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Seed germination and seedling growth are crucial for the successful establishment and reproduction 
of plants in heterogeneous environments, especially in the ecologically fragile karst regions. Despite 
the ecological importance of perennial ryegrass (Lolium perenne L.) as a forage resource and its role in 
mitigating rocky desertification, studies addressing the effects of karst-specific environmental factors 
on its early growth stages are limited. This study is the first to simulate karst soil conditions to evaluate 
the impacts of drought (0–0.53 MPa), salinity (0–150 mM), and pH (pH 3–9) on seed germination and 
seedling growth of perennial ryegrass. The results showed that under different drought stresses, 
water potentials ranging from 0 to − 0.32 MPa had no significant effect on seed germination. However, 
water potentials of − 0.06 MPa and − 0.17 MPa significantly promoted root and shoot growth, as well 
as increased biomass. In the salt stress experiment, CaCl2 concentrations of 5–10 mM favored seed 
germination; specifically, 5 mM CaCl2 increased the germination rate to 96.5%, and root and shoot 
lengths exceeded those of the control. pH levels ranging from 3 to 9 had little effect on germination, 
but extremely acidic conditions (pH 3) significantly inhibited root and shoot elongation. Therefore, 
optimal growth conditions were determined to be drought stress from 0 to − 0.17 MPa, calcium 
salt stress from 0 to 25 mM, and a pH of 4 to 9. These findings identify optimal growth conditions 
for perennial ryegrass, providing a scientific basis for seed cultivation, pasture management, and 
ecological restoration in karst regions. Our study contributes to the understanding of plant responses 
to environmental stresses in karst systems and supports sustainable agricultural and conservation 
practices.
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Karst regions account for approximately 15% of the global land area and possess unique ecosystems that are 
widely distributed worldwide. The karst region in southwestern China covers over 500,000 square kilometers and 
represents the most densely distributed karst area globally, characterized by extremely fragile ecosystems1–3. Like 
other fragile ecosystems, their biodiversity and ecological stability face dual challenges from biotic and abiotic 
stresses1,4. Biotic stresses mainly arise from herbivores and human activities such as grazing, trampling, mowing, 
and plowing, while abiotic stresses are related to environmental and climatic factors including drought, rocky 
desertification, soil erosion, and salinization5,6. In karst areas, the intensification of rocky desertification has led 
to soil erosion, resulting in the loss of clay and silt particles and making the soil texture coarser. This degradation 
decreases soil and water conservation capacity, exacerbating soil drought7, which poses a serious threat to seed 
germination and seedling growth8,9. Additionally, rocky desertification exacerbates the accumulation of soil 
Ca2+ and Mg2+ ions, leading to soil pH imbalance and further challenging plant survival10,11. Therefore, in karst 
areas, drought, high salinity, and unsuitable pH are key factors limiting plant growth, especially during the seed 
germination stage12,13.
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Drought stress affects seed germination and seedling growth by increasing osmotic pressure14. 
Morphologically, drought causes decreased germination rates, hindered hypocotyl elongation, reduced fresh 
weight of stems and roots, increased root length, curled and tightly closed leaves, and premature flowering15. At 
the physiological level, drought stress leads to impaired cell expansion, decreased water potential, and reduced 
stomatal conductance, resulting in lower intracellular CO2 concentration and reduced net photosynthetic rates. 
These changes ultimately result in decreased plant growth rate and biomass16,17. Drought stress significantly 
impacts carbon assimilation and plant phenology18,19, especially during key germination and emergence stages 
of crops such as maize20, rice21, and wheat22. To resist drought, plants adopt various adaptive strategies, including 
enhancing root systems, reducing leaf area and stomatal conductance, osmotic regulation, activating antioxidant 
systems, and inducing drought-responsive genes and transcription factors23–25.

Salt stress adversely affects plant physiology and growth at various developmental stages21,26, causing 
significant losses in agricultural production27,28. Salinity impacts plants by reducing soil water potential, causing 
ion toxicity and osmotic shock, and interfering with the uptake and transport of essential nutrients29. During 
the seedling stage plants are particularly sensitive to soil salinity. Salt may interfere with seed germination, limit 
plant growth, and ultimately lead to decreased crop yields27,30. Salt-induced osmotic stress and ion toxicity are 
two key factors that hinder seed germination. When salinity disrupts the solute balance inside seeds, osmotic 
stress occurs, leading to higher osmotic potential, hindering normal water absorption, and making it difficult for 
radicle to break through the seed coat, thereby inhibiting successful germination. Harmful ion accumulation in 
seed cells leads to a series of physiological disorders, such as changes in metabolic pathways, disruption of cell 
membrane integrity, and reduced cell division and expansion31,32. Therefore, studying the salt tolerance limits of 
plants is crucial for maintaining their normal growth and development.

