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Urban wilderness has gradually emerged as a hot spot for urban ecological research due to its crucial 
role in maintaining urban ecosystem services and protecting biodiversity. Compared to natural 
areas, urban wildnesss are more susceptible to invasions by alien species, which pose a threat to the 
functionality of the urban ecosystem. Currently, our understanding of biodiversity within various 
types of urban wilderness is not comprehensive, and the laws governing biodiversity changes due to 
alien species invasions remain unclear. This study focuses on an abandoned grassland community on 
a campus in northern China, which has been invaded by the alien weed Gaura parviflora. The study 
measured the characteristics of the aboveground community and the soil seed bank, comparing and 
analyzing species composition, plant/seed density, species diversity, and similarity at different levels of 
invasion (uninvaded, moderately invaded, severely invaded). The findings indicate that the uninvaded 
abandoned grassland community is rich in species (with 32 species) and has significant recovery 
potential (with an average seed density of 11,671 seeds per square meter). The community harbors 
multiple alien invasive species both aboveground and within the soil seed bank, and its succession 
process is influenced by biological invasions and human disturbances. The invasion by G. parviflora 
alters the species composition of both the aboveground community and the soil seed bank, resulting 
in a significant increase in plant density within the aboveground community. Its impact on the soil seed 
bank varies with soil depth, leading to a notable decrease in seed density in the 0–5 cm layer compared 
to the 5–10 cm and 10–15 cm layers; while the Shannon-Wiener biodiversity index for the 0–5 cm and 
10–15 cm layers is lower than that of the uninvaded and severely invaded plots. This study reveals 
that the campus abandoned grassland community faces a high risk of biological invasion, and the 
invasion by G. parviflora has a more significant impact on the soil seed bank than on the aboveground 
community, which could lead to substantial changes in community species composition and a loss 
of biodiversity in the soil seed bank. It is therefore strongly recommended that greater attention be 
given to the impact of biological invasions on seed banks within the management of campus wild 
ecosystems.
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Given the rapid acceleration of the global urbanization process,  the protection of urban ecosystem biodiversity has 
become a top protection priority1. Urban wildness is the land2 dominated by natural processes in the urban interior 
or surrounding areas. Urban wildness has an important and unique value in reconnecting human and nature, 
promoting human physical and mental health, protecting biodiversity, and maintaining ecosystem services3.

Due to human development activities, urban areas experience a higher influx of these species compared to 
rural or natural areas4–6, and they become central to the introduction of alien species, which has significant 
impacts on biodiversity, ecosystem function, ecosystem services, and human well-being7,8.Our current 
understanding of the hazard situation and invasion mechanisms of many exotic plants is largely based on studies 
of aboveground vegetation9–12, however, less is known about the effects of biological invasion on community soil 
seed banks13,14. Studies have shown that the biological invasion of local plant communities leads to a decrease in 
biodiversity, an increase in the dominance of invasive species, and changes in the physiochemical properties of 
the soil environment15. However, the impact of invasive species on aboveground vegetation may differ from their 
effect on seed banks16–20.The soil seed bank refers to the total sum of all viable seeds present on the soil surface 
and within the soil. It connects the past, present, and future of plant communities, representing their potential 
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regeneration capacity21. Studying the effects of biological invasion on the community soil seed bank can not only 
reveal the ecological impact and survival potential of alien species but also provide a reference for developing 
strategies to control biological invasions and restore local vegetation17,22,23.

In many ecosystems, alien invasive species impact the replenishment of the seed bank by hindering the 
growth of native plants. Simultaneously, the seeds of these invasive species infiltrate the soil seed bank, inevitably 
altering its size and the species composition24 Additionally, many invasive alien plants exhibit allelopathy25, 
which can result in the depletion of native plant seeds’ vitality by inhibiting the germination of seeds in the soil 
seed bank, and may even cause the permanent disappearance of some occasional species.Then, how does the 
invasion of Gaura parviflora affect the biodiversity of urban wildness communities, and is there any difference 
in the influence on the aboveground community and the soil seed bank of different soil layers? Studying and 
answering these questions is helpful to enhance people’s understanding of the invasion mechanism of G. 
parviflora, and provide theoretical guidance for urban management of alien species invasions.

In central and eastern China, G. parviflora is a harmful invasive weed26,27, commonly found in farmland, 
wetland, urban green spaces and residential areas. Native to North America, G. parviflora has been widely 
distributed in Japan, Australia, and South America10 and was introduced to China as an ornamental plant in 
the early 1950s4. G. parviflora grows rapidly, reproduces quickly, and exhibits strong adaptability. It possesses 
allelopathic properties, often forming monodominant communities that harm the local ecosystem’s ecological 
function, drawing the attention of Chinese scholars28,29. However, there are currently no published studies on 
the impact of G. parviflora on community biodiversity, particularly on seed banks.

