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ABSTRACT: The Leymus chinensis grassland is one of the most widely distributed associations in the warm temperate
grassland and due to overgrazing in recent years, it has experienced varying degrees of degradation. Vegetative
regeneration via bud banks serves as the primary way of vegetation reproduction in the L. chinensis grassland ecosystem.
However, the role of the bud bank in the vegetation regeneration of grazing grassland remains unclear. Based on
the relationship between the under-ground bud bank and above-ground vegetation of L. chinensis grassland under
different grazing stages, this study aimed to explore whether the grazing grassland could self-recover through the
existing bud bank. The findings revealed that the bud density initially increased and then decreased with increasing
grazing intensity, indicating that appropriate grazing promoted vegetation renewal. Moreover, grazing significantly
influenced the composition of the bud bank: during the early grazing stage, the rhizome buds accounted for the main
part, and tiller buds dominated during the mid-stage grazing; while during the late-stage grazing, root-sprouting
buds prevailed. The meristem restriction index for light, moderate, and heavy grazing grasslands was close to one;
conversely, overgrazing and extreme overgrazing grasslands exhibited the higher meristem restriction index (2.00, 3.19),
suggesting that plant regeneration was constrained by bud banks under light-grazing conditions where regenerate rates
failed to meet above-ground modular’s recovery requirements following overgrazing and extreme overgrazing events.
Consequently, moderate grazing grasslands could achieve natural community recovery by continuously adjusting their
vegetative regeneration strategies. Understanding the role of bud banks in vegetative regeneration in grazing grassland
will not only supply theoretical support for the ecological succession process of degraded grassland but also provide
practical experience for the sustainable management of the L. chinensis grassland ecosystem.
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1 Introduction

The Leymus chinensis grasslands are one of the most widely distributed associations in the warm
temperate grassland, with a total area of 420,000 km?, half of which was located in China. The largest natural
L. chinensis grassland of China was in Inner Mongolia, covering approximately 108,700 km*. However, in
recent years, excessive grazing has led to severe consumption of L. chinensis and other palatable species,
disrupting the renewal and succession of grazing grasslands and initiating a unique successional process of
L. chinensis grasslands [1]. The maintenance and renewal of the plant population are influenced by grazing,
as it impacts the growth and reproduction of individual plants, and drives community succession. Grassland
grazing succession depends on grazing intensity, habitat type, animals, and grazing season. According
to the grazing intensity, the grazing succession can be divided into light, moderate, heavy, overgrazing

@ Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/Phyton
https://www.techscience.com/
http://dx.doi.org/10.32604/phyton.2025.067807
https://www.techscience.com/doi/10.32604/phyton.2025.067807
mailto:liangwei@iae.ac.cn
mailto:0227wujing@163.com

2184 Phyton-Int ] Exp Bot. 2025;94(7)

stage, and extremely overgrazing stage. Each stage has a certain dominant species as the indicator, and the
corresponding stage is miscellaneous grass, bunch grass, Festuca, bluegrass, and Atriplex plant [2-5].

Grazing induces community succession by altering biological factors such as plant growth rate, phenol-
ogy, seed and bud banks, and abiotic factors [6]. Population regeneration through belowground meristems
(bud banks) significantly contributes to population recruitment and community dynamics in perennial
grasslands [7]. For instance, over 99% of aboveground shoots are recruited from belowground bud banks
in the tallgrass prairies of North America. The L. chinensis grasslands are dominated by perennial herbs
(L. chinensis, Poa sphondylodes, Cleistogenes squarrosa, Stipa baicalensi), and vegetative regeneration via bud
banks serves as the primary way of perennials’ vegetation regeneration after disturbance, influencing the
resilience and stability of plant communities [8]. As minor disturbances primarily impact aboveground shoot
populations, the presence of buds serves as a potential population that enables plant survival during moderate
disturbances and acts as a buffer against land degradation processes [9,10]. Grazing promotes the emergence
of belowground buds into aboveground shoots, resulting in a decrease in bud density on grazed sites [11,12].
Grasslands with larger bud banks dominated by a balanced composition are more conducive to successful
restoration and ecosystem stability [13]. However, the contribution of bud banks to community succession
in L. chinensis grasslands remains unclear. Understanding how the bud banks respond to different grazing
stages is not only essential for plant adaptation and evolution but also aids predictions regarding vegetation
responses to numerous disturbances.