Another key soil factor influencing seed germination is the concentration of hydrogen ions, reflected by soil 
pH. Soil pH affects plant growth in two ways: directly, through the toxic effects of hydrogen ions under extreme 
pH conditions, and indirectly, by influencing the absorption and assimilation of multiple nutrients and altering 
the solubility of certain harmful elements33,34. Soil pH not only affects seed germination but also influences 
nutrient availability, with tolerance ranges varying among plant species35. According to previous research, many 
plant species can germinate within a wide pH range36,37; however, for certain species, pH may become a limiting 
factor for their growth38.

Perennial ryegrass (Lolium perenne L.) is a grass species native to Europe, Asia, and North Africa, widely 
distributed in eastern, central, and southwestern China39,40. Perennial ryegrass has important nutritional and 
ecological values. It is nutritious and has good palatability, making it a high-quality feed suitable for introduction 
as an economic crop41. In addition, ryegrass has a well-developed fibrous root system that can deepen the 
active soil layer, stabilize the soil during growth, enhance soil erosion resistance, reduce runoff, and control soil 
erosion42. In karst areas, drought, high salinity, and soil pH imbalance have been identified as key abiotic factors 
limiting plant establishment and growth in karst ecosystems43. Although perennial ryegrass has important 
ecological and economic significance as a feed resource and a key plant for preventing and controlling rocky 
desertification in karst areas44,45, but there is a lack of comprehensive research to evaluate the specific impact of 
these environmental factors on their early developmental stages. This study simulated karst soil conditions to 
investigate the effects of drought, calcium salt stress, and pH on the germination and early growth of perennial 
ryegrass seeds. For the first time, a systematic evaluation was conducted on how specific abiotic stresses 
characteristic of Karst areas affect the germination and early growth of perennial ryegrass.

Therefore, this study used perennial ryegrass seeds as materials to investigate the effects of abiotic stress 
on seed germination indicators (germination rate, germination potential, germination index, vitality index), 
seedling morphology indicators (shoot length and root length), and biomass indicators (fresh and dry weight of 
roots and shoots). The aim of this study is (1) to investigate the effects of drought stress, calcium salt stress, and 
pH stress on the germination ability of perennial ryegrass seeds; (2) Compare the changes in plant traits during 
the seedling stage under different stress conditions; (3) Determine the optimal growth conditions under these 
stresses. By evaluating the correlation between these stress factors and seed germination and seedling growth, it 
is determined whether these correlations change due to changes in stress conditions, providing valuable insights 
for ecological protection, pasture management, and sustainable use of perennial ryegrass in karst areas.

Materials and methods
Germination experiment
Seed material and preparation
Seeds of the perennial ryegrass (Lolium perenne L.) cultivar “Green Spirit” were provided by Bailu China 
Grassland Development Company. Prior to the experiment, seeds uniform in size, plump, and free from pests 
and diseases were selected. These seeds were surface-sterilized by soaking in a 1% sodium hypochlorite (NaClO) 
solution for 5 min, followed by five rinses with distilled water to remove any residual disinfectant.

Germination setup
Fifty treated seeds were uniformly placed in 9 cm diameter petri dishes lined with Whatman No. 10 filter paper. 
Each treatment was replicated four times and each petri dish was used as an experimental unit. The filter paper 
was moistened with 5 ml of distilled water or specific treatment solution. To minimize water evaporation, the 
dishes were sealed with cling film. All experiments were carried out at a constant temperature of 25 °C with 
a photoperiod of 12 h light/12 hours dark, a relative humidity of 55%, and a light intensity of 1500 lx, using 
fluorescent lamps as the light source46.

Seeds were considered germinated when the radicle reached approximately 2 mm in length. Germinated 
seeds were counted daily over a period of 15 days.
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Drought treatment
Osmotic solutions with potentials of 0 (distilled water/control), − 0.06, − 0.17, − 0.32, and − 0.53  MPa were 
prepared by dissolving appropriate amounts of polyethylene glycol (PEG) 6000 in deionized water.

