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Abstract
Background: Exotic species invasions represent important causes of biodiversity loss in ecosystems. Yet, knowledge remains limited on the invasion
advantage of exotic species (invasibility of native plants) and the ability of native species to recover following invasions at different stages of succession.

Results: We selected three grasses (Setaria viridis, Artemisia gmelinii, and Bothriochloa ischaemum) representing early, middle, and late successional species,
respectively, and an exotic species (Panicum virgatum) from a stable grassland community. Four types of �eld soil were collected to treat the three early,
middle, and later successional species, plus the exotic species. We examined the invasion ability of the exotic species on native communities and the
recoverability of these communities following invasion across succession. We compared the performance of the four plant species grown in their “own” and
“other” soils in a 2-year glasshouse experiment. Here we show that exotic species performed better in soils of early and mid-successional species, owing to
higher soil nutrients and microbial residues, than in the soil of later successional species. In the soil of exotic species, early and mid-successional species
exhibited poor growth, while that of later successional species was unchanged.

Conclusions: Our study demonstrated that soil nutrients and microbial residues create a soil legacy regulating the invasibility and recoverability (or resilience)
of native plant communities and how it changed with vegetation succession.

Introduction
Global change is rapidly altering the composition and structure of biological communities; for instance, it provides opportunities for exotic species to invade
and spread through natural ecosystems, representing an important cause for biodiversity loss [1, 2]. After exotic species invade new habitats, they spread
under appropriate environmental conditions, interfering with and harming the structure, function, and ecological environment of invaded ecosystems [3].
Chemical or mechanical control is usually used to combat the negative effects of exotic species invasions on biodiversity and the environment [4], with the
aim of restoring affected native plant communities [5]. Therefore, preventing exotic species invasion and restoring native species represent urgent
management issues.

Exotic species invasions are highly complex; thus, it is important to evaluate the smoothness of exotic species invasions to elucidate the mechanisms
involved and potential magnitude. The success of exotic species invasions is affected by regional climate and the soil environment [3]. Exotic species
preferentially invade native plant species communities that have multiple nutrient utilization strategies and growth habits, as this allows them to quickly
change the biotic and abiotic characteristics after invading [6, 7]. Yet, other studies show that exotic species invade native plant communities with similar
nutrient utilization strategies and microbial adaptability to guarantee establishment and persistence [8]. Thus, systematic studies are required on the type of
native plant communities that can be invaded by exotic species.

Secondary succession is the process of restoration and reconstruction of degraded ecosystems after the natural ecosystems are disturbed [9]. In this process,
the compositions of the plant community and its environment produce an orderly developmental change in a certain direction [10]. In the succession
sequence, species at different stages of succession have different life forms and nutrient utilization strategies [11]. Exotic species are generally more likely to
invade young plant communities than mature plant communities [12]. Early to mid-succession species are considered young plant communities, with high
nutrient requirements. Consequently, they have “expendable” nutrient utilization strategies and belong to unstable communities that are easily damaged by the
environment, with low resistance and resilience stability [13]. Species at later stages of succession tend to be perennials with large rhizosphere ranges. They
have a competitive advantage in nutrient absorption and “durable” nutrient utilization strategies [10], with strong resistance and recovery stability. However,
while exotic species invasions are affected by the habitat conditions of plants [8], the stage of secondary succession (early, middle, later) most vulnerable to
invasion remains unclari�ed.

Studying the recovery of native species after removing exotic species could improve our overall understanding of invasive species ecology and provide
theoretical support for the restoration of native species in invaded areas. The removal of exotic species is an important challenge, because we must assess
the effect to the plant community after removal and consider the potential risk of secondary invasions [2]. Exotic species often re-invade after being removed,
because of residual effects on soil facilitating re-invasion [14]. Recovery has been examined by cutting invasive species in invaded plant community and
comparing growth characteristics with plants in native areas [15]. Love & Anderson [14] showed that the native plant community cannot recover after
removing exotic species, whereas Guido & Pillar [2] showed that different clipping methods (one-time cutting versus regular cutting) affect the growth of native
plant species differently. Evaluation of plant–soil feedback showed that the soil of exotic species exhibits neutral feedback on the biomass of native species
[16]. However, the stage of secondary succession (early, middle, later) most capable of recovering after exotic species are removed needs clarifying.

Thus, here, we evaluated the invasiveness of exotic species to native grassland communities, and the ability of these communities to recover, at different
stages of secondary succession. For different stages of secondary succession, we explored (1) the invasiveness of exotic species on native plant
communities (termed as invasibility) at different stages of secondary succession; (2) the ability of invaded native communities to recover from exotic species
invasions (termed as recoverability), and the role of exotic species soil legacy on the recovery process; and (3) the extent to which exotic species invasibility
and native species recoverability are in�uenced by the stage of succession. Therefore, we hypothesized that (1) exotic species could successfully invade
native plant community soil but could obtain more biomass than when growing in their own native soil; (2) after the removal of exotic species, high soil legacy
would allow native plant species to obtain more biomass than uninvaded soil; and (3) later succession species would have a stronger ability to resist exotic
species invasion and stronger recoverability after exotic species removal than early and mid-succession species.

Results
Plant biomass
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For the �rst growth period, the shoot and root biomass of Pv (exotic species) was signi�cantly lower when planted in E, M, and L soils than in Exo soils (Fig.
1a,b). The shoot and root biomass of Pv was signi�cantly higher when planted in E soils than in M and L soils (Fig. 1a,b). For the second growth period, the
shoot and root biomass of Pv was signi�cantly lower when planted in Exo-Sv and Exo-Bi soils than in Exo-Pv soils (Fig. 1c,d).

For the �rst growth period, the shoot and root biomass was signi�cantly higher when Sv and Ag were planted in their own soils than in Exo soils. In
comparison, the shoot and root biomass of Bi was signi�cantly lower when planted in its own soils than in Exo soils (Fig. 2a,b). For the second growth period,
the shoot and root biomass of Sv was signi�cantly higher when planted in E-Sv soils than in E-Pv soils. The biomass of Ag was signi�cantly higher when
planted in M-Ag soils than in M-Pv soils. The biomass of Bi was signi�cantly higher when planted in L-Bi soils than in L-Pv soils (Fig. 2c,d).

