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Abstract: Grazing and enclosing are two of the most important grassland managements. In order
to evaluate the effects of different managements on the ecosystem balance of grassland, the vertical
distributions of soil nutrients and their stoichiometric ratios were determined in the plots of grazing
and enclosing over 38 years in a semi-arid grassland of Inner Mongolia. The results showed that total
nitrogen (TN), total phosphorus (TP), available nitrogen (AN), calcium (Ca), magnesium (Mg) and
sulfur (S) contents in 0–100 cm soil in the long term enclosing plot were lower than the long term
grazing plot and these changes were much greater in the surface soil than in deep soil. However,
the soil organic carbon (SOC) and available phosphorus (AP) contents in the long term enclosing
plot in the surface soil were higher (p < 0.01) compared with the long term grazing plot. In addition,
long term enclosing increased the C/N ratio in each soil layer and improved C/K and C/P ratios in the
surface soil compared with long term grazing. However, significant decreases of N/P and N/K ratios
in the long term enclosing plot in each soil layer were observed. In conclusion, enclosing for 38 years
decreased most of nutrients and reduced the nutrients’ mineralization in the surface soil especially
and thus might restrict nutrients cycling in a semi-arid grassland of Inner Mongolia.

Keywords: soil nutrients contents; stoichiometric ratios; vertical distributions; long term grazing;
long term enclosing

1. Introduction

Grazing and enclosing are two of the most important grassland managements, which can directly or
indirectly affect the balance of the ecosystem [1,2]. At present, many studies have focused on the effects
of grazing and enclosing on grassland ecosystems; however, the results of these researches are very
different [3–5]. Moderate grazing highlights the link and feedback between plant response and nutrient
cycling and increases the primary production by compensatory growth [6]. However, unreasonable
grazing often leads to a reduction in biodiversity of the ecosystem [7]. Enclosing is widely believed to
be an economic, effective and simple method to recover the degenerated grassland ecosystem [3,8],
which can improve vegetation cover, richness and biomass of species, as well as litter accumulation [9].
However, some scholars have found that enclosing might destroy the over compensation growth
mechanism of herbage and decline the turnover rate of grassland productivity [10].

Ecological stoichiometry is a science that combines the ultimate principles of various subjects
such as biology, chemistry and physics and can be used to study the balance of biological systems [11].
Many scholars have made great efforts to monitor the stoichiometric ratios of carbon (C), nitrogen
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(N) and phosphorus (P) in terrestrial ecosystems by more interest in biogeochemical cycles [12–14].
Previous studies have revealed that grazing could regulate the spatial pattern of C:N:P ratios through a
cascade of plant-soil feedback [15–17]. The studies of ecological stoichiometry mainly focus on plants
or plant tissues, while there are rarely studies on soil nutrients [18,19]. Soil is one of the essential
conditions for plant life and its quality plays a key role in plant growth. Soil stoichiometric ratios of
C, N and P can reflect the limited elements in soil [14,20] and are considered as important indicators
for the structure and function of an ecosystem [21]. In addition, some research has found that the
stoichiometric ratios between K and other nutrients strongly respond to environmental changes [22,23],
which had been largely ignored [24].

Grazing and enclosing also directly impact the amounts and compositions of soil nutrients
through their effects on plant growth, accumulation and decomposition of litter and soil erosion. At
present, many studies have focused on the changes of soil C, N and P contents with different grassland
managements. Soil C is an essential life element for plants and N and P are necessary mineral nutrients
for plant growth [25]. Moreover, calcium (Ca), magnesium (Mg) and sulfur (S) are also essential
mineral nutrients and available nitrogen (AN), available phosphorus (AP) and available potassium
(AK) play vital roles in plant growth as well. The imbalance of these soil nutrients could not only
restrict the growth of plant, but also affect the structure and function of a grassland ecosystem [26].