Different types of bud banks may possess distinct functions and contribute differently to population
regeneration and community dynamics [14]. The composition in bud banks reflects different vegetative
regeneration processes and plant adaptive abilities, as well as their varied responses to disturbance intensity,
which is crucial for understanding the regulation of community succession by bud banks. In resource-rich
habitats, plants consist of diverse types of buds, including tiller buds, root-sprouting buds, and rhizome
buds, while under resource-poor ecosystems plants have single-type buds [10,15]. Grazing increased the bud
density of Cyperaceae, which of Gramineae were not affected [16].

Ata community scale, changes in bud bank composition in response to grazing will most likely influence
population regeneration and subsequent community composition. Differential activation of buds at different
positions contributes to its grazing tolerance or avoidance strategies and ensures long-term persistence
within grazed grasslands. High grazing tolerance may be achieved through demographic mechanisms such as
output from a below-ground dormant bud bank [17]. The proportion of shoots to buds, which determines the
degree of impacts of below-ground buds on above-ground population recruitment/regeneration (meristem
imitation) [14,18,19], plays a key role in resistance to disturbance and recovery post-disturbance of perennial
grasslands [13]. Therefore, this study investigated the composition of above-ground and below-ground
modules at different stages of grazing-induced succession to determine whether existing underground bud
banks can facilitate natural renewal and restoration in L. chinensis grasslands. Additionally, it seeks to provide
a theoretical basis for L. chinensis grassland management in northern China.

2 Methods
2.1 Study Site and Sampling

The study area was established in L. chinensis grasslands located in the east of Inner Mongolia,
northeastern China. The grassland used to be mixed grazing by house, sheep, and goats for more than 50 years
and for now is grazing exclusion all year round. Based on the community composition and characteristic
species of different stages in the study area (Table S1) [2-5], five grazing stages were selected in the L. chinensis
grasslands in Inner Mongolia: Light grazing, moderate grazing, heavy grazing, overgrazing, and extreme
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grazing, to investigate the plant community composition and bud bank (Fig. 1). During the light grazing
stage, the community was dominated solely by L. chinensis. Due to the minimal grazing disturbance, highly
palatable species such as L. chinensis retain a competitive advantage, characterized by high productivity and
vegetation coverage ranging from 60% to 80%. The vertical structure of the community is complex during this
phase; In the moderate grazing stage, the L. chinensis-dominated community becomes invaded by Agropyron
cristatum, Carex korshinskyi, and a small proportion of leguminous plants; During the heavy grazing stage,
the community was still dominated by L. chinensis to some extent, but palatable plant species were markedly
suppressed due to frequent grazing and trampling pressures. While less preferred species, such as Potentilla
anserina and a few halophytes, gained prominence. Vegetation coverage declined significantly, typically
not exceeding 40%, with a corresponding decrease in productivity. In the overgrazing stage, the soil and
vegetation environment deteriorated further. The L. chinensis lost its dominant position, and the community
structure suffered noticeable changes. Species such as Carex korshinskyi, Chloris virgata, Elymus nutans, and
Artemisia ordosica increased substantially, leading to a sharp decline in productivity. Finally, during the
extremely heavy grazing stage, the population of L. chinensis diminished significantly or may even vanish,
being replaced by alternative community types, i.e., degraded indicator species with low palatability. At this
point, the grassland became largely unsuitable for grazing. A plot (50 m x 50 m) was set up at each grazing
stage, and 10 bud bank quadrats (30 cm x 30 cm x 30 cm) were randomly selected in each plot. Both the
above-ground and underground parts of the quadrats were excavated together, and the connection between
them was kept intact during the sampling process, to facilitate the species identification. Samples are placed
in sealed plastic bags and taken back to the laboratory for counting and investigation. The species name,
type of bud bank, and number of each species in each quadrat were recorded. Three vegetation quadrats
(1 m x 1 m) were set up in each plot to investigate the species names and abundance in the quadrat.
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Figure 1: The sampling sites in Inner Mongolia. The red flags represented the sampling sites at different grazing stages

2.2 Data Analysis

The relationship between the under-ground bud bank and above-ground vegetation was analyzed, and
the type and density of the bud bank in each investigation stage were calculated. The bud bank density is the
density per unit area, that is, the number of each type of bud per square meter. The ratio of bud density to
shoot density (bud density/shoot density) is the plant meristem limitation index, which indicates whether
the replacement of the above-ground plant is limited by the bud bank [20]. If the index is less than one, or
only slightly larger than one, then the replacement of the above-ground plant is limited by the bud bank. If
the index is much greater than one, then the replacement of the above-ground plant is not restricted by the
bud bank. The species-abundance curve was used to describe the effects of different grazing stages on the
above-ground vegetation distribution.
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2.3 Model Selection

