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Abstract  9 

Background: Plant replacement control is an important ecological approach for managing the 10 

invasive weed Solanum rostratum, yet its effectiveness is strongly mediated by soil conditions. 11 

However, current screening of replacement species often overlooks how soil heterogeneity alters 12 

competitive outcomes and plant–soil nutrient feedbacks, limiting the stability and general 13 

applicability of this approach. We conducted a two-factor pot experiment using soils collected 14 

from typical regions in China where S. rostratum is widely distributed. Monocultures and mixtures 15 

of S. rostratum and six native forage species were established. Plant biomass and chlorophyll 16 

content were measured, competitive effects were quantified using the log response ratio (lnRR), 17 

and redundancy analysis was used to link plant performance with soil nutrient dynamics. 18 

Results: Mixed planting consistently suppressed S. rostratum across all soils (lnRR < 0), although 19 

the magnitude of suppression and the most effective replacement species varied markedly among 20 

soil types. Soil nutrient variation explained 30.69% of the variation in S. rostratum traits. Leymus 21 

chinensis and Festuca arundinacea showed greater competitiveness in soils with higher organic 22 
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matter or nitrogen availability, whereas Medicago sativa and Agropyron cristatum exerted stronger 23 

suppression where plant performance was closely associated with changes in nutrient availability. 24 

Notably, M. sativa maintained relatively stable suppressive effects even under nutrient-poor 25 

conditions. 26 

Conclusion: Our results demonstrate that replacement control efficacy is jointly regulated by 27 

species-specific competitive ability and soil nutrient feedbacks under heterogeneous soil 28 

conditions. These findings highlight the importance of matching replacement species to soil 29 

environments to achieve stable and effective ecological control of S. rostratum. 30 

Keywords: Invasive alien plant management; Plant replacement control; Soil heterogeneity; 31 

Plant-soil feedback; Interspecific competition 32 

1. Introduction 33 

Solanum rostratum, native to Mexico and the Midwestern United States, is a highly aggressive 34 

invasive alien plant worldwide. In recent decades, it has rapidly expanded to more than 30 35 

countries and regions across North America, Oceania, Europe, Asia, and Africa [1–3]. This species 36 

can invade diverse habitats such as grasslands, riparian zones, abandoned farmlands, and 37 

overgrazed pastures, posing serious threats to agricultural production, rangeland livestock systems, 38 

biodiversity, and human health. Conventional control approaches, such as mechanical removal and 39 

herbicide application, are often inadequate for long-term suppression due to the plant's broad 40 

tolerance and high reproductive capacity[4]. 41 

Given the limited durability of traditional control measures, more ecologically sound and 42 

sustainable management strategies for S. rostratum are urgently needed. Plant replacement control 43 

has emerged as a promising eco-friendly approach in invasive plant management [5, 6]. Grounded 44 
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in interspecific competition and community succession theory, this strategy introduces competitive 45 

native species—often with ecological or economic value—to pre-empt resources and suppress the 46 

growth and spread of invasive plants, thereby facilitating the recovery of ecosystem structure and 47 

function in invaded habitats [7, 8]. Compared with chemical and mechanical methods, 48 

replacement control is generally considered more environmentally safe, potentially more 49 

sustainable, and relatively cost-effective. Its long-term success hinges on the ability of 50 

replacement species to maintain a persistent competitive disadvantage for the invader in resource 51 

acquisition [9, 10]. 52 

Interspecific plant competition largely involves the acquisition of limiting soil resources, 53 

particularly the efficiency and strategies of obtaining and using key nutrients such as nitrogen, 54 

phosphorus , and potassium [11]. Nitrogen occurs in multiple inorganic forms in soils, and plant 55 

species often differ markedly in their preferences and uptake efficiencies for specific N forms. 56 

Such differences can directly shape competitive advantages under particular soil conditions [12, 57 

13]. In addition, available P, available K, and soil organic matter can influence plant growth and 58 

competitive intensity by regulating the degree of nutrient limitation, microbial activity, and soil 59 

nutrient buffering capacity [14–17]. Therefore, quantifying NH₄⁺-N, NO₃⁻-N, available P, available 60 

K, and SOM provides a useful basis to evaluate how invasive and replacement species jointly 61 

affect soil nutrient pools and nutrient availability under different competitive contexts. 62 

Plant-soil feedback (PSF)—the process by which plants alter soil properties and nutrient status, 63 

thereby affecting plant growth—is a key mechanism regulating interspecific competition and 64 

community assembly [18, 19]. Previous studies have shown that invasion by S. rostratum can 65 

substantially alter SOM, NH₄⁺-N, NO₃⁻-N, and total N, although both the direction and magnitude 66 
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of these changes vary among regions [20]. This spatial inconsistency suggests that S. rostratum 67 

may regulate soil nutrient processes in an environment-dependent manner and may generate 68 

differentiated nutrient feedbacks under contrasting soil conditions, thereby reshaping its 69 

competitive interactions with native plants. Most studies to date, however, have emphasized 70 

competition outcomes in terms of biomass or growth traits, whereas the plant-soil interaction 71 

processes underlying replacement control—especially soil nutrient feedback effects—remain less 72 

explored. In particular, systematic assessments of how S. rostratum and replacement species 73 

jointly influence soil nutrient feedbacks under replacement-control scenarios are still limited. 74 

Soil heterogeneity, a fundamental feature of terrestrial ecosystems, arises from variations in 75 

nutrient supply, transformation rates, and microbial processes [21, 22], which in turn 76 

fundamentally shape plant growth and interspecific competition [23]. In practice, the performance 77 

of replacement control is highly dependent on habitat conditions as plants exhibit significant 78 

phenotypic plasticity across different soils. Nevertheless, current replacement control programs 79 

frequently neglect the capacity of candidate replacement species to cope with soil heterogeneity. 80 

Such oversight can result in limited suppressive effects under specific soil conditions, thereby 81 

constraining the technique's overall stability and broad applicability. Therefore, systematically 82 

evaluating competition between invasive and replacement species, together with their soil nutrient 83 

feedbacks under heterogeneous soils, is essential for improving the reliability of replacement 84 

control. To capture soil heterogeneity within a controlled experimental framework, we selected 85 

eight soils collected from representative regions in China where S. rostratum is widely distributed. 86 

These soils differ substantially in key properties, including nutrient availability, texture, and 87 

organic matter content, thereby providing a robust basis to examine how soil conditions mediate 88 
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plant competition and nutrient feedbacks. 89 

In addition, asymmetric competition represents a common mode of interspecific competition, in 90 

which unequal resource capture allows dominant individuals to acquire a disproportionate share of 91 

resources and exert stronger suppression on subordinate individuals [24, 25]. In replacement 92 

control practice, increasing the proportion of replacement plants can intentionally strengthen 93 

asymmetric competition, keeping invasive plants persistently disadvantaged in resource 94 

acquisition. However, whether different replacement species can establish stable asymmetric 95 

competitive advantages under contrasting soil conditions—and whether such advantages are 96 

amplified or weakened through shifts in soil nutrient processes—remains insufficiently understood. 97 

Under these heterogeneous soil conditions, represented by soils collected from representative 98 

regions in China where S. rostratum is widely distributed, we established both monoculture and 99 

mixed-planting treatments involving S. rostratum and six forage species. We measured plant 100 

phenotypic traits (chlorophyll content, biomass, and root: shoot ratio) and key soil properties 101 

( NH₄⁺-N, NO₃⁻-N, available P, available K, and soil organic matter). To quantify competitive 102 

outcomes and associated soil nutrient feedbacks across soil types, we calculated the log response 103 

ratio (lnRR) for S. rostratum biomass. This metric compares its biomass in mixture to that in 104 

monoculture within each soil type, providing a standardized measure of the suppressive or 105 

facilitative effects exerted by replacement species. 106 

Specifically, this study aimed to: (1) characterize the variation in S. rostratum’s performance and 107 

competitive outcomes across heterogeneous soil backgrounds; (2) elucidate how soil 108 

physicochemical properties and nutrient composition regulate the competitive ability of 109 

replacement species, thereby altering the invader's competitive status through soil nutrient 110 
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feedbacks; and (3) compare the suppressive effects of different forage species across multiple soil 111 

types to identify broadly applicable and stable replacement candidates under soil heterogeneity. 112 

Overall, our findings provide a mechanistic basis for understanding plant-soil nutrient feedbacks 113 

associated with S. rostratum invasion and for optimizing replacement-control strategies in 114 

complex, heterogeneous habitats. 115 

2. Materials and Methods 116 

Plant replacement control is a competition-based ecological approach that aims to suppress 117 

invasive plants by introducing native species with ecological or economic value, thereby limiting 118 

invader spread through resource pre-emption and space occupation. In this study, replacement 119 

species were selected according to the following criteria: Competitive ability. Native species with 120 

strong competitive capacity were prioritized. The selected forages exhibit relatively rapid 121 

emergence and early growth. In particular, the two legume forages (Medicago sativa and 122 

Astragalus adsurgens) typically emerged in 3 days after sowing, whereas the four grass species 123 

emerged in 7 days after sowing. By contrast, S. rostratum generally shows slower germination 124 

under natural conditions. Early emergence of replacement species can therefore provide rapid site 125 

occupation and canopy cover that potentially suppresses S. rostratum establishment. Biodiversity 126 

and non-invasiveness. Only non-invasive species were selected to minimize ecological risks and 127 

avoid negative impacts on native biodiversity. Accordingly, six forage species widely distributed 128 

in northern China were used as replacement candidates. Environmental adaptability. Species were 129 

selected for their tolerance to local environmental conditions, including soil type and light 130 

availability, to increase the likelihood of stable performance in the target habitat. 131 

Replacement control should function as a long term management strategy capable of maintaining 132 



