which was the same as in HIM and HII. Although the
nutrient consumption of HIS did not cause significant between-group differences in our
study, the relationship between soil nitrogen content and bacterial communities involved
in nitrogen cycling indicated that HIS exhibited oligotrophic status and increased nitrogen
consumption [14,48-52]. The reason may be that forage grass enhances nitrogen cycling
and causes nitrogen loss via nitrite reduction [69]. Moreover, the negative relationship
between (3-glucosidase activity and some bacteria showed ineffective cellulose decompo-
sition in HIS. This may be due to harvesting, which took away forage grass each year and
reduced plant residues in the soil. However, HIS could improve the abundance of the
genus Rubrivivax, which belongs to plant growth-promoting rhizobacteria [53], and it also
increased some fungi associated with AMF and endomycorrhizae formation [46,47,54,70].
Compared to LA, the plant pathogens promoted in HIS were only present in 2017,
whereas they vanished in 2018 [45]. Phaeosphaeriaceae and Phaeosphaeria decreased from
0.26 and 0.27% to 0.16% in HIS. Therefore, compared to LA, the main issue of HIS is nu-
trient deficiency, whereas HIS may contribute to the control of plant disease risks. Never-
theless, the results of HIS cannot fully support hypothesis 2. HIS caused oligotrophic soil
and nitrogen loss. Therefore, we considered that reducing the seeding density of forage
grass may solve this issue. Spontaneous grass may provide nitrogen-fixing bacteria in un-
fertilized soil. On the other hand, we also designed the HII, which considers the effects of
external nutrients and may solve the nutrient deficiency caused by HIS.



Land 2021, 10, 1049

13 of 17

4.3. The Risks and Benefits of Cow Manure Inputs on LA

In terms of soil physicochemical properties, cow manure input increased the loss of
SIC and total Ca content because of its accompanying irrigation. However, it could resist
the loss of soil organic carbon and total nitrogen because of fertilization. HIM also in-
creased the soil ammonium nitrogen content and activity of 3-glucosidase. This result im-
plied that HIM benefitted soil fertility. Moreover, HIM could improve some bacteria and
fungi associated with soil carbon cycling [56,71-74]. However, HIM increased the risk of
plant disease because of pathogenic bacteria, disease-resistant bacteria, and pathogenic
fungi [55,57-60]. The disease risk it brings may be more than that of LA. Compared to HIS,
HIM significantly improved soil fertility. Compared to LA, the advantages of HIM were
insignificant in the short term. Nevertheless, the disadvantages of HIM were significant,
including the increased disease risk and disappearance of fungi associated with AMF and
endomycorrhizae formation and plant growth-promoting rhizobacteria. The reason
seems to be that nutrient enrichment has negative effects on fungi associated with AMF
and endomycorrhizae formation, which was mentioned in a previous study [75].

4.4. The Risks and Benefits of Intensive Human Interference on LA

When forage grass planting and fertilization appeared in the abandoned land at the
same time, the loss of SIC and total Ca content also occurred, which was similar to HIM.
However, the activity of 3-glucosidase was relatively lower than that of LA and HIM. The
relationship between the activity of 3-glucosidase and bacterial communities also showed
lower cellulose decomposition in HII. This result indicated that HII met the same problem
of HIS: less plant cellulose remained in the forage grass participant plots. In addition, the
risk of plant diseases only presented in 2016 and then disappeared [42]. The HII also in-
creased nitrogen consumption in 2018 [63-65]. These were similar to HIS. Nevertheless,
HII and HIS are different in other aspects. The HII solved the issue of nutrient deficiency
in HIS [61,70], whereas it failed to improve soil fertility. Moreover, loss of SIC and total
Ca content occurred and the fungi associated with AMF and endomycorrhizae formation
disappeared, similar to HIM. Compared to LA, the benefit of HII lies in the control of
disease risk. Unfortunately, it cannot benefit soil fertility and microbiota associated with
mycorrhizal formation and plant growth and fails to improve soil fertility. The results of
HII showed that some shortcomings of HIM appeared in HII, and it lost the advantages
of HIS. It is consistent with hypothesis 3. Intensive human interference was helpless for
restoration duration in the short term, and it caused the loss of soil nutrients.

Compared with LA and HIM, the risks of plant diseases were relatively lower in HIS
and HIL In contrast, a previous study showed that LA could decrease the risks of plant
disease [76]. This result may be because the LA duration in our study was much shorter
than that in the previous study, and the main vegetation was herbaceous plants, which
are different from shrubs. Moreover, a relevant study showed that spontaneous grass
could provide fungal pathogens with more chances for survival than green manure which
increased crop disease risk in the short term [64]. In our study, the disease resistance of
forage grass may be because new vegetation changed the monoculture, which altered the
fungal community composition and evolution path [77]. The interspecies competition of
fungi provides more possibilities for fungal disease resistance.

5. Conclusions

Based on our hypotheses, natural restoration of abandoned land has enhanced some
microbial communities involved in nitrogen fixation, plant growth promotion, AMF, and
endomycorrhizae formation. Nevertheless, it may face plant disease risk because plant
pathogens repeatedly presented in LA during the study period. LA may need more time
to solve the problem, and our results showed that the risks of plant diseases could be
controlled by appropriate vegetation planting. However, relying on oriented vegetation
cannot improve soil fertility and increase soil nitrogen consumption. Farmyard manure
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inputs caused Ca and SIC loss, and some fungi and bacteria associated with soil fertility
and plant growth cannot benefit from manure. This result indicated that short-term farm-
yard manure inputs have limited effects on improving soil fertility and microbial commu-
nity structure. Although LA could restore farmland soil, it is still considered to waste re-
sources and is risky in some Chinese areas [78]. When combining abandoned farmland
with local animal husbandry, it will be easier for farmers to understand and accept. If
there are transportation costs, HIS is the first choice of cattle farm managers. If there is no
transportation cost, cattle farm managers may prefer HII. Considering the risk of over-
grazing, we believe that HII should be accompanied by a supervision system.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/1and10101049/s1, Figure S1: The study area and experimental plots. Figure S52: The cor-
relation analysis of soil properties in each year, based on Spearman’s Rank correlation analysis. Only
significant Spearman’s coefficients are shown (P < 0.05). Figure S3: Mantel test between soil proper-
ties and microbial community structure. ¥, **, and *** are used to show statistical significance at the
0.05, 0.01, and 0.001 levels, respectively. Figure S4: The results of linear discriminant analysis effect
size (LEfSe) on bacterial and fungal communities. The cutoff of the LDA score is 2. Figure S5: The
relative importance ranks of edaphic and human factors on microbial communities, based on
%IncMSE of random forests model.
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