The stoichiometric characteristics of soil are closely related to grazing or enclosing patterns.
Therefore, the outside (long term grazing) and inside (long term enclosing) of fenced plots were studied
over a period of 38 years in a semi-arid grassland of Inner Mongolia. The study aimed to analyze the
vertical distributions of soil mineral nutrients and stoichiometric ratios of C, N, P and K in the long
term grazing plot and the long term enclosing plot. This study would greatly improve our knowledge
on the elements cycling and balance mechanisms of soil C, N, P and K and might be helpful to provide
basic guidelines for grassland management in a semi-arid grassland of Inner Mongolia.

2. Materials and Methods

2.1. Study Site and Experimental Design

This study was conducted at the Inner Mongolia Grassland Ecosystem Research Station (43◦38′

N, 116◦42′ E) of the Chinese Academy of Sciences, which is located in Xilin River Basin of Inner
Mongolia, China [27]. The region has a semi-arid steppe climate with an annual average temperature
of 2.3 ◦C, annual average precipitation of 330 mm and annual evaporation of 4–5 times than that of
the precipitation. The soil is described as a dark chestnut with a loamy sand texture [28]. The typical
original pasture species were Leymus chinensis and Stipa grandis. Strong winds occur in 3–5 months with
an average monthly speed of up to 4.9 m/s. Wind erosion and dust storms are the common phenomena
in this region [29]. The experimental site is composed of two grassland managements including a
long term grazing plot and a long term enclosing plot. Up to the sampling year of 2018, the enclosing
plot was fenced for 38 years (since 1981), which had long term excluded livestock. We researched the
biomass and litter in these two grassland plots in 2018. The results showed that the amounts of dry
matter of green plant in the long term grazing plot and the long term enclosing plot was 114.8 g/m2

and 160.9 g/m2, respectively. The amounts of litter dry matter in the long term enclosing plots reached
494.3 g/m2 while there was almost no litter in the long term grazing plot.

2.2. Sampling and Analysis

The total sampling area was 5000 m2. A typical transect (50 m long) was randomly located in
each plot on 9 August 2018. Five quadrats were established at 10 m intervals for soil sampling within
each transect. Five soil sampling locations were evenly spaced and treated as five replications within
each transect. From each soil sampling location, three soil cores were collected (0–10 cm, 10–20 cm,
20–30 cm, 30–50 cm, 50–70 cm and 70–100 cm depth) to make a composite sample. Soil samples were
placed into plastic bags and then transported to the laboratory where they were air-dried. The soil
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was then coarsely ground through a 2 mm sieve after stones, visible roots fragments and other plant
materials were removed. The sieved samples (<2 mm) were used for the determination.

Soil organic carbon was measured by the H2SO4-K2Cr2O7 oxidation method [30]. The total
nitrogen (TN) was determined according to the Kjeldahl method [30]. Total phosphorous (TP), total
potassium (TK), calcium (Ca), magnesium (Mg) and sulfur (S) were determined using a flame atomic
absorption machine (Model AA240, Varion, Palo Alto, CA, USA) with HF-HNO3 digested [30]. The
available nitrogen (AN), available phosphorous (AP) and available potassium (AK) were determined by
a diffusion method, a UV spectrophotometer method and a flame photometer method, respectively [30].
C:N, C:P, C:K, N:P and N:K was the SOC/TN ratio, SOC/TP ratio, SOC/TK ratio, TN/TP ratio and
TN/TK ratio, respectively.

2.3. Statistical Analysis

SPSS software version 10.0 (SPSS for Windows Inc., Chicago, Illinois, USA) was used to statistically
analyze all the data. One-way analysis of variance (ANOVA) was used to calculate the standard errors
and compare the means. Multiple comparisons among means of soil parameters between two plots in
one soil deep were performed with Tukey’s honestly significant difference (HSD) test. OriginPro 8.0
software (OriginLab, Northampton, MA, USA) was used to draw figures.

