
agronomy

Article

Effects of Fencing on Vegetation and Soil Nutrients of the
Temperate Steppe Grasslands in Inner Mongolia

Shan Cong 1,2, Daowei Zhou 1,*, Qiang Li 1,* and Yingxin Huang 1

����������
�������

Citation: Cong, S.; Zhou, D.; Li, Q.;

Huang, Y. Effects of Fencing on

Vegetation and Soil Nutrients of the

Temperate Steppe Grasslands in Inner

Mongolia. Agronomy 2021, 11, 1546.

https://doi.org/10.3390/

agronomy11081546

Academic Editor: Camilla Dibari

Received: 1 June 2021

Accepted: 29 July 2021

Published: 31 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Jilin Provincial Key Laboratory of Grassland Farming, Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences, Changchun 130102, China; congshan@iga.ac.cn (S.C.);
huangyx@iga.ac.cn (Y.H.)

2 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: zhoudaowei@iga.ac.cn (D.Z.); liqiang@iga.ac.cn (Q.L.)

Abstract: Grazing exclusion has been widely implemented in degraded grassland. However, the
changes of plant communities and soil nutrients in response to fencing are still controversial. Thus,
the effects of free grazing, 17 and 36 years of fencing on the plant biomass and litter biomass,
carbon (C), nitrogen (N) and phosphorus (P) concentrations and stocks of plant, litter and soil were
investigated in the temperate steppe grasslands of northern China. The results indicated that fencing
increased the aboveground live biomass and litter biomass. In addition, fencing increased C, N and
P stocks of aboveground live biomass, litter biomass and soil. Although root biomass and its nutrient
stocks were also significantly increased by 17 years of fencing, they were decreased with fencing
extending from 17 to 36 years. Moreover, there were no significant differences in aboveground live
biomass and soil N and P stocks between 17 and 36 years of fencing. Litter biomass and its C, N and P
stocks were positively correlated with soil C, N and P stocks. Our results demonstrated that 17 years
of fencing is an effective way to restore vegetation and soil nutrients in the temperate steppe of Inner
Mongolia, but a longer fencing duration has no further positive effects on biomass production and
soil nutrients accumulation.
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1. Introduction

Globally, grassland ecosystems cover approximately 40% of the land surface, which
play an important role in preserving primary productivity, species diversity and soil fertil-
ity [1–4]. Artificial disturbances often cause drastic changes in vegetation characteristics
and soil properties [5–7]. Grazing is considered as the most important grassland utilization
way throughout the world, which not only alters plant community composition and pro-
ductivity, but also affects carbon (C), nitrogen (N) and phosphorus (P) stocks in grassland
ecosystems [8–12]. Currently, continuous overgrazing has resulted in widespread grassland
degradation. Therefore, some strategies, such as fencing, reseeding and rotational grazing
have been used to control grassland degradation for protecting the ecological environment
and utilizing grassland sustainably [13–17].

Fencing has become the major grassland restoration practice in recent decades [18–21].
However, the effects of fencing on grassland ecosystems were inconsistent and even
opposite in many previous studies. For example, some studies reported that fencing
significantly increased aboveground live biomass and root biomass [22–25], but other
studies reported a decline with fencing [26–28]. Additionally, it is often assumed that
fencing has positive effects on soil C and N stocks [29–32], while other studies showed
that C and N stocks in fenced areas is equal to or less than those in grazing areas [33–38].
A better understanding of the effects of fencing on grassland ecosystems is crucial for
adopting a suitable fencing strategy to improve the sustainable use of grassland resources.
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Soil nutrient pools play an important role in assessing the effects of fencing on de-
graded grasslands [39–42]. In natural grasslands, without artificial fertilization, soil nutri-
ents are mainly affected by vegetation characteristics. To clarify and predict the changes
of soil nutrients after grazing exclusion, it is necessary to identify the major vegetable
factors that influence soil C, N and P stocks. Some studies indicated that soil C, N and P
stocks were closely associated with plant roots in different grassland types, such as alpine
meadow, desert grassland and temperate steppe grassland [43–45]. De Deyn et al. [46]
reported that litter was the major factor in determining soil C stock in different biomes
across the globe. However, soil nutrient pools and related influencing factors in grasslands
with fencing have not well characterized.

