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Abstract

Background and aims Different grazing management
practices have a significant impact on the sustainability
of grassland ecosystems. This study invested the vertical
distribution of soil nitrogen (N) forms and soil microbial
community structures in a semiarid grassland ecosystem
under different grazing management practices in Inner
Mongolia.

Methods Soil samples were collected from three semi-
arid grassland plots subjected to different long-term
management practices namely, free grazing (FG) and
two different periods of enclosure (E83, enclosed since
1983 and E97, enclosed since 1997). The soil organic
nitrogen (N) pools were analyzed by classical methods,
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and the bacterial community was assessed by PCR-
DGGE and high-throughput sequencing.

Results The surface soil N-supplying capacity was in
the order of E97>E83 >FG. The soil ammonium N,
amino N, and N-supplying capacity were greater in the
enclosed plots than in the FG plot. Additionally, the 0—
40-cm soil layer showed the influence of different man-
agement practices on the soil properties. The structure
and diversity of the soil microbial community also var-
ied with the management type. The soil organic N
composition was significantly related to the soil bacte-
rial community structure and microbial categories.
Conclusions An appropriate number of years of fencing
helps to improve the soil surface nutrient status, whereas
overgrazing and prolonged enclosure are not conducive
to the restoration of soil nutrients. Different grazing
management practices can affect the microbial commu-
nity structure and turnover of soil N in grasslands.

Keywords Grazing - Enclosure - Soil microbial
community structure - Soil organic nitrogen - Nitrogen-

supplying capacity

Introduction

Grasslands are one of the largest terrestrial ecosystems
in the world. In China, the grassland areas make up
approximately 400 million hectares, accounting for
11.7% of the global grassland area and 41.2% of the
national land area (Liu et al. 2008). The grassland eco-
system is an important terrestrial ecosystem influencing
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the soil nitrogen (N) cycle in China. Despite their im-
portance, the natural ecosystems, such as those in Inner
Mongolia, are experiencing degradation of different
degrees (Ye and Van Ranst 2009), with the area of
degradation reaching 90% of the national grassland
area, which in turn has negative impacts on livestock
production (Kang et al. 2007). Grassland enclosure is
considered to be an effective and economical practice
for restoring degraded areas, as it has been reported that
the surface soil nutrients, vegetation coverage and
height, plant diversity, and biomass production of the
affected grasslands have been gradually restored since
the nationwide conservation programs (“Start-up Re-
grass Program” and “Returning Grazing Lands to
Grasslands™) were employed (Jiang et al. 2006; Cheng
et al. 2011; Deng et al. 2013). Hu et al. (2016) tested
enclosure management in grasslands in China, produc-
ing results in 2016 before publication, where they found
that both the vegetation biomass and soil carbon (C)
content reached a steady state after 15 years of enclo-
sure. However, there is not much literature documenting
the differences in soil N pools and microbial community
composition between enclosure and grazing manage-
ment practices.

The N cycle is a constant hot topic globally. Soil N
pools generally consist of inorganic N and organic N.
Over 90% of the N in most surface soils exists in the
organic form (Stevenson 1982). It has long been recog-
nized that organic N plays an important role in soil
fertility. N mineralization, regulated mainly by mi-
crobes, is one of the main processes of the soil N cycle
and is also the most important pathway for effective
organic N production. To some extent, the composition
of organic N pools determines the size of the inorganic
N pools as their bioavailability is different (Weintraub
and Schimel 2003; Kemmitt et al. 2008). As a natural
grassland, the Inner Mongolia grassland is an N-limiting
and vulnerable terrestrial ecosystem in this semiarid
region (Xu et al. 2012). Therefore, the soil N pool and
microbial community composition are vital for provid-
ing available N for herbage growth (Kemmitt et al.
2008). Organic N fractions are classically categorized
as hydrolyzable (also acid-soluble) N, amino acid N,
amino sugar N, ammonium N, acid-insoluble N, and
hydrolyzable unknown (also acid-soluble unidentified)
N (Bremner 1965). It was reported that amino acid N
and amino sugar N were positively correlated with N
mineralization (Jones and Kielland 2012; Roberts et al.
2016). However, most studies related to the N cycle
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were conducted on the surface soils (0-20 cm) and
ignored the N pools in the deeper soil layers (An and
Li 2015; Liu et al. 2011). Recently, Osterholz et al.
(2017) studied gross ammonification over the 0—80-cm
depth, based on a long-term cropping system in lowa,
USA. The report showed that 37% of the gross ammo-
nification occurred in the 20-80-cm depth. The mecha-
nisms of this high stratification were probably closely
related to the microbial distribution and N pool compo-
sition in the different soil layers. In addition, grazing
alters the soil permeability and bulk density as a result of
trampling by the animals (Daniel et al. 2002; Andrés et al.
2017), and excreta from the grazers contributes fresh C and
N to the grassland, which probably further impacts the N
distribution and the size of different organic N pools in the
soil profile, given that C and N mineralization and the
microbial community in deep soil were reportedly changed
by fresh C and N inputs (Wang 2014).

