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Abstract 

Subjected to long-term disturbances from urban site conditions and 

anthropogenic activities, green spaces frequently confront degradation issues such as 

soil compaction and nutrient limitation. Rational plant configuration represents an 

effective strategy for optimizing soil physicochemical properties; however, the 

ameliorative effects of different perennial flowers on urban green space soils in 

Northeast China remain largely unclarified. In this study, an in situ planting 

experiment was conducted on meadow black soil utilizing seven perennial flowers 

commonly used for landscaping in Changchun City. In the third year post-planting, 

soil samples were collected to evaluate the ameliorative impacts of these perennial 

flowers on soil aggregates, carbon fractions, and enzyme activities within the 0–20 cm 

bulk and rhizosphere soils, with unplanted bare land serving as a control. 

The results indicated that the plant-induced ameliorative effects exhibited 

significant species specificity. P-PS (Pseudolysimachion spicatum) demonstrated the 



optimal synergistic amelioration potential, significantly increasing the proportion and 

stability of water-stable macroaggregates while enhancing rhizosphere available 

nitrogen by 67.6% compared to the control. Additionally, P-PS, P-SJ (Salvia 

japonica), and P-HE (Hosta ensata) significantly elevated microbial biomass carbon 

(MBC). Although P-LL (Lycopus lucidus) and Rudbeckia hirta enhanced invertase 

activity, this process was accompanied by a short-term active consumption of soil 

organic carbon (SOC). Furthermore, the Mantel test revealed a highly significant 

correlation between variations in soil enzyme activities and the dynamics of SOC 

fractions (P < 0.001). 

In conclusion, under conventional landscape management scenarios, P-PS can 

synergistically improve soil structure and augment nitrogen availability, exhibiting 

superior potential for soil amelioration and fertility enhancement. Therefore, it is 

highly recommended as a priority candidate plant to simultaneously sustain landscape 

aesthetics and soil health in Northeast China. 
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Introduction 

Under the backdrop of rapid urbanization and long-term anthropogenic 

disturbances (such as trampling and topsoil stripping), the physicochemical properties 

of urban green space soils have undergone significant alterations. Consequently, green 

space soils in Northeast China frequently confront issues such as increased 

compaction, deteriorated permeability and aeration, and nutrient imbalances, which 

negatively impact their original physical structures and biochemical cycling processes 

[1-3]. 

Under conventional landscape maintenance conditions, the in situ ecological 

amelioration of soils using landscape plants, functioning as a Nature-based Solution 

(NbS), has emerged as an effective approach for optimizing urban soil structure and 



enhancing soil fertility [4]. Among various landscape plants, perennial flowers—

characterized by their well-developed root architectures, prolonged growth cycles, 

and exceptional environmental adaptability—can successfully establish and exert 

enduring ameliorative effects on soils through rhizosphere processes such as physical 

root penetration, exudate mediation, and residue turnover [5-7]. Compared with 

annual flowers, perennial flowers possess distinct advantages in enhancing soil carbon 

sequestration and improving aggregate structure [8-10]. However, most existing 

research on plant-induced soil amelioration has primarily focused on field crops or 

arboreal forestlands [11, 12], whereas studies on the systematic amelioration 

mechanisms and practical applications of perennial flowers remain relatively scarce. 

In particular, quantitative evaluations of the soil amelioration efficacy of typical 

perennial flowers under conventional landscape management scenarios are still 

lacking. 

Soil aggregate composition and stability, in synergy with soil organic carbon 

(SOC) fractions, constitute core indicators for assessing soil structural quality and 

fertility enhancement [13]; their interactions directly determine the aeration, 

permeability, and nutrient retention capacity of the soil. Concurrently, soil enzyme 

activities, acting as sensitive indicators of microbial metabolic characteristics, drive 

organic carbon transformation and aggregate formation, thereby directly reflecting the 

evolutionary trends of soil microecology during the plant-driven amelioration process 

[14]. Although it is widely acknowledged that plants can enhance soil structure and 

elevate carbon pool levels [15], the differential impacts and underlying regulatory 

mechanisms of perennial flowers with diverse root architectures on the complex 

coupled system of "aggregates-SOC-enzyme activities" remain elusive, particularly in 

the context of high-latitude, cold urban green spaces in Northeast China. This research 

gap substantially constrains the precise configuration and application of perennial 

flowers in urban ecological landscapes. 