3. Results

3.1. Soil Nutrients

3.1.1. Contents of Soil SOC, TN, TP and TK

The SOC and TK contents in the long term enclosing plot were lower than the long term grazing
plot, while TN and TP contents were higher (Figure 1). The SOC content in 0–10 cm soil in the long
term enclosing plot was 19.1% (p < 0.01) higher relative to the long term grazing plot, whereas there
was little change below the surface soil. The SOC contents showed declining trends with the increase
of soil depth and largely accumulated in 0–10 cm soil in these two plots. The SOC content in the long
term grazing plot and the long term enclosing plot in 0–10 cm soil was 54.9% (p < 0.01) and 87.4%
(p < 0.01) higher than 20–30 cm soil, respectively. A significant decrease (p < 0.01) of TN content in the
long term enclosing plot in each soil layer was observed relative to the long term grazing plot. The TN
content in the long term grazing plot in 0–20 cm soil was significantly higher than other soil layers and
in 0–10 cm soil and 10–20 cm soil was 54.5% and 26.3% higher than 20–30 cm soil, respectively. The TN
content in the long term enclosing plot in 0–10 cm soil was significantly higher than other soil layers
and was 65.8% and 93.2% higher than 10–20 cm soil and 20–30 cm soil, respectively. The TP content in
the long term enclosing plot in 0–10 cm soil was 5.7% (p < 0.05) lower than the long term grazing plot
and was 6.6% (p < 0.05) and 7.7% (p < 0.05) higher than 30–50 cm soil and 50–70 cm soil, respectively.
The TP content also mainly accumulated in 0–10 cm soil and was 37.2% (p < 0.01) and 32.8% (p < 0.01)
higher than 20–30 cm soil in the long term grazing plot and the long term enclosing plot, respectively.
Long term grazing slightly decreased the TK content in 0–30 cm soil and there was almost no change
below 30 cm soil.
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Figure 1. The effects of long term grazing and enclosing on the contents of soil SOC, TN, TP and TK. 
Note: * and ** indicate significant differences at p < 0.05 level and p < 0.01 level of SOC, TN, TP and 
TK contents in each soil layer between the long term grazing plot and the long term enclosing plot 
and ns indicates no significant difference (t test). Different lower case and capital letters indicate 
significant differences at p < 0.05 level and p < 0.01 level of SOC, TN, TP and TK contents among 
different soil layers for the long term grazing plot or the long term enclosing plot by one-way analysis 
of variance (ANOVA). Error bars were one standard deviation. 
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Long term enclosing decreased Ca, Mg and S contents in each soil layer compared with long 
term grazing (Figure 2). The Ca content in the long term enclosing plot was 16.2%, 11.1%, 12.3% and 
13.2% lower (p < 0.01) than the long term grazing plot in 0–10 cm, 10–20 cm, 50–70 cm and 70–100 cm 
soil, respectively. The Mg content in the long term enclosing plot was 7.3%, 11.4%, 8.6%, 13.0%, 11.6% 
and 10.8% higher (p < 0.01) than the long term grazing plot in 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm, 
50–70 cm and 70–100 cm soil, respectively. In the long term grazing plot and the long term enclosing 
plot, no significant differences of Ca and Mg contents in each soil layer were observed but Ca and 
Mg contents in 0–10 cm soil were higher than other soil layers. With the increase of soil depth, the Ca 
content in the long term grazing plot in 0–50 cm soil showed a slight decline and in 50–70 cm soil 
showed a slight increase. Compared with the long term grazing plot, the S content in the long term 
enclosing plot was 9.0% lower (p < 0.05) in 0–10 cm soil and was 26.0%, 21.9%, 50.0% and 49.7% lower 
(p < 0.01) in 10–20 cm, 30–50 cm, 50–70 cm and 70–100 cm soils, respectively. With the increase of soil 
depth, the S content in the long term grazing plot significantly decreased in 0–30 cm soil and slightly 
increased in 30–70 cm soil. The S content in the long term enclosing plot decreased with the increase 
of soil depth and the S content in 0–10 cm soil was significantly higher (p < 0.01) than other soil layers. 
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Figure 1. The effects of long term grazing and enclosing on the contents of soil SOC, TN, TP and TK.
Note: * and ** indicate significant differences at p < 0.05 level and p < 0.01 level of SOC, TN, TP and TK
contents in each soil layer between the long term grazing plot and the long term enclosing plot and ns
indicates no significant difference (t test). Different lower case and capital letters indicate significant
differences at p < 0.05 level and p < 0.01 level of SOC, TN, TP and TK contents among different soil
layers for the long term grazing plot or the long term enclosing plot by one-way analysis of variance
(ANOVA). Error bars were one standard deviation.