The decomposition of organic N is completed by soil
degraders. However, soil microbes are key drivers during
the N mineralization process. Bonde et al. (1988) found
that the soil N mineralization constants (0.45—
0.56 g kg ' week ") were correlated to the microbial
biomass N (0.36-0.61 kg ' week ). Generally, the avail-
able soil organic N can be utilized easily by most microbes,
whereas the breakdown of macromolecular polymers re-
quires special extracellular enzymes (e.g., polyphenol ox-
idase, laccase, and chitinase) produced by specific micro-
bial groups (Talbot and Treseder 2010). Grazing results in
changes to the plant species as a result of biting, impacts
the physical properties of the soil as a result of trampling,
and affects the abundance and structure of the microbial
community in the surface soils or in the rhizosphere of
plants (Murphy et al. 1998). However, little information is
available about how grazing impacts the microbial com-
munity at different depths of the soil layer, which is also
critical to learning about soil N storage.

In the unimproved grassland ecosystems, the net N
mineralization rate is inherently high, and the soluble
organic N is comparable to inorganic N in terms of
amount (Bardgett et al. 2003). It was reported that the
mineralization of polyphenol-protein compounds by
saprophytic fungi was a key step of the N cycle in a
temperate forest (Wu 2011). In addition, it was recently
found that fungi might be better related to the net N
mineralization in semiarid grassland soil (Li et al. 2016).
This was because fungi processed a better ability to
produce depolymerizing enzymes to break down the
polymers into monomers, especially in the harsh soil
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environment (Zaman et al. 1999; Schimel and Bennett
2004). Compared with fungi, bacteria were more com-
monly responsible for catalyzing the conversion of
monomers into ammonium in the process of
transforming recalcitrant organic N into inorganic N
(Graeme and Christa 2006). However, the relationships
between the organic N fractions and bacterial commu-
nities were not examined, which is quite important to
know in order to be able to understand more clearly how
bacteria take part in the mineralization of organic N,
especially in deep soil.

Therefore, to gain a better understanding of how
organic N pools in the soil profile are distributed in
semiarid grasslands and how the bacterial community
responds to the distribution, a long-term enclosure trial
with different enclosure periods and free grazing was
conducted on the natural Inner Mongolia grassland
where organic N is rich and inorganic N is lacking.
Additionally, the impacts of grazing on the organic N
distribution and on the relationships between different
organic N fractions and bacterial communities were
investigated. We hypothesized that an appropriate num-
ber of years of fencing would help to improve the soil
surface nutrient status, whereas overgrazing and
prolonged enclosure would not be conducive to the
restoration of soil nutrients. The different grazing man-
agement practices applied to the grassland affected not
only the soil fertility but also the microbial biomass,
microbial community structure, and turnover of soil N.

Materials and methods
Study site description

The study site, Baiyinxile Ranch, is located in the north-
east of Inner Mongolia (N43° 33" 12" to 43° 33’ 35",
E116°42'26" to 116° 42" 31"), at an elevation of 1000—
1500 m. The area is characterized by a temperate semi-
arid climate with a mean annual temperature of — 0.4 °C,
where the minimum and maximum monthly mean tem-
peratures range from — 19.5 °C in January to 20.8 °C in
July. The average annual precipitation is 350 mm, dis-
tributed unevenly among the seasons but falling mainly
during June—-August, which coincides with the plant-
growing season. The annual mean evaporation is 3—4
times more than the precipitation. From March to May,
it is windy, with a monthly mean wind speed of
4.9 m s '. The soil type is classified as dark chestnut

by Chinese soil classification, or calcic-orthic aridisol by
US soil taxonomy. The most common vegetation spe-
cies of this region is Leymus chinensis.

Soil samples collection

Three long-term management practice treatments were
carried out at the research site, each with three replicates
and all randomly allocated in the field. One treatment
was the enclosure of a 600 m x 400 m area since 1983
(designated as the E83 plot), whereas another treatment
was the enclosure of an 80 m x 400 m area since 1997
(designated as the E97 plot). The third treatment was
chronic free grazing in a 600 m x 50 m area, where
sheep were allowed to graze freely throughout the year
since 1983 (designated as the FG plot). The grazing
intensity was 12 sheep ha ' (GI 12), which exceeded
the very heavy grazing rate (the moderate grazing inten-
sity is GI4) (Schonbach et al. 2011; Ren et al. 2015).
Soil samples were collected from the three different
plots in October 2015. Five samples from each of three
depths (0-20, 2040, and 40-60 cm) at each plot were
bulked into a single composite sample, packed with ice
packs, and transported to the laboratory. The soil sam-
ples were then passed through a 2-mm sieve and stored
at 4 °C for soil analysis. A subsample of each composite
sample was stored at —80 °C for later nucleic acid
extraction. The methods used to measure the basic
physicochemical properties of the soil samples were
carried out according to the descriptions given by Bao
(2000).