Salt treatment
To assess the effects of salt stress, calcium chloride (CaCl2) solutions at concentrations of 0 (distilled water/
control), 5, 10, 25, 50, 100, and 150 mM were prepared.

pH treatment
Buffer solutions at pH values of 3, 4, 5, 6, 7 (distilled water/control), 8, and 9 were prepared by adjusting distilled 
water using NaOH or HCl. The pH was monitored using pH test strips. Each culture dish received 5 mL of the 
corresponding buffer solution, replenished daily to maintain pH stability47.

Germination test
Seed germination indicators were determined according to the International Rules for Seed Testing (International 
Seed Testing Association)48. The germination potential was calculated on day 5, while the germination rate, 
germination index, vigor index, root length, shoot length, inhibition rates, fresh weight, and dry weight were 
measured on day 14. A seed was considered germinated when the radicle reached approximately 2  mm in 
length49.

On day 14, ten seedlings were randomly selected from each treatment group for measurement. Shoot length 
was measured from the cotyledonary node to the tip of the longest leaf, and root length was measured from the 
cotyledonary node to the tip of the longest root. The inhibition rates of root and shoot lengths were calculated 
based on comparisons with the control group. Roots and shoots were then separated, washed, blotted dry, and 
weighed to obtain fresh weight. Samples were first oven-dried at 105  °C for 20  min to terminate metabolic 
activity, and subsequently dried at 75 °C until reaching a constant weight for dry mass determination50.

	 Germination potential = (n1/N) × 100%;

	 Germination rate = (n2/N) × 100%;

	
Germination index =

∑
GT/DT (i.e. G1/N1 + G2/N2 + G3/N3 + · · · + GN/Nn);

	 Vitality index = Germination index × S(S is the fresh weight of the seedlings).

In the formula: n1 is the number of seeds germinated during the peak germination period, N is the number of 
tested seeds, n2 is the number of seeds germinated on day 14, and GT is the number of seeds germinated on day 
T; DT is the corresponding germination days; G1, G2,…, Gn are the number of germinated seeds on days 1, 2,…, 
n; N1, N2,…, Nn are the corresponding germination days.

	 Root length inhibition rate = [(control group − experimental group)/control group] × 100%,

	 Shoot length inhibition rate = [(control group − experimental group)/control group] × 100%.

Data analysis
Data were processed and statistically analyzed using Microsoft Excel 2022 and SPSS 25.0 software respectively. 
One-way analysis of variance (ANOVA) was performed and means were compared using Tukey’s multiple range 
test at 5% level of significance (P ≤ 0.05). Graphs were generated using Origin 10.1 software. Pearson’s correlation 
analysis and heatmap generation were conducted using Origin 10.1 software to evaluate relationships between 
seed germination and seedling growth parameters under different treatments.

Results
Effects of different treatments on seed germination
Analysis of variance showed that drought, salinity, and pH had varying degrees of effects on the germination 
potential, germination rate, germination index, and vitality index of perennial ryegrass seeds (Fig. 1). Among 
them, the impact of drought on seed germination exhibits different trends under varying levels of water stress 
(Fig.  1A, D). Under PEG-6000 treatment at − 0.17  MPa, there was no significant difference in germination 
potential (74.25%) and germination rate (89.75%) compared to the control group (distilled water). However, 
at − 0.53 MPa, both germination potential (52.75%) and germination rate (75.9%) were significantly lower than 
those of the control group (Fig. 1A). Similarly, the germination index at − 0.17 MPa (27.12) was comparable 
to that of the control group, while at − 0.53 MPa, it was significantly reduced (16.73) (Fig. 1D). Additionally, 
the vitality index was significantly reduced even at − 0.06  MPa PEG-induced drought stress. Overall, under 
drought stress, the final germination rate remained high across all osmotic potentials, ranging from 79.5 to 
91.75% (Fig. 1A), but did not reach the germination rate of the control group (96.25%). Significant responses to 
drought stress were observed only at higher stress levels (–0.32 MPa and below).

