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Background: Solidago canadensis is a notorious invasive species from North America that is spreading across East China. It is invading some coastal grasslands and replacing native grass species. The effects of the S. canadensis invasion on soil nutrient cycling in the grasslands remain unclear. This study examined the effects of the invasion of S. canadensis on macronutrient accumulation in species aboveground part and soil.

Methods: Aboveground biomass, macronutrient (N, P, and K) pools in biomass, litter mass and decomposition rates, soil macronutrient availability and soil microbial biomass and enzyme activity that were related to nutrient transformation were compared between plots invaded by S. canadensis and uninvaded plots dominated by three different native grass species: Phacelurus latifolius, Phragmites australis, and Imperata cylindrica.

Results: S. canadensis had higher aboveground biomass, higher leaf N, P, and K concentrations, and consequently, a larger macronutrient pool size in the standing biomass. S. canadensis also produced more litter with higher N, P, and K concentrations and faster decomposition rates. The S. canadensis invasion did not change the total N, P, and K concentration in the topsoil (0–10 cm), but the invasion did increase their availability. The S. canadensis invasion did not increase the total soil organic matter (TSOM) content but did increase the soil microbial biomass and the activities of urease, alkaline phosphatase, invertase, amylase, and glucosidase in the topsoil.

Conclusion: The invasion of S. canadensis accelerates the macronutrient cycling rate via increases in aboveground productivity and nutrient accumulation in standing biomass, faster nutrient release from litter and higher soil microbial activity. An enhanced nutrient cycling rate may further enhance its invasiveness through a positive feedback on soil processes.

Keywords: Solidago canadensis, coastal grassland, nutrient cycling, aboveground biomass, litter decomposition

INTRODUCTION

The invasion of exotic plant species has altered ecosystems and caused tremendous ecological and economical loss (Pimentel et al., 2001; Flory and D’Antonio, 2015). Exotic plant invasions can change only plant community productivity (Ehrenfeld, 2003, 2010), but also soil properties such as soil nutrient availability and soil microbial communities (Perkins and Nowak, 2013; Souza-Alonso et al., 2014), Changes in soil properties, in turn, may cause further invasions through positive plant-soil feedbacks (Perkins and Nowak, 2013; Suding et al., 2013; Yelenik and D’Antonio, 2013). Therefore, understanding how exotic plant invasions alter soil properties and their subsequent impacts on further invasion is essential not only for elucidating mechanisms underlying plant invasions but also for their practical management (Daehler et al., 2016).

Soil nutrient availability is one of the most important soil properties frequently altered by plant invasions (Ehrenfeld, 2003). While many studies have shown that invasive plant species increase soil C and N stocks and N, P, and K availability (Ehrenfeld, 2003; Liao et al., 2008; Castro-Díez et al., 2014; Sardans et al., 2017), the patterns and extent of such impacts may vary greatly (Ehrenfeld, 2010). Also, little or lack of effects of plant invasions on soil nutrient availability is reported in some case studies (Vanderhoeven et al., 2006; Stefanowicz et al., 2017; Osunkoya et al., 2017). To explain the variation, it is essential to elucidate mechanisms underlying effects of plant invasions on changes in soil nutrient availability.

The effects of an exotic invasive plant on soil nutrient availability are closely related to nutrient cycling processes, including plant biomass accumulation, litter production and decomposition and soil nutrient transformation (Ehrenfeld, 2010). Increased soil nutrient availability by plant invasions has been frequently associated with high aboveground biomass production (Vanderhoeven et al., 2006) and a high value of some functional traits of invasive plants such as tissue N and P concentrations (Sardans et al., 2017) and litter decomposition rate (Duda et al., 2003; Ehrenfeld, 2003; Ashton et al., 2005; Arthur et al., 2012). However, studies have shown that plant invasions had no or even a negative effect on nutrient concentrations in biomass, litter and soils (Vanderhoeven et al., 2006; Martin et al., 2009) and that litter decomposition rate did not differ between native and non-native plants (Bottollier-Curtet et al., 2011; Jo et al., 2016). Moreover, the effects of plant invasions on soil nutrient availability have been shown to be closely associated with initial nutrient levels of soil (Dassonville et al., 2008; Sardans et al., 2017). Thus, impacts of plant invasions on soil nutrient availability vary with species, functional trait and soil nutrient levels (Dassonville et al., 2008; Slesak et al., 2016). To understand these variations, detailed assessments of nutrient budgets should be conducted to elucidate how exotic species change nutrient cycling between plants and soil (Dassonville et al., 2008).

Several alien species from genus Solidago, from North American are found very successful worldwide (Weber, 1998; Szymura and Szymura, 2016). In central Europe, three invaders, S. canadensis, S. gigantea, and S. altissima have been found (Szymura and Szymura, 2013) and it is observed that S. canadensis (Canada goldenrod) have became dominant in many sites and caused loss of diversity of native species in Europe (Gusev, 2018). It is also invasive in Asia and Australia (Dong et al., 2006). S. canadensis was introduced to China in 1930s as an ornamental flower, and it is the only invasive species from the genus, has spread to the south part of China (Guo et al., 2016) and decreased biodiversity through biotic homogenization (Chen et al., 2013). Its invasion success is associated with the strong plant-soil feedback, which is also found in invasive S. gigantea (Scharfy et al., 2010; Schittko and Wurst, 2014; Dong et al., 2017). However, the underlying mechanisms of the plant-soil interactions still need to be elucidated. To date, much attention has been paid to the invasion effects of this species on underground processes, such as soil nutrient transformation (Zhang C.B. et al., 2009; Li et al., 2012) and soil microbial community modification (Li et al., 2012; Wang et al., 2018). However, aboveground processes of S. canadensis, especially that of litter decomposition, have not been intensively studied. Litter decomposition was considered as the one of the most important components of invasive species – soil feedback (Gaertner et al., 2014). In the congener species, invasive S. gigantea accelerated nutrient cycling by having much higher aboveground productivity and nutrient pools, and consequent high production of litters (Vanderhoeven et al., 2006), which suggest the roles of aboveground productivity and litter decomposition as a driving force in invasive plant-soil feedback processes.