This study aims to address the following two core scientific questions: (1) to 

evaluate the growth adaptability of different perennial flowers under conventional 

landscape maintenance and their comprehensive ameliorative effects on soil physical 



structure (aggregate stability) and biochemical properties (carbon fractions and key 

enzyme activities); and (2) to elucidate the coupling relationships among soil enzyme 

activity variations, SOC fraction dynamics, and physical structural optimization 

during the plant-induced soil amelioration process. The findings of this study will 

provide profound insights into the ecological mechanisms by which perennial flowers 

ameliorate urban soils, offering a scientific basis for the precise configuration of 

landscape vegetation and the sustainable enhancement of comprehensive soil fertility 

in Northeast China. 

 

1. Materials and methods 

1.1. Description of the study area 

The experimental site was located at the experimental field of the West Campus, 

Changchun University, in Changchun City, Jilin Province, China (125°18′ E, 43°50′ 

N). Situated in the hinterland of the Songnen Plain, this region is characterized by a 

mid-temperate continental monsoon climate. The region has a mean annual 

temperature of 5.2 °C, a mean annual precipitation of 570 mm, and an annual 

effective accumulated temperature of 2900 °C. According to the classification criteria 

of the Resource and Environment Science and Data Center, Chinese Academy of 

Sciences, the soil at the experimental site is classified as meadow black soil, with a 

predominantly clay loam texture. This site represents a typical urban green space soil 

habitat in Northeast China. 

1.2. Experimental materials 

In this study, seven representative perennial herbaceous flowers widely utilized 

in the urban landscaping of Changchun City were selected: P-LL (Lycopus lucidus), 

P-GP (Gaillardia pulchella), P-SJ (Salvia japonica), P-RH (Rudbeckia hirta), P-HF 

(Hemerocallis fulva), P-HE (Hosta ensata), and P-PS (Pseudolysimachion spicatum). 

None of these selected species are rare, endangered, or protected plants. We confirm 

that all experimental research and use of plant material in this study complied with all 

relevant institutional, national, and international guidelines and legislation. 



1.3. Experimental design 

This experiment was conducted from May 2023 to September 2025. To eliminate 

the interference of prior vegetation on soil physicochemical properties, all surface 

weeds were eradicated in May 2023, and the field was naturally air-dried for two 

weeks to prepare the planting bed. A total of eight treatments were established: 

monoculture plots for the seven tested herbaceous perennials and one unplanted bare 

land control (CK). Each treatment was arranged with three block replicates. The 

experimental plot area was set to 2 m × 2 m, and the planting density was uniformly 

controlled at 16 plants m⁻².In May 2023, vigorous seedlings of consistent age were 

transplanted into the experimental plots. Moderate irrigation was applied during the 

initial two weeks post-transplanting to ensure seedling establishment. Once the plants 

were established, conventional landscape maintenance was simulated; only periodic 

weeding was performed to guarantee the completely bare state of the CK plots and the 

monoculture status of each planted plot. 

1.4. Measurement items and methods 

Sampling was conducted in September 2025, at which point the canopy coverage 

of each treatment plot had stably reached over 85%. Within each plot, an "S"-shaped 

five-point sampling method was employed to randomly select five representative 

plants with uniform growth, which were entirely excavated. The loose soil on the 

roots was shaken off, and the soil firmly adhering to the roots (1–2 mm) was 

subsequently brushed off and collected as the rhizosphere soil sample. Bulk soil 

samples were collected from the 0–20 cm soil layer. The five samples within the same 

plot were pooled to form a single composite sample, resulting in three biological 

replicates per treatment (n = 3). After removing plant residues and gravel and mixing 

thoroughly, the rhizosphere soil samples were placed in sterile Ziploc bags and stored 

at 4 °C for the determination of chemical indicators such as enzyme activities. The 

bulk soil samples were naturally air-dried indoors and passed through sieves of 

various mesh sizes for the assessment of physical indicators, including soil 

aggregates. 

The dry sieving method utilized a sieve series with mesh sizes of 5, 2, 1, 0.5, and 



0.25 mm to fractionate the soil into six particle-size classes. The Le Bissonnais 

method was introduced to quantify the content of water-stable macroaggregates and to 

evaluate the soil's resistance to water disruption [16]. Soil organic carbon (SOC) and 

microbial biomass carbon (MBC) were determined using the Walkley-Black 

potassium dichromate oxidation method and the chloroform fumigation-extraction 

method, respectively [17]. The calculation of MBC was based on a standard 

extraction conversion factor (Kec = 0.45). Soil enzyme activities were assayed as 

follows: catalase activity was measured via the potassium permanganate titration 

method [18]; phosphatase activity was determined using the disodium phenyl 

phosphate colorimetric method [19]; urease activity was analyzed by the sodium 

phenate-sodium hypochlorite colorimetric method [20]; cellulase and invertase 

activities were both quantified employing the 3,5-dinitrosalicylic acid (DNS) 

colorimetric method [21], utilizing a spectrophotometer to evaluate the mineralization 

efficiency of soil organic carbon. 