Soil N-supply capacity determination

The potential N-supplying capacity in the different
layers of soils under different management practices
was determined according to the incubation methods
described by Jin (2007) and by Stanford and Smith
(1976) and Gianello and Bremner (1986), with slight
modifications. In brief, 10 g of fresh soil with a 75%
water field capacity (WFC) was first incubated at 30 °C
for 1 week. Then, the soil was dried at 50 °C for 24 h in
an incubator. Thereafter, the sample was watered again
to adjust the moisture to 75% WFC and incubated at
30 °C for 1 more week. Following the incubation, the
acidic potassium permanganate (KMnO,4) method and
the potassium chloride (KCI) water bath method were
used to determine the soil N-supplying capacity by
measuring the NH;*-N and NO; -N concentrations
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before and after incubation. The NH,"-N and NO; -N
concentrations were measured using an automated flow
injection analyzer (San++, Skalar Analytical BV,
Netherlands).

Soil organic N fractionation

Total nitrogen (TN) content was analyzed using
Kjeldahl acid digestion method with an auto-analyzer
(Foss Inc., Hillerod, Sweden). Before determining the
organic N fractions, the soil was hydrolyzed in hydro-
chloric acid in order to release N from the soil clay
minerals and organic colloids. The hydrolysate was
further used to determine the concentrations of different
organic N fractions namely, the total acid-soluble un-
identified N, ammonia N, amino sugar N, amino acid N,
and acid-insoluble N. The concentrations of these dif-
ferent organic forms of N were determined according to
the classical methods described by Bremner (1965).

Soil microbial biomass and bacterial community
abundance analyses

The microbial biomass C (MBC) and microbial biomass
N (MBN) in the samples were determined by the fumi-
gation extraction method (Brookes et al. 1985). DNA
was extracted from 0.50 g of the evenly mixed three soil
replicates that had been freeze-dried and kept at — 80 °C,
using the Fast DNA Spin Kit for Soil (MP Biomedical,
USA) according to the manufacturer’s instructions. In
the last step, 100 uL of Tris-EDTA buffer was used to
elute all the DNAS to the catch tube. After the extraction,
the DNA concentration was measured using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific Inc., USA) and the quality of the extracted DNA
was evaluated by the index of the OD,¢,/OD5g, ratio
shown on the spectrophotometer. This ratio, ranging
from 1.8 to 2.0, indicated that the quality of the extracted
DNA was suitable for analysis. The real-time quantita-
tive polymerase chain reaction (QPCR) was used to
determine the bacterial 16S rRNA gene abundance.
The universal primer pair 515/806 was used to amplify
the V4 hypervariable region of the 16S rRNA gene
(Caporaso et al. 2011). A typical 20 puL reaction
contained 10.0 mL of SYBR® Premix Ex Taq™ II
(Takara, Japan), 0.4 uM of each primer, 1-10 ng of
template DNA, and sterile water to make up the final
volume. All reactions were run on the LightCycler®
480 II apparatus (Roche, Germany), and gPCR analysis
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was performed using LightCycler148® SW 1.5.1 soft-
ware (Roche). The standard curve used in the qPCR
analysis was prepared as follows: The 16S rRNA gene
was PCR-amplified and the PCR product was purified
using the EasyPure® Genomic DNA Kit Clean-up Kit
(TransGen, China) according to the manufacturer’s in-
structions. The purified PCR products were cloned into
the pEASY-T1 vector (TransGen), which was then
transformed into Trans1-T1 phage-resistant chemically
competent cells (TransGen) according to the manufac-
turer’s protocol. The plasmids were extracted from over-
night cultures using the GeneJET Plasmid Miniprep Kit
(Thermo Fisher Scientific, Germany), then purified with
the TaKaRa MiniBEST Plasmid Purification Kit Ver.
4.0 (TaKaRa, Japan), and finally used as a template in
the PCRs with the M13 and SR primers. The concen-
tration and quality of the amplicons were estimated
using the NanoDrop 2000 spectrophotometer, and the
initial concentration of the plasmid used for the standard
curve was 425.6 ng uL~'. The standard curve was
generated using a 10-fold serial dilution of the evaluated
plasmid across eight orders of magnitude (9.19E+09 to
9.19E+02 copies g ' dry soil). The reaction was con-
ducted on a LightCyclerTM 480 II real-time qPCR
system (Roche Diagnostics International Ltd., Switzer-
land), using a previously described run program (Li
et al. 2016). The efficiency was 96% for all gene ampli-
fications, and the R value was 0.999.

