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Abstract

The soil seed bank is fundamental to vegetation regeneration and the long-term stability of alpine 
meadow communities. Understanding its response to management practices is essential for improving 
ecological restoration outcomes. In the Sanjiangyuan region, we systematically evaluated the effects 
of different reseeding durations and mowing regimes on soil seed bank density, soil physicochemical 
properties, and plant community characteristics, and applied structural equation modeling to 
disentangle the pathways linking these factors. Our results show that reseeding consistently enhances 
soil seed bank density by increasing plant species richness and promoting the accumulation of 
seeds from dominant Poaceae and Cyperaceae species. Mowing exhibited stage-dependent effects: 
it limited seed bank development during later stages of recovery but facilitated seed input when 
vegetation was still establishing. Soil nutrients – particularly available nitrogen – were identified as 
primary drivers of seed bank variation, exerting stronger influences than plant community attributes. 
Structural equation modeling further revealed that reseeding indirectly strengthens the seed bank 
through its positive effect on species richness, whereas mowing may weaken this pathway by reducing 
plant diversity or altering nutrient availability. These findings highlight the tight coupling between 
aboveground vegetation recovery and belowground propagule reserves and provide a scientific basis for 
optimizing reseeding–mowing combinations to enhance the restoration efficiency of degraded alpine 
meadows.
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Introduction

Alpine meadows are the most widespread and 
extensive grassland type on the Qinghai-Tibet 
Plateau, accounting for 49% of the total grassland 
area. This ecosystem plays a vital role in maintaining 
regional ecological security by providing multiple key 
services, including water conservation, soil and water 
retention, windbreak and sand fixation, biodiversity 
maintenance, and carbon balance regulation [1]. 
However, with accelerating climate change and 
increasing anthropogenic disturbances such as 
overgrazing, reclamation, and unsustainable land use, 
grassland degradation has intensified [2]. Degradation 
is manifested not only in reduced vegetation cover, 
shifts in dominant species, and deterioration of soil 
physicochemical properties, but also more profoundly in 
the decline of soil seed bank abundance and functional 
capacity, which critically undermines the natural 
regeneration and ecological restoration potential of 
grasslands [3, 4]. Within grassland ecosystems, the soil 
seed bank is often described as a “time capsule” for 
maintaining species diversity and a “potential reservoir” 
supporting community recovery [5]. The species 
composition, seed density, and diversity within the 
seed bank directly determine the trajectory of degraded 
grassland recovery and the resilience of ecosystems 
to disturbances [6]. Thus, restoring and enhancing the 
quantity, quality, and structural diversity of soil seed 
banks has become a central issue in the ecological 
restoration and sustainable management of grasslands.

Reseeding is a commonly used measure for restoring 
degraded grasslands and improving ecosystem functions 
[7]. By introducing well-adapted and high-quality 
grass species, reseeding can optimize plant community 
structure, enhance ecological stability, and increase 
productivity [8]. The duration of reseeding not only 
affects the establishment, growth, and reproduction 
of introduced species, but also determines their long-
term impacts on aboveground communities, soil 
properties, and soil seed banks [9]. Previous studies 
have shown that long-term reseeding gradually alters 
plant composition, functional group structure, and 
reproductive strategies, thereby influencing the density, 
diversity, and spatial distribution of soil seed banks 
[10]. However, although the effects of reseeding on 
aboveground communities have been widely studied, its 
long-term impacts on belowground seed banks and the 
mechanisms linking aboveground vegetation recovery 
with seed bank dynamics remain unclear, particularly 
in the alpine ecosystems of the Qinghai-Tibet Plateau. 
Mowing is another commonly applied management 
practice in alpine meadows, playing an important role 
in regulating community structure, promoting species 
coexistence, and maintaining ecosystem functions [11]. 
Moderate mowing can suppress dominant species, create 
space for subordinate species, increase plant diversity, 
and enhance ecological stability [12, 13]. In contrast, 
excessive or improper mowing may disrupt plant growth 

and reproductive cycles, reduce the number of seeds 
returning to the soil, and even accelerate degradation 
[14]. Mowing can also indirectly influence soil seed 
banks by altering litter accumulation, modifying soil 
microenvironmental conditions, and affecting plant 
resource allocation between growth and reproduction 
[15, 16]. Although mowing is ecologically significant, 
the combined effects and underlying mechanisms of 
reseeding and mowing on soil seed bank dynamics have 
not been systematically examined in alpine meadow 
ecosystems.

