

  forests-13-01827




forests-13-01827







Forests 2022, 13(11), 1827; doi:10.3390/f13111827




Article



Effects of Rhus typhina Invasion on Soil Physicochemical Properties and Carbon Emissions in Urban Green Spaces



Zihan Wang 1, Junjie Wu 1, Dan Zhang 1,*, Chao Gong 2,*, Qiong Wang 3, Chang Zhai 1 and Xinzhu Dai 4





1



College of Landscape Architecture, Changchun University, Changchun 130022, China






2



Key Laboratory of Wetland Ecology and Environment, Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun 130102, China






3



College of Forestry, Jiangxi Agricultural University, Nanchang 330045, China






4



Academy of Forestry Sciences of Changchun, Changchun 130119, China









*



Correspondence: zhangdan@ccu.edu.cn (D.Z.); gongchao@iga.ac.cn (C.G.)







Academic Editor: Chi Yung Jim



Received: 3 September 2022 / Accepted: 31 October 2022 / Published: 2 November 2022



Abstract

:

Alien plants invasion have become a hot issue in the field of ecology. The invasion of alien plants is usually accompanied by changes in the physical and chemical properties of the soil, the ensuing negative feedback creates a favorable environment for its own growth and expansion. Invasive plans have a strong ability to sequester carbon, which can greatly affect the original local ecological environment. In this study, we selected Rhus typhina, an invasive plant widely used for greening, as the experimental subject and natural growing grassland as the control. The aims were to investigate the effects of different degrees of invasion of R. typhina on soil physicochemical properties and carbon emissions, and to explore the influential factors on carbon emission. The results showed that R. typhina invasion significantly increased soil pH, total nitrogen content, easy extraction of glomalin-related soil protein (EEG) and cumulative CO2 emissions (CEM). It is worth noting that the CEM increased significantly during the severe invasion by R. typhina. The significant increase in soil NH4+-N content and the decrease in soil NO3−-N content indicate that the soil after the invasion of R. typhina has better uptake of NH4+-N. Temperature and soil moisture content had significant direct effects on CEM, while NH4+-N, NO3−-N, EEG and temperature sensitivity of soil organic carbon mineralization Q10 (30 °C/20 °C) had a direct but non-significant effect on CEM. The above findings suggest that R. typhina can generate positive feedback by influencing the physicochemical properties and CEM of the soil, opening the way for its own expansion, which can be targeted to prevent the destruction of local ecosystems during the introduction of cultivation and subsequent management.
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1. Introduction


Invasion of alien plants can greatly threaten local biodiversity and ecological stability [1]. This in turn has a serious impact on human living environment and agricultural production [2]. In recent years, invasive plants and invasion ecology have gradually entered the limelight and become a hot issue in the field of ecology [3,4]. Invasive plants have become the second largest cause of biodiversity loss in the United States, affecting 49% of endangered species, and this impact goes well beyond the macro scale, as they can also extinguish native species through genetic hybridization by affecting disease diversity to disrupt stable local microbial communities [5]. Invasive plants may also affect ecosystems by altering system flows and the availability of physical resources [6]. For example, the invasive plant, salt cedar, indirectly affects the hydrological conditions of Grand Canyon National Park by competing to influence the use of native woody species [7]. In the process of alien plants invasion, the soil nutrient pool and element cycle will be changed [8], and the physical and chemical properties of the soil will be changed through the regulation of soil microorganisms [9]. This change in soil properties, in turn, causes feedback that creates better growing conditions for invasive plants, thus making the invasion process more stable or more rapid and preventing the growth and reestablishment of native plants [10]. For example, in the early stages of invasion, the Phyllostachys edulis (Carrière) J. Houzeau will disrupt the original soil structure and function, adversely affecting the original ecosystem. When the invasion is complete, the physical properties of the soil will stabilize again, creating a soil environment conducive to the growth of P. edulis [11]. The invasion of the alien plant Alliaria petiolata improves soil nutrient effectiveness and creates favorable conditions for itself in competition with native species, creating positive feedback between site occupation and continued dispersal [12]. Carbon in soil is twice as much as atmospheric carbon and three times as much as the total amount of carbon in the Earth’s vegetation [13]. Slight changes in the carbon content in soils can have far-reaching effects on ecosystems, atmospheric cycles, and human life [14]. Invasive plants often increase carbon inputs to ecosystems, thereby altering the control of carbon and nutrient cycling processes, having a profound impact on the ecosystem [15]. Josh et al. showed that the carbon stocks of invasive trees are much higher than those of native trees in the same environment [16]. At the same time, invasive tree species have a strong capacity for carbon sequestration. Melaleuca quinquenervia (Cav.) S.F. Blake, an invasive tree, played an important role in carbon sequestration in nearby Miami-Dade [17]. However, there is a lack of relevant research on soil carbon emissions from alien plants.