 7 

suppression of the target invasive population while providing potential economic value. Based on 133 

these criteria, we selected two perennial legumes, M. sativa and A. adsurgens, and four perennial 134 

grasses: Agropyron cristatum, Leymus chinensis, Festuca arundinacea, and Elymus dahuricus. 135 

Seeds of Solanum rostratum were collected in September 2022 from the Yanghe River floodplain, 136 

Wanquan District, Zhangjiakou City, Hebei Province, China. The formal identification of this 137 

species was performed by Dr. Guoliang Zhang from the Institute of Environment and Sustainable 138 

Development in Agriculture, Chinese Academy of Agricultural Sciences, based on morphological 139 

characteristics following standard taxonomic keys. A voucher specimen was deposited in the 140 

Herbarium of the Institute of Environment and Sustainable Development in Agriculture, Chinese 141 

Academy of Agricultural Sciences, Beijing, China, under the accession number S. rostratum 142 

(Solan-ZJK-20220902). 143 

No specific permission was required for the collection of S. rostratum seeds because the collection 144 

site was not located in a national park, nature reserve, or restricted area, and S. rostratum is an 145 

invasive alien plant rather than an endangered or protected species under Chinese wildlife or 146 

conservation laws. 147 

Seeds of Medicago sativa, commercial cultivar “Chaoren”, a high-yield cultivar adapted to 148 

northern China, were purchased in August 2022 from Beijing Jinzhongzi Co., Ltd. Seeds of the 149 

remaining forage species, with commercial names identical to their species names, were purchased 150 

during the same period from Ningxia Doubaicao Plant Development Co., Ltd. 151 

Experimental soils were collected from Baicheng (Jilin Province), Ürümqi (Xinjiang Uygur 152 

Autonomous Region), Tongliao (Inner Mongolia Autonomous Region), Shizuishan (Ningxia Hui 153 

Autonomous Region), Chaoyang (Liaoning Province), Zhangjiakou (Hebei Province), and Datong 154 
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(Shanxi Province), China. Site information is provided in Table 1. A commercial potting substrate 155 

(nutrient soil) was included as a reference control. 156 

At each site, representative plots were selected based on soil type and topography, composite 157 

samples were collected using a five-point sampling scheme after removing surface litter, and soils 158 

were excavated with a shovel from 20–30 cm depth while keeping sampling depth as consistent as 159 

possible among points. 160 

 161 

Table 1. Soil collection site information 162 

 Source of soil Longitude Latitude Type of soil 

1 Nutritive soil —— —— —— 

2 
Zhenlai County, Baicheng City, Jilin 

Province 
122˚18'26" N 45˚56'13" E Chernozems 

3 
Horqin District, Tongliao City, Inner 

Mongolia Autonomous Region 
122˚25'57" N 43˚32'25" E 

Castano-

cinnamon 

soils 

4 
Saybag District, Urumqi,  

Xinjiang Uygur Autonomous Region 
87˚59'79" N 43˚40'12" E Castanozems 

5 
Beipiao County, Beipiao City, Liaoning 

Province 
120˚55'34" N 41˚30'25" E 

Cinnamon 

soils 

6 
Huai' an County, Zhangjiakou city, HeBei 

Province 
114˚25'43" N 40˚40'48" E 

Cinnamon 

soils 

7 
Tianzhen County, Datong City, Shanxi 

Province 
113˚53'30" N 40˚42'32" E Castanozems 

8 
Dawukou District, Shizuishan City, 

Ningxia Hui Autonomous Region 
106°20'30" N 38°58'6" E Alluvial soils 

2.1 Experimental design 163 
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2.1.1 Block arrangement and experimental layout 164 

A two-factor completely randomized block design was used in the pot experiment. For each soil 165 

type, seven monoculture treatments were established as controls, including S. rostratum, M. sativa, 166 

A. adsurgens, A. cristatum, L. chinensis, E. dahuricus, and F. arundinacea. In addition, mixed-167 

planting treatments were set up by growing S. rostratum with each of the six forage species at a 168 

planting ratio of 1:3 [26]. This mixed-planting setup represents a replacement-control design with 169 

a fixed species ratio, rather than a full de Wit replacement series with multiple mixture proportions 170 

[27]. Each treatment was replicated three times. In total, 264 pots were established (13 planting 171 

treatments × 3 replicates × 8 soil types). 172 

2.1.2 Planting treatments and cultivation management 173 

Seeds of S. rostratum were treated with a gibberellic acid (GA₃) solution at 0.083 g mL⁻¹ for 24 h 174 

[28] prior to sowing. The experiment was conducted in a rooftop greenhouse at the Institute of 175 

Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural 176 

Sciences, in late July 2022. For mixed plantings, the planting ratio was set to S. rostratum: 177 

replacement species = 1:3, and the total number of individuals per pot was kept the same in 178 

monocultures and mixtures. After emergence, excess seedlings were removed to maintain a total 179 

of 24 plants per pot. No additional fertilizer was applied during the growth period. Pots were 180 

watered regularly with a fixed amount and weeds were removed manually. Measurements were 181 

conducted in mid November 2022 when S. rostratum fruits had matured. 182 

2.2 Measurements and calculations 183 

2.2.1 Plant trait measurements 184 

Leaf chlorophyll content. For each plant, two fresh leaves were selected. After gently removing 185 
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surface dust, leaf chlorophyll content was measured using a SPAD chlorophyll meter (SPAD-186 

502PLUS, Konica Minolta, Japan). 187 

Biomass. Plants were harvested and separated into aboveground and belowground parts. Roots 188 

were carefully removed from the soil and rinsed thoroughly with tap water. Excess water was 189 

blotted off with absorbent paper, and fresh mass was recorded. Samples were then placed into 190 

labeled paper envelopes and oven-dried at 60 °C to constant weight, after which dry mass was 191 

measured. 192 

2.2.2 Soil sampling and chemical analyses 193 

Sample preparation. After plant fresh and dry mass measurements, replicates of each treatment 194 

were labeled. Soil from each pot was thoroughly homogenized, and approximately 10 g of soil 195 

was placed into a sealed plastic bag with treatment and replicate information. 196 

Analytical methods. Soil physicochemical properties were determined by Beijing Xinbaike 197 

Biotechnology Co., Ltd. Ammonium nitrogen (NH₄⁺-N) and nitrate nitrogen (NO₃⁻-N) were 198 

measured using a continuous-flow analyzer (Auto Analyzer 3, SEAL Analytical, Germany) 199 

following KCl extraction. Available potassium (AK) was determined using a flame photometer 200 

(FP6410, Shanghai Precision & Scientific Instrument Co., Ltd., China) based on flame photometry. 201 

Available phosphorus was analyzed using a UV-Vis spectrophotometer (UV-1900i, Shimadzu, 202 

Japan): alkaline available P was determined by NaHCO₃ extraction followed by the molybdenum-203 

antimony colorimetric method, and acidic available P was determined by double-acid extraction 204 

followed by the same colorimetric method. Soil organic matter (SOM) was measured using the 205 

potassium dichromate-concentrated sulfuric acid external heating method (Bao, 2000) with a 206 

titration system (Titrette, BRAND, Germany). 207 
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2.2.3 Derived indices 208 

Leaf chlorophyll content of the invasive plant and the fresh and dry biomass of replacement 209 

species were used as key indicators of competitive outcomes. The percentage reduction in 210 

chlorophyll content and biomass was calculated as: 211 

Chlorophyll reduction(%) = ௖௢௡௧௥௢௟ܥ) − ௖௢௡௧௥௢௟ܥ(௧௥௘௔௧௠௘௡௧ܥ × 100%  212 

Biomass reduction(%) = ௖௢௡௧௥௢௟ܤ) − ௖௢௡௧௥௢௟ܤ(௧௥௘௔௧௠௘௡௧ܤ × 100%  213 

To quantify competitive effects in mixed plantings, the lnRR was calculated as the relative change 214 

in biomass of the focal species in mixtures compared with its monoculture baseline within the 215 

same soil type. Specifically, the mean monoculture biomass of the corresponding species in each 216 

soil type was used as the baseline, and lnRR was calculated for each replicate pot as: 217 

݈ܴܴ݊௜ = ݈݊( ஻೘೔ೣ,೔஻೘೚೙೚) 218 

where Bmix,i is the dry biomass of the target species in the i-th replicate pot under mixed planting, 219 

and ܤ௠௢௡௢is the mean dry biomass of the same species under monoculture within the same soil 220 

type. In this study, lnRR values of S. rostratum were calculated for each soil type and mixture 221 

treatment, and the replacement species producing the smallest lnRR value (i.e., the strongest 222 

suppression) for S. rostratum in each soil type was summarized. 223 

2.3 Data analysis 224 

All statistical analyses and data visualization were conducted in R Program (version 4.4.1)[29]. 225 

Raw data were first organized and preliminarily checked in Microsoft Excel 2023 and then 226 

imported into R for subsequent analyses. To test the effects of planting treatments on S. rostratum 227 

growth traits (chlorophyll content, root:shoot ratio, and individual dry mass), one-way ANOVA 228 

was performed separately within each soil type (functions anova in the stats package). When 229 
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assumptions of homogeneity of variance and normality of residuals were satisfied, post hoc 230 

comparisons among treatments were conducted using Tukey’s HSD test (TukeyHSD in stats). 231 

Compact letter displays for significance grouping were generated using the multcomp View 232 

package (multcomp Letters4) and annotated on figures and tables. Differences in soil properties 233 