Although previous studies in the Three-River-Source 
region and other alpine ecosystems have examined 
the independent effects of reseeding or mowing on 
vegetation structure and ecological functions [17, 18], 
systematic research on how their combined effects 
influence the long-term dynamics of soil seed banks 
remains limited. Given the central role of soil seed 
banks in vegetation regeneration and grassland recovery, 
this study aims to: (1) quantitatively assess the effects 
of different reseeding durations and mowing treatments 
on seed bank density, species diversity, and community 
composition; and (2) use structural equation modeling 
to identify the pathways and underlying mechanisms 
through which reseeding and mowing affect soil seed 
banks. 

We propose two hypotheses: (i) longer reseeding 
duration increases plant richness and consequently 
promotes seed bank accumulation; and (ii) mowing has 
stage-dependent effects that may alter the relationships 
among reseeding, plant richness, and seed bank 
attributes. The findings are expected to enhance 
understanding of the coupling mechanisms between 
aboveground vegetation changes and belowground 
propagule dynamics during alpine meadow restoration, 
and to provide scientific and practical guidance for 
optimizing reseeding–mowing management to improve 
the recovery efficiency of degraded grasslands.

Materials and Methods

Study Area

The field experiment was conducted from 2013 
to 2019 in Gaqing Village, Saierlong Township, 
Henan County, Huangnan Prefecture, located in the 
Sanjiangyuan region. The experimental site is located 
on a flat terrain, characterized by medium soil fertility 
and abundant sunlight, at an average altitude of 3,562 m. 
The mean annual temperature ranges from -1.3ºC  
to 1.6ºC, with 2,530-3,100 h of annual sunshine  
and a mean annual precipitation of 724.7 mm.  
The natural grassland type is alpine meadow dominated 
by Elymus nutans (Griseb.). Other major palatable 
species include Carex capillifolia (Decne.) S.R. Zhang 
and Polygonum viviparum L., while unpalatable or toxic 
species include Ligularia virgaurea (Maxim.) Mattf. and 
Ranunculus japonicus Thunb. [19]. The soil is classified 
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as mountain meadow soil, characterized by a loam 
texture, rich in organic matter, and high in potential 
fertility. However, its nutrient availability is limited due 
to the cold and oxygen-deficient conditions of the alpine 
environment.

Experimental Design

This study employed a two-factor randomized 
block design, with reseeding year (2013 or 2017) and 
mowing treatment (mown or unmown) as the main 
factors. These yielded four treatment combinations: 
Y1C1 (2013 reseeding, unmown in 2018), Y1C2 (2013 
reseeding, mown in 2018), Y2C1 (2017 reseeding, 
unmown in 2018), and Y2C2 (2017 reseeding, mown in 
2018). Each treatment included five replicate plots, and 
each plot measured 5×5 m. A randomized block layout 
was applied to ensure comparability among treatments. 
Before reseeding, all plots received the same baseline 
improvement measures and were fenced to exclude 
grazing. Reseeding was conducted mechanically 
without tillage between early and mid-May of the 
respective years, using three high-quality forage species: 
Elymus nutans, Poa pratensis cv. Qinghai, and Festuca 
sinensis cv. Qinghai. No additional interventions were  
carried out after reseeding to allow natural succession 
to proceed. To provide baseline nutrient input, an 
organic compound fertilizer (“Tuokang Institute” 
brand; N+P₂O₅+K₂O≥5%) was applied at 100 kg per mu. 
Mowing treatments followed the local traditional hay-
harvesting period, with the stubble height standardized 
at 2 cm to maintain consistency among treatments, while 
unmown plots remained ungrazed and uncut throughout 
the growing season.