Soil bacterial community diversity analysis

The diversity of the soil bacterial community was deter-
mined by denaturing gradient gel electrophoresis
(DGGE) and next-generation sequencing. The PCR
and DGGE were carried out using the same methods
as described by Li et al. (2016). For high-throughput
sequencing, the universal primers 515F (5'-
GTGYCAGCMGCCGCGGTAA-3") and 806R (5'-
GGACTACNVGGGTWTCTAAT-3') with 10-nt
barcodes were used to amplify the V4 region of the
16S rRNA gene for pyrosequencing using the MiSeq
sequencer (Caporaso et al. 2011; Caporaso et al. 2012).
The PCR mixture (25 pL) contained 1X PCR buffer,
1.5 mM of MgCl,, 0.4 uM each of deoxynucleoside
triphosphate, 1.0 uM of each primer, 0.5 U of TransStart
FastPfu DNA Polymerase (TransGen), and 10 ng of soil
genomic DNA. The PCR amplification program was as
follows: an initial denaturation at 94 °C for 3 min,
followed by 30 cycles of 94 °C for 40 s, 56 °C for
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60 s, and 72 °C for 60 s, and a final extension at 72 °C
for 10 min. The PCR for each sample was conducted
twice and the products were combined after the second
amplification. The combined PCR products were sub-
jected to electrophoresis on a 1.0% agarose gel. The
band of correct size was excised, following which the
DNA in the band was purified using a gel extraction kit
(Omega Bio-Tek, USA) and quantified with the
NanoDrop 2000 spectrophotometer. All DNA samples
were pooled together, with an equal molar amount for
each DNA sample. The sequencing samples were pre-
pared using the TruSeq DNA Kit (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions.
The purified library was diluted, denatured, re-diluted,
mixed with PhiX (equal to 30% of the final DNA
amount) as described in the Illumina library preparation
protocols, and then applied to an Illumina MiSeq system
for sequencing with the Reagent Kit ver. 2 (Illumina) as
described in the manufacturer’s manual.

Sequence data analysis

The sequence data were processed using QIIME
Pipeline ver. 1.7.0 (http://qiime.org/tutorials/
tutorial.html). All sequence reads were trimmed
and assigned to each sample based on their
barcodes. Multiple steps were required to trim the
sequences (e.g., removal of sequences <300 bp),
and 4332 reads (the lowest read number in all

Table 1 Physicochemical properties of the soil samples

samples) were chosen randomly for each sample.
Sequences were clustered into operational
taxonomic units (OTUs) at the 97% identity thresh-
old. The aligned 16S rRNA gene sequences were
chimera-checked using the UCHIME algorithm
(Edgar et al. 2011). The alpha-diversity (for analyz-
ing the phylogenetic distance in the whole phyloge-
netic tree), Chaol estimator (characterizing the spe-
cies richness), and Shannon index (reflecting the
bacterial community diversity) were also calculat-
ed. Rarefaction curves were generated from the
observed species. Taxonomy was assigned using
the Ribosomal Database Project classifier (Wang
et al. 2007).

Statistical analysis

Samples were clustered based on Bray—Curtis similari-
ties, using the hclust function in the R vegan package.
The redundancy analysis (RDA), canonical correspon-
dence analysis (CCA), and Mantel test were calculated
using the R vegan package (Oksanen et al. 2012). The
RDA was carried out to explore the effect of topsoil
organic N on the topsoil microbial species.

All statistical data were submitted to one-way analy-
sis of variance followed by Duncan’s multiple-range
test, performed using SPSS ver. 20. P<0.05 was con-
sidered to be statistically significant.

Treatment pH (H,0) AK SOM N CEC WHC C/N ratio
mg kg! g kg g kg cmol kg™ %o

0-20 cm

ES3 6.75+0.03 a 141.5+1.88 ¢ 16.62+0.53 b 1.33+0.12b 11.24+0.12 a 29.8+0.86 a 72+0.36a

E97 6.67+0.02 b 178.1+1.29a 18.61+042 a 1.53+£0.08 a 10.6+0.31b 30.0+1.33a 7.1£0.33 a

FG 6.90+0.04 a 1644+1.15b 12.22+0.21 ¢ 1.18+£0.05 ¢ 8.8+£0.26 ¢ 27.0+£0.68 b 6.0£0.29 b

2040 cm

E83 7.42+0.04b 445+081b 9.85+0.22b 0.76+0.14 a 8.4+0.16b 242+0.59 a 7.5+0.33b

E97 7.56+0.04 b 58.7£0.90 a 9.39+0.31b 0.71£0.09 a 8.4+0.11b 23.7+1.17a 7.6+0.37b

FG 8.11+0.05a 58.6+145a 11.89+0.17 a 0.64+0.21b 92+025a 232+1.03a 10.8+0.53 a

40-60 cm

E83 7.85+0.05b 326+0.70 ¢ 5.79+0.19 ¢ 0.44+0.07 a 7.6£0.29b 18.1£0.92a 7.6+0.37b

E97 8.20+0.08 a 41.8+0.99b 6.11+0.27b 0.47+0.11a 7.8+0.34 b 19.1£0.82 a 75+0.29b

FG 8.38+0.06 a 6l4+141a 7.43+0.31a 0.49+0.15a 8.0+0.17a 19.1+09a 88+043a

Soil basic physical-chemical properties under different management practices. AK, available potassium; SOM, soil organic carbon; TN, total
nitrogen; CEC, cation exchange capacity; WHC, water holding capacity; C/N ratio, carbon to nitrogen ratio. The statistics analysis was
conducted in the same soil layer and different lowercase letters in the same column indicated the difference reached significant level of