Plant C, N, and P concentrations and stoichiometry

Nitrogen and phosphorus (except E) concentrations of the shoot and root of Pv planted in the three native species soils were, overall, lower than those planted
in Exo soils (Table 2). C:N and C:P ratios in the shoots of Pv were signi�cantly higher when planted in M and L soils than in E and Exo soils. C:P and N:P ratios
in the roots of Pv were signi�cantly higher when planted in M than in all other soils (Table 2). For the second growth period, nitrogen and phosphorus
concentrations in the shoots and roots of Pv were signi�cantly higher when planted in Exo-Sv and Exo-Bi soils than in Exo-Pv soils. The C:P ratio in the shoots
and the C:N and C:P ratios in the roots of Pv were signi�cantly higher when planted in Exo-Bi soils than in Exo-Sv and Exo-Pv soils (Table 2).

Carbon, nitrogen, and phosphorus concentrations were signi�cantly higher in the shoots of Sv and Ag planted in their own soils than in Exo soils. The C:N, C:P,
and N:P ratios in the shoots and roots of Sv and in the shoots of Ag were signi�cantly lower when planted in its own soils than in Exo soils (Table 3). The
phosphorus concentration was higher in the shoots and roots of Bi planted in Exo soils than in L soils. C:P and N:P ratios were signi�cantly higher for Bi
planted in L soils than in Exo soils (Table 3). For the second growth period, nitrogen and phosphorus concentrations were signi�cantly higher in the shoots of
Sv planted in E-Sv soils than in E-Pv soils. C:N ratios were signi�cantly lower in the shoots of Sv planted in E-Sv soils than in E-Pv soils (Table 3). Carbon,
nitrogen, and phosphorus concentrations were signi�cantly higher in the shoots and roots of Ag and Bi planted in their own soils than in Pv soils. C:P and N:P
ratios were lower in the shoots of Ag and Bi, and C:N and C:P ratios were lower in the roots of Ag, in their own soils than in Pv soils (Table 3).

Soil chemical property

SOC (except Exo-Sv), AP, and AN concentrations were signi�cantly higher in Exo-Pv soils than in Exo-CK, Exo-Sv, and Exo-Bi soils (Table 4). After planting
native and exotic species in native species soils, SOC, TN, TP, AP, and AN concentrations were higher in E-Sv soils than in E-CK and E-Pv soils. The
concentrations of these parameters were higher in M-Ag soils than in M-CK and M-Pv soils. AP and AN concentrations were higher in L-Bi soils than in L-CK
and L-Pv soils (Table 4).

Soil biological property

MBC, MBN, B-G, N-AG, and A-P were higher in Exo-Pv soils than in Exo-CK, Exo-Sv, and Exo-Bi soils. Bacterial diversity (Shannon index) and fungal richness
(Chao1) were higher in Exo-Sv, Exo-Bi, and Exo-Pv than in Exo-CK. There was no signi�cant difference in these two parameters in Exo-Sv, Exo-Bi, and Exo-Pv
soils (Table 5). After planting native and exotic species in native soils, MBC, MBN, B-G, N-AG, and A-P were higher in E-Sv soils than in E-CK and E-Pv soils.
These parameters were higher in M-Ag soils than in M-CK and M-Pv soils. These parameters were also higher in L-Bi soils than in L-CK and L-Pv soils (Table 5).

In all soils, the dominant bacterial phyla ware Proteobacteria, Acidobacteria, Actinobacteria, and Gemmatimonadetes (Fig. 3a,c,e,g). Acidobacteria dominated
Exo-Pv and Exo-CK soils (Fig. 3a, Table S1). Acidobacteria dominated E-Sv soils (Fig. 3c, Table S1).

In all soils, the dominant fungal phyla were Ascomycota, Basidiomycota, and Glomeromycota (Fig. 3b,d,f,h). Basidiomycota dominated Exo-Pv soils (Fig. 3b,
Table S1). No signi�cant differences in bacteria and fungi were found at the phylum level in soils created by native plants and exotic plants (Pv) (Fig.
3d,e,f,g,h).

PCA and PERMANOVA showed that, compared to bare soil (-CK) (Fig. 4a-h, Table S2), all treatments showed variations in the bacterial and fungal community
compositions (except for the bacterial community composition in L soils; Fig. 4d). No clear variation was detected in the composition of bacterial and fungal
communities in the soils created by native species compared to the soils created by the exotic species (Pv) (Fig. 4a,b,d,e,g,h, Table S2), with the exception of E-
Sv and E-Pv soils for bacterial community composition (Fig. 4c, Table S2) and M-Ag and M-Pv soils for fungal community composition (Fig. 4f, Table S2).

Correlation networks of the soil microbial community

Based on the relationship networks, bacteria captured 1210 edges, 1523 edges, 1455 edges, and 1434 edges, while fungi captured 61 edges, 98 edges, 70
edges, and 97 edges, for Exo-CK, Exo-Sv, Exo-Bi, and Exo-Pv, respectively (Fig. 5a, Table S3). Bacteria captured 1612 edges, 1484 edges, and 1413 edges, while
fungi captured 119 edges, 115 edges, and 114 edges, for E-CK, E-Sv, and E-Pv, respectively (Fig. 5b, Table S3). Bacteria captured 1026 edges, 1090 edges, and
1195 edges, while fungi captured 101 edges, 94 edges, and 96 edges, for M-CK, M-Ag and M-Pv, respectively (Fig. 5c, Table S3). Bacteria captured 1027 edges,
1065 edges, and 1388 edges, while fungi captured 73 edges, 123 edges, and 169 edges, for L-CK, L-Bi, and L-Pv, respectively (Fig. 5d, Table S3).

Discussion

Performance of exotic species
Our results demonstrate that, compared to exotic species grown on their own soil, those grown on the three native species �eld soils (Experiment 1) and soils
disturbed by native species (Experiment 2) did not gain higher biomass. This result con�rmed our �rst hypothesis. These results are in contrast with those of
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existing studies suggesting that exotic species smoothly invade native plant communities and gain higher biomass [17, 18]. This difference might be
attributed to plant and soil interactions differing with species and site [13] or differences in the biological and abiotic characteristics of soils used in the
current study [19]. Differences in biotic and abiotic soil conditions likely generate different plant–soil feedback effects, to a certain extent [20].

