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Morphological and Physiological Traits Related to the Response and Adaption of Bolboschoenus planiculmis Seedlings Grown Under Salt-Alkaline Stress Conditions
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Soil saline-alkalization is expanding and becoming a serious threat to the initial establishment of plants in inland salt marshes on the Songnen Plain in Northeast China. Bolboschoenus planiculmis is a key wetland plant in this area, and its root tubers provide food for an endangered migratory Siberian crane (Grus leucogeranus). However, the survival of this plant in many wetlands is threatened by increased soil saline-alkalization. The early establishment of B. planiculmis populations under salt and alkaline stress conditions has not been well understood. The aim of this study was to investigate the response and adaption of the seedling emergence and growth of B. planiculmis to salt-alkaline mixed stress. In this study, B. planiculmis root tubers were planted into saline-sodic soils with five pH levels (7.31–7.49, 8.48–8.59, 9.10–9.28, 10.07–10.19, and 10.66–10.73) and five salinity levels (40, 80, 120, 160, and 200 mmol⋅L–1). The emergence and growth metrics, as well as the underlying morphological and physiological traits in response to salt-alkaline stress were explored for 2-week-old seedlings. The seedling emergence, growth, and leaf and root traits showed distinct responses to the pH and salt gradients. Under the lower saline-alkaline condition (pH ≤ 9.10–9.28 and salinity ≤ 80 mmol⋅L–1), the seedling growth was substantially facilitated or not significantly altered. Salinity affected the seedlings more significantly than alkalinity did. In particular, among the salt ions, the Na+ concentration had predominantly negative effects on all the morphological and physiological traits of the seedlings. Seedling emergence was more tolerant to salinity and, based on its observed close relationships with pH and the alkaline ion CO32–, was highly alkalinity-dependent. Moreover, the leaf area and photosynthetic rate, as well as the root surface area and tip number mainly accounted for the response of the seedling biomass to salt-alkaline stress. This is evidence of the adaption of B. planiculmis to saline-alkaline conditions largely due to the responses of its morphological and physiological traits. This study provides a mechanistic process-based understanding of the early seedling establishment of B. planiculmis populations in response to increased soil saline-alkalization in natural wetlands.
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INTRODUCTION

Soil saline-alkalization is a major cause of land degradation worldwide (Ma et al., 2015). Parent materials, climate, topography, and anthropogenic activities contribute to the formation and evolution of soil saline-alkalization (Liu et al., 2009). There are large areas of saline-alkaline land in China and the Songnen Plain has one of the largest areas of saline-alkaline land in Northeast China (approximately 4 × 106 ha) (Wang et al., 2009). The ecological functions of this area have become severely degraded because of increased soil saline-alkalization. As a result, it has become an ecologically fragile area, and is an important area for maintaining national ecological security (Yang et al., 2010). Among the salts in soil, NaCl and Na2SO4 are the main neutral components and Na2CO3 and NaHCO3 are the main causes of saline-alkaline conditions (Yang et al., 2011). Compared with neutral salts, NaHCO3 and Na2CO3 are more harmful to vegetation because of the combined effects of high electrical conductivity and high pH (Tang and Turner, 1999; Shi and Sheng, 2005; Chen et al., 2017). Consequently, salinity and alkalinity act as the key attributes affecting plant establishment, growth, and distribution in saline-alkaline soils (Silvestri et al., 2005; An et al., 2019).

During the plant life cycle, the initial phase (e.g., seedling emergence) can be widely used to assess the adaptive ability of the plant to increased alkalinity in the soil (Stokes et al., 2011). However, there are differences in the pH thresholds among plant species. Some can successfully emerge over a wide pH range, while others only emerge at a certain pH (Nakamura and Hossain, 2009; Ebrahimi and Eslami, 2012). During plant regeneration, vegetative propagation is the main mode of reproduction of aquatic plants in natural conditions (Sosnová et al., 2010). Aquatic macrophytes commonly and easily propagate through stems, leaves, or roots, and can colonize new areas quickly and efficiently (Mony et al., 2011). The early stage of the establishment of these species, which includes seedling emergence and growth, is vulnerable to environmental changes (Engels et al., 2011). Variations in the seedling emergence of plants under stress conditions may reveal their adaptive strategies and could be used to evaluate the effects of stress factors (Lowe et al., 2010). To date, studies of wetland plants have only focused on the effect of saline and alkaline stress on seed germination, seedling and vegetative growth (Liu et al., 2018; Wang et al., 2020), evaluations of the vegetative propagation of typical wetland plants under mixed stress conditions are still rarely reported.