The temperate grasslands in Inner Mongolia are located in the middle of the Eurasian
steppe region, which is the main part of the temperate steppe in northern China. It covers
about 880.000 km2 and provides goods, services and resources for humans, which also
has a profound influence on the global C cycle. Unfortunately, the large area of grasslands
suffered severe deterioration due to increasing population pressure, livestock quantity and
overgrazing [31,47–49]. Although fencing has been extensively employed in our study sites,
its effectiveness has not been fully understood. Therefore, we explored the effects of fencing
on plant biomass and soil nutrient stocks in these grassland ecosystems. Specifically, our
objectives were to investigate: (1) How does the aboveground, root and litter biomass
respond to fencing? (2) How does fencing affect the C, N and P concentrations and stocks
of plant, litter and soil? (3) Which vegetation factors exert dominant effects on soil nutrient
pools in our study?

2. Materials and Methods
2.1. Experimental Sites

The study was performed at the Inner Mongolia Grassland Ecosystem Research Station
(116◦42′ E 43◦38′ N) of the Chinese Academy of Sciences, which is located in Xilin River
Basin of Inner Mongolia, China. This area is situated in a semi-arid steppe climate with a
mean annual temperature of 2.3 ◦C, and average annual rainfall of approximately 330 mm.
Historical climate data shows that the ratio of annual evaporation to precipitation is 4 to
5. Wind erosion and dust storms occur most frequently during spring, and the average
monthly wind speed is 4.9 m/s. Data from the National Meteorological Information Center
of China, the annual temperature and precipitation from 1981 to 2017, are presented in
Figure 1. The dominant plant species are Leymus chinensis and Stipa grandis. The soil in
this study area is chestnut soil with a loamy sand texture, and the sand content is more
than 78% [50]. The study sites are comprised of three grassland management sequences:
Free grazing, 17 years of fencing (F17) since 2000, and 36 years of fencing (F36) since
1981. Free grazing plots were grazed by sheep all year round, and the stocking rate was
approximately 3.0 sheep hm2. Before the fencing was established, F17 and F36 plots had
similar grazing management with free grazing plots. The total treatment area is 12 hm2.
Soil and vegetation properties were not recorded before fencing in the F36 site. However,
background data were investigated before fencing in the F17 site. Both the study sites had
the same degradation status at the beginning of the fencing according to the description
from the pasture manager. The properties of soil and vegetation before fencing are shown
in Table 1.
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Figure 1. Annual mean precipitation and temperature from 1981 to 2017 in the study site. 

Table 1. Soil and vegetation properties of the study site before fencing. 

Soil properties (0–20 cm) 
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Bunchgrass (g m−2) 25.19 

Legume (g m−2) 0.65 
Forb (g m−2) 5.68 

Carex (g m−2) 11.56 

Species 

Leymus chinensis (g m−2) 2.30 
Stipa grandis (g m−2) 3.92 

Caragana microphylla (g m−2) 0.03 
Carex korshinskii (g m−2) 0.23 

Cleistogenes squarrosa (g m−2) 11.83 
Agropyron cristatum (g m−2) 9.29 
Melilotoides ruthenica (g m−2) 0.33 

Kochia prostrata (g m−2) 0.26 
Potentilla acaulis (g m−2) 0.08 
Artemisia frigida (g m−2) 4.23 
Koeleria cristata (g m−2) 0.15 

Potentilla tanacetifolia (g m−2) 0.25 
Potentilla verticillaris (g m−2) 0.02 

Iris tenuifolia (g m−2) 0.09 
Heteropappus hispidus (g m−2) 0.32 

Sibbaldia adpressa (g m−2) 0.13 
Chenopodium album (g m−2) 0.10 
Allium bidentatum (g m−2) 0.20 

Astragalus galactites (g m−2) 0.29 

Figure 1. Annual mean precipitation and temperature from 1981 to 2017 in the study site.

Table 1. Soil and vegetation properties of the study site before fencing.