Exotic and native species are heterogeneous. Consequently, the original native soil environment has a competitive repulsive effect on exotic species, which
hinders the invasion of exotic species [21]. The availability of soil resources is considered to be crucial for plant growth [18]. In our study, soil available
nutrients (available nitrogen and phosphorus) were relatively lower in soils disturbed by native species than in soils disturbed by exotic species (Table 4). In
addition, soil microorganisms might in�uence the growth of exotic plant species [6]. In our study, soil microbial biomass was generally higher in exotic species
soils than in native species soils (Table 1). Furthermore, soil microbial biomass and enzyme activity were higher in soils disturbed by exotic species than in
soils disturbed by native species (Table 5). Relatively high soil microbial activity provides the basic conditions for releasing available nutrients to the soil and
breaking down di�cult-to-decompose minerals, which help plants absorb and utilize them [9]. The invasion of exotic species breaks the soil balance by
altering the microbial composition and diversity of soils [6, 22]. However, our study found no signi�cant difference in the soil microbial diversity (changes to α
and β) of exotic species soils disturbed by different plant species. Instead, we showed that soils disturbed by exotic species have higher quantities of certain
bacteria (Acidobacteria) and fungi (Basidiomycota) at the phylum level. Acidobacteria use nitrite as a nitrogen source, respond to soil nutrient availability, and
have a variety of active transporters [23]. Consequently, these bacteria in�uence the circulation of nutrient elements (especially nitrogen) in the soil.
Basidiomycota are typically saprotrophic, and are very sensitive to the decomposition of organic matter [24]. In addition, the microbial correlation network
provides a novel way of evaluating the interaction modes and processes of microbial communities [25]. In the bacteria correlation network, soil disturbance by
exotic species had fewer edges; however, the ratio of positive correlation edges was higher than that of soils disturbed by native species (Table S3). These
results demonstrate that strong coexistence exists in the interactions between bacterial groups, with low differentiation among bacterial groups. This
phenomenon indicates that competition for resources is not �erce in soil disturbed by exotic species. In parallel, higher soil nutrient content stimulates the
transformation of the relationship between species in microbial communities [26]. This special network of bacteria might accelerate the growth of plants to a
certain level [27]. Thus, the biomass of exotic species was lower when planted in soil disturbed by native species than in soils disturbed by exotic species.
Previous studies showed that the photosynthetic rate, growth rate, and resource competitiveness of plants are positively correlated with plant nitrogen and
phosphorus concentrations, and negatively correlated with C:N and C:P ratios [28]. Our study demonstrated that exotic species do not have a strong invasive
advantage because plants planted in native plant soils and soils disturbed by native species had lower plant nitrogen and phosphorus concentrations, and
higher C:N and C:P (Table 3).

 
Our study also con�rmed that soil origin is an important factor in�uencing the growth of exotic species. Our study showed that invasion advantage (intrusive)
of exotic species is higher during the early stage of succession and lower during the later stage of succession, con�rming our third hypothesis. Zhang & van
Kleunen [29] showed that the success of exotic species invasions is usually attributed to higher competitiveness. The soil of fast growing plant communities
is more conducive to plant colonization [30]. Early successional species are pioneer species, which grow fast; consequently, the soil is easily colonized by
exotic species. In comparison, later successional species are generally large and grow slowly. The soil during early succession has a positive feedback effect
on the growth of other plants, which potentially enhances asymmetric competition for resources with other species [31]. In addition, relatively complex network
relationships of bacteria and fungi were detected in soil disturbed by early species (edges and positive edges). Thus, the bacterial and fungal groups of soil
disturbed by early species are mainly in symbiotic relationships. This complex microbial network promotes soil nutrient cycling and plant growth [27]. Nutrient
levels were lower in soil disturbed by species during the later stage of succession (Table 4). Thus, there is less nutrients in the soil at this later stage that could
be directly used by plants. This phenomenon was con�rmed by the fact that exotic species planted in the soil of early successional species and soil created by
early successional species had relatively higher nitrogen and phosphorus concentrations of plants, and lower C:P in shoots and roots (but not shoots)
(Table 2).

Performance Of Native Species
Early and mid-successional native species grown in their own soil did not obtain higher biomass than plants grown in the soil of exotic species (Experiment 1).
This �nding con�rmed our second hypothesis. After the invasion of exotic species, balanced symbiotic relationships between the original plants and soil is
destroyed [32], resulting in the formation of a soil environment that is conducive to the growth of the exotic species [17]. After exotic species are removed, the
soil remains unconducive to recolonization by native species. Zubek et al. [33] showed that the metabolites produced by invasive species have novel effects
on microorganisms in the soil. These secondary compounds directly hinder the roots of replanted plants from colonizing [34]. In parallel, native species have
higher shoot nitrogen and phosphorus concentrations and lower C:N, C:P, and N:P when grown in their own soil than in exotic soil. The rapid growth of plants
requires a large amount of ribosomal RNA to synthesize protein. Because ribosomal RNA contains a large amount of phosphorus, plants with lower C:N and
C:P have a higher growth rates [28].

The current study also demonstrated that later successional species obtained higher biomass in the soil of exotic species than in their own soil. Thus, we
showed that the soil of exotic species has a highly species-speci�c effect on replanted plants. The recovery of plants depends on the stage of succession; in
other words, the recovery of early and middle species is di�cult following the removal of invasive species. In contrast, later species can be restored after exotic
species are removed. Exotic species have clear underground effects [6]. For example, after long-term disturbance by exotic species, the soil has relatively high
amounts of available nutrient pools, complemented with higher microbe activity in early to mid-successional species soils than in later successional species
soil. Later successional species dominate in replacement succession and have a strong ability to compete for nutrition under the action of soil
microorganisms in a new environment [10]. The later successional species in our study was a C4 plant, whereas the early and mid-successional species were
C3 plants. C4 plants are generally assumed to have higher competitiveness and nutrient use e�ciency than C3 plants [35]. In our study, late successional
species had a higher phosphorus acquisition ability when grown in the soil of exotic species than in their own soil (Table 3). High phosphorus acquisition
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accelerates protein synthesis in plants. Therefore, in a new environment, later successional species are more able to enhance the absorption of nutrients and,
hence, increase biomass, than early and mid-successional species.

