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Abstract

:

The belowground bud bank plays an important role in plant communities succession and maintenance. In order to understand the response of the bud bank to the sod layer moisture, we investigated the bud bank distribution, size, and composition of six different water gradient alpine meadows through excavating in the Zoige Plateau. The results showed: (1) The alpine meadow plant belowground buds were mainly distributed in the 0–10 cm sod layer, accounting for 74.2%–100% of the total. The total bud density of the swamp wetland and degraded meadow was the highest (16567.9 bud/m3) and the lowest (4839.5 bud/m3). (2) A decrease of the moisture plant diversity showed a trend of increasing first and then decreasing. Among six alpine meadows the swamp meadow plant diversity was the highest, and species richness, Simpson, Shannon–Wiener, and Pielou were 10.333, 0.871, 0.944, and 0.931, respectively. (3) The moisture was significantly positively correlated with the total belowground buds and short rhizome bud density. There were significant positive correlations with sod layer moisture and tiller bulb bud density. This study indicates that the moisture affected bud bank distribution and composition in the plant community, and the results provide important information for predicting plant community succession in the alpine meadow with future changes in precipitation patterns.
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1. Introduction


Plant community maintenance and regeneration is realized by the continuous renewal of plants [1]. In addition to seed propagation, plants can also conduct asexual propagation (population reproduction and renewal rely on belowground buds) [2,3]. Plant bud bank is defined as a collection of all buds that are potentially used for vegetative reproduction [4]. In natural conditions, belowground plant bud banks play an important role in population regeneration and maintenance [5]. Some ecological systems (especially overgrazing grassland ecosystem) cannot reach sexual maturity and engage in seed breeding due to many reasons such as animal eating and low temperature stress. [6,7]. Therefore, asexual reproduction has become the main reproduction method in many grassland ecosystems, especially in the perennial grassland where the role of a bud bank is even greater than that of the seed bank [8,9]. For example, 99% of the aboveground plant stems in North American grasslands were formed from the bud bank [10]; 84% of the alpine grassland area in the Alps is occupied by clonal plants [11].



As an important dynamic composition of grassland vegetation, belowground bud bank is the key to study plant adaptation to environmental stress, ecological restoration, and succession, and it directly affects the function of the terrestrial ecosystem [12,13]. In a grassland ecosystem, the size and composition of the plant bud bank can reflect the aboveground plant richness, species composition, and other characteristics, and the population renewal of plants in response to different disturbances and environmental stresses [2,3]. Plants respond to disturbance and stress such as grazing, burning, drought, and water flooding by regulating the input, output, and size of the bud bank, and this then affects the vegetation community structure [3,14]. In addition, asexual plants can enhance their competitiveness through clonal integration, which is important for plants to expand their growth space, tolerate stressful environments, and effectively utilize heterogeneous resources [15,16]. Therefore, the bud bank is of great significance and even plays a decisive role in ecosystem resilience, plant community structure, and productively copes with drought, grazing pressure, or invasion of alien plant species [9,17]. The ability of the grassland ecosystem to respond to disturbances is closely related to the rapid regeneration and growth of the belowground bud bank, which could be used to predict the plant community dynamics to a certain extent [18].



