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Germination Characteristics Is More Associated With Phylogeny-Related Traits of Species in a Salinized Grassland of Northeastern China
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Knowing the determinants of seed germination helps us understand plant adaptive strategies to the environment and predict population and community regeneration under climate change. However, multiple factors, including plant and seed traits that influence germination and their relative importance, have received little attention. Here, seed germination experiments were conducted on newly collected seeds for 89 herbaceous species from salinized Songnen grassland. We tested the effects of multiple phylogeny-related plant traits and seed morphological and physiological traits on germination percentage and initial germination time and their relative contribution to shaping germination variation. We found that biennials had higher germination percentages and rates than annuals and perennials. Species with brown seeds had higher germination percentages than those with yellow and black seeds. Eudicots germinated faster than monocots, and seeds with morphophysiological dormancy required more time to initiate germination than those with other kinds of dormancy. Phylogeny-related factors explained more of the variation in germination than seed traits. Seed mass and volume of the large-seeded, but not small-seeded group species were positively correlated with germination percentage. Our findings provide important information for understanding germination variation across species and local adaptation for species in the salinized Songnen grassland.
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INTRODUCTION

Seed germination is a critical life history stage that affects population establishment and regeneration (Nonogaki et al., 2010). Germination is not only influenced by environmental factors such as temperature (Galíndez et al., 2017), light (Lee et al., 2015), soil moisture (Essery et al., 1954), but also closely related to the characteristics of parent plant (Liu et al., 2018) and seed traits (Mamo et al., 2006). However, the effects of plant and seed traits on germination have received less attention than environmental factors. The relationships between germination and plant and seed traits will help us understand the plant life history strategies and their adaptation to environments.

Phylogeny is a relatively stable characteristic of plant species and does not change with the environment (Zhang et al., 2011). Phylogeny can be used to help interpret inter-specific variations in plant growth and reproductive characteristics, e.g., germination strategy (Figueroa and Armesto, 2001). Previous studies have shown that phylogeny had a significant influence on germination time and germination percentage of seeds (Bu et al., 2008; Wang et al., 2016). Monocots and eudicots are two important taxonomic group (Willey and Wilkins, 2008), which may also influence germination. Plant functional groups, such as grass, legumes, and forbs, have been widely used to test variable traits and responses under different environments at the community and ecosystem levels (Zhang et al., 2014; Zhang et al., 2017). Functional groups also have been suggested for use in studies of seed dispersal (Aslan et al., 2019). Therefore, species in different functional groups may differ in germination responses, but this has rarely been investigated. Plant life form is a crucial part of life history strategy, and this may affect germination. However, previous studies have shown mixed results. Plant life form did not show significant effects on germination percentage of 134 common plant species on the eastern Tibetan Plateau (Xu et al., 2014). However, Bu et al. (2008) found that the perennials had a higher germination percentage than the annuals for 633 species in the same Tibetan site.

Dormancy level and germination of seeds may be affected by the environmental conditions of the mother plant during seed maturation (El-Keblawy and Al-Rawai, 2006). Therefore, seed maturation time may indirectly affect germination. For example, seeds had higher germination percentage (low dormancy) when the mother plant experienced high temperature or short days during seed maturation (Evenari et al., 1966; Galloway, 2002; Baskin and Baskin, 2014).

Seed mass is an important seed morphological trait, reflecting the investment of mother plants to offspring (Beaulieu et al., 2007) and is intimately related to germination (Moles and Westoby, 2004). However, seed mass had been shown positive or negative effects on germination percentage of different types or regional species (Galindez et al., 2009; Wang et al., 2016; Wu et al., 2018). Seed volume is significantly and linearly related with seed mass (Casco and Dias, 2008) and also has a significant effect on germination (Tekrony et al., 2005). However, the previous results are also mixed (Mian et al., 1994). Other seed traits such as seed color have been shown to affect germination at within species level (Bhatt et al., 2019). It is not clear whether seed color affects germination between species. Seed dispersal mode also affects germination (Bu et al., 2008). Most studies have indicated that germination percentage of anemochorous species is higher than that of barochorous and zoochorous species (Augspurger, 1983; Wang et al., 2012). However, a few studies found that ombrohydrochorous species had higher germination percentages than other dispersal modes (Liu et al., 2014). Seed dormancy is widely studied seed traits (Baskin and Baskin, 2014). We do not know if the different kinds of seed dormancy correlate with germination across species from the same habitat.

