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Currently, grazing exclosure is one of the most important grassland management measures for restoring all types of degraded alpine grassland in the Qinghai–Tibetan Plateau (QTP). The most widely distributed grassland ecosystems across the northeastern QTP are the alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS). However, whether the impacts of fencing on vegetation characteristics and soil properties vary among different grassland types remains poorly understood despite that numerous individual studies have been conducted. This study investigated the vegetation characteristics and soil properties in fenced and grazed AM, AMS, and AS in the northeastern QTP. Grazing exclosure significantly increased the vegetation coverage and Shannon–Wiener diversity index in all the three grasslands. Plant species richness was significantly increased in AM, but there were no significant changes in AMS and AS. Aboveground biomass was significantly increased in AMS and AS but not significant in AM. Increase in the percentage of high-quality forage grasses was only observed in AMS. Fencing significantly decreased the soil bulk density (BD) and significantly increased soil organic carbon (SOC) and total nitrogen at a depth of 0–50 cm in AMS and AS but had no effect in AM. Our results indicate that the use of fencing for restoring degraded AM might not achieve the same expected results as in AS and AMS on the QTP.
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INTRODUCTION

Land degradation has been increasing at an annual rate of 5–10 million ha and affecting about 1.5 billion people globally (Gisladottir and Stocking, 2005; Ilan and Rattan, 2015). The alpine grassland on the Qinghai–Tibetan Plateau (QTP), occupying over 60% total area of the QTP, is proved to be sensitive to climate change and human activities (Wu et al., 2012; Xue et al., 2015; Bakhshi et al., 2019) and has important functions in protecting the headwaters of major rivers in Asia (Yan and Lu, 2015). However, it has severely degraded since the 1980s (Saito et al., 2009; Li et al., 2013; Zhao et al., 2015; Xue et al., 2017) because of intensification of human activities and climate change (Harris, 2010; Xue et al., 2015; Zeng et al., 2015). The grassland degradation induced 73% reduction in the aboveground biomass, but the amount of poisonous plants almost doubled, which suggests more severe reduction in the palatable grasses. The dramatic reduction in edible biomass accompanied by the sharp increase in livestock number leads to the overgrazing, hence the severe vegetation cover reduction (Wu et al., 2012; Zhao et al., 2015; Lu et al., 2017; Yu et al., 2019; Wang et al., 2020), plant species diversity loss (Chillo et al., 2015), percentage of palatable forage species attenuation (Li et al., 2016), and productivity decrease (Wu et al., 2009). Vegetation degradation will interact with the soil and impose positive feedback to soil degradation (Miao et al., 2015; Tang et al., 2016).

Degraded grassland ecosystems have the capacity for self-recovery if the disturbance ceases for an extended length of time allowing for natural succession (Cheng et al., 2011; Deng et al., 2014). Exclosure is a worldwide management practice, which significantly influences vegetation characteristics (Wu et al., 2009; Deng et al., 2014) and soil properties (Wu et al., 2010a, b; Zhao et al., 2015; Hu et al., 2016), then probably allows for self-recovery of the degradation grassland ecosystem. Realizing the severe alpine grassland degradation and its destructive consequence, the central and local government advocated the use of metal fences in family ranch scale to protect grassland degradation since 2004 in QTP (Yan and Lu, 2015).

The most widely distributed grassland ecosystems across the northeastern QTP are the alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS) in the northeastern QTP (Wu et al., 2012). AM is a good natural pasture with low layer, soft quality, rich nutrition, strong palatability, and resistance to grazing and trampling. The AM community is simple in structure, not obvious in hierarchy, with dense growth and low plants, sometimes forming a flat planting mat (Wang et al., 2020). An AMS-type rangeland is developed in alpine (or plateau) sub-frigid zones and cold sub-humid regions, with an annual precipitation of 300–400 mm. It is a grassland type mainly composed of hardy perennial arid medium or medium xerophytic herbaceous plants. AS plants are low clustered, with reduced leaf area and shallow roots (Li et al., 2019). The species composition of grassland determines ecosystem stability and resistance to disturbance (Wardle et al., 2000). Different vegetation types have their unique structure composition and stability. Under different environmental conditions, vegetation types with their own unique structural characteristics have different responses to environmental changes (Zhao et al., 2016). So, in different regions or different types of grassland, fencing might result in a wide range of effects on vegetation characteristics and soil properties (Wu et al., 2012; Jing et al., 2014; Cheng et al., 2016). Quantifying the changes in vegetation characteristics and soil properties of different grasslands can help us understand how to carry out land management regimes (Li et al., 2013). Previous studies show different responses of different alpine grasslands to climate warming (Ganjurjav et al., 2016), N addition (Li et al., 2019), and changes in soil properties (Peng et al., 2020a). For example, the plant community of AS shows a stronger association with soil properties than AM alongside degradation (Peng et al., 2020a). Warming did not significantly change the plant composition and species diversity in the AM, but it did cause rapid changes in species diversity (Ganjurjav et al., 2016). Whether the effects of fencing on vegetation and soil properties are consistent among different biomes remains still unclear. To address this scientific gap, we studied the effects of fencing on vegetation and soil properties selected in three typical vegetation types. Each study’s grassland type was regarded as a single data point in paired comparisons of grazed vs. fenced sites and then for analysis on the difference in those responses among three alpine grasslands with the vegetation and soil indicators. The results will inform alpine grassland conservation and sustainable management in the future.