(NH₄⁺-N, NO₃⁻-N, available P, available K, and soil organic matter) among planting treatments 234 

were also evaluated within each soil type. The blank control (BC) served as the reference 235 

treatment, and significance relative to BC was indicated using asterisks based on multiple-236 

comparison results. The significance level was set at P < 0.05. 237 

To compare the competitive effects of mixed planting across soil types and species combinations, 238 

lnRR values calculated for each replicate pot were imported into R for data processing, summary 239 

statistics, and visualization. Data wrangling, grouping, and summarization of lnRR were 240 

performed using the dplyr package. By definition, lnRR < 0 indicates suppression under mixed 241 

planting relative to the monoculture baseline. 242 

To examine multivariate relationships between plant traits and soil nutrient changes, redundancy 243 

analysis (RDA) was conducted with S. rostratum dry mass, root:shoot ratio, and chlorophyll 244 

content as response variables and changes in soil nutrients (ΔNH₄⁺-N, ΔNO₃⁻-N, ΔAP, ΔAK, and 245 

ΔSOM) as explanatory variables. All variables were standardized using Z-score transformation 246 

prior to analysis. RDA was implemented using the rda function in the vegan package. Significance 247 

of the overall model, constrained axes, and individual explanatory variables was evaluated using 248 

Monte Carlo permutation tests (999 permutations; anova.cca). Marginal effects were further 249 

assessed to quantify the independent explanatory power of each soil nutrient variable. 250 

To characterize the coupling between plant biomass and soil nutrient dynamics, Pearson 251 
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correlation coefficients between plant biomass and nutrient changes (ΔNH₄⁺-N, ΔNO₃⁻-N, ΔAP, 252 

ΔAK, and ΔSOM) were calculated within each soil type (functions cor/cor.test in stats) and 253 

visualized using correlation heatmaps. Significance levels were indicated using symbols (“·”, “*”, 254 

“**”, and “***” corresponding to P < 0.10, P < 0.05, P < 0.01, and P < 0.001, respectively). 255 

Figures were primarily generated using ggplot2 and related R packages. 256 

3. Results 257 

3.1 Growth and competitive responses of Solanum rostratum under contrasting soils 258 

3.1.1 Chlorophyll content of Solanum rostratum 259 

Leaf chlorophyll content of S. rostratum differed significantly among soil types and planting 260 

treatments (Fig. 1). Overall, chlorophyll values were consistently higher in S. rostratum 261 

monocultures than in mixed plantings. Relative to monocultures, mixed planting reduced 262 

chlorophyll content by 20.91%-65.25%. 263 

The suppressive effects of replacement species on S. rostratum chlorophyll content varied 264 

markedly across soils. In soil type 1, L. chinensis caused the largest reduction (38.79%). In soil 265 

type 2, the strongest suppression was observed in the Festuca treatment (33.30%). In soil type 3, 266 

M. sativa produced the greatest reduction (84.83%). In soil type 4, A. cristatum and Festuca 267 

showed comparable effects, each decreasing chlorophyll content by 49.60%. In soil type 5, M. 268 

sativa remained the most effective species, reducing chlorophyll by 58.87%. In soil type 6, 269 

Festuca and L. chinensis reduced chlorophyll content by 56.86% and 44.87%, respectively. In soil 270 

type 7, Festuca again showed the strongest effect (43.91%). In soil type 8, both L. chinensis and 271 

Festuca significantly reduced chlorophyll content, by 54.32% and 42.81%, respectively. 272 

Across treatments, grasses tended to suppress S. rostratum chlorophyll more strongly than 273 
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legumes, with particularly pronounced effects in mixtures involving E. dahuricus, L. chinensis, 274 

and Festuca (P < 0.05). Soil background also influenced chlorophyll content: S. rostratum 275 

chlorophyll values were generally highest in the more fertile soil type 1 and lowest in soil type 5 276 

across treatments. 277 

 278 

Figure 1. Chlorophyll content of Solanum rostratum under different planting treatments across 279 

eight soil types 280 

Note: SR, S. rostratum monoculture; SRMA, mixture of S. rostratum with M. sativa; SRAG, mixture with A. 281 

adsurgens; SREL, mixture with E. dahuricus; SRLC, mixture with L. chinensis; SRFE, mixture with F. 282 

arundinacea; SRAC, mixture with A. cristatum. Different lowercase letters indicate significant differences among 283 

planting treatments within the same soil type (P < 0.05). 284 

3.1.2 Biomass responses of Solanum rostratum under competition with replacement species 285 

across soil types 286 
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Based on measurements of fresh and dry biomass (Fig. 2), S. rostratum produced relatively high 287 

individual biomass in monoculture. In contrast, mixed planting with replacement species 288 

significantly reduced S. rostratum biomass across soil types. Among the tested replacement 289 

species, the treatment involving A. cristatum (SRAC) consistently exerted significant effects on 290 

both aboveground biomass and individual biomass of S. rostratum across multiple soils (P < 0.05). 291 

The heatmap (Fig. 3) summarizes suppression patterns among soils and replacement species, with 292 

darker colors indicating higher inhibition rates. Most mixed-planting treatments significantly 293 

decreased S. rostratum biomass, and the strongest suppressive effects were mainly associated with 294 

M. sativa, L. chinensis, A. cristatum, and F. arundinacea. 295 

Across soil types, several replacement species achieved very high inhibition rates (>90%). 296 

Specifically, F. arundinacea in soil type 4 produced the strongest overall suppression, reducing 297 

individual biomass of S. rostratum by up to 97.26%. M. sativa showed consistently high 298 

suppression in soil types 2, 3, and 7, with maximum biomass reductions of 94.20% (soil type 2) 299 

and 94.25% (soil type 3). L. chinensis exhibited strong inhibition in soil types 3, 6, and 8, with 300 

biomass reductions reaching 91.95% (soil type 3) and 94.57% (soil type 8). In soil type 6, A. 301 

cristatum also produced strong suppression, reducing S. rostratum biomass by 92.31%. 302 

Inhibition strength varied among soils. In soil type 1, all replacement species significantly reduced 303 

S. rostratum biomass, although inhibition rates did not exceed 90%; the most effective treatment 304 

reduced biomass by 74.03%, followed by 66.10%. In soil type 5, S. rostratum biomass did not 305 

differ significantly between monoculture and mixed planting, indicating relatively weak 306 

suppression under this soil background. In this soil, inhibition rates for all replacement species 307 

remained below 85.00%; the relatively stronger treatments reduced S. rostratum biomass by 308 
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78.40%, 56.90%, and 54.90%, respectively. 309 

Overall, these results indicate that mixed planting generally suppresses S. rostratum biomass, but 310 

the magnitude of suppression and the most effective replacement species are strongly soil 311 

dependent. 312 

 313 

Figure 2. Individual biomass of Solanum rostratum and replacement species under monoculture 314 

and mixed-planting treatments. 315 

Note: SR, S. rostratum monoculture; SRMA, mixture of S. rostratum with M. sativa; SRAG, mixture with A. 316 

adsurgens; SREL, mixture with E. dahuricus; SRLC, mixture with L. chinensis; SRFE, mixture with F. 317 

arundinacea; SRAC, mixture with A. cristatum. Different lowercase letters indicate significant differences among 318 

planting treatments within the same soil type (P < 0.05). 319 

 320 
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 321 

Figure 3. Heatmap of the effects of planting treatments on Solanum rostratum biomass across 322 

eight soil types. 323 

Note: SR, S. rostratum monoculture; SRMA, mixture of S. rostratum with M. sativa; SRAG, mixture with A. 324 

adsurgens; SREL, mixture with E. dahuricus; SRLC, mixture with L. chinensis; SRFE, mixture with F. 325 

arundinacea; SRAC, mixture with A. cristatum. Different lowercase letters indicate significant differences among 326 

planting treatments within the same soil type (P < 0.05). 327 

3.1.3 Root:shoot biomass allocation of Solanum rostratum 328 

The root:shoot ratio (R:S) of S. rostratum responded differently to planting treatments across soil 329 

types (Fig. 4). In soil types 1-5 and soil type 8, R:S did not differ significantly among planting 330 

treatments. Although some numerical variation was observed, the overall allocation pattern 331 

remained relatively stable, as indicated by identical significance letters across treatments within 332 

each soil type. 333 

In contrast, planting treatments significantly affected R:S in soil types 6 and 7. In soil type 6, the 334 

mixture with A. adsurgens (SRAG) produced a significantly higher R:S than the other treatments, 335 

whereas the mixture with F. arundinacea (SRFE) resulted in the lowest R:S. In soil type 7, 336 
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mixtures with A. cristatum (SRAC) and E. dahuricus (SREL) yielded significantly higher R:S 337 

than the other treatments, while the mixture with M. sativa (SRMA) showed the lowest R:S. 338 

Overall, planting treatments significantly altered root-shoot biomass allocation only under specific 339 

soil conditions, whereas treatment effects on R:S were weak or absent in most soils. 340 

 341 

Figure 4. Root:shoot ratio (R:S) of Solanum rostratum under different planting treatments across 342 

eight soil types. 343 

Note: SR, S. rostratum monoculture; SRMA, mixture with M. sativa; SRAG, mixture with A. adsurgens; SREL, 344 

mixture with E. dahuricus; SRLC, mixture with L. chinensis; SRFE, mixture with F. arundinacea; SRAC, mixture 345 

with A. cristatum. Different lowercase letters indicate significant differences among planting treatments within the 346 

same soil type (P < 0.05). 347 

3.1.4 Log response ratio of Solanum rostratum under mixed planting 348 

The lnRR revealed clear differences in the suppressive effects of replacement species on S. 349 
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rostratum biomass across the eight soil types (Table 2). lnRR values of S. rostratum were negative 350 

in all soil types, indicating that mixed planting consistently reduced S. rostratum biomass relative 351 

to the monoculture baseline. However, both the magnitude of suppression and the most effective 352 

replacement species varied markedly among soil types. 353 

In soil type 1, A. cristatum produced the strongest suppression, with an lnRR of −1.35 and a 73.98% 354 

reduction in biomass. In soil types 2 and 3, M. sativa showed the greatest suppressive effect, with 355 

lnRR values of −2.87 and −2.85 and biomass reductions exceeding 94% in both soils. In soil type 356 

