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Abstract

:

Seedlings are a crucial part of the plant community and the basis of vegetation restoration and regeneration. Grazing and climate change are two main factors contributing to vegetation changes in semiarid grasslands. However, the effects of grazing on seedling emergence with rainfall variation are not clearly understood. This study aimed to address how seedling abundance and the emergence dynamics of annuals respond to grazing with rainfall changes in different years. We conducted a seedling investigation experiment in a grassland along a grazing intensity gradient (light grazing—LG; moderate grazing—MG; heavy grazing—HG) in contrasting wet and dry years. The results showed that MG increased the seedling richness of grasses and forbs in the wet year, but increasing grazing resulted in a decline in forb richness in the dry year. Seedling abundance of grasses was enhanced under MG, while seedling abundance of forbs was higher under HG. The monthly emergence dynamics were generally in a single peak pattern, but the peak time of seedling emergence for forbs advanced under HG. Seedling abundance of whole annuals increased with grazing in the wet year but was much higher under MG in the dry year. Our results suggest that more judicious grazing management based on rainfall variation and functional composition of the plant community should be undertaken to facilitate grassland restoration.
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1. Introduction


Grazing has been identified as one of the main drivers of vegetation changes in grasslands, resulting in variations in species composition, fluctuations in plant abundance, and production [1,2,3,4]. Vegetation degradation of grasslands caused by grazing combined with climate changes, including changing precipitation, may lead to cascading effects on ecosystem function and services [5,6]. Overgrazing and precipitation uncertainty have become critical challenges to biodiversity and the ecological equilibrium in grasslands, particularly for those in arid and semi-arid regions [7,8]. Assessing the impacts of grazing on vegetation changes scientifically and adopting suitable management practices for promoting natural vegetation restoration under post-grazing grassland is the basis and effective measure to prevent and control grassland ecological degradation.



Seedlings are an important part of the plant community and the basis of vegetation restoration and regeneration [9,10]. Seedlings in the seedling bank usually affect the distribution and richness of adult plants in the community by participating in the natural regeneration of vegetation, as well as the composition, dynamic changes and species diversity maintenance of the aboveground vegetation [11,12]. The abundance and species composition of seedlings and the time of seedling emergence all restrict the community formation and vegetation dynamics, and they also affect the anti-interference ability and restoration ability of the ecosystem [13]. Therefore, the study of seedling emergence and the abundance of the seedling bank under different environmental circumstances can inform restoration planning and vegetation management [14,15].



Grazing disturbance and rainfall changes have been considered as two important factors impacting seedling emergence and growth in semi-arid grasslands due to seedling emergence being dependent both on seed availability in the soil and on water availability for seedling emergence [16,17]. Grazing strongly influenced seedling emergence through changing seed bank size and seed distribution from livestock feeding and trampling [18,19]. Although the effect of grazing on seedlings has been frequently studied, no consistent conclusion has been found. Some studies found a higher seedling density and higher species richness under moderate grazing intensities [13]. Some researchers reported that higher grazing intensity increased the richness and the density of seedlings [19]. Others suggested that seedling number and diversity reduced with intensive grazing [20]. Furthermore, seedling emergence and growth are sensitive to water availability in arid environments and are closely related to rainfall [17,21]. Higher precipitation and better water conditions might be beneficial for seedling emergence and establishment. On the contrary, seedling emergence was negatively affected by drought and fewer seedlings would emerge and settle in aridity conditions [12,22]. Moreover, the impacts of grazing and precipitation variability on seedlings always interact with each other, which results in the complexity and inconsistency of results [2,23]. For instance, studies found that higher-intensity grazing could buffer the negative impacts of drought on seedling richness and density [24]. Thus, understanding how grazing influences the seedling patterns with rainfall variation is essential and of crucial importance for guiding restoration practices in grasslands against the background of climate change.