Interestingly, the three native plants did not gain more biomass when grown in soil disturbed by exotic species than in their own soil (experiment 2). This result
indicated that, although the three native species can recover after the removal of exotic species, recoverability is low. Differences in abiotic and biotic soil
conditions strongly in�uence plant growth [36]. In our study, the residual effects of soil caused by different species were heterogeneous. Overall, soil disturbed
by exotic species had lower soil nutrient residues, microbial biomass, and enzyme activity (Table 4, 5). This phenomenon might cause a high degree of
heterogeneity in the growth of replanted plants [37]. The combination of low fertility and low enzyme activity creates a new environment in which species
must adapt to survive. Thus, lower soil nutrient residues did not allow replanted plants to obtain high biomass. Plant–soil feedback con�rmed that biological
parameters have an effect within months [36]. Exotic species secrete various allelochemicals into the soil, which inhibit bacteria that are bene�cial to plant
growth [38]. They also secrete soil pathogens [32] that affect the growth of native plants. However, in the process of native species recovery after exotic
species are removed, it is possible that (1) the accumulation of soil microorganisms actually impeded the growth of native species, or (2) bene�cial
microorganisms conducive to the growth of native species were inhibited. Thus, future studies must focus on elucidating these mechanisms. In this study, the
diversity and composition of bacteria and fungi in the soil were not signi�cantly impacted by native and exotic species soils. However, the complexity of the
microbial correlation network differed among soils. Plant growth was mainly determined by the extent to which microorganisms were positively correlated.
While microorganisms were still correlated in soil created by exotic species, the number of positive correlation edges for bacteria and fungi was lower than
those in soil that created by native species (except for the fungus correlation network in soil created by later succession species). Thus, in soil disturbed by
exotic species, microorganisms have a weak symbiotic relationship. There is a certain differentiation phenomenon and a certain competitive relationship in
resource utilization. This complex relationship in the microbial community is closely related to soil nutrients [26]. Nutrient levels are lower in soils disturbed by
exotic species, which affects the relationship of the microbial community, thus, restricting plant growth. In addition, species that grow in soils created by exotic
species have lower carbon, nitrogen, and phosphorus concentrations, and higher C:N, C:P, and N:P ratios, particularly for plant shoots. This difference in plant
nutrients re�ects the dynamic balance between the soil nutrient supply and plant nutrient demand [28]. Plants better adapted to soils with lower soil nutrients
might have lower plant nutrients, as demonstrated in our study, whereby nutrients in soils created by exotic species were lower overall (Table 4).

Conclusions
Overall, our results con�rmed the hypothesis that exotic species can smoothly invade new areas but cannot obtain more biomass than when growing in their
own soils. This phenomenon might be attributed to their own soils having higher soil nutrients and microbial residues. The invasibility of a native plant
community is higher in the soils of species in later successional communities and lower in the soils of species in early and mid-successional communities.
After exotic species were removed, �eld soils exhibited stronger recoverability for later successional species than for early and mid-successional species.
However, after soil was disturbed by exotic species, the recoverability of all three native species was weak. Our study provided novel insights on soil and plant
characteristics during plant invasion and restoration, strengthening our understanding of invasion and restoration ecology.

Methods
Setaria viridis (abbreviated as Sv), Artemisia gmelinii (Ag), and Bothriochloa ischaemum (Bi) were selected as representative plants of early, middle, and later
successional species, respectively. Panicum virgatum (Pv) was selected as the exotic species. These three native species are the dominant grass species of
secondary succession on the Loess Plateau. Pv is a perennial C4 gramineous plant that is native to North America and Central America and has been grown
as an energy plant since 1990, owing to its developed root system, high productivity, and strong ecological adaptability. In 1990, the Institute of Soil and Water
Conservation, Chinese Academy of Sciences, and Ministry of Water Resources began introducing Pv in the Loess Plateau to restore the local ecological
environment. This plant showed strong adaptability to extreme climatic conditions of high temperature and drought, with good soil and water conservation
bene�ts [39].

Seed and soil collection

The seeds of the four species were obtained from adult plants at sampling sites (each plant species was collected from �ve sites) located at Ansai Research
Station of the Chinese Academy of Sciences (36°51′N, 109°19′E, 1068–1309 m above sea level [a.s.l.]). The annual average precipitation and temperature of
this area are 483 mm and 8.8 ℃, respectively. The soil type is loess soil. Soils were collected from the same location as the seeds (minimum of 20 m × 20 m),
from April 25 to 30, 2015. Soil was collected from the 5–20 cm layer, after removing ground litter and soil in the 0–5 cm layer. The collected soil was passed
through a 5 mm mesh and mixed evenly for pot planting. Average chemistry and microbial soil properties for the different �eld soil sources are presented in
Table 1.

Experimental set-up

The experiment was carried out in the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water
Conservation, Chinese Academy of Sciences and Ministry of Water Resources (34°12′N, 108°07′E, 530 m a.s.l.). Illumination time, light intensity, air
temperature, and air humidity can be controlled in this facility. The average annual temperature and precipitation are 12.9 ℃ and 637.6 mm, respectively.
Before the experiment, we measured the germination rate of the seeds, which exceeded 90%. Pots were round containers (diameter × height: 15 cm × 20 cm).
One kilogram of crushed stones (diameter about 1 cm) was added to each pot to prevent soil hardening caused by watering. A plastic tube (diameter × height:
1 cm × 25 cm) was inserted as a watering channel in the pot, which terminated above the crushed stones. A piece of paper was added to separate the soil and
crushed stones.

Experiment 1
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This experiment was conducted on May 4, 2016. Four types of �eld soil were collected to treat the three early, middle, and later successional species (referred
to as E, M, and L soils, respectively), plus the exotic species (Exo). To examine the performance of the exotic species Pv in all three soils, one Pv individual was
grown in each of soil type (Fig. 6, red dotted line). To compare the performance of the three native species in their own soil and exotic soils, one Sv individual
was grown in E soil, one Ag individual was grown in M soil, and one Bi individual was grown in L soil. These individual were compared with individual of the
same species grown in Exo soils (Fig. 6, blue dotted line). There were 10 replicates for each plant species grown in each soil type. As the bare control, �ve pots
with each soil type and no plants were prepared. One-hundred-and-twenty pots were used in this phase.

For the planting process, 2.8 kg soil samples were weighed and put in pots (based on dry weight). The total weight of each pot was recorded for later water
control. Then, the plant seeds were evenly sown in the pots. After sowing, su�cient water was added. Two weeks later, the seedlings were thinned until four
plants per pot remained for the �eld investigation. After thinning, regular watering and management were implemented. Water control was conducted twice a
week (to be 80% of �eld capacity). The position of pots was changed weekly to limit any effect of microclimate on plant growth. After 4 months, four pots
containing uniformly grown plants were selected to collect plant and soil samples for each treatment. The roots were removed from each pot. The soil was
homogenized and returned to the same pot of the same treatment.