4, F. arundinacea exhibited the strongest suppression and the lowest lnRR across all soils, 357 

reaching −3.59 and corresponding to a 97.25% reduction in S. rostratum biomass. 358 

Suppression was comparatively weak in soil type 5. Although A. cristatum remained the most 359 

effective species in this soil, lnRR was only −0.88 and biomass inhibition was 58.47%, 360 

substantially lower than in other soil types. In soil type 6, L. chinensis produced the strongest 361 

suppression, with an lnRR of −2.67 and a 93.06% biomass reduction. In soil type 7, M. sativa 362 

again showed the strongest suppression, with an lnRR of −2.14 and an inhibition of 88.23%. In 363 

soil type 8, L. chinensis was the most suppressive replacement species, with an lnRR of −2.93 and 364 

a 94.66% biomass reduction. 365 

Overall, the lnRR results indicate strong soil dependence in replacement control performance. No 366 

single replacement species consistently produced the strongest suppression across all soils, 367 

suggesting that the effectiveness of replacement control is highly contingent on soil background 368 

conditions. 369 

Table 2. Suppressive effects of replacement species on Solanum rostratum biomass across 370 

eight soil types based on lnRR analysis. 371 
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Soil type Replacement control plants lnRR inhibition(%) 

1 Agropyron cristatum -1.346272196 73.97915389 

2 Medicago sativa -2.874371417 94.35483871 

3 M. sativa -2.85263143 94.23076923 

4 Festuca elata -3.594263478 97.2519084 

5 A. cristatum -0.878770923 58.47069748 

6 Leymus chinensis -2.668482068 93.06425747 

7 M. sativa -2.139918725 88.23355942 

8 L. chinensis -2.929558007 94.65793555 

Note: lnRR is the log response ratio, calculated using the mean biomass of S. rostratum grown in monoculture 372 

within the same soil type as the baseline, and reflects the proportional change in S. rostratum biomass under mixed 373 

planting relative to monoculture. Negative lnRR values (lnRR < 0) indicate suppression of S. rostratum in 374 

mixtures. For each soil type, the table lists only replacement treatments that significantly suppressed S. rostratum 375 

biomass (lnRR < 0, P < 0.05); the treatment with the most negative lnRR was selected to represent the strongest 376 

suppression within that soil. Inhibition (%) denotes the percentage reduction in S. rostratum biomass relative to its 377 

monoculture. 378 

3.2 Effects of soil nutrient changes on Solanum rostratum traits 379 

Redundancy analysis (RDA) was used to examine the multivariate relationships between 380 

phenotypic traits of S. rostratum (biomass, root-shoot ratio, and chlorophyll content) and changes 381 

in soil nutrient variables. The overall RDA model was not statistically significant (F = 1.59, p = 382 

0.125; Fig. 5), while soil nutrient changes explained 30.69% of the variation in plant traits. 383 

Among the first three constrained axes, RDA1 and RDA2 explained 17.50% and 11.14% of the 384 

variation in phenotypic traits, respectively. Permutation tests showed that none of the constrained 385 

axes were statistically significant (p > 0.05). Marginal effects tests indicated that changes in 386 
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available phosphorus (dAP) and soil organic matter (dSOM) showed marginal significance in 387 

explaining variation in plant traits (dAP: p = 0.080; dSOM: p = 0.052), whereas changes in nitrate 388 

nitrogen, ammonium nitrogen, and available potassium were not significant. 389 

The RDA biplot showed differences in the orientation of phenotypic traits of S. rostratum in 390 

relation to soil nutrient changes. Biomass was aligned along the positive direction of RDA1 and 391 

showed a similar orientation to changes in available phosphorus and nitrate nitrogen. The root-392 

shoot ratio was oriented in a direction similar to that of changes in soil organic matter, while 393 

chlorophyll content was mainly distributed along the negative direction of RDA2. Samples from 394 

different soil types were dispersed in the RDA ordination space. 395 

 396 

 397 

Figure 5. Redundancy analysis (RDA) ordination of Solanum rostratum traits and changes in soil 398 

properties. 399 
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Note: The figure shows an RDA biplot relating plant traits to soil nutrient changes. RDA1 and RDA2 are the first 400 

two constrained axes; percentages in parentheses indicate the proportion of trait variation explained by each axis. 401 

Red arrows represent plant trait variables, and blue arrows represent soil nutrient variables; arrow length indicates 402 

the contribution to the ordination, and angles between arrows reflect correlations among variables. Points represent 403 

individual samples, with colors indicating soil types. 404 

3.3 Modulating effects of soil physicochemical heterogeneity on competitive feedbacks 405 

between Solanum rostratum and replacement grasses 406 

Based on Pearson correlation analyses between plant biomass and changes in soil nutrients across 407 

the eight soil backgrounds, both the direction and strength of biomass-nutrient relationships varied 408 

markedly among soils. This pronounced heterogeneity indicates that the coupling between soil 409 

nutrient feedback and biomass response during competition is strongly dependent on soil 410 

background conditions. No single nutrient variable consistently explained biomass variation 411 

across all soils; instead, the same nutrient indicator could show either positive or negative 412 

correlations depending on soil type. These patterns suggest that initial soil fertility and soil 413 

nutrient transformation processes may shift the limiting factors and thereby modify competitive 414 

outcomes. 415 

3.2.2 Differences in soil background properties 416 

Across soil types, physicochemical properties differed markedly (Table 3). The eight soils showed 417 

pronounced heterogeneity in NH₄⁺-N, NO₃⁻-N, AK, AP, and SOM. 418 

NH₄⁺-N varied substantially among soils, with higher concentrations observed in soils 6, 2, and 8, 419 

whereas soil 7 had the lowest NH₄⁺-N. NO₃⁻-N showed particularly strong variation: soils 1 and 7 420 

had markedly higher NO₃⁻-N than the other soils, while soils 2 and 3 remained at comparatively 421 
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low levels. For AK and AP, clear gradients were observed, with soils 7 and 1 exhibiting the highest 422 

values and soil 5 the lowest. SOM also differed strongly among soils; soils 1 and 8 had 423 

substantially higher SOM than the remaining soils, whereas soil 4 had the lowest SOM. 424 

Overall, these soils provided distinctly different nutrient backgrounds in terms of N, P, K, and 425 

organic matter, forming a clear basis for evaluating soil-dependent patterns of plant growth and 426 

competitive interactions in subsequent analyses. 427 

Table 3. Differences in baseline soil physicochemical properties among the eight soil types. 428 

Soil_Type NH4-N NO3-N AK AP SOM 

1 1.23±0.15c 51.19±1.27a 265.67±24.37ab 17.60±1.06a 262.54±14.00a 

2 2.93±0.20a 5.04±0.20cd 200.33±11.89bcd 18.95±1.35a 10.57±0.93cd 

3 2.88±0.68ab 2.83±0.39d 207.00±6.24bc 6.05±0.83b 19.33±0.57cd 

4 1.46±0.42abc 7.78±0.46bcd 168.67±23.90cde 5.71±0.85b 6.95±0.28d 

5 1.23±0.18bc 12.19±1.08b 97.33±5.49e 3.28±0.52b 12.07±0.40cd 

6 2.94±0.24a 10.35±0.62bc 169.00±10.41cde 4.78±0.96b 20.91±0.85cd 

7 1.15±0.21c 47.84±2.85a 303.67±8.09a 14.68±1.04a 31.50±0.17c 

8 2.65±0.29abc 11.31±1.31bc 125.67±18.59de 6.27±1.00b 97.81±0.33b 

Note: Data are presented as mean ± standard error (SE) (n = 3). Within each column, different lowercase letters 429 

indicate significant differences among soil types (Tukey’s HSD test, P < 0.05). NH₄⁺-N and NO₃⁻-N denote 430 

ammonium-N and nitrate-N, respectively; AK and AP denote available potassium and available phosphorus, 431 

respectively; SOM denotes soil organic matter. 432 

3.2.2 Effects of soil physicochemical context on competitive interactions 433 

Pearson correlation analysis showed that biomass-nutrient relationships were highly soil 434 

dependent (Fig. 6). The direction and magnitude of correlations between plant biomass and 435 

changes in N, P, K, and soil organic matter varied markedly among soil types, and no single 436 
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nutrient variable consistently explained plant performance across all soils. 437 

Soil 1. Under the S. rostratum monoculture, no significant correlations were detected between its 438 

biomass and any soil nutrient-change variables. In mixed plantings, however, S. rostratum 439 

biomass showed stronger associations with specific nutrients. In particular, when mixed with F. 440 

arundinacea, S. rostratum biomass was highly positively correlated with changes in available 441 

phosphorus (ΔAP; p < 0.01). In the mixture with A. cristatum, S. rostratum biomass was 442 

significantly positively correlated with changes in soil organic matter (ΔSOM). These results 443 

suggest that, in this soil, P dynamics and SOM changes may play an important role in shaping S. 444 

rostratum growth under competition. 445 

Soil 2. In both monoculture and mixed treatments, S. rostratum biomass did not exhibit consistent 446 

significant relationships with most nutrient-change variables, showing only marginal associations 447 

with single nutrients in a few mixtures. This indicates that S. rostratum growth in this soil may be 448 

relatively insensitive to short-term nutrient changes. In contrast, replacement species displayed 449 

clearer correlation patterns. M. sativa showed relatively rapid responses to changes in NH₄⁺-N 450 

(ΔNH₄⁺-N) and ΔAP, which may contribute to its competitive advantage under this comparatively 451 

stable soil background. 452 

Soil 3. In mixed plantings, S. rostratum biomass was significantly or marginally correlated with 453 

multiple nutrient-change variables. Notably, biomass was often significantly negatively correlated 454 

with ΔAP and ΔSOM, suggesting that nutrient depletion or transformation processes may 455 

constrain S. rostratum growth in this soil. Replacement species exhibited correlation patterns 456 

distinct from those of S. rostratum. For example, higher biomass of L. chinensis was associated 457 

with larger changes in available K (ΔAK), indicating a tendency toward increased K availability 458 