This study examined a specific type of urban wildness, an abandoned weed patch on a campus in Shandong 
Province, Eastern China, which were invaded by G. parviflora. It was investigated what the characteristics 
of the aboveground community and soil seed banks were at different soil depths within weed communities 
experiencing varying degrees of invasion by G. parviflora. Our findings would reveal the impact of G. parviflora 
invasion on the biodiversity of urban abandoned grassland communities.

Study site and methods
Study site description
The study site is located on a campus in Jinan City, Shandong Province, in eastern China. It occupies an area of 
approximately 300 m2 of abandoned grassland, bordered by a footpath and an plantation. This region falls within the 
warm temperate continental monsoon climate zone, characterized by four distinct seasons and abundant sunshine. 
The city’s annual average temperature is 14.5 °C. December is the coldest month, with an average temperature 
of − 0.2 °C, while August experiences the highest temperatures, with an average of 26.4 °C. The average annual 
precipitation amounts to 718.4 mm.

The study plot’s vegetation had been initially a weed community, indicating that it constitutes an organic 
assemblage formed through competition and adaptation among multiple weed populations. The weeds mentioned 
in this study refer to non-cultivated wild plants. Between 2013 and 2017, the land underwent successive plowing 
and was artificially planted with ornamental plants, including Orychophragmus violaceus, Brassica napus, 
and Helianthus annuus. Since 2018, the land has been left to rewild, reverting to a weed community. By the 
end of 2019, it was observed that G. parviflora had invaded from the footpath, establishing a monodominant 
community within the weed patch, with its distribution range expanding annually. Mowing had been conducted 
annually in June for the years 2020 and 2021.

Sample setting
The study plot was divided into three zones based on the coverage of G. parviflora: the severely invaded 
zone (0–15 m southwest of the footpath, with an invasive species coverage greater than 60% in summer), the 
moderately invaded zone (16–22 m southwest of the footpath, with an invasive species coverage of 10–40%), and 
the uninvaded zone (22–25 m southwest of the footpath, with no invasive plant cover). The center of the severe 
invasion transect is located at 36.559534°N latitude and 116.805390°E longitude. The center of the moderate 
invasion transect is located at 36.559470°N latitude and 116.805305°E longitude. The center of the non-invasion 
transect is located at 36.559509°N latitude and 116.805244°E longitude. A transect was set in the center of each 
zone along the direction of the footpath, and three 1 m*1m quadrats were set up at 3-meter intervals along each 
transect, excluding edge positions, resulting in a total of nine sample quadrats. The cover of G. parviflora in the 
uninvasion transect is 0 ± 0%, in the moderate invasion transect it is 22.5 ± 14.4%, and in the severe invasion 
transect it is 67.5 ± 8.5%.

Aboveground community survey
The aboveground community survey was conducted on September 30, 2021, and the total coverage, the number 
of species and the coverage data of each quadrat were obtained.

Experiment of soil seed bank
Four sample points were randomly set for each square, and 10 cm diameter soil drills were used at 0–15 cm, and 
0–15 cm soil samples were mixed according to a total of 0–5 cm, 5–10 cm and 10–15 cm; and 27 soil samples were 
obtained from 9 sample squares.

The resulting soil samples were crushed, removed stone, roots and other debris, and were tiled in the 
germination plate keeping a thickness not more than 1  cm. The seed bank germination experiment was 
conducted in a solar greenhouse to maintain uniform temperature and light conditions30. Tap water was poured 
regularly to keep the surface moist to ensure saturated water supply conditions. The germination of species was 
counted every week. The seedlings that cannot be identified were moved out to cultivate individually until the 
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species could be identified. Experiment were continued until no new seedlings germinated for a consecutive 
week. Germination experiments were performed from October 2th to November 30th, 2021.

Data analysis method

	(1)	 Characteristics of aboveground community and soil seed bank of native weed communities.

The species names and densities of the aboveground community and the soil seed bank communities of 
the uninvaded weed community were statistically analyzed, along with their families, ecological types and 
reproductive characteristics. According to the ranking by individual density, the density of Lagopsis supina in 
the aboveground community is much higher than that of other species, accounting for 82.7% of the total number 
of individuals in the aboveground community. In the seed bank, the densities of Eleusine indica, Digitaria 
sanguinalis, and Descurainia sophia rank the top three, accounting for 56.8% of the total number of seeds in the 
seed bank.

It provided an overview of the species composition profiles of the native weed community and the vertical 
distribution characteristics of the seed bank before be invaded by G. parviflora.

	(2)	 Effect of G. parviflora invasion on the aboveground plant density and belowground seed density of local 
weed communities.

The density of individuals aboveground and belowground in weed communities was calculated and compared 
across different levels of invasion.

	(3)	 The impact of G. parviflora invasion on the biodiversity of above and belowground communities in local 
weed communities.

The number of species and the four α biodiversity indices of aboveground community and soil seed bank were 
calculated separately. The invasion mechanism of G. parviflora was explored according to the difference of 
invasion impact on the different native species.