Sample Collection

In August 2018, systematic surveys were conducted 
to evaluate plant community characteristics under 
different mowing treatments. Five quadrats (0.25 m², 
50×50 cm) were randomly established for each treatment. 
Within each quadrat, plant species were recorded, and 
total cover, species-specific cover, density, and mean 
plant height were measured. All aboveground biomass 
was clipped at ground level and classified into three 
functional groups: Gramineae, Cyperaceae, and forbs. 
Plant samples were initially oven-dried at 105ºC for 0.5 h 
to inactivate enzymatic activity and subsequently dried 
at 70ºC to a constant weight for biomass determination.

Soil samples were collected from the 0-30 cm soil 
layer, with five subsamples combined into a composite 
sample. Each composite sample was divided into two 
portions: one for soil physicochemical analysis and the 
other for seed bank germination testing. The measured 
soil properties included pH, total nitrogen (TN), 
available nitrogen (AN), available phosphorus (AP), 
and available potassium (AK). Soil pH was determined 
potentiometrically; TN and AN were measured 
using the micro-Kjeldahl digestion method; AP was 

analyzed by the molybdenum–antimony colorimetric 
method following H₂SO₄–HClO₄ digestion; and AK 
was quantified by flame photometry after HF–HClO₄ 
digestion [20].

Soil Seed Bank Germination Test

Soil samples were air-dried in a well-ventilated area 
to prevent mold growth. After drying, samples were 
sieved to remove gravel while avoiding seed damage, 
thereby ensuring sample homogeneity. The processed 
soils were then overwintered under dry, ventilated 
natural conditions. Seed bank composition was assessed 
using the seedling emergence method throughout 
the entire growing season (May-October 2019) [21]. 
For each sample, the soil was placed in plastic pots 
(25 cm in height, 3 cm in diameter) lined with sterile 
substrate and spread evenly in a thin layer, with five 
replicate pots per sample. The pots were maintained in 
a greenhouse with day/night temperatures of 20-25ºC 
and 10-15ºC, respectively, under a 12-hour light/12-hour 
dark photoperiod. Natural light was supplemented with 
fluorescent lamps to maintain a photosynthetically 
active radiation (PAR) of ≥300 µmol·m⁻²·s⁻¹, and relative 
humidity was controlled at 55-65%. Soil moisture was 
maintained by periodic watering to keep the soil lightly 
moist. Seedling emergence was monitored every 2 days 
for 8 weeks, and newly emerged seedlings were removed 
after recording. Seedlings that could not be identified 
immediately were retained until sufficient morphological 
characteristics developed for accurate identification.  
All seedlings were identified to species or functional 
group based on morphological traits, with reference to 
the “Flora of Qinghai” and relevant seedling atlases. 
At the end of the experiment, all non-germinated 
seeds were tested for viability using a 1% tetrazolium 
chloride (TZ) staining method; seeds with red-stained 
embryos were considered viable. Each germination 
pot was treated as the statistical unit for data analysis. 
The experiment was terminated when no new seedlings 
emerged for three consecutive weeks [15].

Statistical Analysis

Seed bank density was calculated as the number of 
germinated seeds per unit area (seeds/m²). Community 
diversity was assessed using α-diversity indices:  
(1) species richness index (R), (2) Shannon-Wiener 
index (H), and (3) Pielou’s evenness index (J), calculated 
as follows [22]:

Species richness: R = S

	 Shannon-Wiener index: H = –∑s
i=1 p

2
i 

	 Pielou’s evenness: J = H/lnS

where S is the number of species, pi is the relative 
abundance of species i, Ni is the number of individuals 
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of species i, and N is the total number of individuals  
in the community.

Data organization was performed using Excel 2021. 
Normality and homogeneity of variance were tested 
using the Shapiro-Wilk and Levene’s tests, respectively. 
Variables that did not meet these assumptions were 
log- or square-root transformed. Two-way ANOVA 
was used to assess the effects of reseeding year, 
mowing, and their interaction on soil seed bank density, 
community diversity, and soil properties. One-way 
ANOVA followed by Duncan’s multiple range test was 
used for mean comparisons. All statistical analyses 
were conducted in SPSS 25.0 with a significance level 
of P = 0.05. Figures were generated using Origin 2024. 
Variance partitioning was conducted in Img to quantify 
the contribution of each predictor to the R² of the 
optimal model. Structural equation modeling (SEM) was 
initially planned in Amos 24.0 (IBM SPSS) to evaluate 
the direct and indirect effects of treatments on the soil 
seed bank. Model fit would have been assessed using 
standard indices, including χ²/df (<3), P-value (>0.05), 

comparative fit index (CFI > 0.90), and root mean square 
error of approximation (RMSEA<0.10) [23]. Before 
SEM analysis, all variables were standardized using 
z-scores to meet statistical assumptions [24].