MATERIALS AND METHODS


Experimental Design

The climate is characterized by strong solar radiation with short, cool summers and long, cold winters in QTP. The growing season of alpine grasslands lasts from May to September (Gao et al., 2013). We carried out the surveys from July to September 2014 on the QTP. In order to avoid the impact of different fencing durations on the ecosystem, we selected three alpine grassland types (AM, AMS, AS), which was fenced off grazing at the same year. Location, climate, and vegetation information of the three sites can be seen in Table 1.


TABLE 1. Location, climate, and vegetational information of the three sampling sites.
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Sampling and Measurements


Vegetation Characteristics

In each site, three plots (30 cm × 30 cm) were selected for vegetation characteristic measurements and soil sampling inside and outside of the fence. A photo was taken for each plot vertically downward by a camera, and the photo was processed by the software CAN-EYE-V6313, developed at the French National Institute of Agricultural Research (INRA) to get the plant coverage (Peng et al., 2018). Plant species identification was done in situ. Unidentified specimens were collected and later identified by plant taxonomists. The total species in each plot were counted after the identification of species, and the frequency of each species and coverage were obtained by using a frame with 100 small quadrats (Peng et al., 2017). At the same time, the height of every species was measured in situ with a ruler. Species richness is the number of species in each plot (Stirling and Wilsey, 2001). The importance value (IV) of each species was derived by averaging the values of relative frequency, relative coverage, and relative height, which is the ratio of the average value of that species to the summed value of all the species in the plot. The richness index (R) and Shannon–Wiener diversity index (H) of the communities were calculated as follows:
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where S is the total species numbers of the grassland community, IVi is the IV of a specific species i, and IVtotal is the sum of the IVi values of all the species.



Plant Biomass Measurement

The aboveground parts of plants, including all litter, for each species, were cut, collected, and put into envelops and tagged for each plot. After the dry-up in the air, the plants were separated into high-quality forage grasses (sedge and grass) and forbs (forbs and shrub). After separation, the biomass was dried in an oven at 65°C for 48 h to a constant weight to obtain the aboveground biomass.

The soil cores were extracted at depths of 0–10, 10–20, 20–30, and 30–50 cm in the center of each plot. The samples were immediately placed in a cooler and then transported to the laboratory. In the laboratory, the soil samples were air-dried and crumbled to pass through a 2-mm diameter sieve to remove large particles from the finer soil. Subsequently, fine living roots were hand-picked based on their color and consistency in a distilled water bath (Peng et al., 2018). The picked fine roots were dried at 65°C for 48 h to a constant weight, and the belowground biomass was obtained. The remaining soil was used for soil organic carbon (SOC) and total N measurement in the lab.



Soil Properties

Soil organic carbon was measured by the potassium dichromate oxidation titration method (Walkley, 1947), and total N was measured by the Kjeldahl method (Bremner, 1996) in the Key Laboratory of Desert and Desertification, Chinese Academy of Sciences (CAS). Other soil samples also were taken at depths of 0–10, 10–20, 20–30, and 30–50 cm to measure soil moisture and bulk density (BD). Soil samples were collected and then put in aluminum boxes (volume, 100 cm3), then the weight of boxes and wet soil was measured in situ. The collected samples were transported and then were dried at 105°C for 48 h in an oven to a constant weight. Then, the BD and soil moisture were calculated as follows:
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Soil gravimetrical water content was expressed as a percentage of soil water to dry soil weight, and soil moisture was the product of soil gravimetrical water content and BD.