Although the relationship between seed traits and germination has received some attention lately, most previous studies have focused on only a few seed traits and/or a few species. Few people have tested the effects of multiple seed traits, phylogeny, and plant traits such as plant life form on seed germination for a large number of species regionally and their relative importance (Norden et al., 2009). Several cross-species studies have obtained different conclusions in different geographical regions.

In the present study, we investigated the effects of phylogeny, plant functional type, life form and seed traits, including seed color, mass, volume, dispersal mode, kind of dormancy and seed maturation time on initial germination of newly-collected seeds for 89 common herbaceous species from the salinized Songnen grassland in northeast China. Two hypotheses were tested: (1) The factors that influence germination of species from salinized grassland are different from other regions in some aspects due to the salinized habitats; (2) Taxonomic group, plant functional group and/or plant life form may explained larger proportion of the variation in germination than seed traits.



MATERIALS AND METHODS


Study Region and Seed Collection

Mature seeds of 89 species were collected in the Songnen grassland in northeast China (123° 44′–47′E, 44° 40′–45′N; Supplementary Figure 1A) during July to September 2016. At the time of natural seed dispersal, seeds were collected from more than 50 plants for each species (Supplementary Figures 2A,B). Seeds of each species were dry-stored in cloth bags at 4°C for 2 to 4 months before they were used in germination tests. Seeds of some species were actually fruits (e.g., Asteraceae) or diaspores (e.g., Poaceae), but they are called seeds hereafter.

The Songnen grassland distributes in the semi-humid climate area of temperate zone. The mean annual precipitation is 400 mm, of which most is received between June and September. Mean annual temperature is 5°C with a mean of 2882 sunshine hours per year. The annual temperature and precipitation in 2016 was shown in Supplementary Figure 1B. The main soil type is chernozem, with 2.0% of soil organic carbon content and 0.15% of total nitrogen content. The saline-alkaline soil accounts for 59% of the total area 24220 km2 of Songnen grassland. Electrical conductivity and pH of the soil are 6 mS cm–1 and 10.7, respectively (Wang L. et al., 2009). The main salts in the salinized soil are NaCl, Na2SO4, NaHCO3 and Na2CO3 (Qu and Guo, 2003).



Germination Experiment

The experiment was conducted in December 2016 to test initial germination (Baskin and Baskin, 2014) in programmed incubators (HPG-400HX, Haerbin China) at an alternate temperature regime of 18/25°C, with a 12-h photoperiod (Sylvania cool white fluorescent lamps, 25 μmol photons m–2 s–1, PAR) and a 12-h dark period, which is an appropriate temperature for local species to germinate. Seeds were incubated on two layers of filter paper placed in 7 cm diameter Petri dishes with distilled water. There were four replicates with 25 seeds in each replicate. Petri dishes were sealed with parafilm to prevent the loss of water evaporation. Germination was recorded every day and seeds were considered to have germinated when the radicle emerged. The experiment lasted for 30 days when there were no more seeds germinated. The initial germination percentage (number of germinated seeds/total seeds) and the initial germination time (average of the time when first germinated seed was observed in each Petri dish) of each species were calculated.



Plant and Seed Traits Measurement and Classification

Taxonomic group: The 89 species were recorded as monocot or eudicot according to their families (Supplementary Table 1).

Plant functional group: All the species were divided into four functional groups, which were grass, legume, Asteraceae and forb (Basto et al., 2015).

Plant life form: The longevity of species was divided into annual, biennials or perennials according to Flora of China Online1.

Seed maturation time: Seed maturation time were calculated as days that passed through from 1 January to the collection date of each species. For example, seed maturation time of species with seeds collected on 1 July was 181 days.