Results

Effects of Reseeding Duration and Mowing 
on Plant Community Species Diversity

The species diversity indices of plant communities 
did not show significant differences among different 
reseeding durations. However, mowing had a significant 
effect on species diversity (P<0.05). Specifically, 
compared with the unmown plots, mowing reduced 
the species richness index by 7.84% and significantly 
decreased the Shannon-Wiener diversity index by 
2.11%. In addition, the interaction between reseeding 
duration and mowing significantly affected the Shannon-
Wiener diversity index, with the lowest value observed 

Fig. 1. Effects of reseeding duration and mowing on plant community species diversity.
In the figure, Y1 denotes reseeding conducted in 2013, Y2 denotes reseeding in 2017, C1 denotes mowing, and C2 denotes no mowing. 
Y × C represents the interaction between reseeding duration and mowing treatment. Different lowercase letters indicate significant 
differences among mowing treatments within the same reseeding year, whereas different uppercase letters indicate significant differences 
among reseeding years within the same mowing treatment.
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while significantly decreasing available potassium 
by 19.31%. Mowing treatment also had significant 
effects on soil physicochemical properties. Specifically, 
compared with no mowing, mowing significantly 
increased total nitrogen (51.92%), available nitrogen 
(23.28%), available phosphorus (86.30%), and available 
potassium (14.13%). In addition, the effect of mowing 
on soil pH varied with reseeding duration: mowing  
after reseeding in 2013 increased soil pH by 1.84%, 
whereas mowing after reseeding in 2017 decreased 
soil pH by 7.85%. The interaction between reseeding 
duration and mowing treatment significantly influenced 
soil pH, total nitrogen, and available phosphorus, 
indicating that their combined effects induced complex 

under the treatment of reseeding in 2017 combined with 
mowing (Y2C2). These results suggest that the effect 
of mowing may vary with reseeding time, and their 
combined influence exerts a more complex regulatory 
role on community diversity (Fig. 1).

Effects of Reseeding Duration and Mowing 
on Soil Physicochemical Properties

Different reseeding durations significantly affected 
soil pH, available phosphorus, and available potassium 
contents (P<0.05). Compared with reseeding in 2013, 
reseeding in 2017 significantly increased soil pH and 
available phosphorus by 7.23% and 44.52%, respectively, 

Fig. 2. Effects of reseeding duration and mowing on soil physicochemical properties.
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changes in soil nutrient status and physicochemical 
properties (Fig. 2).

Effects of Reseeding Duration and 
Mowing on Soil Seed Bank

As shown in Fig. 3, germinable seeds in the soil seed 
bank were primarily concentrated in the top 0-7 cm of 
soil. Seeds of Poaceae and Cyperaceae were markedly 
more abundant than those of other grasses, forming the 
main components of the seed bank. Two-way ANOVA 
results (Fig. 3d)) indicated that reseeding duration had 
a significant effect on soil seed bank density (P<0.05). 
Compared with reseeding in 2013, reseeding in 2017 
significantly increased soil seed bank density by 
198.26%. Mowing also had a significant effect on seed 
bank density (P<0.05). Specifically, under the 2013 
reseeding condition, mowing reduced soil seed bank 
density by 60.00%, whereas under the 2017 reseeding 
condition, mowing increased seed bank density by 
27.11%. The interaction between reseeding duration and 
mowing treatment was also significant (P<0.05), with 
the highest seed bank density observed under the 2017 
reseeding combined with mowing treatment (Y2C2), 
reaching 697.6 seeds m⁻².