Salt stress significantly affected the germination potential, germination rate, germination index, and vitality 
index of perennial ryegrass seeds (Fig. 1B, E). Analysis under different salt concentrations showed that at 50 
mM CaCl2, the germination rate (90.00%) was comparable to that of the control group, while at 100 mM, the 
germination rate slightly decreased to 80.25% (Fig. 1B). At 10 mM CaCl2, the germination potential (83.25%) 
was similar to the control, but it significantly decreased at 25 mM. There was no significant difference in 
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germination index and vitality index between the 0–10 mM salt treatments and the control group (Fig. 1E). These 
results indicate that within the salt concentration range of 0–50 mM, although some effects on the germination 
potential, germination index, and germination index were observed, the final germination rate of perennial 
ryegrass seeds was not significantly altered.

pH had no significant effect on the germination of perennial ryegrass seeds (Fig. 1C, F). Within the pH 
range of 3 to 9, the germination rate remained above 92%. At pH 3, the germination potential (74.5%) was 
comparable to that of the control group (Fig. 1C). When pH was 8 or 9, the germination index was 30.18 and 
29.22, respectively, similar to the control group. However, at pH 6, the germination index was significantly lower 
than the control. Additionally, at pH 3 and 9, the vitality index significantly decreased (Fig. 1F). These results 
indicate that the germination of perennial ryegrass seeds exhibits a wide tolerance range to pH values.

Effects of different treatments on seedling growth
Analysis of variance showed that drought, salinity, and pH significantly affected the aboveground and 
belowground characteristics of perennial ryegrass seedlings (Fig. 2). Under simulated drought stress using PEG-
6000 solutions, PEG-6000 treatments at − 0.06 MPa and − 0.17 MPa promoted root (10.98 cm and 9.58 cm, 
respectively) and shoot growth (9.15 cm and 8.47 cm, respectively) compared to the control. However, as the 
PEG-6000 concentration increased, the growth rate of seedlings gradually decreased (Fig. 2A). Additionally, with 
intensifying drought stress, the inhibition rates of root and shoot lengths initially increased and then decreased, 
with drought stress inhibiting shoot growth more significantly than root growth (Fig. 2D).

Under salt stress, the growth trend of perennial ryegrass seedlings was similar to that observed under drought 
stress (Fig. 2B, E). Specifically, at salt concentrations of 5 mM, 10 mM, and 25 mM, shoot growth was promoted, 
with shoot lengths of 9.16 cm, 8.99 cm, and 8.87 cm, respectively. Root lengths at 5 mM and 10 mM (8.55 cm and 
7.86 cm, respectively) were similar to those of the control group (Fig. 2B). Within the salt concentration range 
of 5–25 mM, the inhibition rate of shoot length was lower than that of the control. At 10 mM salt concentration, 
the root length inhibition rate (4.01%) was higher compared to the control, indicating that the inhibitory effect 
of salt stress on root growth was more pronounced than on shoot growth (Fig. 2E).

Figure 2C shows that perennial ryegrass seedlings exhibit high adaptability to pH changes, with no significant 
growth differences observed as pH increased or decreased. Within the pH range of 4 to 9, shoot and root growth 
were not significantly different from the control group. Notably, shoot growth was slightly promoted at pH 5 and 
6 (8.38 cm and 8.43 cm, respectively), while root growth was more favorable at pH 8 and 9 (8.56 cm and 8.40 cm, 
respectively). Additionally, the data in Fig. 2F indicate that under acidic conditions, the inhibitory effect on root 
growth was more pronounced than on shoot growth. Conversely, in alkaline environments, the inhibition of 
shoot growth was more significant, while the effect on root growth was relatively small.

Fig. 1.  Effects of different treatments on the germination of perennial ryegrass seeds (mean ± SE; n = 4). (A) 
Effects of PEG-6000 treatments on germination potential and germination rate. (B) Effects of CaCl2 treatments 
on germination potential and germination rate. (C) Effects of pH treatments on germination potential and 
germination rate. (D) Effects of PEG-6000 treatments on germination index and vitality index. (E) Effects of 
CaCl2 treatments on germination index and vitality index. (F) Effects of pH treatments on germination index 
and vitality index. Different lowercase letters indicate significant differences among treatments at P ≤ 0.05  level.
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Effects of different treatments on seedling biomass
Figure 3 illustrates the differential effects of various environmental factors on the biomass allocation of perennial 
ryegrass. With increasing PEG-6000 concentration, the fresh and dry weights of seedlings initially increased and 
then decreased (Fig. 3A, D). Under PEG-6000 treatments at − 0.06 MPa and − 0.17 MPa, there was no significant 
difference in shoot fresh weight compared to the control group (0.10 g and 0.09 g, respectively), and an increase 
in root fresh weight was observed (0.06 g and 0.05 g, respectively) (Fig. 3A). Within the PEG-6000 treatment 
range of − 0.06 MPa to − 0.32 MPa, no significant differences in shoot and root dry weights were found compared 
to the control. However, at − 0.53 MPa, the dry weights were significantly lower than those of the control group 
(Fig. 3D).

