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Data analyses
1 Community-level Dynamics Modeling (E-model)
To evaluate how PSFs associated with invasive plants of different impact levels influence community composition and stability, we parameterized the E-model (Eppinga et al. 2018) following the workflow developed by Pajares-Murgó et al. (2024). This model uses a form of the replicator equation (originating from evolutionary game theory (Hofbauer and Sigmund 1998)) to simulate species dynamics under frequency-dependent PSFs. Crucially, it assumes that all species are otherwise competitively equivalent. Under this framework, any differences in community dynamics arise solely from PSF-mediated variations in plant performance, effectively isolating feedback effects from other species traits such as competitive ability, dispersal, or life-history strategies.
We parameterized the model separately using two measures of plant performance: seedling establishment and biomass. For each focal species i growing in soil conditioned by species j, its performance (xij) was quantified either as the proportion of established seedlings or as biomass. To remove the confounding influence of intrinsic interspecific differences in baseline growth, performance in each conditioned soil was rescaled relative to a baseline, following Pajares-Murgó et al. (2024). Specifically, the feedback coefficient (σij) was defined as:
σij = xij / x'ij
where x'ij is the mean performance of focal species i across soils conditioned by all other species except j. The full set of σij values was then assembled into an n × n feedback matrix for each focal community. We constructed separate feedback matrices for seedling establishment and biomass.
The relative abundance of species i (Pi ) changed over time according to replicator dynamics:
dPi/dt = Pi (wi - )
where  is the instantaneous fitness of species i in a soil environment shaped by the current community composition, and  is the mean fitness of the entire community. To facilitate fair comparisons of PSF effects, initial abundances were set to be equal across all species within each simulated community.
For each simulated community of n species, we evaluated whether the specific PSFs could support stable multispecies coexistence based on two strict conditions: feasibility and local stability. Feasibility was defined as the existence of an internal equilibrium at which all species maintained strictly positive relative abundances (i.e., 0 <Pi < 1). For feasible communities, we then assessed local stability by calculating the Jacobian matrix at the equilibrium (using the numDeriv package; (Gilbert and Varadhan 2025) and examining its eigenvalues; a community was considered locally stable only if all eigenvalues had negative real parts. Communities satisfying both conditions were classified as exhibiting "stable coexistence". All other communities—whether lacking a feasible equilibrium or being feasible but locally unstable—were classified as "non-persistent", because at least one species would ultimately face extinction.
Because our objective was to evaluate how PSFs dictate community composition, we also tracked the dominant species in each simulated community. The numerical integration of the replicator equations was performed using the Runge-Kutta method implemented in the deSolve R package (Soetaert et al. 2010). By calculating the proportion of communities in which each focal species became dominant, we could assess whether invasive species—particularly high-impact ones—were more likely to dominante communities through PSF-mediated effects. . Finally, our analysis focused exclusively on coexistence outcomes generated by pairwise PSF structures and did not explicitly evaluate higher-order interaction effects or broader feedback network properties. Thus, this framework strictly tests whether differences in pairwise PSF structures alone are sufficient to alter community composition and reduce local stability. All mathematical modelling, data manipulation, and visualization were performed in R (R Core Team 2025). Data wrangling and plotting were conducted ggplot2 R package (Wickham 2016).
2 Relationships between plant traits and PSF
To investigate how functional traits are associated with PSF responses among HI invasive species, LI invasive species, and native species, we used a two-step analytical approach. We first conducted a principal component analysis (PCA) to reduce trait dimensionality and derive composite trait axes, and then fitted linear mixed-effects models (LMMs) to examine the relationships between these trait axes and PSFs. Prior to the PCA, we standardized six key functional traits: plant height, seed mass, specific leaf area (SLA), leaf dry matter content (LDMC), specific root length (SRL), and mean root diameter (RD). The PCA was performed using the FactoMineR package (Lê et al. 2008) to summarize the major axes of variation in the original trait matrix into a small number of orthogonal principal components (PCs). In general, PC1 represented the main resource acquisition-conservation axis (i.e., the plant economics spectrum), whereas PC2 reflected the trade-offs between root and leaf strategies. The resulting species scores on these principal components were extracted for subsequent analyses. Using the PCA-derived trait scores, we fitted LMMs via the lmerTest package (Kuznetsova et al. 2017) to quantify the relationships between plant functional strategies and PSF intensity. In these models, PSF was set as the response variable. Plant species group (HI, LI, or native species), trait PCs (PC1 and PC2), and their interactions were included as fixed effects, while soil-source identity, i.e., the species that conditioned the soil, was included as a random effect to account for non-independence. To test whether trait-PSF relationships differed among species groups, we focused on the significance of the species group × trait PC interaction terms. A significant interaction would indicate that the way in which traits influence PSFs differs among the three species categories, whereas a non-significant interaction would suggest that trait effects on PSFs are broadly consistent across groups. This approach allowed us to identify which dimensions of trait variation (e.g., acquisitive versus conservative strategies) dictate soil feedbacks among plants with different invasion impacts. In addition, we conducted LMM analyses separately for each of the three plant species groups to assess the relationships between individual functional traits and PSFs. Plant traits were included as fixed effects, and soil-source identity was included as a random effect. All data manipulation and visualizations were performed using the tidyverse ecosystem (Wickham et al. 2019), supplemented by the patchwork (Pedersen 2025) and ggrepel packages (Slowikowski 2024).
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Table S1 Mean values (n = 8) of plant functional traits for each species in three groups: high-impact invasive species, low-impact invasive species, and native species. Traits include plant height (H), specific leaf area (SLA), leaf dry matter content (LDMC), average root diameter (RD), specific root length (SRL), and seed mass (SM). Standard errors are shown in parentheses after the means.
	Group
	Species
	RD (mm)
	SRL (mm/mg)
	SLA (cm2/mg)
	LDMC
	H (cm)
	SM (mg)