Statistical Analysis

Three-way ANOVA was performed to test the fencing, grassland type, depth, and their interaction effects on vegetation and soil variables. Significant differences were evaluated at the 0.05 level. All statistical analyses were performed using the software program SPSS 19.0 (IBM Corp, 2010). Figures were made by Origin 8.0 (OriginLab Corp, 2007).




RESULTS


Coverage, Biomass, and Diversity

Long-term (8–9 years) fencing significantly increased plant coverage by 32.53, 17.10, and 46.63% in AM, AMS, and AS, respectively (Table 2). There was no significant increase in species richness (R) and Shannon–Wiener diversity index (H) after long-term fencing in all three grasslands (Table 2). The R and H of AM and AMS were significantly higher than that of AS in either enclosed or grazed sites (Tables 2, 3). Fencing only led to a significant increase in aboveground biomass in AMS and AS (Table 2 and Figure 1). The aboveground biomass of AM in fenced plot was not significantly higher than in grazing plot. Increase in percentage of palatable forage was only observed in AMS (Table 2).


TABLE 2. Comparisons of total coverage (TC), species richness (R), Shannon–Wiener diversity index (H), aboveground biomass (AGB), belowground biomass (BGB), percentage of palatable grasses (PPG), between enclosed (In), and grazed (Out) sites with the three vegetation types: alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS).
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TABLE 3. Results (F value) of three-way ANOVA analysis about the effect of fencing, depth, grassland type, and interaction of fencing and grassland type, fencing and depth, grassland types and depth, fencing with grassland type and depth on total coverage (Cover.), plant species richness (R), Shannon–Wiener diversity index (H), aboveground biomass (AGB), belowground biomass (BGB), proportion of palatable grasses (PPG), soil organic C (SOC), total nitrogen (TN), soil bulk density (BD), and soil moisture.
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FIGURE 1. Biomass distribution in the vertical direction between enclosed and grazed sites with three vegetation types: alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS). Error bars were the standard error of three replicates’ biomass difference between enclosed and grazed area at corresponding layers.


Figure 1 shows the biomass distribution in the vertical direction between enclosed and grazed sites in AM, AMS, and AS after long-term fencing. Aboveground biomass was significantly increased after long-term fencing in the three grassland types (Table 3 and Figure 1). Grassland type and soil depth and the interaction between them significantly affected BGB (Table 3). Statistical results showed that with the increase in altitude, from AS to AMS and AM, the percentage of BGB at 0–10 cm to the total belowground biomass (0–50 cm) was decreased in the enclosed site, which was 84.5, 81.3, and 73.5%, respectively. The trend of the grazed site was opposite that of the enclosed site at 0–10 cm; it was 57.8, 76.9, and 80.7%, in AS to AMS and AM, respectively.



Soil Bulk Density and Moisture

Bulk density (BD) was significantly affected by fencing, grassland type, soil depth, and their interactions (Table 3). With the increase in soil depth, BD was increased in AM both at enclosed and grazed sites (Figure 2), but there was no regular change after long-term fencing in AMS and AS (Figure 2). The BD in grazed sites was significantly higher than that in enclosed sites in AMS and AS at the soil depths of 0–30 cm, but there were no obvious differences at all the three layers in AM (Figure 2).
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FIGURE 2. Soil bulk density (BD) in the vertical direction between enclosed (In) and grazed (Out) sites with three vegetation types: alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS). Error bars were the standard error of three replicates BD between enclosed and grazed sites. *Mean of the change of BD was significant at P < 0.05.


Grassland type, soil depth, and their interactions significantly affected soil moisture (Table 3). Soil moisture was higher in AM and AMS than in AS at all the soil depths (Figure 3). Fencing increased the soil moisture at the depth 0–20 cm in AM, and it showed no obvious effects at the depth 20–50 cm (Figure 3). Soil moisture was decreased at all depths in AMS and AS after long-term fencing, but it was only significant at the depth 0–10 and 20–30 cm in AS (Figure 3).
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FIGURE 3. Soil moisture in the vertical direction between enclosed (In) and grazed (Out) sites with three vegetation types: alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS). Error bars were the standard error of three replicates soil moisture between enclosed and grazed sites; *Mean of the change of soil moisture was significant at P < 0.05.




Soil Organic C and Total Nitrogen

With the increase in soil depth, SOC was decreased in all alpine grassland types in either enclosed sites or grazed sites (Figure 4). The SOC content varied remarkably among different grassland types (Table 3 and Figure 4). The SOC was higher in AM than in AMS and AS in either enclosed or grazed sites at the depth 0–30 cm (Figure 4). Long-term fencing did not have a positive impact on SOC in AM (Figure 4). The SOC increased at all depths in AMS and AS after long-term fencing. The increase was only significant in AMS (Figure 4). The results of three-way ANOVA analysis showed that grassland type, soil depth, fencing, and their interactions significantly affected SOC. The total soil nitrogen (TN) has a similar pattern with SOC, and their correlation coefficient was 0.99.