1.5 Data processing and statistical analysis 

The stability indicators of soil water-stable aggregates were expressed using the 

mean weight diameter (MWD) and geometric mean diameter (GMD):  

𝑀𝑊𝐷 =  ∑ ௜௡ݓ௜ݔ
௜=1 ∑ ௜௡ݓ

௜=1 (1) 

 

= 𝑀𝐷ܩ exp [∑ ௜݈݊௡௜=1ݓ ௜ݔ ∑ ௜௡ݓ
௜=1 ] (2) 

ܲ = ௜ݓ௜ߣ × ݓ 100% (3) 

where  is the mean diameter of aggregates in the i-th size class (mm);  is 

the percentage content of aggregates corresponding to  ;   is the organic carbon 

content of aggregates in the i-th size class（g·kg-1）; w is the total soil organic carbon 

content（g·kg-1）; n is the number of aggregate size classes (n = 4); and P represents 

the contribution rate of organic carbon from aggregates in each size class.  

All statistical analyses were performed using SPSS 25.0 software. Prior to the 



significance analysis of differences, the Shapiro-Wilk test and Levene's test were 

employed to evaluate the normality of data distribution and the homogeneity of 

variances, respectively. The results indicated that all data met the aforementioned 

assumptions; subsequently, a one-way analysis of variance (ANOVA) combined with 

Duncan's multiple range test was conducted to assess the significant differences (P < 

0.05) in soil aggregate distribution and stability, organic carbon content, and enzyme 

activities among the different herbaceous perennial planting treatments. Data 

visualization was generated using Origin 9.0 software, and the data presented in the 

figures and tables were expressed as "Mean ± standard deviation (SD)". 

2. Results and analysis 

2.1. Comprehensive effects of herbaceous perennials on soil physicochemical 

and biological properties 

Although different herbaceous perennial treatments did not significantly alter soil 

bulk density and total porosity (P > 0.05), they significantly influenced pore size 

distribution and moisture characteristics (Table 1). Compared with the control (CK), P-

HE significantly increased non-capillary porosity (P < 0.05), thereby improving the 

aeration conditions in deep soil layers. Furthermore, soil water retention capacity 

exhibited pronounced interspecific differences, with the P-HF treatment recording the 

highest soil moisture content (13.9%) and P-PS showing the lowest (5.1%). These 

findings indicate that the root systems of different herbaceous perennials can 

specifically ameliorate the soil micro-physical structure, which can provide a 

theoretical basis for balancing the "aeration-water retention" functions in practical plant 

configurations.  

Table 1 soil physical properties 

Treatment BD 

（g·cm-3） 

SMC（%） PORT（%） CP（%） NCP（%） 

CK 1.0±0.1a 8.1±1.7bcd 62.3±3.8a 8.1±1.9b 54.2±4.2a 

P-LL 1.1±0.1a 10.7±1.1abc 58.5±3.8a 11.8±1.6ab 46.7±4.1a 



P-GP 1.0±0.3a 10.4±4.4abc 62.3±11.3a 10.4±5.4ab 51.9±12.5a 

P-SJ 1.0±0.1a 12.5±4.4ab 62.3±3.8a 12.5±4.6ab 49.8±5.9a 

P-RH 1.2±0.1a 10.9±0.6abc 54.7±3.8a 13.1±1.3ab 41.6±4.0a 

P-HF 1.2±0.1a 13.9±2.2a 54.7±3.8a 16.7±3.0a 38.0±4.8a 

P-HE 1.1±0.1a 7.2±0.4cd 58.5±3.8a 7.9±0.8b 50.6±3.9a 

P-PS 1.2±0.1a 5.1±1.2d 54.7±3.8a 6.1±1.5b 48.6±4.1a 

p-value >0.05 <0.05 >0.05 <0.05 >0.05 

Note: BD, soil bulk density; SMC, soil moisture content; PORT, total porosity; CP,capillary porosity; 

NCP,non-capillary porosity; P-value, probability value.; 0-20 cm Bulk Soil ;Values are presented as 

means ± SE (n = 3). Different lowercase letters indicate significant differences among treatments at 

the P < 0.05 level (the same applies below). 