Plants growing in high-salt soil usually face problems related to osmotic and ionic stresses (Lv et al., 2013). High alkalinity affects the availability of some mineral nutrients in soil, resulting in nutrient deficiency for plants (Shi and Wang, 2005; Li et al., 2010). Additionally, high pH may suppress ion absorption in plant cells, consequently destroying their ion homeostasis (Yang et al., 2009). The influences of salt concentration and composition, pH, and their combinations on the growth and development of plants have been investigated and compared (Shi and Wang, 2005; Yang et al., 2011; Zhang et al., 2018). Likewise, plants have several response strategies for averting the negative effects of salt-alkaline stress (Liu et al., 2015). The ecophysiological mechanisms underlying plants’ responses and adaptations to salt or alkaline conditions have been widely reported (Elmore et al., 2006). For instance, the photosynthetic characteristics of plant seedlings under increased alkalinity can provide important information for understanding the adaptive response of plants, which directly determine their productivity and acclimation in natural environments (Yang et al., 2011). In addition, the morphological characteristics of plants, such as leaf traits, can also be used as indicators in plants subjected to salt and alkaline conditions (Bernstein et al., 2010; Rouphael et al., 2012). Furthermore, plant roots are the major organ in direct contact with the soil and thus primarily encounter any abiotic stresses (Yang et al., 2011). The inherent variations in root architecture allow plants to adapt to saline-alkaline conditions, ultimately resulting in greater efficiency in nutrient and water absorption (An et al., 2019). Plants attempt to circumvent highly saline media by altering the direction of their root growth (Galvan-Ampudia et al., 2013). However, studies to date have mainly focused on the response and adaption of crop and forage plants to salt-alkaline stress; the morphological and physiological strategies of typical wetland plants to mixed stress remain poorly understood.

Plants of genus Bolboschoenus are commonly distributed in saline wetlands, and often occupy a wide range of habitats, including both coastal and inland salt marshes (Ljevnaić-Mašić et al., 2020). The ecological properties of these species such as their dispersal abilities and distribution as well as their relationships with habitat conditions, have been are investigated (Hroudová et al., 2007; Píšová et al., 2017). Bolboschoenus maritimus, for example, is regarded as a halophyte usually inhabiting saline habitats. A prominent response of this species to salinity is a change in biomass allocation from shoots to tubers (Morris and Ganf, 2001). Its adaptive ability to salinity is largely due to stomata that is less sensitive to environmental salinity (Maricle and Maricle, 2018). Meanwhile, comparisons of the salinity tolerance of B. planiculmis to that of other Bolboschoenus species indicates that the broader extent of its phenotypic plasticity enables it to inhabit and extend its range to saline habitats (Hroudová et al., 2014). It has also been reported that both B. yagara and B. planiculmis communities are not adaptive to saline habitats, but are able to become established in eutrophic freshwater habitats and those with a fluctuating water level, as well as in arable land with a rich nutrient supply (Ljevnaić-Mašić et al., 2020). Thus, the ecological adaptation mechanism that occurs in Bolboschoenus species growing in different conditions is not precisely known.

Bolboschoenus planiculmis is often found in the saline-sodic wetlands on the western Songnen Plain, where it mainly reproduces and expands its population using vegetative propagules (An et al., 2018). The B. planiculmis wetlands on the Songnen Plain can provide a habitat for the migratory Siberian crane (Grus leucogeranus), and the root tubers of this plant are a food source for this waterfowl. However, these wetlands are suffering from increased soil salinization and alkalinization, and the vegetation is being degraded (An et al., 2018). Existing studies on the growth of B. planiculmis in this area under salt stress have, to our knowledge, only investigated either NaCl or water management (Zhang et al., 2014; An et al., 2018). Studies of the effects of saline-sodic stress on B. planiculmis are still lacking, greatly hindering our understanding of this species’ ecological limits. The aims of this study were to (1) investigate the responses of B. planiculmis seedling variations to mixed salt-alkaline stresses, (2) evaluate the dominant stress factors controlling B. planiculmis seedlings, and (3) clarify the underlying morphological and physiological traits potentially responsible for the response and adaptive strategies of B. planiculmis seedlings to stress. This study can provide valuable implications for the survival and early establishment of B. planiculmis populations in saline-alkali environments, as well as for designing effective restoration projects.