At present, China’s urbanization is developing rapidly, and Changchun, as one of the important provincial capital cities in the northeast region, the built-up area of the city grew from 150 square kilometers in 1980 to 300 square kilometers in 2010, and the total population of the urban area increased from 2 million to 3.63 million in 2012 [18,19]. Such rapid urbanization is often accompanied by the introduction of large numbers of alien plants, which seriously affects the composition of urban plant diversity [20,21] and soil material cycling processes [22]; this has an important impact on the carbon sink function of urban forest ecosystems [23,24]. Rhus typhina is native to North America, deciduous shrub or small arbor; the fruits are tightly aggregated to form torch-like, and the leaves are red in color after autumn [25,26]. Due to its strong adaptability and resistance, it is often used in vegetation restoration of degraded habitats, and due to its better visual effect, it is also widely used in landscaping [27]. However, in recent years, researchers have continuously concluded that R. typhina grow rapidly in landscapes with good ecological conditions [28,29], sprouting a large number of new branches with increasing in growing years, increasing understory depression and weakening light, which greatly threatens community biodiversity and ecosystem function [30]. It already has been listed as one of the potential invasive plants [31]. It has been shown that R. typhina will create good conditions for growth by changing the physicochemical properties of the soil [32,33]. Having gained a competitive advantage over native species, R. typhina continues to spread around and in five years cover all land in a radius of 5 to 8 m, extremely damaging to the local ecological structure [34]. However, there is a lack of research on how R. typhina invasion affects urban green space soil.



This study took the attached green species of Changchun city as a case. The aims are (1) to explore the effects of R. typhina invasion on soil physiochemical properties, (2) to ascertain the effects of R. typhina invasion on the soil organic carbon mineralization and its temperature sensitivity and find the main influenced factors, (3) to provide a scientific guidance for the selection of urban tree species. This is important for maintaining regional ecological balance, protecting biodiversity, and ensuring ecological environment security. We hypothesized that (1) the competitive advantage of R. typhina with native species stems from the negative feedback generated by influencing the physicochemical properties of the soil, (2) the impact on soil carbon emissions increases with the degree and duration of R. typhina invasion.




2. Materials and Methods


2.1. Study Area


The study area is located at the Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, in Changchun City. This study is located in the hinterland of the Songliao Plain in northeast China, with a temperate continental semi-humid monsoon climate type and an annual average temperature of 4.8 °C. The annual rainfall is 570.3 mm and is concentrated in June to August. The main soil type is black soil with high humus content and granular or agglomerate structure, the soil is neutral or slightly acidic. Common coniferous species include Pinus sylvestris var. mongolica Litv., Picea asperata Mast. var. Heterolepis., Pinus tabulaefomis var. Mukdensis., Picea koraiensis Nakai., etc. Common broadleaf species include Salix matsudana Koidz., Populus davidiana Dode., Prunus ussuriensis Kovalev & Kostina., Armeniaca mandshurica (Maxim.) Skv., Quercus mongolica Fisch. ex Ledeb., Amygdalus davidiana (Carrière) de Vos ex Henry. et al. [35].




2.2. Plant Investigation and Soil Sampling


Three sample plots of R. typhina were selected at the Institute of Geography, Chinese Academy of Sciences (44°000’~43°999’ N, 125°403’~125°401’ E) (Figure 1). Each sample plot was 20 m × 20 m. The species name and the number of each species were recorded in each plot. The diameter at breast height (DBH) of each R. typhina parent tree and the DBH of its surrounding sub-trees were determined, and the number of plants in each DBH class was classified according to the size of the DBH and recorded. The calculation of expansion rates was based on the number of expansions in different DBH (Table 1). As the trees around the three sample plots were artificially planted and of non-uniform tree species, it was not possible to make comparisons, so a naturally growing grassed area not invaded by R. typhina was chosen as a control check sample plot. The main herbaceous plants were Plantago depressa Willd., Draba nemorosa L., Bupleurum chinense DC. f. chiliosciadium (Wolff) Shan et Y. Li, Hydrocotyle sibthorpioides Lam. var. Batrachium. and Taraxacum ohwianum Kitam. The distance between the control to the first sample plot was more than 3 m. Changes in area the different R. typhina sample plots in August 2014 and July 2016 were measured by Google earth images (Table 1).