[image: image]

FIGURE 4. Soil organic C in the vertical direction between enclosed (In) and grazed (Out) sites with three vegetation types: alpine meadow (AM), alpine meadow steppe (AMS), and alpine steppe (AS). Error bars were the standard error of three replicates soil organic C between enclosed and grazed sites. *Mean the change of SOC difference was significant at P < 0.05.





DISCUSSION


Vegetation Characteristics

Fencing has a significant effect on plant community structure and composition, which will have feedbacks on ecosystem productivity (Polley et al., 2014). Due to the complexity of the growing environment, plants are subjected to different degrees and types of external interference in each stage of plant growth, but plants always adjust their growth strategies through certain traits, such as plant height, leaf size, leaf shape, tiller quantity, biomass allocation (Wu et al., 2009; Li et al., 2019), etc., to ensure the successful completion of their life history. Exclosure is a disturbance to plant growth, and plant community characteristics may change accordingly (Wu et al., 2009; Miao et al., 2015).

Biomass is the basis of the flow of matter and energy in an ecosystem (Yan and Lu, 2015), which is an important quantitative feature of the plant community and can directly reflect the material production of producers in the ecosystem (Spring et al., 1996; Zeng et al., 2015). The AGB of different types of grassland increased to a great extent (Table 2) after fencing, which agrees with the results of many studies (Wu et al., 2009; Deng et al., 2014; Zeng et al., 2015; Cheng et al., 2016; Li et al., 2017). The main reason was that foraging was prohibited inside the fences. AGB was significantly increased after long-term exclosure in AMS and AS but not significant in AM. Belowground biomass showed complex responses (Table 2) (Milchunas and Lauenroth, 1993; Frank et al., 2002; Miehe et al., 2019). The BGB at 0–10 cm inside fences was lower than that of the corresponding grazed area in AMS and AS, but in AM it is higher (Figure 1). Because of the rapid increase of AGB in AS after fencing (Liu et al., 2018), most of the soil nutrients are consumed aboveground, resulting in relatively slow root growth. With the increase in altitude, from AS to AMS and AM, the percentages of 0–10 cm to the total BGB (0–50 cm) were decreased in enclosed sites. The trend of grazed sites was opposite with that in enclosed sites at 0–10 cm. This is because AS recovered at the fastest speed, followed by AMA, and AM at the slowest speed. More than 80% of the species in AM are grasses and sedges (Peng et al., 2020b). Sedge and graminoid species have highly branched fibrous root systems that are mainly distributed near the soil surface, and this leads to a rapid increase near the soil surface biomass of the grasslands during vegetation restoration (Wang et al., 2014). The vegetation composition of AM is dominated by forbs with a deep root system (Liu et al., 2018), and then the AGB increase after fencing is dominated by deep layer (Peng et al., 2020a). In high altitude, the constructive species were rhizome grass which the roots distribute mainly in the upper layer of soil in the enclosed site. With the decrease in altitude, from AM to AMS and AS, the dense cluster type grass was increased, which has more distribution of roots at the depth below 10 cm in the enclosed site (Figure 1). Long-term fencing increased AGB and improved the grassland quality especially in AS with lower altitude (Table 3). These results support the viewpoint that with the fencing the distribution of biomass in the vertical direction was changed: a part of biomass “transfer” from belowground to aboveground.

Communities responded to environmental change by altering the functional characters of some dominant species (Macgillivray et al., 1995; Bakhshi et al., 2019); for example, palatable grasses have greater competitive ability than unpalatable grasses and show an increase (Table 2) after long-term fencing (Wu et al., 2009; Deng et al., 2014). Vegetation coverage is an important indicator of land surface vegetation and ecosystem environmental change. The total coverage was significantly increased after long-term fencing in three different alpine grasslands (Tables 2, 3), which were consistent with many other fencing experiment results (Cheng et al., 2011; Mekuria and Veldkamp, 2012). The results support the viewpoint that fencing is a simple and effective measure for restoring degraded grasslands (Wu et al., 2009; Golodets et al., 2010; Deng et al., 2014; Zhao et al., 2015). The species richness (R) in AM (30) and AMS (30) was than twice in AS (12) in an enclosed area, and there was similarity in the grazed area (Table 2). It is similar with the results of Wu et al. (2012), which showed that the mean S (R = S) in AM (23.30) was nearly twice as much as in AS (11.80). Previous research has suggested that fencing may improve species richness and diversity index across the QTP (Wu et al., 2012), and our results are similar (Table 2). Increasing ranges of species richness and diversity index were bigger in AM than in AMS and AS (Table 2). Some experiment results also indicated that fencing might not necessarily increase species richness and diversity index even to decline in species richness and diversity index (Shi et al., 2010; Schultz et al., 2011; Bakhshi et al., 2019) due to differences in the competitive dominance of species (Tilman et al., 1997) and different fencing times (Deng et al., 2014). There is still no consensus on how long-term fencing affects plant species richness and diversity (Zervas, 1998; Schultz et al., 2011; Wu et al., 2012).