Up to now, integrated studies on the effects of the S. canadensis invasion on aboveground biomass and nutrient accumulation, litter production and decomposition and soil nutrient availability and microbial activity have not been reported. This integrated study is certainly essential to fully understand the mechanisms behind the effects of the S. canadensis invasion on soil processes. Although the distribution of S. canadensis is not limited to coastal areas, it is observed that S. canadensis is steadily invading into coastal grasslands in Eastern China and frequently forms monocultures, with patches size of ca. 10–500 m2. We also observed that it is gradually replacing Imperata cylindrica, a native grass, in a coastal area. It remains unclear why S. canadensis can become so invasive in this particular habitat type. It is reported that Solidago species prefers old fields in both its native range as well as in the invaded range (Werner et al., 1980; Szymura and Szymura, 2013), possibly due to less competition from the companion species. Sardans et al. (2017) show that plant invasion is associated with higher plant–soil nutrient concentrations in nutrient-poor environments. Soils in coastal areas are generally deficient in macronutrients and have relatively high salt concentrations (Zhang et al., 2015) and it is possible that the success of S. canadensis in the coastal area is associated with the low soil nutrient status and the vegetation characteristics of dominance of grass species tolerant of low nutrient levels in these habitats. In this study, we conducted a field study in a grassland of a coastal area, comparing the difference in the aboveground biomass and nutrient pool size, litter production and decomposition, soil nutrient availability and microbial activity between S. canadensis monocultures with adjacent native species stands, dominated by three grasses. We aimed to link aboveground biomass production and belowground soil processes and ask two questions: (1) Does the S. canadensis invasion increase the availability of the soil macronutrients, N, P, and K, compared with adjacent native species stands? (2) If it does increase soil nutrient availability, are these effects accompanied by high biomass and nutrient accumulation in species aboveground part, faster litter decomposition and higher soil microbial activities, compared with native species stands? We expected that S. canadensis significantly increases the soil nutrient availability, and at the same time, increases aboveground biomass, nutrient pool size, litter amount and decomposition rate and soil microbial availability.

MATERIALS AND METHODS

Study Site

The studied area (center: 121°09′58″ E, 30°19′29″ N, mean height above sea level: 1 m) was originally part of tidal plains and was separated from Hangzhou Bay in 1997, when a dike was built. Therefore, the direct influence of tidal seawater was removed. Thereafter, the land was used as cultivated fields until 2009, when a national wetland park was set up. In the national park, the area has been strictly protected from human disturbance, and the vegetation began as secondary succession into grasslands. The soil water concentration and salt concentration gradually decreased after disconnection with the tidal plain. Presently, the soil is coastal saline and silty clay in texture. The mean soil water content is 14.9–21.5%, and the salt concentration is 0.1–0.5%. The soil pH is greater than 8, and the average available soil N, P, and K contents are 47.3, 5.7, and 92.1 mg/kg, respectively. The area lies in the subtropical monsoon zone; hence, the climate is mild, warm and humid. The duration of summer (June to September) and winter (December to March) is longer than spring (April to May) and autumn (October to November). The annual mean air temperature is 16.0°C and is lowest (3.8°C) in January. The mean rainfall is 1344.7 mm, with peaks in June and September, the annual average sunlight duration is 2038.4 h, and the frost-free period is 244 days.

In the study area, we found the three pioneer communities with different dominant species (Table 1): (i) Imperata cylindrica (Poaceae) Community, (ii) Phacelurus latifolius Community, (iii) Phragmites australis (Poaceae) Community and Solidago canadensis (Asteraceae) Community. The vegetation is strictly protected from human disturbance.

TABLE 1. Characteristics of the four stand types.
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Aboveground Biomass and Soil Sampling

For each type of plant community with different species, S. canadensis, P. latifolius, P. australis, and I. cylindrica, five plots (3 × 3 m) were set up. To minimize the impacts of possible differences in plot location on explaining the soil and plants nutrient status, the sampling plots were carefully selected. These plots were selected, as the stands growth conditions are very common in the region and can act as representatives for the performance of the species in the studied area. The distances between these sampling plots were limited to 500 m, and they have very similar habitats characteristics (such as elevation and the distance to roads). To take account of the variability in the plant growth and heterogeneity of the soil properties, for each plot, three quadrates (1 × 1 m) determined by square frames were randomly selected within each plot for plant and soil sampling. The data for each plot for analysis is the averaged means of the three quadrates.

In August 2016, for each quadrate, the aboveground parts of the plants, including stems and leaves, were harvested. The soils and the plant materials were sampled once. After harvesting, plant parts from each species were separated. The plant materials were oven dried at 60°C for 72 h, and then, the dry mass was determined. Because dry mass of accompanying species only accounted for a small portion of the total mass of each quadrate (<5%), only dry mass of the dominant species was used in the analysis. At the same time, soils from each quadrate were sampled from the 0–10 cm and 10–20 soil layers with a soil borer (0.04 m in diameter). Four cores were collected at the four corners of respectively and one core at the center of the quadrate and then homogenized them into a single bulk sample for each square, following the method described in Vanderhoeven et al. (2005). These soil samples were transported to the laboratory. The plant samples and soil samples of the three quadrates from the same plot were mixed as one replicate in the latter statistical analysis. Small plant tissues and stones were removed from the samples. Subsamples of the soils were then air-dried until reaching a constant weight and sieved (180 μm) before the nutrient concentration analysis, and the others were kept at 4°C for the analyses of the soil organic carbon content and soil enzyme activity.

Plant Litter Mass and Decomposition Rate

In each plot, three additional quadrates (1 × 1 m) were randomly set up for litter harvesting. From December to February of 2016, litters of stems and leaves in each quadrate were separately harvested for each species according to the timing of litter production. Then, we pooled together litters of the dominant species within each plot. All litters were dried in air.

Litter decomposition rate of the species was determined in situ with litterbag incubations. Recently produced litter was collected and combined within a species type to produce a composite sample. Five replicate samples of air-dried litter (15 g weight and 3 cm length) of each of the four species were placed in litter bags (10 cm × 20 cm, 1 mm mesh) and used to assess the decomposition rate. The in situ decomposition rate measurement was conducted from the end of March to the end of October. After incubation for 6 months, the remaining litter was processed by carefully removing dirt or other contaminants before being dried for the litter mass measurement. The relative litter decomposition rate (%) was determined as the lost litter mass/the initial litter mass × 100%.

Nutrient Concentrations in the Aboveground Biomass and in Litter

Plant nutrient (N, P, and K) concentrations were determined with the methods described below. The plants materials, including the harvested aboveground leaves and stems, and leaf litter, were ground into powder and passed through a 180 μm sieve. Then, the plant material was digested for 1 h at 200°C and 2 h at 340°C in a mixture of concentrated sulfuric acid and 30% hydrogen peroxide. For plant total N and total P determinations, the Kjeldahl method in a FOSS KJELTEC 2300 Auto Kjeldahl Analysis Equipment (Foss Tecator AB, Hoganas, Sweden) and the colorimetric Mo-blue method (Olsen and Sommers, 1982) were used, respectively, for plant total K, the solution was analyzed in an Inductively Coupled Plasma Optical Emission Spectrometer (Thermo iCAP 7400, Thermo Fisher Scientific, Cambridge, United Kingdom). For each element of N, P, and K, the aboveground nutrient pool was calculated as biomass × nutrient concentration in the biomass.

Soil Basic Properties, Nutrient Concentrations, and Availability

Soil pH was determined in a soil solution of 1:2.5 (soil:distilled water) with a digital pH meter (PHSJ-3F, NESA Scientific Instrument Co., Ltd., Shanghai, China). The soil water content was calculated as content (%) = (Fresh weight-Dry weight)/(Fresh weight) × 100 by drying three replicate sub-samples of each soil sample at 70°C for 48 h. The soil bulk density and porosity determinations followed the method of Zhu and Zhu (2015).