Regulatory Mechanisms of Reseeding Duration 
and Mowing on Soil Seed Bank Density

Fig. 4a) illustrates the relative contributions of plant 
and soil factors to soil seed bank density, showing 
that soil variables explained a substantially greater 
proportion of the variation than plant variables, with a 
total coefficient of determination (R²) of 0.81. Among 
these factors, soil available potassium (SAK), soil 
available nitrogen (SAN), the Shannon diversity index 
(H), and the species richness index (R) significantly 
influenced seed bank density. The structural equation 
model further clarified the pathways through which 
reseeding duration and mowing affected soil seed bank 
density (Fig. 4b)). The overall model demonstrated  
a good fit (χ² = 1.12, P=0.08, CFI = 0.96, RMSEA  
= 0.00), and the standardized path coefficients clearly 
depicted the relationships among variables.

The structural equation model revealed that 
reseeding duration exerted a significant direct positive 
effect on soil seed bank density (path coefficient = 0.33, 
P<0.05), whereas mowing had a direct negative effect 
(path coefficient = –0.37, P<0.05). In addition, reseeding 
duration indirectly enhanced seed bank density by 
increasing plant species richness (path coefficient  
= 0.46, P<0.01), resulting in a significant positive 

Fig. 3. Effects of reseeding duration and mowing on the soil seed bank.
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indirect effect (indirect path coefficient = 0.35, P<0.05). 
In contrast, mowing reduced soil available nitrogen 
(path coefficient = –0.24, P<0.05), which indirectly 
suppressed plant community diversity and consequently 
exerted a negative indirect influence on soil seed bank 
density (indirect path coefficient = –0.40, P<0.05).

Discussion

Effects of Reseeding Duration and Mowing 
on Plant Community Diversity

The results of this study indicate that reseeding did 
not significantly alter the Shannon–Wiener diversity 
index of plant communities within the study period, 
suggesting that the short-term effects of reseeding 
on species diversity in alpine meadows are limited. 
In general, reseeding is expected to increase species 
numbers and thereby enhance community diversity 
[25]. However, studies on the Qinghai-Tibet Plateau 
have shown that reseeding exerts no significant effect 
on species richness in the early stages, while noticeable 
increases occur only after approximately ten years [26]. 
This may be because the introduced species have not yet 
exerted substantial influence on interspecific interactions 
during the initial years, whereas their positive effects on 
community diversity become evident only after they have 
successfully established and stabilized over time [27].

Many studies have shown that mowing plays an 
important role in maintaining grassland plant diversity 
[28]. Mowing can increase light availability, encourage 
the regeneration of rare species, and promote seedling 
emergence, thereby enhancing species diversity [29]. 
However, our results showed that mowing significantly 

reduced both species richness and the Shannon–Wiener 
index, which is inconsistent with findings reported 
in some previous studies [30, 31]. Several factors may 
explain this discrepancy. First, mowing intensity, timing, 
and annual frequency are critical determinants of its 
ecological outcomes [32]. Low-intensity or intermittent 
mowing can stimulate tillering, flowering, and seed 
production, maintaining a dynamic balance between 
dominant and rare species. In contrast, frequent or 
high-intensity mowing may disrupt plant growth cycles, 
suppress regeneration, simplify community structure, 
and ultimately decrease diversity [33, 34]. Second, 
the background environmental conditions of different 
ecosystems can modify the magnitude and direction 
of mowing effects. For example, in nutrient-enriched 
grasslands, highly competitive species may recover 
rapidly after mowing and further homogenize the 
community. In contrast, in nutrient- and water-limited 
alpine meadows, mowing may exacerbate physiological 
stress on plants and reduce the recovery capacity of 
certain species, leading to decreased diversity [35, 36].

In addition, the interaction between reseeding and 
mowing significantly influenced the Shannon–Wiener 
diversity index, with the lowest values observed under 
mowing in the 2017 reseeded plots. This suggests that 
combining mowing with reseeding in the early stages 
may increase the risk of community degradation. 
Two mechanisms may explain this result: (1) newly 
introduced species are still in the adaptation phase and 
have not stabilized within the community, making them 
vulnerable to disturbance; and (2) mowing directly 
reduces aboveground biomass and disrupts community 
structure, and its combined effect with early-stage 
reseeding weakens community self-regulation, 
ultimately leading to decreased diversity.