In September 2016, five sampling points were randomly selected within each sample plot, one soil column (0~20 cm) was taken at each sampling point with a soil auger of 50 mm inner diameter for multi-point mixing, plant residues, roots and debris were removed after full mixing, and the soil was divided into 2 parts, one part is naturally air-dried for the determination of physical and chemical properties and nutrients of the soil, and the other part was kept refrigerated at 4 °C for the subsequent incubation experiment.




2.3. Soil Physicochemical Properties Determination


Soil pH was determined by the potentiometric method with a 5:1 ratio of water to soil, electrical conductivity (EC) was determined by electrode method, soil organic carbon (SOC) was determined by potassium dichromate oxidation-external heating method, total nitrogen (TN) was determined by Kjeldahl method, total phosphorus (TP) was determined by perchloric acid-sulphuric acid method [36], easy extraction glomalin-related soil protein (EEG) and total glomalin-related soil protein (TG) were both determined by the Coomassie blue staining method [37].




2.4. SOC Mineralisation and Its Temperature Sensitivity Caculation


The indoor incubation-alkali absorption method was used to determinate the cumulative CO2 emissions (CEM) [38]. For each invasion grade, 9 portions of fresh soil equivalent to 20 g dry soil weight were weighed into 200 mL incubation flasks, and the water content of the soil was adjusted to 60% of the maximum field water content by adding deionized water and incubated at 10 °C, 20 °C and 30 °C in a constant temperature incubator. CO2 emissions were measured on days 1, 3, 6, 11, 18, 34, 50 and 66, respectively. The temperature sensitivity coefficient Q10 for SOC mineralization was calculated using the following equation:


  R s = a    e  b t    



(1)






   Q  10   =  e  10 b    



(2)




where: Rs is the rate of soil organic carbon mineralization (cumulative CO2 emissions rate of soil organic carbon mineralization); t is the incubation temperature (°C); a is the substrate quality index, indicating the net rate of soil mineralization at 0 °C; and b is the temperature response coefficient.




2.5. Statistic Anslysis


One-way ANOVAs were used to compare the effects of different degrees of R. typhina invasion on the variability of soil physicochemical properties and followed by multiple comparison tests, the LSD (L) method was used when the variances were homogeneous, otherwise, the Tamhane’s T2 (M) method were used. Correlations between the indicators were analyzed using Pearson analysis and the Structural equation modelling (SEM) were performed in R Studio.





3. Results


3.1. Soil Physicochemical Properties


The effect of R. typhina invasion on soil pH, EC, TN and soil moisture content (SMC) were significant (p < 0.05), and the effects of R. typhina invasion on SOC and TP content were not significant (Figure 2). Soil pH increased from 7.52 to 7.88 significantly (p < 0.05) and reached a peak value of 8.15 at moderate invasion degree. The EC under mild invasion was the highest, reaching 108.87 us·cm−1, an increase of 19.1% compared with the CK, while EC in moderate and severe invasion degree showed a downward trend to 106.7 us·cm−1 and 99.9 us·cm−1, which was significantly higher than CK (p < 0.05). SOC decreased from 12.21 g·kg−1 to 10.36 g·kg−1 at moderate invasion degree and increased to 12.09 at severe invasion. The TN content showed a downward trend when the R. typhina was mildly invaded, and the TN content gradually increased to 0.49 g·kg−1 with the increase in the invasion degree, an increase of 14% compared with CK. The highest value of TP content was 1.01 g·kg−1 in CK, and it decreased by 13% at mild invasion degree. The TP content increased to 0.98 g·kg−1 with the increase in invasion degree. SMC content was 18% in the CK, raised to 0.2 at mild invasion degree, and then showed a downward trend at severe invasion degree to 16%.