»<0.05. Data are presented as means = SE, n =3
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Results
Soil N-supplying capacity and organic N fraction

The physicochemical properties of the soil samples are
shown in Table 1. N was extracted from the soil samples
using either the acidic KMnO, method or the KCl water
bath method. For both extraction methods and for each

18 - B0-20 cm @20-40 cm 0O40-60 cm

16 1

14

12

10 A

Acidic KMnO, Digestion N concentration after incubation (mgL1)

E83-NH,* E97-NH;* FG-NH;* E83.NO; E97-NO; FG-NO;
Treatment

(¢}

= NH+ uNOs-

100

The Percentage change of N after incubation (KMnO,) %

E83-20 E97-20 FG-20 E8340 E9740 FG-40 E83-60 E97-60 FG-60
Treatment

of the three managed plots (E83, E97, and FG), the N
concentrations were decreased with increasing soil
depth after the last 30 °C incubations (Fig. 1). In the
0-20 c¢m layer, the NH,*-N concentrations in E97 soil
were significantly higher than those in E83 and FG soils
(P <0.05), whereas there was little difference in NO5 -
N concentrations among the three plots (P < 0.05). The
N-supplying capacity of the soil at 0-20 cm ranged from

14 - B0-20cm D20-40 cm 040-60 cm
12 1

10 1

KC1 Water Bath N concentration after incubation (mgL1)

0 4
ES3.NH,” E97-NH,* FG-NH,* E83-NO, E97-NO; FG-NOj
Treatment
duo u NH+* ENOs~

The Percentage change of N after incubation (KCI) %

E83-20 E97-20 FG-20 E8340 E9740 FG-40 E83-60 E97-60 FG-60

Treatment

Fig. 1 NH4 *-N and NO3"-N concentrations after incubation by KMnO4 digestion method a or KCI water bath method b and the
percentage change of N after incubation ¢ d in the soil profile under different management practices
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ahigh 0f46.63 mg L' in E97 to a low of 36.33 mg L™
in FG, with the level in E97 being significantly higher
than that in E83 and FG (Table 2). After incubation, the
concentrations of NH,"-N and NO; -N were increased
by 17.5-33.8% and 37.9-87.0%, respectively, with the
NOj; -N increment being the highest in the 0-20 cm soil
layers and reaching 67.5-87.0% by the acidic KMnOy
method (Fig. 1c). At the same soil depth, the percent-
age increase of NO; -N was in the order of E83 >
E96 >FG (Fig. 1c). In the 20—40 cm soil layers, the
N-supplying capacity of the three plots switched to
FG >E97>E83 (Table 2). This observation was the
same for the 40-60 cm layers. In addition, the
NO;3; -N concentrations in the 20-40 and 40-60 cm
soil layers of FG were significantly higher than
those of E97 and E83, but there was little difference
between E83 and E97(Fig. la, Fig. 1b, P <0.05).
Both in 0-20 cm and 20-40 cm, the NH,*-N con-
centrations switched to E97 > E83 >FG, whether by
acidic KMnO4 (Fig. 1a) or KCIl water bath extrac-
tion (Fig. 1b).

Soil organic nitrogen is the main source of available
nitrogen, so the amount of soil organic nitrogen and its
biological stability determine the capacity of soil nitro-
gen supply. The concentrations of the different forms of
N at each soil layer in the three different plots were
clearly in the order of amino acid N > acid-insoluble
N >ammonia N > acid-soluble unidentified N > amino
sugar N (Fig. 2a), accounting for 31.8-39.4%, 23.1—
35.6%, 12.8-25.0%, 5.6-15.1%, and 3.7-5.7% of the
TN, respectively (Fig. 2b). There was no difference in
the percentage of ammonia sugar N to TN among the
different plots at the same soil depth, with the percent-
age decreasing slightly only in the 40-60-cm layer
relative to the other two layers in the same plot. The
percentages of acid-insoluble N to TN and acid-soluble
unidentified N to TN increased with increasing soil
depth in the same plot, whereas the percentage of am-
monia N to TN decreased (Fig. 2b). At the same soil
depth (e.g., 0-20 cm), the percentages of amino acid N
to TN varied from 39.41 to 35.36%, following the order
E83 >E97 > FQG, and the trend was similar for ammonia
N. On the other hand, the acid-soluble unidentified N
varied from 5.63% to 10.75%, following the order E83
<E97 <FG, whereas the change of acid-insoluble N
followed the order E83 ~E97 < FG. Compared with
the E83 treatment, FG significantly changed the percent-
ages of the different forms of organic N to TN, except
for amino sugar N in the 0-20-cm soil layer (Fig. 2).