P-RH and P-PS exhibited remarkable promotive effects on macroaggregate 

formation (Table 2). P-RH demonstrated the strongest cementation capacity for large 

macroaggregates (> 5 mm), showing an approximately 11-fold surge compared to the 

control (CK) and thereby achieving the highest mean weight diameter (MWD). 

Meanwhile, P-PS significantly elevated the proportion of > 2 mm aggregates; it 

exhibited outstanding MWD and geometric mean diameter (GMD) values, constructing 

a more balanced and erosion-resistant soil structure. Conversely, both MWD and GMD 

decreased under the P-SJ and P-LL treatments, where the soil displayed a distinct 

"fining" tendency. In summary, different herbaceous perennials can indeed significantly 

influence soil physical properties via their root systems, finely regulating soil structure 

primarily by driving macroaggregate formation and microaggregate transformation. 

Table 2 The mass percentage of soil aggregates under the planting conditions of seven Herbaceous 
perennials. 

Treatment Size fraction（mm）     

＞5 5-2 2-1 1-0.5 0.5-0.25 MWD GMD PAD WSAS 

CK 0.5±0.1c 4.5±0.7d 24.3±1.1a 41.1±0.4c 31.8±2.2d 0.98±0.01c 0.59±0.01b 64.64 32.04 

P-LL 0.3±0.3c 5.3±0.1cd 10.1±0.1d 26.8±0.5e 57.4±0.9a 0.77±0.02e 0.64±0.01e 50.88 45.24 

P-GP 0.5±0.1c 1.6±0.1e 18.2±0.5c 34.4±1.0d 44.1±4.5b 0.78±0.01e 0.60±0.01d 67.27 30.14 

P-SJ 0±0c 1.4±0.1e 0.1±0.2e 57.7±0.9a 37.8±1.8c 0.63±0.01f 0.78±0.02e 74.06 23.40 

P-RH 6.2±0.3a 11.5±0.8a 2.4±0.1e 35.3±1.4d 43.1±0.6b 1.24±0.01a 0.71±0.01b 69.91 27.56 



P-HF 0.3±0.1c 6.8±0.6b 21.5±2.7b 28.1±0.6e 44.6±1.1b 0.96±0.01d 0.77±0.01c 51.65 43.76 

P-HE 0.4±0.4c 5.9±0.5c 17.4±2.1c 50.6±1.9b 26.4±0.9e 0.97±0.01c 0.78±0.01b 64.10 32.24 

P-PS 3.5±0.5b 5.3±0.5cd 25.3±1.0a 41.6±1.1c 23.1±1.3e 1.17±0.01b 0.89±0.01a 61.42 35.22 

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  <0.05  

Note: MWD, mean weight diameter; GMD, geometric mean diameter; PAD, percentage of 

aggregate destruction; WSAS, water-stable aggregate stability; 0-20 cm Bulk Soil.  

The seven herbaceous perennials significantly altered soil chemical properties 

and nutrient profiles (Table 3). Soil pH was maintained within a slightly alkaline 

range (7.3–7.5), whereas electrical conductivity (EC) exhibited strong interspecific 

differences: P-HE and P-LL significantly elevated EC, while P-HF significantly 

decreased it. Furthermore, the regulatory strategies for nitrogen cycling varied 

dramatically among species. P-LL significantly enriched total nitrogen (TN, 1.2 g 

kg⁻¹), and P-PS demonstrated a robust nitrogen mineralization capacity, boosting the 

alkali-hydrolyzable nitrogen (AN) content by 67.6%. Conversely, P-SJ and P-HF 

caused a dual deficit in both TN and AN. Additionally, most treatments depleted soil 

total phosphorus (TP). However, P-GP, P-PS, and P-RH all significantly increased the 

contents of total potassium (TK) or available potassium (AK), exhibiting excellent 

potassium activation and enrichment functions. In summary, different herbaceous 

perennials can indeed significantly influence and reshape the soil chemical 

environment through specific nutrient consumption and enrichment strategies. 
Table 3 soil chemical properties and nutrient content 

Treatment EC
（μS/cm） 

pH TN 

（g·kg-

1） 

TP 

（g·kg-

1） 

TK 

（g·kg-

1） 

AN 

（mg·kg-

1） 

AP 

（mg·kg-

1） 

AK 

（mg·kg-

1） 

CK 269.0±1.0d 7.5±0.1bc 0.8±0.0c 1.0±0.0a 6.0±0.1c 72.2±1.1d 84.8±0.8c 113.1±0.1h 

P-LL 283.0±1.0b 7.3±0.0e 1.2±0.0a 0.9±0.0b 6.2±0.2b 85.9±1.4b 94.5±1.0a 194.4±0.1c 