At present, the study about plant bud banks has been carried out worldwide. Studies have shown that water is one of the key factors affecting the density of belowground buds. The size and composition of plant buds is closely related to precipitation. The larger the precipitation, the more abundant the bud bank will be. For example, the density of buds in North American grasslands increases significantly with the increase of annual average precipitation [10]. Some plants have high photosynthesis efficiency under high soil moisture, and more organic matter is produced to translate rhizome buds, enabling plants to escape from an unfavorable habitat and seek a favorable habitat to survive and reproduce [5]. In habitats with relatively high-water stress, the number and types of belowground bud banks is poor, and plants tend to adopt a conservative strategy to produce a larger proportion of bulb buds and tiller buds to maintain their population survival. With the intensification of water stress, plants translate from expansive strategies to conservative strategies by producing more rhizome buds. Arid soil cannot provide sufficient water for plants, thus affecting photosynthesis, physiological functions, and the expansion of plant populations. This should be the result of intra-species competition within plant communities and the trade-off between sexual reproduction and asexual reproduction [5,9]. Therefore, the belowground bud bank is an important regulatory mechanism of the structure and composition of the grassland community in response to drought stress [19]. However, Zhang et al. [20] believed that drought conditions were not conducive to plant growth, so plants produce a large number of rhizome buds for plasticity. In this way plants escape from the adverse habitat and reach a resource-rich habitat [20]. If soil moisture is abundant, plants adopt a conservative mode to produce a large number of tiller buds for cloning and reproduction, so as to take full advantage of occupied resources. The differences in the above research conclusions should be attributed to the differences in plant physiology that lead to the adoption of different strategies in response to different environments. However, in the alpine meadow grassland, it is still unknown how the plants belowground bud bank changes with water distribution. Under the background of global climate change, how the bud bank and plant community composition of alpine meadow grassland change, especially in response to the change in water distribution patterns, has become an important issue in the study of alpine meadow grassland.



Alpine meadow is the main vegetation type of the Tibetan Plateau, accounting for about 50% of the available grassland area [21]. Alpine meadow is the material basis of animal husbandry production on the plateau, and also a huge ecological protective screen in the inland and surrounding areas of China. The alpine meadow ecosystem is fragile with poor anti-interference ability and is sensitive to climate change and human disturbance [1,22]. Alpine meadow soil differs greatly from other ecosystems; it has 0–30 cm soil which is called the sod layer and has a high content of organic matter, as well as an interwoven entanglement of living and dead roots that makes the sod layer soft and tough [23]. The sod layer is not only the hub of material circulation and energy flow in an alpine ecosystem, but also the distribution layer of belowground bud bank of alpine plants. Therefore, the change of sod layer’s physical and chemical properties has an important impact on the generation, germination, and distribution of plant buds. At present, the alpine meadow ecosystem has been degraded to varying degrees under the dual influences of natural and human activities. Herbage has been replaced by poisonous weed species, grassland has become bare, and the ecological role of the sod layer has been reduced to varying degrees. Alpine meadow restoration has become an important research topic in ecology and other fields. Relying on plant bud bank to restore local vegetation is the most effective method to restore plant diversity without damaging the genetic diversity [24]. Understanding the plant belowground buds’ contribution of different components is beneficial to (1) reveal the dynamic mechanisms of different plant communities along grassland succession sequences [5,25], (2) provide support for recovering degraded grassland, and 3) develop appropriate grassland management strategies and theoretical guidance for maintaining the community structure and productivity of existing plants [5,25].



This study’s primary purpose is to determine the response of the plant community belowground bud bank in the Zoige Plateau alpine meadow of China along different water gradients. The study attempts to answer the following scientific questions: (1) How does the size and composition of the bud bank in alpine sod layer respond to different water gradients? (2) Is there any difference in the response of different types of bud bank to alpine sod layer moisture? This study is helpful to understand and predict the dynamics of the grassland plant community in the alpine meadow, and reveal the general trend of the growth and change of the grassland plant community under climate change.




2. Materials and Methods


2.1. Site Description


The study area was located in the eastern part of the Tibetan Plateau, named the Zoige Plateau (Figure 1). The area is a typical plateau wetland with an elevation of 3400–3800 m and an average elevation of 3500 m [23,26]. The climate of the continental plateau is a semi-humid monsoon climate, which is cold and humid, has a long frost period, and seasonal changes are not obvious. The annual average temperature is 0.7 °C, the annual average precipitation is 656.8 mm, and the rainy season is in June, July and August, when the precipitation accounts for 70% of the whole year. The annual average sunshine length is 2389 h, and the annual average evaporation is 1232 mm [27,28].