3.1.2. Contents of Soil Ca, Mg and S

Long term enclosing decreased Ca, Mg and S contents in each soil layer compared with long term
grazing (Figure 2). The Ca content in the long term enclosing plot was 16.2%, 11.1%, 12.3% and 13.2%
lower (p < 0.01) than the long term grazing plot in 0–10 cm, 10–20 cm, 50–70 cm and 70–100 cm soil,
respectively. The Mg content in the long term enclosing plot was 7.3%, 11.4%, 8.6%, 13.0%, 11.6% and
10.8% higher (p < 0.01) than the long term grazing plot in 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm,
50–70 cm and 70–100 cm soil, respectively. In the long term grazing plot and the long term enclosing
plot, no significant differences of Ca and Mg contents in each soil layer were observed but Ca and
Mg contents in 0–10 cm soil were higher than other soil layers. With the increase of soil depth, the
Ca content in the long term grazing plot in 0–50 cm soil showed a slight decline and in 50–70 cm soil
showed a slight increase. Compared with the long term grazing plot, the S content in the long term
enclosing plot was 9.0% lower (p < 0.05) in 0–10 cm soil and was 26.0%, 21.9%, 50.0% and 49.7% lower
(p < 0.01) in 10–20 cm, 30–50 cm, 50–70 cm and 70–100 cm soils, respectively. With the increase of soil
depth, the S content in the long term grazing plot significantly decreased in 0–30 cm soil and slightly
increased in 30–70 cm soil. The S content in the long term enclosing plot decreased with the increase of
soil depth and the S content in 0–10 cm soil was significantly higher (p < 0.01) than other soil layers.
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Figure 2. The effects of long term grazing and enclosing on soil contents of Ca, Mg and S. Note: * and
** indicate significant differences at p < 0.05 level and p < 0.01 level of Ca, Mg and S contents in each
soil layer in the long term grazing plot and the long term enclosing plot and ns indicates no significant
difference (t test). Different lower case and capital letters indicate significant differences at p < 0.05 level
and p < 0.01 level of Ca, Mg and S contents among different soil layers for the long term grazing or the
long term enclosing by one-way analysis of variance (ANOVA). Error bars were one standard deviation.