P-GP 256.3±0.6e 7.4±0.0cd 1.0±0.0b 0.8±0.0c 7.4±0.1a 76.2±1.5c 87.0±0.6b 197.0±0.2b 

P-SJ 267.3±1.5d 7.4±0.0cd 0.7±0.0f 0.5±0.0f 5.9±0.1c 50.9±1.6f 47.7±0.5f 161.5±0.1e 

P-RH 253.7±0.6f 7.4±0.0de 0.8±0.0c 0.6±0.0e 6.3±0.1b 55.1±0.7e 58.8±1.3e 203.8±0.3a 

P-HF 230.0±1.0g 7.3±0.0e 0.6±0.0g 0.9±0.0b 5.9±0.1c 50.0±1.3f 73.8±1.4d 152.4±0.2f 
P-HE 295.3±1.2a 7.5±0.0a 0.8±0.0d 0.8±0.0d 6.3±0.0b 73.6±1.2d 93.6±0.7a 129.8±0.1g 

P-PS 271.7±1.5c 7.5±0.1ab 0.7±0.0e 0.8±0.0c 7.3±0.1a 121.0±1.3a 74.2±2.3d 175.2±0.4d 

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Notes: EC, electrical conductivity; pH, Potential of hydrogen; TN, total nitrogen; TP, total 

phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available 



potassium; Rhizosphere Soil.  

2.2 Effects of seven herbaceous perennials on five soil enzyme activities 

Regarding soil antioxidation and carbon metabolism, P-HF induced the strongest 

positive stimulation of catalase activity (Figure 1a). Furthermore, P-LL and P-RH 

significantly elevated sucrase activity (Figure 1c). P-HE substantially enhanced 

cellulase activity, whereas P-RH and P-HF exerted a profound inhibitory effect on it 

(Figure 1b). In the context of nitrogen (N) and phosphorus (P) cycling, contrary to the 

traditional positive priming effect, all tested herbaceous perennials induced a 

significant negative rhizosphere effect on phosphatase activity (Figure 1d). Urease 

activity exhibited a gradient differentiation; P-PS maintained the native N 

transformation potential, whereas P-RH and P-HF demonstrated severe inhibition 

(Figure 1e). Taken together, the different herbaceous perennials markedly reshaped 

the soil microecology via the specific regulation of enzymatic systems, exhibiting 

multidimensional functional trade-offs. Specifically, P-LL and P-HE were the most 

prominent in stimulating the activities of carbon cycle-related hydrolytic enzymes. 

Conversely, P-HF and P-RH tended to enhance singular metabolic functions and 

antagonize hydrolytic enzymes, reflecting a distinct ecological niche differentiation.  

 

Figure.1 Effects of seven Herbaceous perennials on five soil enzyme activities 

Note: (a) Catalase; (b) Cellulase; (c) Invertase; (d) Alkaline phosphatase; (e) Urease. Rhizosphere 

Soil.Different lowercase letters indicate significant differences among treatments (P < 0.05). The 



same applies below. 

2.3 Effects of Seven Herbaceous Perennials on Soil Organic Carbon and 

Microbial Biomass Carbon Contents  

After two consecutive years of establishment and growth, the apparent soil 

organic carbon (SOC) and microbial biomass carbon (MBC) exhibited significant 

differences among the various herbaceous perennial treatments (Figures 2 and 3). 

Specifically, the detected SOC values under treatments such as Rudbeckia hirta, P-

LL, and P-HF were significantly lower than those of the control group (P < 0.05). 

This significant short-term decline in SOC may be attributed to a strong rhizosphere 

priming effect induced by the plants. The well-developed root systems of herbaceous 

perennials release substantial amounts of labile carbon-rich exudates into the soil, 

which stimulate the activity of rhizosphere microorganisms. To meet the subsequently 

increased nutrient demands, these active microorganisms accelerate the mineralization 

and decomposition of the native stable organic matter, thereby leading to a short-term 

decrease in apparent SOC content. Concurrently, the MBC determination results 

further corroborate the sensitive response of the microbial community to different 

plant root inputs. As illustrated in Figure 3, treatments including P-SJ, P-PS, and P-

HE significantly increased the MBC content. The extremely small standard deviations 

(SD) within these treatment groups demonstrate excellent data stability, accurately 

reflecting the specific impacts of different herbaceous perennials on the rhizosphere 

microenvironment. Collectively, the aforementioned variation characteristics of the 

carbon pool fractions manifest the highly dynamic carbon turnover processes within 

the plant ecosystem, providing robust data support for elucidating the regulatory 

mechanisms of the rhizosphere microecology of herbaceous perennials. 