Soil properties (0–20 cm)

Organic carbon (%) 2.32
Total nitrogen (%) 0.16

Total phosphorus (%) 0.02
pH 7.52

Bulk density(g cm−3) 1.23

Vegetation properties

Community Species numbers 19
Biomass (g m−2) 34.05

Functional groups

Rhizome grass (g m−2) 2.75
Bunchgrass (g m−2) 25.19

Legume (g m−2) 0.65
Forb (g m−2) 5.68

Carex (g m−2) 11.56

Species

Leymus chinensis (g m−2) 2.30
Stipa grandis (g m−2) 3.92

Caragana microphylla (g m−2) 0.03
Carex korshinskii (g m−2) 0.23

Cleistogenes squarrosa (g m−2) 11.83
Agropyron cristatum (g m−2) 9.29
Melilotoides ruthenica (g m−2) 0.33

Kochia prostrata (g m−2) 0.26
Potentilla acaulis (g m−2) 0.08
Artemisia frigida (g m−2) 4.23
Koeleria cristata (g m−2) 0.15

Potentilla tanacetifolia (g m−2) 0.25
Potentilla verticillaris (g m−2) 0.02

Iris tenuifolia (g m−2) 0.09
Heteropappus hispidus (g m−2) 0.32

Sibbaldia adpressa (g m−2) 0.13
Chenopodium album (g m−2) 0.10
Allium bidentatum (g m−2) 0.20

Astragalus galactites (g m−2) 0.29

2.2. Sampling and Measurements

A typical transect (50 m in length, 10 m in width) was selected at the center in each
treatment site on 9 August 2017, and randomly assigned five quadrats of 1 m × 1 m in each
transect. All plant species were recorded in each quadrat and divided into different func-
tional groups, including rhizome grass, bunchgrass, legume, forb and carex. Aboveground
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live biomass of each individual species was harvested by cutting all plants at ground level.
The entire litter layer was collected and sorted into two different parts: The L1 layer (fresh
undecomposed litter) and the L2 layer (decomposing but still recognizable, fragmented
litter). Root biomass was investigated using a root auger (9 cm diameter) to collect soil
samples at depths of 0–10 and 10–20 cm. Then soil samples were washed through a 2 mm
sieve to get plant roots. Aboveground live biomass, root and litter biomass were oven-dried
at 65 ◦C for 72 h and weighed to determine the dry biomass. Within each quadrat, soil
samples were collected at different depths (0–10 and 10–20 cm) from three random points
using a bucker auger, and three soil samples in the same layer were mixed into a composite
sample. After removing visible roots and debris by hand, the soil samples were air-dried
and passed through a 2 mm sieve for soil nutrient analysis. At different soil layers (0–10
and 10–20 cm), we investigated soil bulk density with a 100 cm3 soil bulk sampler for
estimating soil C, N and P stocks. The C, N and P concentrations of plant, litter and soil
were measured using the dichromate oxidation method [51], the Kjeldahl method [52] and
the NaHCO3 alkali digestion method and by molybdenum antimony colorimetry [53],
respectively.

2.3. Calculations and Data Analysis

Soil organic carbon stock (SOCS; g m−2), soil total nitrogen stock (STNS; g m−2) and
soil total phosphorus stock (STPS; g m−2) were calculated for each soil depth interval
by [54]:

SOCS = BD × CSOC × D × 10

STNS = BD × CSTN × D × 10

STPS = BD × CSTP × D × 10

where BD is the soil bulk density (g cm−3); CSOC, CSTN and CSTP are the SOC concentration
(g kg−1), the STN concentration (g kg−1) and the STP concentration (g kg−1); D is the soil
thickness (cm).

The C, N and P stocks (g m−2) of the plant were calculated by the following equa-
tions [55]:

Biomass C stocks =
B × C

1000

Biomass N stocks =
B × N

1000

Biomass P stocks =
B × P
1000

where B is the aboveground live biomass, root biomass and litter biomass (g m−2); C, N
and P are the C, N and P concentrations of aboveground live biomass, root biomass and
litter biomass (g kg−1).