In the Zoige Plateau, the alpine meadow was divided into swamp wetland, degraded swamp, swamp meadow, wet meadow, upland meadow (also known as dry meadow), and degraded meadow according to the surface water and vegetation conditions. Swamp wetland plots and degraded swamp plots are located in the Zoige Wetland Reserve, Ruoergai County, Sichuan Province (33°55′42″ N, 102°52′15″ E; 33°55′6″ N, 102°49′13″ E). Swamp meadow plots are located at the northern side of the Rierlang Mountain piedmont in Ruoergai County, Sichuan Province (33°4′15″ N, 102°8′11″ E). Wet meadow plots and upland meadow plots are located at the Hequ Horse Farm, Maqu County, Gansu Province (33°49′05″ N, 102°08′49″ E; 33°55′18″ N, 102°09′03″ E). Degraded meadow plots are located in Maixi Town, Ruoergai County, Sichuan Province (34°01′28″ N, 102°28′18″ E).



The alpine meadow sod layer moisture is shown in Figure 2.




2.2. Sampling Method


The size of the belowground bud bank was relatively stable from the end of the growing season to the second beginning [7,10]. Therefore, investigation and sampling studies on sample plots took place from 11–29 September, 2018. The composition and distribution of alpine meadow bud bank were studied along water gradient. There are different degrees of grazing in degraded swamp, swamp meadow, wet meadow, and degraded meadows. Swamp wetland plots were located in the Zoige Wetland Reserve, so swamp wetland was banned by the government in 2009. Upland meadow plots were banned to protect the test instrument in 2016. Therefore, the investigation of aboveground biomass of plants is only for reference, not for discussion, in this study.



The data of vegetation type, coverage, height, and number of individuals were randomly investigated with three 1 × 1 m samples. Clipped aboveground biomass within grazed plots was collected, dried at 60 °C for at least 48 h and weighed to the nearest 0.01 g.



A total of 3 bud samples, with a size of 15 cm × 15 cm, were randomly selected from each plot with a depth of 30 cm and divided into 3 layers: top (0–10 cm), middle (10–20 cm), and lower (20–30 cm). Soil was carefully removed from each soil core in the field. Then, samples were collected and placed in plastic bags and stored at 4 °C until they were brought back to the laboratory for processing [8,10]. The soil samples were crushed and washed with water within two weeks, and the buds were counted according to soil layer and bud type. In this study, only living buds were counted and dead buds were artificially removed. We assigned buds to species and types using bud morphology, phyllotaxy, morphology of the attached root system, and morphology of any remaining aboveground parts. Due to the differences in bud morphology, different types of buds were counted in different ways: rhizome buds could be counted directly, and tiller buds and bulb (bulbous) buds could be counted after anatomy [17,20].



Previous studies show that bud density is related to the soil moisture [8], so we measured sod layer moisture in our subplots to check the results.




2.3. Statistical Analyses


The following formulas are used to calculate the plant important values, Simpson index, Shannon–Wiener, and Pielou index [29].

	(1)

	
Calculation method of important value (IV)


IV=Rh+Rc+Rd3,










Rh=hi∑i=1shi,










Rc=ci∑i=1sci,










Rd=di∑i=1sdi,








where Rh is relative height, Rc is relative coverage, Rd is relative density, hi is the height of the species i, ci is the coverage of the species i, di is the abundance of the species i, i = 1,2,3,..., S.




	(2)

	
Simpson index:


D=1−∑i=1spi2,








where D is the Simpson index; Pi is the relative important value of species i, i = 1,2,3,..., S.




	(3)

	
Shannon–Wiener:


H=−∑i=1spilnpi,








where H is Shannon–Wiener; Pi is the relative important value of species i, i = 1,2,3,..., S.




	(4)

	
Pielou index:


J=H/lnS,








where J is the Pielou index and S is the total number of species.