Although previous studies have shown the important role of grazing and precipitation variation on shaping seedling communities [6,12,20], most studies have only focused on seedlings during early spring or during a certain stage in the growing season (e.g., in June) about the whole community [13,25]. However, the total emergence and dynamics of seedlings over the whole growing season and the interaction effects of grazing and rainfall variation on seedling patterns are less investigated, and whether the effects of grazing on seedlings will alter with functional types has rarely been addressed. These aspects limit the accuracy and integrity of evaluation of grazing impacts on seedlings. Annuals (including annual grasses and annual forbs) are the primary component of vegetation in semi-arid regions, playing important ecological functions in restoring grassland ecosystems [26]. To understand how grazing affects the seedling patterns of annual plants, we conducted a field investigation experiment and examined the differences in seedling composition, total abundance, and monthly dynamics of seedlings along the grazing gradient and compared the seedling patterns of different functional types in contrasting wet and dry years. The aims of this study were to clarify: (1) how grazing affects seedling composition, abundance, and emergence dynamics; (2) whether the effects of grazing on seedlings were consistent in wet and dry years; and (3) whether the impacts of grazing on seedling emergence differed with functional groups.




2. Materials and Methods


2.1. Study Area


The study was conducted on a sandy grassland near the Naiman Desertification Research Station, Chinese Academy of Sciences (42°54′ N, 120°42′ E, 360 m a.s.l.) in the southwestern Horqin sandy grassland, Inner Mongolia, China (Figure 1). The study area has a typical temperate semi-arid continental and monsoonal climate. The mean annual precipitation is 353.2 mm, nearly 87% of which falls in the growing season from May to September [27]. The mean annual potential evaporation is 1935 mm. The mean annual temperature is approximately 6.9 °C, and the frost-free period averages about 150 days per year [3]. The landform is flat and open; soils are classified as sandy chestnut soils [28]. Plant species are mainly annual grasses and forbs, such as Setaria viridis, Corispermum macrocarpum, Salsola collina, Artemisia scoparia, and Bassia dasyphylla [3,29].



The precipitation and temperature during the experimental period in 2019 and 2020 are shown in Table 1. The precipitation from April to August in 2019 was 341.0 mm, 18.3% higher than the long-term average precipitation in the same period in the study area [30]. The precipitation from April to August in 2020 was 229.2 mm, 20.0% lower than the average precipitation. The average temperatures during the growing seasons of the two years were similar. In terms of precipitation in the growing season, 2019 was a relatively wet year but 2020 was a relatively dry year for plant growth.




2.2. Experimental Design and Data Collection


To explore the seedling pattern of annuals along a grazing gradient, the experiment was established at selected sites in each grazing intensity grassland, managed with different grazing intensities during the last 25 years. The light grazing (LG), moderate grazing (MG), and heavy grazing (HG) grasslands had been managed as a long-term free and public grazing pasture, and livestock was allowed to enter during the autumn and winter of each year according to the local seasonal grazing prohibition policy, with approximately 2 sheep units ha−1, 4 sheep units ha−1, and 6 sheep units ha−1 in light, moderate, and heavy grazing areas, respectively, which were classified according to the standard and method of Zhao et al. [3]. No grazers were present in the study field during experiment. Three groups of fifteen 0.5 m × 0.5 m fixed quadrats in total were randomly set up in each grazing intensity grassland in early April 2019. The seedling emergence of annuals was monitored using the seedling removal method [31] during the growing seasons in 2019 and 2020.



In each year, we investigated the number of species and emerged seedlings of each species every fifteen days during the period of the main growing season from mid-April to mid-August. In each quadrat, the emerging seedlings were identified, recorded, and removed at each investigation. Then, species richness (species number) and the total abundance (number of total seedling emergence) of seedling emerged were obtained by summing the data from each investigation. During the investigation, we marked and kept the seedlings, which were difficult to identify until they grew up to be recognizable. We identified these seedlings species by referring to the online Flora of China (www.cn-flora.ac.cn, (accessed on 15 July 2020)) website. All of the emerged annual seedlings were classified into two plant functional groups as an annual grass species group and an annual forb species group in this study. The functional composition percentage of seedlings was the seedling number of grasses or forbs divided by the total number of seedling emergence, and the percentage of monthly seedling emergence was the number of emergence in each month divided by the total number of seedling emergence in that year. The soil water content (0–20 cm soil depth) in each quadrat was measured simultaneously during the experiment and was measured in triplicate using a soil moisture meter (TDR300). The mean soil water content from each month and each year were calculated under each grazing intensity.