All data were tested for normality and homogeneity of variances before performing
the statistical analysis. Fencing effects on the vegetation, litter and soil indicators were
assessed using one-way analysis of variance (ANOVA). A least significant difference (LSD)
test was used for multiple comparisons. In addition, stepwise regression analysis was used
to examine the relationships of soil C, N and P stocks with the vegetable factors. Figures
were created using SigmaPlot for Windows version 10.0 (Systat Software, Inc., Chicago,
IL, USA) and all statistical analyses were performed using SPSS 16.0 software (Chicago,
IL, USA).

3. Results
3.1. Plant Biomass

Seventeen years of fencing (F17) significantly increased the aboveground live biomass,
litter biomass and root biomass compared to free grazing (p < 0.001; Figure 2). The litter
biomass in 36 years of fencing (F36) was higher than that in the F17 treatment (p < 0.001).
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However, aboveground live biomass showed no significant difference between F17 and
F36 (p = 0.078). F36 had lower root biomass in 0–10 and 10–20 cm soil layers compared to
F17 (p < 0.05). The litter biomass of the L2 layer was 58.5% higher than that of the L1 layer
under free grazing. Conversely, the litter biomass of the L1 layer was 184.2% and 163.7%
higher than that of the L2 layer under F17 and F36, respectively.
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Figure 2. Variations in (a) aboveground live biomass, (b) aboveground live biomass of rhizome grass (RG), bunchgrass 
(BG), legume (Leg.), forb (Forb) and carex (Car.), (c) litter biomass (L1 and L2 layers) and (d) root biomass (0–10 and 10–
20 cm) among free grazing (G), 17 (F17) and 36 years of fencing (F36) treatments. The values (mean ± SE) are means of five 
blocks; the same letters above the bars indicate no significant difference at the 0.05 level. 

Figure 2. Variations in (a) aboveground live biomass, (b) aboveground live biomass of rhizome grass (RG), bunchgrass (BG),
legume (Leg.), forb (Forb) and carex (Car.), (c) litter biomass (L1 and L2 layers) and (d) root biomass (0–10 and 10–20 cm)
among free grazing (G), 17 (F17) and 36 years of fencing (F36) treatments. The values (mean ± SE) are means of five blocks;
the same letters above the bars indicate no significant difference at the 0.05 level.

Fencing has varying effects on the aboveground live biomass of different plant func-
tional groups in our study (Figure 2). Aboveground live biomass of rhizome grass was
higher, but aboveground live biomass of carex was lower in F17 compared to free grazing
(p < 0.001). Aboveground live biomass of bunchgrass, legume and forb significantly in-
creased, but the aboveground live biomass of rhizome grass significantly decreased in F36
compared to F17 (p < 0.01). The aboveground live biomass of bunchgrass in free grazing
and F36 treatments accounted for 57% and 45% of the total aboveground live biomass,
respectively. The aboveground live biomass of rhizome grass in F17 treatment accounted
for 78% of the total aboveground live biomass.



Agronomy 2021, 11, 1546 6 of 13

3.2. C, N and P Concentrations of Plant and Soil

Fencing increased the C, N and P concentrations of litter biomass and soil (p < 0.05), as
well as the N and P concentrations of aboveground live biomass and root biomass (p < 0.05;
Figures 3 and 4). However, there were no significant differences in the C concentrations
of aboveground live biomass (p = 0.075) and root biomass (p = 0.426) among different
treatments (Figures 3 and 4). Fencing also increased the N and P concentrations of differ-
ent plant functional groups except for the P concentration of forb (p < 0.05) but had no
significant effects on the C concentrations of different plant functional groups (p > 0.05).
In different treatments, forb displayed higher N and P concentrations than other plant
functional groups except for legume (Figure 3).
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Figure 3. Variations in (a) aboveground live biomass C concentration, (b) aboveground live biomass
C concentration of rhizome grass (RG), bunchgrass (BG), legume (Leg.), forb (Forb) and carex (Car.),
(c) aboveground live biomass N concentration, (d) aboveground live biomass N concentration of five
plant functional groups, (e) aboveground live biomass P concentration, (f) aboveground live biomass
P concentration for five plant functional groups among free grazing (G), 17 (F17) and 36 years of
fencing (F36) treatments. The values (mean ± SE) are means of five blocks; the same letters above the
bars indicate no significant difference at the 0.05 level.
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(e) root N concentration (0–10 and 10–20 cm), (f) root P concentration (0–10 and 10–20 cm), (g) soil C
concentration (0–10 and 10–20 cm), (h) soil N concentration (0–10 and 10–20 cm), (i) soil P concentra-
tion (0–10 and 10–20 cm) among free grazing (G), 17 years of fencing (F17) and 36 years of fencing
(F36) treatments. The values (mean ± SE) are means of five blocks; the same letters above the bars
indicate no significant difference at the 0.05 level.