3.1.3. Contents of Soil AN, AP and AK

Long term enclosing significantly decreased the AN content in 0–30 cm soil and was 17.0%, 11.9%
and 9.1% lower (p < 0.01) in 0–10 cm, 10–20 cm and 20–30 cm soils rather than long term grazing,
respectively (Figure 3). The AN content in the long term grazing plot and the long term enclosing
plot decreased with the increasing of soil depths and were higher (p < 0.01) in 0–50 cm soil than in
50–100 cm soil. The AN content in the long term grazing plot and the long term enclosing plot in
0–10 cm soil was 111.6% and 70.8% higher than that of 50–70 cm soil, respectively. Compared with
long term grazing, long term enclosing increased the AK content (p < 0.01) in 0–20 cm soil and was
26.2% and 44.8% higher (p < 0.01) in 0–10 cm soil and in 10–20 cm soil, respectively. The AK content in
the long term grazing plot in 0–10 cm soil was significantly higher (p < 0.01) than that of other soil
layers and was 148.8% higher (p < 0.01) than 10–20 cm soil. The AK content in the long term enclosing
plot in 0–20 cm soil was significantly higher (p < 0.01) than that of other soil layers and was 86.2% and
54.45% higher (p < 0.01) in 0–10 cm soil and 10–20 cm soil than 20–30 cm soil, respectively. The AP
content in 0–10 cm soil and in 10–20 cm soil in the long term enclosing plot was 11.6% and 8.0% higher
(p < 0.01) relative to the long term grazing plot, respectively. The AP content in the long term enclosing
plot in 0–20 cm soil was significantly higher (p < 0.01) than in other soil layers.
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Figure 3. The effects of long term grazing and enclosing on contents of soil AN, AP and AK. Note:
* and ** indicate significant differences at p < 0.05 level and p < 0.01 level of AN, AP and AK contents in
each soil layer between the long term grazing plot and the long term enclosing plot and ns indicates no
significant difference (t test). Different lower case and capital letters indicate significant differences
at p < 0.05 level and p < 0.01 level of AN, AP and AK contents among different soil layers for long
term grazing or long term enclosing by one-way analysis of variance (ANOVA). Error bars were one
standard deviation.

3.2. Stoichiometric Ratios of Soil Nutrients

Long term enclosing increased the C/N ratio in each soil layer compared with long term grazing
and was 39.9%, 46.4%, 42.0%, 52.2%, 47.3% and 47.5% higher in 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm,
50–70 cm and 70–100 cm soil, respectively (Figure 4). Long term enclosing increased the C/P ratio
and C/K ratio in the surface soil and was 23.4% (p < 0.01) and 15.2% (p < 0.05) higher in 0–10 cm
soil compared with long term grazing. The C/P ratios and C/K ratios decreased with the increase
of soil depths in the long term grazing plot and the long term enclosing plot and were significantly
higher (p < 0.01) in 0–10 cm soil rather than other soil layers. In 0–10 cm soil, the C/P ratio in the
long term grazing plot and the long term enclosing plot was 13.0% and 41.2% higher than 10–20 cm
soil, respectively and the C/K ratio was 65.8% and 99.5% higher, respectively. Long term enclosing
significantly decreased the N/P ratio and was 27.4%, 78.4%, 64.1%, 80.5%, 71.6% and 97.8% higher
in 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm, 50–70 cm and 70–100 cm soil compared with long term
grazing. The N/P ratio in the long term enclosing plot was the highest in 0–10 cm soil and the N/P ratio
in the long term grazing plot was the highest in 10–20 cm soil. The N/K ratio in the surface soil was
obviously higher than in other soil layers and it was slightly lower in the long term enclosing plot
relative to the long term grazing plot.

3.3. Correlations of Soil Nutrient Contents and Their Stoichiometric Ratios

There were significant correlations that existed among soil nutrients and their stoichiometric
ratios (Table 1). The SOC content was positively correlated (p < 0.01 or p < 0.05) with TN, TP, AN, AP
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and AK contents and C/P, C/K and N/K ratios. The TN content was positively correlated (p < 0.01 or
p < 0.05) with TP, Ca, AN and AP contents and C/K, N/P and N/K ratios. The TP content was positively
correlated (p < 0.01) with AN, AP and AK contents and C/P, C/K and N/K ratios. The AN, AP and AK
contents were positively correlated (p < 0.01) with the C/P and C/K ratios. The Mg and S contents were
significantly correlated (p < 0.01 or p < 0.05) with the SOC, TN, TP, AN, AP, AK and Ca contents and
the C/P, C/K and N/K ratios. The Mg and S contents were negative correlated (p < 0.01) with the TK
content. The TK content was significantly negatively correlated (p < 0.01 or p < 0.05) with the TN, TP
and Ca contents and the C/K, N/P and N/K ratios.Agriculture 2020, 10, x FOR PEER REVIEW 7 of 14 
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Figure 4. The effects of long term grazing and enclosing on the stoichiometric ratios of soil nutrients.
Note: * and ** indicate significant differences at p < 0.05 level and p < 0.01 level of stoichiometric ratios
of soil nutrients in each soil layer between the long term grazing plot and the long term enclosing
plot and ns indicates no significant difference (t test). Different lower case and capital letters indicate
significant differences at p < 0.05 level and p < 0.01 level of stoichiometric ratios of soil nutrients among
different soil layers for long term grazing or long term enclosing by one-way analysis of variance
(ANOVA). Error bars were one standard deviation.
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Table 1. Correlation matrix for the soil nutrient contents and their stoichiometric ratios.