Salt stress significantly affected the biomass accumulation in perennial ryegrass seedlings (Fig. 3B, E). At 
salt concentrations of 5 mM and 10 mM, shoot fresh weight was promoted (0.13 g and 0.11 g, respectively). 
Within the salt concentration range of 5–50 mM, shoot fresh weights were similar to those of the control group. 
However, at a salt concentration of 150 mM, root fresh weight was significantly lower than that of the control 
group (0.02 g, Fig. 3B). Within the salt concentration range of 5–50 mM, no significant changes in shoot and 
root dry weights were observed. However, at 100 mM salt concentration, both shoot and root dry weights were 
significantly lower than those of the control group (Fig. 3E).

Under different pH treatments, the fresh weight of perennial ryegrass shoots showed minimal differences 
overall. However, at pH 3, root fresh weight was significantly lower than that of the control group (0.02  g, 
Fig. 3C). Within the pH range of 3 to 9, seedling fresh and dry weights showed varying degrees of promotion. 
Nonetheless, at pH 3, root dry weight was significantly lower than that of the control group (Fig. 3F).

Correlation analysis between seed germination and seedling growth indicators under 
different treatments
Under drought stress (Fig.  4), the PEG-6000 concentration was significantly positively correlated with root 
length inhibition rate, and shoot length inhibition rate, and highly significantly negatively correlated with 
germination potential, germination rate, germination index, vitality index, root length, shoot length, root fresh 
weight, shoot fresh weight, root dry weight, and shoot dry weight. A positive correlation was observed between 
various indicators of seed germination and various indicators of seedling growth. Under salt stress (Fig.  5), 
the correlations among various indicators showed a consistent trend with those under drought stress. Under 
pH stress (Fig. 6), pH was positively correlated with germination index, vitality index, root length, and root 
fresh weight, but negatively correlated with root length inhibition rate. It was not significantly correlated with 
germination potential, germination rate, shoot length, shoot length inhibition rate, shoot fresh weight and 
shoot dry weight. Overall, both drought and salt stresses had significant negative effects on the germination and 
seedling growth of perennial ryegrass seeds, while the negative impact of pH on seed germination was relatively 
low. In addition, there is a strong correlation between the germination indicators of perennial ryegrass seeds 

Fig. 2.  Effects of different treatments on the growth of perennial ryegrass seedlings (mean ± SE; n = 4). (A) 
Effects of PEG-6000 treatments on root and shoot lengths. (B) Effects of CaCl2 treatments on root and shoot 
lengths. (C) Effects of pH treatments on root and shoot lengths. (D) Effects of PEG-6000 treatments on root 
length inhibition rate and shoot length inhibition rate. (E) Effects of CaCl2 treatments on root length inhibition 
rate and shoot length inhibition rate. (F) Effects of pH treatments on root length inhibition rate and shoot 
length inhibition rate. Different lowercase letters indicate significant differences among treatments at P ≤ 0.05 
level.
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and the seedling growth parameters, suggesting that multiple indicators should be comprehensively considered 
when evaluating the adaptability of this species to abiotic stress conditions.

Discussion
The adaptability of seed germination and seedling growth is a key factor for plants to successfully establish 
populations and reproduce in heterogeneous environments. The aim of this study was to investigate the effects of 
different stress conditions on seed germination and seedling growth of perennial ryegrass, to provide a scientific 
basis for seed germination and seedling management strategies in karst areas. Our results indicate that drought, 
salinity, and pH significantly affect the germination and seedling growth of perennial ryegrass seeds.