 25 

or enrichment. 459 

Soil 4. Correlations between S. rostratum biomass and soil nutrient changes were mainly observed 460 

in mixed treatments. In some mixtures, S. rostratum biomass was significantly associated with 461 

changes in ΔNH₄⁺-N and ΔNO₃⁻-N, implying that N dynamics may be an important driver of 462 

competitive outcomes in this soil. Replacement species showed more frequent significant 463 

correlations with ΔAP and ΔSOM, suggesting that competitive advantage may be linked to 464 

regulation of P cycling and SOM-related processes in this soil type. 465 

Soil 5. Correlations between S. rostratum biomass and nutrient-change variables were generally 466 

weak and mostly non-significant, consistent with the limited explanatory power of soil nutrient 467 

changes for S. rostratum growth in this soil. In contrast, replacement species showed relatively 468 

stronger associations with ΔSOM, with some treatments reaching significant or marginal 469 

significance, indicating that SOM dynamics may be an important factor influencing replacement 470 

species performance. 471 

Soil 6. In mixed treatments, S. rostratum biomass was significantly or highly significantly 472 

correlated with ΔNH₄⁺-N and ΔAP, suggesting that N and P may jointly regulate S. rostratum 473 

growth under competition in this soil. Replacement species displayed multiple significant 474 

correlations with ΔNO₃⁻-N and ΔSOM, indicating a stronger dependence on nitrate supply and 475 

SOM-related processes. 476 

Soil 7. In mixed plantings, S. rostratum biomass was significantly correlated with several nutrient-477 

change variables, particularly ΔNO₃⁻-N and ΔSOM, implying that N transformation and SOM 478 

dynamics may substantially affect its competitive performance in this soil. Replacement species 479 

also showed strong correlations, but the key nutrient variables differed from those associated with 480 
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S. rostratum, further suggesting divergence in nutrient-use pathways between the invasive species 481 

and replacement plants. 482 

Soil 8. In mixed treatments, correlations between S. rostratum biomass and ΔNH₄⁺-N and ΔAP 483 

were more prominent, indicating that N and P may be important limiting factors for its growth 484 

under this soil background. Replacement species exhibited stronger correlations with ΔNO₃⁻-N 485 

and ΔSOM, suggesting that they may achieve competitive advantage via distinct nutrient pathways. 486 

Overall, correlation patterns between plant biomass and soil nutrient changes differed markedly 487 

among soil types. S. rostratum generally exhibited greater sensitivity to nutrient changes under 488 

mixed plantings, whereas replacement species maintained more stable associations with particular 489 

nutrient dynamics across multiple soils. These differences indicate that nutrient-mediated plant-490 

soil feedbacks regulate competitive interactions between the invasive plant and replacement 491 

species through soil-specific pathways. 492 
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 493 

Figure 6. Correlations between biomass of S. rostratum and replacement species and changes in 494 

soil physicochemical properties under different planting treatments across eight soil types. 495 

 496 
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Note: SR, biomass of S. rostratum in monoculture; SRMA, biomass of S. rostratum in mixture with M. sativa; 497 

MASR, biomass of M. sativa in mixture with S. rostratum; SRLC, biomass of S. rostratum in mixture with L. 498 

chinensis; LCSR, biomass of L. chinensis in mixture with S. rostratum; SRFE, biomass of S. rostratum in mixture 499 

with F. arundinacea; FESR, biomass of F. arundinacea in mixture with S. rostratum; SREL, biomass of S. 500 

rostratum in mixture with E. dahuricus; ELSR, biomass of E. dahuricus in mixture with S. rostratum; SRAG, 501 

biomass of S. rostratum in mixture with A. adsurgens; AGSR, biomass of A. adsurgens in mixture with S. 502 

rostratum; SRAC, biomass of S. rostratum in mixture with A. cristatum; ACSR, biomass of A. cristatum in 503 

mixture with S. rostratum; MA, M. sativa monoculture; LC, L. chinensis monoculture; FE, F. arundinacea 504 

monoculture; EL, E. dahuricus monoculture; AG, A. adsurgens monoculture; AC, A. cristatum monoculture. 505 

Symbols “·”, “*”, “**”, and “***” indicate significance at P < 0.10, P < 0.05, P < 0.01, and P < 0.001, 506 

respectively. 507 

3.3 Effects of plant competition on soil physicochemical properties 508 

Across the eight soil types, the four planting treatments—blank control, S. rostratum monoculture, 509 

replacement-species monoculture, and mixed plantings—produced significant and complex effects 510 

on soil physicochemical properties. 511 

3.3.1 Changes in soil ammonium nitrogen  512 

Across most soil types, the S. rostratum monoculture and its mixtures with replacement species 513 

increased soil NH₄⁺-N to varying degrees, and overall NH₄⁺-N levels were significantly higher 514 

than in the blank control (Fig. 7). However, the magnitude of this effect differed markedly among 515 

soil types. 516 

In soil types 2, 6, and 7, NH₄⁺-N did not differ significantly between the S. rostratum monoculture 517 

and most mixed plantings, yet both were significantly higher than the blank control. In contrast, 518 
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monocultures of the replacement species generally did not differ from the blank control, and some 519 

grass monocultures showed reduced NH₄⁺-N. 520 

By comparison, in soil types 1, 3, 4, and 5, treatment effects on NH₄⁺-N were relatively weak. 521 

Most plantings did not differ significantly from the blank control, and only a few specific mixtures 522 

showed significant changes, indicating a relatively stable NH₄⁺-N response to planting in these 523 

soils. In soil type 8, NH₄⁺-N did not differ significantly among treatments; replacement-species 524 

monocultures tended to be slightly lower than the blank control, but the differences were not 525 

significant. 526 

 527 

 528 

Figure 7. Soil NH₄⁺-N under different planting treatments across eight soil types. 529 

 530 
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Note: Bars represent means and error bars indicate standard errors (SE). Different colors denote planting 531 

treatments. BC, blank control; SR, S. rostratum monoculture; MA, AG, LC, FE, and EL denote monocultures of 532 

M. sativa, A. adsurgens, L. chinensis, F. arundinacea, and E. dahuricus, respectively; SRMA, SRAG, SRLC, 533 

SRFE, SREL, and SRAC denote mixtures of S. rostratum with M. sativa, A. adsurgens, L. chinensis, F. 534 

arundinacea, E. dahuricus, and A. cristatum, respectively. Numbers 1-8 indicate soil types. Asterisks indicate 535 

significant differences between a given planting treatment and the blank control (BC) within the same soil type (P 536 

< 0.05, P < 0.01, P < 0.001). 537 

3.3.2 Changes in soil nitrate nitrogen 538 

The response of NO₃⁻-N to planting treatments varied markedly among soil types (Fig. 8). Overall, 539 

NO₃⁻-N declined significantly in some soils but increased in others. 540 

In soil types 4, 5, and 7, most monocultures and mixed plantings significantly reduced NO₃⁻-N, 541 

and the decreases were generally stronger under mixed plantings. This pattern suggests that 542 

competition between S. rostratum and the replacement species may have accelerated NO₃⁻-N 543 

uptake and/or altered N transformation processes. Notably, in soil type 7, NO₃⁻-N was 544 

significantly lower in all treatments than in the blank control. 545 

In contrast, in soil types 3 and 6, most treatments increased NO₃⁻-N, particularly monocultures of 546 

the replacement species, indicating that under these soil conditions, replacement-species growth 547 

may have promoted NO₃⁻-N accumulation or reduced its loss. In soil types 1, 2, and 8, treatment 548 

effects were small and NO₃⁻-N did not differ significantly from the blank control. 549 
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 550 

Figure 8. Soil NO₃⁻-N under different planting treatments across eight soil types 551 

Note: Bars represent means and error bars indicate standard errors (SE). Different colors denote planting 552 

treatments. BC, blank control; SR, S. rostratum monoculture; MA, AG, LC, FE, and EL denote monocultures of 553 

M. sativa, A. adsurgens, L. chinensis, F. arundinacea, and E. dahuricus, respectively; SRMA, SRAG, SRLC, 554 

SRFE, SREL, and SRAC denote mixtures of S. rostratum with the corresponding replacement species (codes as 555 

above; AC denotes A. cristatum). Numbers 1-8 indicate soil types. Asterisks indicate significant differences 556 

between a given planting treatment and the blank control (BC) within the same soil type (P < 0.05, P < 0.01, P < 557 

0.001). 558 

3.3.3 Changes in soil available potassium  559 

The response of AK to planting treatments showed a broadly consistent pattern across soil types, 560 

although the direction of change differed among soils (Fig. 9). 561 
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In soil types 3, 4, and 7, AK was significantly lower in all planting treatments than in the blank 562 

control, indicating strong depletion of exchangeable K associated with plant growth under these 563 

soil conditions. 564 

In soil types 5 and 6, both the S. rostratum monoculture and mixed plantings significantly 565 

increased AK. The increase was generally greater in mixed plantings than in replacement-species 566 

monocultures, suggesting that mixed communities exerted a stronger influence on K cycling in 567 

these soils. In soil types 1 and 2, AK did not differ significantly from the blank control in the S. 568 

rostratum monoculture and in some mixed plantings, whereas replacement-species monocultures 569 

more often showed decreases in AK. 570 

 571 

Figure 9. Soil available potassium (AK) under different planting treatments across eight soil types 572 
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Note: Bars represent means and error bars indicate standard errors (SE). Different colors denote planting 573 

treatments. BC, blank control; SR, S. rostratum monoculture; MA, AG, LC, FE, and EL denote monocultures of 574 