Total soil N was quantified by use of the Kjeldahl method. Soil mineral N was extracted with 2 mol/L–1 KCl, and concentrations of NH4+-N and NO3-N were measured using the phenolate method and cadmium column reduction, respectively. Soil available N, referred to as alkali-hydrolysable N in this study, was assayed using the alkaline-hydrolysis and diffusion method. The available N was reduced to NH3 at 40°C for 24 h after adding FeSO4 powder and a NaOH solution, and then, the NH3 was absorbed using H3BO3 and titrated using H2SO4 to determine the NH4-N concentration (Wei et al., 2016).

For the total soil P concentration analysis, the soil samples were digested with a mixed solution of H2SO4-HCLO4. Soil available phosphorus was extracted according to Jakmunee and Junsomboon (2009). Total P and available P in the solutions were then determined by the colorimetric Mo-blue method.

For the soil K analysis, soil samples were melted with NaOH following the modified sodium hydroxide fusion method for total soil K analysis (Smith and Bain, 1982). Soil available K was extracted with 1 mol L–1 ammonium acetate. Soil total K and available K were both determined by the same instrument described above.

Soil Organic Matter Fractions and Enzyme Activity

The total soil organic matter (TSOM) concentration was determined by a K2CrO7-H2SO4 oxidation procedure (Lu, 1999); soil microbial biomass carbon (MBC) was measured with the fumigation–extraction method (Vance et al., 1987). Soil water-soluble organic carbon (WSOC) was determined following the procedures of Jones and Willett (2006). Soil readily oxidizable carbon (ROC) followed the method in Stianna et al. (2010)

The soil enzymes assayed were catalase, urease, alkaline phosphatase, invertase, amylase, and β-1,4-glucosidase. All the methods followed those described by Guan (1986). The substrates for the analyses of the above enzymes were hydrogen peroxide, urea, disodium phenyl phosphate, sucrose, starch, and carboxyl methylcellulose, respectively.

Data Analysis

For each nutrient (N, P, and K), the aboveground nutrient pool was calculated as the product of biomass and the concentration in the biomass. For aboveground biomass, N, P, and K concentrations and the pool size in aboveground biomass, plant litter quantity, N, P, and K concentrations in litter and the litter decomposition rate were analyzed in one-way ANOVAs (Analysis of Variances). The N, P, and K concentrations, their availability in soil, and soil enzyme activity were analyzed using two-way ANOVAs, with “species” and “soil layer depth” as the main effects. Since we wanted to emphasize the general impact of species identity on soil properties, the significance of the differences in soil properties from different soil layer depths is not shown. For each plot, the data were averaged from the three quadrates within the plot before analysis. The data were-log transformed when the analysis of the residuals deviated from assumptions of normality and homogeneity. A post hoc mean separation was performed by Duncan’s multiple range test at P < 0.05.

RESULTS

Soil Properties and Nutrient Concentrations

The invasion of S. canadensis had significant effects on the soil pH and water content (P < 0.05, Table 2). The soil pH and water content were lowest in the soils from S. canadensis in both soil layers (0–10 cm and 10–20 cm). There were no significant differences in the soil bulk density and porosity between the three native species (P > 0.05, Table 2).

TABLE 2. Basic properties at the two soil depths in the community dominated by each of the four plant species.
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The invasion of S. canadensis did not significantly affect the soil total N, P, and K concentrations (P > 0.05), but it did affect the availability of N, P, and K to plants in the soils (Table 3). Specifically, the invasion of S. canadensis increased soil NH4-N and NO3-N concentrations for the both soil layers (P < 0.05). The soil available P and available K concentrations in the 0–10 cm soil layer from S. canadensis were higher than that from I. cylindrica, but lower than P. australis, and was not different from that of P. latifolius (Table 3); in the 10–20 cm soil layer, the soil available N, P, and K concentrations from S. canadensis were all intermediate in the four species (Table 3).

TABLE 3. N, P, and K concentrations at the two soil depths in the community dominated by each of the four plant species.
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Soil Organic Matter Content and Enzyme Activity

The invasion of S. canadensis did not affect the total TSOM concentration in the 0–10 cm soil layer (Figure 1A), but it increased the MBC concentration (P < 0.05, Figure 1B) and decreased the ROC concentration (P < 0.05, Figure 1C) and WSOC concentration (P < 0.05, Figure 1D) in the 0–10 cm soil layer. The TSOM concentration in the 10–20 cm soil layer under S. canadensis was significantly lower than that of P. latifolius, but similar to that of I. cylindrica (Figure 1A). The soil MBC concentration was not significantly different between the four plant species in the 10–20 cm soil layer (P < 0.05, Figure 1B). The invasion of S. canadensis also decreased the soil ROC concentration and WSOC concentration in the 10–20 cm soil layer, although this decrease was not significant for the WSOC concentration (Figure 1D, P > 0.05).
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FIGURE 1. Soil organic matter content in the soils from different species. (A) total soil organic matter (TSOM), (B) microbial biomass carbon (MBC), (C) readily oxidizable carbon (ROC), and (D) water soluble organic carbon (WSOC). Sc, S. canadensis; Pl, P. latifolius; Ic, I. cylindrical; Pa, P. australis). Soils are sample from two layers (0–10 cm and 10–20 cm). Bars are means ± standard error. Different letters indicate significant differences between the species for the parameters within the same soil layer (P < 0.05). ns, non-significant, P > 0.05.



The invasion of S. canadensis increased the activities of urease, alkaline phosphatase, invertase, amylase and glucosidase in the 0–10 cm soil layer (P < 0.05), but not in the 10–20 cm soil layer (P > 0.05). Soil catalase activity under S. canadensis was similar to that of P. latifolius and higher than that of I. cylindrica, and there were no significant differences between the three species in the 10–20 cm soil layer (Table 4).

TABLE 4. Enzyme activity at the two soil depths in the community dominated by each of the four plant species.
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Aboveground Biomass, Nutrient Concentrations, and Nutrient Pool

The four species differed significantly in their aboveground biomass, nutrient concentrations, and nutrient pool sizes (Figure 2). The total amount of aboveground biomass of S. canadensis was similar to that of P. latifolius, but much higher than that of P. australis and I. cylindrica (Figure 2A, P < 0.05). S. canadensis also had the highest P and K concentrations in leaves (Figure 2B, P < 0.05); the N concentration in the N concentration in S. canadensis leaves was significantly higher than that of P. latifolius and I. cylindrical (Figure 2B, P < 0.05), but similar to that of Figure 2B (P > 0.05). In stems, only the K concentration was much higher in S. canadensis stems (Figure 2C, P < 0.05). The N concentration in S. canadensis stems was similar to that of P. latifolius and lower than that of I. cylindrica and P. australis (Figure 2C, P < 0.05). The P concentrations in stems of the three native species were not significantly different from each other (Figure 2C, P > 0.05). The N, P, and K pool sizes in the aboveground mass were all highest for S. canadensis and lowest for I. cylindrica (Figure 2C, P < 0.05).