Experiment 2

This experiment was conducted on May 4, 2017. After harvesting the plant species in Experiment 1, the soils were collected and used to assess the recovery of
native species following disturbance by exotic species and the invasion of exotic species following disturbance by native species. To determine the
invasiveness of exotic species after disturbance by native species, Pv individual were grown in soils created from native species (Sv, Ag, and Bi) versus being
grown in its own soils originating from Exo �eld soils (referred to as Exo-Sv, Exo-Ag, and Exo-Bi vs. Exo-Pv, respectively) (Fig. 6, black solid line). To determine
the recovery of native species following disturbance by exotic species, Sv, Ag, and Bi individuals were grown in their own soils versus being grown in soils
created from exotic species originating from the �eld soils of these native species (E-Sv vs. E-Pv; M-Ag vs. M-Pv; L-Bi vs. L-Pv, respectively) (Fig. 6, green solid
line). There were �ve replicates for each plant species grown in each soil. Planting and management methods were the same as in Experiment 1. Plants were
grown for 4 months. Four pots of uniformly grown plants were selected from each treatment for plant and soil samples.

Plant biomass harvest and soil sample collection

The shoots were clipped along the soil surface after removing soil and dust from the plant. The entire root system was then dug out from the pot after
removing surface debris. The roots were rinsed with distilled water. The shoot and root of each plants was weighed after drying to a constant weight at 70 ℃.

After collecting the roots, the soil from each pot was mixed as our soil samples. Each soil sample was sieved through a 2 mm mesh to remove visible stones,
litter, and debris. The soil sample was then divided into three parts for different analyses. The �rst part was stored in a -80 ℃ refrigerator until analyses of soil
microbial community structure and diversity. The second part was stored in a 4 ℃ refrigerator and was used to determine soil enzyme activity and soil
microbial biomass. The third part was naturally separated and was used to analyze soil physicochemical properties.

Chemical and biological analyses

Soil organic carbon (SOC) and plant carbon concentrations were determined using H2SO4-K2Cr2O7 oxidation methods. Soil total nitrogen (TN) and plant
nitrogen concentrations were determined by the Kjeldahl method. Soil total phosphorus (TP) and plant phosphorus concentrations were estimated by the
molybdenum blue method. Available nitrogen (AN) was determined by the alkaline KMnO4 method. Available phosphorus (AP) was determined using the
Olsen methods.

Soil microbial biomass was evaluated within 1 month of storing soil samples at 4 °C. Soil microbial carbon (MBC) and microbial nitrogen (MBN) were
measured by the chloroform fumigation-extraction method [40]. The soil enzymes activities of β-1,4-glucosidase (B-G), β-1,4-N-acetylglucosaminidase (N-AG),
and acid phosphatase (A-P) were determined using a method developed by Saiya-Cork et al.[41], which was described by Xu et al., [42], and Xue et al.[43].

Total bacterial DNA was extracted from samples using the Power Soil DNA Isolation Kit (MO BIO Laboratories) according to the manufacturer’s protocol. DNA
quality and quantity were assessed using ratios of 260 nm/280 nm and 260 nm/230 nm. DNA was then stored at -80 °C until further processing. The V3–V4
region of the bacterial 16S rRNA gene was ampli�ed with the common primer pair (forward primer, 5′-ACTCCTACGGGAGGCAGCA-3′; reverse primer, 5′-
GGACTACHVGGGTWTCTAAT-3′) combined with adapter sequences and barcode sequences. PCR ampli�cation was performed in a total volume of 50 μl,
which contained 10 μl buffer, 0.2 μl Q5 High-Fidelity DNA Polymerase, 10 μl High GC Enhancer, 1 μl dNTP, 10 μM of each primer, and 60 ng genome DNA.
Thermal cycling conditions were as follows: initial denaturation at 95 °C for 5 min, followed by 25 cycles at 95 °C for 1 min, 50 °C for 1 min, and 72 °C for 1
min, with a �nal extension at 72 °C for 7 min. The PCR products from the �rst PCR step were puri�ed through VAHTSTM DNA Clean Beads. A second round
PCR was then performed in a 40 μl reaction, which contained 20 μl 2× Phusion HF MM, 8 μl ddH2O, 10 μM of each primer, and 10 μl PCR products from the
�rst step. Thermal cycling conditions were as follows: initial denaturation at 98 °C for 30 s, followed by 10 cycles at 98 °C for 10 s, 65 °C for 30 s, and 72 °C for
30 s, with a �nal extension at 72 °C for 5 min. Finally, all PCR products were quanti�ed by Quant-iT™ dsDNA HS Reagent and pooled together. High-throughput
sequencing analysis of bacterial rRNA genes was performed on the puri�ed, pooled sample using the Illumina HiSeq 2500 platform (2 × 250 paired ends) at
Biomarker Technologies Corporation, Beijing, China.

Data analysis

To obtain optimized sequences, the original data were �ltered using Trimmomatic (version 0.33), merged using FLASH (version 1.2.7), and chimeric reads were
removed in UCHIME (version 4.2). The optimized sequences were then clustered to obtain operational taxonomic units (OTUs) with 97% similarity using
UCLUST in QIIME (v1.8.0). Species were then classi�ed according to the sequence composition of the OTUs. Taxonomy was assigned for each phylotype
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based on the SILVA database (release 132) for bacteria and the UNITE database (v7.0) for fungi. Based on the OTU analysis, taxonomic analysis was
performed on samples at various taxonomic levels to obtain the phylum, class, order, family, genus, and species. Alpha diversity analysis was used to obtain
the species diversity for soils of different origins. Chao1 and Shannon indexes of each sample were statistically calculated to 97% similarity. Principal
component analysis (PCA) and permutational multivariate analysis of variance (PERMANOVA) were used to analyze the effects of soil origin on the
composition of the bacterial and fungal community at the OTU level based on Bray–Curtis distance.

Correlation networks were selected to study the correlation of the soil microbial community at the genus level. First, the correlation matrix of the genus for
which the relative abundance exceeded 0.1% was calculated using the Spearman correlation analysis (psych package in R. v.4.0.2). Then, Gephi 0.9.2
software was used to visualize the bacterial and fungal network and obtain the network structure. One node represented one genus type. The size of the node
indicated the relative abundance of the genus. The color of the line between nodes indicates the positive and negative correlation of different genera.

One-way ANOVA and t-tests were used to test the effects of soil origin on plant and soil characteristics. The data were �rst tested for normality with
Kolmogorov–Smirnov procedures (Lilliefors) and homogeneity with Levene’s test. One-way ANOVA [Duncan’s post-hoc tests (normal), Tamhane (non-normal)]
and t-tests were performed on data that obeyed the normal distribution. For data that did not conform to the normal distribution, LOG(X+1) conversion was
performed. If it still did not obey the normal distribution, the Kruskal–Wallis Test (H) was used to perform a non-parametric test.
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Tables
Table 1 Average chemistry and microbial soil properties of �eld soils.