Community species richness was calculated using Margalef ’s index (d), species diversity by the Shannon-
Wiener index (H), community dominance by Simpson’s index (D), and community evenness by the Pielou 
evenness index (E)31. The calculation formulas are as follows:

	 Species richness index d = (S - 1)/InN� (1)

	
species diversity index H = −

∑
PilnPi� (2)

	
community dominance index D = 1 −

∑
P 2

i � (3)

	 community evenness index E = H/ ln S� (4)

Pi = Ni/N, where S represents the number of species, and N is the total number of individuals within the 
quadrat ; Ni denotes the number of individuals of the i-th species within the quadrat,

	(4)	 The similarity change of aboveground communities and soil seed bank of communities with different inva-
sion degrees.

The Sørensen similarity coefficient difference between aboveground communities and soil seed banks was 
calculated and compared. The calculation formula for the coefficient is:

	 Cs = 2j/(a + b)� (5)

Where j represents the number of species shared between the aboveground community and the soil seed bank 
; a denotes the number of species in the aboveground community, and b denotes the number of species in the 
soil seed bank .

The data analysis was conducted using Excel and SPSS Statistics version 26.0. Each data bar in the subsequent 
graph represents the average value from duplicate treatments. The significance of differences between treatments 
was assessed using one-way ANOVA (Duncan’s test, P < 0.05) and was indicated by lowercase letters in graph.

Results
Profiles of the species composition of uninvaded weed communities on campus
See online appendix 1.

As indicated in online appendix 1, a total of 32 species were identified in the autumn aboveground vegetation 
and seed bank of campus weed communities not invaded by G. parviflora. The most prevalent families were 
Asteraceae with 6 species, Brassicaceae with 5 species, Poaceae and Amaranthaceae each with 3 species, while 
the remaining families had only a single species each. The plant density of the aboveground community was 
significantly lower than the belowground seed density (46:11,671 seeds/m2, N = 3), and 59% of the seeds were 
stored in the 0–5  cm soil layer. The dominant species in the aboveground community was Lagopsis supina, 
whereas the dominant species in the seed bank were Eleusine indica, Digitaria sanguinalis, and Descurainia 
sophia.The aboveground community included 2 alien species: Erigeron annuus and Amaranthus spinosus; the 
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soil seed bank community included 6 alien species: Lepidium apetalum, Sonchus wightianus, Veronica persica, 
Amaranthus blitum, Datura stramonium.

Compared with the aboveground community, which had 9 species, the underground seed bank contained 
a more abundant variety of species, totaling 28. In aboveground communities, annual and perennial species 
were not significantly different, with 5 and 4 species, respectively. However, in the soil seed bank, there were 
more annual species than perennial species (18:10), and this trend was more pronounced in the middle and 
lowest layers of the soil (14:5 and 15:5). The aboveground weed community had tree seedlings of two species: 
Morus alba and Melia azedarach, whereas the seed bank was entirely composed of herbaceous species. Regarding 
fruit size, both the aboveground and soil seed bank species were predominantly those with seeds measuring 
1–2 mm (6:9 and 16:27, respectively).The soil seed bank comprised five species with small seeds (fruit length less 
than 1 mm): Portulaca oleracea, Artemisia annua, Mazus pumilus, Lepidium apetalum, and Datura stramonium, 
which were absent from the aboveground community during autumn. When comparing the three soil layers 
(0–5 cm, 5–10 cm, 10–15 cm), small-seeded species were more abundant in the 0–5 cm and 5–10 cm layers 
(5:5:2), whereas seeds measuring 1–2 mm (15:10:13) and those larger than 2 mm (6:4:4) were more prevalent in 
the 0–5 cm layer. In the aboveground community, excluding trees, the ratio of herbaceous species maturing in 
autumn to those maturing in spring and summer was 5:2, while in the seed bank, the ratio was 18:9.

Effect of invasion on the density of individuals in aboveground and belowground weed 
communities
Figure  1 showed that the aboveground plant density in the severely invaded community of G. parviflora is 
significantly higher than that in the uninvaded and moderately invaded communities, while the underground 
seed density was significantly higher in the uninvaded community than in the moderately and severely invaded 
communities.

The seed density in the 0–5 cm layer was significantly higher than that of the other two soil layers; moreover, 
it decreased significantly with the aggravation of invasion. There was no significant difference between the 
5–10 cm and 10–15 cm layers under different invasion degrees. These findings indicated that the invasion of 
G. parviflora would reduce the seed density in the 0–5 cm soil seed bank, leading to a change in the vertical 
distribution pattern of the soil seed bank.
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Fig. 1.  (a) Plant density of aboveground communities and (b) underground seed bank seed density (The 
different lowercase letters surrounding the bar indicate significant differences, N = 3, P ≤ 0.05).
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Impact of invasion on the biodiversity of weed communities
The ANOVA analysis revealed no significant differences in the number of species or the four types of α biodiversity 
index within the aboveground weed communities across three levels of G. parviflora invasion (N = 3, P > 0.05). 
However, the species composition had undergone significant changes. In the severely invaded communities, five 
species were unique: Pharbitis nil, Pharbitis purpurea, Convolvulus arvensis, Inula japonica, and Chloris virgata. 
Conversely, six species that were found in the uninvaded communities had been absent in the severely invaded 
ones: Veronica persica, Lagopsis supina, Geranium wilfordii, Melia azedarach, Carex duriuscula, and Erigeron 
annuus.