M. sativa, A. adsurgens, L. chinensis, F. arundinacea, and E. dahuricus, respectively; SRMA, SRAG, SRLC, 575 

SRFE, SREL, and SRAC denote mixtures of S. rostratum with the corresponding replacement species (codes as 576 

above; AC denotes A. cristatum). Numbers 1-8 indicate soil types. Asterisks indicate significant differences 577 

between a given planting treatment and the blank control (BC) within the same soil type (P< 0.05, P < 0.01, P < 578 

0.001). 579 

3.3.4 Changes in soil available phosphorus 580 

The response of AP to planting treatments was highly soil dependent (Fig. 10). In soil type 1, the S. 581 

rostratum monoculture and all mixed plantings significantly increased AP, whereas replacement-582 

species monocultures did not differ from the blank control. This indicates that S. rostratum 583 

promoted the accumulation of plant-available P in this soil. 584 

In soil types 3 and 6, replacement-species monocultures significantly increased AP, while the S. 585 

rostratum monoculture and mixed plantings did not differ from the blank control. In soil types 2, 4, 586 

5, and 7, most treatments showed no significant differences from the blank control or tended to 587 

reduce AP, and differences among planting treatments were generally small. 588 

In soil type 8, AP was significantly higher than the blank control in the S. rostratum monoculture 589 

and in most mixed plantings, except for mixtures with L. chinensis, F. arundinacea, and A. 590 

cristatum, which did not differ significantly from the blank control. 591 
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 592 

Figure 10. Soil available phosphorus (AP) under different planting treatments across eight soil 593 

types. 594 

Note: Bars represent means and error bars indicate standard errors (SE). Different colors denote planting 595 

treatments. BC, blank control; SR, S. rostratum monoculture; MA, AG, LC, FE, and EL denote monocultures of 596 

M. sativa, A. adsurgens, L. chinensis, F. arundinacea, and E. dahuricus, respectively; SRMA, SRAG, SRLC, 597 

SRFE, SREL, and SRAC denote mixtures of S. rostratum with the corresponding replacement species (codes as 598 

above; AC denotes A. cristatum). Numbers 1-8 indicate soil types. Asterisks indicate significant differences 599 

between a given planting treatment and the blank control (BC) within the same soil type (P < 0.05, P < 0.01, P < 600 

0.001). 601 

3.3.5 Changes in soil organic matter 602 

Soil organic matter showed a relatively consistent response pattern across soil types, although 603 
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significant differences were still observed in some soils (Fig. 11). In soil types 3 and 4, most 604 

treatments did not differ significantly from the blank control. In soil type 6, the S. rostratum 605 

monoculture significantly increased soil organic matter, and its value did not differ significantly 606 

from most mixed plantings. In contrast, in soil types 7 and 8, soil organic matter was significantly 607 

lower in all planting treatments than in the blank control, suggesting that plant growth accelerated 608 

organic matter depletion. In soil type 8, soil organic matter in the mixed plantings was slightly 609 

higher than in replacement-species monocultures, but the difference was not significant.610 

 611 

Figure 11. Soil organic matter (SOM) under different planting treatments across eight soil types 612 
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Note: Bars represent means and error bars indicate standard errors (SE). Different colors denote planting 613 

treatments. BC, blank control; SR, S. rostratum monoculture; MA, AG, LC, FE, and EL denote monocultures of 614 

M. sativa, A. adsurgens, L. chinensis, F. arundinacea, and E. dahuricus, respectively; SRMA, SRAG, SRLC, 615 

SRFE, SREL, and SRAC denote mixtures of S. rostratum with the corresponding replacement species (codes as 616 

above; AC denotes A. cristatum). Numbers 1-8 indicate soil types. Asterisks indicate significant differences 617 

between a given planting treatment and the blank control (BC) within the same soil type (P< 0.05, P < 0.01, P < 618 

0.001). 619 

3.4 Integrated evaluation of the suppressive effects of replacement species under 620 

heterogeneous soils 621 

Across the eight heterogeneous soil types, mixing S. rostratum with each of the six replacement forage 622 

species significantly reduced its growth performance. Compared with monoculture, mixed planting 623 

generally resulted in lower leaf chlorophyll content and a marked decrease in individual biomass, and 624 

the log response ratio (lnRR) of S. rostratum biomass was negative in all soil types. These results 625 

indicate that the replacement species consistently imposed competitive suppression on S. rostratum 626 

across contrasting soil backgrounds. However, the magnitude of suppression and the identity of the 627 

most effective replacement species were strongly soil dependent, and no single species performed best 628 

across all soils. 629 

When considering the strongest suppression within each soil type, F. arundinacea showed the greatest 630 

inhibitory effect in Soil 4. M. sativa was consistently the optimal or near-optimal suppressor in Soils 2, 631 

3, and 7. L. chinensis exerted the strongest suppression in Soils 6 and 8. A. cristatum provided 632 

relatively strong suppression in Soil 1, whereas overall inhibition in Soil 5 was comparatively weak, 633 

highlighting that soil background can substantially alter both the magnitude and stability of 634 
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replacement control. Overall, M. sativa maintained relatively stable suppression across multiple soil 635 

types, suggesting broad adaptability, whereas L. chinensis and F. arundinacea tended to achieve strong 636 

suppression primarily under specific soil conditions. The generally weaker suppression observed in 637 

Soil 5 further suggests that the stability of replacement control may be constrained in low-response soil 638 

types. 639 

4. Discussion 640 

4.1 Role of the logarithmic response ratio  in plant-soil feedback analyses 641 

Under research contexts where heterogeneous soil conditions and multiple mixed‐planting 642 

combinations coexist, a robust metric is required to allow comparable quantification of competition 643 

intensity across different soil types and species combinations. Because baseline growth performance 644 

differs substantially among soil types and plant species, monoculture biomass often varies widely 645 

among treatments. Direct comparisons based solely on absolute biomass under mixed planting can 646 

therefore confound environmental background effects with competition effects per se, potentially 647 

obscuring the true strength of interspecific interactions [30, 31]. 648 

The lnRR uses monoculture performance as a reference and expresses biomass changes under mixed 649 

planting as a standardized relative effect size. This approach effectively minimizes interference from 650 

baseline growth differences among soils and species, thereby enhancing comparability across 651 

treatments[32]. Oksanen et al. [33]evaluated several commonly used competition indices, including 652 

lnRR, RCI, RNE, and CRCI, using Solidago virgaurea as a model species. Their results showed that 653 

lnRR and CRCI produced consistent and largely unbiased estimates of competition effects, regardless 654 

of whether calculations were based on pairwise comparisons or pooled data. Although RNE generally 655 

performed reasonably well, values derived from averaged pairwise comparisons tended to be 656 
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systematically lower than those calculated from pooled data when competition intensity was high. In 657 

contrast, RCI was strongly influenced by variability in individual plant performance under pairwise 658 

comparisons, frequently generating biased or even aberrant results. Therefore, the study advised against 659 

the continued use of RCI as a reliable measure of competition intensity. 660 

Compared with alternative indices, lnRR not only clearly reflects the direction of competitive effects 661 

but also provides a quantitative measure of their magnitude, enabling meaningful comparisons of 662 

competition outcomes across heterogeneous soil conditions and mixed‐planting combinations. In 663 

studies of plant-soil feedbacks, lnRR is particularly suitable for revealing how soil environments 664 

regulate relative competitive effects through nutrient supply and transformation processes [34, 35]. By 665 

standardizing competitive responses across contrasting soil backgrounds, lnRR facilitates the 666 

identification of soil‐dependent variation in the suppressive capacity of replacement species against 667 

invasive plants, thereby providing a robust quantitative basis for the integrated evaluation of 668 

replacement control effectiveness. 669 

4.2 Effects of heterogeneous soil backgrounds on the competitive performance of Solanum 670 

rostratum 671 

4.2.1 Solanum rostratum-soil feedback effects 672 

Our results demonstrate that the growth performance and competitive responses of S. rostratum vary 673 

significantly among soil types, indicating that soil background strongly regulates its response intensity 674 

to replacement control species. When S. rostratum was grown alone across different soil types, soil 675 

ammonium nitrogen consistently increased, whereas nitrate nitrogen, available phosphorus, and 676 

available potassium increased in some soils but decreased in others. Soil organic matter declined in 677 

most soil types following monoculture cultivation of S. rostratum. In soils with relatively high fertility 678 
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(e.g., soil type 1), S. rostratum monocultures exhibited higher chlorophyll content and biomass, 679 

suggesting strong capacity for resource acquisition and utilization. In contrast, in soils with lower 680 

fertility or constrained nutrient structure (e.g., soil type 5), the growth of S. rostratum was markedly 681 

limited. 682 

Zhao et al. [20]investigated soils from abandoned land, roadsides, farmland, and forest habitats invaded 683 

by S. rostratum and reported that its effects on soil physicochemical properties differed significantly 684 

among habitat types. Similar context‐dependent effects have been documented for other invasive 685 

species. For example, studies on Eupatorium adenophorum have shown contrasting impacts on soil 686 

nutrient dynamics: Yu et al. [36]reported increases in soil organic phosphorus, available potassium, 687 

total nitrogen, and soil organic carbon following invasion, whereas Wu et al. (2007) [37]observed 688 

decreases in alkali‐hydrolyzable nitrogen, available phosphorus, and available potassium in invaded 689 

sites. Moreover, Sun et al. [38]demonstrated that invasion intensity further modulates these effects, 690 

with heavy invasion significantly increasing soil total phosphorus and nitrate concentrations, while 691 

moderate invasion led to significant reductions in available phosphorus accompanied by declines in 692 

total nitrogen and soil organic matter. These findings collectively indicate that the effects of invasive 693 

plants on soil nutrient status are jointly regulated by habitat conditions and invasion intensity. 694 

Comparable background dependence has also been reported for Spartina alterniflora invasion. Bu 695 