Data including bud density, soil water content, and vegetation community characteristics for all quadrats were averaged to describe each vegetation community type. The number of buds per quadrat (for 10 cm depths) was converted to the number of buds per meter3 before analysis. Excel 2013 was used to calculate different bud types density and plant diversity. A one-way analysis of variance (ANOVA) was used to analyze the differences in four types of bud density and vegetation community characteristics for a different plant community. Pearson correlation coefficients of relationships between belowground bud bank and plant community in alpine meadow was calculated by SPSS 24.0. The significant difference level was 0.05, and the extremely significant difference level was 0.01. Drawing was done with Origin 9.0.





3. Results


3.1. Distribution of Belowground Buds


As a whole, in 0–30 cm alpine sod layers the total bud density decreases with the decrease of moisture (Figure 3). The total bud density of the swamp wetland was the highest (16567.9 bud/m3), followed by 13851.9 bud/m3 of degraded swamp with no significant difference. The belowground bud density of degraded meadow plants was the lowest at 4839.5 bud/m3.



The plant buds were mainly distributed in the 0–10 cm sod layer and account for 74.2%–100% of the total, which is rarely distributed in the 20–30 cm sod layer. Degraded meadow plant buds were only distributed in the 0–10 cm sod layer. On the whole, the higher the moisture of the sod layer, the higher the bud density of 0–10 cm sod layer. The Swamp wetland bud density of 0–10 cm sod layer is the largest (38888.9 bud/m3), followed by the degraded swamp (36074.1 bud /m3). The minimum bud density in 0–10 cm sod layer was found in the upland meadow (14074.1 bud/m3).




3.2. Composition of Plant Belowground Buds


On the whole, with the decrease of moisture in the sod layer, tiller buds, long rhizome buds, short rhizome buds, and bulb buds’ density decreased gradually, the percentage of tiller buds in total buds increased gradually, and the difference of tiller buds’ density among six alpine meadow community plants was not significant (Table 1). The swamp wetland plants density of tiller buds was the highest, and accounted for the lowest percentage of total buds (4444.4 bud/m3, 26.8%). The belowground tiller bud density of wet meadow plants was the lowest (1867.2 bud/m3). The highest percentage of tiller buds was 60.4% in the degraded meadow.



With the decrease of sod layer moisture, the long rhizome bud density decreased gradually (Table 1). The long rhizome bud density of degraded swamp plants was the highest at 2814.8 bud/m3, accounting for 20.5% of the total buds. The percentage of long rhizome bud in total buds of swamp meadow was the lowest (10.0%) and the percentage of wet meadow plants was the highest (27.1%).



The percentage of short rhizome buds in total buds decreased gradually with the decrease of moisture. The density of short rhizome buds in swamp wetland was the highest, accounting for the highest percentage of total buds, which were 9135.8 bud/m3 and 54.6%, respectively. The short rhizome bud density of upland meadow was the smallest and the percentage of total buds was the lowest, 1086.2 bud/m3 and 22.4%, respectively.



Bulb buds were distributed only in swamp wetland and degraded swamp, with densities of 1012.4 and 1209.9 bud/m3, accounting for 6.7% and 8.6% of total buds, respectively (Table 1).




3.3. Plant Community Characteristics


With the decrease of alpine sod layer moisture, the plant composition of different communities changed to some extent (Table 2). For example, the dominant plants in swamp wetland were Carex muliensis, Kobresia setchwanensis and Artemisia annua; the common plants were Deschampsia caespitosa and Koeleria cristata. The dominant plants in wet meadow were Blysmus sinocompressus and K. setchwanensis. The common plants were C. muliensis, C. moorcroftii and Deschampsia caespitosa. The dominant plants in degraded meadow were C. muliensis, K. setchwanensis, and Potentilla anserina, and the common plants were Ligularia virgaurea and Leontopodium haplophylloides.