3.3. The C, N and P stocks and Ecological Stoichiometry of Plant and Soil

C, N and P stocks of aboveground live biomass and litter biomass were significantly
increased by fencing (p < 0.001), especially under F36 (Table 2). F17 increased the C, N
and P stocks of root biomass, as well as the soil C and N stocks compared to free grazing
(p < 0.001; Table 2). However, F36 had lower C, N and P stocks of root biomass than F17
(p < 0.01). Soil N (p = 0.184) and P stocks (p = 0.397) had no significant differences between
F17 and F36. Additionally, soil C stock in the 0–10 cm layer also had no difference between
F17 and F36 (p = 0.097).

Table 2. Ecosystem nutrient stocks and ecological stoichiometry in free grazing, 17 and 36 years of fencing treatments.

Variables Sites Aboveground Live
Biomass Litter Root Soil

L1 Layer L2 Layer 0–10 cm 10–20 cm 0–10 cm 10–20 cm

C stock (g m−2) G 6.25 ± 0.99 c 4.23 ± 0.31 c 3.05 ± 0.40 c 139.22 ± 4.36 ab 71.67 ± 3.52 c 2505.18 ± 23.78 b 1698.96 ± 20.93 c
F17 56.77 ± 1.22 b 161.51 ± 3.37 b 28.12 ± 1.08 b 153.30 ± 5.69 a 103.09 ± 2.37 a 3427.16 ± 29.93 a 2240.05 ± 31.81 b
F36 64.00 ± 3.44 a 240.95 ± 10.81 a 43.34 ± 2.53 a 137.08 ± 3.64 b 81.10 ± 2.91 b 3470.34 ± 57.17 a 2446.94 ± 47.22 a

N stock (g m−2) G 0.22 ± 0.04 c 0.23 ± 0.02 c 0.16 ± 0.02 c 4.49 ± 0.14 b 2.35 ± 0.10 c 187.40 ± 3.24 b 155.71 ± 2.59 b
F17 2.07 ± 0.05 b 8.52 ± 0.27 b 1.33 ± 0.05 b 5.25 ± 0.18 a 3.53 ± 0.09 a 243.60 ± 3.67 a 200.63 ± 3.67 a
F36 2.88 ± 0.20 a 12.72 ± 0.64 a 1.97 ± 0.06 a 4.87 ± 0.11 ab 2.88 ± 0.08 b 243.40 ± 5.22 a 206.56 ± 7.71 a

P stock (g m−2) G 0.02 ± 0.003 c 0.01 ± 0.001 c 0.01 ± 0.001 c 0.40 ± 0.015 b 0.21 ± 0.013 c 24.86 ± 1.22 b 22.03 ± 1.34 a
F17 0.16 ± 0.004 b 0.54 ± 0.02 b 0.10 ± 0.004 b 0.46 ± 0.014 a 0.31 ± 0.012 a 27.03 ± 0.80 ab 24.02 ± 0.66 a
F36 0.20 ± 0.013 a 0.81 ± 0.03 a 0.17 ± 0.010 a 0.44 ± 0.012 ab 0.26 ± 0.006 b 27.99 ± 1.20 a 24.52 ± 0.89 a

C:N Ratio G 28.53 ± 0.57 a 18.72 ± 0.22 a 19.49 ± 0.22 b 31.08 ± 0.89 a 30.47 ± 0.32 a 13.38 ± 0.23 b 10.92 ± 0.15 b
F17 27.43 ± 0.37 a 18.98 ± 0.38 a 21.25 ± 0.56 ab 29.22 ± 0.43 ab 29.20 ± 0.44 ab 14.08 ± 0.16 a 11.17 ± 0.09 b
F36 22.34 ± 0.42 b 18.96 ± 0.17 a 21.92 ± 0.89 a 28.19 ± 0.73 b 28.15 ± 0.61 b 14.26 ± 0.11 a 11.87 ± 0.15 a