SOC TN TP TK Ca Mg S AN AP AK C/N C/P C/K N/P N/K

SOC 1.000
TN 0.661 * 1.000
TP 0.954 ** 0.792 ** 1.000
TK −0.559 −0.841 ** −0.700 * 1.000
Ca 0.365 0.793 ** 0.510 −0.792 ** 1.000
Mg 0.827 ** 0.923 ** 0.902 ** −0.815 ** 0.778 ** 1.000
S 0.897 ** 0.890 ** 0.961 ** −0.765 ** 0.684 * 0.963 ** 1.000

AN 0.772 ** 0.707* 0.852 ** −0.544 0.240 0.697 * 0.764 ** 1.000
AP 0.904 ** 0.689 * 0.915 ** −0.493 0.220 0.741 ** 0.828 ** 0.919 ** 1.000
AK 0.962 ** 0.508 0.887 ** −0.460 0.301 0.750 ** 0.813 ** 0.626 * 0.817 ** 1.000
C/N 0.414 −0.391 0.231 0.331 −0.526 −0.117 0.025 0.179 0.303 0.525 1.000
C/P 0.968 ** 0.518 0.865 ** −0.377 0.170 0.686 * 0.780 ** 0.734 ** 0.888 ** 0.933 ** 0.547 1.000
C/K 0.998 ** 0.695 * 0.966 ** −0.612 * 0.418 0.856 ** 0.916 ** 0.775 ** 0.897 ** 0.957 ** 0.372 0.951 ** 1.000
N/P 0.184 0.826 ** 0.323 −0.633 * 0.731 ** 0.607 * 0.516 0.322 0.268 0.015 −0.795 ** 0.063 0.220 1.000
N/K 0.667 * 0.998 ** 0.804 ** −0.866 ** 0.807 ** 0.931 ** 0.896 ** 0.708 ** 0.684 * 0.520 −0.379 0.516 0.704 * 0.807 ** 1.000

Note: * and ** indicate a significant difference at p < 0.05 and p < 0.01, respectively.
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4. Discussion