Seed mass and volume: One hundred seeds were selected randomly and weighed with an electronic balance (0.0001 g, METTLER TOLEDO ME204), with five replicates for each species. Individual seed weight was then calculated. Seed length (L) and width (W) of five randomly selected seeds were measured with vernier caliper for each species. Seed volume was calculated as: πLW2/6 (Casco and Dias, 2008).

Seed coat color: Species were classified into four color categories based on the observations and relevant literature (Wang et al., 2016): (1) pale yellow, yellow or reddish yellow (referred as yellow); (2) light yellowish brown or yellowish brown (referred as light brown); (3) brown or dark brown (referred as dark brown); (4) black (referred as black).

Seed dispersal mode: The dispersal mode of the species was classified into four groups according to the morphological features and the appendage of the diaspores: (1) zoochorous species: the diaspores have awns, spines, or hooks that can adhere to fur of animals, or fleshly or arillate fruits that can be eaten by animals; (2) anemochorous species, the diaspores have membranous wings, hairs, bracts, a persistent or inflated perianth, or a pappus that is easily dispersed by wind; (3) ombrohydrochorous species, the seeds can produce mucilage when wetted; (4) autochorous species, the diaspores are explosively dehiscing capsules or pods that can throw the seeds to some distance from the parent plant and the diaspores have no apparent morphological structure and disperse via gravity (Navarro et al., 2009).

Kind of seed dormancy: Seed dormancy was classified into four kinds according to the physiology and physical features of seeds, germination experiment and relevant literatures (de Souza et al., 2015): (1) physiological dormancy (referred to as PD); (2) morpho-physiological dormancy (referred as MPD); (3) physical dormancy (referred as PY) and (4) non-dormancy (referred as ND) that were defined as species with germination percentage more than 80% (Baskin and Baskin, 2014).

Seed trait variation among the plant species used in our study was shown in Supplementary Table 2.



Statistical Analysis

We constructed phylogenetic trees using PHYLOCOM1 followed the APG III phylogenetic system (Supplementary Figure 3; Webb et al., 2008; Bremer et al., 2009). To meet normality and homoscedasticity of errors, germination percentage was arcsine transformed and initial germination time were log-transformed. GLMM were carried out using R-package glmmTMB (Bates et al., 2015). Germination percentage and initial germination time were the response variables in the models. We included taxonomic group, plant life form, plant functional group, seed mature time, kind of seed dormancy, dispersal mode, seed coat color, seed mass, and volume as fixed effects and species and replicate of germination Petri dish as the random effects. The models assumed binomial error distributions and Poisson error distributions for germination percentage and initial germination time. We also used variance partitioning (vegan package in R) and venn diagrams (Ding et al., 2020) to determine the total variance in germination percentage that was explained by a predictor matrix of plant life form, seed volume, seed coat color, and kind of seed dormancy and in initial germination time that was explained by a predictor matrix of taxonomic group, plant functional group, plant life form and kind of seed dormancy (uniquely and jointly). We used the factors that had significant effects on the dependent variable in this analysis. The relationships between seed mass, seed volume, seed maturation time and germination percentage, and initial germination time were analyzed using linear regression analysis. In regression analysis of seed mass and volume, seeds were then divided into two classes according to seed mass or volume: >1 mg, <1 mg or >1 mm3, <1 mm3 (Galindez et al., 2009). All analyses were carried out by vegan package of (version 3.5.1, R Core Team, 2015).




RESULTS


The Effects of Plant and Seed Traits on Germination Percentage

Plant life form, seed volume, seed coat color and kind of seed dormancy had significant effects on germination percentage (P < 0.05, Table 1). Germination percentages of biennials (77%) and perennials (36%) were significantly higher than those of annuals (18%, Figure 1C). Brown seeds germinated in a higher percentage than yellow and black seeds (Figure 1D). The significant effect of kind of seed dormancy on germination percentage was due to non-dormant species. There were no significant differences in germination percentage between PD, MPD, and PY (Table 1 and Figure 1F). The effect of seed maturation time on germination percentage was marginally negatively significant (P = 0.0542) with no significant linear regression relationships (Supplementary Figure 4). Taxonomic group, plant functional group, seed mass and seed dispersal mode had no significant effects on germination percentage (Figures 1A,B,E and Table 1).