With the decrease of sod layer moisture, the plant diversity increased first and then decreased (Table 3). Among the six alpine meadows with different water gradients, the plant diversity of swamp meadow was the highest. Compared with swamp meadow, plant diversity decreased in communities with high sod layer or low moisture. The plant diversity of upland meadow was the lowest, and was significantly lower than that of swamp meadow.




3.4. Relationship between Belowground Bud Bank and Aboveground Community


Among the six alpine meadow communities, the alpine sod layer moisture was extremely significantly positively correlated with total bud and short rhizome bud density. There was significantly positive correlation between moisture and tiller bud and bulb density. There was no significant correlation relationship between plant diversity and four types of buds’ density and moisture (Table 4).





4. Discussion


In natural conditions, not every bud can initiate a new shoot for vegetation regeneration. Only when the belowground buds sprout to the plant aboveground part can the vegetation be renewed, and worthy of the energy input to the buds [20,30]. Most of belowground buds were distributed in the 0–10 cm sod layer, rarely buds were distributed in the 10–20 cm alpine sod layer, and very few were distributed in the 20–30 cm alpine sod layer. Zhang et al. [20] found that the belowground buds in sandy areas were mainly distributed in the 10–30 cm soil, and this should be the soil differences which affect the distribution of buds. In the 0–10 cm sandy soil, the plant buds are susceptible to drought, high temperature, etc., and the cost of plant bud preservation activity is relatively high [31,32]. In alpine meadow, compared with plant belowground buds distributed in the 10–30 cm sod layer, the belowground buds in the 0–10 cm sod layer were more likely to grow out, and rapid photosynthesis provided carbohydrates for plant growth. In alpine meadows and sandy environments, buds located in deep sod layer need more energy to maintain the consumption in a low oxygen environment [33,34], where buds’ germination ability is poor and more energy is needed to be put into the belowground buds to sprout out of the grass sod layer. In addition, according to the cost–benefit hypothesis, plants invest relatively little energy in deep soil layer buds because belowground buds in the 10–30 cm grass soil would germinate and grow only when they are brought to the shallow soil [31,35]. This part of the buds has a very low germination rate, so excessive investment will lead to a waste of plant energy, which is not conducive to plant growth and reproduction [36].



There are limited resources that plants could utilize throughout the growing season, therefore, there is a trade-off between reproduction and growth [2,5]. Plants constantly adapt to the environment changes depending on adjusting the resource allocation ratio between growth and reproduction. In a wetland ecosystem, plant growth and distribution largely depend on the water level gradient, which always changes with the elevation. Chen’s study showed that the bud density in the Dongting Lake wetland decreased with the increase of the distribution elevation [1,7]. In this study, the belowground bud density decreased gradually with the decrease of alpine sod layer moisture. Flood disturbance caused by rapid precipitation during the summer is the main factor affecting plant growth and distribution in swamp wetland, degraded swamp, and swamp meadow ecosystems [1]. In order to cope with flooding stress, plants always invest more resources towards producing a lot of buds [10]. After flooding, buds will supplement the restoration of aboveground vegetation, ensuring the normal growth of plant communities in the second year. Therefore, high bud density could rapidly increase the ability of plants to adapt to highly heterogeneous environments [18]. Flooding disturbance intensity and frequency generally decreases with the increase of elevation. Wet meadow, upland meadow, and degraded meadow were not affected by flooding stress, so there is no need for a large number of buds to replenish the plants aboveground, and the belowground bud density was lower than swamp wetland, degraded swamp, and swamp meadow.



Dalgleish and Hartnett (2006) [10] pointed out that with the increase of precipitation in the North American grassland, the plant bud density showed a significant increasing trend, which corresponded well with the vegetation pattern. In the alpine region, from the swamp wetland to the upland meadow, the plant belowground bud density decreased with the decrease of alpine sod layer moisture. Although the plant bud density increases with increasing water, the response mechanism should be different. In North American grassland, moisture is the main factor affecting plant growth. An increase in rainfall can alleviate plant drought stress, so plant bud density increases with the increase of precipitation [10]. However, the excessive water in alpine meadows brings flooding to some plant communities, so the plants produce more buds to restore the aboveground vegetation after flooding, ensuring the normal growth of plants in the second growing season.