4.1. Soil Nutrients

Soil C is an essential life element for plants. N, P, K, Ca, Mg and S are essential mineral nutrients
that play vital roles in plant growth. The imbalance of these soil nutrients could not only restrict
plant growth, but also affect the structure and function of grassland ecosystems [26]. Soil nutrients of
grassland are closely related to livestock consumption and decomposition rates of litter and dung [13,31].
There were large differences of soil nutrients between the two grassland plots, suggesting that long
term grazing and long term enclosing significantly affected soil nutrients. SOC primarily comes from
fragments produced by litter, root secretion and fine root. This study found that the SOC content
of long term grazing in 0–10 cm soil was 23.5% lower (p < 0.01) relative to long term enclosing and
there was little change below the surface soil, which indicated that long term grazing significantly
decreased the SOC content in the surface soil. This might be attributed to the declined annual net
primary production (ANPP) and the increased soil erosion loss from reduced ground cover that was
caused by grazing [3,32]. In addition, grazing could seriously damage soil aggregate and improve
organic matter decomposition, which was not beneficial to SOC accumulation. However, this study
showed that long term grazing increased TN, TP, AN, Ca, Mg and S contents. It was consistent with
Gillet et al. who found that moderate grazing was beneficial to soil nutrient accumulation [4]. On the
one hand, grazing animals only retained a small proportion of ingested nutrients and about 75–95%
was returned to soil in the form of dung and urine. In addition, the relatively faster decomposition
rate of litter in grazing grassland also supplemented more nutrients to the soil [5]. On the other hand,
greater vegetation in the long term enclosing grassland needed more soil nutrients. In addition, the
relatively slower decomposition rate of litter accumulated in the long term enclosing grassland might
limit the return of nutrients and most of the nutrients might exist in the litter. In this study, long term
grazing slightly decreased the TK content and significantly decreased the AK content in the surface soil,
which might be closely related to the absorption and assimilation of K by grazing animals. Dickinson
et al. reported that nutrients such as P, Ca and Mg feeding by cattle was excreted into grassland by 65%,
78% and 80%, respectively and K was excreted into grassland by only 11% [33]. It might be responsible
for the slight reduction of the TK content in the long term grazing grassland. We found that long term
grazing significantly increased the AN content in 0–30 cm soil compared with long term enclosing,
which might be attributed to the higher mineralization of organic N caused by the decomposition of
dung. Nutrients and minerals in animal dung were more available for plant growth than those in soil.
Moreover, grazing could increase C-rich root exudates and stimulate microbial activity and ultimately
result in an increase of soil available nutrients for plant growth [34,35]. Animal dung contributed to
higher AN, AP and water-soluble K concentrations in grazing grassland than in grazing excluded
grassland. However, in our study, long term grazing significantly decreased the AK content and the
AP content in the surface soil compared with long term enclosing. The study also showed that the SOC
content was positively correlated with AK (r = 0.962, p < 0.01) and AP (r = 0.904, p < 0.01), therefore
the decrease of AK and AP in the surface soil in the long term grazing plot might be attributed to
lower SOC.

The study showed that most of the nutrients mainly distributed in the surface soil in these two
grassland plots. Animal dung contributed to the higher available nutrient concentrations in the surface
soil than in deep soil under the action of microbial activities. In addition, soil nutrients mainly came
from the litter accumulated on the surface soil. Organic matter was formed in the surface soil in the
process of litter decomposition by microorganism. Moreover, it was also attributed to the atmospheric
input and legume-plant fixation of N, vegetation dieback input near the soil surface and stratification
by vegetation that redistributed from a deeper depth towards the surface [36].
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4.2. Soil Stoichiometric Ratios

A stoichiometric ratio of soil nutrients is a useful tool to measure soil organic matter composition
and evaluate the mineralization of soil nutrients [12]. The soil C/N ratio can reveal the balances of
carbon and nitrogen and indicate the soil nitrogen mineralization [37,38]. A lower soil C/N ratio is
beneficial for nitrogen mineralization and can promote nitrogen absorption. Our results showed that
the C/N ratio in each soil layer in the long term grazing plot was lower than the long term enclosing plot.
It indicated that long term grazing accelerated the nitrogen mineralization, which could be responsible
for the higher TN and AN content in the long term grazing grassland. This was very different from the
result of Yin et al. who found that the C/N ratio in 0–10 cm soil was reduced from 22.86 to 20.09 by
enclosing for 24 years in an Inner Mongolia typical steppe [39]. The possible reason for this might
be attributed to the enclosing time and in this study the enclosing plot was grazing excluded for 38
years. On the other hand, the climate, topography, soil properties, plant composition and enclosing
history also play important roles. The results found that there was no significant differences in the
C/N ratios in these two plots, suggesting that the changes of C and N were comparatively stable in the
long term grazing plot and the long term enclosing plot. In addition, we found that the C/N ratios
decreased with the increase of soil depth in these two grassland plots, which was consistent with
other research [26,40,41]. Moreover, there was also no significant difference of the C/N ratios with the
increase of soil depth in these two plots, suggesting that the soil C/N ratios remained relatively stable
along soil profiles [42]. This might be attributed to the relatively fixed ratio between accumulation and
consumption of carbon and nitrogen as well as the synchronous changes of carbon and nitrogen in
response to the external environment [43,44].