Effects of drought stress on seed germination and seedling growth
Karst landscapes are characterized by high bedrock exposure, shallow soils, poor water retention capacity, strong 
surface evaporation, and abundant but unstable precipitation. Therefore, even in areas with ample rainfall, the 
phenomenon of “karst drought” can occur51,52. Numerous studies on plants in karst areas have shown that 
limited water resources inhibit seed germination and plant growth8,9,53, making seed germination critically 
important for vegetation restoration in degraded karst ecosystems.

The results of this study indicate that perennial ryegrass can tolerate moderate drought conditions. When its 
water potential is within the range of − 0.06 to − 0.17 MPa, there is no significant difference in seed germination 
rate compared to the control group, and it can significantly promote root growth and biomass accumulation. 
This finding is similar to the conclusion drawn by Wang et al. in their study comparing the drought resistance 
of 10 herbaceous plants during germination54. This indicates that controlling the level of drought stress can 
optimize root development, enhance soil stability and water absorption efficiency in karst areas55. These insights 
are valuable for ecological restoration projects, as water scarcity often limits the establishment of plants.

However, under extreme drought conditions (water potential of − 0.53 MPa), seed germination and seedling 
growth are significantly inhibited. For perennial ryegrass, the availability of water is the initial key factor 
affecting seed germination. Lack of water can interfere with the activity of enzymes, cell division, and other 
physiological metabolic processes within the seeds. The decrease in germination rate may be due to insufficient 
seed hydration caused by high osmotic potential, which inhibits the mechanism that promotes seed germination 
and leads to delayed germination56–58. In addition, it may also be due to changes in enzymes and hormones in 
the seeds59. Moreover, the softening rate of endosperm is extremely sensitive to seed water potential. Similarly, 
under water stress, a decrease in seed water potential can inhibit embryonic root growth and germination60. 
This may be because the seeds extend the preparation period for germination to resist drought stress, requiring 
sufficient water accumulation before germination. This mechanism helps to reduce the risk of plant survival in 
arid regions, while the embryonic roots continue to elongate to obtain more water to meet metabolic activities 
and growth needs61. Under drought stress, perennial ryegrass seedlings prioritize resource allocation to the 
underground parts, reflecting the plant’s resource allocation strategy in response to stress. These results are 

Fig. 3.  Effects of different treatments on the biomass accumulation of perennial ryegrass seedlings (mean ± SE; 
n = 4). (A) Effects of PEG-6000 treatments on root fresh weight and shoot fresh weight. (B) Effects of CaCl2 
treatments on root fresh weight and shoot fresh weight. (C) Effects of pH treatments on root fresh weight and 
shoot fresh weight. (D) Effects of PEG-6000 treatments on root dry weight and shoot dry weight. (E) Effects 
of CaCl2 treatments on root dry weight and shoot dry weight. (F) Effects of pH treatments on root dry weight 
and shoot dry weight. Different lowercase letters indicate significant differences among treatments at P ≤ 0.05 
level.

 

Scientific Reports |        (2025) 15:16874 6| https://doi.org/10.1038/s41598-025-01539-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


consistent with studies on other species such as alfalfa62 and sorghum63, which suggest that mild drought stress 
can promote root elongation and resource allocation to underground structures. This emphasizes the importance 
of considering rainy season time management or timely irrigation management during critical stages such as 
seed germination and seedling growth in areas prone to long-term drought. In practice, these findings can guide 
time management (rainy season) or irrigation time and intensity management in the establishment of ryegrass 
grasslands in karst areas, which is a basic strategy for seasonal water scarce karst areas and can also be considered 
in similar semi-arid ecosystems worldwide.

Effects of salt stress on seed germination and seedling growth
Salt stress is one of the main limiting factors for plant development, especially in the context of livestock feed 
production. Seed germination and seedling growth are critical stages in the plant life cycle, and plant salt 
tolerance is crucial for survival. In karst habitats, most of the bedrock is composed of carbonate rocks, with 
CaCO3 and MgCO3 as the main components; calcium-rich soils are a significant feature of these areas. Calcium 
is an essential element for the growth of higher plants; Ca2+ is a signaling substance involved in plant growth, 
development, and seed germination64. However, high concentrations of salt can inhibit seed germination65. 
Therefore, understanding the response of plants during germination is crucial for a deeper understanding of salt 
tolerance, sensitivity, and survival mechanisms.