MATERIALS AND METHODS


Plant and Soil Materials

Plant and soil materials were collected from the Ertou Wetland (45°53′N; 123°38′E) located in the buffer zone of Momoge National Nature Reserve on the western Songnen Plain. In late April 2018, the roots of B. planiculmis were excavated within a soil depth of 30 cm and washed with tap water. After removing the rhizomes and fibrous roots, the root tubers were then stored at 4°C in damp and dark conditions. Surface soil (30 cm depth) from the flood plain of the Nengjiang River was collected and used as a potting medium in the experiment. The soil is a meadow bog soil with a pH of 7.11, electrical conductivity of 277 μS cm–1, organic matter content of 22.4 g kg–1, total nitrogen content of 2.55 g kg–1, and total phosphorus content of 0.36 g kg–1. Before use, the soil was air-dried, crushed and sieved through a 2 mm sieve to remove gravel and organic particles.



Design of Simulated Saline-Alkaline Conditions

A completely randomized experimental design was used to study the effects of soil salinity and pH. According to the salt components in the salt-alkaline soils investigated by a previous study (Ge and Li, 1990), NaCl, Na2SO4, Na2CO3, and NaHCO3 were selected and mixed in various molar proportions to reflect the salinity and alkalinity ranges in natural soil. Five treatment groups were set with increasing pH (ranging from 7.31 to 10.73). The salt compositions of the five treatment groups (labeled as A, B, C, D, and E) are presented in Table 1. There were five levels of salinity (40, 80, 120, 160, and 200 mmol L–1), in each group, for a total of 25 salt-alkaline stress treatments with varying salinity and pH. Details of the treatments (labeled as A1, A2, A3…E3, E4, E5) are illustrated in Table 2. Stress factors such as ions concentrations were calculated on the basis of the salt molar ratios listed in Table 1 and the given salinity. The treatment without salt addition was considered to be the control (CK). All salt-alkaline stress treatments and CK were replicated three times.


TABLE 1. Salt compositions and their molar ratios in the treatment groups.
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TABLE 2. The stress factors evaluated in the various treatments.
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Growth Conditions

The experiment started on May 1, 2018. Plastic pots (15 cm diameter × 10 cm depth) were used in this study and each pot was filled with the potting medium (500 g pot–1). There were 78 pots in total (25 salt-alkaline treatments and CK with three repetitions per treatment). Thirty fully developed tubers of B. planiculmis of uniform size (mean dry weight 1.2 g) were selected and planted into the soil (5 cm). The pots were watered with a saline-alkaline solution to 50% soil water content to avoid inhibition of root tuber emergence and seedling growth of B. planiculmis due to flooding (An et al., 2018). All the pots were then placed into the growth chambers with a 12-h photoperiod (500 μmol m–2 s–1 of photosynthetically active radiation), 25/20°C day/night temperature, and 70–75% relative humidity. All the pots were rotated randomly to standardize daily light exposure and the evaporated water in the pots was resupplied daily with distilled water after weighing.



Aerial Part Measurements

Seedling emergence was recorded daily when sprouts were 1 cm above the soil surface. The emergence rate was calculated by dividing the number of emerged seedlings by the number of tubers planted in each pot and multiplying the product by 100. On May 15 (2 weeks after planting), the seedling height was measured as the distance from the soil surface to the top of stem. Three exposed leaves in each pot were selected for the leaf area measurements using a leaf area meter (Li-Cor 3100, Li-Cor). All the selected leaves were then collected and dried at 60°C for 72 h to a constant weight. The mean of the leaf traits was calculated for each pot. Aerial parts of the plants in each pot were removed at the soil surface level and dried at 90°C for 1 h and then at 60°C to determine the shoot biomass. The shoot biomass was calculated as the sum of the aerial plant parts (leaves + stems). Individual plant shoot biomass was computed as the ratio of total shoot dry weight/the number of emerged seedlings in each pot.