Soil microbial biomass and bacterial community
diversity

The MBC and MBN amounts in the 0—20-cm soil layer
were in the order of E83>E97>FG (Table 3). The
results generally showed that the surface soil microbial
biomass had been significantly decreased by the chronic
grazing, whereas it was increased by the enclosure treat-
ment. On the other hand, in the 40—-60-cm soil depth, the
microbial biomass was in the order of FG>E83 >E97.

The bacterial 16S rRNA gene abundance ranged
from 4.82E+10 to 5.35E+10 copies g ' dry soil
(Fig. 3) at all soil layers in E97, being significantly
higher than that in E83 and FG, whereas it was the
lowest in FG at all soil layers (P < 0.05). The bacterial
16S rRNA gene abundance at the 40-60 cm soil layer
was significantly lower than that at the other two soil
depths for all three plots (P < 0.05). For example, in FG,
the gene abundance was only 5.32E+8 copies g ' dry
soil, which was less than 25% of that at 0-20 cm and
55.4% of that at 2040 cm.

The results showed that the band number and the
density of each band in the E83 soil were similar to those
in the E97 soil (Fig. 4a). For both enclosure treatments
(E83 and E97), the Shannon diversity index for the
bacterial 16S rRNA gene was 1.17 for the 0-20 cm

Table 2 N-supplying capacity of the soil

Treatments TN Mineralizable N-supplying

N capacity
gke! mg kg ' mg kg '
0-20 cm
ES3 123+0.03a  23.13£0.68b  35.85+£0.69b
E97 1.21+£0.03a 2691+0.84a 39.63+0.56a
FG 0.79+£0.02b  23.7+1.05b 36.33+0.49b
2040 cm
ES3 0.66+0.02a 13.98+0.58a 20.73+0.42b
E97 0.61+0.02b  1536+047a 21.84+£0.85b
FG 0.52+001c 18+£095b 23.7+0.56 a
40-60 cm
ES3 036+00la 9.69+0.32a 1443+037a
E97 046+0.01b 12.18£047b  16.65+0.46b
FG 038+00la 1449+095c¢c 19.17+£036¢

N-supplying capacity in the soil profile by the acidic potassium
permanganate method. TN, total nitrogen. The statistics analysis
was conducted in the same soil layer and different lowercase letters
in the same column indicated the difference reached significant
level of p < 0.05. Data are presented as means + SE, n=3
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Table 3 MBC and MBN amounts in the 0-20-cm soil layer

Treatments Microbial Microbial
biomass C mg kg ' biomass N mg kg ™'
0-20 cm
E83 350.61+£6.05a 29.39+£0.03a
E97 30420+3.51b 28.85+1.08a
FG 264.33+£0.94c 19.73+£0.01b
2040 cm
E83 225.89+6.34b 23.35+0.12a
E97 249.76 £1.97a 23.08+0.41a
FG 190.80+0.83¢ 22.45+0.22a
40-60 cm
E83 166.57 +7.30b 20.03+£0.79¢
E97 162.24+3.33b 18.03+0.82b
FG 186.68 £ 1.76a 27.04+0.75a

Soil microbial biomass C and biomass N in the soil profile under
different management practices Values followed by the same letter
are not significantly different at p <0.05 for the same depth. Data
are presented as means + SE, n=3

layers, which was not significantly different from the
value for the 2040 cm layers (1.11) but significantly
higher than the values for the 40-60 cm layers (0.84 for
E83 and 0.80 for E97) (Fig. 4c, P<0.05). The results
highlighted that although the long-term exclusion of
grazing through enclosure of the area had increased the
microbial biomass in the deepest soil layer, it did not
harbor higher bacterial diversity compared with the freely
grazed site. Compared with the enclosure treatments, FG
significantly decreased the bacterial diversity in the 0-20
and 2040 cm soil layers (P < 0.05), for which the Shan-
non diversity indexes were only 0.82 and 0.80, respec-
tively, which were close to the level for the 40—60 cm

Fig. 3 Soil bacterial community = /-SO0E+I0
abundance in the soil profile 2
; P
undeF different management 5 6.00E+10 |
practices -
)
w
& 4.50E+10 |
2,
(=
=]
ﬂl
=  3.00E+10
<
=)
-
% 1S0E10 |
-
®
S
~  0.00E+00

layers. Quantity One software was further used to analyze
the similarity of the microbial communities (Fig. 4b),
where interestingly, it was found that the soil microbial
community structures were similar in the two enclosed
sites, but different from that of the overgrazed plot.