The effect of R. typhina invasion on EEG, TG and EEG/SOC were significant (p < 0.05), and the effects on TG/SOC was not significant (Figure 3). With the increase in the degree of R. typhina invasion, the lowest EEG value was 0.41 g·kg−1 in CK, the highest value was 0.5 g·kg−1 in mild invasion degree, and then decreased to 0.48 g·kg−1 in moderate and severe invasion degree.TG was 9.02 g·kg−1 at CK, significantly decreased at mild and moderate invasion degree, a total reduction of 19% by the time of moderate invasion, and increased to 9.08 g·kg−1 at severe invasion degree. EEG/SOC at CK is the lowest with the value of 0.03 g·kg−1, increases to 0.05 g·kg−1 in moderate invasion degree, and decreased to 0.04 g·kg−1 in severe invasion degree. TG/SOC did not change significantly during CK, mild and moderate invasion degrees, stabilized around 0.7 g·kg−1, then increased to 0.74 g·kg−1 at the severe invasion degree.




3.2. Cumulative CO2 Emissions


With the increasing of incubation time, the trend of CEM for different invasion degrees of R. typhina at different temperatures was varied (Figure 4). The severe invasion degree all had the highest CEM at different incubation temperatures. However, the CEM of mild and moderate degrees compared with CK was not consistent at different temperatures. The CEM at 10 °C was the threshold on the 16th day of incubation, with mild invasion being lowest until 16th day of incubation, and gradually increasing after 16th day of incubation. Severe invasion had the highest CEM from the beginning to the end. The CEM at 20 °C was a critical point at 42nd day of incubation, with CK higher than moderate invasion until 42nd day of incubation and moderate invasion higher than CK after the 42nd day, with CEM consistently highest for severe invasion and lowest for mild invasion. There showed a consistent trend at 30 °C is that CEM consistently highest for severe invasion, followed by CK and moderate invasion, and lowest for mild invasion.




3.3. SOC Mineralization Temperature Sensitivity


The effects of temperature change on soil organic carbon mineralization rates were measured by the temperature sensitivity coefficient Q10 (Q10). Compared to the control, all Q10 values decreased to varying degrees after R. typhina invasion (Figure 5). Within the 20 °C/10 °C group, after the 11th day of incubation, the Q10 of SOC mineralization for CK, moderate invasion degree and severe invasion degree slowly increased, and slowly decreased for mild invasion degree. Subsequently, at 34th day of incubation, three groups decreased slowly from the 34th day of incubation, except moderate group until finally. Similarly, within the 30 °C/20 °C group, the trend in Q10 values for the different treatments was similar, ranging from 0.57 to 2.43, the 11th day of incubation remained the cut-off. After the 11th day of incubation, Q10 for SOC mineralization in four groups soils all decreased of the beginning. Subsequently, the Q10 of SOC mineralization for CK and mild invasion degree slowly increased to the final, and on the 50th day of incubation, the Q10 of organic carbon mineralization for moderate and severe invasion degree slowly increased to the final.




3.4. Effects of R. typhina Invasion on Soil Ammonia Nitrogen Content


With the increase in the degree of R. typhina invasion, significant changes were observed in both soil NH4+-N content (NH4+-N) and soil NO3−-N content (NO3−-N) at the end of the culture (Figure 6). Soil NH4+-N at 10 °C was significantly increased (p < 0.05) under mild and moderate invasion degree, and decreased to 1.78 mg·kg under severe invasion degree. Soil NO3−-N, at 10 °C showed a downward trend from CK to severe invasion degree, from 29.67 mg/kg to 18.83 mg·kg, with a total decrease of 37%. Soil NH4+-N at 20 °C increased from 2.04 mg·kg at CK to 4.40 mg·kg at moderate invasion degree and then decreased to 2.04 mg·kg at severe invasion degree. Soil NO3−-N, at 20 °C decreased from 28.93 mg·kg at CK to 20.47 mg/kg at moderate invasion degree then increased to 35.24 mg·kg at severe invasion degree. Soil NH4+-N at 30 °C decreased from 6.31 mg·kg at CK to 2.27 in severe invasion degree. Soil NO3−-N, at 30 °C, increased from 29.4 mg·kg at CK to 35.29 mg·kg at the severe invasion degree.