	High-impact invasive species
	Bidens pilosa
	0.15 (0.004)
	458.26 (6.3)
	0.46 (0.0006)
	0.17 (0.006)
	62.5 (2.47)
	1.23 (0.023)b

	
	Ageratum conyzoides
	0.23 (0.005)
	312.04 (12.88)
	0.42 (0.0009)
	0.14 (0.006)
	75.0 (1.98)
	0.38 (0.008)

	
	Synedrella nodiflora
	0.18 (0.011)
	212.16 (4.22)
	0.23 (0.001)
	0.19 (0.008)
	75.0 (1.0)
	0.25 (0.002)

	
	Galinsoga quadriradiata
	0.14 (0.006)
	572.29 (3.5)
	0.5 (0.0011)
	0.12 (0.006)
	45.0 (0.81)
	0.23 (0.004)

	
	Tithonia diversifolia
	0.19 (0.004)
	226.01 (36.87)
	0.37 (0.0004)
	0.14 (0.005)
	350.0 (4.49)
	2.0 (0.034)

	Low-impact invasive species
	Zinnia elegans
	0.26 (0.011)
	529.91 (23.03)
	0.24 (0.0005)
	0.18 (0.006)
	65.0 (0.89)
	2.54 (0.074)a

	
	Tagetes patula
	0.19 (0.003)
	291.59 (11.8)
	0.10 (0.001)
	0.10 (0.003)
	65.0 (0.82)
	3.15 (0.016)

	
	Cosmos sulphureus
	0.18 (0.008)
	454.13 (37.34)
	0.46 (0.0006)
	0.14 (0.008)
	175.0 (1.95)
	8.32 (0.229)

	
	Tagetes erecta
	0.22 (0.003)
	374.48 (5.1)
	0.55 (0.0007)
	0.11 (0.006)
	110.0 (3.64)
	3.58 (0.143)

	
	Crassocephalum rubens
	0.18 (0.008)
	253.98 (5.27)
	0.48 (0.0022)
	0.07 (0.001)
	85.0 (0.95)
	0.19 (0.003)

	Native species
	Blumea laciniata
	0.4 (0.009)
	160.0 (6.59)
	0.22 (0.0007)
	0.23 (0.006)
	105.0 (2.68)
	0.03 (0.001)b

	
	Solanum nigrum
	0.17 (0.005)
	315.61 (5.02)
	0.31 (0.0013)
	0.15 (0.004)
	62.5 (3.56)
	0.43 (0.008)

	
	Chenopodium album
	0.13 (0.005)
	277.53 (16.48)
	0.23 (0.0003)
	0.13 (0.006)
	75.0 (0.98)
	0.61 (0.007)

	
	Vernonia cinerea
	0.18 (0.004)
	243.88 (11.91)
	0.28 (0.0009)
	0.14 (0.006)
	60.0 (0.63)
	0.09 (0.002)

	
	Emilia prenanthoidea
	0.23 (0.005)
	234.3 (7.46)
	0.32 (0.0004)
	0.10 (0.003)
	62.0 (0.95)
	0.03 (0.0003)

	
	F-value
	0.55 
	1.90 
	1.29 
	0.99 
	0.47 
	4.97*

	F values were obtained from linear mixed-effects models with group as a fixed effect and species identity as a random effect.Different lowercase letters indicate significant differences among groups based on multiple comparisons. Asterisks indicate P < 0.05. 