[image: image]

FIGURE 2. Nutrients accumulation in the aboveground stands. (A) Aboveground biomass (Kg/m2). (B) Nutrient (N, P, and K) concentrations (mg/g) in leaves. (C) Nutrient (N, P, and K) concentrations (mg/g) in stems (C). (D) Nutrient (N, P, and K) pools (g/m2) in aboveground biomass (g) of the four dominant species. Sc, Pl, Ic, and Pa stand for S. canadensis, P. latifolius, I. cylindrical, and P. australis, respectively. Bars and vertical lines are means ± SE. Different letters indicate significant differences between the species (P = 0.05).



Litter Mass, Nutrient Concentrations, and Decomposition Rate

The four species also differed significantly in their litter quantity, litter nutrient concentrations and litter decomposition rate (P < 0.05, Figure 3). The total leaf and stem litter mass of S. canadensis was similar to that of P. latifolius, but much higher than that of I. cylindrica and P. australis (Figure 3A, P < 0.05). The N, P, and K concentrations in litter were highest in S. canadensis and lowest in I. cylindrica (Figure 3B, P < 0.05). The litter decomposition rate was also much higher in S. canadensis than in the other three species (Figure 3C, P < 0.05)


[image: image]

FIGURE 3. Litter quantity, nutrient concentration and decomposition rate of the species. (A) Leaf and stem litter mass (g); (B) Nutrient (N, P, and K) concentrations (mg/kg), and (C) Decomposition rate (the ratio of decomposed litter to the original litter mass, %). Sc, Pl, Ic, and Pa stand for S. canadensis, P. latifolius, I. cylindrical, and P. australis, respectively. Bars and vertical lines are means ± SE. Different letters indicate significant differences between the species (P = 0.05).


DISCUSSION

Our study indicated an accelerated nutrient cycling rate by the invasion of S. canadensis into the grassland, which remarkably differentiated itself from the three native grass species. S. canadensis possessed the features of higher nutrient availability and higher soil microbial activity in the soils, higher plant productivity and a larger nutrient pool size in the plants, a faster nutrient release rate by litter decomposition, suggesting that these features may be closely associated with each other.

Increased Soil Nutrient Availability and Soil Microbial Activity by S. canadensis Invasion

Consistent with many studies which show that invasive species tends to increase soil nutrient status (Ehrenfeld, 2003; Vanderhoeven et al., 2005; Yelenik and D’Antonio, 2013) the S. canadensis invasion increased the availability of soil N, P, and K. However, S. canadensis invasion did not increase the total nutrient content, suggesting it probably only affected nutrient transformations within soils and the available nutrient exchange between the plants and the soil. The results are not completely consistent with those reported by Zhang C.B. et al. (2009) who found that the S. canadensis invasion decreased total nitrogen, total phosphorus, NO3-N, available phosphorus contents but increased the NH4-N content. This finding suggests that effects on soil nutrient availability may vary substantially. Various factors may control the direction and extent of modification of soil nutrient availability by S. canadensis invasion.

Firstly, the impact on soil nutrient availability may be linked to the differences in functional traits related to nutrient cycling between the invasive species and the uninvaded vegetation being compared (Castro-Díez et al., 2014). Forbs (in this case S. canadensis), diverge from grasses in leaf nutrient concentrations and litter decomposition rate. In our study, the native dominant species in the coastal area are all grasses, which are generally characterized by low leaf nutrient concentrations and slow leaf litter decomposition rates, possibly adaptations to the low soil nutrient levels, while the higher nutrient concentration and faster litter decomposition rate of the invasive S. canadensis may be phylogenetically determined. One of the factors determining decomposition rate is litter nutrient concentration. Higher nutrients nutrient concentrations in both living leaf tissues and litter suggest that S. canadensis is probably both highly nutrient demanding and luxurious in nutrient utilization, as it still leaves high concentrations of nutrients in the litter and consequently accelerates the nutrient cycling rate, which is also found in another study (Zhang et al., 2016). The decomposition rate of leaf litter is also affected by other leaf attributes, such as the concentration of recalcitrant materials (like lignin) and structural functional traits (like specific leaf area) (Austin and Ballaré, 2010; Jo et al., 2016). The leaves of S. canadensis are indeed thinner and softer than those of the other three species, which may also contribute to its fast decomposition rate.

Secondly, the other factor explaining the increase in soil nutrient availability is the increased soil microbial activity, because soil microbial activity determines the nutrient transformation rate. The S. canadensis invasion increased the soil MBC concentration and the activity of some key enzyme, which indicated that both the abundance of activity of soil microorganisms increased. Other studies also show that the S. canadensis invasion alters the soil microbial community structure (Li et al., 2012) and increases the nutrient transformation rate (Zhang C.B. et al., 2009; Li et al., 2012). The most important factors in explaining the enhancement of soil microbial activity are increased litter input and a fast litter decomposition rate, which supply more substrates to feed a large microbial population. Studies also suggest that S. canadensis may alter the soil microbial community structure by releasing some species-specific compounds into soils via root exudates. Several studies report that S. canadensis is allelopathic in the invaded soil (Abhilasha et al., 2008; Zhang S.S. et al., 2009). Root exudates may affect nutrient transformations directly or by soil biota. These results suggest that there are strong species-specific interactions between plant species and the microbial community in the soil and species-specific allelopathic compounds may alter the soil microbial community and nutrient availability.

Thirdly, the impact of invasive species on the soil nutrient status is significantly influenced by the initial soil conditions, which tends to homogenize soil nutrient level (Vanderhoeven et al., 2005; Dassonville et al., 2008; Osunkoya et al., 2017). The increased N, P, and K availability in S. canadensis-invaded soils in this study may indicate the relatively low nutrient availability in the early stage of plant community succession in this newly reclaimed coastal area (less than 20 years). The soil available N and K concentrations were in the range of 31.7–43.3 mg/kg and 49.2–125.5 g/kg, respectively, in the topsoil, and both fell into the lower range of soil nutrient concentrations in the study of Dassonville et al. (2008). However, the concentration of available P in topsoil was 5.1–9.9 mg/kg, which was much higher than 0.5–2.5 mg/kg reported by Dassonville et al. (2008), suggesting that the potential of increase in P availability is much higher in the soils in our study.