2.3. Data Analyses


Two-way ANOVA was used to test the effects of grazing intensity impact on the abundance in the functional groups of the seedling bank in the two contrasting years. The difference in the functional composition percentage of the seedling bank and monthly seedling emergence among the grazing intensities were tested by one-way ANOVA. Results were considered to be significantly different at the level of p < 0.05 with the Tukey test. Dependent data of emergence were square root-transformed to meet the assumption of normality and homogeneous variances. The difference in average annual soil water content between the two experimental years under different grazing intensities were tested by paired t-test, and a Pearson correlation analysis was used to examine the relationship between seedling emergence and the average monthly soil water content under different grazing intensities. Data analysis and graphing were carried out with the IBM SPSS 22.0 and Origin 22.0 (OriginLab Corporation, Northampton, MA, USA).





3. Results


3.1. Species Richness of the Seedling Bank


In 2019 (the wet year), there were 9, 15, and 7 total annual species recorded in the LG, MG, and HG grasslands, respectively, and 13, 13, and 11 annual species in 2020 (the dry year), with forb species dominating in the seedling bank under all grazing intensities in both years (Figure 2; Table S1). Species richness of grasses, forbs, and all annuals showed the trends of, firstly, an increase, then a decrease along the grazing gradient in 2019. The species richness of grasses showed the same trend in 2020, while the species richness of forbs and all annuals decreased with grazing intensity in 2020 (Figure 2).




3.2. Abundance and Functional Composition of the Seedling Bank


The abundance of the seedling bank of grasses, forbs, and all annuals were significantly different among the different grazing intensities and between the two years in the semi-arid sandy grassland. There were significant interactions between the grazing intensity and year on the abundance of the seedling bank of forbs and all annuals, but no significant interaction with the abundance of the seedling bank of grasses (Table 2).



The total seedling emergence of grasses significantly differed (p < 0.05) among grazing intensities with the highest value in MG in both years, and it was always higher in the wet year than in the dry year under all grazing intensities (Figure 3a). The total seedling emergence of forbs was significantly higher (p < 0.05) in HG than in LG and MG in both years, and there were more forbs seedlings in the wet year than in the dry year under HG, but the seedling emergence in terms of the number of forbs changed little from the wet year to the dry year under LG and MG (Figure 3b). The total seedling emergence of all annuals increased with grazing and was significantly higher (p < 0.05) under HG in the wet year but was higher under MG in dry year (Figure 3c).



There was a higher proportion of forb seedlings but a lower proportion of grass seedlings under LG and HG; however, there was a higher proportion of grass seedlings but a lower proportion of forb seedlings under MG in both years. In contrast to the wet year, the percentage of grass seedlings decreased but the percentage of forb seedlings increased in the dry year under LG and MG; however, the functional composition percentage of seedlings was similar in the wet year and the dry year under HG (Figure 4).




3.3. Seedling Emergence Dynamics


The monthly seedling emergence of grasses was always highest under MG, followed by HG, and was lowest under LG in both years. The seedling emergence dynamics of grasses under LG and HG showed a similar trend, with one peak in May in both years; however, there were two emergence peaks (in May and July) under MG in 2019 but one peak in May in 2020 (Figure 5a,b). The monthly seedling emergence of forbs was always in the order of HG > LG > MG in the wet year, and the emergence dynamics showed a single peak pattern, peaking in April under HG in both years and under LG in the wet year; however, the peak occurred in May under MG in both years and under LG in the dry year (Figure 5c,d). For all annuals, the difference in monthly seedling emergence among grazing intensities was similar to that of grasses, in the order of MG > HG > LG, except in April. The emergence dynamics showed a single peak pattern in most cases, with the exception of two peaks under MG in the wet year (Figure 5e,f).



Although there was higher proportion of grass seedlings emerging in May in both years, the percentage of seedling emergence in May decreased in 2020 under LG and HG and was similar under MG between the two years (Figure 6a). However, the emergence percentage in June increased in 2020 under all grazing intensities, compared with those in 2019 (Figure 6a). A higher proportion of forb seedlings emerged in April and May; however, in contrast to 2019, the emergence percentage in April decreased in 2020, while the emergence percentage in May and June increased under all grazing intensities (Figure 6b). The emergence percentage of all annuals in the first two months (April–May) under LG and HG decreased in 2020, compared to those in 2019 (Figure 6c). However, the percentage of emergence for all annuals in June–July obviously increased in 2020, compared with those in 2019 under LG and HG (Figure 6c).