Naishun et al. [39]found that S. alterniflora invasion increased soil organic carbon content in wetlands 696 

of the Yangtze River estuary. Similarly, Sheng et al. [40] reported that invasion by S. alterniflora in the 697 

Dafeng Milu National Nature Reserve increased soil carbon and nitrogen contents and stocks, while 698 

simultaneously reducing soil phosphorus content and stocks. In contrast, Bai et al. (2017)[41] observed 699 

a decline in soil organic carbon following S. alterniflora invasion in mangrove wetlands along the 700 
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eastern coast of Fujian Province. In addition, invasion by stinking chamomile (Anthemis cotula) has 701 

been shown to significantly alter soil physicochemical properties, with invaded sites exhibiting 10-60% 702 

higher levels of organic carbon, total potassium, total nitrogen, total phosphorus, available nitrogen, 703 

and available potassium compared with uninvaded sites [42]. 704 

Taken together, these studies indicate that invasion by the same plant species can substantially alter soil 705 

nutrient status, but the direction and magnitude of these changes are highly dependent on habitat type, 706 

invasion intensity, and ecosystem context. This background‐dependent soil modification provides an 707 

important foundation for understanding how soil conditions mediate the competitive performance of S. 708 

rostratum across heterogeneous environments. 709 

From an ecological‐mechanistic perspective, invasive plant species may gain competitive advantages 710 

by altering soil properties or interacting with soil microbial communities [43–45]. In addition, invasive 711 

plants may influence resource competition with native species by modifying nutrient supply rates and 712 

the relative proportions of nutrient forms through biogeochemical transformation processes [46]. These 713 

mechanisms can indirectly regulate the competitive advantage or disadvantage of S. rostratum under 714 

different soil conditions. In other words, the competitive performance of S. rostratum is not solely 715 

determined by its intrinsic resource acquisition capacity, but is also likely associated with plant-soil 716 

feedback processes and potential self‐reinforcing invasion mechanisms that develop under 717 

heterogeneous soil backgrounds. 718 

The differentiated responses of soil nutrients to S. rostratum indicate that this species does not simply 719 

deplete or accumulate a single nutrient, but rather influences soil nutrient transformation pathways, 720 

thereby generating complex soil nutrient feedbacks. For example, significant declines in nitrate 721 

nitrogen observed in some soils may be associated with enhanced plant uptake or increased microbial 722 
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denitrification, whereas increases in nitrate nitrogen in other soils may reflect accelerated 723 

mineralization or lower plant uptake efficiency. Previous studies have shown that S. rostratum 724 

possesses a strong capacity for maintaining internal homeostasis, enabling it to buffer fluctuations in 725 

external nutrient supply through physiological regulation and to maintain relatively stable internal 726 

elemental ratios, thereby sustaining normal growth and metabolic functions [47]. This physiological 727 

characteristic is consistent with the invasion mechanisms inferred from the results of the present study. 728 

4.2.2 Soil physicochemical background drives competitive outcomes through nutrient 729 

feedback mechanisms 730 

Invasive plants may adjust their competitive strategies under different resource conditions. For example, 731 

the invasive species Alternanthera philoxeroides exhibits stronger allelopathic effects under 732 

low‐nitrogen conditions, whereas the contribution of allelopathy to competition is reduced under 733 

high‐nitrogen environments, indicating that invasive plants can modify their invasion strategies in 734 

response to resource availability [48]. Our results demonstrate that soil physicochemical background 735 

strongly influences the competitive outcomes between S. rostratum and replacement species. 736 

Correlation analyses revealed pronounced differences among soil types in the relationships between 737 

plant biomass and changes in soil nutrients, suggesting that soil physicochemical properties do not 738 

directly determine competitive success. Instead, they likely shape the direction and intensity of 739 

interspecific competition indirectly by regulating nutrient feedback pathways and the identity of 740 

limiting factors under different planting treatments. The soil‐specific nutrient feedback mechanisms 741 

identified here provide important insights into the competitive performance and niche regulation of S. 742 

rostratum across heterogeneous habitats. 743 
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In nutrient‐rich soils (e.g. soils 1 and 8), relatively high organic matter content and inorganic nitrogen 744 

availability may alleviate single‐nutrient limitation, such that competition is no longer dominated by 745 

direct exploitation of the same resource. Under these conditions, the biomass of S. rostratum and 746 

replacement species was associated with different nutrient variables, indicating potential differentiation 747 

in resource acquisition and utilization pathways. For instance, S. rostratum biomass was primarily 748 

correlated with changes in ammonium nitrogen or available phosphorus, whereas replacement grasses 749 

such as L. chinensis were more closely associated with nitrate nitrogen or soil organic matter. Such 750 

differentiation may enable replacement species to establish competitive advantages even under 751 

high‐resource conditions. 752 

In soils with low initial nitrate nitrogen levels (e.g. soils 4 and 6), soil physicochemical background 753 

markedly amplified nutrient limitation effects, resulting in competition characterized by pronounced 754 

resource preemption. Correlation results showed that the biomass of most replacement species was 755 

significantly associated with changes in nitrate nitrogen or soil organic matter, suggesting that these 756 

species were able to effectively utilize or rapidly deplete these limiting resources. In contrast, S. 757 

rostratum exhibited weaker responses to the same nutrient indicators and was unable to establish stable 758 

growth feedbacks. Under these conditions, replacement species suppressed S. rostratum growth 759 

through efficient occupation of key limiting nutrients, leading to substantial reductions in its biomass. 760 

In soils with rapid turnover of available nutrients (e.g. soils 3 and 7), competitive outcomes were more 761 

strongly determined by species’ responsiveness to nutrient fluctuations. Correlation analyses indicated 762 

that replacement species such as M. sativa formed significant positive associations with changes in 763 

available potassium or nitrate nitrogen, generating positive feedbacks that promoted their own growth. 764 
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This suggests that in environments characterized by strong nutrient dynamics, species capable of 765 

rapidly responding to and exploiting available nutrients are more likely to gain competitive advantages. 766 

Finally, in soils where physicochemical properties explained relatively little variation in plant growth 767 

(e.g. soils 2 and 5), correlations between biomass and nutrient changes were generally weak, and 768 

competitive outcomes appeared to depend more on intrinsic tolerance and resource‐use efficiency. In 769 

these soils, although replacement species were less able to establish strong nutrient‐driven feedbacks, 770 

they were still able to suppress S. rostratum through sensitivity to organic matter or specific inorganic 771 

nutrients. 772 

Soil resource heterogeneity may differentially affect invasive and non-invasive plants by altering root-773 

foraging plasticity and resource acquisition strategies [49]. In the present study, the suppressive effects 774 

of replacement grasses on the biomass of S. rostratum differed markedly among soil types, indicating 775 

that competitive outcomes are strongly soil dependent. Variations in resource availability and the 776 

identity of limiting factors appear to be key drivers of this pattern. For example, studies on the invasive 777 

species Centaurea diffusa in North American grasslands have shown that reductions in resource 778 

availability can alter its tolerance to neighbor competition, while exerting relatively limited effects on 779 

its competitive impact; moreover, nitrogen and phosphorus limitation do not affect competitive 780 

advantage symmetrically, with phosphorus limitation substantially weakening competitive dominance 781 

under low-P conditions [50]. This evidence supports the view that differences in limiting factors can 782 

fundamentally shape competitive outcomes. 783 

When nutrient supply is relatively abundant or nutrient forms are diverse, competition is often no 784 

longer strongly constrained by a single resource [51], but instead depends more on interspecific 785 

differences in resource acquisition pathways and utilization efficiency [52]. In contrast, under nutrient-786 
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poor conditions or where key nutrient transformation rates are low, competition is more likely to 787 

manifest as direct preemption of limiting resources [53], thereby amplifying suppressive effects. 788 

However, some studies have shown that certain species, such as Solidago canadensis, exhibit relatively 789 

low sensitivity of competitive performance to soil origin [54], suggesting that competitive outcomes 790 

may also be jointly influenced by species functional traits and resource-use strategies. 791 

Meanwhile, soil nutrients are not static pools. Interactions between plant roots and rhizosphere 792 

microorganisms can regulate mineralization, nitrification, and other transformation processes [55, 56], 793 

continuously modifying both the quantity and chemical form of nutrients available to plants and 794 

thereby further shaping competitive dynamics. In this study, the contrasting correlation patterns 795 

between biomass of S. rostratum and replacement species and changes in ammonium nitrogen, nitrate 796 

nitrogen, and soil organic matter across different soil types provide indirect support for the role of 797 

nutrient transformation processes in generating soil background-dependent competitive outcomes. 798 