Photosynthetic Trait Measurements

Before sampling, the expanded young leaves were selected to measure the light-saturated net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) using a portable gas-exchange system (Li-6400, Li-Cor, Lincoln, NE, United States) with an integrated light source (6200-02BLED, Li-Cor). The photosynthetic photon flux density in the leaf chamber was 1500 μmol m–2 s–1. The vapor pressure deficit was kept at 1.0–1.5 kPa. The air temperature was set at 25°C, and the ambient CO2 concentration was set at 360 μmol mol–1. The instantaneous water use efficiency (WUE) of the leaves was calculated as WUE = Pn/Tr. Three to five leaves were measured per pot, and the mean was calculated for each pot.



Root Trait Measurements

Roots were removed from each pot and rinsed using tap water. The fine roots remaining in the soil were isolated by overfilling the soil with water and passing the outflow through a 0.25 mm mesh sieve to collect the roots. All the roots in each pot were oven-dried at 60°C to a constant weight. Individual plant root biomass was computed as the ratio of the total root dry weight/the number of emerged seedlings in each pot. Before drying, one to three intact roots in each pot were randomly selected and scanned at 400 dpi resolution. Finally, the root length, root mean diameter, root surface area, and root tip number were determined using the WinRHIZOPRO (version 2003b) root analyzing system (Regent Instruments Inc., Quebec, Canada). The means of the root traits from one pot indicated the data for a replication of the treatment.



Data Analysis

The effects of pH and salinity on emergence, growth, and morphological and physiological traits of B. planiculmis seedlings were determined by two-way ANOVA at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. The above analyses were performed with SPSS software (ver.18.0, Chicago, IL, United States). Principle component analysis (PCA) was performed on the growth as well as the morphological and physiological measurements of the treatments using R Studio (ver. 1.2.1335), and the variance proportion was analyzed using JMP Genomics (ver. 14). A redundancy analysis (RDA) was conducted to quantify and test the effects of the salt factors on B. planiculmis seedling variations. The variables were centered and standardized by applying a square root transformation and then a logarithmic transformation. The significance levels of the explanatory variables were determined using Monte Carlo tests (499 permutations). The RDA was performed using the Canoco 4.5 software package (Microcomputer Power, Ithaca, NY, United States). Pearson’s correlation analysis was performed to examine the relationships between the stress variables and the emergence and growth performance of the B. planiculmis seedlings. The correlation coefficients (r) were considered significant at the p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. Stepwise multiple linear regressions were employed to determine the morphological and physiological traits that best predicted seedling shoot and root biomasses. The final multiple regression model contained only the significant variables (p ≤ 0.05). The regression coefficients (R2) were considered significant at the p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. All the correlations and regressions were analyzed using SPSS Version 18.0.




RESULTS


Effects of Salt-Alkaline Stresses on B. planiculmis Seedlings

The two-way ANOVA revealed significant effects of pH and salinity and their interactions on almost all the seedling traits of B. planiculmis, with a few exceptions (Table 3). The effects of pH and salinity interactions on the leaf area, transpiration rate, root length, and root average diameter were not significant. The results indicated that seedling emergence was sensitive to salt-alkaline stress (Figure 1A). Compared with CK, treatment A1 had a positive effect on the seedling emergence, and the emergence rate decreased as expected with increased salinity and alkalinity. Moreover, the emergence rate dropped remarkably as the salinity increased at a higher pH. However, the emergence rate dropped less than 50% in the D and E groups regardless of salinity level. The emergence rates of the D5 and E5 treatments were 20.0 and 6.7%, respectively. Similarly, plant height remained relatively stable in the A, B, and C groups over the salinity gradient and decreased as both salinity and pH increased (Figure 1B). Under the lower condition (pH less than 8.48–8.58 and salinity less than 80 mmol L–1), the shoot and root biomasses were greater than CK and decreased as salinity and pH increased (Figures 1C,D). The effects of salt-alkali stress on leaf area and leaf dry weight were significant (Figure 2). Although the A1 treatment increased the leaf area compared with CK (Figure 2A), the leaf area decreased sharply as the salinity and alkalinity increased. Leaf dry weight also significantly decreased with salt-alkali stress (Figure 2B), and decreased with increased salt concentration.