N:P Ratio G 12.85 ± 0.21 b 16.88 ± 0.76 a 13.63 ± 0.43 a 11.28 ± 0.32 a 11.05 ± 0.21 a 7.60 ± 0.32 b 7.16 ± 0.43 a
F17 12.79 ± 0.22 b 15.97 ± 0.57 a 12.73 ± 0.33 ab 11.43 ± 0.27 a 11.26 ± 0.33 a 9.03 ± 0.16 a 8.37 ± 0.22 a
F36 14.46 ± 0.18 a 15.72 ± 0.37 a 11.63 ± 0.45 b 11.11 ± 0.23 a 11.05 ± 0.11 a 8.76 ± 0.37 a 8.50 ± 0.60 a

C:P Ratio G 366.07 ± 2.62 a 315.95 ± 13.95 a 265.54 ± 7.77 a 349.60 ± 6.96 a 336.37 ± 4.13 a 101.44 ± 3.97 b 78.64 ± 4.09 b
F17 350.39 ± 2.16 b 303.12 ± 12.07 a 270.15 ± 6.77 a 333.64 ± 5.09 a 328.35 ± 5.51 a 128.08 ± 2.84 a 93.00 ± 2.42 b
F36 322.80 ± 4.14 c 298.13 ± 7.24 a 254.28 ± 11.04 a 312.59 ± 4.61 b 310.96 ± 5.14 b 124.57 ± 4.62 a 100.90 ± 4.86 a

The values (mean ± SE) are means of five blocks; the same letters above the bars indicate no significant difference at the 0.05 level. G: Free
grazing; F17: 17 years of fencing; bF36: 36 years of fencing; C: Carbon; N: Nitrogen; P: Phosphorus.
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The C:N and C:P ratios of aboveground live biomass and root biomass were decreased
by fencing (p < 0.05; Table 2). In contrast, fencing increased the C:N and C:P ratios
of soil (p < 0.01). Fencing increased the N:P ratios of aboveground live biomass and
soil (p < 0.001), but the influences of fencing on the N:P ratios of root biomass were not
significant (p = 0.716).

3.4. Relationship between Litter Properties and Soil Nutrient Stocks

Based on the stepwise regression analysis, the litter biomass was positively correlated
with soil C, N and P stocks (p < 0.05). In addition, the C, N and P stocks of litter biomass
were also significantly positively correlated with soil C, N and P stocks, respectively
(p < 0.05; Figure 5).
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4. Discussion

Significant increases in aboveground live biomass, root biomass and litter biomass
after 17 years of fencing were found in a typical steppe in Inner Mongolia. The results
are consistent with previous studies in temperate steppe grasslands [43] and in the alpine
meadow [56,57]. However, we found that 36 years of fencing decreased the root biomass
and had no effect on the aboveground live biomass compared to 17 years of fencing. The
phenomenon could be explained by the fact that the aboveground live biomass of rhizome
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grass presented a great proportion of total aboveground live biomass after 17 years of
fencing, which was significantly decreased by 36 years of fencing. In the present study,
fencing prevents the removal of aboveground live biomass by livestock, and results in
an increase in litter biomass. Litter accumulation restrained the growth of rhizome grass
following the long-term exclusion of disturbances [58]. Furthermore, higher aboveground
live biomass of rhizome grass and bunchgrass has been observed in the fenced grasslands.
Several reports suggested that fencing tended to improve the growth of gramineous grass
because of higher competitive ability in grassland community [59,60].