Soil bacterial community structure analyzed
by high-throughput sequencing

High-throughput sequencing was also used to verify the
effects of enclosure and grazing on the microbial com-
munity structure in the surface soil, where significant
differences with the different management practices
were indeed observed. The analysis revealed that the
phyla Crenarchaeota, Actinobacteria, Proteobacteria,
Bacteroidetes, Acidobacteria, and Firmicutes dominat-
ed in all soils except in the FG surface soil (FG-20,
Fig. 5a). Crenarchaeota, a member of the Archaea,
accounted for 31-35% of the sequences in the 16S
rRNA gene libraries, but it was absent in FG-20.
Actinobacteria was the most abundant bacterial phylum
in this study site, and its relative abundance showed a
slight increasing trend with increasing soil depth. The
relative abundance of Actinobacteria in FG soil, which
accounted for only 0.78% of the sequences in the 16S
rRNA gene libraries, was clearly lower than that in the
E&3 and E97 soils at 0-20 cm. However, there were no
obvious differences among the different soil layers or
among the different plots at the same soil depth. How-
ever, Bacteroidetes and Firmicutes were clearly more
abundant in the 0—20-cm layer than in the deeper layers.
The relative abundance of these two phyla in the 40—-60-
cm layer was less than half of that in the 20-40-cm layer
in the FG soils, whereas there were no differences in

de

E83-20 E83-40 E83-60 E96-20 E96-40 E96-60 FG-20 FG-40 FG-60
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their abundance between these two layers in the E97 and
E83 soils. Compared with the enclosure treatments, FG
had clearly increased the relative abundance of
Bacteroidetes and Firmicutes in the soil profile, espe-
cially in the 20—40-cm soil layer. At this same soil depth,
the relative abundance of Firmicutes in E97 was slightly
higher than that in E83. In contrast, in the 0-20-cm
layer, the relative abundance of Firmicutes in E97 was
lower than that in E83. As for the other identified
bacterial phyla, slight differences were observed among
the different soil depths of the same plots and among the
same soil depths under different management practices. It
was interesting that the composition of bacterial phyla in
the 0—20-cm soil layer with FG management was quite
different from that in the other soils, and Profeobacteria
was the key phylum, accounting for more than 50% of
the sequences in the 16S rRNA gene libraries.

Given the large difference in Proteobacteria abun-
dance in the FG-20 soil (Fig. 5a), we focused on analyz-
ing the Gammaproteobacteria by heat map (Fig. 5b), at

a

P

bl R
_—te e 4

1

E83-20 E83-40 E83-60 E97-20 E97-40 E97-60 FG-20 FG-40 FG-60

(7]

1.50

1.20

0.90 b

0.60

Shannon diversity index

the genus level. The colors in the heat map from red to
blue indicate the gradual reduction in the OTU number.
In the FG-20 soil, the relative abundance of the genus
Pseudomonas reached 77% of all the genera in
Gammaproteobacteria, whereas that of the genus
Acinetobacter reached 40%, indicating that these two
were the dominant genera. The relative abundance
of Stenotrophomonas was 22% in the FG-20 soil,
whereas it was less than 1% in the other soils.
According to the cluster analysis, the composition of
Gammaproteobacteria species in the FG-20 and FG-60
soils was quite different from that of the others (Fig. 5b).

Relationships among soil microbial community and soil
property and soil organic N forms

The typical CCA was conducted to correlate the soil
properties (i.e., cation exchange, pH, TN, soil organic
matter, and available potassium) with the soil microbial
community structure (Fig. 6a). The results showed that the

b
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Fig. 4 DGGE fingerprint a, the cluster analysis b and Shannon index ¢ of bacterial diversity of the soils at different depths under different

management practices
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microbial communities in different soil depths varied great-
ly, and the influence of grazing types on the microbial
communities was much less than that of the soil depth
because the same depth of dots are all clustered together in
the graph. However, the microbial community structures
under enclosure treatment (E97 and E83) were more sim-
ilar, and different from those in the overgrazed plots at the
same depth (Fig. 6a). The angle between the dots in the 0—
20 cm soil layer and the two lines of N and K is very small,
and the smaller the Angle is, the greater the correlation will
be. It was found that the TN and available potassium was
the main reason for the difference in soil microbial com-
munity between the 0-20-cm layers.

The relationship between the main category of soil
microbes and the soil organic N forms was determined
using RDA. The length of each arrow indicated the
contribution of the corresponding parameter to the struc-
tural variation. It was found that Firmicutes and
Bacteroidetes were closely related to the amino
sugar N, whereas Acidobacteria, Crenarchaeota,
Verrucomicrobia, Gemmatimonadetes, and
Actinobacteria were closely related to the other organic
N forms (Fig. 6b). And the Mantel result indicated that
the vital properties that markedly affected topsoil bacte-
rial genera were amino sugar N too (Fig. 6c).

Discussion

There are many methods available to determine the soil
N-supplying capacity. It was reported that the acidic