3.4. Correlation between Seedling Emergence and Soil Water Content


The results showed that the soil water contents in 2019 were obviously higher than those in 2020 under all grazing intensities (Figure 7). There were significant positive responses in the total seedling emergence of annuals and grasses to soil water content in July but negative responses to soil water content in April under LG (Figure 8a). However, under MG, the total seedling emergence of annuals and grasses positively correlated with the soil water content in June and July but negatively correlated with the soil water content in May (Figure 8b). Significant positive correlations were only found between the total seedling emergence of annuals and forbs and the soil water content in July under HG (Figure 8c). The total seedling emergence of annuals significantly correlated with the seedling emergence of both grasses and forbs under LG, while there was a higher correlation with seedling emergence of grasses under MG and a higher correlation with seedling emergence of forbs under HG.





4. Discussion


4.1. Effects of Grazing on Species Richness of Seedlings in Wet and Dry Years


Our data showed that species richness of the total emerged seedlings along the grazing gradient differed between the wet and dry years. It suggested that rainfall variation in the growing season influenced the impacts of grazing on seedling species richness. In the wet year, seedlings of more species of both grasses and forbs presented with MG, which was in agreement with the results of other studies, showing that higher species richness of seedlings was found under moderate grazing than the other grazing intensities [13]. This suggests that moderate grazing enhanced the seedling emergence of more species in wet conditions. Previous studies have suggested that moderate grazing could promote the enhancement of the plant richness and diversity in semiarid grasslands [32]; there is a higher similarity of species composition between the seedlings emerged from the seed bank and the aboveground vegetation [33,34,35,36], and grazing influenced the richness of seedlings by affected the richness of aboveground species [12]; thus, more species being present under MG conditions may be explained by the higher species diversity of vegetation in the moderate grazing habitat [3,36], and adequate rainfall in the wet year might enable seeds from more species to germinate and emerge. However, low species richness in the aboveground vegetation under LG and HG limited the species diversity of emerged seedlings, especially in HG [13,36,37,38], even though the water conditions were better. Furthermore, the species richness of seedlings (especially for forbs) decreased with grazing in the dry year. It is possible that intensive livestock trampling with heavily grazing might lead to more seeds on the soil surface being buried into deeper soil [39], and it is difficult for those deep buried seeds to germinate and emerge under the scant rainfall conditions in the dry year. Additionally, the seeds of forbs with flat or non-spherical diaspores are more likely to be buried and they have high requirements for water conditions for seedling emergence [34,40,41].




4.2. Effects of Grazing on Seedling Abundance of the Seedling Bank in Wet and Dry Years


The results from the present study indicated that grazing and rainfall variation had a remarkable individual and interactive effect on the abundance of the seedling bank. More seedlings of grasses emerged in the wet year and under MG, which suggested that moderate grazing and adequate rainfall were beneficial for the seedling emergence of grasses, while the seedling emergence of grasses was greatly limited under light and heavy grazing, particularly in a drought year. This may be due to the possibility of moderate grazing facilitating seed storage in the soil seed bank [42] and more grasses species emerging under MG. The results were in line with the conclusions from other studies, in which a higher seedling emergence was also found under a moderate grazing intensity [11]. Moreover, although many environmental factors, such as temperature, influenced seedling emergence, studies have shown that rainfall and water availability were the most important environmental factors that restrict seed germination and seedling emergence in arid and semi-arid regions [41,43,44]. Furthermore, water availability in the soil is mostly regulated by rainfall variation in this region [26,45], which resulted in a higher seedling emergence in the wet year than in the dry year. In addition, the temperatures of the two experimental years was similar (Table 1), but the soil water contents were obviously higher in the wet year than in the dry year, then the seedling emergence was higher in the wet year than in the dry year, indicating the effect of rainfall variation.