Increased Aboveground Biomass and Nutrient Accumulation by S. canadensis Invasion

The first important factor for accelerated nutrient cycling was increased biomass accumulation by S. canadensis. Invasive plant species usually grow faster (Grotkopp and Rejmánek, 2007), have a larger plant size, and accumulate more plant biomass than the species from the community in which they invade (van Kleunen et al., 2010). The greater aboveground biomass of S. canadensis was attributable to the larger shoot height and higher density of the plant, and these characteristics enable the S. canadensis plants to be more competitive. The populations in our study may have evolved to be more competitive than their native populations, although a study found that plants from invasive S. canadensis populations in Europe tended to grow smaller than their counterparts from the native populations in America (van Kleunen and Schmid, 2003)

What makes S. canadensis more productive than the two grasses? Higher nutrient concentration may explain higher productivity. The higher P and K concentrations in the tissues may contribute to the high productivity of S. canadensis. We observed that the K concentration was remarkably higher, ca. 139–633% in leaves and 50–157% in stems, in S. canadensis than in the other three species. K is one the most demanded nutrients for plant growth and plays fundamental roles in plant functions (Armengaud et al., 2009; Hu et al., 2018), especially in alleviating the detrimental effects of abiotic stresses and improving water use efficiency (Cakmak, 2005). A growing number of studies have shown that K may contribute to the success of exotic plant invasions, depending on the initial soil K availability (Sardans and Peñuelas, 2015). Higher K concentrations were also observed in invasive species compared with adjacent native species stands. A high K accumulation capability was also found in invasive S. gigantean (Vanderhoeven et al., 2006), a congeneric species of S. canadensis, Alternathera philoxeroides (Song and Su, 2013), and Eichhornia crassipes (Zhou et al., 2007). In A. philoxeroides, the accumulation of K enhances drought resistance (Song and Su, 2013). These studies suggest that the accumulation of K may enhance the competitive ability of an invasive species under stressful conditions. P is one of the most limiting nutrients for plant growth (Vance et al., 2003). Higher leaf P concentrations may also contribute to the higher growth capacity of S. canadensis. Leaf N concentrations were also higher in S. canadensis than in P. latifolius and I. cylindrica, suggesting that N accumulation may also account for the higher growth.

The observed higher P and K concentrations in both leaves and stems and the higher N concentration in leaves may be due to the inherent high nutrient uptake capacity by the species, but may also be due to the high P and K availability in the soils under S. canadensis. It is therefore critical to differentiate the nutrient uptake capacity of the invasive and native species under homogenous nutrient conditions. A recent study showed that S. canadensis was capable of utilizing insoluble phosphorus (Wan et al., 2018), suggesting that root exudates, such as organic acids from S. canadensis, might be involved in releasing P and K from insoluble sources (Bais et al., 2006).

Our study only addresses the effects of S. canadensis invasion on nutrient cycling in the coastal grassland in one region. As S. canadensis invades habitats with diverse vegetations, soil types and climate regimes, and previous study show that impacts of alien invasive plants on soil nutrients may highly depend on initial site conditions (Dassonville et al., 2008; Osunkoya et al., 2017), therefore the information from our study on the invasion effects is limited. Secondly, in our study only aboveground biomass and nutrient accumulation are considered, while the information on roots and rhizomes not considered. Thirdly, the soil properties and nutrient status were only analyzed from only one sampling in the growing season, while these properties may vary with and this may limit full understanding the invasion effects of the species. Lastly, elucidation of general patterns of the invasion effects of S. canadensis demand integration of both field studies and controlled pot studies.

Implications for Further Invasion of S. canadensis

Positive invasive plant-soil feedbacks have been assumed an important mechanism for exotic plant invasions (Suding et al., 2013). Further invasion of S. canadensis may be promoted by increased soil nutrient availability. Pot studies did find significant plant-soil feedback effects by S. canadensis invasion, which leads to subsequent changes of its own growth and its competitive ability against natives, but these effects vary with the identity of the native species (Schittko and Wurst, 2014; Dong et al., 2015, 2017). The variation of the competition effects is possibly because species from different functional groups may have different responses to soil nutrient availability. Since it has been stated that the S. canadensis invasion also significantly changes the soil microorganism community and functions, there might be strong nutrient-microorganism interactions in the plant-soil feedback from S. canadensis. The role of soil nutrients in plant-soil feedbacks needs to be studied further.

CONCLUSION

In summary, the S. canadensis invasion increases nutrient accumulation in the plants and nutrient availability in the soil. These invasion effects are very likely due to its greater biomass accumulation together with greater litter production, faster litter decomposition and consequent higher soil microbial activity. The increase of soil nutrient concentrations and microbial activity probably promote the further invasion of S. canadensis through a positive feedback loop and is likely one important mechanism of its success in the invaded region. The driving forces of accelerating nutrient cycling by S. canadesis need to be further examined in controlled studies.

AUTHOR CONTRIBUTIONS

X-QY and MW conceived the study, designed the work, and conducted the data analysis. X-QY and Y-NY carried out field work and laboratory analysis. X-QY wrote the manuscript, with contributions from all the other authors. MW revised the final draft. F-hY helped in preparing the manuscript and in interpretation of the analyses during constructive discussions.

FUNDING

This work was supported by the Natural Science Foundation of Zhejiang Province, China (Grant No. LY17C030002) and National Natural Science Foundation of China (Grant No. 31770578).

ABBREVIATIONS

 MBC, microbial biomass carbon; ROC, readily oxidizable carbon; TSOM, total soil organic matter; WSOC, water-soluble organic carbon.

REFERENCES

Abhilasha, D., Quintana, N., Vivanco, J., and Joshi, J. (2008). Do allelopathic compounds in invasive Solidago canadensis s.l. restrain the native European flora?. J. Ecol. 96, 993–1001. doi: 10.1111/j.1365-2745.2008.01413.x

Armengaud, P., Sulpice, R., Miller, A. J., Stitt, M., Amtmann, A., and Gibon, Y. (2009). Multilevel analysis of primary metabolism provides new insights into the role of potassium nutrition for glycolysis and nitrogen assimilation in Arabidopsis roots. Plant Physiol. 150:772. doi: 10.1104/pp.108.133629

Arthur, M. A., Bray, S. R., Kuchle, C. R., and McEwan, R. W. (2012). The influence of the invasive shrub, Lonicera maackii, on leaf decomposition and microbial community dynamics. Plant Ecol. 213, 1571–1582. doi: 10.1007/s11258-012-0112-7

Ashton, I. W., Hyatt, L. A., Howe, K. M., Gurevitch, J., and Lerdau, M. T. (2005). Invasive species accelerate decomposition and litter nitrogen loss in a mixed deciduous forest. Ecol. Appl. 15, 1263–1272. doi: 10.1890/04-0741

Austin, A. T., and Ballaré, C. L. (2010). Dual role of lignin in plant litter decomposition in terrestrial ecosystems. Proc. Natl. Acad. Sci. U.S.A. 107, 4618–4622. doi: 10.1073/pnas.0909396107

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant. Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159

Bottollier-Curtet, M., Charcosset, J. Y., Tabacchi, A. M. P., and Tabacchi, E. (2011). Degradation of native and exotic riparian plant leaf litter in a floodplain pond. Freshw. Biol. 56, 1798–1810. doi: 10.1111/j.1365-2427.2011.02620.x

Cakmak, I. (2005). Role of potassium in alleviating the detrimental effects of abiotic stress plants. J. Plant Nutr. Soil Sci. 168, 521–530. doi: 10.1002/jpln.200420485

Castro-Díez, P., Godoy, O., Alonso, A., Gallardo, A., and Saldaña, A. (2014). What explains variation in the impacts of exotic plant invasions on the nitrogen cycle? A meta-analysis. Ecol. Lett. 17, 1–12. doi: 10.1111/ele.12197

Chen, G. Q., Zhang, C. B., Ling, M. A., Qiang, S., Silander, J. A., and Qi, L. L. (2013). Biotic homogenization caused by the invasion of Solidago canadensis in China. J. Integr. Agr. 12, 835–845. doi: 10.1016/s2095-3119(13)60302-0

Daehler, C. C., van Kleunen, M., Pyšek, P., and Richardson, D. M. (2016). EMAPi 2015: Highlighting links between science and management of alien plant invasions. NeoBiota 30, 1–3. doi: 10.3897/neobiota.30.9594

Dassonville, N., Vanderhoeven, S., Vanparys, V., Hayez, M., Gruber, W., and Meert, P. (2008). Impacts of alien invasive plants on soil nutrients are correlated with initial site conditions in NW Europe. Oecologia 157, 131–140. doi: 10.1007/s00442-008-1054-6

Dong, L. J., Sun, Z. K., Gao, Y., and He, W. M. (2015). Two-year interactions between invasive Solidago canadensis and soil decrease its subsequent growth and competitive ability. J. Plant Ecol. 8, 617–622.