TABLE 1. Results of generalized linear mixed model testing the effects of taxonomic group, plant functional group, plant life form, seed maturation time, mass, volume, coat color, dispersal mode and kind of dormancy on germination percentage (GP) and initial germination time (GT).
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FIGURE 1. The effects of plant taxonomic group (A), plant functional group (B), plant life form (C), seed coat color (D), seed dispersal mode (E), and kind of seed dormancy (F) on germination percentage. PD, physiological dormancy; PY, physical dormancy; MPD, morpho-physiological dormancy; ND, non-dormancy. ∗P < 0.05.


Although seed volume significantly influenced germination percentage, germination percentage was not significantly linearly correlated with seed volume and seed mass (Supplementary Figure 5). There was no significant correlation between seed mass and volume of the small-seeded group of species and germination percentage (P > 0.05, Supplementary Figure 5). However, seed mass and volume of large-seeded group of species were significantly positively correlated with germination percentage (P < 0.05). When dividing the species based on seed volume (<1 mm3 and >1 mm3), the same results were found (Supplementary Figure 5).



The Effects of Plant and Seed Traits on Time to Initial Germination

Initial germination time was significantly affected by taxonomic group, plant functional group, plant life form and kind of seed dormancy (P < 0.05, Table 1 and Figures 2A–C,F). Specifically, monocot had a higher initial germination time (7.7 d, lower germination rate) than eudicot (5.2 d, Figure 2A). Initial germination time of biennials was significantly lower (2.2 d) than annuals (6.3 d) and perennials (6.4 d, Figure 2C). Species with MPD (14.3 d) required more time to initiate germination than species with other kinds of dormancy (PD, 6.4 d; PY, 4.9 d) and non-dormancy (3.9 d, Figure 2F). Seed mass, seed volume, seed coat color and seed dispersal mode had no significant effects on initial germination time (P > 0.05; Table 1, Figures 2D,E, and Supplementary Figure 6). Initial germination time was not correlated with seed mass and seed volume of small seeded or large-seeded group species (Supplementary Figure 6).
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FIGURE 2. The effects of plant taxonomic group (A), plant functional group (B), plant life form (C), seed coat color (D), seed dispersal mode (E), and kind of seed dormancy (F) on initial germination time. PD, physiological dormancy; PY, physical dormancy; MPD, morpho-physiological dormancy; ND, non-dormancy. ∗P < 0.05.




The Relative Importance of Plant and Seed Traits in Germination Variation

Redundancy analysis revealed that plant life form, seed volume, seed coat color and kind of seed dormancy independently explained 5, 2, 2 and 49% of the variance in germination percentage, respectively (Figure 3A). When other factors were not removed from the analysis, the variance in germination percentage explained by plant life form, seed volume, seed coat color and kind of seed dormancy increased to 22, 5, 6 and 64%, respectively. Therefore, kind of seed dormancy can explain the largest variance of germination percentage among these traits. The joint effects of any two or three factors were low, except that of plant life form and kind of seed dormancy (11%). Overall, the four factors together could explain 75% of the variation in germination percentage.
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FIGURE 3. Variation partitioning (%) of plant life form, seed volume, seed coat color, and seed dormancy type accounting for germination percentage (A) and taxonomic group, plant functional group, plant life form and kind of seed dormancy accounting for initial germination time of the studied species (B). The uppercase letters denote the independent effects and the lowercase letters denote the joint effects of the overlapped two, three and four factors.


For initial germination time, taxonomic group, plant function group, plant life form and kind of seed dormancy independently explained 9, 8, 3 and 12% of the variance, respectively (Figure 3B). When the other traits were not removed from the RDA analysis, the variance of initial germination time explained by taxonomic group, plant function group, plant life form and kind of seed dormancy increased to 13, 12, 6 and 16%, respectively. Therefore, kind of seed dormancy explained more of the variance in initial germination time than other factors. The joint effects of any three factors were very low and the four factors together could explain 37% variation of initial germination time.