To explore the potential covariation characteristics among soil physicochemical 

properties, aggregates, enzyme activities, and carbon fractions, Pearson correlation 

analysis and Mantel tests (based on 999 permutations) were conducted (Figure 4). The 

results indicated that soil macroaggregates (> 5.0 mm and 2.0–1.0 mm) and mean 

weight diameter (MWD) were significantly and positively correlated with multiple 

enzyme activities (CAT, CEL, ALP, and URE) (P < 0.05). The Mantel test 



preliminarily suggested significant statistical couplings between the dynamic changes 

in SOC and MBC and the modules of physicochemical properties, aggregate 

distribution, and enzyme activities (P < 0.05). The aforementioned correlation 

network demonstrates that the introduction of herbaceous perennials may provide a 

favorable microenvironment for enzymatic reactions by improving the fundamental 

physical structure of the soil, which in turn is closely associated with the turnover of 

active carbon fractions. However, given the statistical limitations associated with a 

small sample size, these complex covariation relationships among multivariate factors 

and their potential causal driving mechanisms remain to be rigorously verified in 

future studies with larger sample sizes and longer observation periods. 

 

Figure.2 Effects of seven Herbaceous perennials on soil organic carbon content. 
Note:Rhizosphere Soil. 

  

Figure.3 Effects of seven Herbaceous perennials on soil microbial biomass carbon content. 
Note:Rhizosphere Soil. 

 



Figure.4 Mantel test and Pearson correlation analysis of soil factors and carbon components 

Note: * P < 0.05; **P < 0.01; ***P < 0.001; Note:Rhizosphere Soil. 

 

3 Discussion 

3.1 Effects of diverse herbaceous perennials on soil physical properties and 

aggregate structural stability 

Through deep coupling between root systems and the soil, herbaceous perennials 

significantly reshape the rhizosphere physical microenvironment. The present study 

reveals that varying herbaceous perennials exert heterogeneous effects on soil bulk 

density and pore distribution due to their differentiated growth characteristics. 

Compared with the unplanted control (CK), species such as Rudbeckia and P-HF 

increased soil compaction and reduced total porosity. This was primarily attributed to 

the pressure generated by root growth, which rearranged soil particles, and the 

extensive root systems that clogged pre-existing pores [22]. Regarding moisture 

regulation mechanisms, despite the unfavorable structural condition characterized by 

a significant reduction in capillary porosity, P-HF exhibited an excellent capacity for 

soil moisture retention. This nonlinear correlation between structure and function 

compellingly validates the "aboveground microenvironment shielding hypothesis" 

[23]: its dense surface canopy effectively mitigates passive water loss from the topsoil 

via physical shielding, thereby compensating for the moisture regulation deficit 

caused by the deterioration of the physical structure. This mechanism resonates 

strongly with recent studies on plant-soil interactions. For instance, Gentsch et al. 

demonstrated that plant canopies with high crown closure not only promote the stable 

distribution of macroaggregates but also substantially enhance the matrix's water 

retention capacity through interception and microenvironment remodeling [24]. In 

contrast, the lower soil moisture content in the P-PS plots was closely related to its 

vigorous physiological water demand. This indicates that the shaping of the 

rhizosphere moisture environment by plants is a comprehensive consequence jointly 

driven by root reconstruction effects and aboveground resource trade-offs. 

Rhizosphere nutrient dynamics reflect the differentiated resource acquisition 



strategies of plants. P-LL significantly enriched total nitrogen, suggesting that its root 

exudates might have stimulated the activity of free-living diazotrophs in the 

rhizosphere [25]. Conversely, P-SJ and P-HF induced a substantial deficit in the 

nitrogen pool, revealing that these species adopt a "high-intensity nutrient mining" 

strategy to support rapid aboveground growth [26]. In the phosphorus cycle, the vast 

majority of plants exacerbated total phosphorus depletion, confirming the 

characteristic of phosphorus as a limiting factor in slightly alkaline soils. Notably, P-

PS induced a substantial increase (+67.6%) in alkali-hydrolyzable nitrogen, indicating 

a strong priming effect on nitrogen mineralization within its rhizosphere 

microenvironment [27]. This discrepancy fundamentally reflects an ecological 

mechanism wherein plants selectively remodel microbial communities to meet their 

own stoichiometric demands by regulating rhizosphere carbon inputs. As emphasized 

by Liu in elucidating the "carbon-for-nitrogen" strategy, root exudates from specific 

plants can act as signaling molecules and carbon sources, profoundly altering 

microbe-mediated nitrogen transformation pathways and consequently determining 

the contribution rates of gross nitrogen mineralization and nitrogen fixation to the 

plant-available nitrogen pool [28]. Concurrently, Gaillardia, P-PS, and Rudbeckia 

were found to possess exceptional potassium activation capabilities, significantly 

elevating soil total potassium and available potassium contents (particularly 

prominent in Rudbeckia). The underlying micromechanism is likely closely associated 

with the secretion of low-molecular-weight organic acids by roots to promote mineral 

weathering, or the specific enrichment of potassium-solubilizing bacteria [29]. 