Soil origin SOC (g kg-1) TN (g kg-1) TP (g kg-1) AP (mg kg-1) AN (mg kg-1) MBC (mg kg-1) MBN (mg kg-1)

E 5.53 0.62 0.54 1.65 46.36 211.04 9.96

M 5.28 0.54 0.52 1.53 51.41 98.33 8.46

L 5.29 0.51 0.49 0.91 44.58 201.49 9.94

Exo 4.79 0.51 0.55 1.65 60.94 221.25 13.11

Notes: E, early replacement succession �eld soil. M, middle replacement succession �eld soil. L, later replacement succession �eld soil. Exo, exotic species
�eld soil. SOC, soil organic carbon. TN, soil total nitrogen. TP, soil total phosphorus. AP, soil available phosphorus. AN, soil available nitrogen. MBC, soil
microbial biomass carbon. MBN, soil microbial biomass nitrogen.

 

Table 2 Mean (± SE) of plant carbon, nitrogen, and phosphorus concentrations and stoichiometry of Panicum virgatum (Pv) planted in soils of different origin.

Soil origin Shoot Root

Carbon

�g/kg�

Nitrogen

�g/kg�

Phosphorus

�g/kg�

C:N C:P N:P Carbon

�g/kg�

Nitrogen

�g/kg�

Phosphorus

�g/kg�

C:N C:P N:P

E 530.24±

3.17

8.88±

0.43ab

0.69±

0.01a

60.19±

3.08ab

765.09±

11.08b

12.81±

0.67

384.93±

1.06ab

7.43±

0.24ab

0.60±

0.02a

51.99±

1.83

641.56±

15.40b

12.40±

0.62c

M 539.63±

21.32

7.97±

0.22bc

0.62±

0.02b

67.87±

3.33a

868.51±

14.09a

12.88±

0.59

370.90±

2.27bc

7.35±

0.22ab

0.44±

0.02c

50.60±

1.35

849.50±

40.72a

16.78±

0.58a

L 526.53±

4.97

7.76±

0.22c

0.61±

0.03b

67.99±

1.57a

868.17±

46.80a

12.82±

0.93

362.51±

8.09c

7.19±

0.12b

0.50±

0.01b

50.47±

1.17

724.46±

32.22b

14.34±

0.43b

Exo 532.58±

10.27

9.75±

0.35a

0.72±

0.00a

54.75±

1.69b

738.27±

11.98b

13.53±

0.50

393.28±

8.29a

8.08±

0.31a

0.62±

0.01a

48.85±

1.81

640.51±

25.32b

13.16±

0.66bc

Exo-Sv 413.43±

3.48

9.22±

0.41

1.57±

0.09

45.05±

1.73

265.99±

14.70

5.90±

0.14ab

303.80±

1.62a

5.20±

0.39ab

0.90±

0.02b

59.44±

4.37ab

336.77±

9.12b

5.79±

0.55

Exo-Bi 404.77±

8.78

9.07±

0.30

1.49±

0.06

44.75±

1.52

273.08±

12.46

6.10±

0.10a

289.44±

2.90b

4.51±

0.11b

0.69±

0.02c

64.31±

1.56a

423.72±

11.63a

6.60±

0.20

Exo-Pv 419.01±

3.41

9.47±

0.09

1.70±

0.03

44.26

±0.55

246.27±

6.06

5.56±

0.09b

307.17±

6.73a

5.82±

0.15a

1.01±

0.03a

52.91±

2.29b

304.50±

8.29c

5.78±

0.20

Notes: E, early replacement succession �eld soil. M, middle replacement succession �eld soil. L, later replacement succession �eld soil. Exo, exotic species
�eld soil. Exo-Sv, Exo-Bi and Exo-Pv, �eld exotic species (Exo) soil in pots were grown for Setaria viridis (Sv), Bothriochloa ischaemum (Bi) and Panicum
virgatum (Pv), respectively. Different letters indicate signi�cant differences among groups based on Duncan’s post hoc test (P < 0.05).

Table 3 Mean (± SE) of plant carbon, nitrogen, and phosphorus concentrations and stoichiometry of the three native plant species, Setaria viridis (Sv),
Artemisia gmelinii (Ag), and Bothriochloa ischaemum (Bi), planted in soils of different origin.
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Species Soil
origin

Shoot Root

Carbon
�g/kg�

Nitrogen
�g/kg�

Phosphorus
�g/kg�

C:N C:P N:P Carbon
�g/kg�

Nitrogen
�g/kg�

Phosphorus
�g/kg�

C:N C:P N

Sv E 456.99±

8.27**

9.00±

0.58*

0.75±

0.02***

51.35±

3.08

613.79±

26.53*

12.09±

0.91

418.49±

20.27

6.52±

0.29

0.68±

0.01**

64.84±

5.34

619.50±

26.77*

9.

0.

Exo 408.57±

7.61

7.17±

0.25

0.56±

0.02

57.12±

1.67

736.94±

31.06

12.95±

0.77

408.36±

13.41

5.74±

0.11

0.44±

0.03

71.28±

3.18

935.66±

75.25

13

0.

Ag M 451.97±

0.57*

17.08±

0.62*

1.55±

0.08**

26.55±

0.91*

293.76±

14.91**

11.05±

0.27**

441.85±

10.98**

7.00±

0.62

1.33±

0.04

64.29±

4.77

334.07±

13.34

5.

0.

Exo 443.10±

2.49

15.19±

0.27

0.95±

0.06

29.20±

0.38

471.85±

29.87

16.14±

0.88

376.57±

3.93

5.13±

0.72

1.40±

0.19

77.97±

11.05

285.75±

40.62

4.

1.

Bi L 497.70±

4.92

8.58±

0.18

0.51±

0.02*

58.09±

1.65

989.78±

45.46*

17.09±

0.96*

336.75±

16.49

5.48±

0.66*

0.36±

0.01**

64.38±

8.43*

937.77±

64.91*

15

1.

Exo 501.33±

7.62

8.20±

0.46

0.62±

0.04

61.67±

3.28

822.66±

51.16

13.40±

0.90

337.91±

9.12

3.39±

0.19

0.47±

0.02

100.38±

5.86

720.65±

29.80

7.

0.

Sv E-Sv 401.39±

0.54**

16.75±

0.27**

0.97±

0.05

23.98±

0.36***

417.62±

21.65

17.40±

0.75

353.35±

4.05**

5.98±

0.27

0.65±

0.03

59.27±

3.31

545.67±

20.96

9.

0.