DISCUSSION


The Relationships Between Plant Traits and Seed Germination

In our study, plant life form had a significant effect on germination percentage, and taxonomic group, plant functional group and life form had significant effects on initial germination time (Table 1). RDA analysis also showed that these factors explained a larger proportion of the variation in germination than seed traits, except kind of seed dormancy (Figure 3). Our results are consistent with those from other studies on the relationship between phylogeny and germination percentage in alpine meadows (Bu et al., 2008), temperate rain forests (Xu et al., 2014), arid and semiarid zones and degraded sandy grassland (Wang J.H. et al., 2009; Wang et al., 2016). Species within the same family or functional group probably have similar germination behavior (Wang et al., 2016). This means that germination percentage is constrained by phylogeny, regardless of the habitats or ecosystems, although germination percentage has large inter-specific and site-specific variations.

Specifically, biennials had a significantly higher germination percentage and rate (less initial germination time) than annuals and perennials. This is a special result in plant life form-germination relationships. Previous studies, which have usually divided plant life form into annuals and perennials, showed contradictory results. Insignificant results have been found in degraded sandy grassland (Wang et al., 2016) and arid/semi-arid zone (Wang J.H. et al., 2009). For 134 common species on the eastern Tibetan Plateau, annuals germinated significantly earlier than perennials (Xu et al., 2014), but perennials of 633 species from the same region had higher germination percentages than annuals (Bu et al., 2008). Schippers et al. (2001) have indicated that non-dormancy (higher germination percentage) is an adaptive strategy of annuals in disturbed environments, but Rees has shown that perennials have less dormancy than annuals in a variable environment (Rees, 1994). Therefore, these results may be due to different habitats or floras. In our study, most of the biennial species were salt-tolerant species (e.g., Artemisia spp.) or with mucilaginous seeds (e.g., Leonurus japonicus). Higher germination percentages or rates may help them adapt to the salinized habitats in Songnen grassland.

Among plant functional groups, Asteraceae had the highest germination percentages and rates. Wang et al. (2016) have also found that Asteraceae species had a high germination percentage. In our study, 15.9% of the species were Asteraceae. Nearly half the Asteraceae species (7/15) had non-dormant seeds (GP >80%, GT <4.5 d), which was 40% of the total number of species with non-dormant seeds. Additionally, we found that eudicots germinated faster than monocots. One possible reason is that most monocot species are Poaceae and no endosperm (for example Asteraceae) vs. endosperm (Poaceae) matter. It takes more time to move the stored food to the growing parts of the embryo in Poaceae than in Asteraceae (Baskin and Baskin, 2014).



The Relationships Between Seed Traits and Germination

Overall, there was no significant linear relationship between seed mass/seed volume and germination percentage, although seed volume had significant effect on it. Previous studies have shown no relationship (Wang et al., 2012), positive relationship (Galindez et al., 2009; Xu et al., 2014) or negative relationship (Jankowska-Blaszczuk and Daws, 2007; Wang et al., 2016) between seed (or diaspore) mass and germination percentage. However, after dividing the species into small-seeded and large-seeded groups, seed mass and seed volume of the large-seeded group (seed mass >1 mg or seed volume >1 mm3) significantly and positively correlated with germination percentage, but seed mass and volume of the small-seeded group were not significantly correlated with germination percentage. This may be the result of local environmental adaptation. Large seeds contain more nutrition substances (Leishman et al., 2000), which helps to improve germination percentage, seedling growth and survival ability in saline conditions (Leishman et al., 2000). Our previous study showed that large-seeded species were more salt tolerant than small-seeded species in high salinity (Zhang et al., 2015). Small seeds have fewer reserves, and they might encounter serious selection pressure and have more complex germination response (Leishman et al., 2000). For example, previous studies reported that germination of small seeds was more sensitive to light (Pearson et al., 2002; Bu et al., 2017) and temperature (Galíndez et al., 2017) than large seeds. Therefore, the germination response of small seeds may be more dependent on the ambient environmental factors than those of large seeds.