Fig. 4. Regulatory mechanisms of reseeding duration and mowing treatment on soil seed bank density. a) Relative contributions of plant 
factors to soil seed bank density. The average parameter estimates of the model predictors (standardized regression coefficients) are 
shown, along with their associated 95% confidence intervals. The relative importance of each predictor is expressed as the percentage 
of explained variance. *P<0.05; **P<0.01; ***P<0.001. b) Structural equation model illustrating the effects of reseeding duration and 
mowing treatment on soil seed bank density. Black solid lines indicate significant positive relationships, whereas red solid lines indicate 
significant negative relationships. Line width is proportional to the strength of the correlation. Standardized regression coefficients along 
each path and the total variance explained (R²) for each variable (shown below the rectangles) reflect the contributions of all predictor 
variables. *P<0.05; **P<0.01; ***P<0.001 indicate statistically significant paths.
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Overall, plant community diversity in alpine 
meadows appears more sensitive to mowing than to 
reseeding and reseeding alone has limited short-term 
effects on diversity improvement. More importantly, 
improper integration of reseeding and mowing may 
result in negative ecological consequences. Therefore, 
in practical grassland management, frequent mowing 
should be avoided during the early reseeding period to 
ensure stable restoration and long-term enhancement of 
community diversity.

Effects of Reseeding Duration and Mowing 
on Soil Physicochemical Properties

The results of this study demonstrate that reseeding 
significantly affected soil pH and available nutrients 
(available phosphorus and potassium). Specifically, 
reseeding significantly increased soil pH. However, 
other studies have reported that reseeding may reduce 
the surface soil pH in degraded alpine meadows [37], 
suggesting that the response of soil pH may vary under 
different environmental or management conditions. 
In this study, the 2017 reseeded plots exhibited 
significantly higher available phosphorus content, which 
aligns with previous findings that reseeding significantly 
increases available phosphorus in the 0-30 cm soil layer 
of degraded alpine meadows [38]. This may be because 
plants in recently reseeded plots have relatively low 
phosphorus uptake capacity, coupled with potential 
phosphorus fertilizer application during reseeding, 
resulting in higher residual phosphorus in the soil [39].  
In contrast, available potassium was significantly lower 
in the 2017 reseeded plots than in the 2013 plots. This may 
be related to the vigorous growth and strong potassium 
demand of newly established grasses, particularly fast-
growing Poaceae species [40]. Moreover, soil structure 
in newly reseeded plots may not yet be fully restored, 
making potassium more susceptible to leaching losses 
[41].

Mowing also significantly influenced soil nutrient 
status, particularly total nitrogen, available nitrogen, 
available phosphorus, and available potassium, all 
of which showed increasing trends. Studies in Stipa 
grandis grasslands have shown that appropriate mowing 
can enhance soil total nitrogen accumulation [42], and 
research in typical Inner Mongolian grasslands indicates 
that mowing significantly increases soil dissolved organic 
carbon and available nitrogen [43]. These effects may be 
due to mowing-induced stimulation of root turnover and 
microbial activity, which accelerates the return of plant 
residues and dead roots to soil and promotes nutrient 
cycling [44]. However, the effects of mowing on soil 
pH varied with reseeding duration: mowing increased 
pH in the 2013 plots but decreased pH in the 2017 
plots, likely due to differences in how mowing-induced  
soil disturbance alters microenvironmental conditions 
[45].

More importantly, significant interactions were 
detected between reseeding duration and mowing, 

jointly influencing soil pH, total nitrogen, and available 
phosphorus. This indicates that the impact of mowing 
on soil nutrients is not fixed but varies across different 
stages of grassland restoration. In summary, grassland 
management should consider the combined effects 
of reseeding duration and mowing to optimize soil 
nutrient conditions and promote sustainable ecosystem 
restoration.