TABLE 3. Results (F-values) of the two-way variance analysis (ANOVA) of pH and salinity for the emergence and growth performance of the B. planiculmis seedlings.
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FIGURE 1. Emergence and growth performance of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Emergence rate. (B) Plant height. (C) Shoot biomass. (D) Root biomass. Vertical lines are error bars.
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FIGURE 2. Leaf traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Leaf area. (B) Leaf dry weight. Vertical lines are error bars.


The Pn of the leaves decreased with increasing salinity and alkalinity, although it was greater than that of CK when at low salinity and alkalinity (Figure 3A). Compared with that of CK, Gs decreased sharply under the saline-alkaline conditions, especially at greater alkalinity. However, at the greater salinity levels (120 mmol L–1, 160 mmol L–1, and 200 mmol L–1), the Gs values were similar among the different treatments (Figure 3B). Tr also decreased with increasing salinity and alkalinity without interactions between salinity and alkalinity (Figure 3C). Salinity and alkalinity had negative influences on WUE, and these influences were more pronounced when high salinity and high alkalinity were combined (Figure 3D).
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FIGURE 3. Photosynthetic traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Photosynthetic rate (Pn). (B) Transpiration rate (Tr). (C) Stomatal conductance (Gs). (D) Water use efficiency (WUE). Vertical lines are error bars.


The root length and surface area generally decreased with increasing salinity and alkalinity (Figures 4A,B). Under low salinity and alkalinity treatments, the root average diameter and tips number were similar to or greater than those of CK. Although the increment exited in the A1 treatment, the root diameter was similar among treatments with high salinity and alkalinity (Figure 4C). The A1, B1, C1, and D1 treatments significantly increased the root tip number compared with CK (Figure 4D).
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FIGURE 4. Root traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Root length. (B) Root surface area. (C) Root average diameter. (D) Root tip number. Vertical lines are error bars.




Evaluation of Stress Factors on B. planiculmis Seedlings

The PCA of the measurements of the B. planiculmis seedlings showed that the first component (PC1: 70.6%) and second component (PC2: 10.94%) explained 81.54% of the total variance (Figure 5A). The score plot of the PCA clearly divided the CK and low-salinity treatments (treatments 1 and 2) from the high-salinity treatments (treatment 3, 4, and 5) along PC1, and also divided the CK and low-pH treatments (treatments A, B, and C) from the high-pH treatments (treatments D and E) along PC2. The variation attributable to salinity accounted for 85.7% of the variation in PC1 while the variation attributable to pH accounted for 70.9% of the variation in PC2 (Figure 5B).
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FIGURE 5. Principal component analysis (PCA) of seedling performance of B. planiculmis treated with different salinity and pH combinations. (A) Score scatter plot of PC1 versus PC2. (B) Variance decomposition of PC1 and PC2 as implemented in JMP Genomics. CK, control; Sal, salinity. The details for the treatments in (A) are shown in Table 2.


The linear regression indicated that the emergence rate and plant height were negatively correlated with pH (p < 0.001), Na+, SO42–, and CO32– (p < 0.05) (Table 4). There were significant correlations between Na+ and all seedling traits. The relationships between the other stress factors and shoot biomass and leaf area were significant (p < 0.05). The leaf dry weight was closely related to salinity, Na+, Cl–, SO42–, and CO32– (p < 0.05). Pn, Gs, and Tr were significantly correlated with salinity and salt ions (p < 0.05). WUE was significantly correlated with salinity, Na+, Cl–, and CO32– (p < 0.05). Root biomass and root tip number were negatively correlated with five factors (salinity, Na+, Cl–, SO42–, and CO32–) (p < 0.05). In addition, the root length and root surface area were significantly correlated with salinity and salt ions. The relationships between root diameter and salinity, Na+, Cl–, and SO42– were significant (p < 0.05).