The invasion intensity significantly affected the species diversity within the weed community seed bank (see 
Figs. 2 and 3). The uninvaded community exhibited the greatest number of seed bank species. The Shannon-
Wiener diversity index, species richness Margalef index, and Pielou’s evenness index of the seed bank in the 

Fig. 3.  Influence of the invasion intensity of G. Parviflora on the biodiversity index of the soil seed bank in 
abandoned grassland communities on campus (The different lowercase letters surrounding the bar indicate 
significant differences, N = 3, P ≤ 0.05).

 

Fig. 2.  Influence of the invasion intensity of G. parviflora on the number of species in soil seed bank of 
community (The different lowercase letters surrounding the bar indicate significant differences, N = 3, P ≤ 0.05).
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moderately invaded community were all significantly lower than those in the uninvaded and severely invaded 
communities. The Simpson’s dominance index in the severely invaded community was significantly lower than in 
the uninvaded and moderately invaded communities. Overall, the soil seed bank biodiversity was richest in the 
uninvaded community, followed by the severely invaded community, with the moderately invaded community 
having the lowest biodiversity.

The impact of invasion intensity on seed banks correlated with soil depth: the species count in the 0–5 cm 
and 10–15 cm soil layers of the uninvaded plot were significantly higher than in the other two plots. Although 
the species count in the 5–10 cm layer decreased with the intensity of invasion, the difference was not significant. 
The vertical distribution pattern of species counts was similar across the three invasion levels, with the 0–5 cm 
layer having the most species, the 10–15 cm layer the least, and no significant difference between the 5–10 cm 
and 15–20 cm layers.

The impact of invasion intensity on seed bank diversity also was associated with soil depth: within the 0–5 cm 
and 10–15 cm soil layers, the Shannon-Wiener index in uninvaded and severe invaded plots were markedly 
higher than those in moderately invaded ones. The surface layer of the seed bank in severe invaded plot exhibited 
a significantly higher Shannon-Wiener index compared to other layers, whereas no such differences were evident 
among the layers of the other two invasion levels.

The invasion intensity did not significantly affect the Simpson index of the different soil layers, and only the 
Simpson index of the 0–5 cm soil seed bank was significantly higher than that of the severely invaded 10–15 cm 
soil seed bank.

The Pielou’s Evenness Index and Margalef ’s Richness Index of the seed banks in the 0–5 cm and 10–15 cm 
soil layers were significantly lower under moderate invasion compared to other invasion levels. The invasion 
intensity did not have a significant effect on the Pielou’s Evenness Index for the 5–10 cm and 10–15 cm soil 
layers, nor on the Margalef ’s Richness Index for the 5–10 cm soil layer.

Overall, compared to other levels of invasion, the biodiversity of seed banks was lower at the moderate 
invasion level; the impact of invasion was more pronounced in the 0–5 cm soil layer compared to deeper soil 
layers; and there were differences in the impact of invasion on various biodiversity indices of the seed bank.

Effect of invasion on the similarity between communities and soil seed banks
The Sørensen similarity between the community and the 0–15 cm soil seed bank was between 0.09 and 0.50 for 
different invasion intensity, and the average similarity between the uninvaded community and the seed bank was 
0.24. Except for one sample in the moderately invaded community where the 10–15 cm layer of the soil seed bank 
had a medium similarity with the aboveground community in species composition (0.67), the indices of the rest 
of the samples were dissimilar. Although the results of the Anova analysis indicated that the impact of invasion 
intensity and soil layer depth on the similarity coefficient was not significant (N = 3, P > 0.05), the proportion of 
samples with an extremely low similarity between the 0–5 cm and 5–10 cm soil seed banks and the aboveground 
community was higher in the moderately and severely invaded communities (8:12) compared to the uninvaded 
community (0:6).

Discussion
Autumn community status of abandoned weeds on campus
Compared with artificial green space, urban wildness, as a product of natural succession, has relatively rich 
biodiversity and lower management costs32, which helps to promote urban biodiversity. In this study, the abandoned 
campus green space that underwent rewilding formed a weed community in autumn, with a total of 32 species 
existing both aboveground and belowground (Appendix 1). Among them, the number of species preserved in the 
soil seed bank was 2.7 times that of the aboveground community, with 22 species not present in the aboveground 
community. Excluding the 8 species that fruit in spring or summer, the remaining 14 species likely formed a 
dormant seed bank, a legacy of historical vegetation; the seed density preserved in the seed bank (11,671 seeds/
m²) was 287 times that of the aboveground plant density (46 plants/m²). These findings highlight the significant, 
yet often overlooked, immense potential and unique value of the urban wildness soil seed bank in maintaining, 
protecting, and restoring urban biodiversity.