Mechanisms Regulating Soil Seed Bank 
Density Under Different Reseeding 
Durations and Mowing Treatments

The results show that the soil seed bank was 
predominantly concentrated in the 0-5 cm surface 
layer, consistent with findings from natural grasslands 
in Hulunbuir, Inner Mongolia [46]. This vertical 
distribution pattern aligns with the general ecological 
understanding that seeds are usually concentrated 
near the soil surface where germination conditions are 
optimal. Several mechanisms contribute to this pattern. 
First, most seeds fall directly to the ground under 
gravity and are redistributed over short distances by 
wind, water, or animals before entering shallow soil 
layers [47]. Second, the surface soil layer offers better 
aeration, greater temperature fluctuation, and light 
penetration – conditions favorable for seed germination 
[46]. Regarding the taxonomic composition of the seed 
bank, seeds of Poaceae and Cyperaceae dominated, 
while forbs contributed relatively few seeds. This pattern 
likely reflects the strong reproductive capacity and rapid 
establishment of reseeded Poaceae species such as Poa 
pratensis and Poa crymophila, which produce abundant 
seeds that replenish the soil seed bank [48]. In contrast, 
many forbs have lower seed productivity or rely partly 
on clonal reproduction, placing them at a disadvantage 
in seed input and accumulation [49]. Differences among 
plant groups in seed dispersal traits, maturation timing, 
shedding height, and survival strategies further shape 
their representation in the seed bank [50].

Structural equation modeling revealed that reseeding 
duration had a significant direct positive effect on 
seed bank density, indicating that long-term reseeding 
enhances seed production of dominant grasses and 
promotes seed accumulation in the soil. This direct 
effect highlights the central role of reseeding in 
improving community structure and increasing seed 
input, consistent with previous findings on the strong 
colonization ability and prolific seed production of 
dominant Poaceae species [48]. Additionally, reseeding 
duration indirectly increased seed bank density by 
enhancing species richness. Reseeding increases the 
number of species, including well-adapted native plants, 
which improves vegetation cover and biomass [51]. 
Tillage before reseeding reshapes niche structure and 
spatial patterns, allowing new species to establish and 
increasing community richness [52-54]. These changes 
not only diversify aboveground communities but also 
strengthen seed return and seed bank renewal.
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In contrast, mowing exerted both direct negative 
effects on seed bank density and indirect negative 
effects through reducing soil available nitrogen and 
subsequently decreasing plant diversity. Mowing often 
leads to community homogenization, with competitive 
species dominating and limiting opportunities for 
coexistence, thereby reducing both species richness and 
seed sources [55, 56]. Furthermore, mowing forces plants 
to allocate more energy to physiological compensation, 
leaving fewer resources for seed production, explaining 
the observed reduction in seed bank density under 
annual mowing [57].

Overall, this study demonstrates that reseeding and 
mowing influence soil seed banks through distinct but 
interconnected pathways: reseeding promotes seed 
accumulation by directly increasing seed input and 
indirectly enhancing species richness, while mowing 
reduces seed bank density by suppressing seed 
production and altering soil nutrients and community 
diversity. These findings highlight the importance of 
integrating reseeding and mowing strategies with soil 
nutrient management to maintain seed bank quantity and 
diversity and ensure long-term stability and ecological 
functioning of alpine meadow restoration.

Conclusions

This study demonstrates that reseeding and mowing 
jointly influence the soil seed bank through both direct 
and indirect pathways, underscoring the critical role 
of management practices in the long-term restoration 
of alpine meadows. Reseeding not only directly 
increases seed input but also indirectly enhances seed 
bank accumulation by promoting species richness. 
Therefore, implementing periodic and phased reseeding 
is recommended to maintain a stable and continuous 
seed source. In contrast, mowing exerts potential 
negative effects on both the seed bank and plant 
diversity, particularly under nutrient-limited conditions. 
As such, mowing intensity should be carefully 
controlled, and mowing should be avoided during 
key reproductive periods of plants. Simultaneously, 
restoration management should place equal emphasis on 
maintaining soil nutrient status. Given the heightened 
sensitivity of alpine meadows to disturbance and 
nutrient fluctuations, developing an integrated strategy 
that combines “reseeding-moderate mowing-nutrient 
management” can effectively strengthen the long-term 
recovery capacity and ecological resilience of degraded 
grasslands.
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