In contrast, a higher seedling abundance of forbs was found under HG in the wet year in this study, which suggested that heavy grazing and higher soil water availability could stimulate more seedlings of forbs to emerge. This was in line with previous studies, which have demonstrated that decreasing the grazing intensity reduced the species number and number of emerged seedlings; however, intensive grazing could be effective for enhancing seedling growth [46,47]. The results could be attributed to the seedling emergence of plants being affected by both the depth of seed burial and the amount of precipitation [20], as livestock trampling with intensive grazing could strongly promote seedling emergence by pressing surface-lying seeds into the uppermost soil layer, and create suitable establishment gaps for emergence [19,48]. Therefore, a certain depth of seed burial might be needed and be helpful for the seedling emergence of forbs in the study area. This was also evident in our results regarding a lower seedling abundance of forbs under LG and MG than under HG, regardless of whether it was a wet or dry year. Furthermore, our results showed that the seedling abundance of all annuals in 2019, with a relatively higher rainfall, was highest under HG; however, it was higher under MG in 2020, with a relative lower rainfall. This is likely to be related to the higher proportion of forb seedlings under HG, but the higher proportion of grass seedlings under MG. Overall, considering the whole annual community in the study region, the results suggested that increasing the grazing intensity, especially with heavy grazing, could strongly promote an increase in the seedling abundance with higher rainfall, while moderate grazing has the greatest promoting effect on seedling emergence during drought.




4.3. Grazing Effects on Emergence Dynamics in Wet and Dry Years


Studies have shown that the pattern of seed germination and seedling emergence over time is similar to a single peak, which is the manifestation of the biological characteristics of seeds under appropriate conditions and is also the adaptive responses of plants to environmental conditions [49,50,51]. In our study, seedling emergence also showed a single peak pattern in most cases while the time of the peak differed with functional types, grazing intensities and between the wet and dry year, and the peak of seedling emergence was advanced in April under heavy grazing, compared with that in May under other conditions. This suggested that the emergence dynamics of plants in semi-arid grasslands are not only related to plant characteristics but also influenced by grazing disturbance and rainfall variation. Previous studies have reported that annual plants generally exhibit two different germination and emergence strategies, including an opportunistic strategy and a cautious strategy, which can effectively improve the competitive advantage of plants [43,52]. Here, most species under LG and MG might exhibit a cautious strategy; they generally emerge in batches, avoiding competition for resources and deterring the possible risks of mass loss through heterogeneity in the timing of seed germination and seedling emergence [43,53]. However, most species (in particular for forbs) under HG were likely to exhibit an opportunistic strategy: to adapt to uncertainty environments in the following summer through rapid emergence and early settlement. In addition, a large number of seedlings emerged in early spring, providing enough individuals for environmental screening so that a certain number of seedlings could survive and eventually establish, which provided a material basis for population reproduction and regeneration [54,55].



A notable exception was that the emergence dynamics of grasses under MG showed two peak patterns with the second peak occurring in July 2019. A possible explanation is that sufficient rainfall in July in that year stimulated the germination and emergence of dormant seeds in the deeper soil under MG, due to the higher species richness under MG (Figure 2). The correlation between seedling abundance and the soil water content also confirmed that seedling emergence was strongly influenced by soil water content in July. Studies have shown that delaying germination and emergence is another effective risk-dispersion strategy for plants in unpredictable environments [56,57]. In the present study, the emergence percentage of grasses and forbs in April and May decreased, but the emergence percentage in June and July increased in 2020 with low rainfall, compared with that in 2019 with more rainfall, especially under HG. This could be partly due to the lower rainfall during spring, especially in April 2020, not meeting the water conditions for seed germination, which limited the seedling emergence of most plants [29,31], while more rainfall in June–July during the rainy season stimulated the germination and emergence of more plant seeds. Moreover, previous studies have suggested that the seeds of some plants would remain dormant in severe environments with lower water conditions but overcome this dormancy when the environment improves with soil water availability increasing [31,36,58]. Hence, some annual plants in the studied region may adopt the strategy of delaying emergence to adapt to drought and severe environments in years with low rainfall. However, due to the complexity of the interactive effects of grazing and rainfall on the plants, continuous observation and widely ranging experiments are still required to explore the mechanisms of the grazing impacts on vegetation changes under the background of climate change.