The vertical structure of the seed bank impacts seed longevity and germination, thereby influencing 
vegetation management strategies.Most studies have demonstrated a vertically decreasing distribution pattern 
of seeds in undisturbed soil profiles33. Corresponding research on urban vegetation has similarly revealed that 
the majority of seeds persist in surface soil layers34. In this study, the density of the seed bank in the soil surface 
of abandoned weed communities on campus not invaded by G. parviflora was significantly higher than in other 
layers. Different species exhibited distinct vertical distribution patterns (Appendix 1), which might be related 
to the shape, size, life cycle, quality, and dormancy characteristics35–37of the various species. Therefore, in urban 
vegetation management, special attention should be paid to protecting and rationally utilizing the surface soil 
seed bank of non-invaded weed communities. Prior to formulating restoration and conservation strategies for 
target species, it is essential to investigate the vertical distribution patterns of their seed banks in the soil profile.

At the study site, two species of tree seedlings were discovered in the aboveground community during autumn. 
The two tree species, M. azedarach and M. Alba, are local heliophilous tree species, indicating the potential next 
successional community type of the abandoned weed community. Within the same aboveground community 
during autumn, three exotic species—Erigeron annuus, Amaranthus spinosus, and Robinia pseudoacacia—were 
founded. However, they had few individuals aboveground and had not yet formed their soil seed banks. It is 
particularly noteworthy that E. annuus and A. spinosus are classified as Class 1 invasive weeds in China and 
have the potential to invade once they reach a certain population density38. The seed bank contained other three 
exotic species: A. blitum, G. parviflora, and Veronica persica. These findings indicate that the community has 
been invaded by exotic species for a significant period and continues to face the risk of invasion by new exotic 
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weeds, potentially experiencing reverse succession before transitioning to shrub-grasslands or heliophilous 
forests. Considering that artificial disturbances such as tillage management and human trampling near footpath 
may persist in the future, we believe that artificial disturbance and biological invasion will be significant 
factors influencing the direction of community succession. Therefore, for weed communities already invaded 
by alien species, it is recommended that landscape management authorities implement measures to reduce 
anthropogenic disturbances such as tilling and trampling. Concurrent monitoring of aboveground populations 
of the aforementioned invasive species and prompt removal of invasive plant propagules should be conducted. 
These actions will protect native plant diversity and facilitate positive community succession.

Effect of exotic invasive weeds on campus weed community biodiversity
The effct of alien invasions on native communities varies depending on the invasive species, the type of 
community, and the habitat. For instance, the invasion by Alternanthera philoxeroides had diminished the 
biodiversity of freshwater wetland Phragmites australis communities and soil seed banks39; Gunnera tinctoria had 
decreased the biodiversity of grassland soil seed banks16; while Spartina anglica had increased the biodiversity 
of salt marsh communities40. In contrast, Pennisetum ciliare did not significantly alter the species richness of the 
aboveground grassland community or the density of native plant seeds in the soil seed bank after a decade41. 
These differences in the effects of invasive plants on seed banks indicates that biological invasion management 
should be customized to specific situations.

In this study, the invasion by G. parviflora increased significantly the plant density in the aboveground 
community and resulted in a substantial decrease in seed density within the soil seed bank (Fig. 1). However, 
when G. parviflora invaded with coverage between 10 and 40%, the species diversity of the soil seed bank, 
particularly in the 0–5 cm layer, was significantly reduced. The biological diversity index increased, becoming 
roughly comparable to that of the uninvaded soil seed bank at coverages over 60% (Fig. 3). Further analysis 
of the impact of invasion on the each species in soil seed bank revealed that the invasion led to a significant 
decrease in seed density in the 0–5 cm soil layer for species such as Descurainia sophia, Trigonotis peduncularis, 
Digitaria sanguinalis, Lagopsis supina, Lepidium virginicum, Capsella bursa-pastoris, Amaranthus blitum, and 
Mazus pumilus (N = 3, P ≤ 0.05) which had been high seed reserve in soil of uninvaded plot, and resulted in 
the disappearance of species with lower seed densities in the soil seed bank, such as Mazus pumilus, Carex 
duriuscula, Cirsium arvense, Lysimachia clethroides, Brassica rapa and Artemisia capillaris. In the soil seed bank 
of, severely invaded plot, species such as Trigonotis peduncularis, Lagopsis supina, lxeris polycephala, Artemisia 
selengensis, Oxalis corniculata, Potentilla chinensis, and Cynodon dactylon disappeared, while new species such 
as Datura stramonium were joined. The reason might be that G. Parviflora, through competing for resources or 
exhibiting allelopathic effects, displaces local flora from their ecological niches, resulting in a diminished density 
of mature individuals among vulnerable native plants, alongside a reduction in their seed stock and vitality. 
Meanwhile, in the communities severely invaded by G. parviflora, new invasive species had settled down, and 
the interaction among these non-native species42,43 need further research. These new invasive species were also 
responsible for the higher number of species and biodiversity index in the seed bank under severe invasion level 
compared to moderate ones. In any case, the presence of alien species such as G. parviflora, Datura stramonium, 
Pharbitis purpurea and Veronica persica in aboveground or underground communities indicates that the campus 
abandoned grassland community has a high risk of alien species invasion.