The soil C/P ratio is generally considered as a marker for soil phosphorus mineralization, which
can reflect the release or fixation of phosphorus by the action of soil microorganisms [45]. A lower C/P
ratio shows greater nutrient releases in the decomposition process of soil organic matter. This study
found that the C/P ratio in the long term grazing plot in 0–10 cm soil was 23.4% lower than the long
term enclosing plot, suggesting that long term grazing promoted soil mineralization and increased
phosphorus content in the surface soil. The C/P ratio was significantly correlated with the SOC (r =

0.968, p < 0.01) and TP (r = 0.865, p < 0.01), which indicated that the decrease of the C/P ratio in the
long term grazing grassland was caused by the reduction of SOC and the increase of TP.

The soil N/P ratio is often used to determine the threshold value of nutrient-limiting and can
indicate the availability of soil nutrients in the plant growth process [46,47]. In this study, the N/P
ratios in these two grassland plots were less than 14 (the range of N/P ratios was 4.22 to 9.16), which
suggested that the plant growth was mainly restricted by N [48]. The N/P ratio correlated with the TN
(r = 0.826, p < 0.01), but there was no significant difference with the TP, which suggested that the change
of the N/P ratio was highly constrained by the TN. The study found that long term grazing increased
the N/P ratios and N/K ratios in the soil profile, which explored that more TN could be accumulated in
grazing grassland. However, Yin et al. found that the N/P ratio in 0–10 cm soil increased from 13.43
to 15.29 by enclosing for 24 years in an Inner Mongolia typical steppe, which might be attributed to
the enclosing time [39]. The N/K ratio correlated with the TN (r = 0.998, p < 0.01) and the TK (r =

−0.866, p < 0.01), suggesting that the change of the N/K ratio was highly constrained by both the TN
and the TK.

In this study, C/N, C/P and N/P ratios in 0–10 cm soil ranged from 5.3 to 8.8, from 43.2 to 56.5 and
from 8.2 to 6.4, respectively, which were relatively lower than the average ratios of C/N (14.4), C/P
(136) and N/P (9.3) in 0–10 cm soil reported by Tian et al. [44]. The lower C/N ratio, C/P ratio and N/P
ratio in this study area signified net mineralization of nutrients as suggested by Zhao et al. [49]. Yin
et al. indicated that moderate grazing could ensure the sustainable use of grassland resources and
maintain the stability of grassland ecosystems [50]. Grazing accelerated the mineralization of organic
N and provided a more available form of N for plant growth. Higher N, P and K contents in herbage
indicated that grazing promoted greater mineral cycling in a grassland system. In addition, previous
studies reported that moderate grazing accelerated nutrient cycling by stimulating compensatory
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growth [51,52]. Ding et al. found that the C/N ratio of plants was significantly lower and decomposition
rate of plant residue was faster in grazing grassland compared with enclosing grassland, which suggests
that grazing improved the nutrient cycling of the ecosystem [53]. Janssen et al. indicated that the
mineralization of soil organic nitrogen and soil organic phosphorus were negatively correlated with the
C/N ratio and the C/P ratio [54]. In this study, compared with long term grazing, long term enclosing
increased the C/N ratio and the C/P ratio and decreased the N/P ratio and the N/K ratio. This might
indicate that long term grazing promotes the mineralization of soil nitrogen and soil phosphorus, thus
accelerating the cycling of these nutrients. However, long term enclosing had a lower mineralization
which might be attributed to the lower decomposition rate of large litter in the grassland.

5. Conclusions

Compared with the long term grazing plot, continually enclosing for 38 years decreased the TN,
TP, AN, Ca, Mg and S contents and the N/P and N/K ratios in soil profile, while it increased the C/N,
C/P and C/K ratios. These changes were greater in the surface soil than in deep soil.
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