Table S2. Loadings of plant functional traits on the first two principal components. The plant traits tested are average root diameter (RD),specific root length (SRL), seed mass (SM), leaf dry matter content (LDMC), specific leaf area (SLA) and plant height (H).

	Trait
	PC1
	PC2

	RD
	0.474
	0.336

	SRL
	-0.463
	-0.017

	SLA
	-0.501
	0.071

	LDMC
	0.425
	0.293

	H
	-0.08
	0.684

	SM
	-0.351
	0.573






























Table S3. Results from linear mixed effect model that tested the effect of the first two axes of a principal component analysis on all measured traits were influenced by PSF and species group on plant soil feedbacks (PSFs) based on seedling establishment and biomass.

	PSF type
	
	SS
	MS
	df numerator
	df denominator
	F
	P

	PSF based on seedling establishment
	PC1
	0.005 
	0.005 
	1 
	191 
	0.034 
	0.854 

	
	Species group (SP)
	8.982 
	4.491 
	2 
	191 
	29.381 
	0.000 

	
	PC1 × SP
	1.329 
	0.665 
	2 
	191 
	4.348 
	0.014 

	
	Species group (SP)
	0.835 
	0.835 
	1 
	191 
	5.542 
	0.020 

	
	group
	10.159 
	5.079 
	2 
	191 
	33.729 
	0.000 

	
	PC2 × SP
	1.007 
	0.504 
	2 
	191 
	3.344 
	0.037 

	PSF based on biomass
	PC1
	0.676 
	0.676 
	1 
	192 
	3.493 
	0.063 

	
	Species group (SP)
	0.630 
	0.315 
	2 
	192 
	1.627 
	0.199 

	
	PC1 × SP
	6.703 
	3.352 
	2 
	192 
	17.312 
	0.000 

	
	PC2
	2.890 
	2.890 
	1 
	204 
	13.758 
	0.000 

	
	Species group (SP)
	0.465 
	0.233 
	2 
	204 
	1.107 
	0.333 

	
	PC2 × SP
	1.509 
	0.755 
	2 
	204 
	3.592 
	0.029 

























Table S4. Results from linear mixed effect models that tested the effect of species group and plant traits on plant-soil feedback based on seedling establishment and biomass. The plant traits tested are average root diameter (RD), specific root length (SRL), seed mass (SM), leaf dry matter content (LDMC), specific leaf area (SLA) and plant height (H).
	