As an important propagule of grassland plants, it has been confirmed that there are differences in the bud bank energy storage and expansion capacity due to the morphological differences of buds attached to clonal growth organs [31]. Therefore, different types of bud banks may endow plants with different adaptation strategies, and there may be differences in response to disturbances and utilization of resources [17]. Zhang et al. found that the proportion of Leymus secalinus belowground buds was different under different population densities in sandy land [20]. In alpine meadow, with the decrease of the alpine sod layer moisture, the percentage of tiller bud in the total buds increased, while that of short rhizome bud in the total buds decreased. Some studies have shown that when the environment conditions are favorable (wet meadow, dry meadow, and degraded meadow), the plant population adopts an intensive foraging strategy by increasing the proportion of tiller buds, which is conducive to plant population consolidation and fully occupying better habitats and reducing the probability of invasion by other species [37,38]. However, in poorer environments (swamp wetland, degraded swamp, swamp meadow), plant populations adopt a wide-ranging foraging strategy and seek favorable habitats by producing a high proportion of rhizome buds, which is conducive to clonal plants occupying more space for survival and reproduction, and also reduce competition among plant populations, promote plant ramet to escape from unfavorable habitats (escape from flooding), and improve the probability of ramet living in favorable habitats [39,40].



Plants buds are considered to be the key factors affecting aboveground biomass. For example, the study on the North American prairie verified the "meristem limitation hypothesis" [2,3,41,42,43,44]. However, the bud density in the 0–10 cm sod layer of alpine meadow plants is 14,074–38,889 bud/m3, which is relatively high compared with other ecosystems [3,5,10,45]. Therefore, the bud density in alpine meadow is not a key factor affecting the number of plant communities to a certain extent. Meristem limitation may only occur in specific grassland types or under specific environmental conditions [2,3,46,47,48]. It is necessary to conduct studies on belowground bud banks in different types of grasslands to verify the universality of the “meristem limitation hypothesis” in future studies. At the same time, more types and intensities of environmental factors should be integrated to explore the variation rules of the bud bank on a large geographical spatial scale.




5. Conclusions


The bud bank is the main propagule of alpine meadow plants. In this study, the belowground bud density was high and mainly distributed in the top layer (0–10 cm) sod layer, which indicates that the alpine meadow has a certain degree of self-recovery ability, and mildly degraded meadows can take self-recovery by enclosure. As the moisture content of the alpine sod layer changes, the size and composition of the belowground bud bank change, indicating that the plant adopts different strategies in response to environmental changes. The composition and diversity of alpine meadow plant community changed with moisture content, so the plant community dynamics caused by precipitation change could be predicted to a certain extent.
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Figure 1. Study sites distribution of alpine meadow in the Zoige Plateau. 
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Figure 2. Sod layer mass moisture of different alpine meadow. SW: swamp wetland; DS: degraded swamp; SM: swampy meadow; WM: wet meadow; UM: upland meadow or dry meadow; DM: degraded meadow. Data with different letters mean significant difference at 0.05 level in the same column. 
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Figure 3. Total bud density distribution in meadow sod layer. Data with different letters mean significant difference at 0.05 level in the same column. 
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Table 1. Different bud changes with the moisture gradients.
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Community Type

	
Tiller Buds

	
Long Rhizome Buds

	
Short Rhizome Buds

	
Bulb Buds




	
Density (No/m3)

	
The Percentage of Total Buds %

	
Density (No/m3)

	
The Proportionpercentage of Total Buds %

	
Density (No/m3)

	
The Proportionpercentage of Total Buds %

	
Density (No/m3)

	
The Percentage of Total Buds %






	
Swamp Wetland

	
4444.44 ± 684.27 a

	
27 ± 3 c

	
1975.31 ± 404.21 ab

	