3.5. Relationship between Indicators of Soil under R. typhina Invasion


The SEM results show that temperature, TN and SMC can affect soil carbon emissions directly. The indirect effect of TN on CEM via SMC (0.005, p < 0.01) is much weaker than the direct effect of TN on CEM (0.22, p < 0.01). NH4+-N, NO3−-N, EEG and X2Q10 all had direct but non-significant effects on CEM. The direct effect of EEG on X2Q10 (−0.37, p < 0.001) was more than the direct effect on NH4+-N direct effect (0.15, p > 0.05) was two times greater than the direct effect on NH4+-N (0.15, p > 0.05). EEG could directly affect CEM (0.30, p > 0.05), stronger than the indirect effect mediated by NH4+-N.





4. Discussion


4.1. Effect of R. typhina Invasion on Soil Physicochemical Properties


Invasive alien plants can significantly alter the soil physicochemical properties of the urban green spaces. Previous studies found that invasive alien plants through altering the nutrient content of the soil and changing the microbial diversity to create a favorable microenvironment for their own survival [39,40]. It has been shown that R. typhina can remediate the soil to increase soil moisture content [41]. In this study, the invasion of R. typhina increased soil moisture content and reduced soil pH, which is consistent with previous studies and our hypothesis [42]. In this study, SMC increased during mild invasion degree of R. typhina, whereas decreased at moderate and severe invasion degrees, this may be due to a decrease in water content as the growth rate of R. typhina increases, soil porosity and water holding capacity changes, and a decrease in water retention capacity at moderate and severe invasion also contributes to the decrease in SMC. A study by Fan et al. showed that pH decreased with an increasing age of R. typhina [41]. In this study, the soil pH decreased at severe invasion degree, but increased at both mild and moderate invasions degrees, which may be due to the entry of anions, such as NO3− into the root system under these conditions and the corresponding outward secretion of OH− from the root system, thus increasing the inter-root soil pH [43].



The soil TN content significantly increased at invaded sites with different degrees of R. typhina invasion. It has been shown that the invasion of different alien plants affects the nutrient status of the soil at the invaded site to different degrees [44], for example, the invasive plants Solidago canadensis [45] and Halogeton glomeratus [46] have both been shown to increase to varying degrees the NO3, P and K content et al. of the soil during the invasion. In this study, it was found that with the increasing invasion degree of R. typhina, the TN content increased significantly, and SOC increased but did not reach significant levels. The significant increase in TN content may be due to the fact that R. typhina would obtain significantly higher performance in soils containing higher TN content [47]. In addition, the increase in soil TN content may stimulate the mineralization of organic TN by soil microorganisms and increase the rate of soil N mineralization, which is enhanced by the invasion of most alien plants, such as Phragmites australis [48] and S. canadensis [49]. This indicates that the invasion played a role in nutrient regulation of the soil, improving the nutrient status of the invaded site, creating good conditions for its own growth and expansion, and enhancing the invasion ability.



R. typhina invasion had no effect on SOC but had a significant effect on EEG and TG. Glomalin-related soil protein (GRSP) can enhance the stability of soil structure by regulating soil particles [50] and is also an important indicator for evaluating and indicating changes in soil carbon pools [51]. Many studies have shown that soil physicochemical properties are important influencing factors in GRSP content [52,53]. In this study, TG was negatively correlated with pH (p < 0.05)and EC and positively correlated with soil SOC and TN (S1), which is consistent with previous studies [37,54], while in the course of our study we found that EEG was positively correlated with pH, EC (p < 0.05) and TN and negatively correlated with SOC, which may be related to the expansion of R. typhina changed the nutrient status of the soil, further suggesting that soil physicochemical properties are an important influencing factor for GRSP content.