Our study indicated that fencing had no effects on the C concentrations of above-
ground live biomass and root biomass. This might be due to C, as it plays a major role in
forming the structural basis of plants [61,62], and had a relatively stable ratio in the dry
plant biomass [63]. Meanwhile, we did not detect differences in the C concentrations across
different plant functional groups, despite that the significant changes in their aboveground
live biomass were found after fencing. A significant increase in the N and P concentrations
of aboveground live biomass and root biomass was found after fencing. Contrary results
were reported by previous studies, which found that the N and P concentrations of plants
were higher in free-grazing grasslands than those in fenced grasslands, because foraging
by herbivores resulted in plant regrowth, and young tissue of shoots and leaves is richer
in nutrients than aged ones [64,65]. Increased in N and P concentrations of plants by
fencing in the present study had two causes. Firstly, plant tissue nutrients were positively
related to soil nutrients [66,67], suggesting that higher soil nutrients could be responsible
for the significant variation in the N and P concentrations of plants after fencing. Secondly,
changes in different plant functional groups indicated that fencing increased the biomass
of forbs, and the N and P concentrations of forbs were relatively higher than that in other
functional groups. This supports our results that fencing had the potential to enhance the
N and P concentrations of plants. We found that fencing significantly improved the C, N
and P concentrations of litter biomass and soil, which was consistent with previous re-
sults [23,68]. Larger amounts of litter were decomposed in the soil, leading to the increases
of soil nutrients through vegetation recovery [69]. Additionally, previous studies reported
that feed intake and digestibility by sheep were approximately 1.49 kg d−1 sheep−1 and
60.7% in free grazing grasslands in Inner Mongolia, respectively [70,71]. Therefore, the
effects of animal manure input with foraging on soil nutrients also cannot be ignored. In
the present study, the C concentrations of litter biomass showed an increasing trend with
fencing, which may be attributed to the slower rate of C release than mass loss during the
process of decomposition.

Many studies have shown that fencing is an effective approach to improve ecosystem
nutrient stocks for degraded grasslands [72,73]. We also found that C, N and P stocks of
aboveground live biomass, litter biomass and soil were significantly increased by fencing.
Although root nutrient stocks were increased after 17 years of fencing, the opposite results
were found when the fencing duration increased from 17 to 36 due to the decline in
root biomass along the fencing time gradient. Additionally, soil N and P stocks showed
insignificant changes between 17 and 36 years of fencing. In other grassland ecosystems,
similar findings were reported where soil nutrient stocks probably reached a steady state
with the increase in grazing exclusion duration [30,73]. Results from multiple stepwise
regression analysis demonstrated that litter biomass and its nutrient stocks were positively
correlated with soil nutrient stocks. This may explain the changes in soil C, N and P stocks
after 17 years of fencing. Although litter biomass was significantly increased after 36 years
of fencing, the quantity of litter entered the soil was decreased due to the absence of
physical breakdown, which was in agreement with a previous study [40]. This may retard
the transfer of nutrients from litter to the soil, therefore the differences in soil nutrients
stocks were not statistically significant between our two fencing treatments. In addition
to the dynamics of litter, soil bulk density also plays a major role in determining soil
nutrient stocks. Previous studies have reported that fencing resulted in a reduction in soil
bulk density by eliminating the trampling effects of grazing livestock [19,74]. Therefore,
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continuous fencing is likely to restrain soil nutrients sequestration [75], and increases the
risk of wildfires [58]. Compared to free grazing, fencing decreased the C:N and C:P ratios
of aboveground live biomass and root biomass, but increased the C:N and C:P ratios of
soil. The opposite trend may partly be because the increased plant production led to large
amounts of N and P transferred from soil to plants. Additionally, soil C can have a faster
rate of accumulation relative to soil N and P due to the faster release rate of C than N and
P during litter decomposition [76].

5. Conclusions

Our results indicated that 17 years of fencing had positive effects on vegetation and
soil properties. However, 36 years of fencing did not further increase the aboveground
live biomass, but reduced the root biomass as a result of the significant change in the
biomass of rhizome grass. Soil N and P stocks showed no significant differences between
17 and 36 years of fencing. This study also suggests that litter biomass and its C, N and
P stocks were the major factors in determining soil C, N and P stocks. In conclusion, an
appropriate fencing strategy (e.g., 17 years of fencing) can be a good management tool
for restoring degraded grasslands according to our results, while 36 years of fencing has
had no positive effects on biomass production and soil nutrients accumulation in the Inner
Mongolia steppe.
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