Simultaneously, the elevated electrical conductivity observed in P-HE and P-LL 

corroborates active rhizosphere ion exchange processes. This study fills a critical gap 

regarding the rhizosphere nutrient regulation mechanisms of urban ornamental plants, 

confirming that herbaceous perennials can actively remodel rhizosphere chemical 

cycling through "nitrogen fixation," "intensive mineralization," or "potassium 

activation." Such niche differentiation in nutrient utilization provides crucial 

microecological evidence for the future construction of low-input, self-sustaining 

mixed planting communities in urban landscaping.  



3.2 Effects of diverse herbaceous perennials on soil nutrients and enzyme 

activities 

Soil enzyme activities elucidate the metabolic adaptation mechanisms of the 

rhizosphere microecology. In this study, all investigated plants reduced phosphatase 

activity, which seemingly contradicts the traditional "resource scarcity-induced 

enzyme secretion" theory. However, considering the exceptionally high available 

phosphorus content in the background soil, we propose that this represents a typical 

"negative feedback inhibition" mechanism [30]. Given the sufficient available 

phosphorus pool, neither plants nor microorganisms are required to invest substantial 

metabolic energy into phosphatase synthesis; this "economic principle" is ubiquitous 

in eutrophic habitats [31]. Concurrently, the lower urease activity in planted soils 

compared to the unplanted bare land control (CK) was attributed to the fact that 

microorganisms in the CK, deprived of available nutrients, secreted massive amounts 

of urease to decompose organic nitrogen. Following plant establishment, however, 

root exudates functioned as natural urease inhibitors, deactivating free urease and 

resulting in significantly lower urease activity than that of the CK [32]. 

Regarding carbon and nitrogen metabolism, different species exhibited distinct 

functional trade-offs: the exceptionally high catalase activity in P-HF indicated its 

proactive construction of a highly oxidized rhizosphere to combat environmental 

stress. This may be the result of the plant actively secreting antioxidants to defend 

against pathogens or detoxify harmful rhizosphere metabolites [33]. Conversely, P-

HE and P-LL generated a positive priming effect by elevating cellulase or invertase 

activities, thereby accelerating organic carbon turnover [34], which aligns with the 

significant enrichment of total nitrogen content in the rhizosphere soil of P-LL (Table 

3). 

3.3 Synergistic regulation effects of diverse herbaceous perennials on the 

compositional stability of soil aggregates and carbon fractions 

Through the deep coupling of root systems and soil, herbaceous perennials 

significantly reshape the soil physical microenvironment. The formation and stability 

of soil macroaggregates (> 2 mm) serve as key indicators for evaluating the erosion 



resistance of soil structure. In this study, plant root traits significantly influenced the 

evolutionary trajectory of soil aggregate structure. Rudbeckia and P-PS, characterized 

by high-density fibrous root systems, significantly promoted the accumulation of > 2 

mm macroaggregates, likely through physical entanglement and exudate cementation 

[35, 36]. Conversely, owing to a higher degree of root lignification and fewer active 

fine roots in P-SJ and P-LL, macroaggregates were prone to disintegrate into 

microaggregates under external pressure in the absence of physical anchoring and 

biochemical cementing agents, leading to a "fining" trend dominated by 

microaggregates [37]. The significant increase in macroaggregates under the 

Rudbeckia and P-HF treatments implies that these species may possess stronger 

rhizodeposition capacities. This not only directly provides cementing materials but 

also indirectly promotes the biological aggregation of soil particles by stimulating 

rhizosphere microbial activity [38]. Rudbeckia and P-PS elevated the soil mean 

weight diameter (MWD) and geometric mean diameter (GMD), significantly 

enhancing soil porosity and erosion resistance; this fills a current gap in research on 

the soil ecological functions of ornamental plants. Based on a "morphology-function" 

oriented plant screening strategy, species with strong aggregate-promoting 

capabilities, such as P-PS, should be utilized as pioneer plants for urban soil 

amelioration [39, 40]. 