Dong, L. J., Yang, J. X., Yu, H. W., and He, W. M. (2017). Dissecting Solidago canadensis-soil feedback in its real invasion. Ecol. Evol. 7, 2307–2315. doi: 10.1002/ece3.2743

Dong, M., Lu, J. Z., Zhang, W. J., Chen, J. K., and Li, B. (2006). Canada goldenrod (Solidago canadensis): an invasive alien weed rapidly spreading in China. Acta Phytotaxon. Sin. 44, 72–85.

Duda, J. J., Freeman, D. C., Emlen, J. M., Belnap, J., Kitchen, S. G., Zak, J. C., et al. (2003). Differences in native soil ecology associated with invasion of the exotic annual chenopod, Halogeton glomeratus. Biol. Fert. Soils 38, 72–77. doi: 10.1007/s00374-003-0638-x

Ehrenfeld, J. G. (2003). Effects of exotic plant invasions on soil nutrient cycling processes. Ecosystems 6, 503–523. doi: 10.1007/s00442-011-2022-0

Ehrenfeld, J. G. (2010). Ecosystem consequences of biological invasions. Annu. Rev. Ecol. Evol. Sci. 41, 59–80.

Flory, S. L., and D’Antonio, C. M. (2015). Taking the long view on the ecological effects of plant invasions. Am. J. Bot. 102:817. doi: 10.3732/ajb.1500105

Gaertner, M., Biggs, R., Te Beest, M., Hui, C., Molofsky, J., and Richardson, D. M. (2014). Invasive plants as drivers of regime shifts: identifying high-priority invaders that alter feedback relationships. Divers. Distrib. 20, 733–744. doi: 10.1111/ddi.12182

Grotkopp, E., and Rejmánek, M. (2007). High seedling relative growth rate and specific leaf area are traits of invasive species: phylogenetically independent contrasts of woody angiosperms. Am. J. Bot. 94, 526–532. doi: 10.3732/ajb.94.4.526

Guan, Y. S. (1986). Soil Enzymes, and Research Methods. Beijing: Agricultural Press.

Guo, X., Ren, M., and Ding, J. (2016). Do the introductions by botanical gardens facilitate the invasion of Solidago canadensis (Asterceae) in China? Weed. Res. 56, 442–451. doi: 10.1111/wre.12227

Gusev, A. P. (2018). The invasion of Canadian goldenrod (Solidago canadensis L.) into anthropogenic landscapes of Belarus. Russ. J. Biol. Invas. 9, 22–28. doi: 10.1134/s2075111718010083

Hu, W., Yang, J. S., Wang, S. S., Chen, B. L., and Zhou, Z. G. (2018). Effects of potassium deficiency on the enzymatic changes in developing cotton fibers. Acta Physiol. Plant. 40:98.

Jakmunee, J., and Junsomboon, J. (2009). Determination of available phosphorus in soils by using a new extraction procedure and a flow injection amperometric system. Talanta 79, 1076–1080. doi: 10.1016/j.talanta.2009.01.028

Jo, I., Fridley, J. D., and Frank, D. A. (2016). More of the same? in situ leaf and root decomposition rates do not vary between 80 native and nonnative deciduous forest species. N. Phytol. 209, 115–122. doi: 10.1111/nph.13619

Jones, D. L., and Willett, V. B. (2006). Experimental evaluation of methods to quantify dissolved organic nitrogen (DON) and dissolved organic carbon (DOC) in soil. Soil Biol. Biochem. 38, 991–999. doi: 10.1016/j.soilbio.2005.08.012

Li, W. H., Zhang, C. B., and Peng, C. L. (2012). Responses of soil microbial community structure and potential mineralization processes to Solidago canadensis invasion. Soil Sci. 177, 61–67.

Liao, C., Peng, R., Luo, Y., Zhou, X., Wu, X., Fang, C., et al. (2008). Altered ecosystem carbon and nitrogen cycles by plant invasion: a meta-analysis. N. Phytol. 177, 706–714. doi: 10.1111/j.1469-8137.2007.02290.x

Lu, L. K. (1999). Analysis Methods of Soil, and Agro-Chemistry. Beijing: China Agriculture Press.

Martin, M. R., Tipping, P. W., and Sickman, J. O. (2009). Invasion by an exotic tree alters above and belowground ecosystem components. Biol. Invas. 11, 1883–1894. doi: 10.1007/s10530-008-9366-3

Olsen, S. R., and Sommers, L. E. (1982). “Phosphorus,” in Methods of Soil Analysis (Part 2 Chemical and Microbiological Properties), ed. A. L. Page (Madison: Soil Science Society of America Inc.), 403–430.

Osunkoya, O. O., Akinsanmi, O. A., Lim, L. S. A., Perrett, C., Callander, J., and Dhileepan, K. (2017). Parthenium hysterophorus L. (Asteraceae) invasion had limited impact on major soil nutrients and enzyme activity: is the null effect real or reflects data insensitivity. Plant Soil 420, 1–18.

Perkins, L. B., and Nowak, R. S. (2013). Native and non-native grasses generate common types of plant–soil feedbacks by altering soil nutrients and microbial communities. Oikos 122, 199–208. doi: 10.1111/j.1600-0706.2012.20592.x

Pimentel, D., Mcnair, S., Janecka, J., Wightman, J., Simmonds, C., O’Connell, C., et al. (2001). Economic and environmental threats of alien plant, animal, and microbe invasions. Agr. Ecosyst. Environ. 84, 1–20.