4.2. Effects of R. typhina Invasion on SOC Mineralization and Its Temperature Sensitivity


CEM gradually increases with increasing R. typhina invasion. In environments with sufficient resources, they will effectively and quickly absorb available resources for their own growth, and in environments with scarce resources, they show strong resilience, absorbing only the resources available while reducing their own growth needs and increasing their competitiveness to outcompete native species [55,56], CEM are an important part of this. For example, the invasion of broadleaf forests by Phyllostachys pubscens increases the carbon sequestration potential of microorganisms [57]. In this study, we found that the CEM were the highest for severe invasion degree at different temperatures and different invasion degrees, suggesting that R. typhina invasion significantly increased the CEM. This is consistent with previous studies and our hypothesis [58]. It showed that R. typhina can improve the material cycle of the soil, and have a certain improvement effect on the soil, as well as create good conditions for their own growth. SMC was significantly negatively correlated with the CEM at 30 °C (p < 0.01) (Figure 7), this is due to the fact that when the soil is over-saturated with water, it exceeds the field water holding capacity at which the vegetation is located, and soil respiration decreases as the water content increases, a phenomenon that is alleviated by rainfall [59]. In this study, soil TN and TP were positively correlated with CEM as the level of invasion degree increased, suggesting that as soil TN and TP content increased (Figure A1), root biomass also increased, stimulating autotrophic respiration of plant roots and heterotrophic respiration of root microorganisms, which in turn promoted soil CO2 emissions [60,61,62]. Both EEG/SOC and TG/SOC were negatively correlated with CEM at 20 °C and 30 °C, among them, EEG/SOC was significantly negatively correlated with cumulative CEM at 30 °C (p < 0.05), however TG/SOC was positively correlated with CEM at 10 °C, suggesting that soil temperature was an important regulator of GRSP concentration and its effect on organic carbon sequestration [63] Elevated CEM is closely related to microbial activity et al. and EEG, TG and TN are closely related to CEM.



The CEM were higher at 30 °C than at 10 °C and 20 °C, probably due to the fact that higher temperatures accelerate the rate of chemical reactions and increase microbial activity and enzymatic activity [64], the rate of organic carbon mineralization was larger at this time, and the Q10 of SOC mineralization corresponding to this was the lowest, which was consistent with the previous studies. In this study, although R. typhina invasion increased the mineralization rate of soil, there was no significant difference in the temperature sensitivity of SOC mineralization, this is the same finding as Zhang’s study [65], which indicated that the effect of R. typhina invasion on the temperature sensitivity of soil organic carbon mineralization over a short period of time is not significant. This reduction in Q10 and the lack of significant differences may be due to a rapid turnover of microbial load, with increased metabolism and preferential use of soil C sources as temperatures and invasion levels increase, and relevant studies should be further conducted.




4.3. Effects of R. typhina Invasion on Soil Ammonia Nitrogen Content


Alien plants have different patterns of regulation of soil nutrient content. In the present study, the alien plants R. typhina increased NH4+-N and decreased NO3−-N during mild invasion, while the opposite occurred during severe invasion, decreasing NH4+-N and increasing NO3−-N, which is consistent with the study of Kourtev et al. [66]. This occurred probably due to the better uptake and utilization of NH4+-N by R. typhina, which consumed more NH4+-N in the soil, and the invasion of R. typhina, which caused rapid decomposition of apoplankton and changed the chemical properties of the soil, significantly increasing the TN content and increasing the rate of mineralized nitrification [67]. It will also allow more C to participate in the chemical processes of the ecosystem [68]. As the degree of invasion increases, NH4+-N increases and the CEM gradually increases, suggesting that changes in soil carbon emissions are related to changes in the dominant inorganic N species, as well as better uptake and use of NH4+-N by microorganisms [69]. At the same time NO3−-N gradually decreases with increasing invasion, when CEM gradually increase, which is related to the effect of NO3−-N on soil microorganisms, the addition of NO3−-N causes a change in the dominant population of soil microorganisms from fungi to bacteria, thus reducing the rate of organic carbon decomposition [70]. In contrast, NH4+-N decreased and NO3−-N increased during severe invasion, when CEM remained elevated, probably due to the fact that increased apoplankton under severe invasion produces significantly different CH4 emissions, affecting the effectiveness of the microbial substrate and indirectly affecting the C cycle [71]. This alteration of soil chemistry and its own superb adaptability to the environment is one of the reasons why R. typhina has been able to successfully invade.