	SS
	MS
	df numerator
	df denominator
	F
	P

	PSF based on seedling establishment

	RD
	0.177 
	0.177 
	1 
	191 
	1.169 
	0.281 

	Species group (SP)
	2.028 
	1.014 
	2 
	191 
	6.701 
	0.002 

	RD × SP
	1.173 
	0.587 
	2 
	191 
	3.878 
	0.022 

	SRL
	1.652 
	1.652 
	1 
	191 
	11.050 
	0.001 

	Species group (SP)
	0.585 
	0.293 
	2 
	191 
	1.957 
	0.144 

	SRL × SP
	1.508 
	0.754 
	2 
	191 
	5.043 
	0.007 

	SM
	1.741 
	1.741 
	1 
	191 
	12.991 
	0.000 

	Species group (SP)
	3.102 
	1.551 
	2 
	191 
	11.568 
	0.000 

	SM × SP
	5.028 
	2.514 
	2 
	191 
	18.755 
	0.000 

	LDMC
	0.692 
	0.692 
	1 
	191 
	4.541 
	0.034 

	Species group (SP)
	1.898 
	0.949 
	2 
	191 
	6.225 
	0.002 

	LDMC × SP
	1.143 
	0.571 
	2 
	191 
	3.749 
	0.025 

	SLA
	0.322 
	0.322 
	1 
	191 
	2.040 
	0.155 

	Species group (SP)
	0.348 
	0.174 
	2 
	191 
	1.103 
	0.334 

	SLA × SP
	0.377 
	0.188 
	2 
	191 
	1.193 
	0.305 

	H
	0.060 
	0.060 
	1 
	191 
	0.396 
	0.530 

	Species group (SP)
	1.087 
	0.544 
	2 
	191 
	3.614 
	0.029 

	H × SP
	0.309 
	0.155 
	2 
	191 
	1.027 
	0.360 

	PSF based on biomass

	RD
	0.836 
	0.836 
	1 
	192 
	4.235 
	0.041 

	Species group (SP)
	2.036 
	1.018 
	2 
	192 
	5.157 
	0.007 

	RD × SP
	2.039 
	1.020 
	2 
	192 
	5.165 
	0.007 

	SRL
	0.257 
	0.257 
	1 
	192 
	1.348 
	0.247 

	Species group (SP)
	5.756 
	2.878 
	2 
	192 
	15.111 
	0.000 

	SRL × SP
	5.418 
	2.709 
	2 
	192 
	14.223 
	0.000 

	SM
	1.409 
	1.409 
	1 
	192 
	7.093 
	0.008 

	Species group (SP)
	3.223 
	1.612 
	2 
	192 
	8.113 
	0.000 

	SM × SP
	5.091 
	2.545 
	2 
	192 
	12.814 
	0.000 

	LDMC
	0.096 
	0.096 
	1 
	204 
	0.442 
	0.507 

	Species group (SP)
	1.024 
	0.512 
	2 
	204 
	2.360 
	0.097 

	LDMC × SP
	1.407 
	0.704 
	2 
	204 
	3.241 
	0.041 

	SLA
	1.517 
	1.517 
	1 
	192 
	7.862 
	0.006 

	Species group (SP)
	3.587 
	1.794 
	2 
	192 
	9.296 
	0.000 

	SLA × SP
	2.858 
	1.429 
	2 
	192 
	7.406 
	0.001 

	H
	1.833 
	1.833 
	1 
	204 
	8.393 
	0.004 

	Species group (SP)
	1.137 
	0.569 
	2 
	204 
	2.603 
	0.076 

	H × SP
	1.717 
	0.859 
	2 
	204 
	3.931 
	0.021 











































Table S5. Results from linear mixed effect models that tested the effect of every single trait for high-impact and low-impact invasive species and native species (N) on plant-soil feedback based on seedling establishment and biomass. The plant traits tested are average root diameter (RD), specific root length (SRL), seed mass (SM), leaf dry matter content (LDMC), specific leaf area (SLA) and plant height (H).
	Species group
	Traits
	Estimate
	P
	AIC

	PSF based on seedling establishment

	High-imapct invasive species
	RD
	-2.095 
	0.167 
	78.002 

	
	SRL
	0.000 
	0.823 
	96.635 

	
	SLA
	0.586 
	0.264 
	80.793 

	
	LDMC
	-4.098 
	0.026 
	74.521 

	
	H
	0.001 
	0.000 
	83.073 

	
	SM
	0.228 
	0.001 
	74.424 

	Low-imapct invasive species
	RD
	-1.521 
	0.318 
	74.049 

	
	SRL
	-0.001 
	0.073 
	88.026 

	
	SLA
	-0.088 
	0.754 
	78.354 

	
	LDMC
	-2.070 
	0.082 
	72.480 

	
	H
	0.000 
	0.791 
	89.373 

	
	SM
	0.002 
	0.921 
	83.958 

	Native species
	RD
	1.393 
	0.006 
	84.374 

	
	SRL
	-0.003 
	0.002 
	94.896 

	
	SLA
	1.240 
	0.285 
	89.184 

	
	LDMC
	1.104 
	0.329 
	89.423 

	
	H
	0.001 
	0.759 
	102.197 

	
	SM
	-0.932 
	0.000 
	68.559 

	PSF based on biomass

	Species group
	Traits
	Estimate
	P
	AIC

	High-imapct invasive species
	RD
	-2.373 
	0.260 
	123.135 

	
	SRL
	0.001 
	0.005 
	133.214 

	
	SLA
	3.120 
	0.000 
	105.067 

	
	LDMC
	-3.309 
	0.200 
	122.350 

	
	H
	0.000 
	0.971 
	140.788 

	
	SM
	0.247 
	0.009 
	123.712 

	Low-imapct invasive species
	RD
	4.877 
	0.002 
	73.921 

	
	SRL
	0.002 
	0.001 
	89.653 

	
	SLA
	0.693 
	0.017 
	81.310 

	
	LDMC
	3.058 
	0.015 
	78.087 

	
	H
	0.002 
	0.128 
	95.671 

	
	SM
	0.030 
	0.110 
	89.951 

	Native species
	RD
	2.573 
	0.000 
	66.561 

	
	SRL
	-0.004 
	0.000 
	85.014 

	
	SLA
	0.064 
	0.958 
	90.924 

	
	LDMC
	2.159 
	0.068 
	87.621 

	
	H
	0.009 
	0.004 
	94.723 

	
	SM
	-0.907 
	0.000 
	74.559 
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Fig. S1 Community dynamics in plant–soil feedback (PSF) simulations. Panels (a) and (b) show simulated changes in species frequencies over time in 15-species assemblages under PSFs based on seedling establishment and biomass, respectively. 
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