This study found that low salt concentrations (5–10 mM CaCl₂) can promote seed germination and seedling 
growth, while high salt concentrations (≥ 50 mM) can inhibit these processes. This result is similar to the study by 
Tanveer et al.66, indicating that the response of melon seed germination to salt stress exhibits a “low promotion, 
high inhibition” characteristic. Similar salt stress inhibition effects have also been observed in the growth process 
of rice and wheat seedlings67,68. This biphasic reaction highlights the complex role of calcium ions in plant 
physiological processes. Low concentration salt stress promotes germination and seedling growth, possibly 
due to the ability of low concentration salt solutions to trigger seeds, stimulate increased enzyme activity and 
membrane metabolism within the seeds69. In addition, although CaCl₂ can provide calcium and promote root 
growth at low concentrations, it also increases Cl⁻ content. The increase in salinity can inhibit seed germination 
and root elongation by slowing down seed water absorption70. At high concentrations, CaCl₂ can cause ion 
toxicity71, leading to root shortening, root tip softening, and gradual seedling death, thereby posing a threat 
to seedling growth. When plants are subjected to salt stress, the roots are the first organ to sense the stress and 

Fig. 4.  Pearson correlation analysis of seed germination parameters, seedling morphological indicators, and 
seedling biomass indicators under PEG-6000 stress. Significance levels: **P ≤ 0.01 (highly significant), *P ≤ 0.05 
(significant).
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gradually transmit the stress signal to the aboveground parts. The normal growth, development, physiological 
and biochemical metabolic processes of plants are severely disrupted72. This study also found that with the 
increase of salt concentration, the inhibitory effect of salt stress on root growth was significantly greater than that 
on aboveground growth, which further confirms that the root system is indeed the primary organ affected by 
salt stress. Meanwhile, the growth and biomass of roots may determine energy allocation, which in turn affects 
plant tolerance to adversity73.

Our research findings suggest that if calcium salinity is controlled within a tolerable range, it can naturally 
provide optimal conditions for the germination of perennial ryegrass. The soil calcium content in karst areas is 
generally high74. The soil exchangeable calcium content in areas affected by mild rocky desertification is 0.02 g/kg, 
while in areas affected by severe rocky desertification, the soil exchangeable calcium content is as high as 3.92 g/
kg75. Soil with high calcium content has become one of the key environmental factors affecting the physiological 
characteristics and distribution of plants in rocky desertification areas. Excessive calcium ions not only inhibit 
plant growth, but may also reduce crop yields76. From the perspective of ecological restoration, these results 
emphasize the importance of monitoring soil calcium concentration and applying low concentration calcium 
treatment to improve the germination rate and successful establishment of plants in degraded or calcium saline 
soils. On a global scale, this study emphasizes the potential application of perennial ryegrass in other calcium 
rich or saline ecosystems, such as the Mediterranean and semi-arid pastures, where soil salinity often limits plant 
growth77.

Effects of pH stress on seed germination and seedling growth
Soil pH is an important factor affecting weed seed germination78,79. It is also the subject of many studies on 
grasslands80,81 and tree species82. Additionally, the germination response to different pH buffer solutions has 
been used to identify the adaptability or potential ability of plant species to establish in acidic, neutral, or alkaline 
soils. The effect of pH on seed germination and subsequent seedling growth may be mediated by affecting 
enzyme activity, metabolic activity, and weakening of the cell wall83,84.

Under extreme acidic conditions, the synthesis and activity of enzymes required for seed germination are 
inhibited, which not only affects the integrity of the seeds but may also lead to perforation of the seed coat by 
promoting the growth of certain pathogens or directly dissolving the seed coat, thereby affecting normal seed 
germination85. In highly alkaline environments, the germination time of seeds may be delayed86.