Species abundance patterns effectively reflect community structure, describing the distribution of
different species within a population. Within the same community, multiple species interact with one
another, and their mutual influences result in diverse species abundance patterns. Compared with traditional
diversity indices, species abundance patterns provide a more comprehensive reflection of interspecific
relationships and underlying mechanisms within the community. This study fit the community species
abundance models to explore vegetation distribution patterns during different grazing stages, thereby elu-
cidating the mechanisms driving above and below-ground population changes throughout the community
transformation and succession process. In this study, species abundance distribution models (statistical
model and mechanism model) were selected. The statistical model included lognormal model; Niche models
included the NULL model, the Lognormal model (LNM), Niche Preemption model (NPM), Zipf model
(ZM), Zipf-Mandelbrot model (ZMM). The AIC (Akaike Information Criterion) was employed to determine
the optimal model for elucidating changes in the distribution pattern of community species abundance with
grazing stages, as well as to investigate the ecological processes underlying community species composition
and structure.

NULL models are often used to examine whether the composition of a biome or the distribution of
species is affected by a particular ecological process or mechanism. Specifically, in niche models, NULL
models often assume that species distributions or interactions between species are random, with no specific
ecological processes or mechanisms at work. Then, by comparing it with the observed data, it is possible to
assess whether the actual observed pattern deviates significantly from the expectations of the NULL model.

Lognormal model (LNM) was proposed by Preston [21], this model holds that the logarithm of the
individual number (N) of each species in the community is normally distributed, and the abundance P; of
the species i in the community can be expressed as:

Pi _ elog(y)+log(a)(b (1)

where P; is the abundance of the species 7; 4 and o are the mean and variance of the normal distribution,
respectively. @ is the normal deviation.

Niche Preemption model (NPM) was also known as geometric series model [22]. NPM reflects the
allocation of resources and niches within a community by species. The model assumes that the first specie
accounts for k portion of the total niche resources, the second species accounts for k(1 — k) of the remaining
resources, and N is the total niche resources, so the expected value P; of the abundance of the species i can
be calculated:

Pi=k(1-k)™" 2)

Zipf model (ZM) assumed that the colonization of species in a community is dependent on the previous
environment and existing species. The colonization of pioneer species pays a lower price, and that of later
succeeding species pays a higher price. The abundance P; of the species i in the community can be expressed
as:

P, =JPi " (3)

where « is the parameter; P; is the abundance of the species with the largest abundance; P, is the theoretical
abundance of the species i; J is the total abundance in the community.
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Zipf-Mandelbrot model (ZMM) was improved based on the Zipf model. ZMM replaces P; (the
proportion of abundance of the most abundant species predicted by the model) with the nonsensical
parameter c, and the added parameter 8 can be understood as ecological environmental potential diversity,
such as niche diversity. The abundance P; of the species i in the community can be expressed as:

p; =]C1(i+/3)_a (4)

One-way ANOVA was applied to analyze the effects of grazing stages on bud bank density and meristem
limitation. When ANOVA revealed significant effects, Tukey’s honestly significant difference post hoc test
(p < 0.05) was performed to compare the difference in bud density among different sites. RDA was conducted
using CANOCO 4.5. Difference was considered significant at the level of p < 0.05. Data analysis was
completed with R4.2.3 and Excel 2016. R4.2.3, OriginPro 9.0 and Arcgis 10.2 was used for plotting.

3 Results

3.1 Species Abundance Distribution at Different Grazing Stages

The NPM had the best simulation effect for the MG, HG, and EG stages (AIC: 66.69, 124.48, 38.61). The
ZMM was the best for LG simulation (AIC: 124.95). The LNM was the best for OG simulation (AIC: 77.85;
Table S2). Through the comparison of species abundance patterns in different grazing stages, it was found
that with the increase of grazing degree, rare species decreased first and then increased, and the proportion
of single individuals was increasing, but the proportion of common species decreased. In the light grazing
stage, most species concentrated in the high abundance area, while in the excessive and extreme grazing
stage, the species concentrated in the low abundance area (Fig. 2a—e¢).
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Figure 2: Species abundance distribution models at different grazing stages. (a—e) represented the species distribution
models at light grazing, moderate grazing, heavy grazing, overgrazing and extremely overgrazing stage, respectively.
The y-axis represented the abundance of communities and the x-axis represented the species rank. NULL-NULL model,
NPM-Niche Preemption model, LNM-Lognormal model, ZM-Zipf model, ZMM-Zipf Mandelbrot model