Herbaceous perennials profoundly alter the accumulation levels of core soil 

carbon fractions (MBC and SOC) through differentiated carbon input strategies. At 

the soil organic carbon (SOC) level, this study challenges the traditional paradigm 

that "vegetation cover inevitably enhances carbon sinks" [41]. Lacking root 

disturbance, the control group (CK) maintained a high level of SOC because its intact 

aggregate physical barrier effectively blocked the contact between substrates and 

microorganisms [42, 43]. The introduction of herbaceous perennials disrupted this 

equilibrium. Gaillardia, relying on a higher root biomass input, effectively 

compensated for the carbon loss caused by microbial respiration, thereby maintaining 

a dynamic balance in the carbon budget [44]. Conversely, following the introduction 

of Rudbeckia and P-LL, although the physical structure of the soil was improved, the 



input of fresh root-derived carbon sources triggered a strong rhizosphere priming 

effect [45]. Analysis by Huo et al. (2017) demonstrated that the rhizosphere priming 

effect is ubiquitous across diverse ecosystems, where living plant roots frequently and 

significantly accelerate the decomposition of originally stable SOC [46]. According to 

the microbial co-metabolism theory, these fresh carbon sources provide "activation 

energy" for starved microorganisms, stimulating them to synthesize degradative 

enzymes and consequently consuming large amounts of old, stable SOC that was 

previously physically protected [47]. Regarding microbial biomass carbon (MBC), 

high-yielding root systems such as those of P-SJ release substantial quantities of 

active exudates, providing abundant substrates for underlying enzymatic reactions. 

This significantly stimulates microbial activity and promotes the accumulation of 

MBC and necromass carbon [48, 49]. Such active microbial metabolic processes are 

considered to potentially facilitate the accumulation of microbial necromass, which 

constitutes a core pathway for the formation of stable SOC pools [50]. In contrast, P-

HF and Rudbeckia may induce microbial nitrogen limitation due to the allelopathic 

inhibition of secondary metabolites or the high carbon-to-nitrogen ratio of their litter, 

triggering a negative feedback loop of "structural impairment–microbial limitation" 

[51]. 

In summary, this study revealed a tightly coupled network between 

multidimensional environmental factors and soil carbon fractions via the Mantel test. 

Favorable basal physicochemical properties fundamentally determine the water and 

aeration permeability of the soil, creating an irreplaceable physical space for 

microbial colonization [52, 53]. Concurrently, the correlation network suggests that 

soil aggregates exert a dual regulatory function as a core "hub" within this micro-

ecosystem: on one hand, macroaggregates can protect organic carbon from 

degradation through physical encapsulation; on the other hand, the aggregation 

process helps maintain stable enzymatic reaction efficiency by providing microhabitat 

refuge for extracellular enzymes. This optimization of the physical structure likely 

provides favorable conditions for the efficient transformation of substrates, which in 

turn is closely associated with the accumulation of core carbon pools (particularly the 



active MBC) [54]. This coupling characteristic highly aligns with the cutting-edge 

theory that the carbon cycle is governed by the "dynamic equilibrium between 

physical protection and microbial accessibility" [55]. Therefore, in the future 

construction of mixed planting communities in urban landscaping, it is essential not 

only to evaluate the ameliorative potential of plants on soil physical structure but also 

to weigh the potential impacts of the rhizosphere priming effect—triggered by their 

fresh carbon inputs—on the stability of deep carbon pools, thereby maximizing the 

carbon sequestration benefits of urban green space ecosystems.  

Conclusions 

Under conventional urban greening scenarios, all tested herbaceous perennials 

exhibited robust adaptability, and their ameliorative effects on the soil 

microenvironment demonstrated significant species-specificity. Notably, P-PS 

possessed the optimal synergistic potential for “growth–amelioration”. It not only 

established the most stable and uniform soil aggregate network—recording the 

highest mean weight diameter (MWD) and geometric mean diameter (GMD) among 

all treatments—but also drove a substantial 67.6% increase in soil available nitrogen 

while maintaining exceptionally high urease activity and microbial biomass carbon. 

This dual functionality effectively resolved the traditional trade-off dilemma between 

physical structure optimization and nutrient depletion. In conclusion, P-PS perfectly 

aligns with the dual objectives of landscape enhancement and soil fertility 

improvement, rendering it an optimal candidate species for urban greening in 

Northeast China. For future landscaping practices, we recommend establishing multi-

species mixed communities based on a morphological–functional complementarity 

strategy to ensure the long-term enhancement of comprehensive soil fertility in urban 

green spaces. 
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