The high diversity makes AM more stable and resistant to perturbations than steppes (Kuhsel and Bluthgen, 2015). Species-rich plant communities are relatively more resistant to change in management regimes (Klimes et al., 2013). The sparser canopy of AS relative to that of AM (Zhu et al., 2015) also suggests much easier recruitment and settlement capabilities for grasses. Thus, long-term fencing likely promoted the recruitment and settlement of Stipa species and allowed AS communities to cumulatively benefit from natural conditions. While AM was less sensitive to fencing than AMS and AS (Figure 2), a more nuanced management regime should thus be considered in the rehabilitation of AM.



Soil Properties

Soil properties, such as BD, moisture SOC, and TN, directly regulate plant growth (Ganjurjav et al., 2016). BD was found to be lower in fenced grassland compared to grazing grassland. The reasons included the elimination of soil trampling by livestock, an increase in root biomass accumulation (Yuan et al., 2012), high soil silt and clay content, and presence of extensive shallow root systems in fenced areas (Su et al., 2005). Our results have a similar trend in AMS and AS, but there was almost no change in AM after long-term fencing (Table 3 and Figure 2). The variation of BD of different alpine grassland types was inconsistent, which was mainly caused by the inconsistent increase in BGB of different alpine grassland types after the fencing. The variation of BGB and SOC confirmed this opinion (Figures 1, 4). Long-time fencing leads to the increase in vegetation coverage, which can improve topsoil microhabitats and moisture then prevent the grassland from degradation in alpine grassland (Wu et al., 2011; Deng et al., 2014). On the other hand, increasing coverage also has stronger transpiration, which leads to a decrease in soil moisture. Our results show that soil moisture at the depth of 0–20 cm in AM was increased but in AMS and AS it was decreased at all soil depths (Figure 3). Although the coverage of all the three grasslands was increased after fencing (Table 2), the transpiration of AMS and AS was stronger than that of AM because of the large leaf area (Li et al., 2020). The stronger transpiration leads to higher water consumption, which decreased the soil moisture in AMS and AS (Figure 3).

Soil organic matter is widely recognized to be an important aspect of soil fertility, fulfilling various functions such as improving soil structure, aggregate stability, and water-holding capacity. The SOC at the 0–50 cm depth after long-term fencing in the AS and AMS was increased, but there was no obvious regular change pattern in AM (Figure 4). These were consistent with the results of other researches (Wu et al., 2010a; Zhao et al., 2015; Deng and Shangguan, 2017). Vesterdal et al. (2002) thought that the change in land use from grazing to fencing means that the annual cycle of plants was changed by the much longer grassland cycle. Consequently, this enables the development of high net primary productivity and reduces the degree of soil disturbance, leading to increased SOC fractions. TN has a similar, varying pattern with that of SOC (Yu et al., 2019).

As shown throughout this study, the community characteristics and soil properties have different changes after long-time fencing among three different alpine grasslands in northeast QTP. The vegetation coverage, AGB, plant species richness, Shannon–Wiener Diversity index, and proportion of palatable forage all improved in three alpine grasslands after long-term fencing. With the increase in altitude, from AS to AMS and AM, the percentage BGB at 0–10 cm to the total at 0–50 cm was decreased in the enclosed site, and the change in trend of the grazed site was opposite with that in the enclosed site. BD was obviously decreased in AMS and AS, but there was almost no change in AM after long-term fencing. Fencing increased the SOC and TN at the depth of 0–50 cm in the AS and AMS, but there was no obvious regular change pattern in AM. According to the results, AM was less sensitive to fencing among the three alpine grasslands, so a more nuanced management regime should be considered in the rehabilitation of AM. The similar countermeasures to prevent further degradation and restoration activities of all three alpine grasslands would lead to the failure of some ecological projects.
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