Given that the invasion of G. Parviflora has a significant impact on the soil seed bank, campus ecosystem 
managers should enhance the management of abandoned grasslands, incorporate the soil seed bank and 
aboveground community into the scope of biological invasion risk assessments, and coordinate prevention and 
control measures.

Effect of G. parviflora invasion on the similarity between aboveground communities and soil 
seed bank
In published studies, some have shown a higher similarity between soil seed banks and ground vegetation, 
while others have shown a lower similarity44. The Sørensen similarity coefficient between soil seed banks and 
aboveground communities in three types of urban park green spaces in Beijing ranged from 0.10 to 0.1845; whereas 
in abandoned urban wetlands of Tianjin, this coefficient was 0.33046.These two cities and the city of Jinan where 
this study was conducted are located in the warm temperate zone of northern China. The weed communities in 
this study generally exhibited less similarity between aboveground community and underground seed banks. The 
difference between the 0–5 cm soil seed bank and the aboveground communities became more pronounced after 
the invasion by G. parviflora.The speculated reasons may include the reduction in seed supplementation from the 
aboveground vegetation to the upper seed bank of native plants due to the invasion of G. parviflora, the loss of seed 
vitality caused by the allelopathy of G. parviflora47, and the natural loss of seed vitality, which need to be proved by 
more studies.

Conclusions
In summary, the abandoned grassland on campus not invaded by G. parviflora exhibits rich community biodiversity 
and restoration potential. Its aboveground and belowground communities consist of 32 species from 20 families, 
with low similarity between them. The average seed density was 11,671 seeds/m2, 59% of seeds are stored in 
0–5 cm soil layer, the species composition analysis found that they are at high risk of alien species invasion, and the 
succession process was affected by human disturbance and biological invasion.

The invasion of G. parviflora has led to an increase in plant density within the aboveground community 
of abandoned campus grasslands, while the seed density in the topsoil (0–5 cm) seed bank had significantly 
decreased. The species composition of both aboveground and underground communities had been altered. The 
invasion had a more severe impact on soil seed bank biodiversity than on aboveground communities. The effect 
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was correlated with the soil layer, showing significant declines in species numbers in the 0–5 cm and 10–15 cm 
layers. In cases of moderate invasion, the 0–5 cm and 10–15 cm soil seed banks experienced the most significant 
loss in biodiversity. The invasion of G. parviflora impacted the succession process of the abandoned grassland 
community and its natural recovery capabilities. The study also revealed that four non-native species, including 
G. parviflora, have colonized aboveground or underground communities in campus abandoned grasslands, with 
some species already forming persistent seed banks.

The campus vegetation management department should prioritize addressing the impacts of biological 
invasions on soil seed banks. By first understanding the characteristics of target plant species’ soil seed banks, 
appropriate strategies should be developed to prevent and control the invasion of alien plants in natural habitats. 
Concurrently, conservation and proper utilization of native species within the surface soil seed bank should be 
implemented.

Data availability
Data are provided within the manuscript, and source data are available from the corresponding authors on 
request.

Received: 26 February 2025; Accepted: 30 June 2025

References
	 1.	 Natsukawa, H., Yuasa, H., Komuro, S. & Sergio, F. Raptor breeding sites indicate high plant biodiversity in urban ecosystems. Sci. 

Rep. 11 (1), 1–8 (2021).
	 2.	 Jorgense, A. & Keenan, R. Urban Wildscapes (Routledge, 2012).
	 3.	 Elizabeth, L. Jr et al. C,. Relatively wild urban parks can promote human resilience and flourishing: A case study of discovery park, 

Seattle, Washington. Front. Sustain. Cities, 2. (2020).
	 4.	 Rebele & Rebele, F. (1994) Urban ecology and special features of urban ecosystems. Glob. Ecol. Biogeogr. Lett. 4:173–187). (1994).
	 5.	 Padayachee, A. L. et al. How do invasive species travel to and through urban environments. Springer Int. Publishing (2017). (12).
	 6.	 Potgieter, L. J. et al. Prioritization and thresholds for managing biological invasions in urban ecosystems. Urban Ecosyst. (1), 25. 

(2022).
	 7.	 Pejchar, Pejchar, L. & Mooney, H. A. and Mooney (2009) Invasive species, ecosystem services and human well-being. Trends Ecol. 

Evol. 24:497–504; (2009).
	 8.	 Gaertner et al. Non-native species in urban environments: Patterns, processes, impacts and challenges. Biol. Invasions 19, 3461–

3469 (2017).
	 9.	 Pyšek, P. et al. A global assessment of invasive plant impacts on resident species, communities and ecosystems: The interaction of 

impact measures, invading species‟traits and environment. Glob. Change Biol. V18, 1725–1737 (2012).
	10.	 Levine, J. M. et al. Mechanisms underlying the impacts of exotic plant invasions. Proc. Royal Soc. B Biol. Sci.. V270, 775–781. 