5. Conclusions


Grazing strongly affected seedling richness, seedling abundance, and emergence dynamics, while the effects altered with functional types and rainfall variation. Moderate grazing could enhance forb richness in a wet year and enhance grass richness in both wet and dry years, while forb richness decreased with the increase in grazing intensity in a dry year. There were more seedlings emerging in a wet year than in a dry year, and the emergence peak varied with rainfall variation and grazing intensity. Moderate grazing enhanced the seedling abundance of grasses, while heavy grazing promoted the seedling abundance of forbs and advanced the peak time of seedling emergence. This study showed that increasing grazing was beneficial for seedling emergence in the year with more rainfall during the growing season, but moderate grazing was more helpful for enhancing seedling emergence in the year with low rainfall during the growing season. It is necessary to adopt more judicious grazing management measures based on rainfall variation and the functional composition of the plant community, thus promoting the vegetation restoration of semi-arid grasslands through affecting the seedling emergence patterns.
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Figure 1. Location of the study area. 
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Figure 2. Species richness of the seedling bank in different grazing intensities during the two years. 
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Figure 3. Total seedling emergence of annual grasses (a), annual forbs (b), and all annuals (c) under the different grazing intensities during contrasting wet and dry years. Different letters indicate significant differences (p < 0.05) among the different grazing intensities in the same year. 
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Figure 4. Functional composition percentage of the seedling bank under the different grazing intensities during the two years. Mean ± SE. Different letters indicate significant differences (p < 0.05) among the different grazing intensities in the same functional groups. 
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Figure 5. The monthly seedling emergence of different functional groups under the different grazing intensities during the two contrasting years. The asterisk indicates significant difference among grazing intensities each month. (a,b) the seedling emergence of grasses; (c,d) the seedling emergence of forbs; (e,f) the seedling emergence of all annuals. Mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 






Figure 5. The monthly seedling emergence of different functional groups under the different grazing intensities during the two contrasting years. The asterisk indicates significant difference among grazing intensities each month. (a,b) the seedling emergence of grasses; (c,d) the seedling emergence of forbs; (e,f) the seedling emergence of all annuals. Mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.



[image: Agronomy 12 02131 g005]







[image: Agronomy 12 02131 g006 550] 





Figure 6. The percentage of monthly seedling emergence under the different grazing intensities during the two years. (a) annual grasses; (b) annual forbs; (c) all annuals. 
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Figure 7. The soil water contents under the different grazing intensities in the two contrasting years. Mean ± SE. Different letters indicate significant differences (p < 0.05) between the two years under the same grazing intensity. 
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Figure 8. Pearson correlations between the seedling emergence and the monthly soil water content under the different grazing intensities. (a) Correlations in LG; (b) Correlations in MG; (c) Correlations in HG. 
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Table 1. Precipitation and temperature during the growing season from April to August in two experimental years.
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Time

	
Precipitation (mm)

	
Temperature (°C)




	
April

	
May

	
June

	
July

	
August

	
Total

	
April

	
May

	
June

	
July

	
August

	
Average






	
2019

	
6.2

	
72.0

	
59.8

	
61.6

	
141.4

	
341.0

	
9.8

	
18.3

	
21.4

	
24.5

	
21.2

	
19.0




	
2020

	
3.0

	
92.6

	
43.6

	
30.6

	
59.4

	
229.2

	
8.7

	
16.5

	
22.3

	
24.6

	
22.4

	
18.9
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Table 2. F values of two-way ANOVAs of the seedling abundance with grazing and year.
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Factors

	
Seedlings of Grasses

	
Seedlings of Forbs

	
Seedlings of All Annuals




	
F

	
Sig.

	
F

	
Sig.

	
F

	
Sig.






	
Grazing

	
24.283

	
0.000 ***

	
17.353

	
0.000 ***

	
21.666

	
0.000 ***




	
Year

	
20.744

	
0.000 ***

	
28.160

	
0.000 ***

	
16.129

	
0.000 ***




	
Grazing × Year

	
0.950

	
0.391

	
12.611

	
0.000 ***

	
15.680

	
0.000 ***








Note: *** p < 0.001.
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