TABLE 4. Correlation coefficients (r) between stress factors and emergence, growth, and morphological and physiological traits of B. planiculmis seedlings.
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The RDA was performed to quantify the effects of five salt variables (Na+, Cl–, SO42–, HCO3–, and CO32–) on B. planiculmis seedling variations based on the data from the various treatments (Figure 6). Eigenvalues for the first, second, third, and fourth axes were 0.673, 0.105, 0.014, and 0.005, respectively. The five salt variables explained 79.7% of the B. planiculmis seedling variations (Monte Carlo test with 499 repetitions, F = 55.3, p = 0.002). In addition, the RDA showed a strong correlation between vegetation and environmental factors with species–environment correlations of 0.973 on the first axis and 0.941 on the second axis. In particular, Na+ negatively affected emergence, growth, and all the morphological and physiological traits. Emergence was negatively correlated with CO32– (Figure 6). The marginal effects and conditional effects on the eigenvalue of the explained variance indicated that Na+ was the best explanatory variable (57%, F = 95.2, p = 0.002) (Table 5). The conditional effects showed that the additional variables, CO32– (12%, F = 30.36, p = 0.002), SO42– (9%, F = 25.55, p = 0.002), HCO3– (2%, F = 5.49, p = 0.002), and Cl– (0%, F = 2.87, p = 0.012) could explain the statistically significant amount of variation.
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FIGURE 6. Bioplot diagram of the redundancy analysis (RDA) on B. planiculmis constrained by Na+, Cl–, SO42–, HCO3–, and CO32–. ER, emergence rate; H, plant height; LA, leaf area; LDW, leaf dry weight; SB, shoot biomass; Pn, photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance; WUE, water use efficiency; RB, root biomass; RL, root length; RTN, root tip number; RSA, root surface area; RD, root average diameter. The total explained variance by all the selected soil variables is 79.7% (F = 55.3, p = 0.002). Axis 1 and axis 2 explained 67.3 and 10.5% of the variation, respectively, in the B. planiculmis seedlings.



TABLE 5. Marginal and conditional effects on the eigenvalue obtained from the summary of forward selection using a Monte Carlo Permutation test.
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Morphological and Physiological Traits as Predictors of Seedling Biomass Production

The correlations between the underlying morphological and physiological traits and the seedling biomass production were evaluated with multiple linear regressions (Table 6). The results showed that there were two traits significantly correlated with shoot biomass and root biomass (R2 = 0.718 and 0.741, p < 001, respectively). The highest proportion of variation in seedling shoot biomass was explained by the variation in photosynthetic rate and leaf area (p < 0.001). The root surface area and root tip number accounted for the variations in root biomass (p < 0.001).


TABLE 6. Morphological and physiological traits as predictors of seedling shoot and root biomass in response to salt-alkaline stress determined by a linear stepwise multiple regression analysis.
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DISCUSSION

The growth of some salt-tolerant plant species is moderately suppressed, or even improved under lower salinity conditions (Bose et al., 2014). A similar tendency was observed in this study. Some seedling metrics of B. planiculmis, including emergence, biomass, and leaf and root traits, that were actually facilitated or not significantly altered by low salinity-alkalinity (treatments with pH ≤ 9.10–9.28 and salinity ≤ 80 mmol L–1) in comparison with those without stress, confirming its adaptive ability to salt-alkaline stress. During adaptive evolution in natural wetlands, the B. planiculmis populations living in the salt-sodic environments have retained their tolerance to salt, which probably developed their varied tolerances to pH stress. The results of previous studies on B. maritimus correspond to our results, indicating that salt-alkaline conditions, with higher pH and conductivity are favorable for B. maritimus development, implying its potential for adapting saline and alkaline habitats (Hroudová et al., 2014; Jenačković et al., 2016). This indicates that it may be more appropriate to classify B. planiculmis as a salt-alkali plant, and that a degree of adaptability to saline -alkaline condition is crucial for the early establishment of a B. planiculmis population.