(2003).
	11.	 Gaertner, M. et al. Impacts of alien plant invasions on species richness in mediterranean-type ecosystems: A meta-analysis. Prog. 

Phys. Geogr. V33, 319–338 (2009).
	12.	 Vilà, M. et al. Ecological impacts of invasive alien plants: A meta-analysis of their effects on species, communities and ecosystems. 

Ecol. Lett. V14, 702–708 (2011).
	13.	 Johnson, E. A. Buried seed populations in the subarctic forest east of great slave lake, Northwest Territories[J]. Can. J. Bot. V53, 

2933–2941 (1975).
	14.	 Valk, A. G. & Davis, C. B. The role of seed bank in the vegetation dynamics of prairie glacial marshes. Ecology, V59: 322–335.
	15.	 Lamb, E. G., Kennedy, N. & Siciliano, S. D. Effects of plant species richness and evenness on soil microbial community diversity 

and function. Plant. Soil. 338 (s1-2), 483–495 (2011).
	16.	 Gioria, M. & Bruce Osborne. The impact of Gunnera tinctoria (Molina) Mirbel invasions on soil seed bank communities. J. Plant. 

Ecol. V2 (3), 153–167 (2009).
	17.	 Vilà, M. & Gimeno, I. Does invasion by an alien plant species affect the soil seed bank. J. Veg. Sci. V18, 423–430 (2007).
	18.	 Gioria, M., Dieterich, B. & Osborne, B. Battle of the giants: Primary and secondary invasions by large herbaceous species. Biol. 

Environ. Proc. R. Irish Acad. V111B(3): 177–193. (2011).
	19.	 Abella, S. R., Chiquoine, L. P. & Backer, D. M. Ecological Characteristics of Sites Invaded by Buffelgrass (Pennisetum ciliare)V5443–453 

(Invasive Plant Science and Management, 2012).
	20.	 Zhou, J. et al. Effects of soil nutrient heterogeneity on intraspecific competition in the invasive, clonal plant Alternanthera 

philoxeroides. Ann. Botany. V109 (4), 813–818 (2012).
	21.	 Thompson, K. & Grime, J. P. Seasonal variation in the seed banks of herbaceous species in ten contrasting habitats. J. Ecol. 67 (3), 

893–921 (1979).
	22.	 Richardson, D. M. & Kluge, R. L. Seed Banks of Invasive Australian Acacia Species in South Africa: Role in Invasiveness and Options 

for managementV100–177 (Perspectives in Plant Ecology Evolution & Systematics, 2008). 3.
	23.	 Holmes, P. M. Depth distribution and composition of seed-banks in alien-invaded and uninvaded fynbos vegetation. Austral Ecol. 

V27, 110–120 (2002).
	24.	 Bitomský, M., Mládek, J. & Cimalová, Š. Light limitation shapes the community seed mass of annual but not of perennial weeds. 

Perspect. Plant Ecol. Evolut. Systemat. V31: 1–6. (2018).
	25.	 Warren, R. J., Labatore, A. & Candeias, M. Allelopathic invasive tree (Rhamnus cathartica) alters native plant communities. Plant 

Ecol. V218, 1233–1241 (2017).
	26.	 Shan-Huah, Wu, H. T. et al. Patterns of Plant Invasions in China: Taxonomic, Biogeographic, Climatic Approaches and Anthropogenic 

Effects (Biological Invasions, 2010).
	27.	 Zhang, B. et al. Chloroplast genome of Gaura parviflora Douglas and its comparative analysis. Mitochondrial DNA Part. B. 6 (3), 

760–761 (2021).
	28.	 Chen, J. R., Hoch, P. C., Raven, P. H., Boufford, D. E. & Wagner, W. L. Onagraceae. In (eds Wu, Z. Y., Raven, P. H. & Hang, D. Y.) 

Flora of China. Vol. 13. Beijing: Science Press and Missouri Botanical Garden; p. (2007). 427.(in Chinese).
	29.	 Du, W. B., Ye, Y. Z. & Peng, S. Study on the seasonal growing dynamics and invasive characteristics of Gaura parviflora. Acta Ecol. 

Sin. 23 (8), 1679–1684 (2003). (in Chinese with English Abstract).
	30.	 Thompson, K., Bakker, J. P. & Bekker, R. M. The Soil Banks of North West Europe. Methodology, Density and Longevity (Cambridge 

University Press, 1997).
	31.	 Kathryn, E. M. et al. Choosing and using diversity indices: insights for ecological applications from the German biodiversity 

Exploratories. Ecol. Evolut. 2014,4(18):3514–3524 .

Scientific Reports |        (2025) 15:28128 8| https://doi.org/10.1038/s41598-025-09702-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	32.	 MÜLLER, A. et al. Wild in the City Context: Do Relative Wild Areas Offer Opportunities for Urban Biodiversity? (Landscape and 
Urban Planning, 2017).