3.2 The Bud Bank Density and Composition among Different Grazing Stage

In general, the total densities of bud bank in the early grazing stages (LG, MG) were significantly higher
than those in the late grazing stages (HG, OG and EG). The total density of bud bank was the highest in
the moderate grazing stage. The bud bank types included tiller bud, rhizome bud and root-sprouting bud.
There were significant differences among the types of bud banks among different grazing stages. In the early
stage of grazing, the main type was rhizome bud, in the middle stage was tiller bud, and in the late stage
of grazing, the main contents were root-sprouting bud (p < 0.05). The densities of tiller and rhizome buds
firstly increased and then decreased with grazing stages. The density of root-sprouting bud increased along
the grazing stages, which was dominant under extremely overgrazing condition (Fig. 3).
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Figure 3: The bud bank density and composition among different grazing stages. The x-axis represented the grazing
stages. LG-light grazing, MG-moderate grazing, HG-heavy grazing, OG-overgrazing, EG-extremely overgrazing.
“abc/AB” represented the significance test. Different letters indicated the density of same bud type showed significant
differences among different grazing stages (p < 0.05), while the same letter indicated no significant differences



2190 Phyton-Int ] Exp Bot. 2025;94(7)

3.3 The Meristem Limitation Index at Different Grazing Stages

The meristem limitation index increased with the grazing stages, while the stem density decreased with
the grazing stages. In LG, MG and HG stages, the restriction index was close to 1, while in the HG and EG, the
restriction index was 2.0 and 3.9 (Fig. 4), respectively, indicating that meristem restriction was not limited
in earlier grazing stages, and the recovery and regeneration of aboveground shoot could be carried out by
bud bank, except for heavy and extremely heavy grazing.

meristem limitation index
(%]

LG MG HG oG EG

Figure 4: The meristem limitation index among different grazing stages. The x-axis represented the grazing stages. LG-
light grazing, MG-moderate grazing, HG-heavygrazing, OG-overgrazing, EG-extremely overgrazing. “ab” represented
the significance test. Different letters indicated the meristem limitation index showed significant differences among
different grazing stages (p < 0.05), while the same letter indicated no significant differences

4 Discussion

4.1 Effects of Different Grazing Stages on the Size and Type of Bud Bank

The demography of belowground bud bank was likely to be the main underlying mechanism for
explaining how perennial grassland plants respond to disturbance in grassland ecosystems [10]. Contrary to
previous studies that grasslands with larger bud banks were more resistant to disturbance, this study indicated
that the total bud density of plants in different grazing succession stages in the same area was inevitably
related to the species and abundance of the community, and the adaptation mechanisms and abilities of
communities with different bud bank types to disturbances and environmental changes were different in
L. chinensis grasslands. Different buds allowed plants to prefer either an expansive or conservative strategy to
respond to environmental disturbances and the availability of resources [6,10]. In the early stage of grazing,
the habitat conditions were better, and the clonal integration of rhizome plants enabled the offspring shoots to
maintain the most vigorous vitality. To a certain extent, the intense competition between the offspring tillers
was avoided, which could also make the daughter ramets escape from grazing and trampling [23]. Therefore,
nutrients, energy and resources were more efficiently allocated, and the space for growth or expansion was
more fully occupied. At the same time, the new aboveground shoot based on the rhizome buds could become
a new reproductive mother and produce more rhizome buds to maintain their capacity to occupy resources.
Although it was found in previous studies that the growth of dominant grasses was inhibited under moderate
grazing by domestic animals, moderate disturbance also stimulated the germination of underground bud
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banks. On the other hand, the excretion of livestock also provided necessary nutrients for plant growth [24].
Moderate grazing was beneficial to improve the potential and intensity of soil fertilizer supply. Tiller buds
of tussock grasses tended to be more tolerance to environmental stresses than other types of buds [25]. As a
result, more tiller buds were produced during moderate to heavy grazing, the increased tiller buds around
the mother plant, which quickly sprouted as daughter plants. It allowed plants to effectively take advantage of
the available resources, expand their population and occupy the existing habitat to resist the invasion of alien
plants, which was consistent with previous study on sand ecosystem [9]. However, there may be a threshold
effect on the disturbance of rhizome buds to grazing. When the grazing intensity was large enough, that is,
in the later stage of grazing, the rhizomes of surface plants were heavily damaged by nibbling and trampling,
and rhizome clones were difficult to maintain clonal integration. The new buds in the tiller node close to the
soil surface for bunchgrass were particularly easily damaged or eaten by grazers. At the moment, plant shoots
with rhizome and tiller buds were sparse and the bud bank size was small, and plants didn’t not fully occupy
the grassland [8]. So damaged tillers were unable to promptly accumulate enough nutrients to produce new
buds, and a significant reduction in grass aboveground biomass accumulation may reduce bud production
in grazing grasslands. Conversely, the root-sprouting plants were usually buried deeper than rhizome plants,
and they were more likely to sprout adventitious buds after disturbance [9], which could adapt to the stage of
heavy grazing disturbance. In grazing grasslands, plants responded to grazing disturbance by changing bud
banks of different types. During these processes, more desirable (i.e., preferred, palatable and high nutrient)
perennial grasses were replaced by less-desirable or non-desirable ones (i.e., non-preferred, unpalatable and
low nutrient) [26].