KMnO,4 method was the optimal one for calcareous soil
(Smith and Li 1993). In this study, not much difference
was observed between the N extracted by the acidic
KMnO, method and that by the KCI water bath method,
where the N-supplying capacity of the soil at 0-20 cm
was in the order of E97 > E83 > FG, suggesting that the
management practice of enclosure had increased the N-
supplying capacity in the surface soil only, and that
excessive enclosure was not better for this soil
property in semiarid grassland ecosystems. Hu et al.
(2016) synthesized 51 grazing enclosure sites in a grass-
land area in China and found that both the soil C content
and vegetation biomass had reached a steady state after
15 years of enclosure. In our present study, long-term
FG management enhanced the soil N-supplying capac-
ity in the 20—60 cm soil layer, which was consistent with
the results reported by Qiao (2013). FG management
mainly increased the NO5 -N-supplying capacity in the
deep soil layer, as NH4*-N was relatively more easily
oxidized to NO; -N by the soil ammonia oxidizers
under the natural semiarid conditions (Liu et al. 2011).
Moreover, the stocking rate at the FG plot in this study
far exceeded very heavy grazing, which resulted in the
dramatic reduction of plant productivity, and less plants
in the overgrazed plot also led to more NO5 -N being
leached into the deep soil. Moderate mowing and graz-
ing were reported to be more beneficial than no mowing
and no grazing for the soil nutrient cycle (Li et al. 2016;
Liu et al. 2016), which was possibly because moderate
grassland management could efficiently stimulate func-
tional microbial activity in the soil.
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Fig. 5 Relative abundance of different bacterial phyla a and the heat map of Gammaproteobacteria b in the grassland soils at different
depths under different grazing enclosure management practices
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Organic N compounds account for well over 90% of
the TN in most soils (Parson and Tinsley 1975), and a
considerable amount of organic N in soil is continually
mineralized into NH," forms through microbial decom-
position of the native organic matter, becoming available
to plants. Better knowledge about the nature of soil N will
allow us to better understand the soil N cycle and to use N
in soils more efficiently. Our results showed that FG
increased the N-supplying capacity in the deep soil
layers, whereas it decreased the percentages of labile N

in the corresponding soil layers, which suggested that the
higher N-supplying capacity in the deeper FG soils could
be related to the increased acid-insoluble N and uniden-
tified N. In fact, it has been often deduced that some
recalcitrant organic N occluded in the minerals or
absorbed in the organic colloids could be mineralized
and released by microbial metabolism to supply N for
plant growth in special environmental conditions (Jiao
et al. 2010). In particular, the soil organic matter contents
in the deeper soil layers (>20 cm) of the FG plot were
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significantly higher than those in the enclosed plots. The
soil C/N ratio showed the same results, indicating that
fungal degraders might contribute more to the degrada-
tion of recalcitrant organic N than bacterial degraders do
(Strickland and Rousk 2010; Li et al. 2016). Li and
Zhang (2002) also found that grazing decreased the
acid-insoluble N and unidentified N in dark chestnut soil.
However, the N-supplying capacity of the surface soil in
E97 was significantly higher than that in FG, probably
owing to the higher soil bacterial diversity and microbial
biomass in the enclosed areas (Figs. 3, 4).

According to the results of the soil microbial com-
munity composition, the Shannon diversity index
reached a steady level at the same soil layer after
17 years of enclosure. In contrast, long-term FG man-
agement had destroyed the physical properties of the
topsoil (Table 1) through the constant tramping by sheep
and reduced soil aeration, as reported by Pan et al.
(2018), which would impact the topsoil bacterial com-
munity and subsequently the subsoil properties. Pseu-
domonas and Acinetobacter were the dominant genera
in the surface soil of the FG site, where the soil nutrients
were poor. Pseudomonas is characterized by its degra-
dation of protein, where some species with strong deg-
radation ability could live in poor-nutrient conditions
(Mina et al. 2003). Acinetobacter is a gram-negative
bacterial genus belonging to the wider class of
Gammaproteobacteria. The members are important soil
organisms that contribute to the mineralization of sub-
stances, such as aromatic compounds (Niepceron et al.
2013). The increase of Acinetobacter in the FG plot
might be related to changes in the soil environment
caused by the overgrazing (Zhang 2010). The soil or-
ganic N composition was significantly related to the soil
bacterial community structure (Fig. 6). The microbial
community structures were more similar in the fenced-
off sites, but different from that in the overgrazed plots
(Martensson and Olsson 2012; Tan et al. 2015). These
results suggest that different management practices sig-
nificantly affect the soil microbial community structure
and further impact the nutrient supply of the surface soil,
as also reported by Zhao (2011). Therefore, we recom-
mend the management practice of moderate grazing
after some period of enclosure for improving the func-
tion of semiarid grassland ecosystems. Moreover, the
enclosure period should not be too long but based on the
degree of degradation instead.

Conclusions

In this study, the vertical distribution of organic N pools
and bacterial communities under different field manage-
ment practices in a semiarid grassland ecosystem was
studied. We found that the effects of the different man-
agement practices on the soil properties of the shallow
layer were greater than those on the deep layer. Our work
revealed that moderate fencing restoration could increase
the soil N-supplying capacity and enhance the soil nutri-
ents. Significant changes in the microbial community
diversity and structure occurred under different manage-
ment practices whether in the surface or deep soil layers;
in particular, significant differences in the microbial com-
munities were found between the different soil depths.
The impact of the different depths on the microbial com-
munities was much greater than the impact caused by the
soil management practice. The microbial categories were
closely related to the soil organic N forms, which were
positively correlated with amino sugar N.
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