E-Pv 407.36±

0.73

14.82±

0.14

0.88±

0.02

27.49±

0.30

461.91±

12.38

16.80±

0.43

322.18±

3.68

no data no data no data no data no
da

Ag M-Ag 425.25±

1.17*

17.87±

0.35*

1.18±

0.06***

23.82±

0.43*

362.77±

17.25**

15.23±

0.71**

387.49±

4.48**

8.59±

0.30***

1.12±

0.06**

45.32±

2.04**

348.84±

13.83*

7.

0.

M-Pv 415.85±

2.47

16.25±

0.31

0.75±

0.03

25.61±

0.40

555.53±

28.25

21.72±

1.21

344.29±

5.65

5.64±

0.29

0.88±

0.03

61.41±

2.22

393.14±

11.18

6.

0.

Bi L-Bi 409.55±

3.23**

8.76±

0.16*

0.69±

0.00**

46.80±

1.19

590.73±

4.56*

12.64±

0.23*

380.47±

0.55

5.18±

0.04*

0.84±

0.01*

73.43±

0.48

453.49±

3.77

6.

0.

L-Pv 388.19±

1.95

8.01±

0.20

0.55±

0.02

48.57±

1.01

708.13±

24.69

14.60±

0.59

364.16±

4.64

2.41±

0.46

0.73±

0.03

171.75±

37.95

502.82±

20.4

3.

0.

Notes: E, early replacement succession �eld soil. M, middle replacement succession �eld soil. L, later replacement succession �eld soil. Exo, exotic species
�eld soil. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-Pv, �eld M soil in pots were grown for Ag and Pv, respectively. L-
Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively. *, ** and *** indicate signi�cant differences at P < 0.05, P < 0.01, and P < 0.001,
respectively, based on the t-test. No data means that the samples were insu�cient to complete a measurement.

Table 4 Mean (± SE) of soil chemical properties in the soils created by the four plant species after the �rst growth period.
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Soil origin SOC (g kg-1) TN (g kg-1) TP (g kg-1) AP (mg kg-1) AN (mg kg-1)

Exo-CK 4.91±0.02b 0.55±0.0 0.57±0.02a 0.99±0.08d 18.82±0.45b

Exo-Sv 5.20±0.10a 0.56±0.01 0.57±0.01a 1.59±0.07b 18.78±0.23b

Exo-Bi 5.08±0.02ab 0.55±0.00 0.52±0.02b 1.41±0.03c 14.99±0.91c

Exo-Pv 5.23±0.06a 0.56±0.01 0.57±0.01a 1.71±0.01a 21.82±0.36a

E-CK 5.17±0.14b 0.59±0.01b 0.50±0.01b 1.16±0.110b 20.13±0.18c

E-Sv 5.68±0.06a 0.63±0.01a 0.54±0.01a 1.56±0.06a 23.22±0.27a

E-Pv 5.29±0.10b 0.62±0.01a 0.51±0.01b 1.18±0.14b 21.85±0.49b

M-CK 4.75±0.19b 0.57±0.01ab 0.56±0.01ab 0.84±0.03c 29.06±0.15c

M-Ag 5.16±0.04a 0.59±0.01a 0.58±0.00a 1.65±0.05a 33.96±0.10a

M-Pv 5.01±0.06ab 0.55±0.01b 0.53±0.013b 1.01±0.04b 31.15±0.33b

L-CK 4.58±0.06b 0.51±0.01 0.47±0.01 0.98±0.09b 29.21±0.59c

L-Bi 5.06±0.08a 0.53±0.01 0.46±0.01 1.77±0.06a 34.05±0.38a

L-Pv 4.89±0.06ab 0.52±0.01 0.45±0.01 0.79±0.07b 30.65±0.23b

Notes: Exo-CK, E-CK, M-CK, and L-CK, no plants were prepared. Exo-Sv, Exo-Bi, and Exo-Pv, �eld Exo soil in pots were grown for Setaria viridis (Sv), Bothriochloa
ischaemum (Bi), and Panicum virgatum (Pv), respectively. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-Pv, �eld M soil
in pots was grown for Ag and Pv, respectively. L-Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively. SOC, soil organic carbon. TN, soil total
nitrogen. TP, soil total phosphorus. AP, soil available phosphorus. AN, soil available nitrogen. Different letters indicate signi�cant differences among groups
based on Duncan’s post hoc test (P < 0.05).

 

Table 5 Mean (± SE) of soil biological properties in the soils created from the four plant species after the �rst growth period.

Soil
origin

MBC (mg kg-1) MBN (mg
kg-1)

B-G (μmol h-

1 g-1)
N-AG (μmol
h-1 g-1)

A-P (μmol h-

1 g-1)
Bacteria
richness

Bacteria
diversity

Fungi richness Fungi
diversity

Exo-
CK

205.70±16.87c 12.19±1.19c 1.96±0.04b 4.09±0.03c 10.4±0.23d 1950.16±11.98 6.36±0.05b 573.56±45.08b 2.55±0.71

Exo-
Sv

231.20±3.26b 22.02±0.78b 2.53±0.04ab 4.17±0.03bc 12.24±0.05b 1939.81±6.62 6.48±0.02a 703.95±7.66a 3.18±0.31

Exo-
Bi

245.00±8.34b 20.97±0.39b 2.05±0.00b 4.28±0.09b 11.48±0.21c 1944.45±4.80 6.52±0.01a 670.65±8.68a 3.26±0.33

Exo-
Pv

292.25±5.07a 24.66±0.54a 2.62±0.04a 4.98±0.06a 13.69±0.14a 1937.17±14.83 6.48±0.02a 655.02±4.36a 3.15±0.11

E-CK 151.68±1.68b 21.17±0.74c 1.88±0.04b 3.23±0.01b 7.97±0.17c 1934.73±4.03 6.49±0.04 687.83±9.79 4.36±0.15a

E-Sv 165.40±2.96a 31.55±1.54a 2.21±0.09a 3.83±0.11a 11.54±0.08a 1935.91±11.18 6.50±0.04 567.49±108.27 3.66±0.26b

E-Pv 152.89±0.99b 23.23±1.28b 2.01±0.04b 3.3±0.05b 9.38±0.14b 1930.09±6.02 6.52±0.03 672.06±16.54 3.87±0.15ab

M-CK 171.85±5.74c 21.03±1.00c 2.24±0.02b 1.21±0.03b 1.19±0.01a 1944.90±8.47 6.49±0.02 622.73±39.37 3.71±0.40

M-Ag 232.95±8.85a 32.71±1.05a 4.18±0.37a 4.53±0.08a 1.31±0.08a 1931.71±8.90 6.54±0.01 652.14±26.68 4.29±0.15