Sardans, J., Bartrons, M., Margalef, O., Gargallo-Garriga, A., Janssens, I. A., Ciais, P., et al. (2017). Plant invasion is associated with higher plant-soil nutrient concentrations in nutrient-poor environments. Glob. Chang. Biol. 23, 1282–1291. doi: 10.1111/gcb.13384

Sardans, J., and Peñuelas, J. (2015). Potassium: a neglected nutrient in global change. Glob. Ecol. Biogeogr. 24, 261–275. doi: 10.1111/geb.12259

Scharfy, D., Güsewell, S., Gessner, M. O., and Venterink, H. O. (2010). Invasion of Solidago gigantea in contrasting experimental plant communities: effects on soil microbes, nutrients and plant-soil feedbacks. J. Ecol. 98, 1379–1388. doi: 10.1111/j.1365-2745.2010.01722.x

Schittko, C., and Wurst, S. (2014). Above- and belowground effects of plant-soil feedback from exotic Solidago canadensis on native Tanacetum vulgare. Biol. Invasions 16, 1465–1479. doi: 10.1007/s10530-013-0584-y

Slesak, R. A., Harrington, T. B., and D’Amato, A. W. (2016). Invasive scotch broom alters soil chemical properties in douglas-fir forests of the Pacific Northwest. USA. Plant Soil 398, 281–289. doi: 10.1007/s11104-015-2662-7

Smith, B. F. L., and Bain, D. C. (1982). A sodium hydroxide fusion method for the determination of total phosphate in soils. Commun. Soil. Sci. Plan. 13, 185–190. doi: 10.1080/00103628209367257

Song, Z. Z., and Su, Y. H. (2013). Distinctive potassium-accumulation capability of alligatorweed (Alternanthera philoxeroides) links to high-affinity potassium transport facilitated by K+-uptake systems. Weed. Sci. 61, 77–84. doi: 10.1614/ws-d-12-00100.1

Souza-Alonso, P., Novoa, A., and González, L. (2014). Soil biochemical alterations and microbial community responses under Acacia dealbata link invasion. Soil Biol. Biochem. 79, 100–108. doi: 10.1016/j.soilbio.2014.09.008

Stefanowicz, A. M., Stanek, M., Nobis, M., and Zubek, S. (2017). Few effects of invasive plants Reynoutria japonica, Rudbeckia laciniata and Solidago gigantea on soil physical and chemical properties. Sci. Total Environ. 574:938. doi: 10.1016/j.scitotenv.2016.09.120

Stianna, D., Steve, C. W., Howard, F., Buckley, D. H., and Glover, J. D. (2010). No-tillage conversion of harvested perennial grassland to annual cropland reduces root biomass, decreases active carbon stocks, and impacts soil biota. Agric. Ecosyst. Environ. 137, 25–32. doi: 10.1016/j.agee.2009.12.021

Suding, K. N., Harpole, W. S., Fukami, T., Kulmatiski, A., MacDougall, A. S., Stein, C., et al. (2013). Consequences of plant–soil feedbacks in invasion. J. Ecol. 101, 298–308.

Szymura, M., and Szymura, T. H. (2013). Soil preferences and morphological diversity of goldenrods (Solidago L.) from south-western Poland. Acta Soc. Botan. Poloniae. 82, 107–115. doi: 10.5586/asbp.2013.005

Szymura, M., and Szymura, T. H. (2016). Interactions between alien goldenrods (Solidago and Euthamia species) and comparison with native species in central Europe. Flora 218, 51–61. doi: 10.1016/j.flora.2015.11.009

van Kleunen, M., and Schmid, B. (2003). No evidence for an evolutionary increased competitive ability in an invasive plant. Ecology 84, 2816–2823. doi: 10.1890/02-0494

van Kleunen, M., Weber, E., and Fischer, M. (2010). A meta-analysis of trait differences between invasive and non-invasive plant species. Ecol. Lett. 13, 235–245. doi: 10.1111/j.1461-0248.2009.01418.x

Vance, C. P., Uhdestone, C., and Allan, D. L. (2003). Phosphorus acquistion and use: critical adaptations by plants for securing a nonrenewable resource. N. Phytol. 157, 423–447. doi: 10.1046/j.1469-8137.2003.00695.x

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem. 19, 703–707. doi: 10.1016/0038-0717(87)90052-6

Vanderhoeven, S., Dassonville, N., Chapuis-Lardy, L., Hayez, M., and Meerts, P. (2006). Impact of the invasive alien plant Solidago gigantea on primary productivity, plant nutrient content and soil mineral nutrient concentrations. Plant. Soil 286, 259–268. doi: 10.1007/s11104-006-9042-2

Vanderhoeven, S., Dassonville, N., and Meerts, P. (2005). Increased topsoil mineral nutrient concentrations under exotic invasive plants in Belgium. Plant. Soil 275, 169–179. doi: 10.1007/s11104-005-1257-0

Wan, L. Y., Qi, S. S., Dai, Z. C., Zou, C. B., Song, Y. G., Hu, Z. Y., et al. (2018). Growth responses of Canada goldenrod (Solidago canadensis L.) to increased nitrogen supply correlate with bioavailability of insoluble phosphorus source. Ecol. Res. 33, 261–269. doi: 10.1007/s11284-017-1552-2

Wang, C. Y., Jiang, K., Zhou, J. W., and Wu, B. D. (2018). Solidago canadensis invasion affects soil N-fixing bacterial communities in heterogeneous landscapes in urban ecosystems in East China. Sci. Total Environ. 63, 702–713. doi: 10.1016/j.scitotenv.2018.03.061

Weber, E. (1998). The dynamics of plant invasions: a case study of three exotic goldenrod species (Solidago L.) in Europe. J. Biogeogr. 25, 147–154. doi: 10.1046/j.1365-2699.1998.251119.x

Wei, H., Xu, J., Quan, G., Zhang, J. E., and Qin, Z. (2016). Effects of Praxelis clematidea invasion on soil nitrogen fractions and transformation rates in a tropical savanna. Environ. Sci. Pollut. R. 24, 1–10. doi: 10.1007/s11356-016-8127-6

Werner, P. A., Bradbury, I. K., and Gross, R. S. (1980). The biology of Canadian weeds. 45. Solidago canadensis L. Can. J. Plant. Sci. 60, 1393–1409. doi: 10.4141/cjps80-194

Yelenik, S. G., and D’Antonio, C. M. (2013). Self-reinforcing impacts of plant invasions change over time. Nature 503, 517–520. doi: 10.1038/nature12798

Zhang, C. B., Jiang, W., Qian, B. Y., and Li, W. H. (2009). Effects of the invader Solidago canadensis on soil properties. Appl. Soil Ecol. 43, 163–169. doi: 10.1016/j.apsoil.2009.07.001

Zhang, S. S., Jin, Y., Tang, J. J., and Chen, X. (2009). The invasive plant Solidago canadensis L. suppresses local soil pathogens through allelopathy. Appl. Soil Ecol. 41, 215–222. doi: 10.1016/j.apsoil.2008.11.002

Zhang, L., Ma, X. C., Wang, H., Liu, S. W., Siemann, E., and Zou, J. W. (2016). Soil respiration and litter decomposition increased following perennial forb invasion into an annual grassland. Pedosphere 26, 567–576. doi: 10.1016/s1002-0160(15)60066-2

Zhang, T., Wang, T., Liu, K. S., Wang, L. X., Wang, K., and Zhou, Y. (2015). Effects of different amendments for the reclamation of coastal saline soil on soil nutrient dynamics and electrical conductivity responses. Agr. Water Manage. 159, 115–122. doi: 10.1016/j.agwat.2015.06.002