4.2 Relationship between Belowground Bud Bank and Succession of Above-Ground Vegetation

The capacity of L. chinensis grassland ecosystems to respond rapidly to disturbance might be linked to
the potential for compensatory regrowth, mainly from bud banks. Perennial grasslands with a large reserve
bud bank may be the most responsive to grazing [8]. Our study indicated that grasslands at earlier grazing
stages all had enough buds present in the bud bank during the growing season to completely supply the
above-ground population. In addition, long-term grazing exclusion would improve the ability to respond
to resource pulses, rates of clonal population recovery, and productivity after disturbance by increasing
below-ground bud bank density. The effects of different grazing stages on plant communities were obviously
reflected in the changes in population composition in L. chinensis grassland. Fencing could greatly improve
the above-ground biomass, height, and coverage of grassland vegetation, and had relatively little effect on
the underground biomass. However, fencing would greatly reduce the diversity of grassland vegetation. This
was because the grazing of domestic animals was avoided, and the grassland vegetation obtained a relatively
favorable environment for growth, which was conducive to the improvement of the coverage, height, and
biomass of grassland vegetation [27]. This was roughly consistent with the findings of Zhang et al. (2020) [28].
In the case of moderate grazing, although the above-ground biomass of grassland vegetation decreased,
the diversity of grassland vegetation increased significantly which is consistent with de Villalobos & Long
(2024) [29]. In the extreme grazing stage, the quantity of L. chinensis was less and even disappeared. At the
same time, with the increase of grazing, species abundance and richness decreased, but after the extreme
stage, species were more concentrated in the low abundance area. The population of high-quality perennial
grasses gradually declined, and finally was replaced by annual halophytes, the community structure tended
to be simplified, and the soil environment tended to be poor. However, under extreme grazing conditions, the
habitat conditions gradually deteriorated, and different plant groups in the community also differentiated,
and each selected the most suitable habitat to form a new plant community, leading to the degradation and
succession of plant communities in L. chinensis grassland.
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With the increase in grazing, different types of bud banks showed different response trends. In the
light grazing stage, the offspring tillers of L. chinensis maintained the most vigorous vitality through the
clonal integration of rhizomes. And to a certain extent, the intense competition among the offspring
ramets could be avoided. Thus nutrients, energy, and resources were more effectively distributed, and the
growth space or expansion space could be fully occupied. At the moderate grazing stage, the environmental
conditions became complicated, the habitat heterogeneity increased, the dominance of rhizome type bud
bank decreased, and the tiller bud bank remained relatively stable, resulting in a diversified community
structure. With the increase in grazing intensity, the competitiveness between individuals decreased, and
the species abundance was mainly determined by the species’ choice of habitat. Grazing also influenced the
composition of functional groups, with grazing-avoiding species being more prevalent in heavily grazed
areas [29]. The dominant species occupied a larger ecological niche and had more available resources, while
the other species had less available resources, so the species abundance was less and the clumping of small
grasses increased significantly. In the extreme grazing stage, the soil habitat gradually deteriorated, the
rhizome buds, tiller buds, and perennial herbs gradually decreased or disappeared, and the root-sprouting
plants gradually increased. The population dominance of L. chinensis decreased rapidly, such as Potentilla
chinensis, which appeared in the extreme grazing stage. Therefore, the responses of bud bank types at different
grazing stages affected the species composition and structure of the community in L. chinensis grassland.

5 Conclusions

The findings revealed that appropriate grazing promoted vegetation renewal in L. chinensis grassland.
Plant regeneration was constrained by bud banks under light-grazing conditions where regenerate rates
failed to meet above-ground plant recovery requirements following overgrazing and extreme overgrazing
events. Consequently, mildly disturbed L. chinensis grasslands could achieve natural community recovery by
continuously adjusting their vegetative regeneration strategies. Understanding the mechanism of grazing on
vegetative regeneration in L. chinensis grassland will not only supply theoretical support for the ecological
restoration process of grazing grassland but also provide practical experience for the sustainable management
of the L. chinensis grassland ecosystem in northern China.
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