From an applied perspective, the ranking of suppressive effectiveness among replacement species 799 

varied across soils, indicating that replacement control strategies should be tailored to soil conditions 800 

rather than relying on a single “optimal” species. Replacement plants that consistently exhibit strong 801 

suppressive effects across multiple soil types are more suitable for broad application, whereas species 802 

that perform optimally only under specific soil backgrounds may be better suited for targeted 803 

management and precision control. 804 

4.3 Feedback effects of competition on heterogeneous soils 805 

4.3.1 Competitive outcomes 806 
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Across the eight soil types, mixed planting consistently resulted in lower individual biomass of S. 807 

rostratum, and lnRR values were negative in all soils, indicating that replacement control plants 808 

effectively suppressed the growth of S. rostratum. These results support the use of locally dominant 809 

species or carefully selected replacement plants to limit the establishment and growth of S. rostratum 810 

through competitive suppression, representing a feasible control strategy [57]. Moreover, appropriate 811 

species selection can substantially enhance restoration outcomes [58]. 812 

The reduction in S. rostratum biomass under mixed planting likely reflects the combined effects of 813 

aboveground and belowground competition. Aboveground, replacement species established rapidly due 814 

to higher sowing ratios and may have reduced light availability to S. rostratum seedlings through 815 

canopy shading [59], thereby constraining growth. Belowground, the strong root proliferation capacity 816 

of Poaceae species can enhance soil space occupation [60] and accelerate the depletion of readily 817 

available resources, intensifying competition for water and inorganic nutrients. These mechanisms are 818 

consistent with general ecological theory, which posits that rapid early growth and effective spatial 819 

preemption can generate asymmetric competition and impose disproportionate growth constraints on 820 

competitively inferior species. 821 

4.3.2 Competition-mediated regulation of soil nitrogen cycling through changes in nitrogen 822 

forms 823 

Previous studies have shown that invasive plants often increase biomass and net primary productivity, 824 

enhance nitrogen availability, alter nitrogen fixation rates, and produce litter that decomposes more 825 

rapidly than that of co-occurring native species [61]. In the present study, S. rostratum monocultures 826 

and mixed plantings with replacement species generally increased soil ammonium nitrogen (NH₄⁺-N) 827 

concentrations across most soil types, with levels significantly higher than those in the blank control, 828 
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whereas replacement species grown alone exerted relatively weak effects on NH₄⁺-N. This pattern 829 

suggests that the growth of S. rostratum may promote nitrogen mineralization or modify rhizosphere 830 

microbial activity, thereby driving soil nitrogen toward the ammonium form. 831 

Competition has been shown to counteract positive plant-soil feedbacks generated by invasive species 832 

[62]. In this study, declines in NH₄⁺-N under Poaceae monocultures in some soils may be attributable to 833 

their strong nitrogen uptake capacity and preferential use of nitrate nitrogen [63], which could 834 

accelerate the depletion of inorganic nitrogen pools. 835 

In contrast, responses of NO₃⁻-N to planting treatments exhibited stronger soil background dependency. 836 

In several soil types, particularly under mixed planting, NO₃⁻-N concentrations declined significantly, 837 

indicating enhanced plant uptake or increased transformation of nitrate under competitive conditions. 838 

Conversely, in a few soils, NO₃⁻-N concentrations increased under replacement species monocultures, 839 

potentially due to stimulated rhizosphere nitrification or relatively low plant uptake efficiency. These 840 

opposing trends indicate that competition does not influence inorganic nitrogen dynamics uniformly 841 

across soils. Instead, under different initial physicochemical conditions, competition may alter the 842 

balance between NO₃⁻-N and NH₄⁺-N through distinct uptake and transformation pathways. This 843 

finding is consistent with the view that heterogeneous resource backgrounds can modify competitive 844 

mechanisms and resource feedback pathways [64]. 845 

4.3.3 Effects of competition on available phosphorus and potassium reflect resource-846 

limitation processes 847 

Responses of AK and AP to planting treatments also exhibited pronounced soil heterogeneity. In most 848 

soil types, all planting treatments significantly reduced AK concentrations, indicating strong 849 

consumption of available potassium by plant growth, with competition likely amplifying the demand 850 
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for this resource. In contrast, changes in AP were more species-specific. In some soils, S. rostratum 851 

monocultures and mixed plantings significantly increased AP concentrations, suggesting that S. 852 

rostratum may promote phosphorus mobilization through root exudation or microbial mediation. In 853 

other soils, however, replacement species grown alone exerted stronger positive effects on AP. These 854 

results indicate that different plant species may regulate phosphorus cycling through distinct pathways 855 

under competitive conditions, thereby generating differentiated soil nutrient feedbacks. 856 

4.3.4 Effects of plant competition on soil organic matter reflect carbon-nutrient coupling 857 

processes 858 

Compared with inorganic nutrients, SOM responded more conservatively to planting treatments overall, 859 

although significant differences were still observed in certain soil types. In soil group 6, S. rostratum 860 

monoculture significantly increased SOM content, which may be associated with higher litter inputs or 861 

enhanced root-derived carbon inputs. These patterns suggest that competition influences not only the 862 

immediate availability of nutrients but may also indirectly affect long-term soil fertility by altering 863 

carbon inputs and decomposition rates, highlighting the coupling between carbon and nutrient cycling 864 

processes. 865 

4.4 Implications for the practical application of replacement control strategies 866 

Soil nutrient feedbacks formed during competition between S. rostratum and replacement species 867 

exhibited pronounced dependence on soil type and competitive context. Certain replacement species 868 

were not able to suppress S. rostratum through the same mechanisms across all soil types, and their 869 

control effectiveness was strongly contingent on specific soil conditions. 870 
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In soils characterized by relatively high organic matter and nitrate nitrogen contents or rapid nutrient 871 

turnover (e.g., soil groups 1, 7, and 8, and partly soil group 6), replacement plant biomass tended to 872 

show significant or marginally significant correlations with changes in nitrate nitrogen or organic 873 

matter. Under these conditions, L. chinensis and F. arundinacea were able to efficiently utilize 874 

inorganic nitrogen and organic-matter-related processes, thereby establishing a competitive advantage 875 

over S. rostratum. 876 

In soils where changes in available phosphorus or potassium represented the primary limiting factors 877 

(e.g., soil groups 3 and 7), the biomass of M. sativa and A. cristatum showed stronger positive 878 

correlations with phosphorus or potassium dynamics, indicating higher responsiveness to fluctuations 879 

in readily available nutrients. These replacement species were able to establish positive feedbacks 880 

under physicochemical conditions characterized by rapid nutrient transformation, resulting in stronger 881 

competitive suppression of S. rostratum. 882 

By contrast, in soils with generally poor physicochemical properties or where nutrient variation 883 

explained little of the variation in plant biomass (e.g., soil groups 2 and 5), correlations between plant 884 

biomass and most soil nutrients were weak, and competitive advantages were not driven by a single 885 

limiting resource. Under such conditions, M. sativa exhibited relatively rapid responses to changes in 886 

ammonium nitrogen and available phosphorus, enabling it to gain a competitive advantage in stable but 887 

resource-limited environments. In these soils, only replacement species with high stress tolerance or the 888 

ability to respond to multiple nutrient changes were able to maintain consistent suppressive effects. 889 

Overall, Pearson correlation analyses indicated that no single replacement species was universally 890 

effective across all soil types. The ability of replacement plants to suppress S. rostratum in a given soil 891 

depended critically on whether they could establish stable positive feedbacks with the dominant 892 
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limiting nutrient dynamics in that soil. These findings underscore the importance of explicitly 893 

accounting for soil physicochemical heterogeneity when designing replacement control strategies for 894 

invasive species. 895 

Therefore, practical management of S. rostratum invasion should prioritize soil-specific selection of 896 

replacement species rather than relying on a single species or uniform control approach. Matching soil 897 

nutrient backgrounds with the functional traits of replacement plants may facilitate the development of 898 

soil-plant feedbacks unfavorable to S. rostratum, thereby enhancing the long-term stability and 899 

effectiveness of replacement control strategies. 900 

5. Conclusions  901 

This study employed a two-factor, completely randomized block pot experiment to investigate the 902 

growth responses of S. rostratum and six replacement forage species under monoculture and mixed 903 

planting across eight contrasting soil types, and to examine the regulatory role of plant-soil nutrient 904 

feedback in replacement control effectiveness. The main conclusions are as follows: 905 

Replacement forages generally suppressed S. rostratum across all soils, although the degree of 906 

suppression was strongly soil-dependent. Mixed planting consistently reduced leaf chlorophyll content 907 

and biomass of S. rostratum, with negative lnRR values were across all soil types, indicating a uniform 908 

inhibitory direction of interspecific competition. In most soils, L. chinensis, M. sativa, A. cristatum, and 909 

F. arundinacea showed relatively strong suppression, achieving biomass reductions exceeding 90% in 910 

certain soils. However, the best-performing replacement species varied among soil types, highlighting 911 

pronounced dependence of replacement control on soil context. 912 

The presence of S. rostratum altered soil nutrient status, but the direction of change depend on both  913 

soil type and competition scenarios. Overall, soil NH₄⁺-N tended to increase after S. rostratum growth, 914 
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whereas soil organic matter generally declined. In contrast, NO₃⁻-N, available phosphorus, and 915 

available potassium exhibited variable patterns across soil types and planting treatments, suggesting 916 

that the impacts of S. rostratum on nutrient dynamics are contingent on initial soil conditions. 917 

Soil nutrient changes were coupled with trait variation in S. rostratum, but this relationship showed 918 

limited consistency under soil heterogeneity. Redundancy analysis indicated that changes in soil 919 

nutrients explained 30.69% of the variation in S. rostratum traits, yet the overall model was not 920 

significant. This suggests that under heterogeneous soil backgrounds, the linear “nutrient change-trait 921 

response” relationship may be attenuated and likely regulated by soil-specific limiting factors. 922 

Soil physicochemical context likely modulates replacement control by shaping the coupling between 923 

nutrient feedback and biomass responses, thereby influencing which replacement species becomes 924 

dominant. Integrating correlation patterns with suppression outcomes suggests that in soils with higher 925 

organic matter or greater nitrogen availability, L. chinensis and F. arundinacea were more likely to 926 

gain competitive advantages. In soils where biomass responses were more tightly linked to fluctuations 927 

in readily available nutrients, M. sativa and A. cristatum tended to exhibit stronger suppression. In 928 

nutrient-poor soils or soils showing generally weak nutrient-biomass coupling, M. sativa maintained 929 

relatively stable suppression, indicating comparatively high environmental adaptability and application 930 

potential. 931 

In summary, while replacement control consistently inhibited S. rostratum across diverse soil types, its 932 

efficacy and the optimal replacement species varied substantially with soil conditions. These findings 933 

highlight the importance of matching replacement species to site-specific soil types and nutrient 934 

regimes—potentially mediated through soil nutrient feedback processes—to improve the long-term 935 

stability and sustainability of replacement control strategies. 936 
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