As might be expected, the growth of B. planiculmis seedlings was suppressed under soil conditions with higher levels of salt concentration. The growth inhibition of seedlings from seed germination was also reported by a previous study on other wetland plants (Wang et al., 2020). Salt stress interferes with plant growth by causing reduced water potential around the plant rhizosphere and ionic toxicity, resulting from turbulence in specific ion concentrations inside the root tissue (Ghoulam et al., 2002; de Lacerda et al., 2003; Sosa et al., 2005). As has been found in natural populations of Scirpus planiculmis (=B. planiculmis), the root biomass of B. planiculmis was negatively correlated with pH, and a high pH significantly affected its growth biomass allocation and rhizome morphology (Ning et al., 2014). The results of this study also demonstrated that total salinity affected the B. planiculmis seedlings more than alkaline stress. This can be explained by the species-specific responses of plants to the stress factors when subjected to mixed stresses (Guo C. Y. et al., 2015). However, the opposite result was observed in grassland plants, in which alkaline stress had more harmful effects on the plants than salt stress (Yang et al., 2008; Zhang et al., 2018). This is likely because drought stress occurs in combination with salt and alkaline stresses in grasslands, causing a synergistic enhancement in soil alkalinization. In salt-sodic wetlands, optimal water conditions could reduce soil salinization and alkalinization, and mitigate the intensity of salt-alkaline stress on wetland plants (An et al., 2019).

In addition to the negative effects on vegetative growth, salts in soil may create a high osmotic potential for plant propagules, preventing their water absorption (Khajeh-Hosseini et al., 2003; Sosa et al., 2005). The root tubers of B. planiculmis used serve as the main vegetative propagules in natural habitats (An et al., 2018). In this study, the emergence rate of the B. planiculmis tubers was highly correlated with pH, demonstrating that the alkaline salts inhibited seedling emergence more greatly than the neutral salts did. This may be because high pH around the rhizosphere of propagules inhibits reproduction (Zhang et al., 2015). In the salt-sodic soils, Na2CO3 and NaHCO3 accumulations mainly accounted for the high pH values, because both salts are soluble and can undergo alkaline hydrolysis (Chi et al., 2012). The intense inhibitory effects of CO32– and HCO3– on plant seedling emergence were possibly attributed to their buffer capacity. The results of the RDA also confirmed that emergence rate was closely related to CO32–. Thus, the pH attributed to CO32– and its buffer effects, not salt concentration, should be the restriction factor of seedling emergence of B. planiculmis. An emergence assessment of B. planiculmis tubers under controlled conditions can predict the response of B. planiculmis population density to a specific component of complex alkaline stress syndrome.

Stress tolerance varies depending on the plant species and soil conditions. In particular, salt tolerance usually depends on the ion’s absorption dose and allocation in plants (Flowers and Colmer, 2008). There are some tolerant mechanisms for halophytes under salt stress. For example, excessive accumulation of Na+ within the vacuoles in epidermal bladder cells enables salt stress adaptation (Zhao et al., 2020). A previous study conducted in saline-sodic soil revealed that high Na+ concentration not only influenced seed germination but also seedling growth of plant (Zhao et al., 2014). In this study, Na+ concentration played an important role in influencing the morphological and physiological traits of the B. planiculmis seedlings, such as growth, photosynthetic performance, and leaf and root traits. This result is consistent with several previous studies. High Na+ concentrations negatively affect germination and vegetative growth of plants, although low Na+ concentrations can adjust osmolarity in the vacuole (Wang et al., 2002; Zhang et al., 2010). Increased salt concentrations in soil lead to large amounts of Na+ to be taken up by roots. Na+ consequently impairs metabolic processes via ion toxicity and osmotic effects on water uptake or interference with the uptake of nutrients (Grewal, 2010; Deinlein et al., 2014). Plants tend to enact some mechanisms to mitigate Na+ stress by reducing physiological traits while maintaining growth, as it was previously reported that plants mainly metabolize Na+ by ion exclusion from roots to rhizosphere, ion transportation in the vascular system, and its partition among tissues (Guo R. et al., 2015). To adapt to high salinity, plants prevent excessive accumulation of Na+ via two major approaches: exclusion from root uptake and vacuolar Na+ sequestration in the cytosol of root cells (Zhao et al., 2020). Under salt stress, therefore, the Na+ concentration in sodic soil can be used as a suitable indicator for predicting growth performance after early establishment of B. planiculmis.