	33.	 Bekker, R. M. et al. Seed size, shape and vertical distribution in the soil: indicators of seed longevity. Funct. Ecol. 12 (5), 834–842 
(2010).

	34.	 Gonzalez Andujar, J. L. A matrix model for the population dynamics and vertical distribution of weed seed banks. Ecol. Model. 97, 
117–120 (1997).

	35.	 Bekker, R. M. et al. Seed Size, Shape and Vertical Distribution in the Soil: Indicators of Seed longevity (Functional Ecology, 1998).
	36.	 Cerabolini, B. et al. Seed size, shape and persistence in soil: A test on Italian flora from alps to mediterranean coasts. Seed Sci. Res. 

13 (1), 75–85 (2003).
	37.	 Peco, B. et al. Seed size, shape and persistence in dry mediterranean grass and scrublands. Seed Sci. Res. 13 (1), 87–95 (2003).
	38.	 闫小玲等. 中国外来入侵植物的等级划分与地理分布格局分析. 生物多样性 22 (5), 667–676 (2014). (in Chinese with English 

Abstract).
	39.	 Liu, Z., Ge, X., Fu, Z. & Liu, J. Alternanthera philoxeroides invasion affects the soil seed bank of reed community. Environ. Exp. Bot. 

180 .
	40.	 Granse, D., Suchrow, S. & Jensen, K. Long-term invasion dynamics of Spartina increase vegetation diversity and geomorphological 

resistance of salt marshes against sea level rise. Biol. Invasions. 23 (4), 1–13 (2021).
	41.	 Abella, S. R., Chiquoine, L. P. & Backer, D. M. Ecological Characteristics of Sites Invaded by Buffelgrass (Pennisetum ciliare)[J]5443–

453 (Invasive Plant Science & Management, 2012). 4.
	42.	 Flory, S. L. et al. Experimental evidence for indirect facilitation among invasive plants. J. Ecol., 2014,102(1)(-):12–18. (2014).
	43.	 Allen, W. J. W., RalphTylianakis, J. M. B., Barbara, I. P. S., Marcus-RongowhitiaoWaller, L. P. D. & Ian, A. Community-level direct 

and indirect impacts of an invasive plant favour exotic over native species. J. Ecol., 108(6). (2020).
	44.	 Hopfensperger, K. N. A review of similarity between seed bank and standing vegetation across ecosystems. Oikos 116 (9), 1438–

1448 (2007).
	45.	 Xue, Y. W. et al. Characteristics and regeneration potential of soil seed banks in green space of urban parks in Beijing. J. Beijing 

Forestry Univ. 45 (10), 1–15 (2023). (in Chinese with English Abstract).
	46.	 He, M. X. et al. Study on Soil Seed Bank in Urban Abandoned Land of tianjin—take Houtai Wetland for Example448–453 (Applied 

Mechanics & Materials, 2014).
	47.	 Zhijie, Z. et al. Effect of allelopathy on plant performance: a meta-analysis. Ecol. Lett. 2020, 24(2):348–362 .

Acknowledgements
Acknowledgement: The field survey was completed with the assistance of Engineer Sun Liqin from the Logistics 
Office of Qilu University and the undergraduate students of environmental science, Gao Yujiao, Sun Shuoshuo, 
Mu Xinyuan, and Jiang Minghao. We extend our gratitude to the aforementioned individuals and departments.

Author contributions
G.X. and L.X. wrote the main manuscript text. H.R. and Z.S. prepared the figures. J.C. collated the data. All 
authors reviewed the manuscript.

Funding
This work was supported by the Natural Science Foundation of Shandong Province, China (ZR2023MC167, 
ZR2020MB141), the National Natural Science Foundation of China (No. 32171582), the Science, Education 
& Industry Integration Pilot Project (No. 2023PYI005) funded by Qilu University of Technology (Shandong 
Academy of Sciences).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​9​7​0​2​-​8​​​​​.​​

Correspondence and requests for materials should be addressed to X.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025, corrected publication 2026 

Scientific Reports |        (2025) 15:28128 9| https://doi.org/10.1038/s41598-025-09702-8

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-09702-8
https://doi.org/10.1038/s41598-025-09702-8
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Impact of ﻿Gaura parviflora﻿ invasion on urban wildness biodiversity: a campus green patch case study
	﻿Study site and methods
	﻿Study site description
	﻿Sample setting
	﻿Aboveground community survey
	﻿Experiment of soil seed bank
	﻿Data analysis method

	﻿Results
	﻿Profiles of the species composition of uninvaded weed communities on campus
	﻿Effect of invasion on the density of individuals in aboveground and belowground weed communities
	﻿Impact of invasion on the biodiversity of weed communities
	﻿Effect of invasion on the similarity between communities and soil seed banks

	﻿Discussion
	﻿Autumn community status of abandoned weeds on campus
	﻿Effect of exotic invasive weeds on campus weed community biodiversity
	﻿Effect of ﻿G. parviflora﻿ invasion on the similarity between aboveground communities and soil seed bank

	﻿Conclusions
	﻿References