Zhou, W., Zhu, D., Tan, L., Liao, S., Hu, Z., and Hamilton, D. (2007). Extraction and retrieval of potassium from water hyacinth (Eichhornia crassipes). Bioresour. Technol. 98, 226–231. doi: 10.1016/j.biortech.2005.11.011

Zhu, X., and Zhu, B. (2015). Diversity and abundance of soil fauna as influenced by long-term fertilization in cropland of purple soil, China. Soil Till. Res. 146, 39–46. doi: 10.1016/j.still.2014.07.004

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Ye, Yan, Wu and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fpls-10-00575-t004.jpg
Soil enzyme Depth (cm)

Catalase (ml/g~") 0-10
10-20
Urease (ng/g™") 0-10
10-20
Alkaline phosphatase (ng/g~") 0-10
10-20
Invertase (mg/g—") 0-10
10-20
Amylase (1g/g™") 0-10
10-20
Glucosidase (ng/g~") 0-10
10-20

S. canadensis

9.83 £ 0.08a
8.89 £ 0.70a
316.6 £+ 32.0c
156.5 + 41.8a
353.7 £70.8b
117.2 £ 45.2a
6.96 + 1.690
2.85 + 1.28a
269.6 + 18.8a
172.6 £ 20.9a
281.9 £ 68.1b
76.9 & 36.4a

P. latifolius

9.83 £0.17a
9.94 £ 0.03a
1656.3 £+ 28.6b
120.9 + 39.8a
203.1 £ 563.4a
104.4 £ 30.1a
2.62 £ 0.76a
112+ 0.42a
187.0 £ 17.9a
160.7 + 23.6a
102.0 £ 29.1a
46.2 £11.3a

I. cylindrica

9.26 £0.21a
9.41 £ 0.53a
145.9 + 33.8ab
109.8 + 37.9a
191.4 £ 34.8a
73.9 £22.7a
3.14 £ 0.76a
0.61 £ 0.06a
169.1 £ 34.7a
134.2 £19.7a
67.2+11.1a
21.3 £ 1.6a

P. australis

9.39 & 0.45a
9.34 £ 0.50a
72.8+11.3a
47.7 +2.9a
103.8+15.6a
48.7 £ 12.4a
112+ 0.21a
0.65 4 0.10a
174.2 £ 33.9a
1564.9 £ 35.1a
49.5 4+ 10.0a
28.5+5.3a

Data are means + SE. Within the same row, means sharing the same letters are not different at P = 0.05 (by Tukey test).





OPS/images/fpls-10-00575-t002.jpg
Soil property Depth (cm)

pH 0-10
10—-20
Water content (%) 0-10
10-20
Bulk density (g/cm~3) 0-10
10-20
Porosity (%) 0-10
10-20

S. canadensis

8.17 £ 0.03a
8.36 £ 0.05a
19.06 £ 1.8a
17.47 £1.9a
0.91 & 0.09a
1.02 £ 0.05a
65.67 + 3.26a
61.562 +£1.91a

P. latifolius

8.47 £ 0.04c
8.57 + 0.08b
29.62 + 1.5b
27.54 £ 1.4b
0.90 &+ 0.05a
0.88 & 0.09a
66.17 + 1.89a
66.96 + 3.29a

I. cylindrica

8.28 + 0.01b
8.38 £ 0.02a
25619+ 2.1b
26.81 £ 1.7b
0.85 £ 0.03a
0.90 £ 0.08a
68.02 + 1.25a
66.29 £+ 3.13a

P. australis

8.57 £ 0.04d
8.69 £ 0.02b
29.47 + 2.35b
25.63 + 2.32b
0.99 + 0.06a
1.02 + 0.06a
62.56 + 1.13a
61.74 + 2.50a

Data are means + SE. Within the same row, means sharing the same letters are not different at P = 0.05 (by Tukey test).





OPS/images/fpls-10-00575-t003.jpg
Soil nutrient Depth (cm) S. canadensis P. latifolius I. cylindrica P, australis

Total N (g/Kg) 0-10 0.50 £ 0.03a 0.47 £ 0.07a 0.38 & 0.03a 0.42 &+ 0.02a
10-20 0.35 £ 0.04a 0.38 & 0.02a 0.27 £ 0.01a 0.39 &+ 0.07a
Total P (9/Kg) 0-10 0.63 £ 0.02a 0.58 +0.01a 0.60 &+ 0.01a 0.57 £ 0.03a
10-20 0.62 £ 0.03a 0.57 £0.01a 0.59 &+ 0.01a 0.58 + 0.01a
Total K (g/Kg) 0-10 5.56 £ 0.82a 5.77 +£0.29a 4.66 £ 0.24a 5.67 + 0.18a
10-20 5.22 £+ 0.66a 5.94 +£0.27a 4.56 &+ 0.27a 5.49 & 0.16a
NHaT-N (mg/Kg) 0-10 7.89 £1.12b 4.56 + 0.36a 4.69 & 0.29a 4.30 £ 0.27a
10-20 6.59 £ 0.64b 4.24 +£0.47a 4.35+ 0.47a 3.47 £ 0.11a
NOz™-N (mg/Kg) 0-10 4.63 £ 0.45b 261 +£0.12a 2.54 £+ 0.08a 2.36 &+ 0.07a
10-20 3.32 £0.19b 2.77 £ 0.05a 282+ 0.11a 2.83 & 0.09a
Available N (mg/Kg) 0-10 74.7 £10.0b 43.4 +£8.7a 31.8+5.2a 37.4 + 4.6a
10-20 27.0+5.7a 41.7 £ 7.06b 211+ 1.4a 24.3 &+ 3.0a
Available P (mg/Kg) 0-10 7.68 £ 1.59bc 5.05 4 0.94ab 3.06 £+ 0.26a 9.95 + 0.60c
10-20 5.54 £ 0.99b 5.34 +£1.19b 2.81 4+ 0.22a 10.2+0.5¢c
Available K (mg/Kg) 0-10 110.5 £ 16.2b 86.3 &+ 14.7ab 49.83 &+ 4.8a 12565 £17.7b
10-20 73.6 £ 17.5ab 95.4 &+ 14.4bc 49.7 + 4.3a 147.8 £ 13.5¢

Data are means + SE. Within the same row, means sharing the same letters are not different at P = 0.05 (by Tukey test).





OPS/images/fpls-10-00575-t001.jpg
Stand type Dominant Dominant Coverage Shoot density Major accompanying species
plant species species (%) (/m?3)
height (m)
Solidago 1.53 85.1 62.8 Artemisia lavandulaefolia, Imperata cylindrica
canadensis
Il Phacelurus 1.48 81.9 514 Artemisia lavandulaefolia, Glycine soja, Erigeron
latifolius philadelphicus, Sonchus brachyotus, Imperata cylindrica
M Imperata 0.93 85.1 148 Melilotus officinalis, Artemisia lavandulaefolia, Sonchus
cylindrica brachyotus, Erigeron annus, Metaplexis japonica, Solidago
canadensis
\% Phragmites 1.42 66.8 37.9 Carex scabrifolia, Aster subulatus, Polypogon fugax,
australis Sonchus brachyotus, Solidago canadensis
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