Fig. 5.  Pearson correlation analysis of seed germination parameters, seedling morphological indicators, and 
seedling biomass indicators under CaCl2 stress. Significance levels: **P ≤ 0.01 (highly significant), *P ≤ 0.05 
(significant).
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The results of this study reveal that perennial ryegrass has a wide range of pH tolerance, with a tolerance range 
of pH 4–9. The optimal growth was observed in a slightly acidic to slightly alkaline environment, i.e. pH 6–9. This 
is similar to the findings of Florentine et al. regarding the response of seed germination of the agricultural weed 
Plantago asiatica to pH levels87. In an acidic environment, when the pH value is 3, the germination potential, 
germination rate, germination index, and vigor index of seeds are all at their lowest values. This may be due to 
changes in seed permeability caused by strong acid stress, ion imbalance, and disruption of normal physiological 
functions within the seed, resulting in hindered seed germination. In alkaline environments, the germination 
rate of seeds is higher than that of the control. This adaptability makes it suitable for various soil types, especially 
in karst areas where changes in soil pH are common due to the presence of carbonate rocks. The effect of pH 
value on plant growth varies depending on the plant species. Silva et al.88 found that after 40 days of simulated 
acid rain treatment at pH 3, the seedlings of two trees (Eugenia uniflora and Clusia hilariana) suffered significant 
damage. Our research found that compared to pH 7 conditions, pH 3 had a significant inhibitory effect on the 
growth of perennial ryegrass. When the pH value is 4–9, there is no significant difference in root length of 
perennial ryegrass seedlings. The alkaline conditions of pH 8–9 are conducive to biomass accumulation. The 
ability of perennial ryegrass to germinate within a wide pH range indicates its potential for use in soil protection 
and ecological restoration in various environments, including acidic or alkaline soils in degraded landscapes. 
This broad pH adaptability also suggests that soil pH is unlikely to be a significant limiting factor for perennial 
ryegrass cultivation, allowing it to be applied in global environments where soil pH is extremely prevalent.

A comprehensive analysis of the effects of various stresses on the germination of perennial ryegrass seeds and 
the growth of seedlings shows that different stresses have different directions and intensities on the above ground 
and underground characteristics of perennial ryegrass seeds and seedlings, with negative effects usually being 
more common than positive effects. Drought stress has the greatest impact on seed germination and seedling 
growth. This suggests that drought stress can reduce enzyme activity, disrupt cellular water balance, and alter 
the hormonal content and balance within seeds89. This combination has adverse effects on seed germination 
ability and overall growth and development of seedlings. In the context of global change, drought has become the 
deadliest abiotic stress, interfering with the physical and biochemical pathways of seed germination and plant 
growth, severely damaging their germination, growth, and final yield90. Therefore, ensuring appropriate soil 
moisture management during the cultivation of plant seeds is crucial for supporting successful seed germination, 
promoting healthy seedling growth, and ensuring the healthy development of the entire plant life cycle. On 

Fig. 6.  Pearson correlation analysis of seed germination parameters, seedling morphological indicators, 
and seedling biomass indicators under pH stress. Significance levels: **P ≤ 0.01 (highly significant), *P ≤ 0.05 
(significant).
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the contrary, the impact of pH stress is relatively small, indicating that perennial ryegrass seedlings may have 
better adaptability to acidic or alkaline environments. In addition, in karst areas, drought stress and calcium 
salt stress often occur simultaneously91. Drought stress and salt are physiologically related, as both induce 
osmotic stress and most metabolic responses in affected plants are somewhat similar92. However, in complex 
field environments containing multiple abiotic and biotic stress factors, the generalizability and determinacy of 
the conclusions obtained from single factor control experiments are limited. Therefore, future research should 
focus on conducting long-term field experiments to control multiple factors of stress, in order to more accurately 
reveal the response and adaptation mechanisms of plants in natural environments.

Conclusion
In this study, we simulated various environmental conditions typical of karst landscapes to thoroughly 
investigate the germination characteristics of perennial ryegrass (Lolium perenne L.) seeds. Our research shows 
that drought, salinity, and pH significantly affect seed germination and seedling growth in perennial ryegrass. 
Moderate drought (− 0.06  MPa and − 0.17  MPa) promotes root and shoot growth, while salt stress at 5–10 
mM CaCl₂ enhances germination and seedling development. Within the pH range of 3–9, germination remains 
relatively stable, though extreme acidity (pH 3) significantly inhibits root and shoot elongation. Therefore, 
optimal growth conditions were determined to be drought stress from 0 to − 0.17 MPa, calcium salt stress from 
0 to 25 mM, and a pH of 4 to 9. These findings identify optimal growth conditions for perennial ryegrass, 
providing a scientific basis for seed cultivation, pasture management, and ecological restoration in karst regions. 
Our study contributes to the understanding of plant responses to environmental stresses in karst systems and 
supports sustainable agricultural and conservation practices.

Data availability
Data availabilityThe original contributions presented in the study are included in the article. Further inquiries 
can be directed to the corresponding authors.
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