Kind of seed dormancy significantly influenced germination percentage and rate and explained the largest variation among the factors. The results were mainly due to species with non-dormant seeds. Germination percentages of species with different kinds of seed dormancy were similar, all with wide variation range, 0–59% for PY, 0–71% for PD, 0–66% for MPD. Therefore, kind of seed dormancy had an insignificant effect on germination percentage in our study. However, the initial germination time of MPD was higher than that for seeds with other kinds of dormancy. MPD is a combination of MD and PD, and the embryo of seeds must grow to a specific size before the seed can germinate (Baskin and Baskin, 2014). Therefore, it is reasonable that seeds with MPD require a long time to germinate.

The dispersal mode of seeds is closely related to germination and establishment of seedling (Grime et al., 1981). However, dispersal mode of seeds had no significant effect on germination percentage and rate when all factors we tested were taken into account in the full model. This result is inconsistent with results from previous studies in other regions (Liu et al., 2014). It has been reported that adhesion-dispersed species (Xu et al., 2014) or wind-dispersed species (Bu et al., 2008; Wang et al., 2012) had the highest germination percentage among the dispersal modes. Seeds of anemochorous and zoochorous species have relatively long dispersal distance, and they usually germinate to a higher percentage than those with short dispersal distance (e.g., barochorous species), which may suggest escape from sibling or kin competition and predation (Venable and Brown, 1993; Levin et al., 2003; Venable et al., 2008). From our results, germination percentage and rate of the ombrohydrochorous species was the highest, followed by anemochorous and zoochorous species (Figures 1E and 2E). Similar results were found in species from degraded sandy grassland (Wang et al., 2016) and the desert (Liu et al., 2014). The mucilage that is secreted by outer layer of the seed coat of ombrohydrochorous species can conserve seed moisture, which would be beneficial for germination and seedling survival under drought and salt stress conditions (Yang et al., 2012). Thus, ombrohydrochorous species had relatively high germination percentage and rate in sandy and salinized regions, such as in Songnen grassland.

Inconsistent with the study in a degraded sandy grassland (Wang et al., 2016), seed color had an significant effect on germination in our study. Although color variation of seeds in these arid and semi-arid regions was not large, we found that species with brown seeds germinated in a higher percentage than those with yellow or black seeds. The effect of seed maturation time on germination percentage approached significance with a negative trend. That means species with late-maturing seeds tended to have lower germination percentage and high dormancy than those with early-maturing seeds (Edwards and Elkassaby, 1988).



The Limitations and Advantages of This Study

Our study have some limitations. First, we studied 89 species. Some rare species and/or species with less seeds were not included. Germination characteristics related with species abundance would deserve to be studied. Second, the sites we collected the seeds were close to each other (Supplementary Figure 1). Germination characteristics of seeds from different sites across Songnen grassland and the relationships with environmental factors may explain phenotypic plasticity of species. These needs further studies.

Germination variation across species are the results of heredity, evolution and adaptation to their environments (Gremer and Venable, 2014; Willis et al., 2014). Many factors interactively influence germination. Knowing how multiple factors related to germination and the relative importance were crucial for understanding plant life history strategies and evolution and predicting future scenarios under climate change. Our study indicate that phylogeny related factors such as taxonomic group, plant functional group and plant life form had significant effects on germination, especially initial germination time. Seed traits such as seed volume and seed coat color may mainly influence germination percentage. Species from Songnen grassland have special local adaptation characteristics. For instance, biennial and ombrohydrochorous species had higher germination percentage and rate, which better adapted to the salinized conditions.




CONCLUSION

Our study revealed the comprehensive influences and relative importance of phylogeny-related factors and seed traits on germination of species in the salinized grassland. Plant life form, seed volume, and seed coat color significantly influenced germination percentage, and taxonomic group, plant functional group, plant life form and kind of seed dormancy significantly influenced initial germination time. Overall, phylogeny-related factors can explain a larger proportion of the variation in germination than seed traits. We found that biennial and ombrohydrochorous species had higher germination percentages and rates than the other species in salinized Songnen grassland. This study increases our knowledge on the relationships between plant attributes, seed traits and germination and provides important information for plant adaptation under different environmental conditions.
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