5. Conclusions


Alien plants will create a sizable environment for their own growth or enhance the exploitability of this environmental resource. In this study, we found that R. typhina invasion significantly increased soil pH, TN content and EEG, and decreased SMC, but did not significantly affect EC, SOC, TP, TG, soil porosity and Q10. Besides, R. typhina invasions can increase soil carbon emissions when they are severe. T and SMC all had significant direct effects on CEM, SMC was highly significantly negatively correlated with CEM (p < 0.01). The results of the study further confirm that R. typhina can gain an advantage over native species by influencing soil physicochemical properties and CEM, and that R. typhina’s own excellent resistance and adaptability is also an excellent mechanism for its successful invasion and gradual encroachment on invasive sites. To control the rapid growth of invasive vegetation, it is necessary to start from its interaction with the soil, change the availability of soil resources, make the available resources in the soil for native species, and enhance the competitive ability of native species. In future introductions and plantings, the local environmental conditions should be fully considered, and suitable hybrid species should be selected to avoid large areas of R. typhina cover that would affect biodiversity and, if necessary, the expansion of R. typhina can be inhibited by targeted use of methods such as lowering the carbon content of the soil. In addition, the impact of invasive alien plants on soil organic carbon mineralization is not negligible in studies on the soil carbon cycle and is a very important aspect of the carbon cycle. Research should be continued to further investigate the mechanism of interaction between R. typhina and soil and how to regulate resource availability.
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Appendix A. Correlation among Soil Indicators under R. typhina Invasion
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Figure A1. Correlation among soil indicators under R. typhina invasion. * Significantly correlated at the 0.05 level (two-sided). ** Significantly correlated at the 0.01 level (two-sided). 






Figure A1. Correlation among soil indicators under R. typhina invasion. * Significantly correlated at the 0.05 level (two-sided). ** Significantly correlated at the 0.01 level (two-sided).
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Figure 1. Study area and the sample plots distribution. The points marked with red triangles are the sampling points. 
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Figure 2. Effects of different R. typhina invasion degree on soil physicochemical properties and nutrient contents. EC, electrical conductivity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; SMC, soil moisture content. In the figure, mean values sharing different letters are significantly different (p < 0.05), and mean values sharing the same letters are not significantly different (p > 0.05). 
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Figure 3. Effects of different R. typhina invasion degrees on EEG, TG, EEG/SOC, and EEG/TG changes. EEG, easy extraction glomalin-related soil protein; TG, total glomalin-related soil protein; SOC, soil organic carbon. In the figure, mean values sharing different letters are significantly different (p < 0.05), and mean values sharing the same letters are not significantly different (p > 0.05). 
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Figure 4. Effects of different degrees of invasion of R. typhina on cumulative soil carbon emissions at different temperatures. CEM, cumulative CO2 emission. 
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Figure 5. Effects of different invasion degrees of R. typhina on soil organic carbon mineralization temperature sensitivity Q10; The small graph in the top right corner of each graph represents the analysis of variance of the mean Q10. 
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Figure 6. Effects of different degrees of invasion of R. typhina on soil ammonia nitrogen content at different temperatures. NH4+-N, soil NH4+-N content; NO3−-N, soil NO3−-N content. In the figure, mean values sharing different letters are significantly different (p < 0.05), and mean values sharing the same letters are not significantly different (p > 0.05). 






Figure 6. Effects of different degrees of invasion of R. typhina on soil ammonia nitrogen content at different temperatures. NH4+-N, soil NH4+-N content; NO3−-N, soil NO3−-N content. In the figure, mean values sharing different letters are significantly different (p < 0.05), and mean values sharing the same letters are not significantly different (p > 0.05).



[image: Forests 13 01827 g006]







[image: Forests 13 01827 g007 550] 





Figure 7. SEM analysis of effect of soil properties on CEM under R. typhina invasion. T, Temperature; CEM, Cumulative CO2 emissions of SOC mineralization; X1Q10, Temperature sensitivity of soil organic carbon mineralization Q10 (20 °C–10 °C); X2Q10, Temperature sensitivity of soil organic carbon mineralization Q10 (30 °C–20 °C); NH4+-N, soil NH4+-N content; NO3−-N, soil NO3−-N content; Figure (a) shows the effect of soil physicochemical indicators on CEM and figure (b) shows the effect of soil glomalin-related soil protein, ammonia nitrogen content and temperature sensitivity coefficient Q10 on CEM; * indicated p < 0.05, ** indicated p < 0.01. 
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Table 1. Summary statistics of different invasion levels of R. typhina. CK, Control check; Mild, Mild invasion degree; Moderate, Moderate invasion degree; Severe, Severe invasion degree; Area, Area occupied by R. typhina.
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	Invasion Degree
	Area

2014 (m2)
	Area

2016 (m2)
	Number of Expansion (I)
	Number of Expansion (II)
	Number of Expansion (III)
	Expansion Rate





	CK
	0
	0
	0
	0
	0
	0



	Mild
	204.94
	327.35
	42
	69
	213
	6.56



	Moderate
	181.06
	298.44
	64
	115
	297
	8.39



	Severe
	235.76
	836.85
	26
	157
	375
	22.48
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