M-Pv 195.65±7.81b 26.65±0.75b 2.33±0.03b 4.36±0.05a 1.26±0.02a 1942.12±9.06 6.54±0.03 695.21±6.76 4.17±0.15

L-CK 102.90±7.95b 19.13±1.04b 1.48±0.02b 1.57±0.01b 8.67±0.07b 1921.29±20.10 6.40±0.04 585.15±23.00b 4.15±0.15

L-Bi 157.16±5.42a 24.48±0.75a 1.77±0.07a 1.96±0.06a 9.33±0.10a 1957.62±3.10 6.40±0.03 690.88±8.03a 4.66±0.11

L-Pv 106.65±1.78b 23.68±0.68a 1.56±0.04b 1.64±0.05b 9.05±0.11b 1908.37±38.10 6.39±0.07 694.61±11.61a 4.49±0.25

Notes: Exo-CK, E-CK, M-CK, and L-CK, no plants were prepared. Exo-Sv, Exo-Bi, and Exo-Pv, �eld Exo soil in pots were grown for Setaria viridis (Sv), Bothriochloa
ischaemum (Bi), and Panicum virgatum (Pv), respectively. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-Pv, �eld M soil
in pots was grown for Ag and Pv, respectively. L-Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively. MBC, soil microbial biomass carbon.
MBN, soil microbial biomass nitrogen. B-G, β-1,4-glucosidase. N-AG, N-acetyl-β-D-glucosaminidase. A-P, acid phosphatase. Bacteria and fungi richness were
calculated based on Chao1 index. Bacteria and fungi diversity were calculated based on Shannon index. Different letters indicate signi�cant differences
among groups based on Duncan’s post hoc test (P < 0.05).
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Figures

Figure 1

Mean (± SE) (n = 4) of (a) shoot biomass and (b) root biomass of exotic species Panicum virgatum (Pv) growing in pots with the soils from early replacement
succession (E), middle replacement succession (M), later replacement succession (L), and exotic species (Exo); Mean (± SE) of (c) shoot biomass and (d) root
biomass of exotic species Panicum virgatum (Pv) growing in pots with soil created from the three native species of early replacement succession Setaria
viridis (Sv), middle replacement succession Artemisia gmelinii (Ag) and later replacement succession Bothriochloa ischaemum (Bi), and exotic species Pv that
originated from Exo �eld soils. Different letters indicate signi�cant differences among groups based on Duncan’s post hoc test (P < 0.05). No data means that
pots was accidentally damaged during planting.
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Figure 2

Mean (± SE) (n = 4) of (a) shoot biomass and (b) root biomass of Setaria viridis (Sv) grown in pots with the �eld soil of early replacement succession (E) and
exotic species (Exo), Artemisia gmelinii (Ag) grown in pots with the �eld soil of middle replacement succession (M) and Exo, and Bothriochloa ischaemum (Bi)
grown in pots with the �eld soil of later replacement succession (L) and Exo; Mean (± SE) of (c) shoot biomass and (d) root biomass of Setaria viridis (Sv)
grown in pots with soils created from Sv and Panicum virgatum (Pv) originating from early replacement succession (E) �eld soil, Artemisia gmelinii (Ag)
grown in pots with soils created from Ag and Pv originating from middle replacement succession (M) �eld soil, and Bothriochloa ischaemum (Bi) grown in
pots with soils created from Bi and Pv originating from later replacement succession (L). Notes: *, ** and *** indicate signi�cant differences at P < 0.05, P <
0.01 and P < 0.001, respectively based on the t-test.
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0.01 and P < 0.001, respectively based on the t-test.
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Figure 3

Relative abundance of soil bacteria (a,c,e,g) and fungi (b,d,f,h) at the phylum level (n = 4). Notes: Exo-CK, �eld exotic species (Exo) soil in pots was not planted.
Exo-CK, E-CK, M-CK, and L-CK, no plants were prepared. Exo-Sv, Exo-Bi, and Exo-Pv, �eld Exo soil in pots were grown for Setaria viridis (Sv), Bothriochloa
ischaemum (Bi), and Panicum virgatum (Pv), respectively. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-Pv, �eld M soil
in pots was grown for Ag and Pv, respectively. L-Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively.
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Principal component analysis (PCA) ordinations of soil bacterial (a,c,e,g) and fungal (b,d,f,h) communities that were compared using the Bray–Curtis distance.
Notes: Exo-CK, E-CK, M-CK, and L-CK, no plants were prepared. Exo-Sv, Exo-Bi, and Exo-Pv, �eld Exo soil in pots were grown for Setaria viridis (Sv), Bothriochloa
ischaemum (Bi), and Panicum virgatum (Pv), respectively. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-Pv, �eld M soil
in pots was grown for Ag and Pv, respectively. L-Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively.
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Figure 4
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Figure 5

Correlation networks of soil bacteria and fungi at the genus level. Notes: One node represents one genus type. The size of the node represents the relative
abundance of a genus. Nodes have different colors that relate to the genus. Red lines represent positive correlations, green lines represent negative
correlations. Exo-CK, E-CK, M-CK, and L-CK, no plants were prepared. Exo-Sv, Exo-Bi, and Exo-Pv, �eld Exo soil in pots were grown for Setaria viridis (Sv),
Bothriochloa ischaemum (Bi), and Panicum virgatum (Pv), respectively. E-Sv and E-Pv, �eld E soil in pots were grown for Sv and Pv, respectively. M-Ag and M-
Pv, �eld M soil in pots was grown for Ag and Pv, respectively. L-Bi and L-Pv, �eld L soil in pots were grown for Bi and Pv, respectively.
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Figure 6

Experimental design and planting scheme. Experiment 1: �eld soil from early replacement succession (E) was placed in pots and Setaria viridis (Sv) was
grown; �eld soil of middle replacement succession (M) was placed in pots and Artemisia gmelinii (Ag) was grown; and �eld soil of later replacement
succession (L) was placed in pots and Bothriochloa ischaemum (Bi) was grown (see blue dotted line); �eld soil of exotic species (Exo) was grown in pots for
Sv, Ag, Bi, and Panicum virgatum (Pv) (see red dotted line), with 10 replicates. Experiment 2: Pv was grown in soils created from native species (Sv, Ag, and Bi)
versus being grown in their own soils originating from Exo �eld soils (see black solid line); native species Sv, Ag, and Bi were grown in their own soils versus
being grown in soils created from exotic species originating from the �eld soils of these native species (see green solid line). All plants were grown for four
months.
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