Damage to plants due to high salinity includes a reduction in photosynthesis, leaf expansion, and ultimately biomass loss (Rahnama et al., 2010). Moreover, it has been indicated that salt stress may influence plant growth indirectly by lowering the photosynthesis rate (Brugnoli and Lauteri, 1991). In our study, the multiple linear regressions showed that the photosynthetic rate and leaf area were responsible for shoot biomass accumulation. The rapid stomatal closure induced by osmotic stress and the accumulation of high levels of salt ions in the cytosol resulted in photosynthetic efficiency limitations and net CO2 assimilation, and therefore a reduction in plant growth (Zhao et al., 2020). A substantial decrement in the photosynthesis of plants subjected to salt stress has been associated with a reduction in stomatal conductance and transpiration rates (Ribeiro et al., 2009), which likely explains the lower photosynthetic rates of B. planiculmis leaves under high level of salt-alkaline stress in this study. This is also supported by the fact that the greater sensitivity of photosynthesis in B. maritimus to salt is due to the greater sensitivity of its stomata to changing water potentials, resulting in decreased photosynthesis rates and stomatal closure (Maricle and Maricle, 2018). Furthermore, it is noted that less expanded leaves could possibly decrease water absorption by plants, thus allowing them to conserve relative moisture and prevent further enhancement in the salt level in the soil (Hanin et al., 2016). The stress-induced decrement in shoot growth of the B. planiculmis seedlings is largely attributed to the inhibition of leaf area development caused by salt-alkaline mixed stress. This is consistent with previous studies in which the substantial contribution of leaf expansion to biomass accumulation is more sensitive to stress (Parida and Das, 2005; Bernstein et al., 2010). The restriction in leaf area caused by salinity stress is thought to be a crucial approach to suppressing net photosynthetic rates and hence decreasing the available assimilates for leaf growth and biomass production (Rouphael et al., 2012). Therefore, photosynthetic rate and leaf area can be considered as the primary processes of B. planiculmis shoot growth affected by salt-alkaline stress. Variations in these traits are especially useful for elucidating the response and adaptation strategies of the aerial part of B. planiculmis.

Root architecture can represent attributes of the root system in terms of resource acquisition and exploration efficiency, especially under adverse conditions, as its direct relation with plant growth and productivity has been proven in a previous study (Lynch, 1995). The root growth of B. planiculmis seedlings acclimated substantially to the lower salinity and alkalinity conditions in this study. This may be explained by the fact that B. planiculmis appears to be more salt-tolerant than other freshwater species, which is consistent with its occurrence in alkaline water (Hroudová et al., 1999). As the salinity and alkalinity increased, the root length, root surface area, and root tip number of the B. planiculmis seedlings in this study decreased dramatically due to the ion toxicity resulting from the high salt concentration, which could restrict root extension (Neumann et al., 1999). The increased root length and number of root tips represent an effective strategy to increase root surface area, which improved the plant’s capacity for water and nutrient uptake. However, soil nutrient supply and ion balance might be disturbed when the salinity or pH reach high levels (Shi and Sheng, 2005). Otherwise, B. planiculmis plants increased root tip numbers when the root system was exposed to lower salt-alkaline stress, which may be an adaptive strategy to dehydration that improves its capacity for water and nutrient uptake. The lateral root formation was significantly altered under elevated salt to cope with stress (Waisel and Breckle, 1987). Thus, the root surface area and root tip number acted as the foremost determinants for root biomass accumulation of B. planiculmis under salt-alkaline stress.



CONCLUSION

The seedling metrics of B. planiculmis under lower levels of salinity and alkalinity were promoted to some extent, suggesting that his plant can adapt well to salt-alkaline condition. PCA indicated that the stress effect of salinity on the early seedling growth of B. planiculmis was generally greater than that of alkalinity. Emergence and seedling growth of B. planiculmis had different responses to salt-alkaline stress. In particular, the seedling emergence was highly alkaline-dependent. Among the salt factors, Na+ played a prominent role in affecting seedling traits. The B. planiculmis seedlings adapted to saline-alkaline conditions by regulating their leaf and root traits. The variations in physiological and morphological characteristics could be used to explore the response and adaptation strategies of B. planiculmis plants to salt-alkaline stress. This study provided critical guidelines for exploring early establishment and distribution of B. planiculmis populations in wetlands and evaluating the restoration potential of degraded saline-sodic wetlands on the Songnen Plain.
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